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Abstract

Li-rich disordered rock salt compounds are a promising material class for next-
generation cobalt-free cathodes in Li-ion batteries. Their cubic close-packed lattice,
in which cations and anions are randomly occupying the same lattice site within
their sub-lattices, offers a stable host for Li-extraction and reinsertion of more
than 1 Li-ion per formula unit. The Li-excess in the structure enables not only
macroscopic diffusion of Li in the bulk, but also yields theoretical capacities
considerably higher compared to commonly used cathode materials. One of the
early representatives of Li-rich disordered rock salt materials is the oxyfluoride
Li2VO2F. Widening the knowledge of the intriguing structural and electrochemical
properties of Li2VO2F was the main focus of my thesis.
Up to now, the synthesis of Li2VO2F in involves high-energy ball milling, a versatile
and straightforward approach, which however leads to certain disadvantages, e.g.
the nanoscale particle and crystallite dimensions of the material. Alternative
synthesis methods with the capability of yielding a more crystalline material are
unknown so far.
In this work, we investigated the synthesis and structural properties of disordered
rock salt LiVO2, a novel compound and intermediate product in the synthesis
towards Li2VO2F. We studied the phase transition between layered and disordered
rock salt LiVO2 in a combined experimental and theoretical study and gave an
explanation for the lack of synthesis reports of disordered rock salt V-containing
phases. We further demonstrated reversible electrochemical delithiation of LiVO2,
despite the disordered rock salt structure.
In electrochemical cycling as cathode material, Li2VO2F exhibits an extraordinary
high initial capacity but suffers from severe capacity fading in the subsequent
cycles. The reasons for the poor stability were unclear. We investigated Li2VO2F
electrodes before and after cycling and revealed several degradation processes af-
fecting the cycling stability of the material. Furthermore, we developed a strategy
to reduce the capacity fading by improving the chemical and structural stabil-
ity of Li2VO2F by partially substituting V with disordered rock salt promoting
elements. We synthesized two novel Li-rich disordered rock salt oxyfluoride mate-
rials, Li2V0.5Ti0.5O2F and Li2V0.5Fe0.5O2F, which show significantly better cycling
stability.
We further studied the mechanism of Li-extraction and reinsertion in Li2VO2F
and the changes in the disordered rock salt structure by advanced X-ray powder
diffraction and computational techniques. When the material is charged (Li-
extraction), the disordered rock salt phase transforms partially into an amorphous



phase with V being tetrahedrally coordinated. In addition, the oxygen atoms in
the lattice get oxidized to superoxides and contribute to the charge compensation
during Li-extraction, indicating a so-called anionic redox activity.
In summary, this dissertation comprises an extensive study of the structural and
electrochemical properties of Li-rich disordered rock salt Li2VO2F as cathode
material in Li-ion batteries. Our results widened the knowledge of this material
in particular but also act as a guideline to overcome the challenges for future
application of other Li-rich disordered rock salt related materials.
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1 Introduction

The impact of global warming and climate change is probably the greatest challenge
of our contemporary society. One of the determining factors is the emission of
greenhouse gases and the necessity of their reduction is inevitable. In 2017 in
Germany, 781,052 kilotons (kt) of CO2 were emitted in total [1]. Thereof, over 95%
of the CO2 emissions were caused by fuel combustion processes (745.510 kt) [1].
The energy industries, for instance power plants, and the fuel combustion for
transportation including aviation, road and railway transport, were the two largest
sectors responsible for over 65% of the CO2 emissions (Figure 1.1) [1].

Manufacturing Industries
and Construction
18.0%

Other Sectors
18.4%

 
Transport
22.3%

Energy Industries
41.3%

CO2 emission by fuel combustion in Germany in 2017
Total: 745,510 kilo tons CO2

Figure 1.1: CO2 emissions by fuel combustion caused by the energy industries
(307,879 kt, red), transport (166,155 kt, blue), manufacturing industries and
construction (134,353 kt, yellow) and of other sectors (137,123 kt, green) in
Germany in 2017 according to [1].

These numbers demonstrate how very dependent our society is on fossil fuels,
a naturally limited resource, and how essential the development of advanced
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1 Introduction

renewable energy technologies is [2]. The alternatives include sustainable and
renewable energy sources like wind, solar, geothermal, tidal and biomass. However,
they have a disadvantage. They are naturally sporadically available and generally
decentralized [2], hence require energy storage systems in order to be able to replace
large-scale facilities, like coal-fired power plants. Storage of electrical energy in the
form of chemical energy, for example in Li-ion batteries, represents one feasible
possibility. The great advantages of Li-ion battery technology are its versatility,
specific energy and power density, surpassing all other existing commercially used
battery technologies. From the usage in small portable electronic devices, via
the operation of electric vehicles, up to large-scale stationary grid energy storage,
the Li-ion battery technology enables a wide range of applications [3–7]. In brief,
Li-ion batteries have become indispensable.
Consequently, in 2019, the Nobel Prize in Chemistry was awarded for the devel-
opment of the Li-ion battery [8]. The success story of the Li-ion battery started
in 1978, when Stanley Whittingham demonstrated the reversible insertion and
extraction of Li-ions in chalcogenides, in particular TiS2, which can accommodate
Li-ions in its layered structure [9]. Another important breakthrough was the
replacement of these metal sulfides host materials by metal oxides (e.g. LiCoO2),
first demonstrated by John Goodenough in 1980, which drastically increased the
operating voltage [10]. However, it was not until 1985 that Akira Yoshino overcame
the safety problem of the formation of dendrites at metallic anodes by replacing the
pure Li-metal with a carbon material base on petroleum coke [11]. His development
finally led to the commercialization of Li-ion batteries. However, the use of graphite
as anode material was initially proposed by Rachid Yazami in 1983 [12].
Despite tremendous progress in the past decades, challenges remain. The need of
even higher energy densities, the natural limitations in the abundance of critical
elements and more sustainable battery materials drive the present research of novel
battery storage technology.
In my dissertation, I investigated a ‘novel’ class of cathode material for Li-ion
batteries, the so-called Li-rich disordered rock salt transition metal oxyfluorides.
The research covers the synthesis of new compositions, the investigation of electro-
chemical behavior and the understanding of their structural properties ex-situ and
during battery operation.
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2 Electrochemical Energy Storage
in Lithium-Ion Batteries

A battery is a device which converts chemical energy into electrical energy [13].
This process can be either irreversible, in primary batteries, or reversible in sec-
ondary batteries. The term battery and cell are often synonymously used. However,
the term battery actually describes multiple electrochemical cells electrically con-
nected [13]. The basic working principle of a Lithium-ion battery (LiB) is depicted
in Figure 2.1 [14].

Figure 2.1: Schematic illustration of a Li-ion battery. Reprinted with permission
from John. B. Goodenough and Kyu-Sung Park, ‘The Li-Ion Rechargeable Battery:
A Perspective’, Journal of the American Chemical Society, 2013, 135 (4), 1167-1176.
DOI: 10.1021/ja3091438. Copyright (2013) American Chemical Society.

A LiB-cell consists of two electrodes, the cathode and the anode, which are
separated by the electrolyte. The cathode and anode materials act as a host to
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2 Electrochemical Energy Storage in Lithium-Ion Batteries

accommodate Li-ions. The electrolyte enables the ionic conductivity by mobile
Li-ions, while forcing the electrons through an external electrical circuit. The
Li-ions serve as charge carrier and are reversibly shuttled between anode and
cathode, confined to their ionic form, during charge and discharge, respectively.
Historically, the terms cathode and anode designate the corresponding electrode
materials during the discharge reaction. The insertion or extraction of Li-ions
from the host material requires its reduction or oxidation, as the positive charge
from the ion must be compensated by negative electrons. Thus, the shuttling and
storage of the Li-ions in a material is the basis for the actual charge process of the
electrons at a certain electrical potential, i.e. the storage of electrical energy.
A typical reaction at the cathode side involving transition metal (TM) oxides (e.g.
LiCoO2 [10, 14]), is:

LiCoO2
Charge−−−−−⇀↽−−−−−Discharge

Li1−xCoO2 + xLi+ + x e− (2.1)

The reaction at the anode electrode (e.g. with graphitic carbon [11, 15, 16]) is:

Cn + xLi+ + x e− Charge−−−−−⇀↽−−−−−Discharge
LixCn (2.2)

The standard electrolyte in LiBs is an organic carbonate solvent (e.g. a mixture
of ethylene carbonate (EC) and dimethyl carbonate (DMC)) with a dissolved
conductive salt (e.g. LiPF6) facilitating ionic conductivity. In addition, the
electrodes are spatially separated by a separator membrane to avoid a short circuit.
The separator is permeable for the electrolyte.
The driving force for the electrochemical reaction originates from the differences
in the standard Gibbs free energy ∆G of electrodes [13].

∆G = ∆H − T∆S (2.3)

where ∆H is the enthalpy of reaction, ∆S the entropy of reaction and T the
absolute temperature. ∆G corresponds to the net usable energy from the cell
reaction given by

∆G = −nFE (2.4)

with the number of transferred electrons n and the Faraday constant F . A
spontaneous reaction, like the discharge of the cell, exhibits a negative Gibbs free
energy. E is the electromotive force of the cell reaction and depends on the reaction
couple.
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2.1 The ‘Classical’ Insertion-type Cathode Materials
in Lithium-ion Batteries

In this section, a selection of important cathode materials for LiBs and their
structural properties is presented. Due to the wide variety of materials, I focus on
the most prominent material classes. The most commonly used cathode material
class in nowadays rechargeable batteries are insertion-type cathode materials [17].
As previously mentioned, the term insertion describes a solid-state redox reaction
in which a mobile guest species, the Li-ion, is inserted or extracted into/from a solid
host structure, involving an electrochemical charge transfer without major changes
of the host material structure [17]. The advantage of insertion-type materials are
the generally high reversibility of the insertion reaction. Disadvantages are the
lower specific charge, due to the mass and volume of the host material, and slow
ionic transport, depending on the structure [17].
In the past decades, numerous insertion-type cathode materials for LiBs have been
introduced. The materials differ in their crystal structure and composition of
electrochemically active transition metals. Probably, the most important type of
materials are the layered (α-NaFeO2-type) compounds with the general formula
LiTMO2 (space group: R3̄m). The structure is a cubic close-packed array with
Li and TM in alternating layers enabling 2-dimensional Li-diffusion, octahedrally
coordinated by O-ions. A prominent example is LiCoO2 (Figure 2.2), the first
commercialized cathode material, introduced by Goodenough and co-workers in
1980 [10]. LiCoO2 exhibits a high average discharge voltage of 3.9 V vs. Li/Li+
and theoretical capacity of 280 mAh g−1. However, practically only 0.5 Li per
formula unit can be extracted, due to an otherwise irreversible disordering of TM
and Li in the alternating layers of structure, which lowers the practical reversible
capacity to around 150 mAh g−1 [17–19]. Further development of layered materials,
mostly driven by reducing the amount of the strategic resource element Co to
diminish material costs and increasing energy density, led to mixed TM layered
oxides [18, 20–22]. Widely used compounds, e.g. for portable devices and electric
vehicles energy storage, are LiNi1/3Mn1/3Co1/3O2, often referred to as NMC111,
and LiNi0.8Mn0.1Co0.1O2 (NMC811) with even less Co [22].
Another prominent cathode material is the cubic spinel LiMn2O4 (space group:
Fd3̄m) (Figure 2.3). LiMn2O4 consists of a cubic close-packed array of O2– , with
Mn-cations occupying half of the octahedral interstitial positions [17]. Li-ions are
located in one-eighth of the tetrahedral sites. The [Mn2O4] framework facilitates a
3-dimensional network for Li-ions to diffuse through the interstitial space of the
structure [17, 22]. LiMn2O4 has a high reversible average discharge voltage of
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2 Electrochemical Energy Storage in Lithium-Ion Batteries

Figure 2.2: Layered trigonal (R3̄m) structure of LiCoO2. Based on [23, 24] (green:
Li).

4.0 V vs. Li/Li+ in a two-phase insertion reaction with a good rechargeability and
cycling stability but with a lower capacity of 120 mAh g−1. The partial substitution
of Mn with Ni in LiMn1.5Ni0.5O4 enables even higher average discharge voltages.
The advantage of LiMn2O4 is the low cost and environmental friendliness of Mn [22].
The challenges are the slow long-term dissolution of Mn into the electrolyte and
instability of the electrolyte at very high voltages > 4.5 V in the case of the
high-voltage spinel LiMn1.5Ni0.5O4.
Polyanionic compounds, like LiFePO4, are another commercially used insertion
type cathode material in LiBs. Notably, LiFePO4 exhibits an orthorhombic olivine-
type structure (space group: Pnma), consisting of Fe and Li in octahedral sites
and P in tetrahedral site in a distorted hexagonal close-packed oxygen framework
(Figure 2.4) [22]. The average discharge voltage is around 3.4 V vs. Li/Li+ with
a practical discharge capacity of around 165 mAh g−1, close to the theoretical
capacity. The advantages of LiFePO4 are its high thermal stability, high cycling
stability, insignificant volume change and inexpensive resources. However, the
electronic and ionic conductivity is rather low. Particle engineering, like size
reduction and carbon coatings, help to improve the electrochemical properties [14,
22].
Various VxOy compositions (e.g. V2O5), with V in high oxidation state, have been
extensively investigated in the past as well. Upon Li-insertion, LixV2O5 undergoes

6



2.2 Going Li-Rich - The next Generation Cathode Materials

Figure 2.3: Cubic spinel (Fd3̄m) structure of LiMn2O4. Based on [25] (green: Li).

a series of phase transitions depending on the Li-content. The voltage range usually
used lies between 3.4-1.9 V. Even though V2O5 offers high theoretical capacities due
to the capability of storing large amounts of Li, the cycling stability is insufficient.
Furthermore, the materials are naturally synthesized in the charged state (Li-free),
which complicates the cell production due to the necessity of lithiated anode
materials. Thus, VxOy materials are so far not used in commercialized LiBs [17].

2.2 Going Li-Rich - The next Generation Cathode
Materials

Insertion-type cathode materials are limited in the theoretical capacity by the
Li-content in their host structure Li1TMO2, and by the stability of the delithiated
composition. The increasing demand in energy density of cathode materials for
electric vehicles or portable electronic devices led to the development of a new
concept of cathode insertion type materials.
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2 Electrochemical Energy Storage in Lithium-Ion Batteries

Figure 2.4: Orthorhombic olivine (Pnma) structure of LiFePO4. Based on [26]
(green: Li).

2.2.1 Layered Li-rich materials

In 2005, Thackeray et al. introduced a new concept for insertion type cathode
materials to overcome the limitation of one Li per [TMO2] formula unit [27,
28]; the substitution of TM-ions with Li-ions by replacing 1-xLiTMO2 with
xLi2MnO3, the so-called ‘Li-rich’ or ‘Li-excess’ materials [27–29]. Layered Li-
rich materials are described either as a single phase solid solution or as a two
phase composite of layered LiTMO2 (space group: R3̄m, usually NMC-derivatives
are used) materials with additional monoclinic (space group: C2/m) Li2MnO3
(i.e. xLi2MnO3 LiNixMnyCozO2) [19, 30], which increases the accessible Li per
formula unit. In addition, Li2MnO3 is believed to stabilize the Li-rich structure
over a wide voltage range between 2.0-4.4 V, due to its electrochemical inactivity
in this range. At high voltages over 4.5 V, Li2MnO3 is electrochemically active and
contributes to the capacity. However, a complete mechanistic description is still
controversially discussed [19, 27, 30–32]. The additional Li-content, the possibility
of contribution of anionic redox reactions (discussed the following chapter) [33–35]
and the high discharge voltages yields high reversible capacities and energy densities
(>250 mAh g−1, >900 Wh kg−1), while exhibiting a good capacity retention and
thermal stability [19, 21, 27, 30]. Thus, layered Li-rich materials are considered as
a potential next generation cathode material.
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2.2 Going Li-Rich - The next Generation Cathode Materials

2.2.2 Disordered Rock Salt Li-rich materials
Historically, cation disordered rock salt materials were out of the focus for the
scientific community. The main reason is the absence of Li-diffusion paths in the
bulk structure, leading to poor or no electrochemical activity [36, 37]. Disordered
rock salt materials (DRS), as the name already indicates, are related to rock salt
crystal structures (NaCl), in which the anions are arranged in cubic close-packed
array with cations occupying the interstitial octahedral sites (space group: Fm3̄m).
In Li-rich DRS materials, Li and the TM are randomly distributed over the same
lattice position (Wyckoff 4a). Figure 2.5 shows a Li-rich DRS oxyfluoride material
(Li2TMO2F), in which additionally a mixed anion stoichiometry (O and F) is
randomly distributed over the Wyckoff 4b sites.

Figure 2.5: Disordered rock salt lithium transition metal oxyfluoride structure.

The cationic disorder is generally regarded as a possible degradation mechanism
in layered LiTMO2 materials and therefore as detrimental. During extensive Li-
extraction TM-ion can migrate to the vacant Li-sites in the lattice, leading to
disorder of the layered structure, hindered diffusion paths, structural collapse and
reduced lifetime of the battery [38]. However, in 2014 the work of Lee and Urban
et al. [39, 40] led to a paradigm change in this field.
In layered and rock salt type materials, Li-diffusion is facilitated by the divacancy
mechanism [41], in which Li-ions jump from one octahedral site via an intermedi-
ate tetrahedral position into the next octahedral site (o-t-o-diffusion). A direct
diffusion through the edge of two octahedrons does not occur due to energetic
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reasons [40]. The energy barrier for the Li-diffusion is mainly dominated by the
electrostatic repulsion of the face-sharing species, the gate cations, in the interme-
diate tetrahedral position [39, 40] (Figure 2.6). In layered and DRS materials two
gate-cation environments sustain the divacancy mechanism: the 1-TM -case, in
which one of two gate-cation is a TM (comparable to the Li-migration in layered
LiTMO2 materials) and the 0-TM -configuration with two Li-ions as face-sharing
species [39, 40]. In the 2-TM -case, the energy barrier for Li-diffusion is too high
and no diffusion occurs [39, 40].

Figure 2.6: Schematic representation of a Li-diffusion channel (yellow arrow) from
octahedral position U to W via a tetrahedral intermediate position with gate
cations X and Y. Based on [40].

Based on Monte Carlo simulations and density functional theory (DFT) calculations
of the energetic barrier for diffusion, Urban and Lee et al. predicted a minimum
Li-concentration necessary in the rock salt structure to possess enough 0-TM -
environments in order to enable macroscopic Li-diffusion through a percolating
network in the bulk structure, regardless of its disordered TM-cations [39, 40]
and the lack of diffusion planes or channels. The calculations suggested that in
LixTM2–xO2 structures a minimum Li-excess of 9% is required to enable percolation,
but more than 25% Li-excess is needed for an accessibility of more than one Li per
formula unit by O-TM diffusion [40].
The first reported examples of such a Li-rich DRS material are Li2VO3 by Pralong
et al. [42], with around 253 mAh g−1 initial discharge capacity, Li2VO2F by Chen
et al. [43–45], delivering up to 400 mAh g−1 and Li1.2Ni1/3Ti1/3Mo2/15O2 by Lee
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et al. [46], providing up to 250 mAh g−1. The latter is following a similar charge
compensation strategy like in Li-rich layered materials by introducing a high
valence TM species, here Li1.6Mo0.4O2 with Mo6+ [46]. The former, Li2VO2F, is
pursuing a different concept using LiF to create the Li-rich environment and the
advantage of a multivalent V3+ 2 e–

−−⇀↽−− V5+ redox couple. This strategy was followed
in the course of this thesis.
In layered materials, the solubility of LiF in the layered host structure is low, but
in DRS structures a higher solubility was calculated to be feasible [47]. Theo-
retically, in Li2VO2F, a capacity of 462 mAh g−1 would be possible assuming a
full extraction/insertion of two Li+. Nonetheless, practically only 1.8 Li-ions per
formula unit can be extracted [44, 45, 48]. In addition, Li2VO2F has been the first
Li-rich DRS material, in which the O-anions are partially substituted by F– , giving
the material class the name ‘Li-rich DRS oxyfluorides’. The F– -substitution brings
two advantages. First, the different ionic environment changes the electrochemical
properties, leading to a higher average voltage and therefore a higher energy den-
sity and to faster Li+-diffusion [45, 47]. Second, it enables access using TM with
odd-numbered oxidation states (e.g. V3+, Cr3+, Mn3+), while pure oxide based
materials are confined to even-numbered oxidation states due to the oxidation
state of O2– . On the other hand, excessive quantities of F– in the structure are
reported to be unfavorable for the cycling performance [47, 49]. The strong ionic
character of Li+ and F-bonds lead to impeded accessibility of Li-ions for extraction,
particularly in highly delithiated states, at common battery operation voltage [49].
Higher potentials to fully extract Li+ would be required, which then lead to other
problems like the instability of the electrolyte. Furthermore, accumulation of
insulating LiF in surface layers was found [47, 50], which presumably increases the
charge-transfer resistance.
Since the first report of Li2VO2F in 2015 [44], plenty Li-rich DRS oxides and
oxyfluorides have been introduced. Amongst them, V-substituted Li2VO2F-related
compounds like Li2VxCr1–xO2F [51], Li2V0.5Ti0.5O2F [52] and Li2V0.5Fe0.5O2F [52],
Mn-based materials like Li2MnO2F [53] and Li2Mn0.5Ti0.5O2F [54]. Even ma-
terials with second row TM-ions like Li2MoO2F [55], Li2Mn2/3Nb1/3O2F [54],
Li2.1Mo0.7Ti0.2O2F [56] and Li3NbO4 [57] have been introduced. Besides, materials
with less incorporated LiF have been reported, too (e.g. Li1.15Ni0.45Ti0.3Mo0.1O1.85F0.15
[58], Li1.17Ni0.33Ti0.5O1.83F0.17 [59], Li1.13Mo0.87O1.8F0.2 [47] and Li1.17Mn0.34V0.49O1.8F0.2
[49]).
Another interesting feature of Li-rich DRS and layered Li-rich materials is the
partial charge compensation contribution by a redox reaction involving the O-
anions, so called anionic- or oxygen-redox activity [34, 35, 60, 61]. Historically, the

11



2 Electrochemical Energy Storage in Lithium-Ion Batteries

Figure 2.7: Structural and chemical origin of the preferred O oxidation along
the Li–O–Li configuration. a) Local atomic coordination around O consisting
of three Li-–O-–M (here: TM=M) configurations in stoichiometric layered Li
metal oxides (LiTMO2). b) Schematic band structure for stoichiometric layered
LiTMO2. c) Local atomic coordination around O with one Li–O–Li and two
Li–O–M configurations in Li-excess layered or cation-disordered Li1+xTM1–xO2.
d), Schematic band structure for Li-excess layered Li1+xTM1–xO2. Reprinted
by permission from Springer Nature Customer Service Centre GmbH : Nature
Publishing Group, ‘The structural and chemical origin of the oxygen redox activity
in layered and cation-disordered Li-excess cathode materials’, D.-H. Seo, J. Lee, A.
Urban, R. Malik, S. Kang and G. Ceder, Nat. Chem., 2016, 8, 692–697, Copyright
(2016) Springer Nature.

charge compensation by sulfide anions, which are soft and easily polarizable anions,
involving the reaction from sulfide S2– to disufilde S22– is known since 1987 [60,
62]. The contribution of O-anions to the charge compensation reversibly forming
peroxo (O2)n – species was first found in Li2MnO3, which was initially considered
to be electrochemically inactive [63]. An explanation for the origin of anionic-redox
in Li-rich compositions was given by Seo et al., suggesting labile-O-ions in specific
Li-O-Li configurations (Figure 2.7) which lead to unhybridized (orphaned) O 2p
states whose energy levels are higher and overlap with the eg∗ and t2g states of the
TM [35]. As a consequence both, O and TM, compete in the oxidation process.
This oxygen redox activity can be reversible, thus the peroxo (O2)n – species are
not getting oxidized any further or irreversible, leading to oxygen gas (O2) for-
mation and structural collapse of the host structure [34, 35, 61]. In the class
of the Li-rich DRS oxyfluorides and oxides, evidence for reversible anionic re-
dox activity has been found for instance in Li2MnO2F [53], Li2Mn0.5Ti0.5O2F [54],
Li2Mn2/3Nb1/3O2F [54], Li1.15Ni0.45Ti0.3Mo0.1O1.85F0.15 [58], Li1.2Ni1/3Ti1/3Mo2/15O2
[46, 64] and Li1.3Nb0.3Mn0.4O2 [61]. Also for Li2VO2F we found indications for
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anionic redox activity [50]. In a comparative study on oxygen gas formation, Lee
et al. could show in Li1.15Ni0.375Ti0.375Mo0.1O2, Li1.2Ni0.333Ti0.333Mo0.133O2, and
Li1.15Ni0.45Ti0.3Mo0.1O1.85F0.15 that F-substitution reduces the irreversible oxygen
gas formation. As explanation the increased capacity reservoir of the electrochem-
ically active TM (here: Ni) due to a higher stoichiometry is given. With more
active and accessible TM the charge compensation upon Li-extraction relies less
on the contribution of O-redox [58] and its associated degradation mechanisms
(e.g. O2-release). Hence, F-substitution is considered to be promising strategy to
improve the cycling stability of DRS materials [54, 58].
Figure 2.8 gives an overview over practical discharge capacities, average discharge
voltages and calculated energy densities of the presented cathode materials for
LiB in comparison with the Li-rich DRS materials investigated in this thesis (red).
Li-rich DRS materials so far avoided Ni and Co, elements which provide higher
average discharge voltages. Nevertheless, the lack of a high operating voltage is
compensated by significantly higher discharge capacities, due to the utilization of
multivalent cations. For example, in Li2VO2F this leads to a calculated energy
density up to 800 Wh kg−1, higher than LiTMO2-type materials.
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250

LiFePO4

Figure 2.8: Overview of selected LiB cathode materials average discharge voltage,
practical discharge capacity and calculated energy density. Different material
classes are indicated with colors (violet : spinel-type, blue : layered-type, yellow :
olivine-type, green : Li-rich DRS oxide, red : Li-rich DRS oxyfluorides). Based
on [17, 19, 29, 45, 52, 53, 65–67].
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In this chapter, methods and experimental techniques are presented that I predomi-
nantly used in the course of my thesis. Other experimental techniques appearing in
Chapter 5, The Present Study, which were not conducted by me, are not discussed.

3.1 Mechanochemcial Synthesis by Ball Milling
The central synthesis technique used in this thesis is mechanochemical ball milling
(BM). Mechanochemical synthesis or mechanochemistry utilizes direct absorption
of mechanical energy to induce a chemical reaction [68]. In such reaction, the
compounds are inside a jar filled with balls. The jar is set into motion on two
different axes with opposing rotation, leading to a grinding and crushing of the
balls with the reaction compounds at the inner wall of the jar (see Figure 3.1).
During milling, the energy is transferred through the balls by impact, friction
and shearing forces [69, 70]. Mechanochemical milling leads to various processes
like particle deformation, fracturing and welding during the collisions [70, 71]. In
addition, the milling leads to dislocations and disordering in the structure of the
reaction compounds, to a reduction of the crystallite size into nanometer range, to
formation of amorphous structure, to extended solubility of solid solution mixtures
and even to the formation of thermodynamic metastable phases [70, 71]. The latter
is possible due to the extremely short contact times of ball and powder of 20-40 µs,
in which local pressures can reach > 3 GPa and local temperatures reach up to
1000 K [69]. In the so-called reaction milling the transferred energy is used for the
formation of one or more product phases different from the reactants. The repeated
particle fracturing and welding with plastic deformation and amorphization during
ball milling enables solid-state reactions at room temperature without provision of
external heat and pressure [70, 71].
In this work, we used planetary ball mills. In a planetary ball mill the motion
of the jar consists of two rotations, the rotation of the jar on a rotating disk and
the rotation of the jar itself around its center axis (Figure 3.1). The rotational
movement alternates the direction of centrifugal force on the balls causing them to
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grind along the inner wall until they are lifting, flying through the free volume of
the jar and crushing on the opposing side causing the impact [69].

Figure 3.1: Schematic drawing of the motion of balls inside the ball milling jar in
a planetary ball mill. Based on [69].

The outcome of mechanochemical ball milling reactions depends on various impor-
tant parameters:

• The type of mill used, e.g. a planetary mill or a shaker mill, determines how
the balls move inside the milling jar and how the energy is transferred.

• The milling container, which not only can vary in volume and shape, but also
in the material it is made of. Many different materials are used, for example
stainless or hardened steel, oxide or non-oxide ceramics like ZrO2 and Si3N4,
or carbides like WC (Figure 3.2). The different jar and ball materials have
different densities affecting the energy transferred during the milling. On the
other hand, the different hardness leads to more or less abrasion as impurity
during the process.

• The amount and size of the used balls with respect to the amount of reactants
often referred to as ball-to-powder-ratio.

• The milling time.

• The milling speed.
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All are important parameters effecting the outcome of a mechanochemical synthesis.
In addition, process agents like solvents or different atmospheres and external
cooling (Cryo milling) can be used [69]. Finding the optimal milling conditions
can be demanding because the different milling parameters are strongly correlated.
Therefore, the comprehensive description of the milling procedure is important for
the reproducibility of the synthesis.

Figure 3.2: a) Planetary ball mill Fritsch Pulverisette 6 used for most of the
syntheses in this thesis. b) Various ball mill jars and ball of different sizes and
materials.
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3.2 X-ray Powder Diffraction
One of the most important analytical techniques for the characterization of poly-
crystalline solids is X-ray powder diffraction (XRPD). XRPD can be used for
identification of phases, quantitative phase analysis and determination of phase
fractions. Furthermore, it is used for structural refinement and the analysis of
microstrain and crystallite size.
The basic principle of the diffraction of X-rays on a crystal lattice can be illustrated
and described by the famous Bragg equation:

nλ = 2dhkl sin θ (3.1)

Bragg’s law describes the condition (angle of diffraction θ) under which constructive
interference of a pair of waves (with a wavelength λ) diffracted at a periodic set
(hkl) of planes with an interplanar distance dhkl occurs. The integer n is the order
of reflection [72].
An alternative visualization of X-ray diffraction is the so-called Ewald’s sphere. An
incident propagating wave vector k0, with a wavelength λ, is elastically scattered,
resulting in a wave vector k1 with the same length:

|k0| = |k1| = 1/λ (3.2)

The angle between the two vectors k0 and k1 is 2θ. The vectors are now overlapped
with a 2-dimensional reciprocal lattice (unit vectors a∗ and b∗) with its origin at
the end of k0 (Figure 3.3). The direction of the vector k0 is fixed. The length
of k0 defines a sphere with the radius 1/λ, the Ewald’s sphere. Diffraction takes
place simply when a point in the reciprocal lattice intersects with the surface of
the Ewald’s sphere, thus k1 ending on this point. (Figure 3.3) [72].
Hence, k1 is the sum of the incident wave vector k0 and the resulting reciprocal
space vector d∗

hkl.

k1 = k0 + d∗
hkl (3.3)

With d∗
hkl = 1/d, Bragg’s law can be derived (equation 3.1)[72]:

|k1| sin θ = |k0| sin θ = 1
2 |d

∗
hkl| ⇒ 2dhkl sin θ = λ (3.4)

However, the representation of individual points with their corresponding recip-
rocal lattice vectors d∗

hkl is not valid in a polycrystalline powder. The random
orientation of the infinite amount of crystallites in the sample leads to a circular
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Figure 3.3: Visualization of X-ray diffraction using the Ewald’s sphere with radius
1/λ and the two-dimensional reciprocal lattice with unit vectors a∗ and b∗. The
origin of the reciprocal lattice is located on the surface of the sphere at the
end of the incident wave vector k0 [72]. Reprinted by permission from Springer
Nature Customer Service Centre GmbH: Springer Nature, ‘Fundamentals of Powder
Diffraction and Structural Characterization of Materials’ - Second Edition by Vitalij
K. Pecharsky and Peter Y. Zavalij, Springer-Verlag Berlin Heidelberg (2009).

distribution of directions of identical d∗
hkl vectors on the surface of the Ewald’s

sphere perpendicular to k0 (Figure 3.4). The diffracted k1 vectors build a cone,
producing the so-called Debye-Scherrer rings on a flat area detector perpendicular
to the incident beam (Figure 3.5 [72]).
The length of the vectors k0 and k1 can be defined using their wavenumbers
|k0| = |k1| = 2π/λ, equation 3.4 yields the momentum transfer or diffraction
vector |Q| [72, 73].

|d∗
hkl| = |Q| =

4π sin θ
λ

(3.5)

Some of the XRPD patterns in this work have been collected with a laboratory
diffractometer in transmission geometry as presented in Figure 3.6. The X-rays
are produced in an X-ray tube, guided through a monochromator and towards the
sample. The linear detector cannot cover the 2-dimensional Debye-Scherrer cones,
and thus is collecting a section of the scattered radiation (Figure 3.5, white frame).
A beam-stop is preventing the incident X-ray beam to hit the detector directly.
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Figure 3.4: Origin of the Debye-Scherrer rings in powder diffraction as the result
of the infinite number of randomly oriented identical reciprocal lattice vectors
d∗

hkl forming a circle with their ends placed on the surface of the Ewald’s sphere,
thus producing the Debye-Scherrer rings on the flat area detector perpendicular
to the incident beam and cone axis [72]. Reprinted by permission from Springer
Nature Customer Service Centre GmbH: Springer Nature, ‘Fundamentals of Powder
Diffraction and Structural Characterization of Materials’ - Second Edition by Vitalij
K. Pecharsky and Peter Y. Zavalij, Springer-Verlag Berlin Heidelberg (2009).

3.2.1 Analyzing an X-ray Powder Diffraction Pattern

Through data reduction of the 2-dimensional Scherrer-rings (see Figure 3.5), a
one-dimensional powder X-ray diffraction pattern is obtained. A typical diffraction
pattern of the studied materials in this thesis is presented in Figure 3.7.
An XRPD pattern shows typical components containing information about the
crystallographic structure. The peak positions give information about the unit
cell symmetry and its dimension. In the case of a mixed phase, different phases
can be identified. Furthermore, changes in the phase, like the evolution of new
phases or the expansion/contraction of the lattice can be monitored. The peak
intensities give information about the atomic parameters and distribution in the
unit cell, temperature factors but also about the texture, porosity and absorption
of the sample. The peak shape reveals the size crystal domain, strain and defects
in the crystal. Finally, the background informs on the presence of amorphous
phases, fluorescence and diffuse scattering from the sample and scattering from the
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Figure 3.5: Debye-Scherrer rings on a flat area detector from a grained powder
with shadow of the beam stop. The area covered by a linear detector is indicated
by the white frame.

sample holder. The challenge of powder diffraction data lies in the reduced crystal
structure information of the diffraction pattern. Three-dimensional intensities
known from single-crystal diffraction are reduced into one-dimensional intensities
in powder diffraction. This leads to overlapping reflections of crystallographic
planes with equal or very similar d-spacing values and complicates the analysis.
The full analysis of a powder diffraction data requires careful planning and needs
to be conducted thoroughly during the whole process. A complete structural
assessment is performed in several steps. In the first step, the unit cell and space
group is identified. In the second step, an initial structural model is proposed. In the
third step, the structural model is refined against the powder diffraction data [74].
Ideally, the structural model is already known. Otherwise, an appropriate model
can be found by a search-match algorithm against a crystallographic database,
like the Inorganic Crystal Structure Database (ICSD), when the composition of
the compound is known. ab initio structure solution from powder diffraction
data is in principle feasible too, but was not the main focus of this work since
the structural model of the DRS compounds was already known. Briefly, for the
space group determination, methods like indexing by iterative use of singular value
decomposition, are used [75]. Already without knowing the exact structural model,
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Figure 3.6: X-ray powder diffractometer STOE Stadi P in transmission geometry.

a so-called Pawley refinement can be conducted. Hereby, the whole profile is
fitted by refining the unit cell and profile parameters together with the individual
reflection intensities [76] as refinable parameters. A structural model can be
derived by global optimization methods like simulated annealing or charge flipping
algorithms [77, 78]. The final step is the refinement of a structural model, the
Rietveld refinement, which was an important part of this thesis and is described in
the following.

3.2.2 Shape of Powder Diffraction Peaks

Identifying the peak profile function, for the exact position and intensity of the
individual peaks in the powder diffraction pattern is one of the fundamental prob-
lems of powder diffraction analysis. The shape of a peak in the diffraction pattern
results from the convolution of multiple sample-related contributions like micro
strain, disorder, crystallite size and absorption, but also of instrumental related
contributions, like the beam geometry of the measurement, the monochromator,
slit systems and other optical parts. Hence, finding an appropriate description
of the peak profile function is crucial. A commonly used profile function is the
Pseudo-Voigt function, which is a linear combination of a Gaussian and Lorentzian
(Equation 3.6) function [74, 79].
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Figure 3.7: Exemplary X-ray powder diffraction pattern with information found in
a diffraction pattern. Recorded at the Advanced Photon Source, beamline 11-ID-B.

y(x) = G(x) = C
1/2
G√

πFWHMG

exp
(
−CGx2

)
(3.6)

y(x) = L(x) = C
1/2
L

πFWHML

(
1 + CLx

2
)−1

(3.7)

FWHM is the full width at half maximum. x = (2θi − 2θk)/FWHM is the
diffraction angle of the ith point in the pattern with its origin in the calculated
position calculated angle of the kth Bragg reflection, divided by the peak’s FWHM .
CG = 4 ln 2, CL = 4 and C1/2

G /
√
πFWHMG and CL = 4 and C1/2

L /πFWHML are
normalization factors for the Gauss and Lorentz functions [80].
Commonly the peak shapes in a diffraction pattern are somewhere between a
Gaussian and Lorentzian function. The Pseudo-Voigt function contains a mixing
parameter η (Equation 3.8) [80].

y(x) = PV (x) = η
C

1/2
G√

πFWHMG

exp
(
−CGx2

)
+ (1− η) C

1/2
L

πFWHML

(
1 + CLx

2
)−1

(3.8)
The Gaussian and Lorentzian FWHMs vary with 2θ and are empirically described
by peak-broadening functions [80]:
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Figure 3.8: Illustration of Gaussian and Lorentzian peak-shape functions.

FWHMG =
√
U tan2 θ + V tan θ +W (3.9)

FWHML = X tan θ + Y

cos θ (3.10)

The parameters U , V , W , X and Y are refined during the X-ray powder diffraction
pattern analysis.

3.2.3 Line profile analysis
Based on an appropriate description of the peak profile function, microstructural
related information causing peak broadening can be extracted from the shape
and FWHM of diffraction peaks. This is called line profile analysis. When all
instrumental related contributions, the so-called instrumental resolution function,
are subtracted, the residual sample related contribution to peak broadening,
βhkl, remains. Hereby, important informations in powder diffraction, such as the
crystallite size and strain, can be obtained. In 1912, Paul Scherrer developed a
simple equation for the approximation of the crystallite size based on the broadening
of reflections [81].

βhkl = Kλ

Lhkl cos θhkl
(3.11)

With Lhkl being the elongation of the crystallite perpendicular to the periodic set
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(hkl) of planes of the corresponding reflection, βhkl the full width at half maximum
of the reflection in radians, at an angle θhkl. In addition, a parameter K is taking
into account the shape of the grains (e.g. for perfect spheres K = 0.89, for cubic
shaped particles K = 0.94) [73]. However, the equation cannot be used for large
crystallite or nano-scale crystallites. Furthermore, it does not take instrumental or
other structural related broadening effects into account [73].
A more sophisticated method for the determination of crystallite size by the analysis
of peak broadening is the Williamson-Hall method [82]. In principle, the method is
an extension of the Scherrer equation (equation 3.11) by the contribution of peak
broadening due to strain caused by imperfections and distortions of the crystal.
The strain ε is described by:

εhkl = βhkl
4 tan θ (3.12)

The combination with equation 3.11 yields:

βhkl cos θ = Kλ

L
+ 4ε sin θ (3.13)

The function is plotted with 4 sin θ against β cos θ. With a linear fit the crystallite
size and the strain contribution can be determined.

3.2.4 The Rietveld method
The Rietveld refinement, the final step in analyzing X-ray powder diffraction data,
was developed by Hugo Rietveld in 1967 [83]. It is a least-squares residuals method,
minimizing the residuals of the observed intensity Y obs

i with the calculated intensity
Y cal
i at the ith point in the diffraction pattern. wi is a statistically based weighting

function. The method optimizes the properties of initial crystal structural model,
i.e. the atomic coordinates, occupancy factors, temperature factors and unit cell
parameters to match the observed intensities.

