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Abstract 

The ever-increasing demand for Li-ion batteries coupled with concerns regarding raw material 

supply, availability and cost, drives the research towards cobalt-free battery materials. Currently, 

cobalt is a critical constituent of conventional layered electrode materials. Great efforts have been 

devoted to the development of potential alternatives. In this context, the polyanionic LiFeBO3 and 

disordered rock-salts oxides/oxyfluoride with NaCl structure were investigated. Until recently, 

these materials were not considered suitable as cathode materials owing to the poor Li mobility in 

these frameworks.  

The recent discovery of facile Li transport in disordered rock-salts enabled by a percolating 

network of Li-rich environments has expanded the structural space of materials that can be used as 

Li-ion electrodes. It has been shown that the reversible capacity of disordered rock-salts increases 

considerably with Li-excess, which can be accommodated either by using a combination low-

valence transition metal and a high-valent d0-cation or the substitution of O2- by F-. Moreover, the 

structurally stabilizing yet redox-inactive d0-cations such as Ti4+ and Zr4+ could be replaced by the 

redox-active d1-V4+, which led to significant improvements in reversible capacity. The choice of 

the redox-active transition metal is critical and plays a determinant role in the performance. 

For the studied Ni-based disordered rock-salts, which exhibit comparably high average discharge 

voltages, the introduction of Li-excess leads to a competition between Ni and O for charge-

compensation with Ni being oxidized to Ni3+ on the average as revealed by XAS and DEMS. The 

O oxidation results in O2 gas loss, which manifests itself in pronounced voltage hysteresis for the 

discharge and significant capacity fade.  

Combining Li-excess with O2-/F- substitution in Li2VO2F increases Li content and unlocks a multi-

electron V3+/V5+ redox, exhibiting extraordinary capacity. In contrast to Li-excess Ni-based 
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systems, no evident oxygen loss has been found for Li2VO2F. The effect of cation substitution on 

the electrochemical performance has been explored in nano-sized LiM0.5V0.5O2 (M=Mn, Fe, Co). 

It has been found that compounds which have relied on (V3+/V+4/V+5) redox couples exhibited 

comparably low average voltages between 2.2-2.6 V vs. Li/Li+. 

Overall, the gain of higher capacity in disordered rock-salts comes at the expense of higher capacity 

fading that progressively worsens with oxidation to higher potentials and cycle numbers. In this 

regard, the use of concentrated electrolytes and cathode surface coatings turned out to be a 

promising approach to alleviate surface degradation.  

It is shown that both Li-stochiometric disordered rock-salts and LiFeBO3, which are perceived to 

be inactive in the micro-size, can function well when they are sufficiently nano-sized. 
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1  Context 

Europe is on the verge of an energy transition to reduce the dependency on fossil fuels and increase 

the use of renewable energies for transportation, power, and heat production.1 In this regard, 

electrochemical energy storage remains a crucial topic. Until recently, lithium-ion battery (LIB) 

technology was almost exclusively used in portable electronics. With the impulse given from the 

transportation and grid storage sector, a continuous and sustained growth in demand built up. A 

great deal of attention has been paid to the topic, in both the scientific and popular press, raising 

questions about battery supply chain considerations with the evaluation of critical elements.2–4 The 

development and domination around a few sets of materials came along with potential foreseen 

risks associated with these products. For ambitious material price targets of approximately 100 

USD per kWh, the price of raw materials becomes decisive for the achievement of this objective.5 

To understand the possible bottlenecks in the supply chain of raw materials and their far-reaching 

implications, various components of the LIB, must be assessed and considered. In general, a LIB 

consists of a negative electrode typically graphite and a positive electrode material usually a lithium 

transition metal oxide, which was connected by a Li-ion conductive and electrically isolating 

medium, the so-called electrolyte. Moreover, battery cells are composed of a polymer separator, 

packaging materials, casing, and copper and aluminum foils as current collectors.6 Besides the 

mentioned lithium-containing electrolyte, none of these components has been considered critical 

in terms of availability in the mid-term. In total, five positive electrode materials belonging to three 

different classes of material are currently dominating the LIB market.7 The current state-of-the-art 

positive electrodes are either layered LiCoO2 or its derivatives, formed by chemical substitution 
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with Ni, Al and Mn. These materials offer the highest energy density and therefore dominate the 

portable electronics and automotive market. Besides, spinel compounds such as LiMn2O4 and the 

polyanionic compound LiFePO4 are used. LiMn2O4 found its application in the first Nissan Leaf.8 

The relatively low cost makes it attractive, but drawbacks like its low specific energy and poor 

cycle and calendar life led ultimately to its replacement by a layered compound. LiFePO4,
 in the 

first place, is safer, but also has a comparably low gravimetric energy density due to its 

heavyweight framework structure. It is currently used by Chinese EV manufacturer BYD but is 

also expected to be replaced by a layered material.9 For cost and safety reasons, it is an attractive 

candidate also for stationary storage applications. The most prominent five active materials with 

the approximate amount of metal needed in kg per storage of kWh are listed in Table 1. 

Table 1: Estimated amounts of elements (metallic form) in kg required per kilowatt-hour for the 
listed cell chemistries. The values have been taken from the reference Olivetti et al.5  
 
Formal stoichiometry and abbreviation Li Co Ni Mn C 

LiCoO2 (LCO) 0.113 0.959 0 0  

 

~1.2 

LiNi0.8Co0.15Al0.05O2 (NCA) 0.112 0.143 0.759 0 

LiNi0.333Mn0.333Co0.333O2 (NMC-111) 0.139 0.394 0.392 0.367 

LiNi0.6Mn0.2Co0.2O2 (NMC-622) 0.126 0.214 0.641 0.200 

LiNi0.8Mn0.1Co0.1O2 (NMC-811) 0.111 0.094 0.750 0.088 

The number denotes the ratio of the chemical constituents in mole fractions. 

LiCoO2 is still used in portable electronics due to its high volumetric energy density, where 

thinner/smaller batteries are required/desired. However, significant price fluctuations, coupled with 

the risk of supply bottlenecks, led to attempts to reduce the cobalt content. LiNi0.8Co0.15Al0.05O2 

the so-called NCA developed in 1990 was the first commercial effort to reduce the raw material 

cost by substituting the expensive cobalt through nickel.10 The higher nickel content not only 

reduces the cost but also leads to an overall higher energy density, which made it the material of 

choice for the EV manufacturer TESLA. Further efforts were devoted to the partial replacement of 
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Co3+ with Ni2+ and Mn4+, which led to the development of Li(Ni1/3Mn1/3Co1/3)O2, also known as 

NMC-111, where the numbers indicate the molar ratios of the constituents.11 In general, research 

and development have focused on meeting the requirements set by the automotive industry. Today, 

the trend goes towards cobalt-free and nickel-rich material. With increasing nickel content, the 

energy density increases, but at the expense of lower stability and higher safety risks. Currently, 

NMC-811 is at the edge of commercialization and is expected to find widespread adoption.12,13 

A large number of elements are used in current battery electrodes, with three commodities 

belonging to the class of “critical raw materials (CRM).” Cobalt, nickel, natural graphite, and 

silicon, with the latter two used as negative electrode materials. The term “CRM” categorizes 

material with high supply-risk and high economic importance for the European Union and is not 

necessarily related to the abundance of the elements.1 Even though controversially debated, 

whether the available supply can meet the demand, lithium was not listed as “CRM” yet.  

Important to mention, cobalt is a byproduct in the production of Cu and Ni, with average 

concentrations lying between 0.05-0.4 percent in the mineral deposits. The Democratic Republic 

of Congo, with 10 million tons of cobalt reserves, is the leading supplier with a stake of 51%  with 

China, Russia, Canada, and Australia having the rest of the shares.14 In Congo, the use of child 

labor and unsafe working conditions in artisanal cobalt mines is a critical problem. With an 

example calculation, we can get an approximate value of the necessary quantity of cobalt for an 

EV with a 60 kWh battery. For NCA or NMC-622 cell chemistry, 8.58 kg, or 12.84 kg of cobalt 

metal, would be required according to the information given in Table 1.  

The EV market represents the most significant and fastest-growing demand for cobalt, with a 

projected share of 60% of the total Co-consumption for 2020. To meet the “Paris Declaration” 

targets, roughly 110 million EVs would be necessary (replacing fossil-fueled cars), which would 

account for approximately 1.2 million tons of cobalt.15 The annual supply and demand balances 
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considering average expectations are shown in Figure  1.14 Important to note that projection 

includes the use of cobalt-reduced systems and recycling. According to this scenario, the demand 

likely exceeds the supply with the deficit rising to 8000 tons by 2020 and to 64000 tons in 2030. 

With price targets of 100 USD per kWh for affordable EV’s and supply capacities, which are not 

expected to meet the demand in the short to mid-term, the development of cobalt-free chemistries 

is an inevitable development for the sustainable and economically viable energy transition.1,2,5,14  

In this context, we investigated new possible positive electrode material without cobalt, where we 

focused on the exploration of cation-disordered rock-salt and borate-based polyanionic 

compounds.  

 

Figure 1: Projected average supply and average demand balances between 2017 and 2030, which 
takes recycling and the use of Co-substituted systems into account.14  
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2  Aims and Scope of the thesis 

The work presented in this thesis focused on the investigation and development of two separate 

classes of compounds, NaCl-type disordered rock-salts containing vanadium and/or nickel and the 

polyanionic LiFeBO3, for the use as positive electrode materials in Li-ion batteries. The aim was 

to unlock the potential of these compounds, which until recently were disregarded as potential 

cathode material owing to performance limitations which are imposed by sluggish Li transport 

within these structures. This work provides general strategies with efforts to understand the effects 

of cation/anion substitution and particle size reduction to improve the obtainable capacity. 

Furthermore, underlying degradation mechanisms limiting the performance are unraveled, and 

strategies are formulated to address these issues.  

Chapter 4 presents the theoretical framework needed to understand the underlying concepts in this 

thesis. Chapter 5 shows the summaries of all papers, which have been included in the thesis. 

Chapter 6 puts the most relevant results together, with a detailed and overarching discussion from 

the publications featured in this thesis. Chapter 7 gives the conclusion. 
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3  Introduction 

This chapter aims to provide a brief overview of the main concepts to understand the research 

presented in this thesis. In brief, a general introduction of the fundamentals starting with the history 

of lithium-ion batteries, working principle, and reaction mechanism for batteries, was given with a 

focus on the disordered rock-salts and LiFeBO3. 

3.1  Historical development of Li-ion batteries 

Even though the first commercialization of a rechargeable lithium-ion battery (LIB) is dated back 

to 1991, the first work utilizing metallic lithium was carried out already in 1912.16,17 Li has the 

lowest reduction potential with -3.04 V against the standard hydrogen electrode (SHE), likewise 

being the lightest metal and providing a high gravimetric energy density. The first commercial 

primary cell with metallic lithium appeared in the 1970s. Whittingham et al.18 achieved the first 

development towards a rechargeable Li-based battery. They recognized the potential of layered 

TiS2 as a reversible intercalation host material. Eventually leading to the discovery of other 

chalcogenides as host materials. In 1972, Exxon announced the first commercial secondary 

(rechargeable) battery with metallic lithium as the negative electrode and TiS2 as the positive 

electrode.19 However, this system was not viable and turned out to be a significant safety risk owing 

to the non-uniform re-deposition of lithium in liquid electrolytes. The formation of Li-dendrites 
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eventually resulted in internal shortcuts and fires or even explosions. During the late 1970s, 

intercalation anodes replaced lithium to cope with these issues. The configuration usually was 

referred to as a “rocking-chair” battery, where lithium remains in an ionic state and shuttles back 

and forth during charge-discharge cycles.20,21 However, the use of graphite instead of lithium as the 

negative electrode dilutes the lithium by a factor of ten and decreases the cell voltage owing to the 

higher redox potential of graphite. To achieve higher energy densities, the introduction of high-

voltage LiCoO2 as a positive electrode by Goodenough was a breakthrough. In 1991, Sony 

Corporation commercialized the first rechargeable Li-ion battery, using graphite as anode and 

LiCoO2 as the cathode.22 Today, this cell chemistry still finds broad application in portable 

electronics. 

3.2  Fundamentals 

This section offers background and concepts to understand the fundamental processes and 

mechanisms related to batteries. Furthermore, the studied electrode materials are introduced along 

with their challenges. Concepts and approaches to improve their performances have been outlined. 

3.2.1  Working principle of a rechargeable lithium-ion battery 

A battery is a device, which stores electrons with the help of controlled electrochemical reactions. 

These reactions take place at the positive and negative electrodes, separated by an electronically 

insulating physical barrier and/or the electrolyte, which allows the mobile ions (Li+) to migrate 

between the electrodes as shown in Figure 2.23Although ambiguous, the literature refers to the 

positive electrode as the cathode and the negative electrode as the anode. The cathode is defined as 

the electrode of an electrochemical cell, where the reduction takes place and vice versa for the 
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anode. This may be correct if the battery is charged, but changes depending on the direction of 

reaction (charge or discharge). Instead, the term positive electrode refers to the electrode with the 

highest potential. In the following, the term cathode is used interchangeably as the positive 

electrode.24 During the discharge, Li-ions (solvated by the solvent molecules of the electrolyte) 

from the negative electrode, migrate to the positive electrode. The potential difference between 

both electrodes drives this reaction. Owing to the insulating character of the electrolyte, the released 

electrons from the anode pass through an external circuit to the positive electrode, thus charge 

balancing the reaction. During the charging, this process is reversed by applying energy (reversing 

the flow of electrons) to force the Li-ions to migrate from the positive electrode to the negative 

electrode. 

 

Figure 2: Schematic of the different components of a rechargeable Li-ion battery. Reprinted by 
permission from Springer Nature: Springer Nature, Nature Electronics, from ref.19  
 

There are many aspects to consider when evaluating battery performances, which are presented 

below. The energy density of a battery equals the product of the cell voltage and specific capacity, 
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defined by energy per unit weight or volume. The cell voltage for a Li-ion battery can be expressed 

as the difference between two half-cell potentials of the positive and the negative electrode (Eq.  1). 

 Ecell = Epositive electrode - Enegative electrode (1) 

The capacity Q [Ah] refers to the total amount of electric charge delivered by the cell, as shown in 

Eq. 2. 

 Q = I × t (2) 

I [A] is the electrical current, and t [h] is the time with the capacity defined as Q [Ah]. Q can be 

normalized with respect to active material (specific capacity) [mAh g-1], volume [mAh cm-3] or 

surface area [mAh cm-2]. The theoretical capacity of a cell can be calculated using Faraday's law, 

whereby the practical capacity of a cell can vary greatly from its theoretical value. Faraday’s law 

(Eq. 3) establishes a quantitative relationship between the amount of material produced at (or 

liberated from it) an electrode and the total charge passed during an electrochemical reaction and 

can be reformulated to Eq. 4 

 m = Q × 𝑴𝑾(F × n)−1 (3) 

 Qth = n × F(3600 × M)−1
 (4) 

n is the number of electrons involved in the redox reaction, F is the Faraday’s constant 

(~96485  C  mol-1) and MW the molecular weight of the compound, which is involved in the 

reaction. The energy, E [Wh] can be calculated according to Eq. 5 

 E = ∫ 𝑼𝑷 × I dtt
0  

(5) 

UP [V] is the cell voltage. Analog to the previous case, the energy can be normalized to volume 

[Wh kg-1] or mass [Wh dm-3]. The charge and discharge rate of a battery is often specified as the 

so-called “C-rate.” A C-rate is a measure of the rate at which a battery is charged or discharged 

relative to its maximum capacity. For a 1 C rate, the battery is fully charged or discharged in 1h. 
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These introduced parameters are the most relevant figures of merit to compare and assess material 

properties and are used in the thesis.25 

3.2.2  Gibbs phase rule in cells 

Intercalation or insertion electrode materials possess framework structures, where guest molecules 

such as Li+ can be inserted reversibly, without causing a significant structural modification of the 

host.26 Strictly speaking, the term intercalation defines the insertion of a guest molecule or ions into 

a layered material such as graphite or transition metal chalcogenides, but it is used interchangeably 

for insertion. This is a very general definition for lithium intercalation, which can proceed through 

different mechanisms affecting material properties and performances. In general, the 

insertion/extraction can proceed via two mechanisms, which are monophasic or biphasic, as shown 

in Figure 3. A monophasic reaction referred to as a solid-solution reaction, is a second-order phase 

change with complete miscibility of the lithiated A und delithiated B phase. This means that during 

the extraction or insertion of lithium, only one phase exists with continuously changing 

composition. In contrast, a biphasic reaction is referred to as a phase-separation reaction and is a 

first-order process, where the lithiated A and delithiated B phases are not miscible. This means 

delithiation proceeds through two phases with fixed compositions of respective phases in 

equilibrium, which virtually does not change.27,28 

The reaction mechanism is reflected in the voltage profile, which can be rationalized by the Gibbs 

phase rule 24 in Eq. 6: 

  𝑭𝑮= C - P + 2  (6) 

where FG is the number of thermodynamic degrees of freedom, C is the number of components, 

and P is the number of phases in equilibrium with each other. The Gibbs phase rule relates variables 
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of an equilibrated (closed) system and gives the number of possible degrees of freedom. The 

relevance for the insertion reaction comes from the fact that it can be used to describe the voltage 

profile. During the (de)intercalation, the system consists of two components (Li-rich and Li-poor 

(C = 2)) and the number of phases (P) is either one for solid-solution reaction (P = 1) or two for 

the biphasic reaction (P = 2). Given that temperature and pressure are constant, this leads to the 

situation that for the biphasic mechanism, no degree of freedom is left for the voltage (FG = 

2−2+2- 2 = 0), resulting in the appearance of the so-called plateau. 

In contrast, for the monophasic reaction, one degree of freedom is left for the voltage since 

(FG = 3−2+2−2 = 1), resulting in the sloping voltage profile. Depending on the phase diagram of a 

material, the voltage profile can show several plateaus and sloping profiles. The mentioned two-

phase reaction mechanism is not exclusive and can change for specific composition ranges.  

 

 

 

Figure 3: The phase diagram and the corresponding voltage profiles for different reaction 
mechanisms. µLi is the chemical potential of Li+ and α, β, γ are different phases. Reprinted with 
permission from ref. 29. Copyright 2013 American Chemical Society. 
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3.2.3  Charge-compensation mechanism in electrode materials  

The redox chemistry strongly depends on the composition and structure of the electrode materials, 

thus dictating the corresponding chemical reactions. Thereby, the battery reaction mechanisms can 

be viewed from the Fermi energy level or the Gibbs free energy perspective.30 To obtain a general 

understanding of the relevant redox processes, the charge-compensation mechanism will be 

discussed from the perspective of the electronic structure and the Fermi level. The Fermi level links 

electrochemical redox potential to the electronic structure, where holes above and electrons below 

the Fermi level form a redox couple.31  

The electronic structure of solids can be described by a series of bands, consisting of overlapping 

molecular orbitals.32,33 The highest energy band occupied by electrons or bonding states (M-O) is 

called the valence band and has a strong ligand character with an analogy to the highest occupied 

molecular orbital (HOMO). The next higher band of empty or antibonding states (M-O)* is called 

the conduction band and has a metal character with an analogy to the lowest unoccupied molecular 

orbital (LUMO). The gap or energy difference between both states changes with i) electronegativity 

of the transition metal (from left to right in the periodic table or increasing oxidation state) 

ii) electronegativity of anions iii) size of the orbitals (increasing from 3d to 4d and 5d metals). The 

energy and overlap of the molecular orbitals influence the so-called iono-covalent character of the 

metal-oxygen bonds. Thus, a larger overlap results in a more covalent bond, whereas a lower 

overlap is more ionic and is elaborated further for the polyanionic compounds in 3.3.3. For classical 

positive electrode materials, charge-compensation involves the (M-O)* band, which has a strong 

metal (cationic) character and is therefore referred to as cationic charge compensation. In case that 

the Fermi level moves to the (M-O) bonding levels, ligand-holes can be formed, which may occur 

with a different state of charge, also known as “Fermi-level pinning”.34 Recently, the role of non-

bonding oxygen states in the charge-compensation mechanism is better understood, which helps to 
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rationalize the common observation of oxygen redox in Li-rich positive electrode materials.35 

Moving from LiMO2 to Li4/3M2/3O2 (Li2MO3-type) increases the Li:TM ratio leading to weakly 

bonded O 2p orbital owing to the smaller overlap with the Li 2s orbital. These O 2p orbitals have 

the character of  non-bonding or so-called “unhybridized” oxygen level and are accepted to be the 

origin of so-called “anionic redox”.35–38 In contrast to the (M-O)* band, these oxygen levels provide 

an additional source for charge-compensation and can give rise to additional capacity. Recently, 

Doublet et al.36 linked the charge-compensation mechanism to the charge-transfer vs. Mott-

Hubbard insulator theory of Zaanen-Sawatzky-Allen.39 The importance of this theory comes from 

the fact that it classifies if charge-compensation involves not only the TM-d (Mott-Hubbard-type) 

but also the anion p-states (charge-transfer-type), which depends on the band. The influence of the 

relative band positioning on the charge-compensation mechanism was condensed to three scenarios 

by G. Assat et al.40 are shown in Figure 4. The underlying theory, in essence, was recapitulated by 

M. Greiner et al. 41 and will be introduced in the following. In contrast to the independent-electron 

model used for band structures, the Mott-Hubbard model considers strong electron correlation, 

such as on-site Coulomb repulsion and electron exchange interactions. Due to the strong repulsion, 

the d-electrons are localized on metal cations between negatively charged electrons in narrow d-

bands. Coulomb repulsion and exchange interactions between electrons make the occupancy of 

two electrons on the same site energetically unfavorable. This splits the d-band into an empty upper 

Hubbard band, and a filled lower Hubbard band. The Mott-Hubbard splitting is characterized by 

the Hubbard parameter (U). U is inversely proportional to the orbital volume, and it depends on 

the d-electron numbers. It increases with contraction of the orbitals from left to the right in the 

periodic table and decreases by moving from 3d to 5d transition metals due to orbital expansion. 

