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Abstract
Anode materials with high specific capacity, long service life, short charging times,
high energy density and low cost should be used to meet the current requirements for lithiumion batteries. By fine-tuning the low cost and environmentally friendly transition metal
oxides, which react through a conversion mechanism with lithium, higher energy density
lithium ion devices could be achieved. Despite the promising properties shown by the
conversion electrodes, their commercial application is dented by factors such as rather
complex phase transitions, voltage hysteresis which affects the efficiency, additional capacity
resulting from electrolyte decomposition and interfacial storage and poor cycling stability of
pristine materials due to contact loss and reduced electrical conductivity. Therefore, to fully
understand all these parameters, even deeper knowledge of the conversion reaction pathways
than currently available is still required.
In the current study, spinel type mixed-transition metal ferrites, MFe2O4 (M = Fe, Co,
Ni, Cu and Zn) were investigated as conversion type model systems for LIB anodes to
elucidate the influence of partial substitution of Fe in the structure, Fe3O4, with different 3dcations. The phase formation and microstructure development during the first chargedischarge process were investigated using combined in situ synchrotron powder diffraction
and X-ray absorption spectroscopy techniques. During the irreversible initial discharge, a two
phase mechanism is observed. Both main phase and lithiated phase crystallize in 𝐹𝑑3̅𝑚 space
group, however, in the lithiated phase the atoms occupying 8a tetrahedral sites are displaced
to 16c octahedral sites together with the intercalation of lithium into 16c and 8a sites. With
further lithiation crystalline material transforms to an amorphous and inhomogeneous product

Abstract

XVII

consisting of metallic nanoparticles in a Li2O matrix. During the following charge process
metal nanoparticles are converted to binary oxides different from the parent material.

Abstract

XVIII

Chapter 1 - Introduction
Renewable energy resources have become the subject of political, economic and
scientific interest in recent years because of the limited availability of fossil fuels and increase
of greenhouse gas emissions. Addressing this major problem of our times necessitates
changes in the current energy infrastructure. Energy storage systems with high storage
capacity, long service life, short charging times, high energy density and low cost, are required
in order to keep up with the growing demands. In the recent discussions about diesel engine
driving bans in some major German cities, various ideas about the future of the automobile,
particularly with regard to electrically powered vehicles have attracted public attention.
However, a general-purpose solution is very difficult to implement for all requirements,
including entertainment electronics and the advancing e-mobility. The form of the energy
storage medium has to be adapted to the respective application. For example, battery systems
have already been successfully used for stationary storage of electric energy as energy buffers
for stabilizing power networks in pilot projects, whose capacity can be easily scaled up.
However, these storage systems in some cases are not suitable for mobile applications.
One of today's most promising ways of storing electrical energy are lithium-ion batteries
(LIBs), due to their high energy and power densities as well as relatively good cycling
stability1. M. S. Whittingham demonstrated a fast rechargeable lithium metal/TiS2 cell at
Exxon Research and Engineering laboratory and paved way for the rechargeable battery
business2. In 1981, Goodenough replaced TiS2 with layered LiCoO2 as high energy cathode
material3. Later in 1983, they further developed low cost manganese spinel cathode materials
(LiMnO2)4. It was considered as the breakthrough for the commercialization of layered oxide
cathode materials LiMO2 (M= Ni, Co, Mn). LIBs have emerged as the most desirable device
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to meet the demands in portable electronic devices or in electrically operated vehicles and
they soon outperformed the competition with a leading overall market share of more than
63% worldwide5,6 as shown in Figure 1. This explains why they receive intense attention at
both fundamental and applied levels.

Figure 1 – Comparison of the different battery technologies in terms of volumetric
and gravimetric energy densities6.
Lithium ion and electron transport during discharging in a Li-ion cell is illustrated in Figure
2. Note that for a lithium-ion battery, anode (negative electrode) and cathode (positive
electrode) are defined for their state during discharge. The lithium ions move through the
electrolyte from anode to the cathode while electrons travel through the electric circuit. The
separator is a porous membrane which plays a critical role of separating the cathode from the
anode but allows ions to flow through it.
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Figure 2 – Transport of electrons and Li+ ions during discharging in a Li-ion cell.
The commercialization of lithium metal batteries was dented due to safety issues and
drew the attention of researchers and stake holders to come up with a better battery
technology7. As an alternative for the lithium metal anode, graphite was found with the idea
of having an identical layered structure with the ability to reversibly store lithium8–10. The
intercalation/de-intercalation mechanism facilitated the lithium ion conduction between
anode and cathode using a solid organic electrolyte11. Graphite can intercalate one lithium ion
per six carbon atoms, resulting in a stoichiometry of LiC6. The achievable capacity is about
372 mAh g-1, which is somewhat higher than that for most cathode materials1. After Yoshino’s
safety demonstration to show the safety advantage of LiCoO2/graphite over lithium metal
anode based batteries12, Sony commercialized the lithium ion batteries in 1991. This cell setup
reached a potential exceeding 3.6 V and an energy density in the range of around 120-150
Whkg-1. The high cell potential is attainable due to the low operating potential of a graphite
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anode of 0.2 to 0.6 V vs Li+/Li. Additionally, layered graphite is cheap, possesses high
capacity, reversibility and interfacial stability13. However, the capacity of graphite is limited
by the number of available lattice sites in the hexagonal sp2 graphite structure14 and, therefore,
cannot be further increased. Additionally, when graphite electrodes are used as anodes, the
lithium intercalation potential reaches values near 0.0 V vs. Li+/Li. The deposition of highly
reactive metallic lithium (“lithium plating”) can occur at such a low potential and is a serious
safety concern.

Usually in a LIB, anode materials should be used in a capacity excess, compared to the
cathode material for safety reasons. Hence, using a high capacity anode material would be
helpful to reduce the cell size and thereby result in a production cost reduction. Anode
materials which are free from lithium plating as well as possessing a high capacity should be
used for future lithium-ion batteries. Figure 3 shows various anode materials with respect to
their electrochemical potential against lithium and their theoretically achievable capacity. As
observed from Figure 3, graphite has only a very low specific capacity compared to other
available anode materials. The highest capacities are achieved by alloying materials. Silicon
is probably the best known and well researched material in this class. With a theoretical
specific capacity of about 4200 mAh g-1, its capacity even exceeds that of pure lithium.
However, the decrease in capacity during cycling and increase in the internal resistance
caused by large volume changes upon lithium insertion and extractions has been found to be
a limiting issue for Si anodes15.
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Figure 3 – Schematic illustration of active anode materials for the next generation of
lithium-ion batteries. Potential vs. Li+/Li and the corresponding capacity density are
shown16.
Conversion materials find a prominent place as good anode materials with specific
capacities of 600-1200 mAh g-117–20. Such a large speciﬁc capacity is achieved through a
conversion reaction in which more than one electron transfer occurs per transition metal ion
compared to commonly used intercalation compounds. Conversion compounds of interest
include oxides, hydrides, nitrides, sulﬁdes, and ﬂuorides21–28 of which the reaction potentials
span a wide range depending on the electronegativity of the anion. For metal oxides operating
via conversion reaction, the initial discharge involves the reduction of the transition metals
into a composite material consisting of metallic nanoparticles (2-8 nm) dispersed in an
amorphous Li2O matrix. Upon the following charge, the metal particles are re-oxidized.
However, the structure and composition of thus formed nanostructured metal oxides may be
different compared to the pristine oxide (Figure 4).
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Figure 4 – Voltage versus Li content profile of the first four cycles for conversion
electrode material Fe3O4, measured against Li counter electrode. Different processes that
occur during this complex reaction are indicated at appropriate voltages.
Mixed-transition metal oxides containing AxB3-xO4 spinel structured oxides such as
ferrites (AFe2O4, A = Mn, Co, Ni, Cu, Zn, Mg and Ca), manganites (AMn2O4, A = Co, Ni,
and Zn) and cobaltites (ACo2O4, A = Fe, Mn, Cu, Ni, Zn) have shown interesting
electrochemical properties as LIB anodes29. Iron oxide has received much attention in recent
times due to its very high theoretical capacity, low cost and environmental benignity30–32. How
so ever, Mixed-transition metal oxides exhibit higher electrical conductivity than simple
transition metal oxides owing to the relatively low activation energy for electron transfer
between cations. By fine-tuning the low cost and environmentally friendly transition metal
iron oxides which react through a conversion mechanism with lithium, higher energy density
lithium ion devices could be achieved.

Despite the promising properties shown by the conversion electrodes, their commercial
application is strongly handicapped by factors such as rather complex phase transitions,
voltage hysteresis which in turn affects the efficiency, additional capacity resulting from
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electrolyte decomposition and interfacial storage and poor cycling stability of pristine
materials due to contact loss and less electrical conductivity. Therefore, to fully understand
all these parameters, even deeper knowledge of the conversion reaction pathways than
currently available is still required.

1.1. Motivation and Aim of Work
The general scheme of the conversion reaction leading to the formation of metal clusters
and Li2O at the end of the first discharge is well established. However, only few studies about
the evolution of the structure during initial discharge are available. Prior to the formation of
the metal clusters and Li2O, phase transitions related to the lithium insertion can occur and
the local structure thus formed at the end of the first discharge may strongly depend on the
reaction pathway. In addition to the initial structure, parameters such as initial particle size
and charge-discharge rate may also have impact on the reaction pathway.
Fe3O4 is one of the most investigated transition metal oxides as conversion anode.
Numerous attempts were made to improve the electrochemical performance by material
modification and by partial substitution of Fe with other transition metals such as Co, Ni, Cu,
Zn, Mn, Mg etc. However, it is still not clear if the partial substitution of Fe by other transition
metals leads to better performance characteristics. At the same time, the comparison of the
difference in the electrochemical reaction mechanism owing to the partial substitution of Fe
with other transition metals are also not reported.
In situ investigations have proven extremely insightful for better understanding the
electrochemical reaction mechanism in different electrode materials for LIBs. However, the
most commonly used structural investigation method such as powder X-ray diffraction are
only partially suitable for investigating the nanoscale products of the conversion reaction.
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Even during the first discharge, with increasing lithiation, amorphization of the material
occurs which is accompanied by the formation of metal nanoclusters, hardly detectable by
diffraction techniques. Whereas, X-ray absorption spectroscopy (XAS) can give element
specific information about various atoms present in the material. Furthermore, materials to
be investigated by XAS do not require long range order; therefore, this method is highly
appropriate and informative to study local nanostructures formed during operation of
conversion-type materials. However, these studies are often performed ex situ with electrodes
obtained from the cells at different states of charge.
In the current study, the phase transformation and microstructure development during
the first discharge-charge process were investigated using combined in situ synchrotron
powder diffraction and X-ray absorption spectroscopy techniques. An attempt was made to
establish a direct relationship between electrochemical performance and structural properties
of MFe2O4, M = Fe, Co, Ni, Cu and Zn, mixed-spinel structured conversion electrodes to
formulate a general electrochemical mechanism.
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Chapter 2 - Experimental
2.1. Synthesis of Metal Ferrites
The electrochemical properties of various metal ferrites are strongly dependent on the
synthesis route which determines the particle size, morphology and the surface chemistry of
the same. Therefore, while choosing a synthesis route it is highly important to have a fine
control over the reaction pathways. The commonly used solid state routes do not allow a fine
control over the reaction pathways during the process which results in impurity phases as well
as of wide particle size distributions. However, wet chemical routes are suitable alternatives
due to the fact that at low temperatures they yield products with smaller particle sizes. The
most commonly used wet-synthesis routes are self-combustion synthesis, solvothermal and
hydrothermal synthesis, sol–gel, reverse micelle synthesis, polyol assisted synthesis and coprecipitation33–38. Co-precipitation is a simple and environmental friendly synthesis route,
where the metal-ion precursors are generally precipitated in alkaline solution at a temperature
75–80 °C. Even though it demands strict control of the precipitation condition, it is one of the
most adopted methods for the synthesis of nanocrystalline transition metal ferrites in large
quantity.
Prior to the adaption of the final synthesis method to all investigated samples, both coprecipitation and inverse co-precipitation were applied for the synthesis of CoFe2O4. Iron(II)
acetate [Fe(C2H3O2)2], cobalt(II) acetate tetrahydrate [Co(C2O2H3)2(H2O)4] and sodium
hydroxide [NaOH] were used for the synthesis and were purchased from Alfa Aesar,
Germany. In normal co-precipitation, anhydrous iron acetate (0.4 M, 50 mL) and cobalt
acetate tetrahydrate (0.2 M, 50 mL) were mixed in doubly distilled deionized water and
sodium hydroxide solution (1 M, 50 mL) was added dropwise with vigorous stirring under
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air. Whereas, in the inverse co-precipitation method the metal acetates were added to sodium
hydroxide solution drop wise with vigorous stirring under air. After the complete addition,
the temperature was maintained at 80 °C for 1 hour. The obtained metal hydroxide precipitates
were centrifuged at 6000 rpm for 15 min and washed three times with deionized water to
remove the remaining excess NaOH. The metal hydroxide precipitates were then transferred
into a drying oven and were dried at 85 °C overnight. The mixtures were then ground in a
mortar, calcined at 800 °C, for obtaining crystalline metal ferrite samples, at a heating rate of
400 °C h-1 for 4 hours in air, and then cooled to room temperature without any explicit
temperature control. The obtained substances were again ground into a very fine powder.

b)

a)

200nm

200nm

Figure 5 – SEM images of CoFe2O4 annealed at 800 °C synthesized by normal coprecipitation (a) and inverse co-precipitation (b).
Figure 5 shows the SEM images of CoFe2O4 synthesized by normal co-precipitation
(Figure 5a) and inverse co-precipitation (Figure 5b). The addition of the salt solution to
NaOH, not vice versa, seem to be more favourable for the nuclei formation during
precipitation, which in turn helps to obtain smaller and uniform particles39. The material
synthesized through normal co-precipitation has a particle size range varying from 50 nm to
500 nm whereas inverse co-precipitation synthesized material have much smaller particles in
the range of 30-70 nm. Therefore, inverse co-precipitation is selected for further material
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synthesis, taking into consideration that a smaller particle size is better for a more reversible
conversion reaction18,40.
Synthesis of NiFe2O4, CuFe2O4 and ZnFe2O4 were carried out with the same inverse coprecipitation procedure as for CoFe2O4 but by using Nickel(II) acetate tetrahydrate
[Ni(C2O2H3)2(H2O)4], Copper(II) acetate monohydrate [Cu(CO2CH3)2(H2O)] and Zinc
acetate dehydrate [Zn(C2O2H3)2(H2O)2] as precursors.
For the synthesis of Fe3O4 (magnetite), ferrous (Fe2+) and ferric (Fe3+) chloride were
used as precursors and the reaction solution/mixture was bubbled with argon in order to avoid
the oxidation of Fe2+ in the solution and, therefore, formation of both maghemite, γ-Fe2O3,
and hematite, α-Fe2O3. In addition, the obtained precipitates were calcined in Argon.
All the chemicals used for the synthesis were purchased from Alfa Aesar, Germany; of
analytical grade and were used without further purification.

2.2. Electrochemical Characterization
The electrochemical characterization was carried out in an electrochemical cell, which is
basically a two electrode cell.

2.2.1. Components of Electrochemical Test Cell
The electrochemical cell consists of three main components:

I.

Electrode

In this work, the electrochemical tests were carried out using electrodes containing two
different ratios of active material, conductive agent and binder. The electrodes were prepared
either by mixing 80 % (w/w) of active material, 10 % (w/w) SUPER C65 carbon (TIMCAL)
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which is used as conductive agent and 10 % (w/w) polyvinylidenefluoride (Solef PVdF 6020
binder, Solvay) in N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich) to prepare a slurry or by
mixing 60 % (w/w) of active material, 20 % (w/w) SUPER C65 carbon and 20 % of carboxy
methyl cellulose (CRT 2000 PA 07 from DOW) and styrene-butadiene rubber (MTI
Corporation) mixture as binder (CMC:SBR in 1:1 ratio) dissolved in distilled water. The
electrode compositions will be here after named as 80:10:10 and 60:20:20. The obtained
slurry was coated on copper foil. Depending upon the type of electrochemical test, the wet
thickness of the coating was adjusted to 175 µm or 300 µm. The prepared electrode sheets
were dried at 100 °C in air. After drying, electrode discs were punched out with 12 mm
diameter (Figure 6(left)). Prior to test cell assembling, the electrodes were re-dried in a
vacuum oven for one hour. The active mass loading is 2-3 mg and 4-5 mg, respectively for
175 µm and 300 µm thick coatings. The electrodes for in situ diffraction experiments were
prepared by pressing the 60:20:20 ratio of electrode mixture on 8 mm Ø copper mesh with a
pressure of 4 tons. The copper mesh was made with a 4 mm hole in the middle so as to avoid
the high intensity copper reflections (Figure 6 (Right)).

Figure 6 – Electrode mixture coated on copper foil with punched out 12 mm holes (left) and
pressed on copper mesh (right).
Depending upon the test cells, lithium metal foils of different thicknesses and diameters
were used as counter electrode. For the in-house in situ cell design41, a lithium metal foil (Alfa
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Aesar, 99.9 %) with 0.75 mm thickness and 10 mm diameter and the for custom-made
CR2025 in situ coin cells42, lithium metal foil (MTI Corporation, 99.9%) with 0.45 mm
thickness and 15.6 mm diameter were used as the counter electrodes. Both cells were custommade and developed in the working group.
II.

Electrolyte

In this work, the electrochemical cells were made with LP30 Selectipur® electrolyte
(1M LiPF6 in EC: DMC = 1:1) supplied from Merck. The electrolyte was used as received.
The electrolyte was opened and stored inside an Ar-filled glovebox where the humidity was
maintained below 1 ppm.
III.

Separator

A separator is placed between the working and counter electrodes to prevent the short
circuit inside the cell. For conventional test cells, a glass microfiber filter supplied from
Whatmann® (GF/D 70mm Ø) with 12 mm diameter was used as separator. For the coin cells,
the Celgard® trilayer PP/PE/PP battery separator with 16 mm diameter was used.

2.2.2.

Electrochemical Cell Layout

Electrochemical experiments were mainly carried out in CR2032 type normal coinhalf-cells. The cells were assembled in an Ar-filled glove box with lithium foil (MTI
Corporation) as anode, LP30 as electrolyte and Celgard (16 mm Ø) as separator. In situ
investigations were carried out in two different types of cells depending on the measurement
set up. Some of the in situ measurements were carried out in in-house in situ coin cell whereas
others were done in CR2032 and CR2025 type in situ coin cells as shown in Figure 7.
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Figure 7 – Cell parts of in situ (left) and normal coin cell (right).
Both in situ cells were custom made with 4-5 mm beam entrance windows covered with
glass , Kapton© (polyimide film) or glassy carbon, developed in our working group41,42. For
diffraction studies, the in situ coincell bottom part is also covered with a copper foil with 17
mm Ø which is fixed firmly using the plastic ring to make sure the electrode has good contact
with the cell parts. The cell windows were sealed with Kapton (Good Fellow, 8mm Ø and
0.075 mm thick) or glass (Thermo Scientific 8 mm Ø and 0.16 mm) fixed with a high density
polyethylene foil by heating up to 180 °C. The overall diameter of the window is 8 mm and
the cell is built in such a way that there is a hole of 4-5 mm in the center which facilitates the
penetration of beam through the cell.

2.2.3.

Electrochemical Cycling Techniques

The electrochemical tests were performed using a multichannel potentiostat, VMP (BioLogic Science Instruments, France) by a computer controlled EC-Lab program. The cells
were placed in a temperature controlled climate chamber at 25 °C. The obtained data were
analyzed using the program EC-Lab. For LIBs, CC-CV (constant current, constant voltage)
is the universally accepted charging method. A constant current is applied through the cell
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until a specified voltage is reached. In that point, the charging changes to constant voltage
which is maintained across the battery terminals until it drops to a sufficiently low value and
the charge is terminated. In this study, the electrochemical experiments were done either by
controlling the cell potential (potentiostatic mode) or the current flow (galvanostatic mode).

I.

Cyclic Voltammetry

The cyclic voltammetry (CV) measures the electrical current that develops in an
electrochemical cell during scanning the potential between two given values at a fixed rate.
The CV experiments are usually performed in three-electrode setup, but it is not uncommon
to estimate the electrochemical activity regions for lithium ion battery materials using a twoelectrode cell. In this case the working electrode is the material under investigation, and
lithium serves as both, reference and counter electrode. In this work, a two-electrode setup
was used. The cyclic voltammogramms for different materials were obtained at 0.1 mV s-1 in
the voltage range of 0.1 V to 3.0 V vs. Li+/Li.