S =
j∑
i

wi
(
Y obs
i − Y cal

i

)2
(3.14)

The intensity of diffraction peaks depends on a number of contributions, which
can be divided into three main factors. The structural factor is determined by the
crystal structure of the sample. The specimen factor is influenced by e.g. size,
shape, preferred orientation and grain size distribution. Finally, the instrumental
factor, which originates from X-ray beam properties, the measurement geometry,
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detector, slit-systems, monochromator geometries and other geometry related
factors. Describing the intensity of a peak itself can be problematic, due to the
broadening of the peaks. Simply using the peak maximum is not sufficient. Hence,
the area under the Bragg peak is numerically integrated with the background bi
being subtracted, which represents the ‘true’ intensity of the peak. The integrated
intensity Ihkl (Equation 3.15)[80].

Ihkl =
j∑
i=1

(
Y obs
i − bi

)
(3.15)

The contribution to the integrated intensity of a Bragg reflection consists of a
function of the atomic structure, but also depends on multiple specimen and
instrumental related parameters:

Ihkl = s×mhkl × LPθ × Aθ × Thkl × |Fhkl|2 (3.16)

The index hkl indicates the dependence to the length and direction of the corre-
sponding reciprocal lattice vector d∗

hkl. θ indicates the dependency of the parameter
as a function solely of the Bragg angle [84]. s is a scale factor to normalize the
experimental to the calculated intensities, mhkl is a factor, which considers multiple
symmetrical equivalent reflections due to the multiple symmetrically equivalent
positions in the lattice. LPθ is the Lorentz-polarization factor which accounts for
the geometry of diffraction due to the monochromator and the partial polarization
of the diffracted electromagnetic X-ray wave. Aθ is a factor which includes the
absorption of the incident and diffracted X-rays. Thkl accounts for the preferred
orientation in a non-perfect random distribution of grains. Finally, the |Fhkl|2
structure factor which contains all the crystal structure information, like fractional
coordinates and different atom types, their occupancy and distribution on the
lattice sites and their thermal motion [80, 84].
The structure factor is the square of the absolute value of the structure amplitude
Fhkl and contains the information of the atomic structure:

Fhkl =
n∑
j=1

f jgj exp
(
2πi(hxj + kyj + lzj)

)
exp

(
−Bj sin 2θ/λ2

)
(3.17)

Summing up all individual atoms (j) in the cell, with the scattering factor f j,
the site occupancies factor gj, the fractional coordinates xj yj and zj, and the
temperature factor Bj accounting for the thermal motion.
In the refinement of the powder diffraction data, all variable parameters are
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included in a least-squares residuals minimization routine. The quality of a refined
structure is evaluated based on certain defined agreement factors. Not all agreement
factors can be used for all refinements. Especially in the refinements of ball-milled
materials, as it was mainly the case in this thesis, the high background contribution
will always lead to ‘good’ fits for the Rp and Rwp values. A reasonable indicator
is the GoF (Goodness of Fit) since the background contribution is not accounted
for the same extent as for other values and it contains the number of observables
N with the number of refined P and constrained C parameters, which gives an
additional information if the data is over-fitted.

Rp =
∑ |Y obs

i − Y cal
i |∑

yobs,i
(3.18)

Rwp =
∑
wi(Y obs

i − Y cal
i )2∑

wiY obs
i

2 (3.19)

Rexp =
√√√√N − P + C∑

wiY obs
i

2 (3.20)

GoF = Rwp

Rexp

=
√∑

wi(Y obs − Y cal
i )2

N − P + C
(3.21)

3.2.5 Total Scattering & Pair distribution function analysis
The classical approach in X-ray powder diffraction is analyzing the intensities of
the Bragg reflections. As described above, information about the average periodic
structure can be extracted by conducting a Rietveld refinement. In materials
without long-range order and infinite translation symmetry, like nanosized materials,
materials with structural disorder, or even in amorphous materials, glasses or liquids,
Bragg’s law of X-ray scattering is not valid anymore. Nevertheless, X-ray powder
diffraction can still be measured, but instead of looking only at the contribution of
Bragg scattering, the information ‘Underneath the Bragg peaks’ [85], including
the diffuse scattering of the material, is taken into account. In other words, the
total scattering information of the material [86, 87].
In principle, a total diffraction experiment is measured in a more or less similar
way to a typical diffraction experiment. However, the measured intensity has
to be corrected for all external contributions, like scattering from the sample
holder, scattering from air, inelastic Compton scattering and fluorescence, which
are considered as ‘background’ in classical XRPD. The intensity information what
is left is the coherent elastic scattering of the sample, which consists of the Bragg
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3 Experimental methods

scattering of the reciprocal lattice points and diffuse scattering, due to deviations
from the average periodic structure, called the local structure [85–87].
The coherent scattering intensity I(Q) is a function of the scattering vector
or momentum transfer Q (Equation 3.5). I(Q) is further normalized by sample
scattering cross-section, which is the square of the average atomic factor < f(Q) >2,
and other additional corrections, yielding the normalized total scattering structure
function S(Q). S(Q) still contains the reciprocal-space information and is basically
a normalized powder diffraction pattern corrected for experimental artefacts, which
can be analyzed by a Rietveld refinement. By applying a Fourier transformation,
the reciprocal-space S(Q) data is converted into real-space resulting in the reduced
atomic pair distribution function (PDF) G(r) [85–87]:

G(r) = 2
π

∫ Qmax

Qmin

Q[S(Q)− 1] sin (Qr)dQ (3.22)

The PDF shows the probability of finding pairs of atoms separated by the distance r.
Summing over all atoms in the material results in a histogram of all atom-atom
distances appearing in the sample. The PDF contains information about the local
structure, including the contribution from amorphous components and disorder [85–
87]. Peaks in the PDF correspond to a high probability of finding a pair of atoms
at the given distances. The peak area contains information about the next-near
neighbors and coordination number. Similar to a Rietveld Refinement, the PDF
can be modelled and fitted in real-space, revealing structural information and short-
range atomic correlations and deviations from the average crystalline structure [85–
87].
The typical process from an XRPD pattern to the final PDF of DRS Li2VO2F is
presented in Figure 3.9.
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Figure 3.9: Exemplary X-ray powder diffraction intensity (black), coherent scat-
tering intensity I(Q) (blue), normalized total scattering structure function S(Q)
(green) and resulting reduced pair distribution function G(r) (red) of Li2VO2F.
Recorded at the ALBA Synchrotron at the BL04-Materials Science and Powder
Diffraction beamline. λ = 0.413240 Å.
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3.3 Electrochemical analysis of battery materials

The most important and most often used electrochemical method in this work is
the so-called galvanostatic cycling or constant current cycling of battery cells. All
materials studied in this work have been electrochemically analyzed by galvanostatic
cycling or charge-discharge experiments. The basic working principle of this method
is that a constant current is applied between the working and counter electrode
and the corresponding voltage answer of the system between the working and
reference/counter electrode is recorded as a function of time. When the potential
of the system reaches specific threshold values (lower and upper cut-off potential),
the direction of current is reversed(charge to discharge). One repetition of charge
and discharge is designated as cycle and usually multiple cycles are recorded.
The current is often given in terms of the so-called C-rate. A C-rate of 1 cor-
responds to the current needed to fully charge or discharge the material in one
hour based on its theoretical capacity. The theoretical capacity of the compound
investigated derived from Faraday’s law:

Qtheoretical = zF

M
(3.23)

z is the number of electrons exchanged per formula unit, F the Faraday constant
and M the molar mass of the active material.
The galvanostatic cycling experiments yield information about the practical charge
and discharge capacities of the active material, the coulombic efficiency and the
reversibility of the process. Furthermore, the stability of the active material over
multiple cycles can be observed. Changing the C-rate within one measurement,
reveals information about the capability of the material to respond to changes
in the current rate, e.g. how much capacity can still be obtained during faster
charging with respect to slow charging, due to the materials insertion mechanism
kinetics. The shape of the voltage profile reveals information about the lithium
storage mechanism and possible changes in the structure of the material during
Li-extraction/insertion. If the chemical potential of the active material varies with
its composition, the resulting voltage profile exhibits a sloping, s-shaped profile,
indicating a single-phase solid solution behavior [88]. This is the case for the
investigated Li-rich DRS Li2TMO2F-type materials [44, 52]. When the voltage
profile exhibits a flat plateau region, the chemical potential does not change with
the state of charge, which indicates a two-phase reaction in the electrode material
upon Li-extraction/insertion [88].
In this thesis, mostly the two-electrode Swagelok®-type cell design was used for
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3.3 Electrochemical analysis of battery materials

electrochemical experiments (Figure 3.10). The cell consists of a cell body insulated
with Kapton™-foil inside and two stainless steel current collectors assembled with
gaskets and nuts. Inside the cell, a stainless-steel spring is controlling the contact
pressure between the active material working electrode, the separator and the
Li-metal counter/pseudo-reference electrode.

Figure 3.10: Dissembled components of a two-electrode Swagelok®-type cell.
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4 Challenges of Li-rich DRS
Materials - Objective of the
Thesis

Besides the intriguing properties of Li-rich DRS oxides and oxyfluorides, like the
exceptional high theoretical capacity (e.g. 462 mAh g−1 for Li2VO2F), their simple
synthesis, the vast variety of potential combinations of TMs with or without Co
and their small volume expansion during cycling [44], there are also disadvantages.
Up to now, Li-rich DRS materials suffer from substantial capacity fading and
increasing polarization during battery operation. In Li2VO2F, over 50% of the
initial capacity is already lost after 25 cycles (Figure 4.1b). The performance
loss is so far explained by TM-dissolution (e.g. for V-based materials [89–91]),
structural deterioration [92, 93] and oxygen redox activity leading to oxygen
loss or degradation reactions at the electrode/electrolyte interface [32, 50, 52,
58, 61]. Furthermore, the operating voltage of most of the Li-rich DRS oxides
and oxyfluorides is noticeably lower compared to Ni and Co-containing insertion
materials, compromising the advantage of the high capacities regarding calculated
practical energy densities (see Figure 2.8).
Another disadvantage turned out to be the commonly used ‘simple’ synthesis
procedure of Li-rich DRS oxides and oxyfluorides; the high energy mechanochemi-
cal ball milling. Most of the reported materials are synthesized following such a
ball milling approach [29, 43–45, 48, 51–53, 55, 56]. Studies reporting successful
conventional synthesis approaches of Li-rich DRS oxides (e.g. by high-temperature
annealing) [58, 67, 94–96] or synthesis by chemical lithiation of a ball-milled non-
rock salt host structure (LixVO2F [97]), only exhibit adequate electrochemical
cycling performance when the materials particle size is in the small micrometer
range with crystallites in the nanometer regime (< 20 nm) [44, 48, 52–54, 58].
Therefore, microcrystalline materials need to be ball milled again after the syn-
thesis to reduce their particle size [54, 58, 67, 94, 95]. Li-rich DRS oxyfluorides,
with stoichiometric amounts of incorporated LiF (i.e. Li2TMO2F) could not be
synthesized by other methods except of ball milling, yet [52, 98]. The reason is
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4 Challenges of Li-rich DRS Materials - Objective of the Thesis

Figure 4.1: a) Synchrotron X-ray powder diffraction pattern of Li2VO2F with
Rietveld refinement and Bragg positions of the Li-rich DRS phase of Li2VO2F,
and residual impurities of V2O3 and Si3N4. λ = 0.21280 Å (Reprinted from:
Improved cycling stability in high-capacity Li-rich vanadium containing disordered
rock salt oxyfluoride cathodes, by C. Baur et al., J. Mater. Chem. A, 2019, 7,
21244–21253.), under CC-BY 3.0 https://creativecommons.org/licenses/by/
3.0/). b) Capacity as a function of cycle number of Li2VO2F electrodes cycled
vs. Li-metal in the 1 M LiPF6 EC/DEC 1:1 v/v electrolyte at a C-rate of C/10 in
the voltage range of is 1.3 to 4.1 V vs. Li/Li+. Reprinted with permission from:
I. Källquist et al., Chem. Mater., 2019, 31, 6084–6096, https://pubs.acs.org/
doi/abs/10.1021/acs.chemmater.9b00829 - Published by American Chemical
Society.).

most likely the metastable structure of most of the first and second row LiTMO2 or
Li2TMO2F structures [42, 52, 99–101] and the above mentioned limited solubility
of LiF in the DRS phase [47]. In addition, the ball milling synthesis leads to
very small crystallite sizes and makes it intricate to precisely determine structural
properties of the materials by XRPD (Figure 4.1a), in particular under operando
conditions or when analyzed post mortem. In the case of Li2VO2F, crystallite sizes
around 13 nm have been observed [52]. Furthermore, incomplete stoichiometric
conversion of the precursor materials (e.g. residual V2O3 or LiF [44]) and abrasion
impurities of the jar and balls (e.g. WC or Si3N4) cause secondary phases in the
final compound (Figure 4.1a).
Based on the presented advantages and challenges of Li-rich DRS oxyfluorides,
the main objective of this work was to obtain a better understanding of the
structural and chemical properties of Li2VO2F. Three major aspects were addressed
within this dissertation project: First, understanding the structural properties
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of disordered rock salt phases starting with LiVO2, the intermediate product
towards Li2VO2F and to shed light on the difficulties of alternative synthesis
methods besides mechanochemical ball milling. Second, revealing the degradation
mechanism of Li2VO2F during battery operation, causing the drastic loss of
capacity already after a few cycles and develop strategies to overcome it. And
third, understanding the Li-extraction/reinsertion mechanism in the DRS phase of
Li2VO2F and the processes and changes occurring in the structure of the material.
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5 The Present Study

The present study covers the work conducted within the period of my disser-
tation project. The work comprises the synthesis of novel disordered rock salt
compounds by high energy ball milling, the crystallographic analysis of the syn-
thesized materials by ex situ and operando X-ray powder diffraction techniques,
including Rietveld refinement and pair distribution function analysis, as well as
electrochemical characterization by galvanostatic cycling in Li-ion battery cells. In
addition, the materials have been further investigated by advanced photoelectron
spectroscopy (PES) techniques, computational methods involving Monte Carlo
simulations based on cluster expansion (CE) models trained by density functional
theory calculations (DFT), transmission electron microscopy (TEM) and electron
paramagnetic resonance (EPR) spectroscopy measurements. The latter techniques
have been conducted at or in close collaboration with partners at Uppsala Uni-
versity, Technical University of Denmark (DTU) and at the National Institute of
Chemistry in Slovenia (KI).

5.1 Disordered Rock Salt LiVO2 as Intermediate
Product towards Li2VO2F

Synthesizing Li2VO2F by the high energy ball milling approach was challenging.
The details of the ball milling procedure in the initial publication [44] were
insufficiently described and the synthesis results could not be reproduced. The
amount of precursor materials, with respect to the weight and number of balls, the
ball-to-powder ratio, appeared to be crucial for a successfully synthesis towards
DRS phases, avoiding incomplete reaction with residual precursor compounds.
Therefore, we developed a modified version of the synthesis towards pure Li2VO2F
in two steps. In addition, we changed the ball milling material from tungsten
carbide (WC) to silicon nitride (Si3N4) to reduce abrasion impurities in the product.
The synthesis consisted of two steps. In the first step, the precursors V2O3 and
Li2O were ball milled to form the intermediate product LiVO2.
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5 The Present Study

Li2O + V2O3
600 rpm−−−−→20 h 2 LiVO2 (5.1)

In the second step, LiF was added to form Li2VO2F.

LiVO2 + LiF 600 rpm−−−−→20 h Li2VO2F (5.2)

Hereby we found out that the intermediate LiVO2 exhibited a crystal structure,
disordered rock salt (Fm3̄m), which hasn’t been discussed in the literature so far.
The next two chapters deal with the characterization of this new polymorph of
LiVO2 and its physical and electrochemical properties.

5.1.1 From trigonal to cubic LiVO2: a high-energy phase
transition towards disordered rock salt materials -
Publication I

Publication I, with the title ‘From trigonal to cubic LiVO2: a high-energy phase
transition towards disordered rock salt materials’, is a combined experimental and
theoretical study investigating the relationship between the well-known layered
trigonal (R3̄m) and the novel DRS (Fm3̄m) LiVO2 polymorph. The results have
been published in Journal of Physical Chemistry C, 2020, 124, 2229-2237, by
Johann Chable, Christian Baur, Jin Hyun Chang, Sebastian Wenzel, Juan Maria
García-Lastra and Tejs Vegge.

The results in this paper are divided into two parts. In the first part, we investigated
the relationship of trigonal (R3̄m) and DRS (Fm3̄m) LiVO2. In the second
part, we conducted theoretical studies investigating the energetically most stable
configuration of LiVO2 by a simulated annealing Monte Carlo simulation based on
the cluster expansion DFT-trained model.
LiVO2 in its well-known layered structure (R3̄m, Figure 5.1), along with other
first row TM oxides, has been thoroughly investigated in the past [36, 102–106].
Upon chemical or electrochemical Li-extraction, V-ions rearrange in the cubic-close-
packed oxygen lattice, forming a stabilized cubic spinel super structure LiV2O4 [102,
107]. Other approaches with off-stoichiometric LixVyO2 led to similar cubic spinel
phases [104, 107]. However, stoichiometric LiVO2 with a cation DRS structure
(Fm3̄m, Figure 5.1) has not been described before.
In this study, we first conducted a careful assessment of the diffraction data to
resolve any ambiguity of the correct structural model. Two different structural
models, the DRS (Fm3̄m) and the cubic spinel (Fd3̄m) superstructure, have been
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5.1 Disordered Rock Salt LiVO2 as Intermediate Product towards Li2VO2F

Figure 5.1: Crystal structure of DRS and layered LiVO2 (Li green, V blue, O red).

used. Figure 5.2 depicts the XRPD pattern of LiVO2 with Rietveld refinement
of the DRS (Fm3̄m) model, which turned out to be the best fitting model. The
refinement using the spinel-type model, suggested by DePicciotto et. al [102, 107]
and recently assigned for Li2VO3 by Pralong et al. [42], only led to reasonable
fits when Li in the tetrahedral positions depopulated and was allowed to disorder
on the V occupying sites. The Rietveld refinement yielded a lattice parameter of
a = 4.1143(5) Å of the cubic unit cell and a slight sub-stoichiometric composition
of V3+ (0.452(3)%) (Table 5.1). The unit cell parameter is just slightly smaller
as for Li2VO2F (a = 4.1169(4) Å [52]). Hence, an evaluation of the amount of
incorporated LiF by analyzing the shift of the lattice parameter after the second
synthesis step (Equation 5.2) may not be reliable.
As for most of the reported ball-milled materials in common, the diffraction pattern
showed broad diffraction peaks indicating the nanocrystalline and defect rich nature
of the material, which was expected due to the high energy ball milling synthesis
conditions. Microstructural analysis based online profile analysis of the XRPD
pattern yielded a crystallite size of 11(1) nm, which is in agreement with the size
obtained by transmission electron microscopy of LiVO2 in Publication II [108].
Additionally, some unreacted V2O3 precursor has been identified.
The need for finding alternative synthesis methods, besides ball milling, for DRS
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Figure 5.2: XRPD pattern of DRS LiVO2 (Fm3̄m) with Rietveld Refinement
and Bragg positions. λ = 0.70932 Å. Residual V2O3 (R3̄c) was identified as an
unreacted precursor [101].

LiVO2 (and Li2VO2F), led us to investigate the stability of DRS LiVO2 at elevated
temperatures, since many solid-state synthesis methods require high-temperature
annealing steps. We assessed the thermal stability of the material by gradually
heating up DRS LiVO2 and in parallel measured in-situ XRPD patterns. Figure 5.3
shows the top view of the XRPD patterns of LiVO2 starting in the DRS phase at
room temperature up to 800 ◦C. The results demonstrated that the characteristic
reflections of the DRS phase remained visible up to 450 ◦C. Beginning at 500 ◦C the
DRS phase transformed into the trigonal (R3̄m) structure of LiVO2 and no further
changes were observed at higher temperatures up to 800 ◦C. After cooling down to
room temperature, the trigonal structure remained, thus the phase transformation
was irreversible.

LiVO2
cubic T ≥ 500 ◦C−−−−−−→ LiVO2

trigonal (5.3)

However, when we ball-milled the trigonal LiVO2 under the same conditions used
in the ball milling synthesis for DRS LiVO2, the reverse phase transition from
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Table 5.1: Structural parameters of LiVO2 obtained from Rietveld refinement [101].
Compound LiVO2

Structure type disordered rock salt
Space group Fm3̄m
GoF 1.82
Rwp 1.48
a / Å 4.1143(5)
4a Wyckoff site V occupancya 0.452(3)
4a Wyckoff site Li occupancya 0.548(3)
4a Wyckoff site Biso / Å2 0.53(18)
Sizeb/ nm 11(1)

a Occupancy of O was not refined and was set to 1. The
V and Li occupancies were constrained to result in 1 and
refined.

b Size has been calculated with the Langford’s Method
using Fullprof [109].

Figure 5.3: Top view of the in-situ XRPD patterns of BM-LiVO2, heated with
a rate of 10 ◦C min−1. XRPD patterns were recorded every 25 ◦C. The warmer
the color (red), the higher the reflection intensity. Unknown impurities reflections
coming from the experimental setup at 2θ = 27 ◦. λ = 0.70932 Å [101].
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trigonal to cubic was observed, hinting at the formation of a metastable compound.
Figure 5.4 depicts the phase transition induced by ball milling on LiVO2.

LiVO2
trigonal 600 rpm−−−−→0-10 h LiVO2

cubic (5.4)

In the beginning and after 30 min of ball milling, the peaks started to broaden,
indicating a reduction of crystallite size. After 1 h the intensity of the reflection
of the 0 0 3 plane at 8.1 ◦2θ, a characteristic reflection of the trigonal phase,
started to decrease and new peaks assigned to the cubic phase at 17.6 ◦2θ and
28.2 ◦2θ appeared. The most intense peak of the DRS phase, the 0 0 2 plane at
19.8 ◦2θ, overlaps with a peak of the trigonal phase. Between 1 and 5 h of ball
milling the compositions of the XRPD pattern shifted from a trigonal towards
a cubic phase. After 10 h of milling only the cubic DRS structure was observed.
The Rietveld refinement of the DRS LiVO2 phase obtained by phase transition
revealed a slightly larger lattice parameter a = 4.1175(7) Å and marginally more
V3+ (0.474(5)%) in the structure but confirmed the cubic DRS crystal structure.
The results demonstrated that a phase transition from trigonal to cubic LiVO2
can be induced by mechanochemical ball milling.
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Figure 5.4: XRPD patterns of ball milled LiVO2 for (a) 0 h, (b) 0.5 h, (c) 1 h,
(d) 2 h, (e) 5 h and (f) 10 h. λ = 0.70932 Å [101].

In order to determine the energetically most stable configuration of LiVO2, we
conducted Monte Carlo simulated annealing based on cluster expansion model,
trained using density functional theory calculations (DFT). The most energetically
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stable structure of LiVO2 was found to be the trigonal (R3̄m) phase. The simulated
phase transition from trigonal to DRS was studied by heating up the ground state
layered structure up to 4,000 K. The transition from the ordered trigonal to the
disordered rock salt structure took place at around 1,900 K, where the average
internal energy from the ground state and the order parameter undergo a sharp
transition (Figure 5.5). The order parameter hereby was a measure of the cationic
disorder of the system. The results demonstrated that very high temperatures
are effectively needed to thermally induced a disordering of Li and V in the same
sub-lattice. The calculations, however, assumed the structure to remain stable
without any dissociation or decomposition.

Figure 5.5: The average (a) internal energy and (b) order parameter and specific
heat of LiVO2 computed in Monte Carlo simulation [101].

From the combination of experimental and theoretical results of this study we
concluded that the DRS Fm3̄m polymorph of LiVO2 is metastable and that high-
energy/ high-pressure synthesis conditions, like mechanochemical ball milling, are
necessary to obtain the DRS phase. Reaction temperatures of above 1,200 ◦C or
high-pressures could not technically be performed in our lab. As already discussed
in Chapter 3.1, mechanochemical synthesis by ball milling enables the accessibility
of phases and even metastable phases, which otherwise would require high energies
or pressures to be formed. The results of this work are particularly relevant since
they give a first explanation for the difficulties in synthesizing metastable DRS
structures, in particular, Li2VO2F, with conventional synthesis methods.
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5.1.2 Reversible Delithiation of Disordered Rock Salt LiVO2 -
Publication II

In the second publication, with the title ‘Reversible Delithiation of Disordered Rock
Salt LiVO2’, we investigated the electrochemical properties of this newly found
DRS (Fm3̄m) LiVO2 polymorph. The results were published in ChemElectroChem,
2018, 5, 1484–1490, by Christian Baur, Johann Chable, Franziska Klein, Vekata
S. K. Chakravadhanula and Maximilian Fichtner.

As discussed in the previous chapter, obtaining the DRS phase of LiVO2 was
challenging. No synthesis procedures were known in the literature initially. This
explains the absence of studies about the electrochemical behaviour of DRS LiVO2,
whereas trigonal layered (R3̄m) LiVO2 has extensively been tested as battery
material in the past [104, 106, 110–113]. Our publication, was one of the first
reports studying the electrochemical delithiation of DRS LiVO2.
The electrochemical behavior of DRS LiVO2 as a cathode material in LiB is
presented in Figure 5.6 a) and b). The maximum theoretical capacity of DRS
LiVO2, assuming solely the redox couple V3+/V4+ being electrochemically active
and assuming the full extraction of Li, is 298 mAh g−1. In the experiment, LiVO2
exhibited an initial reversible discharge capacity close to 120 mAh g−1, less than
half of the theoretical capacity. In the voltage range we used, apparently, Li cannot
be extracted completely. Limited Li-extraction is well known for many layered
LiTMO2, since a full extraction is known to cause irreversible structural changes [14,
17]. In fact, increasing the voltage range from 3.0 V up to 3.5 V vs. Li/Li+,
significantly lowered the reversibility of the material (Figure 5.7). Notably, even
the highest upper cut-off voltage of 3.5 V is considerably lower compared to what
is usually used for other Li-rich DRS materials (e.g. Li2VO2F, 4.1 V and above).
At this stage of my dissertation project, we suggested three possible explanations
for the enhanced capacity fading at higher potentials. First, the dissolution of
vanadium, which we observed on the Li-metal anodes surface, out of the cathode
material. Second, structural degradation. Third, reactions of the electrode with
the electrolyte at the interface. Recent studies of our group on Li2VO2F confirm
the first and third hypothesis. In Li2VO2F, V-dissolution could be mitigated by
using concentrated electrolytes and differential electrochemical mass spectrometry
further proved the assumption of electrolyte degradation [97], which is discussed
in the following chapters. In the limited voltage range the cycling performance
of Li2VO2 remained stable over extended cycling, keeping more than 80% of its
initial capacity around 100 mAh g−1 for 100 cycles.
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Figure 5.6: Cycling performance (filled squares: discharge capacity, open cir-
cles: charge capacity) and Coulombic Efficiency (green) as a function of cycle
number and b) corresponding voltage profiles of LiVO2 half-cells cycled between
1.9–3.00 V vs. Li/Li+ with a constant current of 50 mA g−1 at 25 ◦ C [108].

Figure 5.6b) shows the corresponding voltage profiles of selected cycles of LiVO2.
Based on the slope of the voltage profile, we concluded a similar single-phase
Li-insertion mechanism into a fully disordered structure, as it was observed for
Li2VO2F [44, 45, 114, 115]. The first charge of LiVO2 started with an open-circuit
voltage (OCV) of around 2.67 V and behaved differently from the following cycles.
In the subsequent discharge down to 1.9 V more capacity was gained than initially
charged. This indicated that the structure might either be highly Li-deficient,
which we were able to exclude from the refinement of the XRPD analysis or
that additional Li+ was electrochemically inserted. A similar behavior has been
found, amongst other DRS materials, in related V-based DRS LiV0.5TM0.5O2
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compounds [97], in LiMnO2 [100], Li2VO2F [44, 50] and Li2V0.5TM0.5O2F [52],
all having a high-energy ball milling procedure and nano-sized crystallite sizes in
common.
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Figure 5.7: Cycling performance (open circles: charge capacity; filled squares:
discharge capacity) of LiVO2 half-cells cycled between 1.9–3.0 V (black), 1.9–3.25 V
(red) and 1.9–3.5 V (blue) vs. Li/Li+ as a function of cycle number with a constant
current density of 50 mA g−1 at 25 ◦ C [108].

Ex-situ XRPD analysis of patterns of LiVO2 electrodes cycled to different states of
charge (Figure 5.8) revealed that the a unit cell parameter changed almost linearly,
which supports a single-phase insertion mechanism. The discharged sample at 1.9 V
exhibited a larger a unit cell parameter. The size of the DRS structure increased.
Following the discussion above, presumably, additional Li-ions were accommodated
at defect sites or in tetrahedral interstices of the structure. Nevertheless, the
nanocrystalline nature of the material and the weak scattering of Li makes it
impossible to study this by XRPD.
In summary, we demonstrated reversible Li-extraction and reinsertion in DRS
LiVO2. Although according to the theory of percolating networks for macroscopic
Li-ion migration in DRS structure Li-excess is required, our work demonstrated that
Li-diffusion is still possible in LiVO2 with a DRS structure which has no Li-excess.
Similar observations were made by Sato et al. for DRS LiMnO2 and NaMnO2 [100]
and in LiV0.5TM0.5O2 compounds [97]. The crystallite size of the material is with
around 11 nm very small [101, 108] and the shortening of the diffusion path lengths
might be an explanation for the observed good electrochemical performance [100].
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Figure 5.8: a) Ex-situ XRPD patterns of cycled LiVO2 electrodes at different
states of charge and discharge (black: pristine electrode, red: fully charged to
3.00 V vs. Li/Li+, blue: discharged to 2.50 V and green: fully discharged to 1.90 V)
and b) the corresponding changes in lattice constant a and cell volume V during
cycling. λ = 0.70932 Å [108].
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5.2 Li2VO2F: The Prototype Li-rich DRS
Oxyfluoride Material

Besides the high initial discharge capacity, Li2VO2F suffers from severe capacity
fading and rise of polarization during cycling. This precludes any practical use
of the material in LiB at this time. In the initial publications of Chen et al., the
authors speculated about parasitic reactions at the electrode/electrolyte interface
as potential origin of the capacity fading, but no deeper investigation was conducted
at that time. Therefore, understanding the mechanism behind the poor cycling
stability and finding solutions to overcome it was an essential part of my dissertation.
In the following two chapters, we investigate the reasons for capacity fading of
Li2VO2F and developed a strategy to improve the cycling stability.

5.2.1 Degradation mechanisms in Li2VO2F Li-rich Disordered
Rock Salt Cathodes - Publication III

In Publication III, with the title ‘Degradation mechanisms in Li2VO2F Li-rich
Disordered Rock-Salt Cathodes’, we investigated the degradation of Li2VO2F on
the particle surface by energy-tuned photoelectron spectroscopy (PES) and X-ray
absorption spectroscopy (XAS). The results were published in Chemistry of Mate-
rials, 2019, 31, 6084–6096, by Ida Källquist, Andrew J. Naylor, Christian Baur,
Johann Chable, Jolla Kullgren, Maximilian Fichtner, Kristina Edström, Daniel
Brandell and Maria Hahlin.

The critical reactions in a battery occur at the interfaces [116–118]. Therefore,
understanding the reactions which take at the interface between the Li2VO2F
active material particles and the electrolyte was of great importance to investigate
the reasons for the capacity fading. We measured Li2VO2F electrodes in different
state of charge (SOC) and cycled for various duration with PES, a high surface and
chemical sensitive technique, capable of probing the local bonding environment
and oxidation states. By tuning the energy of the photoelectrons, we were able to
analyze different probing depths of the Li2VO2F particles; the interphase, built up
during cycling, the near-surface and the outer bulk (Figure 5.9).
Numerous possibilities and explanations for the origin of capacity fading in cathode
materials have been discussed in the literature: The dissolution of vanadium, taking
place at low voltages, well known for other V-based cathode materials [90, 119,
120]; the structural disintegration and metal dissolution combined with oxygen-loss
in Li-rich layered materials [27, 121–123]; the oxygen redox activity in disordered
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Figure 5.9: Schematic illustration of an active material particle showing different
regions that are being probed with PES [50].

materials and oxygen loss [32, 57, 61]; and the reactivity of the oxidized oxygen
leading to reaction with electrolyte and formation of a cathode interface layer [57,
58, 124].
The analysis of the O 1s and V 2p PE spectra revealed several mechanistic details
(Figure 5.10). Based on the V-peak positions, the redox reaction of V in Li2VO2F
from V3+ to V5+ and back was not fully reversible. With extended cycling, the
difference in oxidation state of V between the discharged (ideally V3+) and charged
state (ideally V5+) decreased and finally V5+ remained. The oxidation of vanadium
started at the particle surface, where material degraded and reacted with the
electrolyte to form an interphase containing V5+-species. With extended cycling,
the degradation gradually moved on into the near-surface and the outer bulk while
the interphase layer grew thicker. As a consequence, the material could not be
re-lithiated completely. After 50 cycles, solely V5+ was observed in the regions
probed. Complementary XAS experiments confirmed these observations also for
the bulk material.
Looking at the peak intensities and peak intensity ratios of the TM-oxide and the
V-peaks in the PE spectra, we observed the continuous build-up of an interphase
layer when the Li2VO2F was charged, presumably caused by reactive oxygen
On – species due to oxygen redox activity and accompanied with the dissolution
of V-ions. The interphase layer contained both inorganic (from material/salt
degradation) and organic compounds (from solvent degradation) and partially
shrunk during discharge but further grew with extended cycling. The analysis of
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Figure 5.10: PE spectra of O 1s, V 2p for all samples using three different photon
energies probing the interphase layer (a), near-surface (b), and outer bulk (c).
Intensity normalized spectra are shown together with corresponding curve fitting.
Blue peaks indicate vanadium contributions while dark orange corresponds to the
TM-oxide and light orange to surface oxygen compounds. References corresponding
to V3+ and V5+ are indicated by labels [50].

C 1s, P 2p and F 1s spectra showed the continuous consumption of electrolyte
and degradation of LiPF6 during charging, which led to the thickening of the
interphase layer containing highly oxidized, redox inactive vanadium compounds
(i.e. VOF3) in addition to electrolyte degradation products. These degradation
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products, however, cannot be detect by diffraction techniques, presumably due
to the lack of long-range order [125]. As mentioned in the previous chapter on
LiVO2, the electrolyte decomposition and V-dissolution in Li2VO2F has further
been confirmed by our group [97].

Figure 5.11: Schematic illustration of the redox reactions and degradation processes
occurring in Li2VO2F during cycling [50].

In conclusion, we identified reasons for the severe capacity fading of the Li2VO2F
cathode material in LiB, attesting the instability of the material under the com-
monly used cycling conditions. A schematic illustration of the postulated degrada-
tion mechanism is depicted in Figure 5.11. The results of our work are of particular
importance, since it is the first report about degradation mechanisms specifically
in Li2VO2F, but, due to the similarity in cycling performance, also of interest for
Li-rich DRS materials. It is evident that the stabilization of the active material
interface with the electrolyte is crucial for further improvement of the cycling
stability.

5.2.2 Improved Cycling Stability in High-Capacity Li-rich
Vanadium containing Disordered Rock Salt Oxyfluoride
Cathodes - Publication IV

Publication IV, with the title ‘Improved Cycling Stability in High-Capacity Li-rich
Vanadium containing Disordered Rock Salt Oxyfluoride Cathode’, is a combined
experimental and theoretical study improving the cycling stability of Li2VO2F by
isovalent substitution of V3+ with Ti3+ or Fe3+. The results were published in
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Journal of Materials Chemistry A, 2019, 7, 21244–21253, by Christian Baur, Ida
Källquist, Johann Chable, Jin Hyun Chang, Rune E. Johnsen, Francisco Ruiz-
Zepeda, Jean-Marcel Ateba Mba, Andrew J. Naylor, Juan Maria Garcia-Lastra,
Tejs Vegge, Franziska Klein, Annika R. Schür, Poul Norby, Kristina Edström,
Maria Hahlin and Maximilian Fichtner.

The results of the degradation mechanism study of Li2VO2F (Publication III) clearly
demonstrated the necessity of stabilizing the Li2VO2F particles surface to improve
the electrochemical cycling performance. Hence, controlling the degradation
reactions at the interface between active material and electrolyte is essential. In
fact, many of the reported Li-rich DRS compounds show poor cycling stability
and most of them were synthesized by high energy mechanochemical ball milling.
The ball milling synthesis, however, inherently leads to small particle sizes, defects
and large surface areas. Thus, we tried initially to reduce the particle surface
of Li2VO2F by sintering, but it was only successful to a small extent. The DRS
phase of Li2VO2F decomposes into layered trigonal LiVO2 and LiF at relatively
low temperatures around 450 ◦C so that sintering attempts had to be done below
this temperature, which is not very effective, however [48]. We assume that like
DRS LiVO2, also Li2VO2F exhibits an energetically unpreferred structure and
thus tends to dissociate already at relatively low temperatures [101]. Alternative
synthesis methods, for example, by a ceramic high-temperature synthesis eventually
leading to larger crystal and particle sizes, were not successful and did not yield a
DRS phase. However, when we partially substituted V3+ with Ti3+ or Fe3+ in the
ceramic synthesis approaches, we were able to identify a DRS phase fraction with
additional impurities (see Supporting Information of [52]).
We used special quasi-random structure DFT calculations to demonstrate that
for Li2VO2F, Li2V0.5Ti0.5O2F and Li2V0.5Fe0.5O2F the DRS phase is energetically
unpreferred but less metastable for both substituted compounds. Our hypothesis
was that substitution with certain stabilizing elements, which improve the tendency
to disorder (here: Fe3+ and Ti3+, but also Nb5+, Zr4+ [96]) enhances structural
stability of the DRS phase and therefore may be beneficial to the stability of the
material when electrochemically cycled. We followed this idea and synthesized two
novel Li-rich DRS oxyfluoride compounds, Li2V0.5Ti0.5O2F and Li2V0.5Fe0.5O2F
by mechanochemical ball milling. Rietveld refinements of high-quality synchrotron
XRPD pattern (Figure 5.12) confirmed the DRS phase of both new compounds,
exhibiting similar crystallographic properties as Li2VO2F (see Table 5.2).
The electrochemical behavior of both substituted DRS phases, Li2V0.5Ti0.5O2F
and Li2V0.5Fe0.5O2F, showed a significant improvement in cycling stability (Fig-
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Figure 5.12: XRPD pattern with Rietveld refinement and Bragg positions
of a) Li2V0.5Ti0.5O2F mixed with carbon black with Rietveld refinement and
(b) Li2V0.5Fe0.5O2F mixed with carbon black. λ = 0.21280 Å. Inset: schematic
illustration of the DRS crystal structure [52].

ure 5.13b). However, this came with the expense of reduced specific discharge
capacities, because the amount of the two-electron redox couple V3+/V5+ is re-
duced in the substituted compounds. For Ti3+, we expected some electrochemical
contribution, since it can be further oxidized, whereas Fe3+ cannot be oxidized
and thus should not contribute to additional capacity. This expected behavior
was reflected in lower discharge capacities for Li2V0.5Ti0.5O2F and Li2V0.5Fe0.5O2F
compared to Li2VO2F as depicted in Figure 5.13b).
PE spectroscopy of the outer bulk of the materials in different SOC in various cycles
revealed minor redox activity contribution of Ti3+ to Ti4+ and Fe3+ (partially
reduced to Fe2+ during discharge). However, the reversibility of the V3+/V5+-
redox couple, which was found to be drastically affected in Li2VO2F by the
degradation during cycling, was improved in the substituted compounds for a
longer cycling period. This was particularly apparent in the differential capacity
curves (Figure 5.14), which showed that the V-redox centers (indicated by black
dashed lines) of Li2V0.5Ti0.5O2F and Li2V0.5Fe0.5O2F remained active also in later
cycles and did not degrade as strongly as in Li2VO2F.
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Table 5.2: Structural parameters of Li2VO2F, Li2V0.5Ti0.5O2F and Li2V0.5Fe0.5O2F
obtained from Rietveld refinements [52].
Compound Li2VO2F Li2V0.5Ti0.5O2F Li2V0.5Fe0.5O2F
Structure type disordered rock salt
Space group Fm3̄m
GoF 4.2583 3.9933 4.7164
Rwp 1.6173 1.7917 2.1282
a / Å 4.1169(4) 4.1342(6) 4.1388(6)
4a Wyckoff site TM occupancya 0.345(3) 0.325(6) 0.330(4)
4a Wyckoff site Biso / Å2 1.05(3) 0.92(4) 0.94(4)
4b Wyckoff site Biso / Å2 1.29(4) 1.66(6) 1.75(6)
Sizeb/ nm 14.2 12.4 12.7

a Occupancy of anions was not refined and was set to 2/3 for O and 1/3 for F, respectively.
The TM and Li occupancies were constrained to result in 1 and refined.

b Size and strain have been calculated with the Williamson-Hall Method using Powder-
Plot [126].