The charge transfer energy (∆) is determined by the difference between (M-O) and (M-O)*. For 

case 1 that the Mott-Hubbard splitting is smaller than the charge-transfer energy (U ≪  ∆), the 
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charge-compensation takes place at the lower Hubbard band ascribed to highly ionic metal-ligand 

bonds (cationic charge-compensation) as illustrated in Figure 4f. In case 3, the Mott-Hubbard 

splitting is larger than the charge-transfer energy (U ≫ ∆), charge-compensation takes place at the 

non-bonding O 2p band sitting above the lower Hubbard band as illustrated in Figure 4h. This can 

lead to the formation of reactive On- species, ultimately leading to oxygen gas release through 

reductive elimination or by reacting with the electrolyte. Thus, depending on the TM and the 

coordination environment, formed On- species were found to be partially stabilized. However, the 

mechanisms are not fully understood, yet.42–45 For case 2 that lower Hubbard and non-bonding O 

2p band overlap (12 U ≫ ∆), charge-compensation can take place from both bands (simultaneous 

cationic and anionic charge-compensation), as illustrated in Figure 4g. Anionic redox results in 

the dimerization of the anions and the formation of different O2
n- species, which can be 

differentiated by the O-O distances and are accompanied by MO6 octahedral distortion.46–49  
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Figure 4: Band structure of transition metal oxides for cationic and anionic redox. The schematic 
shows the formation of bands from the extrapolation of molecular orbitals of octahedrally 
coordinated transition metal oxides (MO6), shown from a) to b) to c). The coordination structure 
around the oxygen atoms is shown for the layered LiMO2 (3 M for each O in the local environment) 
and Li-rich Li2MO3 (2 M in the honeycomb arrangement) in d) and e), respectively. The 
introduction of Li-excess can create O 2p non-bonding states. For the Mott-Hubbard splitting, three 
different possible scenarios are classified (f-h), depending on the interplay between d-d Coulomb 
repulsion term U and charge transfer term ∆. UHB and LHB designate the upper and lower Hubbard 
bands, respectively. For case 1 shown in f), cationic redox is suggested (Mott-Hubbard-type). For 
case 2 shown in g), the LHB and non-bonding O 2p states overlap, a simultaneous cationic and 
anionic redox with a more reversible anionic redox is proposed. For case three shown in h), 
irreversible oxygen redox is suggested (charge-transfer-type), which can trigger O2 gas release 
upon electron removal (oxidation). Reprinted with permission from Springer Nature: Nature 
Energy, copyright (2018), from ref. 40. 
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3.3  Cathode materials 

In this chapter, a short introduction to the specific class of investigated compounds and associated 

research strategies and directions is given. Each material is described within its class, as the crystal 

chemistry shapes the material properties and gives clear boundaries. The specific advantages, as 

well as the scientific challenges, are reviewed. 

3.3.1  What makes a good positive electrode? 

Answering the question, what makes a good positive electrode material is not trivial. While a 

material may appear optimal in terms of size and long cycle life, it can be unaffordable in terms of 

cost or insufficient for high power applications. Depending on the application, there are several 

suitable cell chemistries or different storage mechanisms, which may be suitable to provide the 

desired properties. Ideally, a positive electrode material should offer a relatively high redox 

potential in combination with a high specific capacity. One limitation is imposed by the 

electrochemical stability of the currently used liquid carbonate-based electrolytes, which starts 

reacting before, but ultimately decomposes at potentials higher than 4.8 V vs. Li+/Li0.50  

Given that the specific capacity of a host compound depends proportionally on the number of 

electrons transferred in the redox reaction and is inversely proportional to the weight of the 

framework structure (Eq. 4), the set of suitable elements is limited. Not to mention that these 

elements should be low-cost, abundant, and preferably environmentally friendly. Lithium insertion 

should be highly reversible, with little or ideally no cation mixing (preserving structural integrity) 

during charge-discharge, which has been regarded as essential for high reversibility and long cycle 

life. An electrode material should be a good lithium-ion conductor, enabling fast kinetics and a 

high degree of lithiation/delithiation.  
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Given these points, at least two requirements must be fulfilled for efficient Li storage: the structures 

should provide a lithium migration network, which a) spans the entire structure and b) enables 

facile and reversible lithium migration. This led to the rational approach of screening classes of 

compounds with attractive structural features, which can meet the listed requirements.  

The structure of compounds has a central role in defining the material properties. Figure 5 gives 

an overview of the most relevant and representative crystal structures with different lithium 

percolation networks, respectively. These are the two-dimensional layered LiMO2 with the 

monoclinic and rhombohedral structure, the three-dimensional spinel-type LiM2O4, or the one-

dimensional olivine-type LiMPO4 with tunnels along the b axis.51,52 The dimensionality and 

connectivity of their interstitial sites and have significant consequences on the diffusion kinetics. 

A good measure for comparison is the diffusion activation barrier, which should ideally be 

<600  meV for electrode material.53  

 

Figure 5: Crystal structures of the representative positive electrode materials. Reproduced under 
the terms of the CC-BY 3.0 license (http://creativecommons.org/licenses/by/3.0/).51 Copyright 
2014 the authors, published by MDPI. 
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3.3.2  The rock-salt-type positive electrode material  

This subsection gives an overview of NaCl-type and related structures and cation arrangements. In 

this connection, an overview of the current understanding of disordered rock-salt materials is given 

with a view on structural, compositional, and electrochemical properties.  

3.3.2.1  ABO2 structures 

Metal oxides show chemically versatile compositions with high structural diversity. Among these, 

the rock-salt type is one of the most common structural representatives. G. Mather et al.54 gave a 

general description of rock-salts. Compounds with the chemical formula ABO2 have significant 

relevance for the battery field and can display various cation arrangements. Thereby, order and 

disorder are rather complex notions with various and contrary exceptions making the definition 

difficult.  

We define disorder more general as cation mixing between the lithium and the metal in the 

sublattice of an initially ordered structure. The degree of the disorder can vary from entirely to 

partially disordered depending on the extent of cation mixing. In this regard, Urban et al.55  

reviewed the most common structure-types referenced to the cubic rock-salt subcell, as shown in 

Figure 6. For the fully disordered structure adopting a -LiFeO2-type structure, Li and the metal 

cations share the same octahedral site with random distribution and no long-range order. In 

contrast, in layered compounds adopting a -NaFeO2 structure, both lithium and the metal have 

distinct cation sites alternately occupying the (111) plane in the face-centered cubic (FCC) 

sublattice. In -LiFeO2 and low-temperature LiCoO2 (Li2Co2O4), the cation layers are partially 

mixed (mixed Li/Co occupancy) but have a distinct Li/M ordering within each layer. The word 

cation-disordered and disordered in the following will be used interchangeably. 
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Figure 6: The four most common rock-salt-type metal oxide crystal structures in the NaCl subcell: 
a) disordered rock-salt structure in which all cation sites are equivalent, b) layered structure (α-
NaFeO2 structure), c) low-temperature phase of LiCoO2 with a spinel-like structure, and d) γ-
LiFeO2 structure. Large empty circles indicate oxygen sites, small gray and black filled circles 
stand for lithium and transition metal sites. Reproduced with permission from ref. 55. Copyright 
2014 Wiley-VCH 

3.3.2.2 Cation-disordered systems with high capacity as a new paradigm: Relationship between low 

capacity and structural disorder 

Cation ordering has an enormous effect on lithium migration and is a determinant for diffusion 

kinetics and lithium extraction capacity, which has led to the generally valid design guidelines 

mentioned in Section 3.3.1, which will be explained in more detail below.56,57 Given that cations 

are equivalent and statistically distributed in the disordered rock-salt structure, the potential lithium 

percolation network would be complex with interruptions leading to “trapped” lithium in the 

structure. Conversely, decreasing cation-disorder can notably improve electrochemical 

performance, such as in the case of LiNi0.5Mn0.5O2.58  

However, recent findings have shown that this is not necessarily the case for lithium-excessive 

compositions. For a threshold of LixMO2 with x ≥ 1.09, lithium diffusion was proposed to become 
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facile, unlocking the hidden potential of this class of material.59 Today, a large number of Li-excess 

disordered rock-salts have been reported which can extract/insert high degrees of lithium.59– 65  

At this point, it is important to summarize the current understanding of lithium migration in 

rock- salt-type compounds referenced to layered O3-LiCoO2 structure (fully cation-ordered) and 

the -LiFeO2-type (fully cation-disordered) structure. Lithium diffusion in rock-salt structures is 

presumed to proceed by a di-vacancy mechanism.29,67,68 Thereby, Li+ migrates from an octahedral 

site to a neighboring empty octahedral site via a tetrahedral site (o-t-o hopping), as illustrated in 

Figure 7.  

 

Figure 7: Schematics of the diffusion of Li from site i to site j. a) Top view on the face-centered 
cubic (111) plane with large circles denoted as octahedral sites. b) View of the same diffusion 
pathway indicated as an arrow. Reproduced with permission from ref. 55. Copyright 2014 Wiley-
VCH 

Thereby, the tetrahedral site is face-sharing with four octahedral sites and experiences electrostatic 

repulsion from the transition metal cations occupying them. The tetrahedron height of the 

intermediate tetrahedral site defines the energy barrier for the o-t-o lithium jump. The activation 

energy thereby depends on two factors: tetrahedron height (equivalent to the lithium slab distance 

for in layered compounds) and the valence state of the face-sharing transition metal. For layered 

compounds, the tetrahedron height (Li slab distance) is usually in the range of 2.6 to 2.7 Å with 

activation barriers below 500 meV.68 Correspondingly, lower slab distance, which for instance 
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decreases with cation-disorder and higher-valence transition metals, leads to higher electrostatic 

repulsion of the Li+ cation during the tetrahedral transition state and higher activation barriers.  

In fully cation-disordered rock-salt oxides tetrahedron height can be geometrically defined as ℎ𝑡𝑒𝑡 =  𝑎√3 with the a-lattice constant for the cubic phase, and usually varies between 2.35 and 

2.45 Å. 59 This fact rationalizes the comparably higher activation barriers calculated for these types 

of material, typically exceeding 600  meV. The local cation environment of the tetrahedron changes 

the electrostatics experienced by the Li-ion during the o-t-o hop and is therefore determinant for 

the diffusion barrier. 

By definition, there is a variety of possible configurations for the octahedral-tetrahedral-octahedral 

(o-t-o) diffusion of Li-ions, as shown in Figure 8a.  

Figure 8: a) The local cation environment around tetrahedral sites at different n-TM sites b) 
Calculated migration barriers for 0-TM and 1-TM sites as a function of the average tetrahedron 
height in model Li2MoO3 and LiCrO2 structures. Reprinted with permission from ref. 55. Copyright 
2014 Wiley-VCH. From ref.59 reprinted with permission from AAAS. 

These configurations are the necessary building blocks for the lithium percolation network in rock-

salt-type material and can be distinguished by the number n of transition metals face-sharing to 

empty tetrahedral sites as the n-TM site. For the layered rock-salt with a defined cation 
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arrangement, 1-TM and 3-TM sites are available for the hopping of Li within the Li slab. DFT 

calculations suggest that the migration barriers found for the 0-TM site compared to the 1-TM site, 

are less sensitive to the tetrahedron height, as shown in Figure 8b. Important to mention that small 

tetrahedron heights observed in fully disordered rock-salts imply high activation barriers for the 

1- TM site and may slow down macroscopic diffusion considerably. The distribution of these sites 

determines the “effective” diffusion path length, which was considered by the percolation theory. 

Figure 9a shows the 0-TM percolation as a function of cation mixing and the lithium-excess and 

Figure 9b show the accessible lithium content by the percolation of the 0-TM sites as a function 

of the lithium content and cation mixing. 

 

Figure 9: a) Computed probability for percolating network of 0-TM sites vs. Li content and cation 
mixing in % (ratio TMLi layer/TMTM layers). b) Li accessibility by 0-TM percolation network for 
different levels of cation disorder. From ref. 59. Reprinted with permission from AAAS.  
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The cation-mixing was defined as the ratio of TM in the lithium layer to the total TM population. 

Theoretically, a lithium-excess of 25% corresponding to Li1.25M0.75O2 leads to the percolation of 

one Li per formula unit via 0-TM sites. The probability of n-TM sites can be calculated using the 

stoichiometry of Li1+xM1-xO2 with 0.00 ≤ x ≤ 0.33. The relation in Eq. 7, 8, gives the probability 

for 0-TM and 1- TM sites. By increasing the lithium-excess, the number of 0-TM and 1-TM sites 

increases statistically.69 

 𝜌0-𝑇𝑚 = (1 + 𝑥2 )4
 

(7) 

 𝜌1-𝑇𝑚 = (1 + 𝑥2 )3 (1 − 𝑥2 ) 
(8) 
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3.3.3  Polyanionic compounds 

This subsection gives a general overview of polyanionic compounds with a focus on lithium iron 

borate. The underlying principles, which govern their electrochemical properties, were presented. 

Furthermore, differences to conventional transition metal oxides are briefly addressed.  

3.3.3.1  Polyanion chemistry and the inductive effect 

The cathodes of Li-ion batteries usually contain intercalation-based lithiated transition metal 

oxides, but concerns regarding sustainability, toxicity, and particularly safety motivated extensive 

research towards alternative positive electrode materials. The introduction of olivine LiFePO4 as a 

positive electrode by Padhi et al.70 has opened the door for the research and development of 

polyanionic material, which has been extensively investigated ever since. The general name comes 

from the frameworks consisting of MOx polyhedra connected to the polyanionic group (XOn)m- (X 

= C, B, P, S, Si, Mo, W).71,72 The additional weight of the introduced spectator-cation results in a 

lower gravimetric capacity as compared to oxide-based materials but leads to the stabilization of 

the anionic framework. In this context, Goodenough et al.73 proposed that the polyanion 

(XmO3m+1)n- lowers the top of the O 2p band effectively compared to rock-salts oxides and therefore 

inhibits oxygen-loss during cycling which is indispensable for lifetime and safety issues.  

Furthermore, the redox potential of a given redox couple can be tuned through the inductive effect, 

as shown in Figure 10a, 10b. Thus, the formation of strong covalent bonds of oxygen with a 

counteraction Xn+ i.e., (P5+O4)3-
 modifies the polarization or “ionocovalency” of the TM-O bond. 

Thereby, the degree of polarization is determined by the electronegativity difference and the 

coordination between the elements.74,75 One major drawback associated with polyanion chemistry 

is the usually observed lower electronic conductivities, which necessitates carbon coating and small 

particle sizes at the expense of a lower volumetric energy density. Moving from a disordered rock-
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salt -LiFeO2 to polyanionic framework compound LiFeBO3, the average discharge potential 

increases from 2.1 to 2.8 V, respectively. 

 

Figure 10: a) Schematic energy diagram with the position of the Fe2+/3+ redox couple relative to 
Li+/Li0 in -LiFeO2 and in different Nasicon-type structures LixFe2(XO4)2 (X = P, Mo, W, S) 
illustrating the inductive effect. b) A schematic energy diagram illustrating a covalent and ionic 
bond relative to Li+/Li0. The ionic bond leads to a higher open-circuit voltage (VOC). Adapted with 
permission from ref. 76 and  74. Copyright © 2013, American Chemical Society 

Giving a comprehensive overview of the various families of polyanions with variable elemental 

composition is not the aim of this introduction. Instead, an emphasis will be put on the general 

guidelines to better understand polyanionic compounds, with a focus on borate-based polyanionic 

compounds, which were also subject to this thesis.  
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3.3.3.2  Lithium iron borate as positive electrode material 

An approach to reduce the weight penalty of the active material is the use of lower molecular 

weight polyanions such as borates BO3
3-. Borates (BO3

3-) with the polyanion weight of 59 g mol-1 

provide a real advantage as compared to heavier phosphates (PO4
3-) with a molecular weight of 95 

g mol-1, thus promising higher gravimetric capacities. The first report about the optical and 

structural properties of lithium transition metal borates with LiMBO3 (M = Mg, Co, Cd, Zn) was 

in the late 1990s.77,78 In 2001, Legagneur et al. 79 introduced lithium metal borates LiMBO3 (M = 

Fe, Mn, Co) as a potential positive electrode material showing the lowest framework weight among 

all polyanionic compounds. The monoclinic LiMBO3 (M=Mn, Fe, Co) structure is composed of 

edge shared [MO5] trigonal-bipyramids forming a single chain running along [-101] as shown in 

Figure 11.52 These columns are connected through planar BO3 groups and Li sites in tetrahedral 

coordination with an anticipated Li diffusion pathway parallel to [001] direction. For LiMnBO3, a 

hexagonal polymorph has been reported forming at higher temperatures.80 
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Figure 11: Crystal structure of the monoclinic LiMBO3 with M = Mn, Fe, Co: a) edge-sharing 
MO5 chains along the -101 direction, and b) edge-sharing LiO4 chains parallel to 001. 
Reproduced with permission from ref. 81 Copyright 2011, American Chemical Society 

A higher electrical conductivity with 3.9 x 10-7 S cm-1 was reported for LiFeBO3 as compared to 

LiFePO4.53,82 DFT calculations predicted an average discharge voltage of 3.0 V vs. Li/Li+, but 

experimentally 2.8-2.7 V was observed. Lithium insertion/extraction proceeds in the Li-

concentration range of 0.5 ≤ x ≤ 1.0, through a two-phase reaction between LiFeBO3 and 

thermodynamically stable Li0.5FeBO3 intermediate phase. For the 0.15 ≤ x ≤ 0.5, the reaction 

mechanism proceeds via a solid-solution type reaction mechanism. In line with this, Loftager et 

al.83 reported the formation of thermodynamically stable Li0.5FeBO3 intermediate phase and 

predicted intrinsically low Li-ion and electron/hole-polaron mobility. 
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Figure 12: Typical charge-discharge profiles for LiMBO3 with M = Fe, Mn, Co. a) LiFeBO3 cycled 
between 4.5 and 2.0 V at room temperature. b) LiMnBO3 cycled between 4.8 and 2.0 V at a C/20 
rate. c) LiCoBO3 cycled between 4.3 and 2.0 V with C/100 rate. d) LiFeBO3 cycled between 4.5 
and 1.5 V at room temperature with constant current constant voltage (CCCV) charging mode with 
C/20 rate and current threshold of C/100. Reprinted with permission from ref. 84. Copyright 2010 
Wiley-VCH. Reprinted from ref.85. Copyright 2013, with permission from Elsevier. Reprinted from 
ref. 79. Copyright 2001, with permission from Elsevier. 

Initially, only negligible electrochemical activity was reported for LiMBO3 with M = Mn, Fe, Co, 

as shown in Figure 12a-c. Steps to improve the performance were carbon coating and particle size 

reduction but with limited success.82,86–88 The first breakthrough for LiFeBO3 was achieved in 2010 

by Yamada et al.84, with a report showing the feasibility of extracting 0.86 Li per f.u. (190 

mAh  g- 1) at a C/20 rate shown in Figure 12d. It was noted that the presence of air and/or moisture 

severely degrades the electrochemical performance resulting in the surface oxidation of Fe2+ to 

Fe3+; however, this was alleviated by a carbon coating. Similar degradation was observed for other 

Fe-based compounds.89–91 Another report from the same group achieved for nano-sized carbon-
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coated LiFeBO3 a reversible capacity of ~180 mAh g-1 when cycled between 4.5 and 1.5 V. 

Tao et al. reported a reversible capacity of 130 mAh g-1 for cycling window between 4.5 and 2.0 V. 

For discharging below 2.0 V, electrode-electrolyte reactivity was reported. Many reports on 

LiFeBO3  have shown poor electrochemical performances with large voltage polarizations that 

involve capacity contribution below the thermodynamic potential of 2.8 V, indicating that the 

compounds are degraded.92–95 Degradation results in the loss of lithium with the oxidation of Fe, 

thus leading to a stable Li-unstoichiometric LixFeBO3 phase. Bo et al.94,95 studied the reaction 

mechanism of pristine LiFeBO3 and d-LixFeBO3. It was found that d-LixFeBO3 exhibited Fe/Li site 

disorder (cation-disorder) with an oxidation state of ~2.5 for Fe, suggesting an approximate Li-

stoichiometry of Li0.5FeBO3. After an initial lithiation, the d-LixFeBO3 phase could be cycled in 

the range of x ≥ 0.5 ≤ 1.0, contributing to a markedly reduced voltage plateau at ~1.8  V. 
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4  Methodology 

The following section summarizes the experimental methods and the corresponding theory utilized 

in the investigation of the different materials in this thesis. Details about instrumentation, 

experimental procedures, and synthesis are available in the respective publications.  

4.1  Electrochemical characterization  

4.1.1  Electrode preparation and cell configuration 

We followed a general routine for the electrode preparation, when not stated otherwise. For the 

electrode preparation, an active material/carbon composite was made by mechanochemical milling 

(high energy ball mill) at 200 rpm for 2h with a ball to powder ratio of 1:20. This composite was 

mixed in an agate mortar or ball-milled between 0.5h and 2h with a pre-dissolved binder solution 

to form a slurry, containing 90 wt% composite and 10 wt% binder. Important to note 

polyvinylidene fluoride (PVDF) was dissolved in N-methyl-2-pyrrolidone under stirring for 12h to 

form a viscous binder solution (5-10wt% PVDF content). Subsequently, the slurry was applied to 

aluminum foil using the doctor blade technique. The electrode loading was controlled loading by 

adjusting the blade height, typically ranging between 100-200 m. The electrode was dried by 

removing the volatile solvent in a vacuum oven at 120°C for 12 h. The electrode sheet was then 

cut to circular discs with a radius of 12 or 16 mm for electrochemical characterization. All steps 

were performed under inert conditions in an argon atmosphere. Routine electrochemical tests were 
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done for half-cell configurations with Swagelok®-type cells and coin cells. Furthermore, PAT-Cells 

(EL-CELL®) were used for three-electrode measurements, with a Li ring as a reference electrode.  

