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Preface
Rechargeable batteries play an important role in the development of
renewable energy and the decrease of air pollution. The battery is a dynamic
system, which converts electricity into chemical energy and vice versa by
oxidation/reduction reactions. Understanding these processes is crucial,
because they define the electrochemical properties. In case of Li-ion
batteries, the active compound of the positive battery electrode (cathode) is
an inorganic phase, which consists of a framework or a layered structure
filled with Li-ions. During cycling, Li-ions are reversibly extracted and
inserted. How the inorganic structure adapts to the variation in Li content
has a crucial impact on the battery performance. It is challenging to
characterize the crystal structure variations due to complex nature of the
cathodes, which contain the active cathode material as well as several
amorphous additives. The most widespread laboratory technique for the
structure determination, powder X-ray diffraction (PXRD), does not always
allow refining fine structural details for such mixed compounds. Therefore,
state-of-the-art large diffraction facilities such as synchrotron and neutron
sources are currently used to solve this problem.
An alternative method is proposed in this thesis, which is
quantitative electron diffraction using a transmission electron microscope
(TEM). Electron diffraction tomography (EDT) was developed a bit more
than a decade ago. It allows obtaining crystallographic information from a
single

submicrometer

crystal

without

prior

knowledge.

Therefore,

multiphase samples can be successfully investigated. In addition, it allows
to detect light atoms such as Li, however successful refinement of their
occupancies has not been shown so far in literature. Therefore, the aim of
this thesis is to investigate the possibility to use EDT for the complete
structure characterization of cathode materials including the refinement of
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Li occupancies and to investigate their degradation mechanisms upon
electrochemical cycling using ex situ and in situ TEM.
This thesis contains an introduction, experimental and results parts.
The introduction (Chapter I) gives more details about Li-ion batteries and
EDT. The Chapter II provides the basics of the characterization techniques
used for sample characterization.
The results and discussion are given in the Chapter III-V. Chapter III
shows that ex situ EDT can be used to solve and refine the crystal structure
of cathode materials and to refine Li occupancies. Using EDT we
investigated the mechanisms of structure transformations upon cycling for
the Li(Fe,Mn)PO4, Li2FePO4F and (K,Li)VPO4F polyanionic compounds and
LiRhO2 cathode materials (Chapter IV). In the Chapter V, we show for the
first time that EDT can be performed in an in situ liquid electrochemical
TEM cell. The quality of the data was enough to track the changes in the
unit cell dimensions, atomic positions and refine occupancies of Li positions.
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List of abbreviations
BVS

Bond Valence Sum

CCD

Charge-coupled Device

CMOS

Complementary metal-oxide-semiconductor

EC

Ethylene Carbonate

DFT

Density Functional Theory

DMC

Dimethyl Carbonate

ED

Electron Diffraction

EDT

Electron Diffraction Tomography

EDX

Energy Dispersive X-ray

EELS

Electron Energy Loss Spectroscopy

HAADF-STEM

High Angle Annular Dark Field STEM

NPD

Neutron Powder diffraction

SAED

Selected Area Electron Diffraction

SEM

Scanning Electron Microscopy

STEM

Scanning Transmission Electron Microscopy

SXPD

Synchrotron X-ray Powder diffraction

TEM

Transmission Electron Microscopy

TM

Transition Metal

PXRD

Powder X-ray Diffraction
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X-ray Photoelectron Spectroscopy

1D

One-dimension

2D
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3D

Three-dimensional
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1 Chapter I. Introduction
The increasing CO2 emission is a major concern of society, since it has
a negative effect on the climate. To restrain the production of greenhouse
gases, the fossil fuel consumption should be limited. Nowadays, it is mainly
used to provide heat and electricity and to power vehicles. There are
alternative ways to produce electricity using nuclear energy or sustainable
renewable sources. Solar and wind energy are the most promising, since
they are abundant in the world and ecologically clean. However, these
means do not provide electricity continuously. Therefore, the storage of
electricity is required to smooth the discrepancies between energy supply
and demand.1,2 It is also necessary for powering of electric vehicles, which
leads to zero emission of CO2 and exhaust gases and improves the
environment of overpopulated cities. To make this crucial step forward, new
batteries are required, which should be cheap, light, powerful and safe, can
recharge fast and operate at a wide range of temperatures.2
Currently, Li-ion batteries are the best energy storage for portable
devices and electric vehicles. However, commercial Li-ion batteries still do
not satisfy these demands, because they are either expensive or not safe
enough or do not have sufficient energy densities and fast charging rates.
The cathode is one of the main limiting factors of battery performance.
Therefore, new active compounds should be developed. Their crystal
structure and its variation during operation of the battery play a significant
role in electrochemical performance. The presence of defects and irreversible
structure transformation during cycling have a detrimental effect on the
capacity and voltage of the battery.
Knowledge about the degradation mechanism of cathode materials
allows avoiding undesirable structure changes.3 However, the structure
characterization by laboratory powder X-ray diffraction can be challenging
9
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due to the nanometer scale size of the particles of the active compound and
the presence of amorphous additives in the cathode materials. Quantitative
electron diffraction, which is a laboratory technique, is able to determine the
crystal structure of nano-sized particles and detect light elements. These
features make the method suitable for the investigation of cathode
materials. However, before our research on this subject, it had never been
used to track the structure transformation after operation of the battery and
to quantify the Li content. Therefore, my thesis is dedicated to the
investigation of the structure transformation mechanism by means of
quantitative electron diffraction.
The first part of the introduction is a brief review about Li-ion
batteries, cathode materials, their degradation routes and the means of
crystal structure investigation. Then the details of quantitative electron
diffraction are discussed in the second part.
1.1

Rechargeable Li-ion batteries
The

concept

of

the

Li-ion

battery

is

based

on

reversible

oxidation/reduction (redox) reactions of lithium ions and transition metal
ions. Li is used due to its unique properties, such as a high electropositivity
and very low atomic weight.4 Furthermore, Li-ion batteries can operate in
non-aqueous electrolytes, which have a high electrochemical stability
window (~1.2-4.8 V).5 These features enable a high energy density, namely
gravimetric and volumetric energy, which is the amount of energy stored in
unit of mass or volume, respectively.2
In the modern commercial Li-ion batteries, the positive electrode
contains an inorganic compound, where Li and transition metal ions are
present (Figure 1). During charge, an applied voltage forces electrons to
leave the positive electrode, and move externally to the negative electrode.
In this process, the positive and negative electrodes play the role of cathode
10
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and anode, respectively. At the same time, Li-ions move to the anode via the
electrolyte, which consists of the mixtures of different alkyl carbonates and
Li-salts (e.g. LiPF6). On the way to the anode, the ions pass through pores in
a polymeric membrane, which separates the electrodes in order to prevent a
short circuit (Figure 1, a).2 Finally, the ions meet the electrons at the anode
and reduce to metallic lithium. During the charge step, the external energy
is stored in the form of chemical energy in electrode materials.

Figure 1. Schematic illustration of the Li-ion battery during charge (a) and
discharge (b) processes. The Li atoms are shown as yellow spheres.

The reverse process occurs during discharge. Li ions move from the
anode to the cathode and electrons travel from the anode to the cathode
through the external load (Figure 1, b).2 The positive and negative
electrodes change their roles and become anode and cathode, respectively.
Despite this, the positive and negative electrodes are often called the
cathode and anode in literature, which is only true for the charging process.
11
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The active compounds that form both electrodes should contain layers
or voids for Li reversible intercalation.1 In commercial cells, the negative
electrode material is based on graphite, which has a layered structure and
the positive electrode compound has a framework formed by oxygen
polyhedra centered with transition metals and can additionally contain
polyanion groups. To create these cathode materials, the active compounds
are mixed with an additive enhancing the electronic conductivity (carbon
black) and a binder (polyvinylidene fluoride) for better adhesion, mechanical
strength and ease of processing.1 The resulting electrode slurry is tape
casted on a metal current collector (Al for positive and Cu for the negative
electrodes).1
To create a more powerful and light battery, its specific energy
(Wh/kg) should be increased. It indicates the amount of energy that can be
stored and released per unit mass. It is calculated by multiplying the
operating battery voltage (V) with the specific capacity (Ah/kg), which
represents the amount of charge reversibly stored per unit mass.2
Furthermore, batteries should charge faster, which is determined by Li-ion
diffusion in the electrode materials. Since all these parameters are defined
by the electrode materials, the improvement of battery performance depends
on the development of better electrodes. The most problematic is the
positive electrode, which has significantly lower specific capacity than the
negative electrode, thus limiting the capacity of the whole cell. Therefore, a
lot of effort is dedicated to the improvement of positive electrode materials.1
1.1.1 Cathode materials for Li-ion batteries
The positive electrode material (which will be simply called cathode)
should not only have high specific energy and dis/charging rate, but also fit
to several restrictions. Firstly, its capacity and operation voltage should not
degrade after numerous cycles. In addition, the ratio between the total
12
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charge extracted and inserted during a complete cycle (Coulombic efficiency)
should be close to 100% and not decay with time. Secondly, the material
should

operate

safely

at

elevated

temperature

and

upon

severe

deformations.6 Thirdly, its operation voltage should not exceed the stability
window of electrolyte (<4.8V).5 Furthermore, to make battery production
cheaper, the constituents of the cathode should be abundant and its
production should be simple with small environmental impact.1 Therefore,
the number of promising compounds is severely limited.

1.1.1.1 Types of cathode materials
The active material of the cathode should allow the reversible
(de)intercalation of the Li-ions. Therefore, the crystal structure should
contain paths for fast Li-ion diffusion, which are present in two-dimensional
(2D) and three-dimensional 3D frameworks (Figure 2). In the first case, the
structure is layered and Li cations reside in interlayer gaps. Alternatively,
the chains of polyhedra can be connected to each other, creating a 3D
structure with channels for Li diffusion. In addition to this, Li can migrate
from one position to another using percolation pathways, for instance
through the common faces of the polyhedra of these positions.7

Figure 2. Examples of crystal structures of cathode materials for Li-ion
batteries: a) layered LiMO2 structure, b) LiMn2O4 spinel structure and c) polyanion
LiMPO4 olivine structure.8
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Currently, for Li-ion batteries two families of compounds are used,
namely transition metal oxides and polyanion compounds. The features of
these cathode materials are discussed below.

1.1.1.2 Oxide-based cathodes
Oxide-based compounds are built on close-packed oxygen stacking,
where transition metals occupy part of octahedral interstices. They can form
a 2D layered structures (e.g. LiCoO2, Li2MnO3, V2O5), 3D spinel (e.g.
LiMn2O4) or disordered rock-salt structures (Li2MTiO4). These compounds
have good ionic and electronic conductivity and high operating potential 4-5
V vs Li+/Li.
The structure of layered oxides LiMO2 (M = Mn, Co, Ni,) is not rigid
and Li extraction can lead to the gliding of the layers causing the formation
of the stacking faults. Furthermore, in the charged state transition metal
atoms can irreversibly migrate to the Li vacancies, which can cause
structure transformations.9 Despite these factors, LiCoO2 was the first
commercialized cathode material, due to its good volumetric energy density,
cyclability and high rate capacity. However, in the oxidized state of
Li1-xCoO2 at high x oxygen can be released from the lattice and it reacts with
the electrolyte exothermally, causing fire. Therefore, Li exchange is limited
to ≈0.5-0.7 Li+ per Co, which results in lower reversible capacity
(150 mAh/g) than expected for the fully delithiated state. This, along with
the high cost of Co and its toxicity prevents such kind of batteries to be used
for large scale applications.1,2 To combine good electrochemical performance
with

lower

cost,

substituted

compounds

are

considered,

such

as

LiNiIII0.80CoIII0.15AlIII0.05O2 (NCA) and LiNiII1/3MnIV1/3CoIII1/3O2 (NMC). They
have enhanced thermal stability and good reversible capacity of 185 mAh/g
and 170 mAh/g at 3.7 V vs Li+/Li operating voltage, respectively.1
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Special attention should be given to Li- and Mn-rich layered oxides
(1−x)Li2MnO3*xLiMO2 (M = Mn, Co, Ni), which have very high capacity
(230 Ah/g) and an affordable cost.1 The crystal structure is similar to the
layered LiCoO2-type and it contains an excess of Li occupying transition
metal positions in an ordered way. Therefore, Li atoms can also diffuse by
percolating from one layer to another through tetrahedral vacancies.7 This
results in a 3D pathway for Li diffusion, increasing the rate capability.
Unusual behavior was observed after oxidation of all transition metals up to
tetravalent state. Lithium could be further extracted causing partial
oxidation of oxygen anions to peroxo-like species. This process is partially
reversible and can occur almost without oxygen loss due to hybridization
between p orbitals of oxygen and the d orbitals of the transition metal.1 The
same was observed in layered oxides containing 4d and 5d transition metals
(Ru, Rh, Ir).3,10 The participation of oxygen in the redox process should be
exploited to increase capacity.1 However, the voltage decay is extreme,
which is due to the migration of transition metals to the Li layer and the
oxygen release.1,11
Spinel compounds have a more stable framework. As a result, these
compounds have higher safety. Cheap and non-toxic LiMn2O4 has moderate
capacity (145 mAh/g), but excellent rate capability.12 However, at elevated
temperatures the capacity fades very rapidly due to dissolution of Mn,
caused by disproportionation of Mn3+.

1.1.1.3 Polyanion based cathodes
Another

group

of

cathode

materials

is

based

on

polyanion

frameworks. In contrast to oxide-based cathode compounds, they are formed
by transition metal-oxygen octahedra and polyanion polyhedra (e.g. PO4,
SO4, WO4, SiO4, BO3, C2O4).9,13 In comparison with oxide materials,
polyanion compounds have smaller theoretical gravimetric capacity due to
15
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their higher weight. However, their frameworks are very stable leading to
better cyclability and safety, which overcomes this drawback.9
The most important feature of polyanion compounds is the
dependence of electrochemical potential on the polyanion group, known as
the inductive effect.14 It is due to oxygen atoms shared between the
transition metal (TM) and the central atom (X) of the polyanion group. The
more electronegative X atoms create a stronger X-O bond, which makes the
TM-O bond less covalent and more ionic. As a result, the electrochemical
potential increases.15 Also the introduction of highly electronegative fluorine
anions causes an inductive effect.9,15 Therefore, the operating voltage can be
tailored by selection of the polyanion group.
In contrast to oxide based compounds, polyanion and transition metal
polyhedra can be connected in different ways resulting in a large variety of
frameworks and even in several polymorphs (e.g. LiFeSO4F). It allows to
design structures with the possibility to exchange more than one electron
per one metal such as Li3V2(PO4)3 and Li2MSiO4 (M=Fe, Mn, Ni) silicates.1,9
On the other hand, the connection between transition metal octahedra and
polyanion polyhedra does not allow delocalizing electrons in the same
manner as in oxide-based compounds. As a result, the electronic
conductivity is low.9 Carbon coating and a decrease in particle size overcome
this problem improving electronic conductivity.1
The combination of the inductive effect with the strong 3D framework
and improved conductivity allows creating a commercial battery based on
cheap, abundant and non-toxic iron, such as LiFePO4 with the olivine
structure. It shows sufficient operation potential of 3.6 V, excellent cycle life,
and temperature tolerance (−20 to 70°C).2 The particle size has a crucial
role on the electrochemical properties. First, it reduces the formation of
domains caused by the two-phase mechanism of Li extraction.1 As a result,
it reduces the strain on the phase front. Secondly, since Li can move along
16
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one-dimensional channels, the decrease in particle size improves Li
diffusion.2
A low concentration of the point defects in the crystal structure is an
asset, since it can provide good Li diffusion. It is especially important for
structures with 1D Li pathways, since transition metals can block the
channel leading to a significant decrease in capacity. This effect can be less
dramatic if alternative diffusion pathways are available.1,7
Irreversible

structure

transformations

were

also

observed

in

polyanion frameworks. For instance, the presence of Fe in a Li position and
vice-versa (antisite defects) in pristine LiFePO4 obstructs Li-ion diffusion
and has a detrimental effect on the electrochemical performance.9 In case of
Li2CoPO4F, in the first charge the structure irreversibly changes involving
mutual rotations of CoO4F2 octahedra and PO4 tetrahedra at 4.8V.16
Surprisingly, the new structure expands, which should have a positive effect
on Li diffusion. In contrast to this, the formation of antisite defects in
Li2FeSiO4 caused significant lowering of the operation potential from 3.10 to
2.80 V during the first cycle.9
1.1.2 Characterization of delithiated phases of cathode materials
The electrochemical performance is very sensitive to the crystal
structure of the active compounds of cathode materials. During charging, Liions are extracted and transition metal ions are oxidized, which causes
changes in the crystal structure. Taking into account the influence of small
crystal structural changes on the electrochemical properties, these structure
changes should be reversible.1,9 However, in many candidate materials the
structure transforms irreversibly either during first cycle, creating a new
phase, or changes slowly during the continuous operation of the battery. The
latter is a.o. caused by the migration of atoms to the Li vacancies formed
during the charge step.1 Therefore, it is important to understand the
17
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evolution mechanisms of the crystal structure during operation of the
battery.17
The structure change during or after cycling can be investigated by
diffraction techniques, using different sources: X-rays, neutrons and
electrons. In addition, local structure arrangement can be observed by
atomic resolution (scanning) transmission electron microscopy ((S)TEM).
The changes in the crystal structure can be followed during operation of the
battery (operando) or after electrochemical cycling (ex situ).18

1.1.2.1 Operando techniques
The operando X-ray powder diffraction (either conventional or
synchrotron) and neutron diffraction allow tracking the variation of the cell
parameters and reveal the phase transformations and formation of impurity
phases.8 In comparison with laboratory X-ray sources, synchrotron radiation
has higher intensity and tunable energy. As a result, it provides higher
quality data and can be used for rapid operando studies.18 Neutron
diffraction is slower, but it provides more precise information about the
crystal structure. For instance, it can determine cation ordering and the
position and occupancy of light elements, which is not easily achievable by
X-ray diffraction.8,19 It is worth mentioning that all these techniques collect
diffraction patterns from powder containing small crystallites. Since the
cathode material is a mixture of active compound and amorphous additives
(carbon and binders), the quality of the pattern deteriorates.
In the last decade, in situ electrochemical cells for TEM studies were
developed. The cell is formed by two silicon chips containing 50 nm thick
silicon nitride windows, which are transparent for the electron beam (Figure
3). The chips are sealed to prevent the evaporation of volatile liquid
electrolyte in the vacuum of the microscope. A three-electrode cell
configuration is used for quantitative electrochemical measurements. The
18
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electrodes (working, reference and counter) are deposited on one of the chips
and the working electrode can be observed through the silicon nitride
windows.20,21 The presence of electrodes create a 500 nm gap in between
chips, defining the minimum thickness of liquid layer.22 Consequently, the
electrons scatter numerous times on the liquid, which decreases the spatial
resolution. Therefore, it is not possible to image the electrode with atomic
resolution.
Currently, mainly ex situ experiments are used for structure
characterization with TEM and neutron diffraction. In situ neutron
diffraction is possible, but it suffers from the presence of hydrogen atoms in
the electrolyte, which results in a high background in the patterns.8,10,23 In
TEM, the inability to do high resolution imaging in the electrochemical cell
severely restricts the possibilities. However, the possibility to perform in

situ electron diffraction is not discussed in literature. In this thesis, I will
pioneer this possibility and show the structure refinement of a Li-based
cathode material using in situ obtained electron diffraction data.