In addition, C 1s PES based on the relative intensity and shifts of the C-H and
bulk CB peaks revealed that the pronounced interphase layer formation due to
electrolyte decomposition on the active material particle surface was reduced or
less intensive as it is for Li2VO2F. Furthermore, shifts in the binding energy of the
VO-peak, which were attributed to potential anionic redox activity in Li2VO2F [50],
were less pronounced in substituted materials. We assume that the substitution
suppressed the anionic redox activity and thus mitigated these irreversible reactions
at the electrode/electrolyte interface, which led to a better electrochemical cycling
stability of the compounds.
In conclusion, we presented a strategy for improving the cycling stability of V-
based Li-rich DRS oxyfluorides, by partial substitution of V3+ with Ti3+ and
Fe3+. We synthesized two new compounds, Li2V0.5Ti0.5O2F and Li2V0.5Fe0.5O2F.
With special quasi-random structure DFT calculations, we predicted an improved
structural stability of these substituted compounds. In fact, both materials
exhibited a better cycling stability, due to reduced degradation reaction on the
surface of the particles, however, at the expense of reduced specific discharge
capacities.
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Figure 5.13: (a) Cycling performance (filled symbols: charge capacity, hol-
low symbols: discharge capacity) and coulombic efficiency of Li2VO2F (black),
Li2V0.5Ti0.5O2F (blue) and Li2V0.5Fe0.5O2F (red) as a function of cycle number for
half-cells cycled within a potential range of 1.3–4.1 V vs. Li/Li+ with C/5-rate at
25 C◦. (b) Corresponding discharge capacity retention of the compounds [52].
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Figure 5.14: Differential capacity curves of (a) Li2VO2F, (b) Li2V0.5Ti0.5O2F and
(c) Li2V0.5Fe0.5O2F half-cells cycled within a potential range of 1.3–4.1 V vs. Li/Li+
with C/5-rate at 25 C◦ [52].
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5.3 Understanding the Mechanism of Delithiation &
Re-lithiation in Li2VO2F

In the following two chapters, we elucidate the mechanism and the structural
changes occurring during delithiation and re-lithiation of Li2VO2F. The extraction
of almost two Li-ions is uncommon in conventional layered LiTMO2 based materials
since deep delithiation leads to irreversible structural deterioration. The Li-rich
DRS host framework, however, is believed to remain stable in highly delithiated
states [44]. Therefore, understanding how the lattice compensates the vacancies
created when Li-ions are extracted and if labile oxygen atoms exhibit anionic redox
activity, were intriguing questions. We followed the structural changes in Li2VO2F
by advanced operando X-ray powder diffraction techniques and investigated the
contribution of oxygen to the charge compensation in a combined theoretical and
experimental study.

5.3.1 Insights into the Structural Changes of the Local
Structure of Li2VO2F using operando X-ray diffraction
and Total Scattering: Amorphization and
Recrystallization - Publication V

In Publication V, with the title ‘Insights into Structural Transformations in the
Local Structure of Li2VO2F using operando X-ray Diffraction and Total Scattering:
Amorphization and Recrystallization’, we investigated the structural changes of
Li2VO2F during battery operation by X-ray and total diffraction. The results have
been published in ACS Applied Materials & Interfaces, 2020, 12, 27010-27016,
by Christian Baur, Monica-Elisabeta Lăcătuşu, Maximilian Fichtner and Rune E.
Johnsen.

In spite of numerous reports of Li-rich DRS oxides and oxyfluorides in the past
years, only a few studies have used high-quality synchrotron XRPD in greater
detail [44, 45, 57]. Many reports merely presented ex-situ diffraction pattern
of laboratory X-ray diffraction quality [53, 55, 95, 97, 99, 100, 127] and even
less studies deal with operando diffraction data [32, 46, 58]. This is particularly
interesting, since the nature of the mechanochemically synthesized compounds,
the disorder and nano-sized crystallite dimensions required high quality XRPD
data to be analyzed thoroughly. Furthermore, the ‘classic’ analysis of an XRPD
pattern, the Bragg-scattering, is of limited suitability for such highly disordered
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systems, since amorphous contributions and variations in the local structure are not
accounted for. A better method to investigate the structure of these compounds is
the analysis of the PDF obtained by high-quality total scattering data, measured
at a synchrotron X-ray source.
In this work, we conducted a comprehensive ex-situ and operando XRPD and
total scattering study of Li2VO2F. Even though the ex-situ Rietveld refinement
of Li2VO2F and numerous reports assigned the DRS (Fm3̄m) to the reported
oxyfluoride compounds [44, 48, 52], the PDF analysis however, revealed local
deviations from the cubic structure (Figure 5.15b). In X-ray powder diffraction, we
assume a translation symmetry. Thus, from the analysis of XRPD pattern we obtain
the average information of the crystalline bulk material. However, this cannot
describe the disorder of the structure on the local scale and is better analyzed
by total scattering and pair distribution function analysis. A PDF basically
resembles a histogram of atomic distances in the material, where peaks correspond
to distances and abundance of atom-atom pairs. For fitting the PDF pattern
of Li2VO2F we used the structural model obtained by the Rietveld refinement
(Figure 5.15a). Figure 5.15b) and c) show the fit of the PDF with the DRS
Li2VO2F model. The PDF of Li2VO2F can be split into two parts resembling
the the short-range local structure up to 6 Å and a longer-range local structure
above 10 Å. The fit with the DRS structure of the longer-range local structure
above 10 Å yielded a relatively good result, while the short-range local structure
below 6 Å was insufficiently described. We compared the individual peaks in
the PDF with distances derived from the refined crystal structure (Table 5.3).
Peak positions in the PDF are determined by the unit cell and the space group
symmetry, hence deviations of the ideal peak positions indicated that the DRS
Fm3̄m structural model of Li2VO2F might not be correct on the local scale. For
example, the distances in the PDF at 2.00 Å (blue line) and 2.95 Å (red line)
Figure 5.15b) are related to V/Li–O/F and V/Li–V/Li (or O/F–O/F) distances in
the cubic structure. The first distance (V/Li–O/F) was overestimated in the model,
while the second distance (V/Li–V/Li (or O/F–O/F)) was underestimated. The
third distance at 3.57 Å, which corresponds to the next nearest V/Li–O/F distance,
matched relatively well with the model. The fourth distance of V/Li–V/Li (or
O/F–O/F) with 4.08 Å, which corresponds to the length of the unit cell, was
again overestimated by the model. Further distances were in agreement with the
calculation again.
As a possible explanation for this behavior, we suggested the local bond length
variations of different elements due to the disordered ionic environment. For
instance, a simple estimation of bond length based on ionic radii [129] already
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Figure 5.15: a) XRPD pattern and Rietveld Refinement plot of pristine Li2VO2F,
λ = 0.41324 Å. b) Refinement of the corresponding X-ray PDF pattern in the r
range of 1.5 to 5.5 Å. Deviations of the local structure are indicated with dashed
lines. c) Refinement of the corresponding X-ray PDF pattern in the r range of 9.5
to 40.0 Å [128].

demonstrates that a V3+–F– bond (1.97 Å) has a different length compared to
V3+–O2– (2.04 Å). The same counts for Li+–F– (2.09 Å) and Li+–O2– bonds
(2.16 Å). A differentiation of the elements in the DRS structure is complicated,
however, since Li is almost transparent to X-rays due to the low structure factor
amplitude. Furthermore, we cannot distinguish between O and F since they occupy
the same crystallographic site and their structure factor amplitudes are almost
similar. Alternative attempts to fit the PDF with included superstructures [130]
or additional phases did not yield satisfying results. Another possibility could
be a hidden structural order in the local range of the material [125]. However,
this would require complementary neutron and X-ray total scattering data and a
different refinement approach using Reverse Monte Carlo simulation [131].
Operando XRPD with Li2VO2F had been challenging owing to the overlapping
reflections of the Al current collector. For our measurements, we used a particular
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Table 5.3: Comparison of distances in Li2VO2F (Fm3̄m) obtained from the average
atomic positions calculated from the Rietveld refinement and from peak positions
in the pair distribution function [128].

Pair of Atoms XRPD Distance / Å PDF Distance / Å
V/Li–O/F 2.06 2.00
V/Li–V/Lia 2.91 2.95
V/Li–O/F 3.56 3.57
V/Li–V/Lia 4.12 4.08
V/Li–O/F 4.60 4.60
V/Li–V/Lia 5.04 5.04

a Have corresponding O/F–O/F distances in the Fm3̄m structure.

cell design, the so-called capillary-based micro battery cell (Figure 5.16) [132, 133].
Here, we measured in transmission geometry, with an X-ray beam focused only on
the layer of active material, to avoid contributions of the aluminum, copper and
Li-metal. The contribution of the quartz capillary and the containing electrolyte
were subtracted afterwards.

Figure 5.16: Schematic illustration of the capillary-based micro battery cells used
in the experiment. The cell consists of a capillary tube (4 mm x 1 mm) filled
with electrolyte and sealed with epoxy glue. Two parallel electrodes, Li-metal on a
flattened copper wire and the active materials Li2VO2F, mixed as composite, on a
flattened aluminum wire, are mounted inside the capillary [128].

We followed the structural evolution of Li2VO2F operando XRPD during electro-
chemical cycling for 1 1/2 cycles using the regular voltage range of 1.3-4.1 V vs. Li/Li+
(Figure 5.17). Three observations were made. Firstly, no new phases appeared in
the diffraction during cycling. Secondly, the intensity of the diffraction peaks of
the DRS drastically decreased during Li-extraction (charging) but reappeared in
the subsequent discharge. The magnitude of the peak intensity decrease was much
larger than we expected based on solely Li being extracted. Hence we concluded
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that the structure amorphized during the charge, but recrystallized during dis-
charge. In related sulfide-based DRS materials like LiTiS3 such an amorphization
of the structure has been described before [134, 135]. Thirdly, the 1 1 1 reflection
(at 10.1 ◦ 2θ), which is barely visible in the pristine material (Figure 5.15a), in-
creased in intensity during charge, while the other reflections decreased. Under
the assumption that only Li is extracted during the charge process, this would
be unexpected. The overall electron density would decrease due to Li-extraction
and oxidation of V3+ to V5+. Hence, we concluded that the increasing intensity is
associated to a structural reorganization and presumably also to the development
of secondary phases, not visible in the XRPD pattern.

Figure 5.17: operando XRPD patterns of the Li2VO2F cathode while the capillary
cell was charged (blue) and discharged (black) with a current of ± 30 µA between
1.3-4.1 V vs. Li/Li+. λ = 0.41324 Å [128].

In the next step, we conducted a sequential profile matching refinement based on
the DRS (Fm3̄m) structural model. Figure 5.18b) depicts the evolution of the a
unit cell parameter with the corresponding cell voltage. The results revealed an
unexpected behavior of Li2VO2F in the first cycle. While the lattice parameter
overall decreased during Li-extraction as expected, between 2.5-2.9 V, a slightly
increased again. As discussed in the previous chapter, the slope of the voltage profile
of Li2VO2F suggested a single-phase mechanism of Li-extraction and reinsertion
[44, 48]. The reason for the increasing unit cell parameter remained unclear
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but is possibly related to a structural rearrangement or irreversible processes,
which do not lead to oxidation of any species in the lattice such as the combined
extraction of Li and O [58, 67]. In the subsequent cycle, the evolution of the lattice
parameter followed a similar sloping behavior as the voltage profile representing a
the single-phase insertion mechanism.
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Figure 5.18: a) Top-view of the operando XRPD patterns of the Li2VO2F cathode.
While the intensity of the 2 0 0 (at 11.6 ◦2θ), and 2 2 2 (at 22.1 ◦2θ) reflections
is decreasing during charging, the intensity of the 1 1 1 (at 10.1 ◦2θ) reflection is
increasing. λ = 0.41324 Å. b) Evolution of the a unit cell parameter of Li2VO2F
(left, with error bars) and voltage profile of the simultaneous galvanostatic cycling
with a current of ± 30 µA between 1.3-4.1 V vs. Li/Li+ [128].

To understand the charge/discharge mechanism and the resulting changes in the
local structure, we further analyzed the operando PDF pattern. The analysis
revealed the decreasing intensity of the PDF profile (e.g. at 2.0 Å and 2.9 Å) when
Li+ was extracted, implying a decreasing probability (intensity of peaks) of finding
atoms with these distances in the DRS structure. Correlated with the evident
amorphization from the diffraction data, we concluded that the amorphization is
further connected to a loss of the DRS structure during Li+-extraction. However,
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also in the PDF data this appeared to be reversible. For a better visibility,
Figure 5.19a) shows enlarged PDFs at selected SOC of Li2VO2F. Fitting of the
PDF at OCV and after one complete cycle, discharged to 1.3 V, revealed an almost
similar state, which further demonstrated the reversibility of the recrystallization.
In the charged state, however, the PDF clearly deviated from the pattern of the
initial structure. In fact, we were not able to fit the PDF with the cubic structure
(Fm3̄m) anymore. Without a good initial idea of possible phases contributing
to the PDF pattern and due to the weak intensities of the PDF of the charged
state, it is challenging to achieve a good fit of the data. In addition, a fit of the
charged state using the DRS structural model would assume V4+ and V5+ to still
occupy the octahedrally coordinated Wyckoff 4a site. Structurally, it is more likely
for V4+/5+ to be found in a distorted octahedra, square-pyramidal or tetrahedral
coordinated geometry [130].
We analyzed the difference PDF by subtracting subsequent PDFs with the PDF at
OCV (Figure 5.19b). The analysis revealed the evolution of new atomic distances
(indicated with dashed lines) during cycling, which matched distances of V–O and
V–V in LiVO3 with a monoclinic structure (space group: C 2/c) [136], while the
characteristic distances of the rock salt phase partially disappeared. When we
included LiVO3 as secondary phase for the charged state fit, we obtained slightly
improved results but still could not achieve a complete description of the phase.
The LiVO3 structure was found to be distorted and appeared pseudo-orthorhombic
with a diminished β angle of 96 ◦. Figure 5.19c) shows schematic crystal structures
of V octahedrally coordinated in Li2VO2F and in corner-sharing [VO4] tetrahedron-
chains as they exist in LiVO3. Based on the difference PDF analysis, we concluded
that V-ions move into tetrahedrally coordinated sites in an amorphous phase when
LixVO2F is charged. In the study of DRS Li1.25Nb0.25V0.5O2 by X-ray absorption
of Nakajima et al. the authors suggested that V-ions are tetrahedrally coordinated
in a DRS-remaining structure in the charged state [95]. Our results however,
strongly indicated the presence of corner-sharing [VO4] tetrahedron-chains in an
amorphous phase.
In summary, we reported a comprehensive ex-situ and operando XRPD and total
scattering study of Li2VO2F. We revealed deviations from the ideal cubic structure
in the local structure of the pristine material. We further observed the loss of the
disordered rock salt structural motif and the amorphization during Li-extraction,
followed by recrystallization on subsequent Li-reinsertion. This behavior appeared
to be reversible within the 1 1/2 cycles we investigated. In addition, we detected
the presence of tetrahedrally coordinated V-species in a non disordered rock salt
phase in the charged state, which revealed a hidden structural reorganization.
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Figure 5.19: a) PDF patterns of Li2VO2F in different SOCs (based on cutoff
voltages and 1/4, 1/2, and 3/4 of the corresponding charge or discharge). Dotted
lines indicate the V/Li–O/F and V/Li–V/Li (or O/F–O/F) atomic distances. b)
Difference PDF of Li2VO2F in different SOCs. Dotted lines indicate the evolving
peaks presumably originating from new appearing V–O and V–V atomic distances
during cycling. c) Schematic crystal structures of an ocatehedrally coordinated TM
of a cubic structure (Fm3̄m) and of a corner sharing tetrahedrally coordinated V
as it existing in LiVO3 (C 2/c) [129]. Characteristic distances are presented [128].
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5.3.2 Superoxide formation in Li2VO2F cathode material – A
combined computational and experimental investigation
of anionic redox activity - Publication VI

In Publication VI, with the title ‘Superoxide formation in Li2VO2F cathode mate-
rial – A combined computational and experimental investigation of anionic redox
activity’, we analyzed the evolution of oxygen redox activity in Li2VO2F under
the common cycling conditions. The results have been accepted for publication
in Journal of Materials Chemistry A, 2020, DOI: 10.1039/D0TA06119K, by Jin
Hyun Chang, Christian Baur, Jean-Marcel Ateba Mba, Denis Arčon, Gregor Mali,
Dorothea Alwast, R. Jürgen Behm, Maximilian Fichtner, Tejs Vegge and Juan
Maria Garcia-Lastra.

Additional charge compensation by redox activity of oxygen in Li-rich cathode
materials became a topic of interest in recent years, due to the potential to increase
the energy density beyond the theoretical limitations of the TM-redox couple.
Plenty of materials have been studied for their anionic redox activity in the past,
yet Li2VO2F was still missing. In our previous work on the degradation mechanism
of Li2VO2F we found first indications for oxygen redox activity [50]. In related
oxyfluoride materials like Li2Mn2/3Nb1/3O2F, Li2Mn1/2Ti1/2O2F and Li2MnO2F
[29, 53, 54] anionic redox activity was found, albeit the high F– content in the
materials, which is believed to impede anionic redox activity [49, 54, 58].
In this study, we first presented a comprehensive theoretical description of the
ground-state structure of Li2VO2F based on Monte Carlo simulated annealing
based on the CE model trained by DFT calculations [137]. Similar to LiVO2, the
DRS Li2VO2F structure was found not the most energetically stable phase, which
explains the previously discussed problems with alternative synthesis procedures
and limited temperature stability [48, 52]. Furthermore, we used the CE model to
simulate the voltage profile of Li2VO2F and compared it with experimental data
(Figure 5.20a and b). The computed profile demonstrated a reasonable qualitative
agreement, considering that kinetic effects are not taken into account.
The oxidation of O2– advances via peroxide (O2

2– ) to superoxide (O2
– ) and

irrevocably to oxygen gas (O2). In fact, the theoretical model predicted the
formation of peroxides and superoxides in Li2VO2F based on classifying the oxygen
redox species on O–O pair bond lengths and magnetic moments [139]. The model
predicted peroxide formation already at x = 1.4 in LixVO2F and superoxide
formation at x = 0.8 in LixVO2F. Within the cycling range we used, up to
4.1 V vs. Li/Li+, both peroxide and superoxide formation should occur, despite
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Figure 5.20: Voltage profiles of LixVO2F at room temperature obtained from (a)
MC simulations and (b) electrochemical cycling (cycled between 1.3–4.1 V vs. Li/Li+
at a rate of C/20 in LP30 electrolyte) [138].

the relatively low upper cut-off voltage with respect to other materials studied for
anionic redox activity [49, 53, 54, 58].
We used electron paramagnetic spin spectroscopy measurements to detect super-
oxides in Li2VO2F, as it was successfully employed in other studies [140]. We
measured LixVO2F samples in different SOC and experimentally confirmed the
presence of superoxide (O2

– ) in the charged state at 4.1 V vs. Li/Li+ accompanied
by V4+ species (V5+ is EPR silent, Figure 5.21 a) and b). Moreover, the discharged
sample at 1.3 V still contained V4+ species and traces of superoxide. The presence
of V4+ in the discharged state aligned well with our previous study on degradation
of Li2VO2F and the observed limited reversibility of the V3+/V5+ redox couple.
The residual superoxide was unexpected, as it is considered to be rather unstable.
Besides, it indicated that the formation of superoxide was not entirely reversible.
Surprisingly, pristine Li2VO2F exhibited no EPR signal, despite the octahedral
coordination of V3+ in the DRS structure, with an electronic configuration of
3d2 : t22ge0

g, assumed to be paramagnetic. Additional magic angle spinning nuclear
magnetic resonance spectroscopy experiments and magnetic susceptibility measure-
ments further confirmed the diamagnetic behavior of Li2VO2F. In the literature,
diamagnetic V3+ was reported in LiVO2 [141]. As a possible explanation, either a
strong Jahn-Teller distortion of the octahedra or the coupling of three V3+ was
given [142, 143]. For Li2VO2F we assumed a larger orbital splitting due actual
different ligand environment of O2– and F– leading to a population of solely the
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Figure 5.21: (a) Comparison of the EPR spectra of as-prepared Li2VO2F (black
line), charged sample at 4.1 V (red line) and discharged sample at 1.3 V (blue
line). (b) EPR spectrum of charged LixVO2F (red circles). The solid black line is
a fit to a model of paramagnetic O2

– and V4+ (3d1) [138].

Considering the limited reversibility of the redox reaction of V, remaining in V4+

and V5+ [50] and the observed residual superoxides, it is peculiar how Li-ion
reinsertion does not violate the charge neutrality of the cathode. Ideally, vanadium
and the oxidized oxygen should be reduced to their initial oxidation states of V3+

and O2– in Li2VO2F when discharged. We hypothesized that charge compensation
is facilitated by the loss of vanadium from the cathode, which would further
explain the observed capacity fading of the material. Therefore, we quantified
the V-dissolution of Li2VO2F after cycling, revealing that considerable amounts
of vanadium were lost from the cathode (Figure 5.22). The dissolution appeared
about to be proportional to the upper cut-off voltage, which further indicates a
correlation of V and O-oxidation, respectively.
In conclusion, we reported a comprehensive computational and experimental study
of oxygen redox activity and the formation of superoxide in Li-rich DRS Li2VO2F
during electrochemical cycling. The results align well with our previous reports.
In addition, we gave an explanation for the observed considerable amount of
V-dissolution upon cycling as another explanation for the degradation of the
material.
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Figure 5.22: Loss of V in Li2VO2F cathodes cycled for 7 cycles with varying upper
cut-off voltages (from 1.3 to 3.7, 4.1 and 4.5 V vs. Li/Li+, grey) and cycled from
1.3 to 4.1 V vs. Li/Li+ for 20 (blue) and 40 (green) cycles [138].
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Li-rich disordered rock salt materials as cathode in Li-ion batteries represent a
promising class of material with potential for future application. The excess of Li
in the structure increases specific capacities and enables the contribution of oxygen
redox reactions to the overall charge compensation, which has the potential to
reach energy densities beyond the theoretical redox reaction limitations of the used
transition metals. Introducing Li-excess by incorporating LiF can further help
to improve the electrochemical performance of the materials and also mitigates
detrimental side-reactions caused by anionic redox reactions. The simple high
energy ball milling synthesis, moreover, facilitates numerous possible combinations
of TM and anion stoichiometries, making Li-rich disordered rock salt materials a
fascinating research topic.
The main focus of my thesis lied on Li2VO2F, which was among the first Li-rich
DRS materials and the first Li-rich oxyfluoride material reported. In this thesis,
three major aspects of ‘Li-rich Disordered Rock Salt Transition Metal Oxyfluorides
as Novel Cathode Materials in Lithium-Ion Batteries’ were addressed:
In the first part, Chapter 5.1 - ‘Disordered Rock Salt LiVO2 as Intermediate
Product towards Li2VO2F’, we gained a better understanding of the structural
and electrochemical properties of DRS LiVO2, the intermediate compound in the
synthesis of Li2VO2F. Our work led to the discovery of this novel polymorph of
LiVO2 exhibiting the disordered rock salt phase. We revealed the temperature
sensitivity of the DRS phase and its thermally induced phase transition into the
well-known layered phase of LiVO2. The reverse phase transition from layered
to rock salt could be triggered by high energy ball milling. A computational
analysis revealed the metastability of the DRS phase and explained the necessity
of such harsh synthesis conditions to obtain the phase. Even though DRS LiVO2
has no Li-excess, which is believed to be essential for Li-percolation in rock salt
materials, electrochemical cycling in a Li-ion battery was possible. This seeming
contradiction was solved by the analysis of the cycling and XRPD data, which
showed features of a single-phase Li-extraction mechanism. Thus, we assumed the
nanoscale crystallite dimensions to be responsible for the observed electrochemical
behavior.
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In the second part, Chapter 5.2 - ‘Li2VO2F: The Prototype Li-rich DRS Oxyfluoride
Material’, we studied the degradation mechanism in Li2VO2F during electrochem-
ical cycling, causing the severe capacity fading and we developed a strategy to
improve the cycling stability. Our work revealed that the deterioration of the
material is related to irreversible reactions at the electrode/electrolyte interface,
consuming active material and electrolyte, and leads to the dissolution of vanadium.
The degradation of the particles starts at the surface and gradually moves forward
into the bulk. This further limits the reversibility of the V3+/V5+ redox couple,
responsible for the high specific capacities, leaving vanadium in high oxidation
states where it is inactive for further redox. By partially substituting V3+ with
DRS-phase promoting elements like Ti3+ or Fe3+, we demonstrated a strategy to
improve the cycling stability substantially. We proposed that the improved elec-
trochemical behavior is connected to a stabilization of the otherwise energetically
unpreferred DRS phase of Li2VO2F, according to our computational results. In
fact, the gradual thickening of the interphase layer and the reversibility of the
V-redox couple was less pronounced in the substituted material.
In the third part, Chapter 5.3 - ‘Understanding the Mechanism of Delithiation & Re-
lithiation in Li2VO2F’, we explored the mechanism of Li-extraction and reinsertion
and the effects on the structure of Li2VO2F. By using state-of-the-art operando
and ex-situ XRPD and total diffraction techniques, we exposed the ‘pseudo’-cubic
nature of the material in the local scale and significant disturbance of the structure
losing its DRS structural motif upon Li-extraction. We found indications for a
tetrahedral coordination of V in the charged state, granting vanadium a certain
ionic mobility in the structure, instead of solely acting as component of a stable
host framework. Upon Li-reinsertion the material recrystallizes and the DRS
structure reappears. A computational simulation of the Li-extraction in Li2VO2F
suggested the existence of peroxides and superoxides, due to anionic redox activity,
which we experimentally confirmed by EPR measurements in the charged state.
In addition, we found residual V4+ and superoxides in the following discharged
state, which confirmed our previous results in the degradation study, but appeared
to violate the charge neutrality of the material considering that Li is reinserted.
We proposed a degradation process leading to the loss of V from the structure as
possible explanation to maintain charge neutrality, which we supported by the
measured drastic V-dissolution during extended cycling.
In conclusion, this work fundamentally expanded the knowledge about Li-rich
DRS transition metal oxyfluorides, in particular, Li2VO2F, as potential cathode
materials in LiBs. Albeit the high theoretical specific capacity, this work points
out the remaining challenges of V-containing Li-rich DRS compounds. The intrin-
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sic detrimental properties of Li2VO2F and related DRS materials arise from the
alleged simple synthesis by mechanochemical ball milling, like the metastability
of V-containing DRS compounds, the small particle and crystallite size with a
defect-rich surface and high surface energy, which makes the material vulnerable for
degradation reactions at the electrode/electrolyte interface. Despite our efforts to
understand the degradation processes, such as electrolyte decomposition, deteriora-
tion of the materials interface during battery operation, limitations in reversibility
of the V-redox couple, detrimental oxygen redox activity and dissolution of V, a
complete and straightforward solution of overcoming the challenges appears not to
be possible without sacrificing the high theoretical discharge capacities. Moreover,
limitations in temperature stability restrict possible post-synthesis treatments to
induce crystallization or to modify the surface of the material particles. Even
though introducing Li-excess by LiF in the structure improves the average discharge
voltage and is believed to mitigate anionic redox activity, the disadvantages arising
due to the necessity of the ball milling synthesis for high fluorine contents and
the limitations of accessible Li at high cut-off voltages prevail. In addition, by
using vanadium as main redox-active center the average discharge voltage is below
that of current cathode material, which may neutralize the effect of high specific
discharge capacities.
Hence, future research should focus on alternative transition metal combinations
without V, e.g. different TMs for multiple oxidations, a DRS structure promoting
TM’ and a TM” with a higher operating voltage. Furthermore, the LiF content
should be decreased to enable synthesis approaches without mechanochemical ball
milling in order the develop potential next-generation cathode materials with a
Li-rich DRS structural framework.
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ABSTRACT: Facile and reversible insertion and extraction of Li+ was recently
demonstrated to be possible with a new cation-disordered rock salt (DRS) LiVO2
compound (Space Group (SG): Fm3̅m). Further structural analyses describing the links
between the well-known layered trigonal structure of LiVO2 (space group:R3̅m) and DRS
LiVO2 synthesized by mechanical ball milling are presented. Rietveld refinements of the X-
ray diffraction patterns confirm the formation of LiVO2 in the disordered rock salt phase.
We observed the phase transition from the trigonal to cubic structure and the evolution of
cell parameters during the ball-milling process using ex situ X-ray diffraction. The reverse
phase transition from the cubic to trigonal structure is achieved via thermal treatment, which was confirmed via differential
scanning calorimetry and in situ X-ray diffraction experiments. The phase transition to the trigonal structure suggests the
metastability of the cubic structure. An exhaustive computational analysis based on a cluster expansion model trained by density
functional theory calculations is conducted to confirm the metastability. The presented methods and results show that different
(meta)stable phases can be achieved depending on the synthesis method, which is an important aspect to consider in
investigating the properties of the new DRS cathode materials for Li-ion batteries.

1. INTRODUCTION

Known in the battery community as one of the layered oxide
family (LiTMO2, TM = Ti, V, Cr, Mn, Fe, Co, and Ni),
trigonal-phase LiVO2 (SG: R3̅m, isostructural to α-NaFeO2

1,2)
has been widely studied and also referred to as “layered” or
“ordered rock salt” structures. Notably, the magnetic properties
of LiVO2 have been of great interest due to the structural
changes in the trigonal phase around Tt = 500 K.3−5 The
distorted lattice of LiVO2 is relaxed upon heating, as
manifested by the evolution of cell parameters a (from
∼2.84 Å to ∼2.93 Å) and c (from ∼14.84 Å to ∼14.48 Å) as
reported in detail in.6−8

The layered LiVO2 exhibits limited electrochemical perform-
ance due to an irreversible transition into a defective rock salt
structure; a phase transition occurs upon extraction of more
than one-third of the lithium atoms, where one-third of the
vanadium atoms migrate to the empty sites previously
occupied by the extracted lithium atoms.9 The resulting
phase can only be cycled at slow rates, which is detrimental for
practical use as a cathode material in lithium-ion batteries.10

Heating the partially delithiated compound, Li0.5VO2, above
300 °C causes a normal spinel phase (SG: Fd3̅m) to form with
a nominal composition of LiV2O4.

11 The spinel phase is also
destabilized by the extraction of more than one-third of the
lithium.12 The spinel-phase LiV2O4 can be reversibly lithiated
to Li2V2O4 while keeping the V2O4 framework intact13 with a

minimal volume variation due to lithium migration in
interstitial 16c octahedral sites, and thus, it was referred as a
“rock salt phase”.10 Despite the commonly used name, it still
exhibits a spinel structure with some Li occupying the 8a
tetrahedral sites and only a very limited cation mixing in the
16c sites, which is confirmed by the high similarity of the X-ray
powder diffraction (XPRD) patterns of LiV2O4 and Li2V2O4.

14

Similar observations have been reported in the literature for
the rock salt-phase LiVO2/Li2V2O4. The high-pressure phase
of LiVO2 obtained by Chieh and Chamberland15 shows weak
and diffuse reflections attributed to a NaCl superstructure on
its XPRD pattern. The structural model used for the
refinement at the time suggested the existence of partial
disorder on the 16c and 16d sites of the spinel phase. In a
separate study, LiVO2 crystals synthesized by Hewston and
Chamberland16 were reported to have a mixture of the trigonal
and spinel phases. It should be pointed out that a disordered
rock salt (DRS) phase (SG: Fm3̅m) with complete cation
mixing has also been reported for off-stoichiometric LixVyO2

compounds.11,17,18

The formation of DRS-phase LiVO2 seems very similar to
the phase transitions observed during lithiation of V2O5 where
the phase with the highest Li amount, ω-Li3V2O5, exhibits a
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metastable DRS phase.19 To the best of our knowledge, there
is no report on the synthesis of LiVO2 in the DRS phase other
than our previous study, which reported the electrochemical
properties of the DRS-phase LiVO2.

20 A lack of such report
could be due to its metastability as it is challenging to
synthesize the metastable phase via conventional methods.
Another possibility is that slow vanadium migration in Li
layers10 discouraged further studies on the LiVO2 compared to
other LiTMO2 materials as noticed by Pralong.21 For example,
vanadium is missing from the extended study of ball-milled
LiTMO2 (TM = Ti, Mn, Co, Fe, and Ni) compounds of
Obrovac et al.22

In this work, a detailed characterization of a cubic phase of
LiVO2 with a DRS structure and the differentiation with the
spinel phase is reported. Two types of synthesis procedures for
LiVO2, a thermal reduction for the trigonal phase and a ball
milling for the DRS phase, are described and assessed by
XPRD. Rietveld refinements are performed to distinguish the
DRS from the spinel phase. Additionally, the evolution of cell
parameters during the phase transition from the trigonal to
cubic phase induced by ball milling is investigated by ex situ
XPRD, and the cubic-to-trigonal phase transition is confirmed
through in situ temperature XPRD. Finally, the metastability of
the DRS phase is discussed with the help of differential
scanning calorimetry (DSC) analysis and Monte Carlo
simulations based on the cluster expansion (CE) model23

trained by density functional theory (DFT) calculations.

2. EXPERIMENTAL SECTION
2.1. Powder Synthesis. Microcrystalline LiVO2 powders

were prepared by a solid-state carbothermal reduction reaction
(CR-LiVO2), starting from a stoichiometric mixture of in-
house-prepared LiVO3 and commercial carbon black (Alfa
Aesar carbon black, acetylene, 100% compressed, 99.9+%).
The LiVO3 compound was prepared with a 5% excess of
Li3VO4 in all cases to compensate for the Li losses during
subsequent heating: a reduction test performed without the
excess Li systematically led to an undesirable mixture of Li−
V−O phases (Figure S1). LiVO3 and carbon black were
ground in an agate mortar for 30 min and pressed to pellets of
10 mm diameter using a stainless-steel die with a manual
hydraulic press (Atlas Specac). The pellets were placed in a
corundum crucible in a quartz tube and heated at 1 °C min−1

under dynamic vacuum up to 800 °C and held at this
temperature for 24 h in a tube furnace (Carbolite Wire Wound
Tube Furnace, CTF 12). For upscale purposes (up to 5 g),
precursors must be heated longer with an intermediate
additional grinding step of 30 min. After the synthesis, CR-
LiVO2 powders were handled in the glovebox and were used
without further purification.
Nanocrystalline ball-milled LiVO2 powders (BM-LiVO2)

were prepared by using a dry ball-milling procedure (600 rpm
for 20 h, Fritsch Pulverisette 6 classic line, 80 mL Si3N4 jar, and
25 balls of 10 mm diameter) using Li2O (99.5%, Alfa Aesar)
and V2O3 (99.7%, Alfa Aesar) as precursors. The precursor
compounds were filled into the Si3N4 jar under inert
conditions in an argon-filled glovebox with water and oxygen
levels below 0.1 ppm. After the synthesis, the BM-LiVO2
powder was handled in the glovebox and was used without
further purification.
2.2. X-Ray Powder Diffraction (XPRD). XPRD patterns

were recorded in transmission geometry using a STOE
STADI-p diffractometer with Mo Kα1 radiation (0.70932 Å)

equipped with a DECTRIS MYTHEN 1 K strip detector.
Rietveld refinements were conducted on XPRD patterns
collected for 16 h using the Topas v.5 software.24 Profile
matching and microstructural analysis were conducted using
the Fullprof software.25 Instrumental broadening was taken
into account using LaB6 reference diffraction data. The sample
contribution to X-ray line broadening was calculated by using
the Thompson−Cox−Hastings (TCH) pseudo-Voigt profile
function that includes both size and strain-broadening terms
for both Lorentzian and Gaussian components26 with the Le
Bail method.27 The apparent crystallite size <L> and the upper
limit of microstrain are then internally calculated by Fullprof
using Langford’s method.28

2.3. In Situ XPRD Experiments. In situ XPRD experi-
ments were undertaken by using a STOE capillary furnace to
record XPRD patterns in transmission geometry. All samples
were introduced in a sealed capillary in an Ar-filled glovebox
and heated at a rate of 10 °C min−1 from room temperature to
800 °C, which was then left to cool down to room
temperature. XPRD patterns were recorded every 25 °C with
30 min exposure time after a 10 min rest to ensure that the
samples were at the required temperature.

2.4. Differential Scanning Calorimetry (DSC). DSC
measurements were carried out using a Sensys Evo TG-DSC-
MS machine (Setaram), corundum crucibles, and a heating
rate of 10 °C min−1 under argon gas inside a glovebox (with
oxygen and water values smaller than 0.1 ppm).

2.5. Computational Methods. 2.5.1. Density Functional
Theory Calculations. All of the DFT calculations were
performed with the Vienna ab initio simulation package
(VASP)29−32 The generalized gradient approximation as
parametrized by Perdew, Burke and Ernzerhof (PBE)33 was
used as the exchange−correlation functional and the projector
augmented-wave pseudopotentials were used.34 The plane
wave cutoff of 500 eV was used, and both the cell and atomic
positions were fully relaxed such that all the forces are smaller
than 0.02 eV/Å. A rotationally invariant Hubbard U
correction35,36 was applied to the d orbital of V with the U
value of 3.25 eV. Integrations over the Brillouin zone were
carried out using the Monkhorst−Pack scheme37 with a grid
with a maximal interval of 0.04 Å−1.

2.5.2. Cluster Expansion Model. The energies obtained
from the DFT calculations were mapped onto the pseudo-
binary CE model in order to compare the relative stabilities of
different LiVO2 configurations on a much larger configura-
tional space. The CE model was constructed using the Cluster
Expansion in Atomic Simulation Environment (CLEASE)
code.23,38 A total of 64 configurations (containing both layered
and disordered rock salt structures) with supercells of sizes
containing 8 to 128 atoms were used to train the CE model.
The training set consists of an initial pool of random
structures, minimum energy structures predicted by the CE
model, and the “probe structures” generated using the method
proposed by Seko et al.39 The correlation between the
configurations and the energies were fitted using empty, 1-,
2-, 3- and 4-body clusters. The maximum diameter of the
clusters was set to 7.0 Å for the 2- and 3-body clusters and 4.5
Å for the 4-body clusters while the lattice parameter of the CE
model was set to 4.1 Å. The cluster selection and the
determination of the effective cluster interaction (ECI) values
were performed using an l1-regularized linear regression
scheme. The regularization parameter ranging from 10−7 to
102 were assessed at various maximum diameter values in
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order to minimize the leave-one-out cross validation
(LOOCV) score, and the final LOOCV score of 9.1 meV/
atom was achieved.
2.5.3. Monte Carlo Simulations. Metropolis Monte Carlo

(MC) simulations based on the CE model were carried out
using a 10 × 10 × 10 supercell consisting of 2000 atoms.
Simulated annealing was performed to determine the most
thermodynamically stable structure. The temperature was
gradually lowered from 10,000 K to 10 K, and the structures
were equilibrated at each temperature via 3000 sweeps. The
most stable structure found in the simulated annealing was
heated in order to determine the temperature at which the
phase transition occurs. The structure was equilibrated with
100 sweeps followed by a sampling of the average energy,
specific heat, and order parameter via additional 3000 sweeps
at each temperature. The order parameter, η, was used to
accurately estimate the configurational order/disorder phase
transition temperature and is defined as

f

f
1 diff

diff,rnd

η = −

where fdiff is the average fraction of sites at occupied by an
element other than the one occupied in the ground state and
fdiff, rnd is the same average fraction in a random phase (i.e., the
average fraction sampled at 10,000 K).