4.2  Electrochemical techniques 

4.2.1  Galvanostatic cycling 

Galvanostatic charge-discharge cycling or chronopotentiometry is the most used characterization 

technique. It is used to evaluate the electrochemical performance and cycling stability of batteries. 

A constant current is applied, and the voltage response between the working and counter electrode 

is monitored within a given voltage range defined by an upper and lower cut-off voltage. In other 

words, for a constant current, the potential is recorded as a function of time or specific capacity. 

The shape of the potential profile can reveal important information about the storage mechanism 

and structural changes, as explained in Section 3.2.2. Furthermore, information about the practical 

capacity and the reversibility can be obtained. The reversibility of a reaction is given by the 

coulombic efficiency Eq. 9. 

The reversibility is a critical performance metric for a cell. The coulombic efficiency not only gives 

insight about the reversibility of the charge-storage mechanism but can also hint at parasitic 

reactions with the electrolyte. Charge-discharge cycling was performed on an Arbin 

potentiostat/galvanostat, where electrochemical characterization was performed by galvanostatic 

measurement at constant current, measuring the cell voltage response. Specific currents were 

calculated, as well. 

 𝜂 = 𝑄𝑐ℎ𝑎𝑟𝑔𝑒𝑄𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 ∙ 100% 
(9) 
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4.2.2  Cyclic voltammetry (CV) 

Cyclic voltammetry is a compelling method to study redox processes. For a CV measurement, a 

triangular potential-time function with a constant scan rate dV/dt is applied, and the current 

response is recorded. Furthermore, it can be used to investigate electrode kinetics. The coulombic 

efficiency can be derived from the ratio of the integrated area for the anodic and cathodic reaction, 

which is equivalent to the stored and released charge. The gap between the cathodic and anodic 

peaks can be used as a measure for electron transfer kinetics. The reaction can be categorized as 

reversible, quasi-reversible, or irreversible.  

4.2.3  Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy is a powerful technique to investigate a variety of 

phenomena on interfaces and reaction processes. Ohm’s law defines electrical resistance as the 

ratio between voltage and current. However, for the real application, this assumption is too simple. 

The concept of impedance is more useful as it considers resistances to be frequency- and phase-

dependent. The fundamental principle is the application of a small amplitude sinusoidal signal 

(current or voltage) excitation to the system (steady-state condition) and the measurement of the 

phase shift and the amplitude response. The experiment is varied for a wide range of frequencies 

and therefore, individual reactions with unique time constants can be separated into frequency 

domains.  

The complex impedance Z() in Eq. 10 is composed of a real and an imaginary part. For the plot 

of the real part on the X-axis and the imaginary part on the Y-axis, we obtain the so-called Nyquist 

Plot as shown in Figure13. 

 Z() = 𝐸 ∗ 𝐼−1 = 𝑍0𝑒𝑖ϕ = 𝑍0(cos ϕ + 𝑖 sin ϕ) (10) 
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The Nyquist plot usually consists of one or more semicircle attributed to charge-transfer processes 

followed by a tail the so-called Warburg (diffusion) impedance. EIS are commonly analyzed by 

fitting the curve with equivalent electrical circuits to emulate the spectra with a model and 

understand the contributions from interface and bulk processes. Common circuit elements were 

used for the evaluations such as resistors, capacitors, and inductors and combinations thereof, 

which should have a physical basis.  

 

Figure 13: Schematic Nyquist plot for a Li-ion battery. I) RHFR electrical resistance II) migration 
trough a surface layer (SEI) covering the active material and interfacial charge transfer between 
electrolyte and electrode III) solid-state Li-diffusion in the active material. Reproduced under the 
terms of the CC-BY 4.0 license(http://creativecommons.org/licenses/by/4.0/).96 Copyright 2018 
the authors, published by ECS. 
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4.3  Materials characterization 

4.3.1  X-ray diffraction 

Diffraction refers to various phenomena related to the interaction with all types of waves or wave-

like nature e.g., electrons, electromagnetic radiation, with an obstacle or a slit. The interaction in 

such a manner can lead to scattering and diffraction processes. Diffraction becomes dominating for 

the case that the wave and the obstacle have comparable size. Given that interatomic distances of 

crystals have the same order of magnitude as X-rays, it allows the characterization of crystalline 

material. Thereby, Bragg’s law lays the foundation for the basic understanding of X-ray diffraction, 

as shown97–99 in Eq. 11. This equation describes the condition for the constructive interference 

between reflected beams with incident radiation wavelength (𝜆) for a set of interatomic distances 

(𝑑ℎ𝑘𝑙) and the angle (𝜃) of the incident X-ray and the plane is known as diffraction. The Miller 

indices give the distance between the crystallographic planes. In case this condition is satisfied, a 

so-called Bragg peak can appear due to constructive interference. 

 2𝑑ℎ𝑘𝑙sin (𝜃) = 𝑛𝜆 (11) 

The intensity of the diffraction peaks depends on the scattering power of the atoms for the given 

crystallographic plane (hkl). X-rays are scattered coherently by electrons in the orbitals of the 

atom, which increases with the atomic number considered in the so-called structure factor Fhkl of 

the unit cell as is shown in the relation of Eq. 12.  

 𝐼ℎ𝑘𝑙|𝐹ℎ𝑘𝑙|2 = ∑ 𝑂𝑗𝑓𝑗𝑒𝑖2𝜋(ℎ𝑥𝑗+𝑘𝑦𝑗+𝑙𝑧𝑗)𝑛
𝑗=1  

(12) 

Here xj, yj, and zj represent the atomic position of the number j atom in the unit cell; fj is the atomic 

scattering factor, which is the atom number and Oj occupancy fraction by the atom at the sites (xj, 
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yj, zj). The intensity of a diffraction peak is proportional to the squared value of the structure factor. 

Usually, a chemically synthesized powder is polycrystalline with a random distribution of different 

orientations; thus, diffracted beams are in the form of cones (Debby-Scherrer cones) instead of 

spots. The observed cones appear at an angle 2𝜃, which fulfills the Bragg condition. Thus, 

structural information about crystallographic planes is obtained, including space group and lattice 

parameters.  

4.3.2  Structure refinement – the Rietveld method 

The basic idea behind the Rietveld method100 is the calculation of the complete diffraction pattern 

of powders with a set of refinable parameters, categorized as a least-square minimization 

procedure. The parameters include atomic positions given by the space group, occupancies and 

atomic displacement parameters, background, and peak shapes.99,101 For ideal conditions, Bragg 

law, should accurately predict the exact angles at which diffraction occurs and the square of the 

structure factor Eq. 13 should give the exact intensity. However, experimentally obtained data 

usually deviates due to instrumental errors, experimental conditions, and sample properties. Taken 

this factor into account, the relationship can be rewritten as  

 𝐼ℎ𝑘𝑙 = 𝑆𝑝ℎ𝑘𝑙𝐿𝜃𝑃𝜃𝐴𝜃𝑇ℎ𝑘𝑙𝐸ℎ𝑘𝑙|𝐹ℎ𝑘𝑙|2 (13) 

Where S is the scale factor, which is used to adjust the relative contribution of individual phases to 

the overall diffraction pattern; 𝑝ℎ𝑘𝑙 is the multiplicity for a particular reflection due to the product 

of multiple equivalent planes diffracting in the same position; 𝐿𝜃 is the Lorentz polarization factor; 𝑃𝜃the intensity modification due to texture; 𝐴𝜃 the absorption correction; 𝑇ℎ𝑘𝑙 accounts for the 

preferred orientation in a non-perfect random distribution of grains; 𝐸ℎ𝑘𝑙 is the extinction correction 
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and 𝐹ℎ𝑘𝑙 is the structure factor. With the right structural model, the X-ray diffraction pattern can 

be recalculated and detailed information about the contributing phases is obtained.  

4.3.3  Inductively coupled plasma optical emission spectrometry  

ICP-OES is a method in atomic spectroscopy, namely optical emission spectrometry (OES), and is 

used for quantitative analysis of the chemical elements and composition of the sample. The method 

is based on the emission of photons of excited atoms or ions with characteristic electromagnetic 

radiation (characteristic wavelength of an element). The liquid sample is sprayed into an 

inductively coupled plasma (ICP), which has a temperature of 10,000 K so that the atoms in the 

sample are excited and emit visible light.  

4.4  Spectroscopic techniques 

According to IUPAC, spectroscopy and spectrometry are defined as “The study of physical systems 

by the electromagnetic radiation with which they interact or that they produce.” 102 Spectrometry is 

the measurement of such radiation as a means for obtaining information about the systems and their 

components.” Numerous techniques based on all wavelengths exist. In the present work, several 

spectroscopic techniques have been used. 

4.4.1  X-ray absorption spectroscopy 

X-ray absorption spectroscopy (XAS) is a technique, which is used to investigate the local structure 

of atoms, as well as electronic states.103–105 The first step is the excitation of a core electron and the 

creation of a core hole by X-ray irradiation. The core electron can be promoted to unoccupied levels 
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or ejected from the atom. Typically, the electrons come from 1s or 2p shell, which requires high-

energy X-ray excitation, commonly at synchrotron facilities, which provide tunable 

monochromatic beams with high resolution over a wide energy range. In the region of the binding 

energy, distinct absorption edges can be found corresponding to the excitations of core electrons.  

The name of the absorption edges is given according to the principal quantum number n of the 

excited electron. Thereby, the absorption edge position depends on the strength of the interaction 

between core electrons and the nucleus. With an increasing oxidation state, the nucleus is less 

shielded, and electrons experience a higher effective charge, which necessitates higher energetic 

X-rays for the excitation. Another factor is the atomic number, where higher numbers correlate 

with higher energetic X-rays for the excitation.  

The absorption edge is not a simple step function. Below the absorption edge, a weaker transition 

known as pre-edge structures, as well as absorption features close and above the edge, can be found. 

The X-ray Absorption Near-Edge Structure (XANES) can be found 30-50 eV above the absorption 

edge. The spectrum beyond the absorption edge with the oscillating structure is called an Extended 

X-ray absorption fine structure (EXAFS). EXAFS is caused by the interference of photoelectrons 

scattered by neighboring atoms. The scattering amplitude and the phase-shift of the backscattered 

photoelectrons depend on the atomic number, distance, coordination of the neighboring atoms, and 

the mean-square displacement of neighbor atoms. EXAFS gives information about the local 

structure and allows a direct measurement of local bond lengths and coordination number and local 

symmetry.  
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4.4.2  X-ray photoelectron spectroscopy (XPS) 

As mentioned in the section, X-ray absorption spectroscopy,106,107 irradiation with X-rays, can lead 

to the creation of a core hole and emission of photoelectrons. This photoelectron leaves the atom 

with defined kinetic energy, as shown in Eq. 14 

 𝐸𝐾 = ℎ𝑣 − 𝐸𝐵 − 𝑒𝑠𝑝 (14) 

hv is the energy of the incident photon; 𝑠𝑝the work function of the spectrometer; 𝐸𝐵 is the binding 

energy of the emitted photoelectron, which is determined indirectly by measuring the kinetic 

energy of the emitted electrons. Hence, for given values of hv and 𝑠𝑝the binding energy can be 

determined. This method has a high surface sensitivity due to the short mean path of the 

photoelectrons in solids. Typically, a probing depth is obtained that is limited to 10-30 Å depending 

on the excitation source. Also, here the interaction of the nucleus with the core electrons depends 

on the actual oxidation state of the atom, which is reflected in slight variations of the kinetic energy 

of the photoelectrons. The intensity of the signal depends on a sensitivity factor, which is atom-

dependent and can be used for semi-quantitative analysis of the surface concentration. Thus, XPS 

allows the determination of elements with their concentrations and their chemical state at the 

surface. 

4.4.3  Mössbauer spectroscopy 

Mössbauer spectroscopy108 was used to study the nuclear structure of solids with the help of -

radiation. The method is based on the Mössbauer effect, which is the resonance absorption of -

radiation by the nuclei and its recoil-free emission. The most studied isotope is 57Fe, which has a 

relative abundance of ~2%, high enough to conduct measurements. The -radiation for this can be 

produced by electron capture decay of radioactive 57Co ( 𝐶𝑜∗2757 + 𝑒−10 → 𝐹𝑒∗2657 ) and has an energy 
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of 14.4 keV. The high energy and extremely narrow line widths of -radiation make this method 

susceptible to the detection of changes in the chemical environment of certain nuclei. With the use 

of the Doppler Effect, the energy can be modulated, which allows spectroscopy and study of the 

hyperfine interactions. The Doppler shift describes the change in frequency due to a moving source 

and observer and for velocities corresponding to resonant energy levels, a fraction of the -radiation 

is absorbed. The observed absorption peaks give information about oxidation state, chemical 

environment, composition, coordination number, and magnetism. The transmittance of the sample 

is plotted as a function of the velocity (mm s-1) of the source, where 0 mm s-1 refers to the transition 

energy of the source (-Fe). Positive values refer to a higher and negative value to lower energy 

relative to the source. For each unique Fe-environment within a sample usually, a set of absorptions 

can be detected. The typical three types of nuclear interactions are the isomeric shift, quadrupole 

splitting, and magnetic splitting. The isomeric shift correlates to the electron charge density at the 

nucleus and can be used to determine oxidation state and ligand contributions (changing s-electron 

density at the nucleus). The Quadrupole splitting leads to a split of the absorption peak arising from 

the asymmetric electrical field owing to an asymmetric electronic charge distribution or ligand 

environment. Magnetic splitting results from the interaction of the magnetic dipole moment with a 

magnetic field at the nucleus (nuclear Zeeman effect) and can give information about magnetic 

ordering. 

4.4.4  Electron microscopy 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used to 

get information about the morphology of particles ranging from nm to µm in size. High-resolution 

transmission electron microscopy (HRTEM) enables direct mapping of the atomic arrangement 
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(lattice resolution below 0.5 Å). Local crystal structure information can be obtained by using 

selected area electron diffraction (SAED) 109, which can be performed inside a TEM. Since 

electrons exhibit wave characteristics (wave-particle duality), they can be used for diffraction 

experiments. For the smaller wavelength of electrons (e.g., λ = 1.97 pm for 300 keV electrons), the 

radius of the Ewald sphere (1/λ) is quite large, and more reflections can be observed by electron 

diffraction compared to XRD. For samples, which are not thin enough, secondary diffraction can 

occur, known as the Renninger effect. 110 

The scanning electron microscopy (SEM)111 produces images of samples by scanning the surface 

with an electron beam, which leads to the emission of electrons with a wide range of energies from 

the surface. These include backscattered electrons, Auger electrons, and secondary electrons 

(inelastically scattered). The detected secondary electrons allow the image reconstruction from the 

detected current against probe position. The contrast in the image arises primarily due to variations 

in the topography. The resolution thereby is limited to the minimum spot size through the incident 

and scattering electron beam. 

4.4.5  Differential electrochemical mass spectrometry (DEMS) 

Differential electrochemical mass spectrometry112 is an analytical technique, which combines an 

electrochemical half-cell with a mass spectrometer. This allows the determination and 

quantification of mass resolved gaseous and volatile compounds, which are formed during the 

operation of an electrochemical cell. The correlation between the faradaic current with relevant 

mass ion currents and electrochemical reaction processes can be determined for both positive and 

negative electrodes tracked online. A detailed description of the used instrument can be found in 
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the article by B. Berkes et al.113 A mass flow controller flushes the cell during operation with an 

inert carrier gas. The evolved gases are analyzed via an online mass spectrometer. 
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5  Summary of the Publications 

Publication I  

This article presents a new route for the synthesis of LiFeBO3, which exhibited a high capacity of 

174 mAh g-1 (0.79 Li per formula unit) for the discharge and acceptable cycling stability with 95% 

of the capacity was maintained after 130 cycles. High capacity was obtained through the nano-

sizing of LiFeBO3. Besides, it appears that the use of FeO as a precursor avoids the formation of 

the non-stoichiometric mixed-valence phase (disordered phase), as was shown by Mössbauer 

spectroscopy. This disordered phase is believed to result in low electrochemical activity.  

For elevated temperatures (40 °C), the discharge capacity increased to 190 mAh g-1 (0.87 Li per 

formula unit). This suggests that the capacity is limited by Li+ transport kinetics. This is further 

corroborated by strong C-rate dependence of the exhibited capacity and the determined apparent 

diffusion coefficient in the order of 10-14 cm2 s-1.  

Postmortem analysis of the cycled electrodes by XRPD, EELS and Mössbauer spectroscopy 

revealed an irreversible structural distortion upon cycling associated with first cycle irreversible 

loss of 37 mAh g-1.  
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Publication II & III 

 

So far, the only F- source used to synthesize disordered rock-salt oxyfluorides has been LiF. In 

Publication II & III, an alternative route for the synthesis of disordered rock-salt oxyfluorides 

with a high fluorination degree is presented. The articles build on each other and target the synthesis 

of Li2VO2F, which was obtained by chemical and electrochemical lithiation of perovskite-type 

VO2F, involving a composition-dependent series of phase transitions. 

 

Publication II presents a new direct synthesis for phase-pure perovskite-type VO2F and its 

structural and electrochemical behavior for LixVO2F in the approximate Li-concentration range of 

0 ≤ x ≤ 1. Lithium insertion converts the anionic lattice by rotating the octahedra from ¾ cubic 

close packing (ReO3-type) to hexagonal close packing (RhF3-type). The initial ABO3 type 

compound with an empty A-site (12-fold coordinated) is too large for the Li cations (energetically 

unfavorable), thus resulting in the tilting of the V(O/F)6 octahedra to create a favorable interstitial 

site for Li accommodation. The structure was maintained for all subsequent charging/discharging 

cycles. The denser packed structure increases the average discharge voltage. However, VO2F 

suffers from significant capacity fading, which is partially attributed to vanadium dissolution. 

 

In Publication III, the structural and electrochemical behavior of LixVO2F for the approximate Li-

concentration range of 0 ≤ x ≤ 2 was studied. The insertion of additional lithium leads to the 

irreversible phase transition from hexagonal to cubic phase with disordered rock-salt structure via 

the formation of intermediate phases. The electrochemically and chemically derived Li2VO2F show 

similar electrochemical characteristics, with the former exhibiting a higher capacity. Based on the 

XANES V K-edge, an active V3+/V5+ redox was confirmed. This study revealed the overlooked 
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role of vanadium dissolution and electrode-electrolyte interactions on capacity fading. Thereby, 

indications for vanadium dissolution were already found in Publication II. This was further 

supported by DEMS, revealing the evolution of CO2 gas during the charging step and was 

associated with electrolyte decomposition. The effect of the electrolyte on vanadium dissolution 

was investigated by complementary investigation combining EIS and the quantification of the 

extent of dissolution by postmortem analysis of the anode using Raman and XPS. A dissolution 

study revealed that V dissolution and electrode-electrolyte reactivity could be reduced with the use 

of a highly concentrated electrolyte. This was reflected in a lower impedance build-up on the 

cathode side and led to a significantly improved cycling stability. 

Publication IV & V 

In Publication IV & V focus was laid on the investigation of stoichiometric disordered rock-salts, 

whereby redox limits and particle size were found to play a critical role in the performance of these 

materials. Ternary disordered rock-salts with LiA0.5B0.5O2 composition were investigated, with A 

and B denoting various cations with formal oxidation numbers of +2 and +4, respectively.  

 

In Publication IV, the isovalent substitution in the ternary disordered rock-salts with LiNi0.5M0.5O2 

(M = V4+, Ti4+, Zr4+) composition was investigated. To the best of our knowledge, this was the first 

report on LiNi0.5V0.5O2 and LiNi0.5Zr0.5O2 used as a cathode material. First-principles 

investigations of the electronic structures gave an in-depth insight into the changes of the redox 

potentials for the different substitutions. The focus was laid on LiNi0.5V0.5O2, which exhibited a 

first charge and discharge capacity corresponding to 0.87/0.94 Li per f.u. with an average voltage 

of 2.55 V but suffered from severe capacity fading upon cycling. During the studies, capacity 
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fading, and voltage hysteresis became increasingly worse with higher upper cut-off voltage (higher 

delithiation). A low apparent lithium diffusion coefficient in the order of ~ 10-16 cm2 s-1 was found 

for LiNi0.5V0.5O2, explaining the necessity for nano-sized materials. Postmortem analysis was done 

to elucidate the reaction mechanism. The results suggested the participation of both TMs in the 

charge-compensation with active Ni2+/3+ and V4+/5+ redox couples and explained the obtained large 

capacity.  

Publication V builds on the results obtained in Publication IV, notably the synthesis of the ternary 

disordered with LiM0.5V0.5O2 composition, with M2+ = Mn, Fe, Co. The average discharge voltages 

for the M2+ cation were found to increase in the order Mn < Fe < Co. First-principles investigations 

of the electronic structures gave an in-depth insight into the changes of the redox potentials for the 

different substitutions. However, detrimental electrode-electrolyte interactions manifested 

themselves as transition-metal dissolution and increased impedance, leading to severe capacity 

loss. The use of a concentrated electrolyte (used in Publication III) increased cycling stability 

significantly, effectively reducing the transition-metal dissolution.  

Finally, we presented our perspective and strategies to optimize the performance of the materials, 

which included a comparative plot showing the performance of state-of-the-art V-based disordered 

rock-salts. Those were found to exhibit average discharge voltages of ~2.5 0.3 V vs. Li/Li+. 

Structural investigations were done of cycled electrodes in a different state of charges. XRPD data 

hinted at cation migration from octahedral to tetrahedral sites. 

Publication VI & VII 

Both works deal with the synthesis and characterization of new Li-excess Ni-based disordered 

rock-salts, which were designed from the percolation theory concept. We present the synthesis and 
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the characterization of the new compounds with a view on the charge-compensation and 

degradation mechanism. Both papers build upon the hypothetical solid-solutions between 

disordered rock-salt LiNi0.5Ti0.5O2 and Li4MO5 with M = Mo6+, W6+. 

