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Abstract 

Lithium-ion batteries (LIBs) represent the currently most important technology for 

electrochemical energy storage. The first commercialized LIBs used graphite as negative 

electrode and lithium cobalt oxide (LCO) as positive electrode. LIBs composed of these two 

materials still have the highest market share. However, graphite and LCO have several 

disadvantages including their restricted specific capacities and slow charging rates, which 

limits their application in the currently emerging fields of electromobility and large-scale 

energy storage. In order to improve the performance of LIBs and thus increasing their 

applicability in the mentioned fields, several strategies were studied in recent years. Replacing 

graphite and LCO by materials with an advanced charge storage chemistry and consequently 

higher theoretical capacities is one of the most intensively pursued approaches. Tin (IV) oxide 

is such an example, being an interesting alternative to graphite due to its very high theoretical 

capacity. However, lithiation and delithiation reactions are completely reversible only for 

nanosized tin oxide particles, therefore nanostructuring is essential for reaching high 

reversible capacity of tin oxide-based electrodes. Nanoscaling of the active material can 

furthermore improve the lithiation and delithiation kinetics resulting from a shortened Li+ 

diffusion path and is therefore also an appealing strategy to improve other anode and cathode 

materials. This approach is investigated and validated in this thesis to improve the 

electrochemical performance of LCO, the mostly used cathode material so far. The proposed 

strategies are also applicable to the so-called next generation cathode materials like 

Li(NixCoyMnz)O2 (NCM) or LiMnPO4 (LMP), enhancing their electrochemical performance 

as well. The main advantage of the next generation cathode materials is their increased 

operating voltage over LCO, thus increasing their energy density. 

Besides controlling the particle size of the active material, its incorporation into conductive 

supports to form a hybrid material is additionally beneficial to improve the electrochemical 

performance. Conductive support materials typically include carbonaceous materials such as 

single or multiwalled carbon nanotubes (SWCNTs or MWCNTs), reduced graphene oxide 

(rGO), or carbon nanofibers (CNFs). Those support materials provide an increased overall 

conductivity and a high structural stability of the resulting composite electrodes. In this thesis, 

the positive effects of the formation of hybrid materials are demonstrated for different anode 

(SnO2 and MoS2) and cathode (LiFe0.2Mn0.8PO4; LFMP) active materials. 
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Enhancing the electrochemical performance of a battery not only rests on using new and/or 

improved materials. Optimization of the overall electrode architecture can be an additional 

option and can complement the former. Currently used electrodes consist of aluminum or 

copper foils coated with active material. However, using such foils as current collectors 

results in a large amount of electrochemically inactive material that decreases the overall 

specific capacity. An interesting strategy to solve this issue is the utilization of freestanding 

electrodes that do not require metallic supports. Free- or selfstanding electrodes are typically 

hybrid materials consisting of the active material embedded into a (carbonaceous) support 

matrix. Due to the absence of an additional current collector, freestanding electrodes have an 

overall lower amount of electrochemically inactive materials as compared to conventional 

electrodes. In this thesis ATO/rGO, MoS2/SWCNT and LFMP/rGO freestanding composites 

are presented demonstrating excellent electrochemical performance. 

Nanosized anode and cathode materials can be synthesized by various approaches. The 

solvothermal synthesis in tert-butanol or ethylene glycol employed in this thesis is very 

appealing since very small nanoparticles can be prepared. The particles as well as the 

corresponding hybrid materials were extensively analyzed by various analytical methods 

including X-ray diffraction, Raman and IR spectroscopy, electron microscopy, X-ray 

photoelectron spectroscopy, nitrogen sorption experiments, inductively coupled plasma – 

optical emission spectroscopy, thermogravimetric analysis and combustion elemental 

analysis. Moreover, electrochemical characterization of these materials by cyclic 

voltammetry, galvanostatic charge-discharge measurements and electrochemical impedance 

spectroscopy plays an important role in this thesis, demonstrating their applicability as anode 

or cathode materials in LIBs. 

Chapter 1 provides a general overview on the development and working principle of LIBs and 

introduces applicable active materials. Moreover, the properties of anode and cathode 

materials studied in this thesis are additionally discussed in more detail. This chapter further 

introduces the basic principles of solvothermal reactions and microwave assisted synthesis 

approaches, which were used for the preparation of the nanomaterials evaluated in this thesis. 

Chapter 2 discusses the basic principles of the analytical techniques that were used for 

characterization of the diverse materials properties, like morphology, composition and 

electrochemical performance of the materials investigated in this thesis. 
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Chapter 3 introduces a Sb-doped SnO2 - reduced graphene oxide (ATO/rGO) composite 

synthesized in a novel microwave assisted solvothermal approach in tert-butanol, which 

enables the formation of few nanometer-sized ATO particles on the surface of rGO. The 

ATO/rGO composite demonstrates an excellent cycling stability and a remarkable rate 

performance even at high C-rates of up to 60C. The superior performance is attributed to the 

small particle size of ATO enabling rapid lithium diffusion, the enhanced conductivity of 

ATO particles due to the doping with antimony, and the overall increased conductivity and 

structural stability provided by the rGO support. 

ATO/rGO nanocomposites can be also fabricated as freestanding electrodes as shown in 

Chapter 4. The electrodes prepared in this way have a significantly lower amount of 

electrochemically inactive materials, as no metallic current collector foil and supplementary 

binder and conductive additives are needed in comparison to conventionally prepared 

electrodes. The electrochemical performance of freestanding ATO/rGO electrodes is also very 

appealing. Moreover, it is shown that the freestanding ATO/rGO nanocomposites can be used 

in full-cell configuration in combination with a freestanding high-voltage 

LiFe0.2Mn0.8PO4/rGO cathode developed in another project of this thesis (Chapter 9). The first 

freestanding full-cells obtained in this thesis demonstrate excellent cycling stability. 

Another freestanding composite material studied in this thesis is based on MoS2 and carbon 

nanotubes, which is described in Chapter 5. This hybrid material prepared by a vacuum 

filtration technique was studied as freestanding anode in LIBs, as supercapacitor electrode 

and as catalyst for the hydrogen evolution reaction demonstrating its wide potential 

applicability.  

Chapter 6 introduces new black phosphorous arsenic alloys, which were tested as anode 

materials for LIBs for the first time. The resulting electrochemical performance of these 

alloys is however still very limited. However, the results provide a feasible direction for 

future research in this field. 

Chapter 7 and 8 deal with the binary and quaternary nanostructured metal oxides LiCoO2 and 

Li(NixCoyMnz)O2, respectively. In a first step, lithium-rich metal oxides with a cubic rock-salt 

structure were synthesized in a solvothermal method in tert-butanol and finally converted into 

nanostructured LiCoO2 and Li(NixCoyMnz)O2 by using block-copolymers as surfactant or 

nanocrystalline cellulose as biological hard template, respectively. The resulting 
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nanostructured materials after template removal demonstrated very promising electrochemical 

performance, especially at high C-rates. 

Finally, LiFe0.2Mn0.8PO4/rGO (LFMP/rGO) nanocomposites are reported in Chapter 9. LFMP 

nanoparticles were synthesized in a microwave assisted solvothermal method in ethylene 

glycol and assembled into freestanding electrodes by ultrasonication with GO, followed by 

freeze-casting, freeze-drying and finally a pyrolysis step. The LFMP/rGO outperforms 

freestanding LFMP composites previously reported in the literature and can even keep pace 

with corresponding LiFePO4 composites. Moreover, the electrochemical performance of 

freestanding LFMP/rGO electrodes is superior to conventionally prepared LFMP/rGO 

reference electrodes, demonstrating the advantage of a reduced amount of electrochemically 

inactive material.  

In summary, this thesis demonstrates the great potential of nanosizing and –structuring of 

different anode and cathode materials. Moreover, it is shown that embedding the active 

material into carbonaceous support materials can drastically improve their rate and cycling 

performance. Furthermore, it was shown that freestanding electrodes can be very attractive to 

lower the amount of electrochemically inactive material while preserving a remarkable 

electrochemical performance. With these findings on structural optimization, composition and 

applicable synthesis techniques this thesis may contribute to the development of future high-

performance battery active materials envisioned by industry and required for a successful 

transition of the mobility and energy sector towards their electrification. 
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Kurzfassung 

Lithium-Ionen-Batterien (LIB) stellen die derzeit wichtigste Technologie zur 

elektrochemischen Energiespeicherung dar. In den ersten kommerziell erhältlichen LIB wurde 

Graphit als negative Elektrode, und Lithium-Kobalt(III)oxid (LCO) als positive Elektrode 

verwendet. Auch heutzutage haben LIB, bestehend aus diesen beiden Materialien, noch 

immer den größten Marktanteil, trotz gewisser Nachteile wie beispielsweise geringe 

spezifische Kapazitäten und unzureichende Laderaten. Dies hat zur Folge, dass deren Einsatz 

in den immer wichtiger werdenden Anwendungsfeldern Elektromobilität und Batterie-

Speicherkraftwerke begrenzt ist. Um die Leistungsfähigkeit von LIB zu erhöhen und somit 

auch Verbesserungen in den genannten Gebieten zu erzielen, wurden in den letzten Jahren 

verschiedene Strategien untersucht. Der am häufigste verfolgte Ansatz ist hierbei, die 

etablierten Aktivmaterialien durch jene mit einer weiterentwickelten Chemie der 

Ladungsspeicherung und folglich höheren spezifischen Kapazitäten zu ersetzen. Das Potential 

dieses Ansatzes wird in dieser Arbeit beispielsweise anhand von Zinn(IV)oxid gezeigt, 

welches insbesondere aufgrund seiner sehr hohen theoretischen Kapazität eine interessante 

Alternative zu Graphit darstellt. Diese hohe Kapazität kann jedoch nur im Falle von 

nanometergroßen Zinnoxid Partikeln erreicht werden, da nur dann die entsprechenden 

Lithiierungs- und Delithiierungsreaktionen vollständig reversibel ablaufen. Nanoskalierung 

des Aktivmaterials ermöglicht zudem kürzere Li+ Diffusionswege. Dies führt auch zu einer 

Verbesserung der Lithiierungs- und Delithiierungskinetiken weshalb diese Strategie sehr 

attraktiv ist, um auch andere Anoden- und Kathodenmaterialien weiter zu entwickeln. In 

dieser Arbeit wird unter anderem untersucht und gezeigt, dass sich die elektrochemische 

Leistungsfähigkeit von LCO, dem bislang am häufigsten verwendetem Kathodenmaterial, 

durch die Kombination von Nanoskalierung und Nanostrukturierung verbessern lässt. Diese 

Strategien eignen sich zudem auch, um die elektrochemische Leistungsfähigkeit der 

sogenannten Kathodenmaterialien der nächsten Generation, wie Li(NixCoyMnz)O2 (NCM) 

oder LiMnPO4 (LMP) zu verbessern. Der große Vorteil ist ihr erhöhtes Betriebspotential im 

Vergleich zu LCO, wodurch auch eine höhere Energiedichte erreicht werden kann. 

Um die elektrochemische Leistungsfähigkeit zusätzlich zu verbessern, ist neben der 

Steuerung der Partikelgröße des Aktivmaterials, die Herstellung von Verbundmaterialien von 

Vorteil. Diese Verbundmaterialien setzen sich aus dem Aktivmaterial und leitfähigen 
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Trägermaterialien zusammen. Letztere sind typischerweise kohlenstoffhaltige Verbindungen, 

wie zum Beispiel ein- oder mehrwandige Kohlenstoffnanoröhren (SWCNTs oder MWCNTs), 

reduziertes Graphenoxid (rGO) oder Kohlenstoffnanofasern (CNFs). Diese Trägermaterialien 

tragen zu einer signifikanten Erhöhung der Gesamtleitfähigkeit bei und verleihen den 

Verbundelektroden darüber hinaus eine hohe strukturelle Stabilität. Die Präparation und 

Charakterisierung sowie resultierende Vorteile von Hybridmaterialien werden dabei in dieser 

Arbeit für verschiedene Anoden- (SnO2 und MoS2) und Kathoden- (LiFe0.2Mn0.8PO4; LFMP) 

Materialien gezeigt.  

Eine Verbesserung der elektrochemischen Leistungsfähigkeit einer Batterie kann nicht nur 

durch Verwendung neuer und/oder verbesserter Materialien erfolgen. Eine zusätzliche Option 

stellt die Optimierung der Elektrodenarchitektur dar, welche als Ergänzung zu erstgenannter 

Vorgehensweise fungieren kann. Die derzeit verwendeten Elektroden bestehen typischerweise 

aus Aluminium- oder Kupferfolien, auf denen das Aktivmaterial aufgetragen wurde. Die 

Verwendung solcher Folien als Stromabnehmer hat jedoch zur Folge, dass die spezifische 

Gesamtkapazität aufgrund des hohen Anteils an elektrochemisch inaktivem Material 

verringert ist. Ein interessanter Ausweg ist der Einsatz von freistehenden Elektroden, die 

keine metallischen Trägerfolien benötigen. Frei- oder selbststehende Elektroden sind 

typischerweise Hybridmaterialien, die aus einer (kohlenstoffhaltigen) Trägermatrix aufgebaut 

sind, in der das Aktivmaterial eingebettet ist. Aufgrund des eingesparten Stromabnehmers 

weisen freistehende Elektroden, im Vergleich zu herkömmlichen Elektroden, einen insgesamt 

geringeren Anteil an elektrochemisch inaktiven Materialien auf. In dieser Arbeit werden 

freistehende ATO/rGO, MoS2/SWCNT und LFMP/rGO Verbundmaterialien vorgestellt, die 

sehr gute elektrochemische Eigenschaften zeigen. 

Anoden- und Kathodenmaterialien mit Partikelgrößen im Nanobereich können durch 

verschiedene Ansätze erzeugt werden. Hierbei ist die Solvothermalsynthese in tert-Butanol 

oder Ethylenglykol, welche in dieser Arbeit genutzt wurde, sehr vielversprechend, da diese 

die Herstellung sehr kleiner Nanopartikel ermöglicht. Die so synthetisierten Partikel, sowie 

die entsprechenden Hybridmaterialien, wurden mittels verschiedenster analytischer Methoden 

untersucht, unter anderem Röntgenbeugung, Raman- und IR-Spektroskopie, 

Elektronenmikroskopie, Röntgenphotoelektronenspektroskopie, Stickstoffsorption, optische 

Emissionsspektroskopie mit induktiv gekoppeltem Plasma, thermogravimetrische Analyse 

und Elementaranalyse. Darüber hinaus spielt in dieser Arbeit die elektrochemische 

Charakterisierung dieser Materialien mit Hilfe von Cyclovoltammetrie, galvanostatischen 
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Lade- und Entladungsmessungen und elektrochemischer Impedanzspektroskopie eine 

wichtige Rolle, da dadurch deren Einsatz als Anoden- oder Kathodenmaterialien in LIBs 

gezeigt werden kann. 

Kapitel 1 gibt einen allgemeinen Überblick über die Entwicklung und das Arbeitsprinzip von 

LIBs und stellt mögliche potenzielle Aktivmaterialien vor. Darüber hinaus werden die 

Eigenschaften von Anoden- und Kathodenmaterialien, die in dieser Arbeit untersucht wurden, 

näher erläutert. Weiterhin wird in diesem Kapitel auch auf die Grundprinzipien 

solvothermaler und mikrowellenunterstützter Syntheserouten eingegangen, welche zur 

Herstellung von Nanomaterialien in dieser Arbeit verwendet wurden. 

Kapitel 2 beschäftigt sich mit den Grundprinzipien verschiedenster Analysetechniken, welche 

in dieser Arbeit zur Charakterisierung von Materialeigenschaften, wie Morphologie, 

Zusammensetzung und elektrochemische Leistungsfähigkeit verwendet wurden. 

In Kapitel 3 wird ein Antimon-dotiertes Zinnoxid/reduziertes Graphenoxid (ATO/rGO) 

Komposit diskutiert, dass in einer neuartigen mikrowellenunterstützten Solvothermal-Route 

in tert-Butanol hergestellt wurde. Mithilfe dieser Syntheseroute können ATO-Partikeln mit 

einer Größe von wenigen Nanometern auf der Oberfläche von rGO erzeugt werden. Das 

entsprechende ATO/rGO Verbundmaterial besitzt eine hervorragende Zyklenbeständigkeit 

und liefert ebenso exzellente Ergebnisse bei unterschiedlichen C-Raten, von bis zu 60C. Diese 

einzigartige Leistungsfähigkeit wird unter anderem auf die kleine ATO Partikelgröße 

zurückgeführt, die eine schnelle Lithiumdiffusion ermöglicht. Außerdem spielt die 

verbesserte Leitfähigkeit der ATO-Partikel, welche durch Dotierung mit Antimon erreicht 

wird, sowie die insgesamt höhere Leitfähigkeit und strukturelle Stabilität, die durch das rGO-

Trägermaterial verliehen wird, eine entscheidende Rolle. 

ATO/rGO-Nanokomposite können auch als freistehende Elektroden hergestellt werden, wie 

in Kapitel 4 gezeigt wird. Diese Elektroden besitzen eine deutlich geringere Menge an 

elektrochemisch inaktiven Materialien, da im Vergleich zu herkömmlichen Elektroden keine 

metallische Stromabnehmerfolie und zusätzliche Bindemittel und leitfähige Additive benötigt 

werden. Das elektrochemische Verhalten der freistehenden ATO/rGO-Elektroden ist zudem 

sehr vielsprechend. Darüber hinaus wird in diesem Kapitel gezeigt, dass sich die 

freistehenden ATO/rGO-Nanokomposite auch in Vollzellenkonfiguration mit einer 

freistehenden LiFe0.2Mn0.8PO4/rGO Kathode verwenden lassen, welche in einem anderen 
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Projekt in dieser Arbeit entwickelt wurde (Kapitel 9). Diese ersten freistehenden Vollzellen 

zeigen dabei eine ausgezeichnete Zyklenstabilität und generell das Potential dieses Ansatzes. 

Ein weiteres in dieser Arbeit untersuchtes freistehendes Verbundmaterial basiert auf MoS2 

und Kohlenstoffnanoröhren, welches in Kapitel 5 beschrieben wird. Dieses durch 

Vakuumfiltrationstechnik hergestellte Hybridmaterial wurde als freistehende Anode in LIBs, 

als Superkondensatorelektrode und als Katalysator für die Wasserstoffentwicklungsreaktion 

untersucht, wodurch eine breite Anwendbarkeit dieses Materials demonstriert werden kann. 

In Kapitel 6 werden neue schwarze Phosphor-Arsenlegierungen vorgestellt, die erstmalig als 

Anodenmaterialien für LIBs untersucht wurden. Die resultierende elektrochemische 

Leistungsfähigkeit dieser Legierungen ist jedoch sehr begrenzt. Die Erkenntnisse geben 

jedoch eine mögliche Richtung für zukünftige Forschung auf diesem Gebiet vor. 

Kapitel 7 und 8 befassen sich mit den binären und quaternären nanostrukturierten 

Metalloxiden LiCoO2 bzw. Li(NixCoyMnz)O2. In einem ersten Schritt wurden lithiumreiche 

Metalloxide mit einer kubischen Steinsalzstruktur mittels einer Solvothermalsynthese in tert-

Butanol hergestellt. Anschließend wurden unter Verwendung von Blockcopolymeren als 

Tenside, oder nanokristalliner Cellulose als biologisches Harttemplat, die 

Vorläuferverbindungen in nanostrukturiertes LiCoO2 bzw. Li(NixCoyMnz)O2 umgewandelt. 

Die nach Entfernen der Template resultierenden nanostrukturierten Materialien zeigen ein 

sehr vielversprechendes elektrochemisches Verhalten, insbesondere bei hohen C-Raten. 

Abschließend werden in Kapitel 9 LiFe0.2Mn0.8PO4/rGO (LFMP/rGO) Nanokomposite 

vorgestellt. LFMP Nanopartikel wurden im ersten Schritt in einer mikrowellenunterstützten 

Solvothermalsynthese in Ethylenglykol synthetisiert. In darauffolgenden Syntheseschritten 

wurden die LFMP Nanopartikel und GO durch Ultraschallbehandlung, Gefriergießen, 

Gefriertrocknung und abschließender Pyrolyse zu freistehenden LFMP/rGO 

Verbundmaterialien umgewandelt. Die elektrochemische Leistungsfähigkeit der so 

hergestellten LFMP/rGO Komposite übertrifft die der literaturbekannten freistehenden 

LFMP-Verbandmaterialien und kann sogar mit vergleichbaren LiFePO4-Kompositen Schritt 

halten. Darüber hinaus ist das elektrochemische Verhalten der freistehenden LFMP/rGO 

Elektroden gegenüber herkömmlich hergestellten LFMP/rGO Referenzelektroden stark 

verbessert, was wiederum den Vorteil einer verringerten Menge an elektrochemisch inaktivem 

Material aufzeigt. 
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Zusammenfassend zeigt diese Arbeit das große Potenzial verschiedener (nanostrukturierter) 

Anoden- und Kathodenmaterialien mit Partikelgrößen im Nanometerbereich. Außerdem 

konnte gezeigt werden, dass der Einsatz von Kompositmaterialien, die durch Einbettung des 

Aktivmaterials in eine kohlenstoffhaltige Trägermatrix gewonnen wurden, die 

Zyklenstabilität und die Leistungsfähigkeit bei unterschiedlichen C-Raten drastisch 

verbesserte. Weiterhin zeigten die untersuchten freistehenden Kompositelektroden eine 

bemerkenswerte und äußerst vielversprechende elektrochemische Leistungsfähigkeit, welche 

unter anderem auf die verringerte Menge an elektrochemisch inaktivem Material 

zurückzuführen ist. Die in dieser Arbeit gewonnen Erkenntnisse bezüglich 

Strukturoptimierung, Zusammensetzung und (neuer) Synthesetechniken kann diese Arbeit zur 

Entwicklung zukünftiger Aktivmaterialien für Hochleistungsbatterien beitragen, welche 

insbesondere von der Industrie dringend benötigt werden und um die angestrebte 

Elektrifizierung des Mobilitäts- und Energiesektors erfolgreich umzusetzen. 
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1 Introduction 

1.1 Batteries 

Batteries and specifically lithium-ion batteries (LIBs) have reached a vital role in our daily 

life. Living without our battery-powered consumer electronics became hardly imaginable. 

Additionally, new fields of application are currently emerging including the stationary energy 

storage related fields of grid support, load shifting and power quality management, as well as 

the electromobility sector (Figure 1.1) which have an enormous potential for growth. It is 

even expected that the transportation sector will replace the consumer electronics sector as the 

biggest market for LIBs in the near future.[1, 2]  

 
Figure 1.1: The three main fields of application of LIBs. Reproduced with permission from 
Ref. [2]. Copyright 2019, Springer. 

 

For the following chapters, it is important to define the term “battery”. According to the 

original definition, a battery consists of two or more electrically connected electrochemical 

cells. Nevertheless, in most cases a single electrochemical cell is also designated as a battery 

and according to everyday language a battery is just a product which can power a device, 

independent of the number of electrochemical cells. Every electrochemical cell contains three 

active components, two electrodes (negative and positive) and an electrolyte. The working 
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principle of an electrochemical cell is the conversion of its chemical energy into electrical 

energy via electrochemical redox reactions at the electrodes. The electrode where oxidation 

reactions take place is thereby defined as anode whereas reduction processes occur at the 

cathode. During the working cycle which corresponds to the discharge of the cell, the anode is 

the negative electrode and the cathode is the positive electrode. However, upon charging the 

polarity of the electrodes changes, which means that the anode becomes the positive and the 

cathode the negative electrode, respectively. In the battery community it is widely accepted 

that the term anode is referred to the negative electrode for simplicity, no matter if charging or 

discharging reactions are currently taking place.[3] 

Depending on the reversibility of the redox reactions taking place at the positive and negative 

electrode, one can distinguish between primary (irreversible) and secondary (reversible) 

batteries. The latter are also known as rechargeable batteries or accumulators and can be 

charged and discharged for multiple times without severe capacity fading. Secondary batteries 

are typically assembled in a discharged state and must be charged prior to their first use. In 

contrast, primary batteries are assembled in the charged state and cannot be reused after one 

discharge cycle.[3, 4]  

In order to compare different battery systems, primary and secondary batteries, as well as 

battery components like cathode and anode, several terms are used. An important value is the 

amount of stored and released energy. The energy is expressed either per weight, then 

assigned as specific energy or gravimetric energy density (in Wh kg-1), or based on the 

volume, thus termed as a volumetric energy density (in Wh L-1). 

The theoretical gravimetric/volumetric energy density of a battery (Ebatt) can be calculated as: 

𝐸𝑏𝑎𝑡𝑡 = (
1

𝑄+
−

1

𝑄−
)

−1

(𝑉+ − 𝑉−) Equation 1.1 

where Q+ and Q- are the theoretical gravimetric/volumetric capacities of the positive and the 

negative electrode and V+ and V- are the corresponding operating potentials.[5]  

The theoretical gravimetric capacity (in mAh g-1) of the positive or negative electrode is 

calculated as: 

𝑄+/− =
𝑛𝐿𝑖 ∙ 𝐹

𝑀 ∙ 3.6
     Equation 1.2 
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where nLi is the number of involved lithium ions during charge/discharge per formula unit of 

participating electrode materials, F is the Faraday constant (96485 As mol-1) and M is the 

molar mass of the electrode material.[5] The experimentally achieved gravimetric or 

volumetric capacity Q can be obtained from the following equation: 

𝑄 = 𝐼 ∙ 𝑡 Equation 1.3 

where I is the gravimetric/volumetric current and t the time necessary to (fully) charge or 

discharge the electrochemical cell. By dividing discharge (Qdis) and charge (Qch) capacities 

the Coulombic efficiency CE (in %) can be calculated:[5] 

𝐶𝐸 =
𝑄𝑑𝑖𝑠

𝑄𝑐ℎ

∙ 100% Equation 1.4 

The practical Coulombic efficiency is generally always lower than the theoretical maximum 

value of 100% due to different loss mechanism accompanying transformations of chemical 

and electrical energy. Typical loss mechanisms are side reactions at the electrode-electrolyte 

interphase often resulting in the formation of a solid-electrolyte interphase (SEI) or 

detachment of active material, or irreversible transformations of active materials due to the 

change in their oxidation state.[4] 

The rate capability is another figure of merit for batteries, defined as specific 

power/gravimetric power density (in W kg-1) or volumetric power density (in W L-1): 

𝑃 = 𝐼𝑑𝑖𝑠 ∙ 𝑉𝑑𝑖𝑠 Equation 1.5 

where P is the gravimetric/volumetric power density, Idis the gravimetric/volumetric discharge 

current and Vdis the discharge potential. For comparison of different battery systems, the 

gravimetric/volumetric power density is plotted against the gravimetric/volumetric energy 

density (Ragone plot). Moreover, the rate capability is also expressed in charge and discharge 

rates, very often in C-rates. 1C is thereby defined as the current needed to fully charge or 

discharge a material within an hour with regard to the theoretically reachable capacity. It 

should be noted that the C-rate is reciprocal to time. For example a C-rate of 0.5C 

corresponds to charging or discharging time of 2 h and 2C to a duration of 0.5 h.[5] Another 

important value, in particular for secondary batteries, is the cycle lifetime defined as the cycle 

number when only 80% of the initial reversible capacity is retained.[6] Besides basic 

electrochemical and thermodynamic values, material and processing cost play also an 

significant role, influencing the commercial success of a battery component or of the 
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complete battery. Moreover, sustainability and recyclability of battery systems are gaining 

increasing importance.[7] 

The cradle of modern batteries can be found in the late 18th century in Italy, where Alessandro 

Volta constructed the first battery (the so-called voltaic pile), which consisted of zinc and 

silver discs separated by a cloth wetted with a sodium chloride solution. Based on Volta’s 

findings, several electrochemical cells were invented in the 19th century providing an 

important basis for batteries that are still used today. For example, the broadly used primary 

carbon-zinc and alkaline batteries can be considered as reengineered versions of the 

Leclanché cell, which consisted of a zinc rod as anode, a manganese-carbon mixture as 

cathode and an aqueous ammonium chloride solution as electrolyte. Further examples are the 

rechargeable lead-acid battery by Plantè and the nickel-cadmium accumulator by Junger. 

Until the mid-20th century those battery types fulfilled the requirements of the technologies of 

the time.[8] However, the increasing number of portable devices requiring batteries with 

higher gravimetric and/or volumetric energy density resulted in the development and 

commercialization of new battery concepts like the nickel-metal hydride rechargeable battery 

in the 1980’s.[9] At the same time, gradually more research was conducted in the field of 

lithium based batteries. Lithium is the most electropositive and the lightest element enabling 

energy storage systems with high gravimetric energy density, which makes it particularly 

attractive as battery material.[10] The development of lithium-ion batteries (LIBs) will be 

treated in more detail in the next chapter. 

  



Lithium-ion batteries (LIBs) 
 

5 

1.2 Lithium-ion batteries (LIBs) 

The first lithium-ion battery was reported in 1972 by Whittingham during his time at Exxon. 

It was based on a metallic lithium anode, a layered-type TiS2 intercalation cathode and 

lithium perchlorate in dioxolane as liquid electrolyte.[10] Commercialization of this battery by 

Exxon was however not successful due to its severe shortcomings. The combination of a 

metallic lithium anode with a liquid electrolyte resulted in the formation of dendrites, which 

can cause short circuits and explosion hazards upon repeated cycling.[10, 11] For this reason 

lithium metal anodes can be found only in primary but not in rechargeable batteries. The 

breakthrough of LIBs was achieved in the following years and is substantially based on the 

results published by Besenhard, Goodenough and Yohsino on LiCoO2 (LCO) cathodes and 

graphite anodes, respectively, culminating in the successful commercialization of the first LIB 

in 1991 by the Sony Corporation.[11] The pioneering work on LIBs by Goodenough, 

Whittingham and Yoshino was honored with the 2019 Nobel Prize in Chemistry.[12] Those 

conventional first generation LIBs consisted of a graphitic carbon anode, a layered-type 

LiCoO2 cathode and a liquid electrolyte containing LiPF6 in propylene carbonate and diethyl 

carbonate (PC:DEC, 1:1), schematically depicted in Figure 1.2.[13]  

 
Figure 1.2: Schematic representation of lithium-ion battery including the main components 
and the electrochemical processes upon charging and discharging. Reproduced (adapted) with 
permission from Ref. [14]. Copyright 2009, The Royal Society of Chemistry. 
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LIBs are also known as “rocking chair batteries” as lithium ions “rock” back and forth 

between a cathode and an anode (Figure 1.2), which entails that during the charging process 

lithium ions are de-intercalated from the cathode, move through electrolyte and separator to 

the anode where they are intercalated again. The processes are then reversed during 

discharge.[15]  

 
Figure 3.1: Ragone plot of different electrical energy storage systems including the following 
abbreviations SMES (superconducting magnetic energy storage), TES (thermal energy 
storage) and VRB (vanadium redox battery). Reproduced with permission from Ref. [7]. 
Copyright 2018, Elsevier. 

 

LIBs show superior volumetric and gravimetric energy densities (see Figure 3.1), long cycle 

life and low rates of self-discharge as compared to other battery systems, making LIBs the 

technology of choice for portable consumer electronics.[10, 16, 17] Due to their attractive 

properties, LIBs are finding growing markets also in the field of grid energy storage and 

especially in the transportation sector.[2] However, the energy and power density of state of 

the art LIBs is still not sufficient for emerging large-scale application such as electric vehicles 

(EVs), limiting their driving range and charging rates in combination with high costs and 

safety issues.[2] For application in large grid-scale energy storage systems the performance of 

LIBs has to be also improved, with a strong focus on reducing their cost.[18] The demand of 

various technologies for even higher storage capacity, faster charging rates, prolonged 
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operational life and more stringent safety standards requires the constant improvement of the 

existing battery materials and the development of more powerful electrochemical energy 

storage concepts. Different strategies to achieve higher energy and power densities together 

with an advanced cycling stability compared to the currently used materials will be provided 

in the following chapters. The main approaches investigated in this thesis to achieve these 

objectives include for example using materials with a higher theoretical capacity, decreasing 

the particle size of the active materials to the nanometer scale and the formation of hybrid 

materials using typically reduced graphene oxide as carbonaceous support material. In 

summary, these strategies generally improve the reaction kinetics and stabilize the electrode 

morphology, resulting in an enhanced electrochemical performance. 
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1.2.1 Anode 

Graphite is the state of the art anode material in LIBs. It has a constant and low working 

potential and high conductivity, accompanied by high abundance, low processing cost and its 

environmentally friendliness. However, graphite suffers from a rather low theoretical specific 

capacity of 372 mAh g-1 resulting from the intercalation of only one lithium ion per six carbon 

atoms entailing a stoichiometry of LiC6. Moreover, graphite has a rather sluggish lithium ion 

diffusion rate limiting its power density. Therefore, the next generation anode materials 

should ideally possess an improved reversible gravimetric and volumetric energy/power 

density, high cycling stability, low cost and high safety.[19, 20] The redox potentials and the 

corresponding capacities of promising anode materials are shown in Figure 1.4. 

 
Figure 1.4: Schematic representation of different anode materials for LIBs and their 
capacities and corresponding redox potentials. Reproduced with permission from Ref. [20]. 
Copyright 2018, Springer Nature. 

 

Metallic lithium would be in principle the perfect candidate. It has a very low negative 

potential (-3.04 V vs. standard hydrogen electrode (SHE)) and an extremely high theoretical 

specific capacity (3860 mAh g-1) (see Figure 1.4). However, the uncontrollable dendritic 

lithium growth during cycling impairs its electrochemical performance; even more important, 

this is also a big safety issue since dendrites can cause thermal runaways and short circuits. In 

combination with the easy flammable state-of-the-art carbonate-based electrolytes, even cell 

explosion can occur. Tremendous volume changes upon cycling and a low Coulombic 
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efficiency (CE) are further major reasons that hinders lithium metal anodes from 

commercialization in secondary batteries.[21] 

Therefore, other material structures are studied intensively as potential anode materials. 

Depending on their lithium incorporation mechanism the active electrode materials are 

usually divided into three groups, namely insertion/intercalation, conversion and alloying/de-

alloying materials (see Figure 1.5).  

 
Figure 1.5: Schematic illustration of the three typical classes of anode materials with a short 
summary of their advantages and disadvantages. Reproduced with permission from Ref. [20]. 
Copyright 2018, Springer Nature. 
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1.2.1.1 Insertion-type anode materials  
Graphite is probably the most well-known insertion-type anode material. Further members of 

this class are other carbonaceous materials such as hard carbons, carbon nanotubes (CNTs) or 

graphene and metal oxides like TiO2 or LiTi4O5 (LTO). Insertion-type anode materials store 

lithium via electrochemical intercalation of lithium ions into vacancies in the host structure 

(see also Figure 1.5).[19]  

Hard carbon materials are comprised of small graphitic grains that are randomly aligned. The 

nanovoids between the individual grains provide excess lithium storage sites. Thus, 

gravimetric capacities of up to 600 mAh g-1 can be reached for hard carbons, drastically 

exceeding the theoretical capacity of 372 mAh g-1 of bulk carbon structures. However, due to 

the increased number of exposed edge planes a higher quantity of solid electrolyte interphases 

(SEI) is formed, decreasing the Coulombic efficiency in the first cycles. Moreover, hard 

carbons suffer from a lower tap density due to the (nano)voids inside the material, which 

reduces their volumetric capacity as compared to graphite.[19, 22] Carbon nanotubes, a further 

allotrope of graphite, possess a superior conductivity, high thermal stability and mechanical 

robustness owing to their unique structure of one-dimensional cylindrical tubes of graphite 

sheets. Moreover, CNTs have a high theoretical capacity of 1116 mAh g-1 assuming a LiC2 

stoichiometry, which can be actually reached in practice. The main disadvantages of CNT 

anode materials are the high voltage hysteresis and low Coulombic efficiency.[19, 23, 24] Besides 

being used as the sole anode material, CNTs are intensively investigated as conducting 

components for hybrid electrode morphologies in combination with other classes of active 

anode materials. CNTs as support material increase the overall electrical conductivity and can 

buffer possible volume changes of the associated anode material during electrochemical 

reactions, resulting in a better rate and cycling stability of the electrodes.[19]  

Another very attractive carbonaceous insertion-type anode material is graphene, which 

consists of single layers of graphite. Graphene offers a high mechanical strength and good 

electrical conductivity in combination with a practically reachable gravimetric capacity of  

1050 mAh g-1. Moreover, similar to CNTs, graphene is often used in different composite 

anode materials.[19] More information on graphene and its application in electrode materials 

for LIBs will be provided in Chapter 1.6.   

Metal oxides, especially titanium oxides, emerged as another class of very attractive insertion-

type anode materials featuring high chemical stability, safe operating potential of 0.8 V (all 
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voltages a referred to Li/Li+ potential if not other stated) and excellent cycling stability. 

However, titanium oxide-based anode materials suffer from low theoretical capacity and low 

bulk conductivity. Nanoengineering emerged as a suitable strategy to improve the 

electrochemical performance.[20, 25]  

 

1.2.1.2 Alloying anode materials  
Alloying anode materials are typically metals or semi-metals of the IIIa, IVa and Va groups of 

the periodic table, being very promising as they offer generally high theoretical capacities and 

energy densities. Upon alloying reactions with lithium, intermetallic and Zintl-phases are 

formed summarized by the following equation:[20, 26, 27]  

M + xLi+ + xe–   ⇌   LixM Equation 1.6 

Si, Ge, Sn, and P are of special interest as they combine high theoretical capacities of 4200, 

1625, 994, and 2596 mAh g-1 upon full lithiation assuming Li22Si5, Li22Ge5, Li22Sn5 and Li3P 

stoichiometries, respectively, and reasonable low working potentials (0.3-0.9 V).[20, 28, 29] 

However, alloying materials are heavily affected by massive volume changes of up to 400% 

during lithiation and delithiation. The volume changes result in morphological destabilization 

of the SEI layer and pulverization resulting in inactivation of electrode material which finally 

leads to capacity fading and a low cyclability.[20, 28] In order to address those issues, 

nanoengineering and/or creating (multiphase) composites emerged as the most promising 

approaches. Nanosizing enables a larger contact area between the active material and the 

electrolyte, thus facilitating electron transfer and lithium diffusion. Moreover, nanoparticles 

are known to better tolerate these volume changes. Incorporation of the active material into an 

inert matrix made of metals (Fe, Cu, Nb, etc.), alloys (FeSi2), oxides (Li2O, Al2O3) or 

ceramics (TiN, SiC) can additionally buffer the volume changes and enlarge the cycling 

stability. However, an inert matrix increases the amount of electrochemically inactive material 

which leads as a result to a decrease in the overall energy density. A possible strategy to 

minimize the fraction of inactive materials, is to use electrochemically active matrices which 

entails that the individual components have different lithiation and delithiation potentials and 

can mutually buffer the successive alloying reactions. The challenge of this approach is 

however that the cycling stability of active matrix composites is often lower than those of 

inert matrix composites.  
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Among possible materials, carbon-based composites attain in particular interest because of the 

redox activity of the carbon matrix combined with its favorable morphology properties. 

Carbon coating or carbon additives like graphene or CNTs improve the overall conductivity, 

buffer the volume changes of the alloying material and alleviate pulverization.[28, 30] 

 

1.2.1.3 Conversion-type anode materials  
Conversion-type anode materials (CTAMs) with the general formula (MaXb, M = Mn, Fe, Co, 

Ni, Cu and X = O, S, Se, F, N, P, etc.) are very attractive candidates in replacing graphite 

mainly due to their very high theoretical capacities of up to 1800 mAh g-1, low operational 

voltages and rather low costs. During electrochemically cycling CTAMs undergo reversible 

electrochemical redox reactions with lithium ions resulting in the formation of transition 

metal particles M embedded in a LinX matrix. In the ideal case those reactions are completely 

reversible and upon charging the initial state is retained again:[19, 25, 31] 

MaXb + (b × c)Li+ + (b × c)e–   ⇌   aM + bLicX Equation 1.7 

The operating voltage of CTAMs is largely influenced by the strength of the M-X ionic bond 

in the structure. Common CTAMs have typically operating voltages in the range of 0.5-1.0 V 

with exception of many metal fluorides which have lithiation potentials close to 3 V. Thus, 

metal fluorides are discussed rather for application as cathode materials (see also 

Chapter 1.2.2.2).[31-33] Commercialization of CTAMs is however largely hampered due to the 

low intrinsic conductivity, large volume changes upon charge/discharge and pulverization 

issues resulting in a low Coulombic efficiency, voltage hysteresis, rapid capacity fading and a 

poor rate performance. In order to tackle those issues, nanoscaling and -structuring, addition 

of a carbon coating layer and/or the formation of hybrid materials with conductive support 

materials like graphene or CNTs are reported, which dramatically improve the 

electrochemical performance of CTAMs.[31] Beside those “pure” CTAMs, there are also 

materials that undergo both conversion and alloying reaction in a single compound, referred 

to as conversion/alloying materials (CAMs). Members of this group are for example some 

metal oxides like ZnO,[34] SnO2,[35, 36] SiOx,[37] or MzN1-zOy (M = Zn, Mn, Fe, Co, Ni; N = Sn, 

Fe, Co),[32] metal sulfides like Sb2S3,[38] and metal phosphides like Mn1-xFexP[39]. CAMs 

demonstrate in general a better electrochemical performance compared to pure conversion and 

alloying anode materials based on the synergistic effect of both lithium storage mechanisms. 

For example, the LinX matrix, which is formed during the conversion reaction can buffer the 
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volume changes upon the alloying reaction.[31, 32] Nevertheless, volume changes and structural 

reorganization upon cycling severely influence the electrochemical performance of CAMs. 

Nanoengineering of CAMs is here again a promising method to enhance the cycling stability 

and the practical capacity.[32] SnO2 and Sb doped SnO2 materials and strategies to improve 

their electrochemical performance will be discussed in detail in Chapters 3 and 4.  

 

1.2.2 Cathode materials  

The cathode is a key component in today’s LIBs as it strongly affects the accessible 

energy/power density, the cycling stability and hence the overall performance of a LIB. 

Therefore, research and development of (new) cathode materials having large practical 

capacities (> 200 mAh g-1) and/or high operational voltages (> 4.0 V) is highly desirable. 

Moreover, the materials should also fulfill social and economic criteria like for example 

natural abundancy, ecologically-friendly processing, usage and recycling, and low cost.[17, 40, 

41] Different promising material classes and their corresponding operational potentials and 

their theoretical capacities are schematically summarized in Figure 1.6. 

 
Figure 1.6: Schematic representation of different cathode materials for LIBs depending on 
their potentials and capacities. Reproduced with permission from Ref. [42]. Copyright 2013, 
The Royal Society of Chemistry. 
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Cathode materials can be in general divided into two classes depending on their charge 

storage chemistry, namely intercalation/insertion and conversion type cathodes.[22] The group 

of intercalation materials is typically further subdivided according to their crystal structure 

into layered, spinel, polyanion and rock salt structure type cathode materials (see Figure 1.7). 

Materials with different storage mechanism and crystal structures will be introduced in the 

sections below. 

 
Figure 1.7: Schematic illustration of the crystal structure of insertion cathode materials with a 
layered, spinel, polyanion and rock-salt type structure and conversion type cathode materials. 
Reproduced with permission from Ref. [40]. Copyright 2020, John Wiley & Sons, Ltd. 
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1.2.2.1 Intercalation type cathodes 
Intercalation cathode materials are solid host frameworks which can accommodate and release 

reversibly guest ions like Li+.[22] The different crystal structure types of intercalation cathodes 

define the dimensionality of the lithium ion transport channels. Intercalation and extraction of 

Li+ ions in a one-dimensional (1D) way can be found in case of polyanion cathode materials 

having a NASICON, olivine or tavorite-type crystal structure. For layered materials lithium 

diffusion is two-dimensional, while in compounds with a spinel or disordered rock-salt crystal 

structure-type it is three-dimensional.[40]  

 

1.2.2.1.1 Layered cathode materials 
Layered materials play an important role as cathode materials since the early days of LIBs. 

Metal dichalogenides MX2 (M = Ti, Nb, Ta, Mo, W; X = S, Se) with a layered CdI2 structure-

type were some of the first studied cathode materials. TiS2 was probably the most promising 

compound among the MX2 family and finally even commercialized in the lithiated LiTiS2 

(LTS) state by Exxon. However, the LTS-LiAl button cells were driven out of the market 

quite fast; despite the high gravimetric energy density and the excellent cycling stability of 

LTS. Nevertheless, the low redox potential of around 2 V of LTS was insufficient for high 

energy applications.[22, 43, 44] 

Transition metal trichalcogenides MX3 (M = Ti, Zr, Hf, Nb, Ta; X = S, Se) also gained much 

attention in the beginning of the LIB era (late 1970s and early 1980s).[45]  

 
Figure 1.8: One layer of neighboring transition metal trichalcogenide MX3 columns. The 
yellow and the black spheres represent chalcogenide and transition metal atoms, respectively. 
Reproduced with permission from Ref. [46]. Copyright 2014, The Royal Society of 
Chemistry. 
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MX3 compounds have in principle a one-dimensional structure type as neighboring trigonal 

prisms of chalcogen atoms with transition metal atoms in the center, are interconnected by 

strong covalent bonds forming chains of prisms. Those chains are however linked into layers 

by van der Waals forces resulting in a quasi-layered crystal structure (Figure 1.8).[45, 46] 

The transition metal trichalcogenide NbSe3 was a subject of intensive research in the past. 

The main advantages of NbSe3 are that it can reversibly intercalate three Li+ ions per formula 

unit leading to a high theoretical capacity and it has, like the lithiated Li3NbSe3, a metallic-

like conductivity. However, high cost, its toxicity, a rather low average discharge potential of 

around 1.8 V and a limited long-term stability still prevent NbSe3 cathodes from 

commercialization.[44] 

Layered LiCoO2 (LCO) is certainly the commercially most successful cathode material for 

LIBs so far and can be still found in the majority of today’s LIBs.[22] Similar to other layered-

type transition metal oxides LiMO2 (M = Fe, Mn, Co, Ni, Ti, V etc.), LCO crystallizes in an 

α-NaFeO2 structure entailing a cubic-close-packed oxygen array whose interstitial octahedral 

sites are alternately occupied by lithium and transition metal ions (Figure 1.9). This results in 

MO2 layers composed of edge-sharing [MO6] octahedra. Li+ ions can be found in an 

octahedral coordination [LiO6] in-between the MO2 layers enabling a 2D Li+ ion diffusion.[44, 

47, 48]  

 
Figure 1.9: α-NaFeO2 crystal structure type of layered LiMO2 intercalation cathode materials. 
Reproduced with permission from Ref. [22]. Copyright 2015, Elsevier Ltd. 
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LCO is a very attractive cathode material due to its high electrical conductivity, good Li+ 

mobility, low self-discharge rate, good cycling stability and a high operational voltage of 

around 4 V. Additionally, it has relatively high theoretical specific and volumetric capacities 

of 274 mAh g-1 and 1363 mAh cm-3, respectively. However, the practical specific capacity is 

limited to around 140 mAh g-1, corresponding to an extraction of around 50% of Li+ ions in 

LCO. A higher degree of deintercalation leads to a collapse of the α-NaFeO2 structure and a 

drastic capacity fade. Other drawbacks of LCO are its thermal instability, high cost and the 

problematic environmental impact of cobalt.[22, 47] LCO will be further discussed in 

Chapter 1.9. Replacing cobalt by nickel resulting in LiNO2 (LNO) is an intensively discussed 

and studied option to overcome the drawbacks of LCO while keeping its advantages. LNO 

has the same theoretical capacity, a higher energy density and it is also less expensive 

compared to LCO. However, the thermal instability of LNO is even more severe. 

Additionally, Ni2+ ions occupy Li+ lattice sites during the synthesis and delithiation resulting 

in blocked Li+ diffusion pathways.[22, 47] The so far best results were obtained by a partial 

substitution of cobalt by nickel and manganese or aluminum. The resulting Li(NixCoyMny)O2 

(NCM/NMC; with x + y +z = 1) compounds feature practical specific capacities of 154 to 

180 mAh g-1 in case of NCM111 and NCM811, respectively, and reach 200 mAh g-1 for 

LiNi0.8Co0.15Al0.05 (NCA). Due to the high practical specific capacities, NCA and NCM 

cathode materials have been successfully commercialized and can be found also in batteries 

for electric vehicles (EV). NCA containing batteries are used for example in Tesla EVs. 

However, the manufacturing costs of NCA are quite high. Additionally, at elevated 

temperatures of above 40 °C NCA is affected by severe capacity fading and additional safety 

issues. Other EV manufactures, like BMW, Nissan or Chevy rely on NCM containing 

cathodes that are cheaper and safer than NCA based batteries.[22, 49] 

 

1.2.2.1.2 Disordered rock-salt structure type cathode materials 
Materials with a disordered cation structure were considered for a long time as not suitable for 

an application as cathode material due to the largely inhibited lithium diffusion. However, 

recent experimental and theoretical investigations indicate that materials with a disordered 

rock salt structure (DRS) can offer high capacities.[26, 40, 50, 51] The DRS can be understood as a 

layered structure where lithium and M ions are randomly arranged resulting in an α-LiFeO2 

structure (Figure 1.10).[40, 51]  
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Figure 1.10: Schematic comparison of the crystal structure of a layered and disordered rock 
salt compound. Reproduced (adapted) with permission from Ref. [48]. Copyright 2017, John 
Wiley & Sons, Ltd. 

 

In order to achieve lithium diffusion on a macroscopic scale via percolating networks, DRS-

type compounds should contain at least 10% lithium excess. Moreover, high capacities are in 

general observed for nanosized DRS compounds due to the shortened diffusion pathways.[26, 

50] However, DRS materials suffer from voltage hysteresis, poor rate capability and capacity 

fading upon cycling. Therefore, more research in this interesting materials class is still 

necessary.[50] 

 

1.2.2.1.3 Spinel structure type cathode materials 
Spinel type oxides with the general formula Li2M2O4 (M = Mn, Co, Ti, V) are investigated 

intensively as alternative cathode materials for LIBs. The spinel structure is comprised of a 

cubic-close-packed lattice of oxygen ions. Lithium ions predominantly occupy one eighth of 

all tetrahedral interstices and M fill half of the octahedral sites resulting in a three-

dimensional framework of edge-shared [MO6] octahedra, interconnected by [LiO4] tetrahedra. 

Lithium ions can in turn diffuse in three dimensions through the interconnected unoccupied 

tetrahedral and octahedral interstitial sites of the spinel framework (Figure 1.11).[22, 26, 47, 52]  
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Figure 1.11: Spinel structure type of LiM2O4 intercalation cathode materials. Reproduced 
with permission from Ref. [22]. Copyright 2015, Elsevier Ltd. 

 

The spinel oxides LiTi2O4 and LiV2O4 are however not suitable as cathode materials due to 

their low operational voltage of 1.5 and 3 V, respectively. LiV2O4 is additionally affected by 

structural changes upon cycling.[53] LiCo2O4 and LiNi2O4 are expected to have higher 

operational voltages but their synthesis is very challenging or hasn’t even been successful 

until now. Hence, the manganese-based spinel oxides LiMn2O4 and its partially cation 

substituted equivalents LiMyMn2-yO4 and LiMyNzMn2-y-zO4 (M, N = Cr, Fe, Co, Ni, Cu, Mg, 

Al, Zr, Zn, and Li) are of particular interest as cathode material.[47, 54] The main advantages of 

manganese-based spinel oxides are their low costs, abundance and the environmental 

friendliness of manganese. Moreover, LiMn2O4 has a relatively high theoretical capacity of 

148 mAh g-1 and an average operational voltage of 4.1 V. However, LiMn2O4 suffers from 

severe capacity fading, especially at temperatures above 50 °C ascribed to manganese 

leaching caused by the Jahn-Teller distortion, oxygen loss and phase transition into tetragonal 

LiMn2O4.[22, 47, 55, 56] Partial substitution of manganese by the different metal ions stated above 

mitigates the Jahn-Teller effect, extents the cyclability and even enables one to extract some 

of the lithium ions at high voltages of up to 5 V. Nevertheless, manganese substitution usually 

results in a decreased practical capacity. Moreover, the high voltage extraction step increases 

the overall energy density only marginally, for example in case of LixCo0.4Mn1.6O4 by only 

6%.[47, 56] 
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1.2.2.1.4 Polyanion cathode materials 
The class of polyanion materials is another intensively investigated group of potential cathode 

materials. Polyanion materials are in general composed of three-dimensional networks of 

transition metal polyhedra and polyanionic groups resulting in various crystal structures 

including olivine, tavorite and NASICON related structure types.[22, 40, 47]  

The crystal structure of olivine type materials with the general formula LiMXO4 (M = Fe, 

Mn, Co, Ni; X = P, Mo, W, S) is composed of a hexagonal-close-packed oxygen lattice whose 

tetrahedral interstices are filled by X to an eighth. Half of the octahedral voids are occupied 

by lithium and M resulting in corner shared [MO6] octahedra forming zigzag chains which are 

bridged by corner- and edge-sharing [XO4] tetrahedra (Figure 1.12). The edge-sharing [LiO6] 

octahedra form one-dimensional channels along the [010] crystallographic axis which are 

predominantly used during delithiation and lithiation.[47, 57]  

 
Figure 1.12: Olivine (LiFePO4) structure type intercalation cathode materials. Reproduced 
with permission from Ref. [22]. Copyright 2015, Elsevier Ltd. 

 

The operational voltage of the olivine-based materials is influenced by both, transition metal 

ions and polyanions. PO4 anions are very favorable enabling the highest operational voltages 

and specific capacities.[47] LiFePO4 is the most successful olivine based cathode material so 

far and has been already commercialized. The main advantages are the exceptionally high 

thermal stability and a relatively high practical specific capacity of 165 mAh g-1. However, 

LiFePO4 (LFP) suffers from a poor electronic conductivity (~10-9 S cm-1) which is typically 

increased by a thin carbon coating layer. Moreover, the rather low energy density 

(578 Wh kg-1) limits its application in high power devices like EVs. Substitution of Fe by Mn, 
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Co and Ni results in higher energy densities of up to 867 Wh kg-1. The operational voltages of 

LiNiPO4 and LiCoPO4 are however outside of the stability window of the currently used 

carbonate-based electrolytes. Therefore, only LiMnPO4 (LMP) combines both a high energy 

density of 701 Wh kg-1 and an operational voltage within the stability window of the 

electrolyte. Nevertheless, LMP suffers from a poor electrical conductivity and a low Li+ 

diffusion rate resulting in a moderate rate and cycling performance.[42, 58] Strategies to 

improve the performance of LMP will be discussed in Chapter 1.10.  

The tavorite-like structure of polyanionic cathode materials LiMXO4Y (M = V, Fe, Mn, Ti, 

etc.; X = P, S and Y = O, F, OH) is composed of one-dimensional chains of corner sharing 

[MO4Y2] octahedra. These chains are linked by [XO4] tetrahedra forming a three-dimensional 

network (Figure 1.13) with lithium ions being in the resulting voids. Those voids form a 

three-dimensional network of interconnected channels which are used for deintercalation and 

intercalation of lithium ions.[59]  

 
Figure 1.13: Tavorite (LiFeSO4F) structure type intercalation cathode materials. Reproduced 
with permission from Ref. [22]. Copyright 2015, Elsevier Ltd. 

 

LiFeSO4F and LiVPO4F attracted reasonable attention, as those materials demonstrate 

relatively high operational voltages of 3.7 and 4.2 V and theoretical capacities of 151 and 

156 mAh g-1, respectively. However, further research is needed to improve the synthesis 

routes, as well as their electrochemical performance.[22, 59] 

NASICON (Na+ superionic conductor) type cathode materials Li3M2(XO4)3 (M = Fe, Mn, Ti, 

V etc.; X = P, W, Mo, S, Si, etc.) consist of three-dimensional frameworks which are 
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composed of corner sharing [MO6] octahedral and [XO4] units. Three tetrahedral and two 

octahedral units form a so-called “lantern unit”. Six neighboring lantern units form a large 

void which host the lithium ions enabling lithium extraction and intercalation via one-

dimensional channels (Figure 1.14). Depending on the stacking of the lantern units one can 

distinguish between rhombohedral NASICON and monoclinic anti-NASICON type 

materials.[40, 47]  

 
Figure 1.14: Schematic crystal structure of NASICON type cathode materials. Reproduced 
with permission from Ref. [40]. Copyright 2020, John Wiley & Sons, Ltd. 

 

Monoclinic Li3V2(PO4)3 is a promising member in the group of NASICON-type materials 

featuring a high theoretical capacity of 197 mAh-1, high operational voltage of up to 4.6 V, 

good cycling stability and an excellent thermal stability. However, the low electrical 

conductivity aggravates the lithium extraction in particular of the third lithium ion, lowering 

the practical capacity and hence the energy density. Nanoscaling is reported to improve the 

performance of Li3V2(PO4)3, nevertheless further research is required.[60] 
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1.2.2.2 Conversion type cathodes  
Conversion-type cathodes change their crystalline structure upon lithiation/delithiation, which 

means that chemical bonds are repeatedly broken and recreated.[22, 40] The respective 

conversion reactions can be generally expressed by the following equations: 

Type A (true conversion): MaXb + (b x c)Li   ⇌   aM + bLicX    Equation 1.8 

Type B (chemical transformation): aLi + Z   ⇌   LiaZ    Equation 1.9 

Typical Type A conversion cathode materials MaXb are transition metal halides and 

chalcogenides (M = Fe, Ni, Cu, etc.; X = F, Cl, Br, I, S, Te, etc.). Whereas many chalcogens 

(Z = S, Se, Te and O) and halogens (Z = Br, I, etc.) are assigned to Type B.[16, 22, 61, 62] The 

main advantage of the conversion cathode materials of both types is their typically very high 

theoretical capacity (Figure 1.15).[16] However, the operational voltages, especially of 

chalcogens and chalcogenides, are too low for practical applications.   

 
Figure 1.15: Theoretical gravimetric capacities of selected conversion-type cathode materials. 
Reproduced with permission from Ref. [16]. Copyright 2017, The Royal Society of 
Chemistry.   

 

Moreover, conversion type cathode materials suffer severely from low conductivity, voltage 

hysteresis, drastic volume changes upon lithiation/delithiation and diverse unfavorable 

interactions between the active material and the electrolyte resulting in poor kinetics, low 

reachable capacities and poor cycling stabilities. Strategies to improve the electrochemical 

performance include nanoengineering, addition of conductive additives and electrolyte 

optimization.[16, 63]  

  



Introduction 
 

24 

1.2.3 Electrolyte and separator 

The electrolyte is an important component in LIBs enabling the transport of lithium ions 

between anode and cathode while being simultaneously electronically isolating. Further 

requirements are that the electrolyte is electrochemically stable in a wide temperature (-40 to 

+60 °C) and potential range (preferably 0-5.5 V), environmentally friendly and of low cost.[11, 

33, 64] The stability window of the electrolyte is widely defined by its ‘bandgap’, which is the 

difference between the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO). The electrolyte is stable if the electrochemical 

potential of the anode µA is below the LUMO and the electrochemical potential of the cathode 

µC is above the HOMO.[64] However, Peljo et al. claimed that defining the HOMO and LUMO 

as the boundaries of the electrochemical stability window is incorrect and the stability of the 

electrolyte is more complex than just regarding the redox potentials of the electrolyte. 

