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Abstract 

 

Lithium ion batteries (LIBs) have achieved great success as portable power supply for 

consumer electronic devices. New applications for LIBs in the near future are electric 

vehicles and stationary energy storage systems. Therefore, higher energy density and 

simultaneously cost reduction is needed. Materials should also be earth abundant and 

environmental friendly. Actually commercialized materials exhibit a capacity limit due to the 

fact that just a limited number of Li+ ions can be intercalated/deintercalated per formula unit. 

Alternative materials were investigated during the past decades. Conversion materials exhibit 

2 - 5 times larger capacities because more Li per formula unit can be stored. Intensively 

investigated materials are e.g. spinel oxides MIIMIII
2O4 (MII = Co, Cu, Mn, Mg, Co, Ni; 

MIII = Mn, Fe, Co). The reactions occurring during electrochemical cycling are complex 

affecting both the crystal structure and the electronic properties, which were not investigated 

in detail.  

In the thesis the synthesis of several spinel oxide nanoparticles MnFe2O4, MgFe2O4, 

CoFe2O4, CoMnFeO4 and NiMnFeO4 are reported. In addition, composites were synthesized 

including NiFe2O4 interconnected with a network made of carbon nanotubes and CoFe2O4 

deposited on reduced graphite oxide. The materials were intensively characterized and 

processed as electrodes for testing their electrochemical performance applying galvanostatic 

cycling and cyclic voltammetry (CV).  

The focus of this thesis is the investigation of the reaction mechanisms occurring during Li 

uptake and release of this new class of anode materials. Different methods including ex situ 

and operando X-ray diffraction and X-ray absorption spectroscopy, as well as solid state 

nuclear magnetic resonance spectroscopy, transmission electron microscopy and 

Mössbauer spectroscopy were used. For the first time lognormal size distributions and 

anisotropic crystallite sizes could be determined from X-ray powder patterns to investigate 

the development of the particle morphology and the particle size during the chemical 

reactions. The results of the combined methods allow formulation of detailed reaction 

mechanisms for Li uptake and release during the first and subsequent cycles. The spinel 

oxides are transformed into an intermediate NaCl-like structure after uptake of about 2 Li per 

formula unit. Further Li uptake leads to the successive formation of amorphous metallic 

nanoparticles embedded in a Li2O matrix. After the charge process the spinel structure is not 

recovered. The metallic nanoparticles are oxidized to bivalent and/or trivalent cations. 

Further cycling and investigation of samples cycled 2-10 times showed stable redox 

reactions over many cycles. Additional small improvements of cycling stability were realized, 

e.g. by the substitution of hazardous PVDF binder by environmental-friendly and water-

soluble alternatives. 



The last part of the thesis reports results about the synthesis and characterization of Fe3S4 

nanoparticles and the performance of the material as anode material for sodium ion 

batteries. The Fe3S4 nanoparticles exhibit good cycling stability accompanied by very large 

capacities. It seems that the uptake of Na is accompanied by formation of mackinawite as 

intermediate phase.   



Kurzzusammenfassung 

 

Lithium-Ionen-Batterien (LIBs) werden mit großem Erfolg als tragbare Stromversorgungen für 

elektronische Geräte genutzt. Neue Anwendungen in naher Zukunft stellen Elektrofahrzeuge 

und stationäre Energiespeichersysteme dar. Für deren breite Anwendung ist eine Erhöhung 

der Energiedichte bei gleichzeitiger Reduktion der Kosten erforderlich. Zudem sollten die 

Materialien in großen Mengen verfügbar und umweltfreundlich sein. Aktuell 

kommerzialisierte Materialien weisen eine natürliche Kapazitätsgrenze auf, da nur eine 

begrenzte Anzahl von Li+-Ionen pro Formeleinheit aufgenommen werden kann. Materialien, 

die auf einer „Konversionsreaktion“ basieren, zeigen 2 - 5 Mal höhere Kapazitäten, da mehr 

Li+ pro Formeleinheit gespeichert werden kann. Interessante und intensiv untersuchte 

Konversionsmaterialien sind z.B. die Spinelloxide MIIMIII
2O4 (MII = Co, Cu, Mn, Mg, Co, Ni; 

MIII = Mn, Fe, Co). Die Reaktionen, die beim elektrochemischen Entladen und Laden 

auftreten, sind von komplexen Reaktionen begleitet, die sowohl die Kristallstruktur als auch 

die elektronischen Eigenschaften beeinflussen, was bisher nur ungenügend untersucht 

wurde.  

In der Doktorarbeit wird über die Synthese verschiedener Spinell-Nanopartikel mit den 

Zusammensetzungen MnFe2O4, MgFe2O4, CoFe2O4, CoMnFeO4 und NiMnFeO4 berichtet. 

Außerdem wurden Komposite aus NiFe2O4 mit Kohlenstoff-Nanoröhren hergestellt und 

CoFe2O4 auf reduziertem Graphit-Oxid deponiert. Die Materialien wurden umfassend 

charakterisiert und anschließend zu Elektroden weiterverarbeitet, um die elektrochemischen 

Eigenschaften mit galvanostatischem Entladen/Laden und Cyclovoltammetrie zu 

untersuchen.  

Der Schwerpunkt dieser Arbeit liegt auf der Untersuchung der Reaktionsmechanismen, die 

während der Aufnahme und Abgabe von Li ablaufen. Dafür wurden ex situ und operando 

Röntgenbeugung und Röntgenabsorptionsspektroskopie sowie Festkörper-

Kernresonanzspektroskopie, Transmissionselektronenmikroskopie und Mössbauer-

Spektroskopie eingesetzt. Außerdem konnten erstmalig die Lognormal Größenverteilungen 

und die anisotropen Kristallitgrößen aus Röntgenbeugungsdaten extrahiert werden, um die 

Entwicklung der Partikelmorphologie und der Teilchengrößen während der chemischen 

Reaktionen zu verfolgen. Die Ergebnisse der verschiedenen analytischen Methoden 

ermöglichten es, detaillierte Reaktionsmechanismen für die Aufnahme und Freisetzung von 

Li zu formulieren. Die Spinelloxide werden nach Aufnahme von ca. 2 Li pro Formeleinheit in 

eine intermediäre Kochsalz-Struktur umgewandelt. Bei weiterer Erhöhung des Li-Gehaltes 

tritt die sukzessive Bildung von amorphen, metallischen Nanopartikeln ein, welche in einer 

Li2O Matrix eingebettet sind. Nach dem Ladevorgang wird die Spinell-Struktur nicht wieder 

zurückgebildet, stattdessen werden die metallischen Nanopartikel zu zwei- und/oder 



dreiwertigen Kationen oxidiert. Untersuchungen nach 2-10 Zyklen ergaben stabile Redox-

Reaktionen. Zudem wurden weitere kleine Verbesserungen der Zyklenstabilität realisiert, 

z.B. durch die Substitution von gesundheitsschädlichem PVDF-Binder durch 

umweltfreundliche und wasserlösliche Alternativen. 

Der letzte Teil dieser Arbeit beschäftigt sich mit der Synthese und Charakterisierung von 

Fe3S4 Nanopartikeln und deren Eigenschaften als Anodenmaterial für Natrium-Ionen-

Batterien. Fe3S4 Nanopartikeln weisen eine gute Zyklenstabilität auf verbunden mit sehr 

großen Kapazitäten. Die Untersuchungen weisen darauf hin, dass Mackinawit als 

intermediäre Phase auftritt. 
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1 Introduction 

1.1 Motivation 
Fossil fuels make our life very comfortable, because they enable cheap and fast travelling by 

car, bus and plane. Additionally heating of houses, output of industrial plants and generation 

of electricity is also based on fossil fuels. The worldwide total primary energy supply doubled 

from 1972 to 2012 (Figure 1 left). Coal, oil and natural gas represent the main part (81.7 %). 

Whereas renewable energies like hydro, geothermal, wind and solar energy contribute just a 

small part of the energy supply (~3.5 %). Fossil fuels exhibit the disadvantage that world 

occurrence of coal, oil and natural gas is limited. It is assumed that within the next centuries 

these non-renewable energy reserves will be consumed. Another drawback is the undesired 

environmental long-term effect due to CO2 emission from large scale burning of fossil fuels.[1] 

For measures against the climate change, emission of greenhouse gases like CO2 should be 

minimized. Nuclear power plants produce energy without emission of global warming gases. 

Nevertheless, the storage of atomic waste is worldwide still an unsolved problem. Nuclear 

accidents in Tschernobyl and Fukushima showed the limited controllability of this technology. 

An element of risk always remains and can be only suppressed via nuclear phase-out.  

Worldwide, specifically in third world countries greenhouse gases are produced for heating, 

production of electricity and cooking. In industrial countries like, e.g. Germany, CO2 is mainly 

emitted by power industry (~45 %) and the traffic sector (~20 %), which is illustrated in Figure 

1 right. One strategy reducing emission of CO2 is an enlargement of the energy production 

based on renewable sources such as sunlight, wind, tidal energy and geothermal heat. In the 

last years production of renewable energies was significantly increased. In Germany the ratio 

of renewable energies was more than quadrupled from 2000 (2.5 %) to 2014 (11.3 %).[2]  

 

 
Figure 1: World total energy supply showing contributions of different energy sources (left). Peat and oil 
shale are aggregated as “coal” and “others” include wind, solar and geothermal (toe = tonne of oil 
equivalent).[3] CO2 emission in Germany (2013) in percentages (right, data from Bundesministerium for 
economics and energy).  
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But production of electricity from renewable sources has a pronounced drawback: they are 

based on forces of nature, which are variable in time and strength/intensity. Figure 2 

presents consumption and production of electricity from renewable sources in Germany at 

two days in the last year: supply of electricity was between 10 and almost 30 %. In summer 

overall less energy is needed but solar power plants supply more energy than in winter times 

(Figure 2, left). During winter months more energy is needed and solar power plants produce 

less energy. However, the main problem is a constant supply on a daily basis. Much energy 

is needed from 6 am to 8 pm, which cannot be sufficiently supplied by renewable energy 

sources (Figure 2, right). The variable production of wind and solar power plants have to be 

balanced in the future for substitution of all conventional power plants by renewable energy 

sources.[4] Therefore, it is important to identify an efficient method for large-scale energy 

storage for private households as well as supplier for electric energy.[5]  

 

 
Figure 2: Production and consumption of electricity produced by renewable energies in Germany 
showcase for two days 15.06.2015 (left) and 15.12.2015.[6]  
 

As mentioned above about one-fifth of CO2 gas is emitted by the traffic sector. If Hybrid and 

full electric vehicles (HEVs, EVs) would replace the majority of gasoil-powered vehicles, the 

greenhouse gas emission would be significantly reduced. But actual EVs are not competitive 

to vehicles with combustion engines due to poor driving range and high asset costs. The high 

asset costs are in fact a result of high prices for lithium ion batteries (LIBs). Raising 

production of LIBs leads also to rapid increase of the price for lithium carbonate on the world 

market. An alternative to LIBs are sodium ion batteries (SIBs). The potential (-2.7 V against 

standard hydrogen electrode; only 0.3 V above that of lithium) is very suitable.[7,8] Due to 

unlimited abundance the price for sodium carbonate is a factor of 10 cheaper compared to 

Li2CO3. Unfortunately, standard carbon anodes cannot be used for SIBs without special 
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electrolytes or templating strategies.[9] In addition, the capacity of carbon-based anodes for 

SIBs is low. Therefore, the commercialisation of rechargeable batteries based on sodium is 

essentially depending on research success for suitable anode materials. 

LIBs are actually used for portable electronic devices like e.g. smart phones, laptops, 

cordless electric screwdriver, electric shaver, electric bicycles and also in hybrid and full 

electric vehicles. For large-scale energy storage and competitive electric vehicles new 

batteries are needed, combining higher capacity, lighter weight and good cycling stability, 

consisting of cheap and environmental friendly materials. In my PhD studies the first part was 

the synthesis of nanosized materials and composites. Then the products were tested for their 

application as anode material for LIBs and SIBs, respectively. Besides optimization of the 

electrochemical performance, the focus was on the investigations of the detailed reaction 

mechanisms during electrochemical cycling. The new class of materials presented here 

show differing mechanisms, which was not investigated in detail before. The last project is 

about a new anode material for SIBs. 
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1.2 Scientific Background 

1.2.1 Lithium Ion Batteries (LIBs) 

In general, batteries contain a cathode and an anode, which are separated by an electrolyte-

filled membrane. Commercial LIBs consist mostly of layered materials or substances with 

empty sites in their crystal structure. Li+ ions can reversible intercalate into the empty sites in 

the structures. In 1991, Sony commercialized the first LiCoO2/C LIB (Figure 3). This was a 

revolution because the energy stored in this LIB (~180 Wh kg-1) was five times larger than for 

lead-acid batteries at an average potential of 3.8 V.[10] LiCoO2 is a layered oxide which is 

used as cathode. Graphite is used as anode material because Li metal is “unsafe” and not 

used for commercial batteries. Anode and cathode are in contact via a non-aqueous 

electrolyte. The most common organic electrolyte is LiPF6, which is dissolved in carbonate 

solvents like e.g. ethylene carbonate (EC), diethyl carbonate (DEC), dimethyl carbonate 

(DMC) or propylene carbonate (PC). 

During discharging Li+ ions are deintercalated from the graphite layer, move through the 

separator and are intercalated into the cobalt oxide layer on the cathode site. The electrons 

move through an external electric circuit from the anode to the cathode, where Co4+ is 

reduced to Co3+. The charge process is the other way around. From a chemical point of view 

the following equations can be formulated (eq. 1 and 2): 

 

Cathode half-reaction: 𝐿𝑖!!!𝐶𝑜𝑂! + 𝑥𝐿𝑖! + 𝑥𝑒!
!"#$!!"#$

  

!!!"#$
 𝐿𝑖𝐶𝑜𝑂! (1) 

Anode half-reaction:  𝑥 𝐿𝑖𝐶!  
!"#$!!"#$

  

!!!"#$
 𝑥𝐿𝑖! 𝑥𝑒! 𝑥𝐶!   (2) 

In a LIB Li+ ions simply shuttle back and forth between the electrodes. These types of 

batteries are also known as “rocking chair” batteries.[11] 

 
Figure 3: Schematic illustration of the reaction mechanism during charge and discharge process in a LIB. 
The illustrated LIB consists of a graphite anode, a separator and a LiCoO2 cathode. 
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1.2.2 Cathodes (commercial) 

As already mentioned LIBs consist of anode, cathode, separator and electrolyte. The 

following materials are commercialized as cathode materials: lithium-cobalt oxide (LCO), 

lithium-nickel-cobalt-aluminium (NCA), lithium-nickel-manganese-cobalt (NMC), lithium-

manganese-spinel (LMO), lithium-iron phosphate (LFP) and lithium-titan-sulphide (LTS). The 

currently most successful commercialized technology is LCO, which was introduced by 

Goodenough 1980 and commercialized by Sony one year later.[12] LCO is very attractive due 

to high theoretical capacity, low self-discharge, high discharge voltage and good cycling 

performance.[13] But this cathode is expensive because of the high cost for Co. The NCA 

(LiNi0.8Co0.15Al0.05O2) cathode is used for example by Panasonic for Tesla EVs. NCA has a 

higher usable discharge capacity and long storage calendar life compared to other layered 

Co-based oxide cathodes. Problems are micro-cracks at grain boundaries and capacity fade 

due to solid electrolyte interphase (SEI) formation.[14,15] An attractive material with very similar 

capacity but being less expensive compared to LCO is Li(Ni0.5Mn0.5)O2. Adding a small 

amount of Co into the material Li(Ni0.33Mn0.33Co0.33)O2 (NMC) improves the stability of the 

crystal structure and the reversible theoretical and experimental capacity is slightly larger 

than for LCO.[16] Besides layered transition metals lithium manganese spinel is a very 

attractive cathode material consisting of cheap and environmental friendly manganese ions. 

But insufficient long-term stability, resulting from irreversible side reactions with the 

electrolyte, are a big disadvantage of LiMn2O4.[17,18] LiTiS2 (LTS) shows high gravimetric 

energy density and long cycle life (1000+ cycles). Unfortunately, the operating voltage is only 

in the range of 2 V, which is the lowest potential of all mentioned cathode materials.[19,20] 

 

1.2.3 Anodes (commercial) 

Pure Li metal would be an ideal anode for LiBs due to an extremely high specific capacity 

(3860 mAh g-1) and the lowest negative potential. Unfortunately, Li metal forms dendrites and 

exhibits poor cycle life during Li deposition (limited Coulombic efficiency). Uncontrollable 

dendritic growth can cause short circuit and start a thermal runaway leading to explosion like 

reactions and/or bursting.[21] Therefore, it is necessary to use safer materials as an anode. 

The anode material of choice for commercial LIBs is carbon. It is environmental friendly, 

highly abundant, cost saving and is characterized by long cycle life. Li+ ion diffusion and 

electrical conductivity is high, while the delithiation potential vs. Li/Li+ is relatively low ( 0.1-

0.2 V).[22] Graphite is a layered material consisting of carbon layers stacked along the c-axis. 

Li+ ions are intercalated between 2D graphene layers. (Figure 4.1) One Li can be stored per 

6 C (theoretical capacity: 372 mAh g-1), resulting in a volume expansion of only about 

10 %.[23] A disadvantage is the relative low capacity (compared to conversion materials). Also 

graphitic carbons cannot be combined with PC electrolyte because a co-intercalation with Li+ 
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between the graphene layers occurs. As a consequence graphite starts to exfoliate resulting 

in irreversible capacity loss. In addition, the performance of these materials is poor at high 

charge-discharge rates.[24]  

LTO is a successfully commercialized alternative because of its superior thermal stability, 

high rate stability and high cycle life. High cycling rate stability and long-life are a result of the 

Li insertion/extraction mechanism. LTO crystallizes in spinel structure (𝐹𝑑3𝑚), oxygen ions 

are face-centred cubic packed. Lithium ions occupy all tetrahedral sites (8a), while remaining 

Li+ and Ti4+ (ratio 1:5) occupy the octahedral sites (16d). Three additional Li+ can be inserted 

per formula unit which occupy free octahedral 16c sites. Simultaneously, Li+ on tetrahedral 

sites move also to 16c sites thus avoiding too short separations of two neighboured Li+ ions 

of < 2 Å leading to strong repulsive interactions. The resulting structure can be described 

also in a cubic space group (𝐹𝑑3𝑚, also it is possible to describe it as an rocksalt-structure 

𝐹𝑑3𝑚). The volume change during lithiation/delithiation is only 0.2 % and therefore LTO is 

known as a “zero-strain” anode. Drawbacks of LTO are the higher asset cost for Ti, the 

reduced cell potential and lower capacity (175 mAh g-1).  