Figure 3. Schematic illustration of the Poseidon 500 in situ electrochemical
cell for TEM: the assembly of the cell within the tip of the holder (a)20, the
electrochemical chip (b)21 and cross-sectional view of the cell (c).

19

Chapter I. Introduction

1.1.2.2 Ex situ techniques
In case of STEM, atomic resolution imaging provided important
results pushing forward the development of the Li-batteries. The analysis of
the local structure at atomic scale allowed observation of the migration of
the transition metal atoms in layered oxides upon cycling, which explained a
significant decrease in battery performance.3,24–26 Furthermore, it visualized
the unusual redox chemistry of oxygen forming peroxo-like species10,23 and
the presence of vacancies in oxygen sublattice.27 However, some compounds
degrade rapidly under the required intense beam. This occurs due to
inelastic scattering of the electrons, which causes the heating of the
investigated area and also due to knock-on damage of the highly mobile
Li.28,29 The latter effect cannot be avoided by decreasing the accelerating
voltage (<100 keV), since oppositely the Li mobility anomalously increases.30
Consequently, in those beam-sensitive compounds atomic resolution images
could so far not be obtained.
Before this thesis, quantitative electron diffraction had not been used
to characterize the crystal structure of the charged and cycled cathode
materials. However, it was shown that by this method the crystal structure
of pristine active compound Li2CoPO4F can be determined including
identification of Li positions.29 Since electron diffraction does not require an
intense electron beam, it allows investigating materials, which degrade fast
under the beam during atomic resolution imaging. Furthermore, this
technique allows investigating single crystals down to 10-100 nanometer in
size and observing their superstructures, which might not be evident from

in situ PXRD.29
1.2

Electron diffraction
The electron beam can elastically interact with the electrostatic field

of the crystal, which is formed by the electrostatic potentials of the atoms.
20
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As a result, the electrons scatter, forming an electron diffraction pattern.
The scattering ability of the atom is defined by the electrostatic potentials in
the centers of the atoms φ(0). Therefore, they can be considered as
detectability factors.31 φ(0) is proportional to ~Z0.8, whereas the electron
density is ρ(0)~Z1.25. It means that the Z number has less influence on the
scattering ability in case of electron diffraction. The relative detectability of
light atoms in comparison with heavy ones for electron diffraction (
XRD (

) and

) are
=

φ(0)
φ(0)
=

(1.1)

( )

(1.2)

( )

The detectability by electron diffraction in comparison with XRD is
.

(1.3)

=

Since Zheavy/Zlight is above 1,

is always higher than

. For instance,

the detectability of Li in LiFePO4 is 2.6 times higher for electron diffraction.
This advantage allows to locate Li and H atoms from electron diffraction
data, which makes this technique very useful especially for the investigation
of materials for Li-ion batteries.29,32,33 This chapter describes the basics of
electron diffraction and the approaches to obtain crystal structure
information.
1.2.1 Reciprocal lattice
A crystal is periodic and, consequently, it and its characteristics can be
described using Fourier series. The resulting Fourier space is known as
reciprocal space in crystallography. Its basic reciprocal lattice vectors
∗

∗

,

are defined as (Figure 4):
∗

=

×

∗

=

×

∗

=
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where a, b and c are the unit cell vectors and V is the unit cell volume. It is
worth mentioning, the symmetry of the reciprocal lattice allows to derive
the symmetry of the direct lattice. Each reciprocal lattice point with
coordinates hkl represents a set of planes (hkl) in real space. It is
characterized by a reciprocal lattice vector:

=ℎ

∗

+

∗

+

∗

(1.5)

This vector is perpendicular to the corresponding (hkl) planes and its length
is inversely proportional to d-spacing:

1

=|

|

(1.6)

Figure 4. The two-dimensional example illustrating the relationships
between the direct and reciprocal lattices.34

In reciprocal space, the Bragg condition can be visualized via the
Ewald sphere (Figure 5). Incident and scattered waves are represented by k0
and k1 wave vectors, respectively. They have a common starting point and
same length equal to 1/λ. The end of the k0 vector is fixed to the origin of the
reciprocal lattice. The orientation of k1 is not restrained and all possible
directions of the vector delineate a sphere, called the Ewald sphere. The
angle between k0 and k1 corresponds to the scattering angle 2θ. In this case,
22
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Bragg conditions are satisfied, when the end of the k1 vector coincides with a
node of reciprocal lattice. In other words, the end of reciprocal lattice vector
should lie on the Ewald sphere.34 It can be expressed as:
−

=

(1.7)

Figure 5. The visualization of diffraction using the Ewald sphere and the
two dimensional reciprocal lattice. The unit cell of the reciprocal lattice is shown
using double lines.34

In case of electron diffraction, the Ewald sphere has a huge radius
about 1012 m-1 due to the small wave length (2.51 pm for accelerating
voltage of 200kV) and it appears almost flat in electron diffraction patterns.
The wavelength is the function of acceleration voltage (Va):28
ℎ

=
2
where

1+

/

2

(1.8)

is rest mass, e is electron charge and c is the speed of light. Since

electron diffraction patterns are recorded perpendicular to the incident
beam, the origin of reciprocal lattice is always present in electron diffraction
patterns (Figure 6). Therefore, the electron diffraction patterns can be
considered as 2D sections of reciprocal space, which are perpendicular to the
incident beam.35
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More reflections can be observed in the electron diffraction patterns
than could be expected from the Bragg Law, which is due to the elongated
shape of the reflections. For crystals that are thin in the direction of the
incident beam, the reflections form rods parallel to the beam, called relrods
(reciprocal lattice rods). The Ewald sphere intersects the relrods and as a
result reflections that are not in exact Bragg condition, are also observed
(Figure 7).

Figure 6. Ewald sphere and diffraction formation by the electrons.

Figure 7. The schematic illustration of electron diffraction from a thin
crystal, showing the intersection of the Ewald sphere with relrods.

The length of the relrods becomes longer with decreasing crystal
thickness. According to the kinematical approximation, their intensity
distribution within the in direction parallel to the beam is
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where t is the crystal thickness, θ is Bragg angle, V is a cell volume, Fg is
the structure factor and  is the extinction distance.32 sz is a component of
excitation error vector parallel to the incident beam (Figure 7). s is defined
as a difference between scattering vector k1-k0 and the reciprocal space
vector g:

k1-k0=g+s.

(1.11)

1.2.2 Kinematical approach
The intensity of the reflections is related to the distribution of the
electrostatic potential in the unit cell. The potential can be used to locate
the atoms, because it is very high and sharp at atomic positions and reaches
almost zero in between atoms. The electrostatic potential at any given point
=(

) within the unit cell is formed by contribution of all atoms present

in the unit cell. In other words, it as a sum of electrostatic potential created
by each atom

located at

=(

( )=

):36

−

(1.12)

Since crystals are periodic, the distribution of electrostatic potential is
also periodic. They can be described using periodic functions, which can be
presented as Fourier series:
(

)=



(ℎ ) ∙

−2 (ℎ +
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where  =

is the interaction constant, h is Planck constant, m and e is

relativistic mass and charge of electron, λ is wavelength. F(hkl) is a Fourier
coefficient known as structure factor.36 It can be represented as a sum of the
atomic scattering factors of all atoms present in the unit cell multiplied by
their contribution to the given reciprocal space vector:

(ℎ ) =

(ℎ ) ∙

2 (ℎ

+

+

)

(1.14)

The atomic scattering factor depends on the type of atom, its thermal
vibration and scattering angle θ.36 Since the structure factor is complex, it
has an amplitude and a phase:
(ℎ ) = | (ℎ )|

(ℎ )

(1.15)

The amplitude depends on the atom types and their location, while
phase

depends also on the origin of the unit cell. In case of reflections with

opposite hkl, their structure amplitudes are the same, whereas the phases
are opposite (Friedel’s law). Taking this into account, the electrostatic
potential can be represented as the function of the structure amplitudes and
phase:36

(

)=



| (ℎ )| cos 2 (ℎ +

+

) − (ℎ )

(1.16)

Therefore, to determine the potential, the amplitudes and phases are
required. The structure amplitudes can be obtained from the intensity of the
reflections. In case of single scattering of the wave on crystalline matter,
known as kinematical scattering, the intensity is proportional to | (ℎ )| .
However, the phases cannot be determined from the diffraction pattern.
This creates uncertainty in structure solution, which is known as phase

problem.36
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Several mathematical approaches can be applied to find the phases:
direct method, the Patterson method, charge flipping and strong reflection
approach.36 The charge flipping algorithm was developed in previous decade
and has been effectively applied for the structure solution of inorganic
compounds.37–39 It requires only the intensities of the reflections and the
unit cell dimensions. Importantly, it does not need atom types, chemical
composition and space group. The procedure is iterative. First, random
phases are assigned to the experimental structure amplitudes and the
corresponding map of electrostatic potential is calculated. If the potential is
lower than the defined threshold, its sign is flipped. The obtained modified
potential map is used for calculation of new temporary structure factors.
Their phases along with experimental amplitudes are used for the next
cycle.

At

the

experimental |

end

of

each

cycle,

(ℎ )| and calculated |

the

difference

between

the

(ℎ )| amplitudes is determined.

The iteration cycle proceeds until the disagreement index between these
values, R factor, converges:

=

∑

|

(ℎ )| − |
(ℎ )|
∑ |
(ℎ )|

Figure 8. Scheme of charge-flipping algorithm.36
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1.2.3 Multiple scattering
Electrons interact very strongly with matter. After a first scattering
event, they can diffract again from the same or different lattice planes. As a
result, the acquired electron diffraction pattern is a combination of multiple
diffraction events. In this case (ℎ )~| (ℎ )| is not valid. Such scattering
is known as dynamical.
To evaluate the interaction of the electrons with the crystal, the
entire pathway of electrons through crystal should be considered. Therefore,
apart from crystal structure and its orientation, electron diffraction patterns
depend on the thickness of the crystal. A calculated electron diffraction
pattern can be obtained by the Fourier transform of the exit-wave function,
which describes the wave after interaction with the crystal.36
The exit-wave function can be calculated by multislice and Blochwave methods. In the first case, the structure is divided in thin slices (<4 Å).
The incident wave interacts with slices in a sequence. After interaction with
one slice, the resulted wave interacts with the next one. The final exit-wave
function is obtained when all slices are taken into account. In contrast to
this, the Bloch-wave method solves the Schrodinger equation directly and
provides the exit-wave function for any given thickness right away without
iterative process.
1.2.4 Quantitative electron diffraction techniques
As it was mentioned before, an electron diffraction pattern is a 2D
section of reciprocal space. Therefore, by tilting the crystal the reciprocal
space can be scanned and the corresponding reconstruction can be obtained
by combination of the patterns in 3D.35 Both 2D sections and 3D
reconstruction can be used to retrieve information about the crystal
structure. First, reflection positions define the unit cell parameters and the
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lattice type. In combination with reflection intensities, they define the
symmetry of reciprocal space. Second, information about atomic position can
be extracted from the intensities.36
Electron diffraction in most cases is a multiple scattering interaction.
Therefore,

the

reflection

intensities

should

be

described

by

the

corresponding approaches. However, it requires at least pre-knowledge of
the crystal structure, which does not allow determining new unknown
structures. On the other hand, the beauty of the kinematical scattering
approach is that it can provide the structure solution without prior
knowledge (ab initio structure solution). Therefore, it is important to find
conditions of sampling of reciprocal space, which significantly limit the
multiple scattering events and allow considering the interaction as quasi-

kinematical.
Conventional electron diffraction patterns are taken along main
zones. In this case, many reflections are excited simultaneously and the
dynamical scattering is very high, since every reflected beam can diffract
again. Obviously, if less reflection are excited simultaneously, dynamical
scattering will decrease and quasi-kinematical conditions will be achieved.28
In 1994, Vincent and Midgley introduced precession electron diffraction,
which can be considered as quasi-kinematical. Due to the inclination of the
incident beam, only few reflections are excited, resulting in a reduced
dynamical effect. The precession of the beam around the optical axis results
in recorded electron diffraction patterns that are the sum of all the off-zone
diffraction patterns. If the electron diffraction pattern was initially in zone
with a lot of simultaneously excited reflections, the resulting pattern is still
in zone but with significantly decreased dynamical scattering events. To
perform this, a special precession hardware unit or software control of the
beam tilt is required. In the last decade, a new technique based on off-zone
electron

diffractions

was

developed,
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tomography.35,40 It can be performed without modification of the TEM or any
software controlling the TEM.

1.2.4.1 Electron diffraction tomography
Electron diffraction tomography (EDT) is based on the scanning of
reciprocal space of a single crystal by tilting the crystal along one axis in
equidistant small steps (e.g. 1o) and acquisition of the corresponding off-zone
diffraction patterns (Figure 9).35,40 Then they are combined in a 3D
reconstruction of reciprocal space and information on position and
amplitude of the reflections necessary for structure solution is extracted.
The whole process can be divided in two steps: data acquisition (data
collection) and data processing (cell parameter, space group determination
and generation of the list of hkl and intensities), which will be discussed
separately.

Data collection
Data collection can be performed manually without the need for
special hardware or software.41 The crystal is tilted by 1o degree steps over
the goniometer axis. The diffraction pattern is acquired for each degree.
During tilting, the crystal moves and the diffracted area might change.
However, the operator can correct position of the crystal at each tilt angle,
which finally provides good quality of the data.42 The method can also be
performed in an automated manner, provided the appropriate software
package is used. Automation can also reduce acquisition time and beam
damage. It requires a crystal tracking option, which will correct the position
of the crystal after tilting.35 Otherwise, the blind acquisition of the patterns
without control of the crystal position can result in low quality data. In this
thesis, the electron diffraction tomography experiments were performed
manually.
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The sampling of reciprocal space with 1o degree step misses some of
the high resolution reflections.35 There are two ways to collect this missing
information. First, it can be combined with precession electron diffraction,
which apart from reduction of the dynamical effect also integrates the
intensities of reflections in a direction perpendicular to the diffraction
pattern.37,43 Second, a very fine small tilting angle can be achieved by also
applying a beam tilt, which can tilt below the limit of the goniometer
mechanics.36 Both require either modification of the TEM or software
controlling the TEM.

Figure 9. Schematic representation of electron diffraction tomography
experiment.

Data processing
Data processing is more complex for electron diffraction tomography
than for in-zone precession diffraction patterns, since the indexing of offzone patterns is not straightforward. Therefore, it requires additional steps
to reconstruct the reciprocal space and define its orientation. In total, it
consists of four steps: peak search, cluster analysis, determination of
orientation matrix and the integration of diffracted intensities.
The peak search procedure is applied to raw or background
subtracted diffraction patterns.37,40 The peaks are considered as objects of
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which the intensity has a drastic (steep) change.40 The size (diameter) of the
peak is defined manually such that the region includes the peak entirely. At
the same time, the neighboring reflections with close distance should not
overlap. The intensity of the peak is integrated within the peak area and the
value is compared with an arbitrary threshold. Low threshold results in
more reflections, however background noise might then also be accepted as
reflections. The positions of the peaks are recorded in a Cartesian coordinate
system in reciprocal space.37 The position of the direct beam might shift
through the tomography series, so it should be refined for each diffraction
pattern. It is performed either by searching for the most intense beam in the
pattern, which is the direct beam in the most cases, or by using Friedel
pairs to estimate center of the diffraction.40,44
To reconstruct the reciprocal space in 3D from 2D diffraction
patterns, the frames should be combined around the direction of the
goniometer (tilting) axis. Its position on the frame is defined by the
projection (imaging) system of the microscope and characterized for instance
by angle Ω between the projection and the horizontal direction of the
electron diffraction pattern.44 The rough value can be determined by the
visual inspection of the frames, since the reflections lying on the tilt axis
remain the same for a wide angular range. The uncertainty in
determination in several degrees can deform the reciprocal space, resulting
in the twisting of the reciprocal space reconstruction by bending of the
diffraction rows. In such case, unit cells cannot be determined correctly,
which causes problems with further integration of the intensities. Therefore,
to get the precise value of Ω, it is refined using difference vector space.37,44
The difference vectors are the distances between the positions of all
reflections. To refine Ω, all vectors are projected onto a sphere (Figure
10, a).The sphere surface can be projected on a plane creating an orientation
map (Figure 10, b).The intensity corresponds to the amount of vectors with
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such direction. The Ω is refined until the spot and lines become as sharp as
possible. The features have non-zero width due to geometrical imperfections
of the data (e.g. crystal bending and the declination of the sample holder,
from horizontal axis).45 This procedure allows to define Ω with 0.1o
precision.46
The difference vector space is used for indexing the reciprocal space.
The vectors create clusters, which form a periodic lattice with the same
dimensions as the reciprocal space lattice. In contrast to the reciprocal
space, it has clusters also in the missing wedge and close to the central
beam, which are often covered by a beam stopper to prevent camera
damage. Prior to indexing, the centers of the clusters are determined. Then
the reciprocal unit cell axes are defined either manually or by automated
procedure. The cell parameters are refined using the standard least-squares
procedure to achieve best agreement with the cluster centers. As a result an
orientation matrix is calculated, which defines the orientation of the
reciprocal space in the EDT experiment.37

Figure 10. Orientation histogram of the difference vector space of BaSO4:
orientation sphere (a) and orientation map (b).46

The orientation matrix is used to predict the position of the
reflections. Then the maximum is found in vicinity of the predicted position
and the area around it, defined by the peak size, will be used for the
integration. The vicinity around the peak area is used to estimate the
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background, which is interpolated under the peak (Figure 11). To integrate
the intensity, the intensity of each pixel within the circular region around
the peak is summarized.45 The background is also used for the estimation of
the standard deviation of the intensity σ(I).47 The resulting list of hkl
reflections, corresponding intensities and σ(I) can be used for the structure
solution.