Reactions of the electrolyte with other solvent molecules and electrolyte salts, as well as the 

surfaces of the electrodes influence the stability of the electrolyte. Therefore, the authors 

suggest to use the terms potential of electrolyte oxidation or reduction, respectively. The 

difference between both notations is shown in Figure 1.16. [65]  

 
Figure 1.16: Negative and positive potential limits for the electrolyte stability in comparison 
to the HOMO and LUMO level. Reproduced with permission from Ref. [65]. Copyright 2018, 
The Royal Society of Chemistry. 
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Nevertheless, if µA and µC are outside of the stability window of the electrolyte, the 

electrolyte will be reduced or oxidized until a passivation layer, the so-called surface 

electrolyte interphase (SEI) is formed. This means that under operating conditions, the 

electrochemical stability window of the electrolyte is influenced by kinetic rather than 

thermodynamic factors.[33, 64]  

Commercially available state-of-the art electrolytes consist typically of a lithium salt 

dissolved in polar organic solvents. Typically, a blend of different alkyl carbonates is used 

including ethylene carbonate (EC), propylene carbonate (PC), diethyl carbonate (DEC), 

dimethyl carbonate (DMC) and ethylmethyl carbonate (EMC), which are thermodynamically 

stable between approximately 1.0 and up to 4.7 V. Besides the relatively large voltage 

window, carbonate-based electrolytes possess a relatively low viscosity and thus a high 

lithium diffusion coefficient. The presence of EC in those mixtures is highly beneficial as EC 

decomposes on many anode materials at potential <1 V forming a passivating SEI layer that 

protects the electrolyte from further decomposition in the subsequent cycles. The SEI layer 

can be stabilized by adding additives like fluoroethylene carbonate (FEC) to the electrolyte 

blend. FEC decomposes and forms EC and LiF, which further increases the conductivity of 

the SEI layer. Nevertheless, carbonate based electrolytes are highly flammable with flash 

points below 30 °C, which becomes a safety issue in case of a short circuit.[17, 64] Addition of 

flame retardant components like trimethyl phosphate or methyl nonafluorobutyl ether 

decreases the flammability of the electrolyte and consequently enhances the safety of the 

electrolyte. However, those flame retardant additives negatively influence the electrochemical 

performance, for example they decrease the cyclability.[66] Beside the solvent, the lithium salt 

has to be electrochemically and thermally stable in a wide range as well. Moreover, it should 

be inert towards other cell components like separator, current collector, or cell packing 

material. LiPF6 is currently the most used conducting salt in carbonate-based electrolytes due 

to its well-balanced properties. Trace amounts of water or elevated temperatures, however, 

lead to the decomposition of LiPF6 with formation of LiF and PF5. The latter easily 

hydrolyzes to POF3 and highly corrosive HF. Other commercially available lithium 

conductive salts have, however, even more severe disadvantages. For example, LiAsF6 is 

toxic and expensive, LiClO4 is explosive and LiBF4 has low ionic conductivity, in addition to 

the fact that the BF4
- anion destabilizes the SEI layer.[11, 67-69] 

The intended application of high voltage cathode materials like LiMn1.5Ni0.5O4 (4.7 V) or 

LiCoPO4 (4.8 V) requires alternative electrolytes that exceed the stability window of 
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carbonate-based LiPF6 electrolytes. Several liquid electrolyte systems have been investigated 

including ionic liquids, sulfone-based, nitrile-based and fluorinated solvents which have all 

various strengths and weaknesses. Especially, ionic liquids (IL) have gained much interest as 

they feature a large electrochemical stability window of up to 6 V, and promising safety 

characteristics like non-flammability. However, ILs have also disadvantages like a high 

viscosity that result in a low wettability of the electrode and the separator and a decreased 

ionic conductivity at low temperatures. Additionally, ILs are very expensive.[69, 70]  

Beside the mentioned liquid systems, solid electrolytes gain increasing attention. A solid 

electrolyte should fulfill certain requirements including for example a high mechanical 

strength to hinder the formation of lithium dendrites, a high ionic conductivity and a wide 

electrochemical stability window. In general we can distinguish between polymer and 

inorganic electrolytes.[69]  

Poly(ethylene oxide) (PEO) based systems are probably the most studied solid polymer 

electrolytes. The low ionic conductivity of PEO can be increased by the addition of lithium 

salts like LiClO4, LiPF6 or LiAsF6 or by mixing PEO with inorganic fillers like lithium ion 

conducting Li7La3Zr2O12 or Li3N which are classified as active fillers. Inactive fillers are for 

example Al2O3, SiO2 or ZrO2 which enhance ionic conductivity by amorphization of PEO and 

by generation of space-charge areas. PEO can be used as a framework structure for gel 

polymer electrolytes, as well. Other frequently used polymer matrices are for example 

polyacrylonitrile (PAN), poly(methyl methacrylate) (PMMA), polyvinylidene fluoride 

(PVDF) or polystyrene (PS). Inside the matrix structure different compounds are dissolved, 

including lithium salts responsible for the ion conductivity, solvating low molecular weight 

compounds like acetone or tetrahydrofuran and/or a plasticizer, for example alkyl carbonates. 

These gel polymer electrolytes are advantageous as they offer a wide electrochemical stability 

window and higher ionic conductivity as compared to solid polymer electrolytes, however gel 

polymer electrolytes are less mechanically stable.[69, 71]  

Solid inorganic electrolytes including for example NASICON-type, LISICON-type, 

perovskite-type, garnet-type and sulfide-based glass ceramics are of increasing interest, as 

they provide a large electrochemical stability window, mostly good chemical and thermal 

stability, good ionic conductivity and an appealing mechanical strength to avoid the formation 

of lithium dendrites. However, the interfacial compatibility with the electrodes is still 

challenging and must be improved.[69] 
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A further advantage of inorganic and polymer solid electrolytes is that generally no separator 

is needed as the solid electrolytes successfully prevent the electrodes from a direct physical 

contact, in contrast to liquid electrolytes. The separator in liquid electrolyte LIBs fulfills that 

purpose and thus prevents the cell from short circuits. Therefore, the separator should have a 

high mechanical and thermal strength to endure tension and puncture by electrode materials. 

At the same time, the separator must be permeable for the electrolyte. Thus, a good 

wettability is also mandatory. Most separators of commercially available LIBs are based on 

microporous polyolefin membranes prepared from polypropylene, polyethylene or a combination 

of both. However, those materials suffer from a rather low wettability and poor thermal stability. 

In order to tackle those issues new separator materials are being developed including novel 

polymers, functionalized polyolefins and ceramic separators.[11, 17, 72] 
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1.3 Synthesis strategies towards inorganic 
nanoparticles  

Nanoparticles can be prepared by various methods which are generally classified either as 

top-down or bottom-up strategies. Top-down approaches comprise physical methods like 

milling or attrition, and chemical methods like etching to reduce the particle size in a more or 

less controlled manner. The nanoparticles prepared via a top-down approach have typically a 

rather broad size distribution and it is often challenging to control their shape and 

morphology.[73-75] Bottom-up methods are often more suitable to obtain nanoparticles with a 

more uniform size distribution, controlled morphology and chemical composition. 

Nanoparticles synthesized by bottom-up methods are built up from atomic or molecular 

precursors that grow as a result of chemical reactions and can further self-assemble into larger 

and more complex motifs. Typical bottom-up techniques are for example deposition 

techniques from the gas phase like chemical vapor deposition (CVD) or atomic layer 

deposition (ALD), and wet chemical approaches like sol-gel synthesis, microemulsion, polyol 

synthesis or solvothermal synthesis.[74-76]  

 

1.3.1 Solvothermal synthesis 

Synthesis of nanoparticles via solvothermal reactions is quite attractive due to the simplicity 

of this technique and the good control over particle size and morphology.[77] Solvothermal 

processes are defined as reactions that are performed in closed systems, like special vessels or 

autoclaves, at temperatures exceeding the boiling point of the utilized solvent and at elevated 

pressures ranging typically from 100 to 1000 °C and 1 to 10000 bar, respectively.[75, 78]  

Solvothermal reactions are largely governed by thermodynamic factors like temperature and 

pressure and chemical parameters like the type of reactants, solvents, possibly added additives 

and the pH value of the reaction mixture. The choice of solvent is thereby crucial. On the one 

hand, the solvent controls the concentration of the reactants and thus the kinetics of the 

reactions, on the other hand it can have an impact on the coordination of solvated compounds 

thus influencing the particle growth and morphology.[78] Niederberger and co-workers 

demonstrated that benzyl alcohol is a feasible solvent for the solvothermal synthesis of 

diverse metal oxide nanoparticles. Benzyl alcohol functions in this case as solvent, oxygen 
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source and surfactant/capping agent at the same time enabling the formation of highly 

crystalline and uniform metal oxide nanoparticles with sizes between 4 and 80 nm without the 

supplementary addition of surfactants.[79-81] However, the surface of the obtained 

nanoparticles is covered by benzyl alcoholate and benzoate residues, which are difficult to 

remove and decisively influence the physical and chemical properties of the nanoparticles.[82] 

Synthesis of metal oxide nanoparticles in a solvothermal reaction with tert-butanol as solvent 

is a promising alternative, demonstrated by Fattakhova-Rohlfing and her group. The reaction 

mechanism of the tert-butanol route has not been identified yet, however, the inductive 

stabilization of the intermediately formed carbocations definitely defines the reaction 

pathways.[82] Moreover, the spacious tert-butyl groups impede growth and agglomeration of 

nanoparticles. The main advantage as compared to the benzyl alcohol route is the easy 

detachment of the remaining tert-butoxide groups from the surface of the nanoparticles by 

moderate heating. The applicability of this reaction type was successfully demonstrated by the 

synthesis of various metal oxides including for example TiO2,[83] Li4Ti5O12 (LTO),[84] NiO[85] 

and SnO2
[86]. Moreover, it has been shown that nanoparticles produced via the tert-butanol 

route, particularly LTO, are applicable as anode materials in LIBs demonstrating an 

impressive electrochemical performance.[84] 

Based on that, other metal oxides synthesized in solvothermal tert-butanol approaches, 

specifically Sb:SnO2 (Chapter 3), LiCoO2 (Chapter 7) and Li(CoxNiyMnz)O2 (Chapter 8) are 

introduced as promising electrode materials for LIBs in this thesis. 

 

1.3.2 Microwave assisted synthesis 

Solvothermal reactions can be also carried out using microwave irradiation instead of 

conventional heating which accelerates the reaction rate dramatically and thus, shortens the 

reaction time.[75] Microwave assisted synthesis is a rather new technique. It was reported for 

the first time in 1986 by Gedye[87] and Giguere[88] who used commercially available kitchen 

microwave ovens for the synthesis of organic compounds. In the following years special 

microwave reactors for chemical synthesis were developed which provide a better control of 

temperature and pressure during the reactions by built-in sensors increasing the safety and 

reproducibility of microwave assisted reactions.[89, 90]  

Microwaves are defined as electromagnetic radiation with a frequency between 0.3 and 

300 GHz. Kitchen and as well as special laboratory microwave ovens are both operated 
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typically at 2.45 GHz. This frequency is however a compromise. Higher frequencies would be 

more beneficial for an effective conversion of microwave energy into thermal energy, for 

example 18 GHz in case of water, which is its resonance frequency. Higher frequencies 

however could lead to interference with telecommunication devices which has to be strictly 

prevented. Moreover, 2.45 GHz emitting magnetrons are rather cheap thus reducing the 

overall costs of the device, which is especially important for kitchen microwaves.[89, 90]   

Microwave photons with a frequency of 2.45 GHz have an energy of 1.0 x 10-5 eV which is 

insufficient to break and form chemical bonds and even not high enough to cause Brownian 

motion; only molecular rotations can be induced. Consequently, microwave assisted synthesis 

is based on fast and efficient heating of the reaction solution instead of forming or breaking 

chemical bonds directly via absorption of microwave irradiation. Such “microwave dielectric 

heating” originates from two main mechanisms, namely dipolar polarization and ionic 

conduction. Irradiation of a sample with microwaves forces dipoles (dipolar polarization) and 

charged particles, typically ions (ionic conduction) in the reaction mixture to align 

continuously with the oscillating electric field of the electromagnetic wave (Figure 1.17). This 

phenomenon causes molecular friction and dielectric loss, resulting finally in the formation of 

heat.[89-92] 

 
Figure 1.17: Schematic illustration of the main microwave dielectric heating mechanisms: 
ionic conductivity and dipolar polarization. Reproduced (adapted) with permission from Ref. 
[93]. Copyright 2019, John Wiley & Sons, Ltd. 
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The amount of generated heat depends on how fast dipoles and ions align in the field relative 

to the frequency of the microwaves. If they have not enough time to orientate or they align too 

fast in the field, no heating will occur. Thus, the dielectric properties of a material influence 

its capability to convert microwave irradiation energy into heat at given frequency and 

temperature expressed by the co-called loss factor tan δ:[89-92] 

tan 𝛿 =
휀′′

휀′
 Equation 1.10 

where ε’’ is the dielectric loss describing the efficiency of the conversion of electromagnetic 

irradiation into heat and ε’ is the dielectric constant which is a measure of the ability of a 

material to be polarized in the electric field. In order to achieve fast heating of the reaction 

mixture, solvents with a high loss factor, tan δ > 0.5, are required. Ethylene glycol, which was 

used for the synthesis of LFMP nanoparticles (Chapter 11), has a very high loss factor of 

1.350 at 20 °C and 2.45 GHz. For comparison, the loss factor of water is only 0.123 despite 

its high dielectric constant. The loss tangents are dependent on the temperature. In case of 

materials with a dipolar polarization mechanism, an increased temperature results in a 

decreased microwave absorption due to a lower bulk viscosity and hence lowered molecular 

friction. For materials with ionic conductivity it is reversed. In this context it should be noted 

that the ionic conduction, which for example is very high in case of ionic liquids, has a 

stronger effect on the heat generation than dipolar polarization. Moreover, loss tangent, 

temperature and frequency influence the penetration depth. Materials with a high loss tangent 

have only a short penetration depth which poses a problem for scale-up of microwave-assisted 

reactions. Furthermore, the penetration length increases with rising temperature or declining 

frequency of the microwaves, which can consequently influence the reaction.[90, 91, 94]  

As mentioned above, solvents with a high loss factor are beneficial for rapid heating. 

However, this does not exclude solvents with low loss factors from application in microwave 

assisted reactions, since the polarity of substrates, catalyst or reagents inside the reaction 

mixture is often high enough to enable sufficient heating of the whole reaction mixture. 

Furthermore, the addition of polar additives like ionic liquids or alcohols can increase the 

overall loss factor of the reaction mixture to achieve increased heating.[89-92] 

Beside microwave dielectric heating, microwave-related specific thermal and non-thermal 

effects are controversially discussed as reasons for the increased reaction speed of microwave 

assisted reactions. However, proposed non-thermal effects such as for example a lowered 
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Gibbs activation energy or excitation of rotational and vibrational transitions upon microwave 

irradiation have not been doubtlessly evidenced yet.[90, 95] The presence of specific thermal 

microwave effects is anyway commonly accepted. These effects include, for example, 

superheating at atmospheric pressure, selective heating of highly microwave absorbing 

reagents or catalysts in a microwave transparent or very low absorbing medium and 

elimination of wall effects. All these effects are caused by the unique microwave dielectric 

heating mechanism and cannot be observed in case of conventional heating.[90, 91]  

The above listed effects may also play an important role in the synthesis of inorganic 

nanoparticles.[90] Microwave assisted heating can be very beneficial for the synthesis of 

nanoparticles. The efficient microwave dielectric “in core” heating (avoiding wall effects) 

alleviates the formation of temperature gradients in the reaction vessel. This results in faster 

and more homogeneously distributed nucleation and growth of nanoparticles, leading to a 

narrower size distribution as compared to nanoparticles prepared by using conventional 

heating. Additionally, the particle size is smaller due to the larger number of nuclei that 

compete for incorporation of relatively fewer remaining intermediates, also called monomers, 

and hence, limiting the particle growth. Furthermore, the nanoparticles have often an 

enhanced phase purity and fewer surface defects.[90, 91] However, a direct comparison of 

nanoparticles synthesized by using microwave assisted or conventional heating is rather 

problematic. The reaction mechanism, kinetics and even the outcomes may vary drastically as 

both heating methods are greatly different. Particularly, the fast heating ramp in a microwave 

assisted synthesis cannot be reproduced by conventional heating. A main drawback of 

microwave assisted synthesis in general is the high equipment cost for special laboratory 

microwave reactors. Moreover, scale up to large volumes can be challenging due to the rather 

low penetration depth of microwaves, which limits mass and heat transfer and causes batch-

to-batch fluctuation.[75, 89, 90] 

Microwave reactors are generally constructed of four to five main parts. The microwaves are 

produced in a generator, typically a magnetron. The latter is a high-powered vacuum tube 

with a strong magnetic field. The generated microwaves are guided through a waveguide to 

the cavity. In a monomode microwave (Figure 1.18), a standing wave is formed inside the 

cavity enabling a rapid heating. However, only a single vessel can be heated.[89, 92, 96, 97] 

Microwaves in multimode instruments (kitchen microwaves can be regarded as multimode 

instrument, as well) are reflected at the walls of the typically large cavity, resulting in a 

chaotic distribution of the waves. A mode stirrer guarantees a rather homogenous distribution 
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of those waves, thus increasing the area which can be irradiated and enabling parallel heating 

of several samples. However, hot and cold spots inside the sample cannot be entirely avoided, 

which aggravates the temperature control. Inside the cavity the reaction vessels are placed, 

which are made of microwave transparent materials such as quartz glass or Teflon. Besides 

the open-vessel systems, also closed high-pressure vessels can be used. The latter consist of 

inner Teflon liners placed in ceramic pressure jackets, enabling reactions under solvothermal 

conditions.[89, 92, 96, 97] 

 
Figure 1.18: Schematic illustration of monomode and multimode microwave reactors. 
Reproduced with permission from Ref. [96]. Copyright 2017, Elsevier Ltd. 

 

Microwave assisted synthesis of SnO2-based composites in tert-butanol (Chapter 3) and 

LiMn0.8Fe0.2PO4 nanoparticles in ethylene glycol (Chapter 9), reported in this thesis, were 

carried out in a multimode Synthos 3000 (Anton Paar) microwave with a maximum heating 

power of 1400 W and equipped with PTFE-TFM liners inside ceramic pressure jackets, 

enabling operating pressures of up to 40 bar and temperatures of 240 °C. 
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1.4 Nanosized electrode materials for LIBs 

The electrochemical performance of LIBs is generally largely influenced by intrinsic 

thermodynamic and kinetic properties of their electrode materials. The electrochemical 

performance of various electrode materials can be often improved by decreasing the particle 

size down to the nanometer range. The different phenomena emerging upon nanosizing are 

schematically summarized in Figure 1.19. 

 
Figure 1.19: Schematic summary of different nanosizing phenomena of electrode materials in 
LIBs. Reproduced with permission from Ref. [98]. Copyright 2019, American Chemical 
Society. 

 

An important consequence of reducing the particle size of the electrode materials to 

nanometer scale is the decrease in the diffusion distance of electrons and lithium ions, which 

accelerates the electrochemical reaction kinetics. The diffusion length L can be estimated 

from a combination of Fick’s first law of diffusion and random walk theory resulting in the 

following equation:[98] 

𝐿 ~ √𝐷 ∙ 𝑡 Equation 1.11 

where D is the diffusion coefficient of the charge carriers, and t is the time needed for the 

charge carrier to diffuse into the bulk of the electrode. Reduction of the particle size and/or 
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the use of materials with a high enough D value decreases the diffusion limitations and can 

result in an improved rate and power capability.[98, 99] Nanoparticles feature a high surface-to-

volume ratio, enabling a large contact area between the particles and the electrolyte. This fact 

can prove to be beneficial for an increased rate capability as it results in a high lithium ion 

flux across the interface.[98, 100] Moreover, nanoparticles can better compensate strains and 

structural changes, like for example volume changes induced by electrochemical cycling. 

Thus, the integrity of the electrodes can be maintained and loss of active material upon 

repeated cycling is alleviated.[100-102] Besides affecting mechanical and kinetic characteristics, 

nanosizing may alter thermodynamic properties of the electrode materials, as well. The 

increased surface-to-volume ratio of very small nanosized materials influences for example 

the free energy of the materials, which in turn can lead to a shift of the chemical potential of 

de-/lithiation. As a result, the reaction pathways and the electrode potentials of materials in 

LIBs can vary.[98, 100] Moreover, the large surface-to-volume ratio can provide additional 

(new) storage sites on the surface, at interphases or in nanopores, which can lead to a 

considerable increase in the overall capacity.[98, 101] An enlarged capacity can also be obtained 

for materials whose lithiation and delithiation reactions become reversible upon reducing the 

particle size. SnO2 is a prominent example of the latter effect. During electrochemical cycling 

SnO2 undergoes a conversion and subsequent alloying reactions. The alloying reaction is 

reversible even in macroscopic materials, in contrast to the conversion reactions which are 

reversible only in nanosized SnO2. In addition to the effects listed above, there exist also 

materials that are practically electrochemically inactive in the bulk phase and can be activated 

upon nanosizing, such as for example β-MnO2 or LiFeO2.[35, 100, 101] Hence, nanosizing extents 

the range of materials applicable as electrode materials in LIBs.  

However, it should be noted that nanosizing can also be accompanied by some severe 

shortcomings. For example, the large surface area facilitates also undesirable side reactions 

with the electrolyte. As a result, anode materials often suffer from lower initial Coulombic 

efficiencies as compared to their bulk analogues due to an increased consumption of lithium 

ions upon SEI formation. Moreover, nanosized cathode materials are frequently affected by 

surface structure changes, gas evolution reactions and transition metal leaching into the 

electrolyte, which deteriorates the electrochemical performance and can even become a safety 

issue. Especially nanosized conversion and alloying materials suffer from aggregation of 

primary particles during electrochemical reactions, which decreases the active surface area 

and hence deteriorates the electrochemical performance. Another disadvantage of nanosized 
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electrode materials are their often significantly lower volumetric capacities as compared to 

their bulk phase equivalents, caused by the low tap density of nanomaterials. Last but not 

least, the synthesis of nanosized electrode materials is often very demanding and the synthesis 

procedures are frequently of high cost which is disadvantageous for their scale up and 

commercialization.[98, 100]  

 

1.5 Freestanding electrodes 

State-of-the-art commercially available LIB electrodes are fabricated by slurry casting on a 

metal foil. The slurry, also sometimes called ink, is typically comprised of the active material, 

conductive carbon and a polymeric binder in a solvent. The binder, in most cases 

polyvinylidene fluoride (PVDF), wraps around the active material and conductive carbon 

particles preserving the electrode integrity preferably even in case of volume changes. In the 

ideal case, the binder should have a strong affinity to the active material to inhibit side 

reactions and leaching of active material or ions into the electrolyte. PVDF, however, 

interacts only weakly with the active material which can impair the stability of the electrodes 

especially when volume changes during lithiation and delithiation are significant, resulting in 

a decreased electrochemical performance. Furthermore, PVDF is insulating, which implies 

that a larger portion of the conductive carbon additive is necessary to maintain a reasonable 

electrical conductivity in the electrode. Carbon particles are however known to form 

agglomerates at high concentrations that raise detrimentally the internal resistance. 

Additionally, PVDF and the conductive carbon additive are practically electrochemically 

inactive, therefore they diminish the overall gravimetric energy density of the battery.[103, 104] 

Another disadvantage of the currently used manufacturing process is the use of N-methyl-2-

pyrrolidone (NMP) as solvent. NMP is rather expensive and environmentally critical, 

implying that NMP evaporating during the electrode drying has to be recovered, thus causing 

additional cost.[103]  

In the light of considerations mentioned above a lot of research is done to replace the NMP 

and PVDF based manufacturing process by greener and cheaper systems. Using water as 

solvent and sodium carboxymethyl cellulose (CMC) as binder is intensively discussed as a 

possible solution. However, large scale application of this system is severely hampered by 

several factors such as a poor homogeneity of the slurry, poor wetting of the metal current 
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collectors and residual moisture after the drying process that induce ageing of the active 

material and consequently lead to a decreased electrochemical performance.[104, 105]  

The slurries, both water and NMP-based, are coated onto metal foils, typically aluminum and 

copper foils in case of a cathode and an anode, respectively. The metal foils act as current 

collectors and decrease the total resistance of the electrodes. The foils are however 

electrochemically inactive which increases the total mass of the entire electrode and reduces 

its specific capacity and the overall gravimetric energy density of the battery. Susantyko et al. 

calculate for example that a cathode composed of LiFePO4 on aluminum foil can only reach a 

total specific capacity of 120.7 mAh g-1
electrode if the weight of the electrochemically inactive 

materials (22 wt% aluminum foil, 7 wt% binder and conductive carbon additive) is taken into 

account, which is significantly lower than the theoretical capacity of 170 mAh g-1 of LFP 

alone.[105, 106] Similar values can be assumed for other cathode and anode systems, as well.   

Free- or selfstanding electrodes are an interesting option to overcome these issues. 

Particularly, omission of a metal foil is a promising way to reach higher energy densities due 

to a reduced amount of electrochemically inactive material. Freestanding electrodes typically 

consist of a matrix structure that can be fabricated from diverse materials including for 

example cellulose[107] polymers,[108] MXene[109] or carbonaceous materials like rGO,[110] 

carbon nanotubes,[111] carbon nanofibers (CNFs),[112] carbon paper,[113] or a mixture of two or 

more of the aforementioned materials. The matrix can be infiltrated with various active 

materials including for example Fe2O3,[114] SnO2,[115] Si,[109] Li4Ti5O12,[111] MoS2,[116, 117] 

LiFePO4,[105, 107] LiFexMn1-xPO4,[58, 118] LiCoO2
[119, 120] and Li(Ni1/3Co1/3Mn1/3)O2

[110]. Several 

strategies have been reported to fabricate freestanding composite electrodes.  

Vacuum filtration is one of the widespread approaches to obtain freestanding electrodes. In a 

first step, a suspension of the active material or its precursors and the matrix forming 

compounds is prepared, followed by vacuum filtration through a microporous membrane. 

After drying, the freestanding electrode and the filter membrane can be separated. Depending 

on the composition of the freestanding electrode, for example in presence of GO, a heating 

step under inert or reducing conditions is additionally performed in order to achieve a 

reasonable conductivity.[107, 109, 110] The preparation procedure is schematically summarized in 

Figure 1.20, demonstrating the preparation of a LFP/nanofibrillated cellulose (NFC)/graphene 

composite. 



Introduction 
 

38 

 
Figure 1.20: Preparation of a freestanding electrode via vacuum filtration technique. 
Reproduced with permission from Ref. [107]. Copyright 2018, Elsevier Ltd. 

 

In other variations of the vacuum filtration approach, a carbonaceous film made of for 

example CNFs is firstly formed on the filter membrane. In a second filtration step, a 

dispersion containing the active material, or an active material composite is poured on top of 

the carbonaceous layer. This approach delivers a “two-side” freestanding electrode, in which 

the firstly formed carbonaceous layer can function as an integrated separator[112] or current 

collector[121] having a stable interwoven electrode/separator or electrode/current collector 

interphase, which is beneficial for an enhanced charge transfer. Preformed carbonaceous 

films, aerogels, papers, cloth or textiles can also be loaded with active material by 

impregnation,[113] or via solvothermal reactions.[122] 

Freestanding electrodes can also be prepared via tape casting. In this method, a slurry 

containing the active material, the matrix forming compound and – if needed – a plasticizer is 

cast on a substrate. After drying, the tape can be removed from the substrate and the 

freestanding electrode is obtained.[106, 111, 123, 124] Susantyoko et al. demonstrated that this 

technique is also suitable for the preparation of large sheets of freestanding electrodes 

(24 x 14 cm) with the possibility to produce even larger sheets.[106, 124]  

Moreover, electrospinning is another frequently reported strategy for the fabrication of 

freestanding electrodes. In a typical electrospinning approach, a visco-elastic suspension or 

solution containing the active material or its respective precursors, the polymers such as for 

example polyvinyl pyrrolidone (PVP), polyvinyl alcohol (PVA) or polyacrylonitrile (PAN), 

and sometimes further additives such as CNTs or rGO, is loaded to a spinneret through an 
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infusion/syringe pump.[125-129] Applying a high voltage between the spinneret and the collector 

forces the spherical suspension droplet at the outlet of the spinneret to elongate and to pass 

over into a conical structure, called the Taylor cone, by repulsive electrostatic forces. If the 

applied voltage exceeds a critical value, meaning that the repulsive electrostatic forces inside 

the droplet are larger than its surface tension, a charged liquid jet is expelled from the tip of 

the Taylor cone towards the current collector. The jet continuously decreases in diameter 

through elongating and whipping accompanied by an almost complete evaporation of the 

solvent. These processes result in long and thin threads which are finally deposited at the 

grounded collector. The resulting mat consists finally of solidified non-woven fibers.[129, 130] 

The electrospinning process and the corresponding setup are schematically depicted in 

Figure 1.21. 

 
Figure 1.21: Schematic electrospinning setup. Reproduced with permission from Ref. [131]. 
Copyright 2019, John Wiley & Sons, Ltd. 

 

The obtained freestanding fiber mats are typically stabilized by drying in air at elevated 

temperatures, followed by heating under inert or reducing conditions to carbonize the 

polymers to increase the overall conductivity. Electrospinning is a very attractive production 

method as it offers a high capability for large-scale production, being at the same time budget 

friendly.  

Freestanding electrodes can also be obtained by freeze-casting approaches.[58, 132-134] Freeze-

casting, sometimes also known as ice-templating, relies on controlled solidification of a 

solution, sol or gel, and a subsequent removal of the solvent by sublimation under reduced 
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pressure. Solidification, which is actually the freezing of the processing mixture is largely 

influenced by the thermodynamic free energy of the system. The latter can be expressed by 

the following equation using a single particle model:[135] 

Δ𝛾0 = 𝛾𝑝𝑠 − (𝛾𝑝𝑙 − 𝛾𝑠𝑙) Equation 1.12 

where γps, γpl and γsl are the interfacial free energies of particle-solid, particle liquid and solid-

liquid interphase. Ice-templating will only occur in case of Δγ0 > 0, otherwise the particles are 

homogenously distributed throughout the frozen system. The influence of the different factors 

is schematically demonstrated in Figure 1.22. 

 
Figure 1.22: Schematically illustration of the forces influencing a particle near the freezing 
front (a) and the different freezing phenomena depending on the freezing speed (b-e). 
Reproduced with permission from Ref. [135]. Copyright 2020, John Wiley & Sons, Ltd. 

 

The distribution of the particles and thus the resulting porosity is also determined by the ratio 

of the attractive (FA) and repulsive (FR) forces at the liquid-solid interphase resulting in the 

critical freezing front velocity vcr: [135] 

𝑣𝑐𝑟 =
𝐹𝑅

𝐹𝐴

=
Δ𝛾0𝑑

3𝜂𝑟
(

𝑎0

𝑑
)

𝑛

 Equation 1.13 

where d is the distance of the liquid layer between the particle and ice front, a0 is the mean 

distance between particles in the liquid phase, η is the dynamic viscosity of the liquid, r is the 
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radius of the solid particle and n is an empirical factor for the repulsive forces (typically 

between 1 and 4). Depending on the vicinity of the freezing front different phenomena occur 

influencing the resulting morphology of the freestanding electrode. In case of a very low 

solidification (v << vcr), the particles pile up in front of the planar ice-growth regime (see 

Figure 1.22b). At a medium velocity (v < vcr), particles segregate and form lamellar walls 

within the resulting composite, while for (v ≥ vcr) the particles are additionally partially 

entrapped into the ice crystals leading to interconnected lamellar walls and porosity 

throughout the final composite. If the freezing is very fast (v >> vcr), particles are completely 

incorporated into the ice crystals. The frozen composite is then typically freeze-dried to 

remove the solvent while retaining the ice-templated morphology. Depending on the used 

materials posttreatment steps are necessary. For example, in case of GO containing samples, a 

heating step under inert or reducing conditions is mandatory in order to reduce GO and thus 

increasing the overall conductivity of the resulting freestanding electrodes. Freeze-casting is 

especially interesting for the preparation of porous composites with a large variety of different 

geometries. The highly porous structure can enable an excellent penetration with electrolyte 

providing a charge carrier channel network throughout the composite, even for thick 

electrodes. Moreover, the porosity of the freestanding electrodes can also help to alleviate 

volume changes upon de-/lithiation.[135] 

Less frequently reported strategies for the production of freestanding electrodes are for 

example sedimentation[120] and 3D printing[136]. 

Freestanding MoS2/SWCNT composites described in Chapter 5 were prepared by vacuum 

filtration. Moreover, freestanding ATO/rGO (see Chapter 4) and LFMP/rGO (see Chapter 9) 

electrodes were fabricated using the freeze-casting strategy. 
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1.6 Graphene derivatives and their application in 
LIBs 

Graphene consists of sp2-hybridized carbon atoms forming a 2D single layer honeycomb 

network (see Figure 1.23). Graphene exhibits several very interesting features such as a good 

electrical conductivity, high charge carrier mobility, large surface area and high mechanical 

strength. The combination of these properties makes graphene an appealing material for 

several technologies including LIBs.[20] Graphene was generated in 2004 by Novoselov et al. 

by mechanical exfoliation of graphite.[137] In the recent years chemical vapor deposition 

(CVD) and epitaxial growth emerged as a suitable methods to synthesize graphene with a 

relatively perfect structure. However, chemical exfoliation is probably the most used 

technique to produce “graphene” due to its simplicity, low cost and the possibility to generate 

it on a large scale. In the first step graphite is oxidized and mechanically exfoliated, mainly by 

ultrasonication leading to graphene oxide (GO), followed by a thermal or chemical reduction 

step resulting in reduced graphene oxide (rGO). It should be noted that chemical exfoliation 

followed by reduction does not yield pure graphene according to the strict definition due to 

the small number of remaining oxygen groups. Nevertheless, there is often no strict separation 

between the terms graphene and rGO and they are frequently used synonymously.[138-140] 

Probably the most common method for the synthesis of graphene oxide is the chemical 

exfoliation route described by Hummers in 1958, consequently referred to as Hummers’ 

method.[141] Graphite is oxidized in a water free suspension of concentrated sulphuric acid, 

sodium nitrate and potassium permanganate.[141, 142] Today, there are plenty of variations of 

Hummers’ method.[142, 143] For example, GO used in this thesis for the synthesis of the Sb 

doped SnO2/rGO and LiFe0.2Mn0.8PO4/rGO composites, described in Chapter 5, 6 and 11, 

respectively, was prepared according to an improved Hummers’ method published by 

Marcano et al.. In this method phosphoric acid replaces sodium nitrate, thus making the 

reaction more safe and increasing the yield of highly oxidized GO.[36, 58, 143] 

As shown in Figure 1.23, GO contains various oxygen containing surface groups including 

epoxy (C-O-C) and phenolic hydroxyl (-OH) groups mainly in the basal plane and carboxylic 

(-COOH) and carbonyl (C=O) groups especially at the edges. At defect sites which are 

generated during the oxidation process, mainly ketone and quinone functional groups can be 

found.[139, 140, 144] Due to the large amount of oxygen containing surface groups, GO is quite 
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hydrophilic and can be easily dispersed in many solvents including water, which is in turn 

very beneficial for the synthesis of many composite materials.[36, 58, 140, 142, 145]  

 
Figure 1.23: Schematic representation of a graphene oxide layer showing the oxygen 
containing functional groups. Reproduced with permission from Ref. [140]. Copyright 2018, 
Springer Nature. 

 

However, carbon atoms which are linked to oxygen containing groups are sp3 hybridized. 

This implies that with increasing number of oxygen groups, the conductivity of GO decreases 

and GO can even become an isolator. In order to utilize GO as an electrode material the 

oxygen containing surface groups have to be removed restoring the π network. This is 

typically achieved by chemical or thermal reduction strategies as mentioned above.[145, 146] 

Moreover, removal of oxygen containing groups additionally increases the practical specific 

capacity drastically.[147] The theoretical capacity of (defect-free) rGO and graphene is 

nevertheless still under debate. The different discussed lithium ion storage sites are shown in 

Figure 1.24. 

 
Figure 1.24: Schematic illustration of a typical graphene structure and the potential lithium 
ion binding sites. Reproduced with permission from Ref. [20]. Copyright 2018, Springer 
Nature. 
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Lithium ion storage on the hollow sites would result in a Li3C6 stoichiometry and a theoretical 

capacity of 1116 mAh g-1. In case of lithium ion storage on both sides of a carbon atom (Top 

site) a Li2C6 stoichiometry would be obtained resulting in a theoretical capacity of  

780 mAh g-1.[20] Practically, specific capacities of 790-1050 mAh g-1 are achieved; the exact 

values are however largely dependent on the morphology.[20, 147] As mentioned above, rGO is 

often used to fabricate hybrid materials with other anode materials which increases the overall 

conductivity and/or buffer volume changes upon cycling like in case of SnO2 based materials 

resulting in an improved electrochemical performance.[20] The use of rGO as a conductive 

additive is not restricted to the anode site. The rate and cycling capability of various cathode 

materials including for example olivine-based materials and metal oxides, can be enhanced 

after forming a composite with rGO providing a three-dimensional conducting network. 

However, excessive amounts of rGO can be also disadvantageous, as lithium ion migration 

pathways can be interrupted and blocked.[148]   
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1.7 Molybdenum disulfide 

Molybdenum disulfide attracts significant attention due to its appealing properties that are 

often related to its layered structure. In MoS2, molybdenum atoms are sandwiched between 

two hexagonally arranged layers of sulfur leading to a trigonal prismatic coordination of 

molybdenum with strong covalent S-Mo-S bonds. MoS2 is a polytypic material. The most 

important and natural occurring polytypes are 2H-MoS2 and 3R-MoS2 in which the MoS2 

monolayers are stacked in an ABA or ABC sequences by weak van der Waals forces resulting 

in a hexagonal or rhombohedral symmetry, respectively. 2H-MoS2 is more stable and more 

widespread in nature.[149, 150] Schemes of the two structures are depicted in Figure 1.25.  

 
Figure 1.25: Structure models of 2H-MoS2 (a), lithiated 2H-MoS2 (b), lithiated 2T-MoS2 (c), 
3R-MoS2 (d) and Li2S (e). Reproduced with permission from Ref. [149]. Copyright 2014, The 
Royal Society of Chemistry. 

 

The layered structure is very attractive for intercalation of lithium ions making MoS2 an 

intensively studied electrode material for LIBs. During electrochemical cycling MoS2 

undergoes several reactions with lithium: 

MoS2 + xLi+ + x e–   →   LixMoS2   (0 ≤ x ≤ 1) ~1.1 V vs. Li/Li+ Equation 1.14 

LixMoS2 + (4 – x)Li+ + (4 – x)e–   →   Mo + 2Li2S ~0.6 V vs. Li/Li+ Equation 1.15 

S + 2Li+ + 2e–   ⇌   Li2S ~2.2 V vs. Li/Li+ Equation 1.16 
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Intercalation of lithium ions into MoS2 according to Equation 1.14 induces an irreversible 

phase transformation from 2H to 1T occurring at around 1.1 V, which entails that the 

coordination of molybdenum changes from trigonal prismatic to octahedral (see also 

Figure 1.25). The theoretical specific capacity of this reaction is 167 mAh g-1. Continuous 

lithium intercalation below 1.1 V results in an irreversible conversion reaction 

(Equation 1.15) forming metallic molybdenum and Li2S. In case of a full discharge involving 

a four-electron process, this reaction provides a theoretical capacity of 670 mAh g-1. 

However, the conversion reaction is accompanied by a large volume change (~103%) which 

can cause pulverization of the electrode. In the subsequent cycles charge storage is only 

provided by the reversible reaction between elemental sulfur and lithium. Although 

molybdenum plays no active role for charge storage after the first discharge cycle, it can 

increase the electrical conductivity inside the Li2S matrix. Moreover, it is predicted that 

molybdenum partially prevents the dissolution of polysulfides into the electrolyte, thus 

enhancing the cycling stability.[149, 151] Furthermore, the electrochemical performance of MoS2 

can be increased by nanosizing and addition of a carbon coating layer or carbonaceous 

support materials like CNTs or rGO.[151]  

Due to its layered structure, MoS2 has also attracted attention in the field of supercapacitors 

and as a catalyst for hydrogen evolution reaction (HER).[149] 

The manifold applicability of MoS2 is demonstrated in Chapter 5. The utilized MoS2/SWCNT 

paper composite is applied as anode material for LIBs, as supercapacitor electrode and HER 

catalyst. 
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1.8 Black phosphorus (BP) and black phosphorus 
arsenic (BP-As) alloys  

Phosphorus belongs to the most abundant elements on Earth with around 0.1 % of the Earth’s 

crust. Phosphorus can be found or synthesized in various polymorphs like white phosphorous, 

red phosphorus, black phosphorus (BP), violet phosphorus or A7 phase, all depicted in 

Figure 1.26 with a representative sequence of their crystal structure.[152] 

 
Figure 1.26: Different phosphorus allotropes and their crystal structures. Adapated from Ref. 
[152]. Copyright 2018, Wu et al.. 

 

For application in batteries, BP is especially of interest, being also the thermodynamically 

most stable allotrope under ambient conditions. BP has a layered orthorhombic structure 

which can be transformed under high pressure to a rhombohedral structure at 5 GPa or to a 

cubic structure at 10 GPa. In BP, each phosphorus atom is sp3 hybridized and consequently 

covalently bonded to three neighboring phosphorus atoms forming a honeycomb puckered 

network. The resulting layers are stacked with an ABA stacking sequence and held together 

by van der Waals forces. As visible in Figure 1.27, BP has an in-plane anisotropic structure 

consisting of armchair motifs in x direction and zigzag motives in y direction. The structural 

anisotropy of BP influences its electrical and thermoelectrical properties.[152-154]  
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Figure 1.27: Part of the crystal structure of multilayer (a) and monolayer (b) BP. Reproduced 
with permission from Ref. [153]. Copyright 2015, Royal Chemical Society. 

 

BP can be synthesized by various methods such as heating white phosphorus (WP) at high 

temperature and/or high pressure, however the efficiency of this method is quite low. BP can 

also be obtained by heating WP with bismuth or mercury, which catalyze the transformation 

to BP. Those approaches suffer however from the toxicity of WP and of the catalyst. 

Therefore, considerable efforts are made to find new synthetic routes towards BP.[154] Köpf et 

al. for example reported a mineralizer assisted gas-phase transport reaction. The reaction 

precursors red phosphorus (RP), Sn and SnI4 are placed in an evacuated silica glass tube 

which is then heated to 650 °C. At the cool ends of the tube BP single crystals are formed.[154, 

155] A slightly modified route was also used to synthesize BP and BP-arsenic alloys described 

in Chapter 8. 

In order to obtain monolayer or few-layer BP, which are also called phosphorene, different 

top-down methods are used to break the weak van der Waals forces by physical or chemical 

methods such as mechanical, liquid-phase or electrochemical exfoliation. Phosphorene can 

also be produced via bottom-up approaches, especially chemical vapor deposition (CVD) and 

pulsed laser deposition (PLD).[152, 156] 

BP is a very interesting anode material for LIBs due to its good electrical conductivity of 

around 300 S m-1, its high theoretical capacity of 2596 mAh g-1 and its discharge potential 

range of 0.4-1.2 V. Lithiation of BP occurs via the formation of LiP, Li2P and Li3P. LiP is 

formed by insertion of lithium ions into the interlayers of BP. However, if lithiation exceeds a 

Li0.19P stoichiometry, P-P bonds are broken which means that alloying reactions are taking 
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place. These reactions are accompanied by huge volume changes of up to 300% resulting in 

cracking and crumbling of BP, which drastically decreases the cycling stability.[156-159] The 

use of phosphorene instead of bulk BP can alleviate the issue of volume changes. However, it 

is still challenging to prepare phosphorene that can be directly used.[156] Another approach is 

to create composites of BP and some supporting materials such as for example carbonaceous 

materials (graphene and CNTs) or inorganic materials like TiO2.[156, 158] 

The orthorhombic structure of BP is quite unique. So far, only black arsenic is known to adopt 

the same structure.[160] DFT calculation demonstrated that black arsenic is a suitable anode 

material for lithium-ion batteries.[161] Experimental evidence for those results has not been 

demonstrated yet. Arsenic with a rhombohedral layered structure, also referred as grey 

arsenic, has been however tested as electrode material. Arsenic has a theoretical capacity of 

1072 mAh g-1 corresponding to the formation of Li3As. Pure arsenic has a very poor cycling 

reversibility ascribed to the poor conductivity of arsenic. Using arsenic together with 

carbonaceous support materials drastically increases its performance.[29, 162] 

Despite the fact that BP and black arsenic have the same structure, it has not been tested so far 

whether a BP-arsenic alloy can alleviate the individual issues of BP and arsenic, as it was 

reported for other binary alloying composites.[28] In Chapter 6, the electrochemical 

performance of BP-As alloys as anode material for LIBs is demonstrated. 
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1.9 Layered LiCoO2 and Li(NixMnyCoz)O2 based 
materials 

LiCoO2 (LCO) crystallizes in two main polymorphs, high-temperature LiCoO2 (HT-LCO) 

and low-temperature LiCoO2 (LT-LCO) named after the original synthetic temperatures of 

>850 °C and 400 °C, respectively. The LT-LCO has a modified cubic spinel structure with the 

space group Fd3m, in which both lithium and cobalt ions are in the interstitial octahedral sites 

of a cubic closest packed oxygen network. This implies that lithium and cobalt ions can be 

found in the same layer which hampers lithium diffusion and consequently results in a low 

electrochemical performance. Nevertheless, LT-LCO can be transformed into HT-LCO by 

heating at elevated temperatures. HT-LCO has an α-NaFeO2 structure with a cubic-close-

packed oxygen array, as well. Interstitial octahedral sites are occupied by lithium and cobalt 

ions, forming however alternating layers of cobalt and lithium ions resulting in an 

ABCABC… stacking sequence called O3-type structure (Figure 1.28).[40, 163-165] In “O3” the 

“O” indicates an octahedrally coordination of lithium ions, in case of LCO by oxygen and “3” 

denotes that there are three CoO2 sheets (AB CA BC) per unit cell compromised of edge-

sharing CoO2 octahedra.[48, 164] Other stacking sequences with lithium ions in tetrahedral or 

prismatic coordination are also possible, but they are less stable.[166]  

 
Figure 1.28: De-/lithiation curve of HT-LCO (a) involving phase transformations form O3 to 
O1 via H1-3 structures (b). Grey regions indicate single phases, white regions two-phase 
equilibria and the dashed lines a continuous phase transition. Reproduced (adapted) with 
permission from Ref. [48]. Copyright 2017, John Wiley & Sons, Ltd. 
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LCO has a relatively high theoretical capacity of 274 mAh g-1. However, the practical 

capacity is limited to 137 mAh g-1 at a cut-off potential of 4.2 V, corresponding to a reversible  

de-/intercalation of 50% of all lithium ions. When exceeding this cut-off potential correlating 

to a higher degree of lithium extraction, the structural stability declines. Especially the phase 

transition from O3 to H1-3 occurring at 4.55 V (see Figure 1.28) is unfavorable as it is 

accompanied by a large reduction of the c-lattice parameter in bulk LCO. As a consequence, a 

decreased lithium diffusion results in concentration gradients, internal strain, decreased 

reversibility of the phase transitions and finally an inferior cycling stability.[167]  

Moreover, LCO is affected by different surface degradation reactions at high potentials. These 

reactions include electrolyte decomposition and formation of a cathode electrolyte interphase 

(CEI) with a decreased ionic conductivity, surface phase transformation, oxygen loss and 

cobalt dissolution into the electrolyte. The total effect is a rapidly decreasing overall 

electrochemical performance when LCO is cycled above 4.5 V.[166, 167]  

In order to enhance the electrochemical performance of LCO, especially at high 

discharge/charge potentials, several approaches are reported. Element doping is a prominent 

example. Dopants can improve the electrochemical performance via different effects. For 

example, the dopants can hamper phase transformations and oxygen release increasing 

consequently the structural stability, enlarge the interlayer spacing to enhance lithium 

diffusion and also influence the electronic structure to improve the conductivity and the 

working voltage. Another strategy is to coat the surface of the LCO particles’ surface with 

inorganic or carbonaceous materials. Such layers can increase the conductivity, minimize 

electrolyte decomposition and suppress cobalt dissolution into the electrolyte.[48, 166] 

Decreasing the particle size of LCO down to nanosize is a further approach resulting in a 

shortened lithium ion diffusion path which can improve the electrochemical performance as 

mentioned in the Chapter 1.4. However, it was demonstrated that ultra-small LCO 

nanoparticles with particle sizes less than 15 nm have only a weak cycling stability, which 

was explained by reduction of Co3+ to Co2+ at the surface of LCO nanoparticles resulting in 

lattice expansions.[168] Nevertheless, assembly of ultra-small LCO nanoparticles into larger 

nanostructures can be beneficial resulting in a very promising electrochemical performance 

even at high C-rates of up to 50C as shown in Chapter 7. 

Another strategy to improve the electrochemical performance of LCO is the (partial) 

substitution of cobalt ions. Most auspicious results were obtained by a simultaneous 
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replacement of cobalt with manganese and nickel ions ending up in Li(NixCoyMny)O2 

(NCM/NMC; with x + y +z = 1) materials, which still maintain the α-NaFeO2 structure of HT-

LCO. The intrinsic properties of the different NCM materials are heavily dependent on the 

individual Ni : Co : Mn ratios. Nickel is the predominant redox active cation which can 

change its oxidation state during cycling from +2, +3 to +4, and hence mainly defines the 

accessible capacity of NCM especially at potentials below 4.0 V.[169, 170] However, Li+ and 

Ni2+ have very similar ionic radii of 0.76 Å and 0.79 Å, respectively, resulting in a certain 

degree of Li+/Ni2+ cation disorder which in turn impedes lithium diffusion. On the other hand, 

the misarranged ions can be also beneficial since sliding of the alternating lithium and metal 

ion layers is minimized. Therefore, cation disorder is often accepted as a “necessary evil”.[40] 

Moreover, the thermal stability of NCM materials is largely dependent on the amount of 

nickel ions and decreases with increasing nickel content.[171] Cobalt ions can assure the 

electronic conductivity in NCM materials. If NCM materials are used in the high voltage 

range above 4.0 V, cobalt also contributes to the capacity. Manganese ions are mostly 

electrochemically inactive and remain in the initial +4 state, thus stabilizing the structure and 

enabling an excellent cycling stability.[169-171] The compositions of some common NCM 

materials are depicted in the mixing phase diagram in Figure 1.29. 

 
Figure 1.29: Phase diagram generated from LiMnO2 (LMO), LiNiO2 (LNO) and LiCoO2 
(LCO) with some important NCM representatives. Reproduced (adapted) with permission 
from Ref. [170]. Copyright 2020, American Chemical Society. 
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The theoretical capacity of all NCM materials is around 280 mA Therefore, an increased 

amount of nickel is desirable to achieve high capacities.[172] However, Ni-rich NCM materials 

suffer from a decreased capacity retention and thermal stability (see also Figure 1.30). The 

lower thermal stability is typically ascribed to a larger amount of unstable Ni4+, which is 

formed at potentials above 4.3 V. The presence of these species causes phase transformation 

from the layered structure to spinel and rock-salt motifs starting at temperatures of around 

150 °C in case of NCM811, as compared to 250 °C for NCM433. The phase transformations 

are accompanied by the release of oxygen which can cause serious safety issues.[171, 173]  

 
Figure 1.30: Relationship between thermal stability, discharge capacities and capacity 
retention of different NCM materials. Reproduced with permission from Ref. [171]. 
Copyright 2020, Elsevier B.V. 

 

Moreover, Ni4+ at the surface of NCM particles can cause electrolyte decomposition and the 

formation of cathode-electrolyte surface layers decreasing the cycling stability. Additionally, 

with an increasing nickel ratio there is a higher probability of cation mixing (nickel on regular 

lithium positions) causing an aggravated lithium insertion/extraction. As mentioned for LCO 

materials, surface coating layers can be an option to mitigate those issues.[174] 

Therefore, the Ni : Co : Mn ratio is always a tradeoff between high capacity, cycling stability 

and structural integrity. In Chapter 8, NCM nanostructures with different compositions will be 

introduced affecting the respective electrochemical performance. 
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1.10 LiMnPO4 (LMP) and LiFexMn1-xPO4 (LFMP) 

LiMnPO4 (LMP) is a very promising cathode material for LIBs. Similar to the already 

successfully commercialized LiFePO4 (LFP), LMP crystallizes in an olivine-type 

orthorhombic structure (Figure 1.31). This structure-type has a Pmnb or Pnma space group 

(dependent on the chosen description) and accommodates four LMP units per unit cell. 

Oxygen forms in this structure type a slightly distorted hexagonal close-packed framework 

with octahedral voids half-filled by manganese and lithium and one eighth of the tetrahedral 

sites occupied by phosphorus. The resulting [MnO6] octahedra form corner shared zigzag 

chains parallel to the cPmnb/Pnma-axis within alternating a-cPmnb/b-cPnma basal planes. In case of 

LiFexMn1-xPO4, MnO6 and FeO6 octahedra are ideally uniformly distributed in those chains. 

The chains themselves are bridged by corner- and edge-sharing PO4 tetrahedra creating a 

three-dimensional host structure. MnO6-free a-cPmnb/b-cPnma basal planes are occupied by 

linear chains of edge-sharing LiO6 octahedra parallel to the aPmnb/bPnma axis.[42, 57, 175-179] 

 
Figure 1.31: Schematic representation of the olivine crystal structure of LMP (space group 
Pnma) viewed along b- and c- axis, respectively. Reproduced (adapted) with permission from 
Ref. [178]. Copyright 2010, American Chemical Society. 

 

Calculations and experimental results revealed that Li+ diffusion in olivine-type LiMPO4 

materials proceeds preferably along the aPmnb/bPnma-axis ([010]Pnma direction; Path 1 in 

Figure 1.32). The Li+ diffusion tunnels are not connected as shown in Figure 1.31 and 1.32b, 

therefore a hopping of lithium ions between them (Paths 2 and 3 in Figure 1.32a) is rather 

unlikely due to high energy barriers. Blocking of the Li+ diffusion channels along the 

aPmnb/bPnma-axis will consequently impede lithium diffusion and hence deteriorate the 

electrochemical performance. Blocking can be, for example, induced by antisite defects such 

as Mn or Fe on actual lithium positions.[42, 175, 177] 
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Figure 1.32: Lithium diffusion paths in the olivine crystal structure of LMP (space group 
Pnma) (a) and possible defects influencing those paths (b). Reproduced (adapted) with 
permission from Ref. [177]. Copyright 2010, American Chemical Society. 

 

Olivine-type LiMPO4 materials are known for their strong oxygen-phosphorus covalent bonds 

which make them very stable even at high temperatures.[42] It is commonly accepted that LFP 

is thermally stable, which cannot be unequivocally claimed for the LMP. Some groups 

reported that especially the delithiated MnPO4 is thermally unstable and converts to 

pyrophosphate phases like Mn2P2O7 at temperatures above 400-490 °C, which is accompanied 

by oxygen release.[180, 181] Other groups however reported that LMP and LFP have a similar 

thermal stability.[182] The contradicting conclusion can originate from the fact that the thermal 

stability is largely dependent on various factors including particle size, presence of moisture, 

oxidizing or reducing conditions, the existence of a carbon coating layer on the surface, or a 

partial replacement of Mn by Fe.[42, 175, 183, 184] It is however safe to claim that LMP has a 

higher thermal stability than LiCoO2, LiMn2O4 or LiNi0.8Co0.15Al0.05O2, also in the delithiated 

state.[42, 175, 185] Therefore, LMP is even used as coating layer to improve the thermal stability 

of these materials.[185, 186] 

LMP has a relatively high theoretical capacity of 171 mAh g-1 and a high operational voltage 

of 4.7 V resulting in a high maximum energy density of 701 Wh kg-1. For the cell stability, it 

is important that the operational voltage of LMP still lays within the stability window of the 

state-of-the-art carbonate-based electrolytes. However, significant drawbacks of LMP are the 

very low intrinsic electronic conductivity (<10-10 S cm-1), the small lithium diffusion 

coefficient (<10-16 cm2 s-1) and the large structure distortion caused by the Jahn-Teller effect 

of Mn3+ ions in the charged MnPO4 state. The combination of these features results in a low 
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practical capacity, rather poor rate performance and limited cycling stability of LMP 

electrodes.[101, 175] In order to improve the electrochemical performance of LMP, different 

strategies to increase the electron conductivity and lithium diffusion were developed. These 

strategies include a partial substitution of Mn by other metal elements to improve the electron 

transport in the bulk, coating LMP particles with a conductive surface layer and/or nanosizing 

of LMP particles to shorten the lithium diffusion paths.[175] 

Thus, very promising results were obtained for carbon-coated nanosized Fe-“doped” LMP 

(LiFexMn1-xPO4; LFMP).[187-189] LFMP is generally regarded as a solid solution system rather 

than a physical mixture of LFP and LMP. LFMP combines the advantages of LMP such as 

the higher operating voltage and the consequently increased energy density, and the higher 

electrical conductivity of LFP.[190-192] Substitution of 10-30 at% of Mn by Fe is thereby 

reported to be a practical tradeoff between an increased conductivity and a higher energy 

density.[58, 193] Moreover, a partial replacement of Mn by Fe also mitigates the Jahn-Teller 

distortion of Mn3+ ions due to Fe-O-Mn super exchange interactions stabilizing the delithiated 

Fex
3+Mn1-x

3+PO4 charged state. This results in a suppressed Mn dissolution into the electrolyte 

and hence in an improved cycling stability.[175, 187, 194, 195] As mentioned above, LFMP 

particles are typically coated with a carbon layer. The carbon coating does not only increase 

the conductivity but minimizes the direct contact between the electrolyte and the active 

material. Furthermore it alleviates Mn leaching into the electrolyte.[58, 175, 195] In order to 

increase the conductivity even more, (carbon-coated) LFMP particles can be incorporated into 

hybrid composites using conducting additives such as reduced graphene oxide (rGO)[193, 196] 

or carbon nanotubes.[197, 198] 

Carbon-coated LFMP particles with different morphology and particle size and their 

composites have been successfully prepared by various synthesis routes, including for 

example hydrothermal,[196] solvothermal,[189, 191, 192] sol-gel,[199] spray-drying,[187, 195, 197] 

electrospinning,[118, 200] ball-milling solid-state[188] or ionothermal[194] approaches. 

The LiFe0.2Mn0.8PO4/C/rGO nanocomposites introduced in Chapter 9 of this thesis were 

obtained in a multi-step method. In a first step LFMP nanoparticles were prepared in a 

microwave-assisted solvothermal synthesis route. The resulting nanoparticles were then 

loaded onto graphene oxide sheets by ultrasonication and freeze drying in subsequent steps. 

The finally obtained LFMP/C/rGO nanocomposite was used as a freestanding cathode 

material for LIBs. 
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2 Characterization methods 

This chapter provides an overview on various analytical techniques used for the 

characterization of the different nanomaterials presented in this thesis, their theoretical 

background and specific setup details. Combining the results of different analytical methods 

is very important since this is the only way to get comprehensive information about the 

studied materials and thus minimizing the inherent uncertainties of the individual techniques. 

The particle size was determined by X-ray-diffraction, dynamic light scattering (DLS), 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM). SEM, 

TEM and nitrogen sorption measurements provided information on the morphology of the 

studied nanomaterials. Information on elemental compositions were obtained by energy 

dispersive X-ray spectroscopy (EDX), electron energy loss spectroscopy (EELS), X-ray 

photoelectron spectroscopy (XPS), infrared spectroscopy (IR) and Raman spectroscopy, 

nuclear magnetic resonance (NMR) spectroscopy, inductively coupled plasma – optical 

emissions spectroscopy (ICP-OES) and combustion elemental analysis. The thermal behavior 

was moreover analyzed by thermogravimetric analysis (TGA). Last but not least the 

electrochemical behavior was studied by cyclic voltammetry, galvanostatic charge/discharge 

measurements and electrochemical impedance spectroscopy (EIS). 

  



Characterization methods 
 

66 

2.1 X-ray diffraction 

X-ray diffraction (XRD) is a powerful non-destructive analytical technique. It can be used to 

obtain information about a crystalline sample regarding for example its crystal structure, 

preferred crystal orientation (texture), phase composition, crystal defects, or even strain. 

Moreover, the average size of crystalline domains can be determined.[1, 2]  

 
Figure 2.1: Diffraction of X-rays on a periodic crystal lattice illustrating Bragg’s law. 
Reproduced with permission from Ref. [2]. Copyright 2016, Elsevier Ltd. 

 

The required X-rays are generated in a high vacuum tube where highly accelerated electrons 

bombard a metal anode often consisting of copper or molybdenum, leading to the emission of 

characteristic X-rays. During this process however also unwanted irradiation is generated 

such as the so-called “Bremsstrahlung” which has to be filtered out by absorption filters.[3] 

The remaining characteristic X-rays interact with the specimen resulting in secondary effects 

like scattering, absorption or reflection. The XRD technique is based on elastic scattering. 

Scattering of characteristic X-rays on the different crystallographic planes of a sample occur 

as the X-rays’ wavelength (λCu-Kα1 = 0.154 nm or λMo-Kα1 = 0.702 nm) are in the same order of 

magnitude like the interplanar spacings of the crystal lattice of the analyzed material. The 

resulting scattering waves interfere then in a destructive or constructive manner, which means 

that the waves cancel each other out or they add up fulfilling Bragg’s law (Equation 2.1), 

respectively. Constructive interference is also called diffraction and is illustrated in 

Figure 2.1.[2-4] 
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Bragg’s law describes the relationship between the incident X-ray beam with its wavelength 

λ, the interplanar lattice spacing d and the incident angle θ. Moreover, n gives the order of 

diffraction. 

𝑛𝜆 = 2𝑑 sin𝜃 Equation 2.1 

As mentioned above, XRD analysis can be used to estimate the size of the crystalline 

domains. For nanocrystals with sizes of up to 1 µm the well-known Scherrer equation 

(Equation 4.2) is applicable:[5]  

𝐷 =  
𝑘𝜆 

𝛽 cos 𝜃
 Equation 2.2 

The Scherrer equation relates the crystalline domain size D to the X-ray wavelength λ, the 

broadening of a diffraction peak at a particular angle θ, more precise to the width of the peak 

at half of its height β and to the Scherrer constant k which is typically 0.9 for spherical 

particles.[6]  

In this thesis wide-angle X-ray diffraction analysis was carried out in transmission mode 

(Debye-Scherrer geometry) using a STOE STADI P diffractometer equipped with Cu-K α1 

source (λCu-Kα1 = 0.154 nm), a Ge(111) single crystal monochromator and a DECTRIS solid 

state strip detector Mythen 1K. In atypical XRD experiment a few milligrams of a powder 

sample were placed between thin amorphous polyacetate foils in a STOE sample holder. 