 

 
Figure 4: Schematic illustration of lithiated graphite (left) and crystal structure of Li4Ti5O12 (right). 
 

Commercial anodes and cathodes consist in the main part of layered materials (LCO, NCA, 

NMC, LTS and graphite). Lithium is de-/intercalated in empty sites between the layers. These 

materials can be described as “intercalation materials”. LMO, LFP and LTO in contrast are 

not composed of layers. But in the structures empty sites are available for reversible Li+ 

insertion/extraction. Therefore, this type of materials can be regarded as “insertion 

materials”. For both material classes the number of lithium converted per formula unit of the 

active material is strictly limited. The experimental capacities range between 148 mAh g-1 

(LCO) and 199 mAh g-1 (LCA) for cathodes and is 372 mAh g-1 (graphite) and 175 mAh g-1 

(LTO) for commercialized anode materials.[22] The reaction rate is limited by diffusion of the 

guest ions (Li+) for insertion and intercalation materials. The need for better batteries is the 

main driving force for the search and investigation of new suitable materials. 
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1.2.4 Conversion reaction materials 

An alternative class of materials are so-called “conversion” materials. This type of materials 

can be sub-divided into two types: Transition metal (TM) compounds which form LiyXz salts 

(X = O, S, N, P, F, Cl) are referred as “Type A”. “Type B” are materials forming alloys with Li 

like e.g. Sn, Si and Zn. Electrode materials based on conversion reactions can be used as 

cathode or as anode depending on the potential level. Conversion cathode materials are 

metal fluorides[25–28] (MF) and chlorides[29,30] (MCl) and lithium sulphide[31] (Li2S). Also 

elemental sulphur[32] (S) and selenium[33] (Se) are investigated for its application as cathode 

in LIBs. Because the focus of the present work is on anode materials this topic will not be 

further discussed.  

The capacity for conversion anode materials is much larger compared to carbon and LTO 

(Figure 5) because significantly more Li can be cycled with respect to the formula unit. 

Typical conversion anode materials belonging to Type B are Si, Sn and Zn. Among the 

alloying materials, Si has received the most attention due to the extremely high capacity and 

low delithiation potential.[34,35] A drawback is the large volume expansion (>300 %) resulting 

in electrically disconnection of the particles.[36–38] Sn has a smaller capacity compared to Si, 

but crack formation in the electrode is avoided if nanoparticles of about 10 nm are used.[39–41] 

Relatively few studies have been reported of zinc forming a LiZn phase during Li uptake.[42] 

But poor kinetics and short cycle life make Zn unpractical as negative electrode so far.[43,44] 

For further information I’ll recommend a much more detailed review of type B electrodes.[45] 

 

 
Figure 5: Approximate range of average discharge potentials and specific capacity of the most common 
conversion type anodes compared to Li metal and commercial anodes (experimental).  
 

Type A conversion anode materials mainly consist of transition metal oxides, sulphides, 

nitrides or phosphides. Phosphides show capacities up to about 650 mAh g-1, but also the 

operating voltage is higher compared to graphite and a large potential hysteresis of about 

1 V is observed.[46–50] Nitrides were investigated enthusiastically 15 years ago.[51–53] But the 
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difficult synthesis and preparation made this type of electrodes unattractive.[54] Transition 

metal sulphides are not very intensively investigated compared to oxides. The specific 

capacity is slightly smaller due to the larger atomic weight of sulphur.[55–58] In addition, the 

potential level is higher as can be directly evidenced comparing Fe3S4 and Fe3O4.[59,60] 

In the year 2000 Poizot et al. reported for the first time about the application of nanosized 

transition metal oxides (CoO, FeO, NiO) as an anode for LIBs.[61] These types of anodes can 

store 2 Li per formula unit resulting in a capacities of 700 mAh g-1.[62] For Type A conversion 

anode materials especially oxides were in focus of research over the past 15 years. Oxides 

can be easily synthesized and handled during electrode preparation. In addition to rock salt-

structured oxides, also oxides with the spinel structure (MIIMIII
2O4, MII = Co, Fe, Ni, Zn, Mn; 

MIII = Co, Fe, Mn) moved into the focus of research in the past 10 years, caused by the large 

theoretical and experimental capacities. In addition Ti, Mo, Sn and Sb oxides were 

investigated for its applications in LiBs.[63]  

 

1.2.5 Oxides with spinel structure as anode material in LIBs 

Transition metal oxides with spinel structure (space group: 𝐹𝑑3𝑚) are highly interesting 

anode materials because of their large theoretical and experimental capacity.[63] In the spinel 

structure O2- ions are cubic closed packed (face-centred cubic – fcc) as displayed in Figure 

6. The M2+ ions occupy 1/8 of the tetrahedral sites (8a) and ½ of the octahedral sites (16d) is 

occupied by M3+. For inverse spinels the half of the trivalent ions M3+ occupies the tetrahedral 

8a sites and M2+ and the other half of M3+ occupy the octahedral 16d sites in equal 

proportion. For nanosized particles a mixture of inverse and normal spinel is often observed.  

 

 
Figure 6: General crystallographic illustration of the spinel oxide structure, O2- ions in blue, MIIO4-
tetrahedra in green, MIIIO6-octahedra in red and unit cell (black). 
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The structure is called partially inverse spinel structure and can be described as 

(𝑀!!!!
!!  𝑀!!

!!!)![𝑀!!
!!  𝑀!(!!!)

!!! ]!𝑂! (A, B = tetrahedral and octahedral sites) with 𝜆 as inversion 

parameter.[64–67]  

Co3O4, Fe3O4 and Mn3O4 crystallize with the inverse spinel structure. These materials are of 

great interest as anode materials because of their high theoretical capacity values (Co3O4: 

890 mAh g-1; Fe3O4: 928 mAh g-1; Mn3O4: 936 mAh g-1). The group of Tarascon first reported 

Co3O4 as an anode conversion material, which is easily synthesized and shows high stable 

and reversible capacities of 800 - 900 mAh g-1 (Table 1). Several reports proved the good 

cycle stability of Fe3O4, e.g. nanostructured Fe3O4 rods grown on Cu substrate.[60] Mn3O4 in 

comparison shows smaller reversible capacities which is explained by the fact that metallic 

Mn nanoparticles can only be oxidized to MnII after the first cycle.[68] All three mixed-valent 

oxides have been extensively investigated as anode materials. Synthesis of nanoparticles, 

nanowires, nanospheres, and other 2D and 3D structures, as well as addition of reduced 

graphite oxide (rGO) and carbon coatings improved the cycling stability significantly 

(Table 1).  

 
Table 1: Electrochemical Li cycling Data of M3O4 (M = Co, Fe, Mn). 
Composition size, morphology, 

additives 

Capacity first 

discharge 

Capacity after x cycles Reference 

Co3O4 Porous particles 1100 mAh g-1 800 mAh g-1, 15th cycle [69] 

Co3O4 Micrometre particles 1130 mAh g-1 800 mAh g-1, 60th cycle [70] 

Co3O4/rGO Nanoparticles on reduced 
graphite oxide 

1100 mAh g-1 935 mAh g-1, 30th cycle [71] 

Fe3O4/C carbon-coated (30 wt % C) 1000 mAh g-1 600 mAh g-1, 200th cycle [72] 

Fe3O4 Single wall nanotubes 1400 mAh g-1 1000 mAh g-1, 50th cycle [73] 

Fe3O4/rGO Nanoparticles on graphene 
nanosheets 

1390 mAh g-1 700 mAh g-1, 100th cycle [74] 

Mn3O4 Nanofibers of 20-25 nm 
nanoparticles 

880 mAh g-1 450 mAh g-1, 50th cycle [75] 

Mn3O4/rGO Nanoparticles on reduced 
graphite oxide 

1320 mAh g-1 730 mAh g-1, 40th cycle [76] 

Mn3O4 Spongelike nanoparticles 1300 mAh g-1 ~800 mAh g-1, 40th cycle [77] 

 

Because literature reports demonstrated the good Li cyclability of Co3O4 and Fe3O4 and their 

high capacities, researchers started to substituted Co and Fe by other transition metals. The 

group of Tirado published the first report about NiCo2O4 used as negative electrode in 

2002.[78] Afterwards several studies have been published about the performance of MCo2O4 

(M = Cu, Fe, Mg, Mn, Ni and Zn) as well as MFe2O4 (M = Cu, Co, Mg, Mn, Ni and Zn) in 

LIBs. The oxides crystallize in normal, inverse or partially inverse spinel structures and show 

good capacities (summarized in Table 2). Spinel oxides including Zn can host one additional 

Li per formula unit due to the formation of a LiZn alloy at low potentials.[79,80] The morphology 



Introduction

 10 

and porosity of the particles as well as carbon coatings and addition of rGO improve the 

long-life stability of the electrodes (Table 2). 

Please note Tables 1 & 2 are in no case complete and just a variety of results are presented. 

For more information I recommend more detailed review articles.[63,81,82]  

 
Table 2: Electrochemical Li Cycling Data of AB2O4 (A = Cu, Co, Mg, Mn, Ni and Zn; B = Co, Fe, Mn). 
Composition size, morphology, 

additives 
Capacity first 

discharge 
Cycling stability Reference 

NiCo2O4 Nanoparticle, 8 nm 1250 mAh g-1 884 mAh g-1, 2ndcycle [78] 

NiCo2O4 Mesoporous microspheres 1280 mAh g-1 705 mAh g-1, 500th cycle [83] 

MnCo2O4 Submicrometer 1190 mAh g-1 500 mAh g-1, 49th cycle [84] 

MnCo2O4 Mesoporous microspheres 1480 mAh g-1 553 mAh g-1, 200th cycle [85] 

FeCo2O4 Submicron sized particles 902 mAh g-1 747 mAh g-1, 50th cycle [86] 

FeCo2O4 Nanoflakes on Ni Foam 2445 mAh g-1 905 mAh g-1, 170th cycle [87] 

CuCo2O4 100-500 nm particles 1187 mAh g-1 740 mAh g-1, 40th cycle [88] 

ZnCo2O4 Nanoparticles 15-20 nm 1200 mAh g-1 900 mAh g-1, 60th cycle [79] 

ZnCo2O4 Nanowire arrays on carbon 
cloth 

1600 mAh g-1 1200 mAh g-1, 160th cycle [89] 

NiFe2O4/rGO Nanoparticles on reduced 
graphite oxide 

1350 mAh g-1 850 mAh g-1, 50th cycle [90] 

NiFe2O4/CNT Linked with single wall 
nanotubes 

1448 mAh g-1 788 mAh g-1, 50th cycle [91] 

CoFe2O4 150 nm 1090 mAh g-1 740 mAh g-1, 75th cycle [92] 

CoFe2O4 Hollow nanospheres 2264 mAh g-1 1185 mAh g-1, 50th cycle [93] 

3CoO/CoFe2O4 nanocomposite 1260 mAh g-1 844 mAh g-1, 30th cycle [94] 

CoFe2O4 graphene 1174 mAh g-1 1047 mAh g-1, 160th cycle [95] 

CoFe2O4/C carbon-coated (30 wt % C) 1700 mAh g-1 700 mAh g-1, 200th cycle [72] 

MnFe2O4/rGO MnFe2O4-graphene 
nanocomposite 

1585 mAh g-1 1017 mAh g-1, 90th cycle [96] 

MnFe2O4/C Carbon-coated 
nanospheres 

1222 mAh g-1 646 mAh g-1, 50th cycle [97] 

MgFe2O4 Nanoparticles 11 nm 1001 mAh g-1 493 mAh g-1, 50th cycle [98] 

MgFe2O4 Nanoparticles 33 nm 1123 mAh g-1 635 mAh g-1, 50th cycle [99] 

CuFe2O4/C Hollow CuFe2O4 spheres 
encapsulated in carbon 

1100 mAh g-1 550 mAh g-1, 70th cycle [100] 

ZnFe2O4 Hollow spheres out of 
Nanoparticles 10-20 nm 

1200 mAh g-1 900 mAh g-1, 50th cycle [80] 

ZnFe2O4/C Carbon-coated 
Nanoparticles <100 nm 

1450 mAh g-1 >1000 mAh g-1, 60th cycle [101] 

CoMn2O4 Triple-shelled 1007 mAh g-1 709 mAh g-1, 200th cycle [102] 

ZnMn2O4/rGO Graphene-wrapped 
nanorods 

1412 mAh g-1 707 mAh g-1, 50th cycle [103] 

 

While high capacities and good cycling stability of several binary spinel oxide composites 

have been demonstrated, studies concerning structural and electronic changes occurring 

during Li uptake and release are scarce. This holds also for spinel oxides composed of three 

TM ions.   
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In this work spinel oxides were investigated with the focus on elucidation of the reaction 

mechanisms occurring during Li uptake and release, especially under operando / in-situ 

conditions. The theoretical capacities of the investigated materials are summarized in Table 

3 evidencing that the values are 2 - 5 times larger compared to the commercialized anode 

materials graphite or LTO. 

 
Table 3: Theoretical capacity of graphite and lithium titanate (anode materials used in commercial 
batteries) compared to spinel oxides and sulphides (based on conversion reactions). 

Formula unit 
active material 

Li converted per 
formula unit 

Theoretical capacity / 
mAh g-1 

Li4Ti5O12 3 175 

C (graphite) 1/6 372 

MnFe2O4 8 930 

MgFe2O4 6 804 

CoFe2O4 8 914 

CoMnFeO4 8 917 

NiMnFeO4 8 918 

NiFe2O4 8 915 

Fe3S4 8 725 

 

1.2.6 Why investigation of the reaction mechanisms? 

Spinel oxides show a high potential for its application as anode material in LIBs. But for 

commercialization these types of electrodes have to be improved significantly, especially 

enhancing cycle stability and reducing the irreversible capacity loss during the first cycle. 

Therefore a deep understanding of the reaction mechanisms is very important. The actual 

focus of research is mainly the synthesis of materials with special morphologies, 

combinations of carbon species with TM oxides or variation and improvement of electrode 

preparation.[104] All these studies are important, but such investigations do not contribute to 

the understanding of the fundamental reaction mechanisms occurring during cycling. 

Nowadays, only little is known about structural and electronic alterations during Li uptake and 

release of such conversion materials.  

On the other hand, to improve the performance of LIBs based on intercalation/insertion 

reactions, ex situ, in situ and operando studies were performed.[105–118] The detailed 

investigation of the reactions helped to improve the performance significantly. But as 

mentioned above the capacity of these compounds is limited requiring the development of 

next-generation LIBs with larger capacities.[119]  

In general a conversion reaction for an anode material proceeds as follows: i) During Li 

uptake transition metals ions are reduced to the metallic state. Simultaneously a Li2X (X = O, 

S) salt matrix is formed in which the metallic nanoparticles are embedded. ii) During 
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subsequent charge process Li+ and electrons are released from the anode material, i.e. 

metallic nanoparticles are oxidized and form M-X bonds (M = transition metal; X = O, S). The 

structure of the pristine (nano-)crystalline material is not formed back. Hence, the 

electrochemically active phases are generated in-situ during the first cycle.[10,120] Therefore, it 

is important to investigate the first cycle and to identify and characterize the resulting new 

species in detail.  

For spinel oxides with the composition MIIMIII
2O4 (MII = Mn, Fe, Co, Ni, Cu; MIII = Co, Fe, Mn) 

the mechanism is related to these general processes (Figure 7). During discharge (Li uptake) 

TMs cations are reduced to the metallic state and Li2O is formed. At the end of the discharge 

process the spinel structure is completely transformed to small metallic nanoparticles 

embedded in the Li2O matrix (eq. 1).  

  𝑀!!!𝑀!
!!!
!𝑂! + 8 𝐿𝑖 → 𝑀! + 2 𝑀! + 4 𝐿𝑖!𝑂   (1) 

During subsequent charging (Li release) the spinel structure is not formed back. But bivalent 

and trivalent oxides are formed without structural long-range order. Subsequent discharge-

charge cycling differs from the first cycle.[63] The proposed reaction pathways are mainly 

based on interpretation of cyclic voltammetry (CV) curves and galvanostatic cycling. But 

these nanocrystalline or amorphous oxides, oxidation states or local environments of Li and 

TMs were rarely evidenced by appropriate experimental investigations. The CV curves show 

more than one signal for each charge/discharge operation, indicating that intermediate 

phases are generated excluding the one-step conversion reaction formulated in eq. 1.[96,121–

123]  

 
Figure 7: Schematic representation of the reaction mechanism during Li uptake and release of a spinel 
oxide MIIMIII

2O4. Per Formula unit 8 Li are converted. 
 

During Li uptake/release, new species are generated which are sensitive to air or moisture. 