 

Publication VI presents the investigation on Li1+x/100Ni0.5-x/120Ti0.5-x/120Mox/150O2 with x = 0, 20, 

and explores the influence of Li-excess on the charge compensation mechanism and the effect of 

surface modification with LiNbO3 on the cycling performance. Important to note, a strong particle 

size dependence of the capacity was found for Li1.2Ni0.333Ti0.333Mo0.133O2. The capacity was found 

to increase with Li-excess as predicted by the theory. The role of Ni, Mo and O in the charge-

compensation mechanism was elucidated by a combination of diffraction and spectroscopic 

techniques. It is demonstrated that oxygen loss from the structure due to oxygen oxidation was 

absent for LiNi0.5Ti0.5O2; however, it dominated at 4.4 V for Li1.2Ni0.333Ti0.333Mo0.133O2, which 

explained the strong capacity fading for the latter. We revealed that Ni redox was limited to Ni2+/3+ 

and the high capacity brought in was due to oxygen oxidation and/or loss. O redox and/or loss 

comes at the expense of stability and higher voltage hysteresis, which worsens progressively with 

more extensive oxidation of oxygen at higher potential or extended cycling. According to EXAFS, 

an irreversible change in the local coordination environment of the TMs takes place. 

The detrimental effects of the O2 loss caused impedance growth and could be alleviated by the 

surface modification of the active material with LiNbO3, thus resulting in reduced voltage 

hysteresis and improved capacity retention and C-rate capability. To the best of our knowledge, 

this was the first report succeeding in the reduction of the voltage hysteresis in disordered rock-

salts by surface-modification. 

In Publication VII, the series of Li1+x/100Ni0.5-x/120Ti0.5-x/120Wx/150O2 with x = 0, 5, 10, 15, 20 were 

investigated. The reversible capacity was found to increase gradually with the Li-excess level as 
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predicted from theory. To the best of our knowledge, this is the first report with d0 W6+ used as a 

high-valent charge-compensator for disordered rock-salts. Using a combination of diffraction, 

spectroscopic techniques, and density functional theory (DFT) calculations, the role of Ni, W, and 

O in the charge compensation during electrochemical (de)lithiation was elucidated. The 

Li1.2Ni0.333Ti0.333W0.133O2 (x = 20) phase delivers a large reversible specific capacity beyond the 

Ni2+/4+ redox couple. Ni redox was found to be limited on average to the Ni2+/3+ redox couple, with 

the rest of the capacity being charge-compensated by O oxidation. We demonstrate that O2 was 

found to dominate at 4.4 V for Li1.2Ni0.333Ti0.333W0.133O2, thus explaining the strong capacity fading 

for the latter. Cycling stability and voltage hysteresis were found to worsen progressively with 

more extensive anion oxidation at higher potential or extended cycling. Structural changes were 

probed by in-situ XRPD and extended X-ray absorption fine structure (EXAFS), suggesting irreversible 

changes after oxygen-loss. Finally, the phenomena of oxygen loss and voltage hysteresis, often 

observed for Ni-based disordered rock-salts, are discussed. 
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6  Discussion 

This section summarizes and discusses the most important findings of all publications that emerged 

from this thesis. The focus of the discussion is on finding overarching relationships, general trends, 

and observations to develop a fundamental understanding of the critical aspects of these materials. 

Therefore, the section does not reiterate all findings for the particular systems, which can be found 

in the respective papers. As an outcome of this thesis, the sections below also present building 

blocks and guidelines for the rational design of positive electrode materials with a focus on NaCl-

type disordered rock-salts and monoclinic LiFeBO3. Understanding the redox processes, which are 

inherent or invoked by cation/anion chemistry, allows controlling the redox potential at which 

charge can be stored in batteries. It also enables the tuning of material capacity and stability. 

6.1  Disordered rock-salts as positive electrode 

material 

6.1.1  Designing Li-excess positive electrode materials from 

percolation theory 

Percolation theory gave the theoretical framework for the design of high-capacity disordered rock-

salt oxides. It marked the starting point for the systematic search of new disordered rock-salts as 

cathode materials. According to Urban et al. ,55,59 lithium percolation via 0-TM sites can be 

achieved at a critical Li concentration with x ≥ 1.09 in LixM2-xO2. The Li-excess strategy is the first 
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building block for the design of high-capacity disordered rock-salts. Essentially, Li-excess 

disordered rock-salts consist of one or more redox-active low-valent transition metals with Li-

excess being introduced through fluorination of the anion lattice and/or the high-valent cations. 

There are different implications and effects, depending on which one accommodates the charge.  

LiNi0.5Ti0.5O2 was chosen as a model compound for the latter strategy due to its ability to form a 

disordered phase for high levels of substitution. For the sake of comparability, a LiMO2 based 

notation is used and Li equivalents are given instead of specific capacities. A comparative overview 

of its experimental and theoretical capacities is shown in Figure 14a. In the figure, three different 

capacities are considered: Li capacity that is based on the available Li-ions, Ni redox capacity and 

0-TM capacity defined as the Li accessible by the percolation of 0-TM sites. These quantities are 

a function of the Li concentration. The increase in the Li concentration through substitution of a 

redox-inactive d0 cation conversely decreases the TM content. This implies that increasing Li-

capacity and 0-TM capacity comes at the expense of the theoretical TM capacity. Thus, the 

intersection between the quantities mentioned above should be the theoretically ideal composition. 

The use of TM’s with a high oxidation state is favorable as it can charge-compensate more Li+; 

thus, it necessitates the substitution of a lesser amount of the redox-active TM as illustrated in 

Figure 14a. For that reason, W6+ and Mo6+ have been used, as they have the highest valence among 

all potential d0 charge-compensators. In Paper VI & VII, the hypothetical solid-solutions of 

Li1.6M0.4O2 (1-x)LiNi0.5Ti0.5O2 (0  ≤  x  ≤  1/3) rewritten as Li1+x/100Ni0.5-x/120Ti0.5-x/120Mx/150O2 with 

M = Mo, W were studied as a function of the Li-excess level. To evaluate the effect of an increasing 

Li-excess on the observed capacity, and were compared to the prediction of the model, as shown 

in Figure 14b. Five compositions have been selected according to Li1+x/100Ni0.5-x/120Ti0.5-

x/120Wx/150O2 with x = 0, 5, 10, 15, 20, including Li1.2Ni0.333Ti0.333Mo0.133O2 and 

Li1.2Ni0.333Ti0.333Mo0.133O2 (modified with LiNbO3). The percolation model qualitatively predicted 
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the observed experimental results, i.e., the obtained capacity increases with Li-excess. 

Interestingly, the theoretical capacities were exceeded for the Li-excessive compositions, 

suggesting additional charge-compensators to be active and responsible for the excess capacity. 

Unexpected was the reversible extraction/insertion of 0.55/0.45 Li per f.u in the Li-stoichiometric 

LiNi0.5Ti0.5O2 (without 0-TM percolation). According to Lee et al. Li percolation provided via n-

TM sites (with n  >  0) is unfavorable since Li migration barriers are expected to be high according 

to DFT and suggests a low electrochemical activity for Li-stoichiometric disordered rock-salts.59  

The second strategy to accommodate Li-excess is the fluorination of the anionic lattice. This 

approach was studied in Paper II & III. Figure 14c shows a comparative overview of theoretically 

accessible lithium through 0-TM percolation, TM redox, and Li concentration as a function of the 

fluorination level. The advantage of the fluorination is the reduction of TM oxidation state i.e. 

Li1.333V4+
0.666O2/Li1.333V3+

0.666O1.333F0.333, which can enable multi-electron transfer reactions. In 

addition, the associated weight penalty is lower as compared to the former method, so that higher 

gravimetric capacities can be achieved. 

A qualitatively good agreement has been found between the experiment and this theory. 

Li1.333V0.666O0.133F0.666 (Li2VO2F) exhibited capacities close to the 0-TM capacity limit and within 

the V3+/5+ redox limit. Overall, these observations impose the question of how some materials 

exhibit capacity beyond their theoretical limits assuming cationic redox only, and whether the 

higher activity of these compounds solely originates from 0-TM lithium percolation. These 

questions will be addressed systematically below. 
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Figure 14: The theoretical accessible lithium content based on 0-TM site percolation (solid purple 
line) and the respective redox couples for the different solid-solutions series. a) Solid-solution 
between LiNi0.5Ti0.5O2 and hypothetical Li1.333M0.666O2, Li1.5M0.5O2 and Li1.6M0.4O2, as a function 
of the Li-excess. b) Solid-solution series with LiNi0.5Ti0.5O2-Li1.6M0.4O2 with M = Mo, W. c) Solid-
solution series between “LiF-LiMO2” as a function of the lithium-excess. The grey dashed line is 
the Li-stoichiometry of the compound at different values of x. The 0-TM capacity is defined as the 
Li capacity accessible by the percolating 0-TM network. The values for the 0-TM capacity were 
taken from Urban et al.55 Results are taken from Paper III, VI, VII. 

The presented percolation capacity has been calculated by Urban et al. 55 on the basis of Monte 

Carlo simulations. This model gives a conservative estimate for the kinetic accessibility of lithium 

as a function of the Li concentration and is independent of the TM species and redox mechanisms. 

For the 0-TM percolation curves, slight smoothing before reaching the threshold value can be 

noted. This is ascribed to the finite size effect in the numerical percolation simulation. We note that 

this model solely considers Li+ diffusion supported by 0-TM percolation. In reality, 1-TM site 

involvement cannot be entirely ruled out and is likely to lead to an overestimated percolation 

threshold, which was stated to be Li:TM ≥1.09. For the model, the random distribution is essential 

as it guarantees the equivalent distribution of the different n-TM sites for a fixed Li:TM ratio and 



 

52 

that the Li transport properties are equivalent for all disordered rock-salts. Important to note, short-

range order can modify the distribution and percolation of these sites. This can alter the 

electrochemical performance significantly.114–116 Thus, the trend of higher capacities increasing 

with lithium-excess was qualitatively predicted by this model. It is found that percolation theory 

cannot explain the relatively high lithium capacity of the studied stoichiometric LiNi0.5Ti0.5O2, 

LiM0.5V0.5O2 with M = Mn, Fe, Co, Ni and the observation of excess capacities beyond the 

theoretical TM redox limit. Whether the experimentally obtained capacity is closer to the estimated 

0-TM limit or the theoretical TM redox limit can be influenced by other factors, which will be 

discussed comprehensively in the following Sections 6.1.2 and 6.1.3. 

6.1.2  Particle size-and redox-dependent lithiation/de-lithiation  

The lithium-excess strategy is rooted in the percolation theory, which explains the kinetic 

accessibility of lithium through the formation of 0-TM percolation networks. The kinetic 

accessibility of lithium in these compounds can be improved by particle size reduction as this 

shortens diffusion paths. The particle-size reduction is the second building block for the design of 

high-capacity disordered rock-salts. Important to mention, all compounds studied in this thesis 

(Paper II-VII) were nanoscale materials.  

Relatively small changes in the particle size can have a significant impact on the electrochemical 

performance, as shown in Paper VI. For Li1.2Ni0.333Ti0.333Mo0.133O2, an increase of the average 

particle size from 967 nm to 2218 nm resulted in a decrease of the capacity (first cycle 

charge/discharge) from 262/220 mAh g-1 to 212/170 mAh g-1, respectively. This observation 

suggests a strong particle-size dependence and likely explains the relatively high capacity observed 

for LiNi0.5Ti0.5O2. TEM images show particle sizes of roughly 100 nm for these materials. Nano-
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sizing of the active material proves to be a promising approach to achieve high capacity even in 

Li-stochiometric disordered rock-salts. This marked the starting point of the research for nano-

sized Li-stochiometric disordered rock-salts that culminated in Paper IV & V. 

Li-stoichiometric LiM0.5V0.5O2 (M = Mn, Fe, Co) and LiNi0.5M0.5O2 (M = Zr, Ti, V) synthesized 

by high-energy ball milling (HEBM), exhibited relatively high reversible capacities. Various 

disordered rock-salts are summarized in Table 2 in terms of crystallite size, composition, chemical 

constituents, and capacities. TEM images confirm that the series of LiM0.5V0.5O2 materials were 

nanoscale, with larger agglomerates consisting of crystallites ranging between 10 to 100 nm. This 

is supported by SAED measurements, which show the characteristic halo ring pattern due to diffuse 

scattering, an expected characteristic of nanoscale and amorphous materials.117 The particle size 

distribution was not determined for the compounds synthesized by HEBM. Those materials 

consisted of highly aggregated particles. The specific surface area determined by BET was 8.67, 

7.34, and 5.65 m2 g-1 for LiM0.5V0.5O2 with M = Ni, Mn, and Co, respectively. Notably, the surface 

areas of the samples were relatively small, suggesting a high degree of dense agglomerations. This 

is associated with the synthesis method.  
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Table 2: Characteristics of the compounds investigated in this thesis (Paper II-VII), including 

various disordered rock-salts reported in the literature. 

Cathode composition Preparation and 

crystallite size 

d
0 species Li-excess level and the discharge 

capacity in Li per f.u. 

LiNi0.5V0.5O2 BM ~20-100 nm — No excess;  ~ 0.92 Li 

LiNi0.5Zr0.5O2 BM ~20-100 nm Zr4+ No excess; ~ 0.40 Li 

LiNi0.5Ti0.5O2 SS ~ 100 nm Ti4+ No excess; ~ 0.34 Li 

Li1.05Ni0.458Ti0.458W0.033O2 SS <100 nm Ti4+/ W6+ 5%   Li excess; ~ 0.48 Li 

Li1.10Ni0.417Ti0.417W0.067O2 SS <100 nm Ti4+/ W6+ 10% Li excess; ~ 0.61 Li 

Li1.15Ni0.375Ti0. 375W0.100O2 SS <100 nm Ti4+/ W6+ 15% Li excess; ~ 0.69 Li 

Li1.20Ni0.333Ti0.333W0.133O2 SS <100 nm Ti4+/ W6+ 20% Li excess; ~ 0.84 Li 

Li1.20Ni0.333Ti0.333Mo0.133O2 SS ~ 96 nm Ti4+/ Mo6+ 20% Li excess; ~ 0.73 Li 

Li1.20Ni0.333Ti0.333Mo0.133O2 SS ~ 220 nm Ti4+/ Mo6+ 20% Li excess; ~0.73 Li 

(*)Li1.20Ni0.333Ti0.333Mo0.133O2 SS ~ 176 nm Ti4+/ Mo6+ 20% Li excess; ~0.69 Li 

LiMn0.5V0.5O2 BM ~ 20-100 nm — No excess; ~0.75 Li 

LiFe0.5V0.5O2 BM ~ 20-100 nm — No excess; ~0.71 Li 

LiCo0.5V0.5O2 BM ~ 20-100 nm — No excess; ~0.82 Li 

(a) Li1.333V0.333O1.33F0.666 BM ~ 20-50 nm — 33% Li excess; ~1.11 Li 

(b)Li1.333V0.333O1.33F0.666 BM ~ 20-50 nm — 33% Li excess; ~1.02 Li 

(c)Li1.2Mn0.4Zr0.4O2 114 SS ~ 100 nm Zr4+ 20% Li excess; 0.52 Li 

-LiFeO2
69 SS micrometer-sized — No excess; negligible 

-LiFeO2
118 SS 5-15 nm — No excess; ~0.8 Li 

Li1.3Nb0.3Mn0.4O2
62 SS micrometer-sized Nb5+ 30% Li excess; ~ 0.2 Li 

Li1.3Nb0.3Mn0.4O2
62 SS + BM < 0.1 m Nb5+ 30% Li excess; ~1 Li (T=60°C) 

Li1.3Nb0.43Ni0.27O2
62 SS micrometer-sized Nb5+ 30% Li excess; ~ 0.2 Li 

Li0.24CoO2
119 disordering by BM — Li-deficient; ~ 0.05 

Li0.23NiO2
119 disordering by BM — Li-deficient; negligible capacity 

SS solid-state synthesis; BM ball milling; (*) surface-modified with LiNbO3. (a) Li2VO2F synthesized through 
electrochemical lithiation of VO2F. (b) Li2VO2F synthesized through chemical lithiation of VO2F. (c) with short-range 
order. For comparison, various disordered rock-salts, which are reported in the literature, are listed below the dotted 
line.  

While particle size dependency or the necessity of nanoscale materials has not been stressed in 

previous literature, all reported high capacity materials were nanoscale compounds and/or included 
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top-down particle size reduction methods such as ball-milling in one of the processing steps. 

Similarly, high capacity was reported for mechanochemically disordered and nano-sized LiMnO2 

and NaMnO2
120 (particle sizes around 5-20 nm) and other nano-sized disordered rock-salts.118,121–124  

While cation disorder can be thermally created for many compounds, in some cases disorder was 

induced through mechanochemistry, although the exact relationship is not known. Furthermore, 

mechanical milling can introduce a significant number of different types of defects and might 

increase the intrinsic mobility of the compound but was not studied. In this context, Cabana et al. 

125 found that mechanical milling not only reduced the particle size but may also increase the 

intrinsic mobility of lithium due to the induced defects.  

At this point, it should be mentioned that low electrochemical activity can originate not only from 

unfavorable lithium percolation but also from electronic limitations as discussed in Section 6.1.3. 

For instance, Yu et al.42 reported a high capacity for nano-sized layered Li2MnO3. In contrast, 

micrometer-sized compounds showed negligible electrochemical activity.126 Thereby, the first 

charge capacity (above 4.5 V) originates mainly from oxygen-loss. Oxygen loss activates cationic 

redox by lowering the oxidation state of Mn (inability to oxidize Mn4+).45,127,128 It has been found 

that this process is kinetically limited, which likely explains the particle size and temperature 

dependence.129 

 

6.1.3  Understanding the effect of the cation and/or anion 

substitution on the charge-compensation mechanism 

Both particle size reduction and formation of 0-TM percolation networks are concepts envisioned 

to increase the kinetically accessible lithium. Complementary to that, redox accessibility needs to 
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be discussed as the last building block. This section targets to rationalize trends and understand the 

electronic origins, the role of TM redox chemistry and charge-compensation mechanism on the 

performance of disordered rock-salts. To effectively convey the influence of the cation and/or anion 

substitution on the performance, the compounds were sorted based on TM and Li-stoichiometry. 

Nickel-based disordered rock-salts 

The focus of this section is on Ni-based disordered rock-salts and the question of whether a 

correlation between the observed capacities (beyond the theoretical capacity) and their electronic 

structure can be identified. The corresponding studies are published in Paper IV, VI, and VII.  

Several conclusions can be drawn from the comparison of LiNi0.5Ti0.5O2 with the Li-excess 

Li1.2Ni0.333Ti0.333Mo0.133O2 and Li1.2Ni0.333Ti0.333W0.133O2. Independent from the Li:TM ratio, 

approximately the same Ni K-edge shifts were found in the XANES spectra of all compounds listed 

above. This suggests an intrinsic Ni redox limitation, as indicated by Figure 15a,b. The substitution 

of d0 Ti4+ with redox-active d1 V4+ provided an additional redox-couple for charge compensation, 

thus increasing the observed capacities for LiNi0.5V0.5O2. Another key result is the gradual increase 

of capacity with increasing Li-excess accompanied by oxygen-redox and/or loss, as shown in 

Figure 15d. For the stoichiometric LiNi0.5Ti0.5O2, the observed experimental capacity was within 

the redox limit and no oxygen gas loss could be detected, as shown in Figure 15c. Furthermore, 

LiNi0.5Ti0.5O2, Li1.2Ni0.333Ti0.333Mo0.133O2 and Li1.2Ni0.333Ti0.333W0.133O2 cycled between 4.5 and 

1.5 V exhibited an average discharge voltage of 3.5, 3.0, 3.0 V, respectively. However, for a narrow 

voltage window between 4.1 and 2.0 V (where no oxygen loss occurs), the average discharge 

voltage was found to be 3.5 V in all three cases.  
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Figure 15: XANES Ni K-edge spectra for LiNi0.5Ti0.5O2, Li1.2Ni0.333Ti0.333M0.133O2 with M = Mo, 
W at different state of charge a) Pristine and charged to 4.5 V b) Pristine and discharged to 1.5 V. 
DEMS measurement in the first charge cycle to 4.5 V for c) LiNi0.5Ti0.5O2 d) 
Li1.2Ni0.333Ti0.333M0.133O2 with M = Mo, W. The cell voltage (black solid-line and grey dashed line) 
is shown together with O2 (blue) and CO2 (purple) evolution. The results are from Paper VI & VII. 

The effect of oxygen-redox and/or loss on the average voltage has been addressed in Section 6.1.4. 

Interestingly, other Ni-based disordered rock-salts such as Li1.2Ni0.4Ti0.4O2
130 and 

Li1.2Ni0.3Ti0.3Nb0.2O2
131 cycled in a comparable cycling window also exhibited a redox potential of 
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~3.0 V with both compounds similarly exceeding the theoretical Ni redox limit. 

Li1.3Ni0.27Nb0.43O2
132 and Li1.3Ni0.27Ta0.43O2

133 with higher lithium-excess have lower discharge 

voltages but similarly show and/or indicate the occurrence of oxygen-oxidation and loss. This 

supports the conclusion that this could be a general observation associated with the Ni2+/4+ redox 

couple in NaCl-type disordered rock-salts.  

The observed trend of O oxidation and O2 loss and the limited use of the Ni redox reservoir 

( Ni2+/Ni3+ redox on the average) can be inferred from the electronic band structure of transition 

metal compounds with the Zaanen-Sawatzky-Allen (ZSA) framework.39 The importance of this 

theory comes from the fact that it classifies if charge-compensation involves not only the TM-d 

(Mott-Hubbard-type) but also the anion p-states (charge-transfer-type), which depends on the band 

positioning (explained in Section 3.2.3), as schematized in Figure 16. This can change with the 

state of charge. If the oxygen valence band lies above the metal d band, this can lead to the charge-

transfer-type insulator behavior and the activation of oxygen-redox. According to the ZSA scheme, 

a low charge-transfer bandgap can be inferred for Ni-based oxides, which can explain the frequent 

observation of oxygen redox and/or formation of ligand holes for Ni-based compounds.133–135 

Jacquet et al.133rationalized the trend of oxygen redox with the low charge-transfer bandgap 

observed for Ni-based compounds.  