Powder XRD patterns were collected under sample rotation in a 2θ range from 5° to 70-80° 

with a step size of 1° and a fixed counting time of 45, or 90 s per step, respectively. 

Experimentally obtained diffraction patterns were compared with entries in the database of 

the International Centre for Diffraction Data (ICDD) whereby phases of the measured sample 

were identified.  
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2.2 Raman Spectroscopy 

Raman spectroscopy is a non-destructive fast optical technique which is based on inelastic 

scattering of monochromatic light. It can be used to characterize solid, gaseous or liquid 

materials in terms of structural and chemical composition. Moreover, Raman spectroscopy is 

also applicable to obtain information about the electronic, optical or phonon properties of 

Raman active materials.[7, 8] Raman activity requires that upon a molecular vibration the 

polarizability of the molecule changes. However, Raman spectroscopy is not only limited to 

molecules. Solid-state materials, such as metal oxides (like SnO2, or Sb:SnO2 analyzed in this 

thesis) can be Raman-active, as well. The periodicity in crystalline materials, which can be 

also found to a certain degree in amorphous materials is here the key factor. It allows the 

propagation of lattice vibrational waves, the so-called phonons. Hence, a phonon mode in a 

solid-state material corresponds to the vibrational mode in a molecule. [9] 

In a typical Raman experiment monochromatic (laser) light is used to excite electrons of 

chemical bonds to a higher energetic virtual state. The latter has not to be a proper quantum 

state, but rather a short living distortion of the electron cloud generated by the oscillating 

electric field of the monochromatic light.[10] The subsequent relaxation leads to the emission 

of a photon.  

 
Figure 2.2: Energy transition during Raman spectroscopy. Reproduced with permission from 
Ref [7]. Copyright 2014, Elsevier Ltd. 
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Elastic Rayleigh scattering is most frequent. Incident and emitted photons have the same 

wavelength and hence show no Raman effect. A smaller part of the excited electrons 

undergoes inelastically Raman scattering (Figure 2.2). It can be distinguished between Stokes 

and Anti-Stokes scattering which means that the wavelength of the emitted photons is shifted 

to higher (redshift) or lower (blueshift) values, respectively. In case of Stokes Raman 

scattering electrons are excited from the initial vibrational state, which is simultaneously the 

ground state, to a virtual state. After that, the electrons return to a vibrational level that has a 

higher energy than the initial ground state. The simultaneously emitted photon has less energy 

and a lower frequency than the incident photon. In Anti-Stokes Raman scattering, the 

electrons are already in an excited vibrotational state. After excitation to the virtual level, the 

electrons relax back to the ground state. The coincidently emitted photons have consequently 

a higher energy and frequency than the exciting light (Figure 2.2).[11]   

The detectable intensity of all three scattering events varies. The Rayleigh scattering spectrum 

is the most intense. The Stokes scattering spectra that are typically used in Raman 

spectroscopy have higher intensities than the Anti-Stokes scattering spectra, as the excited 

vibrotational states necessary for the latter are less occupied at room temperature due to the 

Boltzmann population of states.[11]  

In this work Raman spectroscopy was conducted for the ATO/rGO composites on a LabRAM 

HR UV-Vis (Horiba Jobin Yvon) Raman microscope (Olympus BX41) equipped with a He-

Ne laser (λ = 633 nm) and a Symphony CCD detection system. The LFMP/rGO and the 

MWCNT/MoS2 composites were analyzed using an inVia Raman microscope (Renishaw) 

equipped with a He-Ne laser (λ = 633 nm) and a charge-coupled detector.  

 

2.3 Infrared spectroscopy 

Infrared (IR) spectroscopy is a non-destructive optical technique used for identification and 

structural analysis of chemical compounds. IR spectra are obtained by measuring the intensity 

of an IR beam after interaction with a probe that absorbs parts of the IR spectrum. The 

absorbed part of the IR spectrum is characteristic for vibrational transitions and can be 

directly linked to the different chemical bonds and functional groups present in the analyzed 

molecule. However, molecular vibrations are only IR active when the dipole moment of the 



Characterization methods 
 

70 

molecule changes upon excitation, or a dipole moment is induced during vibration. For small 

molecules in the gas phase, transitions between the individual rotational states are additionally 

measurable and can be used for characterization.[12] Depending on the energy necessary for 

the individual vibrational and rotational transitions, IR sources emitting in the near-IR (NIR: 

14000 – 4000 cm-1), mid-IR (MIR: 4000 – 400 cm-1) or far-IR region (FIR: 400 – 10 cm-1) are 

used. For most experiments the MIR region is adequate.[13]  

Today, the commonly used IR instruments include a Fourier transform infrared (FTIR) 

spectrometer instead of the earlier utilized dispersive IR spectrometer, which lead to shorter 

measurement times and a better signal to noise ratio.[12] Also different sampling methods are 

available. The attenuated total reflectance (ATR) technique is very popular because solid and 

liquid samples can be analyzed directly without further treatment. ATR is based on the total 

internal reflection of the infrared beam in a material or crystal with a high-refractive index 

which results in an evanescent wave propagating into the sample absorbing parts of the 

radiation. The IR spectrum is then obtained by measuring the remaining light as a function of 

the wavelength.[12]   

FTIR measurements of GO were performed in this thesis on an iS50R FTIR spectrometer 

(Thermo Scientific, USA) using the attenuated total reflectance (ATR) sampling method with 

a KBr beamsplitter in the range of 4000–400 cm-1, at a resolution of 4 cm-1.  

 

2.4 Nuclear magnetic resonance (NMR) 
spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy is a widely applied non-destructive 

analytical technique that can be used to characterize a sample and its composition both 

qualitatively and quantitively. NMR spectroscopy has been used most frequently in organic 

chemistry, however, in the recent years, NMR spectroscopy gained also reasonable attention 

in the field of battery materials.[14, 15] 

NMR spectroscopy is generally based on interaction between NMR active nuclei and an 

external magnetic field. NMR activity requires that the nuclei have overall nuclear spins I ≠ 0. 

During a typically NMR experiment a sample is exposed to an external magnetic field which 

induces a splitting of the spin levels with 2I + 1 stable states, also known as Zeeman effect. 
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Applying a radiofrequency (RF) pulse with the same energy as the energy difference between 

two spin states results in a transition from a lower to a higher energetic spin state. Each 

individual NMR active nuclei absorbs at its own frequency, which means that analysis of 

different isotopes has to be conducted in separated experiments at various frequencies. The 

detected individual response after the RF pulse in form of a free induction decay (FID) is 

typically Fourier transformed into a resonance frequency dependent signal (NMR spectra). In 

order to enable a better comparability between NMR spectra recorded at different instruments, 

the obtained NMR signal is calibrated to an internal standard and expressed in parts per 

million (ppm) instead of Hz.[14, 16, 17] 

The resulting chemical shift and the individual peak area can be then used for qualitative and 

quantitative analysis of the sample, respectively.[17] 

Solid state samples can be analyzed by NMR, as well. In solid state NMR the anisotropic 

interactions of each nucleus with surrounding nuclei are however not modulated, as in liquid-

NMR, resulting in very broad peaks that hinder an accurate interpretation. Therefore, a special 

NMR technique, the so-called magic angle spinning (MAS) is commonly used. The sample is 

thereby rotated with rotational frequency of 5 to 60 kHz at the magic angle of 54.74° with 

regard to the external magnetic field which averages out many of the anisotropic interactions 

resulting in sharp signals. Moreover, the signal is often additionally improved by applying 

cross polarization in which polarization of more sensitive nuclei is transferred to less sensitive 

nuclei via dipolar coupling.[15-17] 

7Li magic angle spinning MAS‐NMR spectra of LCO and NCM samples described in 

Chapter 9 and 10 were recorded on a Bruker DSX Avance 500 FT spectrometer with a 

magnetic field of 11.7 T using a zirconia rotor with an outer diameter of 2.5 mm spun at a 

rotation frequency of 12 kHz. 

LCO samples were additionally analyzed by 59Co and 1H NMR which were measured on a 

Bruker Avance 400 MHz spectrometer. 
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2.5 Electron Microscopy  

Electron microcopy is a key technology to examine the morphology and phase composition of 

a sample, especially on the nanoscale. This technique is based on interactions of a focused 

electron beam with the sample generating various signals summarized in Figure 2.3. These 

signals provide different information about the analyzed sample.[18]  

 
Figure 2.3: Signals generated during the interaction of the electron beam and the sample. 
Reproduced with permission from Ref. [19]. Copyright 2012, Springer-Verlag Berlin 
Heidelberg. 

 

The materials introduced in this thesis where analyzed using scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM) accompanied by energy dispersive X-ray 

spectroscopy (EDX) and electron energy loss spectroscopy (EELS). 
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2.5.1 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is a powerful tool to characterize and visualize the 

morphology and surface of a sample at high magnification with a spatial resolution as low as 

1 nm. The working principle of SEM is based on raster scanning. This comprises that the 

incident electron beam scans line-wise across a probe’s surface. The electron beam has to be 

accelerated by applying a voltage in the range of 0.1 to 40 keV. Magnetic condensers and 

objective lens systems additionally focus and confine the beam to spot sizes of 2 to 10 nm 

enabling high resolution. Once the incident electron reaches the sample surface, it interacts 

with the near surface area and penetrates the sample in the range of 1-3 µm resulting in the 

emission of photons and electrons as illustrated in Figure 2.4. The interaction volume and the 

emissions upon electron-sample interaction highly depend on the accelerating voltage, 

incidence angle of the primary electrons and on the concentration and the atomic number of 

the elements present in the sample. For characterization and visualization of the sample 

secondary electrons (SE), backscattered electrons (BSE) and X-rays are mainly used. The 

latter technique will be discussed in more detail in Chapter 2.5.4.[18, 20] 

 
Figure 2.4: Schematic representation of the interaction between electron beam and specimen 
in SEM showing the volume/depth where the different signals are generated. 

 

Secondary electrons are low energy electrons (< 50 eV) originating from inelastic scattering 

of primary electrons. Only electrons generated near the specimen’s surface can leave the 

sample and are thus detectable, while electrons produced deeper in the sample are absorbed. 
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Hence, SE are used to characterize and image the morphology and topology of a sample. 

Backscattered electrons originate from elastically scattering of primary electrons with atomic 

nuclei, entailing that they have the same energy as the incident electrons. Due to the higher 

energy of the BSE compared to SE, their interaction volume is larger. Moreover, the 

probability of backscattering increases with growing atomic number of the atoms present in 

the probe. BSE are therefore used to image the elemental distribution in the sample. 

Combining both BSE and SE analysis results in complementary information about a sample’s 

morphology and composition. Comprehensive EDX measurements (see Chapter 2.5.4) can 

give additionally information about the quantitative chemical composition.[20] 

SEM images were acquired with a FEI Helios NanoLab G3 UC scanning electron microscope 

having a field emission gun operated at 3-5 kV. The samples were prepared in two different 

ways. The analyzed powders were either suspended in ethanol and drop-coated on a silicon 

wafer that was then glued onto a sample holder with silver lacquer, or dry powder was placed 

on adhesive carbon tabs attached to a sample holder. For cross-sectional SEM images of 

freestanding LFMP/rGO or ATO/rGO composites a piece of the material was fixed into a 

cross-sectional SEM holder. 

MoS2 composite materials and BP containing samples were analyzed using a TESCAN Lyra 

dual beam microscope equipped with a field emission gun. 

 

2.5.2 Transmission electron microscopy (TEM) 

TEM is a key technique for the characterization of materials regarding their morphology and 

phase composition, especially on the nanoscale, as features as small as 0.1 nm can be still 

resolved, in high resolution TEM (HRTEM). The basic principle of TEM is the transmission 

of an electron beam through a sample. This implies that the specimen has to be very thin 

(below 1 µm) A typical sample thickness is between 100-200 nm, however it strongly 

depends on the elemental composition. To achieve transmission of the electrons through the 

sample, the electron beam should be accelerated to much higher energies than in SEM, 

typically in the range of 80-300 keV.[18, 19] The transmitted primary electron beam as well as 

the signals generated by electron-matter interactions, elastically and inelastically scattered 

electrons, are then focused and magnified by several post-specimen lens systems and finally 

projected onto a fluorescent screen or detected by a charged coupled device (CCD) camera. 
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The contrast in the TEM images depends on several factors including the imaging mode. The 

most common TEM imaging modes are summarized in the following.[18] 

In the bright-field (BF) mode, scattered electrons are blocked by an aperture in the back focal 

plane of the objective lens (Figure 2.5). Only the transmitted direct electron beam can pass. 

Hence, crystalline areas and regions with heavy elements will appear dark. Moreover, the 

aperture can also be placed to block the primary beam and the scattered electrons can pass by. 

In the dark-field (DF) mode areas with higher crystallinity and/or heavier elements will 

consequently appear brighter. 

 
Figure 2.5: Schematic ray diagram of bright-field and dark-field imaging mode. Reproduced 
with permission from Ref. [21]. Copyright 2016, Springer International Publishing. 

 

Phase-contrast electron microscopy, also known as high-resolution TEM (HRTEM), is a 

further important imaging mode. In this mode the direct electron beam and the elastically 

scattered electrons can pass the aperture and interfere resulting in lattice images that can be 

used to determine the atomic structure of the analyzed specimen. Moreover, HRTEM images 

provide information about stacking faults, dislocations and point defects.[18, 21] In this thesis, 

HRTEM was further used to distinguish between LFMP nanoparticles and a carbon coating 

layer. 

Electron diffraction is another important TEM method. It is typically performed as selected 

area electron diffraction (SAED) that involves a selected area aperture which allows the 

examination of Bragg scattering of the primary electron beam in a defined area. Hence, the 
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obtained diffraction pattern can be used to identify the crystal structure of different parts of 

the specimen even on the nanoscale.[21] 

Modern transmission electron microscopes are sometimes additionally equipped with scan 

coils enabling scanning TEM (STEM). Instead of a spread electron beam, a focused beam is 

used in this technique. The beam is scanned in a raster over the sample (Figure 2.6) leading to 

the emission of various signals, for example elastically and inelastically scattered electrons 

and transmitted non-scattered electrons. The signals are typically detected by an annular dark-

field detector.[18, 22] 

 
Figure 2.6: Illustration of the main difference of TEM and STEM imaging. Reproduced with 
permission from Ref. [18]. Copyright 2016, Woodhead Publishing. 

 

Depending on the position of the detector and the detection angle either bright-field or annular 

dark-field images are observed. The contrast in STEM images is only dependent on the 

atomic number. High-angle annular dark-field (HAADF) imaging mode, also used in this 

thesis, is very sensitive to variations in the atomic number of elements present in the sample, 

enabling Z-contrast chemical imaging.[22] 

TEM samples described in this thesis were typically prepared by dispersing the powder 

samples in ethanol and drop-coating them on a copper grid with a holey carbon film. TEM 

measurements were performed on a FEI Titan Themis equipped with a field emission gun 

operated at 120 or 300 kV and a high-angle annular dark-field (HAADF) detector.  

SnO2 containing samples were additionally analyzed on a FEI Tecnai G2 20 S‐TWIN 

operated at 200 or 300 kV.  
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2.5.3 Electron energy loss spectroscopy (EELS) 

Electron energy loss spectroscopy (EELS) which is typically carried out in TEM or STEM 

mode, is based on the energy loss of the primary electron beam due to inelastic scattering 

inside the probe. The scattered electrons pass through energy filters where they are separated 

depending on their energy loss, thus providing information on the local environment of 

atoms.[18, 23] The resulting EELS spectra are comprised typically of three parts. The zero-loss 

region, which consists mainly of the zero-loss peak at 0 eV, represents electrons that are 

scattered elastically or unscattered. The region below 50 eV is classified as low-loss region 

providing information about the band structure of the analyzed material. In the high-energy 

loss region above 50 eV very characteristic features, so called “ionization edges” can be 

observed which are generated by inner shell ionizations. These “ionization edges” are 

particularly useful for the identification of lighter chemical elements. For very thin specimen 

even a quantitative analysis is possible.[21, 23]  

EELS analysis of Li(NixCoyMnz)O2 samples was performed in STEM mode on a FEI Titan 

Themis 300 instrument equipped with a field emission gun operating at 300 kV and a Gatan 

Enfinium ER/977EELS spectrometer.  
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2.5.4 Energy dispersive X-ray spectroscopy (EDX) in 
SEM and TEM 

Energy dispersive X-ray spectroscopy (EDX or EDS) is an important tool used for elemental 

analysis and chemical characterization of a sample, which is applicable both in SEM and 

TEM. EDX relies on characteristic X-rays that are generated by inelastic scattering of the 

incident primary electron beam with atoms in the sample. A primary electron ejects an 

electron of an inner atomic shell creating an electron hole which is filled subsequently by an 

electron from an outer shell accompanied by the emission of an X-ray (Figure 2.7). The 

intensities and energies of the generated X-rays are characteristic for specific elements and 

can be directly used for chemical analysis.[18]  

 
Figure 2.7: Electron induced X-ray emission. Reproduced with permission from Ref. [18]. 
Copyright 2016, Woodhead Publishing. 

 

EDX analysis of SnO2 and LFMP containing samples was conducted on a FEI Helios 

NanoLab G3 UC scanning electron microscope at an operating voltage of 20 kV using an X 

MaxN Silicon Drift Detector with 80 mm2 detector area (OXFORD INSTRUMENTS) and 

AZTec acquisition software (OXFORD INSTRUMENTS). EDX in TEM was performed on a 

FEI Titan Themis transmission electron microscope equipped with a Super-X energy-

dispersive X-ray spectrometer. MoS2 composites were analyzed on a TESCAN Lyra dual 

beam microscope operated at 10 kV using a X-MaxN EDX analyzer with a 20 mm2 SDD 

detector (OXFORD INSTRUMENTS) and AZTec acquisition software.  
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2.6 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a quantitative surface sensitive characterization 

technique based on the photoelectric effect. Characteristic X-rays, for example Mg Kα or 

Al Kα (used in this thesis), have a distinct energy hν knocking out core-level electrons of the 

analyzed sample with binding energies EB. The emitted photoelectrons with kinetic energies 

EKin are detected by an electron spectrometer whose work function is Φ. The work function is 

an instrumental correction factor and can be determined by reference measurements. Hence, 

the binding energy of the electron can be calculated using Equation 4.3:[24]  

𝐸𝐵 = ℎ𝜈 − 𝐸𝐾𝑖𝑛 − Φ Equation 2.3 

XPS measurements are typically performed under ultra-high vacuum (UHV) conditions (10-9 

– 10-11 torr). UHV conditions are required to provide a clean sample surface, to reduce 

scattering events of photoelectrons with gas molecules and to increase the mean free path 

length of the ejected photoelectrons.[24] XPS is extremely surface sensitive, as the spectral 

information is gathered from a depth of around 10 nm at maximum. Photoelectrons generated 

deeper in the sample lose energy through interaction with other electrons and typically cannot 

leave the sample surface. If the photoelectrons have still enough energy to leave, they will be 

found in the background of the spectrum. Photoelectrons ejected in the surface-near area have 

a lower probability of interaction with other electrons. Detection of the kinetic energies of 

these electrons is used to determine their binding energy according to Equation 2.3.[25] The 

resulting XPS spectrum which is a plot of the number of detected photoelectrons versus their 

binding energy, provides various information about the investigated sample. Low resolution 

spectra over a broad binding energy range, often denoted as survey scan XPS, can be used to 

identify the elemental composition of the sample because the binding energy is characteristic 

for each element. Moreover, high resolution spectra in binding energy ranges of interest and 

supplementary peak fitting can be used to determine the formal oxidation state of the elements 

and the local chemical environment. Additionally, quantitative characterization can be 

performed due to the proportionality of the area under the peak to the amount of element 

present in the sample.[24] 

XPS measurements in this work were performed on different instruments. LFMP samples 

were placed on a carbon black tape and XPS analysis was carried out on X-ray photoelectron 
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Phoibos 100 MCD-5 spectrometer (SPECS, Germany) using an Al X-ray radiation source 

(1486.7 eV). The measured values were referenced to an adventitious carbon peak at 285 eV.  

SnO2 containing samples were prepared on a silicon substrate and then analyzed using a VSW 

TA10 X‐ray source, providing non‐monochromatic Al Kα radiation, and a VSW HA100 

hemispherical analyzer. The samples were cleaned by Ar+ sputtering (VSW AS10 ion source) 

for 5 min at 1 keV. 

 

2.7 Inductively coupled plasma- optical emission 
spectroscopy 

Inductively coupled plasma- optical emission spectroscopy (ICP-OES) is a powerful and 

popular analytical technique to determine qualitatively and quantitatively the elemental 

composition of a material. Liquid and gas samples can be used directly, whereas solid 

materials must be dissolved first. Extraction or acid digestion can be used get the analytes into 

solution. The obtained solution is then injected via a nebulizer to a radiofrequency (RF) 

induced argon plasma, where the aerosol is quickly vaporized at temperatures of up to 

10000 K. Under those conditions the analyte elements are easily atomized and ionized. 

Moreover, free atoms and ions get promoted to higher excited states through collisional 

excitation. The excited species relax back to the ground state and emit simultaneously photons 

with specific energies which are detected by a wavelength selective device. The specific 

energies/wavelengths are characteristic for each element. The detected intensities are directly 

proportional to the concentration of the respective element in the sample.[26] 

ICP-OES measurements of ATO, SnO2 and LFMP nanoparticles reported in this thesis were 

performed on a VARIAN VISTA RL CCD.  
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2.8 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) is a quantitative analytical method that is used to 

determine physical and chemical changes of a material by evaluating the change of mass as a 

function of time or temperature. In a typical TGA experiment the sample is placed in an inert 

crucible and heated with a defined heat rate under a controlled gaseous atmosphere. 

Depending on the purpose of the analysis and the examined material, either an oxidizing 

(synthetic air, oxygen, etc.), inert (nitrogen, or more rarely argon or helium) or reducing 

(hydrogen) atmosphere is provided leading to for example evaporation, reduction or oxidation 

processes accompanied by weight changes that are monitored.[27, 28] In this thesis an oxidizing 

atmosphere (synthetic air) was used to analyze LFMP/rGO and SnO2/rGO composites. Under 

these conditions the carbon-based fraction is combusted, enabling the determination of the 

rGO : LFMP/SnO2 weight ratios. TGA is often coupled with differential scanning calorimetry 

(DSC). During a DSC measurement the difference between the heat flow of the sample and 

that of a reference is monitored for different temperatures, which enables to distinguish 

between endothermic processes such as evaporation or phase transformation, and exothermic 

events such as combustions or melting.[27, 29]  

TGA measurements were carried out on a NETZSCH STA 440 C TG/DSC machine at a 

heating rate of 10 °C min-1 in a stream of synthetic air of about 25 mL min-1. 

 

2.9 Combustion elemental analysis  

Combustion elemental analysis is an important analytical method, especially for organic 

materials, to determine qualitatively and quantitatively the amount of carbon, hydrogen, 

nitrogen, sulfur and even oxygen (CHNS-O). The detectable elemental combination depends 

on the used detectors, catalysts and absorbents. In the first step of a CHNS combustion 

elemental analysis, a sample is combusted at 1000 °C in an oxygen-rich atmosphere to ensure 

the complete combustion of the sample to carbon dioxide, water, nitrogen or nitrogen oxides 

and sulfur dioxide or sulfur trioxide. The formed combustion products are transported by an 

inert carrier gas like helium over heated high purity copper to remove residual oxygen and to 

reduce nitrogen oxides to nitrogen. If other elements beside the CHNS-O elements are present 

in the sample, as for example chloride, the generated side products are removed by absorbent 

traps. The remaining carbon dioxide, water, nitrogen and sulfur dioxide can be detected by 



Characterization methods 
 

82 

various techniques including for example the combination of gas chromatography (GC) or 

thermal conductivity.[30] 

Combustion elemental analysis (CHNS–O) was carried out in this thesis to analyze graphene 

oxide using a PE 2400 Series II CHNS/O Analyzer (Perkin Elmer, USA) operated in CHN 

mode. 

2.10 Sorption 

Sorption is a well-established and powerful method to analyze porous materials regarding 

their surface area and pore characteristics. It is based on physisorption of gas molecules such 

as argon, krypton or nitrogen designated also as adsorbates, on the surface of a porous sample, 

called adsorbent. Nitrogen has become the preferentially used adsorbate for the 

characterization of porous materials due to its availability. The characteristic adsorption and 

desorption isotherms are obtained by monitoring the amount of adsorbed or desorbed gas as a 

function of its relative pressure p/p0, with p being the equilibrium pressure and p0 the 

saturation vapor pressure, at a constant temperature, for example 77 K in case of nitrogen 

sorption.[31]  

The quantity of the adsorbed gas molecules is typically normalized to the mass of the 

absorbent for better comparison of different porous materials. The characteristic shape and 

hysteresis of a sorption isotherm is dependent on the intrinsic properties of the porous 

material, the type of adsorbate and the interactions and their strength between an adsorbate 

and an adsorbent. According to the International Union of Pure and Applied Chemistry 

(IUPAC) nomenclature, there are six main types of sorption isotherms as shown in 

Figure 2.8.[31] 

Type I isotherms are associated with microporous materials with relatively small external 

surfaces. Materials with narrow micropores (~ 1 nm) have typically a type I(a) isotherm 

whereas materials with a broader pore size distribution including wider micropores and even 

narrow mesopores (< ~ 2.5 nm) result in a type I(b) isotherm. Type II and III isotherms 

represent an unrestricted multilayer adsorption on nonporous or macroporous materials 

(> 50 nm) differing in the strength of adsorbate-adsorbent interactions which are weaker in 

case of type III as compared to type II isotherms. Point B marks the complementation of 

monolayer coverage in the type II isotherm. Type IV and V isotherms correspond to 
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mesoporous (2-50 nm) adsorbents with complete monolayer adsorption. The latter is followed 

by multilayer adsorption until all pores are filled completely. For small mesopores and conical 

or cylindrical mesopores with a closed tapered end, type IV(b) isotherms with no hysteresis 

are observed. However, if the mesopore width exceeds a certain critical value, capillary 

condensation is accompanied by hysteresis resulting in type IV(a) isotherm. If the interactions 

between adsorbate and adsorbent are additionally weak, type V isotherms are observed. 

Moreover, the type VI isotherm correspond to the stepwise multilayer adsorption on a 

uniform nonporous surface.[31, 32] 

 
Figure 2.8: Classification of sorption isotherms (a) and hysteresis loops (b) according to 
IUPAC. Reproduced with permission from Ref. [32]. Copyright 2015, Walter de Gruyter 
GmbH. 

 

The hysteresis loops shown in Figure 4.8b are usually detected in case of capillary 

condensation in mesoporous systems. Information about specific structure of the mesopores 

can be obtained from the shape of those loops. A H1 hysteresis is associated with distinct 

cylindrical pore channels with a narrow size distribution. In case of more complex pore 

systems with pore-blocking and percolation phenomena a H2 loop can be observed. The 

subtypes H2a and H2b differ in the pore opening size distribution which is narrower in case of 

H2a compared to H2b. H3 and H4 hysteresis loops can be found in materials with non-rigid 

aggregates of plate-like particles and slit-shaped pores or narrow slit-like pores (including 

a) 

b) 
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pores in the micropore region), respectively. Pore systems having both open and partially 

blocked mesopores show a H5 hysteresis, which is however very unusual.[32] 

Sorption measurements are also carried out to determine the surface area. Different 

approaches and theories are applicable. The Brunauer-Emmett-Teller (BET) is one of the 

most commonly used methods.[31] 

Nitrogen sorption analysis of the ATO/rGO and LFMP/rGO composites were carried out on a 

QUANTACHROME Autosorb-1 and QUANTACHROME Nova Station C at the boiling 

point of liquid nitrogen (≈77 K), respectively. Prior to the sorption experiments, the samples 

were degassed for 12 h at 120 – 150 °C. The obtained data were evaluated using the ASiQwin 

software. The specific surface area was determined by the BET method at p/p0 = 0.05-0.02. 

Density functional theory (DFT)/Monte Carlo methods and nonlocal density functional theory 

(NLDFT) adsorption model with cylindrical/spherical pores for silica was used to calculate 

the pore size distribution. 

 

2.11 Electrochemical measurements 

Different electroanalytical techniques can be used to characterize electrode materials for 

lithium-ion batteries. For electrochemical characterization of materials used in this thesis, 

cyclic voltammetry (CV), galvanostatic charge-discharge measurements and electrochemical 

impedance spectroscopy (EIS) were employed. 

Electrochemical measurements were performed in three-electrode ECC-PAT-Core 

electrochemical test cells from EL-Cell GmbH schematically depicted in Figure 2.9, in half-

cell configuration using lithium metal as counter and reference electrode and the investigated 

material as working electrode. The electrochemical test cells were measured using an 

AUTOLAB potentiostat/galvanostat PGSTAT302N with FRA32M module, µAUTOLAB 

Type II and a Multipotentiostat M101 equipped with an 8AUT.M101 module all operated 

with Nova 1.11 software. 



Electrochemical measurements 
 

85 

 
Figure 2.9: Scheme of the electrochemical testing cell[33] and the insulation sleeve[34] used for 
the electrochemical measurement in this thesis.  

 

The working electrodes were fabricated via a slurry-based tape casting approach. First, the 

powders of active material (SnO2 or LFMP containing composites) were mixed with carbon 

black Super C65 (TIMCAL) and poly(vinylidene fluoride) (PVDF; Sigma-Aldrich) in a ratio 

of 80:10:10 with a small amount of 1-methyl-2-pyrrolidinone (Sigma-Aldrich) leading to a 

slightly viscose black mixture that is typically referred as ink or slurry. The ink was stirred up 

to a few days, agitated by a vortex mixer (FISHERBRAND Vortex Mixer ZX3) and then 

coated either on copper foil in case of anode materials (SnO2 or BP-As containing samples) or 

aluminum foil for cathode materials (LCO, NCM and LFMP containing samples). The 

coating was performed using an automatic film applicator coater ZAA 2300 (ZEHNTNER) 

operated with a coating speed of 9 mm s-1 and a gap size of 50-200 µm. The electrodes were 

then dried at 60 °C for 3-8 h. Afterwards, circular electrodes with a diameter of 18 mm were 

punched out and dried at 120 °C for 3-4 h under vacuum. The preparation of freestanding 

electrodes is described in detail in Chapters 6 and 11. The ECC-PAT-Core electrochemical 

test cells were assembled inside an argon-filled glovebox (Labstar 1250/750, MBraun). 

Counter and working electrode were separated by an EL-Cell ECC1-01-0011-A/L Whatman 

glass-fiber separator soaked with a commercial PuriEL battery electrolyte (Soulbrain MI). 

The electrolyte contained 1.15 M LiPF6 in ethylene carbonate/ethyl methyl 

carbonate/dimethyl carbonate (EC/EMC/DMC) in a 2:2:6 volume to volume ratio and 

1.0 wt% fluoroethylene carbonate (FEC). 
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2.11.1 Cyclic voltammetry (CV) 

Cyclic voltammetry is a versatile electroanalytical method to investigate the electrochemical 

behavior of a material. CV can be regarded as an extended form of linear sweep voltammetry 

(LSV). In CV and LSV the potential is changed linearly as a function of time until a certain 

potential Eλ is reached (see inset of Figure 2.10). The resulting slope is defined as scan rate ν. 

Eλ corresponds to the endpoint of an LSV measurement, whereas in case of CV, it is the 

switching point at which the scan direction is reversed until the starting potential is reached 

again. During the whole measurement the current is monitored against the potential leading to 

a current-potential plot which is denoted as cyclic voltammogram or CV curve 

(Figure 4.10).[35, 36] There are two conventions to report CV data, a US convention and the 

IUPAC convention which is used in this thesis. According to the IUPAC convention, the 

anodic current and the oxidation peaks have positive values whereas the cathodic current and 

the reduction peaks have negative values on the y-axis, as shown in Figure 4.10. In case of the 

US convention, these relationships are inverted equaling to a 180° rotation of the graph and a 

change in sign of the y-axis.[37, 38] 

 
Figure 2.10: Schematic CV curve for a reversible reaction, with the inset showing the 
corresponding cyclic potential sweep excitation. Reproduced and adapted with permission 
from Ref. [39]. Copyright 2019, John Wiley & Sons, Ltd. 
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From CV curves different information can be extracted. For Faradaic (redox) processes, 

anodic and/or cathodic peaks are visible in the cyclic voltammograms. The separation 

between the anodic and cathodic peak potentials Epa and Epc can be used to determine the 

kinetic reversibility of the redox process:[40] 

∆𝐸 = 𝐸𝑝𝑐 − 𝐸𝑝𝑎 ≅
0.059

𝑛
 [V] Equation 2.4 

with n being the number of transferred electrons. In case of a single electron process, n = 1, 

(e.g. lithiation/de-lithiation of LFMP) ΔE should be around 0.059 V. Higher values indicate 

quasi-reversible reaction and a slow charge transfer or even irreversible reaction.[40] 

In case of a diffusion-controlled reversible system the Randles-Sevcik equation (Equation 2.5) 

can be used to analyze the kinetics of the active material and determine for example the Li+ 

diffusion coefficient:  

𝐼𝑝 = 0.4463𝑛𝐹𝐴𝑒𝐶𝐿𝑖+ (
𝑛𝐹𝑣𝐷

𝑅𝑇
)

0.5

 Equation 2.5 

where Ip is the peak current value, n is the number of electrons in the charge transfer step, F is 

the Faraday constant (F = 96485 C mol-1), R is the gas constant (R = 8.314 J mol-1 K-1), T is 

the absolute temperature, CLi is the molar concentration of lithium ions, Ae is the electrode 

area, D is the Li+ diffusion coefficient and v is the scan rate.[35, 37] 

In order to determine the Li+ diffusion coefficient, CV measurements are carried out at 

different scan rates. The respective peak currents Ip are plotted versus the square root of the 

scan rate v. The slope of corresponding linear fit is plugged in the following transformed 

Randles-Sevcik equation, resulting in the Li+ diffusion coefficient D:[35] 

𝐷 = (
𝑠𝑙𝑜𝑝𝑒

0.4463𝑛𝐹𝐴𝑒𝐶𝐿𝑖+
)

2

(
𝑅𝑇

𝑛𝐹
) Equation 2.6 

Equation 2.6 was used in this thesis to determine the apparent Li+ diffusion coefficient of 

LFMP/rGO samples, see Chapter 9. For simplification and better comparability, the 

geometrical electrode area was used as Ae. 

Furthermore, CV measurements at different scan rates provide also insights into the reaction 

kinetics and the charge storage behavior using the power law:  

𝐼𝑝 = 𝑎𝜈𝑏 Equation 3.7 
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where Ip is the peak current value, ν is the scan rate and a, b are adjustable parameters. The b 

value equals to the sum of diffusion-controlled (faradaic) and capacitive (non-faradaic) 

currents and can be determine by fitting log (i) versus log (ν). In general, in case of b = 0.5 the 

charge storage reaction is diffusion controlled and for b = 1 a capacitive, surface-limited 

mechanism can be assumed.[35, 41]  

Moreover, CV measurements are conducted to determine the specific capacity upon 

lithiation/de-lithiation by integrating the area under the oxidation/reduction peak.[35] However, 

in most of the literature on battery research the specific capacity is typically obtained by 

galvanostatic charge/discharge measurements introduced in the following chapter. 

CV measurements of anode materials studied in this thesis were typically performed in a 

potential range of 0.01–3.0 V vs. Li/Li+ at different scan rates between 0.05 and 1 mV s−1. 

Cathode materials were analyzed in a potential range of 2.0-4.5 V at scan rates between 0.1 

and 2.0 mV s-1.  

 

2.11.2 Galvanostatic charge-discharge (GCD) experiments 

Galvanostatic charge-discharge (GCD) measurements represent a very practical and important 

method to acquire essential information about the tested electrode materials concerning their 

stability, reversibility, capacity and rate capability. The GCD method is a cyclic 

chronopotentiometry technique in which a controlled constant current is applied until a certain 

cut-off potential is reached, typically the same potential like for the switching point in CV 

measurements. Afterwards the current is reversed until the start potential is hit again, 

corresponding to the change in scan direction in CV (Figure 2.11). The associated voltage-

capacity plot of a single discharge-charge cycle is depicted in Figure 2.11b. The capacity is 

thereby typically normalized to the mass of active material or the area of the electrode and can 

be calculated using Equations 2.8 and 2.9, respectively:[36, 41] 

    𝐶 =
𝐼 ∙ 𝑡

𝑚
 Equation 2.8 

    𝐶 =
𝐼 ∙ 𝑡

𝐴𝑒

 Equation 2.9 

where I is the applied current, t is the duration of charge/discharge cycle until the cut-off 

potential is reached, m is mass of active material and Ae is the area of the electrode, 
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respectively.[36] Moreover, the applied charge/discharge current is also often normalized to the 

mass of active material (in the unit of A g-1) or to the area of the electrode (mAh cm-2). 

Alternatively, the rate of charge or discharge is often expressed as C-rate in battery research. 

A C-rate of 1C is thereby defined as the current needed to fully charge or discharge a material 

within an hour with regard to the theoretically reachable capacity. I should be noted that the 

C-rate is defined reciprocal to time. For example a C-rate of 0.5C corresponds to charge or 

discharge of full capacity within 2 h, and 2C to charge/discharge duration of 0.5 h.[41] The 

cathodic/anodic reactions which are visible as peaks in CV are observed in GCD voltage-

capacity plots as plateaus (Figure 2.11). However, those plateaus are sometimes rather 

difficult to recognize. Therefore, the charge-discharge curves are occasionally plotted as 

differential capacity voltage plots (Figure 2.11c) where the plateaus occur again as peaks 

similar to those in a corresponding CV plot.[36, 41] 

 
Figure 2.11: Schematic representation of the applied current profile (a), the corresponding 
voltage-capacity (b) and differential capacity voltage plots of a galvanostatic charge-discharge 
measurement. Reproduced and adapted with permission from Ref. [41]. Copyright 2019, John 
Wiley & Sons, Ltd. 

 

The cycling stability of an electrode material is typically evaluated by repetitive galvanostatic 

charging/discharging at a certain current or C-rate. The cycle life of a battery or electrode, 

also called lifespan is thereby an important factor which refers to the cycle number when only 

80% of the initial reversible capacity is retained (Figure 2.12a). Additionally, the rate 

performance of an electrode material is also of great interest. The charge/discharge current or 

C-rate is varied stepwise after a certain number of cycles. As depicted schematically in 

Figure 2.12b, the capacity values decrease upon increasing current due to polarization. The 

charge discharge curves at various C-rates can be used to calculate the energy and power 

density resulting in the so-called Ragone plot shown in Figure 2.12c.[41] 
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Figure 2.12: Schematic representation of the results of a cycling stability (a) and rate 
performance measurement (b) and the corresponding Ragone plot. Reproduced (adapted) with 
permission from Ref. [41]. Copyright 2019, John Wiley & Sons, Ltd. 

 

Anode materials were typically charged and discharged galvanostatically at different C rates 

(1–60C) or current densities (0.1 to 2 A g−1) in a voltage range of 0.01–3.0 V. Cathode 

materials were studied at different C rates (0.2–20C) in a voltage range of 2.0–4.5 V. 

  

2.11.3 Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) is a powerful technique to study different 

electrode processes. EIS is typically based on applying a sinusoidal voltage with a low 

amplitude over a wide frequency range usually in the range of 10-2 to 105 Hz. The excitation 

signal can be expressed as: 

𝐸𝑡 = 𝐸0  sin(𝜔𝑡) Equation 2.10 

where Et is the potential at time t and E0 is the amplitude of the voltage signal and ω is the 

angular frequency (𝜔 = 2𝜋 𝑓). The resulting current response signal is defined as: 

𝐼𝑡 = 𝐼0  sin(𝜔𝑡 + 𝛷) Equation 2.11 

which entails that the response signal Ii has a different amplitude than I0 and is additionally 

shifted in phase Φ. Impedance can be seen as an extension of Ohm’s law to an alternating 

current (AC) circuit expressed via the following equation: 

𝑍 =
𝐸𝑡

𝐼𝑡

=
𝐸0  sin(𝜔𝑡)

𝐼0  sin(𝜔𝑡 + 𝛷)
= 𝑍0

sin(𝜔𝑡)

sin(𝜔𝑡 + 𝛷)
 Equation 2.12 

 

Power density (kW kg-1) 
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Equation 4.12 can be then re-written as complex number: 

𝑍(𝜔) = 𝑍0(cos 𝛷 + 𝑗 sin 𝛷) Equation 2.13 

The real and imaginary parts of Z(ω) are consequently: 

𝑍′𝑟𝑒𝑎𝑙 = 𝑍0(cos 𝛷) Equation 2.14 

𝑍′′𝑖𝑚𝑔 = 𝑍0(sin 𝛷) Equation 2.15 

Based on the Equations 2.13-2.14, the EIS spectra are plotted either as Nyquist or as Bode 

plot (Figure 4.13). The Nyquist plot which displays -Z’’img versus Z’real at different values of 

ω, is more often used for the characterization of lithium-ion batteries due to the easier 

identification of important impedance values like the charge-transfer resistance RCT or the 

internal resistance Rint. However, the data points in the Nyquist plot do not comprise 

information about the frequency at which they were recorded, in contrast to the Bode plot.[36, 

41, 42] 

 
Figure 2.13: Schematic EIS spectra represented as Nyquist plot (a) and Bode plot (b). 
Reproduced from Ref. [42]. Copyright 2020 Choi, W., et al.. 

 

The processes in the electrochemical cell or in the individual electrodes can be modeled with 

an equivalent circuit model, which means that the individual electrochemical contributions are 

related to physical components such as capacitors (C), resistors (R) and inductors (L). 

Moreover, constant phase element (CPE) and Warburg impedance (ZW) are introduced to 

model non-ideal lithium diffusion characteristics. The equivalent circuits are then used to fit 

the EIS spectra.[42] A schematic Nyquist plot and the corresponding equivalent circuit model 

are shown in Figure 2.14.  
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Figure 2.14: Schematic representation of a Randles circuit model and the corresponding EIS 
spectrum in form of a Nyquist plot. Reproduced and with permission from Ref. [41]. 
Copyright 2019, John Wiley & Sons, Ltd. 

 

The depicted equivalent circuit model is also known as Randles circuit model and describes a 

system that is controlled by electrode kinetic and diffusion effects. Depending on the analyzed 

system, it can be rather challenging to find an accurate equivalent circuit model that is 

physically meaningful and has also a conceiving goodness of the numerical fit. Certain 

information can be accurately obtained from EIS data (typically in form of a Nyquist plot) 

even without numerical fitting. For example, the impedance at the highest frequency is 

attributed to the internal resistance Rint. Moreover, the number of semicircles indicates the 

number of RC elements (Randles circuits) present in the system. The corresponding charge-

transfer resistance RCT can be deduced from the diameter of the respective semicircles (see 

Figure 2.14).[41] 

Electrochemical impedance spectroscopy of freestanding LFMP/rGO electrodes was 

performed between 100-0.001 kHz with an applied sinusoidal amplitude of 10 mV. 
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Antimony doped tin oxide/graphene 

nanocomposites are synthesized in a 

microwave-assisted solvothermal approach in 

tert-butyl alcohol. The resulting 

nanocomposites consist of laminated graphene 

oxide sheets homogeneously decorated with 

ATO nanoparticles. The hybrid structures reveal 

a very high gravimetric capacity and drastically improved rate performance and cycling 

stability, making them attractive as ultrafast high capacity anodes in lithium-ion batteries. 

 

Florian Zoller synthesized the ATO nanoparticles and the corresponding ATO/rGO 

nanocomposites, conducted the XRD, Raman and electrochemical experiments including data 

analysis and evaluated the data obtained by the additionally applied characterization 

techniques. He also contributed to in the writing process of the manuscript.  
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3.1 Abstract 

Tin oxide based materials attract increasing attention as anodes in lithium-ion batteries due to 

their high theoretical capacity, low cost and high abundance. Composites of such materials 

with a carbonaceous matrix such as graphene are particularly promising, as they can 

overcome the limitations of the individual materials. We describe the fabrication of antimony-

doped tin oxide (ATO)/graphene hybrid nanocomposites with high reversible capacity and 

superior rate performance using a microwave assisted in-situ synthesis in tert-butyl alcohol. 

This reaction enables the growth of ultra-small ATO nanoparticles with sizes below 3 nm on 

the surface of graphene, providing a composite anode material with a high electric 

conductivity and high structural stability. Antimony doping results in greatly increased 

lithium insertion rates of this conversion-type anode and an improved cycling stability, 

presumably due to the increased electrical conductivity. The uniform composites feature 

gravimetric capacity of 1226 mAh g-1 at the charging rate 1C and still a high capacity of 

577 mAh g-1 even at the very high charging rates of up to 60C, as compared to 93 mAh g-1 at 

60C for the undoped composite synthesized in a similar way. At the same time the antimony-

doped anodes demonstrate excellent stability with a capacity retention of 77% after 

1000 cycles.  

 

3.2 Introduction 

Lithium-ion batteries (LIBs) represent the most advanced electrochemical energy-storage 

technology with energy and power densities superior to that of other rechargeable battery 

systems.[1-5] Still, there is an ever increasing need for Li-ion batteries with significantly higher 

energy densities and faster charging rates able to meet the growing demands of portable 

consumer devices with advanced functionalities and long-range electric vehicles.[1, 6] 

The state-of-the-art LIBs are based on insertion-type electrode materials such as graphite 

anodes and transition metal oxide cathodes.[1] The redox transformations of these materials 

involve the reversible incorporation of lithium ions without major structural changes, 

resulting in high cycling stability.[1, 7, 8] A lot of efforts have been made to use the spinel 

Li4Ti5O12 (LTO), also an insertion-type material, as an anode material in LIBs. Especially 

nanosized and nanostructured LTO electrodes exhibit a high power capability and an extreme 
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good cycle life, also at very high current densities.[9-13] However, the penalty for the structural 

stability of such insertion-type electrode materials is a rather moderate specific capacity, in 

the case of LTO 175 mAh g-1, which is limited by the amount of available lithium ion 

vacancies in the host structure.[1, 7-9] The use of electrode materials with different charge 

storage chemistry, such as for example alloying/de-alloying or conversion-type materials, is a 

promising way to increase the storage capacity.[1, 7, 8] Among numerous candidates, tin 

dioxide (SnO2) is a very attractive anode material for replacing conventional graphite anodes 

due to the very high lithium insertion capacity and low working potential.[8, 14, 15] The 

lithiation of SnO2 involves its full conversion to metallic Sn followed by alloying/dealloying 

of tin with lithium, with a total transfer of 8.4 Li per one SnO2 formula unit and a very high 

theoretical capacity of 1494 mAh g-1.[1, 8, 16] However, the practical insertion capacity of SnO2 

is much lower reaching only 783 mAh g-1 due to the irreversibility of the conversion step and 

the large volume change of 358% accompanying the structural transformation. The latter 

factors are also responsible for a very low cycling stability and a fast capacity fading observed 

for macroscopic SnO2 materials.[17] Nonetheless, these shortcomings can be successfully 

addressed by using nanosized SnO2 stabilized in a carbonaceous matrix, which is currently an 

established strategy to achieve high capacity and cycling stability of SnO2 electrodes.[1, 8, 18] 

Nanoscaling of SnO2 minimizes the strain during volume changes and results in a 

significantly enlarged contact area with the electrolyte, providing a high lithium ion flux 

across the interface. Consequently, the diffusion path length is decreased, enhancing the 

lithium ion diffusion kinetics and hence the power density of batteries.[1, 18, 19] Furthermore, 

incorporation of nanosized SnO2 in a carbonaceous conductive matrix buffers the volume 

changes and improves the electrical conductivity of the composites. Up to now, various types 

of carbonaceous materials including meso- and macroporous carbons[15, 20], carbon 

nanotubes[21, 22], carbon hollow particles[23] and graphene[14, 16, 17, 21-31] have been investigated 

in SnO2 composites. Especially graphene-based nanocomposites have gained extensive 

attention due to the outstanding properties of graphene nanosheets (GNS) such as a high 

theoretical capacity (744 mAh g−1), excellent conductivity, large surface area, high 

mechanical flexibility and chemical stability.[8] The reported synthetic strategies for such 

composites include hydro-/solvothermal in-situ synthesis of the nanoparticles on GNS[16, 17, 24-

26], the self-assembly of preformed nanoparticles and GNS sheets[14, 27, 28], mechanochemical 

ball milling[29], electrostatic spray deposition (ESD)[30] and atomic layer deposition (ALD)[31]. 
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Significant progress has been achieved in recent years regarding the preparation of tin oxide-

based composite electrodes with a specific capacity close to the theoretical one and high 

cycling stability.[17, 24] However, such high capacities could only be reached at low current 

densities corresponding to long charging or discharging times. At higher charging/discharging 

rates the capacity decreased rapidly. The major reasons for the poor rate performance are the 

significant structural changes involving several steps with a large reorganization energy, as 

well as resistances arising from the low conductivity of tin oxide and the contact resistances 

in the composite material. So far only few groups have investigated the performance of SnO2-

based anodes at high current densities. Li et al.[25] prepared SnO2 nanoparticles anchored on 

vertically aligned graphene, which retain a moderate specific capacity of 145 mAh g-1 at a 

current density of 20 A g-1. Zhou et al.[32] reported a higher reversible capacity of 417 mAh g-

1 for SnO2/N-doped graphene composites at the same current density. Sun et al.[33] prepared 

SnO2/C nanocapsules by an arc discharge method, which maintained an even higher capacity 

of 590 mAh g-1 at a current density of 20 A g-1.  

Several groups have attempted to improve the lithiation rate of tin oxide based electrodes by 

increasing the electrical conductivity of SnO2 via doping.[14, 34-36] SnO2 based anodes were 

doped with Sb,[14, 21, 22, 34-37] In,[38] Zn,[39] Co,[40, 41] Fe,[42] Mo,[43] Ti,[44] W,[45] and F,[40, 46] 

however no improvement in the rate capability was observed. In- and W- doped 

SnO2/graphene composites reported by Liu et al.[38] and Wang et al.[45] reach only 200 mAh g-

1 and 300 mAh g-1 at a current densities of 7.8 A g-1 and 7 A g-1, respectively. Sb doped SnO2 

(ATO)/graphene hybrid structures prepared by Zhao et al.[14] show a capacity of 483 mAh g-1 

at a current density of 5 A g-1.  

Here, we demonstrate that antimony-doping of ultrasmall SnO2 nanoparticles directly grown 

on graphene sheets significantly increases the cycling stability and the rate performance of the 

composite conversion-type anodes. The ATO/graphene nanocomposites prepared using a new 

in-situ microwave-assisted solvothermal route show a very high capacity, good cycling 

stability and an exceptionally high rate capability. 
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3.3 Results and discussion 

Antimony doped tin oxide/graphene oxide (ATO/GO) nanocomposites were fabricated in-situ 

using a one-step solvothermal reaction in tert-butyl alcohol.[35] In a typical procedure, tin(IV) 

and antimony(III) chlorides were dissolved at a molar ratio of 90:10 in tert-butyl alcohol, 

mixed with an aqueous graphene oxide dispersion and heated in hermetically sealed 

autoclaves; the resulting brown nanocomposites were separated and washed by repeated 

redispersion and centrifugation. Furthermore, SnO2/GO composites and pure ATO particles 

were prepared in a similar way but without addition of antimony or graphene oxide, 

respectively (see Experimental part for further details). 

The reaction can be performed in a laboratory oven at temperatures between 80 and 150 °C; 

in this case it takes about 20 h to fully convert the precursors. However, the reaction time is 

significantly shortened to 90 min when the reactions are performed in a microwave reactor. 

X-ray diffraction patterns (XRD) of washed and dried ATO/GO (Figure 3.1 and Figure S3.1 

in the supporting information (Chapter 3.7)) and SnO2/GO (Figure S3.1 in the supporting 

information (Chapter 3.7)) nanocomposites demonstrate three distinct diffraction peaks 

corresponding to the (110), (101) and (211) reflections of tetragonal SnO2. The particle size 

(calculated from the line broadening of the 110 reflection) strongly depends on the synthesis 

temperature and the way of heating. At the same reaction temperature (but after different 

heating times), the particle sizes of microwave-heated ATO and SnO2 nanoparticles are 

smaller compared to the oven heated samples. Thus, at the reaction temperature of 80 °C the 

size of the ATO/SnO2 nanoparticles within the composites is 3.7/3.5 nm for the oven-heated 

samples and only 2.5/2.0 nm for the microwave-heated samples.  

The composites were pyrolyzed at 400 °C in nitrogen to remove organic residues and to 

reduce GO to reduced graphene oxide (termed ‘rGO’); the reduction process can be observed 

by the color change from brown to black. The nanocomposites were analyzed by Raman 

spectroscopy before and after this pyrolysis step (Figure S3.4, Supporting Information 

(Chapter 3.7)). The results of XRD measurements (Figure 3.1a), thermogravimetric analysis 

(TGA) (Figure 3.1b) and X-ray photoelectron spectroscopy (XPS) (Figure S3.2) confirm that 

this treatment is sufficient for a reduction of GO to rGO. XRD patterns of pure GO exhibit a 

typical reflection (002) at 11.7° 2θ corresponding to the interlayer distance between GO 

sheets and a second reflection (100) around 42.2° 2θ indicating a short range order in stacked 

layers.[47, 48] For rGO the (002) reflection is shifted to higher 2θ values and broadened, 
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indicating a decreased interlayer distance due to the removal of oxygen groups and a poor 

ordering of the sheets along the stacking direction, respectively.[47, 49] Upon pyrolysis the 

nanoparticles synthesized using microwave heating (80 °C) grow from 2.5 to 3.8 nm and from 

2.3 to 3.5 nm for ATO/GO and SnO2/GO nanocomposites, respectively. In contrast to the 

nanocomposites synthesized in an oven, weak diffraction peaks of GO or rGO could be 

observed in microwave synthesized composites, which is probably associated with the GO 

content in the composites and will be discussed in the following section. 

 
Figure 3.1: (a) XRD patterns and (b) TGA curves measured in air of a microwave 
synthesized ATO70/GO30 nanocomposite and of pure GO before and after pyrolysis. The bars 
in the bottom of the XRD patterns (a) mark the position and the intensity of the diffraction 
lines of the SnO2 cassiterite structure (space group P42/mnm, JCPDS card No.41-1445).  

 

The TGA curves of GO in air show a weight loss at around 200 °C and between 500 °C and 

600 °C (Figure 3.1b) due to the combustion of oxygen-containing groups and the gradual 

decomposition of the GO, respectively.[50] In contrast, rGO shows practically no weight loss 

in the range of 25 °C to 250 °C due to the absence of oxygen groups and only a small amount 

of adsorbed or weakly bound residues. The ATO/GO and ATO/rGO composites demonstrate 

similar behavior; the weight loss associated with the rGO combustion was used for 

quantification of rGO in the pyrolyzed composites. For nanocomposites synthesized at 

temperatures of 100 °C or higher, the weight loss corresponds to the initial content of GO in 

the reaction mixture (Figure S3.3). However, for nanocomposites prepared at 80°C the mass 

fraction of the carbon phase is higher. The resulting ATO/rGO and SnO2/rGO composites 

synthesized at 80°C (microwave) with an initial GO content of 10% contained 30% rGO after 

pyrolysis (see Figure 3.1b). One possible reason is that a certain fraction of the ATO 
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precursors remained unreacted and was removed after washing and centrifugation, resulting in 

a higher relative GO content. In the following, these pyrolyzed composites are labeled as 

ATO70/rGO30 and SnO2,70/rGO30, respectively. 

The elemental composition as well as the oxidation states of elements in the nanocomposites 

were studied by XPS (Figure S3.2a). The antimony content found in the nanocomposite 

corresponds to the initial precursor content of 10 % Sb used in the reaction, equaling 9.8% 

and 10.6% for ATO70/GO30 and ATO70/rGO30, respectively. The electrical conductivity of the 

ATO nanoparticles is generally influenced by the antimony content and its valence state in the 

tin oxide lattice, with Sb5+ ions acting as donor species beneficial for conductivity and the 

Sb3+ ions acting as electron traps, respectively. The ratio of Sb5+ species increases from 

44.5 mol% to 61.1 mol% upon pyrolysis (Figure S3.2c, light grey line), pointing to an 

improved conductivity of the composites after the pyrolysis.[35] After pyrolysis in nitrogen the 

C 1s components associated with carbon-oxygen bonds significantly decrease (Figure S3.2b, 

light grey line) proving the successful reduction of most of the carboxyl and hydroxyl 

functional groups in the ATO70/rGO30 nanocomposite.[14, 17, 48, 49] 

The morphology of the nanocomposites and of individual components was studied by 

scanning electron microscopy (SEM) (Figure 3.2).  

 
Figure 3.2: SEM images of ATO70/GO30 nanocomposites (a, d), pure ATO nanoparticles (b, 
e), graphene (c) and reduced graphene (f). Top (a-c): as prepared; bottom (d-f): pyrolyzed 
samples (in nitrogen at 400 °C). 
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Interestingly, the ATO nanoparticles synthesized without GO form spherical agglomerates of 

small nanocrystals (Figure 5b). The agglomerates are porous as demonstrated by nitrogen 

sorption measurements showing type IV isotherms typical for mesoporous materials and a 

BET surface area of 224 m2 g-1 (Figure S5.5c and Table S3.1). The spherical agglomerates 

retain their morphology also after pyrolysis (Figure 3.2e), whereby the BET surface area 

decreases to 140 m2 g-1. The morphology of pure GO shows crumpled, paper-like structures 

with smooth edges before and after the solvothermal treatment and the pyrolysis (Figure 3.2c, 

f); here the surface area also decreased upon pyrolysis, from 54 m2 g-1 to 26 m2 g-1 

(Figure S3.5d and Table S3.1). In contrast, the morphology of ATO70/rGO30 composites 

differs significantly from that of the individual components (Figure 3.2). The SEM images of 

ATO70/rGO30 composites show the presence of laminated graphene sheets decorated with 

ATO nanoparticles, which appear to be uniformly distributed on the surface of the rGO and as 

a result separating the sheets from each other. Upon pyrolysis the agglomeration between the 

ATO decorated rGO sheets is reduced due to removal of organic residues between the single 

rGO layers of the nanocomposite, which can be seen by comparing SEM images of as-

prepared and pyrolyzed samples in Figure 3.2a, d. None of the spherical agglomerates of pure 

ATO was found in the composites, pointing to a homogeneous distribution of ATO 

nanoparticles between the rGO sheets (see low magnification SEM images in Figure S3.6). 

The porous morphology and high specific surface area of the nanocomposites were also 

confirmed by type IV nitrogen sorption isotherms with a hysteresis between the adsorption 

and desorption branches that is typical for mesoporous materials with relatively narrow pores 

(Figure S3.5a). The BET surface area of the nanocomposites remained stable around 

265 m2 g-1 for the as-prepared and pyrolyzed samples, respectively (see Figure S3.5 and 

Table S3.1). The mean pore size increased from 2.6 nm for the as-prepared to 4.3 nm for the 

pyrolyzed ATO nanoparticles and remained stable at 6 nm for the as-prepared ATO70/GO30 

and the pyrolyzed ATO70/rGO30 nanocomposites. 

High-resolution transmission electron microscopy (HRTEM) analysis as well as selected area 

electron diffraction (SAED) patterns of the ATO70/rGO30 nanocomposite show the presence 

of highly crystalline ATO nanoparticles (see Figure 3.3 and Figure S3.7). The SAED pattern 

(Figure 3.3c) is in good agreement with the tetragonal cassiterite structure of ATO deduced 

from XRD data. The particle size determined from TEM analysis (3–4 nm) also agrees with 

that calculated from the line broadening of the 110 reflection of ATO in the XRD pattern 

(3.8 nm) (Figure 3.1a). Due to a very low elemental contrast, graphene is not visible in the 
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TEM. The graphene sheets were visualized only when they were aligned perpendicular to the 

TEM grid (as indicated by the red arrows in Figure 3.3a) or if the sheets were overlapping 

(see low magnification TEM images in Figure S3.7), which causes a different contrast 

depending on the amount of overlapping lamellae. However, the presence of rGO can be 

clearly confirmed based on the sharp hexagonal diffraction spots in the SAED pattern of the 

nanocomposite (Figure 3.3c), which match the d-value of graphene (2.1 Å)[51, 52]. From the 

combined SEM and TEM/SAED analyses we can conclude that the GO sheets are completely 

decorated with nanoparticles forming very homogeneous composites.  