To minimize the risk of contamination or formation of unwanted chemical species it is 

necessary working under inert gas atmosphere. For detailed investigations of complex 

reactions it is also required to synthesize many samples of different lithiation / delithiation 
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steps which is time consuming and cost ineffective. Elegant solutions are in situ / operando 

investigations. In situ experiments are performed with an interruption of the reaction for data 

collection and measurement in the same cell or reactor. During operando investigations a 

reaction is followed coupled with simultaneously collecting data. The presented different 

investigations were realized simultaneously during charge and discharge of the conversion 

anode materials and are so-called “operando” experiments. In literature the terms operando 

and in situ are not strictly distinguished and become blurred. Independent from terms and 

definitions, in the last years the power of such experiments was demonstrated by several 

groups.[105,124–136] 

For the Li uptake of Fe3O4 the group of Goodenough postulated the following reaction 

pathway. First, empty octahedral 16c sites are entered by Li+ ions, followed by a movement 

of the Fe cations located on the tetrahedral 8a sites to empty 16c sites. After uptake of 1 Li 

per formula unit a NaCl-like structure is generated. 1d sites are occupied by Fe cations and 

16c sites are occupied Fe and Li, similar to the Li insertion mechanism of LTO. But the 

increase of the volume of the Fe3O4 unit cell is larger (2.8 %) than for LTO.[137] Chen and 

Greenblatt investigated the Li insertion into MMn2O4 (M = Cd, Ni and Zn) spinels. Similar to 

Mn3O4 a new tetragonal compound LiM[MnIIMnIII]O4 is formed after insertion of 1 Li per 

formula unit caused by a strong Jahn-Teller distortion.[138]  

The group of Larcher et al. reported two different competing reaction mechanisms depending 

on the particle size and current density. Smaller particles or lower intermitted applied 

discharge rate lead to direct formation of CoO and Li2O. Large domains and fast discharge 

rates favour the formation of a LixCo3O4 intermediate phase.[139]  

The group of Passerini et al. investigated the first discharge mechanism of ZnFe2O4 

nanoparticles (particle size: 53 nm) via in situ XRD. The first 0.4 Li per formula unit are 

inserted into empty octahedral 16c sites. Further Li uptake leads to hopping of ZnII into 

neighbouring 16c sites and simultaneously occupancy of 16c with Li until the composition 

[Li0.9Zn]16c[Fe]16dO4 is reached. Afterwards up to 1.45 Li per formula unit are located on 

tetrahedral sites 8a/48f. Unfortunately, 7Li MAS NMR investigations did not evidence the 

formation of Zn/Fe-O-Li bonds. Further Li uptake forms Li2O and a mixed monoxide 

Zn0.33Fe0.66O which could not be well-defined to the [Li0.55]8a/48f[Li0.9Zn]16c[Fe]16dO4 phase. The 

final discharge state includes metallic Fe nanoparticles and LiZn alloy embedded in a Li2O 

matrix. Information about the charge process were not available due to the amorphous 

character of the new species.[140] 

Lowe and Abruna proposed the following reaction mechanism for 15 nm Mn3O4 particles. 

The first Li uptake takes place on the surface into an amorphous manganese oxide layer of 

the nanoparticles. In a second step LiMn3O4 is formed by reduction of manganese MnIII to 

MnII and movement of the cations to neighbouring octahedral sites. In the next step MnO 
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crystallized in a defect NaCl-like structure and Li2O is formed during uptake of 2 Li+ per 

formula unit. At the end of the discharge process metallic Mn (1 nm) is embedded in a Li2O 

matrix. During charge operation NaCl-like MnO is reversible formed. The capacity fading 

during the first cycle could be attributed to oxidation of Mn to only MnII instead of MnIII.[68] 

1.2.7 Sodium - an alternative to Lithium 

Lithium is the lightest metallic element and has the lowest redox potential (-3.0 V versus 

standard hydrogen electrode). Li+ has a small ionic radius and therefore exhibits good 

diffusion velocity in solids. But the pronounced production increase of LIBs leads to raising 

demand and prices for Lithium. Significant Li reserves are located in remote or in political 

instable areas.[7]  

On the search for an alternative, sodium is the most promising element, which may replace 

Li. Due to its low standard potential (-2.7 V against standard hydrogen electrode), relatively 

low atomic weight (please note for stationary energy storage the weight is regardless), and 

the nearly unlimited availability guaranteeing a low price are factors which may finally lead to 

a future SIB based technology. In the last years mainly oxidic compounds were identified as 

suitable cathode materials for SIBs.[141–146] But the success of SIBs mainly depends on the 

research for safe and efficient anode materials.[8] Graphite is the common negative electrode 

in LIBs (see section 1.2.3). But it cannot be used as an anode for SIBs because the size of 

the Na+ ion is not suitable for intercalation between the graphene layer.[147,148] Recent studies 

showed that the problem can be overcome by using a co-intercalation process. Reversible 

capacity of about 100 mAh g-1 were reached with a dyglime-based electrolyte.[149] Another 

approach used expanded graphite and it was shown that the capacity strongly depends on 

the distance between the graphene layer. For an optimized layer to layer seperation of 4.3 Å 

a reversible capacity of 280 mAh g-1 was obtained.[150] 

Conversion anode materials for SIBs enable much higher capacities and good cycling 

stability. In the focus of research are alloys (Sn, Sb, Ge, In - based materials), phosphides 

and transition metal oxides.[151] Studies about TM sulphides used as anode materials are 

scarce, and only a limited number of reports is available. The impressively long-life stability 

of Pyrite (FeS2) is the motivation for us to investigate Greigite (Fe3S4) nanoparticles as anode 

material for sodium batteries.[152–154] 
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2 Experimental Section 

Various methods were applied for characterization of the as-prepared materials and resulting 

products occurring during Li/Na uptake and release. Special methods are described in detail 

and used equipment is illustrated in section 2.7. 

 

2.1 Investigation of the electrochemical performance 
For investigation of the electrochemical performance the active material was mixed with 

carbon and a polymer binder. The mixture was processed to an electrode and measured in a 

Swagelock-type or in situ cell.  

2.1.1 Preparation of the electrodes 

For electrochemical measurements the active materials were mixed with carbon Super C65 

(Timcal) in a Retsch MM400 ball mill for 30 min at 10 or 15 Hz. As binder sodium 

carboxymethyl cellulose (NaCMC, Dow Chemicals) or sodium alginate (NaAlginate, Sigma 

Aldrich) was dissolved in water (1.5 wt. % binder in H2O) and added to the mixture of active 

material and carbon. The slurry was ball milled for another 30 min. 

Polyvinylidene fluoride (PVDF, Solvay) or sodium polyacrylate acid (NaPAA, Sigma Aldrich) 

were also used as binder by mixing the powders directly with active material and carbon. The 

mixture with PVDF (3 wt. %) was dissolved in N-methyl-pyrolidone (NMP, Sigma-Aldrich), 

while NaPAA (1.5 wt. %) was dissolved in water.  

The suspensions were painted on dendritic copper foils (Schlenk, Germany) or smooth 

copper foils (Goodfellow, Germany). A small puddle was formed at one site of the copper foil 

and a “notch bar” (120 µm spreader gap) was used to spread the slurry evenly across the foil 

(Figure 8).[155] The electrode films were then dried at room temperature for 24 h. From the 

electrode films circles (10 mm in diameter) were punched out and used as electrode in 

Swagelock test cells.  

 

 
Figure 8: Preparation of the electrode film: Puddle of slurry on copper foil (left), wet slurry outspread with 
notch bar (middle) and dried electrode film (right). 
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2.1.2 Swagelock test cell 

For galvanostatic cycling and cyclic voltammetry (CV) Swagelock-type test cells were used. 

The components of the cells were dried at 80 °C and transferred into an argon filled glovebox 

(MBraun, <1 ppm of O2, <1 ppm of H2O). The electrode consisting of active material, carbon 

and binder on a copper foil was weighted and used as cathode. Li (ABCR, 99.9 %) 

respectively Na (ABCR, 98 %) were used as anode materials. Whatman glass fibre filter 

discs (GE Health Care, United Kingdom) were used as Separator. For Li test cells 1 M LiPF6 

in in ethylene carbonate/dimethyl carbonate (1:1, Merck) was used as electrolyte. 1 M 

NaCF3SO3 in diglyme was used for Na test cells. After assembling the cells in the glovebox 

different measurements were performed. For galvanostatic cycling the current was calculated 

according to eq. 2: 

   𝐼 = ! !"/!" ! !
! !

      (2) 

I … current 

x … number of Li/Na ions converted per formula unit 

m … mass of the active material on the electrode 

F ... Faraday constant 

t ... time 

M ... molecular weight of active material 

 

During cycling at constant current the potential of the cell and the time were recorded. The 

time can be converted into capacity and Li / Na amount per formula unit by knowledge of the 

mass of the active material. This provides information about the capacity and cycling stability 

of the materials. 

For CV the cell potential ramps linearly versus time. The scan rate is the potential change 

over time, e.g. 0.05 mV s-1. The current at the working electrode is monitored and plotted 

against the cell potential. Signals in the CV provide information about redox processes during 

charging and discharging.  
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2.2 Investigations with synchrotron radiation 

2.2.1 Synchrotron light 

For operando X-ray diffraction (XRD) the “PDIFF” beamline at ANKA (Karlsruhe) and 

beamline “B18” at Diamond Light source (Oxford) were used. For operando X-ray absorption 

spectroscopy (XAS) the “XAS” beamline at ANKA (Karlsruhe), “KMC-2” at BESSY II (Berlin) 

and beamline “B18” at Diamond Light source (Oxford) were used.  

2.2.2 The in situ cell 

For operando XRD and XAS investigations, a custom-built cell was developed for 

experiments performed in transmission mode (Fig. 9). The cell consists of two round plates 

(40 mm in diameter) made of brass respectively aluminium with rectangular apertures 

(14 x 3 mm) in the centre. On each plate a Kapton foil window was glued.  

 

 
Figure 9: Schematic illustration of the in situ cell for XRD and XAS investigations. Design from left to 
right: top plate, Kapton window, copper ring, lithium/sodium metal, separator, copper foil with active 
material, Kapton window, and bottom plate. 
 

The active anode material was mixed with carbon black (Super C65, Timcal) and PVDF in an 

agate mortar. The mixture was suspended in NMP, coated on 8 µm copper foil (Goodfellow) 

and dried at room temperature for 24 h. A microporous polyethylene/polypropylene 

membrane (Celgard 2325) was used as separator and 1 M LiPF6 in ethylene 

carbonate/dimethyl carbonate (Merck) was applied as electrolyte. The counter electrode 

were Li metal respectively Na metal was used as counter electrode. The metal was attached 

on a ring as current collector made of copper foil. The two cell plates are bolt together with 

six Phillips screws. The cells were assembled in an argon filled glovebox and transferred to 

the beamline in a plastic bag. The same in situ cells were also used for ex situ XAS 

investigations. Galvanostatic Li/Na uptake/release was realized with a Biologic SP-300 in a 

voltage range from 3.0 to 0.1 V.  
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2.2.3 X-Ray absorption spectroscopy (XAS) 

X-Ray absorption spectroscopy (XAS) provides information about the local geometry and 

electronic structure of the absorbing atom. The experiment is performed at a synchrotron 

light source with a beamline delivering high intensity and tuneable X-rays. XAS is not 

restricted to crystalline phases, but also highly disordered or amorphous samples can be 

investigated.[156]  

The experimental setup is illustrated in Figure 10. The synchrotron storage ring is shown on 

the left hand side, the beam is passing a double crystal monochromator (Si(111) or Si(311)) 

producing monochromatic light. The first and second ionization chambers measure the flux 

before and after the sample. A fluorescence detector can be installed 45 or 90 degree to the 

sample. The third ionization chamber measures continuously the appropriate metallic 

references foil to provide the correct energy calibration.  

 
Figure 10: Schematic illustration of a XAS experiment (from left to right): Synchrotron light source, 
monochromator (Si crystal), first ionization chamber, sample (in situ cell), fluorescence detector (45 or 90 
degree to the induced beam), second ionization, metallic reference foil, third ionization chamber. 
 

Tuning the energy of the X-rays the absorption of the sample is continuously measured. If 

the incident beam has an energy equal to binding energy of a core level electron (such as 1s 

level) of the absorber atom, a sharp raise of the absorption is observed. The electron is 

promoted from the core level to the continuum (Figure 11 left). This phenomenon is called 

the photoelectric effect. The resulting XAS spectrum is the energy depending of µ at the 

binding energy of a specific element. The emission of an electron leaves behind a core hole. 

There are two principal mechanisms after the absorption event. The core-hole can be filled 

by electrons from higher energy core-level(s) leading to emission of an X-ray photon with a 

fluorescence energy characteristic for the absorber atom (Figure 11 right). The second 

mechanism is the Auger Effect, where an electron drops from a higher energy level into the 

hole by simultaneously emission of an electron into continuum. The energy dependence of 

the absorption coefficient µ can be measured both in transmission and fluorescence 

mode.[157]  
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Figure 11: Schematic illustration of the photoelectric effect, where a core-level electron is promoted to 
continuum (left). Afterwards core-hole is recombined by X-ray fluorescence (right). 
 

Independent whether the spectra are collected in transmission or fluorescence geometry, the 

data analysis and processing is identical: First the data are converted to absorption µ(E). 

Figure 12 left shows exemplarily the spectrum at Fe K-edge for NiFe2O4 nanoparticles linked 

by carbon nanotubes. A smooth pre-edge line and the post edge line are fitted to the 

spectrum. In the next step the spectrum is normalized by transformation of Δµ0 into Δ1 

(Figure 12 right). XAS spectra can be subdivided into two parts: 1) the X-ray Absorption 

Near-Edge Structure (XANES) (pre-edge and rising edge) is the energy range around the 

edge transition, delivering information about the oxidation state and environment of the 

absorbing atom. 2) Extended X-ray Absorption Fine Structure (EXAFS) sheds light on the 

local environment of the absorbing atom, providing information about atom type, bond length 

and coordination number of the first and second or further neighbours.[158]  

 

 
Figure 12: XAS data processing exemplary for Fe K-edge of NiFe2O4 nanoparticles. Observed spectra with 
pre-edge and post-edge line (left) and normalized spectrum with EXAFS and XANES region (right). 
 
The spectrum is calibrated with Fe reference foil measured between the second and third 

ionization chamber. In the exemplary spectra (Figure 12 right) a small pre-edge peak is 

located at 7114 eV and the energy value for the Fe K-edge is 7126 eV, which is discussed in 

detail later.  
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In the next step the EXAFS region is isolated 𝜒(𝑘) by applying the relation 

𝑘 =  2𝑚(𝐸 − 𝐸!)/ℎ!. Afterwards the spectrum is k2-weighted (the weighting depends on 

different factors), which amplifies the oscillations at high k (Figure 13 left). In addition a 

window function is shown, which is multiplied by 𝑘!𝜒(𝑘). Finally EXAFS data are Fourier 

transformed into R-space (𝜒(𝑅), Figure 13 right) which is the magnitude consisting of an 

imaginary and real part. In Figure 13 right the first maximum is located at 1.8 Å (not phase 

shift corrected) which corresponds to the Fe-O distance for Fe located on octahedral sites. 

The shoulder at about 1.6 Å is assigned to Fe-O for Fe on tetrahedral sites. The second 

maximum consists of two peaks at 3.0 and 3.3 Å, which are the Fe-O-M distances for Fe 

tetrahedral and octahedral sites. The XAS spectra were calibrated, normalized, k2-

weightened and Fourier transformed using the Athena Software package.[159]  

 

 
Figure 13: EXAFS region k2-weightened (left) and Fourier transformed EXAFS region ((𝝌(𝑹)) (right). 
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2.3 Rietveld refinement 
 

Rietveld Refinement is an important method for the detailed analysis of X-ray diffraction 

pattern data. The entire powder diffraction pattern is calculated based on a structure model 

including intensity, position, peak shape and background.[160] Based on the following 

equation: 

𝑦! 𝑐𝑎𝑙𝑐 =  𝑦!"#$%&'()* + 𝑆 𝑃!!"  𝐴 2𝜃  𝐿𝑝 2𝜃 𝐹!!" ! 𝜙!!" (2𝜃 − 2𝜃!!")             (3) 

Where 𝑦!"#$%&'()* describes the background intensity, 𝑆 is the scale factor, hkl are the Miller 

indices for the given reflection, 𝑃!!" is the preferred orientation correction, 𝐴 2𝜃  is the 

absorption correction, 𝐿𝑝 2𝜃  is the Lorentz-Polarisation correction, 𝐹!!" represents the 

structure factor and 𝜙(2𝜃 − 2𝜃!!") is a function, which describes the reflection profile. 

Additional more correction functions can be added and the above mentioned corrections are 

just a selection.  

The principle of the Rietveld method is to minimize the difference between the calculated 

pattern and observed data by a least square method.  

For an ideal crystal (strain free, infinite crystallite size, without surface) measured at ideal 

conditions each reflection in the powder pattern would be infinitesimally narrow. The 

observed reflections exhibit a broadened peak shape due to the wavelength of the X-rays, 

the geometric instrument profile (together instrument profile function) and specimen 

broadening function from the sample. Broadening from the instrument can be subtracted 

using the fundamental parameter approach or by measuring the profile function of a line 

profile standard like e.g. NIST 660 LaB6.  

Sample related broadening is caused by size and strain of the material, which can be 

distinguished according to their different dependence on the diffraction angle. Size-effects 

depend on 1/ cos 𝜃 and reflections are generally broadened by a Lorentz function, while 

strain-effects result in an enhancement of the Gaussian fraction of the peak profile and 

correlate with 1/ tan 𝜃. In crystallites two types of strain can be observed. The uniform strain 

expands or contracts the unit cell in an isotropic way and no broadening is observed. 

Reflection broadening depending on non-uniform strain originates from a systematic shift of 

atoms from their equilibrium positions. There are different approaches to determinate the 

influence of size and strain on the broadening.  

For nanocrystalline materials one way to determine the particle size (more precisely: the 

sizes of coherently scattering domains) uses the Scherrer equation:[161] 

  Δ (2𝜃) =  !  !
! !"#!

       (4) 

Where Δ (2𝜃) is the full width at half maximum (FWHM) of the reflection, after subtracting the 

instrumental line broadening, K is the shape factor, which is 0.9 for cubic particles, 𝜆 is the 

wavelength of the X-rays and d is the domain size. According to the Scherrer equation the 
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FWHM increases with the diffraction angle. Properly speaking d is an apparent area 

weighted domain size. Strain effects are not considered in this simple model.  

A more sophisticated approach to distinguish size and strain components in the powder 

pattern is the Williamson-Hall plot.[162] The reflection widths are plotted as a function of 2𝜃. 

From the resulting linear fit of the data the strain can be extracted from the slope, while the 

crystallite size is determined from the y-intercept of the fit. Additionally isotropic and 

anisotropic size and strain can be distinguished visually in Figure 14.  

 
Figure 14: Schematic illustration of Williamson Hall plots concerning isotropic and anisotropic size and 
strain broadening. 
 

Each reflection in the diffraction pattern consists of a Lorentz and a Gaussian term. In the 

Rietveld refinement a pseudo-Voigt function models the reflection profile for extraction of the 

size and strain parameters.[163] As a result the volume-weighted average particle size and 

anisotropic strain is obtained from the refinement.  