3. RESULTS AND DISCUSSION
3.1. LiVO2 Synthesis and the New Cubic Phase. LiVO2

was synthesized using two methods: (i) LiVO3 synthesis by
coprecipitation followed by carbothermal reduction reaction
(CR-LiVO2) and (ii) Ball Milling synthesis from Li2O and
V2O3 (BM-LiVO2). XPRD patterns of the samples prepared
using the two methods are shown in Figure 1.
The XPRD pattern of BM-LiVO2 in Figure 1b exhibits a

cubic structure, clearly different from the trigonal phase of CR-
LiVO2 in Figure 1a (SG: R3̅m1,40). The XPRD pattern of the
cubic LiVO2 is mainly characterized by broad peaks and an
amorphous contribution in the low 2θ region, suggesting the
nanocrystalline nature of the compound and defects
introduced by the high-energy ball milling41−43 Two possible
BM-LiVO2 phases were reported in the literature. The first is a
cubic spinel phase (SG: Fd3̅m) corresponding to the phase
obtained by lithiation of LiV2O4 or produced under high-
pressure conditions 14‑16. The second is a DRS phase (SG:
Fm3̅m) similar to the phase obtained with high-energy ball

milling for other LiMO2-related compounds.18,22 It can be seen
from Figure 2 that the spinel structure can be pictured as a 2 ×

2 × 2 supercell of the DRS structure only when the cations are
completely disordered. This representation helps to establish
the structural similarities between the two phases and the
challenges in distinguishing one from the other.
Rietveld refinements are thus undertaken to distinguish the

two space groups for BM-LiVO2 and to ensure that the
discussion on the phase transition is built upon a solid
foundation. The cubic spinel model (SG: Fd3̅m) as described
in the literature for [LxVyO2] phases does not yield satisfactory
refinement results, particularly due to the absence of the
distinct (111) reflection at low angles (Figure S2). However,
the fit clearly improves when Li and V are allowed to be
disordered on the 16c and 16d sites, and Li depopulates the
tetrahedral 8a site (see Table S1). Hence, the 2 × 2 × 2
supercell of the (SG: Fd3̅m) model can be reduced to a simple
DRS model (SG: Fm3̅m). The optimal refinements of both
Fm3̅m and Fd3̅m space groups are shown in Figure 3.
Reliability factors (goodness of fit, Rwp and Rp, see Table S1) of
these refinements show a clear improvement of the fit using the
Fm3̅m structural model with fewer parameters compared to the
Fd3̅m model. This strongly supports the conclusion that the
ball-milled samples exhibit the Fm3̅m space group rather than
the Fd3̅m one. Microstructural information is also obtained,
and the small average apparent crystallite size is calculated to
be 11(1) nm, which is in good agreement with the information
obtained during transmission electron microscopy character-
ization of the same material.20

Figure 1. XPRD patterns of (a) trigonal CR-LiVO2 (SG: R3̅m) obtained by thermal reduction and (b) cubic BM-LiVO2 (SG: Fm3̅m) obtained by
ball milling.

Figure 2. Representation of cubic LiVO2 with (a) the spinel
structure13 and (b) the DRS structure. The “template” of the DRS
structure is highlighted in the spinel structure using black dashed
lines. Li, TM, Lith, and O in the legend correspond to lithium,
transition metal, lithium on tetrahedral sites and oxygen, respectively.
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After this meticulous assessment of the space group of the
cubic phasea, it is possible to go on with the focus of this
study: the conditions of existence of the cubic phase and its
relations with the trigonal phase.
3.2. Cell Parameter Evolution. A CR-LiVO2 sample was

milled under the same ball-milling conditions as the BM-
LiVO2 sample in order to track the transformation process of
the trigonal phase to the cubic DRS phase. Some powder was
taken from the mixture in the Ar-filled glovebox after the ball-
milling duration of 0.5, 1, 2, 5, and 10 h to record the evolution
of the XPRD patterns. The evolution of these patterns is
shown in Figure 4. The reflections of the trigonal phase start to
broaden after 30 min of ball milling. After 1 h of ball milling,
new reflections at 2θ = 17° and 2θ = 28°, indexed to the cubic
phase, start to appear. The main reflection of the DRS phase at
around 2θ = 20°overlaps with the trigonal one. After 2 h of ball
milling, the observed pattern is constituted mainly by the
reflections of the cubic phase, while the patterns of the trigonal
phase, such as the first reflection around 2θ = 8°, still clearly
coexist. The observed reflections could only be indexed to the
cubic structure when the samples are ball milled for longer
than 2 h.
Careful profile matching refinements (see Figures S3−S8)

are undertaken. The evolution of the cell parameters of both
phases is extracted from the best refinements at each milling
time and is shown in Figure 5. Standard deviations of a and c
cell parameters of the trigonal phase are quite high in the
middle of the phase transition (from 0.5 to 2 h), but one can

clearly see the trend. Cell parameter a is increasing slightly
while c is decreasing as the milling time is increased, which
matches quite well with their evolution with temperature.8

Nothing peculiar is noticed for the cubic cell parameter, which
undergoes very little changes (blue circles in Figure 5).
The evolution of the cell parameters of the trigonal phase

shows that the high-energy conditions achieved by ball milling
have a strong impact on the structure. Introducing disorder in
LiVO2 is, therefore, quite easy with the ball-milling procedure,
as indicated by the decrease in the c/a ratio of the trigonal
structure that ultimately transforms to a cubic structure. The
template of the DRS phase can be found in the trigonal phase
(Figure S9), which has already been described as an ordered
rock salt structure.2,21 The structural parameters of the cubic
phase obtained by phase transition are very similar to structural
parameters of the directly synthesized cubic (BM-LiVO2)
structure (see Table S1, Ball-Milled CR-LiVO2).

3.3. Impact of Thermal Treatment. After the transition
from the trigonal to cubic phase, BM-LiVO2 is heated to 800
°C in an oven coupled to the diffractometer (cf. 2.2) in order
to determine the reversibility of the phase transition. The in
situ diffraction experiments allow one to record XPRD patterns
during heating to trace the structural changes of the material.
As shown in Figure 6, XPRD patterns of BM-LiVO2 remain
largely unchanged up to 450−500 °C; only a very slight shift
toward lower angles is noticed, particularly for the two main
reflections around 2θ = 19° and 2θ = 28°. Above this

Figure 3. Optimal Rietveld refinements of the XPRD pattern of BM-
LiVO2 based on (a) spinel (Fd3̅m) and (b) disordered rock salt
(Fm3̅m) space groups. Trigonal V2O3 (R3̅c) was identified as an
unreacted precursor (PDF #00-034-0187).

Figure 4. XPRD patterns of ball-milled CR-LiVO2 for (a) 0 h, (b) 0.5
h, (c)1 h, (d) 2 h, (e) 5 h, and (f)10 h.

Figure 5. Evolution of the cell parameters of the cubic and the
trigonal phases during the milling experiment of CR-LiVO2.
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temperature threshold, new reflections start to appear and to
grow in intensity. The resulting XPRD pattern at 800 °C
corresponds to one of the trigonal phases obtained during the
classical synthesis of CR-LiVO2 (Figure 7).

The sample shows the same XPRD pattern of the trigonal
phase of LiVO2 even after a cooldown (see Figure S10),
suggesting an irreversible phase transition from the cubic DRS
to the trigonal structure and higher thermodynamic stability of
the trigonal phase. The structural parameters obtained by
Rietveld refinement of both trigonal-layered compounds are
similar (see Table S1). The trigonal-layered LiVO2 obtained by
the thermally induced phase transition exhibits slightly larger
lattice parameters (a and c), and the occupancy of V is closer
to stoichiometric values. Neither the carbothermally synthe-
sized trigonal CR-LiVO2 nor the trigonal LiVO2 obtained by
thermally induced phase transition show any changes in the
structure when heated again: the resulting XPRD patterns
presented in Figure 8 indicate no phase change. The cubic-to-
trigonal phase transition remains irreversible. The small
structural modification observed around 200−225 °C most
probably corresponds to the lattice distortion relaxation at

∼500 K that causes magnetic property changes in trigonal
LiVO2.

3−8

An overview of the observed phase transitions of LiVO2 and
their conditions are summarized in Figure 9. Simple mixing
and heating of the precursors lead to the trigonal phase of
LiVO2. High-energy ball milling allows the trigonal-phase
LiVO2 to reach metastable conditions due to the local extreme
temperature, high-pressure conditions, and ultrafast quench-
ing,41 which was also observed with other materials.44 The
high-energy process leads to a cubic DRS phase of LiVO2,
which is stable up to 450 °C. As illustrated in Figure 9, the cell
parameters of heated BM-LiVO2 (a ≈ 2.94 Å and c ≈ 14.81 Å)
are slightly different from as-prepared CR-LiVO2 (a ≈ 2.84 Å
and c ≈ 14.82 Å), which is in good agreement with the a cell
parameter increase and c cell parameter decrease reported in
the previous studies.8 The higher a cell parameter calculated
for ball-milled CR-LiVO2 compared to as-prepared BM-LiVO2
is possibly due to a shorter milling time (10 h vs 20 h,
respectively). The trigonal phase is observed to be the
thermodynamically stable phase of LiVO2, which is further
investigated by DSC measurements and Monte Carlo
simulations based on a CE model.

3.4. DSC Analysis. DSC measurements are carried out for
cubic BM-LiVO2. The results are shown in Figure 10. Note
that the reference measurements with the empty crucibles are
already removed from the data. The onset temperature is
difficult to determine as the peak is extremely broad, hinting
that the phase change from cubic to trigonal is a gradual
transition that starts at around 450 to 500 °C. The peak
maximum is at 564 °C. As the heating rate and the sample
mass are high (for high sensitivity), and the peak intensity is
low, we assume that the enthalpy for the exothermic phase
change is relatively small. This is in good agreement with the
onset temperature of the phase transition based on the thermal
treatment experiment (525−550 °C, cf. 3.3). It can also be
noted that the form of this exothermic peak strongly resembles
the one normally observed during a polymeric crystallization
(first-order transition),45,46 especially when using a high
heating rate.46 Similar to a reticulation process, the disorder
in the cubic phase of BM-LiVO2 is possibly overcome by
heating, the atoms being displaced back toward their position
in the layered trigonal phase.
In order to test the reversibility of the phase transition, at

least via heating and cooling, the cooling process after the DSC
experiment is shown in Figure 11. No peak is observed at 564

Figure 6. Top view of the XPRD patterns of BM-LiVO2, heated in
situ at 10 °C min−1. XPRD patterns were recorded every 25 °C for 30
min. The warmer the color (orange), the higher the reflection
intensity. Unknown impurities’ reflections coming from the
experimental setup at 2θ = 27°.

Figure 7. XPRD patterns of (a) heated BM-LiVO2 and (b) as-cast
CR-LiVO2. On pattern (a), the data quality of the XPRD pattern is
lower due to the very short acquisition time for the in situ
experiments. The excluded region around 2θ = 27°, as well as the
unidentified reflections, corresponds to an unknown impurity coming
from the XPRD oven device.

Figure 8. Top view of the XPRD patterns of CR-LiVO2, heated in situ
at 10 °C min.1. XPRD patterns were recorded every 25 °C for 30 min.
The warmer the color (orange), the higher the reflection intensity.
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°C, which is in good agreement with the XPRD results and the
irreversibility of the phase transition observed in Section 3.3.
The order in the layers of the trigonal phase appears to be
thermodynamically more stable than the disorder forced by
high-energy ball milling.
3.5. Computational Analysis Based on DFT and MC.

The most energetically stable configuration among the 64
structures calculated using DFT is found to be in the trigonal
phase, which is in agreement with our observations during the
experimental characterizations and the structure listed in the
ICSD database. Since the configurational space that can be
explored directly using DFT calculations is very limited, an
MC simulation based on the CE model is performed on a 10 ×
10 × 10 supercell consisting of 2000 atoms in order to sample

a much larger configurational space of LiVO2. The most
thermodynamically stable structure found via MC simulated
annealing is shown in Figure 12, which is also in the trigonal
phase.
The configurational order/disorder phase transition is

investigated with the MC simulation where the ground state
structure shown in Figure 12 is heated from 200 to 4000 K.
The average internal energy change from the ground state,
order parameter, and specific heat obtained from the MC
simulation are shown in Figure 13. It can be seen that the
internal energy and order parameter remain unchanged up to
1000 K, which indicates that the trigonal phase is the most
stable phase up to that temperature. Both the internal energy

Figure 9. Summary of Rietveld refinements of the different phases of LiVO2: (a) as-prepared and (c) heated BM-LiVO2, (b) as-prepared and (d)
ball-milled CR-LiVO2. Red dots form the observed pattern, black lines the calculated pattern, and blue lines the difference between both,
respectively. Impurity phases are indicated in orange (unreacted V2O3 in panel (a) and Si3N4 ball mill jar materials in panel (d)). In panel (c), the
unidentified reflections around 2θ = 27° correspond to an unknown impurity coming from the XPRD oven device and are thus excluded.

Figure 10. Results of the DSC measurements for LiVO2 between 50
and 750 °C.

Figure 11. Results of the cooling step for LiVO2 between 750 and 200
°C.
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and the order parameter begin to change when the
temperature is increased beyond 1000 K as the structure of
LiVO2 gets increasingly more disordered. The order/disorder
phase transition takes place at around 1900 K where the
specific heat reaches its peak, and both the internal energy and
order parameters undergo a sharp transition.
The simulation results indicate that the trigonal phase is the

most thermodynamically stable phase up to 1000 K and that
the critical temperature is around 1900 K. It is pointed out that
the model assumes that the rock salt type lattice structure
remains intact. Consequently, a structural decomposition such
as melting may occur at a temperature below 1900 K. It is
inferred from the simulation results that the DRS phase of

LiVO2 is only accessible in high-energy/high-pressure syn-
thesis conditions15,16 such as ball milling.

4. CONCLUSIONS
We report the synthesis of a new polymorph of LiVO2 with a
disordered rock salt structure (SG: Fm3̅m) by a simple
mechanochemical ball-milling approach and highlight its
structural relationships with the well-known trigonal structure
of LiVO2. Careful refinements of the XPRD patterns indicate
that the ball-milled samples are in a disordered rock salt phase,
not in a spinel phase as often discussed in the literature. We
demonstrate that thermal treatment and high-energy ball
milling can induce the cubic-to-trigonal and trigonal-to-cubic
phase transition, respectively. The cubic DRS phase induced
by high-energy ball milling is hypothesized to be metastable
based on the fact that both cubic DRS and trigonal phase
samples end up in a trigonal phase after the heat treatment.
The hypothesis was confirmed by both DSC measurements
and computational modeling. In particular, a recently
developed CLEASE code is used to run MC simulations
based on CE model trained using DFT calculations. The
model revealed that the trigonal phase is in fact a ground state
structure and remain stable up to around 1900 K when the
temperature is increased, which supports our original
hypothesis and experimental observations.
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S2

Table S1.  Structural parameters of CR-LiVO2(a), BM-LiVO2(b), Ball Milled CR-LiVO2 (c) and heated BM-LiVO2 (d) 
according to both models  and  obtained by Rietveld Refinement. In addition, the refined 𝐹𝑚3𝑚 𝑅3𝑚
parameters of BM-LiVO2 with the cubic spinel model  (e) 3𝐹𝑑3𝑚

Figure S 1. XRD patterns of CR-LiVO2 obtained by carbothermal reduction of LiVO3 (gray) and LiVO3 + 
5%wt Li3VO4 (red). *, + and - mark the reflections of Li0.9V2O4, Li3VO4 and V2O3, respectively. 5
Figure S 2. Rietveld refinement of the XRD pattern of cubic BM-LiVO2 with a spinel structure 
hypothesis (SG: ), without refining any atomic occupancy and based on the CIF file (#01-078-Fd3m
2417) of the disordered Li2V2O4 spinel proposed by de Picciotto and Thackeray. The blue circle 
indicate the remaining presence of the (111) reflection. Any attempt to refine profile parameters 
would lead to divergence with the Fullprof software because of this reflection, unobserved on the 
observed pattern. 5
Figure S 3.  Profile Matching refinement of the XRD pattern of CR-LiVO2 after 0 h of ball milling at 
600 rpm in a 80 mL Si3N4 jar. 6
Figure S 4.  Profile Matching refinement of the XRD pattern of CR-LiVO2 after 0.5 h of ball milling at 
600 rpm in a 80 mL Si3N4 jar. 6
Figure S 5.  Profile Matching refinement of the XRD pattern of CR-LiVO2 after 1 h of ball milling at 
600 rpm in a 80 mL Si3N4 jar. 7
Figure S 6.  Profile Matching refinement of the XRD pattern of CR-LiVO2 after 2 h of ball milling at 
600 rpm in a 80 mL Si3N4 jar. 7
Figure S 7.  Profile Matching refinement of the XRD pattern of CR-LiVO2 after 5 h of ball milling at 
600 rpm in a 80 mL Si3N4 jar. 8
Figure S 8.  Profile Matching refinement of the XRD pattern of CR-LiVO2 after 10 h of ball milling at 
600 rpm in a 80 mL Si3N4 jar. 8
Figure S 9. Representation of trigonal LiVO2 (a) and of cubic LiVO2 with the DRS structure (b). Note 
that the “template” of the DRS structure is highlighted in the trigonal one (black dotted lines). In the 
legends, Li, TM and O stands for Lithium, Transition Metal, Lithium on tetrahedral sites and Oxygen, 
respectively. 9
Figure S 10. XRD patterns of BM-LiVO2 heated up to 800 °C (gray) and heated up to 800 °C and 
naturally cooled down to RT (red). The slight reflections shift between the two patterns correspond 
to the phase transition observed in the trigonal phase around T = 500 K. 9



S3

Table S1.  Structural parameters of CR-LiVO2(a), BM-LiVO2(b), Ball Milled CR-LiVO2 (c) and heated BM-LiVO2 (d) 
according to both models  and  obtained by Rietveld Refinement. In addition, the refined parameters 𝐹𝑚3𝑚 𝑅3𝑚
of BM-LiVO2 with the cubic spinel model  (e). Occupancies of Li were constrained to V, whenever possible 𝐹𝑑3𝑚
in the cubic models. In the layered model ( ), the Li occupancies and temperature factors were not refined. 𝑅3𝑚
The occupancy and temperature factor of O was not refined in any of the refinements

Both phases CR-LiVO2 and BM-LiVO2 are slightly V deficient (7.9% and 8.6% V deficiency from the ideal 
composition; both species remained denoted as LiVO2 for the sake of readability).

a)

CR-LiVO2 Space Group R , a = 2.84066(7), c = 14.8150(6) Å, 3𝑚
Rexp = 0.81, Rp = 7.35, Rwp = 9.50, GoF = 11.67, Rbragg = 9.07

Atom Position x y z Occupancy rate Biso (Å²)
Li+ 3a 0.0000 0.0000 0.0000 1 0.5
V3+ 3b 0.0000 0.0000 1/2 0.921(4) 0.84(4)
O2- 6c 0.0000 0.0000 0.24364(14) 1 0.5

b)

BM-LiVO2 Space Group , a = 4.1143(5) Å, 𝐹𝑚3𝑚
Rexp = 0.81, Rp = 1.09, Rwp = 1.48, GoF = 1.82, Rbragg = 3.27

Atom Position x y z Occupancy rate Biso (Å²)
Li+ 4a 0.0000 0.0000 0.0000 0.548(3) 0.53(18)
V3+ 4a 0.0000 0.0000 0.0000 0.452(3) 0.53(18)
O2- 4b 1/2 1/2 1/2 1 0.5

c)

Ball Milled CR-LiVO2 Space Group , a = 4.1175(7) Å, 𝐹𝑚3𝑚
Rexp = 0.99, Rp = 1.21, Rwp = 1.61, GoF = 1.62, Rbragg = 3.36

Atom Position x y z Occupancy rate Biso (Å²)
Li+ 4a 0.0000 0.0000 0.0000 0.526(5) 0.53(7)
V3+ 4a 0.0000 0.0000 0.0000 0.474(5) 0.53(7)
O2- 4b 1/2 1/2 1/2 1 0.5

d)

Heated BM-LiVO2 Space Group R , a = 2.94274(10), c = 14.8075(8) Å, 3𝑚
Rexp = 7.51, Rp = 10.58, Rwp = 13.46, GoF = 1.79, Rbragg = 10.77

Atom Position x y z Occupancy rate Biso (Å²)
Li+ 3a 0.0000 0.0000 0.0000 1 0.5
V3+ 3b 0.0000 0.0000 1/2 0.947(7) 0.82(5)
O2- 6c 0.0000 0.0000 0.2414(2) 1 0.5
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e)

BM-LiVO2 Space Group , a = 8.248(3) Å, 𝐹𝑑3𝑚
Rexp = 0.81, Rp = 1.73, Rwp = 2.34, GoF = 2.89, Rbragg = 1.38

Atom Position x y z Occupancy rate Biso (Å²)
Li+ 8a 1/8 1/8 1/8 0.07(3) 1
Li+ 16c 0.0000 0.0000 0.0000 0.47(2) 4.20(38)
Li+ 16d 1/2 1/2 1/2 0.53(2) 2.57(57)
V3+ 16c 0.0000 0.0000 0.0000 0.53(2) 4.20(38)
V3+ 16d 1/2 1/2 1/2 0.47(2) 2.57(57)
O2- 32e 0.251(7) 0.251(7) 0.251(7) 1 0.5
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Figure S 1. XRD patterns of CR-LiVO2 obtained by carbothermal reduction of LiVO3 (gray) and LiVO3 + 5 wt.% 
Li3VO4 (red). *, + and - mark the reflections of Li0.9V2O4, Li3VO4 and V2O3, respectively.

Figure S 2. Rietveld refinement of the XRD pattern of cubic BM-LiVO2 with a spinel structure hypothesis (SG: 𝐹𝑑3
), without refining any atomic occupancy and based on the CIF file (#01-078-2417) of the disordered Li2V2O4 𝑚

spinel proposed by de Picciotto and Thackeray1. The blue circle indicate the remaining presence of the (111) 
reflection.

1 L. A. De Picciotto, M. M. Thackeray, Insertion/extraction reactions of lithium with lithium vanadium 
oxide (LiV2O4). Mater. Res. Bull. 1985, 20, 1409–1420
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Figure S 3.  Profile Matching refinement of the XRD pattern of CR-LiVO2 after 0 h of ball milling at 600 rpm in a 
80 mL Si3N4 jar.

Figure S 4.  Profile Matching refinement of the XRD pattern of CR-LiVO2 after 0.5 h of ball milling at 600 rpm in a 
80 mL Si3N4 jar.
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Figure S 5.  Profile Matching refinement of the XRD pattern of CR-LiVO2 after 1 h of ball milling at 600 rpm in a 
80 mL Si3N4 jar.

Figure S 6.  Profile Matching refinement of the XRD pattern of CR-LiVO2 after 2 h of ball milling at 600 rpm in a 
80 mL Si3N4 jar.
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Figure S 7.  Profile Matching refinement of the XRD pattern of CR-LiVO2 after 5 h of ball milling at 600 rpm in a 
80 mL Si3N4 jar.

Figure S 8.  Profile Matching refinement of the XRD pattern of CR-LiVO2 after 10 h of ball milling at 600 rpm in a 
80 mL Si3N4 jar.
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Figure S 9. Representation of trigonal LiVO2 (a) and of cubic LiVO2 with the DRS structure (b). Note that the 
“template” of the DRS structure is highlighted in the trigonal one (black dotted lines). In the legends, Li, TM and 
O stands for Lithium, Transition Metal, Lithium on tetrahedral sites and oxygen, respectively.

Figure S 10. XRD patterns of BM-LiVO2 heated up to 800 °C (gray) and heated up to 800 °C and naturally cooled 
down to RT (red). The slight reflections shift between the two patterns correspond to the phase transition 
observed in the trigonal phase around T = 500 K2.

2 J.M. Gaudet, J.R. Dahn, Can. J. Phys. 2013, 91, 444-449.
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Reversible Delithiation of Disordered Rock Salt LiVO2

Christian Baur,[a] Johann Chable,[a] Franziska Klein,[a] Venkata Sai Kiran Chakravadhanula+,[a]

and Maximilian Fichtner*[a, b]

A rigid crystal lattice, in which cations occupy specific positions,

is generally regarded as a critical requirement to enable Li+

diffusion in the bulk of conventional cathode materials, whereas

disorder is generally considered as detrimental. Herein, we

demonstrate that facile and reversible insertion and extraction

of Li+ is possible with LiVO2, a new cation-disordered rock salt

compound (space group: Fm�3m), which is, to the best of our

knowledge, described for the first time. This new polymorph of

LiVO2 is synthesized by mechanical alloying. Rietveld refine-

ments of the X-ray diffractions patterns and SAED (selected-area

electron diffraction) patterns attested the formation of the

disordered LiVO2 rock salt phase. Galvanostatic cycling experi-

ments were employed to characterize the electrochemical

performance of the material, demonstrating that reversible

cycling over 100 cycles with a discharge capacity around

100 mAh g�1 is possible.

1. Introduction

The most commonly applied cathode materials in lithium-ion

batteries (LIBs) are lithium transition metal (TM) layered oxides

(LiTMO2), amongst them LiCoO2, the first commercialized Li-

intercalation material.[1] Up to the present, various combinations

of LiTMO2, with Co, Ni and Mn as transition metals have been

studied.[2] These cathode materials have a well-defined layered

crystal structure, which enables facile lithium deintercalation

and intercalation in between the alternating layers of Li and

TM. Intermixing of the cations, due to Li diffusion within these

layers, is regarded as ageing process, which lowers the battery

performance.[3,4] Therefore, materials with Li and TM sharing the

same sub-lattice in a cubic close packed array have been rather

out of scope of the battery community in the past decades,

until the paradigm change induced by various works of

theoretical and experimental studies on disordered rock salt

structures (DRS).[5–11]

Only few reports related to the electrochemical behavior of

DRS-type LiTMO2 compounds have been published so far. Above

all, following elaborated investigations of Obrovac et al. with TM=

Ti, Mn, Fe, Co and Ni, the DRS oxides showed poor electro-

chemical performance, compared to their layered analogous

compounds (space group R�3m).[12] In the case of LiVO2, almost

only the layered polymorph was investigated as cathode material

in the past. Electrochemical experiments revealed the migration of

vanadium into the layers of Li, resulting in a distortion of the

layered structure and a negligible discharge capacity (below

25 mAhg�1 for the first discharge).[13–15] Nevertheless, off-stoichio-

metric layered Li1+xV1–xO2 structures, like Li0.78V0.75O2, could still be

used as anode material in lithium-ion batteries, as proposed by

Zhang and coworkers.[16,17] During studies of vanadium migration

in layered LiVO2, de Picciotto, Thackeray et al. investigated the

lithiation of spinel LiV2O4 and the delithiation of layered LiVO2. The

latter experiment led to sub-stoichiometric rock salt phases (e. g.,

Li0.22VO2),[14,18] whereas the former resulted in the formation of

spinel Li2V2O4, which is LiVO2.[15] One should note here that the

spinel phase (space group Fd�3m) is structurally closely related to

the DRS (space group Fm�3m). In fact, a mechanism of the spinel-

to-DRS transition was proposed, as a possible continuation of the

LiV2O4 spinel lithiation phenomenon.[19] But, despite different

synthesis approaches, this hypothetical DRS phase of LiVO2 was

never obtained and the closest structure detected was still the

spinel, sometimes accompanied by weak reflections of a rock salt

superstructure,[20] or mixed with the layered LiVO2 phase.[21]

Therefore, to the best of our knowledge, stoichiometric LiVO2 with

a disordered rock salt structure has so far not been investigated as

potential candidate cathode material in LIBs. One reason could be

the lack of a facile synthesis producing disordered rock salt

phases.

Mechanochemical synthesis by high-energy ball milling is a

simple and powerful technique, which can be used to obtain

metastable phases.[22–24] By applying this method we synthe-

sized a new nanostructured polymorph of LiVO2 (space group

Fm�3m) with a disordered rock salt structure, directly from the

precursor compounds Li2O and V2O3. The structure and

morphology were characterized by Powder X-ray diffraction

(PXRD), High-resolution transmission electron microscopy (HR-

TEM) and Scanning electron microscopy (SEM).

Additionally, we investigated the possibility to reversibly

delithiate this new phase LiVO2 in a potential range of 1.9–3.0 V.

The material exhibited a stable cycling behavior with an initial

discharge capacity of 114 mAh g�1 at a current density of

50 mA g�1 (C/6 rate) and an average discharge capacity of

[a] C. Baur, Dr. J. Chable, Dr. F. Klein, Dr. V. S. K. Chakravadhanula,+

Prof. M. Fichtner
Helmholtz Institute Ulm
Helmholtzstraße 11, 89081 Ulm (Germany)
E-mail: m.fichtner@kit.edu

[b] Prof. M. Fichtner
Institute of Nanotechnology, Karlsruhe Institute of Technology
P.O. Box 3640, 76021 Karlsruhe (Germany)

[+] Presently at Center for Materials Characterization and Testing, International
Advanced Research Center for Powder Metallurgy and New Materials, Ba-
lapur P.O., Hyderabad, 500005 Telangana (India)

Supporting information for this article is available on the WWW under
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around 100 mAh g�1 over 100 cycles with an average discharge

potential of 2.4 V vs. Li/Li+.

2. Results and Discussion

Powder X-ray diffraction (PXRD) measurements were conducted

to analyze the crystalline structure of LiVO2 synthesized by

high-energy ball milling. The PXRD pattern of the as-prepared

LiVO2 shows a cubic structure, clearly different from the well

described trigonal phase of LiVO2 (space group R�3m, Fig-

ure 1).[14,25]

The XRD pattern of the cubic LiVO2 is mainly characterized

by broad reflections and an amorphous contribution in the low

2q region (5 8 to 12 8), indicating a nanocrystalline nature of the

compound. First phase identification was not unambiguous

and suggested two possibilities, a spinel or a disordered rock

salt phase. The spinel phase (space group Fd�3m) corresponds

to the phase obtained by lithiation of LiV2O4 or under high

pressure conditions,[19,21,26] whereas the disordered rock salt

structure (space group Fm�3m) is equal to phases obtained

under similar synthesis conditions (high-energy ball milling).[9,12]

Rietveld refinements were thus undertaken to discriminate

both space groups. Results point towards the Fm�3m space

group by comparison of the RBragg factors obtained (5.3 % vs.

6.6 % for Fd�3m), as well as the absence in our samples of the

high (111) reflection, characteristic of the spinel phase (Fig-

ure S1). Following the Hamilton’s test (Table S1), this RBragg

difference is significant enough to confirm that the disordered

rock salt phase was synthesized. More information on the

refinement procedure is given in Table S2 and will be described

in more details in a forthcoming study on the structural links

between the different LiVO2 polymorphs. The optimal refine-

ment performed with the Fm�3m space group is presented in

Figure 2 and yielded a lattice constant a = 4.116 (2) Å. Lithium

and vanadium cations both share the same 4a Wyckoff sites

with an occupancy ratio calculated as 1.06 : 1. Precise Li-excess

quantification cannot be trusted, given that accurate determi-

nation of atomic occupancy rates based on XRD data of

nanoscale ball-milled materials with a cubic phase is nearly

impossible, due to the low number of reflections and their low

intensities. Nevertheless, a Li-excess in the range of 1 % to 11 %

was systematically calculated during refinements of the as-

prepared samples and could be related to the incomplete

incorporation of V2O3 precursor (even under optimized milling

conditions), as observed on the PXRD pattern (Figure 2) and

confirmed by the refinement (�2.4 % of unreacted vanadium

precursor). Furthermore, it should be noted that unreacted Li2O

precursor could exist even if it was not detected as a crystalline

phase by XRD as it could be present in the amorphous fraction

of the samples. Therefore, it was not possible to determine the

exact composition of this possibly slightly un-stoichiometric

DRS LiVO2. Microstructural information was also obtained as

described in more detail in the experimental part. The small

average apparent crystallite size calculated is 11(1) nm, as can

be expected from hard ball milling conditions.[23,24,27]

Transmission electron microscopy (TEM) studies were con-

ducted to further investigate the morphology, structure and

chemical composition of the synthesized LiVO2 compound.

Figure 3a shows the HRTEM micrograph of LiVO2 and the

corresponding fast Fourier transformation (FFT) from the

marked area as an inset. The FFT shows the reflection at 2.36 Å

corresponding to the metrics from (111) plane. The d-values

measured from the indexed selected area electron diffraction

(SAED) pattern with an overlay of the integrated intensity

distribution profile (Figure 3b) correspond to the metrics of the

Fm�3m disordered rock salt crystal system of LiVO2: 2.36 Å (111),

2.04 Å (002), 1.44 Å (022) and 1.18 Å (222), revealing the

nanocrystalline character of the material. These d-values are in

good agreement with the results of the Rietveld refinement

and XRD studies. Scanning electron microscope (SEM) images

(Figure 3c, d) reveal heterogeneous secondary particles consist-

ing of agglomerated smaller primary particles with particle size

variations in the sub-micrometer range. The shape seems to be

roughly of a spherical nature.

Figure 1. PXRD pattern of disordered rock salt (Fm�3m) LiVO2 (black, * for
V2O3 unreacted precursor) and trigonal (R�3m) LiVO2 (blue).

Figure 2. Rietveld refinement of the XRD pattern of disordered rock salt (Fm
�3m) LiVO2. Trigonal V2O3 (R�3cÞ was identified as unreacted precursor (PDF
#00-034-0187).
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Figure 4 shows the electron energy loss spectra (EELS)

depicting the V�M2,3, Li�K, V�L3, V�L2 and O�K regions. Their

background was subtracted by power-law fitting in the pre-edge

region of the spectrum. Apart from their absolute edge positions,

their fine structure agrees well with other publications for V.[28,29]

The O�K edge onset position of LiVO2 is difficult to observe since

it overlaps with the continuum region of the V�L2,3 edge. Apart

from that, the O�K edge also shows a considerable shift of the

onset position, which cannot be unambiguously revealed from

conventional EELS without accurate energy scale calibration.

However, it is important to point out that the both V�L2,3 and O�K

edge onset indicate, in comparison with the literature,[28,29] the

oxidation state of V to be in 3+ state.

The electrochemical behavior of DRS LiVO2 as cathode

material for LIBs was investigated. Figure 5a presents the

cycling performance of LiVO2 disordered rock salt in lithium

half-cells in the voltage range of 1.9–3.0 V applying a current

density of 50 mA g�1 (C/6 rate) at 25 8C. Assuming the redox

activity of the V3 +/V4 + couple and the complete extraction of

Li+-ions resulting in VO2, LiVO2 has a theoretical capacity of

298 mAh g�1. However, the expected capacity could be lower

because a full delithiation could cause irreversible structural

changes. This is already known from LiCoO2, for example, where

only 0.5 M Li can be reversibly extracted. The discharge capacity

in the first cycle after an initial formatting charge step is

114 mAh g�1 and the 2nd charge capacity is 116 mAh g�1 (i. e.,

98.3 % Coulombic Efficiency). After 100 cycles, the capacity

slightly decreases to 94 mAh g�1, which is 82.6 % of the initial

discharge capacity. The corresponding voltage profiles (Fig-

ure 5b) reveal a sloping behavior, supposing a single-phase

insertion process (see ex-situ XRD refinements, Figure 9). The

steepness of the discharge voltage profile slope corresponds to

the Li+ insertion into a fully disordered structure as proposed

by Ceder et al.[7] Nevertheless, the first charging step distin-

guishes from the further charges. While the first charge starts at

an open circuit voltage (OCV) of 2.67 V vs. Li/Li+ the further

charges start at 1.9 V. This means that during the first charge

less Li-ions can be extracted than during all other charges

resulting in a lower first charge capacity. To differentiate

between the first charge and the further charges we used to

Figure 3. a) High-resolution TEM micrograph of LiVO2 with the correspond-
ing fast Fourier transformation (FFT) image (inset); b): Selected area electron
diffraction (SAED) pattern of LiVO2; c) and d) Scanning electron micrographs
(SEM) of LiVO2.

Figure 4. V�M2,3, Li�K, V�L2,3 and O�K electron energy loss spectra of LiVO2,
where the dashed lines indicate the marked peak positions revealing the
oxidation state of V to be 3 + .

Figure 5. a) Cycling performance (filled squares: discharge capacity, open
circles: charge capacity) and Coulombic Efficiency (green) as a function of
cycle number and b) corresponding voltage profiles of LiVO2 half-cells cycled
between 1.9–3.0 V vs. Li/Li+ with a constant current of 50 mA g�1 at 25 8C.
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describe the first charge as a formatting step. The voltage

profiles and the cycling performance over 100 cycles demon-

strate the proof-of-concept for disordered rock salt LiVO2

phases to be reversibly delithiated.

To further enlarge the amount of extracted Li+ out of the

LiVO2 cathode material, the upper cut-off voltage was increased to

3.25 V and 3.5 V. The increase of the cut-off potentials to 3.25 V

and 3.5 V (Figure 6), led to higher discharge capacities of

153 mAh g�1 and 183 mAhg�1 during the initial discharge,

respectively. The corresponding charge capacities increased, too.

However, galvanostatic cycling over 100 cycles shows a distinct

capacity fading for the broader voltage ranges (i. e., 75 % of initial

discharge capacity for 1.9 V to 3.25 V and 64 % of initial discharge

capacity for 1.9 V to 3.5 V). The Coulombic Efficiencies after 100

cycles are 96 %, 94% and 92 % for the increasing upper cut-off

potentials from 3.0 V to 3.25 V and 3.5 V. This behavior indicates

irreversible side reactions at the upper cut-off voltage. There are

several mechanisms, which could explain this behavior and which

may contribute to the observed capacity fading: (i) Dissolution of

vanadium out of the cathode material could occur, which has

already been observed for several vanadium oxide related

materials.[30,31] The small crystallite and particle size, the presence

of an amorphous fraction in the pristine material,[32] as well as the

increasing upper cut-off voltage could facilitate this dissolution. (ii)

Decomposition of the structure to some extent at higher cut-off

voltages could take place and (iii) reactions of the electrolyte with

the electrode interface along with catalytic electrolyte degradation

due to the nanocrystalline structure could be possible, too.

To better understand the capacity fading with increasing

upper cut-off voltage, differential capacity experiments were

conducted. The analysis of the differential capacity dQ/dV for

several cycles within different voltage ranges is presented in

Figure 7. The broad redox peaks in the second cycle are located

at 2.55 V during charge and at 2.50 V during discharge,

indicating a small voltage deviation of 50 mV between discharge

and charge peak. In case of the narrow 1.9–3.00 V voltage range,

only a minor increase of this deviation (108 mV) is observed after

100 cycles. When cycled within the larger cut-off potentials of

1.9–3.25 V and 1.9–3.5 V the increase of this voltage deviation is

more pronounced, especially for the largest voltage range

(260 mV vs. 357 mV). These voltage deviations between dis-

charge and charge peak in the dQ/dV plot could be explained as

follows: The electrode kinetics can be affected by several factors

such as surface energy, crystallinity, and diffusion of ions.

Nanoparticles, e. g., DRS LiVO2, exhibit a large surface area (and

large interfacial area) and therefore higher surface energies

compared to bulk leading to deviations in theoretical cell

potential of the system.[33] Changes during discharge, charge and

upon extended cycling could thus contribute to deviations. Li-

ion diffusion, which could change upon cycling due to

disorder[5,34] may increase the kinetic polarization. Besides these

reversible changes in LiVO2, irreversible changes could also occur

during cycling: e. g., vanadium dissolution and electrolyte

degradation. These irreversible processes also result in deviations

from the theoretical cell potential. This means that the observed

shifts of the peak potentials in the differential capacity plot can

arise from both, reversible and irreversible deviations.

To investigate the rate capability of LiVO2 cathode materials,

the electrodes were cycled with various current densities in a

voltage range of 1.9 V to 3.0 V (Figure 8). The discharge

capacities are 123 mAh g�1, 110 mAh g�1, 98 mAh g�1,

81 mAh g�1 and 56 mAh g�1 for C/30, C/15, C/6, C/3 and C/1.5,

respectively. Increasing current density leads to a reduction of

discharge capacities because the ohmic polarization increases

and as a consequence, the average discharge potential is

lowered. When increasing the current density back to C/6,

92 mAh g�1 can be achieved revealing a good rate capability.

Increasing current density also results in improving Coulombic

Efficiencies. At higher C-rates the LiVO2 has a shorter interaction

Figure 6. Cycling performance (open circles: charge capacity; filled squares:
discharge capacity) of LiVO2 half-cells cycled between 1.9–3.00 V (black), 1.9–
3.25 V (red) and 1.9–3.50 V (blue) vs. Li/Li+ as a function of cycle number
with a constant current density of 50 mA g�1.

Figure 7. Differential capacity dQ/dV plots of LiVO2 half-cells cycled between
1.9–3.00 V, 1.9–3.25 V and 1.9–3.5 V vs. Li/Li+ with a constant current density
of 50 mA g�1 at 25 8C.
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time at higher potentials with the electrolyte, which means that

mostly the cell reaction (i. e., the reversible extraction of Li+)

takes place and the unwanted side reactions (i. e., irreversible

vanadium dissolution and electrolyte degradation) plays only a

minor role. This higher degree of reversibility then leads to

improved Coulombic Efficiencies. These results are well in line

with the higher efficiencies found for the smaller voltage range,

where side reactions are partly avoided, and the lower

efficiencies at higher cut-off potentials, where the degree of

irreversibility increases (see Figure 6).