Figure 11. The background subtraction procedure: initial peak (a), the
estimated background (b) and resulted peak (c).45

In contrast to vector space, reciprocal space reconstruction is quite
heavy for the further data processing. It is mainly used for the visual
inspection of the results to assess the quality of the reconstruction and to
see superstructure and diffuse intensity.40 The projections of the reciprocal
space and sections through it allow to determine the reflection conditions.45

The quality of EDT results
The tilt range, tilt step and the resolution (the smallest possible
observed d-spacing) influence the quality of reciprocal space reconstruction,
which defines how precise unit cell parameters and atomic parameters can
be determined. The systematic study of dependence of these parameters on
the quality of the data was performed by the Hovmöller group.48 The
structure of silicalite-1 zeolite was studied, which has large primitive
monoclinic unit cell with parameters of a = 20.02 Å, b = 20.25 Å, c = 13.35 Å
and α = 90.13o, β = 90.74o, γ =90.03 o. The tilt step and the resolution have a
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significant influence on the number of reflections (Figure 12, a). However, it
does not cause a large error in the cell parameter determination (<0.6% in
comparison with full data set). A decrease in tilting range has a more
dramatic effect (Figure 12 b, c). In case of tilt ranges smaller than 35o the
cell parameters deviate on more than 0.8% (comparison with full data set).
The accuracy of the cell dimensions is also determined by the alignment of
the TEM, calibration and distortions of the camera, and the accuracy of the
sample height correction to match the eucentric height.48
The tilt step defines not only the amount of the detected reflections
but also how precisely the intensity of the reflections will be determined.
The Hovmöller group showed that an increase in tilting step results in less
accurate refinement.48 Despite this, the Kolb group showed that 1o tilt step
is enough to obtain the correct crystal structure.41,46,49 The average
observational error of cell parameters is about 0.2-1.1% for different
inorganic compounds and the reliability factor Rf was 27-40%. Even
structures with triclinic lattice can be solved and refined from EDT data,
resulting in R factor 30.8% and the average atomic displacement is about
0.24 Å in comparison with the structure determined by single crystal X-ray
diffraction.41
In addition, the orientation of the crystal influences the quality of the
data, because it influences the amount of reflections, overall amount as well
as unique reflections. In case of BaSO4 investigated by Kolb group, tilting
along a main axis for example resulted in lower amount of reflections (Table
1).45 Furthermore, the agreement factor of the intensity of the equivalent
reflections, Rsym, was quite high in comparison with off-zone oriented
particles, which is due to an increase in dynamical effects in in-zone
patterns. This caused worse structure solution in comparison with crystals
oriented out of zone, namely fewer atoms were found and the error in atomic
position becomes significantly higher.
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Figure 12. Number of reflections (a) and the observational error of unit cell
dimensions (b) and angles (c) as a function of tilt range, tilt step and resolution.
The plots are created using data from ref.48.
Table 1. The experimental and structure solution details of three BaSO4
EDT experiment acquired in the same conditions from different crystal.45
Approximate direction of the tilting axis

[144]

[316]

[001]

Number of reflections
independent
Rsym, %
Atoms found (out of 5)
Average error in atomic positions, Å

859
339
17.15
4
0.14

909
239
12.65
4
0.08

594
234
20.59
3
0.35
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1.3

Motivation and goals of the work
In this thesis, I investigate the possibility of using electron diffraction

tomography for structure determination of cathode active compounds for Liion batteries and for solving different challenges, namely the detection of Li
positions and antisite defects and the determination of unknown structures.
Furthermore, I wish to determine whether it is possible to perform such
experiments in situ in TEM. The demonstration of these possibilities would
open a route to the accurate and precise determination of the crystal
structures of metal-ion battery materials at different state-of-charge from
submicron sized particles.
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2 Chapter II. Experimental part and basics of applied
techniques
The crystal structure of the samples was investigated by a
combination of diffraction techniques, atomic resolution microscopy and
spectroscopy.
Selected area electron diffraction (SAED) and EDT were performed
for the characterization of the crystal lattice and structure refinement,
respectively. The patterns were acquired at Philips CM20 (SAED), FEI
Tecnai G2 (SAED, EDT) and FEI Osiris (EDT) transmission electron
microscopes (TEM) operated at 200 kV and equipped with CCD cameras. An
aberration-corrected FEI Titan “cubed” TEM (300 kV) was used for the
atomic resolution scanning TEM (STEM) imaging. The signal was collected
by a Fischione high angular annular dark field (HAADF) detector. The
energy dispersive X-ray spectroscopy (EDX) was performed using EDAX and
Super-X detectors. The TEM specimens were prepared by crushing the
powder samples in an agate mortar using ethanol or dimethyl carbonate
(DMC) for samples sensitive to the water residuals. A few drops of the
suspension were deposited on a Cu TEM grid covered with a holey carbon
layer. An FEI double tilt holder and a Fischione tomography holder 2020
were used for pristine compounds. Air-sensitive samples were prepared in
an Ar-filled glove box and were inserted in a vacuum transfer double tilt
Gatan holder, which allows transferring the sample to the microscope
column without interaction with air.
The EDT data was treated using PETS software, with which we
performed a peak search, refined the goniometer tilt angle, reconstructed
the reciprocal space, performed cluster analysis and integrated the
intensities.44 The cluster space was indexed using Jana2006 software.50 The
intensities were treated according to the quasi-kinematical approach. To
39

Chapter II. Experimental part and basics of applied techniques
solve the phase problem, the charge flipping algorithm was used,
implemented in the SuperFlip program.51 The structure refinement was
performed in Jana 2006, with which we also calculated the Fourier maps,
afterwards visualized in Vesta.52 The bond valances were estimated using
the Valence program.53
The in situ experiment was performed using a Protochips Poseidon
electrochemical holder equipped with a liquid flow controller and a BioLogic potentiostat. A FEI Tecnai G2 TEM was used, which is equipped with
a CMOS Gatan OneView camera and a Gatan image filter (GIF) Tridiem.
The cell was galvanostatically charged from 2.5 to 4.2 V (vs Li+/Li).
The precise cell parameter determination and the structure
refinement were performed using powder X-ray diffraction (PXRD) data
obtained on a Huber G670 diffractometer (Guinier geometry, Cu Kα1
radiation, curved Ge(111) monochromator, image plate detector). The
powder sample was grinded using an agate mortar and its suspension in
ethanol/acetone was deposited on a sample holder. The cathodes, i.e. active
material on an Al foil, were investigated by a Philips X’pert diffractometer
(Bragg-Brentano geometry, Cu Kα1, Kα2 radiation, point detector). The
Le Bail fit and Rietveld refinement were performed using Jana 2006
software.50
2.1

Transmission electron microscopy (TEM)
TEM

allows

performing

electron

diffraction,

imaging

and

spectroscopy. The TEM column consists of the gun and the sets of lenses,
which are maintained under high vacuum (~10-5 Pa).28 The electrons are
generated and accelerated in the electron gun. Then, they pass through the
illumination system, which consists of condenser lenses defining the type of
illumination and the position of the beam. The TEM specimen is illuminated
by either a parallel (Figure 13) or a converged beam (Figure 14). The first
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case is used for TEM imaging and selected area electron diffraction, the
second one is applied for STEM imaging and converged beam electron
diffraction.
The electrons penetrate through the thin TEM sample and pass
through the objective lens. First, the diffraction pattern is formed at the
back-focal plane of objective lens. Then, the electrons are recombined and
they create an image in the image plane (Figure 13). Finally, the image or
diffraction pattern is selected as a desired object. It is magnified by lenses of
the imaging system and recorded by the camera.
2.1.1 SAED
One of the ways to obtain the electron diffraction pattern from a
certain area is to select it by an aperture, which is known as a selected area
aperture. It is placed in the image plane and it blocks electrons, which do
not pass through the aperture (Figure 13). Therefore, the diffracted
electrons reaching the camera correspond only to the area selected by the
aperture.28

Figure 13. Simplified imaging system, showing the formation of a diffraction
pattern using a SAED aperture.
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2.1.1.1 Characterization of the crystal lattice by SAED
In-zone diffraction patterns are used to determine the unit cell
dimensions and the reflection conditions. A crystal is oriented using a
double-tilt holder, which provides two degrees of freedom. Tilt series of
diffraction patterns are acquired from single crystals, which allow partial
reconstruction of the reciprocal space lattice. Since electron diffraction
patterns are two-dimensional patterns, each pattern at the most allows to
determine two of the three unit cell parameters. The third unit cell
parameter can then be derived from the reconstruction. This allows to link
the data from different crystals and to determine the cell parameters
without prior knowledge.

2.1.1.2 EDT data collection and structure refinement
The theory behind the EDT data collection, the reconstruction of the
reciprocal space and structure solution were discussed in the Introduction
(p. 30). Here, details of the acquisition step are discussed. First, to collect
the data we need to find a crystal lying far away from other crystals to avoid
overlapping diffraction patterns. Furthermore, to maintain the same
diffraction volume during tilting series, the crystal should fit entirely inside
a selected area aperture. To increase the amount of the single lying
particles, a few aspects should be taken into account during the preparation
of the TEM grid. First, the powder should be crushed in a mortar in order to
break the agglomerates. Then, a suspension in ethanol (for pristine
samples) or dimethyl carbonate (for charged samples) is prepared and
sonicated for 15 minutes. Afterwards, 1-3 drops of the suspension are put on
a carbon-coated copper TEM grid. It is better to deposit less material to
avoid the overlapping of the particles.
When the appropriate crystal has been found, the possible tilt range
should be checked. It can decrease due to the overlapping with other
particles or with the opaque mesh of the TEM grid at high degree of tilt.
42

2.1 Transmission electron microscopy (TEM)
Then, the appropriate electron beam intensity should be selected to avoid
overexposure of the CCD camera over the whole tilt range. Otherwise, the
intensity of the overexposed reflections will be underestimated, because the
intensity of overexposed pixels will be cut of at the maximum intensity
value of the camera. An efficient way to solve this problem is to bring the
crystal to the closest main zone, which often has the brightest reflections.
Then we adjust the intensity and the acquisition time in a way that the
intensity maximum of the pattern is about 75% of the maximum intensity
value of the camera to allow unexpected bright reflections to still be
accurately measured. Note that the intensity and acquisition time should be
kept constant during the collection of the tilt series. A first reference pattern
is taken at 0°. Next, the crystal is tilted to the most negative tilt angle. If
the beam stopper is used, its position is adjusted to block the intense central
beam completely. The beam stopper cannot be moved during the
tomography series, since it will create difficulties in handling the data in the
software used for the analysis (in our case PETS). Then a series of ED
patterns is taken at 1° step. At the end of the experiment, the crystal is
tilted back to 0° to acquire a second reference diffraction pattern. It is
compared with the pattern acquired before the tilt series to check whether
the structure changed during the tilt series. Afterwards, the data is treated
in PETS, which is followed by structure solution using the charge flipping
algorithm incorporated in SuperFlip (the method of both was described in
detail earlier in the text).
The next step is a structure refinement to achieve better agreement
with the experimental data. It is done by nonlinear least squares
approach.34 The parameters of the crystal structure are related to the
structure factors by the system of nonlinear equations. They can be
transformed to system of linear equations by Taylor series, using only first
partial derivatives. The solution of the system of equations results in a shift
for each unknown parameter. Since higher order partial derivatives of the
Taylor series were skipped, this procedure should be repeated several times
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to reach agreement between |

(ℎ )| and |

(ℎ )| values, which is

estimated by the R-factor (1.17). The better the agreement, the lower the Rfactor. The quality of the refinement can also be illustrated by a plot of
|

(ℎ )| versus |

the |

(ℎ )| for all reflections. For a well refined structure,

(ℎ )| will be close to |

(ℎ )|, so the points in the plot should be

located at the median (y = x) between the X and Y axes.
The atoms missed during the structure solution step can be located
using the Fourier maps of the electrostatic potential. The scattered density
is plotted using the experimental structure amplitudes |

(ℎ )| and

calculated phases. The density at a certain position is correlated with the
atomic number Z of the atom at this position and its occupancy. Fourier
maps show the difference in scattering density between the calculated
structure and the experimental data, thereby visualizing the agreement
between the two. It allows finding the positions of atoms with low scattering
density.
The refined structure is supported by estimating the bond valence
sum (BVS) for each present atom, which should be equal to the formal
valence of the atom. The bond valence is a function of the bond length:54
= exp((

− )/ )

(2.1)

where R0 and b are empirical parameters. R0 is considered as a nominal
length of the bond and it depends on the atom radii. The b represents the
softness of the bond. The BVS value is a sum of all bond valences Si between
a given atom and the surrounding atoms with opposite charge.
2.1.2 STEM imaging
The STEM mode is based on the scanning of the sample by a fine
focused probe (convergent beam). The beam is moved by a set of deflection
scan coils, which allow changing the beam position and maintaining its
direction. The transmitted electrons form a diffraction pattern at the back
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focal plane of the objective lens. The detector is positioned in the plane
conjugated with the back focal plane. The collected electrons are
transformed to the intensity of a given point (pixel) of the STEM image.28
Electron scattering to high angles (>50 mrad or 3o) is mainly caused
by Rutherford-scattering. The scattering is proportional to the square of the
atomic structure factor, which increases with the Z of the atom. Therefore,
such electrons allow obtaining Z-contrast images.28 A high angular annular
dark field (HAADF) detector is used to collect such electrons. It has a hole in
the middle, which skips electrons with lower scattering angles (Figure 14).

Figure 14. Schematic illustration of STEM imaging set up.

2.1.3 EDX and EELS
Some of the electrons lose their energy (inelastic scattering) during
the interaction with the sample. They excite inner shell electrons, creating a
hole. The excited atom can regain the ground state by transferring an
electron from the valence band to the hole. This causes the release of energy
in the form of X-rays or Auger electrons. The value is equal to the energy
difference of the electron shells, which is a unique feature for each chemical
element. In contrast to Auger electrons, X-rays are significantly less
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absorbed by the specimen, so they are used for the elemental analysis
known as energy dispersive X-ray spectroscopy (EDX).28 To separate the
radiation by energy, the detector analyses each X-ray pulse separately. The
X-ray photon interacts with a semi-conductor (e.g. Si) sensor of the detector,
which generates electron-hole pairs. Their amount is proportional to the
delivered energy, reflecting the energy of the photon. In conventional
detectors, the sensor is protected by a window to prevent sensor
contamination. At the same time, it absorbs low energy X-rays, which
prevents the detection of elements lighter than boron.
Electron energy loss spectroscopy (EELS) is based on the detection of
transmitted inelastic electrons.28 They also contain information about the
electronic structure of the material, enabling elemental identification,
valence estimation and detection of the collective oscillations of valence
electrons (plasmons). The electrons with different energies are separated in
a spectrometer containing a magnetic prism and the resulting spectrum is
acquired on a CCD camera.
2.2

Powder XRD
The laboratory source is an X-ray tube containing an anode and

cathode under vacuum. The cathode generates electrons, which bombard the
metal anode (e.g. Cu) producing X-rays. The obtained radiation interacts
with the powder sample, which consist of numerous crystallites with
random orientation. The X-rays diffract on the crystal lattice, which causes
the deflection of the X-rays over a 2θ angle according to the Bragg law. The
resulting radiation reflects and transmits through the sample and is
collected by the detector (Figure 15). The collected intensities of the X-rays
are plotted as a function of the Bragg angle 2θ.
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Figure 15. Transmission (a) and reflection (b) geometries of the powder Xray diffractometer. S and D are source and detector, respectively. The image is
adopted from ref.34.