In contrast and in controversy to that, a pure cationic charge-compensation based on the Ni2+/4+ 

redox couple was reported for layered-type LiNi0.5Mn0.5O2 and spinel-type LiNi0.5Mn0.5O4. 

However, new findings cast doubt on this, suggesting ligand hole states which can originate from 

the strong hybridization between O 2p and Ni 3d orbitals in these configurations.136,137 The striking 

differences in the different electrochemical behavior compared to conventional Ni-based layered 

compounds can be attributed to the differences in the Li-stoichiometry and differing local cation 
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environment between the mentioned ordered and disordered structure.38,138 Note that true oxygen 

redox gives rise to excess capacity originating from unhybridized O 2p orbitals. Furthermore, it is 

well established in the literature that an increasing Li/M ratio results in the occurrence of oxygen 

redox because of the creation of unhybridized O 2p states.35,40 This is consistent with the increasing 

tendency for oxygen-redox observed in LiMO2-, Li2MO3-, and Li3MO4-based oxides.35,38 

 

Figure 16: The schematic energy diagram for cationic and anionic redox, according to G. Assat et 

al. 40 The occupied O 2p oxygen bands are in light red and O 2p non-bonding states in red, whereas 
the metal d bands are shaded in blue for occupied and unshaded for the unoccupied bands. The d-
d coulomb and exchange energy transfer for the metal bands are represented by the term U and p-
to-d charge-transfer energy by Δ. The relative quantity of these measures determines the character 
of the highest occupied band, which can result in metal oxidation (Mott-Hubbard Insulator) or 
either oxygen oxidation (Charge-transfer Insulator), respectively. 

Vanadium-based disordered rock-salts 

This section focuses on vanadium-based disordered rock-salts and summarizes trends and 

dependencies of the redox behavior. The corresponding studies can be found in Paper II, III, IV, 

and V. 
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The studies showed that it is possible to obtain disordered phases also without the presence of d0 

cations, which were found to stabilize the disordered phase.139 The stabilizing effect of d0 cations 

likely explains the vast majority of reported disordered phases containing d0 cations.140 The series 

with hypothetical solid-solutions of xMO∙(1-x)Li2VO3 or LiM0.5V0.5O2 with M = Mn, Fe, Co, Ni 

was studied in Paper  IV & V. As shown for the Ni2+/4+ redox couple, the redox limitation for the 

M2+/4+ redox couple is caused by inaccessible and unstable oxidation states. Replacing the redox-

inactive d0 cation with a redox-active d1 cation is devised as a reasonable measure to increase the 

redox capacity. Further information about the redox mechanism was obtained from XANES 

measurements. The V K-edge XANES spectra for LiM0.5V0.5O2 with M = Mg, Mn, Co at different 

states of charges are shown in Figure A2a-c (Appendix).  

 

 

 

 

Fig  
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Figure 17: XANES V K-edge spectra for LiM0.5V0.5O2 with M = Mn, Co, Ni at different state of 
charge a) Pristine and discharged to 1.5 V b) Pristine and charged to 4.5 V. Results are from Paper 

V & VI and unpublished results presented in the Appendix. 

The V K-edges XANES spectra for LiM0.5V0.5O2 (M = Mg, Mn, Fe, Co, Ni) at different states of 

charge are shown in Figure 17a, b. The shifts in V K-edge have been attributed to the reversible 

V4+/V5+ redox couple. The redox activity of both TMs was confirmed in the case of LiNi0.5V0.5O2. 

For the remainder of the series, the activity of Mn, Fe, and Co redox in the respective compounds 

was not studied with this technique. However, the corresponding redox activity can be inferred 

from the exhibited capacity beyond the V redox limit (0.5 Li per f.u. associated with V4+/5+). 

Furthermore, the activity of both TMs has been reported for disordered rock-salt 

Li1.2Mn0.4V0.6O2.141 The degree of lithium insertion/extraction (beyond 0.5 Li per unit formula) 

increases in the order Mg  <  Mn  <  Fe  <  Co  <  Ni with a discharge capacity corresponding to 

0.40, 0.75, 0.71, 0.81, 0.94 Li per f.u. in LiM0.5V0.5O2. The measured average voltages for the series 
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increased from 2.14, 2.28, 2.41, 2.51, 2.55 V and the weighted average potentials (mean value 

between charge and discharge potential) were 2.60, 2.72, 2.78, 2.90, 3.10 V for Mg, Mn, Fe, Co, 

and Ni, respectively. Striking is the observation of comparably low average voltages, not only for 

the LiM0.5V0.5O2 (M = Mn, Fe, Co, Ni) but also for other vanadium-based disordered rock-salts as 

illustrated in Paper V. 

The second strategy to accommodate lithium-excess is the fluorination of the anion lattice, 

according to Li1+xVO2-2xF2x. This approach was studied in Paper II & III. Li1.33V0.666O1.333F0.666 

(Li2VO2F) shows that the V3+/5+ redox couple can be unlocked with fluorination as confirmed by 

the XANES V K-edge spectra and exhibits an average discharge voltage of 2.50 V vs. Li/Li+. The 

reported isostructural Li2VO3 exhibits a lower voltage of 2.20 V compared to its fluorinated 

version.142 So far, this observation is consistent with previous reports on the isostructural 

Li2MO3/Li2MO2F with M = Mo, Mn.143,144 The increase in voltage is explained with the so-called 

inductive effect of the more electronegative F-. 

An important observation of the Li2VO2F system is the multi-electron transfer, i.e., a V3+/5 redox 

reservoir, as confirmed by XANES measurements. The studied nickel-based compounds, in 

contrast, showed Ni2+/3+redox and oxygen oxidation and/or loss. Based on the V K-edge XANES 

measurements and the lack of O2 gas loss, we infer that oxygen oxidation does not occur in 

Li2VO2F. This is supported by the observation of a reversible V3+/5+ redox pair and absence of 

oxygen redox in the disordered rock-salt Li1.3Nb0.3V0.4O2.145 According to Yabuuchi et al. 145, in 

the charged state LixNb0.3V0.4O2 turns into a band insulator because of the d0 V5+ configuration. It 

is stated that electron transfer from oxygen to vanadium becomes kinetically hindered in band 

insulators. In contrast, isostructural and isovalent Li1.3Nb0.3Mn0.4O2, Li1.3Nb0.3Fe0.4O2 exhibit 

oxygen-redox and/or loss underpinning the unique situation for vanadium as redox-active TM. 
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According to the ZSA framework, the electronic structure of V and Ti-based oxides are considered 

to be of the Mott-Hubbard-type as shown schematically in Figure 18.39 Li et al.146 links the 

inhibition of oxygen redox in the case of Li2TiO3 (d0 Ti4+) to its Mott-Hubbard-type properties. 

This agrees with the finding that Li-excess compounds with d0 cations like Li2ZrO3, Li3NbO4 do 

not exhibit oxygen redox.36  

 

Figure 18: The schematic energy diagram for cationic and anionic redox, according to G. Assat et 

al. 40 The occupied O 2p oxygen bands are in light red and O 2p non-bonding states in red, whereas 
the metal d bands are shaded in blue for occupied and unshaded for the unoccupied bands. The d-
d coulomb and exchange energy transfer for the metal bands are represented by the term U and p-
to-d charge-transfer energy by Δ. The relative quantity of these measures determines the character 
of the highest occupied band, which can result in metal oxidation (Mott-Hubbard Insulator) or 
either oxygen oxidation (Charge-transfer Insulator), respectively. 

6.1.4  Performance degradation and strategies for the 

stabilization of disordered rock-salts 

This section focuses on the degradation mechanisms that limit the cyclic performance of disordered 

rock-salts. To this aim, all potentially limiting factors and reasons for the capacity fade are 
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discussed first. Then, different strategies are formulated to improve the electrochemical 

performance by mitigating degradation occurring at the cathode surface related to the electrode-

electrolyte reactivity and oxygen loss. Finally, parallels to Li-rich layered compounds are identified 

and discussed to relate the results in a unifying and consistent way. 

6.1.4.1 The impact of oxygen-loss on the electrochemical performance 

Ni-based disordered rock-salts feature a redox activity of both the transition-metal and the oxygen 

anion. The latter results in oxygen gas loss from the lattice. The charge-discharge curves, discharge 

voltages, voltage hysteresis and the specific discharge capacities for LiNi0.5Ti0.5O2 (LNT-0), 

Li1.2Ni0.333Ti0.333Mo0.133O2 (LNTM-20) Li1.2Ni0.333Ti0.333W0.133O2 (LNTW-20) cycled between 4.2 

and 2.0 V and between 4.5 and 1.5 V are shown in Figure 19a-f. LNT-0, LNTM-20, and LNTW-

20 cycled between 4.5 and 1.5 V have an average discharge voltage of 3.5, 3.0, 3.0 V, respectively. 

However, the average voltage of LNTM-20 and LNTW-20 was 3.5 V when the voltage window is 

constrained between 4.1 and 2.0 V. The initiation of oxygen oxidation and/or loss at higher cut-off 

voltages (>4.1 V) result in voltage fade and voltage hysteresis, progressing with more profound 

oxidation at higher potential and with extended cycling. After oxygen-loss, a low-voltage plateau 

(~ 1.8 V) appeared for the discharge in both LNTM-20 and LNTW-20. This leads to an asymmetric 

charge-discharge profile (path-dependence), with a large voltage hysteresis as a result. 
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Figure 19: Voltage profiles of LiNi0.5Ti0.5O2 and Li1.2Ni0.333Ti0.333M0.133O2 with M = W, Mo, 
cycled at 20 mA g-1 for different cut-off voltages a), b), c), respectively. The respective specific 
discharge capacities, average discharge voltages and voltage hysteresis are shown as a function of 
cycle numbers. The results are from Paper VI & VII.  

Oxygen loss is expected to occur on the surface and can result in oxygen vacancy formation and/or 

changes in the coordination sphere of the TM at the surface. As proposed in the literature, both effects 

may have different consequences.147–152 In both scenarios, the creation of oxygen vacancies at the near-

surface can be inferred. This can lead to either the diffusion of oxygen anions from the near-surface to 
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the surface or cation migration owing to the unstable coordination (oxygen-deficient environment 

resulting in the deviation from octahedral coordination (MO6)). The first scenario infers the distribution 

of oxygen vacancies inside the material and would likely facilitate higher capacities when occupied by 

Li. The latter mechanism increases the TM content in the lattice and is therefore referred to as 

cation-densification. Cation-densification would result in the loss of lithium-excess and the loss of 

0- TM percolation. Unfortunately, the surface composition of the cycled electrodes was veiled by 

surface layers and could not be determined by XPS reliably so that the O/TM ratio could not be 

quantified. 

Generally, cycling is accompanied by the broadening of the XRPD peaks. This can have different 

origins and often leads to misinterpretation of measurements.153 Cation densification for disordered 

rock-salts due to the lack of phase transition cannot be determined by XRPD. EXAFS analysis 

shows changes in both M-O and M-M amplitude and distances (for M being Ni, Mo, or W), 

inferring irreversible changes in the local coordination environment after oxygen-loss. Note that 

the study of transformations in disordered rocks-salts is challenging because of the complexity of 

the variable local cation environments.  

There are several prevailing opinions about the origin of voltage hysteresis in insertion-based 

cathode material, more specifically in layered oxides. However, only a limited amount of such 

studies is available for NaCl-type disordered rock-salt systems. Usually, the voltage hysteresis is 

attributed to different aspects i.e., a structural modification associated with cation migration or 

anion redox. However, these factors are strongly interrelated, and different points of view are 

represented and will be discussed. Note that oxygen redox in transition metal oxides proceeds 

through different stages, which are characterized by different bond distances starting from the oxide 
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ion (O2-) to peroxo-like (O2)n- and peroxides (O2)2- to the neutral O2 oxygen release and become 

shorter in this particular order.35 

Lee et al. 61
 ascribed the large voltage hysteresis with the appearance of the low voltage plateau 

during discharge in Li1.2Ni0.333Ti0.333Mo0.133O2 to the kinetic inhibition due to surface-densification 

after oxygen-loss. In this case, cation migration and loss of lithium-excess are anticipated to be 

detrimental for the lithium percolation (loss of 0-TM percolation) and results in kinetic limitations. 

The high voltage polarization associated with low voltage plateau is evidenced by galvanostatic 

intermittent titration technique measurements, which are used to study the intercalation kinetics 

and support this hypothesis. Admittedly, the redox contribution of Moy+ and/or Tiz+ (low redox 

potentials) is inferred from oxygen loss. The hypothesis that cation-densification leads to the large 

voltage hysteresis with the appearance of the distinct low-voltage plateau during discharge must 

be proven. Early studies on the appearance of low-voltage plateaus with asymmetric charge-

discharge profiles (path dependence) were done by Mueller-Neuhaus et al. 154 for the layered LixNi1-

yFeyO2 and by Kang et al.155 for other layered LiMO2. Here the potential drop or low voltage plateau 

during the discharge (lithiation) was ascribed to slow kinetics associated with the core-shell 

lithiation mechanism. This would result in the formation of an intermediate Li2MO2-like surface 

phase — the occupation of tetrahedral sites with Li leads to an overlithiated phase — and 

kinetically blocks further lithiation at an approximate threshold of LixMO2 at x = 0.8. The kinetic 

inhibition hypothesis is supported by the fact that the material can almost be fully recovered for 

low currents or by discharging to lower voltages. Note that these systems were stoichiometric or 

near stoichiometric compounds.  

Croy et al.156 and Dogan et al.157 correlated the voltage hysteresis to reversible asymmetric cation 

migration between tetrahedral and octahedral sites. According to them, migration in or out of these 

sites takes place at different lithiation degrees, resulting in an asymmetric charge/discharge profile 
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with path dependence.158 This hysteresis was attributed to thermodynamics rather than kinetics as 

it remains at equilibrium conditions (near-zero current). A different explanation was given by 

Jacquet et al.133, arguing that the underlying origin for the large hysteresis observed for Li-rich 

compounds can be ascribed to the varying oxidation and reduction potentials of the anions (oxygen 

redox) for different TMs. They studied the two disordered rock-salts (Li1.3Ni0.27Ta0.43O2 and 

Li1.3Mn0.4Ta0.3O2) with the Ni-based compound exhibiting substantially higher voltage hysteresis 

owing to the lower oxygen reduction potential. Admittedly, cation migration and changes in the 

local coordination environment were evidenced, but not elaborated further on.  

This hypothesis was further supported by the observation of Taylor et al.159 who associated the 

voltage drop and the low-voltage plateau observed for Li4.15Ni0.85WO6 to the formation of peroxide-

like oxygen dimers (dO−O = 1.46 Å). Here, the role of d0 cations (W6+) in the stabilization of the 

formed peroxide species in Li-excess compounds was highlighted. Likewise, Li2IrO3,46 Na2IrO3,160 

and Na0.6Mg0.28Mn0.72O2
161,162

 were exhibiting reversible oxygen redox but did so without 

noticeable TM migration. However, these materials exhibited substantial voltage hysteresis, which 

was associated with anionic redox (i.e. formation and breaking of stabilized O-O peroxo-like 

species). A more unifying explanation is given recently by Gent et al.163, who suggests that cation 

migration is a consequence of the anionic redox and therefore are coupled processes. Note that a 

local disorder of Li/TM ions in the TM layer is pertinent to the formation of the O-O peroxo-like 

dimer.47 

Recently, the prerequisites for anionic redox with low voltage hysteresis were found in 

Na0.6[Li0.2Mn0.8]O2
164 and Na2Mn3O7

165,166. In these materials, superstructures were found which 

inhibit the local TM disorder and prevent dimerization and O2 formation. This underlines the 

impact of the local cation environment on the oxygen redox potentials. In summary, most examples 

above evidence that structural changes are likely to be responsible for the hysteresis associated 



 

69 

with oxygen redox and/or loss. However, the origin of oxygen redox and/or loss seems to vary with 

the systems.  

6.1.4.2 From surface coating to bulk doping of lithium-excess disordered rock-salts 

Oxygen release was found to deteriorate the cycling stability and increased the voltage hysteresis. 

As discussed above, this can likely be attributed to cation-densification and structural 

reconstruction of the surface region. To alleviate the surface degradation, we propose an approach 

comprising a surface-modification of Li1.2Ni0.333Ti0.333Mo0.133O2 (referred to as LNTM-20) with 

LiNbO3. This study was published in Paper VI. It was found that interdiffusion between the 

coating and active material occurred during the thermal treatment. This resulted in a surface 

modification with irregular Nb-segregation of varying thickness (up to 12nm) on the outer surface 

and partial Nb-incorporation into the active material. The approximate composition of the active 

material obtained from scanning transmission electron microscopy combined with energy-

dispersive X-ray imaging (STEM-EDX) was LixNi0.328Ti0.328Mo0.131Nb0.016O2. This compound is 

referred to as Nb-LNTM-20 below. It is worth mentioning that the charge-compensation 

mechanism for LNTM-20 was already discussed in Section 6.1.3. It was concluded that Ni was 

oxidized on average to Ni3+, with the rest of the capacity being charge-compensated by oxygen-

oxidation and/or oxygen loss. Nb-LNTM-20 and LNTM-20 exhibited a first charge capacity of 

0.78 and 0.84 Li per f.u, respectively. In both cases, the theoretical Ni redox capacity of ~0.66 per 

f.u (based on 2e-redox) was exceeded. The most pronounced difference between these compounds 

was the reduced voltage hysteresis and the absence of the low-voltage plateau in the initial cycles 

of Nb-LNTM-20. At higher cycle numbers, however, it is found that voltage hysteresis increases 

progressively with the appearance of a low voltage plateau, thus resembling the charge-discharge 
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voltage profile of LNTM-20. EIS revealed a comparatively lower interfacial impedance and a lower 

impedance rise for cycled electrodes of Nb-LNTM-20.  

Most remarkable was the improvement in the C-rate capability of the surface-modified sample 

considering the slow-kinetics typically observed for this class of materials. In principle, surface-

densification results in a decrease of the oxidation state of the TMs and concomitantly the loss of 

lithium-excess, which should impede lithium diffusion according to the percolation theory. This is 

likely mitigated by surface modification, as supported by the absence of the low-voltage plateau. 

It was assumed that the coating should protect and/or passivate the surface. However, cycling-

induced crack and pore formation may lead to the creation of a new, uncoated surface. This would 

increase the side reactions and accelerate the degradation as observed for the disordered 

Li1.3Mn0.3Nb0.4O2.167,168 Strain-induced cracking was generally found to be more pronounced for 

compounds with Jahn-Teller active cations (Mn3+ and Ni3+).12,169,170 Particle cracking was not 

investigated here, but it is reasonable to speculate that it could play a role in the degradation of the 

active material.  

One reasonable explanation is that the reduced hysteresis and improved C-rate capability could 

originate from reduced cation migration associated with oxygen loss. This is inferred from the 

lower first charge capacity and higher coulombic efficiency suggesting comparably lower oxygen 

loss for Nb-LNTM-20.  

Recently, Lee et al. 171 were able to mitigate oxygen-loss by fluorination of the anion lattice. This 

resulted in a lower voltage hysteresis and the absence of the distinct low-voltage plateau observed 

in Ni-based disordered rock-salts. Fluorination of the anion lattice results in an overall decrease of 

the valence of the TMs and increases the theoretical TM capacity, which likely reduces or even 
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inhibits oxygen-oxidation and/or loss. The capacity retention of Li-excess disordered rock-salts has 

been found to decrease with the increase of oxygen-redox and/or oxygen-loss.172 

6.1.4.3 Electrode-Electrolyte interactions: TM dissolution and the use of salt-concentrated electrolytes 

Most research efforts in the literature have been devoted to the development of new materials and 

issues with the electrode-electrolyte interfacial stability have not been addressed sufficiently. A 

point that is often overlooked is that large cycling windows and nano-sized compounds are 

necessary to realize reasonable lithium extraction. Hence, accelerated electrolyte oxidation and the 

associated surface film formation exacerbate capacity fading, which needs to be considered next to 

transition metal dissolution to realize stable cycling. Each of these mechanisms can be the dominant 

cause of degradation. These mechanisms have been studied in Paper III & IV, and approaches 

have been introduced to tackle these issues. 

Gaseous and volatile electrochemical reactants forming in Li2VO2F half-cells cycled between 4.7 

and 1.3 V were investigated by in-situ differential electrochemical mass spectrometry. Oxygen gas 

evolution was not detected. However, CO2 evolution was observed, which can originate from 

electrochemical oxidation (when exposed to potential above 3.8 V) of electrolyte components and 

Li2CO3.173,174 In principle, oxygen gas release cannot be ruled out entirely because singlet O2 can 

react with the electrolyte to form CO2. The role of TM dissolution and the electrode-electrolyte 

reaction was studied for Li2VO2F, LiMn0.5V0.5O2 and LiCo0.5V0.5O2 as well. Although nano-sized 

electrode materials exhibit improved storage properties and kinetics, they generally suffer from 

higher parasitic reactivity due to the higher contact area with electrolyte.175 This has been tackled 

with a highly concentrated LiFSI electrolyte. The high salt concentration is supposed to reduce TM 

dissolution and electrode-electrolyte reactivity. This theory was confirmed in Paper III by a 
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complimentary assessment of the TM deposit on the anode coupled with an impedance study of 

the positive electrode for extensively cycled electrodes. 

The use of a concentrated LiFSI electrolyte was found to mitigate TM dissolution and impedance 

built-up on the cathode, thus considerably improving the cycling stability of Li2VO2F. The capacity 

loss attributed to the dissolution of active material was significantly lower (< 2%) than the capacity 

loss observed after cycling the electrodes. This indicates that electrode-electrolyte reactivity plays 

a more prominent role in capacity fading. Furthermore, TM dissolution from the cathode was found 

to be ∼six times lower in 5.5 M LiFSI in DMC concentrated electrolyte as compared to the standard 

electrolyte with 1M LiPF6 in EC/DMC. Note that a concentration of n mol l-1 is designated as n M. 