For the characterization of nanocrystalline materials, refinement cannot rely on the average 

domain size alone due to its polydisperse particle size distribution. Therefore Whole Powder 

Pattern Modelling (WPPM) is more appropriate. WPPM is based on the direct modelling of 

the experimental data using physical models of the microstructure and lattice defects.[164,165] 

For any broadening source (including particles of different sizes) the corresponding Fourier 

transform is calculated. As a result the domain size distribution can be presented as a 

histogram. Instead of using the PM2K software, a macro implemented in TOPAS academic 

was used.[166,167]  

The particle morphology is determined by calculation of the hkl-dependent anisotropic 

particle size (see also Figure 14), which is implemented in TOPAS academic.[168]  

For rapid collection of powder patterns synchrotron X-ray radiation was used. Operando XRD 

data were collected at the PDIFF beamline (ANKA, Germany) operated at 16 keV 

(λ = 0.77490 Å) with a Princeton CCD Detector. The 2D powder patterns were calibrated and 

transformed using Area Diffraction machine.[169] For operando XRD of the NiFe2O4/CNT 

samples the beamline B18 (Diamond Light Source, England) was operated at 8940 eV 

(λ = 1.3868 Å) using a Mythen 6K detector for data collection.  
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2.4 Transmission electron microscopy 
 

With the transmission electron microscopy (TEM) technique particles and structures within 

the range of nanometers or even smaller can be investigated and characterized. In a TEM 

the electrons are accelerated at e.g. 300 keV in an electric field. The electron beam is 

focused on the sample using magnetic lenses. The electrons interact with the sample and 

pass through. The image is magnified and focussed onto a fluorescent screen or a sensor 

(e.g. CCD Camera). Images occur by occlusion and absorption of the electrons, which is 

called bright field mode.[170]  

Electrons are also diffracted by the solid specimen resulting in an image with spots for single 

crystals or a series of rings for polycrystalline samples. This technique is called selected area 

electron diffraction (SAED, Figure 15). 

TEM can be also combined with energy-dispersive X-ray spectroscopy, which is a technique 

to analyse the chemical composition of the sample with high resolution. Additionally a 

mapping of a selected area or a line scan can be performed, which is very useful to evidence 

the homogeneity of a sample.  

 
Figure 15: Schematic illustration of selected interactions between electron beam and sample in a 
transmission electron microscopy (TEM).  
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2.5 Mössbauer spectroscopy 
 

Mössbauer spectroscopy is based on the Mössbauer effect discovered back in 1958. A 

radioactive source is emitting 𝛾-radiation by transition from an excited state into the ground 

state. The gamma quantum can be absorbed by a nucleus with the same number of protons 

and neutrons. If the local environment of the emitting and absorbing nuclei is exactly the 

same, the nuclear transition energies would be identical. Chemical differences in the local 

environment of the absorber nucleus lead to tiny energy shifts. The two nuclei can be 

brought back into resonance by changing slightly the energy of the 𝛾-radiation using the 

Doppler effect. General three different interactions can be observed: 

The isomer shift is caused by the different s-electron densities in the emitting and absorbing 

atoms. The s-electron density is affected by the oxidation state and the nature of the ligands 

respectively atoms/ions in the local environment of the absorber atom.  

All nuclei with an angular momentum I > 1/2 have a non-spherical charge distribution. This 

produces an asymmetrical electric field, which splits the nuclear energy levels. A nuclear 

quadropole moment is produced. For e.g. 57Fe the 3/2 to 1/2 transition is split into two 

substates (ml = 1/2 and ml = 3/2) leading to occurrence of a doublet in the spectrum. 

Quadrupole splitting is measured as the distance between the two observed peaks.  

Hyperfine splitting is an interaction between the nucleus and surrounding internal and 

external magnetic fields. This dipolar interaction is known as Zeeman effect. For e.g. 57Fe 

with I = 3/2 and 1/2 the signals split into 6 sub-states (Figure 16) so that a sextet is observed 

in the spectrum.  

 
Figure 16: Schematic illustration of the possible transitions in a Mössbauer spectrum, which can be 
observed for e.g. Fe3+ ions in a spinel structure. 
 
57Fe Mössbauer spectroscopic measurements were performed at room temperature using a 

constant acceleration spectrometer with a 57Co(Rh) source. Isomer shifts are given relative to 

that of α-Fe at room temperature. 
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2.6 Solid state 7Li NMR spectroscopy 
 

Atoms with an odd number of protons or neutrons have a nuclear spin which is associated 

with a magnetic dipole moment. This dipole moment can interact with local and external 

magnetic fields and thus leads to additional contributions to the energy levels of the nucleus 

resulting in the so-called Zeeman splitting. Solid state nuclear magnetic resonance (NMR) 

makes use of transitions between the Zeemann levels and is thus able to probe the 

interactions of these nuclei with its environment and is able to give information about these 

environments. Solid state NMR spectra are characterized by very broad lines in comparison 

to those obtained for liquid samples because of anisotropic interactions in the crystal 

lattice.[171] The anisotropic dipolar interactions can be suppressed by artificial motion of the 

solid. The sample is rotated around an axis oriented at an angle of 54.74 ° with respect to the 

external magnetic field, which is called magic-angle spinning (MAS). The spinning rate must 

be equal to or larger than the dipolar line width (1 to 100 kHz).[172,173]  
7Li MAS NMR spectroscopy was performed at room temperature on a Bruker Avance 

200 MHz spectrometer at a magnetic field of 4.7 T corresponding to a Larmor frequency of 

νL = 77.8 MHz. A spinning speed of 60 kHz was applied using 1.3 mm rotors in a dry nitrogen 

atmosphere. An aqueous 1 M LiCl solution served as 7Li reference (0 ppm). The typical value 

for the recycling delay was 1 s. 7Li MAS NMR experiments were implemented with a rotor-

synchronized Hahn-echo sequence (π/2–τ–π–τ–acquisition) and a typical π/2 pulse length of 

2 µs. 
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2.7 Standard methods for sample characterization 
Additional various standard characterization methods were performed to investigate the as-

prepared and Li/Na containing materials. These methods are: X-ray powder diffraction 

(XRD), Scanning electron microscope (SEM), energy-dispersive X-ray spectroscopy (EDX), 

Elemental analysis (EA), Raman spectroscopy, N2 physical adsorption and atomic absorption 

spectroscopy (AAS). Table 4 summarizes the equipment for characterization. 

 
Table 4: Overview of the used equipment. 

Method Equipment Description 

XRD PANalytical X’Pert Pro Reflection geometry, Cu-Kα and Cu-Kβ 
radiation (ratio 2:1), pixcel detector 

XRD Stoe Stadi P Transmission geometry, Mo-Kα radiation, 
Mythen 1k detector 

SEM/EDX Philips ESEM XL 30 Scanning electron microscope 
with EDAX New XL-30 EDX detector 

EA Eurovektor EuroEA 
Elemental Analyzer 

Analysis of carbon, hydrogen, nitrogen 
and sulphur via combustion analysis, 

carrier gas: He 

Raman Horiba LaRam Evolution 
HR Nd:YAG solid state laser 532 nm (10 mW) 

Physical adsorption BELSORP Max from 
BEL Japan INC. 

N2, Samples were activated for 14 h at 
200 °C under vacuum (0.1 mbar) 

AAS Perkin Elmer Analyst 
3000 Flame atomizer (air-acetylene) 

TEM Tecnai F30 G2-STwin 300 kV, field emission cathode, Si/Li 
detector for nanoprobe EDX 

Mössbauer - 
Transmission geometry, 
γ-ray source: 57Co(Rh), 

reference: α-Fe-foil 

NMR spectroscopy Bruker Avance 
200 MHz 

Magnetic field: 4.7 T, 
Lamor frequency νL = 77.8 MHz, 

60 kHz spinning speed with 1.3 mm rotors 

CV Zahner XPot Potentiostat/galvanostat 

Galvanostatic 
cycling Material Mates MM510 Potentiostat/galvanostat 

Galvanostatic 
cycling MTI BST8-MA 8 channel galvanostat 
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3 Publications 

3.1 Electrochemical insertion of Li into nanocrystalline MnFe2O4: A study of 
the reaction mechanism 

 

In the publication the investigation of the mechanisms occurring during Li uptake of partially 

inverse spinel MnFe2O4 nanoparticles is presented. Using X-ray diffraction, in-situ Quick X-

ray Absorption Spectroscopy, Mössbauer Spectroscopy, High Resolution Transmission 

Electron Microscopy, 7Li-MAS NMR, and electrochemical measurements the formulation of a 

detailed reaction mechanism from the beginning of Li uptake is possible. The capacity of the 

material is 1.5 times larger than expected, an observation made frequently for the type of 

conversion reactions. During cycling the capacity is decreasing to 266 mAh g-1 in the 100th 

cycle. At the very early stage of Li uptake Fe3+ ions located on the tetrahedral site are 

reduced and simultaneously move to empty octahedral sites. For 1 Li/MnFe2O4 the X-ray 

powder pattern could only be refined assuming a two phase mixture: a monoxide formed by 

movement of the cations from the tetrahedral site to empty octahedral sites and remaining 

spinel. The formation of the monoxide is accompanied by a decrease of the size of the 

coherent scattering domains of the spinel. Reaching 2 Li/MnFe2O4 the reflections of the 

spinel phase disappeared and only those of the monoxide could be detected via XRD and 

HRTEM. Increasing the amount of Li/MnFe2O4 beyond 2, a conversion reaction occurs. After 

uptake of 8 Li per f.u. metallic Mn and Fe are embedded in a matrix of Li2O evidenced by 

TEM and 7Li NMR. Mn, Fe and Li2O are homogeneously distributed in the discharged 

material. During charging (Li release) metallic Mn and Fe are oxidized. 

 

Following research article is reproduced by permission of The Royal Society of Chemistry 

2013 

 

Original citiation: 

Stefan Permien, Holger Hain, Marco Scheuermann, Stefan Mangold, Valeriu Mereacre, 

Annie K. Powell, Sylvio Indris, Ulrich Schürmann, Lorenz Kienle, Viola Duppel, Svenja Harm, 

Wolfgang Bensch, RSC Advances, 2013, 3, 23001-23014. – published by the Royal Society 

of Chemistry 

DOI:10.1039/c3ra44383c 
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3.2 Is there a universal reaction mechanism of Li insertion into oxidic 
spinels: a case study using MgFe2O4 

 

This publication presents results of another investigation on the reaction mechanisms 

occurring during discharge (Li uptake) and charge (Li release) into an oxidic spinel-type 

material. The aim was establishing a universal reaction mechanism for oxidic spinels on the 

basis of our investigations and those published in literature. Two samples with differently 

sized MgFe2O4 nanoparticles were synthesized and the pristine materials were characterized 

with XRD, EDX, SEM, N2-sorption, TEM and Mössbauer spectroscopy. The electrochemical 

performance was investigated with galvanostatic cycling and cyclovoltammetry. The capacity 

of the first discharge of 1232 mAh g-1 and 1118 mAh g-1 for the larger particles exceeds the 

theoretical value which may be explained by side reaction with the electrolyte and SEI 

formation. According to Ex-situ XRD, 7Li NMR and Mössbauer spectroscopy the mechanisms 

for Li uptake seems to be different for particles with different sizes: In case of nanosized 

particles, the complex pathway of the discharge reaction seems to start with an intercalation 

of very small amounts of Li, in contrast to larger particles where no indication were found for 

intercalation. After insertion of 2 Li per formula unit the rock salt structure is formed by the 

movement of cations located on tetrahedra to empty octahedra. Simultaneously Fe3+ is 

reduced to Fe2+. During further uptake of Li amorphous MgO and metallic Fe nanoparticles 

were formed being embedded in a Li2O matrix. The Mg2+ ions could not be reduced to 

metallic Mg which makes Mg based spinel oxides unsuitable as anode material in Li 

batteries. After the charge process the spinel type structure with Fe3+ ions could not be 

observed. The results indicate that amorphous inactive MgO is separated from active 

materials FeO and Li. 

Following research article is reproduced by permission of the Royal Society of Chemistry 

2015 

 

Original citiation: 

Stefan Permien, Sylvio Indris, Marco Scheuermann, Ulrich Schürmann,  Valeriu Mereacre, 

Annie K. Powell, Lorenz Kienle, Wolfgang Bensch, Journal of Material Chemistry A, 2015, 3, 

1549-1561. – published by the Royal Society of Chemistry 

DOI: 10.1039/c4ta05054a  
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3.3 What happens structurally and electronically during the Li conversion 
reaction of CoFe2O4 nanoparticles: An operando XRD and XAS 
investigation 

 

In the publication the results of an operando XRD and XAS study using CoFe2O4 

nanoparticles as anode material in Lithium ion batteries is presented. The long-range 

structural changes occurring during the first discharge/charge cycle were investigated with 

operando XRD (ANKA, Karlsruhe) while the alterations of the local structure and electronic 

properties were followed by operando XAS studies at the Co and Fe K-edges (BESSY, 

Berlin). On the basis of all results we postulate that the first reaction during discharge is an 

uptake of Li by an amorphous surface layer covering the crystalline cores of the particles. 

Increasing the Li content a rock-salt like oxide is successively formed and the spinel structure 

disappeared after uptake of about 2 Li per formula unit. During this reaction Fe3+ is reduced 

to Fe2+ while Co2+ is not affected. The bivalent cations located on tetrahedra in the spinel 

structure move to empty octahedra yielding the structural arrangement of NaCl. Uptake of 

more Li leads to successive formation of amorphous Co and Fe metal nanoparticles 

embedded in a Li2O matrix. The reduction of Fe2+ and Co2+ to the metallic state occurs 

simultaneously without any further intermediate reaction step. After the charge process 

oxides are formed which are either amorphous or crystallite sizes are too small to be 

detected by XRD. The XAS investigations evidence that metallic Co and Fe are oxidized to 

Co2+ and Fe3+ during charging. But extended cycling leads to a successive deactivation of 

metallic Co, i.e. after few cycles Co could not be oxidized. This is one reason for irreversible 

capacity loss observed during cycling.  

 

Reprinted with permission from Stefan Permien, Sylvio Indris, Ulrich Schürmann, Lorenz 

Kienle, Stefan Zander Stephen Doyle, Wolfgang Bensch, Chemistry of Materials, 2016, 28, 

434-444. DOI: 10.1021/acs.chemmater.5b01754 Copyright 2016 American Chemical 

Society. 
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3.4 Elucidation of the Conversion Reaction of CoMnFeO4 Nanoparticles in 
Lithium Ion Battery Anode via Operando Studies 

 

CoMnFeO4 nanoparticles were synthesized by a new and simple synthesis route. The as-

prepared material was characterized with XRD, EDX, SEM and TEM. Electrochemical Li 

uptake and release as well as operando XAS/XRD investigations are reported for the first 

time for such a tri-metallic oxide. The material exhibits promising capacity stability over many 

cycles accompanied by a high capacity at different currents. For the first time the whole 

powder pattern modelling (WPPM) approach was used to analyse operando XRD data giving 

unique insights into alterations of the lognormal domain size distribution during Li uptake and 

of the particle morphologies during the chemical reaction. Operando XAS studies at the Mn, 

Fe and Co K-edges displayed the sequence of changes of the oxidations states and of the 

local environments of the different transition metals, which are related to the potential steps 

in galvanostatic cycling. The pathway of the discharging reaction starts with insertion of 

~0.5 Li into the amorphous oxide on the surface of the nanoparticles. After uptake of 2.5 Li 

per formula unit a (distorted) rock salt structure is formed. Further Li uptake leads to 

successive formation of amorphous Mn, Fe and Co metal nanoparticles embedded in a Li2O 

matrix. The XAS data demonstrate that first Mn3+ is reduced followed by Fe3+. After the 

charge process metallic Mn, Fe and Co are oxidized to Mn2+, Fe3+ and Co2+, i.e. Mn adopts 

the oxidation state +2 explaining the partial capacity loss reported for Mn(III) containing 

spinels. Further cycling and TEM investigations showed stable redox reactions over many 

cycles and no phase separation could be detected.  

 

Reprinted with permission from Stefan Permien, Sylvio Indris, Anna-Lena Hansen, Marco 

Scheuermann, Dirk Zahn, Ulrich Schürmann, Gero Neubüser, Lorenz Kienle, Eugen 

Yegudin, Wolfgang Bensch, ACS Applied Materials & Interfaces, 2016, 8, 15320-15332. 

DOI: 10.1021/acsami.6b03185. Copyright 2016 American Chemical Society. 
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3.5 The role of reduced graphite oxide in transition metal oxide 
nanocomposites used as anode material: A case study on CoFe2O4/rGO 

 

Spinel oxide nanoparticles were deposited on reduced graphite oxide (rGO), which is an 

efficient method to stabilize the capacity over many cycles. In this publication the excellent 

cycling stability for CoFe2O4/rGO is presented with the focus on the elucidation of the 

reaction mechanisms. Combining synchrotron radiation based operando X-ray diffraction 

(XRD) and X-ray absorption spectroscopy (XAS) allowed following the structural alterations 

on different length scales and monitoring changes of the electronic states of the metal ions 

during Li uptake and release. The results are supported by ex situ XAS and TEM. On the 

basis of all results a detailed reaction mechanism for Li uptake and release of CoFe2O4 

nanoparticles on rGO was formulated. The pathway of the discharging reaction starts with 

uptake of a small amount of Li on the surface of the nanoparticles and rGO respectively. 

After uptake of 2.5 Li per formula unit, rock salt structured monoxide Co1/3Fe2/3O is formed. 