II.

Galvanostatic Cycling (GCPL)

For Galvanostatic Cycling with Potential Limitation (GCPL), a potential limitation is set
between working and counter electrode and the change of potential during cycling (chargeddischarged) in this range is recorded by applying a constant current. The current is usually
represented as the C-rate. Which is the time frame for either a full charge or discharge where
C denotes the theoretical or nominal charge capacity (Ah) of a cell or battery. The results of
Galvanostatic cycling are usually presented as E (voltage) versus t (time), specific capacity
(mAh g-1) or lithium content in the working electrode. Therefore, galvanostatic cycling gives
information about the cycling stability and performance of a battery. In this work, the current
rate was kept constant (C/10 i.e., the current corresponds to the value which is necessary to
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utilize the theoretical capacity of the material during 10 hours) during charging and
discharging for analyzing cycling stability performances.

2.3. X-Ray Diffraction
X-ray diffraction (XRD) is one the most efficient and widely used techniques for phase
identification of a crystalline material and can provide information on unit cell dimensions
and microstructure. It is based on the constructive interference of monochromatic X-rays and
a crystalline sample. The condition for diffraction is described by Bragg’s Law:
2d sinθ = nλ
where d is the spacing between the scattering planes in the lattice, θ is the angle between
incoming beam and scattering plane of the crystal and λ is the wavelength of the incoming
beam.
By analyzing the diffraction patterns, the structural information including phase
fraction, lattice parameters, atomic positions, occupation numbers, lattice strain and crystallite
size are obtained. The Rietveld method using the Fullprof software package was used for the
structure analysis of the diffraction patterns43.
Some ex situ powder X-ray diffraction experiments were performed on a STOE
STADI/P laboratory powder diffractometer (Mo-Kα1 radiation). All the in situ
electrochemical cycling experiments and most of the ex situ measurements for pristine
samples were done at high resolution synchrotron radiation power diffraction (SRPD) beam
lines as the Materials Science and Powder Diffraction Beamline (MSPD) at ALBA and the
high-resolution powder diffraction beamline (P02.1) at PETRA-III, DESY.
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2.3.1. Laboratory Diffractometer
The laboratory diffractometer is a STOE STADI/P powder diffractometer (Figure 8)
equipped with a Dectris MYTHEN 1K linear silicon strip detector and curved Ge 111 double
crystal monochromator yielding pure Kα1 radiation (λ=0.7093Å). The molybdenum tube gives
relatively good flux and its Kα1 emission energy is 17.5 keV. The diffraction patterns for
pristine samples were collected by filling the samples in 0.5 mm Ø borosilicate capillaries.

Figure 8 – Instrumental set up of the Molybdenum (laboratory) diffractometer.

2.3.2. Material Science and Powder Diffraction Beamline,
ALBA
ALBA is a 3rd generation synchrotron light facility, the newest source in the
Mediterranean area with 3 GeV electron beam energy. The MSPD beamline operates at
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energies between 8 and 50 keV and it has a superconducting wiggler as an insertion device.
The beamline is equipped with a Mythen1D position sensitive detector, a MAD26 high
resolution detector and Si 111 double crystal monochromator for powder diffraction.
Approximately half of the in situ synchrotron radiation powder diffraction (SRPD)
measurements for the materials under investigation were carried out at MSPD, ALBA using
the energy of 30 keV (λ = 0.413486 Å)44. A 8-cell in situ sample holder and in situ coincells42
were mounted onto a rotatable frame controlled by a motor (Figure 9) which allows the
positioning and consecutive measurement of multiple electrochemical cells which are cycled
by connecting to a VMP potentiostat. The horizontal beam size was 3mm and the beam is
slightly focused in the vertical direction to ~0.3mmwith an exposure time of 40 s per pattern.

MAD26

Eulerian Craddle

8-cell Sample Holder

Beam Stop

Mythen 1D Detector

Figure 9 – Instrumental set up of the MSPD beamline at ALBA, Barcelona with in situ 8Cell sample holder set up installed.
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2.3.3. High Resolution Powder Diffraction Beamline (P02.1PETRA III)
PETRA III is the high brilliance 3rd generation synchrotron radiation source at DESY
(Deutsches Elektronen-Synchrotron). The P02.1 beamline operates at a fixed energy of 60
keV (λ = 0.207 Å) and exhibits low divergence, small energy bandwidth and relatively high
flux.

Figure 10 – Instrumental set up of the P02.1 at PETRA III, DESY, Hamburg with in situ 8Cell sample holder set up installed.
The beamline is equipped with a dispersive high resolution double crystal Laue
monochromator with diamond 111 and silicon 111 crystals for powder X-ray diffraction
(Figure 10). During measurements, the beam size was set to 0.75x0.75 mm2 and the sample
to detector distance was 1600 mm. The diffraction patterns were collected using a 2D ﬂat
panel detector (Perkin Elmer XRD1621). The obtained 2D images were integrated to 1D
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diffraction patterns using the X-ray image processing program Fit2D45. All in situ SRPD
measurements were done using the 8-cell sample holder42 and in situ coin cells. The
diffraction patterns for pristine samples were collected by filling the samples in 0.5 mm Ø
borosilicate capillaries.

2.4. Scanning Electron Microscopy
A scanning electron microscope (SEM) produces the sample image using an electron
beam which scans the surface of the sample. The electrons are scattered by the sample atoms
producing various signals that can be used to obtain information about the surface topography
and composition.
The morphology investigations of initial powders were performed by using a Zeiss
Supra 55 scanning electron microscope with primary electron energies of 5 and 15 keV and
an in-lens detector. The measured particle size was calculated by using the SmartTiffV2
software.

2.5. Thermogravimetry and
Calorimetry Analysis

Differential

Scanning

Thermogravimetry (TG) and Differential Scanning Calorimetry (DSC) analyses were
simultaneously used to analyze the thermal behavior of the materials. The simultaneous
application of TG-DSC on one sample at a time yields more information due to identical test
conditions. By varying temperature with time, TGA measures the change of sample
mass with temperature. DSC measures the difference in the amount of heat required to
increase the temperature of a sample and suitable reference as a function of temperature.
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Figure 11 – Simultaneous TG-DSC instrument STA 449 C (Netzsch, Germany) installed
inside Ar-filled glovebox. Inset shows the sample holder and heating element.
TG-DSC measurements were carried out using a Model STA 449 C (Netzsch, Germany)
analyzer (Figure 11). In this work, the thermal behavior was detected over the temperature
range from room temperature to 1000°C by scanning at a fixed heating rate of 5 °C/min. Both
sample and reference crucibles were made of alumina. 10 mg of powders were used for the
measurements. Prior to the actual measurements, calibration was done. The complete
measurement setup was installed in an Argon filled glove box and the experimental
atmosphere is controlled with different gas inlets.
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2.6. X-Ray Absorption Spectroscopy
XAS measures the variation of the intensity of the absorption coefficient as a function
of the incident X-ray energy which can be used for studying oxidation states as well as local
coordination of an absorbing atom. It follows the Beer-Lambert’s law of absorption, when an
X-ray beam is transmitted through a sample, the linear absorption coefficient (μ) can be given
as follows:

IT = I0 exp(-µt)
μt = In (I0/IT)
where I0 is the intensity of the incident X-rays on the sample, t is the thickness of the
sample, IT is the intensity of transmitted X-rays through the sample.
An XAS spectrum is characterized by three regions: the pre-edge region, X-ray
absorption near edge (XANES) region and the extended X-ray absorption fine structure
(EXAFS) region. Analysis of the pre-edge regions is used to determine the local structure of
first-row transition metals. The XANES region, which extends from approximately -20 eV
below the absorption edge of an element to about 100 eV above the edge, is characterized by
the multiple scattering of the photoelectron with the surrounding atom. The line shape of the
XANES depends on the formal valence of the atom, coordination environment and extent of
filling of the excited state. The EXAFS region, which extends from about 100 eV to as much
as 1000 eV above the edge, gives the local coordination environment around the absorbing
atom. This region characterized by the single scattering of the photoelectron with the
surrounding atoms and get back scattered due to relatively large kinetic energy. Analyzing
the EXAFS oscillations can give information on the number and distance of the surrounding
atoms. (Figure 12).
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Figure 12 – The Co K edge XAS spectra of CoFe2O4.
XANES spectra of different materials at pristine and different discharge and charge
states are compared to the reference material to determine the oxidation state of the absorbing
atom. The XAS measurements were carried out for all pristine materials and in situ XAS
studies were carried out for MFe2O4 (M = Fe, Co, Ni, Zn) materials at Fe, Co, Ni and Zn K
edges. During in situ measurements, to get the information about the different phase fractions,
linear combination fitting (LCF) analysis is done on the XANES region using different
reference materials. The Fourier transform of the experimental EXAFS data is done using the
IFEFFIT and FEFF46 to relate the electrochemical mechanism to its local structure.
XAS experiments were carried out in a synchrotron radiation facility to have a high Xray flux to obtain good signal-to-noise data in a reasonable time frame. Also a broad spectral
range of up to 1000 eV at uniformly high flux during a single scan can be achieved by using
intense and tunable X-rays with high stability in flux, energy, and beam position. In situ and
ex situ XAS measurements were carried out at the XAS beamline at Angströmquelle
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Karlsruhe (ANKA) and at the high-energy XAS beamline (P65) at PETRA-III EXTENSION,
DESY. In situ measurements were done using 300 µm thick coated electrodes on copper foil,
cut into 12 mm discs. For ex situ measurements of the reference materials, about 10 mg of
pristine material was uniformly mixed with carboxy methyl cellulose in a mortar and pressed
with 8 tons into a pellet. This dilution is performed so as to obtain the optimum edge jump
for the XAS spectra.

2.6.1.

Angströmquelle Karlsruhe – XAS Beamline

The XAS beamline at ANKA, Karlsruhe, provides reasonably high flux. The spectra
were recorded in transmission geometry with conventional step scan mode at different edges
during electrochemical cycling. Figure 13 shows the layout of the XAS beamline at ANKA
with the two-cell sample holder using in-house in situ cells. To get reasonably good
transmission spectra, especially at the Fe edge, the glass window from one side of the in situ
cell was replaced by a 500 µm-thin glassy carbon window.

Figure 13 – The layout of the XAS beamline at ANKA. Inset is an in-house in situ cell.
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The in situ cells were placed in the sample stage and aligned separately. The sample
stage was moved automatically to shift between the samples. In order to measure different
edges in one run, the double-crystal fixed exit monochromator equipped with Si 111 crystals
as well as the ionization chamber (IC Spec Ionization Chamber, Oxford) were optimized for
the specified edge. To detect the fluorescence signal, a five-element germanium detector
(Ultra-LEGe Detector) was used. The positions of the electrochemical test cells and the
energy ranges were all synchronized to facilitate the simultaneous in situ measurement of two
samples at two different edges. To obtain reasonable time resolution, quick-EXAFS
measurements were performed with a scan rate of 5 min per spectrum.

2.6.2.

High-Energy XAS Beamline (P65-PETRA III Extension)

The P65 XAS Beam line provides a relatively large beam (0.5x1 mm2) and with a 11
period undulator delivering a maximum monochromatic photon flux of 2*1012 s-1 at 9 keV.
Figure 14 shows a photograph of the P65 XAS beamline at PETRA III Extension with 8-cell
sample holder using in situ coin cells. The in situ cells were placed in the sample holder on
the sample stage and aligned separately. The sample stage was aligned and moved
automatically with the help of a motor to change between the samples. Even though 8 cells
could be measured at a time, for a reasonable quality of the data, a maximum of 4 cells were
used considering multiple edges and a scan rate of 10-11 minutes for each spectrum. The P65
beamline is equipped with the double-crystal fixed exit monochromator equipped with Si 111
crystals, 7 pixel HPGe energy dispersive detector, Si-PIPS diodes and a 11 period miniundulator. X-ray absorption spectroscopy in both transmission and fluorescence modes were
performed.
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Figure 14 – The photograph of P65 XAS beamline at PETRA III Extension.
The spectra were processed by using the Demeter software package based on IFEFFIT
and FEFF46. For each edge and for each sample, the fitting parameter involved a unique
amplitude reduction factor S02, which accounts for the relaxation of all the other electrons in
the absorbing atom to the hole in the core level and an overall energy parameter (E0).
Moreover, each shell corresponding to an edge or sample was associated with a unique
temperature factor or EXAFS Debye–Waller (DW) factors and interatomic distance
parameters (r). All the EXAFS fittings were carried out in the k range of 2–12 Å-1and r range
of 1–3 Å.
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Chapter 3 - Results and Discussions
3.1. Characterization of As-Prepared Materials
The characterization of the 3d transition metal ferrites, MFe2O4 (M = Fe, Co, Ni, Cu,
Zn) synthesized by an inverse co-precipitation procedure was done using various techniques.
A detailed structural investigation was performed using powder X-ray diffraction. The
morphology of the synthesized materials was analyzed using scanning electron microscopy.
The thermal properties were investigated using thermogravimetry and differential scanning
calorimetry studies and oxidation state and local co-ordination environment were measured
using X-ray absorption spectroscopy.

3.1.1. Thermogravimetric Analyses of MFe2O4 (M = Fe, Co, Ni,
Cu, Zn)
In order to understand the temperature dependent reactions occurring in the synthesized
materials, the metal hydroxides or the precipitates obtained after the centrifugation of the coprecipitation products were subjected to TG-DSC analysis. The TG-DSC curves obtained for
the samples are shown in Figure 15 below.
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Figure 15 – TG (Black dotted lines) and DSC curves (red lines) at a rate of 5 °C/ min, for
CoFe2O4 (a), NiFe2O4 (b), CuFe2O4 (c), Fe3O4 (d) and ZnFe2O4 (e) measured in air
atmosphere and for Fe3O4 in Argon atmosphere.
The initial weight loss and the endothermic peak occurring in the DSC below 150 °C for all
materials corresponds to the evaporation of water from the surface of the material47,48. For
CoFe2O4, the exothermic peak at 220 °C is resulting from the decomposition of the transition
metal hydroxide (which is obtained after the precipitation) as well as remains of water traces
and organics49.
An accelerated mass loss in the TG curve occurs below 300-450 °C. It can be ascribed
to the decomposition of residual organic compounds. In ZnFe2O4, there is no obvious mass loss
above 500 °C in the TG-DSC curves, indicating the formation of final ZnFe2O4
nanoparticles50. Also for NiFe2O4, the TGA curve is almost flat, i.e., there is no weight loss
and no endothermic and exothermic peaks are observed in DSC above 450 °C which indicates
the formation of pure NiFe2O4. In NiFe2O4, there is no significant phase transition.
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In Fe3O4, the weight loss tends to be constant above 450 °C until 700 °C. Between 700 °C
and 870 °C, the presence of an exothermic peak is due to the oxidation of Fe3O4 with a slight
increase in the weight. For CuFe2O4, the DSC curve of the precursor sample shows an
exothermic peak from around 630 °C to 870 °C with an increase in weight in the TG curve
which may correspond to a solid-state reaction between CuO and Fe2O3 and formation of
CuFe2O451.
Therefore, the initial weight losses up to 300 °C could involve decomposition of the
transition metal hydroxide (which is obtained after the precipitation) as well as remains of
water traces. No significant weight loss was observed above 450-500 °C in most cases, where
the spinel ferrites were completely formed and, hence, shows a similar behavior among
different ferrites. Therefore, to understand the relationship between annealing temperature of
the sample to material properties and electrochemical performance, two different
temperatures were chosen: 600 °C and 800 °C.

3.1.2. Structural Characterization of MFe2O4 (M = Fe, Co, Ni, Cu,
Zn)
The spinels with general formula (A2+)tet[2B3+ ]oct(O2-)4 crystallize in the cubic system (space
group 𝐹𝑑3̅𝑚) with cubic close-packed oxide anions and cations A and B occupying 1/8 of
the tetrahedral and 1/2 of the octahedral sites52,53. Among the spinel oxides, the ferrite system
are known for the variations in cation distribution over the tetragonal and octahedral sites.
Depending upon the degree of inversion, x which is the fraction of the divalent metal cations
in octahedral sites in (A1-xBx)Tet[AxB2-x]OctO4, the spinels can be classified into three different
categories. (i) Normal spinels (x = 0), the tetrahedral and octahedral sites are occupied by
divalent and trivalent cations, respectively. (ii) Inverse spinels (x = 1), the divalent cations
occupy the octahedral sites and trivalent cations occupy both tetrahedral and octahedral sites.
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(iii) Partially inverse spinel, the divalent and trivalent cations are distributed at both
tetrahedral and octahedral sites. However, the cation distribution not only depends on the
electronic configuration and valence state of the metals, but also varies with the synthesis
conditions. Figure 16 shows the crystal structure of inverse spinel NiFe2O4 sample.

Figure 16 – Crystal structure of inverse spinel NiFe2O4.
To determine the spinel structure and cation distribution of 3d transition metal ferrites,
MFe2O4 (M = Fe, Co, Ni, Cu, Zn), in the current study calcined at different temperatures, Xray diffraction was carried out. The Rietveld analysis results of these materials are presented
below.
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Figure 17 – Rietveld reﬁnement results based on synchrotron diffraction patterns of as
prepared CoFe2O4 annealed at 600 °C (a) and 800 °C (b) measured in 0.5 mm capillaries.
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Figure 18 – Rietveld reﬁnement results based on synchrotron diffraction patterns of as
prepared NiFe2O4 annealed at 600 °C (a) and 800 °C (b) measured in 0.5 mm capillaries.
Figure 17 and Figure 18 show the Rietveld analysis results of CoFe2O4 and NiFe2O4
annealed at 600 °C and 800 °C. Both CoFe2O4 and NiFe2O4 samples were phase pure at the
two different temperatures. The most accurate fit of the experimental pattern was achieved
while considering NiFe2O4 as inverse cubic spinel (space group 𝐹𝑑3̅𝑚) and CoFe2O4 as
partially inverse54 cubic spinel structure (space group 𝐹𝑑3̅𝑚). However, due to the similarity
in the atomic form factor of Co, Ni and Fe, the precise determination of the cation distribution
by means of X-ray diffraction is difficult.
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Figure 19 – Rietveld reﬁnement results based on synchrotron diffraction patterns of
as prepared CuFe2O4 annealed at 600 ° C (a) and 800 °C (b) measured in 0.5 mm
capillaries.
Rietveld analysis of CuFe2O4 annealed at 600 °C and 800 °C revealed the presence of
multiple phases in both cases. At 600 °C, 58.5 ± 0.3 % of Fe2O3 (space group 𝑅3̅𝑐), 26.6 ±
0.2 % of CuO (space group C 2/c) and 15± 0.2 % of inverse spinel CuFe2O4 (space
group 𝐹𝑑3̅𝑚) were present as seen from Figure 19. Whereas at 800 °C, 25 ± 0.5 % of Fe2O3
(space group 𝑅3̅𝑐), 16.4 ± 0.4 % of CuO (space group C 2/c), 51.9 ± 1.4 % of inverse spinel
CuFe2O4 (space group 𝐹𝑑3̅𝑚), 2.9 ± 0.1 % of CuFe2O4 (space group I41/amd) and 3.9 ± 0.9
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% of CuFeO2 (space group 𝑅3̅𝑚) were present. Similar phases were observed by Gruner et
al.,38 and Adam et al.,55 for the Cu-Fe-O system. With increasing temperature, CuFe2O4 with
I41/amd space group appears together with the formation of 𝑅3̅𝑚 CuFeO2.
Magnetite (Fe3O4) is one of the well-studied spinel structures in which Fe is known to
exist in mixed valence states. The tetrahedral 8a (A) sites are solely occupied by Fe3+ ions and
the octahedral 16d (B) sites are occupied by a mixture of Fe2+ and Fe3+ ions56,57 in the AB2O4
spinel lattice. In the current study, the inverse spinel Fe3O4 (space group 𝐹𝑑3̅𝑚, ICSD record:
26410) is phase pure at 600 °C and a majority of this phase decomposes into FeO (space
group 𝐹𝑚3̅𝑚, ICSD record: 31081) at 800 °C (Figure 20). Phase transformations of Fe3O4
into FeO and metallic iron is reported in literature when heated in inert atmosphere58–60 but
no such metallic phase is observed in the current study. Also the multiple impurity reflections
seen around 3.4°, 3.9°, 4.3°, 5.2° and 6.3° 2θ angles in Fe3O4-800 °C cannot be assigned to
any known phase from the database.
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Figure 20 – Rietveld reﬁnement results based on synchrotron diffraction patterns of
as prepared Fe3O4 annealed at 600 ° C (a) and 800 °C (b) measured in 0.5 mm capillaries.
The Rietveld analysis based on the obtained synchrotron diffraction patterns for pristine
samples, ZFO-600 and ZFO-800 (Figure 21) shows that the materials have an inverse spinel
structure. ZFO-600 with an average particle size of 86 nm shows a higher degree of inversion
compared to ZFO-800 with an average particle size of 140 nm which agrees with the
previously reported studies on zinc ferrite nanoparticles61,62.
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Figure 21 – Rietveld reﬁnement results based on synchrotron diffraction patterns of
as prepared ZnFe2O4 annealed at 600 °C (a) and 800 °C (b) measured in 0.5 mm
capillaries.
For all the above spinel ferrite samples, the oxygen position parameter lies within the
normal limit of 0.25 and 0.27. The summary of the Rietveld analysis of different electrode
materials with observed phases, phase ratios, space group and lattice constants are given in
Table 1.
Table 1 - Summary of Rietveld refinement.
Sample