To derive the cell parameters, the diffraction pattern is decomposed
into a set of fitted peaks and the polynomial background. To describe the
peak shape, a Pseudo-Voight function can be used, which is a combination of
Gaussian and Lorenz functions. The width of the peaks is restricted and it
depends on their position:
=

+

+

(2.2)

where H is the full width at half maximum (FWHM), U, V and W are free
parameters. Furthermore, the peak shape and position depend on the
instrumental parameters.
In case of the Le Bail decomposition, the cell parameters are refined
simultaneously with peak shape and background using non-linear least
squares minimization of the differences between the observed and
calculated intensities.34 The quality of the profile decompositions is
estimated by the profile reliability factor, Rp and weighted R factor, Rwp:

=

=

∑

−

(2.3)

∑

∑

/

−
∑

(2.4)
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where

and

ith point; wi=1/

are the observed and calculated intensity of the
is the weight of the ith point. The use of the weight

scheme makes the contribution of each point equal, regardless its intensity
value.
To refine the crystal structure, the Rietveld method is used, which in
contrast to the Le Bail fit relates the intensity of the peaks to the crystal
structure. It requires the starting model of the crystal structure and the
process includes the refinement of the profile and structure parameters. The
structure refinement proceeds in similar way as for electron diffraction data
(p. 43).
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3 Chapter III. Electron diffraction tomography for Li occupancy
estimation
Previous studies on the crystal structure of Li-containing inorganic
compounds showed that it is possible to locate the lithium atoms from
electron diffraction data.29,55 However, attempts to refine Li occupancies
were not successful.43,55 In the case of rechargeable batteries, the occupancy
of the lithium sites carries important information to interpret the chargedischarge profile. Therefore, in the first part of my study I investigated the
possibility of using electron diffraction tomography to provide precise and
accurate quantitative information on the Li content.
As a model structure, well-known LiFe0.5Mn0.5PO4 with olivine
structure was used, which was prepared by hydrothermal synthesis.56 The
olivine structure has as advantage over layered lithium battery structures
that there are no intrinsic stacking faults, which would cause the
appearance of streaks in the diffraction patterns. The different metal sites
allow us to test the possibilities of EDT to refine the Li occupancy on
possibly mixed sites as well as pure Li sites.
The EDT experiment was performed with ≈ ±75o angular range using
a Fischione tomography holder. Conventional holders cannot tilt over such
big angles (Table 2), so in order to compare the refinements with the
different tilting ranges, the obtained data set was also reduced to ±30o and
±15o. The experimental details are given in Table 3.
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Figure 16. Structure of olivine-type LiFePO4.
Table 2. Tilting range of different commercial holders, which can be limited
further in practice due to restricted distances between the pole pieces, depending
on the microscope used.
Holder type

Commercial example

Tilting range

Tomography
Air-free transfer
Regular
In situ electrochemical liquid

Fischione tomography
Gatan Vacuum Transfer
FEI Double tilt
Protochips Poseidon

±75o
±55o
±40o
±37o

Table 3. Refinement parameters for the LiFe0.5Mn0.5PO4 structure.
Parameter
Angular range, deg.
Number of reflections
Unique reflections:
I>σ(I)
I> 3σ(I)
Used in refinement
(|Fobs-Fcalc|< 50σ(F))
Skipped
Parameters refined
RF, %

≈±75o
155
4116

±30o
61
1469

±15o
31
784

822
804

413
403

278
278

750

392

251

85
14
19.8

30
14
19.2

29
14
20.4
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Figure 17. The structure of LiFe0.5Mn0.5PO4 refined from PXRD data (a) and
the distribution of the electrostatic potential in the cell calculated from ≈±75o (b),
±30o (c) and ±15o (d) angular ranges and refined structures. Li atoms are not shown
in b-d, since the atoms are bigger than the corresponding electrostatic potential
peaks. Green areas mark regions with approximately 5-10 e/Å electrostatic
potential. In case of red regions, the electrostatic potential is 10-15 e/Å and it is
higher than 15 e/Å in red areas.

In case of all data sets, the Fe, P and O atoms were properly located
by the charge flipping algorithm. However, the Fourier maps of the observed
scattered density deteriorate with decreasing tilting range. In case of the
full data set, the scattering density maxima are concentrated as spheres at
the atomic positions, whereas in the Fourier maps using the reduced data
sets, the electrostatic potential maxima are spread out (Figure 17).
Therefore, the higher tilt provides unambiguous location of the atoms, but
even the very limited data set still allows locating the atoms. It is worth
mentioning, that the investigated LiFe0.5Mn0.5PO4 has a structure with
orthorhombic symmetry (Pnma space group), in which 1/8 of the total
number of reflections is unique. In the case of structures with lower
symmetry, the atoms location with the ±15o range could be challenging.
Reflections with intensity higher than standard deviation of the
intensity σ(I) were used for the structure refinement. Since dynamic
scattering is still present in EDT experiments, the intensity of some
reflections

can

be

distorted.

Therefore,
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disagreement between |Fobs| and |Fcalc| were excluded at the last step of
the refinement. The maximum possible disagreement between |Fobs| and
|Fcalc| values is defined by N×σ(F). We selected N in such way that less
than 10% of reflections are excluded. The refinement has an R-factor of
≈20.0%, which is a good value for structure refinement from EDT data,
indicating a successful refinement.43 Despite the significant difference in the
amount of unique reflections, the R factor is similar for the full and reduced
data sets (Table 3). The |Fobs|-|Fcalc| plots are similar for all the cases
(Figure 18).
The Li position was easily seen in the difference Fourier map. A sharp
and intense positive peak was observed in case of the full data set (Figure
19 a). The reduction of the angular range has a drastic effect: the peak
becomes less intense and broader (Figure 19 b, c). In case of the full data
set, the refinement of the Li occupancy results in 0.94(6), which corresponds
to the stoichiometry of the pristine phase (Table 4). The ±30o data set
provides similar value 1.05(8). However, in the ±15o data set, the occupancy
is underestimated as 0.7(1).

Figure 18. |Fobs|-|Fcalc| plots for LiFe0.5Mn0.5PO4 refined from full (a), ±30o
(b) and ±15o (c) EDT data sets.
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Figure 19. Difference Fourier maps around the Li1 position
LiFe0.5Mn0.5PO4 calculated from full (a), ±30o (b) and ±15o (c) EDT data sets.

for

The atomic positions refined from different datasets are given in
Table 4. The difference in coordinates determined from EDT and PXRD
refinements is below ~5% for Fe and P and reaches 15% for the oxygen
atoms (Table 4). The distances rd between positions refined by PXRD and
EDT are very low (<0.18 Å) for all EDT data sets (Table 5). The deviation in
the bond length is below 5% for the full and ±30o datasets (Table 6). For the
±15o data set, the value is lower than 6%.
To conclude, the occupancies of Li positions in cathode materials can
be reliably refined from EDT data treated by kinematical approach. The
angular range has an influence on the quality of the refinement. A tilt range
higher than ±30o is sufficient for the reliable refinement of Li occupancies.
The atomic coordinates of Fe, P and O are comparable with PXRD ones
disregarding the completeness of the data sets. However, a limited tilting
range of for example ±15o results in less precise occupancy of the Li position.
Thus, EDT provides new opportunities to facilitate the investigation of the
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cathode materials. First, the Li occupancies can be estimated, which can be
challenging in case of PXRD, which is less sensitive to light elements.
Second, the total Li content can be estimated, which cannot be done by
commonly used analytical techniques, such as EDX spectroscopy.
Table 4. Atomic coordinates, occupancy factors and atomic displacement
parameters for the LiFe0.5Mn0.5PO4 refined from PXRD (1st row) and EDT data sets
(2nd row – full data set, 3rd row – ±30o, 4th row – ±15o); and the uncertainty in
position determination by EDT (dx, dy, dz).
Atom

Position

Occupancy

Li

4a

1
0.94(6)
1.05(8)
0.7(1)
0.5Fe+
0.5Mn

Fe,
Mn

P

O1

O2

O3

4c

4c

4c

4c

8d

1

1

1

1

x/a

y/b

z/c

Uiso, Å2

dx ,
%

dy ,
%

dz,
%

0

0

0

0

0.3
0.1
0.1

0

0.6
0.9
0.7

0

0.2
0.3
0.9

1.5
0.0
1.4

0

5.2
1.9
0.4

0.021(4)
0

0

0.9716(3)

0.0147(6)
0.0161(9)
0.015(1)
0.0070(6)
0.0147(6)
0.0161(9)
0.015(1)
0.0136(7)
0.0147(6)
0.0161(9)
0.015(1)
0.0037(6)
0.0147(6)
0.0161(9)
0.015(1)
0.0037(6)
0.0147(6)
0.0161(9)
0.015(1)
0.0037(6)

0

0.28218(9)
0.2817(3)
0.2824(6)
0.282(1)
0.0942(2)
0.0947(4)
0.097(1)
0.098(2)
0.0935(4)
0.0975(6)
0.095(2)
0.098(3)
0.4509(5)
0.4577(7)
0.451(2)
0.457(3)
0.1618(3)

0.0516(4)

0.9746(5)
0.9728(7)
0.9728(9)
0.4141(4)
0.4166(8)
0.418(1)
0.417(1)
0.7365(8)
0.735(1)
0.734(2)
0.743(2)
0.2099(5)
0.199(1)
0.206(2)
0.209(2)
0.2780(4)

0.1650(5)

0.0444(7)

0.2845(9)

0.0147(6)

2.0

14

2.3

0.160(1)

0.0439(8)

0.285(1)

0.0161(9)

1.1

14

2.5

0.147(2)

0.0472(9)

0.285(2)

0.015(1)

9.1

8.5

2.5

0.25

0.25

0.25

0.25
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Table 5. Distance between positions determined by PRXD and EDT rd. The
Li1 positions are not compared, since it always resides at the inversion centre
(0, 0, 0).
rd, Å

Atom

Wyckoff
position

≈±75o

±30o

±15o

(Fe,Mn)1
P1
O1
O2

4c
4c
4c
4c

0.03
0.03
0.04
0.13

0.01
0.05
0.03
0.04

0.01
0.05
0.08
0.06

O3

8d

0.11

0.11

0.18

Table 6. Selected bond length for LiFe0.5Mn0.5PO4 refined from PXRD and
EDT data sets.

M1 – O3 ×2
M1 – O3 ×2
Li1 – O1 ×2
Li1 – O2 ×2
Li1 – O3 ×2
P1 – O1
P1 – O2

2.253(4)
2.083(5)
2.121(3)
2.258(3)
2.186(3)
2.103(2)
2.156(2)
1.523(4)
1.600(5)

Bond length l, Å
EDT
EDT
±30o
±75o
2.223(7)
2.26(2)
2.115(7)
2.07(2)
2.069(5)
2.079(7)
2.271(5)
2.324(9)
2.210(5)
2.205(9)
2.120(4)
2.125(7)
2.195(5)
2.16(1)
1.503(8)
1.51(1)
1.526(8)
1.63(2)

EDT
±15o
2.21(3)
2.14(3)
2.14(1)
2.39(2)
2.19(2)
2.100(9)
2.06(2)
1.56(1)
1.58(3)

Uncertainty dl, %
EDT
EDT
EDT
±75o
±30o
±15o
1.3
0.3
1.9
1.5
0.6
2.7
2.5
2.0
0.9
0.6
2.9
5.8
1.1
0.9
0.2
0.8
1.0
0.1
1.8
0.2
4.5
1.3
0.9
2.4
4.6
1.9
1.3

P1 – O2 ×2

1.532(3)

1.571(5)

1.47(1)

2.5

Bond

PXRD

M1 – O1
M1 – O2

1.543(9)
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4 Chapter IV. Ex situ electron diffraction tomography for
characterization of cathode materials for Li-ion batteries
In the previous chapter, it was shown that EDT is a reliable method
for the determination of Li occupancies. Therefore, we subsequently applied
this technique to determine the crystal structures of cathode materials after
electrochemical cycling (ex situ). Furthermore, we demonstrate how to
overcome with EDT different challenges in the characterization of cathode
material, namely the determination of Li positions, Li-Fe antisite defects
and the solution of new crystal structures without prior knowledge. The
obtained information allowed understanding the mechanism of structure
transformations of several promising cathode materials during operation of
the battery.
4.1

Application to different olivine-type Li-ion battery cathode materials
The olivine structured cathode materials are used in commercial Li-

ion batteries. They have been extensively investigated in order to improve
the electrochemical performance. However, there are still open questions.
For instance, differences in structural behaviour between LiFePO4 at room
and elevated temperatures and the asymmetry of phase transformations
between charge and discharge processes of the Mn-substituted compounds
LiFe1-yMnyPO4.57,58 These two problems were investigated in my thesis.
4.1.1 LiFe0.5Mn0.5PO4
The partial substitution of Fe by Mn in LiFePO4 (3.4 V vs. Li/Li+)
allows increasing the operating voltage, since manganese has a higher redox
potential (4.1 V vs. Li/Li+ for LiMnPO4).59 In such LiFe1-yMnyPO4
compounds, the oxidation reaction consists of two steps. First, the iron is
mainly oxidized at 3.4 V. Then at higher voltage ~ 4.1 V, the Mn oxidation
process occurs. At discharge, the sequence is reversed. Interestingly, the
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presence of Mn changes the mechanism of (de)lithiation process from
completely two-phase to solid-solution mechanism (continuous change in
statistic occupation, without phase transformation) during part of the cycle,
which is beneficial for the rate capability.57,58 In case of LiFe0.5Mn0.5PO4, it
starts with two phase regime of initial LiFe0.5Mn0.5PO4 and partially
delithiated Li1-xFe0.5Mn0.5PO4 until ~0.45 Li is extracted (Figure 20). Then it
proceeds via the solid-solution mechanism up to x≈0.7. Finally, it ends with
a

two-phase

regime

again,

forming

the

fully

delithiated

phase

Fe0.5Mn0.5PO4. These transformations are reversible, however, the solid
solution regime becomes longer during the discharge process (x≈0.3-0.7). To
understand the origin of such behaviour, the crystal structures of two
phases formed during charging were investigated by electron diffraction
tomography. The first one is half charged (3.7 V), where only Fe is oxidized
to Fe3+. The second one is fully charge (4.2 V), where both transition metals
are in +3 oxidation state.

Figure 20. Selected region of the operando PXRD patterns for
LiFe0.5Mn0.5PO4 (C/10 rate1).56 Two-phase and solid solution transformation during
Li (de)intercalation are marked by blue and red arrows, respectively.
Corresponding galvanostatic cycling with potential limitation curve is shown on
the right side.

1

1C rate is a (dis)charge rate required to (dis)charge a battery in one hour.2
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Figure 21. Main zone axis SAED patterns for the pristine LiFe0.5Mn0.5PO4
sample and phases in different charge states.

The unit cell parameters of the charged phases do not vary
significantly from the pristine ones according to SAED and the Le Bail fit of
the PXRD patterns (Table 7). All the SAED patterns were indexed using the
same primitive orthorhombic lattice having a ≈ 10 Å, b ≈ 6 Å, c ≈ 4.8 Å unit
cell parameters. Furthermore, the reflection conditions remain the same,
being 0kl: k+l = 2n and hk0: h = 2n, which correspond to the Pnma space
group. Moreover, no additional reflections or diffuse intensity were
observed, which means that there is no long or short range ordering of Fe
and Mn or Li and cation vacancies. Therefore, the extraction of lithium
during the charge step does not create dramatic changes in the crystal
structure and maintains the framework.
The experimental and refinement details are given in Table 8. No
restrains on the bond lengths and occupancies were applied. The structure
refinements from EDT data have quite low R-factor around 15-20% and
|Fobs| and |Fcalc| are in good agreement (Figure 22). The refinement of the
Li content in half and fully charged phases results in 0.54(7) and 0.14(11),
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which is in excellent agreement with the Li contents measured from the
voltage versus Li content plots (E-x dependence) obtained with the
galvanostatic cycling with potential limitation (Figure 20). The atomic
coordinates and occupancy factors for half and fully charged phases are
given in Table 9 and Table 10, respectively.
Table 7. The cell parameters from PXRD for LiFe0.5Mn0.5PO4 pristine and
different charged phases.
Parameter

Pristine

3.7 V

4.2 V

a, Å
b, Å
c, C

10.3903(4)
6.0474(2)
4.7725(2)

10.2143(8)
5.9885(5)
4.7745(5)

9.7293(7)
5.8562(4)
4.7823(3)

V, Å3

296.73(3)

292.04(5)

272.48(4)

In the half-charged phase, the presence of two transition metals in
the same positions results in a valence misbalance due to the difference in
their size. Mn2+ has a higher radius (0.83 Å) than Fe3+ (0.645 Å), which
prevents the shrinkage of the bonds.60 This results in the severe
underbonding of Fe (BVS = 2.09(2) instead of 3, Table 11). At the same time,
the Mn becomes even more overbonded (BVS = 2.27(3)) than in the pristine
phase. Since no long or short range ordering was observed in this sample,
such bonding mismatch probably causes the formation of strain in the
structure. In the fully delithiated phase, the bonds become significantly
shorter, since the Mn3+ radius is the same as the Fe3+ radius (0.645 Å). As a
result, their BVS values are close to their valence (Table 11). The oxidation
of Mn should cause the distortion of the octahedra due to the Jahn-Teller
effect. To estimate the degree of deformation, the octahedral distortion
parameter was calculated:
∆ =

1
6

(

− )/

(4.1)

where dn is the individual (Fe,Mn)-O bond length and d is the average
(Fe,Mn)-O distance. Surprisingly, the delithiation does not result in
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significant distortion of the octahedra in LiFe0.5Mn0.5PO4. In the pristine
compound Δd is 1.2⋅10-3 measured from PXRD data, whereas it is 1.7⋅10-3
from EDT. In the fully charge compound Δd is 1.6⋅10-3. It can be concluded
that the Jahn-Teller effect is not as severe as for Mn-rich delithiated olivine
compounds such as Fe0.2Mn0.8PO4 and MnPO4 (7.9 and 9.9⋅10-3).61,62 There is
no information about delithiated phases with a close composition, however,
the structure of the heterosite mineral Fe0.65Mn0.35PO4 also has a less
pronounced Jahn-Teller effect (Δd is 4.3⋅10-3).63 Therefore, it can be
concluded that the Jahn-Teller effect is not cooperative and contributes
mainly to the local structure distortion.
Thus, the ex situ EDT allows us to determine the crystal structure of
the cycled cathode materials. Such characterization was performed for the
first time. Since less than 1 mg of sample is necessary for preparation of a
TEM sample, the charged material can be prepared in conventional labscale electrochemical cells. In case of ex situ neutron diffraction, typically a
few grams of material are required, which requires more efforts and special
preparation. Furthermore, the presence of amorphous additives had no
influence on the quality of the EDT experiment, while in PXRD it might
deteriorate the overall quality of the diffraction pattern.
The knowledge on the crystal structure of the half and fully charged
LixFe0.5Mn0.5PO4 refined from EDT data allowed us to explain the
asymmetric

structure

transformation

observed

by

operando PXRD.