 
Figure 3.3: HRTEM images (a, b) and SEAD pattern (c) of a pyrolyzed ATO70/rGO30 
nanocomposite showing crystalline ATO nanoparticles on the graphene surface. The red 
arrows in (a) mark graphene sheets aligned about perpendicular to the TEM grid. The SEAD 
pattern (c) show typical rings corresponding to ATO (d-values: 3.3 (110), 2.7 (101), and 1.8 Å 
(211)) and sharp hexagonal spots for rGO (d-values: 2.1 Å).[51, 52]  

 

The electrochemical performance of the ATO/GO nanocomposites was investigated using 

cyclic voltammetry and galvanostatic charge/discharge measurements. Generally, the 

electrochemical lithium insertion in SnO2 (or Sb0.1Sn0.9O2) proceeds via several steps 

according to the following reactions:[26] 

 

(1) Sn0.90Sb0.10O2 (ATO) + 4 Li
+
 + 4 e

−
 ⇄ 0.90 Sn + 0.10 Sb + 2 Li2O 

SnO2 + 2 Li
+
 + 2 e

- 
⇄ SnO + Li2O  E1 = 1.7 V 

SnO + 2 Li
+
 + 2 e

- 
⇄ Sn + Li2O   E2 = 0.9 V 

   
(2) 0.90 Sn + 0.10 Sb + 4.26Li

+
 + 4.26 e

−
 ⇄ 0.90 Li4.4Sn + 0.10 Li3Sb 

0.9 Sn + 3.96 Li
+
 + 3.96 e

−
 ⇄ 0.90 Li4.4Sn E3 = 0.4 V 

0.1 Sb + 0.30 Li
+
 + 0.30 e

−
 ⇄ 0.10 Li3Sb E4 = 0.4 V 

Alloying/ 
dealloying 

Conversion 
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The overall electrochemical process involves the transfer of 8.4 or 8.26 Li+ ions per one SnO2 

or ATO (Sb0.1Sn0.9O2) formula unit with a theoretical capacity of 1494 mAhg-1 and 

1466 mAhg-1, respectively. For bulk materials, however, the conversion reactions (1) are 

widely believed to be irreversible due to the drastic volume changes, resulting in a lower 

capacity of around 783 mAhg-1 stemming from the reversible alloying/dealloying process.[8, 

34] 

In the cyclic voltammograms (CV) of the ATO70/rGO30 nanocomposite (Figure 3.4a), of the 

SnO2,70/rGO30 nanocomposite (Figure S3.8a) and of the ATO nanoparticles (Figure S3.7b) 

obtained in this work show a dominant cathodic peak around 1.2 V in the first discharge 

curve, which can be attributed to the irreversible formation of a solid electrolyte interface 

(SEI) layer and disappears in the following scans.[17] The CVs of all ATO and SnO2 based 

samples demonstrate a couple of peaks at around 0.4 V ascribed to the reversible alloying/de-

alloying process.[1, 2, 26] Moreover, the pair of peaks at around 0.9 V and 1.7 V correspond to 

the conversion of ATO to Sn and Sb and the simultaneous formation of Li2O (1). The 

presence of these two pairs of peaks, which have only been observed for nano-sized SnO2 or 

ATO particles,[26, 28, 53] is commonly interpreted as an indication of the reversibility of the 

conversion reaction. This result in a higher theoretical capacity for our nano-sized ATO/SnO2 

nanoparticles (1466 mAh g-1/1494 mAh g-1) compared to the macroscopic ATO/SnO2 

(756 mAh g-1/783 mAh g-1).[1, 8, 16, 26, 27] 

Although the ATO nanoparticles and the ATO/rGO30 and SnO2,70/rGO30 nanocomposites 

show similar CV features and a comparable specific capacity in the first cycles, they differ 

significantly in their cycling stability. The ATO nanoparticles-only based electrodes show 

significant capacity fading, which is the highest among the three investigated systems 

(Figure S3.8b).  

Galvanostatic charge/discharge measurements of the ATO70/rGO30 nanocomposite (loading 

0.2 mg cm-2) performed at different current densities (C-rates) (Figure 3.4) show three typical 

plateau regions in good agreement with the corresponding CV curves. The first 

discharge/charge capacities reach 1696/1194 mAh g-1 at 1C (corresponding to a current 

density of 1249 mA g-1) (Figure 3.4b), which is higher than the theoretical capacity due to SEI 

formation on the electrode surface. This results in an initially low initial Coulombic efficiency 

of 70%. However, the Coulombic efficiency increases to around 97% after the first three 

cycles (see blue line in Figure 3.4b) and remains stable above 99% after the 40th cycle. The 
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specific capacity reaches 1237 mAh g-1/1175 mAh g-1 (discharge/charge) in the second cycle, 

which is close to the theoretical lithium insertion capacity of the composite (1249 mAh g-1), 

and remains quite stable reaching 813 mAh g-1 after 100 cycles (Figure 3.4b). Strikingly, the 

capacity fading of the unsupported ATO nanoparticles was far more pronounced 

(Figure S3.11a) compared to the graphene-supported ATO and SnO2 (918 mAh g-1 after 100 

cycles, see Figure S3.10), reaching only 77 mAh g-1 after 100 cycles. Even after 1000 charge 

and discharge cycles at 1C, the ATO70/rGO30 nanocomposite shows a very stable cycling 

behavior reaching 894 mAh g-1 corresponding to an irreversible capacity loss of 23% 

(compared with the 5th cycle (Figure 3.4b)).  

 
Figure 3.4: (a) CV curves of an ATO70/rGO30 electrode recorded with a scan rate of 
0.5 mV s-1 and a step potential of 2.44 mV in the range of 0.01 – 3 V vs. Li/Li+. (b) 
Multicycling stability of an ATO70/rGO30 electrode at 1C and the corresponding Coulombic 
efficiencies (■ blue labels). (c) Discharge/charge profiles of ATO70/rGO30 at increasing C-
rates (1C – 60C) each recorded in the 5th, 15th, 25th etc. cycle. (d) Rate performance of 
ATO70/rGO30 and SnO2,70/rGO30: The charge capacities correspond to the red (●) and blue 
(▼) labels, while the discharge capacities are displayed with black (■) and grey (▲) labels.  
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The most remarkable feature of the ATO70/rGO30 nanocomposite is, however, their excellent 

rate capability. The charging and discharging rates of pure ATO as well as of SnO2,70/rGO30 

and ATO70/rGO30 electrodes are summarized in Table 3.1. Comparison between three types of 

electrodes with a similar thickness of 10 μm and a moderate loading of 0.2 mg cm-2 highlights 

the superior rate performance and higher cycling stability of ATO70/rGO30 material compared 

to the ATO nanoparticles and the undoped SnO2,70/rGO30 nanocomposite. The specific 

capacities at different C-rates are summarized in Table 3.1 and Figure 3.4c,d. The 

ATO70/rGO30 electrodes deliver close to theoretical specific discharge capacities of 

1186 mAh g-1 at the 1C rate and very high capacity values at the rates up to 40C. Even at a 

rate of 60C (corresponding to a theoretical charging and discharging within one minute) 49% 

of the initial capacity is achieved. The capacity of the composite remains much higher than 

the capacity of the state-of-the-art anode material graphite (372 mAh g-1). Remarkably, the 

capacity fading with increasing C-rates is reversible, as the capacity recovers to 1014 mAh g-1 

when the C-rate returns to 1C. Furthermore, thicker ATO70/rGO30 electrodes with a loading of 

0.6 mg cm-2 still demonstrate a high rate capability, as shown in Figure S3.9. When cycled at 

60C, such an electrode still retains a capacity of 235 mAh g-1 and restores to a capacity of 

1032 mAh g-1 when set back to 1C (see Table 3.1).  

Notably, the electrochemical performance of undoped SnO2,70/rGO30 nanocomposites is much 

worse, featuring a strongly pronounced capacity fading at higher C-rates compared to their 

antimony-doped counterparts (see Figure 3.4d). The initial capacity of 1120 mAh g-1 (1C) 

decreases rapidly 93 mAh g-1 (60C) (see Table 3.1). For the undoped SnO2,70/rGO30 

nanocomposite the capacity also recovers when the C-rate is set back to 1C, but it reaches 

only a lowered value of 865 mAh g-1, The capacity fading of the unsupported ATO 

nanoparticles at higher C-rates was even more pronounced (Figure S3.11b) compared to the 

graphene supported ATO and SnO2 (see Figure 3.4d). Pure ATO nanoparticles reached only a 

capacity of 20 mAh g-1 at 60C (see Table 3.1). When the C-rate was set back to 1C, a capacity 

retention to only 573 mAh g-1 in the 80th cycle could be observed, which corresponds to an 

irreversible capacity loss of 49%. The lower cycling stability of pure ATO nanoparticles 

could be caused by the greater volume expansion of the unsupported nanoparticles causing 

delamination and pulverization and removal of the active material from the electrode.[41] 

Additionally, to the ‘in-situ’ synthesis, we also tested a ‘dispersion-mixing’ approach to 

fabricate ATO70/rGO30 nanocomposites by simply mixing the dispersed pure nanoparticles 

with dispersed graphene oxide sheets (see experimental part (Chapter 3.5) for further details). 
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The ‘dispersion-mixed’ nanocomposites showed an inferior electrochemical behavior 

compared to ‘in-situ’ synthesized ones, as summarized in Table 3.1 and shown in 

Figure S3.12. The specific discharge capacity drops to 211 mAh g-1 at 60C compared to 

577 mAh g-1 for the ‘in-situ’ synthesized nanocomposite. Also, the capacity retention is with 

only 55% lower than the for the ‘in-situ’ synthesized nanocomposites, which reach 85%. The 

lower cycling stability could be attributed to an inferior electrical contact between the ATO 

nanoparticles and the graphene sheets and hence a decreased conductivity.  

Table 3.1: Specific discharge capacities of ATO70/rGO30, SnO2,70/rGO30, pure ATO and 
ATO70/rGO30 ‘dispersion-mixing’ electrodes at different C-rates (1C – 60C) each recorded in 
the 5th, 15th, 25th etc. The capacity retention was calculated by setting the measured capacity at 
1C in the 5th cycle to 100%. 

 Specific discharge capacity [mAh g-1] and the corresponding 
capacity retention 

Loading 
[mg cm-2] C-rate 1C 2C 5C 10C 20C 40C 60C 1C 

Cycle 5 15 25 35 45 55 65 75 

ATO70/rGO30 

1186 1066 959 868 778 661 577 1014 
0.2 

100% 90% 81% 73% 66% 56% 49% 85% 

ATO70/rGO30 

1260 1092 909 762 550 335 235 1032 
0.6 

100% 87% 72% 60% 44% 27% 19% 82% 

SnO2,70/rGO30 

1120 881 672 503 328 161 93 865 
0.2 

100% 79% 60% 45% 29% 14% 8% 77% 

ATO 
1132 838 647 477 327 173 20 573 

0.2 
100% 74% 57% 42% 29% 15% 2% 51% 

ATO70/rGO30 
‘dispersion-
mixing’ 

1213 1058 867 663 426 211 114 688 
0.2 

100% 87% 71% 55% 35% 17% 9% 55% 

 

Generally, the comparison of the rate performance of different electrodes is somewhat 

ambiguous, as the performance strongly depends on the electrode thickness and the mode of 

the electrode fabrication. Furthermore, direct comparison with literature data is complicated 

because of different mass loadings on the electrodes, for example ranging between 
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0.11 mg cm-2 and 10 mg cm-2,[19, 32, 33, 54] or even missing information about the electrode 

loading. To the best of our knowledge, the ATO70/rGO30 nanocomposite electrodes presented 

here show the highest ever reported capacity values at such high charging/discharging rates 

(60C = 75 A g-1) among the reported related electrodes. SnO2/carbon composites reported 

previously did not reach such a high current density with a reasonably high specific capacity 

of 550 mAh g-1 at 10 A g-1 (Chen et al., unknown loading),[19] 574 mAh g-1 at 10 A g-1 (Chen 

et al., 1 mg cm-2),[54] 428 mAh g-1 at 10 A g-1 (Sher Shah et al., 1.12 mg cm-2),[18] 590 mAh g-1 

at 20 A g-1 (Sun et al., unknown loading),[33] 417 mAh g-1 at 20 A g-1 (Zhou et al., 

10 mg cm-2),[32]  and 145 mAh g-1 at 20 A g-1 (Li et al., 0.11 mg cm-2)[25] (see also Table S3.2). 

Compared to low loadings of 0.11 mg cm-2 reported by Li et al.[25], our electrodes 

(0.2 mg cm-2) deliver a five times higher capacity at 10 A g-1 ( 8C).  

 

3.4 Conclusion 

The one-step in-situ solvothermal reaction in tert-butyl alcohol enables the facile fabrication 

of ATO/GO nanocomposites containing ultra-small crystalline ATO nanoparticles of about 

3 nm in size. The nanocomposites can be synthesized in a conventional oven or via 

microwave-assisted synthesis, whereby the reaction time could be significantly reduced. The 

nanoparticle size could be tuned by adjusting the reaction temperature. Prior to the electrode 

fabrication, the nanocomposites were pyrolyzed in nitrogen to improve the conductivity of the 

hybrid materials by reducing GO to rGO. The resulting nanocomposites consist of laminated 

graphene oxide sheets homogeneously decorated with ATO nanoparticles. They show a 

superior charge storage capacity of 1226 mAh g-1 at 1C, which is close to the maximum 

theoretical capacity of the composite. Furthermore, the hybrid structures reveal an excellent 

cycling stability even at high current densities, reaching a capacity of 577 mAh g-1 at 60 C.  

By comparing ATO70/rGO30 with undoped SnO2, 70/rGO30 and pure ATO control samples, we 

could show the beneficial effect of antimony doping and of the intricate graphene 

nanocomposites on the overall electrode performance. We attribute the excellent performance 

to the following factors: (1) the high capacity arises from the small size of the nanoparticles, 

which results in a high reversibility of the conversion reaction due to decreased activation 

energy in nano-sized ATO. (2) The higher surface area of the nanocomposites (265 m²/g) 

compared to pure ATO (140 m²/g) or rGO (26 m²/g) results in an enlarged effective contact 
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area between electrode and liquid electrolyte, leading to a reduced path-length for Li+ 

transport and therefore a better rate performance. (3) The hybrid structure formed by the 

direct growth of ATO on the graphene provides a strong contact of the nanoparticles with the 

surface of the graphene sheets and therefore increases the overall conductivity, improves the 

tolerance towards volume changes and alleviates agglomeration/pulverization during the 

lithium insertion/de-insertion. (4) The use of ATO-based nanocomposites is advantageous 

compared to SnO2 composites, as they feature a significantly higher conductivity compared to 

pure SnO2 resulting in a superior cycle stability and rate capability.  

 

3.5 Experimental section  

Materials: Tin(IV) chloride (Sigma-Aldrich), antimony(III) chloride (abcr), tert-butyl alcohol 

(99%, Sigma-Aldrich), poly(vinylidene fluoride) (PVDF, Sigma-Aldrich), graphite 

microparticles (2–15 μm, 99.9995%, from Alfa Aesar), black carbon (Super C65, Timcal), 1-

methyl-2-pyrrolidone (NMP, Sigma-Aldrich), PuriEL electrolyte (1.15 M LiPF6 in 

EC/EMC/DMC = 2:2:6 v/v + 1.0%wt FEC, soulbrain MI) and lithium metal (Rockwood) 

were used as received. Sulphuric acid (98%), phosphoric acid (85%), potassium 

permanganate (99.5%), hydrogen peroxide (30%), barium nitrate (99.5%) and N,N-

dimethylformamide (DMF) were obtained from Penta, Czech Republic. 

Fabrication of graphene oxide: Graphene oxide was prepared by the oxidation of graphite by 

potassium permanganate in sulphuric/phosphoric acid as described by Marcano et al..[52] For 

that purpose, graphite (3.0 g) and subsequently potassium permanganate (18.0 g) were added 

to a cooled (under 0 °C) mixture of concentrated sulphuric acid and phosphoric acid in a 

volume ratio of 9:1 (360 mL : 40 mL). The reaction mixture was stirred and heated at 50 °C 

for 12 h. Afterwards the mixture was cooled to room temperature and poured on ice (400 g) 

with hydrogen peroxide (3.0 mL) to remove excess permanganate ions and manganese 

dioxide. After the ice was dissolved, 30% hydrogen peroxide (20 mL) and water (2500 mL) 

were added to remove remaining unreacted potassium permanganate and manganese dioxide. 

Finally, the obtained graphite oxide was purified by repeated centrifugation and redispersion 

in deionized water until a negative reaction on sulfate ions with Ba(NO3)2 was achieved. The 

graphite oxide slurry was ultrasonicated for 1 h (400 W; 20 °C) in order to exfoliate it to 
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graphene oxide sheets. The concentration of graphene oxide in suspension used for composite 

synthesis was measured by gravimetric analysis. 

Fabrication of ATO/rGO nanocomposites: The ATO/GO composites were prepared by a one-

pot solvothermal route in tert-butyl alcohol. The synthesis quantities are summarized in 

Table 5.2. For a ATO/GO nanocomposite with 10% GO and an antimony doping 

concentration of 10%, 566.0 mg (2.17 mmol) of tin(IV) chloride, 55.1 mg (0.24 mmol) of 

antimony(III) chloride and 1.485 mL GO (corresponding to 27.3 mg/mL in water) were 

dissolved in 18 mL of tert-butyl alcohol and heated in a hermetically sealed Teflon lined 

autoclave at temperatures of 80 °C, 100 °C or 150 °C for 20 h in an oven or for 90 min in 

microwave autoclaves with an initial heating power of 900 W (Synthos 3000, Anton Paar), 

respectively. For the oven-hated samples, the size of the ATO/SnO2 nanoparticles within the 

composites is 3.7/3.5 nm, 4.6/4.7 nm and 6.1/5.8 nm at synthesis temperatures of 80 °C, 

100 °C and 150 °C, respectively. For the microwave-heated samples the size of the 

ATO/SnO2 nanoparticles is significantly smaller of 2.5/2.0 nm, 3.3/3.5 nm and 3.7/4.0 nm at 

the same temperatures. We note that only amorphous phase was observed at reaction 

temperatures below 80 °C. Formation of the ATO nanoparticles is favored by adding small 

amounts of water to the tert-butyl alcohol reaction mixture. Under synthesis conditions 

without water the reaction time has to be prolonged and/or the precursor concentration 

increased. The nanocomposites were separated by centrifugation (47800 rcf for 15 min) and 

washed once with 20 mL water and once with 20 mL ethanol by repeated redispersion and 

centrifugation. Finally, the nanocomposites were dried in air at 60 °C for 10 h and pyrolyzed 

in nitrogen at 400 °C for 2 h (reached with a ramp of 2 °C min-1). 

Fabrication of ATO nanoparticles: The antimony doped tin oxide (ATO) nanoparticles with a 

doping level of 10 % were prepared by a modified solvothermal route in tert-butyl alcohol 

described by some of the authors.[35] In brief, 566.0 mg (2.17 mmol) tin(IV) chloride and 

55.1 mg (0.24 mmol) antimony(III) chloride were dissolved in a mixture of 18 mL of tert-

butyl alcohol and 1.485 mL water (see Table 5.2). The mixtures were heated in a hermetically 

sealed Teflon lined autoclave at different temperatures for 20 h in an oven or for 90 min using 

an initial heating power of 900 W (Synthos 3000, Anton Paar). The nanoparticles were 

flocculated by the addition of 20 mL dichloromethane, separated by centrifugation (47800 rcf 

for 10 min), washed in 20 mL acetone and centrifuged again at 47800 rcf for 10 min. 
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Table 3.2: Synthesis quantities for ATO/GO and SnO2/GO nanocomposites as well as pure 
ATO nanoparticles. 

 Precursor GO [27.3 mg mL-1] 
in water Water tert-butyl 

alcohol 

 SnCl4 
[µL] 

SbCl3 
[mg] 

[mL] [mass %] [mL] [mL] 

SnO2/GO 630 - 1.485 10 - 18 

ATO/GO 566 55.1 1.485 10 - 18 

ATO 566 55.1 - - 1.485 18 

 

Fabrication of ATO/rGO nanocomposites-“dispersion-mixing” approach: ATO nanoparticles 

with a doping concentration of 10 % were dispersed in 2 mL ethanol and mixed with 1.4 mL 

GO (concentration: 27.3 mg/mL in water). The resulting mixture was stirred for two days. 

Afterwards the nanocomposites were dried at 60 °C for 10 h and pyrolyzed in nitrogen at 

400 °C for 2 h. 

Battery assembly: Electrochemical measurements were carried out using ECC-PAT-Core 

electrochemical test cells (EL-Cell). The working electrode was prepared by coating 

homogeneous slurries containing the pyrolyzed active materials (ATO, ATO/rGO and 

SnO2/rGO nanocomposites), PVDF and black carbon at a mass ratio of 80:10:10 in NMP. The 

slurries were stirred overnight and uniformly coated onto Cu foil (Targray Technology) with a 

coater (wet film thickness: 50-100 µm, corresponding to a loading of 0.2 – 0.6 mg cm-2). The 

electrodes were die-cut into round disks with a diameter of 18 mm (254.5 mm2) and 

pyrolyzed at 400°C for 2 h in nitrogen (achieved with a ramp of 2 °C min−1). The electrodes 

were dried at 120°C for 3 h in vacuum before being used as anodes. The cells were assembled 

in an argon filled glove box using lithium metal as the counter and reference electrode and an 

EL-CELL ECC1-01-0011-A/L glass fiber membrane as separator. As electrolyte, we used a 

commercial mixture of 1.15 M LiPF6 in EC/EMC/DMC at a 2:2:6 volume to volume ratio and 

1.0 % wt fluoroethylene carbonate (FEC).  
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Characterization methods:  

Wide angle X-ray diffraction analysis was carried out in transmission mode using a 

STOE STADI P diffractometer with CuKα1-radiation (λ = 1.54060 Å) and a Ge(111) single 

crystal monochromator equipped with a DECTRIS solid state strip detector MYTHEN 1K. 

Powder XRD patterns of the samples were collected in a 2θ range from 5° to 70° with a step 

size of 1° and a fixed counting time of 45 seconds per step. The size of the crystalline 

domains was calculated from the XRD patterns for the most intensive ATO signal (110 

reflection) using the Scherrer equation.  

X-ray photoelectron spectroscopy (XPS) measurements of the composites on a silicon 

substrate were performed using a VSW TA10 X-ray source, providing non-monochromatic Al 

Kα radiation, and a VSW HA100 hemispherical analyzer. The samples were cleaned by Ar+ 

sputtering (VSW AS10 ion source) for 5 min at 1 keV. The recorded elemental peaks were 

fitted with a Doniach-Sunjic function[55] convoluted with a Gaussian and linear background 

subtraction. As the O 1s and Sb 3d5/2 peaks overlap, we used the Sb 3d3/2 and the Sn 3d3/2 

peaks (SnO2 3d3/2 at 495.0 eV) to derive the chemical composition from the ratio of the Sb 

3d3/2 peak area to the sum of the Sb 3d3/2 and Sn 3d3/2 peak areas from the measured integral 

intensity of the peaks.[56] The composition of the valence states was evaluated by the 

Sb5+/(Sb3+ + Sb5+) ratio of the Sb 3d3/2 peak following the method developed by 

Terrier et al.[56, 57] Thereby the Sb 3d3/2 peak was split into two Doniach-Sunjic function 

Gaussian lines centered at 540.04 eV[58] for Sb5+ and 539.24 eV[58] for Sb3+. This variation of 

the binding energy of the Sb 3d3/2 peak is significant in XPS measurements and clearly 

indicates the presence of two oxidation states of antimony.  

Thermogravimetric analysis (TGA) was performed on a NETZSCH STA 440 C TG/DSC 

instrument using a heating rate of 10 K min−1 in a stream of synthetic air of about 

25 mL min−1. 

Raman spectroscopy was carried out on a LabRAM HR UV/Vis Raman instrument from 

HORIBA Jobin Yvon with an Olympus BX41 microscope, a Symphony CCD detection 

system and a He-Ne laser (λ = 633 nm).  

Nitrogen sorption measurements were performed on a Quantachrome Autosorb-1 instrument 

at the boiling point of liquid nitrogen (approximately 77 K). Prior to the sorption experiments, 

the samples were degassed for 12 h at 150 °C under vacuum. The specific surface area was 

determined with the Brunauer-Emmett-Teller (BET) method at p/p0 = 0.05−0.2. The pore size 
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distribution was calculated using the DFT/Monte Carlo method and the nonlocal density 

functional theory (NLDFT) adsorption model with cylindrical/spherical pores. 

SEM images were obtained with a FEI Helios NanoLab G3 UC scanning electron microscope 

equipped with a field emission gun operated at 3 kV. The powders were measured on carbon 

tabs glued onto a sample holder.  

TEM measurements were carried out using a FEI Tecnai G2 20 S-TWIN or a Titan Themis 

300 operated at 200 kV or 300 kV, respectively. For TEM sample preparation the powders 

were gently crushed with mortar and pestle or dispersed in absolute ethanol, placed on a holey 

carbon coated copper grid and dried. 

Electrochemical measurements were performed at room temperature with ECC-PAT-Core 

(EL-Cell) battery test cells using an Autolab potentiostat/galvanostat (PGSTAT302N) with a 

FRA32M module or an Autolab Multipotentiostat M101 with an 8AUT.M101 module 

operated with Nova 1.11 software. Cyclic voltammograms were recorded in a potential range 

of 0.01–3.0 V vs. Li/Li+ using a scan rate of 0.5 mV s-1 and a step potential of 2.44 mV. The 

cells were charged and discharged galvanostatically at different C rates (1 C - 60 C) in a 

voltage range of 0.01 – 3.0 V vs. Li/Li+. 

The theoretical capacity of the SnO2 and ATO was calculated assuming that all Li per formula 

unit participate in the electrochemical reaction using the following equation: 

Theoretical capacity:       
𝐹 ∙ 𝑛𝐿𝑖

𝑀 ∙ 3.6
                (Equation 3.1) 

Where F is Faraday’s constant, nLi is the number of lithium ions per formula unit and M is the 

molecular mass of the electrode material. The overall electro-chemical process involves 8.4 

and 8.33 Li+ ions for one SnO2 and Sb0.10Sn0.90O2 (ATO) formula unit corresponding to a 

theoretical capacity of 1494 mAhg-1 and 1466 mAhg-1, respectively. Furthermore, reversible 

Li intercalation/deintercalation in graphene at E = 0.1 V with an uptake of up to 2 mol Li per 

mol graphene should be taken into account in the composite anodes:[53] 

6C (rGO) + 2Li+ + 2e− ↔ Li2C6       Equation 3.2 
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The theoretical capacity of the nanocomposites was calculated from the stoichiometric 

amounts of SnO2 or ATO and GO in the composition according to the following equation:[14, 

26]  

CATO/rGO,theo. = CATO,theo × % ATO+ CGO,theo. × % rGO             (Equation 3.3) 

with a theoretical capacity of 1494 mAhg-1 for SnO2, 1466 mAhg-1 for ATO and 744 mAh g-1 

for rGO. The specific capacity is based to the weight of the active material, namely the ATO 

nanoparticles or the ATO/rGO nanocomposites, while the masses of the additives such as 

carbon black, PVDF and NMP are not taken into account.  

Galvanostatic charge and discharge curves were recorded at room temperatures at various C-

rates ranging from 1C – 60C in a voltage window of 3.0 V to 0.01 V vs. Li+/Li. The 

corresponding current densities of the different materials investigated in this publication are 

summarized in Table 3.3. 

Table 3.3: Current densities of ATO70/rGO30, SnO2,70/rGO30 and pure ATO nanoparticles at 
different C-rates (1C–60C) and a mass loading of 0.2 mg cm-2. 

 Current densities [mA g-1] 

C-rate ATO70/rGO30 SnO2,70/rGO30 ATO 

Theoretical capacity 1249 mAh g-1 1269 mAh g-1 1466 mAh g-1 

1C 1.25 1.27 1.47 

2C 2.50 2.54 2.90 

5C 6.25 6.35 7.30 

10C 12.49 12.69 14.66 

20C 24.98 25.38 29.32 

40C 49.96 50.76 58.64 

60C 74.94 76.14 87.96 
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3.7 Supporting information  

 
Figure S3.1: XRD patterns of microwave (a, c, d) and oven (b) synthesized ATO70/GO30 (a), 
ATO90/GO10 (b), pure ATO (c) and SnO2,70/GO30 (d) before (blue line) and after pyrolysis 
(black line). The bars in the bottom of the XRD pattern mark the position and the intensity of 
the diffraction lines of SnO2 cassiterite (space group P42/mnm, JCPDS File Card No. 41-
1445).  

 

 
Figure S3.2: XPS spectra of ATO70/GO30 nanocomposites before (blue lines) and after 
pyrolysis (black lines): an overview (a), the C 1s peak (b) and the Sb 3d3/2 peak (c). The solid 
black squares in (b) and (c) correspond to the experimental spectra. (b) The peak fits for C–O 
components (285.5–288.6 eV, light grey line) and C–C components (284.6 eV, dark grey 
line). (c) The peak fits for Sb5+ (540.0 eV, light grey line) and Sb3+ (539.2 eV, dark grey line).  
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Figure S3.3: TGA curves of an oven-synthesized (100°C) ATO90/GO10 nanocomposite 
compared with pure GO. The weight loss associated with the rGO decomposition was used 
for quantification of the rGO content in the pyrolyzed composites. The weight loss 
corresponds to the initial ratio of GO in the reaction mixture. 

 
Figure S3.4: Raman spectra: (a) Overview of the ATO70/GO30 nanocomposites and pure GO 
before and after pyrolysis. (b) Zoom-in in the high shift region of the spectra showing the 2D 
and D+G bands. (c) Comparison of pure ATO nanoparticles with ATO70/GO30 
nanocomposites, showing the typical bulk vibration modes corresponding to rutile-type SnO2, 
namely A1g (630 cm-1), B2g (775 cm-1) and Eg (477 cm-1). The surface vibrations modes typical 
for nano-sized SnO2, namely S1 (333 cm-1) and S2/S3 (500 – 570 cm-1), are only visible for 
pure, as-prepared ATO nanoparticles. 

 
Raman spectroscopy is often used to verify the degree of the GO reduction by evaluating the 

intensity ratio of the D band and the G band, denoted as ID/IG. However, this approach is not 

applicable to all nanocomposites, as reported by King et al..[1] They reported that using the 

ID/IG ratio as a quality criterion of graphene is problematic for both GO and rGO, as this 

method relies on the analysis of the G peak, which is in fact a superposition of two peaks (G 

and D').1 This is in good agreement with our results, which show almost no changes in the 

ID/IG ratio even after the thermal reduction step. All ATO/SnO2 containing samples exhibited 

the typical bulk vibration modes of rutile-type SnO2 (A1g (630 cm-1), B2g (775 cm-1) and Eg 

(477 cm-1)). Pure as-prepared ATO also exhibited the surface vibration modes (S1 (333 cm-1) 

and S2/S3 (500 – 570 cm-1)), which are typical for nanosized ATO.[2] In the nanocomposites, 

the surface vibration modes are apparently suppressed due to particle growth and attachment 

to graphene. 
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Figure S3.5: Nitrogen adsorption-desorption isotherms of ATO70/GO30 (a), SnO2,70/GO30 (b), 
pure ATO nanoparticles (c) and GO (d) before (▲ red line) and after pyrolysis (■ black line), 
respectively. The corresponding BET surface areas and pore sizes are summarized in the 
following Table (Table S3.1). 

 

Table S3.1: Textural parameters of ATO70/GO30 (a), SnO2,70/GO30 (b), pure ATO 
nanoparticles (c) and GO (d) before and after pyrolysis extracted from nitrogen adsorption–
desorption isotherms from Figure S5.5. The specific surface areas were determined with the 
BET method and the pore size distribution was calculated using a nonlocal density functional 
theory (NLDFT) adsorption model with cylindrical/spherical pores. 

Panel of 
Figure S5.5 Sample name BET surface 

area [m2 g-1] 
Pore size 

[nm] 

a (▲) ATO70/GO30 270 5.8 

a (■) ATO70/rGO30 263 6.0 

b (▲) SnO2,70/GO30 260 6.0 

b (■) SnO2,70/rGO30 266 6.0 

c (▲) ATO 224 2.6 

c (■) ATO pyro 140 4.1 

d (▲) GO 54 3.8 

d (■) rGO 26 7.3 
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Figure S3.6: Low magnification SEM image of a pyrolyzed ATO70/rGO30 nanocomposite 
illustrating the homogeneity of the material, as shown by the absence of spherical ATO 
agglomerates. 

 

 
Figure S3.7: TEM images of an ATO70/rGO30 nanocomposite pyrolyzed in nitrogen at 
400 °C. (a) Low magnification TEM showing overlapping graphene flakes and (b) zoom-in of 
the marked area in (a). (c) TEM images taken from another area showing crystalline, small 
ATO nanoparticles decorating the graphene nanosheets. 
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Figure S3.8: Cyclic voltammograms of SnO2,70/rGO30 nanocomposites (a) and pure ATO 
nanoparticle based electrodes (b) showing their cycling stability. The CVs were recorded with 
a scan rate of 0.5 mV s-1 and a step potential of 2.44 mV in the range of 0.01 – 3 V vs. Li/Li+. 
The first discharge curve corresponding to the lithium ion insertion process differs 
significantly from the subsequent cycles due to the irreversible formation of a solid electrolyte 
interface (SEI) layer that disappears in the following scans.  

 

 
Figure S3.9: Rate performance of an ATO70/rGO30 electrode with a loading of 0.6 mg cm-2 at 
different rates ranging from 1 to 60C (ten cycles at each C-rate). Charge and discharge 
capacities correspond to the red (●) and black (■) labels, respectively. The electrodes deliver 
specific discharge capacities of 1260 mAh g-1 (1C; 5th cycle),1092 mAh g-1 (2C; 15th cycle), 
909 mAh g-1 (5C; 25th cycle), 762 mAh g-1 (10C; 35th cycle), 550 mAh g-1 (20C; 45th cycle), 
335 mAh g-1 (40C; 55th cycle) and 235 mAh g-1 (60C; 65th cycle), respectively. These values 
correspond to a capacity loss of 13% (2C), 28% (5C), 40% (10C), 56% (20C), 73% (40C) and 
81% (60C) compared to the initial capacity at 1C (1260 mAhg-1). The capacity is recovered to 
a level of 1031 mAh g-1 after 80 cycles between 1C and 60C, which corresponds to 82% of 
the initial capacity. 
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Figure S3.10: Multicycling stability of an SnO2,70/rGO30 electrode (loading 0.2 mg cm-2) at a 
rate of 1C and the corresponding Coulombic efficiencies (■ blue labels). Charge and 
discharge capacities correspond to the red (●) and black (■) labels, respectively. The specific 
capacity reaches 1188 mAh g-1/1135 mAh g-1 (discharge/charge) in the second cycle, which is 
close to the theoretical lithium insertion capacity of the composite (1269 mAh g-1) and 
reaches 918 mAh g-1 after 100 cycles. 

 

 
Figure S3.11: (a) Multicycling stability of an ATO electrode (loading 0.2 mg cm-2) at a rate 
of 1C and the corresponding Coulombic efficiencies (■ blue labels). Charge and discharge 
capacities correspond to the red (●) and black (■) labels, respectively. After 100 cycles at 1C, 
the electrode maintains a capacity of only 77 mAh g-1. (b) Rate performance of an ATO 
electrode at different rates ranging from 1 to 60C (ten cycles at each C-rate). The electrodes 
deliver specific discharge capacities of 1132 mAh g-1 (1C; 5th cycle), 838 mAh g-1 (2C; 15th 
cycle),647 mAh g-1 (5C; 25th cycle), 477 mAh g-1 (10C; 35th cycle), 327 mAh g-1 (20C; 45th 
cycle), 173 mAh g-1 (40C; 55th cycle) and 20 mAh g-1 (60C; 65th cycle). These values 
correspond to a capacity loss of 26% (2C), 43% (5C), 61% (10C), 71% (20C), 85% (40C) and 
98% (60C) compared to the initial capacity at 1C (1132 mAhg-1). The capacity retrieves to 
573 mAh g-1 after 80 cycles between 1C and 60C, which corresponds to an irreversible 
capacity loss of 49%. 
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Figure S3.12: Rate performance of an ATO70/rGO30 nanocomposite prepared in a 
‘dispersion-mixing’ approach. (mass loading: 0.2 mg cm-2) at different rates ranging from 1 to 
60C (ten cycles at each C-rate). Charge and discharge capacities correspond to the red (●) and 
black (■) labels, respectively. The electrodes deliver specific discharge capacities of 
1213 mAh g-1 (1C; 5th cycle),1058 mAh g-1 (2C; 15th cycle), 867 mAh g-1 (5C; 25th cycle), 
663 mAh g-1 (10C; 35th cycle), 426 mAh g-1 (20C; 45th cycle), 221 mAh g-1 (40C; 55th 
cycle) and 114 mAh g-1 (60C; 65th cycle), respectively. The capacity is recovered to a level of 
643 mAh g-1 after 80 cycles which corresponds to 55% of the initial capacity. 
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Table S3.2: Electrochemical performance of various ATO and SnO2/carbon containing 
composites 

Anode materials 

Rate performance Cycling performance 

Loading 
[mg cm-2] Ref. Discharge 

capacity 
[Ah g-1] 

Current 
density 
[A g-1] 

cycle 
Discharge 
capacity 
[Ah g-1] 

Current 
density 
[A g-1] 

cycle 

ATO/NG/TEPA 
1.23 
0.48 

0.1 
5 

2 
32 

0.89 0.5 142 - [3] 

C/ATO/CNF 
≈0.80 
0.41 
0.71 

0.1 
2 

0.1 

5 
55 
70 

0.35 0.1 2000 10.7 [4] 

ATO/MWCNT - - - 753 1C 100 - [5] 

SnO2/graphene 
≈1.20 
0.55 
1.02 

0.5 
10 
0.1 

5 
40 
45 

0.95 0.5 200 - [6] 

SnO2 
nanoparticles/ 

graphene 

0.91 
0.57 

0.5 
10 

2 
120 

1.45 2 1200 1 [7] 

C/SnO2/rGO 
≈1.05 
0.43 

≈0.11 

0.1 
10 

0.01 

5 
32 
40 

1.24 0.01 210 1.12 [8] 

SnO2/graphite 
layers 

1.18 
0.59 
1.03 

0.5 
20 
0.5 

5 
55 
70 

1.25 0.5 500 - [9] 

SnO2 
nanocrystals/ 

N-doped 
graphene 

1.07 
0.42 
1.03 

0.5 
20 
0.5 

5 
55 
65 

1.35 0.5 500 10 [10] 

SnO2 
nanoparticles/ 

vertically aligned 
graphene 

≈1.10 
0.15 

≈1.10 

0.08 
20 

0.08 

5 
60 
125 

1.00 
0.21 

0.08 
9 

100 
5000 

0.11 [11] 

SnO2/ 
honeycomb-like 

CNFs 

0.84 
≈0.55 

0.1 
2 

2 
45 

0.37 1 500 0.65 [12] 
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Extension of Table S3.2: 

Anode materials 

Rate performance Cycling performance 

Loading 
[mg cm-2] Ref. Discharge 

capacity 
[Ah g-1] 

Current 
density 
[A g-1] 

cycle 
Discharge 
capacity 
[Ah g-1] 

Current 
density 
[A g-1] 

cycle 

Mesoporous 
SnO2/rGO 

1.13 
0.75 

0.05 
0.3 

5 
20 

0.99 0.01 100 0.56 [13] 

SnO2/ 
CNT/graphene 

≈1.40 
0.79 
1.22 

0.1 
5 

0.1 

5 
55 
100 

0.87 0.2 200 - [14] 

SnO2/3D carbon 
network 

0.62 
0.28 
0.63 

0.05 
10 

0.05 

10 
65 
80 

0.64 0.1 50 - [15] 

SnO2/graphene 
≈1.20 
≈0.60 
≈1.15 

0.1 
1 

0.1 

5 
135 
160 

0.68 1 1000 0.8 [16] 
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Florian Zoller synthesized the freestanding (Sb doped) SnO2/rGO composites discussed 

below, performed experiments and analyzed the data using XRD, IR and electrochemical 

measurements and evaluated the data obtained by electron microscopy, TGA and nitrogen 

sorption. He also managed the project and wrote the corresponding manuscript. 
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4.1 Abstract 

Freestanding electrodes are discussed as a promising option to decrease the overall amount of 

electrochemically inactive materials due to the absence of metallic current collector foils. 

Freestanding Sb doped SnO2 (ATO) based hybrid materials have not been reported so far, 

although this material has demonstrated excellent performance in conventionally designed 

electrodes with metal current collectors. Two different strategies with a potential for scale-up, 

namely electrospinning and freeze-casting, have been explored for the fabrication of ATO 

based hybrid materials. It was shown that electrospinning is not suitable for the synthesis of 

ATO based electrodes due to reduction of ATO to Sn and SbSn alloys during the 

carbonization step, resulting in materials with a low capacity and rapid degradation. 

Freestanding ATO/rGO composites with a high reversible capacity can be, however, 

successfully fabricated via a freeze-casting route. The freeze-cast ATO/rGO freestanding 

electrodes have an ATO loading of 75 wt% and show capacity of 365 mAh g-1 after 100 

cycles, which is around 6 times higher as compared to the undoped reference electrode. 

Finally, it was demonstrated that the freestanding ATO/rGO anodes can be combined with 

freestanding LiFe0.2Mn0.8PO4/rGO cathodes to deliver a “freestanding” full-cell operating 

without metal current collector foils. The freestanding cell shows a full utilization of electrode 

capacity and demonstrates an impressive cycling stability with a capacity retention of 96% 

after 70 cycles at 0.5C. 

 

4.2 Introduction 

Batteries and in particular lithium-ion batteries (LIBs) have become an indispensable part of 

daily life. The relentless development of new portable electronic devices, electromobility and 

large-scale energy storage demands LIBs with higher reachable capacities, advanced rate 

capability and a persistent cycling performance. In order to address those issues, new 

electrode materials need to be found, implying in case of the anode that the currently used 

graphite with its rather low theoretical capacity of 372 mAh g-1 has to be replaced.[1-3]  

SnO2 has attracted increasing attention as a promising alternative anode material featuring a 

high theoretical capacity of 1494 mAh g-1 and a low working potential.[1-3] Lithiation and 

delithiation of SnO2 can be subdivided into two main steps. In a first step, SnO2 undergoes a 

conversion reaction resulting in the formation of metallic Sn embedded into a Li2O matrix, 
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followed by alloying reactions between lithium and the previously formed Sn phase yielding 

LixSn (0 ≤ x ≤ 4.4).[2-4] However, in case of bulk SnO2 the conversion reaction is irreversible 

thus limiting the theoretical capacity to 782 mAh g-1.[4] Moreover, the conversion reaction as 

well as the subsequent alloying reactions are accompanied by large volume changes of up to 

358%, causing internal stress and pulverization of the electrode. Nanosizing of SnO2 is a well-

known strategy to achieve better reversibility of both conversion and alloying reactions and to 

accommodate the large volume changes.[4, 5] Moreover, nanosizing is beneficial due to a 

decreased diffusion path length of lithium ions and electrons resulting in lower polarization 

and consequently in an improved rate capability.[6] The performance of SnO2 based materials 

can be additionally enhanced by element doping, which can increase the electrical 

conductivity by several orders of magnitude.[3] It has been reported that the dopants can also 

catalyze the decomposition of the Li2O matrix, increasing the reversibility of the conversion 

reaction and thus enhancing the electrochemical performance.[7] Another often observed effect 

upon doping is a decreased particle size compared to the undoped analogs, shortening the 

diffusion path of lithium ions.[8, 9] Doping is generally viewed as being favorable for 

improving the rate and cycling stability. Very promising results have been obtained for 

example by using Co,[8-10] Fe,[7, 8] Mn,[8, 11] or Sb[2, 12] dopants. 

SnO2 nanoparticles typically suffer from agglomeration upon repeated cycling, which 

decreases the electrochemically active surface area and consequently induces capacity fading. 

These effects have been also partially observed for doped SnO2.[6, 13] Embedding (doped) 

SnO2 nanoparticles into a carbonaceous matrix has been demonstrated to be a promising 

approach to alleviate that issue. Moreover, carbonaceous support materials like reduced 

graphene oxide (rGO), carbon nanotubes (CNTs) or carbon nanofibers (CNFs) increase the 

overall conductivity and buffer the volume change of SnO2 during de-/lithiation, hence 

improving the electrochemical performance.[1, 14, 15] 

Besides improving the storage capacity of individual electrode materials, the optimization of 

the battery design and the minimization of the fraction of the electrochemically inactive 

components is another means to increase the total energy density of the battery. Electrodes for 

LIBs are generally prepared via slurry casting methods, which implies that the active material 

or its respective composite is mixed with a polymeric binder, conductive additives and a 

solvent, followed by coating this slurry onto a copper (anode) or aluminum (cathode) foil. 

Consequently, the electrodes consist of up to 50 wt% of electrochemically inactive materials, 

which strongly decreases the overall energy density of the anode.[1] One attractive concept to 
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reduce the weight of the current collector is the fabrication of freestanding electrodes based 

on conducting (mainly carbonaceous) materials that act simultaneously as a current collector 

and as a conducting matrix incorporating and stabilizing the active material. Numerous SnO2-

carbon hybrid materials have been reported, which are eventually also applicable as 

freestanding electrodes. The reported examples of freestanding electrodes include SnO2 

embedded into rGO,[1, 6, 15-20] CNTs,[14, 21, 22] CNFs,[23-26] carbon cloth,[10, 27-29] carbon paper,[30] 

or carbon monoliths,[31] which have been prepared via electrospinning,[23] vacuum filtration,[1, 

18, 20, 21] a combination of in-situ hydrothermal synthesis and freeze-drying,[15, 17] hydrothermal 

synthesis of SnO2 on a preformed array[27-29] or electrodeposition[30]. However, the literature 

dedicated to the development of freestanding electrodes based on doped SnO2 is rather scarce. 

Zhang et al. reported a Co-doped SnO2/rGO/carbonized cotton composite that demonstrated a 

better conductivity and a superior electrochemical performance as compared to the undoped 

equivalent.[10] In another publication Zhang et al. described an Fe-doped 

SnO2/rGO/carbonized cotton composite. The performance of this material was superior to that 

of an undoped equivalent, but slightly inferior compared to the freestanding Co-doped SnO2 

composite.[7] The Zn-doped SnO2/rGO composite reported by Dou et al. is another example 

for combining doped SnO2 and a current collector-free electrode architecture.[32]   

Sb-doped SnO2 (ATO) freestanding composites have not been reported so far, despite the fact 

that conventional Sb:SnO2 composite electrodes have demonstrated excellent rate and cycling 

stability outperforming any other SnO2-based materials.[2, 12]  

In this paper we investigate ways to prepare freestanding binder-free ATO/rGO electrodes. 

Two approaches commonly used for the electrode fabrication, namely freeze-casting and 

electrospinning, were tested. We have found that electrospinning is not suitable for the 

fabrication of ATO/carbon electrodes, as the pyrolysis step required to carbonize the 

polyvinyl pyrrolidone polymer results in reduction of ATO with the formation of poorly 

performing SbSn-alloy/carbon nanofiber (SbSn/CNF) composites. In contrast, freeze-casting 

enables fabrication of freestanding ATO/rGO electrodes with a good rate performance and 

cycling stability. Finally, a “freestanding full-cell” was realized, consisting of the freestanding 

ATO/rGO nanocomposite as an anode and a high voltage freestanding 

LiFe0.2Mn0.8PO4/C/rGO electrode serving as a cathode. The ATO/rGO – LFMP/C/rGO LIB 

cell reveals an excellent cycling stability reaching 108 mAh g-1
LFMP (based on the weight of 

LFMP) in the 70th cycle, corresponding to a capacity retention of 96% compared to the first 

cycle.  
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4.3 Results and discussion 

Two different strategies were evaluated for the preparation of freestanding Sb-doped 

SnO2/carbonaceous hybrid materials.  

In the first approach, Sb-doped SnO2/graphene oxide (ATO/GO) nanocomposites 

(Figure 4.1b) were prepared in a freeze-casting route. In the first step, a basic (pH = 9) 

suspension containing tin (IV) chloride, antimony (III) chloride and GO was prepared. As 

follows from previous reports, tin and antimony precursors hydrolyze with the formation of 

different tin hydroxides including for example [Sn(H2O6-x(OH)x](4-x)+ species. The charged 

hydrolyzed species interact with the hydroxyl, carboxyl and epoxy functional surface groups 

of GO (Figure 4.2) resulting in a homogeneous deposition of the amorphous ATO precursor 

on the surface of GO, which subsequently transforms to crystalline Sb:SnO2 (ATO).[33, 34] 

After repeated extensive washing and centrifugation the ATO/GO composite was 

ultrasonically treated, forming a homogenous suspension which was subsequently freeze-cast 

and freeze-dried resulting in dark yellowish/brownish ATO/GO monoliths (Figure 4.1a) with 

a diameter of around 3.5 cm. After pyrolysis at 400 °C in nitrogen, black ATO/rGO 

nanocomposite monoliths (Figure 4.1b) are obtained, which are applicable for utilization as 

freestanding electrodes implying that neither a metallic current collector foil is needed nor a 

supplementary addition of polymeric binder and conductive agents. 

The successful formation of ATO nanoparticles inside the hybrid composite is demonstrated 

with the XRD patterns depicted in Figure 4.1c. The three diffraction peaks at 25.6, 30.4 and 

50.6° 2Ɵ can be assigned to the (110), (101) and (211) reflections of tetragonal SnO2 (ICDD 

card No. 00-41-1445). Reflections related to tin hydroxides or SnO were not observed. The 

average crystalline domain size of the ATO nanoparticles is around 0.6 nm, based on the 

broadening of the (101) peak evaluated by using Scherrer’s equation.[22] Even after pyrolysis, 

the particle size increases only slightly to 1.1 nm. Interestingly, the addition of sucrose during 

ultrasonication impedes the ATO particle growth during the subsequent pyrolysis 

(Figure S4.1a). In case of the undoped SnO2/GO and SnO2/rGO nanocomposites, particle 

sizes of 1.0 and 2.1 nm were obtained, respectively. The larger particle sizes of the undoped 

SnO2 composites compared to the doped SnO2 hybrid materials agree well with observations 

reported in the literature.[8, 9]  
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Figure 4.1: Images of the freestanding ATO/GO (a) and ATO/rGO (b) nanocomposites and 
the XRD patterns of rGO, ATO/GO, ATO/rGO (c). 

 

Thermogravimetric analysis (TGA) of the hybrid materials reveals that ATO nanoparticles 

have a share of around 75 wt% in the freestanding ATO/rGO composite (Figure 4.2). 

Moreover, TGA shows that GO has been successfully reduced to rGO during the pyrolysis 

step, as only one major weight loss step between 400 and 500 °C was observed in the TGA, 

which is attributed to the combustion of rGO under air atmosphere.[34] In comparison, 

ATO/GO features an additional weight loss step at 220 °C related to the loss of oxygen-

containing groups on the surface of GO.[35] The ATO/C/rGO composite has a much lower 

ATO content equaling 54 wt% due to the additional carbon coating. (Figure S4.2). The 

successful reduction of GO was also confirmed with the results obtained from FT-IR analysis 

(Figure 4.2 and S4.1b). In case of GO and the respective ATO and SnO2 containing 

composites, a large broad peak at around 3300 cm-1 is visible, which can be assigned to O-H 

stretching vibrations of adsorbed water molecules and structural -OH groups.[36] Moreover, 

the peaks at 1636, 1420, 1060 and 968 are attributed to bending vibration of -OH groups and 

to vibrations of carboxyl and epoxy functional groups, respectively.[37, 38] Besides the above-

mentioned peaks, ATO/sucrose/GO displays several peaks between 1200 and 860 cm-1 that 

are caused by sucrose. These peaks vanish or at least drastically decrease in intensity after the 

pyrolysis step. Additionally, two new peaks are clearly visible at 1560 and 1220 cm-1. The 

former indicates C=C stretching and skeletal vibrations of the rebuilt graphene structure.[34, 36, 

39] The latter is assigned to residual epoxy groups on the surface of rGO and can be commonly 

found for rGO and rGO containing composite materials in literature.[15, 34, 38, 39]  

c) 
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Figure 4.2: Thermogravimetric analysis of ATO/GO and ATO/rGO (a) and FT-IR spectra of 
GO, rGO, ATO/GO and ATO/rGO (b). 

 

The morphology of the freestanding ATO/GO and ATO/rGO nanocomposites was analyzed 

by scanning electron microcopy (SEM). The cross-sectional images depicted in Figure 4.3 

reveal that the rGO sheets form an interconnected three-dimensional network homogenously 

coated with ATO nanoparticles. Such a spongy structure with its open channels can be very 

beneficial for infiltration with electrolyte throughout the composite, hence shortening the Li+ 

diffusion pathways. Moreover, the fluffy structure can also be advantageous for alleviating 

the volume changes of ATO upon de/-lithiation.[34] The morphology of ATO/rGO composites 

differs from that of pure rGO obtained under the same conditions, as shown in the SEM 

images (Figure 4.2 and S4.3). Pure rGO monoliths prepared in the same freeze-casting 

procedure but without ATO precursor feature a more crumpled-paper like structure of the 

rGO sheets (Figure S4.3c, d). According to literature, the cycling stability and the rate 

performance of SnO2 based composite materials can be enhanced by an additional carbon 

coating.[14, 40, 41] Carbon-coated ATO/rGO composites (ATO/C/rGO) were prepared similar to 

the ATO/rGO composites, with the only difference that sucrose was added during the 

ultrasonication step. SEM images demonstrate that the addition of sucrose affects the overall 

morphology of the hybrid material. The ATO/C/rGO composite consists of more wrinkled 

and contracted ATO-coated rGO sheets in comparison to the rather flat rGO sheets in case of 

the ATO/rGO composite (Figure 4.3b, d).  

a)                                                          b) 
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Figure 4.3: SEM images of cross section of freestanding ATO/rGO (a, b) and ATO/C/rGO 
nanocomposite (c, d). 

 

Moreover, the ATO/rGO composite was analyzed SEM/EDX. The elemental mapping 

demonstrates a uniform distribution of Sn and Sb colocalized with C signals originating from 

rGO (Figure S4.4), with an Sb/Sn doping ratio of 10 at% according to EDX.   

High-resolution transmission electron microcopy (HRTEM) of the ATO/rGO and 

ATO/C/rGO nanocomposites (Figure 4.4a-c, and S4.5) show a homogenous distribution of 

the ATO nanoparticles on the rGO sheets. rGO sheets aligned perpendicular to the TEM grid 

are indicated by red arrows in Figure 4.3b. The ATO particles have a size of 2 to 3 nm in case 

of the ATO/rGO nanocomposite, which agrees well with the results obtained from XRD. The 

typical rings in the selected area electron diffraction (SAED) pattern can be assigned to the 

cassiterite structure of ATO (d-values: 3.4 Å (110), 2.7 Å (101) and 1.8 Å (211)) indicating 

the formation and random orientation of nanocrystalline ATO particles on the surface of 

rGO.[2, 34, 42] These rings are also visible in case of the ATO/C/rGO nanocomposite 

(Figure S4.5c), however they are more diffuse. Possible reasons include a lower crystallinity 

of the ATO particles as derived from the XRD pattern in Figure S4.1a, and the higher degree 

of agglomeration of the ATO-coated rGO sheets. Nevertheless, the 1.2-1.8 nm small ATO 

particles are also homogenously distributed on the rGO sheets (Figure S4.5b).  

a)                                                      b) 

   
  

  

 

c)                                                      d) 
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Figure 4.4: HRTEM images (a-c) and SAED pattern (d) of the ATO/rGO nanocomposite. 
The red arrows in (b) mark rGO sheets aligned perpendicularly to the TEM grid. The rings in 
the SAED pattern (d) are assigned to the tetragonal structure of the ATO nanoparticles. 

 

Nitrogen sorption measurements were conducted to analyze the porosity of the freestanding 

ATO/rGO and ATO/C/rGO hybrid materials. As depicted in Figure 4.5, the composites 

display type IV isotherms with H2-type hysteresis loops, which is typical for a mesoporous 

material. The pore size varies mainly between 10-50 nm as shown in the inset of Figure 4.5 

indicating mesoporosity of the hybrid materials. Moreover, the ATO/GO and ATO/C/rGO 

composites have a Brunauer-Emmett-Teller (BET) specific surface area of 163 and 21 m2 g-1, 

respectively. The different surface areas correspond to the results obtained from the SEM 

images. The more crumpled ATO/C/rGO composite with its more agglomerated rGO sheets 

has a smaller BET surface area. A large specific surface area is beneficial with regards to a 

high contact area between the active material and the electrolyte, enabling rapid charge 

transfer and hence an improved electrochemical performance.[34] 

a)                                        b) 

  
 

  

  

  

c)                                        d) 
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Figure 4.5: Nitrogen adsorption/desorption isotherms with pore size distribution curves 
(inset) of ATO/rGO (a) and ATO/C/rGO nanocomposites (b). 

 

In a second synthetic approach, we have attempted to prepare ATO/CNF freestanding 

composite electrodes by electrospinning an ethanolic spinning solution containing tin acetate, 

antimony acetate and polyvinyl pyrrolidone (PVP). The resulting flexible and mechanically 

stable mat has a size of approximately 10 x 25 cm (Figure S4.6a) and consists of homogenous 

nanofibers with diameters of around 250 nm (Figure S4.6b). EDX analysis reveals a uniform 

distribution of Sn and Sb inside the PVP nanofibers and the expected Sb amount of 10 at% in 

the context of Sb:SnO2 (Figure S4.7). After stabilizing the composite mat in air, three very 

small broad bumps are observed at around 25.6°, 33.9° and 51.8° 2Ɵ in the corresponding 

XRD pattern, which can be assigned to the (110), (101) and (211) reflections of SnO2 (ICCD 

card No. 00-041-1445), respectively, indicating the formation of Sb:SnO2.[2] In order to obtain 

a conductive mesh, the composite had to be pyrolyzed to carbonize the PVP fibers. Different 

pyrolysis temperatures were tested ranging from 400 to 700 °C. Beside the diffraction peaks 

assigned to SnO2, new reflections arise at a pyrolysis temperature of 400 °C which can be 

attributed to a SnSb-alloy (ICCD card No. 00-033-0118) and metallic Sn (ICCD card No. 00-

004-0673). With increasing temperature, the diffraction peaks of SnO2, SnSb and Sn get 

sharper and gain in intensity, indicating an increase in crystallinity and crystallite size. At a 

pyrolysis temperature of 700 °C, the diffraction peaks of ATO are not detected, indicating that 

ATO has been completely reduced to metallic Sn and SnSb (see Figure 4.6a), most probably 

due to the reducing environment generated by the carbonization of PVP.[43] Chen et al. 

observed a similar effect. They reported a Mo:SnO2/polyacrylonitrile (PAN) composite which 

was reduced to a Mo:Sn/CNF hybrid upon pyrolysis at 700 °C.[5] Moreover, pyrolysis of the 

SnO2/PVP composite at different temperatures also resulted in different morphologies. After 
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pyrolysis at 400 °C, the surface of the nanofibers appeared to be rougher (Figure 4.6b) as 

compared to the non-pyrolyzed raw material (Figure S4.6b). At 500 °C small droplet-like 

particles are visible at the surface of the nanofibers that increase drastically in size with 

increasing pyrolysis temperature (Figure 4.6b-e), which is in good agreement with the results 

obtained from XRD.  

 
Figure 4.6: XRD patterns of electrospun non-pyrolyzed ATO/PVP, and of the corresponding 
composites obtained after pyrolysis at 400, 500, 600 and 700 °C (a) and the respective SEM 
images (b-e). 

 

The SbSn/CNF composites pyrolyzed at 400-700 °C were analyzed with electrochemical 

measurements. As the composites were still maintained as paper-like mats after pyrolysis, 

they were used directly as freestanding electrode materials. 

Cyclic voltammetry of composites was performed in a potential range between 0.01 and 3.0 V 

at a scan rate of 0.5 mV s-1. Due to different composition of materials obtained at different 

pyrolysis temperatures, their cyclic voltammograms also differ strongly (see Figure 4.7a and 

Figure S4.8). The composite pyrolyzed at 400 °C obviously demonstrates the worst 

electrochemical performance. In the first cycle, a broad reduction peak at 0.9 V can be 

observed, which disappears in the subsequent cycles. This peak is assigned to the formation of 

a solid electrolyte interphase (SEI) and the formation of amorphous Li2O upon reduction of 

SnO2 to Sn.[44] The reduction current between 0.3 and 0 V can be associated with the alloying 

reactions forming LixSn and the insertion of lithium into carbon. The corresponding LixSn 

dealloying reactions occur at 0.6 V.[42] Interestingly, the reduction current increases during the 

subsequent cycles. The composite pyrolyzed at 500 °C shows similar voltammograms as the 

b)                       c) 

  

  
d)                       e) 

a) 
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composite pyrolyzed at 400°C, however with distinctly higher reduction and oxidation 

currents. Moreover, an additional small, rather broad anodic peak at 1.28 V can be observed, 

which corresponds to the re-oxidation of Sn to SnO2.[45]  

The composites obtained after pyrolysis at 600 and 700 °C show greatly improved 

electrochemical performance as compared to the compounds obtained at lower temperatures. 