For a better understanding of the electrochemical behavior of

LiVO2 cathode materials, ex-situ X-ray diffractions studies have

been conducted at different cut-off voltages and after prolonged

cycling to examine possible changes in the crystal structure of

LiVO2 during cycling (Figure 9a and Figure S2). As can be seen

after the first charge and discharge, LiVO2 exhibits slight structural

changes when cycled between 3.0–1.9 V (compared with the

pristine material). The lattice parameter a, as well as the lattice

volume V (see Figure 9b), almost linearly changes upon cycling,

suggesting a reversible single-phase insertion process, as already

observed in related disordered rock salt materials,[9,35] and which is

also in line with the observed voltage profiles (Figure 5b). a and V

decrease during charge with Li+ extraction, and increase during

discharge, with Li+ insertion. The overall lattice volume varies only

by 2.1 % in this voltage window, again similarly to recently

reported DRS materials.[9,35] When fully discharged, the lattice

constant and lattice volume are slightly bigger than the initial

values for the pristine material (1.0%). This might be explained by

an additional Li+ uptake upon discharge in the defective lattice

structure induced by the high-energy ball milling synthesis.[9,35]

However, no additional reflections for potential rock salt to spinel

(with Li+ insertion in tetrahedral 8a sites) or rock salt to layered

phase transitions are observed in the pattern. This means the DRS

structure is maintained during cycling and no irreversible phase

transition seems to take place, at least until the 10th cycle

(Figure S2). Nevertheless, due to the nanocrystalline nature of the

material and the weak scattering power of Li, this cannot be

completely excluded and could be ruled out only by further

structural ex-situ studies, e.g., using neutron diffraction and/or

solid-state NMR measurements.

In summary, disordered rock salt LiVO2 shows an unex-

pected reversible electrochemical behavior upon lithium extrac-

tion and insertion, when compared to layered LiVO2
[14] and

considering the rather negative effect of disorder on Li+

diffusion, as reported for the other ball-milled DRS-type LiTMO2

compounds.[12] Irreversible side reactions, presumably the

dissolution of vanadium and decomposition of the electrolyte

at higher potentials, reduce the cycling efficiency of this DRS

LiVO2. The development of a particle coating might protect

LiVO2 to mitigate unwanted reactions and to improve the

cycling stability, which could enable access to larger cut-off

voltage ranges, thus increasing the overall cycling performance.

The results indicate a single-phase Li+ insertion and extraction,

but the mechanism of the Li+ diffusion yet remains unclear and

is object of further investigations. In principle, nanoscale

dimensions, amorphous contributions and high defect concen-

trations may enhance lithium diffusion.[36,37] In addition, the

slight off-stoichiometry in the Li/V-ratio could be a reason for

the enhanced macroscopic bulk diffusion, as theoretically

proposed by Ceder et al. for Li-excess cation disordered rock

salt materials.[5,34] These first hypotheses have to be examined

Figure 8. Rate capability of LiVO2 half-cells (open circles: charge capacity,
filled squares: discharge capacity, green: Coulombic Efficiency) with various
current densities in a voltage range of 1.9–3.0 V vs. Li/Li+ at 25 8C.

Figure 9. a) Ex situ XRD patterns of cycled LiVO2 electrodes at different states
of charge and discharge (black: pristine electrode, red: fully charged to 3.0 V
vs. Li/Li+, blue: discharged to 2.5 V and green: fully discharged to 1.9 V) and
b) the corresponding changes in lattice constant a and cell volume V during
cycling.
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and further investigation of the crystal structure of the

compound, including an optimization of the synthesis and

possible thermal post-treatments to obtain a more crystallized

material, is underway to shed light on the Li+ diffusion

mechanism in the material.

3. Conclusions

In conclusion, we report the synthesis of a new polymorph of

LiVO2 exhibiting a disordered rock salt structure (Fm�3m) by a

simple mechanochemical ball milling approach. Furthermore,

we demonstrate the electrochemical behavior of this disor-

dered rock salt LiVO2 as an interesting new material regarding

reversible delithiation. Despite the disordered crystal structure,

the material shows a reversible and stable cycling behavior

over 100 cycles. Nevertheless, the full theoretical capacity of the

material cannot be achieved, at least without phase transition.

Attempts to increase the obtained capacity by increasing the

upper cut-off voltage lead to undesirable irreversible side

reactions. This work is one further step towards better under-

standing of the promising new class of cathode materials with

a disordered rock salt structure.

Experimental Section

LiVO2 was prepared by using a dry ball milling procedure (600 rpm
for 20 h, Fritsch Pulverisette 6 classic line, 80 mL Si3N4 jar and 25
balls of 10 mm diameter) using Li2O (99.5 %, Alfa Aesar) and V2O3

(99.7 %, Alfa Aesar) as precursors. The precursor compounds were
filled into the Si3N4 jar under inert conditions in an argon-filled
glovebox with water and oxygen levels below 0.1 ppm. After the
synthesis, the LiVO2 powder was handled in the glovebox and was
used without further purification.

PXRD patterns were recorded in transmission geometry using a
STOE STADI-p diffractometer with Mo Ka1 radiation (0.70932 Å),
equipped with a DECTRIS MYTHEN 1 K strip detector. Rietveld
refinements were conducted on long-time collected XRD patterns
(16 h), using the FullProf Software.[38] Instrumental broadening was
taken into account using LaB6 reference diffraction data. The
sample contribution to X-ray line broadening was calculated by
using the Thompson-Cox-Hastings pseudo-Voigt function that
includes both size and strain-broadening terms for Lorentzian and
Gaussian components.[39] The apparent crystallite size L and the
upper limit of microstrain are then internally calculated by FullProf
using Langford’s method.[40]

Transmission electron microscopy (TEM) characterization was
carried out using an aberration-corrected FEI Titan 80–300 micro-
scope operated at 80 kV and equipped with a Gatan imaging filter
(Tridiem 863). For the (S)-TEM measurements, samples were
prepared by dispersing a small amount of powder directly onto
holey carbon Au grids (Quantifoil GmbH). The SAED integrated
intensity distribution profiles have been created by using PASAD
script for Gatan Digital Micrograph.

Scanning electron microscopy was conducted with a ZEISS LEO
1550VP Field Emission SEM with in-lens detection at 5 keV, using
conductive carbon tape as the substrate. The samples were shortly
exposed to air during the transfer between glovebox to the SEM.

Electrodes were prepared by mixing LiVO2 with carbon black
(acetylene black, from Alfa Aesar) and a PVDF (polyvinylidenedi-
fluoride) binder (from Sovley 6050) in N-Methyl-2-pyrrolidon (NMP,
from Alfa Aesar) as solvent to obtain a slurry with a weight ratio of
75/20/5. The slurry was coated on an aluminium foil acting as
current collector and subsequently dried under vacuum at 120 8C
for 12 h. Afterwards electrodes of 12 mm diameter were punched
out. The active material mass loading was 1.8–2.2 mg cm�2.

For the electrochemical measurements 2-electrode Swagelok-type
cells were assembled using a lithium metal counter electrode, and
a LiVO2 working electrode, LP30-electrolyte (1 M LiPF6 in ethylene
carbonate (EC)/ dimethyl carbonate (DMC) mixture (1 : 1 by volume,
from Sigma Aldrich)) and Whatman glass fiber separators. These Li
half-cells were assembled in a glovebox under Ar atmosphere.
Galvanostatic charge-discharge tests were conducted with an
ARBIN BT2000 battery testing system, with current densities of 10–
200 mA g�1 in different voltage ranges (1.9 V to 3.0 V, 3.25 V and
3.5 V vs. Li/Li+). All cells were left under open circuit voltage (OCV)
for 12 h before running electrochemical experiments and all
measurements were carried out at 25 8C.
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Table S1. Description of the Hamilton’s test1 and its application regarding the RBragg differences between the 
Fm-3m and Fd-3m refinements. 

Hamilton’s test 

Aim Formula Method 

To define the pertinence of the 
addition of new parameters in 

the refinement 

Hypothesis dimension: 

h = ma−mb 

ma,b: number of refined parameters in 
case a or b 

1) Calculation of the 
relation between the 
RBragg-factor of both 
cases 

2) Confrontation of this 
relation and the 
Hamilton’s confidence 
coefficient 

N number of degrees of freedom: 
N = n−h 

n: number of reflections 

Confidence coefficient: 
Rh,N,α 

α: level of trust (1, 5, 10%, …)  

 

Comparison of the 2 refinement models 

a = Fd-3m 

b = Fm-3m 

RBragg a 6.6 

RBragg b 5.3 

R a/b 1.245 

ma = 13 

mb = 11 

h = 2 

n = 18 

N = 16 

Rh,N,0,5% 1.392 

Rh,N,1% 1.334 

Rh,N,2,5% 1.259 

Rh,N,5% 1.206 
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Table S2. Order of the refined parameters, for both space groups; Fd-3m and Fm-3m. 

1 Zero-shift 

2 Scale factor, phase 1 (LiVO2) 

3 Scale factor, phase 2 (V2O3, space group: R-3c) 

4 Cell parameters, phase 1 (a = b = c) 

5 Cell parameters a = b, phase 2 

6 Cell parameter c, phase 2 

7 Atomic occupancy rates, Li and V, phase 1 (more sites with the spinel) 

8 Profile parameter W, same for both phases, TCH function 

9 Profile parameter Y, same for both phases, TCH function 

10 Profile parameter U, same for both phases, TCH function 

11 Overall thermal factor, phase 1, atomic occupancy rates being fixed 
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ABSTRACT: The increased energy density in Li-ion batteries is particularly
dependent on the cathode materials that so far have been limiting the overall
battery performance. A new class of materials, Li-rich disordered rock salts,
has recently been brought forward as promising candidates for next-
generation cathodes because of their ability to reversibly cycle more than one
Li-ion per transition metal. Several variants of these Li-rich cathode materials
have been developed recently and show promising initial capacities, but
challenges concerning capacity fade and voltage decay during cycling are yet
to be overcome. Mechanisms behind the significant capacity fade of some
materials must be understood to allow for the design of new materials in
which detrimental reactions can be mitigated. In this study, the origin of the
capacity fade in the Li-rich material Li2VO2F is investigated, and it is shown
to begin with degradation of the particle surface that spreads inward with
continued cycling.

■ INTRODUCTION

Lithium-rich cathode materials are becoming increasingly
interesting for use in lithium-ion batteries because of their
ability to extract more than one Li-ion, making better use of
the theoretically available charge compensation of the
transition metal (TM).1−3 Together with the possibility for
anionic redox reactions,4−6 these materials offer potentially
greater capacities (∼300 mA h g−1) over current state-of-the-
art cathode materials, for example, NMC (200 mA h g−1),
LCO, or LMO (both 140 mA h g−1), thus resulting in
increased energy density demanded for instance by the
electrical vehicle market.7−9

In Li-rich oxyfluorides, some oxide anions (O2−) are
interchanged with fluoride anions (F−). The single negative
charge of fluoride allows for lower oxidation states of the TM
in the pristine material and, together with lithium in excess,
offers the possibility of multivalent redox reactions. Addition-
ally, the higher electronegativity of fluorine compared to
oxygen increases the operating voltage, which when coupled
with higher theoretical capacities would give higher energy
densities.10−12 Anion substitution has also been shown to
improve the electrochemical cycling stability for different
electrode materials.10,13−17 One promising cathode material
within this group of materials is the Li-rich disordered rock-salt
Li2VO2F, introduced by Chen et al. in 2015.12 The multivalent
V3+/V5+ redox couple together with the incorporation of

ideally two Li+ per TM results in an impressive theoretical
capacity of 462 mA h g−1. Not all of lithium can be extracted
from the structure because of stability constraints, but previous
studies have shown experimental capacities as high as 420 mA
h g−1 (i.e., 1.8 Li+ per TM).12,18,19 Moreover, Li2VO2F exhibits
small volume expansion and no crystalline phase transitions
during charge/discharge,12 resulting in little stress within the
material lattice.
Despite their distinct advantages, Li-rich cathode materials

in general and Li2VO2F in particular suffer from substantial
capacity fade and increased polarization upon cycling. These
are challenges which need to be addressed for further
development of these materials. Other studies on vanadium-
based cathode materials20−23 suggest that vanadium dissolu-
tion can occur at low voltages, which could thus be a reason for
severe capacity fading observed for Li2VO2F. For Li-rich
layered cathode materials, poor performance has been
explained by a combination of oxygen loss, metal dissolu-
tion/trapping, and structural deterioration,2,24−28 while for
disordered materials, a high degree of oxygen redox activity
leading to oxygen loss has been blamed.29−33 The oxidized
oxygen or released oxygen gas can, in turn, trigger further
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reactions with the electrolyte, leading to the formation of a
surface layer.29,30,34

On anodes, this surface layer has been called a solid
electrolyte interphase (SEI)35,36 while the terminology for
cathodes is less consistent, where the cathode electrolyte
interphase37−39 and solid permeable interface40−42 are two
concepts used. In this paper, we choose to use the term
“interphase layer” because its behavior in many aspects shows
to be more similar to an SEI but on a cathode surface. A well-
functioning interphase layer will passivate the electrolyte/
electrode interface and prevent further degradation of the
material while still allowing unhindered Li-ion diffusion and
can thus significantly improve the cycling performance.43−45

Because most critical reactions occur at the interfaces within
a battery, it is a commonplace to study the electrode surfaces in
order to evaluate the effect of any detrimental reactions.
Photoelectron spectroscopy (PES) has a high surface
sensitivity together with chemical sensitivity. This enables
local bonding environments and/or oxidation states to be
probed, making it a particularly suitable method to study
battery interfaces.41,50−52 In addition, by using synchrotron
radiation, the incoming photon energy can be tuned to achieve
different probing depths, and thus, a nondestructive depth
profile of the material can be achieved.53,54 X-ray absorption
spectroscopy (XAS) is an alternative yet a complementary
technique to PES, which probes valence states, also yielding
oxidation states and local bonding environments.55,56 Being a
photon in-photon out process, XAS features a deeper probing
depth (>100 nm) that allows the whole bulk of the material to
be probed57−59 as compared to PES.
In this study, we make a detailed analysis of the mechanisms

behind the observed capacity fading in Li2VO2F by PES and
XAS. Combining energy-tuned PES with XAS enables a
thorough investigation of the build-up, thickness, and
composition of the interphase layer as well as probing redox
reactions at the near-surface to the bulk of active material
(AM) particles. The different probing regions are illustrated in
Figure 1. To understand how degradation proceeds during

cycling, comparisons are made of electrodes aged up to 50
cycles in both lithiated and delithiated states. Advanced
spectroscopic measurements demonstrate that the material
degradation begins at the near-surface with the conversion of
the AM to new redox-inactive vanadium compounds, a process
which continues into the bulk upon extended cycling and
results in the irreversible paralysis of the AM.

■ EXPERIMENTAL SECTION
Synthesis. All the following steps were performed in an argon-

filled glovebox with water and oxygen levels below 0.1 ppm. The
Li2VO2F material was prepared by following the mechanochemical
ball milling procedure as described elsewhere.10,12,18,60 The precursors
used were V2O3 (Alfa Aesar, 99.7%), Li2O (Alfa Aesar, 99.7%), and
LiF (Alfa Aesar, 99.9%). For the electrode preparation, Li2VO2F was
ball-milled with carbon black (CB, acetylene black, Alfa Aesar) for 3 h
at 300 rpm to form a composite. The electrode slurry consisted of 70
wt % Li2VO2F, 20 wt % CB, and 10 wt % polyvinylidene difluoride
(PVdF) binder (Solvey 6050) mixed with N-methyl-2-pyrrolidone
(Alfa Aesar, 99.5%). The slurry was coated, by doctor blade, onto
aluminum foil with a wet film thickness of 250 μm and was
subsequently dried in vacuum with a stepwise increasing temperature
up to 120 °C for 12 h. The resulting mass loading of AM was
approximately 1.5 mg cm−2.

Electrochemical Methods. Pouch-type cells were prepared in an
argon-filled glovebox (O2 < 2 ppm, H2O < 1 ppm). Circular
electrodes of 13 mm diameter were punched from the electrode
sheets and thereafter stacked together with two layers of the Solupor
separator (total separator thickness 20 μm) and a lithium foil (125
μm thick, Cyprus Foote Material) as the counter electrode. 1 M LiPF6
(50 μL) in ethylene carbonate (EC)/dimethyl carbonate (DMC) 1:1
v/v, (Solvionic, 99.9%) was used as the electrolyte and the pouches
were sealed by a vacuum sealer. The cells were cycled on a Digatron
BTS 600 galvanostat with current corresponding to a C-rate of C/10,
based on the theoretical capacity for Li2VO2F of 462 mA h g−1. The
cycling was performed at room temperature with the upper and lower
cutoff voltages set to 4.1 and 1.3 V versus Li/Li+, respectively. Seven
Li2VO2F electrodes with different cycling protocols were prepared for
the study according to Table 1. In the Results section, the abbreviated
names will be used to refer to different samples.

Characterization. Cells were opened in an argon glovebox (O2 <
2 ppm, H2O < 1 ppm), carefully rinsed with DMC (Merck, ≥99%) to
remove electrolyte residues and subsequently mounted on sample
holders with conductive carbon tape. For XAS measurements, V2O3
(Alfa Aesar, 99.7%) and V2O5 (Alfa Aesar, 99.9%) powders were
pressed into conductive Cu tape and used as V3+ and V5+ references,
respectively. Samples were transported to synchrotrons and trans-
ferred into the beamline end-stations without exposure to air. PES
measurements were performed at the I09 beamline at Diamond Light
Source, UK.61 Three different energies were used for each core level
corresponding to 150 eV kinetic energy, 450 eV kinetic energy (soft
X-ray branch), and 4 keV photon energy (hard X-ray branch). Hard
X-rays were monochromatized by a Si(111) double-crystal mono-
chromator and soft X-rays by a plane grating monochromator using
collimated light. A Scienta EW4000 high-voltage electron analyzer was
used to record the spectra. The probing depth was estimated as 3
times the inelastic mean free path (IMFP) for each photon energy,
corresponding to 95% of the total intensity stemming from this depth.
Nevertheless, because the intensity function is exponentially
decreasing, a large part of the signal still originates from the near-
surface/interphase layer even for more bulk sensitive measurements.62

Using IMFP values of polyethylene63 derived from the NIST
database,64 the resulting probing depths were 2 nm (150 eV), 5 nm
(450 eV), and 30 nm (4 keV). These values can be seen as an upper
limit for the probing depths as they are mostly representative of the
low-density surface layer, while for the denser AM, smaller probing
depths would be expected. In this case, thickness estimation is only
made for the interphase layer, and thus, polyethylene was chosen as a
representative compound. XAS measurements were performed at the
KMC-1 beamline at BESSY II, Germany.65 Spectra were recorded in
the fluorescence yield mode using a Bruker XFlash 4010 detector.

Data Analysis. PES data analysis and curve-fitting were performed
using Igor Pro 6.37 software. Curve-fitting of the acquired data was
made to determine binding energies and areas of the peaks needed to
fit the data, corresponding to different compounds present in the
sample. To be able to compare the relative amount of different
elements using different incoming photon energies, the photo-

Figure 1. Schematic illustration of an AM particle showing different
regions that are being probed with PES and XAS.
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ionization cross section and also the incoming photon intensity need
to be taken into account. The ratios of different materials can be
calculated according to eq 1.
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where Ai,j is the peak area of elements i and j, IEi,j is the relative
incoming intensity for photon energy Ei,j, and σi,j is the theoretical
photoionization cross section for the relevant subshell of the same
elements, as calculated according to work by Yeh and Lindau66 for
soft X-ray energies and Scofield67 for hard X-ray energies. The cross
section for a subshell depends only on the photon energy and can
thus be used for quantification of different elements in a sample, but
care should be taken to include any shake-up features if present in the
spectra.68−70 The spectrometer used also affects the intensity, and no
correction is performed to take into account the dependence on the
angle between the polarization vector and the photoelectron direction
for p orbitals. Additionally, it should be noted that generally, the
relative amount of compounds that are solvable in DMC may be
slightly reduced as a result of the washing procedure.71,72 Because of
these various uncertainties, relative changes between samples rather
than absolute values are considered when evaluating the spectra.
The PES data were normalized in intensity to the most intense

peak of each spectrum and energy calibrated by fixing the
hydrocarbon peak (C−H) at 285 eV. To make a reasonable fit of
the different spectra, some peak parameters were locked. In the C 1s
spectra, the PVdF peaks were fixed at a distance of 4.46 eV from each
other according to peak parameters established by Beamson and
Briggs.73 Because of the overlap in binding energy between CF2 and
CO3, the intensity ratio of PVdF and CB was also fixed according to
the ratio in the pristine sample. P 2p spectra were fitted using a spin−
orbit split according to Moulder and Chastain68 while for V 2p
spectra, work by Biesinger et al.74 was used to determine spin−orbit
split and oxidation states. For samples with a weak metal oxide (MO)
peak, the distance between different oxygen peaks was set to match
those of previous samples with a clearly visible MO peak. For several
elements, compounds with similar binding energies were expected to
be present in the sample, such as Li2VO2F and LiF in F 1s spectra and
different PFx

− variations in the P 2p spectra. These compounds are
fitted with only one peak because of limited resolution of spectra, but
a change of relative ratios can sometimes be seen as a binding energy
shift for these peaks. This will be further discussed in the Results
section.
XAS data are normalized and flattened using Athena software to

facilitate comparison between samples. Because of an unstable beam
position, I0 varied significantly during measurements causing noisy
data. Therefore, a smoothing of the data was performed in Athena
using boxcar average with a Kernel size of 11. Energy calibration of
the XAS data was performed using the energy shift needed to set the
binding energy of Au 4f7/2 at 84 eV. The edge position was
determined using the inflection point of the smoothed data.
Illustrations of the material structure were made using VESTA 3

software.75

■ RESULTS
In the Results section, a short note is made concerning the
electrochemical performance, confirming already published

results showing a severe capacity degradation upon cycling (for
a more in depth analysis, see earlier work12,18). In the second
and main part, the spectroscopic analysis is presented, and we
suggest possible mechanisms behind the capacity fading in
Li2VO2F.

Electrochemical Performance. Through electrochemical
measurements, an initial capacity of around 320 mA h g−1 for
Li2VO2F cathodes and a rapid fading of capacity on further
cycling are observed, as seen in Figure 2. The experimental

capacity corresponds to approximately 70% of the theoretical
value of 462 mA h g−1, assuming full delithiation and oxidation
of vanadium from 3+ to 5+. These results are in good
agreement with previous studies using the same C-rate,
showing that not all of lithium can be extracted from the
disordered rock-salt material without a phase transition to the
rhombohedral structure of VO2F

12,18,76−78 and thus, the fully
delithiated state is never reached.78

In the first cycle, less lithium is extracted during charge than
inserted during discharge. This indicates lithium deficiency in
the pristine sample, as previously suggested by Wang et al.18 In
all the following cycles, a little more lithium can be extracted
than what was previously inserted, and upon every re-lithiation,
the capacity decreases. After 50 cycles, the remaining capacity
is approximately 25% of the original value.

X-ray Spectroscopic Elemental Specific Analysis. In
this section, the oxidation state of vanadium is studied by
combining PES and XAS results, resulting in clear evidence
that vanadium is no longer redox-active after 50 full charge/
discharge cycles and ends up in a highly oxidized state (V5+).
The degradation begins at the Li2VO2F particle surface and
extends further into the bulk with continued cycling. The

Table 1. Names, Abbreviations, and Cycling Protocols for Different Samples Used in the Study

Figure 2. Capacity as a function of the cycle number for Li2VO2F
electrodes cycled vs Li-metal in the 1 M LiPF6 EC/DEC 1:1 v/v
electrolyte. A C-rate of C/10, based on the theoretical capacity of 462
mA h g−1, is used and the voltage window used is 1.3 to 4.1 V vs Li/
Li+.
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gradual loss of redox-active vanadium is consistent with the
capacity fade as shown in Figure 2.
Redox Activity of Li2VO2F. In Figure 3, the PE spectra of

O 1s and V 2p are shown for three different probing depths,
together with spectral peak fitting. Spectra obtained using
higher photon energies give relatively more information from
the bulk.62 From left to right, the peaks are assigned to
carboxyl/hydroxyl groups (light orange, ∼534 eV), carbonates
(light orange, ∼532 eV), MO (dark orange, ∼530.5 eV), and
vanadium that is detected with a spin orbit splitting of 7.33 eV
at ∼517 and ∼524 eV (blue peaks).74 The relative binding
energy positions between the MO peak and the V 2p3/2 peak
are presented in Table 2. These values are indicative of the
vanadium oxidation state, where a larger energy difference
corresponds to a lower oxidation state.74

Following the oxidation state of vanadium, it is clear that the
material degrades by converting to new nonredox-active phases
containing fully oxidized V5+ upon cycling. From Table 2, it
can be seen that the interphase layer measurements show
highly oxidized V already after the first full cycle, while the AM
at the near-surface and outer bulk is (partly) redox-active after
1 and 5 cycles, respectively. After 50 cycles, no vanadium in the
region probed by PES displays any redox activity. This shows
that the degradation starts at the surface and gradually moves
into the bulk.
In detail, the pristine Li2VO2F material shows an average

vanadium oxidation state close to 4+, instead of the expected
3+ from the structural formula. This can be a result of the
pristine Li2VO2F material being slightly lithium-deficient, other

vanadium phases being present in the material, or the surface
being somewhat oxidized. After first delithiation (sample D1),
the most surface-sensitive measurement (Figure 3a) shows an
energy split closely corresponding to vanadium in the fully
oxidized V5+ state, while the outer bulk measurement (Figure
3c) has a slightly larger energy difference, indicating a lower
oxidation state of vanadium. This implies an incomplete
delithiation of the outer bulk giving contribution to the spectra
that results in a peak shift toward lower binding energies,
consistent with the structural instability of the fully delithiated
material.12,18

Upon further cycling, the difference in the oxidation state
between delithiated and lithiated samples is less pronounced.
This is especially clear at the surface where vanadium remains
fully oxidized after 5 cycles. Vanadium still shows redox activity

Figure 3. PE spectra of O 1s, V 2p for all samples using three different photon energies probing the interphase layer (a), near-surface (b), and outer
bulk (c). Intensity normalized spectra are shown together with corresponding curve fitting. Blue peaks indicate vanadium contributions while dark
orange corresponds to the MO and light orange to surface oxygen compounds. References corresponding to V(III) and V(V) are indicated by
labels.74

Table 2. Binding Energy Difference between the MO and
Vanadium 2 p3/2 Peaks for Different Samples and Probing
Depthsa

sample ΔE (eV), 2 nm ΔE (eV), 5 nm ΔE (eV), 30 nm

P 14.1 14.2 14.3
D1 12.6 12.8 13.1
L1 12.9 13.5 14.0
D5 12.5 12.6 13.0
L5 12.7 12.8 13.6
D50 12.4 12.4 13.0
L50 12.8 12.6 12.9

aCorresponding values for V3+, V4+, and V5+ references are 14.7, 14.2,
and 12.8 eV, respectively.74
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in the outer bulk after 5 cycles, which subsequently diminishes
significantly after 50 cycles.
When the Li2VO2F cathode is lithiated (sample L1), the

vanadium peak is significantly broadened (Figure 3a−c), which
would be expected from a sample that contains a mixture of
oxidation states between 3+ and 5+. Such mixing implies that
vanadium oxidation is not entirely reversible, which serves as
one reason for the capacity fading as seen in electrochemical
cycling. The decrease of the vanadium oxidation state with
probing depth shows that it is predominantly the near-surface
of the Li2VO2F particle that cannot be relithiated. Upon
further cycling, the difference in the oxidation state between
delithiated and lithiated samples diminishes also for the outer
bulk, implying that the irreversible degradation of the material
starts at the surface of the Li2VO2F particle already during the
first cycle and spreads in toward the bulk with prolonged
cycling.
It can also be noted that the energy split between the MO

and vanadium peaks is slightly smaller than expected for V5+ in
V2O5 for several of the two more surface-sensitive measure-
ments. Vanadium coordinated by more electronegative
elements, such as fluorine, could explain the increased binding
energy,79 but the MO intensity is weak for these samples giving
a degree of uncertainty for the binding energy position.
Shifting focus to the MO peak (dark orange), broadening

can be seen at the surface and after cycling (from ∼1.2 to ∼1.7
eV fwhm) that can be indicative of an oxygen redox process,
resulting in different net charges on the oxygen atoms and a
following spread of binding energies.80−82 Charge compensa-
tion by oxygen will result in a highly reactive material that in
turn can cause formation of new MO environments
contributing to broader oxide peaks. Because oxygen redox
has been found to be related to material degradation of other
Li-rich materials, this can also be a reason for the capacity
fading in Li2VO2F.
Fluorescent yield XAS measurements were performed to

verify the change in the redox state of vanadium in the bulk
upon cycling. Figure 4 shows the vanadium K-edge of the
Li2VO2F material and Table 3 shows the corresponding edge
positions. Generally, the main edge shifts to higher energies
when the oxidation state of vanadium is increased.83 In

addition, a more pronounced pre-edge is expected for the V5+

state, as shown by the two reference samples, V2O3 and V2O5,
for the V3+ state and V5+ state, respectively. It has previously
been shown83 that V4+ spectra present a similar pre-edge
feature as seen in the V5+ state but with less intensity and
shifted to lower energy.
Initially during cycling (L1/D1, L5/D5), vanadium shows a

bulk redox activity as expected with delithiated samples shifted
to higher energies and with more pronounced pre-edges
compared to lithiated samples. On the other hand, the curves
for the D50 and L50 samples are very similar and show that
even in the bulk, most of the vanadium is no longer part of the
redox activity after 50 cycles.
Looking closer at the XAS spectra of the pristine L1 and L5

samples, these show large similarities to the V3+ reference, with
the exception of a knee around 5475 eV, where the inclination
of the main edge changes. The change in slope can be
explained by a mix of different oxidation states, where the first
part of the main edge corresponds to V in the 3+ state and the
second part to V in the 4+ or 5+ state. This mix is seen already
for the pristine sample, supporting that the material contains
regions with vanadium in different oxidation states, which
could be expected depending on what anions (oxide and/or
fluoride) surround vanadium in the disordered material.
The spectra of the delithiated samples show mostly

similarities to the V5+ reference with a clearly pronounced
pre-edge, but here, a small knee is also seen, especially for the
samples cycled 50 times. The XAS results support the
intermixing of oxidation states as seen by PES and further
confirm that all of the material is never fully lithiated to the 3+
state nor fully delithiated to a complete 5+ state.

Li2VO2F Composition. To evaluate to what extent the loss
of redox activity is coupled to a breakdown of the AM, the
relative amount of V and MO is estimated using eq 1 and
presented in Table 4. According to the structural formula of
Li2VO2F, the expected ratio is 1:2, which is also the calculated
value for the surface sensitive measurements of the pristine
sample, while a comparatively higher amount of oxygen is
found in the outer bulk of the material. Upon cycling, the ratio
is increased during delithiation and thereafter reversed during
lithiation, with the largest recovery for the first cycle and the
outer bulk measurement. The ratio is consistently higher,
closer to the surface, and is also increasing with cycling.
An increase in the V/MO ratio can originate from oxygen

redox, a conversion of MO to other oxygen compounds or
alternatively by vanadium dissolution followed by detrimental
reactions where vanadium reacts with the electrolyte and is
incorporated in the interphase layer. The lowered ratio upon
lithiation could then be explained by a partially reversible
oxygen redox process or by dissolution of the interphase layer.
These factors and how they can be combined to explain the
changes in V/MO ratio are further deliberated in the
discussion, after analyzing the interphase layer evolution in
the next section.
Oxygen redox has been seen for other Li-rich disordered

rock salts at potentials around 4 V versus Li/Li+,30,84,85 and in
other PES studies, oxidized On− has been identified at binding
energies approximately 1 eV higher than O2−.80−82 In this
study, this peak has not been resolved because of the difficulty
of separating it from the overlapping carbonate peak with good
certainty. Nevertheless, an oxygen redox activity could explain
the peak broadening and the relatively higher binding energy
of the MO peak measured at the surface of the material. A

Figure 4. Vanadium K-edge XANES for reference powders (gray), a
pristine Li2VO2F electrode (black) and electrodes cycled 1−50 cycles.
Darker colors represent delithiated (more oxidized) samples. Data
points are shown together with smoothed curves (solid lines).
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following reduction of oxygen back to O2− would explain the
regained MO intensity upon lithiation.
The lower ratio of 1:3 V/MO obtained for the outer bulk of

the pristine sample corresponds to a structure where only
oxygen would be present at the anion sites around vanadium.
Because the material is a disordered rock salt, the distribution
of anions is random, and it is reasonable to believe that this
would be the case for some vanadium atoms. However, the
higher MO content compared to the structural formula could
be an indication of vanadium, preferably forming V−O bonds
while Li is more likely to bond to F. This is in agreement with

density functional theory (DFT) calculations performed by
Richards et al.,86 showing that when fluorine is incorporated in
Li-ion cathode materials, F is mostly located in lithium-rich
regions because of the comparably much higher formation
energy of TM−F bonds. An overrepresentation of oxygen
around vanadium could also explain the higher oxidation state
of V because the presence of Li2VO3 sites would give vanadium
in the 4+ state.
The spectra probing the interphase layer of the cycled

samples always show much higher vanadium to oxygen ratio
than expected. Although higher, the ratio for the delithiated
samples appears to be rather stable upon increased cycling.
Following the lithiated samples instead, the ratio increases with
increasing cycle number, suggesting that there is a loss of MO
in the material upon cycling. However, the relative ratio of V/
MO for the lithiated samples is initially lower than that for the
previous delithated state, indicating a small regain of MO
during lithiation.80−82 After 50 cycles, the MO content is lower
in the lithiated state, likely related to the buildup of an
interphase layer and possible vanadium dissolution.
The trend observed for the V/MO ratio in the outer bulk is

similar to that for the near-surface. The analysis strongly
indicates the conversion of lattice oxygen, leading to the

Table 3. Energy Positions of the Main Vanadium K-Edge for All Samples Calculated from the Inflection Point of the Smoothed
Out Data

sample P D1 L1 D5 L5 D50 L50 V2O3 V2O5

edge position (eV) 5474.4 5476.9 5474.0 5477.3 5474.3 5475.9 5475.2 5474.3 5479.1

Table 4. Relative Amount of Vanadium Compared to MO
(V:MO) Estimated from PES Data Using Eq 1

V/MO

2 nm 5 nm 30 nm

P 1:2.16 1:1.92 1:3.05
D1 1:0.68 1:1.13 1:2.29
L1 1:1.25 1:1.55 1:3.00
D5 1:0.83 1:1.01 1:1.99
L5 1:0.91 1:1.17 1:2.55
D50 1:0.69 1:0.93 1:1.86
L50 1:0.46 1:0.51 1:1.17

Figure 5. PE spectra of the C 1s core level for all samples using three different photon energies probing the interphase layer (a), near-surface (b),
and outer bulk (c). Intensity normalized spectra are shown together with corresponding curve fitting. The dark gray peak stems from CB, light gray
from the PVdF binder, and striped peaks from surface compounds.
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Figure 6. PE spectra of the P 2p core level for all samples using three different photon energies probing the interphase layer (a), near-surface (b),
and outer bulk (c). Intensity normalized spectra are shown together with corresponding curve fitting.

Figure 7. PE spectra of the F 1s core level for all samples using three different photon energies probing the interphase layer (a), near-surface (b),
and outer bulk (c). Intensity normalized spectra are shown together with corresponding curve fitting.
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degradation of Li2VO2F and likely the formation of new
vanadium phases starting at the surface.
Stability and Composition of the Interphase Layer.

An interphase layer is commonly found on the cathode surface
after cycling.43,44 The stability and composition of this
interphase layer affects the cycling performance and may
therefore be evaluated to further understand the capacity
fading of Li2VO2F. C 1s, P 2p, and F 1s spectra are presented
in Figures 5−7, and an overview of the relative amounts of
different elements estimated using eq S1 is presented in the
Supporting Information.
As a first remark, it is clear from the PE spectra that a

thickening interphase layer is built up during cycling. This is
seen from the decreased intensity of the peaks stemming from
the bulk material, such as CB (dark grey) in the C 1s spectra
(Figure 5) and the MO peak (dark orange) in the O 1s spectra
(Figure 3). The interphase layer is always seen to be thicker on
the lithiated samples compared to the corresponding
delithiated sample. This clearly shows that the degradation
reactions building up the interphase layer occur mainly during
lithiation.
In more detail, peak fitting of the carbon spectra (Figure 5)

demonstrates that the carbon signal contains contributions
from both common surface species (striped peaks) such as
hydrocarbons (at 285 eV) and carbon bonded to one, two, or
three oxygens (at ∼286.5, 288 and 290 eV, respectively), as
well as peaks associated with the additives CB (dark grey at
∼284 eV) and the PVdF binder (two light grey peaks at 286
and 290 eV) used in the electrode material.
The first delithiated sample, D1, is seen to be very similar to

the pristine sample, showing only minor changes in the C 1s
spectra. Upon first lithiation, however, the two most surface-
sensitive spectra clearly indicate the formation of an interphase
layer, as seen by the disappearance or decreased intensity of
the CB signal together with a strong relative increase of the
hydrocarbon peak. It is furthermore clear from the CB
intensity that under continuous cycling, the interphase is
partially stripped during delithiation and reformed during
following lithiation. As the interphase layer grows thicker, the
CB signal diminishes and an increase of different C−O peaks is
seen, consistent with these compounds being common battery
electrolyte degradation products.87−90 This implies that there
is a continuous consumption of the electrolyte during lithiation
of Li2VO2F and shows that there is a lack of a sufficiently stable
surface layer to protect the AM from further degradation.
Thus, stabilization of either the particle surface or the surface
layer is necessary to improve the long-term stability of the
Li2VO2F cathode material.
The CB peak is visible in all measurements of delithiated

samples, and thus, the interphase layer thickness is estimated
to be thinner than the most shallow probing depth of 2 nm. On
the lithiated samples, the interphase is thicker, but still less
than 5 nm after 5 cycles while after 50 cycles, the bulk CB can
only be seen with a probing depth of 30 nm. After determining
that CB is no longer visible in the most surface-sensitive
measurements of the lithiated samples, it is interesting to note
that both vanadium and MO peaks are still visible for the same
samples. This supports dissolution and incorporation of
vanadium oxide in the interphase layer but can also be a
result of the interphase layer predominantly being deposited
on the CB additive.
From the phosphorus spectra (Figure 6), we can clearly

determine that degradation of the LiPF6 salt occurs upon

cycling because all cycled samples show the presence of
different P 2p environments. It is also seen that this
degradation continues during cycling because the P 2p signal
consistently increases up to 50 cycles.
As expected, no phosphorous is detected on the pristine

sample (black dots). In the spectra for cycled electrodes,
different environments each consisting of two spin orbit split
peaks at a distance of 0.84 eV68 can be identified. The lower
binding energy feature corresponds well with expected binding
energies of phosphates or POxFy compounds.68,91 The higher
binding energy feature stems from PFx

− ions, where the intact
PF6

− ion is normally detected at a binding energy of ∼137 eV,
and decomposition products with a lower fluorine content
(PFx

−, x ≤ 5) has been found to be ∼1 eV lower.90,92,93 The
decomposed salt ions can be seen on the delithiated samples,
but the PFx

− peak has not been separated from the intact PF6
−

peaks as the resolution does not allow this to be done with
precision. Instead, the binding energy shift of the high binding
energy phosphorus feature can be seen as a measure of the
amount of intact salt that remains on the sample. Because
samples are washed before measurement, only small amounts
of PF6

− may be expected at the surface, for a sample with
minimal interphase layer, and thus, the dominance of low
binding energy compounds for the D1 and D5 samples is
consistent with that expected. Still, intact salt may be expected
to reside within the composite electrode, which may explain
the relative increase of PF6

− in the most bulk-sensitive
measurement of the delithiated samples. The existence of the
low-energy P 2p peaks suggests that salt degradation occurs
already during first delithiation and that the decomposition
products are not soluble but remain at the surface of the
particles.
For samples cycled 50 times, the peak associated with the

electrolyte salt is seen to be at high binding energies,
corresponding to more intact salt at the sample surface. The
phosphate peak at 134.5 eV is also clearly visible. This fits with
the model where PF6

− residues remain within a deposited
interphase layer (and is not easily washed off) together with
the salt decomposition products. The relative amount of
phosphorous (see the Supporting Information) increases with
cycling and is generally higher on lithiated samples, consistent
with the presence of a thicker interphase layer on these
samples. The largest amount of decomposed salt (peak at
134.5 eV) is found at the near-surface measurement, indicating
that there is a greater buildup of salt decomposition products
close to the AM surface, while other species continue to be
deposited in outer layers.
In the fluorine spectra (Figure 7), two peaks are fitted,

associated with two different F-containing compounds.
Generally, covalently bonded fluorine is found at higher
binding energies (∼687−688 eV), where we expect the PVdF
binder or salt residues and degradation products of the PF6

−

ion. At lower binding energies (∼685 eV), ionic fluoride
compounds such as LiF and the AM Li2VO2F are expected.
For the most bulk-sensitive measurements (Figure 7c) and

particularly the pristine sample, the signal is dominated by
PVdF (darker peak) and Li2VO2F (lighter peak). For the
middle probing depth (Figure 7b), the relative intensity of
ionic fluorine is higher, which is explained by LiF at the near-
surface. LiF is also likely to form upon degradation of the salt,
which explains the increased intensity of the ionic peak with
cycling. This is also supported by the small shift in binding
energy of the ionic peak toward higher energies (∼0.8 eV
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higher than for the outer bulk) because LiF is expected at
slightly higher binding energy than Li2VO2F according to DFT
simulations (see the Supporting Information). For the most
surface-sensitive measurements (Figure 7a), the intensity of
the organic peak is again relatively higher, especially for
lithiated samples. This is explained by salt residues in the
interphase layer, as seen also in the P 2p spectra.
The lithium spectra (see the Supporting Information) only

contain one main peak at a binding energy corresponding to
ionic lithium (∼56 eV). This feature includes contributions
from residual salt, LiF and other lithium salts as well as the AM
Li2VO2F. The lithium content varies during cycling (seen for
all probing depths), with higher values for the lithiated
samples, which is in good agreement with the AM being
lithiated. Some lithium is also found in delithiated samples,
suggesting that not all of lithium is extracted from the material
and/or that other lithium compounds such as LiF that cannot
be delithiated at these potentials94 are present already upon
first delithiation. For the delithiated samples, both Li and ionic
F are seen in greater quantities at the near-surface, indicating
an accumulation of inorganic species in this region.