Probably, it can be caused by the valence misbalance, which is present in
the oxidized phases. In the pristine phase the Fe is slightly underbonded
(BVS=1.84) and this effect becomes more pronounced with the beginning of
the charging process. Then the Fe becomes oxidized and its radius decreases
(0.645 Å). However, the framework cannot shrink, because the bigger Mn
ion (0.83 Å) does not allow it. This leads to even more pronounced
underbonding of Fe. To compensate the bond misbalance, the partially
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delithiated phase with slightly shorter (Fe,Mn)-O bonds is formed at the
beginning of the process.
When 0.45 Li is extracted, Mn starts to participate in the oxidation
and its radius decreases (0.645 Å). As a result the framework also shrinks.
Therefore, the phase changes according to a solid solution mechanism, and
it proceeds until 0.7 Li is deintercalated. Then, the structure cannot
accommodate the significant shrinkage of the bonds and a new phase is
formed. During the discharge process, the reduction of Mn causes the
expansion of the framework, which proceeds through a two-phase
mechanism. When Fe starts to reduce, the framework is already expanded
and the reduction process proceeds smoothly without the creation of strain.
Probably, this causes the extension of the solid state mechanism region
upon intercalation of the Li up to x=0.3.
Table 8. Refinement parameters of the Li1-xFe0.5Mn0.5PO4 charged to 3.7 V and 4.2 V.
Sample
Formula
Wavelength, Å

Li1-xFe0.5Mn0.5PO4 3.7 V
Li0.5Fe0.5Mn0.5PO4
0.0251

Li1-xFe0.5Mn0.5PO4 4.2 V
Li0.1Fe0.5Mn0.5PO4
0.0251

Angular range, o
Number of reflections
Unique reflections:
I>σ(I)
I> 3σ(I)
Used in refinement
Skipped
Parameters refined
RF, %

72
660

122
1708

469
141
464 (|Fobs-Fcalc|< 20σ(F))
3
14
14.6

358
344
357 (|Fobs-Fcalc|< 90σ(F))
1
14
21.8
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Table 9. Atomic coordinates, occupancy factors and atomic displacement
parameters for the Li1-xFe0.5Mn0.5PO4 charged to 3.7 V. Space group Pnma, Z=4.
Atom

Position

Occupancy

x/a

y/b

z/c

Uiso, A2

Li1

4a

0.54(7)

0

0

0

0.0129(5)

(Fe,Mn)1
P1
O1
O2

4c
4c
4c
4c

0.5Fe+0.5Mn
1
1
1

0.2809(7)
0.098(1)
0.095(2)
0.462(2)

0.25
0.25
0.25
0.25

0.9730(7)
0.413(1)
0.735(2)
0.199(2)

0.0129(5)
0.0129(5)
0.0129(5)
0.0129(5)

O3

8d

1

0.168(1)

0.051(1)

0.278(1)

0.0129(5)

Table 10. Atomic coordinates, occupancy factors and atomic displacement
parameters for the Li1-xFe0.5Mn0.5PO4 charged to 4.2 V. Space group Pnma, Z=4.
Atom

Position

Occupancy

x/a

y/b

z/c

Uiso, A2

Li1
(Fe,Mn)1
P1
O1
O2

4a
4c
4c
4c
4c

0.1(1)
0.5Fe+0.5Mn
1
1
1

0
0.2820(6)
0.0974(9)
0.101(2)
0.451(1)

0
0.25
0.25
0.25
0.25

0
0.973(1)
0.411(2)
0.741(2)
0.191(2)

0.016(1)
0.016(1)
0.016(1)
0.016(1)
0.016(1)

O3

8d

1

0.167(1)

0.051(1)

0.280(2)

0.016(1)

Figure 22. |Fobs|-|Fcalc| plots for Li1-xFe0.5Mn0.5PO4 charged up to 3.7 (a)
and 4.2 V (b).
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Table 11. Bond length (Å), BVS values for LiFe0.5Mn0.5PO4 octahedral
distortion parameter of the (Fe,Mn)1 position for pristine and different charged
phases.
Bond
(Fe,Mn)1 – O1
(Fe,Mn)1 – O2
(Fe,Mn)1 – O3
(Fe,Mn)1 – O3
BVS
Δd ((Fe,Mn)1)
Li1 – O1
Li1 – O2
Li1 – O3
BVS
P1 – O1
P1 – O2
P1 – O2

×2
×2
Fe
Mn
×2
×2
×2

×2

BVS
a BVS

for

Fe2+; b BVS

for

Pristine

3.7 V

4.2 V

PXRD

EDT

EDT

2.253(4)
2.083(5)
2.121(3)
2.258(3)
1.835(7)a
2.134(8)b

2.22(2)
2.14(2)
2.094(8)
2.206(9)
2.09(2)c
2.27(3)b

2.08(2)
1.94(1)
2.049(9)
2.18(1)
2.59(3)c
2.59(3)d

1.2×10-3
2.186(3)
2.103(2)
2.156(2)
0.928(2)
1.523(4)
1.600(5)
1.532(3)

0.6×10-3
2.186(9)
2.113(7)
2.190(9)
0.903(6)
1.54(1)
1.49(2)
1.54(1)

1.6×10-3
2.15(1)
2.135(8)
2.13(1)
0.919(7)
1.58(1)
1.51(1)
1.49(1)

4.89(3)

5.18(9)

5.33(8)

Mn2+; c

BVS for

Fe3+; d

BVS for Mn3+.

4.1.2 LiFePO4
The majority of thermal stability studies of LiFePO4 was based on the
heating of pristine or delithiated phases away from the battery cell
environment.64,65 However, several groups showed that the thermal
behaviour in presence of the electrolyte differs from that for the pure
LiFePO4.66,67 The analysis of phases after cycling at elevated temperatures
(40 and 60oC) was performed only by Andersson et al.68 They did not observe
any difference in the position and intensity of the peaks in the PXRD
pattern. However, the crystal structure was not determined. Therefore, we
investigated by EDT the structure of LiFePO4 after 10 cycles at 100oC
within potential range 2.2 - 4.1 V. The experimental details are given in
Table 12.
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The cell parameters of LiFePO4-100oC were obtained by ex situ XRD
using a Le Bail fit (Table 12). The EDT data was refined using the crystal
structure for pristine LiFePO4 derived from PXRD. The |Fobs|-|Fcalc| plot
and atomic coordinates are given in Figure 23 and Table 13, respectively. It
appeared that cycling at 100oC does not cause significant structure changes.
The positions of the atoms and the bond lengths are almost the same
(Table 13, Table 14). The difference in bond length is less than 2.5%, which
is within the precision of the method. The refinement of Fe1 and Li1
occupancies results in the Li1.04(7)Fe1.02(2)PO4 formula, which corresponds to
the expected one.
Since in isostructural LiCoPO4 antisite defects were observed upon
cycling, the attempt to refine the mixed occupancies in Li and Fe positions
was also performed.69 It results in higher R factor 18.9% instead of 18.5%
and the occupancies of the introduced Fe and Li become negative. Therefore,
there are no antisite defects even after cycling at elevated temperature.
Table 12. Crystallographic data and refinement parameters of LiFePO4
cycled at 100oC.
Sample
Formula
Space group
a, Å
b, Å
c, Å
V, Å3
Z
ρ, g/cm3
Wavelength, Å
Scanned angular range, o
Unique reflections
used in the refinement
Parameters refined
RF, %

LiFePO4 100 C
Li1.04(7)Fe1.02(2)PO4

Pnma

10.3100(4)
6.0092(3)
4.6848(2)
290.24(1)
4
3.602
0.0251
124
418
415
15
18.5

65

Chapter IV. Ex situ electron diffraction tomography for characterization of
cathode materials for Li-ion batteries

Figure 23. |Fobs|-|Fcalc| plot for LiFePO4 cycled at 100oC.
(1st

Table 13. Atomic coordinates, occupancy factors for the LiFePO4 pristine
row; PXRD data) and cycled at 100oC (2nd row; PXRD data).
Atom

Position

Occupancy
1
1.04(7)
1
1.02(2)

Li1

4a

Fe1

4c

P1

4c

1

O1

4c

1

O2

4c

1

O3

8d

1

x/a
0

y/b
0

0.28247(6)
0.2828(4)
0.4216(3)
0.420(2)
0.0967(3)
0.093(1)
0.4545(4)
0.455(1)
0.1666(2)
0.1645(7)

0.25
0.25
0.25
0.25
0.0474(3)
0.049(2)

z/c
0
0.9756(2)
0.976(1)
0.4141(4)
0.4166(8)
0.7477(5)
0.744(3)
0.2018(4)
0.208(3)
0.2865(3)
0.283(2)

Table 14. Selected bond length for pristine LiFePO4 and LiFePO4 cycled
at 100oC.
Bond
Fe1 – O1
Fe1 – O2
Fe1 – O3
Fe1 – O3
Li1 – O1
Li1 – O2
Li1 – O3
P1 – O1
P1 – O2
P1 – O2

×2
×2
×2
×2
×2
×2
×2

Pristine

Cycled 100oС

PXRD

EDT

2.196(3)
2.070(3)
2.062(2)
2.245(2)
2.157(2)
2.105(2)
2.202(2)
1.530(3)
1.570(4)

2.25(1)
2.08(1)
2.087(9)
2.24(1)
2.147(9)
2.084(9)
2.172(8)
1.52(2)
1.56(1)

1.2
0.2
0.5
1.0
1.4
0.7
0.6

1.555(2)

1.55(1)

0.3

66

dl, %
2.5
0.5

4.2 Structure of Li-ion cathode materials obtained by electrochemical ion
exchange
4.2

Structure of Li-ion cathode materials obtained by electrochemical ion
exchange
The sizes of the alkali and transition metal atoms have crucial impact

on the framework formation. In case of A2MPO4F (A = Li, Na; M = Fe, Co,
Ni), compounds with the larger Na ion have a layered structure and it
changes to a 3D framework with an increase in content of smaller Li ion
(Figure 24). In order to enhance lithium diffusion and reveal better
electrochemical properties, the framework of larger alkali metals (Na and K)
can be used for Li intercalation. The larger alkali metals can be removed by
chemical or electrochemical deintercalation. In the first case, this process
can only be applied for a large amount of sample (>100mg), however,
sometimes it cannot be purified from the impurities, for instance from
potassium containing phases.70 The electrochemical intercalation allows
transforming a small amount of material (<100 mg) and preserve a
metastable framework. The cathode material from the charged cell can be
either extracted and put in a cell containing a Li anode or it can be initially
cycled against a Li anode.70,71 Since the Li concentration is significantly
higher, it will replace the larger alkali metal during cycling.

Figure 24. Scheme of thermodynamically stable A2MPO4F phases
summarized from literature.72–75 2D and 2D* are layered orthorhombic and
monoclinic phases, respectively.
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However, the crystal structures of the obtained exchanged compounds
were rarely investigated. This is due to nonexistence of techniques that can,
at the same time, work with small amounts of sample and be sensitive to Li.
Attempts to solve structures of electrochemically exchanged compounds
from PXRD were unsuccessful due to poor quality of the data.71,76 In this
thesis, we determine the structures by EDT in case of Na by Li substitution
in 3D LiNaFePO4F.71 The obtained Li2FePO4F is attractive, because it
possesses similar electrochemical properties as other polymorphs, but its
volume change after Li deintercalation is significantly smaller. Similarly,
we determined the structure of Li-substituted KVPO4F, which has large
voids for facile Li diffusion. The use of this compound allows to charge the
battery with a high 40C-rate. To understand these characteristics, the
structure needed to be determined first.
4.2.1

(K, Li)VPO4F
The preparation of the charged KxVPO4F and lithiated LiyKxVPO4F is

described by Fedotov et al.70 Briefly, as a preliminary step two cells with the
KVPO4F cathodes were charged to 5.0 V at C/20 rate. Then, they were
extracted and washed in dimethyl carbonate (DMC) in an Ar-filled glovebox.
Afterwards, the cathodes were put in a new cell with a Li-foil anode and 1M
LiPF6 in EC:DMC (ethylene carbonate) 1:1 vol. electrolyte. One cell was
charged to 5.0 V to obtain KxVPO4F. Another one was subsequently
discharged to 2.0V resulting in LiyKxVPO4F.
The K removal does not cause significant changes in the unit cell
dimensions according to PXRD data (Table 15). However, by SAED we
observed a change in the space group. The [100] and [010] diffraction
patterns (Figure 25, a) were consistent with the space group of pristine
KVPO4F, Pna21. However, in case of the [001] zone axis, part of the expected
reflections was missing, which resulted in the reflection condition hk0:
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h+k=2n. It corresponds to an n-glide plane perpendicular to the c axis.
Therefore, the space group became Pnan.

Figure 25. Selected area electron diffraction patterns along main zone axes
of K0.17VPO4F (a) and Li0.70K0.12VPO4F (b).

The structure of KxVPO4F was determined by EDT and is shown in
Figure 26 (a). The experimental details and |Fobs|-|Fcalc| plot are given in
Table 16 and Figure 27 (a). The atoms were located by charge flipping
algorithm. The rigid body approach was used for the PO4 tetrahedra, which
fixed P-O bonds to 1.544 Å. After charging, the K1 position becomes
completely empty, whereas 17% of potassium remains in the K2 position
(Table 17). It results in the K0.17VPO4F formula, which is in agreement with
the EDX results, showing 15% residual potassium content (Figure 28).
Table 15. Unit cell parameter for pristine KVPO4F, charged to 5.0 V and
electrochemically lithiated phases 2.0 V.
Phase

KVPO4F
Pristine

K0.17VPO4F
5.0 V

Li0.7K0.12VPO4F
2.0 V

Space group

Pna21

Pnan

Pnan

a, Å
b, Å
c, Å

12.8200(3)
6.3952(1)
10.6115(2)

12.9820(8)
6.2741(4)
10.6536(6)

12.7943(8)
6.3019(4)
10.5770(5)

V, Å3

869.99(3)

864.13(9)

852.81(9)
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Figure 26. Projection of the crystal structures along a and b axis for pristine
KVPO4F (a, e), charged to 5.0 V K0.17VPO4F (b, f) and electrochemically lithiated to
2.0 V Li0.70K0.12VPO4F (c, g). Green and brown polyhedra correspond to VO6
octahedra and PO4 tetrahedra, respectively. K1 and K2 positions are shown in
yellow and green. Li3 position is marked by pink spheres (c, g). The unit cell is
marked by a red rectangle.

Figure 27. |Fobs|-|Fcalc| plots for K0.17VPO4F (a) and Li0.70K0.12VPO4F (b)
structures.
Table 16. Crystallographic data and refinement parameters of the
K0.17VPO4F and Li0.70K0.12VPO4F structures from EDT data.
Formula

K0.17VPO4F

Li0.70K0.12VPO4F

Wavelength, Å

0.0251

0.0251

ρ,

2.62

2.71

Scanned angular range,
deg.

93

85

Number of reflections

4225

3689

Parameters refined

18

19

RF, %

20.2

25.1

g/cm3
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Figure 28. Typical EDX spectra for KxVPO4F charged to 5.0 V.

Table 17. Atomic positions and their occupancies for K0.17VPO4F.
Atom

Position

Occupancy

x/a

y/b

z/c

V1

4a

1

0

0

0

V2

4d

1

0.1319(3)

0.25

0.75

K2

8e

0.17(1)

0.838(2)

0.124(5)

0.691(2)

F1

8e

1

0.0236(5)

0.278(2)

0.6206(6)

P1

4c

1

0.25

0.084(1)

0

P2

4d

1

-0.0637(4)

0.25

0.25

O1

8e

1

0.2371(7)

0.226(2)

-0.1170(6)

O2

8e

1

0.1533(7)

-0.058(2)

0.0152(6)

O3

8e

1

-0.134(1)

0.057(2)

0.2778(7)

O4

8e

1

0.009(1)

0.288(2)

0.3625(7)

The lithiated LiyKxVPO4F retained the framework having the same
space group Pnan and similar but slightly smaller cell volume than the
charged phase (Table 15, Figure 26, b). The crystal structure was solved in
the same way as KxVPO4F. It appears that the lithium does not occupy the
former K1 position (Table 18). Instead, it was present in the K2 position
together with the residual potassium. Furthermore, a new Li position,
namely Li3, was found using a difference Fourier map (Figure 29). It has
planar rectangular coordination with short 1.99−2.14 Å Li−O bonds. Such
planar environment is not common, however it was observed in other
lithiated frameworks, such as LixNa2Ti6O13,77 Li2Ti6O1378,79 and LixTiO2.80
Since it is not possible to refine simultaneously the occupancies of
potassium and lithium, the potassium content was estimated, while the Li
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one was fixed to the amount of intercalated Li calculated from the
electrochemical measurements. It resulted in the Li0.70K0.12VPO4F formula.