Phase

Phase Content
(wt %)

Chapter 3 - Results and Discussions

Space Group
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(Å)
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CoFe2O4-600 °C

CoFe2O4

100

𝐹𝑑3̅𝑚

a=b=c= 8.3765(2)

CoFe2O4-800 °C

CoFe2O4

100

𝐹𝑑3̅𝑚

a=b=c= 8.3725(1)

NiFe2O4-600 °C

NiFe2O4

100

𝐹𝑑3̅𝑚

a=b=c= 8.3449(3)

NiFe2O4-800 °C

NiFe2O4

100

𝐹𝑑3̅𝑚

a=b=c= 8.3408(1)

Fe2O3

58.45

𝑅3̅𝑐

CuFe2O4-600 °C

a=b= 5.0369(1)
c= 13.7534(7)

CuO

26.57

𝐶2/𝑐

a= 4.6889(5)
b= 3.4219(3)
c= 3.42194(5)

CuFe2O4

14.98

𝐹𝑑3̅𝑚

a=b=c= 8.386(3)

CuFe2O4

51.86

𝐹𝑑3̅𝑚

a=b=c= 8.364(5)

Fe2O3

25.01

𝑅3̅𝑐

a=b= 5.0380(4)
c= 13.749(1)

CuFe2O4-800 °C

CuO

16.36

𝐶2/𝑐

a= 4.6879(9)
b= 3.4248(7)
c= 5.133(1)

CuFeO2

3.92

𝑅3̅𝑐

a=b= 2.998(3)
c= 17.69(3)

CuFe2O4

2.85

I 41/a m d

a=b= 5.819(1)
c= 8.693(3)

Fe3O4-600 °C

Fe3O4

100

𝐹𝑑3̅𝑚

a=b=c= 8.3920(1)

FeO

62.02

𝐹𝑚3̅𝑚

a=b=c= 4.3248(3)
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Fe3O4-800 °C

Fe3O4

37.98

𝐹𝑑3̅𝑚

a=b=c= 8.3930(7)

ZnFe2O4

99.86

𝐹𝑑3̅𝑚

a=b=c= 8.4431(1)

ZnO

0.14

P63mc

a=b= 3.236(3)

ZnFe2O4-600 °C
c= 5.28(1)
ZnFe2O4

ZnFe2O4-800 °C

ZnO

98.85

1.15

𝐹𝑑3̅𝑚

a=b=c= 8.44356(5)

P63mc

a=b= 3.2498(2)
c= 5.2022(7)

3.1.3.Morphological Characterization of MFe2O4 (M = Fe, Co, Ni,
Cu, Zn)
SEM images of 3d transition metal ferrites, MFe2O4 (M = Fe, Co, Ni, Cu, Zn) calcined
at 600 °C and 800 °C are presented in Figure 22. The particles annealed at 600 °C exhibit a
smaller particle size compared to those annealed at 800 °C. In the case of Fe3O4 this is most
pronounced. Table 2 shows the particle size for each material at different annealing
temperatures.
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Figure 22 – SEM images of MFe2O4 (M = Co, Ni, Fe, Cu, Zn) annealed at 600 °C
and 800 °C.
Table 2 - Particle size of 3d transition metal ferrites, MFe2O4 (M = Fe, Co, Ni, Cu, Zn)
calcined at 600 °C and 800 °C determined by SEM.

Annealing Temperature
Sample

600 °C

800 °C

CoFe2O₄

38±2 nm

70±21 nm

NiFe2O₄

27±15 nm

52±19 nm

Fe3O₄

111±47 nm

1.73±0.62 μm

CuFe2O₄

47±20 nm

89±24 nm

ZnFe2O₄

43±12 nm

82±35 nm

3.1.4.Oxidation State and Local Coordination Environment of
MFe2O4 (M = Fe, Co, Ni, Cu, Zn)
The 3d transition metal ferrites annealed at 800 °C were investigated by X-ray
absorption spectroscopy to understand the oxidation state and local co-ordination
environment in the pristine state.
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XANES regions of the Fe K edge of both, CoFe2O4 and NiFe2O4, are compared with reference
materials FeO and Fe2O3 (Figure 23). It can be seen that the edge position of both samples
overlap with the edge position of the Fe2O3 sample and, therefore, in both ferrite samples, Fe
has a formal valence state of Fe3+ as in the case of Fe2O3. Also it was observed that the Fe K
edge XANES region line shapes of both, CoFe2O4 and NiFe2O4, are comparatively similar
which suggest that the local coordination of Fe in both the samples is almost identical.

Figure 23 – The Fe K edge XANES region for both CoFe2O4 and NiFe2O4 annealed at 800
°C.
Similarly, by comparing the XANES region at Co and Ni edges with that of the
corresponding reference materials (CoO and NiO) (Figure 24a and b), a former or pristine
oxidation state of +2 can be assigned to both elements.
The XANES K edge spectra of 3d transition metals are characterized by a pre-edge and
a main edge feature which provides the oxidation state and site symmetry of the absorbing
atom. The pre-edge arises from the 1s → 3d dipole transitions that are forbidden by dipole
selection rules and, therefore, only shows a weak intensity. The main edge is caused by the
1s → 4p orbital mixing or direct quadrupolar coupling. A detailed investigation of
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nanoparticulate ferrites are previously reported by Nilsen et al.63 The position and intensity
of the pre-edge are sensitive to the local symmetry of the absorbing metal. From the previous
studies it is clear that the pre-edge feature is more intense for a non-centrosymmetric
tetrahedral iron (III) environment than for a centrosymmetric octahedral and for an inverse
spinel the pre-edge intensity is approximately a weighted average of the tetrahedral and
octahedral intensities.

Figure 24 – The Co (a) and Ni (b) K edge XANES region for CoFe2O4 and NiFe2O4
annealed at 800 °C.
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Therefore, the pre-edge features of the Fe K edge around 7113-7115 eV suggests the
occupancy of Fe3+ in both, tetrahedral and octahedral sites, for both CoFe2O4 and NiFe2O4.
However, the pre-edge peak of the Ni K edge around 8332 eV is very weak compared to Fe
and Co edges at 7711 eV in both the samples. This is because in NiFe2O4, Ni has an octahedral
coordination in the inverse spinel and Fe is both octahedrally and tetrahedrally coordinated.
Whereas, in the partially inverse spinel CoFe2O4, both, Fe and Co, are at tetrahedral and
octahedral sites, which results in a corresponding pre-edge feature.
It is interesting to investigate Fe3O4 annealed at 600 °C and 800 °C using X-ray
absorption spectroscopy due to the different crystallographic phases as observed by X-ray
diffraction. Figure 25 shows the XANES region of the Fe K edge of Fe3O4 samples annealed
at 600 °C (Figure 25a) and 800 °C (Figure 25b) compared with reference materials FeO,
Fe2O3 and Fe metal foil. Fe3O4 has two Fe atoms existing in +3 and one in +2 oxidation states.
Analyzing the XANES region, we can see that the edge position of Fe3O4-600 °C overlaps
with the edge position of the Fe2O3 sample. Hence, Fe has a former/pristine valence state of
Fe3+ as in the case of Fe2O3. However, there is a slight shift of the edge to lower energy which
also is an indication for the presence of Fe in +2 oxidation state. Whereas, the edge position
of Fe3O4-800 °C overlaps with the edge position of the reference FeO spectra where Fe is in
+2 Oxidation state. The higher amount of Fe2+ in Fe3O4-800 °C comparing to Fe3O4-600 °C
as revealed by XANES agrees very well with the results of XRD analysis, where FeO was
identified as a main phase in Fe3O4-800 °C. The pre-edge feature of the Fe K edge around
7112 eV is much more pronounced in Fe3O4-600 °C material compared to Fe3O4-800 °C.
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Figure 25 – The Fe K edge XANES region for Fe3O4 annealed at 600 °C (a) and 800 °C (b).
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Figure 26 – The Fe (a) and Cu (b) K edge XANES region for CuFe2O4 annealed at 800 °C.
The comparison of Fe and Cu K edges of CuFe2O4-800 °C with the reference materials
is given in Figure 26a and b. Even though the X-ray diffraction analysis gets complicated
with increasing number of phases, the X-ray absorption finger printing technique is rather
easy if the same element present in different phases exists in different oxidation states. From
XRD analysis, CuFe2O4-800 °C exists as a mixture of 25.01 % of Fe2O3 (space group 𝑅3̅𝑐),
16.36 % of CuO (space group C 2/c), 51.86 % of inverse spinel CuFe2O4 (space group 𝐹𝑑3̅𝑚),
2.85 % of CuFe2O4 (space group I41/amd) and 3.92 % of CuFeO2 (space group 𝑅3̅𝑚). In all
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these compounds Fe exists in +3 oxidation state and Cu in +2 except in CuFeO2 where Cu
exists in +1 state (One should also consider that there is only a very small amount of CuFeO2
in the whole mixture). The Fe K edge overlaps with Fe2O3 and the Cu K edge with CuO which
confirms the oxidation state of +3 of Fe and +2 oxidation state of Cu in CuFe2O4-800 °C. A
Pre-edge feature is observed for the Fe Kedge at 7113 eV.

Figure 27 – The Fe (a) and Zn (b) K edge XANES region for ZnFe2O4 annealed at 800 °C.
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In ZnFe2O4-800 °C, the oxidation states of Zn and Fe are +2 and +3, respectively, when
compared with the reference materials as shown in Figure 27. Fe K edge shows a pre-edge
feature at 7110.64 eV. However, no pre-edge feature is observed for the Zn K edge. The
average oxidation state of various transition metals in pristine MFe2O4 (M = Fe, Co, Ni and
Cu) is summarized in Table 3 using X-ray absorption spectroscopy.

Table 3 - The average oxidation state of pristine 3d transition metal ferrites.

K edge
Sample

Fe K edge

Co/Ni/Cu/Zn K edge

CoFe2O4-800

+3

+2

NiFe2O4-800

+3

+2

Fe3O4-600

+2/+3

Fe3O4-800

+2/+3

Cu Fe2O4-800

+3

+2

ZnFe2O4-800

+3

+2
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3.2. Electrochemical Performance of MFe2O4 (M = Fe, Co,
Ni, Cu, Zn)
The electrochemical behavior of pristine 3d transition metal ferrites, MFe2O4 (M = Fe,
Co, Ni, Cu, Zn), was investigated in half-cells using CR2032 type coin cells as described in
section 2.2.1. The working electrodes were normally prepared by mixing the active material
with SUPER C65 carbon and binder, coated on copper foil and the counter electrode is lithium
metal. To check the reproducibility, three cells were tested for each type of measurement. In
order to enhance the electrochemical performance, the electrode compositions as well as
electrode preparation techniques were optimized and then applied to all electrodes.

3.2.1.

Factors Affecting Electrochemical Cycling Stability

There are different factors influencing the electrochemical performance of the
conversion anode materials and the parameters chosen for this work are described below:

I.

Annealing Temperature

The ferrite samples annealed at 600°C and 800°C were cycled between 0.1 to 3.1 V for
50 cycles at a C-rate of C/10 so as to obtain a first comparison on their cycling stability and
specific capacities. The electrode composition of 80:10:10 with PVdF as binder has been
chosen for these measurements and the electrode preparation was performed as explained in
the section 2.2.1. The difference in the electrochemical cycling behavior for various materials
are shown below.
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Figure 28 – The cycling stability MFe2O4 (M = Fe, Co, Ni, Cu and Zn) annealed at
600 °C (a) and 800 °C (b) with an electrode composition of 80:10:10 cycled between 0.1 to
3.1 V at a C-rate of C/10 for 50 cycles.
The difference in specific capacity over 50 cycles for different materials calcined at
different temperatures is tabulated in Table 4 and Table 5. Capacity retention calculation is
done by considering the specific capacity at the 20th cycle as first cycle, since the system starts
giving stable results at this point. The initial capacity for all metal ferrites were slightly higher
than the theoretical value. The additional capacity could be due to electrode/electrolyte
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interphases

(solid-electrolyte

interphase,

polymer/gel-like

film),

additional

Li+

accommodation through reactions with grain boundary phases in nanostructures, interfacial
Li+ accommodation along with charge separation at phase boundaries64. After the initial loss,
the capacity value gets stabilized by the 20th cycle.

Table 4 - The difference in specific capacity over 50 cycles for different
materials calcined at 600 °C
Sample

Initial
Capacity-1st
cycle

Initial
Capacity-2nd
cycle

(mAh g-1)

(mAh g-1)

Specific
Capacity
after 50
cycles

Capacity
Retention
after 50
cycles

(mAh g-1)

(%)

CoFe2O4

1200

911

65

41

NiFe2O4

1210

899

79

41

Fe3O4

1238

788

180

56

CuFe2O4

1100

680

67

44

ZnFe2O4

1095

845

216

55

Table 5 - The difference in specific capacity over 50 cycles for different
materials calcined at 800 °C.
Sample

Initial
Capacity-1st
cycle

Initial
Capacity-2nd
cycle

(mAh g-1)

(mAh g-1)

Specific
Capacity
after 50
cycles

Capacity
Retention
after 50
cycles

(mAh g-1)

(%)

CoFe2O4

1302

938

243

54

NiFe2O4

1120

856

174

48

Fe3O4

880

505

231

79
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CuFe2O4

981

581

126

52

ZnFe2O4

1095

845

352

74

The X-ray diffraction and consecutive Rietveld analysis of the pristine materials
annealed at 600°C and 800°C, accounts for an increase in crystallinity as well as changes in
crystal structure and unit cell parameters with respect to the calcination temperature. The
crystallinity and particle size are known to have a strong influence on the conversion materials
performance65–67. Here, the ferrite samples annealed at 800°C show better cycling stability
compared to that of the samples annealed at 600°C. It seems that high crystallinity and bigger
particle size of the materials are beneficial for retaining capacity during cycling. The better
capacity retention, with increasing particle size was also reported for Fe3O468. On the other
hand, the optimal particle size of the materials is very likely to be material dependent66,67.

II.

Electrode Composition and Electrode Pressing

The electrode engineering for conversion-type materials with respect to active material,
conductive carbon and binder ratio is crucial since the electrode undergoes huge volume
changes upon cycling. To choose the most efficient composition, the electrodes were prepared
in three different ratios, 80:10:10, 60:20:20 and 60:30:10 of active material, carbon and binder
respectively. These experiments were carried out with commercially available CuFe2O4
(Figure 29).
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Figure 29 – The cycling performance of commercial CuFe2O4 electrodes prepared with
different ratio of electrode components cycled between 0.1 to 3.1 V at a C-rate of C/10 for
20 cycles.
Electrodes with 60:20:20 and 60:30:10 ratios of active material, carbon and binder
respectively, show better specific capacities (399 and 321 mAh g-1) and capacity retention
(45% and 37%) after 30 cycles compared to the electrode with 80:10:10 ratio (37 mAh g-1 and
6%, Capacity retention calculation is done by considering the specific capacity using the 2nd
cycle as first cycle). The enhancement of the performance upon increasing carbon and binder
content is most probably due to more stable conduction network formed in the electrode bulk
and increased adhesion properties in conversion electrodes. It helps the particles to stay
connected within the electrode mixture and to the current collector upon cycling. Therefore,
the formation of the electrochemically inactive areas due to loss of electrical contact can be
suppressed. Three electrodes of each ratio were tested to check the reproducibility. The
electrode with 60:20:20 ratio showed the best performance among the three ratios and hence
was used hereafter for all following experiments.
Also the effect of pressing the electrodes at different pressures (5 tons and 8 tons) was
studied using commercial CuFe2O4 electrodes. The accelerated fading of capacity was
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observed for pressed electrodes in comparison to the unpressed ones (Figure 30). This effect
is quite surprising, since the pressing might help to keep the electrical contact between
particles. The possible explanation can be hindered electrolyte access for the denser
electrodes, especially after several cycles.

Figure 30 – The cycling performance of commercial CuFe2O4 of electrode
composition of 60:20:20 with and without pressing the electrode, cycled between 0.1 to 3.1
V at a C-rate of C/10 for 40 cycles.
As concluded from the above studies, the samples annealed at 800°C were selected for
further electrochemical investigations with an electrode composition, 60:20:20 (without any
pressing) for the comparison of electrochemical performance among all synthesized ferrites.
Figure 31 shows the improvement in capacity retention by using 60:20:20 electrode
composition without pressing of electrodes.
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Figure 31 – The cycling stability MFe2O4 (M = Fe, Co, Ni, Cu and Zn) annealed at 800 °C
with an electrode composition of 60:20:20 cycled between 0.1 to 3.1 V at a C-rate of C/10
for 50 cycles.
Figure 31 shows the capacity retention after 50 cycles for MFe2O4 (M = Fe, Co, Ni, Cu
and Zn) electrode materials annealed at 800°C cycled between 0.1 to 3.1 V at a C-rate of C/10
with 60:20:20 electrode mixture ratio. Capacity retention calculation is done by considering
the specific capacity using the 20th cycle as first cycle. It is interesting to see how the partial
substitution of Fe in Fe3O4 with other transitions metals such as Co, Ni, Cu and Zn influences
the electrochemical performance in lithium ion half cells. CoFe2O4 and NiFe2O4 show rather
high discharge capacities in the initial cycles, which decrease drastically with further cycling.
Among these, CoFe2O4 shows better performance, which retains a discharge capacity of 400
mAh g-1 after 50 cycles whereas the capacity of NiFe2O4 drops to 258 mAh g-1g. For CuFe2O4
and ZnFe2O4, the most significant decrease in capacity was observed up to approximately 35
cycles, but after that both materials demonstrate stable performance with a capacity of
approximately 500 mAh g-1.
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Table 6 - The specific capacity over 50 cycles for different electrode materials annealed at
800 °C with electrode compositions 80:10:10 and 60:20:20.
Sample

Electrode Composition
80:10:10
Initial
Capacity1st cycle
(mAh g-1)

60:20:20

Specific
Capacity
after 50
cycles

Capacity
Retention
after 50
cycles

(mAh g-1)

(%)

Initial
Capacity-1st
cycle
(mAh g-1)

Specific
Capacity
after 50
cycles

Capacity
Retention
after 50
cycles

(mAh g-1)

(%)

CoFe2O4

1302

243

54

1209

400

52

NiFe2O4

1120

174

48

1215

258

50

Fe3O4

880

231

79

934

509

94

CuFe2O4

981

126

52

1253

582

88

ZnFe2O4

1095

352

74

1082

517

83

Hence, from the above findings it is evident that the chemical composition (binary vs.
ternary) and the type of the additional metal in the ternary ferrites have a strong impact on the
electrochemical performance. The comparison of ternary oxides and binary Fe3O4 is
complicated by the fact, that the Fe3O4-800 sample has a significant amount of FeO, which
has lower theoretical capacity (744 mAh g-1) compared to the capacity of Fe3O4 (924 mAh g1

) or ternary oxides. However, one can see that Fe3O4 demonstrates a more stable cycling

behavior than ternary oxides. Among them, Cu and Zn ferrites show less degradation upon
cycling in comparison to Co and Ni compounds. These differences may result from the
different structural rearrangements occurring upon initial discharge and, therefore, different
microstructure formed in the initial cycles. At the same time, the type of metal nanoparticles
formed at the end of discharge may have strong impact on the character of parasitic reactions
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occurring in the electrochemical cell. Therefore, the degradation phenomena may proceed to
different extent depending on the element composition.

III.