This approach was extended to LiMn0.5V0.5O2 and LiCo0.5V0.5O2, where similar results were 

observed, proving the general applicability of this approach.  

The exact underlying mechanisms that cause TM dissolution are discussed in the literature.176–180 

In particular, the origin of accelerated TM dissolution at high potentials has been attributed to  

i) particle cracks because of large volume changes creating new surfaces,  

ii)  structural instability for high delithiation degrees, 

iii) parasitic reactions at the electrode-electrolyte interface.  

Side reactions begin at potentials > 4.3 V vs. Li/Li+ with regular LiPF6 carbonate-based 

electrolyte.181 The latter issue was addressed by changing the electrolyte solvent, type of salt and 

salt concentration. LiPF6 was replaced with LiN(SO2F)2 (LiFSI) due to its high solubility in polar 

solvents, good conductivity, and high transference number.182,183 To rationalize the concentration 

effect, the molar salt-to-solvent ratios need to be considered i.e., 13.6:1 for 1 M and 2.16:1 for 5.5 

M. For the concentrated electrolyte, Li-ions are anticipated to form contact ion pairs and aggregated 
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solvate clusters to a greater extent.184,185 This infers not only a lower quantity of free but also an 

overall reduced amount of solvent, which likely reduces TM dissolution.  

The smaller impedance built-up at the positive electrode and the increased cycling stability is 

associated with reduced surface degradation of the active material. For concentrated electrolytes, 

it is hypothesized that the excess Li-salt enhances the sacrificial anion reduction186leading to lower 

interfacial resistance. In agreement with these results, Takeda et al.187 reported improved cycling 

stability for the disordered rock-salt Li2MoO2F by using a concentrated LiFSI/DMC electrolyte. 

Here, reduced TM dissolution was suggested by the absence of coloring on the separator but was 

not studied by further means. In a recent study, Källquist et al.188 performed depth-profiling with 

HAXPES for cycled Li2VO2F electrodes. The steady growth was observed for the interphase layer 

that formed on the cathode surface. This has been associated with electrode-electrolyte reactivity 

and is in line with our findings. However, a controversial claim was made, which was not 

sufficiently supported by the provided characterization. Oxygen-redox was hypothesized with a 

reduced TM/O ratio as a supportive argument but oxidized On- could not be unambiguously 

resolved due to the overlapping carbonate contributions at similar photoelectron energies. 

Surprising was the observation that, after the 50th cycle, vanadium seemed to have become inactive 

and oxygen-redox was claimed to be responsible for the charge-compensation. The results of Chen 

et al.65, Wang et al.189 and this thesis suggest that the exhibited capacity was consistent with the 

changes in V K-edge XANES spectra. While the exact role of oxygen in this material likely cannot 

be assigned as oxygen redox, electrode-electrolyte reactivity can also result in the deviation of the 

TM/O ratio at the surface. Furthermore, in the pristine compound reported by Källquist et al.188, 

the predominant portion of vanadium was found in the V4+ oxidation state, suggesting significant 

deviation from the proposed composition of Li2VO2F. Yabuuchi et al.145 demonstrated the 

feasibility of a reversible V3+/5+ redox couple in disordered rock-salt Li1.3Nb0.3V0.4O2 and found the 
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origin for the absence of oxygen redox in difficulty —kinetic limitations— of the electron transfer 

from the oxide anion to V5+.  

It should be noted that the influence of salt and salt concentration could not be separated. LiFSI, 

compared to LiPF6, fails to passivate the aluminum current collector that was used in the 

experiments. This results in current collector corrosion, which limits the voltage window for the 

1 M concentration without electrolyte additives.190 Highly concentrated LiFSI salt resolves this 

issue. The influence of the solvent was not considered. Note that the concentrated electrolyte 

contains no EC, which likely affects the surface layer on the counter electrode, possibly influencing 

its interfacial resistance.  

6.2  Polyanionic LiFeBO3  

The investigation of polyanionic materials in this thesis is restricted to LiFeBO3. The results and 

discussion presented here focus on the challenges associated with the realization of high capacity 

and highlights the role of particle size in the performance of LiFeBO3. Note that this work resulted 

in Paper I. 

6.2.1  Limitations and strategies for the realization of high 

capacity in LiFeBO3 

Early examples of LiFeBO3 have shown negligible electrochemical activity and large voltage 

hysteresis, even at low currents. In previous literature, this low electrochemical activity has been 

ascribed to a non-stoichiometric disordered surface phase formed upon exposition to oxygen or 

moisture.84,94 The aim of the work below was the realization of high-capacity in LiFeBO3. This was 

achieved. However, the material was found to exhibit large voltage hysteresis and slow kinetics. 
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One synthetic challenge was to avoid the oxidation of Fe2+ to hinder the formation of the non-

stoichiometric disordered LixFeBO3 phase, referred to as d-LixFeBO3. At the same time, the 

conductivity of the material needed to be improved. This can be achieved by nano-sizing of the 

material, as this shortens the diffusion pathways. The formation or presence of any Fe3+ species 

was circumvented by using FeO as the iron precursor for the synthesis. Particle growth was 

inhibited by embedding the precursor mechanochemically in a porous conductive carbon matrix 

with a short thermal treatment. The initially synthesized LiFeBO3 without confinement into a 

carbon matrix and longer sintering time exhibited large particle sizes, as shown in 

Figure A1 (Appendix). Down-sizing of LiFeBO3 from micrometers to tenths to hundredths of 

nanometer-sized particles resulted in an increase of the discharge capacities from 30 to 173 mAh  g-

1 at 25°C which further increased to 191 mAh g-1 at 45°C as shown in Figure 20. The considerable 

increase in capacity for elevated temperature indicates kinetic limitations. The 57Fe Mössbauer 

spectra for the pristine compound did not reveal any Fe3+ and suggested that no d-LixFeBO3 phase 

was formed. This is supported by the absence of a low voltage plateau around 1.8 V, a distinctive 

feature for the formation of the d- LixFeBO3 phase.94 For illustration, the charge-discharge profile 

of d-LixFeBO3 is depicted in Figure 20. Increased reactivity with the electrolyte was reported for 

charging d-LixFeBO3 beyond 4.2 V vs. Li/Li+.191 A more in-depth mechanistic study or the 

identification of intermediate phases could not be realized for the nano-sized compound, which 

exhibited a crystalline core with an amorphous shell. Even ex-situ XRPD measurements with 

longer acquisition times did not allow us to draw a concrete conclusion. Pristine, delithiated, and 

degraded phases exhibited a related framework with similar lattice parameters and a cell volume 

change below two percent. The relatively small structural changes complicate the structural 

characterization, especially if the amount of lithium that can be extracted/inserted is not 
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sufficient.84,94 Moreover, the beam sensitivity of LiFeBO3 restricted the structural characterization 

using SAED.  

Critical issues were found to hamper the full development of LiFeBO3. Yamada et al. 84 reported a 

first-breakthrough for nano-sized LiFeBO3, claiming a reversible capacity of 190 mAh g-1, cycled 

with C/20 at 25°C. This value still serves as a benchmark for the community. However, it is often 

overlooked that this discharge capacity was only realized through a combination of constant current 

and a subsequent constant voltage charging mode with a C/100 current cut-off. The added constant 

voltage step minimizes the capacity loss due to voltage polarization (slow kinetics). Therefore, 

charging with constant current only would result in lower discharge capacity, which impairs the 

comparability to other results.  

The delithiation/lithiation proceeds via the formation of the Li0.5FeBO3 intermediate phase, which, 

according to DFT calculations, exhibits intrinsically low Li-ion and electron/hole-polaron 

mobility.83 The finding likely explains the large voltage polarization associated with low kinetics 

as evidenced by galvanostatic intermittent titration technique measurements, which is used to study 

the intercalation kinetics.95  

From these insights, two possible approaches can be deducted to improve the electrochemical 

performance of LiFeBO3. The limitations associated with the intrinsically low Li-ion and 

electron/hole-polaron mobility for the intermediate phase can likely be addressed by cation 

substitution and/or shortening of the diffusion pathways through particle size reduction. The latter 

was pursued as the method of choice here. To the best of our knowledge, all reported compounds 

with high capacities were nanoscale compounds ranging from approximately 10 to 250 nm. In 

contrast, no noticeable improvements could be achieved through cation substitution. 

Yamada et al.192 studied the solid-solution series of LiMnxFe1-xBO3, where capacity was found to 
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decrease with increasing Mn substitution. Moreover, LiMn0.5Fe0.4Mg0.1BO3 was studied by Kim et 

al.193, who reported a discharge capacity of 201 and 169 mAh g-1 (theoretical capacity 205 mAh g-

1 for 1e-) for C/50 and C/20 rate, respectively. In this report, the charge capacity in the first cycle 

was found to be smaller than that of the subsequent discharge cycle, thus indicating non-

stoichiometry of the pristine phase. The substitution of the redox-active TM by redox-inactive Mg2+ 

reduces the theoretical capacity. 

 

Figure 20: a) Charge-discharge profiles for LiFeBO3, with and without embedding into the carbon 
matrix before sintering, cycled at C/20 current rate at different temperatures. b) SEM pictures of 
the LiFeBO3 without embedding into a carbon matrix c) TEM picture of LiFeBO3 embedded in 
carbon. Results are from Paper I and unpublished results are presented in the Appendix.  
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7  Conclusion 

In this thesis, several NaCl-type disordered lithium transition metal oxides/oxyfluorides with at 

least vanadium or nickel as a constituent and monoclinic LiFeBO3 have been investigated as 

cathode materials for Li-ion batteries.  

Until recently, NaCl-type disordered rock-salts were disregarded as potential cathode material 

owing to performance limitations, which are imposed by sluggish Li transport within these 

structures. This study demonstrates the potential of these compounds, which are cobalt-free and 

exhibit attractive gravimetric energy densities, which are comparable to and, in some cases (e.g. 

Li2-xVO2F), higher than conventional state-of-the-art cathode material.  

The conceptual starting point for the studies on NaCl-type disordered rock-salts has been the 

percolation theory developed for these types of compounds. The studies conducted in this thesis 

have shown that the introduction of Li-excess into NaCl-type disordered rock-salts is a promising 

and valid design strategy to improve the battery performance of these compounds. It has been 

shown that the reversible capacity of disordered rock-salts increases considerably with Li-excess 

and correlates qualitatively with the predictions of the percolation theory model for these 

compounds. Following this target-oriented approach, several Li-excess disordered rock-salts were 

synthesized and characterized. This was realized either by the incorporation of high-valent d0 

cations or through the substitution of O2- by F-. 

The incorporation of Li-excess through high-valent redox-inactive d0 cations decreases the TM 

content in the overall composition and with-it theoretical TM redox capacity decreases. This makes 
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it a counterintuitive strategy to increase the specific capacity of the cathode. However, Li-excess 

can activate oxygen redox and/or loss mechanisms as additional charge-compensators and increase 

the charge storage. However, comes at the cost of lower cycling stability.  

The incorporation of F- into the anion lattice according to Li1+xM1−xO2−2xF2x has been a more 

favorable strategy to introduce Li-excess into disordered rock-salt oxides. For a fixed Li content 

i.e., Li2MO3/Li2MO2F, the O2- by F- substitution lowers the average TM oxidation state, which can 

enable multi-electron redox reactions as compared to its oxidic counterpart. In contrast to the 

incorporation of heavyweight d0 elements as charge-compensators, the F- substitution compromises 

less on the TM content (comparably higher fraction of lower valent redox-active TM and results in 

lower framework-weights). As such, transition metal oxyfluoride generally offers high theoretical 

capacities. 

Furthermore, the crystallite size reduction, i.e., nano-sizing of the active material crystallites has 

been a promising design strategy to improve battery performance, especially in the case of Li-

stochiometric NaCl-type disordered rock-salts, which were usually proclaimed to exhibit low 

electrochemical activity.  

Based on the current knowledge, the low Li-ion mobility in Li-stochiometric NaCl-type 

compounds (Li:TM molar ratio 1:1) is rooted in the disturbed and energetically unfavorable Li 

percolation for this configuration. By the reduction of the crystallite size, which shortens the 

diffusions path lengths, this penalty could be partially compensated. In conclusion, high capacity 

has been realized in several Li-stochiometric NaCl-type disordered rock-salt oxides. All 

compounds synthesized and tested were nano-crystalline.  

i)  Nickel redox-based compounds. Moving from Li-stochiometric to Li-excessive 

compositions, the discharge capacity increased from 0.45 Li for LiNi0.5Ti0.5O2 to 0.73, 0.86 Li per 
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formula unit for Li1.2Ni0.333Ti0.333Mo0.133O2 and Li1.2Ni0.333Ti0.333W0.133O2. For the Ni-based 

disordered rock-salts with the compositions, Li1+x/100Ni0.5−x/120Ti0.5−x/120Mx/150O2 with M6+= Mo and 

W (x = 0, 5, 10, 15, 20), the introduction of Li-excess has invoked a competition between Ni and 

O oxidation for charge compensation. XANES exhibited similar Ni K-edge shifts for both 

LiNi0.5Ti0.5O2 and Li1.2Ni0.333Ti0.333M0.133O2 (M = Mo, W). The changes in the Ni K-edges for all 

three cases corresponding to a nominal Ni2+/Ni3+ redox couple despite the theoretically expected 

Ni2+/Ni4+ redox couple. In conclusion, the gain in extra capacity for the Li-excessive compositions 

was attributed to the oxygen oxidation, which in turn triggered O2 gas loss for 

Li1.2Ni0.333Ti0.333M0.133O2 (M= Mo, W), but was absent in the Li-stochiometric LiNi0.5Ti0.5O2. Ni 

redox was similarly constraint to Ni2+/Ni3+ in LiNi0.5V0.5O2 and LiNi0.5Zr0.5O2. All these findings 

point towards an intrinsic Ni redox limitation (on the average Ni2+/Ni3+ redox couple) in the NaCl-

type configuration as a conclusion. It has been shown that the contribution of the oxygen anions to 

the charge-compensation counterbalances this penalty (enables capacity beyond theoretical TM 

redox limit) but results in oxygen gas loss. However, O loss resulted in a significant capacity fade, 

impedance built-up, and a large voltage hysteresis. The increase in the voltage hysteresis has been 

shown to coincide with the oxygen oxidation region. By limiting the cycling window below this 

threshold (charge cut-off voltage < 4.2V), a relatively stable cycling behavior with comparably low 

voltage hysteresis could be observed, but at the expense of a low overall specific capacity. Thus, it 

can be deduced that Li-excess is necessary for high Li-accessibility, but too high Li-excess is at the 

expense of the TM redox and can cause oxygen oxidation, which adversely affects the energy 

density and cycling stability of the cathode material.  

A rational approach to increase the TM redox capacity was the replacement of d0 cations Ti4+ and 

Zr4+ (redox-inactive) with the d1 cation V4+(redox-active) in the LiNi0.5M0.5O2 (M4+= Ti, Zr, V), 

which exhibited reversible capacities of 94, 100 and 264 mAh g-1, respectively. The introduction 
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of an additional redox couple i.e., V4+/V5+ has been used to bypass the Ni redox limitation (limited 

to ~ Ni2+/Ni3+ on the average), which in combination with nano-sizing of the crystallites enabled 

high Li-accessibility. 

It has been proposed that the mitigation of oxygen-loss and alleviation of the surface degradation 

will improve the electrochemical performance of these compounds. Following these thoughts, the 

effect of a cathode surface coating has been investigated. Due to the interdiffusion between coating, 

an active material, a surface-modified and Nb-doped Li1.2Ni0.333Ti0.333Mo0.133O2 formed, which 

showed significantly reduced voltage hysteresis and impedance built-up compared to its pristine 

form. Furthermore, the surface-modified and Nb-doped Li1.2Ni0.333Ti0.333Mo0.133O2 exhibited a 

higher discharge voltage and showed improved kinetics. However, this measure has only led to a 

moderate improvement in cycling stability. 

ii)  Vanadium redox-based compounds. The effect of cation substitution on the electrochemical 

performance has been explored in nano-sized LiM0.5V0.5O2 (M=Mn, Fe, Co). It has been found that 

compounds which have relied on (V3+/V+4/V+5) redox couples exhibited comparably low average 

voltages between 2.2-2.6 V vs. Li/Li+. These compounds have shown an increased capacity loss, 

accelerated TM dissolution and increased electrode-electrolyte reactivity when charged to higher 

voltages. Li2VO2F exhibited a reversible capacity of 420 mAh g-1 (for relatively small currents) 

based on the V3+/V5+ redox couple and delivered a remarkable energy density of 1050 Wh kg-1 in 

the first few cycles. In contrast to the Ni-based systems in Li2VO2F, no evident oxygen loss could 

be detected. However, cycling stability remained low, although it was comparably less severe 

compared to the Li-excess Ni-based compounds. A possible origin for the low cycling stability has 

been found in the electrode-electrolyte reactivity and transition metal dissolution. Electrolyte 

oxidation leads to the growth of a cathode electrolyte interphase and promotes TM dissolution, 
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which can increase the impedance of the cell. TM dissolution increased with the number of cycles 

and the degree of delithiation. It has been shown that the use of a concentrated 5.5 M LiFSI in 

DMC electrolytes mitigates TM dissolution and reduces the impedance rise of the cathode side, 

which has led to significantly improved cycling stability. Vanadium dissolution was similarly 

observed for LiMn0.5V0.5O2 and LiCo0.5V0.5O2 and can likely be expected for the remaining series.  

Besides the beneficial effects of using nano-crystalline materials as cathode materials, there are 

several disadvantages. Nanomaterials infer high surface areas, which can promote side reactions 

due to the larger contact area between electrolyte and electrode material, which can degrade the 

cycling stability and the volumetric energy density of these compounds. The mechanochemical 

methods used to synthesize nano-sized material can furthermore lead to the introduction of defects 

and result in non-stoichiometry, which has not been in the scope of the investigations. Electrode-

electrolyte reactivity was mitigated by the surface coating of the active material and the 

modification of the electrolyte, but this resulted in a moderate improvement in the battery 

performance. We believe that further optimization can be realized by the engineering of the 

microstructure and particle morphology, where a compromise between nano-sizing the materials 

to ensure reasonable conductivity and minimizing the surface area to reduce electrode-electrolyte 

reactivity could have a significant impact on the cycling stability.  

Overall, both the vanadium and the nickel used as redox-active centers in NaCl-type compounds 

have their more specific benefits, issues, and challenges. The nickel-based compounds offer 

comparably higher average voltages but show poor stability when charged to high voltages. The 

increase in capacities with Li-excess comes with oxygen oxidation that triggers O2 gas loss 

eventually. In contrast to Nickel, the Vanadium based systems seem not to exhibit this issue and 

offer multi-electron redox. However, V-based cathode materials have shown to exhibit comparably 



 

83 

low average voltages, which offer high gravimetric energy densities only in combination with high-

capacity cathodes. The use of vanadium as a redox center would fit in line with the strategy to 

maximize the TM redox and avoid oxygen oxidation and loss. However, low cycling stability has 

been associated with the electrode-electrolyte reactivity needs to be addressed  

During this work, the monoclinic LiFeBO3 has been revisited as alternative cathode material for 

Li-ion batteries. The realization of high capacity in LiFeBO3 is highly challenging and necessitates 

compliance with strict synthetic conditions to avoid any oxidative condition, which can degrade 

the performance. The preliminary compound with microcrystalline particles studied here exhibited 

solely 35 mAh g-1 with a theoretical gravimetric capacity of 220 mAh g-1. This value could be 

increased to 173 mAh g-1(~484 Wh kg-1) at 25°C by nano-sizing of the material with crystallite 

sizes between 20 and 100 nm. For elevated temperature, the capacity increased to 190 mAh g-

1(~532 Wh kg-1) and matches up to the reported value of Yamada et al. 84, which has served as a 

benchmark for LiFeBO3. The differences in the specific capacities between the 25°C and 40°C 

indicated pronounced kinetic limitations in the synthesized compound. Addressing this issue by 

the application of a uniform carbon coating of the material and further reduction of the particle size 

can likely reduce the transport-related limitation and further improve the performance of the 

material. 

The overall developed understanding in this thesis provides essential guidelines and considerations 

for future research that can lead to commercial attention towards these materials, which are 

currently lab curiosities. However, further progress, especially concerning cycle life, needs to be 

achieved to become competitive with state-of-the-art cathode materials.  

We highlighted the potential limitations of these compounds and outlined possible directions to 

improve the performance of these materials. The chance of realizing the full potential of these 
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compounds is there if we take further steps in solving the identified problems and unlock the true 

potential of these classes of compounds. 
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8  Appendix 

Supplementary characterization, which has been excluded from Paper I. Figure A1 shows the 

initially synthesized LiFeBO3 before particle size optimization with carbon. The compound was 

synthesized using the same synthesis conditions, with the difference that the precursors were not 

embedded in a porous carbon matrix. 

 

Figure A1: The charge-discharge profile of LiFeBO3 cycled between 4.5 and 1.5 V with a current 
rate of C/20 at 25°C. The Inset shows the SEM picture of the as-synthesized LiFeBO3 compound 
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Supplementary characterization, which has been excluded from Paper IV & V. Figure A2d) 

shows the XRPD of the disordered rock-salt LiMg0.5V0.5O2 with LiNi0.5V0.5O2 reference 

confirming the disordered structure. LiMg0.5V0.5O2 was added owing to the simplification of the 

charge-compensation mechanism owing to single redox-active TM as compared to the series of 

LiM0.5V0.5O2 with M=Mn, Fe, Co, Ni. The charge-discharge profile is shown in Figure A2e) cycled 

between 4.5 and 1.3 V at a current of 20 mA g-1 exhibiting a charge and discharge capacity 

corresponding to 0.41/0.40 Li per formula unit, respectively. The shifts in the V K-edges confirm 

the V4+/5+ redox couple of LiM0.5V0.5O2 (M= Co, Mn, Mg) at different states of charge are shown 

in Figure A2 a),b)c), respectively.  
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Figure A2: XANES V K-edge of LiM0.5V0.5O2 at different state of charge for a) LiMn0.5V0.5O2 
b) LiCo0.5V0.5O2 c) LiMg0.5V0.5O2. The XRPD pattern of both disordered rock-salt LiMg0.5V0.5O2 
and LiNi0.5V0.5O2 as a reference, measured with Mo K radiation. e) Charge-discharge profile for 
the initial cycle measured between 4.5 and 1.3 V at 20 mAh g-1. 