Figure 29. a) The structure of Li0.70K0.12VPO4F showing the plane through
the Li3 position (pink sphere). b) The corresponding difference Fourier map before
introduction of Li3 position shows intense peaks of scattered density (marked by
arrows), which we interpreted as Li ions missing in the model.
Table 18. Atomic positions and their occupancies for Li0.70K0.12VPO4F.
Atom

Position

Occupancy

x/a

y/b

z/c

V1

4a

1

0

0

0

V2

4d

1

0.1287(4)

0.25

0.75

(Li,K)2

8e

0.20/0.12(1)

0.838(2)

0.407(5)

0.804(2)

Li3

4d

1

0.649(2)

0.75

0.25

F1

8e

1

0.0246(6)

0.276(2)

0.6187(7)

P1

4c

1

0.25

0.082(1)

0

P2

4d

1

-0.0628(5)

0.25

0.25

O1

8e

1

0.2389(8)

0.218(2)

-0.1209(7)

O2

8e

1

0.1530(8)

-0.061(2)

0.0144(7)

O3

8e

1

-0.134(1)

0.061(3)

0.2836(8)

O4

8e

1

0.011(1)

0.296(3)

0.3618(8)

The intercalation of the alkali ions often causes an increase in the cell
volume. However, upon lithiation of KxVPO4F the cell shrinks. The most
significant change in cell parameters occurs along the a and c directions,
which shrink by 1.5 and 0.7 %, respectively. It can be related to the presence
of lithium in square coordination parallel to the ac plane, which causes the
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shrinkage of the framework due to Coulomb interaction. The distance
between neighbouring O1 and O4 oxygen atoms decreases by 2.1-3.2%
(Figure 31).

Figure 30. The coordination environment of the K2 position in K0.17VPO4F
(a) and Li0.70K0.12VPO4F in two projections (b, c). Dark green and light green
correspond to K and Li, respectively. O and F atoms are shown in red and grey.

Figure 31. Bar chart diagram representing selected bond length in
K0.17VPO4F and Li0.70K0.12VPO4F. The difference between them is given in percent.
The precise bond length values are given in Table 19.

The same shortening of the bonds can be expected for the K2 position.
However, the size of the cage around the K2 position remains unchanged
(Figure 30). The only difference is that the distance between two split atoms
increased by 12.3% from 2.03(4) to 2.25(5) Å (Figure 30 a). Consequently,
the bond length with most oxygen atoms becomes smaller (Figure 31). Only
distances with O2 and F1 atoms elongate, since these atoms are shared
between two split alkali atoms (Figure 30 b).
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Table 19.
Li0.70K0.12VPO4F.

Selected

interatomic

distances

(Å)

for

K0.17VPO4F

Bond

K0.17VPO4F

Li0.70K0.12VPO4F

K2 – O1

2.80(3)
3.03(3)
2.91(3)
3.07(3)
2.63(3)
3.18(4)
2.77(3)
3.19(3)
2.28(5)
2.00(1)
1.95(1)
1.914(9)
1.97(1)
2.00(2)
1.931(9)
1.54(1)
1.54(1)
1.54(2)
1.54(1)
1.99(2)
2.14(3)

K2 – K2
V1 – O2
V1 – O4
V1 – F1
V2 – O1
V2 – O3
V2 – F1
P1 – O1
P1 – O2
P2 – O3
P2 – O4
Li3 – O1

×2
×2
×2
×2
×2
×2
×2
×2
×2
×2
×2

2.92(3)
3.28(3)
2.74(3)
3.17(2)
2.69(3)
3.30(3)
2.69(2)
3.19(2)
2.03(4)
2.02(1)
1.98(1)
1.921(8)
1.970(9)
1.95(1)
1.972(7)
1.54(1)
1.54(1)
1.54(1)
1.54(1)
-

Li3 – O4

×2

-

K2 – O2
K2 – O3
K2 – O4
K2 – F1

and

Thus, by EDT new positions of Li can be determined. In the
previously shown cases of olivine-type compounds in this thesis, the position
of Li was already known and only the occupancy was refined. The difference
Fourier maps in those cases showed that the Li position can be detected
even without prior knowledge. Here, this possibility was applied to
determine new unexpected positions of Li. The presence of Li in a new
square-planar position could provide alternative diffusion pathways in
comparison with Na and K. As a result it leads to the formation of 3D
pathways, which were also calculated by approaches based on bond valence
assessment.76,81 This results in a higher diffusion coefficient of 10-13 cm2/s
than in LiFePO4 (10-13 – 10-15 cm2/s), which leads to the high rate of charging
in Li0.70K0.12VPO4F.81 Probably, this mechanism of Li intercalation occurs
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also in the isostructural FeSO4F framework, which was obtained by the
same way replacing potassium by lithium. However, its crystal structure
was not characterized.82
4.2.2 Li2FePO4F
Li2FePO4F was obtained from LiNaFePO4F by electrochemical
exchange. It was cycled 10 times within 2.6−4.0 V vs Li/Li+ potential range
with C/10 rate in the cell containing a Li anode and 1M LiBF4 in
tetramethylene sulfone (TMS) electrolyte, which allows to exchange Na by
Li.83 The process was performed at 75oC to facilitate Na diffusion. According
to EDX, the Na was completely removed (Figure 32). The cell parameters
were determined from PXRD pattern using a Le Bail fit (Table 20). The
SAED patterns showed that the space group of the obtained Li2FePO4F-75C
phase remained Pnma as for initial LiNaFePO4F (Figure 33, a).
The structure of the obtained Li2FePO4F phase was investigated by
EDT. The experimental details are given in Table 20. The coordinates of the
Fe, P and O atoms were determined using the charge flipping algorithm. Li
atoms were located using difference Fourier maps. The structure was
similar to the initial LiNaFePO4F. However, the thermal displacement
parameters for the Fe positions were unusually high (0.032(1) Å2), whereas
the values for the Li positions were negative (-0.014(2) Å2), which is
physically insensible. Furthermore, in the difference Fourier maps negative
and positive peaks were found in area of the Fe and Li atoms, respectively
(Figure 34, a). It shows that the content of Fe should be lower or the Fe
positions are partially occupied by a lighter element. Oppositely, the Li
positions should be occupied by a heavier atom. It other words, the antisite
defects can be present, as exist in other cathode materials.69
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The structure was refined using a disordered model with mixed
occupancies in Li and Fe positions. The total content of Li and Fe was
constrained to 3. It resulted in Li1.96(6)Fe1.04(6)PO4F composition, which is in
agreement with the expected stoichiometry. The structure is shown in
Figure 35 and its details are given in Table 21. The bond lengths are given
at the end of this chapter (Table 23). The disordered structure decreased the
R value from 29.5% to 21.9%. Furthermore, the calculated structure factors
become closer to the experimental ones (Figure 36). In the difference Fourier
maps, the intense positive and negative peaks disappeared (Figure 34, b).
Therefore, it can be concluded that the structure of Li2FePO4F-75C is
partially disordered. The concentration of antisite defects is surprisingly
high, varying up to 20% in case of Li2 and Fe2 positions (Table 21).
Importantly, these defects were not detected in pristine LiNaFePO4F by
synchrotron PXRD.83 It means that that they were created during cycling.

Figure 32. Typical EDX spectra for Li2FePO4F-75 (a) and Li2FePO4F-RT (b).
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Figure 33. Selected area electron diffraction patterns along main zone axes
of Li2FePO4F-75C (a) and Li2FePO4F-RT (b).
Table 20. Crystallographic data of Li2FePO4F-75 and Li2FePO4F-RT and
corresponding refinement details.
Sample
Formula
Space group
a, Å
b, Å
c, Å
V, Å3
Z
ρ, g/cm3
Wavelength, Å
Scanned angular
range, o
Unique reflections:
I> 3s(I)
Parameters refined
RF, %
1space

Li2FePO4F-75
Li1.96(6)Fe1.04(6)PO4
F

Pnma

Li2FePO4F-RT
Li1.84Na0.16FePO4F

Pnma1

10.4171(5)
6.4796(7)
10.954(2)
739.4(1)
8
3.284
0.0251

10.399(6)
6.523(5)
10.942(11)
742.3(7)
8
3.329
0.0251

110

125

1088
37
21.9

935
37
28.3

group used for the structure refinement.
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Figure 34. Difference Fourier maps of Li2FePO4F-75C around Li2 and Fe2
positions for ordered (a) and disordered models with mixed occupancies in Fe and
Li positions (b). Positive and negative regions are coloured in red and blue shades,
respectively.

The antisite defects can be induced by the elevated temperature,
which facilitates the Fe migration. Therefore, the structure of Li2FePO4F
prepared by the same procedure but at room temperature was investigated.
Indeed a decrease in temperature hampered the diffusion of the atoms,
which did not allow removing sodium completely. Nearly 16±3% of Na
remained according to EDX (Figure 32, b). The obtained phase (Li2FePO4FRT) has lower symmetry than Li2FePO4F-75C according to SAED patterns.
Very weak additional reflections were found in [100] zone, which violated
the reflection conditions of the n-glide plane in Pnma space group, namely

0kl: k + l ≠ 2n (Figure 33, b). The P21ma space group, a subgroup of Pnma,
agrees with the reflection conditions.
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Figure 35. The structure of Li2FePO4F-75.
Table 21. Atomic coordinates, occupancy factors for the Li2FePO4F prepared
at 75oC.
Atom

Position

Li1

8d

Li2

4c

Li3

4c

Fe1

4a

Fe2

4b

P1
P2
O1
O2
O3
O4
O5
O6
F1
F2

4c
4c
8d
4c
4c
8d
4c
4c
4c
4c

Occupancy
0.903(7)Li
0.097(7)Fe
0.63(1)Li
0.37(1)Fe
0.91(1)Li
0.09(1)Fe
0.73(2)Fe
0.27(2)Li
0.62(1)Fe
0.38(1)Li
1
1
1
1
1
1
1
1
1
1

x/a

y/b

z/c

Uiso, Å2

0.7538(9)

0.968(2)

0.6510(9)

0.0174(7)

0.9734(7)

0.75

0.7154(7)

0.0174(7)

0.284(1)

0.75

0.582(1)

0.0174(7)

0

0

0

0.0174(7)

0

0

0.5

0.0174(7)

0.7563(5)
0.0228(4)
0.8113(6)
0.6119(8)
0.7873(8)
-0.0297(6)
0.1693(8)
-0.0258(8)
0.0603(8)
0.8699(8)

0.75
0.25
0.942(1)
0.75
0.75
0.443(1)
0.25
0.25
0.75
0.75

0.9191(4)
0.7445(5)
0.9811(5)
0.9402(8)
0.7838(8)
0.6792(5)
0.7413(8)
0.8768(8)
0.8788(7)
0.5361(8)

0.0119(8)
0.0119(8)
0.0189(7)
0.0189(7)
0.0189(7)
0.0189(7)
0.0189(7)
0.0189(7)
0.0189(7)
0.0189(7)
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Figure 36. |Fobs|-|Fcalc| plots for ordered (a) and disordered (b) models of
Li2FePO4F-75.

The details of EDT experiment of Li2FePO4F-RT are given in Table
20. The structure solution using P21ma and Pnma space groups gave similar
results

without

significant

difference

in

R-factor.

Probably,

the

n-plane is absent due to an insignificant difference in atomic coordinates,
which are below the resolution of the EDT method. Therefore, the structure
refinement was performed using the more symmetrical Pnma space group.
The |Fobs|-|Fcalc| plot is given in Figure 37. Residual Na was placed in its
initial position in a large void, namely the Li1 position (Table 22). The total
occupancy of Li and Na were fixed to 2, and for Fe to 1, resulting in the
Li1.84Na0.16(3)FePO4F formula. The bond lengths are given at the end of this
chapter (Table 23).

Figure 37. |Fobs|-|Fcalc| plot for disordered model of Li2FePO4F-RT.
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Table 22. Atomic coordinates, thermal displacement parameters and
occupancy factors for the Li2FePO4F prepared at room temperature.
Atom

Position

Li1

8d

Li2

4c

Li3

4c

Fe1

4a

Fe2

4b

P1
P2
O1
O2
O3
O4
O5
O6
F1
F2

4c
4c
8d
4c
4c
8d
4c
4c
4c
4c

Occupancy
0.63(1)Li
0.21(1)Fe
0.16Na
0.73(2)Li
0.27(2)Fe
0.94(2)Li
0.06(2)Fe
0.65(5)Fe
0.35(5)Li
0.59(2)Fe
0.41(2)Li
1
1
1
1
1
1
1
1
1
1

x/a

y/b

z/c

Uiso, Å2

0.752(1)

0.979(3)

0.659(1)

0.020(1)

0.977(2)

0.75

0.720(2)

0.020(1)

0.258(3)

0.75

0.573(3)

0.020(1)

0

0

0

0.020(1)

0

0

0.5

0.020(1)

0.7572(7)
0.0220(7)
0.8120(9)
0.614(1)
0.787(1)
-0.0427(9)
0.164(1)
-0.031(1)
0.067(1)
0.864(1)

0.75
0.25
0.942(1)
0.75
0.75
0.442(2)
0.25
0.25
0.75
0.75

0.9227(7)
0.7431(7)
0.9828(9)
0.945(1)
0.787(1)
0.6805(9)
0.742(1)
0.876(1)
0.880(1)
0.539(1)

0.003(1)
0.003(1)
0.0135(9)
0.0135(9)
0.0135(9)
0.0135(9)
0.0135(9)
0.0135(9)
0.0135(9)
0.0135(9)

Surprisingly, the antisite defects are also present in Li2FePO4F-RT
and their content is close to that in Li2FePO4F-75C (Table 22). Therefore,
the defect formation is not induced by the thermal factor. Furthermore, the
antisite defects are not caused by the substitution of Na by Li, since they
were not observed in LixNa2-xFePO4F (x≈1.1-1.7) samples prepared by
chemical exchange.83,84 Most probably, the framework is not stable in the
charged state, causing the migration of the Fe atom. Interestingly, the
antisite defects were not observed even in cycled LiFePO4 at 100oC (see page
64), whereas such defects have small formation energy and therefore they
are most favourable for this compound.85 We propose that, despite the
presence of similar polyhedra in LiFePO4 and Li2FePO4F structures, the
connection of the building blocks has a crucial effect on the stability of the
framework in charge state, as clarified below.
Li2FePO4F structure has two features that are not present in
LiFePO4. First, in the PO4 groups only 3 out of 4 oxygens are shared with
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the FeO4F2 octahedra, whereas in LiFePO4 all of them are connected to
FeO6 polyhedra. The 4th oxygen is coordinated only by electrochemically
active alkali ions, which leave the structure during the charging. Such
oxygens in position O3 and O5 can be considered as dangling, since they are
not connected to the rigid framework (Figure 35, pink atoms). The second
feature of Li2FePO4F is the edge-sharing connection of the FeO4F2
octahedra. As a result, the O2 and O6 oxygen atoms are linked to two iron
atoms but not to the electrochemically active Li1 (Figure 35, dark red
atoms). In case of LiFePO4 all oxygen atoms are connected to Fe and Li
simultaneously.
In the charged state, these structural peculiarities create the
instability of the phase. Upon charging, the Li1 leaves the framework,
creating vacancies. As a result, dangling oxygens (O3 and O5) are
coordinated only by one phosphor and one oxygen atoms and the O3 and O5
atoms become underbonded (Figure 38). Their BVS values become 1.54 and
1.56, respectively, in the hypothetical fully delithiated ordered structure.
This misbalance cannot be overcome only by the shortening the P-O bond,
since it should become 1.4 Å, which is smaller than the minimum distance
between these atoms (1.52 Å). However, the presence of one Fe3+ cation in
one of the two Li1 vacancies reduces the misbalance resulting in 2.02 and
2.17 BVS values for O3 and O5 oxygens, which is close to the typical valence
of oxygen.