In the first cycle of CVs of these materials several small peaks between 0.7 and 0.4 V are 

visible, which can be ascribed to the alloying reactions of Sn and SnSb phases formed by 

pyrolysis. The corresponding dealloying reactions visible as multiple peaks take place 

between 0.7 and 1.1 V. The individual peaks partially merge into broad peaks in the following 

cycles.[45-47]  

 
Figure 4.7: CV curves of electrospun Sn/Sb-based composites pyrolyzed at 400, 500, 600 and 
700 °C, recorded at a scan rate of 0.5 mV s-1 (5th cycle) (a) and their respective rate 
performance at charging/discharging rates varying between 0.2 and 6 A g-1 (b). 

 

The rate performance of the composites pyrolyzed at 500-700 °C was analyzed at 0.2, 0.5, 1, 

1.5, 2, 4 and 6 A g-1 (Figure 4.7). The composite obtained after pyrolysis at 500 °C 

demonstrates the worst electrochemical performance with a low initial capacity and a rapid 

capacity fading at higher applied currents. The poor performance of this compound can be 

explained by an insufficient carbonization of the PVP fibers at 500 °C and, as a result, low 

overall conductivity. Moreover, ATO particles entrapped in the partially pyrolyzed “PVP” 

fibers are possibly not completely accessible for lithiation reactions. Interestingly, the specific 

capacity continuously increases during the first 20 cycles. Nevertheless, the observed specific 

capacities are still low, reaching only 200 mAh g-1 at 0.2 A g-1. In comparison, the composites 

pyrolyzed at 600 and 700 °C demonstrated initial capacities of 691 and 602 mAh g-1, 

respectively. The higher initial capacity in case of the 600 °C composite can be tentatively 
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attributed to the presence of the SnO2 phase, which has a higher theoretical capacity 

(1400 mAh g-1)[22] as compared to Sn (994 mAh g-1)[47] and Sb (660 mAh g-1)[47]. However, 

the capacity of the 600 °C composite continuously decreases during the subsequent 

charge/discharge steps. In contrast, the initially lower capacity of the compound pyrolyzed at 

700 °C increases during the charge/discharge steps at 0.2 A g-1. In total, compounds 

pyrolyzed at 600°C and 700°C demonstrate similar charge/discharge performance during the 

prolonged cycling, showing rapid capacity fading at higher C-rates. When the 

charge/discharge current is set back to 0.2 A g-1 there is continuing capacity fading, resulting 

in 262 mAh g-1 (600 °C) and 258 mAh g-1 (700 °C) at the 80th cycle corresponding to a 

capacity retention of only 38% and 43% compared to the 10th cycle, respectively. 

Interestingly, in case of the composite pyrolyzed at 500 °C, the capacity increased to 

266 mAh g-1 at the 80th cycle, indicating an activation of the composite upon cycling. 

Nevertheless, it can be concluded that the analyzed composites are not well suited for the 

application in LIBs. We assume that the poor performance of the composites pyrolyzed at 400 

and 500 °C is due to the incomplete carbonization of PVP. The higher temperatures lead not 

only to the targeted carbonization of PVP but also to a non-desired reduction of ATO to large 

Sn/Sb particles that are not embedded in the CNF fibers, such that the irreversible 

agglomeration and loss of active material cannot be effectively inhibited.  

In contrast to the freestanding electrospun electrodes that feature low capacities and fast 

capacity fading, the ATO/rGO nanocomposites prepared by freeze-casting demonstrate 

greatly improved and stable electrochemical behavior as will be shown below. The 

nanocomposites were used directly as freestanding electrode without the help of a copper foil 

current collector, polymeric binder and supplementary conductive additives.  

In order to study the different reactions taking place during lithiation and de-lithiation, the 

freestanding ATO/rGO, ATO/C/rGO, SnO2/rGO and rGO materials were analyzed using 

cyclic voltammetry in a potential range of 0.01 to 3.0 V at a scan rate of 0.2 mV s-1 

(Figure 4.8a and S4.9).  
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Figure 4.8: CV curves of freestanding ATO/rGO recorded in the potential range between 
0.01 V and 3 V at a scan rate of 0.2 mV s-1 (a), corresponding charge/discharge curves at a 
current density of 1 A g-1 (b), cycling stability at 1 A g-1 (c) and rate performance at current 
densities ranging from 0.2 to 4 A g-1 of freestanding ATO/rGO, ATO/C/rGO and SnO/rGO 
composites (d). 

 

During the first cycle a distinct cathodic peak at around 1.1 V is observed for the ATO/rGO 

composite electrode (Figure 4.8a), which is also detectable as a voltage plateau in the 

respective galvanostatic discharge curves (Figure 4.8b). This feature is typical for the SnO2-

based compounds and corresponds to the conversion reaction of ATO nanoparticles to Sn, Sb 

and Li2O. During the first scans this process is accompanied by an irreversible formation of 

the SEI layer, which results in significant capacity losses during the first cycles.[2, 48] Further, 

a small shoulder at 0.5 V and an intense peak at 0.04 V are observed during the first reduction 

scan, which are attributed to the multistep alloying reactions between Sn/Sb and Li+ with 

formation of Li4.4Sn and Li3Sb alloys.[2, 11, 37] The peaks at 0.6 and 1.3 V observed during the 

reverse anodic scan correspond to the dealloying reaction and the conversion of Sn/Sb back to 

ATO.[37] Similar CV curves are observed also for the undoped SnO2/rGO hybrid material 

(Figure S4.8b).  
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Attempts to increase the conductivity of electrodes via addition of sucrose resulted in a 

deteriorated electrochemical performance in case of freestanding electrodes. CV curves of the 

ATO/C/rGO freestanding electrodes (Figure S4.8a) differ slightly from comparable ATO/rGO 

and SnO2/rGO electrodes, probably due to the larger amount of carbonaceous species. 

Figure 4.8c and Figure 4.8d display the change in capacity of the ATO/rGO, ATO/C/rGO and 

SnO2/rGO electrodes during multiple galvanostatic charge/discharge and at different rates, 

respectively. We emphasize that the charge and discharge capacities, as well as the 

discharging/charging current densities discussed in the following are based on the weight of 

the entire electrode, including the mass of ATO, rGO and C. 

The cycling measurements (Figure 4.8c) were conducted at a discharge and charge current of 

1 A g-1. In the first cycle, the freestanding ATO/rGO composite reaches discharge and charge 

capacities of 1260 and 659 mAh g-1, respectively, corresponding to a Coulombic efficiency of 

52%. The low initial Coulombic efficiency is assigned to the formation of a SEI layer as 

discussed above. In the subsequent cycles stable Coulombic efficiencies approaching 100% 

were obtained. The discharge and charge capacity values however slightly decrease resulting 

in 365 and 362 mAh g-1 after 100 cycles, respectively. In case of the undoped SnO2/rGO 

composite, capacity fading is more pronounced. After 100 cycles a reversible capacity of only 

60 mAh g-1 is retained. This observation demonstrates the great benefits of Sb doping, which 

increases the reversibility of the conversion reaction and enhances the conductivity of SnO2 

particles.[2, 3, 49]  

The carbon-coated ATO/C/rGO electrodes demonstrate improved cycling stability but 

significantly lower capacities as compared to uncoated ATO/rGO electrodes. The charge 

capacities of ATO/C/rGO electrodes are 401, 360 and 242 mAh g-1 (calculated on the total 

weight of the electrode) in the 1st, 5th and 100th cycle, respectively. A reason for the lower 

capacity values of the ATO/C/rGO electrode can be the lower fraction of ATO in the 

electrode due to the increased amount of carbon. Further, the different morphologies of the 

ATO/rGO and ATO/C/rGO composites (Figure 4.3) can also have an impact on the 

electrochemical performance. The crumpled structure with its slightly agglomerated rGO 

sheets and the lower surface area of ATO/C/rGO may limit the accessibility of the ATO 

particles, which could result in a decreased capacity as compared to ATO/rGO. 

The rate performance of the three materials was evaluated at different charging and 

discharging current densities ranging between 0.2 and 4 A g-1. The ATO/rGO composite 
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reached 1123, 968, 718, 448, 238 and 50 mAh g-1 (in the 5th cycle of each individual rate step) 

at 0.2, 0.5, 1, 1.5, 2 and 4 A g-1 respectively. When the current density was set back to 

0.2 A g-1, the ATO/rGO composite retained 893 mAh g-1, corresponding to a capacity 

retention of 75% compared to the first cycle. The undoped SnO2/rGO composite delivered, at 

the same rate steps, 1044, 533, 163, 57, 37, 16 and 441 mAh g-1. Figure 4.8d also indicates the 

severe capacity fading of the undoped SnO2/rGO electrode that was also observed during the 

cycling stability measurement. The much-enhanced performance of the ATO/rGO composite 

as compared to the SnO2/rGO analog is attributed to the Sb doping. In agreement with the 

cycling performance test results, the ATO/C/rGO reaches relatively lower specific capacities 

as compared to ATO/rGO at current densities ranging from 0.2 to 1.5 A g-1, probably due to 

the decreased theoretical capacity. However, at high current densities of 2 and 4 A g-1 

increased capacities are maintained compared to the non-carbon coated ATO/rGO. This effect 

maybe ascribed to the better conductivity provided by the carbon coating layer. Thus, carbon 

coating seems beneficial for reaching higher specific capacities at high current densities. 

Comparison of these data with literature (Table S4.1) demonstrates that ATO/rGO and 

ATO/C/rGO composites can keep up with the best performing freestanding SnO2-based 

materials and clearly exceed the values reported for freestanding doped SnO2 composites. 

Finally, the freestanding ATO/rGO composite was analyzed in a full-cell configuration using 

a high-voltage freestanding LiFe0.2Mn0.8PO4/C/rGO composite as cathode (Figure 4.10). The 

full-cell was cycled galvanostatically at 0.5C (1C = 171 mA g-1
LFMP) between 2.0 and 4.5 V. 

The observed capacity values are based on the mass of LFMP. In the first cycle, charge and 

discharge capacities of 132 and 112 mAh g-1
LFMP were obtained, respectively, corresponding 

to a coulombic efficiency of 85%. In the subsequent cycles highly stable coulombic 

efficiencies of ≥99% were reached. In the 70th cycle a discharge capacity of 108 mAh g-1
LFMP 

was reached corresponding to a capacity retention of 96% compared to first cycle 

(Figure 4.10), demonstrating the excellent cycling stability of the freestanding ATO/rGO – 

LFMP/C/rGO LIB cell. 
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Figure 4.10: Cycling stability and Coulombic efficiency (a) of a freestanding ATO/rGO – 
LFMP/C/rGO full-cell over 70 cycles at 0.5C. Note that the measurements are based on the 
weight of LFMP. 
 

4.4 Conclusion 

Electrospinning and freeze-casting were investigated as possible synthesis routes for the 

fabrication of freestanding Sb-doped SnO2 (ATO) based hybrid materials. ATO based 

freestanding composite electrodes have not been reported so far, although this material has 

demonstrated very high and stable capacity in conventional designs with metal current 

collector. Electrospinning was found to be ill-suited for the fabrication of ATO/CNF 

electrodes due to the high pyrolysis temperatures (above 600 °C) required for the 

carbonization of the PVP matrix, which was accompanied by reduction of ATO to Sn and a 

SnSb alloy. The electrodes obtained via electrospinning show a low specific capacity and 

rapid capacity fading. 

In contrast to electrospinning, freeze-casting enabled the successful fabrication of 

freestanding ATO electrodes. In a typical synthesis, a suspension containing hydrolyzed tin 

(IV) and antimony (III) chlorides and GO composites was freeze-cast and finally pyrolyzed 

resulting in freestanding ATO/rGO composites. Undoped SnO2/rGO and carbon-coated 

ATO/C/rGO electrodes were prepared in a similar way using a slightly modified procedure. 

The ATO/rGO hybrid material demonstrated superior cycling stability and rate performance 

compared to the undoped SnO2/rGO composite. Finally, the freestanding ATO/rGO was 

combined with a freestanding LiFe0.2Mn0.8PO4/C/rGO composite as cathode to provide a 

freestanding full-cell, which demonstrated excellent cycling stability with a capacity retention 

of 96% after 70 cycles at 0.5 C. 
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4.5 Experimental section 

Materials: All chemicals were used as-received unless otherwise noted: tin(IV) acetate 

(Sigma Aldrich), antimony(III) acetate (99.99%, Sigma Aldrich), polyvinylpyrrolidone (PVP; 

Sigma Aldrich, Mw ~ 1,300,000 by LS), tin (IV) chloride pentahydrate (SnCl4·5H2O; 99%, 

Sigma Aldrich), antimony (III) chloride (SbCl3; 99%, abcr), hydrochloric acid solution (2M, 

Bernd Kraft), L(+)-ascorbic acid (C6H8O6, Riedel-de Haen), ammonia solution (25%, Acros), 

sucrose (C12H22O11, Sigma-Aldrich), graphite microparticles (2–15 μm, 99.9995%, Alfa 

Aesar), PuriEL electrolyte (1.15 M LiPF6 in EC/EMC/DMC = 2:2:6 v/v + 1.0 %wt FEC, 

soulbrain MI), lithium metal (Rockwood). Sulphuric acid (98%), phosphoric acid (85%), 

potassium permanganate (99.5%), hydrogen peroxide (30%), barium nitrate (99.5%) and N,N-

dimethylformamide (DMF) were obtained from Penta, Czech Republic. 

Synthesis of graphene oxide suspension: The graphene oxide suspension was synthesized 

according to our previous work[2, 50] being a slightly modified synthesis route reported by 

Marcano et al..[51] 3.0 g graphite and 18.0 mg potassium permanganate were added to a cooled 

(below 0 °C) mixture of concentrated sulfuric acid (360 mL) and phosphoric acid (40 mL). 

Afterwards, the mixture was heated at 50 °C for 12 h under stirring, cooled to room 

temperature and finally poured on ice followed by the addition of a 30% hydrogen peroxide 

(3.0 mL) solution. After the ice was molten, hydrogen peroxide (30 mL) and water (2500 mL) 

were subsequently added. The resulting graphene oxide was washed by repeated 

centrifugation and redispersion in deionized water until a negative reaction for sulfate ions 

with Ba(NO3)2 was achieved. The graphene oxide slurry was ultrasonicated for 1 h to 

exfoliate the GO sheets. The concentration of GO in this suspension was measured to be 

20.4 mg mL-1 by gravimetric analysis. 

Fabrication of ATO/rGO freestanding nanocomposites by freeze-casting: 263 mg tin (IV) 

chloride pentahydrate (SnCl4·H2O; 0.75 mmol), 14 mg antimony (III) chloride (SbCl3; 

0.061 mmol) and 30 mg (0.17 mmol) ascorbic acid were dissolved in 5 mL hydrochloric acid 

(HCl; 2M). Afterwards 2 mL of the previously prepared GO suspension and 15 mL deionized 

water were added. The resulting suspension was stirred at room temperature for 20 min 

followed by the addition of ammonia solution until the pH reached 9 and another stirring 

period of 45 min. Afterwards, the suspension was washed by repeated centrifugation and 

redispersion in deionized water. Freestanding nanocomposites were obtained by dispersion of 

the brown composite material in 20 mL deionized water, subsequent ultrasonic treatment for 
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2 h and freeze-casting on aluminum blocks, which were cooled in advance with liquid 

nitrogen. After removing the aluminum substrate, the frozen composite was finally freeze-

dried. The resulting freestanding composites were pyrolyzed at 400 °C for 4 h in nitrogen 

atmosphere yielding ATO/rGO. 

ATO/C/rGO composites were prepared similarly except that 40 mg sucrose was added during 

ultrasonication. 

Fabrication of ATO/rGO freestanding nanocomposites by electrospinning: In a typical 

procedure, 1.0 g tin (IV) acetate (2.8 mmol) and 0.1 g antimony (III) acetate (0.33 mmol) 

were dissolved in 4.5 mL ethanol for one day. A second polymer-containing solution was 

prepared by dissolving 0.3 g PVP in 4.5 mL ethanol. The slightly viscous electrospinning 

solution was obtained after dropwise addition of the acetate salt-containing solution to the 

polymer solution. After 1 h of vigorous stirring, the precursor solution was transferred into a 

syringe having a blunt stainless-steel needle, which was connected to a high voltage power 

supply. The spun fibers were collected on a rotating (300 rpm) stainless-steel drum collector 

placed at a distance of 8.5 cm to the needle tip. The electrospinning setup was operated at a 

voltage difference of 10.2 kV between the needle and the rotating drum collector and a 

precursor solution feeding rate of 10 mL/h controlled by a syringe pump.  

After electrospinning the product was carefully removed from the drum collector, resulting in 

a mechanically stable fiber mat of approximately 8 x 20 cm in size that was dried at 80 °C for 

1 h, stabilized at 250 °C for 2 h in air and finally pyrolyzed between 400 °C and 700 °C in 

nitrogen for 2 h. 

Battery assembly: Electrochemical measurements were conducted on ECC-PAT-Core 

electrochemical test cells (EL-Cell). The analyzed freestanding composites were cut into size 

(discs with a diameter of 18 mm) and used directly as working electrodes, without the 

addition of extra carbon black or PVDF. The freestanding ATO/rGO, ATO/C/rGO and 

SnO2/rGO electrodes prepared by freeze-casting had a composite mass loading of 2.6–

3.1 mg cm−2 and those prepared by electrospinning of 0.9-1.2 mg cm−2. The cells were 

assembled in an argon filled glove box (Labstar 1250/750, MBraun, Germany) with lithium 

metal foil as counter and reference electrode, glass fiber membrane (El-CELL ECC1-01-

0011-A/L) as separator and a commercial electrolyte consisting of 1.15 M LiPF6 in 

EC/EMC/DMC at a 2:2:6 vol. ratio and 1.0 %wt FEC. 
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Characterization methods: 

Wide angle X-ray diffraction was conducted in transmission mode using a STOE STADI P 

diffractometer with Cu Kα1-radiation (λ = 1.54060 Å) and a Ge (111) single crystal 

monochromator equipped with a DECTRIS solid state strip detector MYTHEN 1K. Powder 

XRD patterns were measured in a 2θ range from 5° to 80° with a step size of 1° and a fixed 

counting time of 90 s per step. 

FTIR measurements were performed on an BXII/1000 FTIR spectrometer (Perkin Elmer) 

equipped with an ATR unit (Smiths) in the range of 4000–550 cm−1. 

TGA measurements were performed on a NETZSCH STA 440 C TG/DSC at a heating rate of 

10 °C min−1 in a stream of synthetic air of about 25 mL min−1. 

Nitrogen sorption measurements were carried out at 77 K using a QUANTACHROME Nova 

Station C. Before the sorption experiments, the samples were degassed under vacuum for 

12 h at 120 °C. The specific surface area was determined by the BET method in the range of 

p/p° = 0.05–0.2. Density functional theory (DFT)/Monte Carlo methods and a nonlocal 

density functional theory adsorption model with cylindrical pores was used to calculate the 

pore size distribution. 

SEM images were acquired with a FEI Helios NanoLab G3 UC scanning electron microscope 

having a field emission gun operated at 3–5 kV. EDX analysis was conducted at an operating 

voltage of 20 kV using an X MaxN Silicon Drift Detector with 80 mm2 detector area 

(OXFORD INSTRUMENTS) and AZTec acquisition software (OXFORD INSTRUMENTS). 

The samples were suspended in ethanol and drop-coated on a silicon wafer, which was then 

glued onto a sample holder with silver lacquer. The freestanding composites were also 

measured on carbon tabs glued onto a sample holder. Cross-section samples were prepared by 

glueing the respective composites into a special cross-section holder. 

S/TEM measurements were performed on an FEI Titan Themis instrument equipped with a 

field emission gun operated at 120 or 300 kV, a high-angle annular dark-field (HAADF) 

detector and a Super-X energy-dispersive X-ray spectrometer. The samples were dispersed in 

ethanol and drop-coated on a copper grid with a holey carbon film. 

Electrochemical measurements were carried out at 20 °C with ECC-PAT-Core (EL-Cell) 

battery test cells using an Autolab potentiostat/galvanostat (PGSTAT302N) with a FRA32M 

module or an Autolab Multipotentiostat M101 equipped with an 8AUT.M101 module 
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operated with Nova 1.11 software. Cyclic voltammetry was conducted in a potential range of 

3.0–0.01 V vs. Li/Li+ at scan rates of 0.2 and 0.5 mV s−1. Galvanostatic charge/discharge 

measurements were carried out at different charging and discharging rates varying between 

0.2 and 6 A g-1 in a voltage window of 3.0–0.01 V.  
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4.7 Supporting Information 

 
Figure S4.1: XRD patterns (a) and FT-IR spectra of ATO/sucrose/GO, ATO/C/rGO, 
SnO2/GO and SnO2/rGO freestanding composites. 

 

 
Figure S4.2: TGA of freestanding SnO2/rGO and ATO/C/rGO. 
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Figure S4.3: SEM images of cross section of freestanding SnO2/rGO (a, b) and rGO (c, d). 

 

 
Figure S4.4: SEM micrograph of freestanding ATO/rGO (e) and corresponding EDX element 
mappings illustrating the homogenous distribution of Sn and Sb (c, d) on rGO (b). 
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Figure S4.5: HRTEM images (a, b) and SAED pattern (c) of the ATO/C/rGO nanocomposite. 
The rings in the SAED pattern (d) are assigned to the tetragonal structure of the ATO 
nanoparticles. 

 

 

 

 
Figure S4.6: ATO/PVP fiber mat after stabilizing at 250 ° (a) and the corresponding SEM 
image (b). 
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Figure S4.7: SEM image and EDX analysis of ATO/PVP fiber mat after stabilizing at 250 ° 
(a) and the corresponding EDX element mappings illustrating the homogenous distribution of 
Sn, Sb and O (b-d). 

 

 
Figure S4.8: Cyclic voltammograms of electrospun Sn/Sb-based composites obtained after 
pyrolysis at 400 °C (a), 500 °C (b), 600 °C (c) and 700 °C (d). 
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Figure S4.9: Cyclic voltammograms of freestanding ATO/C/rGO (a), SnO2/rGO (b) and rGO 
(c), recorded at a scan rate of 0.2 mV s-1. 
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Table S4.1: Electrochemical performance of various freestanding SnO2 composites. 

Sample 

Long term stability Rate performance 
Voltage 
window 

[V] 

Active 
material 

mass loading 
[mg cm-2] 

Lit. Current 
density 
[A g-1] 

Specific 
capacity 

[mAh g-1] 
(cycle) 

Current 
density 
[A g-1] 

Specific 
capacity 

[mAh g-1] 
(cycle) 

SnO2 QDs/graphene 
framework 

5 
10 

320 (1000) 
134 (5000) 

0.2 
0.4 
0.8 
1 
2 
4 

0.2 

1020 (5) 
≈ 870 (15) 
≈ 820 (25) 
≈770 (35) 
≈650 (45) 
467 (55) 
988 (70) 

0-3 

2.5 
(70 wt% 

SnO2; 
100 wt% 

active 
material) 

[1] 

SnO2/3D Holey 
graphene/ - - 

0.025 
0.05 
0.1 
0.2 
0.5 
1 

≈600 
≈550 
≈500 
≈350 
≈200 
≈60 

0-2.5 

2 
(100 wt% 

active 
material; 
74wt% 
SnO2) 

[2] 

SnO2/rGO 0.5 711 (50) 

0.1 
0.2 
0.5 
1 

0.1 

1085 (3) 
958 (9) 

758 (15) 
480 (21) 

1000 (30) 

0.01-3 
n.a. 

(70 wt% 
SnO2) 

[3] 

SnO2/N-doped 
graphene aerogel 0.1 778 (100) 

0.1 
0.2 
0.5 
1 
2 

0.1 

1032 (2) 
881 (7) 

674 (12) 
460 (17) 
304 (22) 
998 (35) 

0.05-3 

n.a. 
(100 wt% 

active 
material; 
49 wt% 
SnO2) 

[4] 

SnO2/N-doped 
carbon nanofiber 1 754 (300) 

0.1 
0.2 
0.4 
0.8 
1 

1.6 
3.2 
5 

0.1 

891 (5) 
805 (15) 
714 (25) 
626 (35) 
593 (45) 
527 (55) 
405 (65) 
246 (75) 
890 (90) 

0.01-3.0 
n.a. 

(30 wt% 
SnO2) 

[5] 

Zn-doped SnO2/rGO 
foam 

0.1 
1 

628 (200) 
(1000) 

0.1 
0.2 
0.5 
1 
2 
5 

0.1 

725 (5) 
603 (15) 
528 (25) 
446 (35) 
382 (45) 
369 (55) 

516 (120) 

0.01-2.5 
2  

(77 wt% 
SnO2) 

[6] 

Fe-doped 
SnO2/graphene/cotto

n 
0.1 454 (200) 

0.05 
0.1 
0.2 
0.4 
0.8 
0.1 

582 (5) 
506 (15) 
418 (25) 
289 (35) 
162 (45) 
485 (60) 

0.001-3 2.3-2.8 [7] 

Co-doped 
SnO2/graphene/cotto

n 
0.1 550 (200) 

0.05 
0.1 
0.2 
0.4 
0.8 
0.1 

638 (5) 
506 (15) 
418 (25) 
289 (35) 
162 (45) 
485 (60) 

0.001-3 
n.a. 

(57 wt% 
SnO2) 

[8] 



Freestanding electrodes for lithium-ion batteries based on Sb-doped SnO2/rGO 
nanocomposites 

158 

References 

[1] L. Gao, G. Wu, J. Ma, T. Jiang, B. Chang, Y. Huang and S. Han, ACS Appl. Mater. 
Interfaces, 2020, 12, 12982-12989. 

[2] S. Jiang, R. Huang, W. Zhu, X. Li, Y. Zhao, Z. Gao, L. Gao and J. Zhao, Frontiers in 
Chemistry, 2019, 7. 

[3] D. Song, S. Wang, R. Liu, J. Jiang, Y. Jiang, S. Huang, W. Li, Z. Chen and B. Zhao, 
Appl. Surf. Sci., 2019, 478, 290-298. 

[4] L. Xia, S. Wang, G. Liu, L. Ding, D. Li, H. Wang and S. Qiao, Small, 2016, 12, 853-
859. 

[5] P. Dou, Z. Cao, C. Wang, J. Zheng and X. Xu, Chem. Eng. J., 2017, 320, 405-415. 
[6] X. Zhang, X. Huang, D. Liu, T. K. A. Hoang, X. Geng, P. Chen, X. Zhang and G. 

Wen, Int. J. Hydrog. Energy, 2018, 43, 21428-21440. 
[7] X. Zhang, X. Huang, X. Zhang, L. Xia, B. Zhong, T. Zhang and G. Wen, Electrochim. 

Acta, 2016, 222, 518-527. 

 

 

 

  



 
 

159 

5 Flexible freestanding MoS2-based 
composite paper for energy conversion 
and storage 

This chapter is based on the following publication: 

Florian Zoller, Jan Luxa, Thomas Bein, Dina Fattakhova-Rohlfing, Daniel Bouša, Zdeněk 

Sofer, Beilstein J. Nanotechnol., 2019, 10, 1488-1496. 

Link to the published article: https://doi.org/10.3762/bjnano.10.147 

©2019 Florian Zoller et al., published by Beilstein-Institut. This work is licensed under the 

Creative Commons Attribution 4.0 Public License (CC BY 4.0). 

 

 

Florian Zoller characterized the MoS2/SWCNT paper electrode regarding their application as 

freestanding anodes for lithium-ion batteries by electrochemical measurements, evaluated the 

corresponding data and wrote a considerable proportion of the manuscript including the 

battery part.  

https://doi.org/10.3762/bjnano.10.147
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5.1 Abstract 

The construction of flexible electrochemical devices for energy storage and generation is of 

utmost importance in modern society. In this article, we report on the synthesis of flexible 

MoS2-based composite paper by high-energy shear force milling and simple vacuum 

filtration. This composite material combines high flexibility, mechanical strength and good 

chemical stability. Chronopotentiometric charge–discharge measurements were used to 

determine the capacitance of our paper material. The highest capacitance achieved was 

33 mF cm−2 at a current density of 1 mA cm−2, demonstrating potential application in 

supercapacitors. We further used the material as a cathode for the hydrogen evolution reaction 

(HER) with an onset potential of approximately −0.2 V vs. RHE. The onset potential was 

even lower (approximately −0.1 V vs. RHE) after treatment with n-butyllithium, suggesting 

the introduction of new active sites. Finally, a potential use in lithium-ion batteries (LIB) was 

examined. Our material can be used directly without any binder, carbon additive or copper 

current collector and delivers specific capacity of 740 mAh g−1 at a current density of 

0.1 A g−1. After 40 cycles at this current density the material still reached a capacity retention 

of 91%. Our findings show that this composite material could find application in 

electrochemical energy storage and generation devices where high flexibility and mechanical 

strength are desired. 

 

5.2 Introduction 

The world’s growing population has a nearly ever-increasing demand for energy. Due to the 

well-known problem of global warming, there are efforts to shift energy production from 

burning fossil fuels towards renewable energy sources. However, most of the established 

renewable energy sources are not suitable to meet the energy consumption requirements 

today. Hence, energy storage and conversion continues to be an important and urgent issue.[1, 

2] Lithium-ion batteries (LIBs) are one of the most promising energy storage devices, 

combining high energy density and extremely low self-discharge. Nevertheless, in order to 

fulfill the (prospective) requirements and to extend their application to large energy storage 

systems or the electromobility sector, an improvement in the energy storage capacity is 

necessary. Layered dichalcogenide materials such as molybdenum sulfide (MoS2) are 
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promising candidates for the replacement of the commercial anode material graphite. Apart 

from this specific application, chalcogenide materials also find numerous applications in 

various scientific fields.[3-5] During charge/discharge, MoS2 undergoes a 4-electron process 

resulting in a theoretical specific capacity of 669 mAh g−1, which is almost two times higher 

than that of graphite (372 mAh g−1).[6] However, poor electrical conductivity, capacity fading 

and large volume changes upon charge and discharge make the commercialization of MoS2 in 

LIBs problematic.[6, 7] In order to address this issue, the fabrication of MoS2 composites and 

carbonaceous support materials (such as amorphous carbon,[8] carbon nanofibers,[7] carbon 

nanotubes[8] and graphene[9]) has already been demonstrated to be quite attractive. Typically, 

the electrodes are prepared by mixing these composites as active material with a polymeric 

binder, conductive carbon and an organic solvent to form a slurry, which is then coated onto a 

copper foil (current collector). The copper foil and the additives increase the overall weight, 

which dramatically decreases the gravimetric energy density. These electrodes are not 

applicable as anodes in flexible batteries due to the loss of contact between the active material 

and the current collector upon bending deformation.[10] However, there are promising reports 

on freestanding MoS2/carbonaceous composite electrodes which have demonstrated an 

attractive electrochemical performance.[9-25] Beside LIBs, supercapacitors (SCs) are seen as 

next-generation energy storage devices having a high specific power, fast charge–discharge 

rate and excellent cycling stability.[2] Freestanding, binder-free electrodes are also of great 

interest, as they can be used in flexible SCs.[26] In this regard, two-dimensional (2D) graphene 

has attained significant interest. Nevertheless, materials with higher performance are 

necessary.[26, 27] MoS2 is seen, due to its layered graphene-analogous structure, as a promising 

alternative providing a large surface area, which is favorable for double-layer charge 

storage.[27, 28] Moreover, Mo can occupy multiple oxidation states, which enables a pseudo-

capacitive charge transfer by insertion of electrolyte ions, such as Li+, Na+, K+ and H+.[28, 29] 

Upon cycling, MoS2 sheets can restack resulting in a decreased surface area, which is then 

followed by poor capacitive performance. Moreover, an appropriate heat management scheme 

has to be taken into account in real applications as it has been already shown for other 

nanomaterials.[30, 31] Introducing support materials, such as graphene or carbon nanotubes 

(CNTs) can alleviate these problems and improve the performance of the materials.[26] 

Another popular related field in the context of energy storage and sustainable energy 

production is water splitting to produce hydrogen. The best catalysts for the hydrogen 

evolution reaction (HER) are unequivocally based on platinum and iridium, however the 

scarcity and the high cost of these materials are tremendous disadvantages for the production 
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of hydrogen on an industrial scale.[16] Hence, it is necessary to develop new catalysts which 

are abundant, inexpensive and chemically robust.[16] MoS2 is again a promising candidate. 

Theoretical and experimental studies have successfully demonstrated that nanoscale MoS2 is 

more appropriate than its bulk phase equivalent. The surface of the bulk phase mainly consists 

of thermodynamically more stable basal sites, which are catalytically less active. In contrast, 

the sulfur edge sites of MoS2 are highly catalytically active towards HER.[32-34] However, 

MoS2 possesses only a low intrinsic conductivity, which hinders the charge transport.[35] 

Using MoS2 together with conducting support materials, such as multiwalled carbon 

nanotubes (MWCNTs) has already been demonstrated to improve the catalytic properties.[35] 

Herein, we report on the synthesis of a freestanding MoS2-based composite paper using a 

small addition of single-walled carbon nanotubes (SWCNTs) and shear-force milling in N-

methyl-2-pyrrolidone (NMP). The paper was prepared simply by vacuum filtration of the 

slurry on top of a filter. The resulting material exhibits high flexibility and combines the high 

conductivity of SWCNTs and electrochemical potential ofMoS2. We also show that the 

material finds use as an anode in LIBs, supercapacitor electrodes and HER catalyst. The 

application for LIBs seems particularly promising as this composite material requires no 

additional binders, conductive additives or a current collector. 

5.3 Results and discussion  

The synthesized composite material based on MoS2 and SWCNTs was prepared by shear-

force milling of MoS2 powder with SWCNTs. In the next step a paper-like material was 

prepared by filtration of the mixture on top of a filter. The self-assembled material is denoted 

as MoS2-based composite paper. A picture of the composite paper is shown in Figure 5.1. 

 
Figure 5.1: Image of the MoS2-based composite paper showing its size and flexibility 
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We investigated the morphology of this compound material by scanning electron microscopy 

(SEM) with results shown in Figure 5.2. The morphology images of the top side of the 

composite paper (Figure 5.2a, b) show a homogeneous distribution of SWCNTs among the 

MoS2 sheets. SEM micrographs of the cross-section (Figure 5.2c, d) also illustrate that the 

SWCNTs significantly contribute to the flexibility and mechanical strength of the composite 

as they hold individual sheets together. We also performed the composition characterization 

by energy-dispersive spectroscopy (EDX). The elemental composition maps (Supporting 

Information (Chapter 5.7), Figure S5.1) revealed a homogeneous distribution of elements. We 

have also identified (Table S5.1) that there was about 2.1 wt% of iron in the sample. This 

contamination originates from the carbon nanotubes, where iron usually serves as a catalyst 

for their growth.[36] 

 
Figure 5.2: SEM micrographs of (a, b) plane and (c, d) cross-section images of the composite 
paper at different magnifications. 
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X-ray photoelectron spectroscopy (XPS) was used to track the degree of degradation of the 

MoS2 sheets. Components originating from MoS2 and MoO3 were identified in the core-level 

Mo 3d spectrum (Figure 5.3).  

 
Figure 5.3. Core-level X-ray photoelectron spectra of a) Mo 3d region, b) S 2p region, c) 
C 1s region. 

 

The positions of the individual components are in agreement with previous reports for MoS2 

and MoO3.[37, 38] The deconvolution revealed that the MoO3 content was about ≈12 at%. This 

degree of oxidation is lower than in the case of chemically exfoliated MoS2, which is possibly 

due to a slightly lower degree of exfoliation.[39] Additionally, no oxidation was observed for 

sulfur as only states originating from sulfides were identified in the S 2p spectrum 

(Figure 5.3b).[40] The chemical states of the SWCNTs could not be precisely determined due 

to the overlap with adventitious carbon. However, the conditions used during our experiment 

were highly unlikely to cause any chemical changes in the SWCNTs. 
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Additionally, the mechanical properties of prepared MoS2-based composite paper were 

evaluated. The tensile strength and tensile ductility are important material parameters that 

influence material’s final applicability. The tensile strength of the prepared material reached a 

value of 3.02 MPa while the tensile ductility was 7.74%. It should be mentioned that the 

preparation of a paper solely from MoS2 sheets is not possible since there is no material 

holding the individual MoS2 sheets together. On the other hand, paper made of only SWCNT 

possesses a tensile strength of 5.95 MPa and tensile ductility of 2.45%. Therefore, 

incorporation of MoS2 sheets into SWCNT paper results in a decreased tensile strength and 

increased tensile ductility and the as-prepared MoS2-based composite paper is able to undergo 

significant plastic deformation before rupture in the material occurs.  

The utilization of the MoS2-based composite paper for energy storage and production was 

evaluated. First, we tested the MoS2-based composite paper for applications in 

supercapacitors (SCs). The capacitance was measured by a chronoamperometry technique in 

KCl solution (1M) using different charging–discharging current densities (1–5 mA cm−2) in a 

potential range determined by cyclic voltammetry (CV) shown in Figure S5.2. The CV curves 

demonstrate the rectangular shape pointing out the electric double-layer capacitance as the 

origin of capacitive behavior. The capacitance C in units of mF cm−2 was calculated from the 

value of discharging current I, discharging time t, maximal voltage U and the area of the 

electrode S which is in contact with the electrolyte solution. The calculation was performed 

using equation: 

𝐶 =
2𝐼 ∙ 𝑡

𝑆 ∙ 𝑈
 Equation 5.1 

The calculated values are summarized for each discharging current in Table 5.1. Charging–

discharging curves of MoS2-based composite paper obtained using the chronoamperometry 

measurement are shown in Figure 5.4. 
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Figure 5.4: Charging-discharging curves of MoS2 based composite paper obtained by 
chronoamperometry in 1M KCl solution using different current densities. 

 

Table 5.1. Capacitance of MoS2-based composite paper measured using various discharging 
current densities. 

Discharging current density (mA cm-2) 1 2 3 4 5 6 

Capacitance (mF cm-2) 70 40 35 33 29 28 
 

We also compared the capacitance of our composite MoS2-based composite paper with other 

reported materials (see Table 5.2). The capacitance of our composite material exhibits a 

competitive value compared to other materials reported in the literature. 

Table 5.2: Performance of various electrode materials in literature compared to this work. 

Electrode material Electrolyte Capacitance (mF cm-2) Ref. 

MoS2 based composite paper KCl 33 This 
work 

interdigital MWCNT electrode PVA-KOH 107.3 [41] 

CNT PVDF-HFP/EMIMTFSI 2.88 [42] 

graphene PVA-H2SO4 2.32 [43] 

graphene-CNT KCl 2.8 [44] 
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The freestanding MoS2-based composite paper was also tested as an anode material for LIBs. 

Hence, the MoS2-based composite paper was used directly as an anode without any binder, 

carbon additive or a Cu-foil current collector. Figure 5.5a shows the first four cycles of the 

cyclic voltammetry (CV) curves of theMoS2-based composite paper. The measurements were 

performed at a scan rate of 0.1 mV s−1 in the voltage range of 0.01–3.0 V vs. Li/Li+. In the 

initial cathodic scan, two dominant reduction peaks at around 1.0 and 0.3 V are detectable 

(Figure 5.5a). The first is associated with the insertion of lithium ions into the van der Waals 

spaces between the MoS2 layers forming LixMoS2 accompanied by a phase transformation 

from trigonal prismatic (2H) to octahedral (1T) (see the following Equation 5.3).[8, 20, 21] The 

peak at ≈ 0.3 V corresponds to the conversion of the previously formed LixMoS2 into metallic 

Mo and LiS2 (Equation 5.4) and the decomposition of the electrolyte followed by the 

formation of a solid electrolyte interphase (SEI) layer.[18, 20] The prominent anodic peak at 

≈ 2.5 V results from the conversion of Li2S to sulfur and lithium ions (Equation 5.5).[20] 

During the following discharge cycles the two peaks at ≈ 1.0 and ≈ 0.3 V diminish and three 

new reduction peaks at around 1.8, 1.1 and 0.3 V appear, which can be ascribed to the 

following reactions (Equations 5.2–5.4): 

2Li+ + S + 2e- → Li2S Equation 7.2 

MoS2 + xLi+ + xe- → LixMoS2 Equation 7.3 

LixMoS2 + (4 – x)Li+ + (4 – x)e- → Mo + 2Li2S Equation 7.4 

Li2S → 2Li+ + S + 2e- Equation 7.5 

Hence, the reduction peak at ≈1.8 V and the oxidation peak at 2.5 V form together a 

reversible redox couple.[20] Starting with the second cycle, a shallow oxidation peak arises at 

≈ 1.7 V which can be attributed to the partial oxidation of metallic Mo to MoS2.[21, 45] 

Moreover, the electrochemical performance of the MoS2-based composite paper is evaluated 

by galvanostatic discharge/charge measurements, as well. The lithiation and delithiation 

plateaus (Figure 5.5b) obtained at a current density of 0.2 A g−1 are consistent with the 

reduction and oxidation peaks gathered from the CV measurement. In the first cycle, 

discharge and charge capacities of 870 and 684 mAh g−1 were obtained, respectively. This 

corresponds to a Coulombic efficiency of 79%, as shown in Figure 5.5b and Figure 5.5d. The 

irreversible initial capacity loss is mainly attributed to the formation of the SEI layer.[8, 17, 20] 

During the subsequent cycles, Coulombic efficiencies of ≤97% are reached, which implies a 

good cycling reversibility (Figure 5.5d). After 40 cycles a specific capacity of 675 mAh g−1 is 
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reached equaling a capacity retention of 78% compared to the initial cycle or 91% when 

compared to the second cycle. It should be noted that for the calculation of the specific 

capacity the total mass of the freestanding MoS2-based composite paper electrode was used. 

Moreover, the rate performance of the freestanding MoS2-basedcomposite paper electrodes 

was further investigated (Figure 6.5c). The composite delivers 740, 721, 596, 190 and 

49 mAh g−1, at current rates of 0.1, 0.2, 0.5, 1 and 2 A g−1, respectively. The slightly 

increasing capacity during the 2 A g−1 step may be attributed to the high current rate 

activation of new Li+ storage sites, originating from the opening up of blocked ends of 

SWCNTs.[8] Interestingly, when the current density was setback to 0.1 A g−1 the capacity 

reached 681 mAh g−1 (80th cycle) equaling a capacity retention of 91% compared to the 

second cycle, also confirming the high structural stability of the freestanding MoS2-based 

composite paper. The kinetic analysis of the MoS2-based composite paper is described in Sup-

porting Information Chapter 5.7, Figure S5.2. 

 
Figure 7.5: Electrochemical analysis of the freestanding MoS2-based composite paper. (a) 
CV curves at a scan rate of 0.1 V s-1, (b) discharge/charge voltage profiles at 0.2 A g-1, (c) 
reversible capacities at different current densities ranging from 0.1 to 2.0 A g-1 and (d) cycling 
performance and Coulombic efficiency at 0.2 A g-1. 
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Finally, we tested the MoS2-based composite paper as a catalyst for the hydrogen evolution 

reaction (HER). The results are shown in Figure 5.6. Apart from the pristine material, we also 

treated the paper with n-butyllithium (BuLi) solution to introduce new active sites in form of 

edge sites as well as defects. The pristine as-prepared material exhibited an onset potential of 

about −0.195 V vs. RHE. On the other hand, BuLi-exfoliated MoS2-based composite paper 

showed improved activity with an onset potential of about −0.095 V vs. RHE. These 

differences clearly demonstrate that new sites were indeed introduced by the treatment. 

However, Figure 5.6 also demonstrates that BuLi-treated samples exhibited substantially 

higher (171 mV dec-1) Tafel slope values than the pristine sample (105 mV dec-1). This 

discrepancy could be caused by a loss of proper connection between the MoS2 sheets and 

SWCNTs and a decrease in conductivity. This claim is supplemented by the fact that the 

paper material exhibited lower flexibility than the original one. 

 
Figure 5.6: Linear sweep voltammetry curves for hydrogen evolution reaction measurements. 
0.5 M H2SO4, at a scan rate of 2 mV s-1. 
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5.4 Conclusion 

Freestanding MoS2-based composite paper material were prepared using shear-force milling. 

This method is very simple and takes advantage of the fact that a paper-like material is self-

assembled on top of a filter during vacuum filtration. The reported material exhibits high 

structural integrity and flexibility. The composite was tested in various electrochemical 

applications covering supercapacitors, anodes in lithium-ion batteries and hydrogen evolution 

catalysis. In terms of supercapacitors, our material exhibits a capacitance of 33 mF cm−2 at a 

current density of 1 mA cm−2. This value is competitive with other reported materials based 

on carbon nanomaterials. This material can also be used as a hydrogen evolution reaction 

catalyst. The as-prepared materials exhibit an onset potential of approximately −0.195 V vs. 

RHE and can reach current densities as high as 100 mA cm−2. Additionally, we treated the 

material with n-butyllithium to further enhance the HER activity. The resulting material 

exhibited a lower onset potential, however, the exfoliation of MoS2 sheets resulted in a loss of 

connection between the MoS2 sheets and SWCNTs. Ultimately, this led to a decrease in the 

conductivity, and consequently, substantial increase in the Tafel slope value. The MoS2-based 

composite paper was also tested as a freestanding anode in LIBs without additives such as 

binders or conductive agents. After the initial loss of specific capacity due to the formation of 

the solid electrolyte interface, the composite delivers a specific capacity of 740 mAh g−1 at 

0.1 A g−1. Moreover, the material retains 91% of its capacity after 40 cycles. A high capacity 

retention was also observed after the rate performance tests. These findings show that the 

reported material is also promising for application in flexible batteries. 
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5.5 Experimental section 

Materials: MoS2 was purchased from Alfa Aesar, TUBALLTM SWCNTs were purchased 

from OCSiAl, and N-methyl-2-pyrrolidone (NMP) was purchased from Sigma-Aldrich. The 

PuriEL electrolyte (1.15 M LiPF6 in ethylene carbonate/ethyl methyl carbonate/dimethyl 

carbonate (EC/EMC/DMC) = 2:2:6 v/v + 1.0 wt % fluoroethylene carbonate (FEC), soulbrain 

MI) and lithium metal (Rockwood) were used as received. 

Preparation of MoS2-based composite paper: 125 mg of MoS2 powder and 12.5 mg of 

SWCNTs were added to 80 mL of Ar-purged NMP. The suspension was then exfoliated 

under Ar atmosphere for 2 h at 16,000 rot/min using a high-energy shear-force disperser. 

After that, the mixture was vacuum filtered on top of a nylon filter and washed with methanol 

several times. The use of methanol significantly shortens the time necessary for drying. The 

resulting material was then self-assembled into the form of a paper-like material. After drying 

under vacuum, the material was directly used. 

Battery assembly and electrochemical measurements: The freestanding MoS2-based 

composite paper was cut into round disks with a diameter of 18 mm (254.5 mm2). They were 

directly used as an anode in ECC-PAT-Core (EL-Cell) battery test cells assembled in an 

argon-filled glove box using lithium metal both as the counter and reference electrode and an 

EL-CELL ECC1-01-0011-A/L glass fiber membrane as a separator. The used electrolyte 

consisted of a commercial mixture of 1.15M LiPF6 in EC/EMC/DMC at a 2:2:6 v/v and 

1.0wt % FEC. The electrochemical measurements were performed at room temperature using 

an Autolab potentiostat/galvanostat (PGSTAT302N) with a FRA32M module or an Autolab 

multi-potentiostat M101 with an 8AUT.M101 module operated with Nova 1.11 software. The 

cyclic voltammograms were recorded in a potential range of 0.01–3.0 V vs. Li/Li+ using a 

scan rate ranging from 0.05 mV s−1 to 1 mV s−1. The cells were charged and discharged 

galvanostatically at different C rates (0.1 to 2 A g−1) in a voltage range of 0.01–3.0 V vs. 

Li/Li+. 

Supercapacitors: A disk with diameter of 14 mm was cut from the vacuum-assembled MoS2-

based composite paper material. It was then placed into an electrochemical holder (InRedox, 

USA) which was placed in the middle of platinum basket (counter electrode). A saturated 

calomel reference electrode was used as reference electrode and the measurements were 

performed in 1 M KCl solution. The exposed area was a disk with 0.94 mm diameter. In order 
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to measure the charge–discharge curves, several charging–discharging currents (1–

5 mA cm−2) were used to charge the material to −0.8 V vs. SCE. 

Hydrogen evolution reaction: For HER measurements, the pristine sample was placed in an 

electrochemical holder (InRedox, USA) which was inserted into the 0.5M H2SO4 electrolyte 

with SCE and a carbon rod as the reference and counter electrodes, respectively. The scan rate 

was 2 mV s−1. For the n-butyllithium treated sample, the foil was left in n-butyllithium 

solution (2.5M solution) for several days under inert Ar atmosphere. After that, water was 

added to the solution. The foil was then dried and used. 

 

Characterization methods: 

The morphology was investigated using scanning electron microscopy (SEM) with a FEG 

electron source (Tescan Lyradual beam microscope). The elemental composition and mapping 

were performed using an energy dispersive spectroscopy (EDX) analyzer (X-MaxN) with a 

20 mm2 SDD detector (Oxford Instruments) and Aztec Energy software. A 10 kV beam was 

used for the measurements.  

High-resolution X-ray photoelectron spectroscopy (XPS) was performed using an ESCA 

ProbeP spectrometer (Omicron Nanotechnology Ltd, Germany) with a monochromatic 

aluminum X-ray radiation source (1486.7 eV). Wide-scan surveys of all elements were 

performed (0–1000 eV, step 0.5 eV) with subsequent high-resolution scans of the C 1s, S 2p 

and Mo 3d regions with a step of 0.05 eV.  

The dynamic mechanical analysis was measured on a DMADX04T (by RMI, Czech 

Republic) device. A sample with dimensions 7.600 mm (width), 0.173 mm (thickness) and 

10.200 mm (active length) was loaded with a tensile longitudinal sinusoidal deformation with 

the amplitude of 0.02 mm and pretension of 0.03 mm. The temperature range was 20 

to200 °C with a heating rate of 2 °C min−1 in air atmosphere. From the results, the values of 

the moduli and loss factor were evaluated as the second order sliding average. 
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5.7 Supporting information 

 
Figure S5.1. Elemental distribution maps of the MoS2/SWCNT-paper. 

 

Table S5.1: Elemental composition obtained from SEM-EDX. 

Sample S wt% Mo wt% O wt% C wt% Fe wt% 
MoS2 based 

composite paper 29.7 40.9 2.1 25.1 2.1 

 

 

 
Figure S5.2: Cyclic voltammograms of MoS2 based composite paper in 1 M KCl. Scan rate 
100 mV s-1. 
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Kinetics analysis 

 
Figure S5.3: Kinetic analysis of the freestanding MoS2 based composite paper. (a) CV curves 
at different scan rates, (b) relationship between logarithmic peak current (cathodic peak at 
~1.8 V and anodic peak at ~2.4 V) and logarithmic scan rates. 
 

CV measurements were conducted at different scan rates ranging from 1 to 0.05 mV s-1 to 

gain insights into the reaction kinetics (Figure S5.3). The degree of capacitive effect can be 

qualitatively analyzed according to the power law: 

𝑖 = 𝑎𝜈𝑏 Equation 5.6 

which relates the measured peak current (i) to the scan rate (ν), a and b are adjustable 

parameters.[1] The b value can be determinate by fitting log(i) versus log(ν) (Figure S5.3).[2] In 

general, b = 1 entails a capacitive surface-limited process, while b = 0.5 implies a semi-

infinite linear diffusion-controlled mechanism.[1-3] For the cathodic peak at ~1.8 V and the 

anodic peak ~2.4 V b values of 0.827 and 0.696 were calculated, respectively. Those values 

indicate a higher capacitive contribution in the case of the reduction process compared to the 

oxidation analogue.  
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6 Black phosphorus–arsenic alloys for 
lithium-ion batteries 

This chapter is based on the following publication: 

Jan Luxa, Daniel Bouša, Florian Zoller, Dina Fattakhova-Rohlfing, Zdeněk Sofer, FlatChem, 

2020, 19, 100143. 

Reprinted (adapted) with permission from FlatChem., 2020, 19, 100143. Copyright 2020 

Elsevier. 

Link to the published article: https://doi.org/10.1016/j.flatc.2019.100143 

 

 

 

Florian Zoller fabricated the black phosphorus-arsenic alloy-based electrodes, tested and 

evaluated their electrochemical performance and wrote the respective part of the manuscript. 
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6.1 Abstract 

Phosphorus and arsenic belong to the 5th group of elements – so-called pnictogens. These 

materials are among the most intensively studied nanomaterials with layered structure. In this 

contribution we report the synthesis of arsenic – black phosphorus alloys. Two samples with 

various black phosphorus and arsenic content together with pure black phosphorus were 

exfoliated using shear force milling. Extensive analyses have revealed the successful 

synthesis of AsP alloys with good crystallinity and composition close to that of the intended 

value. Testing these materials for lithium-ion batteries (LIBs) shows that there is a huge 

capacity loss after the initial charge/discharge cycles. Such a drop was attributed to a 

delithiation of the lithium rich phase and a loss of proper electrical contact. After the initial 

capacity loss, the Coulombic efficiencies in the subsequent cycles reached 90–99%. 

Moreover, both alloys exhibited higher capacity than pure black phosphorus sample, 

indicating that alloying with arsenic is an advantageous technique. The results of this work 

show the fundamental charge storage capabilities of AsP alloys a can serve as a starting point 

for the synthesis of advanced materials based on AsP alloys. 

 

6.2 Introduction 

Black phosphorus (BP), an allotrope of phosphorus with orthorhombic structure has recently 

emerged, after having been known for over 100 years, as one of the next generation 2D 

materials with layered structure. It possesses unique properties including the tunable bang-gap 

(0.3 eV and 2 eV for bulk and monolayer, respectively),[1] high carrier mobility,[2, 3] 

remarkable thermal[4] and optical properties[5]. Thanks to this, BP has found applications in 

various fields e.g. optoelectronics,[6] transistors,[7, 8] sensors,[9] thermoelectrics[10] and energy 

generation and storage devices including lithium-ion batteries[11]. The rediscovery of BP has 

also ignited the interest of the scientific community in other elements of the 5th group – 

arsenic, antimony and bismuth. The most stable allotropes of these so-called pnictogens adopt 

rhombohedral structure. This structure is formed by puckered, six-membered rings of 

respective atoms stacked in a manner similar to graphene.[12] The structure of BP is comprised 

of hexagonal puckered rings, however, the overall symmetry of the BP lattice is 

orthorhombic. Such an arrangement gives rise to zig-zag and armchair structures along two 
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perpendicular axes and results in highly anisotropic properties of BP.[13, 14] Apart from 

phosphorus, only arsenic (Black Arsenic, b-As) is known to be able to adopt the orthorhombic 

structure identical to that of BP.[15] However, the availability of this material is highly limited. 

A very few reports deal with orthorhombic arsenic used either as natural mineral 

(arsenolamprite) or arsenic stabilized by impurities.[15, 16] 

A recent study, supported by theoretical calculations, dealing with the stability of black 

arsenic showed that pure b-As is metastable and that the incorporation of impurities is 

necessary in order to stabilize it.[16] It was confirmed that up to the composition of As0.87P0.13, 

the orthorhombic phase can be prepared.[16] Other impurities e.g. mercury can also stabilize b-

As.[17] The As-P system has also been investigated by other authors. For example a monolayer 

of AsP was predicted to possess electron mobility of ~10 000 cm2 V−1 s−1 which is 1 order of 

magnitude higher than in the monolayer of BP.[18] Variation in composition should also result 

in a tunable band-gap with values ranging from 1.54 to 2.14 eV with the highest band-gap 

value corresponding to As0.5P0.5.[19] Given the band gap values, this material also seems 

suitable for excitonic solar cells with high solar-to-electric power conversion efficiency.[20] 

Moreover, a direct band-gap and strongly anisotropic optical properties were predicted for all 

compositions.[19] A successful synthesis of AsP monolayers with blue-phosphorene like 

structure is intriguing for its possible magnetic and water splitting properties.[21] 

In terms of synthesis, a vapor phase method known from the synthesis of BP can also be used 

in this case. Typically, gray arsenic and red phosphorus with the addition of mineralizing 

agents (Sn/SnI2 or PbI2) are sealed in an evacuated quartz glass ampoule and an appropriate 

thermal regime results in the growth of AsP alloys.[22] Some of the first experimental studies 

of the As-P system date back more than 60 years.[23] In terms of applications, these papers 

dealt mainly with superconducting properties and phase transitions in the As-P system at high 

pressures.[24-26] More recent research has been focused on studying optical and/or electronic 

properties of AsP alloys with various composition including for example the use of AsP 

alloys as photoconductors in the infrared region. Such a material exhibits one order of 

magnitude higher detectivity than common commercial devices, but this property is strongly 

dependent on the number of layers.[27] Quite common technical aspect of such devices is the 

need for protective layers, which protect the AsP alloys from oxidation. Apart from the 

commonly used Al2O3, other materials including h-BN can be employed.[28] Other materials 

which offer good heat dissipation can also be employed in combination with these 2D layered 

materials.[29-32] Moreover, there have even been reports on wafer scale synthesis of AsP 
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alloys. Nanocrystalline sheets with thickness below 10 nm were successfully synthesized 

using molecular beam deposition.[33] Overall, the relatively low amount of reports on this hot 

topic show, that there is still a huge potential for improvements and discoveries. 

In this paper, we report the synthesis of AsP alloys with various composition for the use in 

lithium-ion batteries (LIBs). To the best of our knowledge, this has not been reported to date. 

The synthesized materials were firstly characterized in terms of their morphology, structure 

and composition. In a subsequent step, lithium storage capabilities of the materials were 

assessed. During the first discharge cycle, all investigated materials exhibited capacities over 

1000 mAh g−1. Upon subsequent cycling, there was a capacity loss due to the formation of 

solid electrolyte interphase and the formation of lithiated phases. However, further testing 

showed that apart from the initial capacity loss, the materials possess good Coulombic 

efficiencies reaching nearly 99% in some cases. This study provides a fundamental insight 

into the energy storage capabilities of AsP alloys. 

 

6.3 Results and discussion 

A series of black phosphorus – arsenic alloys were prepared for use in lithium-ion batteries 

(LIBs). The samples were denoted as BP – Thurax, BP3As1 and BP2As3 for pure BP, BP with 

arsenic with molar ratio 3:1 and BP with arsenic with molar ratio 2:3, respectively. All 

samples were exfoliated using shear force milling. Firstly, we performed X-ray diffraction 

(XRD) analysis to verify phase purity in all samples. The results of XRD are displayed in 

Figure 6.1. For BP Thurax, all of the reflections correspond to pure orthorhombic 

phosphorus.[34] Also, all of the diffraction peaks are very narrow which points out a very good 

crystallinity of our BP sample. Both alloys show a slight shift and broadening of reflections. 

Analysis of the patterns revealed that an overlap of diffraction peaks is most likely the reason 

for peak broadening. Best agreement was obtained for the diffraction pattern of AsP 

(orthorhombic structure) alloy with molar ratio 1:1 for both samples. However, even similar 

(slightly different molar ratios) alloys within the database exhibited very similar diffraction 

patterns with only small shifts. Therefore, the resulting material is most likely a mixture of 

alloys with slightly varying compositions. EDX analysis also revealed that there are sheets 

with slightly varying content of arsenic and phosphorus (see following paragraphs). The 

diffraction pattern of pure BP is also shown for comparison in the spectra of alloyed BP. 
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Additionally, a small amount of rhombohedral arsenic was found in samples with mixed 

composition. Its concentration was very low (several wt%) and is most likely an unreacted 

residue of the reaction mixture. According to semi quantitative analysis, the content of 

rhombohedral arsenic was slightly higher in the BP2As3 sample. 

 
Figure 6.1: X-ray diffractograms of pure BP and its alloys with arsenic. 

 

In the next step, we investigated the morphology and elemental distribution using scanning 

electron microscopy (SEM) and energy dispersive spectroscopy (EDX), respectively. The 

morphology of the reported samples is displayed in Figure 6.2 and the distribution of 

elements is shown in Figure S6.1. 

 
Figure 6.2: SEM images of Pure BP sample and BP-As alloys at different magnifications. 
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All of the samples were composed of regularly shaped sheets with sharp edges and clearly 

visible edge steps. We did not observe any significant differences in the morphology of pure 

BP and BP-As alloys, thus pointing out good crystallinity, which is in good agreement with 

XRD measurements. The elemental distribution maps (Figure S6.1) also revealed only 

minimal oxidation which is apparent from the strongly diminished intensity of oxygen in the 

areas where individual sheets are present. On the other hand, for both alloys, there are 

individual sheets with various content of phosphorus and arsenic. This points out the 

aforementioned fact that areas with different composition might be present within the flakes. 