Binder

Binder plays an important role among the electrode components acting as an effective
agent that adheres the electrode components together among themselves and also with the
current collector. PVdF is the most commonly used binder due to its high electrochemical
stability and adhesive capacity. However, NMP is used as solvent to dissolve PVdF. NMP is
a volatile solvent which is highly hazardous in terms of safety and pollution issues and also
requires very high humidity control during the manufacturing of electrodes.
Recently, a combination of water soluble, CMC/SBR binders were widely used for
negative electrodes69,70 including conversion type systems71–74, due to their higher flexibility,
stronger binding force, better heat resistance and lower cost compared to PVdF. CMC/SBR
binders help in retaining the capacity for longer cycles by maintaining better electrical contact
between electrode, current collector and conducting agent and also to minimize the electrodeelectrolyte side reactions.
Herein in this work, CoFe2O4-800 °C and NiFe2O4-800 °C electrodes, which showed
highest specific capacities but rapid capacity fading using PVdF binder, were prepared using
CMC/SBR binder to understand the effect of binder on electrochemical performance. The
electrode mixture ratio is chosen to be 60:20:20 (60 % (w/w) of active material, 20 % (w/w)
SUPER C65 carbon and 20 % of carboxy methyl cellulose and styrene-butadiene rubber
mixture as binder (CMC:SBR in 1:1 ratio) dissolved in distilled water) to compare the same
using already investigated PVdF binder (Figure 32 and Table 7). The optimized weight ratio
of CMC:SBR was chosen to be 1:1 from a previous investigation of Zhang et al.,71.
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Figure 32 – The cycling stability of CoFe2O4 (a) and NiFe2O4 (b) annealed at 800°C
with an electrode composition of 60:20:20 using PVdF and CMC/SBR binder cycled
between 0.1 to 3.1 V at a C-rate of C/10 for 50 cycles.
The initial discharge capacities of both materials are higher than the theoretical values
due to the formation of a solid-electrolyte interface (SEI). Moreover, the initial discharge
capacities of CoFe2O4-800°C and NiFe2O4-800°C are higher for PVdF binder than for
CMC/SBR binder. Hence, CMC/SBR binder seems to reduce the SEI Formation and the side
reactions in the initial and subsequent cycles. The carboxylic group present in the CMC/SBR
binder forms strong hydrogen bonds and hence enhances the binding strength within the
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anode materials whereas the PVdF is bonded through weak Van der Waals forces73. Even
though the CMC/SBR binder shows better capacity retention, cobalt ferrite has less capacity
loss than nickel ferrite with both, PVdF and CMC/SBR binders.
Table 7 - The difference in specific capacities for CoFe2O4-800 °C and NiFe2O4-800 °C
using PVdF and CMC/SBR binders.
Effect of Binder
Sample

Initial Specific
Capacity

Specific Capacity
after 50 Cycles

Capacity Retention after
50 cycles

(mAh g-1)

(mAh g-1)

(%)

PVdF

CMC/SBR

PVdF

CMC/SBR

PVdF

CMC/SBR

CoFe2O4

1209

1113

400

751

52

80

NiFe2O4

1215

1091

258

400

50
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3.2.2.

Cyclic Voltammetry

Cyclic voltammetry has been conducted to determine the electrochemically active
potential regions of the electrode materials. The electrochemical cells were cycled in the
voltage window of 0.1 to 3.1 V with a scan rate of 0.1 mVs-1.
The cyclic voltammetry results obtained for CoFe2O4 and NiFe2O4 cycled between 0.1
and 3.1 V at a scan rate of 0.1 mVs-1 for 30 cycles are shown in Figure 33. The characteristic
feature of the CV curves is the significant difference between the first and subsequent cycles,
which is well known for conversion-type electrode materials. This is very well seen in the
Figure 33. A sharp cathodic peak was observed in the first cycle at around 0.57 V for CoFe2O4
and at 0.58 V for NiFe2O4, corresponding to the reduction of transition-metal ions to the
metallic state and formation of Li2O.
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Figure 33 – The cyclic voltammetry results obtained for CoFe2O4 (a) and NiFe2O4 (b)
annealed at 800 °C cycled between 0.1 and 3.1 V at a scan rate of 0.1 mVs-1 for 30 cycles.
Inset shows the first and second cycle for both materials.
The increase in cathodic current at the end of discharge may indicate the reduction of
the electrolyte, promoted by the presence of metal nanoparticles. The anodic part in the first
cycle consists of two peaks, which are not very well resolved. These peaks are usually
attributed to the oxidation of metal nanoparticles; nevertheless, at the end of this process, the
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spinel structure of the initial compound may not be restored. Upon second discharge, two
cathodic peaks were observed at 0.86 and 1.4 V for CoFe2O4 and at 0.83 and 1.3 V for
NiFe2O4, respectively. After the first cycle, the peak current and the integrated area of the
anodic peak were decreased which indicates the capacity loss during the charging process.

Figure 34 – The cyclic voltammetry results obtained for Fe3O4 annealed at 800 °C cycled
between 0.1 and 3.1 V at a scan rate of 0.1 mVs-1 for first two cycles.
The cyclic voltammetry of Fe3O4 for the first two cycles in the voltage window between
0.1 and 3.1 V at a scan rate of 0.1 mVs-1 is shown in Figure 34. In accordance with previous
reports in the literature for Fe3O4 based electrode materials75–79, the significant cathodic peak
at 0.51 V during the first discharge process could be assigned to the reduction of Fe3+ and
Fe2+ to metallic Fe and the decomposition of the electrolyte. The anodic peak present at 1.62
V, corresponds to reversible oxidation of metallic Fe into the corresponding oxide. In the
subsequent cycles, the cathodic and anodic peaks shift to 0.97 V and 1.70 V, respectively.
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Figure 35 – The cyclic voltammetry results obtained for CuFe2O4 annealed at 800 °C
cycled between 0.1 and 3.1 V at a scan rate of 0.1 mVs-1 for first two cycles.
The CV curves for the first two cycles of CuFe2O4 annealed at 800°C are shown in
Figure 35. During the first discharge/lithiation reaction, a broad peak at 0.6 V with an onset
at 1.1 V is seen which could be attributed to the decomposition of the CuFe2O4 structure into
metallic Cu and Fe nanoparticles in an amorphous matrix of Li2O and also the formation of
SEI. Some previous reports also assigned the onset peak to the formation of a stable
intermediate LixCuFe2O480,81, where x is the amount of lithium inserted into the material. The
peaks around 1.67 and 1.95 V in the charge process could be assigned to the oxidation of
metallic Cu and Fe nanoparticles to their corresponding binary oxides. In the corresponding
cycle, the discharge peaks at 0.9 V and the broad peak around 1.3 V were attributed to the
reduction of the binary oxides and the formation of the SEI membrane, respectively. The shift
of the discharge peak to the higher voltage of 0.9 V in comparison to the first discharge
indicates a change in the reaction mechanism in the second cycle. The anodic peak with the
shoulder corresponds to the reversible oxidations of metals to binary iron and copper oxides
as previously reported for CuFe2O4 anode materials80–83.
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Figure 36 – The cyclic voltammetry results obtained for ZnFe2O4 annealed at 800 °C cycled
between 0.1 and 3.1 V at a scan rate of 0.1 mVs-1 for first two cycles.
Figure 36 shows the first and second CV cycles of the ZnFe2O4-800 °C electrode. As
reported previously34,71,84,85, the tiny cathodic spike at 0.82 V in the first reduction is attributed
to Li+ intercalation into ZnFe2O4 and the large spiky irreversible peak at 0.578 V corresponds
to the conversion reaction of lithiated ZnFe2O4 into metallic Zn and Fe together with the SEI
formation. The weak peak at 0.35 V accounts for the LiZn alloy formation. In the
corresponding anodic scan, the initial broad oxidation peak at the very beginning corresponds
to the de-alloying of LiZn and the one at 1.63 V could be assigned to the oxidation of metallic
Fe and Zn into binary oxides together with the decomposition of Li2O. In the second cycle, a
shift of the cathodic peak to a higher voltage of 0.924 V was observed. The ZnO presented as
an admixture in the ZnFe2O4-800°C material is expected to be also electrochemically active
in the studied voltage range. As observed by Li et al.,86 the cathodic peak for ZnO should be
at 0.5-0.6 V and the anodic peak at 1.5 V. Therefore, if the ZnO in the studied ZnFe2O4800°C is electrochemically active, the peaks from ZnO overlap with those from the main
phase and a clear distinction of the two phases from the CV is not possible.
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It is noteworthy that, after the first cycle, in all electrode materials, the cathodic and
anodic peaks shift to higher potentials, followed by a decrease in peak intensity. This confirms
the irreversibility of the redox reactions together with a parasitic reaction such as SEI
formation. Also the electrochemically active regions could be identified.
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3.3. Elucidation of the Electrochemical Reaction
Mechanism in MFe2O4 (M = Ni, Co) Conversion-Type
Negative Electrode Model Systems by using in situ Xray Absorption Spectroscopy
Chen and Greenblatt87 firstly reported the lithium insertion into spinel ferrites and its
use as cathode materials for lithium-ion batteries. After that in 2002, R. Alcántara together
with P. Lavela and J. L. Tirado for the first time used NiFe2O4 as active electrode material
against lithium metal in test cells where they studied the changes in oxidation state and
magnetic order of Fe atoms during electrochemical reaction88. Due to the availability of
appropriate

57

Co and

57

Fe source and the favorable Debye-temperatures, Mossbauer

spectroscopy has been extensively used to investigate CoFe2O4 and NiFe2O4 as negative
electrode systems in Li-ion batteries35,89–92. However, these studies are often performed ex
situ with electrodes obtained from the cells at different states of charge. Moreover, Mossbauer
spectroscopy can only access the chemical information around the Fe nuclei. X-ray absorption
spectroscopy (XAS) can give element specific information about the various atoms present in
the material. Furthermore, materials investigated by XAS do not require long range order;
therefore, this method is highly informative for the study of local nanostructures formed
during operation of conversion-type materials.
Here, in situ XAS is applied to get an insight in the mechanism of the initial reduction
of different metal ferrites MFe2O4 (M = Co, Ni) in the electrochemical cell against lithium
metal anode. The co-precipitation synthesized CoFe2O4 and NiFe2O4 annealed at 800 °C were
chosen for XAS studies due to better electrochemical performances compared to their
counterparts annealed at 600 °C as shown in Figure 30. The expected overall electrochemical
reactions during the first discharge (1) and subsequent charge (2) are given below:
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CoFe2O4/NiFe2O4 + 8Li+ + 8e- → 4Co/Ni + 2Fe + 4Li2O
Co/Ni + 2Fe + 4Li2O → CoO/NiO + Fe2O3 + 8Li++ 8e-

(1)
(2)

The SEM images of CoFe2O4 and NiFe2O4 are displayed in Figure 22, from which the
average particles size was estimated to be 70±21.00 nm for CoFe2O4 and 52±19 nm for
NiFe2O4. The cyclic voltammetry (CV) results obtained for both anode materials; CoFe2O4
and NiFe2O4 between 0.1-3.1 V at a scan rate of 0.1 mVs-1 are shown in Figure 33. The
characteristic feature of the CV curves is the significant difference between first and
subsequent cycles, which is well known for conversion type electrodes.

3.3.1.

Oxidation state and local coordination elucidation

Figure 37 shows voltage versus Li composition curves for CoFe2O4 and NiFe2O4
obtained during in situ XAS experiment (a) or during cell cycling to prepare the electrodes
for ex situ characterization after one complete charge-discharge cycle (b). Due to the complex
construction of in-house in situ cell, the inserted Li amount is lower in case of the in situ
experiments.

Figure 37 – The x (Li content) versus voltage curve for CoFe2O4 and NiFe2O4 for a) in situ
and b) ex situ XAS measurements at a C-rate of C/10.
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In order to obtain direct information about the oxidation states of Fe, Co/Ni in CoFe2O4
and NiFe2O4, the XANES (X-ray absorption near edge structure) regions of the XAS spectra
of the samples at the Fe and Co/Ni K edges were compared with the XANES regions obtained
from XAS spectra of different reference materials. The XANES region which extends from
approximately -20 eV below the absorbing edge to 100 eV above the edge of an XAS
spectrum, is often used in a qualitative way. Therefore, the edge position and line shape
obtained from the reference materials are compared to any unknown sample, and information
also about the oxidation state and to a certain extent, coordination environment of the
absorbing atom can be extracted.
By comparing the XANES region obtained at the Fe K edge (Figure 23), it can be seen that
the edge position of both samples overlap with the edge position of the Fe 2O3 sample which
was measured as the reference. Therefore, Fe has a formal valence state of Fe3+. Moreover, it
can also be seen that the Fe K edge XANES region line shape of both, CoFe2O4 and NiFe2O4,
are identical. Therefore, the local coordination of Fe in both the samples is almost identical.
Similarly, by comparing the XANES region at Co and Ni edges with that (Figure 24) of the
corresponding reference materials (CoO and NiO), a formal oxidation state of +2 can be
assigned to both elements. The pre-edge features of the Fe K edge suggests the occupancy of
Fe3+ to be in both tetrahedral and octahedral sites for both CoFe2O4 and NiFe2O4 which is
similar to the Fe3O4 reference material with an inverse spinel structure. However, the preedge peak at the Ni K edge is very weak compared to Fe and Co edges in both the samples.
This is because in NiFe2O4, Ni coordinates octahedrally in the inverse spinel structure and Fe
is both, octahedrally and tetrahedrally coordinated. Whereas in partially inverse CoFe2O4,
both Fe and Co are in tetrahedrally and octahedrally coordinated sites which results in a
corresponding pre-edge feature.
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The in situ measurements for both CoFe2O4 and NiFe2O4 at Fe, Co, and Ni edges
revealed edge shifts and changes in the XANES line shapes, which may be assigned to an
oxidation state change as well as coordination changes around the absorbing atoms (Figure
38).

Figure 38 – In situ XANES region obtained for CoFe2O4 and NiFe2O4.
It is expected during the conversion reaction that the ferrite materials can transform into
their respective oxides and to metallic states. Coexistence of different phases can complicate
the EXAFS analysis; therefore, to get the information about the different phase fractions,
linear combination fitting (LCF) analysis was done on the XANES region at selected
potentials. Reference materials such as Fe3O4, Fe2O3, FeO and Fe metal foil were used for
LCF analysis at the Fe K edge. For the LCF fitting at Co and Ni edges, CoO, Co metal, NiO
and Ni metal spectra were used as references. From the LCF analysis for both CoFe2O4 and
NiFe2O4 at the Fe K edge, an increase in the Fe metal fraction was observed with
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electrochemical reduction. Moreover, a small fraction of the FeO component could also be
fitted during the LCF analysis indicating the formation of Fe2+ during reduction. At the end
of discharge, only a contribution from metallic Fe was observed at the Fe K edge. Similarly,
at Co and Ni edges, a coexistence of the metal oxide and the metallic phase was observed
during discharging. A complete transformation into metallic Co and Ni was detected at the
end of discharge for CoFe2O4 and NiFe2O4, respectively. The LCF fitting results are
summarized in Table 8 and Table 9.

Table 8 - LCF fitting results at Fe K edge for CoFe2O4 and NiFe2O4.at
different potentials. Contributions from each reference material at different
potentials are tabulated.
Potential
vs. Li+/Li

Contribution from
Fe2O3

CoFe2O4

0.69 V
0.61 V
0.16 V

0.30
0.20
0.06

0.20
0.15
0.10

0.50
0.65
0.84

NiFe2O4

0.70 V
0.60 V
0.44 V
0.1 V

0.77
0.44
0.12

0.06
0.16
0.15

0.23
0.50
0.72
0.85

Sample

Contribution from Contribution from
FeO
Fe

Table 9 - LCF fitting results at Co/Ni K edge for CoFe2O4 and
NiFe2O4 at different potentials. Contributions from each reference
material at different potentials are tabulated.

Sample

Potential

Contribution from
CoO/NiO
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CoFe2O4

NiFe2O4

0.71 V
0.6 V
0.16 V

0.6
0.16
0.06

0.4
0.84
0.94

0.70 V
0.59 V
0.44 V
0.1 V

0.72
0.38
0.06

0.28
0.62
0.94
1

The formation of metallic clusters for all the transition elements can also be qualitatively
inferred from the real space (“R space”). The Fourier transform (FT) of the EXAFS part of
the spectrum reveals one single peak around 2.3 Å, which corresponds to the next neighbor
distances of the respective metallic species. Note that at all the edges the relative FT amplitude
decreased during electrochemical reduction (Figure 39). This effect can be attributed to the
formation of metallic nano domains during the conversion reaction. However, during the
discharge, the FT peak at 3 Å corresponding to the tetrahedrally and octahedrally coordinated
3d transition metals decreases drastically from the very beginning of lithiation which could
be caused by the displacement of the transition metal from the tetrahedral site to vacant
octahedral sites.
EXAFS data at all edges were analyzed at the end of discharge based on the structure
model of a pure metal to verify the formation of metallic nanodomains during conversion
reaction. EXAFS analyses of the pure fcc-metal foils yield coordination numbers of 12.
However, from the in situ measurements, the coordination numbers for all metal-metal shells
were considerably lower at the end of discharge, confirming the formation of nano metallic
domains or clusters. Moreover, the exact size of the formed nanoparticles cannot be deduced
from the EXAFS analyses, summarized in Table 10 for the end of discharge (between 0.1 V
and 0.2 V vs. Li+/Li).
Chapter 3 - Results and Discussions

69

Figure 39 – In situ FT spectra obtained for CoFe2O4 and NiFe2O4.

Table 10 - EXAFS fitting results at the end of discharge. Coordination number (N),
distance between the nearest neighbor (r) and Debye Waller factors (DW) are fitted and
the results are tabulated. Amplitude reduction factors, which is a fitting parameter for
many electron excitations at the absorbing atom, were obtained from reference
materials and are fixed during the fitting.
Edge

Sample

Coordination
Number (N)

Interatomic
distance (r Å)

Debye Waller
factor (Å2)

Fe

CoFe2O4

(Fe-Fe ) 2.4

(Fe-Fe) 2.41(2)

(Fe-Fe) 0.005(2)

Fe

NiFe2O4

(Fe-Fe) 4.3

(Fe-Fe) 2.44(1)

(Fe-Fe) 0.013(1)

Co

CoFe2O4

(Co-Co) 4.9

(Co-Co) 2.41(2)

(Co-Co) 0.009(2)

Ni

NiFe2O4

(Ni-Ni) 7.1

(Ni-Ni) 2.44(1)

(Ni-Ni) 0.020(2)
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Finally, electrodes obtained at the end of the first cycle were subjected to ex situ XAS
to get more information about the reversibility of the conversion of metallic phases formed at
the end of first discharge to metal oxides. For both CoFe2O4 and NiFe2O4 samples, it can be
seen that the XANES line shape at the Fe edge for the pristine samples as well as the samples
after first cycle were almost identical (Figure 40).

Figure 40 – Fe K edge XANES region of cycled CoFe2O4 and NiFe2O4 materials. Inset
showing the FT of the cycled materials. XANES as well as the FT of the cycled materials are
compared with a pristine NiFe2O4 sample.
However, the FT (inset) shows that the second shell, where the metal-metal interaction
appears, has almost vanished for the samples after one complete cycle compared to the pristine
samples. This conclusively proves that Fe metal formed during the first discharge has
completely retransformed into an amorphous or cluster sized oxide phase. By comparing the
edge position with the Fe reference material the formal valance of +3 can be assigned to the
Fe-oxide formed. In contrast, for both Co and Ni edge, strong differences in the XANES line
shapes were observed for both pristine and samples after 1st cycle. For both edges, the XANES
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region for the samples after one complete cycle, measured at the inflection point, is closer to
those for a Co or Ni metal foil than for CoO or NiO (Figure 41).

Figure 41 – Co and Ni K edge XANES region of cycled CoFe2O4 (a) and NiFe2O4 (b)
materials. Inset showing the FT of the cycled material. XANES as well as the FT of the
cycled material are compared with those from pristine CoFe2O4 and NiFe2O4 samples.
Similarly, the FT (inset) at both Co and Ni edges for the samples after one complete
cycle show dominant peaks around 2.3 Å which can be attributed to the presence of metallic
domains. Therefore, it may be concluded that both, metallic Co and Ni formed during the first
discharge, are not completely transformed into their corresponding oxides. In order to get
some quantitative information about the phase fraction, LCF fitting was done on the cycled
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samples at the Co and Ni edges using CoO, Co metal, NiO and Ni metal spectra as references,
respectively. From the LCF fitting, about 60% of Co and Ni remained in the metallic phase
in the completely cycled CoFe2O4 sample. LCF fits of the Co and Ni edges are shown in
Figure 42

Figure 42 – LCF fitting with CoO, Co metal, NiO and Ni metal spectrum as references for
Co and Ni K edge XANES region of cycled CoFe2O4 (a) and NiFe2O4 (b) materials.
This phenomenon could be explained by the fact that the oxidation of Fe takes place
already at lower potentials than the oxidation of Co and Ni. Alternatively, the phenomena
could also be explained in terms of a kinetic effect, assuming a core-shell model of the
metallic domains formed during the reduction process, with a Ni/Co core and Fe shell. It is
expected that, during the re-oxidation process, the Fe which is near to the surface is
preferentially oxidized compared to the Ni and Co which is in the core. These metallic
fractions may remain electrochemically inactive in the subsequent cycle resulting in an overall
reduction in the capacity.