Figure 38. Coordination environment of dangling O3 and O5 oxygens in
Li2FePO4F.
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Furthermore, the O2 and O6 oxygen atoms at the common edge of two
FeO4F2 octahedra become overbonded due to the oxidation of iron. The BVS
values for the O2 and O6 atoms change to 2.22 and 2.19. The presence of Li
in the Fe position diminishes the misbalance, leading to 2.10 and 1.98 BVS
for the Fe-O-Li environment. Therefore, the defects are formed during
cycling due to a misbalance in the coordination of the oxygen atoms in the
charged phase, which is not present in LiFePO4. Furthermore, the formation
energy of the antisite defects in Li2FePO4F (0.29-0.42 eV) is smaller than in
LiFePO4 (0.65-0.75 eV),85 which explains the different behaviour of these
compounds during charging.83 The exchange between the Li2-Fe2 positions
has lowest energy, which explains the highest mixing of Fe and Li in these
positions in comparison with the others.
Interestingly, the high content of antisite defects does not cause
dramatic fade of the capacity. It decreases on ~15% after 10 cycles in the
2.6−4.0 V potential range at the C/10 rate.83 It can be due to presence of the
3D Li diffusion pathways, which were predicted for isostructural
Li2CoPO4F.86 In this diffusion network all Li positions are involved, which
allows using alternative diffusion pathways, when Fe blocks have the main
diffusion channel along the b direction.
Thus, the EDT allows us not only to detect Li and refine it
occupancies but also to find and quantify antisite defects. This technique
does not require intense electron beam and therefore beam sensitive
materials can be investigated. Therefore, it was possible to get information
about the average crystal structure with atomic resolution by EDT, which
could not be achieved by atomic resolution STEM imaging due to the rapid
degradation of the sample under the electron beam.
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Table 23. Selected interatomic distances (Å) for Li2FePO4-RT and
Li2FePO4-75.
Bond

Li2FePO4F-75

Li2FePO4F-RT

Li1-O1
Li1-O3
Li1-O4
Li1-O5
Li1-F1
Li1-F2
Li2-O2
Li2-O3
Li2-O4
Li2-F1
Li2-F2
Li3-O1
Li3-O5
Li3-O6
Li3-F1
Li3-F2
Fe1-O1
Fe1-O6
Fe1-F1
Fe2-O2
Fe2-O4
Fe2-F2
P1-O1
P1-O2
P1-O3
P2-O4
P2-O5

2.07(1)
2.06(1)
2.35(1)
2.34(1)
2.49(1)
2.25(1)
2.23(1)
2.08(1)
2.031(8)
2.01(1)
2.24(1)
2.133(9)
2.11(2)
2.04(2)
2.76(2)
2.05(2)
2.012(6)
2.125(6)
2.187(5)
2.100(5)
2.022(6)
2.149(5)
1.527(8)
1.52(1)
1.52(1)
1.539(8)
1.53(1)

2.10(2)
2.08(2)
2.22(2)
2.26(2)
2.48(2)
2.31(2)
2.30(2)
2.12(2)
2.05(1)
1.99(2)
2.31(2)
2.12(2)
2.10(3)
2.28(3)
2.79(3)
1.77(3)
2.00(1)
2.140(9)
2.203(9)
2.098(8)
2.07(1)
2.196(9)
1.56(1)
1.52(2)
1.52(2)
1.57(1)
1.49(2)

P2-O6

1.53(1)

1.56(2)

Li2FePO4F is a first example of 3D Li2MPO4F (M=Fe, Co, Ni) family
that was characterized after electrochemical cycling in Li-ion cell (e.g. 10
cycles). Such antisite defects can also be expected in Li2CoPO4F and
Li2NiPO4F, which also have low energies of antisite defect formation (0.29
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and 0.38 eV, respectively).87 Their structures in charged state and after
continuous cycling have not been fully characterized. Nonetheless, a change
of the relative intensity of the reflections in PXRD was observed,16,88,89
which could be attributed to the presence of the antisite defects. The antisite
defects could also play a role in other structures containing dangling oxygen
of

polyanion

PO4

groups

such

as

layered

(Na,Li)2FePO4F

and

(Na,Li)4Fe3(PO4)2(P2O7).90,91
4.3

Structure of charged LixRhO2 layered oxide
The reversible oxidation of oxygen is a promising way to enhance the

capacity of the cathode material. It occurs in compounds with strong
covalent M-O bonds, which is more pronounced in 4d than in 3d transition
metals oxides.92 The investigation of the 4d oxides allows understanding the
mechanism of oxygen redox processes and finding ways how to tune the
structure to achieve reversible redox of oxygen atoms. In case of LiRhO2
quite unexpected behaviour was observed upon charging. At 3.5 V after the
extraction of nearly half of the Li, the layered LiCoO2 type structure
transforms to a new phase, which has significantly different PXRD pattern
(Figure 39).93 Due to the complexity of the diffraction data, the unit cell was
not determined. Therefore, I investigated the structure of the compound
charged to 4.0 V.
A TEM study was performed on the 4.0 V charged sample and on the
chemically delithiated LixRhO2 prepared by interaction with NO2BF4 in
acetonitrile.93 According to SAED, both samples have a cell with a ≈ 14.8 Å,

b ≈ 3.1 Å, c ≈ 4.4 Å, and α = β = γ ≈ 90° (Figure 40). The hkl: h+k=2n
reflection condition corresponds to a C-centred cell. In case of LixRhO2
charged to 4.0 V, diffuse intensity was observed in the diffraction patterns,
which can be attributed to the formation of the defects during charging
(Figure 41). Since it can cause difficulties with the reconstruction of the
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reciprocal space, only the chemically delithiated sample was investigated by
EDT.

Figure 39. Operando synchrotron powder diffraction data from LiRhO2 and
corresponding voltage profile.93

Figure 40. Selected area electron diffraction patterns along main zone axes
of LixRhO2 prepared by chemical delithiation.
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Figure 41. Selected area electron diffraction patterns of LixRhO2 charged to
4.0 V. The diffuse intensity is marked by arrows.

The details of the EDT experiment are given in Table 24. We started
with the most symmetric space group that satisfied reflection conditions,
namely Cmmm. However, the refinement was not successful resulted in an
unrealistic oxygen environment. The same problem was observed using all
orthorhombic subgroups of Cmmm. Therefore, the symmetry was lowered to
monoclinic. The best solution was achieved for the C2/m space group with
unique axis b, resulting in a framework with γ-MnO2 type structure (Figure
42). It has small rutile [1×1] and bigger ramsdellite [2×1] channels. The Li
positions were not determined, due to the low occupancy and low scattering
ability in comparison with Rh. The atom coordinates, selected bond length
and |Fobs|-|Fcalc| plot are given in Table 25, Table 26 and Figure 43,
respectively.

Figure 42. Structure of LixRhO2. The short O-O bond are shown are marked
in yellow (b).
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Table 24. Crystallographic data and refinement parameters of LixRhO2.
Sample
Formula
Space group
a, Å
b, Å
c, Å
β, o
V, Å3
Z
ρ, g/cm3
Wavelength, Å
Scanned angular range, o
Number of reflections I> 3σ(I)
Unique reflections
Used in refinement
Parameters refined
RF

LixRhO2
RhO2

C2/m

14.593(1)
3.0787(2)
4.4970(4)
91.682(6)
196.35(7)
2
6.655
0.0251
105
338
332
327
10
0.250

Figure 43. |Fobs|-|Fcalc| plot for LixRhO2.
Table 25. Atomic coordinates, thermal displacement parameters and
occupancy factors for the LixRhO2.
Atom
Rh1
Rh2
O1
O2
O3

Position
2c
4i
4i
4i
4i

Occupancy
1
1
1
1
1

x/a

y/b

z/c

0
0.6595(7)
0.893(2)
0.948(2)
0.713(3)

0
0
0
0.5
0.5

0.5
-0.001(2)
0.721(8)
0.177(8)
0.790(9)
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Uiso, Å2
0.0005(16)
0.0005(16)
0.0005(16)
0.0005(16)
0.0005(16)
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Table 26. Selected interatomic distances LixRhO2.
Bond
Rh1 – O1
Rh1 – O2
Rh2 – O1
Rh2 – O2
Rh2 – O3
Rh2 – O3
O2 – O2

×2
×4
×2
×2

Distance, Å
1.88(4)
2.23(2)
2.14(3)
1.74(4)
1.98(3)
2.06(4)
2.23(5)

To find out the possible position of Li, a Monte Carlo-based
optimization was performed using the electron diffraction data and a cost
function based on bond valence sum. Only the Li position was varied. As a
result, a tetrahedral position was found in the ramsdellite channel. This is
in agreement with DFT calculations93 and structures of isostructural
Li0.25TiO294 and pure ramsdellite-type compounds Li0.5TiO2.95,96
The structure was also confirmed by HAADF-STEM images showing
the location of the Rh columns (Figure 44, a). The rutile and ramsdellite
channels were present (Figure 44, b), in agreement with refined structure.
In addition, larger voids were observed, with hollandite-type [2*2] and
psilomelane-type [2*3] dimensions (Figure 44, c-d).
In contrast to the RhO2 with rutile structure, the small [1×1] channels
are significantly distorted in LixRhO2, which appear as rhombuses
perpendicular to b axis (Figure 42, b). Its diagonals correspond to the O-O
distance. The smallest one is 2.21(5) Å, whereas in RhO2 rutile the
diagonals are equal, being ≈3.3 Å.97,98 The obtained value is lower than 2.72
Å, which is the minimum distance between two oxygen atoms coordinated
by three neighbours.60 This indicates that these O2 atoms can be partially
oxidized. According to X-ray photoelectron spectroscopy (XPS), the peroxospecies are present at the surface of the crystals.93 Such partial oxidation of
oxygen upon charge is not unusual and has been observed in other
isostructural LiMO2 such as LiCoO2.92
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Figure 44. Atomic resolution HAADF-STEM image of LixRhO2 charged to
4.0V (a-d). Different types of channels were observed: rutile and ramsdellite (b),
hollandite (c) and psilomelane-type (d).

In LixRhO2 the short O-O bond can be considered as a “bridge”, which
connects two corner sharing RhO6 octahedra (Figure 45, a). It differs from
Li2MO3 layered compounds, where the peroxo-bond is formed at the edge of
the MO6 octahedra.92 As a result, the peroxo-like bond can be formed
without severe distortion of the RhO6 octahedra. Such “bridge” like
connection of Rh atoms is also present in [(NH3)4Rh(O2)(OH)Rh(NH3)4-z
(H2O)z]3+ (z=0-1) complexes (Figure 45, b).99,100
The observed severe distortion of the rutile channel is also present in
other Rh phase containing rutile channels such as hollandite and todorokite
(Table 27). In case of Ti and Mn compounds such effect is absent or less
pronounced. The only exception is lithiated γ-MnO2, which has very similar
structure to LixRhO2 with short O-O distance. The origin of it has not been
investigated.
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Figure 45. Coordination environment of Rh atoms connected with short O-O
bond in LixRhO2 and in [(NH3)4Rh(O2)(OH)Rh(NH3)4]3+ complex.
Table 27. The distances between oxygen atoms in rutile channels for
different Rh, Mn and Ti compounds.
−
Structure

Formula

dmin, Å

dmax, Å

,

Ref.

%
Rutile

γ-MnO2

Hollandite

Todorokite

RhO2
TiO2
MnO2

3.25-3.29
3.32
3.19

3.25-3.29
3.32
3.19

0
0
0

97,98
101
102

LixRhO2
LixTiO2 (x=0.1-0.25)
MnO2
Li0.33MnO2

2.2
3.2-3.4
2.8
2.1-2.2

3.9
3.6-3.7
3.7
3.8-4.0

75
4-16
30
79-81

this work
94,103
104
105,106

Ba1.72Rh8O16
Sr0.75Rh4O8
Cs0.82Ba0.41Ti8O16
BaxMn8O16 (x=1-2)
NH4Mn8O16
K1.33Mn8O16

2.6
2.6
3.5
3.2-3.3
3.2
3.4

4.1
4.4
3.5
3.5-3.7
3.6
3.4

54
69
0
6-12
12
0

107
108
109
110–112
113
114

[Bi6O5]Rh12O24
[SrF0.8(OH)0.2]2.526[Mn6O12]

2.9-3.1
3.5

3.9-4.0
3.5

28-40
0

115,116
117

To our knowledge this is the first example of the formation of the
γ-MnO2 type structure from the layered one. Probably, the partial oxidation
of oxygen is a driving force of this change. The possible transformation
mechanism can be deduced from HAADF-STEM images, which shows the
intergrowth of the layered and γ-MnO2-type structures (Figure 46). In all
these areas the layered structure was parallel to the (201) planes of the
framework. Moreover, the terminating polyhedron of the layered structure
is also a part of the framework structure forming a rutile channel.
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Obviously, the migration of Rh atoms should occur in concerted way to form
such well-ordered structure. Probably, the transformation mechanism is
based on the cooperative rotation of two neighbouring Rh chains and their
shared oxygens. Such migration should occur via breaking of one axial Rh-O
bond for each metal atom (Figure 47, b) and the formation of a new one with
the

oxygen

from

“broken”

fragments

of

the

neighbouring

layers

(Figure 47, c).
Thus, EDT is a reliable method for the solution of structures with low
symmetry for cases where even high quality synchrotron diffraction data
was not helpful for the determination of the crystal structure. Despite the
stability of the sample under the electron beam, we could not perform
annular bright field STEM (ABF-STEM) imaging, which would have
allowed to directly observe the light Li and O atom columns in the projected
structure. This is possibly due to the high amount of defects, which caused
the smearing of the columns of oxygen atoms. Therefore, EDT was the only
possible way to solve the structure of this material. Thus, this example
shows that EDT is a very valuable technique in characterization of complex
crystal structures of cathode materials.

Figure 46. HAADF-STEM image showing typical intergrowth of the layered
and framework LixRhO2 structures. The c-axis of the framework and layered
structure are marked as c1 and c2 arrows, respectively. The unit cell of the
framework structure is shown in as a rectangle.
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Figure 47. Scheme of the transformation of the layered structure into the
framework. Big atoms correspond to the Rh and small one to the O. The axial bond
and edges of octahedral are shown in red and black line, respectively. Rh2O2 chains
(purple Rh and red O) tilt and create new bonds with yellow and green O atoms
from neighboring layers.
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5 Chapter V. In situ electron diffraction tomography for
characterization of cathode materials for Li batteries
In the previous chapter, it was shown that very challenging cases of
structure determination can be solved by EDT. However, the studies were
performed ex situ. Combining the power of EDT with in situ electrochemical
TEM in liquid electrolyte has also never been performed and would be an
important new technique for crystallographic characterization of the
electrode materials in real working conditions of metal-ion batteries. To
figure out whether EDT in liquid electrolyte is possible, the well-studied and
commercially used material LiFePO4 was investigated. The pristine and in

situ charged phases were studied to reveal variations in cell parameter,
atomic positions and the occupancy of the Li position.
The

experiment

was

performed

in

a

Protochips

Poseidon

electrochemical TEM holder, which has a three-electrode configuration. The
working electrode was made of amorphous carbon glass, which is
transparent under the electron beam. Therefore, the particles lying on the
electrode can be investigated. The gap between the transparent windows
was 500 nm, which is a minimum thickness for this set up. It is worth
mentioning, that crystals or agglomerates bigger than the gap cannot be
investigated, since they can damage the fragile silicon nitride during sealing
of the cell. Therefore, as prepared carbon coated LiFePO456 was thoroughly
ground in an agate mortar and then its suspension in ethanol was sonicated.
The

loose

particles

were

separated

from

their

agglomerates

by

sedimentation. Then a drop of the suspension was deposited on two
electrochemical chips, which were used to investigate pristine LiFePO4 and

in situ delithiated FePO4. 1.0 M LiPF6 EC/DMC electrolyte was introduced
after the sealing of the cell.
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In the cell completely filled with electrolyte, it was not possible to
observe the diffraction pattern and even the direct beam due to the severe
scattering of the electrons by the thick layer of liquid. In the microscope the
thickness of the liquid layer can reach up to 1 μm, due the outward bending
of the silicon nitride windows caused by higher pressure in the cell than in
the microscope column.118 Therefore, part of the liquid was removed using
electron beam irradiation causing radiolysis and evaporation, as used in
former studies with diffraction in liquids.119 It creates a vapor bubble, while
thin liquid layers remain at the inner surfaces of the chips due to wetting
(Figure 3, c)120,121 Thus, the electron diffraction pattern can be observed
while keeping the crystal in the liquid. The presence of the liquid was
verified by electron energy loss spectroscopy (Figure 48).
The first attempt to obtain an EDT series was not successful. The
severe degradation of the organic electrolyte did not allow acquiring all data
set manually. While lowering the intensity decreased the degradation and
allowed to acquire data, only very few reflections were then observed
(Figure 50, a). Significant progress was achieved when a CMOS camera was
used instead of CCD. It provided significantly better quality of the
diffraction patterns. On the resulting electron diffraction patterns, clear and
sharp reflections are seen (Figure 50, b). The tomography series were
acquired with 60° angular range, which is the maximal possible tilt of the
used holder-microscope combination. In case of the pristine sample, the
useful data was limited to 35 images out of 60, since the orientation of the
crystal changed due to rotation induced by the fluid. In the 3D
reconstruction of the reciprocal space, sharp and distinct reflections were
observed, showing good quality of the tomography data and adequate 3D
reconstruction. The details of EDT experiments are given in Table 28.
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Figure 48. EELS spectrum acquired through the electrochemical cell filled
with 1.0 M LiPF6 EC/DMC (1:1) electrolyte after applying “beam shower”. The high
plasmonic peak at 100eV is caused by inelastic multiple scattering events, which
occur in liquid.

The diffraction patterns contained very weak reflections, which the
PETS software could not recognize, even after lowering the intensity
threshold from 200σ(I) to 180σ(I). Instead, the noise was assigned as
reflections (Figure 49, b). This happens because the software defines any
circular area as a reflection if the sum of the intensity in the circle is higher
than the given intensity threshold. As a result, the program cannot
distinguish between weak reflections and high noise levels. Only 133
reflections were correctly recognized, which was insufficient for the
reconstruction of the reciprocal space and indexing. Therefore, for the initial
steps reconstructing the reciprocal lattice and indexing the reflections, the
visually located reflections were manually indicated using the graphic
software Photoshop. As a result, the software recognized all 247 reflection
positions. The amount of detected reflections increased by 85%, which
allowed to reconstruct reciprocal space and to index the difference vector
space. The obtained orientation matrix and the angle of projection of the
goniometer axis Ω were then used to extract the intensities from the
unmodified data.
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Figure 49. SAED pattern from tomography series acquired in situ: after
peak search procedure (a) and original (b). The circles mark the areas recognized as
a reflection according to 180σ(I) intensity threshold. Green and white circles
correspond to correctly detected reflections and wrongly assigned noisy regions,
respectively. In the inset weak unrecognized reflections are marked by arrows. The
original pattern (b) was manually modified to enable lattice detection (c).

The cell parameters determined from EDT are in agreement with
those obtained from PXRD of LiFePO4 and literature data of FePO4
(accuracy better than 1.3%) (Table 29).122 In case of FePO4, the full angular
range of 60° could be used and the accuracy is even better than 0.5%. This
shows that as a first step, the evolution of the cell parameters upon
electrochemical cycling can be tracked in in situ liquid electrochemical cells.
The quality of the electron diffraction tomography series was
sufficient to perform ab initio solution of the crystal structures of LiFePO4
and FePO4. The positions of Fe, P and O were derived using the charge
flipping algorithm. For the further refinement, the PO4 tetrahedra were
considered as a rigid body. The refined positions of the Fe, P and O atoms
are in agreement with those obtained from PXRD data for LiFePO4 phase
and with the literature data on FePO4. The experimental details, atomic
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position, inter atomic distances and |Fobs|-|Fcalc| plots are given in Table
30, Table 31, Table 32 and Figure 52.
Table 28. Crystallographic data and refinement parameters for the
LiFePO4, LiFePO4/C and FePO4/C structures.
Sample

LiFePO4

LiFePO4/C

FePO4/C (4.2 V)

Method

PXRD

In situ EDT

In situ EDT

Formula

LiFePO4

LiFePO4

FePO4

Space group

Pnma

Pnma

Pnma

ρ, g/cm3

3.6011

3.7825

3.8808

Radiation

X-ray, Cu Kα1

Electron

Electron

Wavelength, Å

1.54056

0.0251

0.0251

2θ range, deg.