Given the fact that Raman spectroscopy is a strong characterization tool for 2D materials, we 

performed this analysis with results shown in Figure 6.3. For pure BP we were able to identify 

its characteristic modes in the Raman spectrum – Ag
1, Bg

2 and Ag
2 at positions corresponding 

to those previously reported in the literature.[35, 36] Positions of these modes are also 

highlighted in the spectra of alloys. After alloying with arsenic, a variety of spectral features 

have emerged in the spectra. These are represented by a series of peaks centered around 

240 cm−1, 340 cm−1 and 430 cm−1. Given previous reports in the literature, the first set of peak 

centered around 240 cm−1 is related to black arsenic and its coherent lattice vibrations.[37] The 

remainder of the features emerges as a result of alloying BP with arsenic and is also in a good 

agreement with previous reports.[37] Intensity of all sets of peaks is a function of arsenic 

content. Comparison of our results with the literature implies arsenic content greater than 

25 at% which is in agreement with the expected composition. 

 
Figure 6.3: Raman spectra of pure BP and its alloys with arsenic. The positions of BP Raman 
modes are highlighted for comparison. 
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The surface composition and convolution of oxidation states was evaluated using X-ray 

photoelectron spectroscopy (XPS). High-resolution core-level spectra of P 2p and As 3d are 

shown in Figure 6.4 and the contributions from individual oxidation states are summarized in 

Table 6.1. The P 2p regions of all samples possess two pairs of peaks related to phosphorus in 

its elemental, unoxidized state and a pair of peaks related to oxidized species. The positions of 

these components are in a good agreement with previous reports.[38, 39]  

 
Figure 6.4: High-resolution core-level spectra of P 2p regions and As 3d regions in pure BP 
and its alloys with arsenic. 

 

The content of oxidized phosphorus atoms is around 20 at% in all cases (see Table 6.1). The 

oxidation of BP surface is a known phenomenon and has been reported numerously. 

Interestingly, the degree of oxidation is similar even for alloyed samples which implies that 

the introduction of arsenic has no effect on the stability of phosphorus atoms. For As 3d 

regions, we were able to only identify arsenic in its unoxidized state. This is related to the fact 

that arsenic oxide sublimes under ultra-high vacuum conditions used for XPS measurements. 

The molar ratios of As/P in Table 6.1 show that for BP3As1 sample, the ratio is close to the 

expected value. On the other hand, the BP2As3 sample exhibits slightly lower As content. 

Deviation from the expected value could originate from the presence of phases with different 

composition (see previous paragraphs). 
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Table 6.1: Representation of individual oxidation states of phosphorus and arsenic and the 
molar ratios between arsenic and phosphorus. 

Sample P0 (at%) PV (at%) As0 (at%) As/P (at%) 

Pure BP 78.4 21.6 - - 

BP3As1 77.2 22.8 100 0.295 

BP2As3 82.8 17.2 100 0.862 

 

Finally, the samples were tested as anodes vs. lithium foil in half-cell configuration. As it can 

be seen from Figure 6.5, each sample features a huge broad peak at around 0.9 V in the first 

cycle, which disappears in the following cycles. This peak can be associated with the 

formation of a solid electrolyte interphase (SEI).[40]  

 
Figure 6.5: CV curves of pure BP and its alloys with arsenic at a scan rate of 0.5 mV s−1. The 
graphs in the right part of the image are enlarged version of the region around 1.25 V. 
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However, the formation of the Li2P phase occurs in a similar potential window (between 

approximately 1.0–0.4 V) via the reaction steps BP -> LixP -> LiP -> Li2P.[40, 41] Upon the 

second cycle a small lithiation peak at around 0.7 V is visible and may be assigned to those 

reactions, as well. The Li2P phase is then further reduced to Li3P at around 0.1 V.[40] During 

the reverse scan two peaks occur at around 1.0 and 1.2 V. These can be ascribed to the 

delithiation of Li3P resulting in the formation of LixP phases (1 ≤ x).[40, 42] It should be noted 

that the latter peak diminishes during subsequent cycling. For the arsenic-phosphorous 

containing anodes (BP3As1 and BP2As3) oxidation and reduction occur at similar potentials, 

which is in accordance with literature for pure arsenic compounds.[43] Therefore, it is expected 

that lithiation of the AsP alloys take place just as described for phosphorus. 

The rate capabilities of the three materials were investigated at different current densities. As 

it can be seen from Figure 6.6 the rate was increased from 0.1 to 1 A g−1 and afterwards set 

back to 0.1 A g−1. Each current step was held for 10 discharge/charge cycles. In the first cycle, 

specific discharge/charge capacities of 1202/51, 1044/90 and 1093/54 mAh g−1 are reached at 

0.1 A g−1 for BP-Thurax BP3As1 and BP2As3, respectively. This equals to very low 

Coulombic efficiencies of 4%, 9% and 5% but they increase to 90–99% in the next few 

cycles. Such a low Coulombic efficiency is related to the delithiation process of the Li3P 

phase and the formation of an SEI. It has been described previously that during discharging, 

there can be a loss of contact which results in a huge loss of capacity.[44]  

 
Figure 6.6: Rate capabilities of pure BP and its alloys with arsenic at various current densities 
ranging from 0.1 to 1 A g−1. 
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The BP3As1 demonstrated the best rate capability reaching discharge/charge capacities of 

68/60 (5th cycle), 47/46 (15th cycle), 39/38 (25th cycle), 36/36 (35th cycle) and 50/46 mAh g−1 

(45th cycle) at current densities of 0.1, 0.2, 0.5, 1 and 0.1 A g−1, respectively. The rate 

capabilities of BP2As3 and BP-Thurax are inferior reaching only 18 and 7 mAh g−1 at 1 A g−1, 

respectively. On the other hand, it is also notable that alloying with arsenic led to an increase 

in capacity in all cases, surpassing the capacity of pure BP sample. Also note that the specific 

capacities in general are far away from the theoretical value of 2595 mAh g−1.[40] Other 

groups also reported low specific capacities for pure BP and rapid capacity losses. 

Nevertheless, they demonstrated that using BP together with a carbon support, e.g. graphene 

drastically improves the electrochemical performance.[40, 45, 46] This could also be an option 

for the BP-As alloys we report in this paper. 

 

6.4 Conclusion 

We have prepared AsP alloys with various compositions with the aim to use them in lithium-

ion batteries. The synthesis of pure black phosphorus with high quality and crystallinity has 

been successfully confirmed by various analytical techniques. We prepared two different AsP 

alloys, one of which was rich in phosphorus while the other was enriched in arsenic. All of 

the samples were dispersed using high energy shear force milling. X-ray diffraction analysis 

revealed that the resulting materials are likely composed of AsP alloys with slightly varying 

composition with the highest match given for AsP alloy with a composition of 1:1. Despite 

this, both samples exhibited good crystallinity as evidenced by XRD and electron microscopy. 

The Raman spectra were also in a good agreement with previous reports in the literature, thus 

confirming the successful synthesis of AsP alloys. Finally, we have tested the synthesized 

materials for energy storage applications in lithium-ion batteries. All samples exhibited huge 

capacity losses related to the delithiation of the highly lithiated phase and the formation of 

solid electrolyte interphase. After this initial loss, both of the alloyed samples exhibited higher 

rate capabilities than pure BP sample and the Coulombic efficiencies in the subsequent scans 

reached values as high as 99%. Our work shows the fundamental differences in the lithium 

intercalation capabilities between pure BP phase and its alloys with arsenic. These results can 

serve as a starting point for the synthesis of new materials for LIBs using these materials with 

suitable conductive support such as graphene or other carbonaceous nanomaterials.  
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6.5 Experimental section 

Materials: Poly(vinylidene fluoride) (PVDF, Sigma‐Aldrich), carbon black (Super C65, 

Timcal), 1‐methyl‐2‐pyrrolidone (NMP, Sigma‐Aldrich), PuriEL electrolyte (1.15 m LiPF6 in 

ethylene carbonate (EC)/ethyl methyl carbonate (EMC)/dimethyl carbonate (DMC) = 2:2:6 

v/v + 1.0%wt fluoroethylene carbonate (FEC), soulbrain MI), Cu foil (Targray Technology) 

and lithium metal (Rockwood) were used as received. Red phosphorus (99.999%) and arsenic 

(99.999%) were obtained from Chempur, Germany. Iodine (99.999%), tin (99.999%) and 

chloroform were obtained from Sigma-Aldrich, Czech Republic. SnI4 was prepared by direct 

reaction of iodine with tin in chloroform with subsequent recrystallization. 

Synthesis of As-P alloys and BP nanoparticles: As-P alloys as well as black phosphorus were 

prepared by vapor growth transport with Sn – SnI. 4.1 g of red phosphorus or its mixture with 

As (3:1 and 2:3 M ratio) were placed in an ampoule together with 40 mg of Sn and 20 mg of 

SnI4. The reaction mixture was sealed under vacuum in quartz glass ampoule. The ampoule 

was heated to 625 °C over a period of 8 h and after 5 h, it was cooled down to 400 °C over a 

period of 50 h. Finally, the samples were cooled to 100 °C over a period of 25 h and finally 

cooled to room temperature naturally. 

Electrode preparation and battery assembly: Electrodes for electrochemical testing were 

fabricated by mixing the active material (BP-Thurax, BP3As1 or BP2As3; 80 wt%) with carbon 

black (10 wt%) and PVdF (10 wt%) in NMP. The resulting slurries were uniformly coated 

onto a copper foil using the doctor blade technique (wet film thickness: 50–100 µm, equaling 

to a loading of 0.3–0.5 mg cm−2) and then dried at 100 °C for 6 h in vacuum. 

ECC-PAT-Core (EL-Cell) battery test cells were assembled in an argon filled glove box using 

lithium metal both as counter and reference electrode, an EL-CELL ECC1-01-0011-A/L glass 

fiber membrane as separator and a commercial electrolyte consisting of a mixture of 1.15 M 

LiPF6 in EC/EMC/DMC at a 2:2:6 vol to volume ratio and 1.0% wt FEC. 
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Characterization Methods: 

X-ray powder diffraction data were collected at room temperature on Bruker D8 Discoverer 

θ-θ powder diffractometer with parafocusing Bragg–Brentano geometry using CuKα radiation 

(λ = 0.15418 nm, U = 40 kV, I = 40 mA). Data were scanned with an ultrafast detector 

LYNXEYE XE over the angular range 10–90° (2θ) with a step size of 0.019° (2θ) and a 

counting time of 1 s step−1. 

The morphology was observed by scanning electron microscope (SEM) equipped with FEG 

source of electron (Tescan Maia). Composition of the samples was determined by means of 

energy dispersive spectroscopy (EDX) analyzer (X-MaxN) with a 150 mm2 SDD detector 

(Oxford instruments). Data were evaluated using AZtecEnergy software. Before the 

measurement, samples were placed onto a conductive carbon tape. All measurements were 

carried out with 10 kV acceleration voltage. 

High resolution X-ray photoelectron spectroscopy (XPS) was performed using ESCA ProbeP 

(Omicron Nanotechnology Ltd, Germany) spectrometer with a monochromatic aluminum X-

ray radiation source (1486.7 eV). A wide-scan survey of all elements was performed by 

acquiring subsequent high-resolution scans of the C 1s, P 2p, As 3d and O 1s core level 

spectra. Relative sensitivity factors were used in evaluation of element concentrations from 

the survey spectra. Samples were applied onto conductive carbon tape. 

inVia Raman microscope (Renishaw, England) in backscattering geometry with CCD detector 

was used for Raman spectroscopy. DPSS laser (532 nm, 50 mW) with applied power of 

5 mW and 50× magnification objective was used for the measurement. 

The electrochemical measurements were performed at room temperature using an Autolab 

Multipotentiostat M101 with an 8AUT.M101 module operated with Nova 1.11 software. 

Cyclic voltammograms were recorded in a potential window of 0.01–2.0 V vs. Li/Li+ at a 

scan rate of 0.5 mV s−1. The cells were charged and discharged galvanostatically at different 

current densities (0.1 to 1 A g−1) in a voltage range of 0.01–3.0 V vs. Li/Li+. 
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6.7 Supporting information 

 
Figure S.1. Elemental distribution maps of pure BP and its alloys with arsenic.  
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7 Nanosized lithium-rich cobalt oxide 
particles and their transformation to 
lithium cobalt oxide cathodes with 
optimized high-rate morphology 

This chapter is based on the following publication: 

Peter M. Zehetmaier, Arnaud Cornélis, Florian Zoller, Bernhard Böller, Andreas Wisnet, 

Markus Döblinger, Daniel Böhm, Thomas Bein, Dina Fattakhova-Rohlfing, Chem. Mater., 

2019, 31, 8685-8694. 

Reprinted (adapted) with permission from Chem. Mater., 2019, 31, 8685-8694. Copyright 

2019 American Chemical Society. 

Link to the published article: https://doi.org/10.1021/acs.chemmater.9b02231 

 

Ultrasmall LixCo1–xOy (with y ≤ 1) 

nanoparticles with a Li content of about 

15% are synthesized in a solvothermal 

approach in tert-butanol and can be 

transformed together with an 

overstoichiometric lithium source in a 

simple rather low-temperature calcination 

step into HT-LCO nanoparticles. After 

calcination block-copolymer-templated 

self-assembled films produce a structured cathode material for lithium-ion batteries showing 

high, stable and reversible gravimetric capacity even at high charge/discharge rates. 

 

Florian Zoller conducted some of the LixCo1–xOy nanoparticle synthesis described below, 

performed several of the XRD and electrochemical measurements and participated in the 

manuscript preparation process.  

https://doi.org/10.1021/acs.chemmater.9b02231
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7.1 Abstract 

We report the formation of crystalline dispersible LixCo1–xOy (with y ≤ 1) nanoparticles with 

an unusual rock-salt phase containing ∼15 at% Li in the crystalline structure. This is the first 

time that this composition was formed at temperatures as low as 150 °C under conditions of a 

solvothermal process, although it is referred to as a high-temperature metastable phase in a 

very limited number of known publications. The Li0.15Co0.85Oy nanoparticles of 2–3 nm size 

completely transform to high-temperature LiCoO2 (HT-LCO) nanoparticles at 560 °C in the 

presence of slightly over stoichiometric amounts of Li source. The presence of lithium in the 

CoO lattice slows down the kinetics of its phase transformation, enabling to obtain very small 

HT-LCO nanocrystals during the subsequent calcination. The HT-LCO particles formed after 

this transformation have an elongated shape with a mean size of about 17 × 60 nm, which is 

targeted as an optimum size for battery applications. An attractive feature of the Li0.15Co0.85Oy 

nanoparticles is their high dispersibility enabling their assembly into different nanostructures 

with optimized morphology. Open porous HT-LCO electrodes prepared via self-assembly of 

Li0.15Co0.85Oy nanoparticles and Pluronic F127 as a structure-directing agent demonstrate very 

good performances at high current densities representing short charge/discharge times below 

10 min. Even at a charge/discharge time of 72 s (50C), 50% of the theoretical capacity has 

been preserved. After 250 cycles at a charge/discharge time of 6 min (10C), over 60% of the 

initial discharge capacity was retained. 

 

7.2 Introduction 

Since the introduction of the high-temperature modification of LiCoO2 (HT-LCO) as a 

suitable cathode material for lithium-ion batteries (LIBs) and its commercialization by Sony 

in 1991, HT-LCO is still one of the prevailing cathode materials in LIBs.[1-3] Over the years, a 

family of promising new cathode materials was directly derived from HT-LCO by 

substituting Co3+ ions at different degrees by metals such as nickel, manganese, or aluminum 

to obtain materials with lower overall cost, higher energy density, and lower environmental 

toxicity.[3-13]Nevertheless, HT-LCO still plays an important role as a cathode material and as a 

model system for all its derivatives. Basic understanding of the processes accompanying 

electrochemical transformations of HT-LCO as well as the development of design guides to 
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optimize its performance in batteries is important for the further improvement of LIB 

technology and is applicable also for all its derivatives. 

Relatively long charging times are still a known drawback of the state-of-the-art lithium-ion 

batteries. Nanostructuring and accompanied morphology optimization are established means 

to overcome this issue by increasing the power density of the electrode materials. Thus, 

nanoscaling the active material powders significantly shortens the diffusion path lengths for 

electrons and ions resulting in a full utilization of accessible capacity even at high charging 

rates. Furthermore, electrodes with nanosized active materials generally better cope with 

structural changes induced during lithium extraction/insertion to accommodate the resulting 

strains. Besides nanoscaling, the electrode nanomorphologies including porosity, pore size, 

and surface area are key factors for the battery performance. A high accessible surface area 

provides an enlarged electrode–electrolyte interface beneficial for the flux of lithium ions and 

hence allows for increased charging rates. On the other hand, the increase in the surface area 

results in an accompanied scale up of undesired side reactions resulting in cathodic SEI 

formation. Furthermore, the diminishing size of crystalline domains often leads to a decreased 

electronic and ionic conductivity of the scaffold caused by the deteriorated crystalline 

periodicity existing in the bulk phase and due to an increased contribution of grain 

boundaries. Therefore, an optimum particle size exists for different electrode materials to 

improve their rate capability without compromising other important materials properties for 

LIB application.[9, 14-16] As the lithium-ion diffusion coefficient of HT-LCO is estimated to be 

around 10–11–10–12 cm2 s–1 such that the lithium-ion diffusion length is between 10 and 20 nm 

during a 1 s charge/discharge process, the nanoparticles have to be smaller than 30 nm to be 

effectively charged/discharged within 1 s.[17] Even smaller particle sizes are, however, not 

desired; the very small nanoparticles compromise the specific capacity of the HT-LCO 

material as Co3+ ions are reduced to Co2+ ions on the surface layers causing a lattice 

expansion and a loss of Li+ ions. In the literature, the critical size of HT-LCO nanoparticles is 

estimated to be 15 nm.[17] Therefore, nanoparticles with at least one dimension in the size 

range of 15 and 30 nm are targeted to obtain high-power HT-LCO without significant loss in 

specific capacity.[17-20] Nanosized HT-LCO has been synthesized via different approaches 

such as precipitation,[21] coprecipitation,[22] mechanochemical,[23] molten salt,[24, 25] 

ultrasonic,[26, 27] hydrothermal,[17] and sol–gel[28-30] methods, and the beneficial impact of the 

small particle size on the enhanced electrochemical cyclability at high rates has been 

demonstrated. The reported approaches, however, lack the flexibility of tuning the 
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nanomorphology of the obtained HT-LCO electrode materials to improve their rate capability 

and cycling stability even further. Aiming to enhance tunability, we intended to synthesize 

nanosized dispersible HT-LCO nanoparticles that could be assembled into desired 

nanostructures using different structure-directing templates—an approach that has been 

already successfully applied in our group to provide nanomaterials with greatly improved 

performance in different electrochemical applications.[16, 31-38]  

 

7.3 Results and discussion 

In an attempt to produce dispersible LiCoO2 nanoparticles, we performed a solvothermal 

reaction in tert-butanol that has already proven to be successful for the synthesis of a variety 

of nanosized transition metal oxides.[16, 31-38] With this purpose, Co(OAc)2 and LiOiPr taken at 

a molar ratio of 1.00 : 1.05 were dispersed in tert-butanol and heated at 150 °C for 17 h in 

sealed autoclaves. The powder obtained after drying the reaction product is easily dispersible 

in ethanol to provide clear brownish dispersions containing nanoparticles with an average size 

of 2–3 nm and a narrow particle size distribution, as follows from dynamic light scattering 

(DLS) measurements (Figure 7.1d).  

The X-ray diffraction (XRD) pattern of the as-prepared dried powder shows the formation of 

a crystalline phase different from that of the precursor compounds together with a large 

amount of an amorphous phase (Figure 7.1a). The amorphous contribution in the XRD pattern 

was significantly reduced by washing the nanocrystals in ethanol, subsequent centrifuging for 

15 min at 50000 rcf, and removing the supernatant solution (Figure S7.1 in the supporting 

information (Chapter 7.7)). LiOiPr was found to be the most suitable lithium source for this 

reaction as compared to more common reactants such as LiOH and Li2CO3. Li2CO3 is not 

soluble in tert-butanol. The use of LiOH, which is soluble in tert-butanol, results in the 

formation of Co3O4 and Li2CO3 side phases in addition to the targeted HT-LCO after 

calcination (Figure S7.2). 

Gravimetric analysis in combination with the XRD measurements reveals that the weight of 

the as-prepared dried product consists of one-third of the crystalline and two-thirds of the 

amorphous products; the latter is highly soluble and remains in a bluish supernatant solution. 

According to inductively coupled plasma optical emission spectroscopy (ICP-OES) 

measurements, the powder obtained by drying supernatant solution contains cobalt and 

https://pubs-acs-org.emedien.ub.uni-muenchen.de/doi/10.1021/acs.chemmater.9b02231#fig1
https://pubs-acs-org.emedien.ub.uni-muenchen.de/doi/10.1021/acs.chemmater.9b02231#fig1
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lithium ions in a molar Li : Co ratio of 2.5 : 1; however, they make up only around 18% of the 

total mass. The rest consists mainly of ethanol used for washing, isopropoxide and acetate 

ions from the precursor salts, tert-butanol from the solvothermal reaction, and organic 

impurities according to 1H nuclear magnetic resonance spectroscopy (NMR) 

(Figure S7.4).[39]Around one-third of the initially used cobalt ions remain in the supernatant 

solution after the reaction. The cobalt ions in the supernatant solution are present prevalently 

as Co3+ as indicated by the typical blue color of cobalt(III) complexes in the solution as well 

as the chemical shift in 59Co NMR (Figure S7.5).[40] We assume that the reaction residues 

together with the excess metal ions are equally distributed in the as-prepared product and that 

the crystalline nanoparticles are embedded in this amorphous matrix. 

The XRD pattern of the crystalline material contains broad diffraction lines that do not 

correspond to the targeted LiCoO2. However, the obtained structure is closely related to rock-

salt type CoO (ICDD card 00-043-1004). The mean particle size calculated using the Scherrer 

equation on the 200 reflection corresponds to 2–3 nm, which is in good agreement with the 

value obtained from DLS for dispersed particles. 

 
Figure 7.1: (a) XRD of Li0.15Co0.85Oy nanoparticles in comparison to ICDD card 00-043-1004 
of CoO. The background in the X-ray diffractogram is caused by fluorescence produced by 
measuring Co-containing samples with Cu Kα1 radiation. (b) 7Li solid-state MAS-NMR of the 
washed Li0.15Co0.85Oy nanoparticles. (c) XPS of the Co 2p3/2 peak on the washed Li0.15Co0.85Oy 
nanoparticles. (d) DLS measurement of a diluted dispersion of Li0.15Co0.85Oy nanoparticles in 
ethanol with the picture of a highly concentrated dispersion in the inset. (e) TEM micrograph 
of a single Li0.15Co0.85Oy nanoparticle with the (200) lattice plane distance indicated. (f) 
Fourier transform of the HRTEM image of a single Li0.15Co0.85Oy nanoparticle in Figure S7.9b 
with the indicated diffraction pattern. 



Nanosized lithium-rich cobalt oxide particles and their transformation to lithium cobalt oxide 
cathodes with optimized high-rate morphology 

198 

ICP-OES analysis of the carefully washed crystalline particles reveals that the product 

contains a significant amount of Li with a molar Li : Co ratio being approximately 0.2 : 1. 

This ratio does not change significantly after applying multiple washing steps. The results 

indicate that the solvothermal reaction actually does not produce CoO but LixCo1–xOy 

nanoparticles crystallizing in the rock-salt type structure of CoO. According to the ICP-OES 

analysis the molar fraction of lithium (x) is determined to be ∼0.15; hence, we will refer to the 

obtained phase as Li0.15Co0.85Oy in the following, with y ⩽1 indicating the possible oxygen 

substoichiometry that however could not be determined experimentally. The incorporation of 

Li+ in the rock-salt CoO lattice is confirmed by the 7Li magic angle spinning solid-state NMR 

(7Li MAS-NMR) spectra of washed (Figure 7.1b) and of as-prepared particles (Figure S7.4), 

which show an incorporation of Li+ into the structure by an unusual broad signal splitting of 

about 1200 ppm. The coupling of the unpaired electron of Co2+ with Li+ leads to the 

exceptionally broad spectrum. 

X-ray photoelectron spectroscopy (XPS) reveals the presence of Co3+ besides Co2+ species in 

the unwashed sample (Figure S7.7a). The ratio of Co2+ to Co3+ is found to be 2:1. After 

removal of the amorphous phase by washing, no Co3+ ions were detected in the XPS 

(Figure 7.1c). The Co 2p3/2 peak of the washed crystalline product can be successfully fitted 

by a linear superposition of peaks of CoO and Co(OH)2 according to Biesinger et al.[41] We 

can therefore assume that the washed product consists of the crystalline Li0.15Co0.85Oy 

nanoparticles terminated with surface adsorbed OH groups while the Co3+ ions can be 

attributed to the nonincorporated cobalt in the amorphous phase. In contrast to ICP-OES 

analysis, XPS does not provide any information about the lithium in the structure as the 

incorporation of Li does not alter the local electronic structure of CoO.[42] Raman 

spectroscopy characterization of cobalt-containing compounds is challenging due to their 

strong interaction with the Raman laser beam that converts the material irreversibly. Rivas-

Murias and Salgueiriño reported this phenomenon for the transformation of pure CoO to 

Co3O4 by local laser-induced heat.[43] As can be seen in the upper graph in Figure S7.8, high-

power laser irradiation of the as-prepared unwashed Li0.15Co0.85Oy nanoparticles leads to the 

formation of Co3O4
[44] as well as a smaller amount of high-temperature LiCoO2

[45] with bands 

at 590 and 475 cm–1, which overlap with the corresponding band of Co3O4. At very low laser 

intensity, however, the broad band of CoO around 530 cm–1 is visible together with signals of 

instantly formed Co3O4 (Figure S7.8, lower graph). 

 

https://pubs-acs-org.emedien.ub.uni-muenchen.de/doi/10.1021/acs.chemmater.9b02231#fig1
https://pubs-acs-org.emedien.ub.uni-muenchen.de/doi/10.1021/acs.chemmater.9b02231#fig1
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High-resolution transmission electron microscopy (HRTEM) shows the presence of very 

small non-agglomerated particles. The size of the nanoparticles ranges between 2 and 3 nm 

and is in good agreement with the results of XRD and DLS measurements (Figure S7.9a). The 

presence of well-developed lattice fringes reveals the crystalline structure of the particles 

(Figure 7.1e). A (200) lattice fringe distance of 2.1 Å and the Fourier transform of the images 

are in good agreement with the rock-salt structure for Li0.15Co0.85Oy (Figure 7.1f, 

Figure S7.9b). 

We note that the presence of Li+ ions in the reaction mixture significantly alters the course of 

the solvothermal reaction. tert-Butanol synthesis performed with the Co(OAc)2 precursor 

only, without any addition of LiOiPr, leads to the formation of Co3O4 nanoparticles instead of 

CoO, along with some significant amount of an unidentified nanocrystalline phase with a size 

of around 40 nm (Figure S7.12a). The size of the resulting Co3O4 nanoparticles is around 4–6 

nm, which is in accordance to the SEM image (Figure S7.13). The small nanoparticles 

slightly agglomerate to larger particles. Addition of up to equimolar amount of LiOiPr to the 

solvothermal reaction leads to the formation of Li0.15Co0.85Oy; however, Co3O4 nanoparticles 

also form as a coproduct. Only a slight excess of 5 mol % Li+ with respect to Co prevents the 

nanoparticles from incorporating the Co3+ species and therefore from forming Co3O4. To 

summarize, the presence of Li+ ions seems to significantly stabilize Co2+ ions under given 

synthesis conditions and promotes the formation of the rock-salt type oxide. 

Literature reports on the rock-salt LixCo1–xOy phase are very rare, beginning with a first 

proposed synthesis route and description of the crystal structure by Johnston et al. in 1958.[46] 

They found the phase-pure rock salt-type material incorporating Li of up to x = 0.2 by solid-

state synthesis at elevated temperatures of 700–900 °C; the obtained structure was described 

as a high-temperature phase.[46] Later in 1994, Antaya et al. extended the system by producing 

Li0.5Co1.5O2 and Li0.75Co1.25O2 (or, alternatively, Li0.25Co0.75O and Li0.375Co0.625O) by laser 

ablation deposition.[47] Both publications assume random substitution of cobalt in the rock-salt 

CoO lattice by lithium, leading to an oxidation of neighboring Co2+ ions to Co3+. In contrast 

to this statement, the publications of other groups oppose the formation of Co3+ in the rock-

salt structure upon incorporation of Li+. According to their conclusions, the formed holes are 

located primarily in the 2p states of the nearest lithium neighbor oxygen.[42, 48]As Li+ ions are 

smaller than the substituted Co2+, the size of the unit cell was found to decrease with 

increasing lithium content.[46, 47] Furthermore, besides the direct solid-state syntheses carried 

https://pubs-acs-org.emedien.ub.uni-muenchen.de/doi/10.1021/acs.chemmater.9b02231#fig1
https://pubs-acs-org.emedien.ub.uni-muenchen.de/doi/10.1021/acs.chemmater.9b02231#fig1
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out above 900 °C, LixCo1–xOy was also found as a combustion product of HT-LCO emerging 

at temperatures above 1000 °C besides Co3O4.[49, 50] 

However, no literature reports on the nanosized LixCo1–xOy exist so far; in fact to the best of 

our knowledge, we are the first to obtain phase-pure Li0.15Co0.85Oy nanoparticles. Strikingly, 

the nanosized rock-salt type Li0.15Co0.85Oy crystallizes at a very low temperature of 150 °C 

under solvothermal conditions in contrast to the reported solid-state syntheses that require 

high temperatures to obtain phase-pure materials. 

To investigate the phase stability of the Li0.15Co0.85Oy nanoparticles, we performed in situ 

heating XRD measurements (Figure 7.2a) and thermogravimetric/differential scanning 

calorimetry analysis (TGA/DSC, Figure 7.2b). TGA/DSC measurements reveal that a 

structure transition takes place at a temperature of around 425 °C, which is confirmed by in 

situ XRD measurements. At temperatures beyond 425 °C, the XRD patterns drastically 

change and only one phase can be indexed corresponding to the so called high-temperature 

modification of lithium cobalt oxide with an α-NaFeO2 structure (HT-LiCoO2, space group R-

3m, ICDD card 01-070-2685). In the Raman spectrum (Figure 7.3b) of the product formed at 

this temperature, the pronounced peaks of the Eg and A1g modes of the HT-LiCoO2 are 

visible. Furthermore, small amounts of Co3O4 were detectable, which were presumably 

formed via the laser-induced local heating of lithium-deprived particle regions with a 

subsequent phase transformation. LiCoO2 is known to crystallize in two main modifications: 

low-temperature modification (LT-LiCoO2, space group Fd3m) and the already mentioned 

high-temperature modification targeted for battery applications. Due to the structure 

similarity, the unambiguous determination of these polymorphs using XRD analysis is not 

always possible.[45] Cyclic voltammograms (CVs) (Figure 7.2c) of the two phases however 

differ significantly, which provides a convenient tool for their qualitative determination. In 

contrast to the results of XRD analysis that point to the formation of HT-LiCoO2 already at 

425 °C, cyclic voltammograms of thin films of the powder calcined at temperatures from 350 

to 560 °C (Figure 7.2c) show a pair of peaks at around 3.6 V typical for the LT-LiCoO2. Only 

at a temperature beyond 560 °C the redox peaks around 3.9 V characteristic for the HT-

LiCoO2 phase are observed. Therefore, we choose a calcination temperature of 560 °C to fully 

convert LixCo1–xOy nanoparticles to HT-LCO for all further experiments.  

https://pubs-acs-org.emedien.ub.uni-muenchen.de/doi/10.1021/acs.chemmater.9b02231#fig2
https://pubs-acs-org.emedien.ub.uni-muenchen.de/doi/10.1021/acs.chemmater.9b02231#fig2
https://pubs-acs-org.emedien.ub.uni-muenchen.de/doi/10.1021/acs.chemmater.9b02231#fig3
https://pubs-acs-org.emedien.ub.uni-muenchen.de/doi/10.1021/acs.chemmater.9b02231#fig2
https://pubs-acs-org.emedien.ub.uni-muenchen.de/doi/10.1021/acs.chemmater.9b02231#fig2
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Figure 7.2: (a) In situ XRD of the oxidation process of as-prepared Li0.15Co0.85Oy to HT-LCO 
nanoparticles using Mo Kα radiation. (b) TGA (left y axis) and DSC (right y axis) of the as-
prepared Li0.15Co0.85Oy nanoparticles in air. (c) CV measurements of thin films (∼200 nm) of 
the calcined as-prepared Li0.15Co0.85Oy powder on FTO after calcination at 350, 425, 500, and 
560 °C for 5 h. 

 
7Li MAS-NMR (Figure S7.6b) and XPS (Figure S7.7b) measurements of the HT-LiCoO2 

phase obtained after calcination at 560 °C revealed the sole formation of Co3+ species. In 7Li 

MAS-NMR, the initially broad spectrum narrows down to a width of around 200 ppm as there 

is no longer an unpaired spin within Co3+ for lithium to couple with. Additionally, the 

Co 2p3/2 spectrum in XPS of a sample calcined at 560 °C was fitted by using only the peak 

shape of a CoOOH reference according to Biesinger et al.[41]  

HRTEM images demonstrate that the calcination of the as-prepared spherical LixCo1–xOy 

nanoparticles at 560 °C leads to their anisotropic growth with the formation of elongated 

nanoparticles (Figure 7.3c, d). The presence of well-developed lattice fringes reveals high 

crystallinity of the particles. A lattice fringe distance of 4.7 Å (Figure 7.3c) and the Fourier 

transform of the HRTEM image of the nanoparticles (Figure 7.3e) are in good agreement with 

the α-NaFeO2 structure of HT-LiCoO2 deduced from the XRD patterns (Figure 7.3a). The 

width of the elongated HT-LiCoO2 nanoparticles ranges from 5 to 30 nm (Figure S7.10a) with 

a weighted average of 17 nm, which is in excellent agreement with the value derived from 

XRD. The particle length observed is between 20 and 80 nm (Figure S7.10b) with a weighted 

average of around 60 nm. 
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Figure 7.3: (a) XRD of HT-LCO nanoparticles calcined at 560 °C in comparison to ICDD 
card 01-070-2685 of HT-LCO. Particle width is calculated as 16 nm from the broadening in 
the 003 reflex according to the Scherrer equation. (b) Raman spectrum of HT-LCO 
nanoparticles. Impurities of Co3O4 are indicated. (c) HRTEM micrograph of a single HT-LCO 
nanoparticle with the (003) lattice plane distance indicated. (d) HRTEM image of the 
intergrown nanoparticle network scratched off a thin film calcined at 560 °C. (e) Fourier 
transform of the HRTEM image of panel (c) with indicated diffraction pattern. 

 

As follows from the results of the different complementary measurements described above, 

calcination of the as-prepared product of the solvothermal reaction composed of crystalline 

Li0.15Co0.85Oy nanoparticles embedded in an amorphous phase containing Co3+ ions and an 

excess of Li+ ions results in a complete transformation of the rock-salt LixCo1–xOy structure to 

the HT-LiCoO2 structure upon calcination above 425 °C. This process is accompanied by an 

oxidation of Co2+ ions to Co3+ ions within the nanoparticles and diffusion of Li+ (and 

probably also Co3+) ions from the surrounding amorphous phase to the nanoparticles. An 

excess amount of Li+ ions is needed to obtain the Li : Co stoichiometry required for the 

synthesis of phase-pure HT-LCO. Lithium ions can be supplied by the nonreacted precursor 

from the amorphous phase as it was shown above for the non-washed and as-prepared 

reaction product. Alternatively, Li+ ions can also be added separately in excess. Thus, 

calcination of washed Li0.15Co0.85Oy nanoparticles in the presence of added LiOiPr produces 

HT-LCO nanoparticles with a size of around 50 nm (Figure S7.12b). In contrast to that, the 

calcination of Li0.15Co0.85Oy alone (washed Li0.15Co0.85Oy nanoparticles) results in the 
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formation of a lithium-containing compound structurally similar to Co3O4 spinel, as follows 

from the XRD analysis. ICP-OES analysis of the obtained product indicates that the Co3O4 

spinel contains 15% of Li (Figure S7.11b). 

It should be noticed that the phase transformation of the LixCo1–xOy at elevated temperatures 

was not investigated so far. The only publication dealing with this process describes the 

oxidation of LixCo1–xOy at around 850 °C leading to a mixture of Co3O4 and HT-LCO.[51] 

In order to tackle the role of Li+-ion substitution in the rock-salt CoO structure in its phase 

transformation to LCO, we have investigated the temperature-induced transformation of Li-

free cobalt oxide. Li-free Co3O4 nanoparticles synthesized in a similar solvothermal reaction 

as described above were mixed with an over stoichiometric amount of LiOiPr (1:1.05) added 

after the synthesis as a Li source. Calcination of the mixture at 560 °C results in the formation 

of HT-LCO, similar to the calcination of Li0.15Co0.85Oy nanoparticles. The size of the 

crystalline domains of HT-LCO obtained by the transformation of Co3O4 is however much 

larger, with a particle size being over 300 nm according to XRD analysis (Figure S7.12b). 

Based on these results, we assume that the presence of lithium in the CoO lattice slows down 

the kinetics of phase transformation to HT-LCO at elevated temperatures, enabling us to 

obtain very small HT-LCO nanocrystals during the subsequent calcination. However, at 

calcination temperatures of 600 °C and higher, a lithium-containing compound structurally 

similar to Co3O4 spinel, which was also obtained in the case of washed Li0.15Co0.85Oy 

nanoparticles, is formed instead of HT-LCO (Figure S7.14). We attribute this rather 

uncommon behavior to the small particle size of Li0.15Co0.85Oy. 

An attractive feature of the Li0.15Co0.85Oy nanoparticles is their good dispersibility in ethanol, 

which enables their assembly into nanostructures with optimized morphology for LIB 

applications. As can be seen in scanning electron microscopy (SEM) images, the LCO films 

obtained by the direct sintering of Li0.15Co0.85Oy nanoparticles show only textural porosity 

with small pores resulting from random packing of sintered agglomerates (Figure 7.4a).  
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Figure 7.4: SEM micrographs of (a) LCO film resulting after calcination of as-prepared 
LixCo1–xOy nanoparticles without any templating agent and (b) Pluronic F127-templated HT-
LCO film after calcination at 560 °C. 

 

To optimize the morphology and to increase the accessible interface area, the block 

copolymer Pluronic F127 was added to the dispersion as a structure-directing agent (in a mass 

ratio of as-prepared nanoparticles : Pluronic 1 : 2). The dispersion was drop-cast on FTO 

glass, and the resulting films were calcined at 560 °C. Pluronic F127 combusts at 

temperatures of around 400 °C as follows from the TGA/DSC measurements (Figure S7.19). 

The HT-LCO layers obtained in this way feature a uniform highly porous structure with large 

open voids accessible from the surface, as follows from the SEM images (Figure 7.4b, 

Figure S7.18) and atomic force microscopy (AFM) measurements (Figure S7.21). Nitrogen 

sorption isotherms (Figure S7.22) reveal a comparably high BET surface area of 23 m2 g–1 of 

the nanostructured LCO resulting from the high porosity with a broad pore size distribution 

ranging from micro- to macropores (Figure S7.22, inset). The surface area is large enough to 

provide an extended contact interface with the electrolyte for facilitated lithium-ion diffusion, 

but at the same time, it is small enough not to significantly increase undesired side reactions 

at the interface between the active material and the electrolyte. Therefore, it has the optimal 

properties of being an appropriate cathode material for fast lithium insertion/extraction. 

Comparison of electrochemical properties of non-templated and nanostructured films shows 

distinct differences in their performance (Figure S7.20a). The nanostructured HT-LCO film 

reveals a narrower separation between oxidation and reduction peaks as well as a higher 

current density than the flat film. Upon prolonged cycling, the peak to peak separation of the 

flat film increases while the peaks of the nanostructured HT-LCO remain closer together with 

less change in the difference of the peak potentials. The most remarkable difference between 
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the non-templated and templated films is observed in their cycling stability. After five cycles, 

less than one-fourth of the initial discharge capacity is retained for the flat HT-LCO film, 

whereas the discharge capacity of the nanostructured sample only slightly decreases 

(Figure S7.20b). 

Galvanostatic charge/discharge measurements performed at different rates are shown in 

Figure 9.7a. 1C corresponds to a full charge (or discharge) of the active material within 1 h, 

which equals a current density of 137 mA g–1 for HT-LCO up to a terminal voltage of 4.2 V 

versus Li/Li+.  

 
Figure 7.5: Electrochemical Li insertion/extraction with nanostructured HT-LCO heated at 
560 °C: (a) Multicycling stability at different rates (10 cycles each are shown). (b) 
Corresponding galvanostatic charge/discharge (first curves). (c) Multicycling stability at a 
rate of 1C showing gravimetric capacity on the left and Coulomb efficiency on the right y 
axis. 

 

The nanostructured HT-LCO films exhibit an initial discharge capacity of 132 mAh g–1 at 1C, 

which is very close to the theoretical limit of 137 mAh g–1. At higher charge/discharge rates, 

at which the accessible capacity in typical LCO cathodes drops significantly, the 

nanostructured LCO electrodes show remarkably high capacity retention. At a rate of 2C 
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(274 mA g–1), still 89% of the initial capacity is maintained (118 mAh g–1) and even after 10 

cycles at 50C (6850 mA g–1) 53% of the initial capacity can be retrieved (Figure 7.5a). 

Subsequent cycling at 1C yields 77% capacity retention. The irreversible capacity loss is 

presumably due to mechanical interruptions caused by the high current densities at 50C, 

leading to a loss of a portion of the active material. We also tested the rate performance of 

HT-LCO obtained by calcination at 580 °C. Those particles are almost 3 times larger than 

their counterparts preserved at 560 °C. Larger particles can be beneficial due to their lower 

surface area enabling a high volumetric capacity. However, we obtained an inferior rate 

performance for the larger particles (Figure S7.15) resulting in lower gravimetric capacities 

compared to the HT-LCO obtained at 560 °C. The initial discharge capacity at 1C is almost 

30% lower (99 mAh g–1). The poorer rate performance is visible especially at high C rates, 

and at 50C, a discharge capacity of only 4 mA h g–1 is retained opposite to 70 mAh g–1 for 

HT-LCO-560 °C. Those results demonstrate the advantage of the small particle size, which is 

beneficial for a promising rate performance. 

The rate performance of the HT-LCO obtained by the transformation of Co3O4 was analyzed 

as well (Figure S7.17), which was also inferior to that of HT-LCO-560 °C, especially at 20 

and 50C. At such very high C rates, gravimetric capacities of only 32 and 3 mA h g–1 are 

reached, respectively. In contrast, the values obtained for the nanosized HT-LCO are 3 to 

almost 14 times higher, demonstrating the advantage of the chosen synthesis route. 

Comparison of the rate performance of our nanostructured HT-LCO with other reported 

materials is not straightforward as the measurement conditions and procedures differ strongly. 

In the Supporting Information, we provide an overview of the relevant literature and how 

different procedures can be related to make the results more comparable. Taking all these 

considerations into account, the only publication reporting slightly better performance of LCO 

at rates of up to 15C is by Yadav et al.[52] They used a microemulsion-derived HT-LCO, 

which exhibits discharge capacities of 123/118 mAh g–1 for 5C/10C. Our nanostructured HT-

LCO demonstrates, however, better performances at very high charging rates, and at 20 and 

50C, it demonstrates the highest capacity retention reported so far. Furthermore, the plateaus 

corresponding to the oxidation/reduction process of HT-LCO during galvanostatic 

charge/discharge, respectively, are observed at practically the same potential of 3.9 V at 

different C rates (Figure 7.5b). Only at C rates higher than 10C the plateaus are getting less 

distinct and drift apart due to higher overpotentials caused by the electrode resistance and the 

capacitive effects.[17, 53] Long-time measurement at 10C (1370 mA g–1) in Figure 7.5c shows a 



Results and discussion 
 

207 

Coulomb efficiency of 87.6% in the first cycle and therefore an irreversible capacity loss of 

12.4% due to the formation of a cathodic solid electrolyte interphase. For all other cycles, the 

Coulomb efficiency stays constant over 95%. This is a typical behavior already reported for 

sub-micron-sized LCO particles.[54] Especially, the long-term experiment at a rather high 

current density shows that our nanostructured HT-LCO material has a superior discharge 

capacity as well as stability compared to other published HT-LCO materials. For a rate as 

high as 10C (6 min of discharge) a discharge capacity of 116 mAh g–1 was measured for the 

first cycle corresponding to 85% of the theoretical available capacity, which is relatively high 

compared to reported values in the literature (see the Supporting Information for detailed 

comparison). Subsequently, for even higher C rates up to 50C, the discharge capacity only 

slowly decreases in contrast to the electrochemical behavior of non-nanoscaled HT-LCO. 

Generally, a direct comparison of the rate performances of different electrodes with literature 

data is complicated, as the performance strongly depends on the electrode thickness and the 

mode of the electrode fabrication. A more detailed comparison of different reported HT-LCO 

electrodes is given in the Supporting Information. The only competitive high-rate LCO 

materials demonstrating similar performance to our nanostructured HT-LCO were described 

by Xiao et al., who prepared HT-LCO with nanowire[55] and nanoplate morphology.[56]  

The HT-LCO nanowires reported by Xiao et al. preserve 79% of their initial discharge 

capacities after 100 cycles at 1000 mA g–1 (7C).[55] The HT-LCO nanoplates show a slightly 

higher capacity retention of 85% of the initial discharge capacity under the same experimental 

conditions.[56] Our nanostructured HT-LCO shows similar capacity retention after 100 cycles 

at an even higher C rate of 10C (1370 mA g–1). Moreover, it still retains 71 mAh g–1 

corresponding to over 60% of the initial discharge capacity after the 250th cycle at a rate of 

10C (1370 mA g–1). 
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7.4 Conclusion 

The solvothermal reaction of Co(OAc)2 and LiOiPr in tert-butanol results in the formation of 

crystalline dispersible nanoparticles with an unusual rock-salt LixCo1–xOy phase containing 

around 15 at% Li in the crystalline structure. This is the first time that this composition was 

obtained as single nanoparticles. It is also noteworthy that the rock-salt Li0.15Co0.85Oy phase 

was formed at temperatures as low as 150 °C under the conditions of a solvothermal process, 

although it is referred to as high-temperature metastable phase in a very limited number of 

known publications. A thorough investigation of the obtained nanoparticles reveals several 

benefits of this morphology that can be of advantage for the fabrication of HT-LCO cathodes 

with optimized performances. We observed that the synthesized Li0.15Co0.85Oy nanoparticles 

completely transform to HT-LCO nanoparticles at 560 °C in the presence of slightly over 

stoichiometric amounts of lithium source. Thus, the Li+ ions can be supplied by the 

nonreacted precursor from the reaction mixture or added separately after the synthesis. The 

HT-LCO particles formed after this transformation have an elongated shape with a mean size 

of ∼17 × 60 nm, which is targeted as an optimum size for high-rate battery applications. 

Although HT-LCO can be obtained in a similar way also from lithium-free cobalt oxide 

nanoparticles, the resulting particles are much larger with a size of about 300 nm. We 

attribute the difference in particle sizes to slower kinetics of the phase transformation of 

lithium-containing nanoparticles to HT-LCO at elevated temperatures, enabling us to obtain 

very small HT-LCO nanocrystals during the subsequent calcination. Another attractive 

feature of the LixCo1–xOy nanoparticles besides their small size is their high dispersibility, 

enabling their assembly into different nanostructures with optimized morphology. As an 

example, we prepared porous electrodes composed of HT-LCO nanoparticles by using 

Pluronic F127 as a structure-directing agent, which has not been reported before. Porous HT-

LCO resulting after calcination at 560 °C demonstrates very good performances at high 

current densities representing short charge/discharge times below 10 min. Even at a 

charge/discharge time of only 72 s, corresponding to 50C, half of the theoretical capacity was 

preserved. After 250 cycles at a charge/discharge time of 6 min (10C), still over 60% of the 

initial discharge capacity was retained. We suggest that further modifications of our 

nanostructured HT-LCO such as surface coatings with Al2O3,[10-12] doping,[13] and novel 

conductivity-enhancing composites[13] will help toward improving stability at higher current 

densities. 
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7.5 Experimental section 

Materials: Pure cobalt (II) acetate was purchased from AppliChem. Pure lithium isopropoxide 

was purchased from Acros Organics, and tert-butanol was purchased from Grüssing (99% 

purity). All chemicals were used as received. 

Synthesis of LixCo1–xOy Nanoparticles: LCO nanoparticles were synthesized in a two-step 

synthesis. In a typical synthesis, 349 mg (1.4 mmol) of Co(OAc)2·4H2O and 9 mg (1.5 mmol) 

of LiOiPr were dispersed in 180 mL of tert-butanol within a Parr Instruments 300 mL General 

Purpose & High Temperature Pressure Vessel steel autoclave with internal temperature and 

pressure sensor. The autoclave was sealed, heated with 10 °C min–1 to 150 °C, and kept at this 

temperature for 17 h. The mixture was stirred during the reaction at 1000 rpm. The 

nanoparticles were collected by drying the processed solution at 70 °C. (Caution: 

Nanoparticles may be hazardous upon respiration. For safe working with nanopowders, they 

should be handled only in a fume hood or glovebox as precaution.) The atomic ratio of 

lithium to cobalt in the dried product was 1.06 in average according to ICP-OES. In order to 

prepare a dispersion of the preliminary particles, 100 mg of the dried solid was treated with 

100 mg of concentrated acetic acid and then redispersed in 4 mL of ethanol and stirred 

overnight. This dispersion was filtered afterward with a 220 nm syringe filter (Sartorius 

minisart cellulose acetate membrane) to remove remaining agglomerates, and the atomic 

proportion of lithium to cobalt in the resulting dispersion was determined by ICP-OES to be 

1.3:1. This dispersion was diluted in a ratio of 1:50 with ethanol for DLS measurements and 

the preparation of TEM samples. To produce nanostructured LCO, 200 mg of Pluronic F127 

was added to the dispersion and stirred at room temperature for at least 1 h. 

 

Thin-Film LCO Electrode Preparation: Thin-film electrodes for the ex situ CVA 

measurements to determine the dependency on the calcination temperature were prepared by 

simply drop-casting 10 μL of the dispersion on a defined area, 1.0 × 1.5 cm, of a 1.0 × 3.0 cm 

FTO glass substrate. The specimen was calcined under air by heating up with a heat rate of 

3 °C min–1 to the respective calcination temperature and a dwell time of 5 h. Afterward, the 

samples were cooled down to room temperature with an estimated cooling rate of about 

1 °C min–1. To provide good electrical contact to the attached electrodes, a small strip of 

silver varnish was attached to the upper part of the uncoated side of the FTO glass substrate. 
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LCO Compound Electrode Preparation: Nanostructured LCO powder was obtained by drop-

casting 6.7 μL cm–2 of the as-prepared dispersion (25 mg mL–1) containing Pluronic F127 

(50 mg mL–1) on FTO glass sheets and calcination at 560 °C achieved with a heating rate of 

3 °C min–1and a dwell time of 5 h. Afterward, the sheets were cooled down to RT with a 

cooling rate of 1 °C min–1, and the nanostructured LCO powder was scratched off the FTO 

glass sheets. 

The nanostructured LCO powder was mixed together with carbon black Super C65 purchased 

from TIMCAL and poly(vinylidene fluoride) (PVDF) from Aldrich in a ratio of 80:10:10. 

7 μL mg–1 1-methyl-2-pyrrolidinone purchased from Sigma-Aldrich (99% purity) was added 

to the mixture. The ink was stirred overnight and treated for 20 min with an ultrasonic horn 

(Vibra Cell VC 250 of Sonics Materials) at half power. A wet film of 100 μm of the ink was 

coated on aluminum foil with an automatic film applicator coater ZAA 2300 from Zehntner 

with a coating speed of 5 mm s–1 and dried afterward at 60 °C for 3 h. Circular electrodes of 

18 mm diameter were punched out and then dried at 120 °C for 5 h under vacuum. The 

average active mass loading was 0.7 mg. 

 

Characterization Methods: 

Wide-angle X-ray diffraction analysis of the powders was performed in transmission mode 

(Debye–Scherrer geometry) using a STOE STADI P diffractometer with a Ge single crystal 

monochromator for either Cu Kα1 (λ = 1.54060 Å) or Mo Kα1 radiation (λ = 0.709300 Å) and 

both equipped with a DECTRIS solid-state strip detector MYTHEN 1K. 

Raman spectra were acquired with a Jobin Yvon Horiba HR800 UV Raman microscope 

(OLYMPUS BX41) using a HeNe laser (632.8 nm) and a SYMPHONY CCD detection 

system. Spectra were recorded using a lens with a 100-fold magnification. To prevent the 

samples from local heating, the power of the laser beam was normally adjusted to about 

8.5 mW and for extremely sensitive samples to 1.7 mW with filters of various optical 

densities. 

Scanning electron microscopy (SEM) was carried out on a JEOL JSM-6500F scanning 

electron microscope equipped with a field emission gun operating at 5 kV. The films were 

prepared on FTO glass substrates and glued onto a brass sample holder with silver lacquer. 
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TEM analysis was carried out on a FEI Titan Themis 300 instrument equipped with a field 

emission gun operating at 300 kV, a high-angle annular dark field (HAADF) detector and an 

EDAX energy-dispersive X-ray spectrometer. Pure LixCo1–xOy nanoparticles were drop-

coated out of strongly diluted dispersions on a copper grid with a holey carbon film and 

plasma-cleaned for 9 s at 50 mW to remove contaminations. In contrast to that, the lithium 

cobalt oxide film material was scratched off an FTO substrate, deposited on the same type of 

copper grid, and used without plasma cleaning. 

Dynamic light scattering (DLS) of the LixCo1–xOy nanoparticles was performed using a 

Malvern Zetasizer-Nano with a 4 mW HeNe laser (633 nm) and an avalanche photodiode 

detector. The scattering data were evaluated on particle number. 

Thermogravimetric analysis (TGA) and dynamic scanning calorimetry (DSC) were carried 

out with a NETZSCH STA 440 C TG/DSC instrument (heating rate 10 K min–1 in a stream of 

synthetic air of about 25 mL min–1). 

Inductively coupled plasma optical emission spectroscopy was performed on a VARIAN 

VISTA RL CCD Simultaneous ICP-OES. 

XPS analysis of the particles was performed on a silicon substrate using a VSW HA 100 

electron analyzer and the Kα radiation provided by a non-monochromatized Mg anode system 

(Mg Kα = 1253.6 eV). Fitting of the Co2p3/2 peaks are based on a linear combination of Co0, 

Co2+, Co3+, and Co3O4 spectra published by Biesinger et al.[41]  

7Li magic angle spinning solid-state nuclear magnetic resonance (MAS-NMR) was recorded 

on a Bruker DSX Avance 500 FT spectrometer with a magnetic field of 11.7 T. The zirconia 

rotor with an outer diameter of 2.5 mm was spun at a rotation frequency of 12 kHz. 
59Co and 1H NMR spectra were measured on a Bruker Avance 400 MHz spectrometer. 

Nitrogen sorption measurement was performed at 77 K with the scratched powder of 

nanostructured LiCoO2 using a QUANTACHROME Autosorb iQ instrument. The powders 

were degassed at 120 °C for at least 12 h before measurement. The specific surface area was 

determined with the Brunauer–Emmett–Teller method. The pore size distribution was 

calculated using a nonlocal density functional theory (NLDFT) approach on silica cylindrical 

pores. 

AFM characterization was performed using a NANOINK NScriptor DPN System working in 

tapping mode. 
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Electrochemical Measurements: Electrochemical measurements were performed in a three-

electrode setup using an Autolab potentiostat/galvanostat PGSTAT302N with FRA32M 

module operating with Nova 1.10.4 software. 

Thin-film electrodes on FTO were measured in a custom-made three-electrode setup with 

lithium wire as both reference and counter electrodes and the nanostructured LCO film as the 

working electrode. A 1 M LiN(SO2CF3)2 solution in a mixture of ethylenecarbonate (EC) and 

1,2-dimethoxyethane (DME) (1:1 by weight) that was dried over 3 Å molecular sieves for at 

least 24 h was used as the electrolyte. 

LCO compound electrodes were measured in an EL-CELL ECC-PAT-Core three-electrode 

setup. The cathode material electrode was separated from the Li metal foil anode by an 

insulation sleeve equipped with a WHATMAN glass-fiber separator and a lithium metal 

reference ring. As the electrolyte, we used a commercial PuriEL 1.15 M LiPF6 in EC/ethyl-

methyl-carbonate (EMC)/dimethylcarbonate (DMC) in a 2:2:6 volume to volume ratio and 

1.0 wt% fluoroethylene carbonate (FEC) purchased from SoulBrain MI. 

Cyclic voltammetry measurements were usually performed between 3 and 4.2 V versus Li/Li+ 

and with a scan speed of 2 mV s–1. 

Galvanostatic measurements were performed using off voltages of 3 and 4.2 V versus Li/Li+. 

Both charge and discharge steps were performed at the same current density. A potentiostatic 

step at 4.2 V was performed between the galvanostatic charge and discharge step until the 

charge/discharge current density was reached. 
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7.7 Supporting information 

 

 
Figure S7.1: XRD patterns of as-prepared (bottom) and washed (top) LixCo1-xO 
nanoparticles. 

 

 

 
Figure S7.2: XRD pattern of the product of solvothermal reaction using LiOH as a lithium 
source after calcination at 580 °C. In addition to HT-LCO, Li2CO3 and Co3O4 are formed as 
side phases. 
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Figure S7.3: Observed, calculated, background and difference profiles for the Rietveld 
refinement of HT-LCO.  

 

Rietveld refinement of HT-LCO 

The Rietveld refinement of the HT-LCO leads to a Rwp value of 1.80%. All peaks are in 

good accordance with the calculated reflections of HT-LCO, with exception of the small peak 

at around 31° which can be assigned to Li2CO3. Due to a very small intensity of this peak and 

the resulting poor signal to noise ratio it was not possible to do Rietveld refinement on this 

Li2CO3 side phase 
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Figure S7.4: 1H NMR of the dried supernatant obtained after separation of LixCo1-xO 
nanoparticles and dissolved in acetone-D6. The signals correspond to ethanol, acetate and 
isopropoxide ions, tert-butanol, grease and other unidentified impurities.[1] 

 

 

 
Figure S7.5: 59Co NMR of the dried supernatant obtained after separation of LixCo1-xO 
nanoparticles and dissolved in acetone-D6. The signal corresponds to the Co3+-ions. 
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Figure S7.6: 7Li solid state MAS-NMR of (a) as prepared LixCo1-xO nanoparticles and (b) 
HT-LCO nanoparticles obtained after their calcination at 560 °C.  

 

 
Figure S7.7: XPS of the Co 2p3/2 peak on (a) as prepared LixCo1-xO nanoparticles and (b) 
HT-LCO nanoparticles obtained after their calcination at 560 °C. 

 

 
Figure S7.8: Raman spectra of as-prepared LixCo1-xO nanoparticles at 1.7 mW (lower 
spectrum) and 8.5 mW laser power (upper spectrum). Impurities of Co3O4 are indicated.  
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Figure S7.9: (a) TEM overview image of dispersed and non-agglomerated LixCo1-xO 
nanoparticles after washing (selection of the individual nanoparticles is circled). (b) TEM 
image of a single LixCo1-xO nanoparticle. 

 

 

Figure S7.10: Width (a) and length (b) of the HT-LCO nanoparticles obtained by 
measurement of 50 particles in HRTEM images. 
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Figure S7.11: (a) XRD pattern of the reaction product obtained after calcination of washed 
Li0.15Co0.85O nanoparticles and added LiOiPr mixed in molar ratio of 1:0.95 at 560 °C. (b) 
XRD pattern of the reaction product obtained after calcination of washed Li0.15Co0.85O 
nanoparticles at 560 °C without any additional Li source. 

 

 

 
Figure S7.12: (a) XRD pattern of the product of solvothermal synthesis in tert-butanol 
performed with only Co(OAc)2 without addition of LiOiPr and (b) the product of its 
calcination at 560 °C after mixing with lithium LiOiPr in a molar ratio of 1:1.05. 
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Figure S7.13: SEM image of the product of solvothermal synthesis in tert-butanol performed 
with only Co(OAc)2 without addition of LiOiPr. 

 

 

 
Figure S7.14: XRD patterns of Li0.15Co0.85O nanoparticles after calcination at (a) 580 °C, (b) 
600 °C and (c) 625 °C. 
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Figure S7.15: (a) Rate performance measurement at different C-rates (1C-50C) of HT-LCO 
obtained after calcination at 580 °C, and (b) corresponding galvanostatic charge/discharge 
(first) curves.  