■ DISCUSSION

The changes in the V/MO ratio seen by the spectroscopic
results could, as previously mentioned, either be explained by a
redox/conversion of lattice O2− or by the buildup and
dissolution of an interphase layer containing vanadium.
Based on the PES results, we believe that both contribute,
and a schematic illustration of our interpretation is presented
in Figure 8c.
First, it is clear that the interphase is built up on first

lithiation, while the V/MO ratio is increasing already on first
delithiation, before an interphase layer has been detected. With
continuous cycling, the PES data show a gradual buildup of a
thickening interphase layer containing highly oxidized, non-
redox active vanadium compounds in addition to other

common electrolyte degradation products. Because the
interphase is built up during lithiation and partially stripped
during delithiation, this is expected to result in higher V/MO
ratios on lithiated samples compared to delithiated samples.
However, for samples cycled 1 or 5 times, the opposite is true,
with an increased ratio for delithiated samples and a following
recovery upon lithiation. In our opinion, this can only be
explained by an oxygen redox process that is partially
reversible.
Second, if the oxygen redox process was entirely reversible,

the V/MO ratio would return to its original value upon
lithiation. This is not the case, and instead, a continuous
increase is seen upon extended cycling (comparing L1, L5 and
L50). Because oxidized oxygen is known to be highly reactive,
we believe that some of On− reacts irreversibly with the
electrolyte upon lithiation. This results in the formation of an
interphase layer, even at the relatively high potentials used
(>1.3 V) where electrolytes are normally stable. A partially
reversible and partially irreversible oxygen redox resulting in
material degradation where new vanadium compounds are
formed at the electrode/electrolyte interface can thus explain
all the changes seen in the V/MO ratio.
The electrochemical results show that the capacity is always

lower during lithiation than previous delithiation. These results
support that material degradation occurs upon cycling,
preventing the material from being reversibly lithiated. Based
on the complete analysis, we therefore propose that the
degradation of the material occurs upon deep delithiation and
is coupled to an oxygen redox process. This model builds on
the PES and XAS data indicating mixed phases in the material
and on the hypothesis that the material contains a mixture of
specifically Li2VO2F, oxygen excess Li2VO3 sites, and also LiF
regions.
If there is a preference of oxygen surrounding vanadium

while fluorine particularly is found around lithium, up to 75%
of vanadium can be in a Li2VO3 environment while

Figure 8. (a) Graphical illustration using VESTA 3 software75 of a lithiated unit cell where oxygen preferably surrounds vanadium and fluorine
preferably surrounds lithium, giving vanadium in the 4+ state and oxygen in the 2− and (b) delithiated unit cell with vanadium in the 5+ state and
oxygen partially oxidized to On−. (c) Schematic illustration of the redox reactions and degradation processes occurring in Li2VO2F during cycling.
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maintaining the correct stoichiometric ratio, as illustrated in
Figure 8a. Vanadium present in these oxygen-rich coordinating
sites would be in the 4+ state when fully lithiated. This would
suggest a short-range order in the material that is hidden in
diffraction, as recently discovered as a possibility by Ji et al.,95

but further structural analysis would be necessary to confirm
this.
Upon delithiation, the redox couple V4+/V5+ can compen-

sate for one extracted lithium ion, but any further delithiation
from these Li2VO3 sites would need to be compensated by
partial oxidation of O, illustrated in Figure 8b. The oxygen
redox activity is also supported by the excess capacity
measured compared to the change in oxidation state of
vanadium. This is especially clear after 50 cycles where
vanadium shows almost no redox activity while a capacity of 80
mA h g−1 is still measured.
We believe that the degradation of the material occurs when

oxidized oxygen comes into contact with electrolyte salt where
it can react with F− to form new stable vanadium compounds
such as VOF3 according to the following proposed degradation
reaction for the fully delithiated Li2VO3 (i.e., VO3) material

VO PF Li e VOF PO F LiF3 6 3 2 2+ + + → + +− + − −

This reaction is only believed to happen at the near-surface
where the material is in contact with the electrolyte, and if
VOF3 is assumed to be nonredox-active, it would explain why
the bulk can be re-lithiated while the surface cannot. It also
explains why less lithium can be inserted than extracted in the
material, as well as the presence of POxFy compounds, the
decrease of lattice oxygen intensity, and the increased amounts
of ionic fluorine as seen in the PES results. The VOF3
compound is expected to be incorporated with other inorganic
degradation products in the interphase layer as illustrated by
the blue and pink layers intermixing in Figure 8c. Upon further
cycling, the degradation of the material spreads inward toward
the bulk as fresh AM surfaces are exposed to the electrolyte.

■ CONCLUSIONS AND OUTLOOK

A comprehensive study of the vanadium redox activity and
surface region evolution upon cycling of Li2VO2F has been
done by PES and XAS. Detailed spectroscopic analysis shows
that the substantial capacity fading for the material results from
the full and irreversible oxidation of vanadium to V5+ and the
degradation of the metal oxyfluoride structure as a
consequence of oxygen redox activity, as previously seen also
for other Li-rich materials.24−27,29−33,96 The material degrada-
tion begins at the surface and moves toward the bulk with
continued cycling. The results confirm that the AM is unstable
under these cycling conditions, converting to new redox-
inactive compounds, with a possible reaction pathway
proposed involving partially oxidized lattice oxygen. Addition-
ally, a continuous deposition and partial stripping on cycling of
the interphase layer together with electrolyte degradation is
seen at the electrode/electrolyte interface. The accumulation
of a permanent interphase layer, dominated by insoluble
inorganic compounds, occurs upon prolonged cycling.
The poor cycling performance of Li2VO2F can now be

attributed to an unstable surface layer that fails to passivate the
AM surface, resulting in the consequential breakdown of the
material because of detrimental reactions at the electrode/
electrolyte interface. These results highlight the need for a
passivating surface coating and/or a stabilized lattice structure.

Protective surface coatings applied during synthesis and doping
with other TMs have been found to successfully improve
cycling performance for other Li-rich materials19,46−49 and will
be the subject of further research on disordered rock-salt
materials. If a successful combination of the AM and
electrolyte that displays good capacity retention can be
found, we believe that Li-rich disordered rock-salt materials
are promising candidates as next-generation cathode materials.
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Supporting note 1 – Sample composition

A summarizing figure giving an overview of the relative composition of each element for different 
probing depths is presented in figure S1. The relative ratios are calculated according to:

, (1)
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Figure S1: A summarized view of the relative amount of each element for different probing depths. The composition is 
calculated according to equation 1. 
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Supporting note 2 – Li 1s spectra

The Li 1s PES spectra is shown in figure S2. Only one rather broad peak is found at ~56 eV corresponding 
to different kinds of ionized lithium.

Figure S2: PES measurements of the Li 1s core level for differently cycled samples using three different probing depths. Dots show 
experimental data while solid lines represent the peak fitting.   
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Supporting note 3 – DFT simulations

The Density functional theory (DFT) simulations used in the work were carried out using the Vienna Ab-

initio Simulation Package (VASP)1–4 in its implementation with pseudopotentials and plane wave basis 

set. The PBE density functional5,6  was used in the evaluation of the exchange correlation energy. We 

used Projector Augmented Wave (PAW) pseudopotentials7,8  and an energy cut-off of 600 eV.  A 
Hubbard-U correction (U = 4.25 eV) was used in order to correctly describe the strongly correlated d-
electrons of Vanadium. All structures were optimized until forces on all atoms were smaller than 0.01 
eV/Å.  

Core level shifts were calculated under the initial state approximation as implemented in the VASP code.

LiF was modelled using a primitive anti-fluorite cell containing one formula unit. The Li2VO2F was 

modelled using the layered Li2CrO2F structure presented in Ref. 9 which was determined to be the 
ground state structure for the fully lithiated phase. The Li2VO2F structure corresponds to a 4x4x3 
repetition of LiF with an appropriate number of Li and F replaced for V and O. We used a k-point 
sampling of 3x3x3 and 5x5x5 for Li2VO2F a LiF, respectively.

The calculated core-level shifts for LiF and Li2VO2F are -652.383 eV and -651.125 eV, respectively.
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Improved cycling stability in high-capacity Li-rich
vanadium containing disordered rock salt
oxyfluoride cathodes†

Christian Baur, *a Ida Källquist, b Johann Chable,a Jin Hyun Chang, c

Rune E. Johnsen, c Francisco Ruiz-Zepeda, d Jean-Marcel Ateba Mba,d

Andrew J. Naylor, e Juan Maria Garcia-Lastra, c Tejs Vegge, c Franziska Klein,a

Annika R. Schür,a Poul Norby,c Kristina Edström,e Maria Hahlin b

and Maximilian Fichtner af

Lithium-rich transition metal disordered rock salt (DRS) oxyfluorides have the potential to lessen one large

bottleneck for lithium ion batteries by improving the cathode capacity. However, irreversible reactions at the

electrode/electrolyte interface have so far led to fast capacity fading during electrochemical cycling. Here,

we report the synthesis of two new Li-rich transition metal oxyfluorides Li2V0.5Ti0.5O2F and Li2V0.5Fe0.5O2F

using the mechanochemical ball milling procedure. Both materials show substantially improved cycling

stability compared to Li2VO2F. Rietveld refinements of synchrotron X-ray diffraction patterns reveal the DRS

structure of the materials. Based on density functional theory (DFT) calculations, we demonstrate that

substitution of V3+ with Ti3+ and Fe3+ favors disordering of the mixed metastable DRS oxyfluoride phase.

Hard X-ray photoelectron spectroscopy shows that the substitution stabilizes the active material electrode

particle surface and increases the reversibility of the V3+/V5+ redox couple. This work presents a strategy for

stabilization of the DRS structure leading to improved electrochemical cyclability of the materials.

Introduction

Lithium-ion batteries (LIBs) are the most widely used energy
storage systems for applications in electric transportation and

portable electronic devices.1,2 Cathode materials for LIBs need
to meet high energy and power density criteria for several
applications and are the main focus of current research activi-
ties.1,3,4 In 2015, the lithium-rich disordered rock salt (DRS)
Li2VO2F was identied as a promising cathode material with
a high theoretical capacity of 462 mA h g�1 by Chen et al.5 This
compound exhibits a DRS structure where Li and V ions appear
to be randomly distributed at the same crystallographic site in
the crystal structure.6 The lithium-excess (Li : TM-ratio (transi-
tion metal) > 1) in DRS structures enables percolating pathways
for Li-ions to diffuse through the structure, facilitating their use
as battery materials with relatively high capacities.7,8 Li2VO2F
was the rst material reported in the class of Li-rich DRS
materials and the rst material to incorporate F� by partly
substituting O2� to lower the oxidation state of the transition
metal cation and to increase the average discharge potential.9

The capacity is expected to originate from the two-electron
redox couple, V3+/V5+, leading to practical capacities over
300 mA h g�1, considerably higher than what is observed for
conventional cathode materials such as LiCoO2 and LiFePO4

(140 mA h g�1 and 170 mA h g�1).1–3

Many different compounds with the Li-rich DRS phase
have been reported since the original study. Materials
like Li1.3Nb0.3TM0.4O2 (TM ¼ Fe3+, Mn3+, V3+) and
Li1.2Ni1/3Ti1/3Mo2/15O2 have been synthesized using a clas-
sical high-temperature annealing solid-state approach.10–12
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These materials exhibit a relatively stable electrochemical
behavior for more than 20 cycles. Fluoride-containing Li-rich
DRS materials, such as Li2VO2F, Li2Cr1�xVxO2F (x ¼ 0–1),
Li2MnO2F, Li2MoO2F and Li2.1Ti0.2Mo0.7O2F, have on the
other hand only been synthesized by high-energy ball milling,
leading to nano-sized particles with crystallographic
defects.5,13–17 Ball milled DRS oxyuorides generally suffer
from fast capacity fading and the reason for the capacity
fading is still not fully understood.5,15,16,18 Recent publications
indicate that such DRS phases might be metastable.10,14,19 A
recent study of Källquist et al. identied irreversible reactions
at the surface of Li2VO2F with the electrolyte as the possible
cause of the capacity fading.20 Herein, we propose that the key
to understand the degradation mechanism of Li2VO2F and
other disordered rock salt oxyuorides is linked to the meta-
stable structure and surface stability of the DRS phase. Even
though Li2VO2F has a lower average discharge voltage
compared to other DRS materials, its high theoretical and
practical discharge capacities make it an attractive material to
study. We report the synthesis of two new Li-rich DRS oxy-
uoride phases, Li2V0.5Ti0.5O2F and Li2V0.5Fe0.5O2F. We also
elucidate alternative synthesis approaches towards a conven-
tional solid-state synthesis of Li2VO2F and substituted Li-rich
DRS oxyuorides (see ESI†). LiF cannot be incorporated stoi-
chiometrically into the structure under conventional solid-
state synthesis conditions. Thus, the isovalent substituted
Li2V0.5Ti0.5O2F and Li2V0.5Fe0.5O2F compounds are synthe-
sized by a high energy ball milling approach and the proper-
ties of the compounds are compared with those of Li2VO2F.
The structural stability of the materials is investigated by
density functional theory (DFT) calculations. Further, we
analyze the electrochemical performance by galvanostatic
charge–discharge experiments and atomic level information
from the material surface is obtained from ex situ hard X-ray
photoelectron spectroscopy (HAXPES).

Experimental
Synthesis procedures

The compounds were prepared by using a dry ball milling
procedure in two steps (each step involves milling at 600 rpm
for 20 h using a Fritsch Pulverisette 6 classic line containing an
80 mL Si3N4 jar and 25 balls of 10 mm diameter under the
conditions of a ball to powder ratio of 10 : 1 and the total
amount of powder of approx. 4.5 g). All compounds were added
into an air-tight Si3N4 jar under inert conditions in an argon-
lled glovebox with water and oxygen levels below 0.1 ppm.

In the rst step, Li2O (10% excess to compensate loss during
the synthesis,21 Alfa Aesar, 99.7%) and the corresponding metal
oxide precursors, V2O3 (Alfa Aesar, 99.7%), and Ti2O3 (Alfa
Aesar, 99.8%) or Fe2O3 (Alfa Aesar, 99.9%), were milled to form
the intermediate products DRS LiVO2, LiV0.5Ti0.5O2 or LiV0.5-
Fe0.5O2, respectively. In the second step LiF (Alfa Aesar, 99.9%)
was added and subsequently milled to stoichiometrically form
Li2VO2F, Li2V0.5Ti0.5O2F or Li2V0.5Fe0.5O2F, respectively. Aer
ball milling, powders were handled in a glovebox and were used
without further purication.

Powder X-ray diffraction (PXRD)

Synchrotron PXRD patterns were recorded at beamline 11-ID-B
at the APS Argonne National Lab using a PerkinElmer at panel
detector (XRD1621) with a pixel size of 200 � 200 mm. The
powdered samples were placed in 1.1 mm borosilicate glass
capillaries inside an argon-lled glovebox and sealed before
they were measured in transmission geometry. A sample-to-
detector distance of 641.010 mm and a wavelength of 0.21280
Å were used for data acquisition with a summed exposure time
of 30 s per diffraction pattern. The diffraction data were inte-
grated using the Fit2D.22–24 Rietveld renements were conduct-
ed using TOPAS version 5.25 The instrumental resolution
function was determined using the CeO2 standard. For the
Rietveld renement, the b-factors were rened for the 4a and 4b
Wyckoff positions and not for each element individually. The
occupancies of O and F were xed to 2/3 for O and 1/3 for F,
respectively. The TM and Li occupancies were restrained to
result in 1 and rened.

Ex situ PXRD patterns of cycled electrodes aer 100 cycles
were recorded in reection geometry using a STOE STADI-p
diffractometer with Mo Ka1 radiation (0.70932 Å), equipped
with a DECTRIS MYTHEN 1K strip detector. The electrodes
where covered with Kapton® tape to prevent oxidation in air.

Transmission electron microscopy (TEM)

TEM characterization and energy dispersive X-ray spectroscopy
(EDX) mapping were performed using a Cs corrected JEOL ARM
CF operating at 200 kV, equipped with an SSD Jeol EDX
spectrometer.

DFT calculations

DFT calculations were carried out using the Vienna Ab initio
Simulation Package (VASP)26–29 using the projector augmented-
wave (PAW) method.30 The generalized gradient approxima-
tion as parametrized by Perdew, Burke and Ernzerhof31 was
used as the exchange–correlation functional. The plane-wave
cutoff of 600 eV was used, and both the cell and atomic posi-
tions were fully relaxed such that all the forces are smaller than
0.02 eV �A�1. A rotationally invariant Hubbard U correction32,33

was applied to the d orbitals of V, Ti and Fe with the U values of
3.25, 3.50 and 4.30 eV, respectively. Integrations over the Bril-
louin zone were carried out using the Monkhorst–Pack
scheme34 with a grid with a maximal interval of 0.04 Å�1.

Electrochemical measurements

Electrodes were prepared by pre-mixing Li2VxTM1�xO2F (TM ¼
Ti, Fe, x ¼ 1 or 0.5) with carbon black (acetylene black, Alfa
Aesar) in the ball mill to form a composite (300 rpm for 3 h). The
obtained composite was mixed with polyvinylidenediuoride
binder (PVDF) (Solvay 6050) and N-methyl-2-pyrrolidone (NMP,
Alfa Aesar, 99.5%) solution to obtain a slurry with a weight ratio
of 70/20/10. The slurry was coated on aluminum foil acting as
the current collector and subsequently dried under vacuum at
stepwise increasing temperatures up to a maximum of 120 �C
for 12 h. Aerwards electrodes of 12 mm diameter were

This journal is © The Royal Society of Chemistry 2019 J. Mater. Chem. A, 2019, 7, 21244–21253 | 21245
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punched out. The active material mass loading ranges from 1.4
to 1.9 mg cm�2 with a dry lm thickness between 12 and 21 mm.

For the electrochemical measurements, 2-electrode
Swagelok-type cells were assembled using a lithium metal
counter electrode, a Li2VO2F working electrode, 200 mL LP30-
electrolyte (1 M LiPF6 in an ethylene carbonate (EC)/dimethyl
carbonate (DMC) mixture (1 : 1 by volume, Sigma Aldrich))
and two Whatman glass ber separators. These Li half-cells
were assembled in a glovebox under an argon atmosphere.
Galvanostatic charge–discharge tests were conducted in the 2-
electrode setup with an ARBIN BT2000 battery testing system.
All electrochemical cycling tests were carried out with a C/5-rate
in a voltage range of 1.3 V to 4.1 V vs. Li/Li+. Cycling was per-
formed at room temperature.

HAXPES analysis

For HAXPES analysis, pouch-type cells were prepared in an argon-
lled glovebox (O2 < 2 ppm, H2O < 1 ppm). 13 mm diameter
electrodes of Li2VO2F, Li2V0.5Fe0.5O2F or Li2V0.5Ti0.5O2F were used
as working electrodes with a lithiummetal (125 mm thick, Cyprus
Foote Material) counter electrode and Solupor separator (20 mm
thick) soaked in 50 mL LP30-electrolyte. Galvanostatic charge–
discharge was performed using a Digatron BTS 600 galvanostat
under the same conditions as describe above.

HAXPES was performed on pristine, fully charged and fully
discharged electrodes cycled 5 or 50 times. These are abbrevi-
ated P, Ch5, DCh5, Ch50, and DCh50 respectively. HAXPES
samples were prepared by disassembling the pouch cells,
rinsing the working electrode with DMC to remove salt residues,
and mounting a piece of the electrode on a sample holder using
conductive Cu or carbon tape. All sample transfers were made
under an Ar atmosphere. For Li2VO2F and Li2V0.5Fe0.5O2F,
measurements were performed at the KMC-1 beamline at
BESSY II, Germany35 using photon energies of 2005 eV. X-rays
were monochromatized using a Si(111) double-crystal mono-
chromator and a Gammadata Scienta R-4000 hemispherical
analyzer was used to record the photoelectron spectra.
Li2V0.5Ti0.5O2F samples were measured at the I09 beamline at
Diamond light source, UK36 using photon energies of 2350 eV.
X-rays were monochromatized using a Si(111) double-crystal
monochromator and a Scienta EW4000 high-voltage electron
analyzer was used to record the photoelectron spectra. The
probing depth was estimated to be approximately 10 nm using
three times the inelastic mean free path (IMFP) for Li2VO2F
derived from the NIST database37 using material parameters
from The Materials Project.38 HAXPES data analysis and curve-
tting were performed using Igor Pro 6.37 soware. All
spectra were intensity normalized to the highest intensity peak
and binding energy calibrated by shiing the carbon black peak
to 284.4 eV. To curve t the transition metal spectra, the spin
orbit splitting of the 2p3/2 and 2p1/2 doublet peaks was locked to
established values (7.3 eV for V, 5.7 eV for Ti, and 13.6 for Fe)
while the absolute binding energy values were allowed to vary.
In the case of vanadium, only one spin orbit split doublet peak
was used to t the spectra, and its binding energy was used to
determine the oxidation state. For V 2p and Ti 2p peaks,

parameters from the work by Biesinger et al.39 were used for the
tting. The Fe 2p peaks partially overlap with the plasmon of the
F 1s peak.40 By comparing the survey measurements of
Li2V0.5Fe0.5O2F and Li2VO2F (ESI, Fig. S11†) it was determined
that the Fe 2p1/2 peak lies above the uorine plasmon and can
thus be used to evaluate iron. The Fe 2p1/2 was tted using
established peak parameters.41,42 Further details on the tting
can be found in the ESI.† To evaluate the composition of the
samples, peak areas are calculated and normalized by the
photoionization cross section. Ratios between different
elements are calculated according to eqn (1):

ni

nj
¼ Ai=si

Aj

�
sj

(1)

where Ai,j is the peak area of elements i and j and si,j is the
theoretical absorption cross section of the corresponding
elements as calculated according to the work by Scoeld.43

Results

We synthesized the target compounds Li2V0.5Ti0.5O2F and
Li2V0.5Fe0.5O2F by a high energy ball milling approach, similar
to the reported synthesis of Li2VO2F.5High energy ball milling is
oen used to synthesize metastable phases or to stabilize pha-
ses that normally exist at higher temperatures or pressures.44

The synthesis procedures reported in the literature so far
synthesize the DRS compounds in a one-step process, which in
some cases leads to impurities of unreacted precursor
compounds.5,15 In the case of Li2VO2F, a total ball milling time
of 40 hours is suggested.5 Here, we introduce a two-step
approach. In the rst step, we synthesized a LiTMO2 species
by using Li2O and the corresponding TM2O3 oxide already
exhibits the DRS structure.45 In a second step, LiF was intro-
duced into the structure as a solid solution by ball milling. This
approach has the advantage of signicantly reducing the tran-
sition metal oxide precursor impurities in the product. Addi-
tionally, we changed the ball mill jar and ball material from
tungsten carbide (WC) to less abrasive silicon nitride (Si3N4),
which reduces the amount of impurities in the synthesized
compound. Following this approach, we successfully synthe-
sized two new Li-rich DRS materials, Li2V0.5Ti0.5O2F and
Li2V0.5Fe0.5O2F, and compared them with the original Li2VO2F
compound.

Rietveld renements based on the synchrotron PXRD of
Li2V0.5Ti0.5O2F and Li2V0.5Fe0.5O2F, both mixed with carbon
black, are presented in Fig. 1. The broad diffraction peaks of
both compounds indicate the nanocrystalline nature of the
material, as known for Li2VO2F (ESI, Fig. S2†) and similar ball
milled materials.5,9,15,21,45 Rietveld renements are based on the
DRS phase (Fm�3m) for both Li2V0.5Ti0.5O2F and Li2V0.5Fe0.5O2F
and yield in good ts. The Rietveld renements show that the
synthesized products have high purity (the products contain
below 1 wt% of Si3N4 impurity). No transition metal precursors
(TM2O3) were found. The renements yield lattice parameters of
a ¼ 4.1342(6) Å for Li2V0.5Ti0.5O2F and a ¼ 4.1388(6) Å for
Li2V0.5Fe0.5O2F, which are slightly larger compared to that of the
unsubstituted compound Li2VO2F (a ¼ 4.1169(4) Å) due to the

21246 | J. Mater. Chem. A, 2019, 7, 21244–21253 This journal is © The Royal Society of Chemistry 2019
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larger ionic radii of Ti3+ and Fe3+.46 The rened occupancies of
the transition metal positions differ only marginally from the
ideal stoichiometry for the Ti and Fe containing phases.
Detailed structural parameters obtained from the renement
are given in ESI Table S1.† The crystallite size (between 12 and
14 nm) and strain (below 0.6%) were determined from
Williamson–Hall plots (ESI, Fig. S3†).47

The particle size and morphology of Li2V0.5Ti0.5O2F,
Li2V0.5Fe0.5O2F and Li2VO2F were investigated by TEM. The
results for Li2V0.5Ti0.5O2F are presented in Fig. 2. The results for
Li2V0.5Fe0.5O2F and Li2VO2F are given in the ESI (ESI,
Fig. S4–S6†). The sample is composed of agglomerated nano-
crystalline particles (Fig. 2a). Similar microstructures have been
found for Li2V0.5Fe0.5O2F and Li2VO2F. The lattice d-values ob-
tained by selected area electron diffraction (SAED) (Fig. 2b)
correspond to the metrics of the DRS structure (Fm�3m) and
conrm the results of the Rietveld renement. The high-
resolution scanning transmission electron microscopy
annular dark eld image (STEM-ADF) in Fig. 2c reveals several
nanocrystalline (5–10 nm) and some amorphous domains. The
corresponding fast Fourier transformation (FFT) of one nano-
crystallite is shown in Fig. 2d, matching the orientation along
the [101] zone axis of the disordered structure. Despite the local
non-uniform mass-thickness contrast in the image, it is
possible to identify some differences in the intensity of the
atomic columns, indicating variations of the transition metal
atomic content. Similar results have been obtained for Li2VO2F
and Li2V0.5Fe0.5O2F. Energy dispersive X-ray spectroscopy
mapping (EDX) of the materials shows a uniform distribution of
elements. However, in the case of Li2V0.5Fe0.5O2F the EDX map
reveals a small fraction of V-enriched areas of 40–80 nm size,

which are not present in the X-ray diffraction pattern (ESI,
Fig. S6†).

To shed light on the structural properties of Li2VO2F,
Li2V0.5Ti0.5O2F and Li2V0.5Fe0.5O2F we investigated the relative
structural stability of DRS oxyuoride phases using DFT calcu-
lations by comparing the energies of Special Quasi-random
Structures (SQS) and ordered prototype structures. These are
derived from known ordered oxide structures such as a-NaFeO2

and g-LiFeO2, which are known to be the ground state structure
of many lithium transition metal oxides (ESI, Fig. S7 and
S8†).48,49 The relative structural stability of DRS oxyuoride
phases is determined via the energy difference between the SQS
and the most stable ordered structure, DE, dened as

DE ¼ ESQS � min(Eordered) (2)

where ESQS and min(Eordered) are the total energies of SQS and
the most stable ordered structure in meV per atom, respectively.
A positive (negative) value of DE indicates that the disordered
phase is energetically less (more) stable compared to an ordered
phase.

The ordered phase is expected to be more structurally stable
than the disordered phase for all considered compounds,
because the DRS oxyuorides are in the metastable phase ach-
ieved using a mechanochemical ball milling procedure.
Furthermore, the decomposition of Li2VO2F into LiVO2 and LiF
upon heating50 indicates that the considered compounds may
be metastable in general, irrespective of the ordered or disor-
dered phase. Such metastability of the compounds makes it
difficult to investigate their relative structural stabilities.
However, the ordering propensity, the extent to which the
ordered phase is preferred compared to the disordered phase,
can be used to assess the relative stability of the compared DRS

Fig. 1 (a) PXRD pattern of Li2V0.5Ti0.5O2Fmixedwith carbon black with
Rietveld refinement and the Bragg position of Li2V0.5Ti0.5O2F. (b) PXRD
pattern of Li2V0.5Fe0.5O2F mixed with carbon black with Rietveld
refinement and the Bragg position of Li2V0.5Fe0.5O2F. l ¼ 0.21280 Å.
Inset: schematic illustration of the DRS crystal structure.

Fig. 2 TEM analysis of Li2V0.5Ti0.5O2F. (a) TEM image, (b) SAED pattern,
and (c) high-resolution STEM ADF image with corresponding FFT (d).

This journal is © The Royal Society of Chemistry 2019 J. Mater. Chem. A, 2019, 7, 21244–21253 | 21247
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oxyuoride compounds.49 In other words, the relative values of
DE in eqn (2) are used to assess how stable the compounds are
in the disordered phase compared to the ordered phase. The
value of DE is 179, 144 and 147 meV per atom for Li2VO2F,
Li2V0.5Ti0.5O2F and Li2V0.5Fe0.5O2F, respectively. The ordered
phase is energetically preferred for all three compounds, and
the disordered phase is metastable as expected. More interest-
ingly, the DE values of Li2V0.5Ti0.5O2F and Li2V0.5Fe0.5O2F are
lower than those of Li2VO2F by more than 30 meV per atom,
indicating enhanced structural stability of the disordered
phase. Consequently, Li2V0.5Ti0.5O2F and Li2V0.5Fe0.5O2F are
more likely to retain the disordered phase upon cycling than
Li2VO2F. It should be noted that the relative energies of the
decomposed products of the compounds (LiF + LiTMO2

for Li2TMO2F and LiF + 0.5LiTM1O2 + 0.5LiTM2O2 for
Li2TM10.5TM20.5O2F, where more stable a-NaFeO2 and g-LiFeO2

type oxide structures are considered) are also compared (ESI,
Table S2†). All of the compounds are found to be most stable in
the decomposed state, which aligns with the challenges faced in
synthesizing the compounds in conventional techniques.

In addition to the relative stabilities of the disordered and
ordered phases, DFT calculations reveal that the disorder leads
to a distribution of oxidation states of the transition metal ions
in the compounds. The oxidation states of TM in Li2TMO2F and
TM1 and TM2 in Li2TM10.5TM20.5O2F (TM, TM1 and TM2 ¼ V,
Ti, Fe, respectively) are always 3+ for all of the ordered struc-
tures. The oxidation states of V ions are distributed between 2+,
3+ and 4+ in the SQS of Li2TMO2F (the distribution of oxidation
states of the transition metals of the SQS is shown in Table S3 of
ESI†). Furthermore, it is observed that the substitution of V with
Ti leads to a downward shi in the oxidation state distribution
of V ions (between 2+ and 3+) while Ti ions have oxidation states
of 3+ and 4+. The opposite happens when V ions are substituted
with Fe ions; oxidation states of V ions are distributed between
3+ and 4+ while they are distributed between 2+ and 3+ for Fe
ions. A constant value of oxidation states in the ordered phase
and its distribution pattern in the disordered phase can be used
to determine the extent to which the material is disordered,
albeit to a rst order approximation.

The electrochemical performance of the new DRS oxy-
uoride compounds Li2V0.5Ti0.5O2F and Li2V0.5Fe0.5O2F was
investigated. The proposed theoretical capacity of Li2VO2F is
462 mA h g�1 based on a 2 e� redox process of the V3+/V5+

couple. Li2V0.5Ti0.5O2F has a theoretical capacity of
350 mA h g�1 based on a 1.5 e� redox process assuming addi-
tional redox activity of Ti3+/Ti4+ in the low voltage range between
1.5 and 2.0 V.51 Li2V0.5Fe0.5O2F has a theoretical capacity of
226 mA h g�1 assuming electrochemical inactivity of Fe3+ (2 e�

redox process of 50% V3+/V5+). Galvanostatic charge–discharge
tests of Li2VO2F, Li2V0.5Ti0.5O2F and Li2V0.5Fe0.5O2F half cells
have been conducted. The cycling performance is shown in
Fig. 3. The materials have been cycled within a potential range
of 1.3 and 4.1 V vs. Li/Li+ with a C/5-rate. Li2VO2F shows the
highest rst discharge capacity of all three compounds (Fig. 3a)
of around 330 mA h g�1, which is in good agreement with the
literature, accompanied by rapid capacity fading known from
previous reports.5,14 45% of the initial discharge capacity is lost

aer 25 cycles. Aer 50 cycles the discharge capacity is already
below 150 mA h g�1, which corresponds to less than 40%
capacity retention (Fig. 3b). Both substituted compounds,
Li2V0.5Ti0.5O2F and Li2V0.5Fe0.5O2F, exhibit a lower discharge
capacity of 285 mA h g�1 and 218 mA h g�1 in the rst cycle,
respectively. The discharge capacity of Li2V0.5Ti0.5O2F is
67 mA h g�1 higher compared to Li2V0.5Fe0.5O2F, which may be
explained by additional contribution to the capacity of the
Ti3+/Ti4+ redox couple. The capacity fading is signicantly
reduced for both substituted compounds; Li2V0.5Ti0.5O2F and
Li2V0.5Fe0.5O2F retain 81% and 83% of the initial discharge
capacity aer 25 cycles and 66% and 73% aer 50 cycles,
respectively. The coulombic efficiency (Fig. 3a) is improved for
both new materials (around 97% for 50 cycles) compared to
Li2VO2F (around 93%). Altogether, the substitution of V with
50% Ti or Fe clearly improves the cycling performance
compared to Li2VO2F. Li2V0.5Fe0.5O2F shows the best cycling
stability over 50 cycles, whereas Li2V0.5Ti0.5O2F exhibits the
highest overall discharge capacities. The corresponding voltage
proles of Li2VO2F, Li2V0.5Ti0.5O2F and Li2V0.5Fe0.5O2F exhibit
a steep and sloping prole shape enhanced by the disorder
suggesting a single-phase insertion process for Li+ (ESI,
Fig. S9†).5,6,14 No voltage plateaus are observed. The average
discharge voltage of Li2VO2F is about 2.53 V with a voltage

Fig. 3 (a) Cycling performance (filled symbols: charge capacity,
hollow symbols: discharge capacity) and coulombic efficiency of
Li2VO2F (black), Li2V0.5Ti0.5O2F (blue) and Li2V0.5Fe0.5O2F (red) as
a function of cycle number for half-cells cycled within a potential
range of 1.3–4.1 V vs. Li/Li+ with C/5-rate at 25 �C. (b) Corresponding
discharge capacity retention of the compounds.

21248 | J. Mater. Chem. A, 2019, 7, 21244–21253 This journal is © The Royal Society of Chemistry 2019
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hysteresis of 0.51 V. Both substituted compounds exhibit
a slightly lower average discharge voltage, 2.31 V for
Li2V0.5Ti0.5O2F and 2.45 V for Li2V0.5Fe0.5O2F. The voltage
hysteresis for Li2V0.5Ti0.5O2F is 0.59 V, which is the highest of all
three compounds. Li2V0.5Fe0.5O2F shows the smallest voltage
hysteresis of 0.43 V.

To understand the redox processes occurring during elec-
trochemical cycling the differential capacity dQ/dV plots are
shown in Fig. 4. In Li2VO2F, the oxidation of V3+ to V4+ is located
in the area of 2.6 V and that of V4+ to V5+ is located above 3.5 V
(indicated with dashed lines).14,15 For Li2V0.5Ti0.5O2F, the
assumed redox peaks of vanadium (dashed lines) are slightly
shied to higher voltages and exhibit the highest over-
potentials, whichmay be related to kinetic effects. Furthermore,
additional peaks in the charge and discharge directions are
observed at 2.2 V and 1.8 V, respectively (dotted lines). These
peaks are not present in the samples that do not contain Ti
(Li2VO2F and Li2V0.5Fe0.5O2F) and thus are expected to originate
from the Ti3+/Ti4+ redox couple leading to an additional
discharge capacity. Li2V0.5Fe0.5O2F shows the smallest over-
potential and behaves like Li2VO2F in the low voltage regime
indicating a similar redox behavior, but differs in the voltage
region above 3.5 V during charging. This deviation may be
related to processes at high voltages associated with irreversible
reactions affecting the cycling stability. Upon extended cycling

the dQ/dV plot of Li2VO2F tends to a attening differential
capacity peak response, indicating a loss of V-redox activity.20 In
contrast, Li2V0.5Ti0.5O2F and Li2V0.5Fe0.5O2F preserve the char-
acteristic redox peaks for a longer cycling period. This suggests
that the maintained electrochemical activity of the TM is related
to the improved cycling stability of the materials. Like for
Li2VO2F, the ex situ PXRD pattern of Li2V0.5Ti0.5O2F and
Li2V0.5Fe0.5O2F aer extended cycling does not exhibit any
development of new crystalline phases (ESI, Fig. S10†).5

To further analyze the materials' surface stability, HAXPES
was used to probe the redox activity of the transition metals and
the surface layer evolution. Since HAXPES is a surface sensitive
technique it has commonly been used to study the surface
layers built up on the activematerial, known to be crucial for the
cycling performance.52,53 Thus, to understand the improved
capacity retention of the substituted materials the O 1s, V 2p
and C 1s spectra are analyzed for pristine (P) and samples cycled
5 or 50 times in both charged (Ch5 and Ch50, respectively) and
discharged (DCh5 and DCh50, respectively) states. The photon
energy for the measurements is chosen so that both the outer
layers of the active material and the surface layer can be probed.

The O 1s and V 2p spectra are shown in Fig. 5. Five different
peaks are used to t the data, from le to right corresponding to
carboxyl/hydroxyl compounds (�534 eV), carbonates (�532 eV),
metal oxide (530 eV) and vanadium that is detected with a spin
orbit splitting of 7.33 eV at �517 and 524 eV according to peak
parameters summarized by Biesinger et al.39 The energy differ-
ence of the O 1s metal oxide peak and V 2p3/2 can be used to
determine the oxidation state of V, where a larger value corre-
sponds to a lower oxidation state. The values obtained from the
tting are presented in Table 1. The pristine samples show
differences in the average vanadium oxidation state depending
on the material. Li2VO2F and Li2V0.5Ti0.5O2F show vanadium in
a mix of V3+ and V4+, while Li2V0.5Fe0.5O2F contains a mix of V4+

Fig. 4 Differential capacity curves of (a) Li2VO2F, (b) Li2V0.5Ti0.5O2F
and (c) Li2V0.5Fe0.5O2F half-cells cycled within a potential range of
1.3–4.1 V vs. Li/Li+ with C/5-rate at 25 �C.