10 - 95

-

-

Scanned angular range, deg.

-

35

62

Number of reflections, I>σ(I)

-

359

582

Unique reflections:

-

I>σ (I)

-

171

151

I>3σ (I)

-

166

147

Used in refinement

-

157

124

Parameters refined

12

14

12

RF (RP, RwP), %

7.2, 6.6, 9.0

31.03

28.05

Table 29. Cell parameters and their ratios for the pristine sample, LiFePO4,
and the charged sample, FePO4.
Phase

Method

a, Å

b, Å

c, Å

LiFePO4

XRD

10.3298(3)

6.0049(2)

4.6936(2)

EDT

10.198(6)

6.016(2)

4.752(2)

ND2

10.3333(3)

6.0095(2)

4.6949(1)

EDT

9.840(3)

5.742(4)

4.779(2)

ND

9.823(2)

5.786(1)

4.784(1)

FePO4

*Experimental data
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Figure 50. In situ electron diffraction in liquid acquired by CCD (a) and
CMOS (b) cameras; the slice of reciprocal space perpendicular to [010] direction (c)
and 3D reciprocal space reconstruction (d).

The Li position in LiFePO4 was detected using the difference Fourier
map of the electrostatic potential. In Figure 1, a positive peak can be seen at
the (0.5, 0, 0.5) position (Figure 51, a). This correctly corresponds to the Li
position (4a: 0.5, 0, 0.5) found also in literature. After adding Li in this
position, the refined Li occupancy was 1.1(2). In case of FePO4, this peak
was not observed, showing that Li was effectively removed from the
structure (Figure 51, b). The reliability factor of the refinement was
acceptable being around 30%.
The average Fe-O distance shrinks from 2.18Å in LiFePO4 to 2.03Å in
FePO4 according oxidation of Fe2+ (r = 0.78Å) to Fe3+ (r = 0.65Å) upon full Li
extraction. This corresponds to the change in bond valence sum from 1.91
for LiFePO4 to 3.15 in FePO4 indicating that the refined structures are
chemically sensible. To conclude, in situ EDT allows tracking changes in the
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crystal structure occurring during cycling, providing reliable information
about cell parameters, Li occupancy and bond lengths.

Figure 51. Difference Fourier maps around Li1 position for LiFePO4 (a) and
FePO4 (b) obtained from in situ EDT data before including Li in the refinement.
Table 30. Fractional atomic coordinates, atomic displacement parameters
for LiFePO4 refined from in situ EDT data.
Atom

Position

Occupancy

x/a

y/b

z/c

Uiso, Å2

Li1
Fe1
P1
O1
O2
O3

4a
4c
4c
4c
4c
8d

1.1(2)
1
1
1
1
1

0
0.282(2)
0.089(3)
0.072(5)
-0.047(3)
0.153(3)

0
0.25
0.25
0.25
0.25
0.042(4)

0
0.975(3)
0.421(4)
0.749(5)
0.279(7)
0.283(5)

0.005(4)
0.005(4)
0.005(4)
0.005(4)
0.005(4)
0.005(4)

Table 31. Fractional atomic coordinates, atomic displacement parameters
for FePO4 refined from in situ EDT data.
Atom

Position

Occupancy

x/a

y/b

z/c

Uiso, Å2

Fe1

4c

1

0.282(1)

0.25

0.962(3)

0.001

P1

4c

1

0.105(2)

0.25

0.403(3)

0.001

O1

4c

1

0.115(2)

0.25

0.732(6)

0.001

O2

4c

1

-0.049(3)

0.25

0.314(5)

0.001

O3

8d

1

0.176(2)

0.028(5)

0.285(4)

0.001

The current study showed that the in situ electrochemical cell can be
used not only for low magnification imaging and spectroscopy, but also for
investigation of the crystal structure at atomic level by means of EDT. In
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future research, the EDT data acquisition can probably be optimized further
by implementing a continuous acquisition of electron diffraction patterns,
which allows to acquire the tomography series within a few minutes instead
of an hour. As a result, contamination and radiolysis can be reduced or a
slightly more intense beam can be used, increasing the quality of the
electron diffraction patterns.35,39 Furthermore, the use of energy filtered
electron diffraction can be alternative way to obtain high quality data.49 It
allows to eliminate inelastically scattered electrons, which create a
background intensity, especially high around the direct beam on the
diffraction pattern.
Table 32. Selected interatomic distances (Å) for LiFePO4 and FePO4 refined
from in situ EDT data and powder diffraction.

Li1-O1
Li1-O2
Li1-O3
Fe1-O1
Fe1-O2
Fe1-O3
Fe1-O3
P1-O1
P1-O2
P1-O3

FePO4

LiFePO4

Bond
×2
×2
×2

×2
×2

×2

XRD

In situ EDT

ND122

In situ EDT

2.159(2)
2.103(2)
2.203(2)
2.192(3)
2.072(4)
2.059(2)
2.247(2)
1.530(3)
1.569(4)
1.558(2)

2.02(2)
2.02(2)
2.05(3)
2.36(5)
2.07(4)
2.04(2)
2.29(3)
1.53(4)
1.55(3)
1.52(3)

1.97(4)
1.92(4)
1.96(7)
2.22(5)
1.44(4)
1.59(4)
1.60(7)

1.98(3)
1.97(3)
1.86(2)
2.26(2)
1.58(3)
1.58(3)
1.56(2)

Figure 52. |Fobs|-|Fcalc| plots for the LiFePO4 (a) and FePO4 (b) for in situ
EDT experiments.
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The structure of the cathode material plays a crucial role in the
electrochemical properties and the stability of the cell. Previously, numerous
studies showed the possibility to cycle material, to insert Li in the
framework and to exchange one alkali ion for another one. Lab PXRD
patterns of cathode materials do not have sufficient quality for structure
refinement, due to the complex nature of the cathode material. The more
advanced diffraction techniques, such as synchrotron and neutron
diffraction facilities, resolve this challenge, providing complete structure
refinement.
Another way to determine the crystal structure of charged cathode
materials is proposed in this thesis. The laboratory TEM microscope can
provide single crystal structure data through analysis of EDT series. The
method does not require an advanced microscope or a special set up or
software for data acquisition. A conventional microscope without aberration
correction and even with simple thermionic gun can be used. It requires only
a conventional CCD camera.
In this thesis, we firstly illustrated that the reliable crystal structure
of the pristine LiFe0.5Mn0.5PO4 cathode material with olivine structure
(Pnma space group) can be obtained from an EDT series acquired manually
with 1o step using different tilt ranges (±15-75o) and applying the
kinematical approach for the treatment of the reflection intensities. The
atoms were located with 0.18 Å precision and the deviation in bond length
was 5-6% in comparison with the laboratory PXRD data (Chapter 3).
Furthermore, the Li position was determined. For the first time its
occupancy was successfully refined, which was achieved in case of tilt
ranges higher than ±30o. For this, a conventional TEM even without a
precession unit or high-tilt range tomography holder can be used.
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Furthermore, this work shows that the kinematic refinement is sufficient to
obtain reliable structure information. Li occupancies could not be refined
earlier by any means of quantitative electron diffraction, namely, precession
electron diffraction, EDT combined with precession.43,55 The demonstration
of this possibility is crucial for the investigation of cathode materials for Liion batteries, because the detection and quantification of Li are challenging
or cannot be done by other laboratory techniques, namely, PXRD and EDX
spectroscopy.
Taking into account the unique combination of features of EDT such
as the possibility of structure solution without prior knowledge, sensitivity
to Li and the operation with small amount of material, EDT allowed finding
crystal structure in challenging situations. EDT was especially helpful for
the investigation of cycled cathode material, since the presence of the
amorphous additives in the material had a negative effect on the quality of
PXRD data. In this thesis, the ex situ study of cathode materials by EDT
allowed to determine the structure of previously unknown phases and also
to understand the transformation mechanisms of the crystal structure of
cathode material during cycling (Chapter 4).
For the first time, the structure of charged phases of the intensely
studied Mn substituted LiFePO4 was investigated (Chapter 4.1.1). Prior to
this thesis, it was not possible to obtain this information, even from high
quality diffraction X-ray data and only chemically delithiated phases were
studied, supposing them to be the same as charged phases. The study of
LixFe0.5Mn0.5PO4 in half and fully charged state allowed to understand the
asymmetrical behaviour in the phase transformation during charge and
discharge. Based on our results, we can suggest that the crystal structure of
the half charged Li0.5Fe0.5Mn0.5PO4 (3.7 V) compound contains severely
underbonded Fe3+, which can cause the formation of local strain due to the
difference in the ionic radii of Fe3+ and Mn2+ occupying the same position. In
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the fully charged compound (4.2 V), no misbalance was observed due to the
identical radii of Fe3+ and Mn3+. Furthermore, the octahedral distortions
caused by the Jahn-Teller effect were significantly lower than for other
olivine compounds with higher Mn content. It shows that the Jahn-Teller
effect is not cooperative. Therefore, we propose that the change in ionic radii
of Fe and Mn during cycling causes the asymmetry in the phase
transformation, namely through an increase in contribution solid-solution
mechanism during discharge.
To the best of our knowledge, ours is the first study on the crystal
structure of commercial olivine compound LiFePO4 after cycling at elevated
temperature, rendering crucial information for the safe operation of the
battery (Chapter 4.1.2). The previous studies were limited to thermal
stability of pure LiFePO4 or FePO4 phases or their interaction with
electrolyte after heat treatment without electrochemical cycling.64,65,67
According to the EDT results, the structure of LiFePO4 remained unchanged
after cycling 10 times at 100oC within potential range 2.2 - 4.1 V. Probably,
the availability of EDT will boost the study of materials after cycling at
different temperatures, which is an important topic in battery science.
By EDT we also investigated the structure evolution during
electrochemical ion-exchange processes targeting the acquirement of new Licontaining compounds, which are the challenging cases for structure
determination due to the small amount of prepared material. In the case of
K by Li replacement in KVPO4F we detected a new unexpected position of Li
with rare square coordination having small Li-O distances (1.99-2.14 Å).
This shows an unusual behaviour of Li ions in contrast to the larger alkali
atoms (Chapter 4.2.1). For Li2FePO4F obtained by replacement of Na by Li
(Chapter 4.2.2) we not only detected the Li position, but also recognized a
high amount (10-40%) Li/Fe antisite defects and refined their mixed
occupancies. Furthermore, we revealed that it is not induced by the elevated
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temperature of the exchange, but it is due to the instability of the phase in
the charged state. Some O atoms are connected with electrochemically
active Li, but not with Fe and vice versa. As a result, these O atoms become
under- or overbonded upon charging, respectively. This causes the structure
instability, which is compensated by the Fe migration toward Li vacancies,
forming antisite defects.
In all the compounds mentioned before, the electrochemical cycling
did not result in significant changes in the framework itself. In the case of
layered LiRhO2, the charging caused a drastic transformation of the crystal
structure, which was challenging to figure out from synchrotron X-ray
diffraction (Chapter 4.3). Using EDT, we determined the crystal structure of
delithiated LixRhO2 without prior knowledge. The new phase had a
monoclinic lattice and was the intergrowth of rutile and ramsdellite
structures. The low symmetry was one of the factors that made the
determination of the structure from powder synchrotron X-ray diffraction
not straightforward. An intergrowth region between the layered and
monoclinic structures was observed in HAADF-STEM atomic resolution
images, which allowed to deduce the possible mechanism of such
transformation.
Finally, for the first time, we performed EDT in an in situ liquid TEM
cell (Chapter 5). We showed that the current commercially available holders
are not thin enough to observe electron diffraction when completely filled
with electrolyte due to the scattering of the electron beam by the liquid. This
effect was decreased by the partial evaporation of the liquid by the electron
beam, which allows to acquire the diffraction pattern. The structure of
pristine LiFePO4 and in situ fully charged FePO4 was investigated and the
structure details correspond to the structures derived from PXRD and given
in literature. Therefore, in situ EDT has sufficient quality to determine cell
parameters, crystal structure and even Li occupancy.
106

General conclusions
To conclude, we showed that ex situ and in situ EDT acquired
manually with a 1o step allows to obtain the structure information of
cathode materials using a conventional TEM. The precision of the method is
high, allowing to detect deviations in cell parameters, atomic positions and
their occupancies. In addition, the quality of the data is sufficient to observe
changes in the crystal structure, such as antisite defects and new positions
of Li (so far only tested for ex situ). Therefore, the combination of EDT with
PXRD (for the operando investigation of the evolution of the cathode
materials and more reliable cell parameter calibration) allows to perform
the full structural characterization at unit cell level of cathode materials
during cycling using only laboratory equipment.
EDT is a powerful method for characterization of the crystal
structure. We believe that it will become used by the battery community.
Nowadays many laboratories have access to a TEM instrument, simple or
advanced. The beauty of this method is that it can be used on the simplest
TEM without sophisticated electron optics, equipped with a CCD and
computer-controlled sample stage.
For future developments, microscopes equipped with a precession
unit should be able to provide even better results, since EDT coupled with
precession further decreases the dynamical effects and increases the range
of observed reflections. Also more precise structure details could be obtained
by taking into account the presence of remaining dynamical effects, rather
than using the kinematical approach.123
The use of the in situ electrochemical holders has a great future,
because ideally the researcher can investigate the same crystal by EDT in
different charge or discharge states, without the preparation of several ex

situ cycled samples. The coupling with the automated acquisition unit,
precession attachments and CMOS camera or direct electron detectors could
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make in situ EDT a routine laboratory method for structure investigation of
cathode materials.
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Oplaadbare batterijen spelen een cruciale rol in het ontwikkelen van
hernieuwbare energie en het verminderen van luchtvervuiling. Een batterij
is een dynamisch systeem dat elektriciteit omzet in chemische energie en
omgekeerd aan de hand van oxidatie/reductie reacties. Aangezien deze
processen de electrochemische eigenschappen bepalen, is het van groot
belang om deze te begrijpen. In het geval van Li-ion batterijen is het actieve
gedeelte van de kathode een anorganische fase bestaande uit een complexe
matrix of een gelaagde structuur gevuld met Li-ionen. Tijdens het laden en
ontladen worden de Li-ionen op een reversibele manier verwijderd en
teruggeplaatst. Hoe de anorganische structuur zich aanpast aan de
verandering in de Li concentratie heeft een grote impact op de prestatie van
de batterij. Het is echter een uitdaging om de verschillende variaties in de
kristalstructuur te karakteriseren vanwege de complexe aard van de
kathodes die zowel het actieve katodemateriaal als verscheidene amorfe
additieven bevatten. De meest gebruikte experimentele techniek voor het
bepalen van de structuur is poeder X-stralen diffractie (PXRD). Deze
techniek volstaat vaak niet om de structurele details te verfijnen voor
dergelijke gemengde materialen. Daarom worden op dit moment state-of-art
grote faciliteiten zoals synchrotron- en neutronenbronnen gebruikt om dit
probleem op te lossen.
In deze thesis wordt een alternatieve methode voorgesteld, namelijk
kwantitatieve

elektronen

diffractiemet

behulp

van

transmissie

elektronenmicroscopie (TEM). Elektronen diffractie tomografie (EDT) werd
iets meer dan een decennium geleden ontwikkeld. Deze techniek maakt het
mogelijk

om

kristallografische

informatie

te

verkrijgen

van

een

submicrometer kristal zonder voorafgaande kennis te gebruiken. Hierdoor
kunnen materialen met meerdere fasen met succes worden onderzocht. Ook
maakt deze techniek het mogelijk om lichte atomen zoals Li te detecteren,
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hoewel succesvolle verfijning van de Li-bezetting nog niet eerder werd
aangetoond in de literatuur. Daarom is het doel van deze thesis om de
mogelijkheid te onderzoeken om EDT te gebruiken voor de complete
structuurkarakterisering van kathodematerialen inclusief de verfijning van
Li-bezetting en om de degradatiemechanismen bij gebruik te onderzoeken
met ex situ en in situ TEM.
Deze thesis start met een inleiding, gevolgd door een hoofdstuk
omtrent de experimentele details en in het laatste deel worden de resultaten
besproken. De inleiding (Hoofdstuk I) geeft meer informatie over Li-ionen
batterijen en EDT. Hoofdstuk II legt de basisprincipes uit van de
karakterisatietechnieken die worden gebruikt voor structuur bepaling van
materialen.
De resultaten en discussie worden gegeven in Hoofdstuk III-V.
Hoofdstuk III toont aan dat ex situ EDT kan gebruikt worden voor het
oplossen en verfijnen van de kristalstructuur van kathodematerialen en
voor het verfijnen van Li-bezettingen. Met behulp van EDT onderzochten we
de mechanismen van structuurtransformaties na laden/ontladen voor de
polyanionverbindingen Li(Fe,Mn)PO4, Li2FePO4F en (K,Li)VPO4F en voor
de gelqqgde LiRhO2 kathodematerialen (Hoofdstuk IV). In Hoofdstuk V
laten we voor de eerste keer zien dat EDT kan uitgevoerd worden in een in

situ vloeibare elektrochemische TEM-cel. Dit liet ons toe om de
veranderingen in de parameters van de eenheidscel en in de atoomposities
te detecteren en bezetting van de Li-posities te verfijnen.
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