Further Li uptake leads to successive formation of amorphous Co and Fe metal 

nanoparticles embedded in a Li2O matrix. After the charge process metallic Co and Fe 

nanoparticles are oxidized to Fe3+ and Co2+. This behaviour of the nanoparticles in 

CoFe2O4/rGO is similar to pure CoFe2O4 nanoparticles. The reduced graphite oxide does not 

influence the reaction mechanism of the nanoparticles, but rGO seems to compensate the 

volume expansion occurring during the reactions thus improving the electronic conductivity 

between the formed species. The positive effect is visible during further cycling. The redox 

reactions Co0↔Co2+ and Fe0↔Fe3+ are stable over many cycles, in striking contrast to 

studies on CoFe2O4 without rGO where metallic Co could not be oxidized during extended 

cycling. Even after many cycles Fe and Co are homogenously dispersed over the rGO 

sheets, and a phase separation postulated on the basis of CV by other groups can be 

excluded. Operando Raman spectra show that rGO is not destroyed during cycling.  
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4 Further Projects (will be submitted soon) 

4.1 The Lithiation and Delithiation Process of Nanocomposite Materials 
Consisting of NiFe2O4 Nanoparticles and Carbon Nanotubes 

4.1.1 Short Introduction 

NiFe2O4 nanoparticles show high capacities for the first discharge and charge process.[121,174–

176] Unfortunately for pure NiFe2O4 nanoparticles strong capacity fading was observed during 

repeated cycling.[92,175–177] The main reason for this finding is the mechanical degradation due 

to the high volume change during Li uptake and release. Special morphologies like 

nanosheets, hollow spheres or nanorods compensate to a certain amount the volume 

expansion by a higher packing density.[178] Alternatives are carbon coatings or nanoparticles 

deposited on graphene nanosheets, which also improve the cycling stability compared to 

pure NiFe2O4.[90,179–182] Another approach is the usage of carbon nanotubes (CNTs) which 

cross-link the oxide nanoparticles.[91,183–188] It is assumed that CNTs form an interconnected 

network ensuring the electric conductivity and compensating the strong volume expansion. 

The reaction mechanisms occurring during Li uptake and release as well as the influence 

and role of the CNTs are not investigated in detail yet and as a consequence the role of 

CNTs is not fully understood. Furthermore, the intermediates and products during Li uptake 

and release of NiFe2O4 are not proven. The following mechanisms were proposed on the 

basis of CV (eqn. 5+6).[175,179,180]  

 

First discharge:                  𝑁𝑖𝐹𝑒!𝑂! + 8 𝐿𝑖 → 𝑁𝑖 + 2 𝐹𝑒 +  𝐿𝑖!𝑂    (5) 

Subsequent cycles:           𝑁𝑖 + 2 𝐹𝑒 +  𝐿𝑖!𝑂 ↔ 𝑁𝑖𝑂 + 𝐹𝑒!𝑂! + 8 𝐿𝑖  (6) 

 

In situ XAS investigations on pure NiFe2O4 nanoparticles evidence the formation of metallic 

Ni and Fe nanoparticles, but the discharge and charge reactions reported were incomplete 

and therefore the results remain unsatisfactory.[189] Moreover, the proposed mechanism is 

solely based on XAS which only provides information about the local structural environment 

of Ni and Fe and the electronic properties. A better cycling stability for CoFe2O4/CNT 

compared to bare CoFe2O4 nanoparticles was already reported.[183]  

For NiFe2O4/CNT here the first report on the electrochemical performance and reaction 

pathways is presented. In the course of the study NiFe2O4 nanoparticles and NiFe2O4/CNT 

composite were synthesized and the electrochemical performance was investigated via 

galvanostatic cycling and CV. The electronic changes and structural alterations of 

NiFe2O4/CNT were investigated in detail using operando XAS and XRD. The experiments 

are complemented by ex situ XAS, TEM and 7Li MAS NMR.  
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4.1.2 Synthesis of NiFe2O4 and NiFe2O4/CNT 

NiFe2O4 nanoparticles cross-linked with carbon nanotubes (CNTs) were synthesized via a 

one-step solvothermal method. 0.035 g multiwall carbon nanotubes (Bayer) were suspended 

in 6 mL H2O in an ultrasonic bath for 1 h. A solution of 0.484 g Fe(NO3)3·9H2O (Grüssing), 

0.174 g Ni(NO3)2·6H2O (Merck) and 6 mL H2O were added. To this mixture 4.5 mL of 6 M 

NaOH solution (Grüssing) was added drop wise under continuous stirring. The solution was 

transferred into a Teflon-lined steel autoclave with an inner volume of 30 mL and heated for 

24 h at 150 °C. The product was magnetically decanted, washed three times with H2O 

followed by ethanol (Walter CMP) and dried at 60 °C. Same synthesis was performed with 

CNTs (NiFe2O4/CNT) and without (NiFe2O4). For experimental methods and sample 

preparation see section 2.3. 

4.1.3 Characterization of as-prepared NiFe2O4/CNT and NiFe2O4 

XRD powder patterns of as-prepared NiFe2O4/CNT and NiFe2O4 are displayed in Figure 17. 

Both patterns were refined in the cubic spinel structure (space group Fd3̄m) using TOPAS 

Academic. The volume-weighted average particle sizes are d = 43.9(2) nm for NiFe2O4 and 

d = 36.1(2) nm for NiFe2O4/CNT. The lattice parameter a is similar for both samples, 

a = 8.3558(1) Å for NiFe2O4 and a = 8.3604(2) Å for NiFe2O4/CNT. These results are in 

accordance with literature data.[190]  

Figure 17: XRD powder pattern (black) of the as-prepared NiFe2O4 (left) and NiFe2O4/CNT (right). Refined 
pattern (red), difference curve (blue) and Bragg positions (green). 
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The lognormal domain size distribution of the coherently scattering domains (Figure 18, 

middle) reveals that both samples consist of particles in the range of 2-80 nm, while the most 

particles (ca. 60 %) are in a narrow range from 10 to 20 nm. From the (hkl)-dependent 

domain sizes a cube-like shape with rounded edges was extracted (Figure 18 left and right) 

which is independent from addition of CNTs.  

 
Figure 18: Lognormal domain size distribution (middle) of the as-prepared NiFe2O4 (black) and 
NiFe2O4/CNT (grey) nanoparticles. Particle shape of the NiFe2O4 (left) and NiFe2O4/CNT (right) 
nanoparticles. 
 

In the TEM image nanoparticles are seen with sizes ranging from ca. 10 to 80 nm (Figure 19, 

left), in accordance with the size distribution obtained by evaluation of XRD data. NiFe2O4 

crystallites are mainly cubes in agreement with the (hkl)-dependent anisotropic particle 

morphology. The nanoparticles are interconnected via a network of CNTs. EDX data yield a 

Fe to Ni ratio of 2:1 (three different positions, Table 5). The representative SAED pattern 

confirms cubic symmetry (space group: Fd3̄m, Figure 19, right). 

Elemental analysis yields a carbon content of 19.4 wt. % (± 0.5 wt. %, average of 3 

measurements). 

 
Figure 19: TEM image of the as-prepared NiFe2O4/CNT nanocomposite (left) and corresponding SAED 
pattern (right). 
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Table 5: Results of the EDX measurements at three different positions of the sample. 
 NiFe2O4 NiFe2O4/CNT 

position Fe / At % Ni / At % Fe / At % Ni / At % 

1 67.74 32.26 66.71 33.29 

2 70.16 29.84 65.96 34.04 

3 66.92 33.08 65.62 34.38 

average 68.27 31.73 66.10 33.90 

 

The Raman spectra of NiFe2O4, NiFe2O4/CNT and pure CNT are presented in Figure 20. For 

pure CNTs (blue) three characteristic bands are observed, namely the D-band at 1332 cm-1, 

the G-band (1593 cm-1) and the D’-band (1613 cm-1). The intensity and energy of the 

resonances are in agreement with literature data for multiwall carbon nanotubes.[191–194] For 

NiFe2O4 nanoparticles (red) four asymmetric bands are visible. The asymmetric shape with a 

shoulder on the low energy side of the resonances is characteristic for an inverse spinel 

structure and a polydisperse size-distribution of nanoparticles respectively.[195] The bands 

can be assigned to Eg, F2g(2), F2g(3) and A1g. Symmetric bending of oxygen atoms along the 

Fe-O bond (and Ni-O) can be assigned to the Eg mode, while asymmetric bending belongs to 

F2g(3). The A1g mode is due to symmetric stretching of Fe-/Ni-O bonds and the F2g(2) mode is 

due to asymmetric stretching.[196,197] The Raman spectrum of NiFe2O4/CNT appears as a 

combination of the two spectra of CNT and NiFe2O4. The resonances of the spinel and of the 

CNTs are visible, evidencing that both constituents are intact in the composite. 

 
Figure 20: Raman spectra of NiFe2O4 (red), NiFe2O4/CNT (black) and CNT (blue). 
 

Summarizing the samples NiFe2O4 and NiFe2O4/CNT contain particles with similar sizes, 

chemical composition and morphology.  
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4.1.4 Electrochemical performance 

NiFe2O4/CNT and NiFe2O4 were mixed with carbon black and CMC as binder in 80/10/10 

ratio (detailed description is given in section 2.3). In Figure 21 (left) the first and second 

discharge/charge cycles of the two samples are shown. During the first cycle a fast drop to a 

long plateau at 0.8 V is observed. The plateau corresponds to an uptake of 6.0 Li per f. u. for 

NiFe2O4/CNT and 6.5 Li per f. u. for NiFe2O4. During the first charge process (Li release) a 

sloping plateau at about 1.8 V occurs for both samples. The reversible capacity is similar for 

both materials (1001 mAh g-1 for NiFe2O4/CNT and 1092 mAh g-1 for NiFe2O4). The 

irreversible capacity loss during the first cycle is mainly caused by the formation of a solid 

electrolyte interphase (SEI).[198] During the second discharge, the potential drops more slowly 

to a potential located at 1.0 V, while the charge process is similar for both samples. These 

results indicate a similar reaction pathway for NiFe2O4/CNT and NiFe2O4. We note that pure 

NiFe2O4 has a larger initial and reversible capacity, indicating that CNTs are inactive and not 

involved in the reversible Li uptake and release. After the second charge process the 

reversible capacity of 949 mAh g-1 is close to the theoretical value (915 mAh g-1). The 

additional capacity may be a result of reversible reactions with the electrolyte or Li adsorption 

on the large surface of the nanoparticles.[199–202]  

 
Figure 21: First and second cycle of NiFe2O4 and NiFe2O4/CNT (left). Evolution of the capacity during the 
first 40 cycles for NiFe2O4, NiFe2O4/CNT and NiFe2O4 + CNT (ball milled for 30 min at 15 Hz) (right).  
 

Repeated cycling from 0.1 to 3.0 V lead to a capacity fading for pure NiFe2O4 nanoparticles 

during the first 40 cycles (Figure 21 right, red triangles). Notably, the NiFe2O4/CNT composite 

shows the best cycling stability (Figure 21 right, blue triangles). After 40 cycles the capacity 

is still 933 mAh g-1 being larger than the theoretical one and significantly better compared to 

reports for pure NiFe2O4 nanoparticles.[92,175–177] The capacity obtained in the 40th cycle is 

also superior compared to NiFe2O4/graphene and NiFe2O4/C, showing similar performance 

like NiFe2O4 nanofibers.[90,180,181] The pure NiFe2O4 nanoparticles were also ball milled with 

CNTs for 30 min at 15 Hz. This additional experiment did not improve the cycling stability 

finally yielding 600 mAh g-1 (Figure 21 right, green triangles). This result demonstrates that 
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only the synthesis of an interconnected NiFe2O4/CNT composite stabilizes successfully the 

cycling capacity, which is in agreement with results for CoFe2O4/CNT.[183]  

Cyclic voltammetry curves of NiFe2O4/CNT and NiFe2O4 exhibit similar shapes for both 

samples (Figure 22). During the first discharge an intense peak occurs at about 0.5 V. During 

charging two peaks are visible at 1.7 and 1.9 V. Subsequent cycles show different anodic 

signals (1.6 V, 0.8 V), while the cathodic peaks occur at an identical potential. After the first 

cycle new species are formed, which are reversibly cycled during successive Li uptake and 

release. For NiFe2O4/CNT the signals are more intense and narrow suggesting a better 

conductivity of the material. For pure NiFe2O4 nanoparticles a capacity fading is signalled 

between the second and fifth cycle observable by the decrease of the integrated area 

between charge and discharge curves. The CV curves measured here are in agreement with 

data presented in literature.[90,181,182]  

 
Figure 22: CV of the first five cycles measured from 0.0 to 3.0 V at scan rate of 0.1 mV/s for NiFe2O4 (left) 
and NiFe2O4/CNT (right). 
 

The composite NiFe2O4/CNT shows a superior electrochemical performance compared to 

results presented in literature and pure NiFe2O4 nanoparticles. In the next sections the 

results of the investigations of the reaction mechanisms occurring during Li uptake and 

release are discussed.  

 

4.1.5 Operando XRD and XAS 

The setup of beamline B18 at Diamond Light Source (UK) allows recording operando XAS 

data at the Fe K- and Ni K-edge as well as operando XRD patterns simultaneously using one 

cell. The XAS spectra were collected within 3 min each (Quick EXAFS scan). Afterwards, the 

energy was adjusted to 8940 eV (λ = 1.3868 Å) and powder patterns were recorded with a 

6K Mythen detector within 3 Min. The reflection positions were corrected using silicon (NIST 

640c) as standard reference material. The potential profile of the in situ cell is presented in 

Figure 23. Only marginal differences compared to the Swagelock test cell used in section 

4.1.4 are visible which can be explained by the different cell setups (without spring). The first 
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discharge process (Figure 23, blue) is subdivided into two regions. Region I embodies the 

uptake of the first 2.5 Li per f. u. and region II covers the discharge to 0.1 V. Region III 

comprises the first charge up to 3.0 V (Figure 23, red).  

 
Figure 23: Potential curve of the in situ cell during first discharge (Li uptake, blue) and first charge (Li 
release, red). 1 Li converted per formula unit ≈ 114 mAh g-1.  
 

Operando XRD patterns are displayed in Figure 24. Every second scan is displayed 

collected during Li uptake (regions I and II, black) and Li release (region III, blue). The XRD 

pattern of the as-prepared NiFe2O4/CNT (Figure 24, red) is typical for cubic spinel 

nanoparticles. During region I a fast drop of the potential to 0.8 V occurs. The spinel phase is 

successively transformed to a new phase as can be seen by the intensity loss of the (311) 

and (220) reflections, and the simultaneous appearance of new reflections at 33 and 38 °2θ. 

Similar to Mn3O4, ZnFe2O4 MnFe2O4, MgFe2O4 and CoFe2O4 we propose the formation of a 

monoxide phase.[68,140,203–205] During Li uptake Fe3+ ions are reduced to Fe2+ accompanied by 

movement of Ni2+ and Fe2+ ions located on tetrahedral sites to neighbouring empty 

octahedral sites. The phase fraction of the spinel and monoxide phases was determined by 

quantitative Rietveld analysis (Figure 24, bottom left). The reflection of Cu was used as 

internal standard for the intensity quantification and the intensity of the reflections of the as-

prepared spinel were used as 100 % standard. During Li uptake up to about 0.6 Li the spinel 

phase fraction decreases, while reflections of the monoxide could not be detected. The 

‘consumption’ of the spinel starts at about 0.2 Li which is lower than observed for CoFe2O4 

nanoparticles.[205] The lattice parameter a increases linearly during Li uptake by about 0.3 % 

up to ca. 2 Li per formula unit. As mentioned above Li uptake is accompanied by reduction of 

Fe3+ ions which move from tetrahedral sites to neighboured octahedral sites. It can be 

assumed that the lattice parameter expansion is due to the larger ionic radius of Fe2+ residing 

on the octahedral sites. For the uptake of more than 2 Li+ the intensity of the reflections of 

the spinel was too low for reliable lattice parameter refinements. (Figure 24, bottom right).  
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Figure 24: Operando XRD powder patterns collected during the first cycle (top); results of quantitative 
Rietveld refinement (bottom left) and variation of the lattice parameters (bottom right) of the spinel and 
monoxide phases.  
 

At about 0.7 Li per f. u. reflections of the monoxide phase could be detected with subsequent 

increasing phase fraction with increasing Li content. At earlier stages of Li uptake the size of 

coherently scattering domains may be too small to be detected via XRD. After uptake of 2 Li 

per f. u. the amount of the spinel phase dropped to less than 10 % and reflections of the 

monoxide phase are dominating. The lattice parameter of the monoxide (cubic, Fm3̄m) 

increases rapidly at the beginning and stays constant after uptake of 2 Li per f. u.. No 

reflections of the spinel could be detected after uptake of 2.4 Li per f. u.. The cell parameter 

of the monoxide was refined to 4.231(1) Å with a particle size of 21(4) nm. A comparison with 

a-axis values of NiO (22 nm, 4.179 Å)[206] and of nearly stoichiometric FeO nanoparticles 

(18 nm, 4.305 Å)[207] shows that the lattice parameter of the monoxide is in between, i.e., 

most likely the mixed NixFeyO phase has been formed. Interestingly, under a thermodynamic 

point of view formation of a mixed monoxide Ni1/3Fe2/3O is not possible.[208] The formation of 



Further Projects

 100 

the oxide may be a result of reaction on the nanoscale where classical thermodynamics may 

play a less dominating role. Phase separation into two separated oxides would require a type 

of “concerted” movements of Fe2+ resp. Ni2+ which seems to be not reasonable.  

Further Li uptake (region II) transforms the monoxide phase into an amorphous product or 

into particles which are too small to be detected via XRD. During charge (Li release, region 

III) no reflections appeared in the XRD patterns, an observation made earlier for several 

other spinel materials.[68,203–205]  

Operando XAS spectra collected at the Fe and Ni K-edges during region I are presented in 

Figure 25. For the Fe K-edge spectrum of as-prepared NiFe2O4/CNT the main absorption is 

located at 7126 eV with a pre-edge signal at 7112 eV. Identical values were reported for Fe3+ 

in NiFe2O4.[209,210] The Ni K-edge is located at 8345 eV with a large intensity of the 1𝑠 → 4𝑝 

transition and very weak pre-edge signal which is typical for Ni2+ in octahedral 

environment.[209,211] The pre-edge feature in the Fe spectrum highly suggests that Fe3+ ions 

are at least partially located on tetrahedral sites (Wyckoff position 8a). These observations 

are in agreement with the inverse spinel structure of NiFe2O4.[190]  

The Li uptake leads to a significant shift of the Fe K-edge to lower energy, while the Ni K-

edge is only slightly affected. After uptake of about 2.3 Li the Fe K-edge reached the energy 

position of Fe2+ at 7124 eV.[212] Simultaneously the pre-edge feature disappeared indicating 

that Fe2+ left the non-centrosymmetric tetrahedral position.  

 
Figure 25: Operando XAS spectra at Fe K-edge (left) and Ni K-edge (right) during region I. The inset 
represents FT R-space of the data (not phase shift-corrected).  
 