 

 

 
Figure S7.16: SEM image of HT-LCO obtained after calcination at 580 °C. 
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Figure S7.17: (a) Rate performance measurement at different C-rates (1C-50C) of HT-LCO 
obtained by the transformation of Co3O4 and (b) corresponding galvanostatic charge/discharge 
(first) curves. 

 

 

 
Figure S7.18: SEM image of an LCO film resulting after calcination of as prepared 
LixCo1-xO nanoparticles with templating agent in low magnification. 
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Figure S7.19: TGA (left axis) and DSC (right axis) of the mixture of as prepared LixCo1-xO 
nanoparticles and Pluronic F127 in air.  
 

 

 
Figure S7.20: (a) Cyclic voltammograms of flat (red) and Pluronic F127 structured LCO 
(black) and (b) their integrated capacities. 
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Figure S7.21: AFM image (three-dimensional plot) of the nanostructured HT-LCO film after 
calcination. 

 

 

 
Figure S7.22: Nitrogen sorption on nanostructured HT-LCO. Pore size distribution obtained 
with the NLDFT method is shown in an inset. 
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Comparison of high-rate performance of reported HT-LCO cathodes 

One of the fastest HT-LCO electrodes was prepared by Okubo et al.[2] from hydrothermally-

grown 17 nm wide nanoparticles. The authors have used, however, a very high content of 

carbon black (45%) that drastically enhances the conductivity even at very high current 

densities. The electrodes by Okubo et al. show a high value of 90 mAh g-1 compared to 

72 mAh g-1 for our nanostructured HT-LCO electrode charged at 50C. However, it should be 

noted that our material yields a higher discharge capacity at 1C (132 mAh g-1) as compared to 

120 mAh g-1 by Okubo et al. Taking the masses of the additional conducting material, mostly 

carbon black, and the polymeric binder into account, we can re-evaluate and compare the 

capacity per ink mass. This reduces the values of Okubo et al.[2] to 60 mAh gink
-1 and 

45 mAh gink
-1 at 1C and 50C, respectively, while our material still yields 106 mAh gink

-1 and 

56 mAh gink
-1, respectively. This alternative point of view drastically changes the relations 

towards our material and is a more realistic approach with respect to commercial use. 

Additionally, it should be noted that the capacity drops quite strongly between first and 

second cycle due to the formation of a cathodic surface-electrolyte-interphase. In this study, 

the discharge capacity at 50C was determined after the overall 51st cycle and not after the 1st 

and does not overestimate the discharge capacity by taking non-reversible charges of the 

cathodic SEI formation into account. Therefore, some groups normalize their data to the 

values of the fourth cycle to make a more realistic comparison.[3] 

Another parameter which makes the comparison of the electrodes difficult is the different 

cut-off potential used for charging. At a cut-off potential of 4.2 V vs. Li/Li+, half of all lithium 

ions are extracted. Higher cut-off voltages, such as 4.3 V, 4.5 V or even 4.8 V vs. Li/Li+, 

result in a stronger lithium ion extraction from the HT-LCO. Therefore, discharge capacities 

far beyond 137 mAh g-1 can be reached and theoretical capacity limits can be derived from 

the literature (see Table S7.1).[4] Hence, in order to compare the performance of materials at 

different C rates properly the theoretical capacity for the material at each cut-off voltage 

should be taken into account. By this approach, the mobility of the lithium ions within the 

different materials expressed as the respectively achieved capacities can be compared in a 

more direct way as at least the time parameter is fixed. 

 

 

 



Supporting information 
 

227 

Table S7.1: Minimal expected theoretical capacities of HT-LCO for different cut-off 
voltages.[4] 

Cut-off voltage [V vs. Li/Li+] 4.2 4.3 4.4 4.5 4.8 

Minimal theoretical capacity [mAh g-1] 137 156 167 192 241 

 

Wu et al.[5] showed flake-like HT-LCO by a solid state synthesis and cycled them with an 

upper cut-off of 4.5 V vs. Li/Li+. The maximum discharge capacity they obtained was 

179 mAh g-1 for the first cycle at 0.1C (14 mA g-1). This is around 93% of the possible 

achievable capacity. Each individual C-rate cycling step was repeated five times which 

returned 166 mAh g-1 for 1C which is significantly higher than reported in this work. 

Considering the 300 mV higher cut-off voltage, the actual C-rate reduces to 0.7C and hence, 

only 86% of the theoretical capacity are reached. In this work over 92% of the theoretical 

capacity is retained at a cut-off potential of 4.2 V vs. Li/Li+ in all ten cycles at 1C. Further 

correction of the values at higher C-rates of Wu et al. returned 159 mAh g-1 and 

116 mAh g-1for 1.5C and 3.6C, respectively, where 118 mAh g-1 and 107 mAh g-1 for the 

higher C-rates 2C and 5C, respectively, are reported in this work. Another possibility of 

comparing stated literature values with this work is the collation of the relative capacity 

retention at different C-rates. Measurement values of Wu et al. show an 82% capacity 

retention which is opposed by 86% retention at 1.5C/2C as well as 3.6C/5C shown by the 

material introduced in this work. Furthermore, our material was able to deliver a superior 

absolute capacity of 99 mAh g-1 in comparison to 96 mAh g-1 reported for the HT-LCO flakes 

of Wu et al. Absolute capacities stated were thereby extracted from the overall 31st discharge 

cycle at C-rates of 10C with regard to this work and 7.3C for the value reported by Wu et al. 

Qi and Koenig reported sub-microsized HT-LCO particles cycled up to 4.5 V with a 

proportionally higher current density.[6] By this, the actual C-rates get nearly the same and the 

results are comparable. Nevertheless, our material showed a better high-rate capability with 

discharge capacities of 107 mAh g-1 and 99 mAh g-1 at 5C and 10C, respectively, compared to 

94 mAh g-1 and 70 mAh g-1 achieved by Qi and Koenig for the respective C-rates.[6] Reddy et 

al.[7] used procedures similar to ours for their sol-gel derived cherry-blossom-leaf templated 

HT-LCO, but measured only a capacity of 69 mAh g-1 at 2C compared to 118 mAh g-1 

obtained for nanosizedHT-LCO introduced in this work. 
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Comparing our material with a desert-rose-type HT-LCO of Chen and Grey, HT-LCO 

presented in this work exhibits a capacity retention of 95% up to the 14th cycle at 10C versus a 

literature reported 75% retention obtained for a corrected rate of only 5C (1000 mA g-1) 

resulting from an increased potential window of up to 4.5 V.[8] 

Brog et al. synthesized cobalt complexes with different lithium precursors which were then 

converted into nanosized LCO.[9] Using lithium isopropoxide (LiOiPr) as precursor resulted in 

the most promising rate performance at 0.5C-2C (potential window: 2.6-4.4 V). At 1C and 2C 

a specific capacity of ~95 and ~65 mAh g-1 were reached, respectively.[9] Our nanosized 

HT-LCO was also prepared from LiOiPr exhibited at the same C-rates 132 and 118 mAh g-1 

within a potential window of 3.0-4.2V. 

Okubo et al. showed for bulk and nanoparticles discharge capacity retention of 93% and 70%, 

respectively, after 20 cycles at 10C. HT-LCO introduced in this work thereby maintained 

93% of the initial discharge capacity under comparable conditions.[2] This shows that the 

cycling stability of our nanosized HT-LCO material is comparable to that of bulk material.  

Hydrothermally prepared nanoparticles by Jo et al. show a discharge retention of 90% after 

30 cycles at a corrected C-rate of 5C (1000 mA g-1) which is just below the discharge 

retention of 91% at 10C reported in this work.[10] With ongoing cycling at high current 

density, the advantage of our nanosized HT-LCO material gets more and more pronounced.  

Liang et al. report a capacity retention of 77% after 50 cycles at corrected 5C with their 

synthesized nanoparticles, while nanoparticles presented in this work preserve 87% of the 

initial discharge capacity after 50 cycles at 10C.[11]  

Only a few groups report the performance of their HT-LCO after more than 50 cycles at high 

current densities. For example, Yadav et al. whose microemulsion derived HT-LCO 

nanostructures already performed well at various lower C-rates showed a decreased 

performance at the lower constant C-rate of 5C. Their initial discharge capacity of 

110 mAh g-1 is reduced to 82 mAh g-1 after 80 cycles leading to a retention of 75% which is 

lower than 82% capacity retention at 10C obtained after the same number of charge/discharge 

cycles shown in our work.[12] 
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8 Nanocellulose‐mediated transition of 
lithium‐rich pseudo‐quaternary metal 
oxide nanoparticles into lithium nickel 
cobalt manganese oxide (NCM) 
nanostructures 

This chapter is based on the following publication: 

Peter M. Zehetmaier, Florian Zoller, Michael Beetz, Maximilian A. Plaß, Sebastian Häringer, 

Bernhard Böller, Markus Döblinger, Thomas Bein, Dina Fattakhova-Rohlfing, 

ChemNanoMat., 2020, 6, 618. 

Link to the published article: https://doi.org/10.1002/cnma.201900748 

© Zehetmaier et al., published by WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. This 

work is licensed under the Creative Common Attribution 4.0 Public License (CC BY 4.0). 

 

Ultrasmall nanoparticles of the pseudo‐

quaternary phase LiwNixCoyMnzOδ were 

deliberately synthesized in four different 

compositions by a solvothermal approach in tert‐

butanol. All four different types of nanoparticles 

can be transformed together with an 

overstoichiometric lithium source and through 

templating with nanocellulose in a simple low‐

temperature calcination step into desert‐rose type Li(NixCoyMnz)O2 (NCMs) with the 

respective compositions. These NCMs serve as cathode materials in lithium‐ion batteries with 

stable gravimetric capacities even at high charge/discharge rates. 

 

Florian Zoller conducted some of the below descripted nanoparticle synthesis, performed 

electrochemical measurements and contributed in the manuscript preparation process.  

https://doi.org/10.1002/cnma.201900748
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8.1 Abstract 

We report the syntheses of various compounds within the pseudo‐quaternary system of the 

type LiwNixCoyMnzOδ (δ≤1) (pre‐NCMs). Four different compositions of this compound were 

realized as ultrasmall crystalline nanoparticles of 1–4 nm diameter using low‐temperature 

solvothermal reaction conditions in tert‐butanol at only 170 °C. All of the pre‐NCMs 

crystallize in the rock‐salt structure and their lithium content is between 20% and 30% with 

respect to the complete metal content. By adjusting the lithium content to 105% stoichiometry 

in the solvothermal reaction, the pre‐NCMs can easily react to the respective 

Li(NixCoyMnz)O2 (NCM) nanoparticles. Furthermore, nanosized desert‐rose structured NCMs 

were obtained after addition of nanocellulose during the synthesis. By using the mixed metal 

monoxides as precursor for the NCMs, cation mixing between lithium and nickel is favored 

and gets more pronounced with increasing nickel content. The cation mixing effect 

compromises good electrochemical capacity retention, but the desert‐rose structure 

nevertheless enables enhanced stability at high power conditions, especially for NCM333. 

 

8.2 Introduction 

Oxide compounds of cobalt, nickel and manganese play an important role in electrochemical 

energy storage as positive electrodes (cathodes) for lithium-ion batteries (LIBs). Thus, 

LiCoO2 (LCO) is the first commercialized cathode material and it is still used in a 

considerable number of LIBs over a quarter of a century after market introduction in 1991.[1-3] 

LCO is attractive because of its theoretical capacity of about 140 mAh g−1 up to 4.2 V, the 

low self‐discharge and good cycling performance. However, major drawbacks of this material 

are the high cost and toxicity of cobalt within LCO, as well as a moderate energy density.[3-9] 

In order to overcome these problems without compromising the advantages, much research 

has been conducted to substitute cobalt in the layered LiMO2. Complete substitution of Co by 

Ni leads to LiNiO2 (LNO) with, on the one hand, a similar specific capacity, a higher energy 

density and lower cost compared to LCO. On the other hand, LNO exhibits higher thermal 

instability and the Ni2+‐ions have the tendency to substitute Li+‐sites during synthesis and 

delithiation and consequently block the lithium ion diffusion pathways. Complete substitution 

with Mn leads to the low‐cost layered LiMnO2, which shows a high practical specific capacity 
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of around 200 mAh g−1. However, manganese compounds face structural instability problems 

due to Jahn‐Teller distortion, as well as Mn dissolution, followed by a loss of active material 

and a low cyclability. The best strategy so far is the combination of different metals within the 

MO2 layers of LiMO2, resulting in Li(NixCoyMnz)O2 (NCM) compounds that increasingly 

gain importance as cathodes in advanced LIBs.[3, 4, 10-12] 

Besides the high specific capacity and energy density, high power density (high charging rate) 

is another important requirement for the electrode materials in advanced LIBs. Control of 

morphology and in particular, nanoscaling are very efficient ways to boost the power density 

of electrode materials.[13-16] Reduction of the particle size of the active materials to the 

submicron region or even to tens of nanometers drastically shortens the diffusion path lengths 

of electrons as well as of lithium ions. This can lead to higher accessible capacities even at 

high charging or discharging rates. Moreover, active materials in the nanosize region are 

known to cushion the volume changes of structural changes and strains during the lithium 

insertion and extraction.  

Submicron sized particles of LiNi1/3Co1/3Mn1/3O2 (NCM333) can be produced with different 

methods. Especially sol‐gel,[17-19] modified Pechini,[20] plasma pyrolysis,[21] coprecipitation[22] 

and hydrothermal[23] approaches lead to particle sizes of over 100 nm after additional 

calcination steps at over 750 °C. The synthesis of smaller particles, which are expected to 

further increase the power density, is much more challenging. So far only a few groups have 

developed techniques to obtain NCM333 nanocrystals between 10 nm and 100 nm including 

hydrothermal,[24] reverse‐microemulsion[25] and combustion[26] strategies.  

In our previous publication we have described a novel approach to fabricate nanostructured 

and nanosized lithium cobalt oxide (LCO) cathode materials, which is based on the synthesis 

of lithium‐rich rock salt type CoO nanoparticles (“pre‐LCO”) followed by the temperature‐

assisted transformation to the electrochemically active high temperature LCO (HT‐LCO) 

phase.[16] The benefit of using pre‐LCO nanoparticles as nanostructured building blocks are 

the slow kinetics of their phase transformation to HT‐LCO, enabling to obtain much smaller 

HT‐LCO nanocrystals after the subsequent calcination as compared to other reported 

approaches.[16] It is appealing to extend this approach to more complex Li‐Ni‐Co‐Mn 

quaternary oxide structures to enable the fabrication of NCM cathodes with an optimized 

nanomorphology. Different pseudo‐binary and pseudo‐ternary monoxide compounds of the 

system Li‐Ni‐Co‐Mn adopting rock‐salt structure such as LixCo1‐xO,[27-32] LixNi1‐xO,[33-41] 
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CoxNi1‐xO,[42-47] MnxNi1‐xO,[48] MnxCo1‐xO[49] and LixMnyNizO[50] are already described in 

literature. However, there are no reports on pseudo‐quaternary rock‐salt type 

LiwNixCoyMnzOδ (δ≤1) (pre‐NCM) so far. Here, we show for the first time the fabrication of 

dispersible crystalline pre‐NCM particles of various compositions and in the size range of 1–4 

nm via the tert‐butanol solvothermal route that was already successfully used in the syntheses 

of various metal oxides.[13-16, 47, 51-57] These pre‐NCM building blocks form, after a 

combustion step, the respective NCM nanoparticles (LiNi1/3Co1/3Mn1/3O2 (NCM333), 

LiNi0.5Co0.2Mn0.3O2 (NCM523), LiNi0.6Co0.1Mn0.3O2 (NCM613) and LiNi0.8Co0.1Mn0.1O2 

(NCM811) intergrown in a desert‐rose‐like morphology.  

 

8.3 Results and discussion 

Lithium‐rich rock salt‐type nickel cobalt manganese oxide LiwNixCoyMnzOδ (δ≤1) (pre‐

NCM) nanoparticles of different compositions were obtained in a tert‐butanol solvothermal 

route that has been proven successful for the syntheses of numerous metal oxide nanoparticles 

of very small size.[13-15, 47, 52-57] In a typical synthesis, Ni(OAc)2, Co(OAc)2 and Mn(acac)2 

were mixed in the respective molar ratios to obtain the four different NCM materials. 

Afterwards, LiOiPr was added in slight excess to the transition metal precursors (TM) in a 

molar ratio of 1.05 : 1.00 Li : TM. The resulting mixture was suspended in tert‐butanol and 

heated in sealed stainless-steel autoclaves at 165 °C for 17 h.  

XRD patterns of the as‐prepared dried reaction products indicate the presence of undefined 

organic compounds detected as strong reflections at 5–15°2ϑ (Figure S8.1 in supporting 

information (Chapter 8.7)) that are most presumably derived from not‐fully reacted 

precursors. The lithium organic compounds can be easily removed by washing with ethanol. 

After the washing step the rock‐salt phase and an additional side phase whose reflections can 

be assigned to Mn3O4 are detectable in the XRD patterns (Figure 8.1a). Inductively‐coupled 

plasma optical emission spectroscopy (ICP‐OES) analysis reveals that the stoichiometry of 

Ni, Co and Mn ions for all washed pre‐NCM nanoparticles is practically the same as in the 

initial reaction mixture. However, the molar ratio of the sum of lithium to transition metals in 

the washed nanoparticles is in the range of 0.25 to 0.43, hence, significantly lower than in the 

reaction mixture. According to the results of ICP‐OES and XRD analyses, the obtained pre‐

NCM products crystallize in a rock salt type structure with the composition of 
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Li0.30Ni0.27Co0.23Mn0.20Oδ (pre‐NCM333), Li0.23Ni0.40Co0.17Mn0.20Oδ (pre‐NCM523), 

Li0.25Ni0.47Co0.08Mn0.20Oδ (pre‐NCM613) and Li0.22Ni0.62Co0.08Mn0.08Oδ (pre‐NCM811) 

(Table 8.1), with δ≤1 indicating a possible oxygen substoichiometry that however could not 

be determined experimentally. The results derived from ICP‐OES concerning the 

compositions of the different materials and the molar ratios between Ni, Co and Mn are also 

confirmed by X‐ray photoelectron spectroscopy (XPS) data for all of the washed pre‐NCM 

nanoparticles. Furthermore, the 2p3/2 peaks of all three transition metals can be fitted with the 

respective peaks of M(OH)2 according to Biesinger et al.,[58] confirming that all three metals 

are in the same oxidation state of +II (Figure 8.1c). Nevertheless, XPS cannot give evidence 

of Li, since Li is not directly detectable and does not distinctly affect the local electronic 

structure of Co and Ni.[28, 40] 

Table 8.1. Compositions of the as-prepared and the washed nanoparticles of pre-NCMs in 
comparison. 

Sample assignment 

Stoichiometry in the 
reaction mixture 

according ICP-OES 
(Li : Ni : Co : Mn) 

Phase and chemical 
composition of washed 

reaction products 
according to XRD and 

ICP-OES 

Particle size 
according XRD 

[nm] 

pre-NCM333 1.06 : 0.32 : 0.35 : 0.33 Li0.30Ni0.27Co0.23Mn0.20Oδ 1.5 

pre-NCM523 1.11 : 0.48 : 0.22 : 0.30 Li0.23Ni0.40Co0.17Mn0.20Oδ 1.4 

pre-NCM613 1.06 : 0.60 : 0.11 : 0.29 Li0.25Ni0.47Co0.08Mn0.20Oδ 1.3 

pre-NCM811 1.08 : 0.79 : 0.11 : 0.10 Li0.22Ni0.62Co0.08Mn0.08Oδ 1.9 

 

The phase purity of the obtained particles was characterized using Raman spectroscopy 

(Figure 8.1d), as well. For the pure binary metal oxides NiO, CoO and MnO crystallizing in 

the rock‐salt structure only weak Raman scattering can be expected due to the high symmetry 

of their unit cells.[59, 60] Surprisingly, the Raman spectra of all washed pre‐NCM particles 

demonstrate strong and distinct signals. The presence of such signals can be explained only 

by formation of mixed Ni−Co−Mn compounds in which the symmetry is broken by the 

different neighbouring transition metals.[61] This assumption is further supported by the 

position of the most pronounced peak. In the literature this peak is referred to a first order one 

phonon (1P) longitudinal optical (LO) mode and is found to locate between 560 cm−1 and 

570 cm−1 for NiO,[53, 61, 62] 530–560 cm−1 for CoO[16, 59] and around 530–540 cm−1 for MnO.[60, 
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63] For the pre‐NCM333 the 1P LO mode is strongly red‐shifted to 599 cm−1, followed by 

581 cm−1 for pre‐NCM523, 563 cm−1 for pre‐NCM613 and 547 cm−1 for pre‐NCM811. It is 

known that the peak position can be significantly shifted by doping or substitution and is not 

just a superposition of the peaks in a pure physical mixture.[47, 64] Moreover, the first order 1P 

transversal optical (TO) mode of NiO can be seen for all compositions in the region from 

430 cm−1 for pre‐NCM811 to 441 cm−1 for pre‐NCM333.[60] We assume that the signals 

located around 480 cm−1 and only distinctly visible for pre‐NCM333 and pre‐NCM523 

correspond to the 1P TO mode of CoO[59] and the signals around 370 cm−1 are assigned to the 

1P TO mode of MnO.[60] Therefore, the results of the Raman spectroscopy confirm the 

formation of a chemical mixture of the three transition metals and lithium within the single 

nanoparticles.  

 
Figure 8.1: For all graphs the different pre‐NCM materials are assigned the same colour: pre‐
NCM333 (blue), pre‐NCM523 (green), pre‐NCM613 (red) and pre‐NCM811 (dark yellow): 
(a) XRD pattern of washed pre‐NCM nanocrystals in comparison to ICDD card 00–001–1239 
(NiO), ICDD card 00–001–1227 (CoO) and ICDD card 00–003–1145 (MnO). Impurities of 
Mn3O4 (ICDD card 00–001–1127) are indicated with stars. Fluorescence arising from 
measuring Co‐containing samples with CuKα1‐radiation causes the background in the X‐ray 
diffractogram. (b) DLS measurements of diluted dispersions in ethanol of the various pre‐
NCM. The insets show pictures of the respective dispersions at higher concentration. (c) XPS 
spectra of the Ni 2p3/2, Co 2p3/2 and Mn 2p3/2 peaks of the washed pre‐NCM nanoparticles. (d) 
Raman spectra of pre‐NCM nanoparticles. 
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The mean size of the crystalline domains of pre‐NCM particles corresponds to 1–2 nm as 

estimated from the broadening of the most pronounced (200) reflection in the XRD using the 

Scherrer equation. The particle size was also determined by using dynamic light scattering 

(DLS) on dispersions of the different pre‐NCM materials (Figure 8.1b, inset). In order to 

obtain a homogenous dispersion, the particles were dissolved in ethanol and acetic acid. The 

latter is necessary to enhance the electrostatic repulsion of the individual particles. 

Interestingly, to stabilize these nanoparticles we needed the double amount of acetic acid in 

comparison to pure Li0.15Co0.85O reported previously.[16] Additionally, for pre‐NCM811 we 

even used four times the amount of acetic acid in comparison to the nickel‐free oxide. This 

leads to the assumption that the nickel content influences the point of zero charge of the 

particles. With higher nickel content more acetic acid is required to fully disperse the 

nanoparticles. The DLS data (Figure 8.1b) further confirm the higher tendency of 

agglomeration with increasing nickel content, as the hydrodynamic diameter rises. Pre‐

NCM333 shows, for example, a nanocrystal size in ethanol of 2–4 nm which is in accordance 

with the XRD‐derived size. However, pre‐NCM811 exhibits a size of 6–10 nm and this 

indicates a slight agglomeration of a few nanoparticles. Size analysis in scanning transmission 

electron microscopy in high angle annular dark field mode (STEM‐HAADF) further confirms 

a size of 2–3 nm for all pre‐NCM nanoparticles (Figure S8.2).  

 
Figure 8.2: STEM‐HAADF images of pre‐NCM333 (a, b), pre‐NCM523 (c, d), pre‐NCM613 
(e, f) and pre‐NCM811 (g, h). Overview images with a scale bar of 5 nm (a, c, e, g) and single 
particles in detail with scale bar of 1.5 nm and the indicated electron diffraction pattern of the 
respective materials as insets (b, d, f, h). 
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The morphology of the washed pre‐NCM nanoparticles was investigated using STEM‐

HAADF (Figure 8.2). The electron diffraction patterns of all pre‐NCM (insets in 

Figure 10.2b, d, f and h) can be indexed to the 111, 200 and 220 reflections typical for the 

cubic rock‐salt structure.  

In order to further confirm the results gathered from XPS and ICP‐OES analysis, the 

compositions of the different washed pre‐NCMs were determined by energy‐dispersive X‐ray 

spectroscopy (EDX) measurements, which were acquired during STEM‐HAADF. 

Furthermore, the uniformity of the metal distribution in the particles was exemplarily 

investigated in case of the pre‐NCM523 using EDX and electron energy loss spectroscopy 

(EELS) in STEM mode. While EDX was performed on areas larger than 100×100 nm, 

providing information about the average chemical composition, EELS was measured on very 

small areas down to single nanoparticles. 

In Figure 8.3c, different element maps of Ni (Figure 8.3d), Co (Figure 8.3e) and Mn 

(Figure 8.3f) derived from EDX measurements are combined. It can be seen that for a major 

part of the sample, all elements are equally distributed and the transition metal stoichiometry 

of pre‐NCM523 agrees well with that determined by other methods.  

 
Figure 8.3: STEM‐HAADF image of pre‐NCM523 nanoparticles (a) including the selected 
area for the EDX acquisition (b). (c) Overlay of the detected Ni (d), Co (e) and Mn (f) EDX 
maps. 
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It should be noted that although the element distribution is predominantly homogeneous 

throughout all samples, small regions with inhomogeneous elemental distributions have been 

observed as well. In Figure S8.3b, distinct bluish areas for Mn‐rich parts, greenish areas for 

Co‐rich parts and reddish areas for Ni‐rich parts can be observed. EELS analysis of selected 

single nanoparticles confirms that the transition metal stoichiometry in each nanoparticle 

agrees with the average composition determined by ICP‐OES, XPS and EDX. We have, 

however, observed minor variations in composition for individual nanoparticles. Thus, for six 

particles studied the Ni : Co : Mn ratio varies from 0.64 : 0.24 : 0.12 to 0.47 : 0.21 : 0.32, 

which is close to the expected composition within the measurement error of EELS.  

The results of different characterization methods confirm that the solvothermal synthesis in 

tert‐butanol leads to the formation of very small pre‐NCM nanoparticles, whose composition 

can be described as a solid solution of NiO, CoO and MnO crystallizing in a rock salt 

structure with a homogeneous distribution of transition metal ions. Unfortunately, the 

accurate determination of the Li content within each nanoparticle remains challenging as none 

of the used methods enable an accurate determination of the Li content in the nanometer 

range. Quantification of Li with EELS is hardly possible as the M2,3 edges of Ni, Co and Mn 

are in the same energy region as the K edge of Li.[65] Therefore, we can only determine an 

average Li content based on the results of ICP‐OES analysis.  

As mentioned above, one possible application of dispersible pre‐NCM nanoparticles is their 

use as building blocks for nanostructured NCM cathode materials with tunable 

nanomorphologies for high power applications. As a suitable template for the nanostructure 

assembly we have tested nanocrystalline cellulose (NCC), a biogenic template that can be 

easily extracted from natural sources such as bacteria or cotton plants.[66, 67] Besides being 

environmentally benign, the attractive features of NCC are its rod‐like anisotropic shape (5–

10 nm width and 100–300 nm length for cotton NCC) and the shape persistence, enabling the 

synthesis of different metal oxide motifs with a unique anisotropic nanomorphology.[67-72] 

For the fabrication of electrochemically active nanostructured NCM, the as‐prepared reaction 

product containing pre‐NCM nanoparticles as well as non‐reacted lithium compounds was 

filtered to remove remaining large aggregates, then diluted with water and finally mixed with 

a stock dispersion of the nanocellulose. The presence of an extra Li source is necessary to 

reach the right stoichiometry, as the amount of Li in pre‐NCM nanoparticles is not sufficient 

for the formation of the targeted NCM phase. The weight ratio between the nanocellulose and 
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the pre‐NCM particles was taken as 1:1 and the overall nanocellulose concentration in the 

coating dispersion was adjusted to be 0.8 wt%. The mixture was drop‐cast on a glass 

substrate, dried at room temperature and calcined at 560 °C for 5 h. XRD patterns of the 

obtained products demonstrate that the calcination of cubic pre‐NCM333 nanoparticles in the 

presence of nanocellulose results in the formation of hexagonal layered NCM333 (ICDD card 

01–077–9286) crystallizing in the α‐NaFeO2 structure with space group R‐3m (Figure 8.4a).  

 
Figure 8.4: For all graphs, the different NCM materials are assigned the same color: 
NCM333 (blue), NCM523 (green), NCM613 (red) and NCM811 (dark yellow): (a) XRD of 
NCM nanocrystals in comparison of ICDD card 01–077–9286 of LiNi0.33Co0.33Mn0.33O2 
(NCM333). Impurities of Li2CO3 (ICDD card 00–009–0359) are indicated with stars. (b) XPS 
of the Ni 2p3/2, Co 2p3/2 and Mn 2p3/2 peaks on the NCM nanoparticles. 

 

Similar XRD patterns were also obtained for other pre‐NCM compositions. While the 003 

reflection remains at the same position for all NCM compositions indicating that the layers of 

the hexagonal lattice have the same distance, the 104 reflection shifts to lower °2θ values for 

higher nickel content. One explanation for this could be that for higher Ni content more of the 

large Ni2+‐ions have to be incorporated into the crystal lattice of the α‐NaFeO2 structure, 

which leads to an expansion of the lattice and hence, to a shift to lower angles. Additionally, 

the 104 reflections of NCM333 and NCM523 seem to consist of two superimposed reflections 

of two structurally equivalent materials with different compositions, which will be discussed 

later in the context of the results obtained by EDX. The nanoparticle size can be calculated by 

using the Scherrer equation for the broadening of the 003 reflection. The result shows that 

with increasing Ni content the size of the nanoparticles decreases from 19 nm for NCM333 

over 16 nm for NCM523 and 11 nm NCM613 to 10 nm for NCM811.  

ICP‐OES analysis of different NCM compositions confirms that the stoichiometry of 

transition metal ions in the calcined samples is practically the same as in the pre‐NCM 
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nanoparticles, however, the total amount of lithium slightly decreases from 5% 

overstoichiometry to a nearly stoichiometric amount. Based on the results of ICP‐OES 

analysis, the compositions of LiNi0.33Co0.33Mn0.33O2 (NCM333), LiNi0.50Co0.20Mn0.30O2 

(NCM523), LiNi0.60Co0.10Mn0.30O2 (NCM613) and LiNi0.50Co0.20Mn0.30O2 (NCM523) for 

hexagonal NCM materials were obtained.  

To unravel the nature of the individual transition metals in each compound XPS was used. For 

Ni, Co and Mn, their 2p3/2 peak (Figure 8.4b) was fitted with the corresponding reference 

spectra according to Biesinger et al..[58] For all compositions, the best fits were obtained for 

oxidation states of Ni2+, Co3+ and Mn4+. Ni was fitted with Ni(OH)2 due to the surface 

adhering OH groups, Co with CoOOH, and Mn with MnO2. For all different NCM 

compositions we found the same oxidation state (Ni2+, Co3+, Mn4+) for each individual 

transition metal. Quantification with XPS confirmed the results already obtained with ICP‐

OES for the NCM compositions.  

Scanning electron microscopy (SEM) images (Figure 8.5) demonstrate for each composition 

that the calcination of the self‐assembly product of pre‐NCM and nanocellulose results in the 

formation of an anisotropic desert‐rose structure with intergrown walls perpendicular to the 

surface. The morphology of the different NCC‐structured NCMs seems to vary depending on 

their composition. In case of a Co : Mn ratio of 1 : 1 (NCM333 and NCM811) the desert‐rose 

structure is built up by large intergrown sheets, whereas with a decreasing ratio those sheets 

get smaller (Figure 8.5). In contrast to that, only dense nonporous material was obtained 

without using nanocellulose as a template (Figure S8.4).  

Using nitrogen sorption experiments (Figure S8.5) the BET‐surfaces of the different 

structures can be determined. For the NCM333, NCM523, NCM613 and NCM811 samples, 

surface areas of 10 m2 g−1, 11 m2 g−1, 15 m2 g−1 and 13 m2 g−1, respectively, were obtained. 

All BET surfaces are in the same range and small enough to not promote unfavorable side 

reactions as cathode material in LIBs. Furthermore, the pore size distributions (PSDs) derived 

from the individual isotherms by DFT calculations (Figure S8.5, insets) show a broad range of 

porosity for all NCM materials, from microporosity, due to textural porosity produced by 

agglomeration of the ultrasmall nanoparticles, to NCC induced meso‐ and macroporosity.  

EDX analysis of different elements in SEM (Figure S8.6, Figure S8.7, Figure S8.8, 

Figure S8.9) reveal that the transition metal ions are uniformly distributed over large areas in 

a stoichiometry expected for the respective NCM materials within the error of EDX. 
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Figure 8.5: SEM micrographs of NCC‐nanostructured NCM333 (a, b), NCM523 (c, d), 
NCM613 (e, f) and NCM811 (g, h) all exhibiting a desert‐rose morphology. Overview images 
in low magnification (a, c, e, g) are shown in comparison to high‐magnification micrographs 
(b, d, f, h). 
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To investigate the structure and composition of each single nanoparticle, STEM‐HAADF was 

performed. On the STEM micrographs of larger areas (Figure 8.6a, c, e, g) and of single 

nanoparticles (Figure 8.6b, d, f, h) for all compositions, the fine structure of the desert‐rose 

morphology can be clearly seen and the diffraction patterns (insets in Figure 8.6b, d, f, h) of 

the respective areas prove that they are crystallized in the layered α‐NaFeO2 structure.  

 
Figure 8.6: STEM‐HAADF images of NCM333 (a, b), NCM523 (c, d), NCM613 (e, f) and 
NCM811 (g, h). Overview images of desert‐rose agglomerates with a scale bar of 50 nm (a, c, 
e, g) and single rod‐like nanoparticles in detail with scale bar of 5 nm, and the indicated 
electron diffraction pattern of the respective materials as insets (b, d, f, h). 
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For NCM333 and NCM523, however, square‐like nanoplatelets (Figure S8.10) have also been 

observed in addition to the already mentioned rod‐like morphology. Increasing Ni content 

generally leads to a smaller particle size (Figure S8.11). Thus, for NCM333 nanorods the 

average width and length is around 20 nm and 160 nm, respectively, for NCM523 

12×110 nm, for NCM613 13×60 nm and for NCM811 10×55 nm, respectively. The width of 

the nanorods is in a good approximation comparable to the sizes already derived from the 

XRD patterns. Compared to this, we found sizes for the nanoplatelets of 28 nm for NCM333 

and 22 nm for NCM523 (Figure S8.12).  

Furthermore, the elemental compositions of the different morphologies were measured using 

EDX in STEM‐mode. The nanorods were the only type of morphology found in NCM613 and 

NCM811 and they also showed the expected molar ratios for the different transition metals. 

For NCM333 and NCM523 however, the composition varied drastically between the two 

morphologies. While the nanoplatelet structures almost exhibited the estimated composition 

with around LiNi0.25Co0.40Mn0.35O2 for NCM333 and LiNi0.48Co0.22Mn0.30O2 for NCM523, the 

rod‐like nanoparticles showed a lack of Ni and an excess of Co. The nanorods in NCM333 

consisted in average of LiNi0.13Co0.60Mn0.27O2 and the ones in NCM523 of 

LiNi0.15Co0.48Mn0.37O2.  

In addition, 7Li magic angle spinning nuclear magnetic resonance spectroscopy (MAS‐NMR) 

was performed (Figure S8.13). All spectra of the NCMs show an unusually broad signal 

splitting of about 1400 ppm. The coupling of the unpaired electrons of Co2+, Mn4+ and Ni2+ 

with Li+ lead to the exceptionally broad spectrum.[16] This implies that Li+ is coordinated by 

Co2+, Mn4+ and Ni2+ ions which is in accordance with the α‐NaFeO2 crystal structure of NCM 

materials. Moreover, Raman spectroscopy was also performed on the material (Figure S8.14) 

and compared with the values reported in the literature for the Raman shifts of LiNiO2,[73] 

LiCoO2
[74] and LiMnO2.[75] Hereby, in a first approximation we assume that the Raman signal 

for the NCMs may derive from the superposition of the pure phases LiNiO2, LiCoO2 and 

LiMnO2. Therefore, we are dealing with two peaks for the rhombohedral LiNiO2 and LiCoO2 

(A1g and Eg) and three signals, two Ag modes and one Bg mode, for the monoclinic layered 

LiMnO2.[73-76] While the Eg band is not clearly visible as it overlaps with the A1g peak, the 

latter can be determined for all NCMs. For NCM333 this peak is at 588 cm−1 and slightly 

decreases to 553 cm−1 with rising Ni content since the A1g peak appears at 544 cm−1 for pure 

LiNiO2.[73] Furthermore, for moderate Mn content, for NCM333, NCM523 and NCM613, the 

Ag mode is also visible at around 420 cm−1 as described in literature.[75] 
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In order to get insight into the phase transformation of pre‐NCM nanoparticles to layered 

NCM in the presence of nanocellulose, we performed thermogravimetric analysis (TGA) and 

differential scanning calorimetry (DSC) analysis of the respective dry pre‐

NCM/nanocellulose mixtures (Figure S8.17). The combustion of pure nanocellulose is 

completed at temperatures as high as 534 °C (Figure S8.15). In contrast, it can be seen that the 

presence of pre‐NCM significantly reduces the combustion temperature of the nanocellulose, 

which is also influenced by the relative fraction of Ni ions in the nanoparticles. Thus, the 

NCC is fully combusted already at 420 °C and 490 °C for the pre‐NCM811/nanocellulose and 

the pre‐NCM333/nanocellulose, respectively (Figure S8.17). Interestingly, the transformation 

of the pre‐NCMs to the NCMs is completed much earlier than the full combustion of NCC. 

The transformation of the Ni‐rich phases is completed again at lower temperatures (around 

400 °C for pre‐NCM811) than for Ni‐poor pre‐NCM333 (at 475 °C). Comparing the pre‐

NCM/nanocellulose composite with as‐prepared pre‐NCM, we can attribute the first major 

weight loss in the TGA diagrams at around 300 °C (Figure S8.16) to the oxidation of the pre‐

NCMs to NCMs, including the accompanying metal migration into the nanoparticles and the 

combustion of the residual precursor organics. The second large weight loss step at 400–

450 °C can be assigned to the total combustion of NCC. Moreover, both processes occur 

already at lower temperatures compared to the separate processes in pre‐NCM and pure NCC. 

The addition of an extra Li source is necessary to reach the correct stoichiometry and to 

prevent the pre‐NCM nanoparticles to form other phases (see Figure S.18). To illustrate this, 

after calcination at 560 °C for 5 h we observe the separation of the different transition metals 

under formation of their most stable oxide phases. Ni2+ still remains in NiO, while Co2+ is 

partly oxidized, thus forming Co3O4, and Mn2+ is fully oxidized, most likely forming 

LiMn2O4 or small amounts of MnO2. To prevent this, we use in our dispersions the as‐

prepared pre‐NCM powders with a slight overstoichiometric Li‐content (as confirmed by 

ICP‐OES).  

Finally, the electrochemical properties of the NCMs were investigated by cyclic voltammetry. 

Cyclic voltammograms (CVs) of the cathodes containing the individual nanostructured NCMs 

(Figure S8.19a) feature oxidation and the respective reduction peaks at potentials around 

3.6 V and 4.0 V typical for the Ni2+/Ni4+ redox couple.[17, 77] Furthermore, for all materials the 

first cycle exhibits a drastically higher current density than for the following cycles due to the 

formation of the cathodic solid‐electrolyte interface (SEI). In contrast to the potential values 

of the redox peaks which remain practically the same for different NCM cathodes, the current 
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densities differ significantly for different compositions. Thus, the current density of NCM333 

is more than five times higher than that of the sample NCM811. The specific capacities 

obtained by the integration of the corresponding CV peaks also show a strong variation 

depending on the composition (Figure S8.19b). Thus, 70 mAh g−1 discharge capacity was 

obtained for NCM333, but only around 15 mAh g−1 for NCM811. These values are much 

lower than the expected values of 150–160 mAh g−1 for NCM333,[78] NCM523[79] and 

203 mAh g−1 for NCM811,[80] respectively.  

In literature two quality criteria for the NCM materials are currently used. The first is the ratio 

between the integrated intensities of the 003 to the 104 reflection I003/I104 in X‐ray 

diffractograms, which should be around 1.4 for NCM cathode materials with high capacity.[11, 

77, 81, 82] Values below 1.4 are interpreted as evidence for cation mixing, namely a 

displacement, between Ni2+ and Li+, where the nickel ions occupy sites in the Li+‐ion layer. 

The higher the degree of displacement the weaker the intensity of the 003 reflection while the 

104 reflection remains unaffected.[82] The second quality criterion is the so‐called R value, the 

ratio between the integrated intensities of the combined 006 and 102 reflections to the 101 

one. This value is a measure for the hexagonal ordering and should be as small as possible.[81, 

83] In Table 8.2 both values are given for the NCM materials.  

Table 8.2: Compositions of the as-prepared and the washed nanoparticles of pre-NCMs in 
comparison. The average nanoparticle sizes calculated from the line broadening in the XRD 
pattern are given as well. 

NCM Material I003/I104 R 

NCM333 1.01 0.83 

NCM523 0.74 0.80 

NCM613 0.65 0.83 

NCM811 0.48 1.46 

 
The rather low values for I003/I104 and the very high values for R suggest a high degree of 

cation mixing in our NCM materials, which increases with the increased Ni content. The 

cation mixing leads to blocking of mobile Li+‐ions that cannot further participate in the 

lithium extraction/insertion. This conclusion is further confirmed by galvanostatic 

measurements at different current densities (Figure 10.7a) and long‐time measurements at 

high current densities (Figure8.7b).  
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Figure 8.7: Electrochemical Li insertion/extraction with NCC‐nanostructured NCM333 
(blue), NCM523 (green), NCM613 (red) and NCM811 (dark yellow): Rate capabilities at 
different current densities (140, 280, 560, 1400, 2800, 5600 and 8400 mA g−1) with ten cycles 
each (a) and long term cyclic performance at 1400 mA g−1 showing gravimetric capacity on 
the left (same symbols as in (a))and Coulomb efficiency (diamond symbols with the same 
color codes as in (a)) on the right y‐axis (b). Open triangular symbols: Li extraction 
(charging), full square‐like symbols: Li insertion (discharging). 

 

Both measurements show capacities far below expected values for all NCM materials. It is 

obvious that the lower the ratio between I003/I104, the lower the discharge capacities, which 

strongly suggests that most of the lithium is blocked by cation mixing. It appears that the 

synthesis procedure using an intermediate step of cubic rock‐salt type pre‐NCM favours the 

cation mixing, as all the metal ions are already equally distributed within the rock‐salt lattice. 

With this in mind, a synthesis via hexagonal layered transition metal hydroxides with lithium 

precursor might be more appropriate route to avoid the cation mixing.[77] 

However, even in spite of the unfavorable cation mixing, the obtained NCM nanostructures 

exhibit very good capacity retention and cycling stability even at extreme high charging and 

discharging current densities of 5600 mA g−1 and 8400 mA g−1. For NCM333 at a 

charge/discharge current density of 140 mA g−1 (corresponding to 1C, which means the 

charge/discharge of the full capacity within one hour) only half of the expected capacity is 

reached with 72 mAh g−1. Nevertheless, with current densities of 5600 mA g−1(40C, 

charge/discharge process of 90 s) and 8400 mA g−1 (60C, charge/discharge process of 60 s) 

37 mAh g−1 and 31 mAh g−1, respectively, can still be achieved. These values are still around 

25% and 20%, respectively, of the theoretical expected specific capacity for NCM333. With 

rising nickel content, we expect an increase in overall theoretical capacity, but here we 

observe capacity values much lower than those for NCM333.  
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8.4 Conclusion 

We performed solvothermal reactions of Ni(OAc)2, Co(OAc)2 and Mn(acac)2 in different 

stoichiometries together with LiOiPr in tert‐butanol in order to obtain four different 

compositions of the pseudo‐quaternary phase of LiwNixCoyMnzOδ (δ≤1) (pre‐NCM). The Li 

content was varying between 20–30 at% within the four different crystalline materials, all 

adopting the cubic rock‐salt structure. Here, we describe for the first time the formation of all 

four pseudo‐quaternary phases and were further able to synthesize them as ultrasmall 

dispersible nanoparticles in the size range of 1–4 nm and at very low temperatures such as 

170 °C in a solvothermal environment. These different pre‐NCM nanoparticles can be 

completely transformed into the respective NCM nanoparticles with fixed transition metal 

ratio by addition of a slightly overstoichiometric amount of lithium precursor at the rather low 

temperature of 560 °C. Moreover, we were able to obtain NCMs with a desert‐rose type 

interconnected nanoparticle morphology by nanocellulose‐mediated calcination of the pre‐

NCM nanocrystals. The size and the morphology of the NCM nanoparticles strongly depend 

on the nickel content. The higher the nickel content the smaller and less elongated are the 

resulting NCM nanoparticles. Furthermore, with rising nickel content an increased mixing of 

the cations within the NCM phase is observed. This leads to poor capacity retention of the 

NCMs, especially for NCM631 and NCM811. Nevertheless, in high rate performance tests at 

charge/discharge times of only 90 s (40C) or 60 s (60C) still 25% and 20% of the theoretical 

capacity of NCM333 can preserved, respectively. 
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8.5 Experimental section 

Materials: Pure cobalt(II) acetate tetrahydrate (Co(OAc)2) was purchased from AppliChem, 

nickel(II) acetate tetrahydrate (Ni(OAc)2, 98% purity) and pure manganese(II) acetylacetonate 

(Mn(acac)2) both from Aldrich, pure lithium isopropoxide (LiOiPr) from Acros Organics and 

tert‐butanol from VWR Chemicals (100% purity). All chemicals were used as received.  

Syntheses of LiwNixCoyMnzOδ (pre‐NCM) nanoparticles: For the syntheses of the pre‐NCM 

nanoparticles with different compositions, typically, 1.47 mmol (97.1 mg) of LiOiPr was 

mixed with a total amount of 1.40 mmol of the transition metal compounds with ratios 

according to the desired final composition of NCM. Hereby, in all formulations LiOiPr is 

added in excess of 5% to the necessary stoichiometric amount. For example, for NCM811 

279.0 mg (1.12 mmol) of Ni(OAc)2, 35.4 mg (0.14 mmol) of Co(OAc)2 and 34.8 mg 

(0.14 mmol) of Mn(acac)2 are weighed in together with LiOiPr. All metal salts were then 

dispersed in 180 mL tert‐butanol in a Parr Instruments 300 mL General Purpose & High 

Temperature Pressure Vessel steel autoclave with internal temperature and pressure sensor. 

The sealed autoclave was heated at 10 °C min−1 to 165 °C and kept there for 17 h. During this 

time, the reaction dispersion was stirred at 1000 rpm. After cooling down to room temperature 

with an approximately cooling rate of 2 °C min−1, the different pre‐NCM nanoparticles were 

collected by simply drying the processed dispersion at 70 °C. For the preparation of stock 

dispersions of the pre‐NCM nanoparticles, 100 mg of the as‐prepared and dried solid was 

wetted with 200 mg, for pre‐NCM811 with 400 mg acetic acid. Afterwards, 4 mL of ethanol 

was added to all dispersions, which were then stirred for two days. Afterwards, remaining 

agglomerates were removed by filtration with a 220 nm syringe filter (Sartorius minisart 

cellulose acetate membrane) For DLS measurements, the dispersions were diluted at a ratio of 

1:50 with ethanol.  

For TEM measurements, the as‐prepared pre‐NCM solids were washed with ethanol, 

subsequently centrifuged for 15 min at 50000 rcf (relative centrifugal force) and the 

supernatant solutions removed. The remaining powders were again dried at 70 °C in air. 

Extraction of cellulose nanocrystals: For the extraction of nanocrystalline cellulose, cotton 

linters CP20 (Peter Temming AG) were hydrolyzed in concentrated sulfuric acid.[84] The 

linters were washed with water and dried at 60 °C. 1 mL of 64% H2SO4 was added to 8.75 g 

cellulose fibers, letting the linters soak in the acid for 25 min at room temperature. Thereafter, 

the mixture was heated to 55 °C for 45 min under vigorous stirring. Hereby, large cellulose 
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aggregates dissolved. Afterwards, the suspension was diluted with 10 times the volume of 

deionized water and kept in this stage overnight. The formed supernatant was decanted and 

the NCC‐rich phase on the bottom was washed three times with water and subsequently 

centrifugated at 50000 rcf for 15 min. The last centrifugation step was performed at 70 rcf for 

10 min to remove sedimented cellulose aggregates and to collect the NCC dispersion. In the 

end, the dispersion was concentrated in a rotary evaporator to a stock solution with 6.2 wt% 

NCC at pH 2.55.[69]  

Fabrication of NCC‐templated NCMs: For the preparation of NCC‐templated NCM material, 

1 mL of the filtered pre‐NCM dispersion was diluted with 1.697 mL deionized water and 

mixed with 0.403 mL of the NCC stock solution under vigorous stirring for 5 min. 1.25 mL of 

the resulting suspension with an NCC content of 0.8 wt% was drop‐cast on a 6×6 cm fluorine 

doped tin oxide (FTO) glass substrate, dried at 60 °C in an oven and afterwards heated up to 

560 °C with a heating rate of 3 °C min−1. The dwell time of the calcination under air was 5 h 

and the FTO glass substrates were immediately cooled down to room temperature on a 

stainless‐steel rack. The NCC nanostructured NCM was scratched off the FTO glass using 

stainless‐steel razor blades and used for further characterization and processing.  

NCM compound electrode preparation: NCC nanostructured NCM powders were mixed 

together with carbon black Super C65 (TIMCAL) and poly(vinylidene fluoride) (PVdF) from 

Aldrich in a ratio of 80:10:10, respectively. 1‐methyl‐2‐pyrrolidinone (Sigma‐Aldrich, 99% 

purity) was added in the ratio of 3.7 μL:1 mg of the composite mixture. The inks were all 

stirred overnight, vortexed thoroughly for 10 min (Vortex Mixer ZX3, fisherbrand) and 

treated for 30 min with an ultrasonic horn (Sonopuls GM 4100, Bandelin) at half power. Wet 

films of the ink with a thickness of 100 μm were coated on aluminum foil with an automatic 

film applicator coater ZAA 2300 from Zehntner with a coating speed of 7 mm s−1 and dried 

afterwards at 60 °C for 3 h. Circular electrodes of 18 mm in diameter were punched out and 

then dried at 120 °C for 5 h under vacuum. The average active mass loading was 0.5 mg cm−2.  

 

Materials characterization:  

Wide angle X‐ray diffraction analysis of the powders was performed in transmission mode 

(Debye‐Scherrer geometry) using a STOE STADI P diffractometer with a Ge(111) single 

crystal monochromator for Cu‐Kα1 (λ=1.54060 Å) equipped with a DECTRIS solid state strip 

detector MYTHEN 1K.  
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Raman spectra were acquired with a Jobin Yvon Horiba HR800 UV Raman microscope 

(OLYMPUS BX41) using a HeNe laser (632.8 nm) and a SYMPHONY CCD detection 

system. Spectra were recorded using a lens with a 10‐fold magnification. The power of the 

laser beam was normally adjusted to about 8.5 mW. 

Scanning electron microscopy (SEM) was carried out on a JEOL JSM‐6500F scanning 

electron microscope equipped with a field emission gun operating at 5 kV and a FEI Helios 

NanoLab G3 UC scanning electron microscope equipped with a field emission gun usually 

operated at 3 kV. The films were prepared on FTO glass substrates and glued onto a brass 

sample holder with silver lacquer. 

(S)TEM analysis was carried out on a probe corrected FEI Titan Themis 300 instrument 

equipped with a field emission gun operating at 300 kV, a high‐angle annular dark‐field 

(HAADF) detector, a Super‐X energy‐dispersive X‐ray spectrometer and a Gatan Enfinium 

ER/977EELS spectrometer. The washed pre‐NCM nanoparticles were drop‐coated from 

strongly diluted dispersions on a copper grid with a holey carbon film. NCM materials were 

scratched off the FTO substrate, wetted with ethanol and deposited on the same type of 

copper grid. To determine the ratio of transition metals in single nanoparticles, spectrum 

images were recorded at a convergence angle of 17 mrad and integrated. The L2,3 edge signals 

of the transition metals were extracted by background fitting to a power law function and 

using energy offsets of 20 eV and energy windows of 50 eV. For quantification, Hartree‐

Slater scattering cross sections were used.  

Dynamic light scattering (DLS) of the pre‐NCM nanoparticles was performed using a 

Malvern Zetasizer‐Nano with a 4 mW He−Ne laser (633 nm) and an avalanche photodiode 

detector. The scattering data were evaluated based on particle number. 

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) was carried 

out with a NETZSCH STA 440C TG/DSC instrument (heating rate 1  K min−1 in a stream of 

synthetic air of about 25 mL min−1).  

Inductively coupled plasma optical emission spectroscopy was performed on a VARIAN 

VISTA RL CCD Simultaneous ICP‐OES. 

XPS analyses of the washed and calcined particles were performed with the non‐

monochromatized Mg‐Kα radiation of a VSW TA10 X‐ray source (Mg‐Kα=1253.6 eV) and a 

VSW HA100 electron analyzer. Fitting of the Co2p3/2 peaks was based on a convolution of a 
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Doniach‐Šunjić‐function and a Gaussian function with a linear background subtraction. To 

eliminate peak shifts due to charging of the nanoparticles the carbon 1s peak was calibrated to 

284.5 eV. Determination of the chemical state of Co, Ni and Mn is based on fit parameters 

published by Biesinger et al..[58] For the XPS measurements the particles were drop‐cast on a 

gold‐coated silicon substrate.  

7Li magic angle spinning solid state nuclear magnetic resonance (MAS‐NMR) spectra were 

recorded on a Bruker DSX Avance 500FT spectrometer with a magnetic field of 11.7 T. The 

zirconia rotor with an outer diameter of 2.5 mm was spun at a rotation frequency of 12 kHz.  

Nitrogen sorption measurements were performed at 77 K with the scratched‐off powder of 

nanostructured NCM materials using a QUANTACHROME Autosorb iQ instrument. The 

powders were degassed at 120 °C for at least 12 h before measurement. The specific surface 

area was determined with the Brunauer‐Emmett‐Teller method. The pore size distribution was 

calculated using a non‐local density functional theory (NLDFT) approach for silica 

cylindrical pores. 

Electrochemical Measurements: Electrochemical measurements were performed in an EL‐

CELL ECC‐PAT‐Core three‐electrode setup using an Autolab potentiostat/galvanostat 

PGSTAT302N with FRA32M module operating with Nova 1.10.4 software. The NCM 

compound electrodes were separated from the Li metal foil anode by an insulation sleeve 

equipped with a WHATMAN glass‐fiber separator and a lithium metal reference ring. We 

used the commercial electrolyte PuriEL 1.15 M LiPF6 in ethylene carbonate (EC)/ethyl‐

methyl‐carbonate (EMC)/dimethylcarbonate (DMC) in a 2:2:6 volume to volume ratio and 

1.0 wt% fluoroethylene carbonate (FEC) purchased from Soulbrain MI.  

Cyclic voltammetry measurements were usually performed between 3 V and 4.3 V vs. Li/Li+ 

and with a scan speed of 0.5 mV s−1.  

Galvanostatic measurements were performed using off voltages of 3 V and 4.3 V vs. Li/Li+, 

respectively. Both charge and discharge steps were performed at the same current density. A 

potentiostatic step at 4.3 V was performed between the galvanostatic charge and discharge 

steps until the charge/discharge current density was reached.  
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8.7 Supporting information 

 
Figure S8.1: XRD patterns of the as-prepared powders of pre-NCM333 (blue), pre-NCM523 
(green) pre-NCM613 (red) and pre-NCM811 (dark yellow) in comparison ICDD card 00-001-
1239 of NiO, ICDD card 00-001-1227 of CoO and ICDD card 00-003-1145 of MnO. 

 

 
Figure S8.2: Sizes of pre-NCM333 (blue), pre-NCM523 (green), pre-NCM613 (red) and 
pre-NCM811 (dark yellow) nanoparticles obtained by measurement of 50 particles each in 
STEM images. For the size determination of pre-NCM523 (green) 25 particles were 
measured. 
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Figure S8.3: STEM-HAADF image of pre-NCM523 nanoparticles (a). (b) Overlay of the 
detected Ni-K (d), Co-K (e) and Mn-K (f) EDX maps. (c) O-K EDX map. 

 

 

 

 
Figure S8.4: SEM micrographs of pure NCM333 in low magnification (a) and for more 
details in high-magnification (b). 
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Figure S8.5: Nitrogen sorption isotherms of NCC-nanostructured NCM333 (a), NCM523 (b), 
NCM613 (c) and NCM811 (d). Inserted in each is the pore size distribution obtained with the 
NLDFT method. 
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Figure S8.6: EDX elemental maps of NCM333 in the recorded in the SEM. Overlay (a) of 
the Ni-K (b), Co-K (c) and Mn-K (d) maps. 
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Figure S8.7: EDX elemental maps of NCM523 in the SEM. Overlay (a) of the Ni-K (b), 
Co-K (c) and Mn-K (d) maps. 
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Figure S8.8: EDX elemental maps of NCM613 in the SEM. Overlay (a) of the Ni-K (b), 
Co-K (c) and Mn-K (d) maps. 
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Figure S8.9: EDX elemental maps of NCM811 in the SEM. Overlay (a) of the Ni-K (b), 
Co-K (c) and Mn-K (d) maps. 
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Figure S8.10: STEM-HAADF images of nanoparticles of NCM333 (a) and NCM523 (b).  

 

 

 

 

 
Figure S8.11: Widths (a) and lengths (b) of NCM333 (blue), NCM523 (green), NCM613 
(red) and NCM811 (dark yellow) rod-like nanoparticles obtained by measurement of 50 
particles each in STEM-HAADF images. For the width and length determination of NCM523 
(green) 40 particles were measured. 
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Figure S8.12: Sizes of NCM333 (blue) and NCM523 (green) square-like nanoparticles 
obtained by measurement of 50 particles each in STEM-HAADF images. 

 

 

 
Figure S8.13: 7Li solid state MAS-NMR of NCM333 (a), NCM523 (b), NCM613 (c) and 
NCM811 (d) nanoparticles. 
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Figure S8.14: Raman spectra of NCM333 (blue), NCM523 (green), NCM613 (red) and 
NCM811 (dark yellow) nanoparticles. 

 

 

 
Figure S8.15: TGA (left y-axis) and DSC (right y-axis) of pure NCC in air. 
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Figure S8.16: TGA (left y-axis) and DSC (right y-axis) of the as-prepared pre-NCM333 (a), 
pre-NCM523 (b), pre-NCM613 (c) and pre NCM811 (d) nanoparticles in air. 

 

 
Figure S8.17: TGA (left y-axis) and DSC (right y-axis) of the as-prepared pre-NCM333 (a), 
pre-NCM523 (b), pre-NCM613 (c) and pre NCM811 (d) nanoparticles each mixed with NCC. 
The combustion process was performed in air. 
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Figure S8.18: XRD patterns of the products after calcination of pre-NCM333 (blue), 
pre-NCM523 (green), pre-NCM613 (red) and pre-NCM811 (dark yellow) in comparison with 
ICDD card 00-001-1239 of NiO, ICDD card 00-043-1003 of Co3O4, ICDD card 00-035-0782 
of LiMn2O4 and ICDD card 01-073-1539 of MnO2. 
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Figure S8.19: CVs at a scan speed of 0.5 mV s-1 (a, c, e, g) and derived from those, the 
integrated capacities (b, d, f, h) of NCC-templated desert-rose-like NCM333 (a, b), NCM 523 
(c, d), NCM613 (e, f) and NCM811 (g, h). Depicted are the 1st, 2nd, 5th, 10th, 25th and 50th 
cycle, respectively, and with more transparent color at the higher cycle numbers. 
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9 Freestanding LiFe0.2Mn0.8PO4/rGO 
nanocomposites as high energy density 
fast charging cathodes for lithium-ion 
batteries 

This chapter is based on the following publication: 

Florian Zoller, Daniel Böhm, Jan Luxa, Markus Döblinger, Zdeněk Sofer, Dmitry 

Semenenko, Thomas Bein, Dina Fattakhova-Rohlfing, Mater. Today Energy, 2020, 16, 

100416. 

Reprinted (adapted) with permission from Mater. Today Energy, 2020, 16, 100416. Copyright 

2020 Elsevier. 

Link to the published article: https://doi.org/10.1016/j.mtener.2020.100416 

 

Freestanding LiFe0.2Mn0.8PO4/rGO 

(LFMP/rGO) electrodes are prepared 

through the simple combination of 

ultrasonication, freeze-casting and pyrolysis. 