3.3.2.

Discussion

Ternary transition metal ferrites MFe2O4 (M = Co, Ni) synthesized by inverse co-precipitation
were investigated as conversion electrode model systems in Li half cells. In situ XAS studies
performed at Fe, Co and Ni K edges reveal that during the conversion reaction the ternary
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oxides transform into binary metal oxides which are then subsequently reduced to the
corresponding metallic states. The EXAFS analysis confirmed that the metallic phases formed
are nano-structured. At the end of the first cycle, metallic Fe domains formed during
discharge, are completely reoxidized. However, no such complete oxidation was observed for
the Co and Ni metallic phases. The reason for the observed behavior can be attributed to a
thermodynamically more favoured formation of Fe2O3 in comparison with NiO or CoO. In
addition, a kinetic limitation due to the formation of a core-shell structure with a Ni/Co core
and Fe shell could be suspected. The hindered reoxidation of Co and Ni in the applied
potential window could be a reason for the observed irreversible capacity loss in the first cycle
for both materials. A higher reversible capacity and hence a higher coulombic efficiency
especially in the initial cycle would require a complete oxidation of Ni and Co at lower
potentials. It is also interesting to mention the findings which were published later on
NiFe2O493,94 and CoFe2O495. These XAS studies on NiFe2O4 and CoFe2O4 also support the
reduction of both spinels into metallic state during lithiation and re-oxidation during
subsequent de-lithiation, although Fe, Co and Ni absorbers behave differently during cycling.
Analysis unveiled a partially irreversible conversion of Ni and Co metal to subsequent NiO
and CoO and complete oxidation of metallic Fe to Fe2O3.
The cycling stability as well as coulombic efficiency could be improved by several
strategies. These include formation of nanocomposites with different carbon materials thereby
enhancing the electrical connectivity as well as forming a stable SEI by establishing a
protective layer that prevents the direct contact of active material with electrolyte96–98.
Another approach is electrode structuring using methods like electrospinning99,100. In
addition, combining with a suitable polymer binder or alginate binder and subjecting the
composite electrodes to heat treatments can also bring out improvements in the
electrochemical performance101,102.
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3.4. Investigation of initial lithiation mechanism in
CoFe2O4 and NiFe2O4 using in situ SRPD
The investigation of the electrochemical mechanism of conversion oxides with powder
diffraction provides only a limited insight into the overall mechanism. However, the initial
phase changes occurring in the material are identified very well using diffraction techniques
before the amorphization of the material in the later lithiation state. Diffraction studies on
CoFe2O4 and NiFe2O4 are scarce. Islam et al.,94 reports the initial decrease and further
disappearance of Bragg reflections assigned to NiFe2O4 at different stages of first discharge
and clearly distinguishable reflections corresponding to the formation of Li2O and metallic
Fe and Ni. However, the experiment was carried out ex situ and only few points during
lithiation and de-lithiation were examined.
With the operando X-ray diffraction studies on CoFe2O495, a shift of all reflections to
smaller 2θ angles until the uptake of 0.5 lithium with an increase of 2% in the unit cell
parameter was observed. Further lithiation leads to a decrease in intensity of the spinel phase
along with the appearance of a new phase with reflections close to those of the main spinel
phase. The newly formed phase was assigned to a rock salt type structure with 𝐹𝑚3̅𝑚 space
group and the unit cell parameter was found to be about half of that of the original cell. Similar
transformation into a rock salt type structure is also observed in MnFe2O4 and MgFe2O4103,104.
After uptake of 2 Li per formula unit, the spinel phase cannot be detected anymore, whereas
reflections of the oxidic rock salt phase consisting of either both cations or phase-separated
oxides dominate the XRD pattern which slowly disappear further after the intake of 6 lithium
and no reflections could be detected thereafter.
It is also interesting to see the intermediate phases identified in binary spinel oxides
using powder diffraction. Thackeray et al.105, reported the structural evolution of the inverse
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spinel Fe3O4 upon the electrochemical insertion of lithium up to a stoichiometry of Li2Fe3O4.
He suggested the mechanism to be a displacement of tetrahedral 8a Fe3+ ions to octahedral
16c sites at a critical lithium ion concentration xc (xc < 1). Initially the lithium is filled into the
vacant 16c sites and further insertion of lithium into the structure involves filling of the
tetrahedral 8a sites. Even though there are 64 tetrahedral interstices situated at three nonequivalent positions 8a, 8b and 48f, from electrostatic considerations the occupancy of
tetrahedral 8b sites would be energetically less stable than occupancy of 8a sites or those 48f
sites having only two Fe next neighbors. The [Fe2]16dO4 subarray remains intact during the
whole process and the spinel 𝐹𝑑3̅𝑚 structure is preserved with empty 8a sites. For an intake
of more than 2 moles of lithium, disproportionation into Li2O and elemental Fe is proposed.
Recently our co-workers investigated binary oxides such as Fe3O4, α-Fe2O3, γ-Fe2O3, Co3O4
and CuO and the presence of intermediate metastable phases such as (Li xFe)16c[Fe2]16dO4, α(Li1-xFe1+x)O2, (LixFe)16c[LixFe1.33]16dO4, (LixCo)16c[Co2]16dO4 and Cu2O, respectively, were
confirmed by in situ SRPD106. Therefore, the intermediate phases formed during the initial
discharge process of different binary and ternary conversion oxides still are differently
explained. Considering the fact that the initial lithiation process is highly important for the
subsequent formation of Li2O/metal nanoparticles which leads to further charge-discharge
cycles, it is the most relevant step that has to be studied and understood in detail.
Herein, the intermediates formed during the initial lithiation process of CoFe2O4 and
NiFe2O4, synthesized by an inverse co-precipitation method and annealed at 800 °C (CFO800 and NFO-800) are investigated by in situ SRPD.
Larcher et al.,107 investigated the electrochemical lithiation in normal spinel Co3O4
using in situ diffraction and suggested that the nature of the intermediate is rate/surface
dependent. They proposed that the intermediate LixCo3O4 phase is always formed upon
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electrochemical reduction of Co3O4 spinel phase, but its stability is highly dependent on the
discharge rate or current density. Co3O4 with a crystallite size of 100 nm is cycled with
different C-rates from C/6 to C/75 until 2 moles of lithium. Additionally, they observed that
when the current density is high enough (C/6, C/10, C/12, C/15, C/25) LixCo3O4 remains
stable. A spontaneous decomposition into CoO was seen when the current density is reduced
or interrupted intermittently. To study the influence of current density on initial lithiation
intermediate formation, CFO-800 and NFO-800 were also cycled at two different C-rates of
C/10 and C/40.
In the current study, the average particles size was estimated to be 70±21 nm for CFO
and 52±19 nm for NFO by SEM analysis (Figure 22). CFO-800 crystallizes in a partially
inverse cubic spinel structure and the patterns were indexed with the space group 𝐹𝑑3̅𝑚.
Whereas NFO-800 crystallizes in an inverse cubic spinel structure and the patterns were
indexed with the space group 𝐹𝑑3̅𝑚. Therefore, in CFO-800 the Fe3+ and Co2+ partially
occupy the tetrahedral sites in the spinel structure whereas in NFO-800 the tetrahedral sites
are solely occupied by Fe3+. The unit cell parameters obtained from Rietveld refinement based
on the observed diffraction data of pristine materials as seen from Figure 17 and Figure 18
is 8.3725(1) Å and 8.3408(1) Å for CFO-800 and NFO-800 samples, respectively.

3.4.1. Voltage Profile
CFO-800 and NFO-800 were cycled against Li at a charge discharge rate of C/10 and
C/40. Figure 43 shows the voltage versus lithium profile during the first discharge cycle. The
potential profile during cycling is separated into two regions, denoted as discharge (black)
and charge (red) plots. During the discharge the cell potential drops rapidly to 0.71 V for
NFO-800 cycled at C/10 and 0.78 V for the sample cycled at C/40 whereas, at 0.8 V for CFO-
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800 cycled at C/10 and 0.9 V for the sample cycled at C/40 followed by a plateau. At the end
of the discharge process, the potential is decreased to 0.01 V. For CFO-800 cycled at C/10,
the capacity of the whole discharge process amounts to 1195 mAh g−1 (theoretical capacity:
914 mAh g−1), corresponding to an uptake of 10.45 Li per formula unit.

Figure 43 – Discharge profiles with respect to lithium content for CFO-800 and NFO-800
discharged at C/10 and C/40.
For NFO-800 cycled at C/10, the capacity of the whole discharge process amounts to
1115 mAh g−1 (theoretical capacity: 915 mAh g−1), corresponding to an uptake of 9 of 9.76
Li per formula unit and the corresponding charge represented by the red curve yields a charge
capacity of 780 mAh g−1 with an extraction of 6.8 moles of lithium.
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3.4.2.

In Situ SRPD of CFO-800 at C/10

In situ SRPD was carried out to investigate the structural evolution in CFO-800 during
electrochemical cycling at a C/10 rate. In situ SRPD recorded for CFO-800 during the initial
discharge up to the intake of 2 moles of lithium is presented in
Figure 44. In the beginning of the lithiation all reflections shift slightly towards smaller 2θ
angles. This behavior was previously reported by Permien et al., for CoFe2O495, rGOCoFe2O497, MnFe2O4103 and MgFe2O4104. At the lithium content x=1, there is clearly a new
phase. The intensities of reflections of the new phase increase with further lithiation at the
cost of a decreasing intensity of the initial reflections.

Figure 44 – in situ SRPD of CFO-800 up to the intake of 2moles of lithium discharged at
C/10. (• lithium metal reflection and * Copper foil reflection).
Rietveld refinement based on the observed diffraction data accounts for the presence of
a new phase starting from 0.08 moles of lithium intake. The newly formed phase is indexed
as a cubic spinel phase (𝐹𝑑3̅𝑚 space group) with empty tetrahedral 8a sites, lithium
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displacing the Co2+ and Fe3+ atoms from the tetrahedral (A) 8a site to the empty octahedral
(B) 16c site.

Figure 45 – Changes in the unit cell parameter as a function of number of moles of lithium
(x) for main phase (CoFe2O4) and additional new lithiated phase (LixCoFe2O4) for CFO800 discharged at C/10.
The initial CoFe2O4 and lithiated LixCoFe2O4 phases are clearly distinguishable with
Rietveld refinement based on the powder diffraction patterns due to their difference in lattice
parameters. Figure 45 shows the changes in the unit cell parameter as a function of number
of moles of lithium (x) intake for the main phase (CoFe2O4) and the additional lithiated phase
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(LixCoFe2O4). The lithiated LixCoFe2O4 phase at 0.8 moles of lithium intake has a lattice
parameter of 8.419(3) Å. With further lithiation, the lattice parameter gradually increases.

Figure 46 – Rietveld refinement results for diffraction patterns of CFO-800 observed
during the first discharge at lithiation states of x=0 (a) and x=2 (b) moles of lithium,
discharged at C/10
Figure 46 shows the Rietveld refinement results during the first discharge process at
lithiation states of x=0 (a) and x=2 (b) moles of lithium. As the lithiation proceeds further the
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reflections’ intensities of the CoFe2O4 decrease together with a decrease in phase ratio and
along with an increase in the intensity of LixCoFe2O4 and corresponding phase ratio as
observed from Figure 47.

Figure 47 – The phase ratios vs. Li content (moles) of crystalline phases during
cycling for CFO-800 discharged at C/10
Further discharge leads to the destruction of the lithiated phase LixCoFe2O4, which is
reflected by a broadening of the reflections. The decomposition of this phase is probably
accompanied by the formation of Co and Fe metal nanoparticles in an amorphous matrix of
Li2O. However, the nanorange or amorphous end products are not detectable with X-ray
diffraction. Figure 48 shows the in situ SRPD during the complete cycle. The initial CoFe2O4
phase completely disappears and the LixCoFe2O4 phase reflections are broadened at the end
of discharge, which cannot be analyzed by Rietveld refinement. During the consecutive
charge there is a shift in the reflections of the LixCoFe2O4 phase to higher 2θ values. This
could be the formation of monoxide either FeO or CoO or both as detected in ex situ samples
at the end of charge by XAS with nearly the same stoichiometry and a slightly different lattice
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parameter. However, the data cannot be investigated further with X-ray diffraction because
the monoxides formed are highly amorphous.

Figure 48 – Selected 2θ [(a) 9-25 2θ and (b) 10.4-12.3 2θ] regions of the in situ SPRD
patterns of CFO-800 measured at the MSPD powder diffraction beamline at ALBA during
first cycle at C/10. (•lithium metal reflection and * Copper foil reflection).
The lattice parameter expansion, crystallite size and micro-strain analysis obtained by
Rietveld refinement based on observed diffraction data of CFO-800 at various discharge
points during in situ SRPD are shown in Table 11. The maximum strain is given in the
Fullprof microstructural output file as

△𝑑
𝑑

x10-4.

Table 11 - Rietveld refinement results based on observed diffraction data for LiXCoFe2O4
at various lithiation states. Lattice parameter expansion, micro-strain analysis and
crystallite size are given.
Lithium
Content (x)

Lattice Parameter and Lattice
Parameter Expansion

Crystallite Size
(nm)

Maximum
Strain

LiXCoFe2O4

Expansion

LiXCoFe2O4

LiXCoFe2O4

Initial

8.419(3)

0.155 (compared
to pristine phase)

30.25

36.73

1.51

8.468(2)

0.582

32.585

32.23
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2.50

8.475(1)

0.665

35.16

9.55

3.51

8.4760(8)

0.677

42.88

7.38

4.51

8.4761(7)

0.678

47.98

7.17

5.51

8.4762(7)

0.679

50.01

7.69

6.52

8.4762(7)

0.679

50.10

8.37

6.94

8.4762(8)

0.679

48.52

8.14

The lattice parameter of lithiated LixCoFe2O4 shows a 0.17% increase compared to the
initial CoFe2O4 phase. With increasing lithiation the lattice parameter also increases to
8.4762(7) Å after the intercalation of 5.5 moles of lithium.

3.4.3.

In Situ SRPD of CFO-800 at C/40

The CFO-800 was also cycled at a C-rate of C/40 to see if the mechanism of lithiation
is influenced by the rate of discharge. The structural evolution during initial discharge for
CFO-800 cycled at C/40 is displayed in Figure 49 for selected 2θ regions, where colored lines
correspond to a specific lithium stoichiometry in the electrode material. The reflection marked
with (•) is from the lithium counter electrode.
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Figure 49 – Selected 2θ [(a) 3.7-5.2 2θ and (b) 6.6-8.2 2θ] regions of in situ SPRD patterns
of CFO-800, discharged at C/40 measured at High Resolution Powder Diffraction beamline
P02.1, DESY. (•lithium metal reflection).
When comparing the structural evolution profile of CFO-800 cycled at C/40 to that
cycled at C/10, one could see that with a much slower C-rate the new phase starts to appear a
bit later. Rietveld refinement confirms the appearance of a new lithiated phase with 𝐹𝑑3̅𝑚
space group from 0.8 moles of lithium uptake which is at 0.08 moles of lithium for CFO-800
cycled at C/10. With a comparatively slower cycling rate of C/40, the amorphization is
reached at an earlier state of discharge which makes it hard to analyze the XRD patterns with
Rietveld refinement.

Figure 50 – Changes in the unit cell parameter as a function of number of moles of lithium
(x) for main phase (CoFe2O4) and additional new lithiated phase (LixCoFe2O4) for CFO800, discharged at C/40.
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Figure 50 shows the changes in the unit cell parameter as a function of number of moles
of lithium (x) for the main phase (CoFe2O4) and the additional lithiated phase (LixCoFe2O4)
obtained by Rietveld refinement based on the observed diffraction data. The lithium uptake
leads to an expansion of the unit cell and thereby an increase in the lattice parameter of the
CoFe2O4 phase from 8.3725(2) to 8.405(8) Å. The lithiated intermediate LixCoFe2O4 phase at
0.8 lithium has a lattice parameter of 8.429(9) Å. With further lithiation the lattice parameter
gradually increases to 8.4783(3) Å after the intake of 4.5 lithium. Figure 51 shows the phase
ratios versus lithium content for CFO-800 cycled at C/40. A phase ratio of 1:1 for CoFe2O4
and LixCoFe2O4 phases are reached with an uptake of 2 moles of lithium and with 4.5 moles
of lithium the main phase completely disappears.

Figure 51 – The phase ratios vs. Li content of crystalline phases during cycling for CFO800 discharged at C/40.
The oscillations in lattice parameter as seen from Figure 50 between 2 and 3 lithium
might be due to the synchrotron radiation beam instability, as there is no such oscillations
seen in the corresponding phase ratio (Figure 51). Further discharge results in the complete
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amorphisation and no further detection of phases is possible with X-ray diffraction. The
lithiated phase is expected to directly transform into metal nanoparticles of Co and Fe in the
Li2O matrix.

3.4.4.

In Situ SRPD of NFO-800 at C/10

In the CFO-800 material, the intermediate phase is identified with in situ SRPD as
LiXCoFe2O4 with 𝐹𝑑3̅𝑚 space group with a larger lattice parameter compared to the main
phase. However, the Rietveld refinement results confirm the appearance of a new phase with
the uptake of 0.08 moles of lithium per formula unit for CFO-800 cycled at C/10 and at 0.8
moles of lithium uptake at C/40 and with 4.5 moles of lithium the main phase completely
disappears.
In situ SRPD for NFO-800 during the initial discharge at C/10 up to the intake of 5
moles of lithium is presented in Figure 52.

Even though there is a visible set of new

reflections at lower 2θ angles next to the main phase reflections, after the intake of 3.5 lithium,
the increase in the intensity of the newly formed phase is rather slow compared to that in
CFO-800 material. The total intensity of the diffraction patterns decreases rather fast which
limits the accuracy of refinement.
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Figure 52 – in situ SRPD of NFO-800 up to 5 moles of lithium intake, when discharged at
C/10. (•lithium metal reflection).
As in case of the CFO sample, there is a narrow solid solution region in the beginning of the
discharge, followed by the appearance of the second phase LixNiFe2O4. Rietveld refinement
confirms the presence of a new phase starting from 0.2 moles of lithium which is LixNiFe2O4
in cubic spinel space group 𝐹𝑑3̅𝑚 with a structural displacement of atoms from tetrahedral
8a sites to octahedral 16c sites. Nevertheless, clearly visible shoulders on the main phase
reflection set is only observed after the uptake of approximately 3.5 moles of lithium. The
intensity of NiFe2O4 main phase decreases and disappears with increasing intensity of
LixNiFe2O4 phase during the discharge. Figure 53 shows the Rietveld refinement results
based on the observed diffraction data for NFO-800, discharged at C/10 at lithiation states of
x=0 (a) and x=5 (b) moles of lithium. The intensity of reflections at x=5 decreases
considerably along with a corresponding broadening.
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Figure 53 – Rietveld refinement results based on observed diffraction data for NFO-800
discharged at C/10 at lithiation states of x=0 (a) and x=5 (b) moles of lithium.
Figure 54 shows the in situ SRPD of NFO-800 during the first discharge-charge cycle.
The decrease of the intensities of the intermediate phase LixNiFe2O4, due to amorphization,
begins at lower lithium contents compared to CFO-800. During the charge there is no shift in
the reflections of the LixNiFe2O4 phase to a higher 2θ value as observed in CFO-800.
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Figure 54 – Selected 2θ [(a) 8-25 2θ and (b) 9.5-12 2θ] regions of in situ SPRD patterns of
NFO-800 measured at the MSPD powder diffraction beamline at ALBA during first cycle
cycled at C/10. (•lithium metal reflection).
The lattice parameter received from Rietveld refinement based on the obtained
diffraction data for pristine NFO-800 is 8. 3408(1) Å. The lithiation leads to an expansion of
the unit cell and thereby an increase in the lattice parameter of the host structure of NiFe2O4
from 8.3408(1) to 8.3481(3) Å. Permien et al., observed a similar expansion in lattice
parameter during initial lithiation95,103,104. However, together with an expansion of
approximately 0.2%, the reflections shift to lower scattering angles. In the current experiment,
only a slight unit cell expansion of approximately 0.007% was observed from the initial state,
which might be caused by intercalation of a very small amount of Li into the host structure
without the shift in reflections. Instead, a two phase reaction mechanism was observed further
on.
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Figure 55 – Changes in the unit cell parameter as a function of number of moles of lithium
(x) for main phase (NiFe2O4) and additional new lithiated phase (LixNiFe2O4) for NFO-800
discharged at C/10
Figure 55 shows the changes in the unit cell parameter as a function of number of moles
of lithium (x) for NiFe2O4 and lithiated LixNiFe2O4. The Freshly formed lithiated LixNiFe2O4
phase at 0.2 moles of lithium intake has a lattice parameter of 8.3705 (7) Å. The lattice
parameter remains without much difference until 2 moles of lithium uptake and with further
lithiation it gradually increases. Also the information about the phase fraction evolution is
extracted by Rietveld refinement based on the obtained diffraction data as seen in Figure 56.