 

88 

9  Literature 

(1)  Natalia, L.; Franco, D. P.; Lois, B.; Lebedeva, N.; Persio, F. Di; Boon-Brett, L.; Natalia, L.; 
Franco, D. P.; Lois, B. Lithium Ion Battery Value Chain and Related Opportunities for 
Europe. Publications Office of the European Union 2016. https://doi.org/10.2760/6060, 
JRC112285. 

(2)  Pehlken, A.; Albach, S.; Vogt, T. Is There a Resource Constraint Related to Lithium Ion 
Batteries in Cars? The International Journal of Life Cycle Assessment 2017, 22 (1), 40–53. 
https://doi.org/10.1007/s11367-015-0925-4. 

(3)  Yaksic, A.; Tilton, J. E. Using the Cumulative Availability Curve to Assess the Threat of 
Mineral Depletion: The Case of Lithium. Resources Policy 2009. 
https://doi.org/10.1016/j.resourpol.2009.05.002. 

(4)  Grosjean, C.; Miranda, P. H.; Perrin, M.; Poggi, P. Assessment of World Lithium Resources 
and Consequences of Their Geographic Distribution on the Expected Development of the 
Electric Vehicle Industry. Renewable and Sustainable Energy Reviews 2012, 16 (3), 1735–
1744. https://doi.org/10.1016/j.rser.2011.11.023. 

(5)  Olivetti, E. A.; Ceder, G.; Gaustad, G. G.; Fu, X. Lithium-Ion Battery Supply Chain 
Considerations: Analysis of Potential Bottlenecks in Critical Metals. Joule 2017, 1 (2), 229–
243. https://doi.org/10.1016/j.joule.2017.08.019. 

(6)  Zaghib, K.; Dubé, J.; Dallaire, A.; Galoustov, K.; Guerfi, A.; Ramanathan, M.; Benmayza, 
A.; Prakash, J.; Mauger, A.; Julien, C. M. Lithium-Ion Cell Components and Their Effect 
on High-Power Battery Safety. In Lithium-Ion Batteries; Elsevier, 2014; 437–460. 
https://doi.org/10.1016/B978-0-444-59513-3.00019-4. 

(7)  Andre, D.; Kim, S.-J.; Lamp, P.; Lux, S. F.; Maglia, F.; Paschos, O.; Stiaszny, B. Future 
Generations of Cathode Materials: An Automotive Industry Perspective. Journal of 

Materials Chemistry A 2015, 3 (13), 6709–6732. https://doi.org/10.1039/C5TA00361J. 

(8)  Ikezoe, M.; Hirata, N.; Amemiya, C.; Miyamoto, T.; Watanabe, Y.; Hirai, T.; Sasaki, T. 
Development of High Capacity Lithium- Ion Battery for NISSAN LEAF. In SAE Technical 

Paper 2012-01-0664; 2012. https://doi.org/10.4271/2012-01-0664. 

(9)  Hu, Y.; Feng, S.; Yao, C.; Shao, W.; Xu, L.; Zhang, X.; Lin, L.; Zhang, J.; Yang, F.; Yan, 
R. Evaluation of a Commercial Demonstration Bus Line Utilizing Wireless Charging 
Technology. SAE International Journal of Commercial Vehicles 2017, 10 (1), 2017-01–
0651. https://doi.org/10.4271/2017-01-0651. 



 

89 

(10)  Ohzuku, T.; Ueda, A.; Kouguchi, M. Synthesis and Characterization of LiAl1/4Ni3/4O2 
(R3̄m ) for Lithium‐Ion (Shuttlecock) Batteries. Journal of The Electrochemical Society 
1995, 142 (12), 4033–4039. https://doi.org/10.1149/1.2048458. 

(11)  Yabuuchi, N.; Ohzuku, T. Novel Lithium Insertion Material of LiCo1/3Ni1/3Mn1/3O2 for 
Advanced Lithium-Ion Batteries. Journal of Power Sources 2003, 119–121, 171–174. 
https://doi.org/10.1016/S0378-7753(03)00173-3. 

(12)  Kim, J.; Lee, H.; Cha, H.; Yoon, M.; Park, M.; Cho, J. Prospect and Reality of Ni-Rich 
Cathode for Commercialization. Advanced Energy Materials 2018, 8 (6), 1702028. 
https://doi.org/10.1002/aenm.201702028. 

(13)  Manthiram, A.; Knight, J. C.; Myung, S.-T.; Oh, S.-M.; Sun, Y.-K. Nickel-Rich and 
Lithium-Rich Layered Oxide Cathodes: Progress and Perspectives. Advanced Energy 

Materials 2016, 6 (1), 1501010. https://doi.org/10.1002/aenm.201501010. 

(14)  Alves Dias P., Blagoeva D., Pavel C., A. N. Cobalt: Demand-Supply Balances in the 
Transition to Electric Mobility, EUR 29381 EN, Publications Office of the European Union, 

Luxembourg, 2018, ISBN 978-92-79-94311-9, doi:10.2760/97710, JRC112285. 

(15)  Killen, B. The Paris Declaration. OECD Journal: General Papers 2011, 2010 (1), 15–25. 
https://doi.org/10.1787/gen_papers-2010-5kgc6cl3qfjb. 

(16)  Scrosati, B. History of Lithium Batteries. Journal of Solid State Electrochemistry 2011, 15 
(7–8), 1623–1630. https://doi.org/10.1007/s10008-011-1386-8. 

(17)  Vincent, C. Lithium Batteries: A 50-Year Perspective, 1959–2009. Solid State Ionics 2000, 
134 (1–2), 159–167. https://doi.org/10.1016/S0167-2738(00)00723-2. 

(18)  Whittingham, M. The Intercalation and Hydrothermal Chemistry of Solid Electrodes. Solid 

State Ionics 1997, 94 (1–4), 227–238. https://doi.org/10.1016/S0167-2738(96)00509-7. 

(19)  Goodenough, J. B. How We Made the Li-Ion Rechargeable Battery. Nature Electronics 
2018, 1 (3), 204–204. https://doi.org/10.1038/s41928-018-0048-6. 

(20)  WHITTINGHAM, M. S. Electrical Energy Storage and Intercalation Chemistry. Science 
1976, 192 (4244), 1126–1127. https://doi.org/10.1126/science.192.4244.1126. 

(21)  Murphy, D. W.; Di Salvo, F. J.; Carides, J. N.; Waszczak, J. V. Topochemical Reactions of 
Rutile Related Structures with Lithium. Materials Research Bulletin 1978, 13 (12), 1395–
1402. https://doi.org/10.1016/0025-5408(78)90131-9. 

(22)  Nishi, Y. The Development of Lithium Ion Secondary Batteries. The Chemical Record 2001, 
1 (5), 406–413. https://doi.org/10.1002/tcr.1024. 

(23)  Goodenough, J. B.; Park, K.-S. The Li-Ion Rechargeable Battery: A Perspective. Journal of 

the American Chemical Society 2013, 135 (4), 1167–1176. 
https://doi.org/10.1021/ja3091438. 

(24)  Winter, M.; Brodd, R. J. What Are Batteries, Fuel Cells, and Supercapacitors? Chemical 

Reviews 2004, 104 (10), 4245–4269. 



 

90 

(25)  Schmidt-Rohr, K. How Batteries Store and Release Energy: Explaining Basic 
Electrochemistry. Journal of Chemical Education 2018, 95 (10), 1801–1810. 
https://doi.org/10.1021/acs.jchemed.8b00479. 

(26)  Clarke, J. B.; Hastie, J. W.; Kihlborg, L. H. E.; Metselaar, R.; Thackeray, M. M. Definitions 
of Terms Relating to Phase Transitions of the Solid State (IUPAC Recommendations 1994). 
Pure and Applied Chemistry 1994, 66 (3), 577–594. 
https://doi.org/10.1351/pac199466030577. 

(27)  Mladek, B. M.; Charbonneau, P.; Frenkel, D. Phase Coexistence of Cluster Crystals: Beyond 
the Gibbs Phase Rule. Physical Review Letters 2007. 
https://doi.org/10.1103/PhysRevLett.99.235702. 

(28)  Huggins, R. A. The Relation between the Gibbs Phase Rule and Reference Electrodes. Ionics 
1998, 4 (1–2), 129–140. https://doi.org/10.1007/BF02375791. 

(29)  Van der Ven, A.; Bhattacharya, J.; Belak, A. A. Understanding Li Diffusion in Li-
Intercalation Compounds. Accounts of Chemical Research 2013, 46 (5), 1216–1225. 
https://doi.org/10.1021/ar200329r. 

(30)  Liu, C.; Neale, Z. G.; Cao, G. Understanding Electrochemical Potentials of Cathode 
Materials in Rechargeable Batteries. Materials Today 2016, 19 (2), 109–123. 
https://doi.org/10.1016/j.mattod.2015.10.009. 

(31)  Reiss, H. The Fermi Level and the Redox Potential. The Journal of Physical Chemistry 1985, 
89 (18), 3783–3791. https://doi.org/10.1021/j100264a005. 

(32)  Aydinol, M. K.; Kohan, A. F.; Ceder, G. Ab Initio Calculation of the Intercalation Voltage 
of Lithium-Transition-Metal Oxide Electrodes for Rechargeable Batteries. Journal of Power 

Sources 1997, 68 (2), 664–668. https://doi.org/10.1016/S0378-7753(96)02638-9. 

(33)  Aydinol, M. K.; Kohan, A. F.; Ceder, G.; Cho, K.; Joannopoulos, J. Ab Initio Study of 
Lithium Intercalation in Metal Oxides and Metal Dichalcogenides. Physical Review B 1997, 
56 (3), 1354–1365. https://doi.org/10.1103/PhysRevB.56.1354. 

(34)  Goodenough, J. B.; Kim, Y. Locating Redox Couples in the Layered Sulfides with 
Application to Cu[Cr2]S4. Journal of Solid State Chemistry 2009, 182 (10), 2904–2911. 
https://doi.org/10.1016/j.jssc.2009.08.005. 

(35)  Saubanère, M.; McCalla, E.; Tarascon, J.-M. M.; Doublet, M.-L. L. The Intriguing Question 
of Anionic Redox in High-Energy Density Cathodes for Li-Ion Batteries. Energy & 

Environmental Science 2016, 9 (3), 984–991. https://doi.org/10.1039/C5EE03048J. 

(36)  Xie, Y.; Saubanère, M.; Doublet, M.-L. Requirements for Reversible Extra-Capacity in Li-
Rich Layered Oxides for Li-Ion Batteries. Energy & Environmental Science 2017, 10 (1), 
266–274. https://doi.org/10.1039/C6EE02328B. 

(37)  Okubo, M.; Yamada, A. Molecular Orbital Principles of Oxygen-Redox Battery Electrodes. 
ACS Applied Materials & Interfaces 2017, 9 (42), 36463–36472. 
https://doi.org/10.1021/acsami.7b09835. 



 

91 

(38)  Seo, D.-H. H.; Lee, J.; Urban, A.; Malik, R.; Kang, S.; Ceder, G. The Structural and 
Chemical Origin of the Oxygen Redox Activity in Layered and Cation-Disordered Li-
Excess Cathode Materials. Nature Chemistry 2016, 8 (7), 692–697. 
https://doi.org/10.1038/nchem.2524. 

(39)  Zaanen, J.; Sawatzky, G. A.; Allen, J. W. Band Gaps and Electronic Structure of Transition-
Metal Compounds. Physical Review Letters 1985, 55 (4), 418–421. 
https://doi.org/10.1103/PhysRevLett.55.418. 

(40)  Assat, G.; Tarascon, J.-M. Fundamental Understanding and Practical Challenges of Anionic 
Redox Activity in Li-Ion Batteries. Nature Energy 2018, 3 (5), 373–386. 
https://doi.org/10.1038/s41560-018-0097-0. 

(41)  Greiner, M. T.; Lu, Z.-H. Thin-Film Metal Oxides in Organic Semiconductor Devices: Their 
Electronic Structures, Work Functions and Interfaces. NPG Asia Materials 2013, 5 (7), e55. 
https://doi.org/10.1038/am.2013.29. 

(42)  Yu, D. Y. W.; Yanagida, K.; Kato, Y.; Nakamura, H. Electrochemical Activities in 
Li2MnO3. Journal of The Electrochemical Society 2009, 156 (6), A417. 
https://doi.org/10.1149/1.3110803. 

(43)  Luo, K.; Roberts, M. R.; Hao, R.; Guerrini, N.; Pickup, D. M.; Liu, Y.-S.; Edström, K.; Guo, 
J.; Chadwick, A. V.; Duda, L. C.; Bruce, P. G. Charge-Compensation in 3d-Transition-
Metal-Oxide Intercalation Cathodes through the Generation of Localized Electron Holes on 
Oxygen. Nature Chemistry 2016, 8 (7), 684–691. https://doi.org/10.1038/nchem.2471. 

(44)  Strehle, B.; Kleiner, K.; Jung, R.; Chesneau, F.; Mendez, M.; Hubert, A.; Gasteiger, H. A.; 
Piana, M. The Role of Oxygen Release from Li- and Mn-Rich Layered Oxides during the 
First Cycles Investigated by On-Line Electrochemical Mass Spectrometry. Journal of The 

Electrochemical Society 2017, 164 (2), 400–406. https://doi.org/10.1149/2.1001702jes. 

(45)  Robertson, A. D.; Bruce, P. G. Mechanism of Electrochemical Activity in Li2MnO3. 
Chemistry of Materials 2003, 15 (10), 1984–1992. https://doi.org/10.1021/cm030047u. 

(46)  Pearce, P. E.; Perez, A. J.; Rousse, G.; Saubanère, M.; Batuk, D.; Foix, D.; McCalla, E.; 
Abakumov, A. M.; Van Tendeloo, G.; Doublet, M.-L.; Tarascon, J.-M. Evidence for Anionic 
Redox Activity in a Tridimensional-Ordered Li-Rich Positive Electrode β-Li2IrO3. Nature 

Materials 2017, 16 (5), 580–586. https://doi.org/10.1038/nmat4864. 

(47)  McCalla, E.; Abakumov, A. M.; Saubanere, M.; Foix, D.; Berg, E. J.; Rousse, G.; Doublet, 
M.-L.; Gonbeau, D.; Novak, P.; Van Tendeloo, G.; Dominko, R.; Tarascon, J.-M. 
Visualization of O-O Peroxo-like Dimers in High-Capacity Layered Oxides for Li-Ion 
Batteries. Science 2015, 350 (6267), 1516–1521. https://doi.org/10.1126/science.aac8260. 

(48)  Li, B.; Shao, R.; Yan, H.; An, L.; Zhang, B.; Wei, H.; Ma, J.; Xia, D.; Han, X. Understanding 
the Stability for Li-Rich Layered Oxide Li2RuO3 Cathode. Advanced Functional Materials 
2016, 26 (9), 1330–1337. https://doi.org/10.1002/adfm.201504836. 



 

92 

(49)  Assat, G.; Iadecola, A.; Delacourt, C.; Dedryvère, R.; Tarascon, J.-M. Decoupling Cationic–
Anionic Redox Processes in a Model Li-Rich Cathode via Operando X-Ray Absorption 
Spectroscopy. Chemistry of Materials 2017, 29 (22), 9714–9724. 
https://doi.org/10.1021/acs.chemmater.7b03434. 

(50)  Kasnatscheew, J.; Streipert, B.; Röser, S.; Wagner, R.; Cekic Laskovic, I.; Winter, M. 
Determining Oxidative Stability of Battery Electrolytes: Validity of Common 
Electrochemical Stability Window (ESW) Data and Alternative Strategies. Physical 

Chemistry Chemical Physics 2017, 19 (24), 16078–16086. 
https://doi.org/10.1039/C7CP03072J. 

(51)  Julien, C.; Mauger, A.; Zaghib, K.; Groult, H. Comparative Issues of Cathode Materials for 
Li-Ion Batteries. Inorganics 2014, 2 (1), 132–154. 
https://doi.org/10.3390/inorganics2010132. 

(52)  Janssen, Y.; Middlemiss, D. S.; Bo, S.-H. H.; Grey, C. P.; Khalifah, P. G. Structural 
Modulation in the High Capacity Battery Cathode Material LiFeBO3. Journal of the 

American Chemical Society 2012, 134 (30), 12516–12527. 
https://doi.org/10.1021/ja301881c. 

(53)  Park, M.; Zhang, X.; Chung, M.; Less, G. B.; Sastry, A. M. A Review of Conduction 
Phenomena in Li-Ion Batteries. Journal of Power Sources 2010, 195 (24), 7904–7929. 
https://doi.org/10.1016/j.jpowsour.2010.06.060. 

(54)  Mather, G. C.; Dussarrat, C.; Etourneau, J.; West, A. R. A Review of Cation-Ordered Rock 
Salt Superstructure Oxides. Journal of Materials Chemistry 2000, 10 (10), 2219–2230. 
https://doi.org/10.1039/b000817f. 

(55)  Urban, A.; Lee, J.; Ceder, G. The Configurational Space of Rocksalt-Type Oxides for High-
Capacity Lithium Battery Electrodes. Advanced Energy Materials 2014, 4 (13), 1400478. 
https://doi.org/10.1002/aenm.201400478. 

(56)  Tabuchi, M.; Nakashima, A.; Shigemura, H.; Ado, K.; Kobayashi, H.; Sakaebe, H.; Tatsumi, 
K.; Kageyama, H.; Nakamura, T.; Kanno, R. Fine Li(4-x)/3Ti(2-2x)/3FexO2 (0.18 ≤x≤0.67) 
Powder with Cubic Rock-Salt Structure as a Positive Electrode Material for Rechargeable 
Lithium Batteries. Journal of Materials Chemistry 2003, 13 (7), 1747–1757. 
https://doi.org/10.1039/b209569f. 

(57)  Shigemura, H.; Tabuchi, M.; Sakaebe, H.; Kobayashi, H.; Kageyama, H. Lithium Extraction 
and Insertion Behavior of Nanocrystalline Li2TiO3-LiFeO2 Solid Solution with Cubic Rock 
Salt Structure. Journal of The Electrochemical Society 2003, 150 (5), 638–644. 
https://doi.org/10.1149/1.1565135. 

(58)  Kang, K. Electrodes with High Power and High Capacity for Rechargeable Lithium 
Batteries. Science 2006, 311 (5763), 977–980. https://doi.org/10.1126/science.1122152. 

(59)  Lee, J.; Urban, A.; Li, X.; Su, D.; Hautier, G.; Ceder, G. Unlocking the Potential of Cation-
Disordered Oxides for Rechargeable Lithium Batteries. Science 2014, 343 (6170), 519–522. 
https://doi.org/10.1126/science.1246432. 



 

93 

(60)  Kitajou, A.; Tanaka, K.; Miki, H.; Koga, H.; Okajima, T.; Okada, S. Improvement of 
Cathode Properties by Lithium Excess in Disordered Rocksalt Li2+2xMn1−xTi1−xO4. 
Electrochemistry 2016, 84 (8), 597–600. https://doi.org/10.5796/electrochemistry.84.597. 

(61)  Lee, J.; Seo, D.-H.; Balasubramanian, M.; Twu, N.; Li, X.; Ceder, G. A New Class of High 
Capacity Cation-Disordered Oxides for Rechargeable Lithium Batteries: Li–Ni–Ti–Mo 
Oxides. Energy & Environmental Science 2015, 8 (11), 3255–3265. 
https://doi.org/10.1039/C5EE02329G. 

(62)  Yabuuchi, N.; Takeuchi, M.; Nakayama, M.; Shiiba, H.; Ogawa, M.; Nakayama, K.; Ohta, 
T.; Endo, D.; Ozaki, T.; Inamasu, T.; Sato, K.; Komaba, S. High-Capacity Electrode 
Materials for Rechargeable Lithium Batteries: Li3NbO4 -Based System with Cation-
Disordered Rocksalt Structure. Proceedings of the National Academy of Sciences 2015, 112 
(25), 7650–7655. https://doi.org/10.1073/pnas.1504901112. 

(63)  Hoshino, S.; Glushenkov, A. M.; Ichikawa, S.; Ozaki, T.; Inamasu, T.; Yabuuchi, N. 
Reversible Three-Electron Redox Reaction of Mo3+/Mo6+ for Rechargeable Lithium 
Batteries. ACS Energy Letters 2017, 2 (4), 733–738. 
https://doi.org/10.1021/acsenergylett.7b00037. 

(64)  Yabuuchi, N.; Takeuchi, M.; Komaba, S.; Ichikawa, S.; Ozaki, T.; Inamasu, T. Synthesis 
and Electrochemical Properties of Li1.3Nb0.3V0.4O2 as a Positive Electrode Material for 
Rechargeable Lithium Batteries. Chemical Communications 2016, 52 (10), 2051–2054. 
https://doi.org/10.1039/C5CC08034G. 

(65)  Chen, R.; Ren, S.; Knapp, M.; Wang, D.; Witter, R.; Fichtner, M.; Hahn, H. Disordered 
Lithium-Rich Oxyfluoride as a Stable Host for Enhanced Li+ Intercalation Storage. 
Advanced Energy Materials 2015, 5 (9), 1401814. 
https://doi.org/10.1002/aenm.201401814. 

(66)  Ren, S.; Chen, R.; Maawad, E.; Dolotko, O.; Guda, A. a.; Shapovalov, V.; Wang, D.; Hahn, 
H.; Fichtner, M. Improved Voltage and Cycling for Li+ Intercalation in High-Capacity 
Disordered Oxyfluoride Cathodes. Advanced Science 2015, 2 (10), 1500128. 
https://doi.org/10.1002/advs.201500128. 