Rate and cycling performance of those 

freestanding electrodes are superior 

compared to the Al-foil coated equivalents as 

the content of electrochemically inactive 

material is drastically reduced demonstrating 

the great potential of freestanding electrodes 

for application in lithium-ion batteries. 

 

Florian Zoller synthesized the LiFe0.2Mn0.8PO4 (LFMP) nanoparticles and the corresponding 

LFMP/rGO composites discussed below. He performed and evaluated the data of XRD and 

electrochemical measurements and analyzed the data obtained by the additionally applied 

analytical methods. He also managed the project and wrote the corresponding manuscript.  

https://doi.org/10.1016/j.mtener.2020.100416
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9.1 Abstract 

Freestanding electrodes for lithium-ion batteries are considered as a promising option to 

increase the total gravimetric energy density of the cells due to a decreased weight of 

electrochemically inactive materials. We report a simple procedure for the fabrication of 

freestanding LiFe0.2Mn0.8PO4 (LFMP)/rGO electrodes with a very high loading of active 

material of 83 wt%, high total loading of up to 8 mg cm−2, high energy density, excellent 

cycling stability and at the same time very fast charging rate, with a total performance 

significantly exceeding the values reported in the literature. The keys to the improved 

electrode performance are optimization of LFMP nanoparticles via nanoscaling and doping; 

the use of graphene oxide (GO) with its high concentration of surface functional groups 

favoring the adhesion of high amounts of LFMP nanoparticles, and freeze-casting of the GO-

based nanocomposites to prevent the morphology collapse and provide a unique fluffy open 

microstructure of the freestanding electrodes. The rate and the cycling performance of the 

obtained freestanding electrodes are superior compared to their Al-foil coated equivalents, 

especially when calculated for the entire weight of the electrode, due to the extremely reduced 

content of electrochemically inactive material (17 wt% of electrochemically inactive material 

in case of the freestanding compared to 90 wt% for the Al-foil based electrode), resulting in 

120 mAh g−1
electrode in contrast to 10 mAh g−1

electrode at 0.2 C. The electrochemical 

performance of the freestanding LFMP/rGO electrodes is also considerably better than the 

values reported in literature for freestanding LFMP and LMP composites and can even keep 

up with those of LFP-based analogues. The freestanding LFMP/rGO reported in this work is 

additionally attractive due to its high gravimetric energy density (604 Wh kg−1
LFMP at 0.2C). 

The obtained results demonstrate the advantage of freestanding LiFe0.2Mn0.8PO4/rGO 

electrodes and their great potential for applications in lithium-ion batteries. 

 

9.2 Introduction 

Olivine-structured lithium transition-metal phosphates LiMPO4 (M = Fe, Mn, Co, Ni) attract 

significant interest as cathode materials in Li-ion batteries (LIBs) due to their high theoretical 

specific capacities of around 170 mAh g−1, good chemical and thermal stability, safety and 

low cost. Particularly, LiFePO4 (LFP) has been already successfully commercialized.[1-3] 
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Nevertheless, LFP has a rather low operating potential of 3.45 V vs. Li/Li+ and a 

corresponding low energy density (568 Wh kg−1), which hampers its application in high 

power and/or high energy devices.[1] Mn, Co or Ni based analogues gain increasing attention 

as promising alternatives having a similar theoretical specific capacity but higher energy 

densities of 701 Wh kg−1, 802 Wh kg−1 and 867 Wh kg−1 for LiMnPO4, LiCoPO4 and 

LiNiPO4, respectively.[4, 5] The redox potentials of LiCoPO4 (4.8 V) and LiNiPO4 (5.2 V) 

exceed the safe operational window of commonly used carbonate based electrolytes.[6] 

Therefore LiMnPO4 (LMP) with an operating potential of 4.1 V, being within the electrolyte 

stability window, is one of the most attractive olivine cathodes. LMP however suffers from 

major drawbacks like poor electrical conductivity and a low Li+ diffusion rate, resulting in an 

inferior rate and cycling performance.[4, 6] Therefore, combinations of morphology 

optimization (such as nanoscaling and the formation of hybrids with carbonaceous conducting 

materials) and changing bulk properties via doping with other metals such as Fe (Fe-doped 

LiMnPO4, LFMP) were established as efficient means to increase the electrochemical 

performance of LMP.[4] 

In spite of the progress achieved, the theoretical capacity of LiMPO4 of around 170 mAh g−1 

can still not be realized in practice, as electrodes typically consist of a mixture of the 

electrochemically active compound (e.g. LFP, LMP, LFMP, etc.) and electrochemically 

inactive materials like a polymeric binder, carbonaceous conductor and aluminum foil as a 

current collector. For LiFePO4, Susantyoko et al. calculated a maximum specific capacity of 

121 mAh g−1
electrode when taking 29 wt% of electrochemically inactive material into account 

(consisting of 22 wt% Al-foil and 7 wt% binder and conductor).[7] Similar values of 

electrochemically inactive material and maximum achievable specific capacity can be 

expected for LMP and LFMP if the fraction of active material loading is at a scale typical for 

commercial devices. The weight fraction of electrochemically inactive materials is in fact 

even higher. Commonly reported electrodes consist of 80 wt% active material (in some cases 

electrochemically inactive components like graphene or carbon coatings are included as well) 

and 20 wt% carbon black and polymeric binder, coated altogether onto Al-foil with a 

thickness of 10–16 μm (density of Al: 2.7 g cm−3, resulting areal density: 2.7–4.32 mg cm−2). 

Active mass loadings are typically in the range of 1–6 mg cm−2.[8-14] Taking these quantities 

into account, the amount of inactive material per electrode is increased to 43–82 wt%, 

implying that the maximum practical specific capacity is decreased to values as low as 31 

mAh g−1
electrode. 
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Fabrication of so-called “free- or selfstanding” electrodes is discussed to be an option to 

minimize the amount of inactive material since no aluminum foil is needed, which thereby 

increases the practical maximum specific capacity.[7, 15, 16] Freestanding cathodes typically 

consist of an active material (e.g. LFP), often embedded into a carbon-based matrix of carbon 

nanotubes,[7, 17-19] graphene,[20-24] polymers,[20, 25] cellulose,[26, 27] carbon paper[15] or a mixture 

of two or more of the aforementioned compounds. 

Freestanding electrodes can be fabricated by various techniques. For example, Xiao et al. 

introduced a two-step synthesis route. In a first step a reduced graphene oxide (rGO) poly 

(acrylic acid) aerogel was prepared, which was afterwards infiltrated with a LFP/carbon 

black/binder mixture.[20] Kretschmer et al. utilized a slightly different infiltration strategy, in 

which a paper towel was impregnated with LFP precursors and pyrolyzed to result in an LFP-

carbon paper.[15] Li et al. demonstrated that graphene foam is also suitable for a similar 

preparation method.[21] Kanagaraj et al. and Susantyoko et al. used the so-called surface-

engineered tape-casting, in which a carbon nanotube/LFP suspension is coated on a copper 

foil and the freestanding electrode is removed after the drying process.[7, 17, 19] Vacuum 

filtration of slurries consisting of LFP and diverse carbonaceous materials is another common 

strategy to prepare freestanding composites.[26-30] Finally, electrospinning is also a well-

known method for the fabrication of freestanding electrodes.[16, 18, 31, 32] Notably, most of the 

available literature deals with freestanding LFP cathodes. The LMP and LFMP nanofiber 

composites reported by von Hagen et al. are the only examples of freestanding LMP-based 

cathodes reported so far.[16] However, in spite of significant efforts, the performance of 

freestanding electrodes is still not competitive to that of conventional electrodes. The main 

reason for that is still an insufficient amount of active material that can be incorporated into 

the freestanding electrode morphology, being typically around 70 wt%, and as a result 

relatively low energy densities per total weight of the electrodes.[7, 13, 31] 

We report a simple procedure to fabricate freestanding LiFe0.2Mn0.8PO4 (LFMP)/rGO 

electrodes with a very high loading of active material of 83 wt%, high total loading of up to 

8 mg cm−2, high energy density, excellent cycling stability and at the same time very fast 

charging rate, with a total performance significantly exceeding the values reported in the 

literature. The keys to the improved electrode performance are the use of GO with its high 

concentration of surface functional groups favoring the adhesion of high amounts of LFMP 

nanoparticles and, most importantly, the freeze-casting of the GO-based nanocomposites to 

prevent the morphology collapse and provide a unique fluffy open microstructure of the 
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freestanding electrodes. To synthesize LFMP nanoparticles with an increased electrical 

conductivity and optimized size, a microwave-assisted synthesis in ethylene glycol was used. 

Freestanding electrodes were then prepared by simple mixing of LFMP nanoparticles and GO 

followed by an electrode casting in a novel freeze-casting approach. The resulting 

freestanding LFMP/rGO electrodes are composed of three-dimensionally interconnected rGO 

networks uniformly covered by a high amount of LFMP nanoparticles, hence enabling a full 

utilization of the active phase and a fast rate performance. 

 

9.3 Results and discussion 

Scheme 9.1 depicts a simple novel fabrication process for the preparation of freestanding 

LFMP/C/rGO electrodes. In a first step LFMP nanoparticles obtained by a synthesis in 

ethylene glycol are mixed with GO and sucrose in water by ultrasonication (Step I). The 

following freeze-casting step (Step II) is comprised of pouring the homogenous ultrasonicated 

dispersion onto a liquid nitrogen pre-cooled aluminum block and subsequent freeze-drying of 

the obtained frozen composite. The resulting composite is finally pyrolyzed (Step III) leading 

to LFMP/C/rGO. Moreover, this fabrication process should also be feasible for preparation of 

different freestanding electrodes containing other materials than LFMP. 

 

Scheme 9.1: Preparation of freestanding LFMP/C/rGO. Step I: Ultrasonication of microwave-
assisted synthesized LFMP nanoparticles, GO and sucrose in water. Step II: Freeze-casting of 
the resulting homogenous dispersion. Step III pyrolysis of the obtained freestanding 
LFMP/sucrose/GO composite resulting in freestanding LFMP/C/rGO. 
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LFMP nanoparticles with 20 at% Fe doping, used in Step I (Scheme 9.1) were prepared in a 

microwave-assisted reaction in ethylene glycol (EG) using MnSO4, FeSO4, LiOH and H3PO4 

as precursors, enabling a short reaction time of 25 min at 170 °C. Nanoscaling and doping 

with Fe atoms are the key prerequisites to improve the electrochemical performance of LMP 

materials due to their intrinsically poor electrical conductivity. 10 to 30 at% Fe (typically 

20 at%) are reported as an optimum substitution range resulting in an improved conductivity 

together with an increased energy density.[33] X-ray diffraction patterns (XRD) of the obtained 

LFMP can be assigned to the olivine-structured LMP phase (JCPDS no. 74–0375) 

(Figure 9.1). 

 
Figure 9.1: XRD patterns of LFMP, LFMP/sucrose/GO and LFMP/C/rGO. The bars at the 
bottom mark the position and the intensity of the diffraction lines of the olivine LMP structure 
(space group Pmnb, JCPDS no. 74–0375). The peaks marked with ∗ and + are attributed to 
GO and rGO, respectively. 

 

The positions of the diffraction peaks are slightly shifted to higher 2θ angles as compared to 

the standard pattern of LMP, indicating the successful incorporation of Fe in the lattice and a 

partial substitution of Mn positions by Fe, thereby decreasing the lattice parameters.[34] 

Notably, the (020) diffraction peak in the obtained nanocrystalline product has the highest 

intensity instead of the (311) diffraction peak in the bulk reference pattern. Moreover, the 

ratio of I(020)/I(200) is calculated to be 6.2 and 6.8 for LFMP and LFMP/C/rGO, 
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respectively, versus 2.6 for the LMP database reference entry. Such a high I(020)/I(200) ratio 

is reported to be advantageous for fast Li+ ion transport rates.[8, 34, 35] 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images 

reveal an elongated shape of the obtained nanoparticles with 10–18 nm width and 50–70 nm 

length (Figure S9.1 and S9.2). SEM/EDX element mapping as well as STEM/EDX mapping 

(high-angle annular dark-field (HAADF) STEM imaging mode) demonstrate a uniform 

distribution of Mn, Fe, P and O throughout the whole sample on the micro- and nanoscale 

(Figure S9.1c-f and S9.3). The elemental ratio of Fe/Mn is 0.20/0.80 (Table 9.1), which 

corresponds well to the targeted composition LiFe0.2Mn0.8PO4. Similar results were obtained 

by inductively coupled plasma-optical emission spectrometry (ICP-OES) measurements 

featuring a Li/Fe/Mn ratio of 1.02/0.21/0.79 (Table 9.1). 

Table 9.1: Atomic ratios of LFMP observed by ICP-OES and EDX (SEM/STEM). 

 Li Fe Mn P S  

ICP 1.02 0.21 0.79 0.88 0.15 

EDX (SEM) - 0.20 0.80 0.86 0.15 

EDX (STEM) - 0.20 0.80 0.86 0.15 

Theoretical (precursor input ratio) 1 0.2 0.8 1  

 

ICP and EDX analyses indicate the presence of sulfur in addition to phosphorous with the 

sum of atomic fractions of S and P corresponding to 1, which possibly implies a partial 

occupation of P positions with S atoms. In the XPS spectrum of LFMP a small peak at 170 eV 

is detectable (Figure S9.4a), which is ascribed to S2p and is typical for sulfates.[36, 37] 

Moreover, the uniform distribution of sulfur in the LFMP nanoparticles (Figure S9.3f) 

supports the assumption that S atoms are incorporated into the olivine lattice. 

Other groups have also detected sulfur impurities in related olivine systems (LiFePO4 and 

LiCoPO4) synthesized via solvothermal reactions that could not be removed even by intensive 

washing.[38, 39] The nature of sulfur is not clear yet and may vary. Huang et al. assume that it 

originates from an insoluble impurity on the surface of LFP or that it is incorporated into the 

LFP lattice.[38] In contrast, Ludwig et al. concluded that an amorphous Li2SO4 phase is formed 

during the synthesis as a side product and is embedded to a certain degree into the LiCoPO4 
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particles.[39] Okada et al. reported a partial substitution of oxygen sites in the LFP lattice by 

sulfur. However, in this case, thioacetamide was added as an additional sulfur source during 

the synthesis.[40] 

In the next step of our synthesis procedure LFMP nanoparticles were mixed with sucrose and 

GO in water by intense ultrasonication and subsequent freeze-casting (Step I + II, 

Scheme 9.1). SEM and TEM images of the obtained LFMP/sucrose/GO composite reveal 

graphene oxide sheets that are well covered by LFMP particles (Figure S9.5). The 

deconvolution of the C1s peak in the XPS spectrum of GO (Figure S9.6a) reveals a high 

concentration of oxygen containing groups which are favorable for the adhesion of large 

amounts of LFMP. The most dominant (ca. 40 at% according to the XPS data) are the C–O 

containing functional groups originating from carboxy, epoxy and alkoxy functionalities 

detectable in the FTIR spectrum (Figure S9.6b). Moreover, C O and O–C O functional 

groups are present in substantial concentrations of around 17 and 11 at%, respectively. These 

results match with the elemental combustion analysis of GO demonstrating that CO consists 

of 54.1 wt% oxygen, 43.5 wt% carbon and 2.4 wt% hydrogen. Additionally, Raman 

spectroscopy of GO reveals the typical D and G Raman bands at 1352 and 1594 cm−1, 

respectively (Figure S9.6c). 

To test whether a high concentration of oxygen containing groups is indeed beneficial for the 

adhesion of LFMP nanoparticles, multi-walled carbon nanotubes (MWCNTs) have been 

additionally added to the LFMP/sucrose/GO suspension before ultrasonication, as a reference 

experiment. The following steps remained unchanged. The SEM image of the pyrolyzed 

MWCNT containing composite (Figure S9.7) clearly demonstrates that the GO sheets are 

uniformly coated by LFMP particles whereas the MWCNTs are only sparsely covered, which 

is a distinct indication that the oxygen containing surface groups on GO promote the 

deposition of LFMP. Moreover, it should be noted that in our case the ultrasonication of 

preformed nanoparticle dispersions and GO provides a high loading of active material and 

allows a homogeneous coverage of the GO sheets. In contrast, attempts to obtain highly 

covered LFMP/GO nanocomposites in situ during the nanoparticle synthesis in presence of 

GO were not successful. 

The diffraction pattern of the LFMP/sucrose/GO composite is very similar to that of pure 

LFMP. A small additional peak at around 40.4° 2θ is detectable, which is ascribed to GO. To 

carbonize the sucrose and to reduce GO to conducting rGO, the LFMP/sucrose/GO 
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composites were pyrolyzed in nitrogen at 350 °C for 4 h and at 650 °C for 4 h. Thereby, the 

GO signal in the XRD pattern vanishes and additionally a small reflection at 40.0° 2θ 

(Figure 9.1) emerges that is assigned to rGO. The reduction of GO to rGO is furthermore 

supported by XPS analysis of the C1s peak of LFMP/sucrose/GO and LFMP/C/rGO 

(Figure S9.4b and c). 

Importantly, the morphology of the LFMP/C/rGO freestanding composite is also preserved 

after pyrolysis (Step III, Scheme 9.1). The obtained black monoliths (Figure 9.2b) are 

approximately 4.5 cm in diameter and have typically a thickness of around 60 μm after slight 

compression.  

 
Figure 9.2: Photographs of the freestanding LFMP/sucrose/GO (a) and LFMP/C/rGO (b) 
samples. SEM images of cross section of freestanding LFMP/C/rGO nanocomposite (c–e). 
SEM micrograph of LFMP/C/rGO (e) and corresponding EDX element mappings illustrating 
the homogenous distribution of P, Mn and Fe (f–h). 
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The weight fraction of LFMP in the LFMP/C/rGO nanocomposite is 83 wt% (Figure S9.8), 

detected by thermal gravimetric analysis (TGA), corresponding to LFMP loadings of around 

3 mg cm-2. Thicker layers with higher loading can be easily fabricated by stacking and 

slightly pressing several layers of LFMP/sucrose/GO before pyrolysis. The size of the LFMP 

particles after pyrolysis remains very similar, with only a slight growth to reach 10–23 × 70–

85 nm as observed in TEM and SEM images (Figure 9.2, Figure 9.3). 

Moreover, the LFMP particles are still well dispersed on the rGO sheets after pyrolysis, as 

follows from the SEM and TEM images, together with a homogenous element distribution 

demonstrated by element-mapping (Figure 9.2f–h and S9). The SEM cross section images 

(Figure 9.2c and d) reveal that the rGO sheets form an interconnected three-dimensional 

network with open channels enabling good electrolyte permeation throughout the composite, 

which promotes Li+ diffusion and hence can improve the electrochemical performance.[41] 

LFMP particles are covered by a thin uniform carbon layer with a thickness of around 2.5 nm 

(Figure 9.3b), which originates from the carbonization of sucrose. Such a coating layer can 

enhance the electron transport and Li+ diffusion between the individual LFMP particles but 

can also protect the particles from manganese leaching into the electrolyte.[11, 42] Additionally, 

the carbon coating layer and the interconnected rGO sheets form a continuous conductive 

network enabling rapid electron transport, thereby overcoming one of the major disadvantages 

of LFMP, namely its low conductivity. The total increase of the electrical conductivity of 

composite electrodes was confirmed by 4-point conductivity analysis using the Van-der-Pauw 

method. The freestanding LFMP/C/rGO nanocomposite has an electrical conductivity of 

0.94 S cm−1, which is several magnitudes higher than the values reported for LMP and LFP.[6] 

 
Figure 9.3: Low (a) and high (b) magnification HRTEM images of LFMP/C/rGO. 
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Nitrogen physisorption measurements used to analyze the surface area and porosity of the 

LFMP/C/rGO composites (Figure S9.10) show type IV isotherms with an H2-type hysteresis 

loop typical for a mesoporous structure with disordered pores.[11] The BET surface area is 

87 m2 g−1 and the corresponding total pore volume is 0.17 cm3 g−1 at p/p0 = 0.95. In 

comparison, the pure LFMP particles feature a IV type isotherm with an H1 hysteresis loop, a 

slightly smaller BET surface area of 77 m2 g−1, and a total pore volume of 0.28 cm3 g−1 at 

p/p0 = 0.94. The insets in Figure S9.10 show the pore size distribution of LFMP and 

LFMP/C/rGO. Upon incorporation of LFMP nanoparticles in LFMP/C/rGO composites, the 

pore size distribution gets narrower and shifts to lower values (ranging from 4 to 17 nm) as 

compared to the pure LFMP, probably caused by the formation of the carbon layer decreasing 

the pore volume. The porous morphology of the obtained composite is thereby beneficial for 

its use as an electrode layer since it can facilitate the infiltration with electrolyte resulting in 

an enhanced contact between electrolyte and primary LFMP particles.[9, 43] 

The electrochemical performance of the freestanding LFMP/C/rGO nanocomposite was 

investigated using cyclic voltammetry (CV) and galvanostatic charge/discharge 

measurements. Importantly, the freestanding nanocomposites were directly used as a cathode; 

neither aluminum foil nor additional carbonaceous conductor or polymeric binder were used. 

Note that the specific capacity is based on the weight of the whole electrode if not mentioned 

otherwise, which includes LFMP, rGO and carbon in case of the freestanding composite or in 

addition the weight of Al-foil, carbon black and poly (vinylidene fluoride) (PVDF for 

conventionally fabricated composite reference electrodes) as well. This definition and 

determination of the specific capacity is different from the commonly used convention where 

the specific capacity is only reported per unit mass of active material. However, a specific 

capacity that comprises the total weight of the electrode will lead to a more accurate and 

realistic benchmarking of electrodes as the maximum achievable specific capacity is 

dependent on the amount of electrochemically inactive material.[20] 

Figure 9.4a shows the first five CV curves of the freestanding LFMP/C/rGO nanocomposite 

between 2.0 and 4.5 V vs. Li/Li+ at a scan rate of 0.1 mV s−1 with two well-defined redox 

couples visible. The oxidation peaks at 3.60 and 4.19 V are thereby assigned to the oxidation 

of Fe2+ to Fe3+ and Mn2+ to Mn3+, respectively. The corresponding reduction reactions take 

place at potentials of 3.54 (Fe3+ to Fe2+) and 4.04 V (Mn3+ to Mn2+).  
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Figure 9.4: CV curves of freestanding LFMP/C/rGO electrode (a) recorded at a scan rate of 
0.1 mV s−1 in the range of 2.0–4.5 V vs. Li/Li+. Rate performance (b) of freestanding and Al-
foil based LFMP/C/rGO electrodes. Cycling stability and Coulombic efficiency (c) of 
freestanding LFMP/C/rGO electrodes over 200 cycles at 2C and the corresponding 
charge/discharge curves (d). Note that the galvanostatic measurements are all based on the 
total weight of the electrode. (LFMP loading of 3 and 0.6 mg cm−2 for freestanding and Al-
foil based LFMP/C/rGO electrodes, respectively). 

 

The CV curves of the first five cycles practically overlap indicating high electrochemical 

stability without significant interface or bulk structural changes. The cycling stability was 

further evaluated by galvanostatic charge/discharge measurements at 2C (Figure 9.4c and d). 

The positions of the charge/discharge plateaus (Figure 9.4d) match well with the 

oxidation/reduction peak potentials recorded in the cyclic voltammograms. In the first cycle 

charge/discharge capacities of 126 and 111 mAh g−1
electrode were achieved, respectively, which 

corresponds to a Coulombic efficiency of 88%. Highly stable Coulombic efficiencies of ≥99% 

are reached in subsequent cycles. After 200 cycles, 93% of the initial discharge capacity was 

retained, which corresponds to a discharge capacity of 103 mAh g−1
electrode (Figure 9.4), 

indicating an excellent cycling stability of the freestanding LFMP/C/rGO nanocomposite. It 

should be mentioned that small capacity fluctuations (ca. 4–7 mAh g-1) were observed for the 

rGO-based electrodes (Figure 9.4c). Similar capacity fluctuations were observed by us for 
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other rGO-based composite electrodes (for example Sb:SnO2/rGO electrodes described 

previously)[44] but not for pure electroactive materials (LFMP or Sb:SnO2), therefore it is 

reasonable to assume that the capacity fluctuations are related to the layered rGO 

morphology. As a possible reason the volume changes (breathing) during 

lithiation/delithiation or formation/dissolution of an SEI on the rGO-based electrode could be 

suggested, although further study is needed to evaluate the possible mechanism. Taking into 

account that the fluctuations are rather small and regular, any changes in the rGO-based 

electrodes should be reversible or self-healing. 

In order to test the rate performance of LFMP/C/rGO, different C-rates ranging from 0.2C to 

20C were applied. Specific discharge capacities of 120, 115, 111, 103, 89, 69 and 22 mAh 

g−1
electrode are observed at 0.2C, 0.5C, 1C, 2C, 5C, 10C and 20C, respectively, recorded in the 

fifth cycle of each individual C-rate step. When the C-rate is returned to 0.2C, the initial 

discharge capacity is practically recovered (119 mAh g−1
electrode). Moreover, the rate 

performance of the freestanding LFMP/C/rGO is far better than that of a conventionally 

prepared LMP/C/rGO electrode (LFMP/C/rGO mixed with carbon black, PVDF in 1-methyl-

2-pyrrolidone (NMP) and coated onto Al-foil). The specific capacity of the Al-foil based 

LMP/C/rGO obtained at 0.2C is around 12 times smaller (Figure 9.4b), mainly attributed to 

the large amount of electrochemically inactive material of around 87 wt%. 

To investigate the Li+ ion intercalation kinetics in the freestanding and Al-foil based 

composite electrodes, CV curves at various scan rates ranging from 0.1 to 0.5 mV s−1 shown 

in Figure 9.5a, c were recorded. Upon an increase of the scan rate, the anodic peaks shift to 

higher potentials, whereas the cathodic counterparts shift to lower values. The peak currents 

(IP) increase linearly with the square root of the scan rate (v0.5) (Figure 9.5), indicating a 

diffusion-controlled Li+ de-/intercalation.  

Based on the above data, the Li+ diffusion coefficients (D) can be calculated using the 

Randles-Sevcik equation:[1, 8, 9, 15] 

Ip = 0.4463(nF)1.5(RT)-0.5CLiAeD0.5v0.5 Equation 11.1 

where Ip is the peak current value, n is the number of electrons in the charge transfer step 

(n = 1), F is the Faraday constant (F = 96485 C mol−1), R is the gas constant 

(R = 8.314 J mol−1 K−1), T is the absolute temperature (T = 298.15 K), CLi is the molar 

concentration of lithium ions in LFMP (CLi = 0.0222 mol cm−3), Ae is the electrode area (here, 
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the geometric area of the electrode is used for simplicity, Ae = 2.54 cm2), D is the Li+ 

diffusion coefficient and v is the scan rate.[9] 

 
Figure 9.5: CV curves of freestanding (a) and Al-foil based (c) LFMP/C/rGO electrodes at 
different scan rates and resulting plots of the linear relationship between the peak current and 
the square root of the scan rate (b, d). 

 

The calculated apparent Li+ diffusion coefficients are listed in Table 2. Note that for the 

calculation of the Li+ coefficients the geometric surface area of the electrodes instead of the 

area of the active nanocrystalline LFMP phase is used, the latter is otherwise difficult to 

determine. Therefore, the obtained values of D do not provide the bulk diffusivity of the Li 

ions in the LFMP phase, but an apparent diffusion coefficient in the complete electrode 

structure. The apparent Li+ diffusion coefficients of the freestanding LFMP/C/rGO 

nanocomposite (Table 9.2) are around two orders of magnitude larger than those of the 

conventional Al-foil based electrodes. This finding shows that the freestanding LFMP/C/rGO 

nanocomposite enables improved Li+ transport and diffusion, which could be a reason for the 

superior rate performance of the freestanding composite. 
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Table 9.2. Apparent Li+ diffusion coefficients of freestanding and Al-foil based 
LFMP/C/rGO. 

State Peaks 
Li+ diffusion coefficient D [cm s-1] 

Freestanding Al-foil based 

Charge 
AFe 1.76 x 10-11 3.94 x 10-13 

AMn 1.87 x 10-10 3.71 x 10-12 

Discharge 
CFe 1.13 x 10-11 4.22 x 10-13 

CMn 2.48 x 10-10 5.30 x 10-12 

 

One of the possible reasons for the superior performance of freestanding electrodes can be 

their lower total resistance (higher conductivity) as compared to the same layers on an Al foil. 

Accordingly, in the Nyquist plots of both electrodes (Figure S9.11), the real part of the 

semicircle in the high frequency region corresponding to the charge transfer resistance (RCT) 

is significantly smaller for the freestanding electrode as compared to the Al foil-based one 

(0.46 and 14.33 Ω, respectively).[30] 

A comparison of the SEM images of the Al-foil based and the freestanding LFMP/C/rGO 

electrodes reveals significant differences between both morphologies. The freestanding 

electrode has a fluffy morphology as described above (Figure 9.2). In contrast, this structure 

is collapsed in case of the Al-foil based electrode, presumably caused by the slurry 

preparation process (Figure S9.12). The resulting denser morphology very likely hampers the 

infiltration of the electrolyte, diminishes the LFMP/electrolyte contact area and can be a 

reason for the lower Li+ diffusion coefficient.  

Importantly, the freestanding LFMP/C/rGO electrodes retain their morphology and structural 

integrity even after the rate performance test. XRD patterns and SEM images of the cycled 

electrodes practically do not differ from the freshly prepared ones (Figure 9.6). These results 

demonstrate the excellent structural stability of the freestanding LFMP/C/rGO electrode even 

at high rates of up to 20C. 
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Figure 9.6: XRD patterns of freestanding LFMP/C/rGO electrode before and after the rate 
performance test (a). The bars at the bottom mark the position and the intensity of the 
diffraction lines of the olivine LMP structure (space group Pmnb, JCPDS no. 74–0375). SEM 
image of freestanding LFMP/C/rGO electrode after electrochemical testing (b). 

 

For a convenient comparison of the data presented in this work with those reported in the 

literature, the rate performance and cycling stability measurements were also calculated for 

the mass of LFMP (active material) only, without considering the mass of the 

electrochemically inactive components (Figure 9.7 and S9.13a). Both the freestanding and the 

Al-foil-based LFMP/C/rGO electrodes demonstrate a reasonably good cycling stability. 

However, the freestanding composite reaches higher specific capacities. After 200 cycles at 

2C, 122 mAh g−1
LFMP are obtained as compared to 80 mAh g−1

LFMP for the Al-foil-based 

composite (Figure S9.13b). The freestanding LFMP/C/rGO electrode also shows a superior 

rate performance (Figure 9.7 and S9.13a), as well as higher volumetric energy density 

(Figure S9.14). Additionally, the rate performance of freestanding electrodes having a higher 

mass loading was further investigated (Figure S9.15). 
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Figure 9.7: Rate performance (a) and the corresponding gravimetric energy density at 
different C-rates (b) of the freestanding LFMP/C/rGO nanocomposite (mass loading of 
3 mg cm−2). 

 

The electrochemical performance of our freestanding LFMP/C/rGO nanocomposite is 

superior to freestanding LFMP electrodes reported so far (Table S9.1). The freestanding 

electrospun LiFe0.25Mn0.75PO4/C nanofiber composite reported by von Hagen et al. having a 

similar Mn to Fe ratio as our LFMP/C/rGO nanocomposite reaches around 60 mAh g−1
LFMP at 

0.5C, as compared to 142 mAh g−1
LFMP for the freestanding LFMP/C/rGO nanocomposite 

reported in this work.[16] Additionally, the rate performance of our freestanding LFMP/C/rGO 

nanocomposite delivering 149, 142 and 134 mAh g−1
LFMP (Figure 9.7a) is also superior to 

120, 112 and 110 mAh g−1
LFMP at 0.2C, 0.5C and 1C, respectively, reported for the best 

performing LiFe0.5Mn0.5PO4/C nanofiber composite shown by von Hagen et al..[16] 

The cycling and the rate performance of the freestanding LFMP/C/rGO nanocomposite can 

even keep up with those of freestanding LFP composites, calculated both for the active 

material loading or for the weight of the entire electrode (see Tables S9.1 and S9.2), although 

LFP has a better electrical and ionic conductivity than LFMP. The LFP/graphene composite 

reported by Du et al. is one of the best performing freestanding LFP composites.[23] At 0.2C it 

retains a discharge capacity of 160 mAh g−1
LFP, which is only slightly higher compared to our 

freestanding LFMP/C/rGO electrode. However, due to the higher working potential, the 

freestanding LFMP/C/rGO shows a significantly higher energy density of 604 Wh kg−1
LFMP 

(Figure 9.7b) as compared to 530 Wh kg−1
LFP (both at 0.2C) reported for the LFP composite 

material synthesized by Du et al. (the energy density was obtained by evaluation of the 

corresponding discharge curve).[23] This clearly illustrates that the freestanding LFMP/C/rGO 

nanocomposites are advantageous compared to freestanding LFP composites in terms of 

gravimetric capacity due to their increased working potential. 
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9.4 Conclusion 

Freestanding LFMP/rGO nanocomposites were fabricated via a novel simple freeze-casting 

route, involving ultrasonication of a suspension containing microwave–assisted synthesized 

LFMP nanoparticles, sucrose and GO, freeze drying and pyrolysis. The developed procedure 

enables fabrication of freestanding electrodes with a very high loading of active material of 

83 wt%, high total loading of up to 8 mg cm−2, high energy density, excellent cycling stability 

and at the same time very fast charging rate, with a total performance significantly exceeding 

the values reported in the literature. Discharge capacities of 103 mAh g−1
electrode and 122 mAh 

g−1
LFMP are obtained after 200 cycles at 2C, which corresponds to capacity retentions of 93% 

and 94%, respectively. The cycling stability is also much better as compared to LFMP/rGO 

coated on Al-foil. Under the same conditions a discharge capacity of only 80 mAh g−1
LFMP is 

retained. Moreover, the rate performance of the freestanding composites is also superior to 

Al-foil based equivalents, especially with regard to the entire weight of the electrode, as the 

freestanding electrode has a significantly lower amount of inactive material. This also 

translates to a high energy density of 604 Wh kg−1
LFMP for the freestanding composite which 

significantly outperforms that of LFP analogues. The keys to the improved performance of the 

freestanding LFMP/rGO electrodes are the use of GO with its high concentration of surface 

functional groups favoring the adhesion of high amounts of LFMP nanoparticles and, most 

importantly, the freeze-drying of the GO-based nanocomposites to prevent the morphology 

collapse and provide a unique fluffy structure of the freestanding electrodes. The important 

features of the developed procedure is its simplicity, as the LFMP nanoparticles with the 

optimum size are obtained in a easily scalable reaction in ethylene glycol; the nanocomposites 

with a homogeneous high loading of active material are achieved via a simple mixing of GO 

and LFMP nanoparticle suspensions, and a commercially established freeze drying process is 

used to obtained the optimized electrode morphology. Freestanding LFM/rGO nanocomposite 

electrodes with a high total energy and greatly reduced fraction of electrochemically inactive 

components offer an attractive alternative to conventional Al-foil based electrodes, and we 

envision that the developed procedure can be easily adapted to other active materials to obtain 

electrodes with even higher energy densities. 
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9.5 Experimental section 

Materials: All chemicals were used as-received unless otherwise noted: Lithium hydroxide 

(LiOH, Sigma-Aldrich), ethylene glycol (EG, 99%, Sigma Aldrich), phosphoric acid (H3PO4; 

99.999%, Sigma-Aldrich), manganese(II) sulfate monohydrate (MnSO4 · H2O; 99%, Sigma 

Aldrich), iron(II) sulfate heptahydrate (FeSO4 · 7H2O; 99%, Sigma Aldrich), L(+)-ascorbic 

acid (C6H8O6, Riedel-de Haen), sucrose (C12H22O11, Sigma-Aldrich), graphite microparticles 

(2–15 μm, 99.9995%, Alfa Aesar), poly (vinylidene fluoride) (PVDF, Sigma-Aldrich), carbon 

black (Super C65, Timcal), 1-methyl-2-pyrrolidone (NMP, Sigma-Aldrich), PuriEL 

electrolyte (1.15 M LiPF6 in EC/EMC/DMC = 2:2:6 v/v + 1.0 %wt FEC, soulbrain MI), 

lithium metal (Rockwood) and aluminum foil (Targray). Sulphuric acid (98%), phosphoric 

acid (85%), potassium permanganate (99.5%), hydrogen peroxide (30%), barium nitrate 

(99.5%) and N,N-dimethylformamide (DMF) were obtained from Penta, Czech Republic. 

Synthesis of LFMP nanoparticles: LFMP nanoparticles were synthesized in a solvothermal 

microwave-assisted route. In a first step 144 mg (6 mmol) LiOH was dissolved in 8 mL EG at 

50 °C. After stirring for 1 h a solution of 196 mg (2 mmol) H3PO4 in 4 mL EG was added 

dropwise and the resulting white suspension was stirred for 0.5 h. 111 mg (0.4 mmol) FeSO4, 

270 mg (1.6 mmol) MnSO4 and 35 mg (0.2 mmol) ascorbic acid were dissolved in 1 mL 

water. This solution was subsequently added to the LiOH/H3PO4/EG dispersion. The resulting 

slightly yellow suspension was in turn stirred for 0.5 h at room temperature, transferred to a 

Teflon-lined microwave autoclave and heated to 170 °C under microwave irradiation 

(Synthos 3000, Anton Paar; initial heating power 800 W) for 25 min. The resulting ochre 

suspension was washed several times by repeated centrifugation (22500 rcf for 15 min) and 

redispersion in deionized water and ethanol, respectively, and finally dried at 60 °C overnight. 

Synthesis of graphene oxide suspension: A graphene oxide suspension was prepared with 

slight modification as described by Marcano et al..[45] In brief, 3.0 g graphite and 18.0 mg 

potassium permanganate were subsequently added to a cooled (below 0 °C) mixture of 

concentrated sulphuric acid (360 mL) and phosphoric acid (40 mL). The mixture was heated 

at 50 °C for 12 h under stirring. Afterwards, the mixture was cooled to room temperature and 

then poured on ice. Afterwards, a 30% hydrogen peroxide (3.0 mL) solution was added. After 

the ice was molten, hydrogen peroxide (30 mL) and water (2500 mL) were added. The 

obtained graphene oxide was washed by repeated centrifugation and redispersion in deionized 

water until a negative reaction on sulfate ions with Ba(NO3)2 was achieved. The graphene 
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oxide slurry was ultrasonicated for 1 h to exfoliate the GO sheets. The concentration of GO in 

this suspension was measured to be 20.4 mg mL−1 by gravimetric analysis. 

Fabrication of LFMP/C/rGO freestanding nanocomposites:130 mg of LFMP nanoparticles 

were mixed with 43 mg sucrose, 1.8 mL GO suspension and 40 mL water. The brown 

suspension was ultrasonicated for 2.5 h and then poured on aluminum blocks which were 

cooled with liquid nitrogen in advance. The frozen LFMP/sucrose/GO composite was 

removed and freeze dried for two days. The nanocomposite was finally pyrolyzed in nitrogen 

at 350 °C for 4 h followed by 650 °C for 4 h; each heating step was reached with a ramp of 

5 °C min−1. 

Battery assembly: The electrochemical measurements were conducted on ECC-PAT-Core 

electrochemical test cells (EL-Cell). LFMP/C/rGO freestanding composites were cut into size 

(discs with a diameter of 18 mm) and used directly as working electrodes, without the 

addition of extra carbon black or PVDF. The freestanding LFMP/C/rGO electrodes had an 

LFMP mass loading of 3–3.5 mg cm−2 and for the high loading composite of 8 mg cm−2. For 

reference experiments “conventional electrodes” were prepared as well. For that purpose, 

LFMP/C/rGO was mixed with PVDF and carbon black at a mass ratio of 80:10:10 in NMP. 

The slurry was stirred for one day and then uniformly coated onto Al foil using the doctor 

blade technique (wet film thickness 100 μm, equaling to a LFMP mass loading of 

0.6 mg cm−2). The electrodes were dried at 60 °C for 8 h and afterwards in vacuum at 120 °C 

for 4 h before being used as cathodes. The cells were assembled in an argon filled glove box 

(Labstar 1250/750, MBraun, Germany) with lithium metal foil as counter and reference 

electrode, glass fiber membrane (El-CELL ECC1-01-0011-A/L) as separator and a 

commercial electrolyte consisting of 1.15 M LiPF6 in EC/EMC/DMC at a 2:2:6 vol ratio and 

1.0 %wt FEC. 
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Characterization methods 

Wide angle X-ray diffraction was performed in transmission mode using a STOE STADI P 

diffractometer with Cu Kα1-radiation (λ = 1.54060 Å) and a Ge (111) single crystal 

monochromator equipped with a DECTRIS solid state strip detector MYTHEN 1K. Powder 

XRD patterns were measured in a 2θ range from 5° to 70° with a step size of 1° and a fixed 

counting time of 90 s per step. 

ICP-OES analysis was performed on a VARIAN VISTA RL CCD. 

Raman spectra were collected at room temperature in a backscattering configuration using an 

inVia Raman microscope (RENISHAW), equipped with a charge-coupled device detector and 

a 532 nm He–Ne laser. 

FTIR measurements were performed on an iS50R FTIR spectrometer (Thermo Scientific, 

USA) in ATR configuration using a KBr beamsplitter in the range of 4000–400 cm−1 at a 

resolution of 4 cm−1. 

Combustion elemental analysis (CHNS–O) was carried out on a PE 2400 Series II CHNS/O 

Analyzer (Perkin Elmer, USA). The instrument was used in a CHN operating mode. 

TGA measurements were carried out on a NETZSCH STA 440 C TG/DSC machine at a 

heating rate of 10 °C min−1 in a stream of synthetic air of about 25 mL min−1. 

Nitrogen sorption measurements were carried out at 77 K using a QUANTACHROME Nova 

Station C. Before the sorption experiments, the samples were degassed under vacuum for 

12 h at 120 °C. The specific surface area was determined by the BET method in the range of 

p/p° = 0.05–0.2. Density functional theory (DFT)/Monte Carlo methods and a nonlocal 

density functional theory adsorption model with cylindrical pores was used to calculate the 

pore size distribution. 

SEM images were acquired with an FEI Helios NanoLab G3 UC scanning electron 

microscope having a field emission gun operated at 3–5 kV. EDX analysis was conducted at 

an operating voltage of 20 kV using an X MaxN Silicon Drift Detector with 80 mm2 detector 

area (OXFORD INSTRUMENTS) and AZTec acquisition software (OXFORD 

INSTRUMENTS). The samples were suspended in ethanol and drop-coated on a silicon 

wafer which was then glued onto a sample holder with silver lacquer. The freestanding 

composites were also measured on carbon tabs glued onto a sample holder. 
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S/TEM measurements were performed on a FEI Titan Themis equipped with a field emission 

gun operated at 120 or 300 kV, a high-angle annular dark-field (HAADF) detector and a 

Super-X energy-dispersive X-ray spectrometer. The samples were dispersed in ethanol and 

drop-coated on a copper grid with a holey carbon film. 

XPS measurements were carried out on an X-ray photoelectron Phoibos 100 MCD-5 

spectrometer (SPECS, Germany) using an Al X-ray radiation source (1486.7 eV). The 

samples were placed on a carbon black tape. The measured values were referenced to an 

adventitious carbon peak at 285 eV. 

Conductivity measurements were performed on an ECOPIA HMS 3000 system in Van der 

Pauw geometry. 

Electrochemical measurements were carried out at 20 °C with ECC-PAT-Core (EL-Cell) 

battery test cells using an Autolab potentiostat/galvanostat (PGSTAT302N) with a FRA32M 

module or an Autolab Multipotentiostat M101 equipped with an 8AUT.M101 module 

operated with Nova 1.11 software. Cyclic voltammetry was conducted in a potential range of 

2.0–4.5 V vs. Li/Li+ at scan rates of 0.1, 0.2, 0.5, 1, 1.5 and 2.0 mV s−1. Galvanostatic 

charge/discharge measurements were carried out at different C rates (0.2–20C) in a voltage 

window of 2.0–4.5 V. Electrochemical impedance spectroscopy was performed between 100 

and 0.001 kHz with an applied sinusoidal amplitude of 10 mV. 
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9.7 Supporting information 

 
Figure S9.1: SEM images of LFMP nanoparticles (a, b). SEM image of LFMP (c) and 
corresponding EDX mapping micrographs illustrating the homogeneous distribution of P, Mn 
and Fe (d-f). 

 

 

 

Figure S9.2: TEM images of LFMP nanoparticles (a, b). 
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Figure S9.3: STEM image of LFMP nanoparticles in HAADF mode (a) and the 
corresponding EDX mapping micrographs illustrating the homogeneous distribution of P, O, 
Mn, Fe and S (d-f). 

 

 

Figure S9.4: XPS patterns of LFMP, LFMP/sucrose/GO and LFMP/C/rGO (a), C1s peak of 
LFMP/sucrose/GO (b) and LFMP/C/rGO (c), respectively. 
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Figure S9.5: SEM (a, b) and TEM (c, d) images of LFMP/sucrose/GO nanocomposite. 
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Figure S9.6: XPS in the C1s peak region (a), FTIR (b) and Raman (c) spectra of GO. 

 

 

 

Figure S9.7: SEM image of LFMP/MWCNT/C/rGO, with a LFMP fraction of 70 wt%. 
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Figure S9.8: TG curves of LFMP, LFMP/sucrose/GO and LFMP/C/rGO. 

 

 

 

Figure S9.9: STEM image of LFMP/C/rGO in HAADF mode (a) and the corresponding EDX 

mapping micrographs illustrating the homogeneous distribution of P, O, Mn, Fe and S (d-f). 
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Figure S9.10: Nitrogen adsorption/desorption isotherms with pore size distribution curves 
(inset) of LFMP nanoparticles (a) and LFMP/C/rGO nanocomposite (b). 

 

 

 

Figure S9.11: Nyquist plot of freestanding and conventional Al-foil based LFMP/C/rGO 
before cycling. 
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Figure S9.12: SEM image of a cross section of an Al-foil based LFMP/C/rGO electrode. 

 

 

Figure S9.13: Rate performance of the Al-foil based LFMP/C/rGO (a) and cycling stability 
of over 200 cycles at 2C (b) of both freestanding and Al-foil based LFMP/C/rGO electrodes. 
The gravimetric capacities are based on the mass of LFMP only. (LFMP loading 3 and 
0.6 mg cm-2 for freestanding and Al-foil based LFMP/C/rGO, respectively).  
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Figure S9.14: Comparison of the volumetric energy densities of freestanding and Al-foil 
based LFMP/C/rGO (conventional LFMP/C/rGO). The calculation is based on the 
geometrical electrode volume (area of the electrode (2.55 cm2) x thickness of the electrode 
(60 µm freestanding, 20 µm conventional)). 

 

 

 
Figure S9.15: Rate performance of a freestanding LFMP/C/rGO nanocomposite with a mass 
loading of 8 mg cm-2. 
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Table S9.1: Electrochemical performance of various freestanding LFMP and LFP composites 
based on the active material loading. 

Sample 

Long term stability Rate performance 
Voltage 
window 

[V] 

Active 
material 

mass 
loading 

[mg cm-2] 

Lit. 
Current 
density 

Specific 
capacity 

[mAh g-1] 
(cycle) 

Current 
density 

Specific 
capacity 

[mAh g-1] 
(cycle) 

LiFe0.5Mn0.5PO4/C 
fibers 0.5C 125 (75) 

0.2C 
0.5C 
1C 
4C 
8C 

16C 
0.5C 

120 (27) 
112 (32) 
110 (37) 
102 (47) 
50 (57) 
5 (67) 

115 (72) 
3-4.9 n.a. [1] 

LiFe0.25Mn0.75PO4/C 
fibers 0.5C 60 (75)   

LMP/C fibers 0.5C 50 (75)   

LFP/graphene 1C ≈ 141 (100) 

0.2C 
1C 

10C 
0.2C 

160 (2) 
152 (7) 
115 (22) 
154 (30) 

2.5-4.2 n.a. [2] 

LFP/graphene-foam 0.5C 
10C 

155 (100) 
125 (500) 

0.2C 
1C 

50C 

160 
140 
100 

2.5-4.0 n.a. [3] 

LFP/UCFR 2C 108 (315) 

0.5C 
1C 

3.5C 
0.5C 

154 (2) 
144 (7) 
75 (32) 

≈150 (45) 

2.5-3.9 18 [4] 

LFP/graphene/ 
cellulose 0.1 ≈150 (20) 

0.5C 
1C 
5C 

0.5C 

143 (5) 
133 (15) 
98 (35) 

≈140 (60) 

2.2-4.2 n.a. [5] 

LFP/MWCNT 0.1C 
1C 

118 (50) 
106 (100) 

0.1C 
1C 

10C 
0.1C 

126 (2) 
106 (17) 
65 (42) 

≈130 (60) 

2.5-4.0 n.a. [6] 

LFP/MWCNT 1C 127 (100) 
0.1C 
1C 

10C 

145 
134 
≈30 

2.5-4.0 20 [7] 

LFP/rGO/ 
Polyacrylic acid 0.2C ≈125 (200) 

0.2C 
1C 
5C 

0.2C 

151 (5) 
119 (15) 
≈10 (25) 
139 (30) 

2.5-4.0 9 [8] 

LFP/C/xanthan gum 
binder/carbon cloth 0.1C ≈ 75 (100) 

0.1C 
0.25C 

1C 
0.1C 

≈ 150 (4) 
≈ 130 (10) 
≈ 100 (22) 
≈ 140 (30) 

2.0-4.2 2 [9] 

LFMP/C/rGO 2C 122 (200) 

0.2C 
1C 

10C 
0.2C 

149 (5) 
134 (25) 
79 (55) 

147 (75) 

2.0-4.5 3 This 
work 
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Table S9.2: Electrochemical performance of various freestanding LFMP and LFP composites 
based on the entire weight of the electrode. 

Sample 

Long term stability Rate performance 
Voltage 
window 

[V] 

Active 
material 

mass 
loading 

[mg cm-2] 

Lit. 
Current 
density 

Specific 
capacity 

[mAh g-1] 
(cycle) 

Current 
density 

Specific 
capacity 

[mAh g-1] 
(cycle) 

LFP/UCFR 0.5C 120   2.5-3.9 18 [4] 

LFP/rGO/ 
Polyacrylic acid   

0.2C 
1C 
5C 

0.2C 

≈ 120 (5) 
≈ 90 (15) 
≈ 5 (25) 

≈ 120 (30) 

2.5-4.0 9 [8] 

LFP/C/graphene 20C ≈ 122 
(1000) 

0.3C 
1C 

200C 
0.3C 

≈ 150 (3) 
≈ 145 (15) 
≈ 65 (54) 
≈ 150 (60) 

2.5-4.2 2 [10] 

LFP/carbon papera) 0.9 ≈ 32 (550) 

0.04  
0.2  
0.9 

0.04 

≈ 45 (4) 
≈ 37 (18) 
≈ 30 (32) 
≈ 47 (40) 

2-4.25 2.8 [11] 

LFP/C/xanthan gum 
binder/carbon cloth 0.1C ≈ 140   2-4.2 2 [9] 

LFMP/C/rGO 2C 103 (200) 

0.2C 
1C 

10C 
0.2C 

120 (5) 
111 (25) 
69 (55) 
119 (75) 

2.0-4.5 3 This 
work 

a) Current density in mA g-1 
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10 Conclusion and outlook 

The major objectives of this thesis were the preparation and development of advanced 

electrode materials for applications in lithium-ion batteries (LIBs). Nanosizing and the 

hybridization of the active material with a carbonaceous support were used as the main 

strategies to improve the electrochemical performance. Another approach was the 

development of so-called free- or selfstanding electrodes that can be used without aluminum 

or copper foil current collectors. The decreased amount of electrochemical inactive materials 

could be beneficial for reaching higher overall energy densities.  

The benefits of hybrid materials were demonstrated in Chapter 3 for antimony doped SnO2 

reduced graphene oxide (ATO/rGO) nanocomposites, which were prepared by a microwave-

assisted solvothermal reaction in tert-butanol. The ATO/rGO nanocomposites demonstrated a 

better rate and cycling performance as compared to ATO nanoparticles only as well as 

undoped SnO2/rGO composites, which can be attributed to several factors. rGO increased the 

overall conductivity and alleviated the volume changes of SnO2 during cycling, antimony 

doping enhanced the electrical conductivity of SnO2 particles, and nanosizing of ATO 

enabled the reversibility of its conversion and alloying reactions resulting in a very favorable 

electrochemical performance. 

The successful strategy of combining antimony doped SnO2 with rGO was further extended to 

the fabrication of freestanding anodes in Chapter 4. Moreover, electrospinning was tested as 

another common approach to synthesize freestanding electrodes, however this method was 

shown to be unsuitable for the fabrication of ATO-based electrodes. Carbonization of the 

polymeric matrix resulted in the reduction of ATO to metallic Sn and SbSn alloys. During the 

carbonization step, large Sn-based particle agglomerates were formed on the surface of the 

carbon fibers, which demonstrated low capacity and poor capacity retention during cycling. 

Formation of freestanding ATO/rGO electrodes with a high total energy density and stable 

cycling was however achieved using a freeze-casting method, which was also successfully 

applied to the fabrication of LFMP/rGO nanocomposites described in Chapter 9. The 

freestanding ATO/rGO electrodes performed much better than the similarly fabricated 

SnO2/rGO freestanding electrodes. Moreover, it was shown that the ATO/rGO can be used in 

a full-cell configuration with a freestanding LFMP/rGO composite. The full freestanding cell 
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obtained in this way demonstrated a practically complete utilization of active materials and 

excellent cycling stability, which are essential prerequisites for the development of optimized 

full-cells in the future.  

The concept of freestanding electrodes was tested also for MoS2, as discussed in Chapter 5. 

The freestanding MoS2/single walled nanotube (SWCNT) composite paper was prepared by a 

vacuum filtration approach. It could be demonstrated that the composite can be interesting for 

applications in different energy-storage and -generation related fields including its use as an 

anode material for LIBs, as electrode for supercapacitors and as a catalyst for the hydrogen 

evolution reaction. 

Black phosphorus arsenic alloys were evaluated for the first time as anode materials for LIBs 

in Chapter 6. However, their electrochemical performance was not satisfying yet. The 

obtained results can nevertheless serve as a starting point for future research in this field.  

In Chapters 7 and 8 it was demonstrated that the assembly of ultrasmall nanoparticles into 

complex nanostructures can result in an increased electrochemical performance. 

Nanostructured LiCoO2 (LCO) was prepared in a two-step synthesis procedure. Rock-salt 

structured LixCo1–xOy nanoparticles synthesized in the first step were transformed into porous 

LCO by using Pluronic F127 as a structure-directing template. The nanostructured LCO 

demonstrated an increased capacity retention especially at very high charging/ discharging 

rates. 

The two-step synthesis procedure was extended to the related Li(NixCoyMnz)O2 (NCM) 

system as described in Chapter 8. The pseudo‐quaternary rock-salt structured 

LiwNixCoyMnzOδ (δ≤1) nanoparticles were transformed into NCM nanostructures with a 

desert‐rose type morphology by nanocellulose‐mediated calcination. Size, morphology and 

cation mixing of lithium and nickel were highly dependent on the nickel content, influencing 

also the electrochemical performance. The nanostructured composition NCM333 

demonstrated the most promising capacity retention even at high charging/ discharging rates. 

Finally, the concept of preparing freestanding electrodes was also extended to cathode 

materials in Chapter 9. Freestanding LFMP/rGO nanocomposites were fabricated in a simple 

freeze-casting route using LFMP nanoparticles prepared in a microwave–assisted approach 

and graphene oxide (GO). The freestanding LFMP/rGO hybrid material showed an excellent 

cycling stability and at the same time very fast charging rate, with a total performance 

significantly exceeding the values reported in the literature. Moreover, the rate performance 



 
 

307 

of the freestanding composites was superior to Al-foil based analogs, especially with regard to 

the entire weight of the electrode, due to the significantly lower amount of inactive material in 

case of the freestanding electrodes. 

In conclusion, the concepts of nanosizing, nanostructuring and preparation of hybrid materials 

were investigated for different anode and cathode materials, resulting in several materials with 

encouraging performance. Moreover, fabrication of freestanding electrodes is another 

promising strategy to further increase the energy density of LIBs.  

Possible future work could focus on investigating other fabrication processes and support 

materials to enable fabrication of mechanically flexible freestanding ATO and LFMP based 

electrodes, which could find application in wearable electronics or flexible displays.  
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11 Appendix 

List of abbreviations 

1D    One-dimensional 

1P    One phonon 

2D    Two-dimensional 

2Ɵ    Diffraction angle 

3D    Three-dimensional 

AFM    Atomic force microscopy 

ATO    Antimony doped tin oxide 

ATR    Attenuated total reflectance 

b-AS    Black arsenic 

BET    Brunauer-Emmett-Teller 

BEV    Battery electric vehicle 

BF    Bright-field 

BP    Black phosphorous 

BP-AS    Black phosphorous-arsenic 

BSE    Backscattered electrons 

CAM    Conversion/alloying material 

CCD    Charged coupled device 

ccp    Cubic-close-packing 

CE    Coulombic efficiency 

CEI    Cathode electrolyte interphase 

CMC    Carboxymethyl cellulose 

CNT    Carbon nanotubes 

CTAM    Conversion-type anode material 

CV    Cyclic voltammetry 

CVD    Chemical vapor deposition 

DEC    Diethyl carbonate 

DF    Dark-field 

DFT    Density functional theory 
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DLS    Dynamic light scattering 

DMC    Dimethyl carbonate 

DMF    N,N-dimethylformamide 

DRS    Disordered rock salt structure 

DSC    Differential scanning calorimetry 

EC    Ethylene carbonate 

EDS    Energy dispersive X-ray spectroscopy 

EDX    Energy dispersive X-ray spectroscopy 

EELS    Electron energy loss spectroscopy 

EIS    Electrochemical impedance spectroscopy 

EMC    Etyhlmethyl carbonate 

ESD    Electrostatic spray deposition 

EV    Electric vehicle 

FEC    Fluoroethylene carbonate 

FID    Free induction decay 

FTIR    Fourier transform infrared 

GC    Gas chromatography 

GCD    Galvanostatic charge-discharge 

GO    Graphene oxide 

GNS    Graphene nanosheets 

HAADF   High-angle annular dark-field 

HER    Hydrogen evolution reaction 

HOMO   Highest occupied molecular orbital 

HR    High-resolution 

HRTEM   High-resolution transmission electron microcopy 

HT    High-temperature 

ICDD    International Center for Diffraction Data 

ICP-OES   Inductively coupled plasma – optical emissions spectroscopy 

IL    Ionic liquid 

IR    Infrared  

IUPAC   International Union of Pure and Applied Chemistry 

LCO    Lithium cobalt oxide 

LFMP    Lithium iron manganese phosphate 

LFP    Lithium iron phosphate 
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LIB    Lithium-ion battery 

LISICON   Li+ superionic conductor 

LMO    Lithium manganese oxide 

LMP    Lithium manganese phosphate 

LNO    Lithium nickel oxide 

LO    Longitudinal optical 

LSV    Linear sweep voltammetry 

LT    Low-temperature 

LTO    Lithium titanate 

LUMO    Lowest unoccupied molecular orbital 

MAS    Magic angle spinning 

MWCNT   Multiwalled carbon nanotube 

NASICON   Na+ superionic conductor 

NFC    Nanofibrillated cellulose 

NLDFT   Nonlocal density functional density theory  

NMP    n-methyl-2-pyrrolidone 

NMR    Nuclear magnetic resonance 

PAN    Polyacrylonitrile 

PC    Propylene carbonate 

PEO    Poly(ethylene oxide) 

PLD    Pulsed laser deposition 

PMMA   Poly(methyl methacrylate) 

ppm    parts per million 

PS    Polystyrol 

PVA    Polyvinyl alcohol 

PVDF    Polyvinylidene fluoride 

PVP    Polyvinyl pyrrolidone 

RF    Radiofrequency 

rGO    Reduced graphene oxide 

RHE    Reversible hydrogen electrode 

RP    Red phosphorous 

RT    Room temperature 

SAED    Selected area electron diffraction 

SC    Supercapacitor 
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SCE    Saturated calomel electrode 

SE    Secondary electrons 

SEI    Solid electrolyte interphase 

SEM    Scanning electron microscopy 

SMES    Superconducting magnetic energy storage 

SHE    Standard hydrogen electrode 

STEM    Scanning transmission microscopy 

SWCNT   Single-walled carbon nanotube 

TEM    Transmission electron microscopy 

TGA    Thermogravimetric analysis 

TO    Transversal optical 

UHV    Ultra-high vacuum 

VRB    Vanadium redox battery 

WP    White phosphorous 

XPS    X-ray photoelectron spectroscopy 

XRD    X-ray diffraction 
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