Figure 56 – The phase ratios vs. Li content of crystalline phases during cycling for NFO800, discharged at C/10.
Chapter 3 - Results and Discussions

92

The LixNiFe2O4 phase is formed with lithiation of 0.2 moles of lithium. The phase ratio
of NiFe2O4 decreases with increasing phase ratio of LixNiFe2O4. However, the process takes
place gradually compared to that for CFO-800 material. Hence, the conversion of newly
formed LixNiFe2O4 into Ni and Fe metal nanoparticles in an amorphous matrix of Li2O at the
end of discharge might be incomplete. Moreover, this cannot be proved by X-ray diffraction
due to the nanocrystalline or amorphous nature of the end products.

3.4.5. In Situ SRPD of NFO-800 at C/40
The influence of C-rate over the electrochemical reaction mechanism in ternary
transition metal ferrites is further investigated by cycling NFO-800 at a C-rate of C/40. The
structural evolution during the initial discharge process for CFO-800 cycled at C/40 is
displayed in Figure 57 for selected 2θ regions, where colored lines correspond to the different
amounts of lithium uptake. The reflection marked with (•) are from the lithium counter
electrode and (*) from copper current collector.
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Figure 57 – Selected 2θ [(a) 3.7-5.2 2θ, (b) 6.6-8.2 2θ) and (c) 6.6-8.2 2θ] regions for in
situ SPRD patterns of NFO-800 discharged at C/40 measured at High Resolution Powder
Diffraction beamline P02.1, DESY. (•lithium metal reflection and *Copper foil reflection).
The structural evolution of NFO-800 cycled at C/40 seems to occur in the same manner
as that at C/10. However, the new lithiated phase LixNiFe2O4 with 𝐹𝑑3̅𝑚 space group appears
at a higher degree of lithiation (x = 0.8). With comparatively slower cycling rate of C/40, the
amorphization and broadening of reflections can be observed at an earlier state of lithiation
which makes Rietveld refinement difficult after 4 moles of lithium uptake.

Figure 58 – The phase ratios vs. Li content of crystalline phases during cycling for NFO800 discharged at C/40.
Figure 58 shows the phase ratios versus lithium content for NFO-800 cycled at C/40.
In CFO, equal amount of CoFe2O4 and LixCoFe2O4 phases are observed with an uptake of 2
moles of lithium and with 4.5 moles of lithium uptake, the main phase completely disappears
whereas in NFO samples cycled at C/10 and C/40 the phase transformation occurs rather
slowly.
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3.4.6.

Discussion

Partially inverse CFO-800 and inverse NFO-800 cubic spinels indexed with the space
group 𝐹𝑑3̅𝑚 are investigated to understand the initial lithiation mechanism during first
discharge. To study the influence of the discharge rate on the electrochemical mechanism,
we performed the experiments at two current densities: C/10 and C/40, respectively. During
the first discharge both, the initial intercalation and later conversion reaction are assumed to
have distinct reaction dynamics. Even though the reaction speed of intercalation is much
faster, the conversion reaction accommodates more Li ions. As previously reported, the
overall electrochemical kinetics is dependent on the applied C-rate, which in turn determines
the propagation speed of the interfaces of the different phases during the lithiation and
conversion reaction108. However, the propagation speed of the intercalation process is about
1 order of magnitude faster than the following conversion reaction109. In the current study, the
intermediate lithiated phase appears at 0.08 and 0.8 moles of lithium intake for CFO-800
cycled at C/10 and C/40, respectively, whereas at 0.2 and 0.8 moles of lithium uptake for
NFO-800 cycled at C/10 and C/40 respectively. Hence, the higher C-rate of the samples
results in higher propagation speed of the lithiated phase interface. Therefore, in terms of total
lithium insertion capacity, both reactions give important contributions to the overall energy
storage rate.
This intermediate lithiated phase was always indexed with the space group 𝐹𝑑3̅𝑚. The
characteristic feature of this intermediate phase is the rearrangement of the cations within the
spinel structure. As reported previously by Thackeray et al.,105 and Adam et al.,106 for binary
spinel oxide Fe3O4, the insertion of lithium into octahedral 16c sites of the spinel causes the
migration of the transition metal cations from the tetrahedral 8a sites to octahedral 16c sites.
We believe that the same mechanism occurs during the discharge of CFO-800 and NFO-800,
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where the intermediate lithiated spinel with empty tetrahedral 8a sites is formed. The cation
distribution of the intermediate spinel phase corresponds to (Li,Me)16c[Me2]16dO4.

Table 12 - Changes in lattice parameter for CFO-800 and NFO-800 cycled at C/10 and C/40.
Lithium
Content
(X)

Lattice Parameter of Main Phase

Lattice Parameter of Lithiated Phase

CFO-800
C/10

CFO-800
C/40

NFO-800
C/10

NFO-800
C/40

CFO-800
C/10

CFO-800
C/40

NFO-800
C/10

NFO800 C/40

0.5

8.39748(7)

8.3886(3)

8.34916(2)

8.3408(2)

8.4075(9)

8.433(2)

8.368(1)

8.368(3)

1

8.3991(1)

8.3898(4)

8.34862(3)

8.3415(4)

8.4463(8)

8.449(1)

8.369(1)

8.368(3)

1.5

8.40035(9)

8.3905(3)

8.34835(3)

8.3415(4)

8.4682(2)

8.4612(8)

8.3687(7)

8.368(3)

2

8.4012(1)

8.3914(4)

8.34812(3)

8.3413(5)

8.4739(1)

8.4677(6)

8.3724(7)

8.368(3)

2.5

8.4025(1)

8.3942(3)

8.34814(4)

8.3415(6)

8.4751(1)

8.4732(3)

8.3756(8)

8.368(3)

3

8.4037(2)

8.3918(4)

8.34831(4)

8.3428(7)

8.47595(8)

8.4722(2)

8.3869(8)

8.368(3)

3.5

8.4036(3)

8.4015(8)

8.34825(5)

8.3418(8)

8.47608(8)

8.4796(3)

8.3950(8)

8.368(3)

4

8.4033(4)

8.404(2)

8.34823(5)

8.3424(7)

8.47600(8)

8.4808(3)

8.4067(7)

8.368(3)

In both, initial spinel phase and intermediate spinel phase, the oxygen anions located at
the 32e site and iron, cobalt and nickel anions at the 16d site remain intact during the whole
process. The changes in the unit cell parameter for the intermediate phases observed for CFO800 and NFO-800 cycled at C/10 and C/40 is summarized in Table 12. Because of the low
scattering factor of lithium, the lithiation degree cannot be directly calculated from the
diffracted intensities. However, the lattice parameter expansion is an important indicator of
the lithium incorporation into the host structure of the spinel.
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Table 13 - Phase ratio evolution with Li content for CFO-800 and NFO-800 cycled at C/10 and
C/40.
Lithium
Content
(X)

Phase Ratio of Main Phase

Phase Ratio of Lithiated Phase

CFO-800
C/10

CFO-800
C/40

NFO-800
C/10

NFO-800
C/40

CFO-800
C/10

CFO-800
C/40

NFO-800
C/10

NFO800 C/40

0.5

90.17

84.38

93.76

93.88

9.83

15.62

6.24

6.12

1

65.96

73.38

90.64

93.81

34.04

26.62

9.36

6.19

1.5

51.26

62.37

88.36

93.33

48.74

37.63

11.46

6.67

2

33.17

50.13

84.65

90.84

66.83

49.87

15.35

9.16

2.5

25.21

38.21

81.75

90.73

74.79

61.79

18.25

9.27

3

16.15

26.84

77.17

88.25

83.85

73.16

22.84

11.75

3.5

12.12

12.99

73.82

81.36

87.88

87.01

26.18

18.64

4

8.45

3.71

69.72

60.31

91.55

96.29

30.28

39.69

The phase ratio evolution vs. Li content, during initial discharge of CFO-800 and NFO800 cycled at C/10 and C/40 is summarized in Table 13. As lithiation proceeds, the intensity
of the main phase decreases and the weight fraction of the lithiated phase increases. The
intermediate lithiated phase is expected to undergo complete structural destruction to form
metallic nanoparticles at the end of discharge. In CFO-800 material, the two phase reaction
with the formation of the intermediate phase occurs much faster compared to NFO-800. For
the cobalt-containing spinel, the initial phase almost completely disappears after the intake of
4 moles lithium regardless of the C-rate. For NFO-800 material, 30% of the initial spinel
NiFe2O4 was still observed at the same state of discharge. This could be a reason for the
decrease in specific capacity of NFO-800 material compared to CFO-800 as previously
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observed in Figure 32. Therefore, the electrochemical conversion reaction of the Ni spinel
phase to metallic nanoparticles may not be complete, leaving behind unreacted spinel phase
residues at the end of discharge.

3.5. Lithiation-Delithiation Mechanism in Fe3O4
The first studies on high temperature Li/Fe3O4 cells were made in the late 1970s and
early 1980s, after that the performance of iron-containing spinels (Fe3O4 and Fe2O3) as battery
materials at room temperature110 was reported. Thackeray et al. demonstrated the importance
of the [B2]X4 spinel framework as a host electrode structure and the ability to tailor the cell
voltage by selection of various B cations111. Ever since, Fe3O4 has been intensely investigated
for battery applications68,77,112–117 owing to its main advantages such as low weight, minimal
volume changes, low charging potentials, cost-effectiveness, non-toxicity and high energy
density. One formula unit of Fe3O4 can store about eight lithium ions with a theoretical
capacity of 928 mAh g-1. Recently, the performance of a full cell battery consisting of a porous
carbon Fe3O4 anode and Li[Ni0.59Co0.16Mn0.25]O2 cathode was reported, which was cycled for
over 1000 cycles with capacity retention of 63.8% at high currents118,119.
Powder diffraction investigation of chemical and electrochemical lithiation in Fe3O4 has
been performed by Thackeray et al.,105 Chen et al.,87 Fontcuberta et al.,120 and Islam et
al.,121,122 in early 80’s. Thackeray et al., reported the lithium insertion into Fe3O4 at room
temperature both chemically and electrochemically in a compositional range 0<x<2 for
LixFe3O4. The [Fe2]O4 subarray of the spinel structure remains intact during the lithiation and
the tetrahedral A-site Fe3+ ions are displaced to empty octahedral 16c positions and the Li+
ions in excess of x = l are located in tetrahedral sites which results in a rock-salt type structure.
Chen et al. obtained LiFe3O4 and Li2Fe3O4 phases by chemical lithiation using n-butyllithium
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at room temperature and determined their structure by powder X-ray diffraction data. For nbutyllithium: Fe3O4 > 2, a mixture of Li2Fe3O4 and decomposition products were obtained.
The lattice parameters and relative X-ray intensities of the lithiated compounds were in good
agreement with previously reported results by Thackeray et al.,105. It is interesting to note that
Chen et al., with electrochemical lithiation obtained a mixture of spinel and rock-salt type
lithiated phases. Islam et al.,121,122 examined the effect of lithium insertion into Fe3O4 using
theoretical atomistic simulation techniques. These results also support the reaction
mechanism in which insertion proceeds with reduction and displacement of the tetrahedrally
coordinated Fe3+ to produce the ordered rock-salt structured phase, LiFe3O4. However all
these investigations were limited to ex situ measurements up to the lithiation of 2 moles
lithium.
Takeuchi and his co-workers123–129 did extensive studies (2013-2017) on Fe3O4
electrode material. XAS investigation of nanosized Fe3O4 as a function of crystallite size
varying from 7–26 nm exhibited notable differences in the local environment. They observed
a substantial increase in discharge capacity with reducing crystallite size. This effect was
attributed to an increase of active surface area and to a decrease of the path length for ion and
electron transport due to surface oxidation123. Further, combined ex situ XRD and XAS were
used to measure the structural change for a varying crystallite size (8.9–26.2 nm). Ex situ
XRD at 0.7 and 1.7 electron equivalents confirm the spinel-like local structure with iron in
both tetrahedral and octahedral environments. At 2.8 electrons, an intermediate structure and
at 4, 6, and 8 electron equivalents rock-salt structure was observed. EXAFS provided
experimental evidences indicative of metallic Fe nanoparticle formation at 6.0 and 8.0
electron equivalents130. Studies on magnetite carbon composite electrodes suggested that the
size and architecture of the electrode over multiple length scales must be considered in
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conjunction with the active material to realize the desired electrochemical performance125. It
is very interesting to mention how the investigation proceeded further. Studies of the atomistic
structural evolution in Fe3O4 using complementary ex situ synchrotron X-ray/TEM-EELS
techniques and with ﬁrst-principles calculations revealed that the multiple electron transfer
reaction was enabled by the retention of the cubic close packed O-anion framework
throughout the whole discharge and charge processes. It is within a robust cubic close packed
O-anion framework that local cation displacement/re-ordering occurred in response to the
lithium insertion and extraction126. Additionally, the most recent simulation studies suggest
that during the lithiation of up to 3 electron equivalents, α-LixFe3O4 is formed which is further
transformed to β-Li4Fe3O4 and further converted to γ-(4 Li2O + 3 Fe). Also, the simulations
for the lithiation of 6 and 32 nm Fe3O4 suggest that the rate of conversion to γ-(4 Li2O + 3 Fe)
decreases with decreasing crystal size127. Therefore, the explanation of the electrochemical
mechanism over the past years needs further clarification.
There were two in situ TEM109,131 investigations which were reported very recently. He
et al.,109 by comparing the in situ STEM results with phase-ﬁeld simulation, found that the
formation of LiFe3O4 phase is predominant in the early state of lithiation, whereas the
conversion reaction initiates immediately afterward and propagates before the complete
intercalation, resulting in the coexistence of Fe3O4, LixFe3O4, and Fe + Li2O phases due to the
competition between the intercalation and conversion reactions. They also concluded that the
applied C-rate determines the propagation speed of the interfaces of Fe3O4/LixFe3O4 and
LixFe3O4/Fe+Li2O which was again confirmed in the current study of CFO-800 and NFO-800
using different C-rates. Su et al.,131 shows that the single-crystalline Fe3O4 nanowires get
converted to Fe nanograins embedded in a Li2O matrix during first discharge and further gets
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converted into FeO nanograins rather than the original Fe3O4 phase in the corresponding
charge process.
In 2000, Poizot et al.,22 reported the electrodes made of nanoparticles of binary
transition metal oxides (MO, where M is Co, Ni, Cu or Fe) demonstrating electrochemical
capacities of 700mAh/g, with 100% capacity retention for up to 100 cycles and at high
recharging rates. Further studies based on iron oxide containing electrode materials showed
improved electrochemical performances with mixed composite in various size and
morphologies including Fe3O4/FeO/Fe microcomposite132 (260 mAh/g after 60 cycles),
Fe3O4/FeO/Fe/C133,134(600 mAh/g after 60 cycles and 900 mAh/g after 500 cycles), FeO/C135
(510 mAh/g after 50 cycles), Fe3O4/FeO/C nanotube136(1017 mAh/g after 50 cycles),
Fe3O4/Fe137,138 (540 mAh/g after 100 cycles and 750 mAh/g after 50 cycles) and Fe3O4/Fe/C
nanocomposites139(600 mAh/g after 40 cycles). Zeng et al.,136 suggested the initial lithiation
in Fe3O4/FeO/C composite for both Fe3O4 and FeO (equations 3, 4). With the intake of 2
moles of lithium, LixFeO is converted into metallic Fe together with the formation of Li2O
amorphous matrix (equation 5). And with further lithiation, LixFe3O4 also gets converted into
the same (equation 6).
Fe3O4 + xLi + xe- → LixFe3O4

(3)

FeO + xLi + xe- → LixFeO

(4)

LixFe3O4 + (8-x)Li+ + (8-x) e- → 4Li2O + 3Fe (5)
LixFeO + (2-x) Li+ + (2-x) e- → Li2O + Fe

(6)

However, there was no detailed investigation on the electrochemical mechanism in
mixed composite iron oxide materials. To account for a more precise explanation for the
overall electrochemical mechanism during the first cycle, in situ techniques such as in situ XChapter 3 - Results and Discussions
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ray absorption spectroscopy and in situ synchrotron radiation powder diffraction were applied
to FO-600 and FO-800. Within the current research we focus on giving a better insight into
the electrochemical reaction mechanism of FO-600 and FO-800.

3.5.1.

In Situ SRPD

For in situ SRPD measurements, FO-600 and FO-800 were cycled against Li at a charge
discharge rate of C/40. Figure 59 shows the voltage versus lithium profile during first
discharge up to approximately 5 moles of lithium insertion. Both FO-600 and FO-800 show
a similar voltage profile. As seen previously for CFO-800 and NFO-800 materials, during the
discharge the cell potential drops rapidly to around 0.7 V which is followed by a voltage
plateau.

Figure 59 – The x (Li content) versus voltage curve for FO-600 and FO-800 during in situ
SRPD measurements at a C-rate of C/40.
In the current study, pristine FO-600 is phase pure and crystallizes in the inverse spinel
Fe3O4 structure (Lattice parameter = 8.3920(1) Å, space group 𝐹𝑑3̅𝑚, ICSD record: 26410)
with tetrahedral A sites solely occupied by Fe3+ ions and the octahedral B sites occupied by
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Fe2+ and Fe3+ ions56,57. FO-800 contains 62.02% FeO (Lattice parameter = 4.3248(3) Å, space
group 𝐹𝑚3̅𝑚, ICSD record: 31081) and 37.98% Fe3O4 (Lattice parameter = 8.3930(7) Å,
space group 𝐹𝑑3̅𝑚, ICSD record: 26410) as seen from Figure 20.
The in situ SRPD data during initial discharge up to 5 moles of lithium are shown in
Figure 60. High intensity reflections in FO-600 at 5.67° and 8.02° 2θ positions which
correspond to the Fe3O4 phase show an initial shoulder, that increases with further lithiation.
This behavior was also observed in CFO-800 and NFO-800 materials. Similar changes were
also observed in FO-800 material for the Fe3O4 phase. However, the decrease in the intensity
of the reflections with increasing lithiation is more pronounced in FO-800 material. Rietveld
refinement confirms the dominant new phase as lithiated Fe3O4 starting from 0.1 lithium for
FO-600 and from 0.7 lithium for FO-800. In the lithiated cubic spinel phase the atoms
occupying 8a tetrahedral sites are displaced to 16c octahedral sites together with the
intercalation of lithium into 16c site.
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Figure 60 – Selected 2θ regions for in situ SPRD patterns of FO-600 (Figure 62a) and FO800 (Figure 62b) measured during first discharge at a C-rate of C/40. (• lithium metal
reflection. The missing XRD patterns are due to beam loss).
Figure 61 shows the changes in the unit cell parameter as a function of number of moles
of lithium reacted (x) for the main phase (Fe3O4) and the lithiated phase (LixFe3O4) for FO600. The lattice parameter increases 0.058 % in the LixFe3O4 from 8.3961(1) Å to 8.4010(1)
Å with lithiation of 5 moles of lithium. The lattice parameter of Fe3O4 main phase is nearly
constant up to lithiation of 5 moles lithium. The sudden deviations and jumps in the data
points were from a beam loss and resulting changes occurring in the beam energy and
reflection intensity.
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Figure 61 – Changes in the unit cell parameter as a function of number of moles of lithium
reacted (x) for main phase (Fe3O4) and additional new lithiated phase (LixFe3O4) for FO600 discharged at C/40 (Missing points in the data set are due to beam loss).
Rietveld refinement results based on the synchrotron diffraction data obtained during
the first discharge at lithiation states of x = 0 and x = 5 moles of lithium are shown in Figure
62. The corresponding phases used for Rietveld refinement are marked in the figure.
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Figure 62 – Rietveld refinement results based on the synchrotron diffraction data obtained
for FO-600 obtained during the first discharging process at lithiation states of x=0 (a) and
x=5(b) moles of lithium when discharged at C/40.
The changes in the unit cell parameter as a function of number of moles of lithium (x)
for various phases in FO-800 are shown in Figure 63. The Fe3O4 phase undergoes lithiation
with the formation of LixFe3O4. The lattice parameter of the FeO phase remains almost
constant (4.3276(2) Å at x = 0 and 4.3274(1) Å at x = 5). The lattice parameter of the freshly
formed lithiated phase LixFe3O4 (8.50(1) Å) increases up to 8.54(1) Å upon insertion of 1 mol
Li, however, it decreases again upon insertion of 2 mol of Li and remains constant after that.
One of the most interesting findings in the electrochemical mechanism of FO-800 material is
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the appearance of a new metallic Fe phase (space group 𝐼𝑚3̅𝑚, ICSD record: 44863) from 2
moles of lithium. Hence, formed metallic Fe was assumed to be less crystalline nano-sized
particles which results in a decrease in intensity and broadening of the reflections as seen in
Figure 60.