The insets in Figure 25 display the Fourier transformed (FT R-Space) spectra recorded in 

region I. Two broad signals are visible representing the first and second neighbours of the 

absorber atoms. In the crystal structure the first neighbour is O2- and hence the signal at 

1.5 Å and the shoulder corresponds to M-O bonds. The second signal at 2.7 Å is caused by 

the next-nearest neighbour, which is a metal cation. While for Ni no changes are seen, the 

Fe signal becomes more narrow due to movement of Fe cations from the tetrahedra to 

octahedra. After uptake of about 2.5 Li the shoulder at <1.5 Å is still visible which is may be 

an effect of the poor crystallinity of the monoxide.  
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During region II the shape of both spectra changes (Figure 26): the intensity of the 1𝑠 → 4𝑝 

transition decreases while a signal typical for metals develops during discharge to 0.1 V. A 

rotation around isobestic points located at 7124 eV for Fe and 8344 eV for Ni are visible 

typical for simultaneously reduction of Fe2+ and Ni2+ to the metallic state without additional 

intermediate phases. At the end of region II the spectra at both edges are very similar to that 

of the metallic reference foils (see also 4.1.6). In the FT R-space the M-O and M-M shells 

disappear and a peak at about 2 Å appears which is typical for metallic M-M.  

 
Figure 26: Operando XAS spectra at Fe K-edge (left) and Ni K-edge (right) during region II. The inset 
represents FT R-space curves of the data (not phase-shift corrected).  
 

In region III the in situ cell is charged to 3.0 V and Li is released. The Fe and Ni K-edge 

spectra exhibit a backward rotation around isobestic points at 7126 eV (Fe) and 8343 eV (Ni) 

(Figure 27), indicating oxidation of metallic Fe and Ni particles. We note that the oxidation of 

the metallic Fe starts slightly earlier compared to Ni. In the FT R-space the intensity of the 

metallic M-M shells slightly decreases suggesting oxidation of the metals.  

 
Figure 27: Operando XAS spectra at Fe K-edge (left) and Ni K-edge (right) collected during charge 
operation (region III). The inset represents FT R-space curves of the data (not phase-shift corrected). 
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4.1.6 7Li MAS NMR 
7Li MAS NMR spectra of NiFe2O4/CNT after uptake of 2.5 Li per f. u., first discharge and first 

cycle show isotropic peaks near 0 ppm (Figure 28, right). This observation indicates that Li is 

present as Li2O in all three samples. If Li-O-M (M = Ni, Fe) bonds would be formed a much 

larger shift is expected. In all three spectra a large sideband pattern is visible revealing 

paramagnetic phases in close vicinity of Li2O. The sample after uptake of 2.5 Li per formula 

unit displays a narrow sideband pattern and a shift very close to 0 ppm, indicating the 

formation of Li2O (Figure 28, blue). After the first discharge the sideband pattern is extremely 

broadened and shifted towards -10 ppm characteristic for the presence of paramagnetic 

metallic Ni and Fe nanoparticles (Figure 28, black). After the first cycle the sideband patterns 

are narrower again and the shift is at 0 ppm (Figure 28, red). Irreversibly consumed Li 

generates Li2O and the metallic nanoparticles are oxidized to oxidic species. These results 

are in good agreement with those reported for Li uptake into MnFe2O4 and MgFe2O4 

nanoparticles.[203,204]  

 
Figure 28: 7Li MAS NMR spectra of NiFe2O4 after uptake of 2.5 Li (blue), first discharge to 0.1 V (black) and 
first cycle (red).  
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4.1.7 Ex situ XAS 

With in situ and operando investigations only the first cycle could be investigated due to 

limited availability of beam time at synchrotron sources. Therefore XAS spectra were 

collected ex situ after one, two, three and five cycles. The XANES regions for Fe and Ni K-

edges are displayed in Figure 29. As already discussed in section 4.1.5 in pristine NiFe2O4 

the Ni2+ cations are mainly located on octahedral sites and Fe3+ resides on tetrahedral and 

octahedral sites in a nearly 1:1 ratio. The spectra of the metallic reference foils and the 

material after first discharge are very similar (Figure 29, straight and dotted red line), i.e. the 

cations are converted to the metallic state (see section 4.1.5). The spectra of the Fe K-edge 

after one, two, three and five cycles (Figure 29) are obviously very similar indicating that after 

each cycle an identical oxidation state is reached. Compared with the spectrum of the 

pristine material Fe3+ is formed after each cycle. Hence, we conclude that the Fe0 ↔ FeIII 

redox shuttle is stable over many cycles. In addition, a pre-edge feature is always observed 

at 7114 eV suggesting that Fe3+ ions are located in a non-centrosymmetric environment after 

each cycle. The Ni K-edge energy after one, two, three and five cycles is always observed at 

8343 eV, i.e. identical with that determined for pristine NiFe2O4/CNT containing Ni2+. The 

most pronounced difference between the spectra before and after cycling is the significantly 

lower intensity of the 1𝑠 → 4𝑝 transition observed for the cycled materials. This depression of 

the transition is caused by the nanosized or amorphous character of the cycled material.  

 
Figure 29: Ex situ XAS spectra of pristine NiFe2O4/CNT and after 1st discharge, one, two, three and five 
cycles at Fe K-edge (left) and Ni K-edge (right).  
 

The radial distribution function (FT R-spaces) for Fe and Ni in pristine NiFe2O4 and after the 

first discharge are identical with those obtained from the operando XAS investigations 

(Figure 30 and section 4.1.5). After the first, second, third and fifth cycle Fe-O and Ni-O 

bonds are formed with slightly different distances according to different bond lengths. The 

second maximum is shifted to lower radial distance representing somewhat shorter M-O-M 

distances. The newly formed phase is less crystalline compared to the pristine material 

leading to a lower intensity and broader signals.  
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Figure 30: FT radial distance for Fe and Ni absorber atoms for pristine NiFe2O4/CNT, after first discharge 
and after first, second, third and fifth cycle. 
 

4.1.8 Conclusion of chapter 4.1 

NiFe2O4 nanoparticles cross-linked by CNTs were successfully synthesized. NiFe2O4 

nanoparticles crystallizes as inverse spinel with an average volume-weighted size 

d = 36.1(2) nm (NiFe2O4/CNT). The two samples NiFe2O4 and NiFe2O4/CNT display similar 

lognormal size distributions, particle shapes and lattice parameters. The electrochemical 

performance of NiFe2O4/CNT shows a superior increase of the cycling stability compared to 

pure NiFe2O4. The capacity of NiFe2O4/CNT after 40 cycles is still constant at 933 mAh g-1 a 

value which is competitive to other spinel oxides (see section 1.2.5).  

Operando XRD and XAS were performed to study the reaction mechanisms during Li uptake 

and release of the composite material in detail. At the beginning of the first discharge 

process only a very small amount of Li+ ions is either “consumed” by a surface layer of the 

spinel or by CNTs. At this stage a fast potential drop to 0.8 V is visible. During further Li 

uptake Fe3+ ions are reduced to Fe2+ accompanied by a movement from tetrahedral 8a site to 

neighbouring vacant 16c sites. A complete transformation of the spinel structure into a 

distorted NaCl-like phase is observed after uptake of about 2.4 Li per f. u.. 7Li MAS NMR 

supports the assumption that during this process Li2O is formed. A successive reduction of 

the intermediate monoxide occurs during further Li uptake and Fe2+ and Ni2+ are 

simultaneously reduced to metallic nanoparticles embedded in a Li2O matrix. During the 

charge process Li+ ions are released out of the material which is accompanied by oxidation 

of metallic Ni and Fe to X-ray amorphous Ni2+/Fe3+ oxides. The newly generated oxides/CNT 

species can be reversible cycled many times as evidenced by galvanostatic cycling and CV. 

The present results suggest that the inability of oxidation of metallic Ni can be overcome by 

addition of CNTs, which form a conductive interconnected network. [189] 
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4.2 The exceptional reaction mechanism during Li uptake into and release 
out of NiIIFeIIIMnIIIO4 nanoparticles 

4.2.1 Short introduction 

In comparison to the huge number of investigations about transition metal (TM) oxides, 

reports about spinel oxides with three transition metals are scarce, and reaction mechanisms 

occurring during Li uptake and release have not been investigated yet. The spinel oxides 

NiFe2O4 and NiMn2O4 show high theoretical and experimental reversible capacities as anode 

materials in LiBs.[90,121,123,180,213–216] A combination of the elements of both spinels may lead to 

interesting synergistic effects. Moreover, manganese and iron are earth abundant and 

environmental friendly.  

The only report about NiMnFeO4 nanoparticles (< 100 nm) showed a reversible capacity of 

750 mA h g-1 after 50 cycles, comparable to NiFe2O4 and better than NiMn2O4.[217] To the 

best of my knowledge, reaction mechanisms with NiMnFeO4 as anode material in LIBs were 

never investigated before.  

The binary spinels MgFe2O4, CoFe2O4, MnFe2O4 and ZnFe2O4 crystallize in a cubic structure. 

For this type of spinels a NaCl-type intermediate monoxide phase was identified during the 

first discharge (Li uptake). NiFe2O4 crystallizes as an inverse spinel (Fd3̄m) while NiMn2O4 as 

normal spinel (Fd3̄m) or tetragonally distorted (I41/amd).[218,219] Combining these spinels, 

NiMnFeO4 forms a disordered spinel structure, which is discussed in detail later.[215] 

Therefore, the reactions mechanisms are expected to be different compared to already 

investigated materials MFe2O4 (M = Mg, Co, Mn, Zn).  

Normally, PVDF is used as binder dissolved in toxic N-methylpyrollidone. Hence, substitution 

by an environmental-friendly and water-soluble binder is recommended. Here we present the 

simple synthesis of NiMnFeO4 nanoparticles and investigated the anode material for future 

application in LiBs. The electrode was prepared applying the environmental-friendly and 

water-soluble NaPAA binder. The focus of the study is to clarify the reaction mechanisms. 

The material was characterized with XRD, ESEM, EDX and TEM. The reaction pathway 

during Li uptake and release was investigated in detail by operando XRD and XAS, ex situ 
7Li MAS NMR, XAS and TEM. 
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4.2.2 Synthesis of NiFeMnO4 Nanoparticles 

The NiFeMnO4 nanoparticles were synthesized by dissolving 5 mmol Ni(NO3)2·6H2O (97 %, 

Merck), 5 mmol Fe(NO3)3·9H2O (98 %, Riedel-de Haen), and 5 mmol Mn(NO3)2·4H2O (98 %, 

Grüssing) in 20 ml deionized water. 5 ml nitric acid (65%, p.A., Grüssing) was added to the 

solution by stirring at room temperature. Afterwards 10 mL Ethylenglycol (99 %, Merck 

Millipore) was added and the mixture was heated at 80 °C until a viscous gel is formed. 

Afterwards the gel was dried at 120 °C for 24 h. The solid was ground in an agate mortar and 

heated at 400 °C in a pre-heated oven in air for 3 h.[220]  

 

4.2.3 Characterization of the as-prepared product 

The XRD pattern of the as-prepared NiMnFeO4 nanoparticles (Figure 31 left) suggests an 

ordered cubic spinel structure (space group: Fd3̄m). But a closer inspection reveals that the 

relative intensity of the (400) reflection is different compared to the calculated value and the 

(440) reflection is significantly broadened. These observations indicate a disorder in the 

spinel structure which is caused by atoms residing on “forbidden” (interstitial) sites.[221] The 

best refinement of the powder pattern was achieved assuming an interwoven structure 

consisting of the spinel and the rock salt structure (space group: Fm3̄m). Similar 

observations were reported for MgAl2O4 and ZnAl2O4.[222–224] The lattice parameter of the 

NaCl-like component is refined to a = 4.1694(2) Å, which matches with the data of Bunsenite 

(NiO) nanoparticles, indicating that mainly Ni2+ ions occupy octahedral sites.[206] The lattice 

parameter of the spinel phase is a = 8.3903(2) Å.  

The lognormal size distribution of the coherently scattering domains reveals particles in the 

range of nanometers with most crystallites between 4 and 8 nm (Figure 31 right). It is 

noteworthy that both the ordered and disordered spinel phase exhibit a similar size 

distribution.  

 
Figure 31: LEFT: XRD powder pattern (black) of the as-prepared NiMnFeO4 nanoparticles with the refined 
intensities (red), difference curve (blue) and Bragg positions (green). RIGHT: Lognormal size distribution 
of the coherently scattering domains for the spinel phase (black) and crystallites adopting the NaCl-type 
structure (grey).  
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The EDX measurements performed at four different positions of the NiMnFeO4 sample yields 

Mn: 35.5 At%, Fe: 32.4 At%, Ni: 32.1 At % (Table 6) which is close to the theoretical values. 

 
Table 6: EDX results at four different positions of the NiMnFeO4 sample. 

Position Mn / At % Fe / At % Ni / At % 

I 35.5 33.1 31.6 

II 35.7 32.6 31.7 

III 35.5 33.0 31.4 

IV 35.1 31.0 33.8 

average 35.5 32.4 32.1 

 

A transmission electron microscopy (TEM) image of NiMnFeO4 nanoparticles is displayed in 

Figure 32 (top left). The sample consists of polydisperse agglomerated particles in a range 

from 8 to 12 nm, which is in agreement with the lognormal size distribution of the coherently 

scattering domains determined from the XRD powder pattern.  

 

 
Figure 32: HRTEM image (top left) and SAED pattern (top right) of pristine NiMnFeO4 nanoparticles. 
Bottom: EDX mapping at oxygen, nickel, manganese and iron K-edge in a 0.6 x 1.0 µm area. 
 

The representative selected area electron diffraction (SAED) pattern (Figure 32, top right) 

can be assigned to the cubic spinel phase. The TEM-EDX mapping evidences a 

homogenous distribution of Ni, Mn, Fe and oxygen (Figure 32 bottom), i.e. no separation of 
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NaCl-like domains and the spinel is suggesting that the model of interwoven ordered and 

disordered spinel structure is correct.  

4.2.4 Electrochemical performance 

For the investigation of the electrochemical performance NiMnFeO4 nanoparticles were 

mixed with C65 and NaPAA (ratio: 70/20/10). In a potential range from 0.1 to 3.0 V the 

capacity slightly decreases during the first 10 cycles (Figure 33 a and b). Stabilization of the 

capacity occurs after the 10th cycle leading to a constant value of about 830 mAh g-1 and a 

Coloumb efficiency near 100 %. The preparation of the electrode with water-soluble NaPAA 

binder leads to a superior cycling stability compared to electrodes prepared with PVDF.[217]  

 
Figure 33: Electrochemical performance of NiMnFeO4 nanoparticles in a potential range from 0.1-3 V: a) 
Potential curves during galvanostatic 115 mAh g-1 ≈ 1 Li cycling, b) capacity of galvanostatic cycling 
during first 50 cycles, c) capacity during cycling at different currents, d) cyclic voltammetry (CV) in a 
potential range from 0 to 3.2 V with a sweep rate of 0.1 mV/s. 
 

The discharge and charge curves clearly differ between the first and all following cycles 

(Figure 33a). The discharge curve displays first a steep drop followed by a plateau at 0.8 V 

(Figure 33a, black line). The capacity for the first discharge of 1427 mAh g-1 is larger than the 

theoretical value, which is a common observation for most transition metal spinel oxides 

(compare Table 2). The reversible capacity for the first cycle of 885 mAh g-1 (capacity loss 

38 %) is close to the theoretical capacity (918 mAh g-1). The irreversible capacity loss during 
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the first cycle is caused by side reactions of the electrolyte, i.e. due to the formation of the 

SEI.[198]  

Discharge and charge curves of the material at different currents (different C-rates) are 

displayed in Figure 33c. For the C/10 rate the capacity is about 830 mAh g-1. An increase of 

the current leads to a decrease of the capacity: C/5 about 700 mAh g-1, C/2 ca. 550 mAh g-1, 

1C ca. 450 mAh g-1, 2C ca. 380 mAh g-1. After the fast cycling of the material the capacity is 

still about 700 mAh g-1 for the cycles 50 - 60, indicating that the large capacity recovers after 

cycling at high current density.  

In the CV curve (Figure 33d) the first 5 cycles are presented measured in a potential range 

from 3.2 to 0 V. In the first discharge curve a strong signal is observed at 0.5 V. The first and 

following charge curves show a broad signal ranging from about 1.2 to 2.3 V. These events 

consist of more than one signal indicating that more than one oxidation process takes place 

during charging. For the second and following discharge curves the signal shifts to about 

0.8 V and becomes slightly broader. Obliviously, during the first cycle new products are 

formed which can be reversibly cycled for many times.  

4.2.5 Operando XAS 

Operando XAS spectra were collected at ANKA XAS beamline in transmission mode. The 

Mn, Fe and Ni K-edges have only a small energy difference enabling quick XAS 

measurements with just one cell. In Figure 34 (left) the potential curve during the first 

discharge of the XAS cell is shown which is similar to that obtained during the galvanostatic 

measurement (see section 4.2.4). The slightly smaller capacity is a result of the absence of a 

spring in the in situ cell, causing the inactivation of a small amount of the material. Each start 

of a XAS scan is marked with colored circles (Mn = red, Fe = blue, Ni = green). 