Fig. 5 O 1s and V 2p photoelectron spectra of the three different
materials in pristine, charged and discharged states after 5 and
50 cycles, obtained using a photon energy of 2005 eV (a and c) or
2350 eV (b). Dotted lines indicate reference values for metal oxide
(530 eV) and different oxidation states of vanadium.39

This journal is © The Royal Society of Chemistry 2019 J. Mater. Chem. A, 2019, 7, 21244–21253 | 21249
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and V5+ in the region probed. The deviation from an average
oxidation state of 3+ might be related to surface oxidation, as
seen also for other vanadium oxides.39 The mix of oxidation
states is seen from the rather large FWHM of the V 2p peaks.
This can be expected due to the disordered structure, where
vanadium can be found with a different coordination of oxygen
and uorine, affecting the binding energy. Upon h charge all
samples are as expected close to a fully oxidized V5+ state. Aer
the following h discharge Li2V0.5Fe0.5O2F and Li2V0.5Ti0.5O2F
return close to their respective pristine state, while the vana-
dium in Li2VO2F is no longer redox active and stays in a highly
oxidized state. For the Li2VO2F material this reduced redox
activity of vanadium has previously been suggested to be linked
to a partial oxidation of oxygen forming reactive compounds
that leads to a breakdown of the active material, starting at the
surface.20 In this context both the Li2V0.5Fe0.5O2F and
Li2V0.5Ti0.5O2F materials clearly show improved reversibility of
the vanadium redox behavior. Still, aer 50 cycles the materials
show less to no redox activity of vanadium in the depth region
probed by HAXPES. This trend can also be followed in the
FWHM, which changes upon cycling. Especially on h
discharge a broadening can be seen, indicating that some of the
material can no longer return to its original state. This broad-
ening is most signicant for the unsubstituted material. The
smaller FWHM aer 50 cycles can be explained by a more
uniform V5+ state of the probed material, in combination with
that V5+ exhibits narrower peaks than V4+ and V3+, since V5+

does not have any unpaired valence electrons.39

To gain a deeper insight into the improved redox activity of
the substituted materials it is interesting to look at the intensity
ratio between vanadium and the metal oxide (MO) peak.20 In
Table 2 the V : MO ratios are presented, with the oxygen content
normalized to two for easy comparison. According to the
structural formulas, the V content should be 1 for Li2VO2F and
0.5 for Li2V0.5Fe0.5O2F and Li2V0.5Ti0.5O2F. For the pristine
materials the ratio is slightly higher than expected for the
Li2VO2F material, while for the Li2V0.5Fe0.5O2F and
Li2V0.5Ti0.5O2F materials the ratio is slightly lower. Comparing
charged and discharged samples, it is seen that the relative ratio
is higher in the discharged samples for Li2VO2F and
Li2V0.5Fe0.5O2F, while the Li2V0.5Ti0.5O2F material shows a small
but opposite trend. For Li2VO2F the V : MO ratio increases

signicantly during cycling together with a binding energy shi
of the MO peak. As discussed in detail in another study,20 the
relative increase and decrease of vanadium compared to oxygen
can be coupled both to possible oxygen redox processes as well as
the formation and dissolution of a surface layer containing
vanadium. The same trend cannot be seen for the Li2V0.5Fe0.5O2F
and Li2V0.5Ti0.5O2Fmaterials. Only a slight increase of the V : MO
ratio is seen for Li2V0.5Fe0.5O2F, while for Li2V0.5Ti0.5O2F a close to
constant ratio is obtained up to 50 cycles. Additionally, only small
binding energy shis of the MO peak are seen (<0.2 eV). These
results clearly indicate that substitution with iron and titanium
mitigates the detrimental reactions causing vanadium dissolu-
tion and incorporation in the surface layer and thus improves the
chemical stability of the materials.

Looking further at the other transition metals (ESI,
Fig. S12†), both iron and titanium are found to be partially
redox active at the surface. Iron is found in a mix of Fe3+ and
Fe2+ in the pristine material and upon cycling the Fe3+ content
increases aer h charge while more Fe2+ is found aer
subsequent discharge. Titanium is predominately found in the
Ti4+ state for the pristine material, with some amount of Ti3+

upon discharge. As already mentioned for vanadium, the devi-
ation from the 3+ oxidation state indicates that an oxidized
surface layer is present already aer the synthesis of the mate-
rials. This kind of passivating surface lm is oen seen on
cathode materials.54,55

The surface layer evolution during cycling is evaluated using
the carbon spectra, as shown in Fig. 6. Here it is particularly
interesting to look at the relative intensities between the carbon
black (CB) bulk peak (shaded in red) and the hydrocarbon (C–H)
surface peak. A relatively lower CB peak intensity signies
a thicker surface layer. Starting with the unsubstituted material
(Fig. 6a), a buildup of a surface layer is seen upon charge, fol-
lowed by its partial dissolution upon discharge. This is consis-
tent with previous results for Li2VO2F.20 The substituted
samples on the other hand show a stabilized surface aer 50
cycles (similar Ch50/DCh50 spectra). Especially Li2V0.5Ti0.5O2F
(Fig. 6b) shows a rather thin and stable surface layer with
similar spectra for all samples. For Li2V0.5Fe0.5O2F the surface
layer is of similar thickness compared to the Li2VO2F sample,
but the layer is more stable and no dissolution is observed aer
50 cycles.

Table 1 Binding energy difference (DBE) between the metal oxide
and V 2p3/2 peak and FWHM for the V 2p3/2 peak for different samplesa

Material

Li2VO2F Li2V0.5Ti0.5O2F Li2V0.5Fe0.5O2F

DBE FWHM DBE FWHM DBE FWHM

P 14.2 3.3 14.5 2.7 13.3 2.5
Ch5 12.9 2.3 13.2 2.0 12.9 1.8
DCh5 13.0 4.3 14.4 2.6 13.5 3.2
Ch50 12.7 3.0 13.3 2.0 13.5 3.3
DCh50 12.7 3.2 13.4 2.0 13.5 3.3

a Corresponding DBE values for V3+, V4+ and V5+ in vanadium oxide
references are 14.7, 14.2 and 12.8 eV, respectively.39

Table 2 Theoretical and experimentally measured ratios between
vanadium and metal oxide for different samplesa

Material

V : MO

Li2VO2F Li2V0.5Ti0.5O2F Li2V0.5Fe0.5O2F

Ratio 1.0 : 2 0.50 : 2 0.50 : 2
P 1.2 : 2 0.33 : 2 0.42 : 2
Ch5 1.5 : 2 0.41 : 2 0.43 : 2
DCh5 1.9 : 2 0.35 : 2 0.74 : 2
Ch50 2.6 : 2 0.31 : 2 0.53 : 2
DCh50 5.2 : 2 0.28 : 2 0.75 : 2

a To facilitate comparison the oxygen content is normalized to two
according to the structural formula.
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The other peaks in the C 1s spectra stem from the PVDF
binder (two peaks at �286 and �290 eV) and different carbon
oxygen compounds (at �286.5, 288 and 290 eV), typically
stemming from electrolyte degradation. The surface layers are
seen to consist of mostly hydrocarbons and some C–O
compounds. On Li2V0.5Fe0.5O2F (Fig. 6c) the surface layer is
built up with a relatively larger amount of C–O compounds,
probably stemming from electrolyte breakdown. The presence
of a surface layer indicates that some side reactions occur for all
materials, but a more stable layer, as found on the substituted
materials, can limit the extent of these reactions by passivating
the surface.

Discussion

Combining the results of the synthesis, the DFT calculations,
the electrochemical experiments and the HAXPES analysis, the
results can be discussed related to disorder of the structure and
related to the electrochemical cycling behavior of the materials.
The disorder in the crystal structure of the pristine
TM-oxyuorides leads to a distribution of oxidation states
deviating from the original 3+ state in the ordered structures for
the presented compounds as has been revealed by the DFT
calculations. The computed mixed 2+, 3+, and 4+ oxidation
states for vanadium in Li2VO2F are consistent with the HAXPES
results, considering additional contribution of Li-deciency
and oxidation at the surface.14,20 The DFT and HAXPES results
further agree with the mixed 2+ and 3+ oxidation states of iron
in Li2V0.5Fe0.5O2F, which lead to a shi for vanadium to 4+ and
5+. For Li2V0.5Ti0.5O2F, where the titanium oxidation state is 3+
and 4+, the substitution instead lowers the oxidation state of
vanadium to 3+. In addition, the DFT calculations showed that
the metastable disordered rock salt structure was stabilized
when partially substituting vanadium with iron or titanium.

The electrochemical cycling behavior of the substituted
materials differs from that of Li2VO2F. Both substituted mate-
rials exhibit a signicantly more stable cycling behavior but
a lower discharge capacity. The differential capacity analysis
reveals additional capacity contributions of Li2V0.5Ti0.5O2F
compared to Li2V0.5Fe0.5O2F and Li2VO2F indicating redox
activity of titanium in the bulk. Whittingham et al. determined
the oxidation state of vanadium in Li2VO2F in the charged state
by X-ray absorption spectroscopy. They observed an average
oxidation state of only 4.2+ when charged to 4.1 V vs. Li/Li+.14

Complete oxidation to V5+ could not be achieved. The HAXPES
results of Li2V0.5Ti0.5O2F and Li2V0.5Fe0.5O2F conrm a partial
redox activity of iron and titanium at the surface (ESI, Fig. S12†).
Furthermore, we believe that some of the additional capacity of
Li2V0.5Ti0.5O2F compared to Li2V0.5Fe0.5O2F stems from the fact
that substitution with titanium promotes a complete use of the
V3+/V5+ redox couple. Further analysis by X-ray absorption
techniques may shed light on the different redox reactions
occurring in the bulk material.

In recent reports, DRS materials are cycled to high potentials
up to 4.8 V vs. Li/Li+, which facilitates anionic redox activity of
oxygen in the lattice that leads to additional capacity contri-
bution.11,14–16,21 Materials containing Ti, Li1.2Ti0.4Mn0.4O2 for
instance, experimentally sustain a stable oxygen-redox reaction
above 4.1 vs. Li/Li+.10 The observed shi in binding energy of the
MO peak together with the relative changes in intensity between
the MO peak and vanadium indicates that such anionic redox
activity occurs in the surface region of the Li2VO2F material
already when cycling to 4.1 V vs. Li/Li+.56 In Li2VO2F this is
believed to create highly reactive oxygen atoms in the lattice
leading to the instability of the surface, as discussed in more
detail in the work of Källquist et al.20 The reaction between the
oxidized lattice oxygen and the electrolyte creates an interfacial
layer rich in vanadium in oxidation state 5+. Li2V0.5Ti0.5O2F and
Li2V0.5Fe0.5O2F show a higher reversibility of the V redox reac-
tion according to the differential capacity analysis and the
HAXPES results. In the dQ/dV plot, the substituted materials
show a reduced irreversible capacity contribution above 3.5 V up
to. 4.1 V vs. Li/Li+. At the same time, the HAXPES data only show
small changes of the V : MO-ratio and the binding energy of the
MO peak aer 50 cycles for Li2V0.5Ti0.5O2F and Li2V0.5Fe0.5O2F.
Together this suggests a reduced reactivity of the lattice oxygen
species at the surface in these new materials when cycled to
4.1 V vs. Li/Li+. We propose this as an explanation for the
improved cycling stability. This is further supported by the
cycling performance when the materials are cycled up to 4.5 V
vs. Li/Li+. These results (see ESI, Fig. S13†) show additional
contribution to the capacity for all three compounds, possibly
originating from anionic redox activity, but are also accompa-
nied by a reduced cycling stability.

Additional contribution to the cycling stability likely comes
frommitigation of the dissolution and rebuilding of the surface
layer for the substituted materials that otherwise is seen on
Li2VO2F. Although the thickness of the surface layers on
Li2V0.5Ti0.5O2F and Li2V0.5Fe0.5O2F varies, both are to a large
part preserved during cycling. This is in agreement with a recent

Fig. 6 C 1s photoelectron spectra of the three different materials in
pristine, charged and discharged states after 5 and 50 cycles, obtained
using a photon energy of 2005 eV (a and c) or 2350 eV (b). Dotted lines
are a guide to the eye to track shifts in the hydrocarbon (C–H) peak
relative to the carbon black (CB) peak.
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study of Takeda et al. on Li2.1Ti0.2Mo0.7O2F showing a reduced
dissolution of Mo when Ti is in the structure.17

Coupling these results to the electrochemical performance
the improved cycling behavior of the Fe- or Ti-substituted
materials can be summarized by a mitigated reactivity of the
surface that previously has been perceived as one of the main
reasons for capacity fading in Li-rich DRS materials.10,20,57

Conclusions

We have demonstrated the successful approach of improving
the cycling stability of Li-rich vanadium disordered rock salt
oxyuoride cathodes by stabilization of the structure with Ti3+

or Fe3+. Two new disordered rock salt compounds,
Li2V0.5Fe0.5O2F and Li2V0.5Ti0.5O2F, have been successfully
synthesized by mechanochemical ball milling. The materials
were characterized by synchrotron X-ray diffraction followed
by an extensive analysis of the crystal structure by Rietveld
renement and transmission electron microscopy. By using
the special quasi-random structure approach in density func-
tional theory calculations, a distribution of oxidation states of
the transition metal in the structure was revealed. The theo-
retical model further predicted an improvement of the struc-
tural stability for disordered rock salt Li2V0.5Fe0.5O2F and
Li2V0.5Ti0.5O2F compared to unsubstituted Li2VO2F. The
stabilizing effect on the structure further manifests in
a signicantly improved cycling stability over 50 cycles.
HAXPES analysis of cycled electrodes supports our hypothesis
and shows improved surface stability of the substituted
materials. The cycling stability of the substituted compounds
is signicantly improved and supports our hypothesis of
stabilizing the disordered rock salt structure of oxyuorides in
the bulk and at the surface with elements promoting the DRS
structure (Fe3+ and Ti3+). Optimizing the TM stoichiometry by
reducing the amount of stabilizing elements (e.g. Ti3+ or Fe3+)
will help to increase discharge capacities. This work is one step
further in understanding the structural and electrochemical
cycling stability of DRS materials as a promising class of Co-
free Li-ion insertion cathode materials.
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Supporting note 1 – Ceramic synthesis approach of disordered rock salt oxyflouides

Li2VO2F and similar DRS oxyfluorides have so far only been synthesized by using high energy ball 
milling techniques. The reason may originate from the metastability of the DRS phase and the 
inaccessibility of such phases with conventional synthesis techniques. We tried several 
approaches following a conventional ceramic synthesis approach to synthesize Li2VO2F, but these 
did no yield the DRS phase (Figure S1). However, when substituting 50% of the V2O3 precursor 
with the corresponding isovalent Ti3+ or Fe3+ oxide, the ceramic synthesis approach yields 
materials consisting partially of the DRS phase with residual LiF left (Figure S1). This indicates that 
the TM substitution increases the thermodynamic stability of the DRS phase, whcih enabling the 
accessibility of the phase (Li1+xTM’yTM’’1-yO2Fx; x < 1; y = 0.5; TM’ = V3+; TM’’ = Fe3+ o Ti3+). In fact, 
both LiFeO2 and LiTiO2 with a DRS structure do exist.12

For the ceramic synthesis approach the precursors Li2O (Alfa Aesar, 99.7%), LiF (Alfa Aesar, 99.9%) 
and the corresponding TM2O3 precursor (V2O3 (Alfa Aesar, 99.7%), Ti2O3 (Alfa Aesar, 99.8%) and 
Fe2O3 (Alfa Aesar, 99.9%)), were thoroughly ground in stoichiometric amounts in a mortar inside 
an argon-filled glovebox with water and oxygen levels below 0.1 ppm. Pellets of 100 mg were 
pressed using a Specac mini lab press. A pressure of two tons was applied to the pellet and kept 
for one minute. The pellets were transferred into stainless steel reactors and sealed. The samples 
were annealed at 850°C in a furnace for 1 h. After cooling down, the reactors were transferred 
back into a glovebox. The annealed pellets were ground in a mortar for 15 minutes and the 
obtained powder was used without further purification.

1T. A. Hewston, B. L. Chamberland, J. Phys. Chem. Solids 1987, 48, 97–108.

2 A. Urban, A. Abdellahi, S. Dacek, N. Artrith, G. Ceder, Phys. Rev. Lett. 2017, 119, 1–6.
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Supporting Information Figure S1: Comparison of PXRD pattern (Mo Kα1) of synthesis attempts with a conventional ceramic 
synthesis using Li2O, the corresponding TM2O3 and LiF in stoichiometric amounts. Black: resulting PXRD pattern of Li2VO2F 
synthesis approach, blue: resulting PXRD pattern of Li2V0.5Ti0.5O2F synthesis approach, red: resulting PXRD pattern of Li2V0.5Fe0.5O2F 
synthesis approach. Black dotted lines schematically indicate position of the DRS phase ( ). Asterisk indicate LiF.𝐹𝑚3̅𝑚

Supporting Information Table S1: Structural parameters of Li2VO2F, Li2V0.5Ti0.5O2F and Li2V0.5Fe0.5O2F obtained by the Rietveld 

refinements.

*occupancy of anions was not refined and was set to 2/3 for O and 1/3 for F, respectively. The TM and Li occupancies 
were restrained to result in 1 and refined.
#Size and strain have been calculated with the Williamson-Hall Method using PowderPlot. 3

3 PowderPlot written by Kenny Ståhl: 
https://www.kemi.dtu.dk/english/research/physicalchemistry/protein_og_roentgenkrystallografi/computer_progr
ams

Compound Li2VO2F Li2V0.5Ti0.5O2F Li2V0.5Fe0.5O2F
Space group 𝐹𝑚3̅𝑚

GoF 4.2583 3.9933 4.7164
Rp 1.2955 1.2758 1.6528
Rwp 1.6173 1.7917 2.1282

RBragg 1.1729 1.5000 1.4147
4a Wyckoff site
x, y, z = (0, 0, 0)

Biso / Å2 

(cations)
1.05(3) 0.92(4) 0.94(4)

4b Wyckoff site
x, y, z = (0.5, 0.5, 0.5)

Biso / Å2 
(anions)

1.29(4) 1.66(6) 1.75(6)

Occupancy TM 0.345(3) 0.325(6) 0.330(4)4a Wyckoff site
x, y, z = (0, 0, 0) Occupancy Li 0.655(3) 0.675(6) 0.670(4)

Size / nm 14.15 12.35 12.68
Strain / % 0.59 0.58 0.50

a / Å 4.1169(4) 4.1342(6) 4.1388(6)
Volume / Å 69.78(2) 70.66(3) 70.90(3)

Phase density / g cm-3 3.73(2) 3.55(3) 3.68(2)



Supporting Information Figure S2: PXRD pattern of Li2VO2F with Rietveld refinement and Bragg positions of Li2VO2F, Si3N4 and 
V2O3. λ = 0.21280 Å.



Supporting Information Figure S3: Williamson-Hall-Plot of Li2VO2F, Li2V0.5Ti0.5O2F and Li2V0.5Fe0.5O2F.



Supporting Information Figure S4: TEM analysis of Li2VO2F. a) TEM image and b) SAED pattern. c) High-resolution STEM ADF 
image with corresponding FFT d). Bottom: STEM ADF image and EDX elemental mapping of Li2VO2F (the oxygen Kα map is not 
shown because of strong overlap with the vanadium Lα signal).

Supporting Information Figure S5: STEM ADF image and EDX elemental mapping of Li2V0.5Ti0.5O2F (the oxygen Kα map is not 
shown because of strong overlap with the vanadium Lα signal).



Supporting Information Figure S6: TEM analysis of Li2V0.5Fe0.5O2F. a) TEM image and b) SAED pattern. c) High-resolution STEM 
ADF image with corresponding FFT d). Bottom: STEM ADF image and EDX elemental mapping of Li2V0.5Fe0.5O2F (the oxygen Kα 
map is not shown because of strong overlap with the vanadium Lα signal).



Supporting Information Figure S7: Special Quasi-random Structures (SQS) of Li2TMO2F (left) and Li2TM10.5TM20.5O2F (right) with 
the cells containing 60 atoms.

Side view Top view

Structure 1

Structure 2

Structure 3

Supporting Information Figure F8: Ordered structures of Li2TM10.5TM20.5O2F derived from the -NaFeO2 and -LiFeO2 type oxide 
structures.

Supporting note 2 – relative stability of ordered and decomposed phase compared to disordered 
phase

The energy differences are computed using , whereΔ𝐸𝑜𝑟𝑑𝑒𝑟𝑒𝑑/𝑑𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑒𝑑 = 𝐸𝑆𝑄𝑆 ‒ 𝑚𝑖𝑛(𝐸𝑜𝑟𝑑𝑒𝑟𝑒𝑑/𝑑𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑒𝑑)

 corresponds to the minimum energy found in the ordered or decomposed phase.  𝑚𝑖𝑛(𝐸𝑜𝑟𝑑𝑒𝑟𝑒𝑑/𝑑𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑒𝑑)



The SQS are shown in Figure S8, and the ordered structures include layered oxyfluoride structures and 
the structures derived from the -NaFeO2 and -LiFeO2 type structures as shown in Figure S9. 

 is calculated using the decomposed product LiF + LiTMO2 for Li2TMO2F and LiF + 0.5 LiTM1O2 Δ𝐸𝑑𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑒𝑑

+ 0.5 LiTM2O2 for Li2TM10.5TM20.5O2F. The -NaFeO2 and -LiFeO2 type oxide structures are considered, 
and the structure oxide yielding the lowest energy is chosen.   and  are listed for all Δ𝐸𝑜𝑟𝑑𝑒𝑟𝑒𝑑 Δ𝐸𝑑𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑒𝑑

three compounds in Table S3.

Supporting information Table S2: Energy difference (in meV/atom) between ordered/decomposed state and disordered state.

 Δ𝐸𝑜𝑟𝑑𝑒𝑟𝑒𝑑 Δ𝐸𝑑𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑒𝑑
Li2VO2F 179 183

Li2V0.5Ti0.5O2F 144 147
Li2V0.5Fe0.5O2F 147 151

Supporting information Table S3: Oxidation states of TMs.

Li2VO2F Li2V0.5Ti0.5O2F Li2V0.5Fe0.5O2F
SQS V = {2+, 2+, 3+, 3+, 3+, 

3+, 3+, 3+, 4+, 4+}
V = {3+, 3+, 3+, 2+, 2+}
Ti = {3+, 3+, 3+, 4+, 4+}

V = {3+, 3+, 3+, 4+, 4+}
Fe = {3+, 3+, 3+, 2+, 2+}

ordered 3+ for all V 3+ for all V and Ti 3+ for all V and Fe

Supporting Information Figure S9. Voltage profiles of a) Li2VO2F, b) Li2V0.5Ti0.5O2F and c) Li2V0.5Fe0.5O2F half-cells cycled within a 
potential range of 1.3 – 4.1 V vs. Li/Li+ with C/5-rate at 25 °C.



Supporting Information Figure S10: Ex-situ XRD pattern (Mo-Kα1) of the electrodes cycled after 100 cycles within a voltage range 
of 1.3-4.1 V vs. Li/Li+ at a rate of C/5. Reflections of the DRS phase is hidden by the reflections of the Al-foil current collector. 
However, no new reflections indicating new phases are present.

Supporting note 3 – Fe 2p peak fitting

Due to an overlap with the F 1s plasmon the Fe 2p contribution to the spectra is hard to distinguish. By 
comparing a survey of Fe-substituted and unsubstituted pristine material, it is seen that there is clearly 
an iron contribution, but that the Fe 2p3/2 contribution is hidden under the fluorine plasmon, see Figure S9. 
The Fe 2p1/2 on the other hand (~725 eV) lies above the fluorine plasmon and are therefore utilized for 
the fitting. The distances, peak widths and intensity ratios between the 2 p1/2, 2 p3/2 and satellite are locked 
according to reference values for Fe2+ and Fe3+.4

4 Lin, T.-C., Seshadri, G. & Kelber, J. A. A consistent method for quantitative XPS peak analysis of thin oxide films on 
clean polycrystalline iron surfaces. Appl. Surf. Sci. 119, 83–92 (1997).



Supporting information Figure S11: Survey of Li2V0.5Fe0.5O2F and Li2VO2F as well as the difference between them. In the 
difference curve (blue) it is clearly seen that there is an iron signal. In the inset a zoom in of the Fe 2p region is shown. It can be 
seen that the fluorine plasmon overlaps with the Fe 2p3/2 peak but that the Fe 2p1/2 is at higher binding energies. 

Supporting information Figure S12: Core level photoelectron spectra of Fe 2p and Ti 2p for the iron- and titanium substituted 
material, respectively. Dotted lines indicate reference values for different oxidation states. 



Supporting Information Figure S13: Cycling performance (filled symbols: charge capacity, hollow symbols: discharge capacity of 
Li2VO2F (black), Li2V0.5Ti0.5O2F (blue) and Li2V0.5Fe0.5O2F (red) as a function of cycle number for half-cells cycled within a potential 
range of 1.3 – 4.5 V vs. Li/Li+ with C/5-rate at 25 °C.
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ABSTRACT: Disordered rock salt Li2VO2F cathode material for
lithium-ion batteries was investigated using operando X-ray diffraction
and total scattering to gain insight into the structural changes of the
short-range and long-range orders during electrochemical cycling. The
X-ray powder diffraction data show the well-known pattern of the
disordered rock salt cubic structure, whereas the pair distribution
function (PDF) analysis reveals significant deviations from the ideal
cubic structure. During battery operation, a reversible rock salt-to-
amorphous phase transformation is observed, upon Li extraction and
reinsertion. The X-ray total scattering data show strong indications of
the formation of tetrahedrally coordinated V in a nondisordered rock
salt phase of the charged electrode material. The results show that the
disordered rock salt Li2VO2F material undergoes a hidden structural rearrangement during battery operation.

KEYWORDS: X-ray powder diffraction, pair distribution function analysis, Li-ion batteries, disordered rock salt, Li-rich FCC

1. INTRODUCTION

Lithium-rich disordered rock salt (DRS)-type materials like
Li2VO2F have become widely studied in the past years.1−3

Their high reversible discharge capacity (>300 mA h g−1) in
lithium-ion batteries (LIB) makes them a promising candidate
as a future generation of cathode materials. In Li-rich DRS
materials, Li and one or more electrochemical active transition
metals (TM) are randomly distributed at the same lattice
positions (Wyckoff 4a) in a cubic rock salt lattice (Fm3̅m).
Oxygen (and fluorine) ions are randomly distributed at the
Wyckoff 4b position and octahedrally coordinated to the
cations. According to the percolation theory of Urban et al.,
the Li excess in the structure (Li: TM ≥ 1.1) enables
macroscopic Li diffusion paths via certain tetrahedral
interstices.4 Disordered rock salt transition-metal oxides are
currently mostly synthesized by mechanochemical ball milling.
This simple but flexible approach has led to a vast variety
different compounds (e.g., Li2MoO2F, Li2.1Mo0.7Ti0.2O2F,
L i 2V xCr 1− xO2F , L i 2MnO2F , L i 1 . 2 5Nb 0 . 2 5V 0 . 5O 2 ,
Li1.2Ni0.33Ti0.33Mo0.13O2, Li2V0.5Ti0.5O2F or Li2V0.5Fe0.5O2F,
LixVO2F, and Li1.25Ni0.45Ti0.3Mo0.1O1.85F0.15) in the past
years.5−13 However, due to the nature of the synthesis
conditions, the resulting materials are nanocrystalline. In
combination with the disorder nature of the structure itself,
detailed X-ray diffraction analysis and a precise description of
the structure are challenging, even with synchrotron X-ray
radiation. Only a few studies have investigated Li-rich DRS
structures using synchrotron X-ray powder diffraction (XRPD)

or X-ray total scattering in greater detail. Especially, the pair
distribution function (PDF) analysis of total scattering data is a
powerful method to investigate the local atomic structure of
amorphous and disordered nanocrystalline materials.14,15 The
PDF analysis provides a histogram of atomic distances within
the material, where the peak positions in the PDF correspond
to specific atom−atom distances and the peak intensities
correspond to their abundance in the material. Even without
an exact structural model, e.g., derived from a Rietveld
refinement of XRPD data, information about the local
structure can be extracted. Furthermore, fitting the PDF data
to a crystallographic model can help to identify different
phases, which are hard to detect by the classical XRPD, even if
they are nanocrystalline or amorphous.14 Only a few studies
have investigated Li-rich DRS structures by synchrotron XRPD
o r t o t a l s c a t t e r i n g i n g r e a t e r d e t a i l , e . g . ,
Li1.2Ti0.35Ni0.35Nb0.1O1.8F0.2 by Zhao et al.16 The first PDF
analysis of Li2VO2F was conducted by Chen et al. in 2015.17 It
indicated deviations from the ideal cubic structure in the local
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structure. However, both studies only focused on the pristine
materials.
Herein, we report the first study of Li2VO2F investigating

the structural evolution during delithiation and lithiation by
operando synchrotron XRPD and total diffraction with pair
distribution function analysis during battery operation.
Significant deviation from the ideal cubic structure has been
observed in the local scale in the pristine material.
Amorphization and the loss of the DRS structure accompanied
with the formation of tetrahedrally coordinated V during Li
extraction, along with recrystallization upon Li reinsertion,
were observed. Our findings suggest that the charged state of
Li2VO2F is a combination of at least two phases: amorphous
and DRS-like. This study reveals the importance of gaining
insight into the changes of the local structure in Li-rich DRS
materials to understand the electrochemical processes during
battery operation.

2. RESULTS AND DISCUSSION

2.1. Characterization of Li2VO2F by X-Ray Diffraction
and Total Scattering. Li2VO2F has been synthesized
following a high-energy ball milling approach,1,11 yielding a
nanocrystalline material. Figure 1a shows a Rietveld refinement
plot of the pristine Li2VO2F-based DRS structure with the
space group Fm3̅m. Broad peaks indicate the nanocrystalline
nature of the material. The lattice parameter a = 4.115(2) Å is
comparable to previous reports found in the literature.1,11 The
crystallite size was determined using a volume-weighted mean
column length, Lvol, of 11.5(2) nm, which yields a crystallite
size of 8.9(2) nm assuming a typical log-normal size
distribution.18 No crystalline impurity phases were observed
in the diffraction pattern. Further structural parameters can be
found in the Supporting Information (Table S1).
In the analysis of the X-ray powder diffraction pattern using

the Rietveld method, we assume a translation symmetry. Thus,
the analysis of an XRPD pattern yields the average information

of the crystalline bulk material. The short-range disorder in the
structure is not described by XRPD but can be better analyzed
using total scattering and PDF analysis. Figure 1b,c shows the
PDF fit of Li2VO2F. For the PDF fit, we used a structural
model derived by the Rietveld refinement. The PDF pattern
can be divided into two parts: the short-range local structure
up to 6 Å and the longer-range local structure above 10 Å. The
fit with the DRS structure does not describe the local scale
particularly good (rw = 26.264%). The peaks at around 2.00 Å
(blue line) and 2.95 Å (red line) (Figure 1b) correspond to the
V/Li−O/F and V/Li−V/Li (or O/F/−O/F) distances in the
ideal cubic structure. The first V/Li−O/F distance in the PDF
is shorter than that in the model, whereas the second distance
of V/Li−V/Li (or O/F/−O/F) is larger compared to that of
the structural model derived by the Rietveld refinement.
Similar observations have been also reported by Chen et al.17

The third distance at 3.57 Å, corresponding to the next nearest
V/Li−O/F distance, matches relatively well with the model,
whereas the next V/Li−V/Li (or O/F/−O/F) distance of 4.08
Å, resembling the length of the cubic unit cell, is again shorter
than that in the structural model from the Rietveld refinement.
The consecutive distances at 4.60 and 5.04 Å match appear to
match well again. An overview of the discussed distances is
given in Table 1. The position of the reflections is determined
by the space group symmetry and unit-cell dimensions. Thus,
the deviations from the ideal peak positions in the PDF, given
by the apparent cubic nature of the material, show that the
local structure of Li2VO2F is not the ideal cubic Fm3̅m
structure. The quality of the PDF fit significantly improves
when the starting value of the fitting range is increased to
exclude the short-range part. At a starting value of 3.5 Å as for
the r range, the quality of the refined model is significantly
improved (Figure S1). A good description of the DRS phase
(rw = 10.393%) is obtained when the local range is excluded
(Figure 1c).
The reason of the local bond length deviations might be

related to some degree of order in the general randomized

Figure 1. (a) XRPD pattern and Rietveld refinement plot of pristine Li2VO2F, λ = 0.41324 Å. (b) Refinement of the corresponding PDF pattern in
the r range of 1.5−5.5 Å. Deviations of the local structure are indicated with dashed lines. (c) Refinement of the corresponding PDF pattern in the r
range of 9.5−40.0 Å.
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ionic environment, the disorder of the structure. For example,
a simple estimation of bond lengths based on ionic radii19

shows that the V3+−F− bond (1.97 Å) has a different length
compared to the V3+−O2− bond (2.04 Å). The same holds for
Li+−F− (2.09 Å) and Li+−O2− (2.16 Å). Since O and F
populate the same crystallographic position and their X-ray
scattering factors are almost similar, we cannot differentiate
between the atoms in the analysis of XRPD using the Rietveld
method, but variations in the very local structure are visible in
PDF. A fit over the whole range of 1.5−40 Å yields rw =
19.065% (Figure S2). The resulting lattice parameter of the
PDF fit over the full range is a = 4.114(3) Å, confirming the
Rietveld refinement. The PDF fit further yields a sphere
diameter20 for Li2VO2F of 7.7 ± 1.6 nm.
2.2. Structural Evolution of Li2VO2F during Battery

Operation. Figure 2 shows the operando diffraction pattern of

Li2VO2F for 1.5 cycles. Starting from open-circuit potential
(OCV), the cell was cycled by charging it to 4.1 V vs. Li/Li+

and subsequently discharging it to 1.3 V vs. Li/Li+. The XRPD
data show that the intensity of the diffraction peaks of the rock
salt phase decreases drastically when Li is extracted but
increases again during Li reinsertion. This behavior appears
reversible. The magnitude of the decrease in the peak intensity
is much larger than what can be expected if only Li is extracted,

thereby reducing the average electron density at the Wyckoff
4a sites. Looking at the intensity of the 2 0 0 reflection (11.6°
2θ), at the first charged state, it is only 39% of the initial peak
intensity. When discharged, the peak intensity returns back to
96% of the initial peak intensity. The other even reflections
behave similar. Interestingly, a drastic decrease in peak
intensity has been observed in several ex situ XRPD studies
on fluorinated and nonfluorinated DRS materials presented in
the past, such as Li2MoO2F,

5 Li2.1Mo0.7Ti0.2O2F,
6

Li2V0 . 2Cr0 . 8O2F,
7 Li2MnO2F,

8 Li2Mn0 .5Ti0 . 5O2F,
21

Li1.25Nb0.25V0.5O2,
9 and Li1.2Ni0.33Ti0.33Mo0.13O2,

10 but it has
not been discussed in greater detail. In sulfide-based DRS
materials like Li2TiS3, this phenomenon was discussed,
suggesting a reversible amorphization of the structure.22,23

Since this feature seems to appear in many DRS compounds
with very different elemental composition, it is likely that this
amorphization during Li extraction and recrystallization during
Li insertion are intrinsic properties of Li-rich DRS materials.
The high-quality synchrotron XRPD data reveal additional

features during the electrochemical cycling of the material that
have not been discussed anywhere yet. Figure 3a shows the top

view of the operando XRPD pattern. The 1 1 1 reflection (at
10.1° 2θ), which is barely visible in the pristine material
(Figure 1a) deviates in its behavior from the 2 0 0, 2 2 0, and 2
2 2 reflections. Instead of decreasing, as discussed above, the
intensity of 1 1 1 is slightly increasing upon Li extraction.
Assuming that the charging process is solely associated with Li
extraction, this would be unexpected since the overall electron
density is decreasing due to Li extraction and the oxidation of
V3+ to V5+. Hence, the increasing intensity of the 1 1 1
reflection in the charging process reveals that the Li extraction
process is associated with additional structural reorganization
and possibly with the development of a secondary phase, which
is not visible in the diffracting patterns. The evolution of the a
unit-cell parameter based on the DRS (Fm3̅m) structural
model is presented in Figure 3b with the corresponding cell
voltage. The lattice parameter at the beginning of the
measurement deviates slightly from the one obtained by the
Rietveld refinement of the pristine powder (Figure S3). It is
not possible to perfectly align the operando capillary cell in the

Table 1. Comparison of Distances in Li2VO2F (Fm3̅m)
Obtained from the Average Atomic Positions Calculated
from the Rietveld Refinement and from Peak Positions in
the Pair Distribution Function

pair of atoms Rietveld distance (Å) PDF distance (Å)

V/Li−O/F 2.06 2.00
V/Li−V/Lia 2.91 2.95
V/Li−O/F 3.56 3.57
V/Li−V/Lia 4.12 4.08
V/Li−O/F 4.60 4.60
V/Li−V/Lia 5.04 5.04

aHave corresponding O/F−O/F distances in the Fm3̅m structure.

Figure 2. Operando XRPD patterns of the Li2VO2F cathode while the
capillary cell was charged (blue) and discharged (black) with a
current of ±30 μA between 1.3 and 4.1 V vs. Li/Li+. Note: the
increasing intensity of the 1 1 1 reflection (at 10.1° 2θ) can be seen in
Figure 3a.

Figure 3. (a) Top view of the operando XRPD patterns of the
Li2VO2F cathode. While the intensities of the 2 0 0 (at 11.6° 2θ) and
2 2 2 (at 22.1° 2θ) reflections are decreasing during charging, the
intensity of the 1 1 1 (at 10.1° 2θ) reflection is increasing. (b)
Evolution of the a unit-cell parameter of Li2VO2F (left, with error
bars) and voltage profile of the simultaneous galvanostatic cycling
with a current of ±30 μA between 1.3 and 4.1 V vs. Li/Li+.
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beam, which will shift the peak positions very slightly.
However, the relative changes remain valid and the differences
are small. The small spike in the voltage profile during the first
discharge at 1.8 V was induced due to gas bubble formation.
During the first charge, when Li is extracted, the unit-cell
parameter a decreases by 0.5%. Interestingly, between 2.5 and
2.9 V, a stops decreasing and increases again. This is
unexpected since the voltage profile slope suggests a single-
phase mechanism of Li extraction and reinsertion.1,3 Thus, the
unit cell parameter should rather show further decrease upon
Li extraction. A possible explanation could be an initial
structural rearrangement of the DRS phase in the first charge.
A similar behavior has so far been also observed in
Li1.2Ni0.33Ti0.33Mo0.13O2 but was not further discussed.10 In
Li1.25Ni0.45Ti0.3Mo0.1O1.85F0.15, the lack of change in the lattice
parameter during charging is referred to irreversible processes
that do not lead to oxidation of any species in the lattice, such
as the combined extraction of Li and O.13 During the
subsequent discharging, the unit cell parameter increases again
by 0.9% when Li is reinserted. It further increases from the
initial starting value at OCV. This could indicate that either
additional Li is inserted into the structure, the process is
associated with a structural transformation, or Li2VO2F was Li-
deficient initially. The latter hypothesis has been discussed in
the works of Chen et al.1 and Kal̈lquist et al.24 In the second
charge, a is shrinking again, reaching a similar value to that
observed in the first charge. Overall, the evolution of the lattice
parameter exhibits an inverse proportional sloping behavior to
the voltage profile.
To better understand the changes in the local structure of

Li2VO2F during the cell operation, the PDF analysis was
performed based on the X-ray total scattering data (Figure 4).

During the charging process, the integrated intensity of the
whole PDF decreases. In particular, the integrated intensity of
the peaks of the characteristic distances of the Li2VO2F DRS
phase (e.g., at 2.0 and 2.9 Å, as discussed above) diminishes,
indicating that the probability of having atoms at the distances
in the structure reduces. From the diffraction data, it is evident
that the structure partially turns amorphous during charging.

Correlating this observation with the operando PDF profiles,
we find that the probability of characteristic distances of the
DRS phase decreases significantly, when Li is extracted. This
amorphization and loss of the DRS structure, however, appears
to be reversible. During the subsequent discharging, the PDF
pattern of the DRS structure reappears (Figures S4 and S5).
The weak intensity and the broader distribution of

probabilities of the PDF in the charged state make it difficult
to identify possible secondary phases. Hence, difference PDF
patterns have been analyzed for the appearance and
disappearance of distances, by subtracting operando PDF
patterns in different state of charges (SOCs) from the initial
operando PDF pattern at OCV. Figure 5b shows the difference

PDF patterns. With increasing SOC, new distances at 1.7, 3.3,
3.7, and 4.3 Å are appearing. The DRS distances at 2.0 and 2.9
Å are achieving negative intensities, meaning that the
probability of finding a pair of atoms at these distances is
reduced. With decreasing SOC, the reverse behavior is
observed, leading to an almost flat difference PDF profile for
the discharged state at 1.3 V. Thus, the DRS structure is
reversibly formed again. LiVO3 with the monoclinic structure
(space group C2/c)25 has similar characteristic distances as the
ones derived from the operando PDF patterns during charging
of the battery cell. LiVO3 consists of layers of corner-sharing
[VO4] tetrahedra chains (Figure 5c) alternating along the a

Figure 4. Operando PDF patterns of the Li2VO2F cathode while the
capillary cell was charged and discharged with a current of ±30 μA
between 1.3 and 4.1 V vs. Li/Li+.