Figure 63 – Changes in the unit cell parameter as a function of number of moles of lithium
(x) for Fe3O4, FeO and newly formed phases, LixFe3O4 and Fe for FO-800 discharged at C/40
Rietveld refinement based on the synchrotron diffraction data obtained during the first
discharge process at lithiation states of x = 0 and x = 5 moles of lithium are shown in Figure
64.
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Figure 64 – Rietveld refinement results based on the diffraction patterns obtained for FO800 during the first discharging process at lithiation states of x=0 (a) and x=5(b) moles of
lithium when discharged at C/40.
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Figure 65 – The phase ratios vs. Li content of crystalline phases during cycling for FO-600
discharged at C/40.
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Figure 66 – The phase ratios vs. Li content of crystalline phases during cycling for FO-800
discharged at C/40.
Rietveld refinement results based on the obtained powder diffraction patterns also show
the changes in the phase ratio during lithiation. Figure 65 and Figure 66 show the phase
ratios with respect to lithium content for FO-600 and FO-800, respectively. In FO-600, the
amount of the Fe3O4 main phase decreases with increasing amount of lithiated LixFe3O4 phase.
Similar trends of these phases were observed in FO-800. Nevertheless, the electrochemical
lithiation mechanism proceeds in a more complex way in FO-800. The fraction of the rock
salt FeO main phase remains rather unchanged until 1 mole of lithium. However, it decreases
with further lithiation, most probably due to transformation of this phase to the metallic Fe.
Deeper discharge above 5 moles of lithium might lead to a partial or even complete
destruction of the lithiated LixFe3O4 and FeO phases. The decomposition of these phases is
probably accompanied by the formation of Fe metal nanoparticles in an amorphous matrix of
Li2O. These severe structural transformations into amorphous state are hard to investigate
with XRD and hence were further investigated by XAS.

3.5.2.

In Situ X-Ray Absorption Spectroscopy

Initial delithiation is as crucial as lithiation in understanding the structural changes and
electrochemical behavior of iron oxide based electrodes. However, there is only very limited
literature regarding this as discussed in the beginning. Herein, in situ XAS measurements
were carried out on FO-600 and FO-800 materials during the first cycle at a charge-discharge
rate of C/10 in a voltage window 0.1-3 V to identify the phases which could not be detected
by X-ray diffraction. Figure 67 shows the Li content (x) versus voltage (Ewe) curve for FO600 cycled against Li. Red and black curves represent the discharge and charge, respectively.
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The spike in the voltage curve of FO-600 material (x = 0.26) was due to pausing the cell
cycling for a short time.

Figure 67 – The x (Li content) versus voltage curve for FO-600 and FO-800 during in situ
XAS measurements at a C-rate of C/10.
The difference in the electrochemical performance of FO-600 and FO-800 is clearly
visible in the voltage curve. At the same applied voltage window and C-rate, the
electrochemical cells showed different behavior. The lithium uptake of FO-600 with 10 moles
of lithium was much higher than that of FO-800 with 7 moles of lithium. In addition, during
the consecutive charging, FO-600 delithiates more effectively than FO-800.
To obtain direct information about the oxidation states of Fe and in FO-600 and FO800, the XANES regions of the XAS spectra at the Fe K edge were compared to the XANES
regions of different reference materials such as Fe metal foil, FeO, Fe2O3 and Fe3O4 (Figure
25). Fe has a formal valence state of Fe3+/2+ in FO-600 as it overlaps the edge position of the
Fe3O4 reference material. Whereas, the edge position FO-800 was shifted to lower energy and
tend to overlap the edge position of reference FeO spectra where Fe is in +2 oxidation state.
This finding is in accordance with the XRD, since Fe3O4-800 °C is an admixture of Fe3O4 and
FeO (62.02% of FeO and 37.98% Fe3O4 obtained from Rietveld analysis). The pre-edge feature
of the Fe K edge in Fe3O4-600 °C where Fe occupies both tetrahedral and octahedral sites was
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much more pronounced compared to Fe3O4-800 °C where the majority is FeO with
octahedrally coordinated Fe.

Figure 68 – In situ XANES and corresponding FT region obtained for FO-600 during first
discharge.
During the initial discharge/lithiation, the edge position of the Fe K edge (7119 eV for
pristine FO-600) is shifted to lower energy and changes in the XANES line shape as well as
intensity were also observed (Figure 68). Both changes in edge position as well as line shape
clearly indicate a change in oxidation state as well as in the local coordination of the absorbing
atom. However, the overall XANES line shape and coordination environment is preserved
until 0.79 V which corresponds to 4 moles of lithium uptake. According to Rietveld
refinement results based on the in situ SRPD data, at this voltage, only two phases exist: the
pristine Fe3O4 phase and lithiated LixFe3O4. As the voltage drops eventually, the edge
positions shift continuously to lower energy until the end of discharge (7113 eV at the end of
discharge) and the coordination environment shows serious changes. Better understanding of
this phenomenon is obtained by the Fourier transformations for the corresponding Fe K edge
during first discharge as shown in Figure 68. The FT amplitude and normalized intensity
decreases with increasing lithiation up to 0.79 V and until this point there clearly exist two
shells corresponding to Fe-O and Fe-Fe bond distances at around 1.5 and 2.7 Å, respectively.
After the insertion of 5 moles of lithium i.e., at 0.77 V, the Fourier transform spectrum shows
Chapter 3 - Results and Discussions

112

an intermediate shape between the former and latter spectra. At 0.70 V with the intake of 7
moles of lithium, structural transformation was observed at the FT Fe K edge with the
formation of a prominent peak at 2 Å. This peak contributes to the first neighbors shell in
metallic Fe as also seen in other CoFe2O4 and NiFe2O4 samples. The peak position is sustained
and the FT amplitude increases till the end of discharge with an uptake of 10 moles of lithium.

Figure 69 – In situ XANES and corresponding FT region obtained for FO-600 during first
charge.
In-situ XANES during charge at the Fe K-edge for the FO-600 electrode until 2.90 V
with corresponding Fourier transform spectra is shown in Figure 69. During charging, the
Fe K edge position shifts to higher energy from 7113 eV to 7118 eV along with the changes
in XANES shape and intensity, which indicates the oxidation of metallic Fe. . However, one
could see that the edge position does not go back to the former state but to a slightly lower
energy. Therefore, the pristine oxidation state and the oxidation state of the first delithiation
product might be different. The corresponding Fourier transform EXAFS data for the Fe K
edge suggests that, once the material is fully delithiated at 2.9 V, the peak positions denote
the formation of a FeO or Fe2O3 instead of the initial Fe3O4. The FT amplitude at 2 Å from
metallic Fe decreases gradually during the delithiation and shifts to 1.3 Å. Even though the
metallic peak amplitude decreases considerably, there is still a shoulder at 1.8 Å which
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suggests the incomplete oxidation of metallic Fe nanoparticles even at the end of delithiation
which was also observed in CoFe2O4 and NiFe2O4 samples at the end of charge.
FO-800 was also subjected to electrochemical cycling within the same voltage window
and C-rate and the in situ XAS measurements during cycling are shown in Figure 70. In situ
XANES shows similar features as seen in FO-600.

Figure 70 – In situ XANES and corresponding FT region obtained for FO-800 during first
discharge.
The initial edge position at 7117 eV shifts to lower energy (7113 eV) at the end of
discharge. Also, the coordination environment changes drastically from 0.45 V. In
comparison to the Fourier transform of FO-600, FO-800 shows a prominent single peak at 2.1
Å which is an indication of metallic Fe, however, the formation of this peak was achieved
rather slowly and does not follow the same trend as in FO-600. This suggests that the kinetics
of the conversion reaction might be different in both materials.
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Figure 71 – In situ XANES and corresponding FT region obtained for FO-800 during first
charge.
In situ XANES and Fourier transform upon delithiation of FO-800 material are shown in
Figure 71. Voltage profile and lithium content during the electrochemical cycling of FO-800
clearly show a difference in the electrochemical delithiation, in comparison with FO-600. FO600 delithiates 6.86 moles of lithium while FO-800 only 2.38 moles. This difference in the
delithiation profile is also visible in the XAS measurements. In situ XANES shows a rather
slight shift of the edge position from 7113 eV to 7115 eV during delithiation and the line
shape remains the same without much change. The Fourier transform of the EXAFS region
also supports this finding. The metallic Fe formed at the end of discharge remains the same
without oxidation until 1.90 V, represented by the peak at 2.1 Å, except for the slight shift in
the peak position. However, at the end of charge/delithiation the peak shifts to the meatal
oxygen position at 1.4 Å with a pronounced shoulder of metal-metal bond distance of around
2 Å.
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Figure 72 – Comparison of XANES and the corresponding FT regions obtained for pristine
FO-600 and FO-800, at the end of discharge and end of charge.
For both FO-600 and FO-800 samples, a comparison plot was made; containing the
XANES spectra at the pristine, end of discharge and end of charge states, to directly visualize
the changes (Figure 72). The FT is shown in the inset. It can be seen that the XANES line
shape at the Fe K edge of FO-600 for all three states are different. However, at the end of
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charge the XANES pre edge feature reappears but does not overlap with that of the pristine.
In FO-800 (Figure 72), the edge position at the end of discharge and end of charge does not
change much; however, the XANES line shape/coordination environment shows slight
differences. FT (inset) shows that at the end of charge, the second shell, where the metalmetal interaction appears, is reduced and appears only as a shoulder for the sample after one
complete cycle compared to the pristine sample. This conclusively proves that Fe metal
formed during the first discharge was re-transformed into an amorphous or cluster sized oxide
phase different from the initial material. Also, the metallic Fe formed during the first
discharge was not completely transformed into their corresponding oxides.

Figure 73 – Fe K edge XANES region of completely lithiated/end of discharge FO600 and FO-800 compared to metallic Fe reference material.
Comparing the edge position of lithiated FO-600 and FO-800 with the Fe metal foil
reference material (
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Figure 73) conclusively confirms the formation of metallic Fe at the end of discharge.
The bulk reference metal foil has a different coordination environment compared to the Fe
nanodomains formed at the end of discharge.
FO-600 and FO-800 at the end of charge were also compared to Fe2O3 and FeO
reference materials (Figure 74). By comparing the edge position of FO-600 with the reference
materials with a pre-edge feature it tends to overlap with Fe2O3. In contrast, FO-800 has strong
differences in the XANES line shapes after the 1st cycle. The XANES region for the samples
after one complete cycle, measured at the inflection point, is closer to that of FeO. The formal
valence state of the pristine material cannot be assigned to both Fe-oxides formed.

Figure 74 – Fe K edge XANES region of delithiated/end of charge FO-600 and FO800 compared Fe2O3 and FeO reference materials.
In order to get some quantitative information about the phase fraction, LCF fitting was
done on the discharged and charged samples at the Fe K edges using the Fe metal, Fe2O3 and
FeO spectra as references. Table 14 shows the LCF fitting results of the Fe K edge XANES
spectra at the end of discharge fitted with Fe2O3, FeO and Fe metal.
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Table 14 - LCF fitting results at Fe K edge for FO-600 and FO-800 at the end of
discharge and end of charge. Contribution of each reference material at various state of
charge of FO-600 and FO-800 are tabulated (5% error bar).
Sample

Potential

Contribution from
Fe2O3

Contribution from
FeO

Contribution from
Fe

FO-600

EOD

0

0.06

0.94

FO-800

EOD

0

0.18

0.82

FO-600

EOC

0.53

0.37

0.1

FO-800

EOC

0.07

0.26

0.67

From the LCF fitting, about 94% FO-600 and 82% FO-800 material was transformed
to metallic Fe at the end of discharge. During the consecutive charging, most of the metallic
Fe remains unreacted in FO-800 and the rest oxidized to FeO with a negligible amount of
Fe2O3. However, in FO-600 at the end of charge, most of metallic Fe oxidizes to FeO (37%)
and Fe2O3 (53%).

3.5.3.

Discussion

In situ SRPD and in situ XAS has shown to be an important combination to obtain
detailed understanding of the structural changes occurring in crystalline, nanocrystalline and
amorphous phases in iron oxide based electrode materials for lithium ion batteries. With high
surface area and electrolyte decomposition on the surface, nanoparticles do not offer long
term cycling stability68 even with good electrochemical conversion kinetics. FO-800 with a
FeO/Fe3O4 mixture after the first cycle still contains unreacted metallic Fe nanoparticles.
Nevertheless, the material showed better capacity retention on further cycling. The unreacted
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Fe nanoclusters might provide a good conductive network in the electrode during further
cycling even though the FeO formed after the first cycle offers lower capacity than Fe3O4.
Therefore, the effect of particle size and annealing temperature for transition metal oxides
shows that there is an optimum size for improved capacity which is very likely to be material
dependent66,67.
Using in situ SRPD technique, an intermediate lithiated phase (LixFe3O4) was observed
during the initial lithiation along with Fe3O4 as observed previously by Chen et al.,87 which
increases with increasing lithiation for both FO-600 and FO-800 materials. For FO-800, the
conversion of FeO to metallic Fe starts at an onset of 2 moles of lithium uptake. However, the
intermediate lithiated phase was indexed during Rietveld refinement to the cubic spinel phase
(𝐹𝑑3̅𝑚 space group), the atoms occupying 8a tetrahedral sites are displaced to 16c octahedral
sites together with the intercalation of lithium into 16c106 and not with a rock salt phase as
reported in most of the previous works. Further studies using in situ XAS confirm the
existence of multiple phases between intercalation and conversion reactions during the first
discharge which is in good agreement with the findings by He et al.,109.
Furthermore, the in situ XAS data suggest that, the starting material and the metallic Fe
nanodomains formed when the material is fully lithiated impact the homogeneity of the iron
oxide phase formed during the subsequent delithiation. Lithiation of FO-600 resulting in
rather complete conversion into Fe domains favors the formation of both FeO and Fe2O3 with
a higher ratio of Fe2O3 upon delithiation. However, a complete conversion into iron oxide was
not seen in FO-800 and the delithiation kinetics was more favored for the formation of FeO
than Fe2O3.
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3.6. Electrochemical Reaction mechanism and Alloying in
ZnFe2O4
By replacing one iron atom in Fe3O4 by zinc the theoretical capacity is enhanced as
lithium ions can form a lithium zinc alloy. Ever since the first report of the electrochemical
lithiation of ZnFe2O4 in 2004140, this compound is considered an interesting candidate for
high-capacity anode materials (1072 mAh g-1). Recently, much attention has been paid to the
modification of ZnFe2O4 through various approaches ranging from morphological
modifications34,141,142, simple carbon coating84,143 to doping heteroatoms in the graphene
supported hollow ZnFe2O4 nanosphere144; double graphene layer encapsulation145 and MOF
derived ZnO/ ZnFe2O4 nanostructures146,147. These approaches were proposed to improve the
reversibility and cycling life, however, the fundamental study of the mechanism of
electrochemical conversion in this material is not fully clear and is still under investigation.
In contrast to other transition metal ferrite spinels, ZnFe2O4 transforms to metallic Fe
and Zn which accounts for a total theoretical lithium uptake of 9 moles at the end of discharge:
8 moles for the conversion reaction and one additional electron equivalent for the LiZn
alloying at the end of deep discharge starting from around 0.4 V. This has been investigated
by Nuli, Guo and Sharma et al.,140–142 by XPS and TEM techniques. Whereas the most recent
study by Zhang et al.,148 using combined in situ XRD and ex situ XAS and PDF
characterization found no evidence for the LiZn alloy even at the reduction limit of 0.2 V.
How so ever, the reliability of an ex situ XAS measurement is questionable considering the
fact that zinc can easily get oxidized in particular when present around Fe. Also in situ TEM
studies by Su et al.,149 only accounts for the formation of metallic Fe and Zn nanograins at
the end of discharge.
The overall lithiation process can be summarized as:
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ZnFe2O4 + 8Li+ + 8 e− → Zn°/ZnLi + 2Fe° + 4Li2O
Zn + Li+ + e- → ZnLi

(7)

(8)

The previous literature reports account for lithium intercalation from the very
beginning, were the initial lithiation is assumed to take place through two distinct
mechanisms: (i) Either by widely observed lithium intercalation into the main structure, where
the lithium is inserted into the main phase up to x = 2 in LixZnFe2O4 which further transforms
into a rocksalt structure84,141,148 followed by the formation of metallic Zn and Fe, (ii) By a two
phase mechanism142, where lithium intercalation results in the formation of a new lithiated
phase along with the main phase. Furthermore, a detailed investigation on the phase
transformation during the initial intercalation with structural refinement results is still not
reported. Nuli et al., even proposed a direct conversion of the main phase into binary oxides140
(ZnO and FeO).
All the previous studies agree with the formation of Zn and Fe metal at the end of the
first lithiation and the consecutive reversible formation of ZnO in the following cycles. Even
though Fe shows a comparatively faster oxidation kinetics during charging, discrepancies
regarding the binary iron oxides remain unclear. Sharma et al., confirmed the formation FeO
after 50 cycles by TEM142 whereas Guo et al., considered FeO as an intermediate product and
suggested that the metallic Fe end product of the first discharge is firstly oxidized to FeO
which is further oxidized to Fe2O3 as the charge voltage increases141 which is in agreement
with the recent in situ TEM studies by Su et al.,149.
The first delithiation/reversible reactions:
ZnLi/Zn + Li2O ⇄ ZnO + 2Li+ + 2e−

(9)

2Fe + 3Li2O ⇄ Fe2O3/FeO + 6Li+ +6e−

(10)
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Within the current research we focus on answering two important questions:
(i)

Whether or not Zn forms LiZn alloy during lithiation in the electrochemical cell.

(ii)

Whether the following delithiation of this electrode results in the conversion of
metallic Fe formed at the end of discharge to binary FeO or Fe2O3.
Hence, to account for a more precise explanation for the overall electrochemical

mechanism, in situ SRPD and in situ X-ray absorption spectroscopy were carried out on
inverse co-precipitation synthesized ZFO-800 electrodes.