In the XANES spectra (Figures 34 & 35) the thick blue line represents the spectra of the 

pristine material. The Mn K-edge is located at 6551 eV (determined by the maximum of the 

first derivative) and a pre-edge feature occurs at 6539 eV (Figure 34, thick blue line). These 

values match with those reported for Mn3+ in Mn2O3 indicating that Mn is trivalent in 

NiMnFeO4.[225] For the Fe K-edge a pre-edge signal is located at 7113 eV and the main peak 

at 7124 eV, in agreement with data observed for Fe3+ in MFe2O4 (M = Co, Mn, Ni) 

nanoparticles.[209,226,227] For Ni no pre-edge signal is observed and the main resonance is 

located at 8343 eV. The XANES spectrum resembles that observed for Ni2+ in NiFe2O4 

nanoparticles.[209,211] The most intense signal bases on the 1s→4p transition. The pre-edge is 

either a very weak quadropole transition 1s→3d or a dipole allowed more intense 1s→3d/4p 

transition (hybridized orbital). The latter is observed for absorbers in non-centrosymmetric 

symmetry (e.g. tetrahedron) because p orbitals with t2 symmetry can mix with d orbitals with 

symmetry t2 and e. For absorber atoms in octahedral environment pre-edge features may 

occur by the weak 1s→3d transition with an intensity which is only between 1 and 3 % of the 
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dipole allowed transition. Because no pre-edge peak occurs for Ni it must be assumed that 

Ni2+ is located on octahedra and Mn and Fe are partially located on tetrahedral sites. This 

assumption is in line with results reported for bulk NiMnFeO4.[228]  

 
Figure 34: Potential curve of the discharge process recorded with the in situ XAS cell. Colored cycles 
mark XAS scans at Mn (red), Fe (blue) and Ni (green) K-edges (left). Operando XAS spectra (right) at the 
Mn K-edge collected during the first discharge process. Blue lines (region I) spectra for uptake of about 
2 Li per formula unit; black lines (region II): spectra for Li uptake from 2 to 8 Li per formula unit; red line: 
end of discharge.  
 

In the beginning of Li uptake, no significant changes are observed for the Ni and Fe K-edges, 

while the Mn XANES spectra exhibit a strong shift to lower energies (Figure 34 right) 

indicative for reduction of Mn3+. After uptake of about 1 Li per formula unit the edge energy is 

6548 eV similar to the value for Mn2+ in MnO.[229] Increasing the Li content per f. u. the Fe K-

edge shifts to lower energy (Figure 35 left) and after uptake of about 2 Li per f. u. Mn3+ and 

Fe3+ are both reduced to the divalent state. During the reduction the intensity of the pre-edge 

signal decreases for Fe and Mn suggesting a change of the local symmetry, most probably 

the ions moved from tetrahedral to octahedral sites.  

Further Li uptake (>2 Li per formula unit) leads to a continuous decrease of the 1s→4p 

transition for all three elements and a signal develops below the absorption edge typical for 

the metallic state. Furthermore, the spectra rotate around isosbestic points located at 

6545 eV for Mn, at 7123 eV for Fe and at 8341 eV for Ni similar to prior observations. At the 

end of the first discharge process all spectra are very similar to those of the metallic 

reference foils, indicating metallic nanoparticles are formed. We note that similar 

mechanisms were observed for NiCo2O4: first trivalent Co3+ ions were reduced to Co2+ and 

afterwards metallic Co and Ni were formed.[230] The reduction of Mn3+ to Mn2+ in a first step 

was also reported for Mn3O4 with subsequent reduction of the intermediate product MnO 

followed by formation of metallic Mn at the end of discharge.[68]  
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Figure 35: Operando XAS spectra at Fe K-edge (left) and Ni K-edge (right) collected during the first 
discharge process. Blue lines (region I) spectra for uptake of about 2 Li per formula unit; black lines 
(region II): spectra for Li uptake from 2 to 8 Li per formula unit; red line: end of discharge. 
 

4.2.6 Ex situ XAS 

The limited beam time at the synchrotron source allowed operando XAS experiments only for 

the first cycle. Additional ex situ XAS spectra were collected after 1, 2, 3 and 5 cycles (Figure 

36 and 37). The spectra of the pristine material are similar for all three K-edges (Figure 36 

and 37, blue line) compared with those collected operando. At the end of the first discharge 

all cations are reduced to the metallic state and like in the spectra obtained with operando 

XAS the spectra resemble that of the metallic reference foils (Figure 36 and 37, black straight 

and dashed line). After the first cycle the Mn K-edge (Figure 36 left) is shifted to lower energy 

(6548 eV) with a typical value for Mn2+.[229] A similar observation was made for the other Mn 

containing materials demonstrating that metallic Mn cannot be oxidized to Mn3+ but only 

Mn2+, i.e. the capacity loss reported for Mn oxides is partially due to the inability of the 

formation of Mn3+.  

 
Figure 36: Ex situ XAS spectra at the Mn (left) and Fe K-edges (right) of pristine NiMnFeO4 (blue), after 
first discharge (black straight line) and after 1 (red),2 (yellow), 3 (green) and 5 cycles (dark red). 
 

In contrast, the Fe K-edge spectra after 1, 2, 3 and 5 cycles (Figure 36 right) are very similar 

to the pristine material suggesting that the reaction Fe0 ↔ Fe3+ is reversible over many 
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cycles. In Figure 37 (right), the Ni K-edge spectra are shown after 1, 2, 3 and 5 cycles. After 

the first cycle metallic Ni is oxidized to Ni2+ during charge process (edge energy: 8342 eV). 

But after 2, 3 and 5 cycles the shape of the spectra is successively changing and the signal 

of the 1s → 4p transition continuously loose intensity, i.e. the Ni0 ↔Ni2+ redox reaction is not 

stable over many cycles, and a part of Ni remains in the metallic state. This is another reason 

for the capacity loss, observed during repeated cycling up to more than 50 cycles (see 

section 4.2.4).  

 
Figure 37: Left: Ex situ XAS spectra at the Ni K-edge of pristine NiMnFeO4 (blue), after first discharge 
(black straight line) and after 1 (red),2 (yellow),3 (green) and 5 cycles (dark red). Right: FT R-Space for Mn 
of pristine (blue), after first discharge (black) and after first cycle (red). 
 

The Fourier transformed EXAFS spectra for the pristine material, after the first discharge and 

after the first cycle are shown in Figures 37 right and 38. For NiMnFeO4 the two signals 

represent the M-O distance at 1.4 Å (M = Fe, Mn, Ni) and the M-M distance cross-linked by 

O2- at about 2.6 Å.  

 
Figure 38: FT R-Space of Fe (left) and Ni (right) for pristine (blue), after first discharge (black) 
and after the first cycle (red). 
 

After discharge to 0.1 V the M-O and M-O-M signals disappeared and a new path 

representing direct M-M bonds developed at about 2.0 Å in each spectrum (Figure 37 & 38). 

After charging the sample to 3.0 V (after one cycle) the signal for the M-M paths decreased. 
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Simultaneously the signals representing M-O/M-O-M bonds appear again. Summarizing, the 

ex situ XAS results indicate reversible M-O bond formation after one cycle for all three 

cations.  

 

4.2.7 Ex situ Li MAS NMR 

The XAS experiments yield information about the transition metal ions but no information 

about the direct environment of the Li+ ions is available. 7Li MAS NMR closes this gap of 

information. Paramagnetic ions in the direct neighbourhood of Li+ ions can have strong 

effects on the NMR spectra leading to large shift values.[231] 7Li MAS NMR spectra of 

NiMnFeO4 nanoparticles after uptake of 2 Li per f. u. and after complete discharge are 

displayed in Figure 39. The spectrum after uptake of 2 Li per f. u. shows narrow signals with 

the most intense peak close to 0 ppm (Figure 39, black). The small shift excludes 

paramagnetic neighbours in the direct environment of 7Li and indicates the formation of a Li 

containing phase without transition metals. The most probable conclusion is that after uptake 

of 2 Li per f. u. Li2O is formed.[203,204] For the material discharged to 0.1 V a similar shift close 

to 0 ppm is observed. Nevertheless, the isotropic peaks are broadened and the width of the 

spinning sideband pattern is increased (Figure 39, red line). This phenomenon is caused by 

the formation of metallic Ni, Mn and Fe particles.  

 
Figure 39: 7Li MAS NMR spectra of NiMnFeO4 nanoparticles after insertion of 2 Li (black) and after 
discharge to 0.1 V (red). Left: full spinning sideband patterns; right: magnified view of the region of the 
isotropic peaks. 
 

4.2.8 Operando XRD 

In Figure 40 powder patterns collected during Li uptake up to about 2 Li per f. u. are 

presented together with the galvanostatic potential of the in situ cell. As mentioned above the 
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pattern of pristine material was refined as a mixture of spinel and a NaCl-type structure 

(section 4.2.3). The reflections of elemental Cu are caused by the setup of the in situ cell 

(see section 2.2.2).  

 
Figure 40: Operando XRD patterns (left) and galvanostatic potential of the in situ cell (right) during Li 
uptake up to 2 Li per formula unit NiMnFeO4. 
 

During uptake of the first 0.5 Li per f. u. the intensity of the reflections of the spinel phase 

decreases (Figure 41 left). But an enlargement of the unit cell volume or Li insertion into the 

surface of the nanoparticles is not observed, which is different compared to Li uptake by 

CoFe2O4.[205] Obviously, NiMnFeO4 particles are directly converted into a new intermediate 

phase, which is either not crystalline or the size of the coherent scattering domains is too 

small to be detected by XRD. After uptake of 1 Li per f. u., new reflections can be identified 

(Figure 40) which can be assigned to a new cubic NaCl-type structure with a = 4.286(1) Å. 

The lattice parameter is in between Fe1-xO (4.30 Å) and NiO (4.18 Å).[206] Because for bulk 

material a homogenous solid solution Fe1-xNixO does not exist and may be only a small 

amount of Fe is substituted by Ni, leading to the observed lattice parameter.[208] The 

formation of the NaCl-type structure requires that cations located on the tetrahedral 8a sites 

in the spinel phase moving to empty neighboured octahedral sites. On the basis of the 

results presented above it is highly likely that first Mn2+ moves to octahedral sites because 

Mn3+ is simultaneously reduced to Mn2+ during Li uptake at the early stages (see section 

4.2.5). Increasing the Li content Fe3+ is reduced to Fe2+ (visible via operando XAS), and 

these cations are also located on octahedral sites which offer more space (longer Fe-O 

distance) compared to tetrahedral sites in spinel structure.  

After uptake of 2 Li per formula unit the trivalent cations are reduced to the divalent state 

(see section 4.2.5) and Li2O is formed (see section 4.2.7). The X-ray powder pattern is 
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refined as a mixture of three different cubic phases (Figure 41 right). The main phase fraction 

(about 54 %) crystallizes as the above-mentioned NaCl-type structure (space group: Fm3̄m). 

The lattice parameter (4.286(1) Å) suggests that this mixed monoxide mainly consists of Fe2+ 

with a small amount of Ni2+. The second phase (about 29 % phase fraction) most likely 

consists of a strained spinel structure (space group: Fd3̄m). In the structure less than half of 

the tetrahedral sites are occupied, while Mn2+ mainly occupies the octahedral sites. The third 

phase, NiO, contributes about 17 % to mixtures of oxides. These observations indicate that 

no MnO is formed.  

  
Figure 41: Magnification of the 16.5 to 19 ° 2θ range (left) and Rietveld refinement of the powder pattern 
recorded after uptake of 2 Li per formula unit including separated calculated powder pattern for all three 
observed cubic phases (right). 
 

These results are in clear contrast to observations made for MnFe2O4, MgFe2O4, CoFe2O4, 

ZnFe2O4 and CoMnFeO4: Instead of one monoxide phase an interwoven/intergrowth 

structure consisting of three disordered cubic monoxides occur as intermediate phases 

during discharge. A possible reason may be the clearly different lattice parameters of the 

pure monoxides, NiO: a = 4.179 Å[206]; FeO: a = 4.317 Å[207]; MnO: a = 4.488 Å[232], thus 

preventing the formation of one mixed monoxide under the reaction conditions. In contrast to 

our previous studies the crystal structure of the pristine material is different which may also 

be a reason for the different mechanisms.  

Increasing the Li content >2 Li per f. u. leads to a simultaneous and successive decrease of 

the intensity of all reflections (Figure 42). During the long potential plateau at 0.8 V, the 

intermediate phases are transformed to an amorphous product or particles being too small to 

be detected by XRD. An identical behaviour was observed for MnFe2O4, MgFe2O4, CoFe2O4, 

ZnFe2O4 and Mn3O4.[68,140,203–205]  
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Figure 42: Operando XRD patterns collected during Li uptake from 2 to 8 Li per formula unit and 
associated galvanostatic potential of the in situ cell (every second scan is shown). 
 

4.2.9 TEM investigations after uptake of 2 Li / NiMnFeO4 

After uptake of 2 Li per NiMnFeO4, STEM EDX mapping was performed (Figure 43) 

demonstrating a principal homogenous distribution of oxygen, iron, nickel, manganese and 

fluor. Fluor is a residue of the LiPF6 electrolyte on the surface of the nanoparticles. The 

homogenous distribution of the elements supports the operando XRD results.  

 
Figure 43: STEM EDX mapping of NiMnFeO4 nanoparticles after uptake of 2 Li per formula unit, 
evidencing the homogenous distribution of O, Ni, Mn and Fe. Flour is a residue of the electrolyte.  
 

4.2.10 Conclusion of chapter 4.2 

NiMnFeO4 nanoparticles were successfully synthesized by an easy sol-gel combustion 

method. The material was characterized by TEM, EDX and XRD. In contrast to the other 
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spinel nanoparticles investigated during the thesis, the material exhibits a special structural 

property: NiMnFeO4 nanoparticles crystallize in an interwoven disordered ordered spinel 

structure which affects the reaction pathway during first discharge.  

The already investigated spinel oxides MnFe2O4, MgFe2O4, CoFe2O4, ZnFe2O4 and 

CoMnFeO4 form one mixed monoxide phase consisting of bivalent transition metals after 

uptake of about 2 Li per formula unit.[140,203–205] At this stage of discharge NiMnFeO4 

nanoparticles form an interwoven/intergrowth structure consisting of three cubic phases. 

During discharge, first Mn3+ is reduced followed by the reduction of Fe3+. An identical 

sequence of reduction was also observed for CoMnFeO4 nanoparticles and seems to be a 

general property for Mn3+ containing spinels. The cations are reduced to the metals during 

further Li uptake (>2 Li per f. u.). After discharge to 0.1 V Ni, Fe and Mn metallic 

nanoparticles are embedded in a Li2O matrix. During Li release all transition metals are 

oxidized and M-O (M = Ni, Fe, Mn) bonds are formed. Ex situ XAS investigations on samples 

cycled several times evidence that the reaction Fe3+ ↔ Fe0 is reversible, while Ni0 ↔ Ni2+ is 

only reversible at the beginning of cycling. Mn0 is always only oxidized to Mn2+, an 

observation also made for CoMnFeO4 nanoparticles. The lesson is clear: oxidic spinels 

containing Mn3+ are not recommended for conversion anode materials because 1 Li per 

formula unit is irreversible consumed.  

Nevertheless, the cycling stability is superior compared to other materials (constant 

capacities about 830 mAh g-1 at C/10). Another exciting result is the replacement of PVDF as 

binder by the water-soluble binder NaPAA which is important for environmental-friendly 

production of batteries.  
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4.3 Fe3S4 nanoparticles - a new anode material for sodium ion batteries 

4.3.1 Short introduction 

As already mentioned in the introduction (see section 1.2.7) SIBs are a cheap alternative to 

LIBs. For the commercialization the development of suitable anode materials is very 

important. One approach to enable graphite acting as anode material is the usage of co-

intercalation phenomena e.g. expandable graphite.[9,149,150] An alternative is the identification 

of completely new materials suitable as anodes in SIBs. Recent research focuses on 

conversion materials forming alloys, such as Sb-, Sn-, Ge- and In-based materials. 

Phosphorus and phosphides as well as metal sulphides and oxides are also investigated.[151] 

Most metal oxides MxOy show relative low reversible capacities compared to their theoretical 

capacities.[233] The strong Na-O bond in Na2O is may be one reason for the irreversible 

capacity loss. One alternative is to substitute O2- by S2-, which may form Na2S during sodium 

uptake. The lattice energy of Na2S is smaller compared to Na2O thus facilitating the 

reversible reaction during Na release.[233] Therefore metal sulphides are interesting 

candidates as potential new anode materials for SIBs. 

In the last few years different metals sulphides like e.g. MoS2, Sb2S3 or Ni3S2 were 

investigated showing superior reversible capacities compared to oxide-based materials.[234–

236] Pyrite (FeS2) was also intensively investigated as promising high-rate and long-life anode 

in SIBs.[152,154] Furthermore, the components iron and sulphur are earth abundant, cheap and 

environmental friendly.  

In this study we synthesized Fe3S4 nanoparticles and tested this material as a new anode 

material for SIBs for the first time. The high theoretical capacity (725 mAh g-1) and the cheap 

and earth abundant components were the motivation for the studies. The group of Palstra et 

al. synthesized Fe3S4 microcrystals and observed good cycling stability against Li metal. 

During Li uptake Fe2+ and Fe3+ are reduced to the metallic state and Li2S is formed. During Li 

release first the formation of Li2FeS2 and subsequent FeS was postulated on the basis of the 

CV data. After decrease of the capacity to 310 mAh g-1 in the 25th cycle the capacity 

increased to 563 mAh g-1 after 100 cycles. Using Fe3S4 as anode material for SIBs may 

reach similar high capacities and superior cycling stability compared to other materials. 

Fe3S4 nanoparticles were synthesized via a solvothermal synthesis route. The 

electrochemical performance as anode material for SIBs is investigated for the first time and 

the reaction mechanisms occurring during Na uptake and release are elucidated in detail.  

  



Further Projects

 119 

4.3.2 Synthesis of Greigite (Fe3S4) nanoparticles 

Greigite (Fe3S4) nanoparticles were synthesized via solvothermal method. 2 mmol 

FeCl3·6 H2O (Grüssing) and 4 mmol thiourea (CH4N2S, Merck) were dissolved in 20 mL 

ethylene glycol (Merck Millipore) and transferred to a 30 mL Teflon-lined stainless steel 

autoclave. Argon gas was passed through the solution for 10 Min to minimize oxygen 

contamination. Afterwards the autoclave was closed, sealed and kept at 200 °C for 12 h. The 

resulting black powder was magnetically decanted, washed five times with ethanol, and then 

dried at 50 °C for 12 h under vacuum.[237]  

 

4.3.3 Characterization of the Greigite (Fe3S4) nanoparticles 

The X-ray powder pattern of the as-prepared sample shows the presence of Fe3S4 

nanoparticles (Figure 44 left) crystallizing in the cubic spinel structure (space group Fd3̄m). 