Figure 5. (a) PDF patterns of Li2VO2F in different SOCs (based on
cutoff voltages and 1/4, 1/2, and 3/4 of the corresponding charge or
discharge). The dotted lines indicate the V/Li−O/F and V/Li−V/Li
(or O/F/−O/F) atomic distances. (b) Difference PDF of Li2VO2F in
different SOCs. The dotted lines indicate the evolving peaks,
presumably originating from new appearing V−O and V−V atomic
distance during cycling. (c) Schematic crystal structures of an
octahedrally coordinated TM of a cubic structure (Fm3̅m) and of a
corner-sharing tetrahedrally coordinated V as it exists in LiVO3 (C2/
c).25 Characteristic distances are presented.
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axis with Li−O clusters in between. The 1.7 Å distance may
originate from the V−O bond distances of the [VO4]
tetrahedron. The 3.3 Å distance can be related to the distance
between the neighboring V in the corner-sharing [VO4]
tetrahedra. The distances at 3.7, 4.3, and 4.7 Å are comparable
to the distances between V and other O atoms in the next
corner-sharing [VO4] tetrahedra. In fact, including the short-
range structural motif of LiVO3 as the secondary phase in the
PDF analysis of the charged state, using a sphere diameter of
10 Å to simulate a nanosized phase, improves the fit from 62 to
45% rw values (Figures S6 and S7). The β angle of the LiVO3
unit cell with initial 110.5° diminishes to 96° in the PDF fit,
more in the direction of a pseudo-orthorhombic unit cell motif.
Also the a unit cell parameter is decreasing by approximately
15% and the b and c unit cell parameters are increasing by 3
and 1%, respectively. The strong distortion of the LiVO3 phase
in the fit shows that the amorphous phase is not fully identical
to the initial monoclinic LiVO3 and still does not describe the
charged state ideally. Nevertheless, together with the difference
PDF analysis, the results strongly suggest that some of the V
atoms of the DRS phase move into tetrahedral coordination in
an amorphous phase in the charged state. In the work of
Kal̈lquist et al., the X-ray absorption data of Li2VO2F show a
strong increase in the intensity of the V K-edge preedge feature
in the charged state. This intensive preedge feature is a strong
indicator of the transition from octahedral to tetrahedral
coordination geometry of V.24 Also, Nakajima and Yabuuchi
have reported a study of DRS Li1.25Nb0.25V0.5O2,

9 where X-ray
absorption data indicate the existence of tetrahedrally
coordinated V. However, it appears as if the authors assume
that the tetrahedrally coordinated V remains in the DRS phase,
whereas our study strongly indicates the existence corner-
sharing [VO4] tetrahedra in a nondisordered rock salt
amorphous phase in the charged state of the Li2VO2F cathode
material.

3. CONCLUSIONS
In conclusion, we report the first operando total diffraction
study of Li2VO2F, a Li-rich DRS compound. Even though the
material appears to exhibit the disordered rock salt structure in
XRPD, the analysis of the PDF revealed deviations in the local
range from the ideal cubic structure, the “pseudocubic” nature
of the pristine material. In addition, we studied the structural
evolution of Li2VO2F during cell operation by operando XRPD
and PDF analyses. The intensity loss of XRPD reflections
during charging, which is observed in many similar Li-rich DRS
compounds, is related to the amorphization of the structure.
The DRS motif vanishes during Li extraction but recrystallizes
when Li is reinserted. Moreover, we found strong indications
for a local tetrahedral coordination of V in a nondisordered
rock salt phase in the charged state, revealing a hidden
structural reorganization during the Li extraction process. This
work leads to new insights into Li-rich DRS materials and
shows that amorphous material plays an important role in the
Li extraction and insertion processes during battery operation
of this DRS-like material.

4. EXPERIMENTAL SECTION
4.1. Synthesis and Preparation of Electrodes. All of the

following steps, except ball milling, were conducted in an argon-filled
glovebox with water and oxygen levels <0.1 ppm. For the ball milling,
the jars were filled inside the glovebox and sealed. The compounds
were milled outside the glovebox. Disordered rock salt Li2VO2F was

synthesized following the high-energy ball milling procedure, as
described by Baur et al.,11,26 using a stoichiometric mixture of V2O3
(Alfa Aesar, 99.7%), Li2O (Alfa Aesar, 99.7%), and LiF (Alfa Aesar,
99.9%). The obtained product was used without further purification.
For the electrode preparation, Li2VO2F was mixed with carbon black
(CB, acetylene black, Alfa Aesar) in a ball mill for 3 h at 300 rpm to
obtain a composite of active material and carbon black. This
composite was subsequently mixed with poly(vinylidene difluoride)
(PVDF, Solvey), dissolved in N-methyl-2-pyrrolidone (NMP, Alfa
Aesar, 99.5%) in a mortar to obtain a slurry. The slurry was coated on
flattened Al wires for the operando XRPD and on aluminum foil with a
doctor blade (250 μm wet film thickness) for the electrochemical
testing. The coated electrodes were dried in vacuum with stepwise
increasing temperature up to 120 °C for 12 h.

4.2. Cell Assembly. For the operando XRPD measurements,
specially designed capillary-based microbattery cells were used.
Further information can be found in the Supporting Information
(Figure S8) and in refs27, 28.27,28

4.3. Synchrotron X-ray Powder Diffraction. Synchrotron
XRPD patterns were recorded at ALBA Synchrotron Light Source,
Spain, at the BL04-Material Science and Powder Diffraction beamline.
A wavelength of λ = 0.41324 Å was used. The samples were measured
in transmission geometry with a Mythen II detector. The ex situ
powder samples were loaded into 0.7 mm borosilicate glass capillaries
in an argon-filled glovebox and sealed. The diffraction data were
collected to high values of momentum transfer (Qmax = 26.0 Å−1).

The operando capillary-based microbattery cells were mounted
horizontally in the beam and aligned from the position of the Bragg
peaks of the Al current collector. The operando diffraction data were
collected to Qmax = 15.5 Å−1 with a beam size of 2.00 × 0.15 mm2.
The acquisition time was 120 s/scan. Electrochemical cycling was
conducted with a Biologic VMP potentiostat with a current of ±30
μA for charging and discharging (ca. C/10). The voltage range was
1.3−4.1 V vs. Li/Li+. The tests were conducted at room temperature.
The electrochemical performance of Li2VO2F in the capillary-based
microbattery cell behaves similarly to what is observed with
conventional Swagelok-type cells (Figure S9).

4.4. X-ray Diffraction and Total Scattering Data Analysis.
Rietveld refinement and sequential profile matching refinements were
conducted using TOPAS version 5 software.29 The instrumental
resolution function was determined using a Ni standard. For the
Rietveld refinement, the b-factors were refined for the 4a and 4b
Wyckoff sites. The occupancies for O = 2/3 and F = 1/3 were fixed
based on the ideal stoichiometry. For the ex situ data, the occupancy
of Li and V was restrained to add up to 1 and were refined. The
atomic pair distribution function G(r) was extracted from the total
scattering data using PDFgetX3.30 For the total scattering data of the
operando pattern, a constant background obtained from the capillary-
based microbattery cell filled with electrolyte was subtracted. The rpoly
value was set to 0.95 Å. PDFgui was used to fit the structural models
in real space.20 Instrumental broadening parameters Qdamp and Qbroad
were determined by fitting a Ni standard. For fitting the operando
PDF data, enlarged isotropic temperature factor in the c direction of
the graphite phase was included to model the contribution of carbon
black in the electrode. The contribution of the PVDF binder was not
accounted, due to the low amount in the electrode. Fityk version
1.3.131 was used to fit the peak positions in the PDF and difference
PDFs using Gaussian functions. Crystal structures have been
visualized using VESTA.32
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Table S1: Structural parameters of the Rietveld refinement of Li2VO2F.

Compound Li2VO2F

Structure type disordered rock salt
Space group Fm3̄m
GoF 1.085
Rwp 1.865
Rbragg 0.784
a / Å 4.115(2)
Volume / Å3 69.701(6)
Density / g cm−3 3.708(5)
4a Wyckoff site occupancy Va 0.341(1)
4a Wyckoff site Biso / Å2 1.07(1)
4b Wyckoff site Biso / Å2 1.16(2)
Size / LV ol

b/ nm 8.9(2) / 11.5(2)
a occupancy of anions was not refined and was set to 2/3 for

O and 1/3 for F, respectively. The TM and Li occupancies
were restrained to result in 1 and refined.

b Crystallite size was determined with Topas ver. 5 using
the volume-weighted mean column lengths, assuming a
typical log-normal size distribution.
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Figure S1: rw values of the PDF fits of pristine Li2VO2F with increasing lower r-range value
(fit range 1.5 - 10 Å up to 40 Å).
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Figure S2: X-ray PDF pattern and refinement of pristine Li2VO2F in the range of 1.5 to
40 Å. rw =19.065%.
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Figure S3: XRPD pattern and Rietveld Refinement of Li2VO2F of the first scan of the
operando measurement as cathode material in the capillary cell. λ = 0.41324 Å.
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Figure S4: X-ray PDF pattern and refinement of the operando measurement of Li2VO2F at
OCV in the range of 1.5 to 40 Å , solely based on the DRS Fm3̄m structural model.
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Figure S5: X-ray PDF pattern and refinement of the operando measurement of Li2VO2F
discharged to 1.3 V in the range of 1.5 to 40 Å , solely based on the DRS Fm3̄m structural
model.
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Figure S6: X-ray PDF pattern and refinement of the operando measurement of Li2VO2F
charged to 4.1 V in the range of 1.5 to 20 Å , solely based on the DRS Fm3̄m structural
model.
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Figure S7: X-ray PDF pattern and refinement of the operando measurement of Li2VO2F
charged to 4.1 V in the range of 1.5 to 20 Å based on the DRS Fm3̄m structural model and
LiVO3 (C 2/c) as secondary phase in the local regime up to 10 Å.
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Figure S8: Schematic illustration of the capillary-based micro battery cells used in the
experiment. The cell consists of a capillary tube (4 mm x 1 mm) filled with LP30 electrolyte
and sealed with epoxy glue. Two parallel electrodes, Li metal on a flattened copper wire
and the active materials Li2VO2F, mixed as composite, on a flattened aluminum wire, are
mounted inside the capillary. The layer of active material is approx. 0.8 mm in width and
4 mm in length.

0 5 10 15 20 25 30 35

1.3

1.7

2.1

2.5

2.9

3.3

3.7

4.1

Vo
lta

ge
 / 

V

Scan time / h

 Swagelok cell
 Capillary-based micro cell

Figure S9: Comparison of voltage profiles of Li2VO2F cycled as capillary-based micro bat-
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Superoxide formation in Li2VO2F cathode material
– a combined computational and experimental
investigation of anionic redox activity

Jin Hyun Chang, *a Christian Baur, b Jean-Marcel Ateba Mba,c Denis Arčon, de

Gregor Mali, c Dorothea Alwast,bf R. Jürgen Behm, bf Maximilian Fichtner, b

Tejs Vegge a and Juan Maria Garcia Lastra a

Anionic redox activity in Li-rich cathode materials is a topic of intense interest because it presents the

potential to increase the energy density of Li-ion batteries. An in-depth understanding of the anionic

redox activity such as lithiation/voltage levels in which peroxide and superoxide formations take place

and the reversibility of the reactions are important. In this work, we present a combined computational

and experimental analysis that probes the formation of anionic redox species during electrochemical

cycling. We report the formation of peroxides and superoxides in Li2VO2F when charged up to

a relatively low potential of 4.1 V for Li-rich cathode materials. The formation of superoxide is not

entirely reversible upon discharge, which is closely linked to the vanadium dissolution and limited

reversibility of the vanadium redox couple. This article provides new insights and fundamental

understanding of anionic redox activities in disordered Li-rich materials.

1 Introduction

Increasing the energy density of lithium-ion batteries (LIBs) is
a topic of keen interest as they are one of the most widely used
technologies to store energy for portable applications.1–3 Cath-
odes constitute a substantial part of LIBs in terms of volume,
weight and cost3,4 and thus, developing high energy density
cathode materials is one of the areas of recent research focus. In
particular, much development has been made to utilize LiTMO2

(TM ¼ transition metal) like LiCoO2,5–7 which forms a layered
pattern in a rocksalt lattice in general (a-NaFeO2 structure, S.G.
R�3m); alternating layers of Li and TM ions form along the (111)
planes of cationic sublattice while O ions occupy anionic sub-
lattice. Further efforts have been made to increase the perfor-
mance of LiCoO2 by partial substitution with other TM ions.
The most notable examples are LiNi0.8Co0.15Al0.05O2 (ref. 8) and
LiNixMnyCo1�x�yO2 (0# x# 1, 0# y# 1, and 0# x + y# 1).9 As
the mixing of Li and TM sublattices is oen linked to the

capacity loss upon cycling,8,10–12 a traditional approach would be
to search among materials exhibiting well-ordered structures.4

Research focus on cathode materials for LIBs is currently
going through a paradigm shi where the previously overlooked
disordered rocksalt (DRS) materials are receiving an increasing
level of interest. It was reported that Li-rich materials with
a high Li-to-TM ratio allow the formation of percolating network
with low energy barriers for Li diffusion, which leads to good
transport properties while its structural integrity is
retained.4,13,14 Several Li-rich transition metal oxides with a DRS
structure such as Li1+xTi2xFe1�3xO2 (0 # x # 0.333),14 Li1.2Ni1/
3Ti1/3Mo2/5O2,15 Li1.2Ti0.4Mn0.4O2,16 Li1.3Nb0.3Fe0.4O2 (ref. 17)
and Li1.3Nb0.43Ni0.27O2 (ref. 17) have been studied, and their
high reversible capacities showed a promising prospect of
discovering new cathode material in much less explored
domain. Li2VO2F is the rst Li-rich DRS material where O was
partially substituted by F.18,19 The substitution increases the
performance of the cathode such as discharge capacity and
nominal voltage.20

The charge compensation by non-cationic species upon Li
extraction is referred to as an anionic redox, and it became
a very important topic in the battery research community.21–24

Controlling the anionic redox contribution has the potential to
increase the energy density beyond the theoretical energy
density based on the TM-capacity contribution.21,25,26 The
anionic redox activity is oen driven by the oxidation of O2�,
which is more likely to occur when they have Li-rich local
environment; O2� ions have a higher probability to participate
in the redox reaction (e.g., forming peroxides and superoxides)
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when the nearby Li ions are extracted. However, the anionic
redox process may not be fully reversible, particularly when
a high degree of oxygen redox activity leads to oxygen
loss.15,16,27,28

Fluorination can be used as a strategy to suppress the anionic
redox activity, which leads to irreversible oxygen gas forma-
tion.27,29 It has also been found that the uorination increases
accessible capacity when sufficiently high concentration of uo-
rine is added.30 In spite of high uorine content, there have been
some experimental observations which indicate the anionic redox
activities of oxyuorides such as Li2Mn2/3Nb1/3O2F, Li2Mn1/2Ti1/
2O2F and Li2MnO2F31–33 when they are charged up to 4.5 V or
above. In this work, we focus on Li2VO2F material as a compre-
hensive electrochemical study showed promising results such as
good initial capacity and rate capability.18However, it suffers from
poor cycling performance due, in part, to degradation processes
occurring at the electrode–electrolyte interface during extended
cycling.28 We report a comprehensive computational and experi-
mental investigation on the evolution of the anionic redox
process in Li2VO2F under typical cycling conditions. The
computational simulations suggest that the oxygen species evolve
subsequently to peroxide and to superoxide when the cell is
charged up to 4.1 V, a potential lower than the commonly used
upper limit of 4.5 V to 4.8 V. The formation of superoxide is
conrmed using electron paramagnetic resonance spectroscopy.
The superoxide remains to be present in the material upon
discharge, which suggests that the superoxide formation is not
entirely reversible and can contribute to the capacity fading of the
material upon cycling.

2 Methods
2.1 Density functional theory calculations

A total of 650 density functional theory (DFT) calculations were
performed with the Vienna Ab initio Simulation Package
(VASP)34–37 using the projector augmented-wave (PAW)
method.38 Both ordered and disordered structures are calcu-
lated for LixVO2F with x ranges from 0 to 2 in order to capture
the structure–property relationship of the compound. The
calculations were performed with supercells containing up to 74
atoms. The generalized gradient approximation as parame-
trized by Perdew, Burke and Ernzerhof39 was used as the
exchange-correlation functional. The plane-wave cutoff of
500 eV was used, and both the cell and atomic positions were
fully relaxed such that all the forces are smaller than 0.02 eV
Å�1. A rotationally invariant Hubbard U correction40,41 was
applied to the d orbital of V with the U value of 3.25 eV. It is
noted that applying U correction on V favors the oxidation of V,
and the anionic oxidation observed in this work does not stem
from the bias caused in the Hubbard U scheme. Integrations
over the Brillouin zone were carried out using the Monkhorst–
Pack scheme42 with a grid with a maximal interval of 0.04 Å�1.

2.2 Cluster expansion model

A cluster expansion (CE) model was constructed using CLuster
Expansion in Atomic Simulation Environment (CLEASE)

soware package.43 The CE model assumes that LixVO2F takes
on a rocksalt lattice, and it is trained for LixVO2F with x ranges
from 0 to 2 using 650 DFT calculations. Up to four-body clusters
were included in the model, and the maximum cluster diameter
was set to 7.0 Å for two- and three-body clusters and to 4.5 Å for
four-body clusters. l 1 regularization scheme was applied to
avoid the overtting of data. The optimal regularization
parameter value was found by assessing the lowest Leave-One-
Out Cross Validation (LOOCV) for the parameter values
ranging from 10�7 to 102. The nal CE model yielded the
LOOCV score of 23.6 meV per atom.

2.3 Metropolis Monte Carlo simulations

A Metropolis Monte Carlo simulations were carried out to
generate minimum-energy structures for the training of CE
model and to generate an open-circuit voltage (OCV) plot. The
minimum-energy structures were generated using Monte Carlo
simulated annealing with supercells containing up to 74 atoms,
and the DFT calculations were performed on the generated
structures. The temperature was gradually lowered from 10 000
K to 1 K with 1000 sweeps at each temperature. A 9 � 9 � 9
supercell consisting of 1458 atoms was used for generating an
open-circuit voltage plot. Semi-grand canonical MC simulations
were carried out using various xed chemical potential values.
The temperature was gradually lowered from 10 000 K to 297 K,
while the structures were rst equilibrated with 100 sweeps,
followed by 1000 additional sweeps for sampling. The chemical
potential of LixVO2F and the Li concentration at 297 K were used
to compute the OCV, which is expressed as

OCV ¼ �mcathode
Li � manode

Li

e
; (1)

where mLi and e are chemical potential in eV per Li atom and an
electron charge, respectively. For a battery consisting of LixVO2F
as a cathode and Li as an anode, the OCV can be calculated
directly from the chemical potential of LixVO2F as a function of
x because e and manodeLi are constant.

2.4 Li2VO2F sample preparation

The Li2VO2F active material was prepared following the mech-
anochemical ball milling synthesis under argon atmosphere in
a sealed jar as described elsewhere.18,19 All of the subsequent
steps were performed in a glovebox under argon atmosphere
with water and oxygen levels below 0.1 ppm. The precursors
were V2O3 (Alfa Aesar, 99.7%), Li2O (Alfa Aesar, 99.7%) and LiF
(Alfa Aesar, 99.9%). An active material/carbon black composite
(77.8% active material/22.2% carbon black) was prepared by
ball milling Li2VO2F with carbon black (acetylene black, Alfa
Aesar) at 300 rpm for 3 h (Fritsch Pulverisette 6, 80 mL Si3N4 jar
and balls).

To produce Li2VO2F samples in different states of charge
(SOC), Li2VO2F carbon black composite was pressed into pellets
(7 mm diameter, 2 tons, 2 min) of around 30mg in order to have
enough material for analyses. Two-electrode Swagelok cells
were assembled using these pellets as cathodes and lithium
metal as anode, separated by Whatman glass ber separators.

16552 | J. Mater. Chem. A, 2020, 8, 16551–16559 This journal is © The Royal Society of Chemistry 2020
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LP30 (1 M LiPF6 in 1 : 1 wt% ethylene carbonate (EC)/dimethyl
carbonate (DMC), water content < 20 ppm, Sigma Aldrich,
$99.9%) was used as electrolyte. Three pellets of different SOC
were produced. One was kept at OCV for 24 h, the second was
charged at a rate of C/100 to 4.1 V vs. Li/Li+ and allowed to rest
for 24 h. The third was charged up to 4.1 V, subsequently dis-
charged to 1.3 V vs. Li/Li+ at a rate of C/100 and allowed to rest
for 24 h.

Li2VO2F electrodes were produced by coating a slurry con-
sisting of 70 wt% active material, 20 wt% carbon black and
10 wt% polyvinylidene diuoride binder (PVdF) (Solvey 6050) as
previously reported.19 The slurry was prepared by mixing the
materials with N-methyl-2-pyrrolidone (NMP, Alfa Aesar,
99.5%). Subsequently, a lm with 250 mm wet lm thickness
was coated on an aluminum foil and dried in vacuum for 12 h
with a step-wise increasing temperature up to 120 �C.

2.5 Magic angle spinning nuclear magnetic resonance
spectroscopy
6,7Li and 51V Magic Angle Spinning Nuclear Magnetic Reso-
nance (MAS NMR) spectra were measured on a 600 MHz Varian
NMR system equipped with a 1.6 mm Varian T3 HXY MAS
probe. Larmor frequencies for 6Li, 7Li and 51V nuclei were 88.22
MHz, 233.00 MHz and 157.60 MHz, respectively. The 6Li MAS
NMR spectrum was better resolved than the 7Li MAS NMR
spectrum. The spectrum was recorded at 32 kHz sample rota-
tion frequency using single-pulse excitation; duration of the
pulse was 3.2 ms, repetition delay was 120 s and number of scans
was 1000. 51V MAS NMR spectra were recorded at sample rota-
tion frequencies of 32 kHz and 38 kHz in order to identify the
centerband and the spinning sidebands. The spectra were ob-
tained through 240 scans of single-pulse excitations with a 0.7
ms pulse duration and 2 s repetition delay. Frequency axes of the
6Li and 51V MAS NMR spectra are reported relative to the signal
of Li2SiO3 (0 ppm) and the signal of VOCl3 (0 ppm), respectively.
In case of 51V, NH4VO3 was used as a secondary reference
(�571.4 ppm).

2.6 Magnetism and electron paramagnetic resonance

The static molar magnetic susceptibilities of the two materials
(c(T) ¼ M(T)/H where H is the magnetic eld and M is the
magnetization) were measured between 5 and 300 K using
a superconducting quantum interference device (SQUID)
magnetometer (Quantum Design MPMS-XL-5). The zero eld
cooled c values were obtained by cooling the sample in zero
eld down to 5 K and then heating them under the measuring
eld of m0H ¼ 1 T. The raw data were corrected for the sample
holder contribution and for the temperature-independent Lar-
mor diamagnetism, as calculated using empirical Pascal's
constants44 to obtain the molar paramagnetic susceptibility cM.

X-band Electron Paramagnetic Resonance (EPR) (Larmor
frequency � 9.6 GHz) was performed in a continuous wave
mode on a commercial Bruker E580 spectrometer using a Var-
ian TEM104 dual-cavity resonator. Themicrowave power was set
to 1 mW and the modulation eld to 0.1 mT. The Easyspin
simulation package45 has been employed to t the experimental

spectra. Powder samples (typically around 10 mg) were sealed
under a dynamic vacuum into standard EPR Suprasil quartz
tubes (outer diameter 4 mm, Wilmad-Labglass).

2.7 Quantication of vanadium dissolution

The dissolution of V in Li2VO2F was studied by determining the
residual content of V in electrodes aer cycling by inductive
couples plasma optical emission spectroscopy (ICP OES).
Multiple cells were cycled at 25 �C with a C/5 rate in a potential
range between 1.3 V and varying upper cut-off voltages of 3.7,
4.1 and 4.5 V vs. Li/Li+. The cells were disassembled aer cycling
and the cycled Li2VO2F electrodes were dissolved in aqua regia
and immersed in 50 mL H2O. The samples were sonicated in an
ultrasonic bath and stored at room temperature for one week to
completely dissolve V. The ICP OES measurements were carried
out using standard calibration solutions.

3 Results
3.1 Atomistic simulation investigation

It has been experimentally conrmed that LixVO2F has a DRS
structure.18–20,46 However, existing density functional theory
(DFT) simulation results47 suggest that the layered rocksalt-type
structure similar to the layered transition metal oxides is
energetically favored for Li2VO2F (i.e., LixVO2F with x ¼ 2). This
discrepancy between the experimental and computational
descriptions is bridged using Monte Carlo simulated annealing
based on the cluster expansion (CE) model trained by DFT
calculations.

The ground-state structure of Li2VO2F in a rocksalt lattice
found from simulated annealing cooled down to 1 K is shown in
Fig. 1. The structure has a layered rocksalt-type structure, which
is very similar to a closely-related oxide compound, LiVO2.48,49

Although the layered structure being the most energetically
stable Li2VO2F in a rocksalt lattice is consistent with the
previous DFT simulation results,47 it has higher energy
compared to its decomposed product (i.e., LiVO2 and LiF),
suggesting that the layered rocksalt-type structure is meta-
stable. The metastability of the layered Li2VO2F is consistent

Fig. 1 Ground-state structure of Li2VO2F found from simulated
annealing.

This journal is © The Royal Society of Chemistry 2020 J. Mater. Chem. A, 2020, 8, 16551–16559 | 16553
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with the recent reports where the Li2VO2F operates in a meta-
stable phase.19,46

Further analyses are carried out to explore the link between
the layered and DRS structures by comparing their relative
energies at various lithiation levels; a constraint imposing the
structure to remain layered is applied to one set of simulations
while no such constraint is imposed on another. The two cases
lead to the same layered structure, the structure shown in Fig. 1,
for LixVO2F when x¼ 2 as shown in Fig. 2. Theminimum-energy
structures found in the DRS become increasingly more stable
relative to the layered counterparts upon delithiation. In other
words, the layered phase becomes energetically more stable
than the DRS phase only when x approaches 2. However, the
only known method to synthesize Li2VO2F is high-energy ball
milling that triggers the formation of dislocations and dis-
ordering of the structure,50 which explains the lack of any
experimental observation of the layered phase even when x ¼ 2.

The CE model used to assess the relative stability of layered
and DRS phases is employed to simulate the voltage prole. The
simulated and experimentally measured voltage proles are
compared in Fig. 3. The two voltage plots show a good quali-
tative agreement, illustrating that the model is capable of pre-
dicting the electrochemical behavior of LixVO2F. A minor
discrepancy observed in the voltage range can be explained by
the fact that the simulated voltage curve represents the ther-
modynamic limit (i.e., no kinetic effects are included in the
model) and that the exact stoichiometry of LixVO2F is not
known during the experimental cycling.18,46 The absence of the
electrolyte contribution to the voltage prole, due to the limi-
tations of the CE modeling approach, is another source of the
discrepancy.

The anionic redox activity progresses from peroxide (O2
2�) to

superoxide (O2
�) and ultimately to molecular oxygen (O2) as the

number of localized holes is increased from 2 to 4.51 The

minimum-energy structures are generated at varying lithiation
levels based on the CE model, and the DFT calculations of the
generated structures oen result in the formation of oxygen
redox species such as peroxide and superoxide as shown in
Fig. 4. It is not straightforward to classify the anionic redox
species based on DFT calculations, and a such a procedure is
discussed in detail elsewhere.51 In short, a bond length, dOO,
magnetic moments of the constituting oxygen atom, mi, and
Bader charge are used to determine the type of anionic redox
species. The sum of the absolute values of the magnetic
moments of each species,

P
|mi|, can be used to distinguish one

species from the others (e.g.,
P

|mi| # 0.3 for peroxides and 0.3
#

P
|mi| # 1.4 for superoxides). In general, there is a strong

correlation between the type of species and the bond length;
peroxides have 1.40 Å < dOO < 1.5 Å and superoxides have 1.25 Å
< dOO < 1.40 Å.

The formation of peroxides is observed for LixVO2F when x is
as high as 1.4, indicating the anionic redox process starts at
high lithiation levels. The superoxides, on the other hand, start

Fig. 2 Formation energies of LixVO2F (0 # x # 2) obtained from
simulated annealing at each composition x. Blue circles represent
ground-state energies found when Monte Carlo simulations do not
have layering constraints in the atom swaps while red triangles
represent the case with the layering constraint.

Fig. 3 Voltage profiles of LixVO2F at room temperature obtained from
(a) semi-grand canonical MC simulations and (b) electrochemical
cycling (cycled between 1.3–4.1 V vs. Li/Li+ at a rate of C/20 in LP30
electrolyte).

16554 | J. Mater. Chem. A, 2020, 8, 16551–16559 This journal is © The Royal Society of Chemistry 2020
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to form when x is around 0.8. The cycling range shown in Fig. 3
indicate that the electrochemical cycling up to 4.1 V sufficiently
delithiates the LixVO2F to induce the formation of both perox-
ides and superoxides. The existence of peroxides has been
experimentally observed when V is in +5 oxidation state for
alkali uoroperoxovanadates (e.g., K2(VFO(O2)2)).52 A formation
of oxygen molecule is expected at very high potential up to 4.5 V
or 5.0 V as observed in similar oxyuoride materials.27,32

However, the focus of current work is on the formation of
superoxides upon charging (delithation), and the oxygen gas
formation is beyond its scope.

3.2 Diamagnetic behavior of pristine Li2VO2F

The redox activity involves exchange of electronic charges as Li
is extracted/inserted, which alters the oxidation states and the
magnetic moments of V and O. Consequently, understanding
the magnetic property of Li2VO2F is critical in investigating its
redox activities with electron paramagnetic resonance (EPR)
spectroscopy to detect/observe the O redox activity. However,

the magnetic behavior of Li2VO2F remains poorly understood
and has been only briey discussed.18 Here, we establish
a baseline magnetic response of the pristine material before
electrochemical cycling. The DRS structure of Li2VO2F implies
that V3+ is octahedrally coordinated by O2� and F� with an
electronic conguration of 3d2: t22ge

0
g. However, experimental

data indicate, based on the oxidation state of V, that the exact
composition deviates slightly from the ideal stoichiom-
etry.18,19,28,46 The non-stoichiometry affects the valence state of
vanadium, which should be possible to determine through
a magnetic susceptibility measurements. The molar magnetic
susceptibility multiplied with temperature, cMT, of Li2VO2F is
investigated as a function of temperature and compared against
other related V-based compounds (Fig. 5). Li2VO2F shows
a diamagnetic response, and even the Curie-tail due to impu-
rities is negligibly small.

The diamagnetic behavior of Li2VO2F suggests that all the
spins of vanadium in Li2VO2F are coupled despite the possible
off-stoichiometry effects. To further shed light on the reasons
for the unexpected diamagnetic behavior of Li2VO2F we con-
ducted 51V and 6Li magic angle spinning nuclear magnetic
resonance (MAS NMR) measurements to detect differences in
the local environment of the selected elements. A 51V MAS NMR
spectrum of pristine Li2VO2F sample is shown in Fig. 6. The
spectrum exhibits a centerband at �546 ppm and a set of
spinning sidebands. Such a spectrum is typical for quadrupolar
vanadium nuclei in diamagnetic centers. This result is consis-
tent with the observed magnetic susceptibility. If V centers were
paramagnetic, 51V nuclei would become ‘NMR invisible’ due to
their strong interaction with the unpaired electronic spins.
Moreover, a similar diamagnetic behavior has been observed in
the previous study of Li2VO2F.18

The 6Li MAS NMR spectrum further conrms the diamag-
netic behavior of the material. The spectrum is composed of at
least three strongly overlapped contributions; an intense broad
peak resonating at �8.5 ppm and two narrow peaks resonating
at �1 ppm and �2 ppm. The broad peak arises from the nuclei
in the disordered lattice of Li2VO2F; variations in the local
environments lead to a distribution of chemical shis and thus
to the smearing of the NMR signal.18 The narrow peaks could

Fig. 5 Temperature dependence of the cMT for LiVPO4O and VPO4O
within which vanadium valence state is V4+ and V5+, respectively. The
data are compared with those obtained for Li2VO2F.

Fig. 4 Disordered structures of Li0.78VO2F containing (a) peroxide and (b) superoxide after DFT calculations.

This journal is © The Royal Society of Chemistry 2020 J. Mater. Chem. A, 2020, 8, 16551–16559 | 16555
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stem from residual LiF and Li2O, which could remain in the
sample due to an incomplete synthesis.18

Although unexpected, the diamagnetic behavior of V3+ ions
is not unique to Li2VO2F; a diamagnetic behavior has also been
observed in the closely related LiVO2 material.53 In LiVO2, one
could expect the V3+ ions to be paramagnetic since they are 3d2

ions in a quasi-octahedral environment. Their diamagnetic
behavior has been attributed to either a strong Jahn–Teller
distortion in the octahedra (which will lower the energy of one
of the three t2g orbitals)54 or to the coupling of three V3+ ions.55

The latter explanation was shown to be more plausible by core
spectroscopy experiments.54 In the case of Li2VO2F, a large
energy splitting in the t2g triplet is expected due to the fact that
not all ligands of V ions are O2� ions. The large energy splitting
implies that the two d electrons of V3+ ions occupy the lowest t2g
orbital, which leads to its diamagnetic behavior.

3.3 Formation of superoxides

The anionic redox activity in Li2VO2F was already suspected in
our previous study.28 Here, we report EPR spectroscopy
measurements of LixVO2F samples in three different state of
charges (SOC) in order to directly address the presence of the
anionic redox activity (Fig. 7). Li2VO2F is typically cycled up to
4.1 V vs. Li/Li+.18,19 The 4.1 V is lower than the typical upper limit
used for cycling similar oxyuoride materials, but it is still ex-
pected to be sufficiently high to induce the superoxide forma-
tion based on the DFT computation results.

The room-temperature X-band EPR spectra of the LixVO2F at
three different SOCs are shown in Fig. 8a. The pristine Li2VO2F
(black line in Fig. 8a) is EPR silent, conrming that the sample
is diamagnetic as shown in the magnetic susceptibility and
NMR studies. Charging (Li extraction) and discharging (Li
reinsertion) processes of Li2VO2F have dramatic effects on the
respective X-band EPR spectra. The EPR spectrum of the
charged LixVO2F (red line in Fig. 8a) consists of a sharp reso-
nance at g z 2.001 and additional broader satellite peaks that

ank the center of the spectrum. The broader peaks can be
assigned to the hyperne interaction between the unpaired
electron of the V4+ and the 51V nucleus. However, the para-
magnetic V4+ alone cannot explain the sharp peak.

Therefore, we t the spectrum to two coexisting para-
magnetic centers where the V4+ signal is broadened by the
hyperne interaction while the second sharp resonance is
broadened by the g-factor anisotropy (Fig. 8b). The V4+ compo-
nent is t to gxx¼ 1.978, gyy ¼ 1.940 and gzz ¼ 1.958 and with the
components of the hyperne coupling tensor to the 51V nucleus
Axx ¼ 143.6 MHz, Ayy ¼ 140.7 MHz, and Azz ¼ 443.8 MHz. While
these values are characteristic of the V4+ S¼ 1/2 center, they also
suggest the rhombic distortion of the local vanadium coordi-
nation, which is in a qualitative agreement with the disordered
nature of the sample. An unconstrained t yields for the sharp

Fig. 7 Voltage profile over time of the Li2VO2F carbon black active
material pellets. Red circles indicate the SOC of the pellets used for the
EPR measurements.

Fig. 6 51V and 6Li MAS NMR spectra of Li2VO2F. The latter spectrum can be decomposed into three strongly overlapped contributions (grey
lines).

16556 | J. Mater. Chem. A, 2020, 8, 16551–16559 This journal is © The Royal Society of Chemistry 2020
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resonance gt¼ 2.0094 and gk ¼ 2.0012, which are typical values
for the superoxide.56 The presence of superoxide EPR signal
upon charging thus corroborates the predictions made based
on DFT calculations.

The material shows a very broad and strong EPR signal when
it is discharged to 1.3 V (blue line in Fig. 8a). The broad
component has a nearly Lorentzian lineshape and is centered at
g ¼ 1.97, i.e., at the position expected for V4+. The broadness of
the EPR spectrum and the peak-to-peak linewidth of �65 mT
suggest that these V4+ centers strongly interact with each other.
On top of the broad V4+ one can still notice traces of isolated
superoxide and isolated V4+ centers, indicating the presence of
the superoxide upon discharge. The presence of V4+ aligns well
with previous reports on the limited reversibility of the vana-
dium redox couple.19,28 However, the EPR measurements also
indicate that the superoxide formation is also not entirely
reversible, which may contribute to the capacity fading.

3.4 Proposed degradation mechanism

It may seem surprising that the superoxide ions formed upon
charging remain to be present aer the discharge, particularly
because they are known to be unstable. Ideally, reinserting Li+

reduces vanadium and oxidized anions back to their initial
oxidation states of +3 and �2, respectively. The residual
superoxides aer the discharge seem to violate the charge
neutrality of cathode. Furthermore, our recent degradation
study of Li2VO2F with extended cycling28 has shown limited
reversibility of the V3+/V5+ redox couple where vanadium no
longer reaches the V3+ state. The partially irreversible redox
(both vanadium and oxygen) can be explained by the loss of
vanadium in the cathode.

The vanadium loss of the cathode is measured using
inductive coupled plasma optical emission spectroscopy (ICP

OES) aer 7, 20 and 40 cycles in the discharged state as it is
difficult to accurately quantify the small amount of dissolved
vanadium aer the rst cycle. It can be seen from Fig. 9 that
a considerable amount of V is lost from the cathode. The extent
of vanadium dissolution is roughly proportional to the upper
potential limit used in the cycling, which indicates a correlation
between the V loss and the anionic redox activity. The vanadium
dissolution allows the V4+ ions and partially oxidized oxygen
ions (e.g., O� ions, peroxides and superoxides) to remain in the
structure upon the reinsertion of Li+ based on the charge
neutrality. The formation of anionic redox species and its
reversibility are closely linked to the vanadium dissolution,
although their causalities remain unclear (i.e., whether the

Fig. 9 Loss of V in Li2VO2F cathodes cycled for 7 cycles with varying
upper cut-off voltages (from 1.3 to 3.7, 4.1 and 4.5 V vs. Li/Li+, grey) and
cycled from 1.3 to 4.1 V vs. Li/Li+ for 20 (blue) and 40 (green) cycles.

Fig. 8 (a) Comparison of the X-band EPR spectra of as-prepared Li2VO2F (black line), charged sample at 4.1 V (red line) and discharged sample at
1.3 V (blue line). (b) X-band EPR spectrum of charged LixVO2F (red circles) measured at room temperature with a high signal-to-noise ratio
reached by EPR signal averaging. The solid black line is a fit to a model of paramagnetic O2

� and V4+ (3d1).

This journal is © The Royal Society of Chemistry 2020 J. Mater. Chem. A, 2020, 8, 16551–16559 | 16557
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vanadium dissolution leads to the formation of anionic redox
species and reduce its reversibility, or vice versa). We note that
a lack of causality is also possible as they may occur simulta-
neously to stabilize each other due to their opposite contribu-
tion to the net charge.

The limited redox reversibility and the loss of V ions are
expected to be some of the primary contributors to the perfor-
mance degradation of Li2VO2F. We hypothesize that the
vacancies created by the loss of V ions facilitate the formation of
the percolating network in the subsequent charging cycles when
the Li vacancies are created upon delithiation. The percolating
network formed by the V and Li vacancies makes it more likely
for the residual and newly formed peroxides and superoxides to
diffuse and leave the material (i.e., oxygen loss). The missing
oxygen in the cathode, in turn, promotes further V-ion disso-
lution. In other words, we postulate that the V-ion dissolution
and limited redox reversibility cause a runaway process where
the loss of vanadium and oxygen triggers the loss of another,
further deteriorating the material. Our proposed degradation
process aligns well with the continued vanadium dissolution up
to the 40 cycles we tested and with the results reported by
Cambaz et al.57 that suppressing vanadium dissolution by using
concentrated electrolyte improves cycling stability.

4 Conclusions

A comprehensive computational and experimental analysis of
the anionic redox activities in Li2VO2F is presented. We eluci-
date the structural properties of Li2VO2F using MC simulations
based on the CEmodel trained using DFT calculations. Both the
DRS and layered-rocksalt phases of Li2VO2F are found to be
metastable with respect to its decomposed product (i.e., LiVO2

and LiF), which explains the absence of successful synthesis
approaches besides the high-energy ball milling that forces the
material to be in the metastable phase by introducing disloca-
tions and disorder. Furthermore, we established a correlation
between the lithiation level and the anionic redox activity via
simulated voltage prole and DFT calculation results. The
model predicts the formation of peroxides and superoxides
when the material is charged up to 4.1 V, which is lower than
the values typically used for cycling similar oxyuorides.
Although the high uorine content suppresses the oxygen redox
activity, superoxides are detected in our EPR measurements for
the charged sample, conrming the superoxide formation as
predicted by the model. Moreover, the superoxide formation is
not completely reversible, which is linked to the limited
reversibility of the V3+/V5+ redox couple and dissolution of
vanadium. We propose a possible degradation mechanism
where vanadium dissolution and limited redox reversibility
cause a runaway process that leads to further losses of vana-
dium and oxygen.

Our study underlines the importance of gaining deeper
insights into the anionic redox activities of Li-rich materials for
designing a new cathode material for future LIBs. Promoting
the reversible anionic redox contributions while suppressing
the irreversible reactions is vital in designing a cathode material
with high energy density and good cycling performance. The

combined computational/experimental approach presented
here can be applied to predict and verify the anionic redox
activities in other Li-rich materials to accelerate the discovery of
materials with high energy density and good cycling
performance.
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