3.6.1. In Situ Synchrotron Radiation Powder Diffraction
The current study was carried out on ZFO-800 material. ZFO-800 consists of 98.90%
inverse spinel ZnFe2O4 (Space group: 𝐹𝑑3̅𝑚) and 1.10% ZnO (Space group: P 63 m c)
(Figure 21) as observed from the Rietveld analysis with an average particle size 82±35 nm
(Figure 22). Figure 75a shows the voltage versus lithium content curves during galvanostatic
cycling. After the fast drop of voltage from 3.1 V to 0.75 V a small plateau appears with the
insertion of 0.2 Li+. This plateau implies a possible reaction at this voltage. After that a long
plateau at 0.78 V until approximately 5.5 Li+ was observed after which metallic Zn and Fe
were expected to be formed. The slope region below 0.65 V is attributed to the formation of
an SEI film and below 0.4 V the Li Zn alloying reaction is expected to occur with a polymeric
gel-type layer formed on LiZn alloy and Fe° nanoparticles upon deep discharge142,150.
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Figure 75 – Discharge (Red line)-charge (Black line) profiles with respect to lithium
content (a) and specific capacity (b) of ZFO-800 electrodes.
The capacity obtained accounts for a total of 11 moles of Li+ (Theoretically 9 moles of
Li+) per mole of ZnFe2O4. The initial discharge capacity of ZFO-800 is 1223 mAh g-1 at 11.04
moles Li+. The experimentally observed capacity was significantly higher than the theoretical
capacity mainly due to SEI formation and additional Li+ accommodation through reaction
with grain boundary phases in nanostructures. In the consecutive charging process, the
electrode exhibits a specific charge capacity of 606 mAh g-1 with an incomplete extraction of
5.5 moles of Li+ (Figure 75).
Herein, the structural evolution and phase identification of ZF0-800 electrode during
initial discharge upto 7 Li+ is examined using in situ SRPD with Rietveld analysis of the
obtained data. Figure 76 displays the structural evolution during first discharge up to 7 moles
of Li+ for ZFO-800 material for selected 2θ regions with a discharge rate of C/10 in the
voltage range 3.1.-0.1 V. The reflections marked with asterisk (*) are from the lithium counter
electrode.
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Figure 76 – Selected 2θ ((a)15.2-16.4 2θ and (b) 17.1-22.8 2θ)regions of in situ SPRD
patterns of ZFO-800 measured at the MSPD powder diffraction beamline at ALBA during
initial discharge up to 7 Li+.
The evolution of the reflections in Figure 76 during the first discharge is characteristic
for a two-phase mechanism as previously observed in FO-600, FO-800, CFO-800 and NFO800. Therefore, in spite of the difference in the transition metal partial substitution in Fe 3O4
and difference in applied c-rate, all the material showed similar electrochemical lithiation
mechanism during initial discharge. Figure 77 shows the Rietveld refinement results for the
XRD patterns observed at different lithiation states of 0.145 and 6.942 moles of lithium.
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Figure 77 – Synchrotron diffraction patterns of ZFO-800 observed during the first
discharging process at lithiation states of x=0.145 and x=6.942 moles Li+.
The ZFO-800 material consists of 98.90% ZnFe2O4 (Space group: 𝐹𝑑3̅𝑚) and 1.10%
ZnO (Space group: P 63 m c) as seen from the Rietveld refinement of the pristine material and
up to 0.3 lithium there is no change in the already existing phases except for the lattice
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parameter expansion of 0.04 % from 8.445355(9) Å to 8.44872(1) Å. Above the critical
concentration of 0.3 lithium a two phase mechanism with the formation of a new phase with
the same space group (𝐹𝑑3̅𝑚) as the initial main phase is observed. This newly formed
lithiated phase exhibits similar crystal structure with empty 8a sites as previously observed in
other materials.

Figure 78 – Change in the unit cell parameter as a function of number of moles of Li (x)
inserted in the structure for ZFO-800.
The difference in lattice parameter for both phases comprises 0.34 % from 8.445355(9)
Å for the main phase to 8.47401(2) Å for the freshly formed lithiated phase. Figure 78 shows
the changes in the unit cell parameters of the already existing ZnFe2O4 phase and the freshly
formed LixZnFe2O4 phase during initial discharge.
As the lithiation proceeds further the reflection intensities of the main phase decrease
together with the decrease in phase ratio. The phase ratio of the lithiated phase increases as
observed from Figure 79 during the voltage plateau observed at 0.8 V. Deeper discharge with
the voltage drop leads to the crystal structure destruction of the lithiated phase with the
formation of Zn and Fe metal nanoparticles in an amorphous matrix of Li2O.
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Figure 79 – The phase ratios vs. Li content of crystalline phases during cycling for ZFO800.
However there is no evidence for LiZn alloy formation or metallic Zn using diffraction
studies.

Table 15 - Rietveld refinement results for ZnFe2O4 and LiXZnFe2O4 at various lithiation
states. Lattice parameter expansion, micro-strain analysis and crystallite size are given.
Lattice Parameter and Lattice Parameter Expansion
Lithium
Content
(X)

ZnFe2O4

Initial

8.445355(9)

1.56

8.449955(8)

2.56

Expansion

Crystallite Size (nm)

Maximum Strain

LiXZnFe2O4

Expansion

ZnFe2O4

LiXZnFe2O4

ZnFe2O4

LiXZnFe2O4

8.47401(2)

0.34

115

19

2.31

35.69

0.054

8.4968(1)

0.27

171

40

5.61

28.66

8.45788(2)

0.15

8.5068(1)

0.39

191

48

7.16

20.29

3.55

8.45100(3)

0.067

8.50106(6)

0.32

195

61

7.97

19.01

4.55

8.45275(3)

0.088

8.50347(5)

0.35

208

67

9.39

15.99
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5.53

8.4595(1)

0.17

8.5107(1)

0.43

237

72

11.20

13.66

6.52

8.46038(9)

0.18

8.51208(9)

0.45

266

81

13.15

11.93

7.09

8.4600(1)

0.17

8.5105(1)

0.43

257

89

13.47

11.38

The lattice parameter expansion, crystallite size and micro-strain analysis obtained by
Rietveld refinement of ZFO-800 at various discharge points during in situ SRPD are shown
in able 15. The maximum strain is given in the Fullprof microstructural output file as
4

△𝑑
𝑑

x10-

. The lattice parameter expansion for the freshly formed lithiated phase is 0.34% which

further increases to 0.43% by intercalation of 7 moles of lithium. However, there is only a
0.17% increase in the lattice parameter of the main phase during the whole process. Also the
lattice strain of the initial phase of ZnFe2O4 increases with increasing lithiation or decreasing
phase ratio and consecutively the freshly formed lithiated phase has higher strain compared
to the same phase with the insertion of 7 moles of lithium. The crystallite size of the lithiated
phase is much smaller compared to the initial phase which confirms the formation of a
nanocrystalline lithiated phase during initial discharge. The metallic Zn and Fe, formed at the
end of discharge and not detected by the synchrotron diffraction, are expected to be even
smaller in the range of 2-5 nm.

3.6.2.

In Situ X-Ray Absorption Spectroscopy

The in situ XAS measurements were carried out on ZFO-800 material during the first
cycle at a charge-discharge rate of C/10 in a voltage window 0.1-3 V to identify the phases
which could not be detected by X-ray diffraction. However, it has to be emphasised that the
quantification of phase fractions well below 5% is extremly difficult by XAS. Also this study
aims at observing whether or not LiZn alloy is formed at the end of deep discharge. Figure
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80 shows the Li content (x) versus voltage (Ewe) curve for ZFO-800 cycled against Li. Red
and black curves represent the discharge and charge curves, respectively.

Figure 80 – The x (Li content) versus voltage curve for ZFO-800 for in situ XAS
measurements.
To obtain direct information about the oxidation states of Fe and Zn in ZFO-800, the
X-ray absorption near edge structure (XANES) regions of the XAS spectra at Fe and Zn K
edges were compared with the XANES regions obtained from XAS spectra of different
reference materials.. Figure 27a and b show the Fe and Zn K edge XANES regions for
pristine ZFO-800 compared to reference materials. The overlapping of edge positions of
pristine ZFO-800 with Fe2O3 and ZnO reference materials was observed. Therefore, Fe exists
as Fe3+ and Zn as Zn2+ in ZFO-800. Rietveld refinement of the diffraction data of pristine
ZFO-800 (Figure 21) states the existence of 98.90% ZnFe2O4 (Space group: 𝐹𝑑3̅𝑚) and
1.10% ZnO (Space group: P 63 m c).
A pre-edge feature as in in 3d transition metal oxides can also be observed at the Fe K
edge of pristine ZFO-800 material at 7110 eV, whereas no pre-edge peak can be observed at
the Zn K-edge because of the fully occupied 3d orbitals of Zn. Similar behavior of the preChapter 3 - Results and Discussions
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edge was observed in a recent publication where local structural changes of nano-crystalline
ZnFe2O4 during lithiation and de-lithiation are studied by ex-situ XAS151.
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Figure 81 – Normalized in-situ XANES region for the Fe (a) and Zn (c) K-edge of ZFO-800
during first discharge/lithiation until 0.1 V with corresponding Fourier transform spectra
obtained for Fe (b) and Zn (d) K-edge.
During the initial discharge/lithiation, the edge position of both, Fe and Zn K edge, is
shifted to lower energy i.e. from 7118 to 7112 eV for Fe K edge and 9660 to 9658 eV for Zn
K edge. Furthermore, considerable change in the XANES line shape as well as intensity is
also observed (Figure 81(a) and (c)). Both changes in edge position as well as line shape
clearly indicate a change in oxidation state as well as a rearrangement in the local coordination
of the absorbing atom. By careful analysis it can be seen that up to insertion of approximately
7 Li, along with the edge shift, the intensity of the white line as well as the amplitude of the
oscillation is decreased. However, the overall XANES line shape is still preserved during the
insertion of 7 lithium. Apparently, at this state two phases coexist: the pristine phase and
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lithiated/intercalated ZFO. The Fourier transformations for the corresponding Fe and Zn K
edge during first discharge are shown in Figure 81(b) and (d), respectively. The FT amplitude
and normalized intensity decreases with increasing lithiation. After the insertion of 6 moles
of lithium there is a drastic rearrangement and structural transformation at both Fe and Zn K
edges. The FT of both Fe and Zn K edge of the parent material is characterized by two
dominant peaks approximately at 1.5 Å and 2.5 Å, the former arises from the backscattering
of the nearest neighbor shell of oxygen anions in the first coordination shell and the latter
peak is due to the second nearest neighbor scattering. It is to be mentioned that the scattering
from the tetrahedral as well as octahedral sites cannot be resolved within the second shell due
to the low resolution of the data. The low resolution (especially for Zn edge) is partly
attributed to low data quality arising from the high absorption of the Cu foil on which the
active material is coated. Furthermore, Cu K edge overlap with Zn K edge and the tailing
EXAFS region of Cu K edge can distort the Zn K edge.
Reduction of Fe3+ to Fe° is achieved before the reduction of Zn2+ to Zn°. The shape of
the FT amplitude begins to change drastically with the insertion of 6 moles of lithium at the
Fe K edge, whereas this occurs with the insertion of 7 moles of lithium at the Zinc K edge.
Once the cell is discharged to 0.4 V which corresponds to more than 8 moles of lithium, a
prominent peak around 1.96 Å appears which is visible until the end of discharge for Fe K
edge spectra. This peak contributes to the first neighbors shell in metallic Fe and was also
seen in other compounds. However, the Fe-O contribution doesn’t disappear completely, a
shoulder still exists at 1.3 Å which corresponds to the existence of some amount of FeO even
after the complete discharge.
Figure 82 and Table 16 shows the LCF fitting results of the Fe K edge XANES spectra
at the end of discharge fitted with Fe2O3, FeO and Fe metal.
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Figure 82 – LCF fitting with Fe2O3, FeO and Fe metal as references for Fe K edge XANES
region at the end of discharge.

Table 16 - LCF fitting results at Fe K edge for ZFO-800 at end of discharge. Contribution of
each reference material at different potentials are tabulated (5% error bar).
Sample

Potential

Contribution from
Fe2O3

Contribution from
FeO

Contribution from
Fe

ZFO-800

0.11 V

0.1

0.3

0.6

Therefore, there is a negligible amount of Fe2O3 whereas Fe metal together with FeO
contributes significantly to the spectra. Compared to the Fe K edge FT, the Zn K edge FT is
dominated by a single broad peak around 2.2 Å with the intake of 8.67 moles of lithium. This
peak shifts further to lower values, 2.05 Å and 1.95 Å with the intake of 10.22 and 10.99
moles of lithium respectively. For the better understanding of the changes observed at the end
of discharge, EXAFS analysis at both Fe and Zn was done by fitting theoretical FEFF paths
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with experimental paths in r-space. The EXAFS fit results of the completely discharged ZFO800 electrode at the Fe and Zn K-edge is shown in
Figure 83 The fit parameters are listed in Table 17. Amplitude reduction factors were
obtained from the EXAFS fitting of the Fe and Zn metal foil spectra and are fixed during the
fitting.

Figure 83 – Comparison of EXAFS fits of Fe and Zn K-edge of ZFO-800 electrode
discharged to 0.01 V and pure iron and zinc metal foil.
A direct explanation about LiZn alloying is difficult due to insufficient resolution in rspace. However, the EXAFS fitting shows a Zn-Zn bond distance distortion or considerable
deviation from the expected Zn-Zn bond distance from the bulk (2.66 Å) as shown in Table
17, which could be an indication of alloying. The EXAFS fit result for the Zn K edge at the
end of discharge as seen from
Figure 83 shows a change in the shoulder at shorter distances. This suggests that the
metallic Zn is further converted to Zn- state which is LiZn alloy formation. This behavior was
previously observed in an in-situ XAFS study of the capacity fading mechanisms in ZnO152.
Table 17 - EXAFS fitting results at the end of discharge.

Edge

Coordination
Number (N)
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Fe

(Fe-Fe ) 2.4

(Fe-Fe) 2.41(2)

(Fe-Fe) 0.005(2)

Zn

(Zn-Zn) 4.3

(Zn-Zn) 2.44(1)

(Zn-Zn) 0.013(1)

The EXAFS fit for the Fe K edge with pure Fe metal foil gives a good fit as expected.
EXAFS analysis of the pure metal foils yields a higher coordination number whereas at the
end of discharge of the ZFO-800 electrode, the coordination numbers of metal–metal shells
were considerably lower. This confirms the formation of nano-metallic domains or clusters.
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Figure 84 – Normalized in-situ XANES region for the Fe (a) and Zn (c) K-edge of ZFO-800
Figure 6: In situ XANES spectra obtained for ZnFe2O4
during first charge/de-lithiation until 3.1 V with corresponding Fourier
transform spectra
obtained for Fe (b) and Zn (d) K-edge.
In-situ XANES during the corresponding charge for the Fe and Zn K-edge of ZFO-800
until 3.1 V with the corresponding Fourier transform spectra is shown in Figure 84. No
significant changes like XANES peak shape or peak intensity were observed especially for
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the Fe K edge. However, the edge position for both Zn and Fe K edge was slightly shifted to
higher energy indicating an oxidation of the metallic phase. However, the corresponding
Fourier transform EXAFS data for Zn shows more pronounced changes as the Zn/Li alloy
peak was further shifted to lower bond distances indicating an oxidation of Zn. From the
EXAFS study, it is clear that the Zinc is preferentially oxidized compared to the Fe and large
fraction of Fe exists in the metallic form.

3.6.3.

Discussion

The long and short range structural changes in ZFO-800 electrodes during lithiationdelithiation are studied by in-situ SRPD and in-situ XAS. In-situ diffraction studies account
for a two phase mechanism of the initial lithiation. The main phase of ZnFe2O4 and additional
phase LixZnFe2O4 coexist from the very beginning with the insertion of 0.3 moles of lithium.
Both main phase and lithiated phase crystallize in 𝐹𝑑3̅𝑚 space group, however, in the
lithiated phase the atoms occupying 8a tetrahedral sites are displaced to 16c octahedral sites
together with the intercalation of lithium into 16c site. With increasing lithiation the main
phase decreases with an increase in the lithiated phase.
Whereas no metallic Zn, Fe or Li-Zn alloys were observed in the diffraction experiment,
the Fourier transform of the in-situ XANES region for Fe and Zn K edge reveals the formation
of metallic nanoparticles along with the formation of LiZn alloy. The reduction in the FT
amplitude and normalized intensity confirms that the formation products are amorphous
nanoparticles. However, these phases are not completely transformed into corresponding
FeO/Fe2O3 and ZnO upon delithiation. Especially a large fraction of metallic Fe is still found
at the end of charge. One major reason for this could be the inaccessibility of Zn and Fe
metallic nanoparticles formed at the end of discharge for the corresponding oxidation during
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charging. Even then, for the same material, the possibility of improvement in the reversibility
of the redox reaction between lithium and transition metal oxides in the 2nd cycle and also the
following cycles as observed by Zhou et.al,151 cannot be completely neglected. The
incomplete conversion of the electrode material results in the formation of inactive phases
which leads to a decrease in capacity of the electrodes.
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Chapter 4 – Conclusion
In the current work, the electrochemical performance, phase transformation and
microstructure development during the first discharge-charge process of transition metal
ferrites (MFe2O4, M = Fe, Co, Ni, Cu and Zn) were investigated using combined in situ
synchrotron powder diffraction and X-ray absorption spectroscopy techniques. The main
findings are summarized as followings:


The electrochemical performance of inverse co-precipitation synthesized MFe2O4, M =
Fe, Co, Ni, Cu and Zn shows that the electrochemical composition (binary vs. ternary)
and the type of the additional metal in the ternary ferrites have strong impact on the
electrochemical performance. In addition, factors such as annealing temperature,
electrode composition, electrode pressing and binder also have strong influence on the
electrochemical performance. Among the different materials, Binary Fe3O4 demonstrates
a more stable cycling behavior than ternary oxides. Cu and Zn ferrites show less
degradation upon cycling in comparison to Co and Ni compounds.



Investigation of lithium storage mechanism in nano-crystalline Co and Ni ferrites by in
situ SRPD confirms the formation of a two-phase mechanism of which the newly formed
intermediate phase is indexed with the space group 𝐹𝑑3̅𝑚. The characteristic feature of
this intermediate phase is the rearrangement of the cations within the spinel structure. The
insertion of lithium into octahedral 16c sites of the spinel causes the migration of the
transition metal cations from the tetrahedral 8a sites to empty octahedral 16c sites. The
cation distribution of the intermediate spinel phase corresponds to (Li,Me)16c[Me2]16dO4.
Therefore, the traditional description of the loss of the initial microstructure upon the
conversion process to form rock salt type structure has to be re-considered.
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In situ XAS studies performed on CoFe2O4 and NiFe2O4 at Fe, Co and Ni K edges revealed
the formation of metallic nanoparticles at the end of first discharge. During the subsequent
charging, metallic Fe domains completely reoxidized, whereas no such complete
oxidation was observed for the Co and Ni metallic phases. This could be attributed to a
thermodynamically more favoured formation of Fe2O3 in comparison with NiO or CoO.
The hindered reoxidation of Co and Ni in the applied potential window could be a reason
for the observed irreversible capacity loss in the first cycle for both materials. A higher
reversible capacity and hence a higher coulombic efficiency especially in the initial cycle
would require a complete oxidation of Ni and Co at lower potentials.



During the first discharge, both initial intercalation and later conversion reactions are
assumed to have distinct reaction dynamics. In the current study, the intermediate lithiated
phase appears at 0.08 and 0.8 moles of lithium intake for CFO-800 cycled at C/10 and
C/40, respectively, whereas at 0.2 and 0.8 moles of lithium uptake for NFO-800 cycled at
C/10 and C/40, respectively. Hence, the higher C-rate of the samples results in higher
propagation speed of the lithiated phase interface.



Nanocrystalline phase pure FO-600(Fe3O4) and microcrystalline FO-800 containing a
FeO/Fe3O4 mixture shows that, with high surface area and electrolyte decomposition on
the surface, FO-600 nanoparticles do not offer long term cycling stability even with good
electrochemical conversion kinetics whereas FO-800 microcrystalline particles shows
excellent electrochemical cycling stability. Using in situ SRPD technique, an intermediate
lithiated phase (LixFe3O4, 𝐹𝑑3̅𝑚 space group) was observed during the initial lithiation
along with Fe3O4 which increases with increasing lithiation for both FO-600 and FO-800
materials. For FO-800 the conversion of FeO to metallic Fe starts at an onset of 2 moles
of lithium uptake. FO-800 with FeO/Fe3O4 mixture after the first cycle still contains
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unreacted metallic Fe nanoparticles. Nevertheless, the material showed better capacity
retention on further cycling. Furthermore, the in situ XAS data suggest that, the starting
material and the metallic Fe nanodomains formed when the material is fully lithiated
impact the homogeneity of the iron oxide phase formed during the subsequent delithiation.
Lithiation of FO-600 resulting in a rather complete conversion into Fe domains favors the
formation of both FeO and Fe2O3 with a higher ratio of Fe2O3 upon delithiation. However,
a complete conversion into iron oxide was not seen in FO-800 and the delithiation kinetics
was more favored for the formation of FeO than Fe2O3.


In ZnFe2O4 anode material, in situ diffraction studies account for a two-phase mechanism
during first discharge as observed in other materials. At the end of first discharge, a
mixture of metallic Fe and Zn, ZnO, LiZn and Li2O phases co exists. These phases were
not completely transformed into the corresponding FeO/Fe2O3 and ZnO upon delithiation.
The incomplete conversion of the electrode material results in the formation of inactive
phases which leads to a decreasing capacity of the electrodes.

Therefore, this thesis work provides the first detailed comparative study on the influence of
the electrochemical performance and reaction mechanism of Fe3O4 with a partial substitution
of Fe using different 3d-cations (Co, Ni, Cu and Zn). It also adds in-depth insight into the
existing knowledge of particle size and c-rate dependent reaction mechanisms. The
information obtained from these findings can help to further improve the electrochemical
performance of conversion type ferrite anode materials for their potential energy storage
applications in LIBs.
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