The obtained lattice parameter (a = 9.8559(4) Å) is in agreement with recent data reported 

for greigite.[59,238] The lognormal size distribution reveals polydisperse Fe3S4 nanoparticles in 

the range from 2 to 18 nm, while most particles are between 4 and 8 nm in diameter (Figure 

44 right). The anisotropic (hkl)-dependant domain size analysis yields truncated 

cuboctahedrons (Figure 44 right), which was also observed for microcrystalline Fe3S4.[59]  

 
Figure 44: Rietveld Refinement (left) and Lognormal domain size distribution with particle shape of the 
as-prepared Fe3S4 nanoparticles (right). 
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The molar ratio of Fe and S is 3.05:3.95 (EDX) being close to the expected composition. The 

average was calculated from EDX analysis of the Fe and S K lines, collected at three 

different positions of the sample (Table 7).  

 
Table 7: EDX results of Fe and S of the as prepared Fe3S4 nanoparticles. 

position Fe / At % S / At % 

I 43.60 56.40 

II 42.15 57.85 

III 44.80 55.20 

average 43.52 56.48 

 

The TEM image of Fe3S4 shows agglomeration of the particles (Figure 45). Unfortunately the 

particle size and shape is not clearly visible. EDX nanoprobe analysis confirmed the ratio of 

Fe and S of 3:4. The corresponding SAED pattern can be assigned to the cubic spinel 

(Figure 45 right).  

 
Figure 45: TEM image of the as-prepared Fe3S4 nanoparticles and corresponding SAED pattern. 
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The room temperature (RT) 57Fe Mössbauer spectrum of the as-prepared material exhibits 

two sextets (Figure 46) due to Fe cations on octahedral (16d) and tetrahedral (8a) sites. The 

hyperfine field of the first sextet is 31.1 T with an isomer shift of 0.40 mm/s which can be 

ascribed to Fe3+ ions in the high-spin state on the tetrahedral sites (Table 8). The second 

sextet reveals a larger isomer shift of 0.47 mm/s and a slightly smaller hyperfine field (29.2 T) 

corresponding to an average oxidation state Fe2.5+ for the cations on octahedral sites. The 

oxidation state cannot be discriminated due to fast electron hopping which was also 

observed for magnetite.[239] The results demonstrate that Fe3S4 nanoparticles crystallize as 

inverse spinel. The values for hyperfine fields and isomer shifts are in agreement with RT 

data of greigite microcrystals reported in the literature.[59,240] For natural greigite a third sextet 

was attributed to hexagonal smythite.[241] In the spectrum of the present sample two doublets 

with isomer shifts of 0.35 ± 0.2 mm/s (Table 8) are observed which may be explained by the 

presence of small superparamagnetic Fe3S4 particles (Table 8, Figure 46). A similar 57Fe 

Mössbauer spectrum obtained at RT for 9 nm Fe3S4 nanoparticles was reported recently.[242] 

The results of the Mössbauer spectroscopy are in agreement with the polydisperse particle 

size distribution observed by XRD.  

 
Figure 46: 57Fe Mössbauer spectra collected at RT of as-prepared Fe3S4 nanoparticles. 
 
Table 8: Fitting parameters of the contributions used to fit the Mössbauer spectra of Fe3S4 in the pristine 
state. Isomer shift (IS), quadrupole splitting (QS), and line widths are given in mm/s. BHF is given in T. 

 IS QS line width BHF 

Fe3+ 0.402 ± 0.003 -0.029 ± 0.005 0.484 ± 0.012 31.1 ± 0.1 

Fe2.5+ 0.472 ± 0.004 0.055 ± 0.007 0.714 ± 0.013 29.2 ± 0.1 

Fe2.5+ 0.373 ± 0.002 0.858 ± 0.013 0.711 ± 0.007 - 

Fe3+ 0.327 ± 0.005 0.481 ± 0.011 0.243 ± 0.032 - 
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4.3.4 Electrochemical properties of Fe3S4 nanoparticles 

For the electrochemical characterization 70 wt % Fe3S4 were mixed with 20 wt % carbon and 

10 wt % binder as described in Section 2. The electrodes were cycled against Na metal 

using Natriflate in diglyme as electrolyte. Sodium alginate and PVDF were identified as 

promising binders (Figure 47). During the first discharge a not well resolved plateau at 1.5 V 

is observed, followed by a sloping plateau beginning from 1.0 V and ending at 0.1 V. For 

both binders a capacity larger than 900 mAh g-1 for the first discharge is reached. During the 

first charge a sloping plateau is observed at about 1.8 V. The reversible capacity after the 

first cycle is about 700 mAh g-1 for the electrode with PVDF and 800 mAh g-1 using Na-

alginate binder. The capacity loss during the first cycle is mainly caused by irreversible 

reactions on particle surfaces. The formation of an SEI analogous layer is not reported for 

SIBs yet. The 10th and 20th cycles are very similar independent from the binder with 

capacities of about 700 mAh g-1 being close to the theoretical value (725 mAh g-1).  

 
Figure 47: Potential curve of the first (red), second (blue), 10th (black) and 20th cycle (green) for Fe3S4 
nanoparticles electrode using Na-Alginate (left) and PVDF (right).  
 

Using Na-alginate as binder yields higher capacities in the beginning compared to PVDF 

(Figure 47) and after about 10 cycles the capacity is identical and stable up to the 20th cycle 

(Figure 48) independent from the binder. Stable capacities of 700 mAh g-1 at C/5 are 

significantly larger compared to reports for graphite.[9,149,150] The results are also superior 

compared to TiO2
[243,244], Co3O4

[245], FeV2S4
[246], Ni3S2

[236], hollow carbon nanowires[247], 

MoS2/rGO[248] and Sn/C[249]. Only some recent materials like e.g. rGO/Sb2S3
[234] and MoS2/C 

[250] show similar high capacities.  

The CV (Figure 48 right) exhibits significant differences between the cycles. During the first 

discharging 3 signals occur at 1.5, 1.2 and 0.5 V indicating different processes during Na 

uptake. Subsequent charging shows also three signals at 1.1, 1.5 and 2.2 V with identical 

intensity and potentials for all cycles. For the second discharging only one signal at about 

1.0 V is visible. During the first charging new species are formed, which represent the active 

material for the subsequent cycles. During further cycling the signals are broadened and 
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loose intensity. In comparison, Li uptake by Fe3S4 shows signals in the CV appearing at 

different potentials indicating that the mechanisms of Na uptake are different.[251]  

 
Figure 48: Capacity of the first 20 cycles for PVDF and Na-Alginate as binders at C/5 (left). The CV curves 
recorded during the first 5 cycles are also shown (right). 
 

The electrodes were also cycled at 1C and 2C (Figure 49). For the first 3 cycles the capacity 

is significantly lower compared to C/5. Then the capacity increases yielding 430 mAh g-1 at 

2C and 500 mAh g-1 at 1C after 20 cycles. These values present a capacity loss of 29 % and 

39 % respectively, which are very good values for a material based on a conversion 

reaction.[252] Further cycling at the high C-rates leads to a slight capacity loss (Figure 49) 

 
Figure 49: Specific capacity during the first 50 cycles at 1C (blue) and at 2C (brown). 
 

4.3.5 Elucidation of the reaction mechanism 

Ex situ XRD investigations were performed with a STOE Stadi P diffractometer equipped 

with Mo X-ray source (λ = 0.7107 Å) and a Mythen detector. For the pristine Fe3S4 

nanoparticles (Figure 50, left) a = 9.8558(4) and d = 10 nm are in good accordance with the 

results presented in section 4.3.3. After uptake of 1 Na/f. u. the (222), (220) and (440) Bragg 

reflections are significantly broadened which may be caused by a distortion of the structure. 

To model the structure the symmetry was reduced from cubic to trigonal (space group: R3̄m) 

in agreement with literature.[253] A possible explanation for the distortion is that Na+ ions enter 
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the octahedral sites and simultaneous Fe ions move to neighboured empty tetrahedral sites. 

In addition, Bragg reflections of tetragonal FeS (mackinawite, space group: P4/nmm) are 

detected. Most likely, the new phase forms by the reduction of Fe3+ ions to Fe2+ and a 

reorganization of the crystal structure.  

 
Figure 50: Rietveld refinement of the as-prepared Fe3S4 nanoparticles (left) and after uptake of 1 Na per 
formula unit (right). 
 

In the X-ray powder pattern after uptake of 2 Na/f. u. no reflections of greigite could be 

detected and the reflection pattern can be explained with two highly distorted mackinawite 

phases (Figure 51 left). At this stage of Na uptake all Fe3+ ions are reduced to Fe2+ ions, 

which is in agreement with the oxidation states of Fe in mackinawite. The structure of 

mackinawite is layered wit the c axis representing the interlayer separation. The significantly 

broadened reflections and the highly distorted nature of mackinawite indicate a variety of 

different layer-to-layer distances. The difference between the two mackinawite phases is the 

length of the c axis (phase 1: 6.036(3) Å; phase 2: 6.85(1) Å). We note that similar results 

were reported for freeze-dried FeS.[254]  

 
Figure 51: Pawley fit of the Fe3S4 nanoparticles after uptake of 2 Na per formula unit (left) and after 
discharging to 0.1 V (uptake of 8 Na per formula unit, right). 
 

During discharging to 0.1 V, about 8 Na per formula unit are stored. The powder pattern was 

refined (Figure 51 right, Pawley fit) with two phases: cubic Na2S (space group Fm3̄m, 

a = 6.558(1)) with a volume-weighted average domain size of d = 4.3(1) nm, and 
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nanocrystalline metallic Fe particles with a domain size of about 1 nm, crystallizing in the 

same cubic space group (Fm3̄m). The lattice parameter was refined to a = 3.547(3) Å.  

 

Operando XAS spectra recorded at the Fe K-edge during the first discharge and the 

corresponding potential curve of the in situ cell are presented in Figure 52 (left and right). 

The Fe K-edge of the as-prepared material is located at 7119 eV (Figure 52 left, blue) with a 

pre-edge peak at 7112 eV. Both observations are in perfect agreement with data reported for 

greigite.[255] Obviously Fe ions are in mixed oxidation state Fe2+/Fe3+ and they are located on 

tetrahedral and octahedral sites which is in agreement with the results of Mössbauer 

spectroscopy. During Na uptake the Fe K-edge shifts to lower energies (Figure 52 left, green 

arrow) because Fe3+ ions are reduced to a lower oxidation state. This result is in agreement 

with the new FeS phases identified via XRD. After uptake of about 5 Na/f.u. the Fe K-edge is 

shifted to about 7116 eV. Increasing the Na content the parallel shift of the spectrum stopped 

and the shape changes (Figure 52 left, red arrow): The intensity of the 1s→4p transition 

decreases and the first minimum located at 7160 eV is less pronounced. This is typical for 

the formation of very small metallic Fe nanoparticles and is in accordance with the 

observations of metallic Fe nanoparticles in the XRD patterns.  

 
Figure 52: Operando XAS spectra (left) and potential curve of the in situ cell (right) during the first 
discharge of the Fe3S4 nanoparticles. 
 

Additional ex situ XAS spectra were collected of the as-prepared Fe3S4 nanoparticles, after 

first discharge and after the first cycle (Figure 53). The first signal at 1.6 Å in the FT R-space 

represents the Fe-S bond, which is clearly broadened due to slightly different Fe-S bonds for 

Fe ions located on tetrahedral and octahedral sites. After the first discharge the first signal is 

now located at 1.8 Å being in between the pristine state and the metallic reference foil. The 

differences between the spectra may be caused by the very small Fe particles (d = 1 nm, see 

XRD) and similar observations were also reported for FeS2 after uptake of 3.5 Na per 

formula unit.[256]  
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Figure 53: XAS spectra at Fe K-edge (left) and FT R-space (right) of the pristine state (blue), after first 
discharge (red), after first cycle (green) and metallic reference foil. 
 

4.3.6 Conclusion of chapter 4.3 

The Fe3S4 nanoparticles were synthesized in an easy solvothermal process. The as-

prepared Fe3S4 particles show a sizes distribution between 2 and 18 nm and have a 

cuboctahedron-like shape. The chemical composition was confirmed by EDX and the 

oxidation states and local environments of the Fe ions were determined with Mössbauer 

spectroscopy.  

The electrochemical performance of the Fe3S4 nanoparticles outperforms many anode 

materials recently discussed in literature (see section 4.3.4). The capacity is superior and the 

cycling stability is significantly better compared to other conversion materials. Especially the 

capacity at high currents (2C) is significantly larger compared to materials recently reported.  

A closer look on the reaction mechanisms during Na uptake and release revealed that in the 

early stage of the Na uptake a small amount of Na is intercalated into the greigite phase. It 

can be assumed that Na+ enters empty octahedral sites, while Fe ions move to empty 

neighboured tetrahedral sites, which results in a distorted greigite structure observed in XRD 

patterns. Further discharging leads to formation of intermediate FeS phases. After uptake of 

2 Na per formula unit all Fe3+ ions are reduced to Fe2+. The spinel structure is transformed 

into two mackinawite (FeS) phases exhibiting different values for the c-axis. Discharging to 

0.1 V corresponds to an uptake of about 8 Na/Fe3S4. The spinel and intermediate phases are 

transformed into Fe nanoparticles (d = 1 nm) embedded in Na2S (d = 4 nm). The overall 

reaction can be described by equation 5: 

                            𝐹𝑒!𝑆! + 8 𝑁𝑎! + 8 𝑒!  → 3 𝐹𝑒! +  4 𝑁𝑎!𝑆    (5) 

During charging no crystalline phase could be detected. An amorphous phase or particles 

below the coherence length of the X-rays developed during Na release. The ex situ XAS 

spectrum and FT R-space plot are similar to the pristine Fe3S4 nanoparticles. These 

observations indicate that metallic Fe particles form Fe-S bonds again, while Na is reversibly 

released. The mechanisms occurring during Na uptake and release are different compared 
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to those reported for Li+ ions.[59] For Li uptake the intermediate phase Li2FeS2 was observed 

while a comparable intermediate Na2FeS2 phase can be excluded. The uptake of 8 Li per 

formula unit leads to metallic Fe nanoparticles embedded in a Li2S matrix, similarly to the 

observations made here. During Li release the intermediate Li2FeS2 phase is reversibly 

formed during cycling. Cycling against Na leads to an amorphous product with a mixed 

oxidation state similar to the pristine material.  
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5 Conclusions and Outlook 

 

The spinel oxide conversion anode materials exhibit during the first discharge (Li uptake) a 

transformation of the pristine materials into new intermediate nanocrystalline species. Further 

discharging and during charging (Li release) the generated species are either amorphous or 

the crystallites are too small to be detected by XRD. In all CV curves and galvanostatic 

experiments the first discharge differs significantly from the subsequent discharge curves, 

while the first charge curve is identical compared with subsequent cycles. These 

observations indicate that the electrochemical active material is formed during the first 

discharge. The first Li uptake takes place on the large amorphous surface of the 

nanoparticles. For MnFe2O4, MgFe2O4, CoFe2O4, NiFe2O4 and CoMnFeO4 nanoparticles a 

mixed monoxide with NaCl-like structure is formed during uptake of the first ca. 2 Li per 

formula unit. The monoxide is generated by reduction of M3+ ions to M2+ combined with the 

movement of reduced ions located on tetrahedral sites to neighboured empty octahedral 

sites. The NiMnFeO4 nanoparticles exhibit an exceptional mechanism. Instead of one mixed 

monoxide phase an interwoven/intergrowth structure consisting of three cubic phases is 

observed.  

The first discharge capacity of the spinel oxides is in general significantly larger than the 

theoretical values, which is caused by side reactions. The intermediate monoxide phases are 

transformed to metallic nanoparticles embedded in a Li2O matrix. These observations are 

similar for all spinel oxides investigated in this thesis. All results suggest that the 

mechanisms seem to be a general reaction during Li uptake for spinel oxides. During 

charging new species are formed which are either amorphous or too small to be detected by 

XRD. Therefore, these species were characterized with XAS, solid state 7Li NMR and TEM. 

During charging the metallic nanoparticles are oxidized to M2+ and/or M3+. Mn is generally 

only oxidized to Mn2+ independent of the pristine oxidation state, i.e. for a spinel with Mn3+ in 

the pristine state 1/3 Li is lost during cycling. Hence, as a general advice in the field of using 

TM oxides as anode materials, oxides containing Mn3+ are not recommended. In contrast 

Fe3+ shows good reversibility during repeated charging. Co2+, Ni2+ and Mn2+ exhibit also 

reversible cycling stability over several cycles. But extended cycling of the spinel oxides 

require carbon additives or special morphologies to prevent the materials from drastic 

capacity loss.  

Besides pure spinel oxide nanoparticles, also composites containing carbon nanotubes or 

reduced graphite oxide were synthesized and investigated. The use of CNTs or rGO 

significantly reduces the capacity loss during repeated cycling. In addition, the capacity 

stability during cycling at higher currents could be significantly improved. The question 

whether the carbon species also influence the reaction mechanism could not be 
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unambiguously answered yet. Application of operando XRD and XAS revealed similar 

reaction mechanisms for the composites like observed for the pure oxides. Therefore, the 

carbon species do not influence the reaction mechanisms but most likely facilitate the 

oxidation of the metallic nanoparticles during repeated cycling. Mainly the reversibility of the 

redox couple M0 ↔ M2+ (M = Ni, Co) is significantly improved. The results suggest that CNTs 

and/or rGO help to improve the conductivity and keep the nanoparticles in electrical contact.  

Understanding the reaction mechanisms during Li uptake and release is an important 

milestone for the commercialization of spinel oxides as anode materials for LIBs because 

cut-off potentials can be identified and the knowledge about the products and its properties 

allow calculation of the volume expansion during Li uptake and shrinking during Li release. 

Using a conversion anode material and a flexible separator a complete cell based on 

conversion reactions on both cathode and anode side seems to be possible. Using for e.g. 

MnFe2O4 as anode and FeF3 as cathode the specific capacity of the cell can be doubled. But 

for commercialization the separator and electrolytes have to be improved or adapted to the 

requirements for conversion materials.  

As discussed above TM oxides are not suitable as anode material for SIBs due to the fact 

that only about half of the theoretical capacity is reached. In contrast Fe3S4 nanoparticles 

exhibit good reversible capacity and very well cycling stability at high currents. These results 

could be even improved by electrolyte and separator optimization. TM sulphide nanoparticles 

as anode materials are highly interesting and the results presented are just a first attempt in 

this new field of research. 
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7 Appendix 

7.1 Reports for beamtime at synchrotron sources 
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