(67)  Van der Ven, A. Lithium Diffusion in Layered LixCoO2. Electrochemical and Solid-State 

Letters 1999, 3 (7), 301. https://doi.org/10.1149/1.1391130. 

(68)  Van der Ven, A.; Ceder, G. Lithium Diffusion Mechanisms in Layered Intercalation 
Compounds. Journal of Power Sources 2001, 97–98, 529–531. 
https://doi.org/10.1016/S0378-7753(01)00638-3. 

(69)  Glazier, S. L.; Li, J.; Zhou, J.; Bond, T.; Dahn, J. R. Characterization of Disordered Li(1+ x 

)Ti2xFe(1–3 x )O2 as Positive Electrode Materials in Li-Ion Batteries Using Percolation Theory. 
Chemistry of Materials 2015, 27 (22), 7751–7756. 
https://doi.org/10.1021/acs.chemmater.5b03530. 



 

94 

(70)  Padhi, A. K.; Nanjundaswamy, K. S.; Goodenough, J. B. D.; goodenough. Phospho‐olivines 
as Positive‐Electrode Materials for Rechargeable Lithium Batteries. Journal of The 

Electrochemical Society 1997, 144 (4), 1188–1194. 

(71)  Padhi, A. K. Tuning the Position of the Redox Couples in Materials with NASICON 
Structure by Anionic Substitution. Journal of The Electrochemical Society 1998, 145 (5), 
1518. https://doi.org/10.1149/1.1838513. 

(72)  Manthiram, A.; Goodenough, J. B. Lithium Insertion into Fe2(SO4)3 Frameworks. Journal 

of Power Sources 1989, 26 (3–4), 403–408. https://doi.org/10.1016/0378-7753(89)80153-3. 

(73)  Goodenough, J. B.; Kim, Y. Challenges for Rechargeable Batteries. Journal of Power 

Sources 2011, 196 (16), 6688–6694. https://doi.org/10.1016/j.jpowsour.2010.11.074. 

(74)  Gutierrez, A.; Benedek, N. A.; Manthiram, A. Crystal-Chemical Guide for Understanding 
Redox Energy Variations of M2+/3+ Couples in Polyanion Cathodes for Lithium-Ion 
Batteries. Chemistry of Materials 2013, 25 (20), 4010–4016. 
https://doi.org/10.1021/cm401949n. 

(75)  Melot, B. C.; Scanlon, D. O.; Reynaud, M.; Rousse, G.; Chotard, J.-N.; Henry, M.; Tarascon, 
J.-M. Chemical and Structural Indicators for Large Redox Potentials in Fe-Based Positive 
Electrode Materials. ACS Applied Materials & Interfaces 2014, 6 (14), 10832–10839. 
https://doi.org/10.1021/am405579h. 

(76)  Masquelier, C.; Croguennec, L. Polyanionic (Phosphates, Silicates, Sulfates) Frameworks 
as Electrode Materials for Rechargeable Li (or Na) Batteries. Chemical Reviews 2013, 113 
(8), 6552–6591. https://doi.org/10.1021/cr3001862. 

(77)  Belkébir, A.; Tarte, P.; Rulmont, A.; Gilbert, B. Synthesis, Structural and Vibrational 
Analysis of LiMBO3 Orthoborates (M = Mg, Co, Zn). New Journal of Chemistry 1996, 20 
(3), 311–316. 

(78)  Piffard, Y.; Rangan, K. K.; An, Y.; Guyomard, D.; Tournoux, M. Cobalt Lithium 
Orthoborate, LiCoBO3. Acta Crystallographica Section C Crystal Structure 

Communications 1998, 54 (11), 1561–1563. https://doi.org/10.1107/S0108270198007458. 

(79)  Legagneur, V. LiMBO3 (M=Mn, Fe, Co): Synthesis, Crystal Structure and Lithium 
Deinsertion/Insertion Properties. Solid State Ionics. 2001, 37–46. 
https://doi.org/10.1016/S0167-2738(00)00813-4. 

(80)  Kim, J. C.; Moore, C. J.; Kang, B.; Hautier, G.; Jain, A.; Ceder, G. Synthesis and 
Electrochemical Properties of Monoclinic LiMnBO3 as a Li Intercalation Material. Journal 

of The Electrochemical Society. 2011, 309. https://doi.org/10.1149/1.3536532. 

(81)  Seo, D. H.; Park, Y. U.; Kim, S. W.; Park, I.; Shakoor, R. A.; Kang, K. First-Principles Study 
on Lithium Metal Borate Cathodes for Lithium Rechargeable Batteries. Physical Review B. 

2011. https://doi.org/10.1103/PhysRevB.83.205127. 



 

95 

(82)  Abouimrane, A.; Armand, M.; Ravet, N. Carbon Nano-Painting: Application to Non-
Phosphate Oxyanions, Eg Borates. In New trends in intercalation compounds for energy 

storage and conversion: proceedings of the international symposium; 2003; 15. 

(83)  Loftager, S.; García-Lastra, J. M.; Vegge, T. A Density Functional Theory Study of the Ionic 
and Electronic Transport Mechanisms in LiFeBO3 Battery Electrodes. The Journal of 

Physical Chemistry C 2016, 120 (33), 18355–18364. 
https://doi.org/10.1021/acs.jpcc.6b03456. 

(84)  Yamada, A.; Lwane, N.; Harada, Y.; Nishimura, S. I.; Koyama, Y.; Tanaka, L. Lithium Iron 
Borates as High-Capacity Battery Electrodes. Advanced Materials 2010, 22, 3583–3587. 
https://doi.org/10.1002/adma.201001039. 

(85)  Li, S.; Xu, L.; Li, G.; Wang, M.; Zhai, Y. In-Situ Controllable Synthesis and Performance 
Investigation of Carbon-Coated Monoclinic and Hexagonal LiMnBO3 Composites as 
Cathode Materials in Lithium-Ion Batteries. Journal of Power Sources 2013, 236, 54–60. 
https://doi.org/10.1016/j.jpowsour.2013.02.027. 

(86)  Aravindan, V.; Umadevi, M. Synthesis and Characterization of Novel LiFeBO3/C Cathodes 
for Lithium Batteries. Ionics 2012, 18 (1), 27–30. https://doi.org/10.1007/s11581-011-0594-
7. 

(87)  Dong, Y. Z.; Zhao, Y. M.; Shi, Z. D.; An, X. N.; Fu, P.; Chen, L. The Structure and 
Electrochemical Performance of LiFeBO3 as a Novel Li-Battery Cathode Material. 
Electrochimica Acta 2008, 53 (5), 2339–2345. 
https://doi.org/10.1016/j.electacta.2007.09.050. 

(88)  Dong, Y. Z.; Zhao, Y. M.; Fu, P.; Zhou, H.; Hou, X. M. Phase Relations of Li2O-FeO-B2O3 
Ternary System and Electrochemical Properties of LiFeBO3 Compound. Journal of Alloys 

and Compounds 2008, 461 (1–2), 585–590. 

(89)  Cuisinier, M.; Martin, J. F.; Dupré, N.; Yamada, A.; Kanno, R.; Guyomard, D. Moisture 
Driven Aging Mechanism of LiFePO4 Subjected to Air Exposure. Electrochemistry 

Communications 2010, 12 (2), 238–241. https://doi.org/10.1016/j.elecom.2009.12.003. 

(90)  Martin, J. F.; Yamada, A.; Kobayashi, G.; Nishimura, S. I.; Kanno, R.; Guyomard, D.; Dupŕ, 
N. Air Exposure Effect on LiFePO4. Electrochemical and Solid-State Letters 2008, 11 (1), 
12–16. https://doi.org/10.1149/1.2801016. 

(91)  Nytén, A.; Stjerndahl, M.; Rensmo, H.; Siegbahn, H.; Armand, M.; Gustafsson, T.; Edström, 
K.; Thomas, J. O. Surface Characterization and Stability Phenomena in Li2FeSiO4 Studied 
by PES/XPS. Journal of Materials Chemistry 2006, 16 (34), 3483–3488. 
https://doi.org/10.1039/b605578h. 

(92)  Zhang, B.; Ming, L.; Zheng, J. C.; Zhang, J. F.; Shen, C.; Han, Y. D.; Wang, J. L.; Qin, S. 
E. Synthesis and Characterization of Multi-Layer Core-Shell Structural LiFeBO3/C as a 
Novel Li-Battery Cathode Material. Journal of Power Sources 2014, 261, 249–254. 
https://doi.org/10.1016/j.jpowsour.2014.03.082. 



 

96 

(93)  Dong, X. X.; Huang, C. Y.; Jin, Q.; Zhou, J.; Feng, P.; Shi, F. Y.; Zhang, D. Y. Enhancing 
the Rate Performance of Spherical LiFeBO3/C: Via Cr Doping. RSC Advances 2017, 7 (54), 
33745–33750. https://doi.org/10.1039/c7ra03028b. 

(94)  Bo, S.-H.; Nam, K.-W.; Borkiewicz, O. J.; Hu, Y.-Y.; Yang, X.-Q.; Chupas, P. J.; Chapman, 
K. W.; Wu, L.; Zhang, L.; Wang, F.; Grey, C. P.; Khalifah, P. G. Structures of Delithiated 
and Degraded LiFeBO3, and Their Distinct Changes upon Electrochemical Cycling. 
Inorganic Chemistry 2014, 53 (13), 6585–6595. https://doi.org/10.1021/ic500169g. 

(95)  Bo, S.-H. H.; Wang, F.; Janssen, Y.; Zeng, D.; Nam, K.-W. W.; Xu, W.; Du, L.-S. S.; Graetz, 
J.; Yang, X.-Q. Q.; Zhu, Y.; Parise, J. B.; Grey, C. P.; Khalifah, P. G. Degradation and 
(de)Lithiation Processes in the High Capacity Battery Material LiFeBO3. Journal of 

Materials Chemistry 2012, 22 (18), 8799. https://doi.org/10.1039/c2jm16436a. 

(96)  Günter, F. J.; Habedank, J. B.; Schreiner, D.; Neuwirth, T.; Gilles, R.; Reinhart, G. 
Introduction to Electrochemical Impedance Spectroscopy as a Measurement Method for the 
Wetting Degree of Lithium-Ion Cells. Journal of the Electrochemical Society 2018, 165 
(14), 3249–3256. https://doi.org/10.1149/2.0081814jes. 

(97)  Bragg, W. L. The Structure of Some Crystals as Indicated by Their Diffraction of X-Rays. 
Proceedings of the Royal Society of London. Series A, Containing Papers of a Mathematical 

and Physical Character 1913, 89 (610), 248–277. https://doi.org/10.1098/rspa.1913.0083. 

(98)  Bragg, W. H. The Reflection of X-Rays by Crystals. (II.). Proceedings of the Royal Society 

of London. Series A, Containing Papers of a Mathematical and Physical Character 1913, 
89 (610), 246–248. https://doi.org/10.1098/rspa.1913.0082. 

(99)  Pecharsky, V. K.; Zavalij, P. Y. Fundamentals of Powder Diffraction and Structural 

Characterization of Materials; Springer-Verlag: New York, 2005. 
https://doi.org/10.1007/b106242. 

(100)  Rietveld, H. M. A Profile Refinement Method for Nuclear and Magnetic Structures. Journal 

of Applied Crystallography 1969, 2 (2), 65–71. 
https://doi.org/10.1107/S0021889869006558. 

(101)  Toby, B. H. R Factors in Rietveld Analysis: How Good Is Good Enough? Powder 

Diffraction 2006, 21 (1), 67–70. https://doi.org/10.1154/1.2179804. 

(102)  IUPAC Compendium of Chemical Terminology; Nič, M., Jirát, J., Košata, B., Jenkins, A., 
McNaught, A., Eds.; IUPAC: Research Triagle Park, NC, 2009. 
https://doi.org/10.1351/goldbook. 

(103)  Ravel, B. Quantitative EXAFS Analysis. In X-Ray Absorption and X-Ray Emission 

Spectroscopy: Theory and Appllications; Lamberti, J. A. van B. and C., Ed.; John Wiley & 
Sons, Ltd: Chichester, UK, 2016; 281–302. https://doi.org/10.1002/9781118844243.ch11. 

(104)  Rehr, J. J.; Albers, R. C. Theoretical Approaches to X-Ray Absorption Fine Structure. 
Reviews of Modern Physics 2000, 72 (3), 621–654. 
https://doi.org/10.1103/RevModPhys.72.621. 



 

97 

(105)  Rehr, J. J.; Ankudinov, A. L. Progress in the Theory and Interpretation of XANES. 
Coordination Chemistry Reviews 2005, 249 (1–2), 131–140. 
https://doi.org/10.1016/j.ccr.2004.02.014. 

(106)  Shutthanandan, V.; Nandasiri, M.; Zheng, J.; Engelhard, M. H.; Xu, W.; Thevuthasan, S.; 
Murugesan, V. Applications of XPS in the Characterization of Battery Materials. Journal of 

Electron Spectroscopy and Related Phenomena 2019, 231, 2–10. 
https://doi.org/10.1016/j.elspec.2018.05.005. 

(107)  Hollander, J. M.; Jolly, W. L. X-Ray Photoelectron Spectroscopy. Accounts of Chemical 

Research 1970, 3 (6), 193–200. https://doi.org/10.1021/ar50030a003. 

(108)  Gütlich, P.; Bill, E.; Trautwein, A. X. Mössbauer Spectroscopy and Transition Metal 

Chemistry, 1st ed.; Springer Berlin Heidelberg: Berlin, Heidelberg, 2011. 
https://doi.org/10.1007/978-3-540-88428-6. 

(109)  Fultz, B.; Howe, J. M. Transmission Electron Microscopy and Diffractometry of Materials; 
Springer Berlin Heidelberg: Berlin, Heidelberg, 2008. https://doi.org/10.1007/978-3-540-
73886-2. 

(110)  Murray, V.; Hall, D. S.; Dahn, J. R. A Guide to Full Coin Cell Making for Academic 
Researchers. Journal of The Electrochemical Society 2019, 166 (2), A329–A333. 
https://doi.org/10.1149/2.1171902jes. 

(111)  Vernon-Parry, K. D. D. Scanning Electron Microscopy: An Introduction. III-Vs Review 
2000, 13 (4), 40–44. https://doi.org/10.1016/S0961-1290(00)80006-X. 

(112)  Baltruschat, H. Differential Electrochemical Mass Spectrometry. Journal of the American 

Society for Mass Spectrometry 2004, 15 (12), 1693–1706. 
https://doi.org/10.1016/j.jasms.2004.09.011. 

(113)  Berkes, B. B.; Jozwiuk, A.; Vračar, M.; Sommer, H.; Brezesinski, T.; Janek, J. Online 
Continuous Flow Differential Electrochemical Mass Spectrometry with a Realistic Battery 
Setup for High-Precision, Long- Term Cycling Tests. analytical chemistry 2015, 87 (12), 
5878 − 5883. https://doi.org/10.1021/acs.analchem.5b01237. 

(114)  Ji, H.; Urban, A.; Kitchaev, D. A.; Kwon, D.-H.; Artrith, N.; Ophus, C.; Huang, W.; Cai, Z.; 
Shi, T.; Kim, J. C.; Kim, H.; Ceder, G. Hidden Structural and Chemical Order Controls 
Lithium Transport in Cation-Disordered Oxides for Rechargeable Batteries. Nature 

Communications 2019, 10 (1), 592. https://doi.org/10.1038/s41467-019-08490-w. 

(115)  Clément, R. J.; Kitchaev, D.; Lee, J.; Gerbrand Ceder. Short-Range Order and Unusual 
Modes of Nickel Redox in a Fluorine-Substituted Disordered Rocksalt Oxide Lithium-Ion 
Cathode. Chemistry of Materials 2018, 30 (19), 6945–6956. 
https://doi.org/10.1021/acs.chemmater.8b03794. 

(116)  Jones, M. A.; Reeves, P. J.; Seymour, I. D.; Cliffe, M. J.; Dutton, S. E.; Grey, C. P. Short-
Range Ordering in a Battery Electrode, the ‘Cation-Disordered’ Rocksalt 



 

98 

Li1.25Nb0.25Mn0.5O2. Chemical Communications 2019, 55 (61), 9027–9030. 
https://doi.org/10.1039/C9CC04250D. 

(117)  Cowley, J. M.; Pogany, A. P. Diffuse Scattering in Electron Diffraction Patterns. I. General 
Theory and Computational Methods. Acta Crystallographica Section A 1968, 24 (1), 109–
116. https://doi.org/10.1107/S0567739468000148. 

(118)  Rahman, M. M.; Glushenkov, A. M.; Chen, Z.; Dai, X. J.; Ramireddy, T.; Chen, Y. Clusters 
of α-LiFeO2 Nanoparticles Incorporated into Multi-Walled Carbon Nanotubes: A Lithium-
Ion Battery Cathode with Enhanced Lithium Storage Properties. Physical Chemistry 

Chemical Physics 2013, 15 (46), 20371. https://doi.org/10.1039/c3cp53605j. 

(119)  Obrovac, M. Structure and Electrochemistry of LiMO2 (M=Ti, Mn, Fe, Co, Ni) Prepared by 
Mechanochemical Synthesis. Solid State Ionics 1998, 112 (1–2), 9–19. 
https://doi.org/10.1016/S0167-2738(98)00225-2. 

(120)  Sato, T.; Sato, K.; Zhao, W.; Kajiya, Y.; Yabuuchi, N. Metastable and Nanosize Cation-
Disordered Rocksalt-Type Oxides: Revisit of Stoichiometric LiMnO2 and NaMnO2. Journal 

of Materials Chemistry A 2018, 6 (28), 13943–13951. 
https://doi.org/10.1039/C8TA03667E. 

(121)  Küzma, M.; Dominko, R.; Meden, A.; Makovec, D.; Bele, M.; Jamnik, J.; Gaberšček, M. 
Electrochemical Activity of Li2FeTiO4 and Li2MnTiO4 as Potential Active Materials for Li 
Ion Batteries: A Comparison with Li2NiTiO4. Journal of Power Sources 2009, 189 (1), 81–
88. https://doi.org/10.1016/j.jpowsour.2008.11.015. 
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ABSTRACT: Borate chemistry offers attractive features for
iron based polyanionic compounds. For battery applications,
lithium iron borate has been proposed as cathode material
because it has the lightest polyanionic framework that offers a
high theoretical capacity. Moreover, it shows promising
characteristics with an element combination that is favorable
in terms of sustainability, toxicity, and costs. However, the
system is also associated with a challenging chemistry, which is
the major reason for the slow progress in its further
development as a battery material. The two major challenges
in the synthesis of LiFeBO3 are in obtaining phase purity and
high electrochemical activity. Herein, we report a facile and scalable synthesis strategy for highly pure and electrochemically
active LiFeBO3 by circumventing stability issues related to Fe2+ oxidation state by the right choice of the precursor and
experimental conditions. Additionally, we carried out a Mössbauer spectroscopic study of electrochemical charged and charged−
discharged LiFeBO3 and reported a lithium diffusion coefficient of 5.56 × 10−14 cm2 s−1 for the first time.

KEYWORDS: LiFeBO3, polyanion, lithium diffusion coefficient, lithium batteries, Mos̈sbauer study, cathode

1. INTRODUCTION

The demand for new sustainable, environmentally friendly,
cheap, and safe electrode materials as well as the report by
Padhi et al.1 about LiFePO4 as viable cathode has attracted
increasing interest to iron based polyanionic framework
compounds for lithium-ion batteries. In the search for materials
with higher energy densities focus has been devoted to
materials with high redox potentials, low weight framework
compounds associated with high capacities, and compounds
with the ability to store more than one electron.2−4 In this
regard lithium metal borates5−9 (LiMBO3) occupy a special
position among the family of polyanions, having the lowest
weight framework (BO3

3− < SiO4
2− < PO4

3− < SO4
2−) and

delivering therefore the highest theoretical capacity for the one
electron Fe3+/Fe2+ redox reaction with 220 mAh g−1. This
capacity in combination with an electromotive force (EMF) of
∼2.8 V offers the possibility of achieving higher energy density
(616 Wh kg−1) relative to the commercialized LiFePO4 (585
Wh kg−1).10,11However, an intrinsic drawback of LiFeBO3 is its
poor electrical conductivity associated with a higher polar-
ization. Moreover, first-principle calculations suggest a one-
dimensional lithium diffusion path, which is known to be
sensitive for defects.12,13 These obstacles, which are determin-
ing the electrochemical performance, could be overcome by
introducing a conductive carbon coating and downsizing of the
material to shorten the Li+ diffusion path.14 Since the first work

of Legagneur15 in 2001 on both the synthesis and structural
characterization of LiFeBO3, considerable efforts have been
undertaken to optimize the material in order to improve its
reversible capacity. Attempts were made to reduce the particle
size, to develop a homogeneous carbon coating, and to improve
the electrochemical performance. In this respect only a few
reports have been published.16−18 They all have in common
poor electrochemical performance/activity with low capacity
accompanied by a large polarization and no well-defined
plateau, involving reactions occurring at voltages below 1.8 V
that are associated with a contribution to the capacity. The first
breakthrough in electrochemically active material with access to
a reversible room temperature activity of around 190 mAh g−1

was achieved by Yamada et al. in 2010.19 Being aware of surface
degradation issues for material with potential lower than 3.0 V,
Yamada et al. took precaution by careful preparation and
control of the atmosphere throughout the synthesis process. A
comparable result with a wider cycling range (∼30 mAh/g
coming from discharge below 1.5 V) was achieved by Bo et al.,
who succeeded in the preparation of good capacity LiFeBO3 by
using reducing gas atmosphere H2/N2 (5/95) to prevent
surface oxidation of the Fe2+ being identified as an origin for the
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capacity degradation.20 Further emphasis was addressed to the
carbon coating and particle size which have been regarded to be
crucial for good electrochemical performance. Approximately
10 wt % of impurities were found in both cases with Fe3BO5

(mixed valence compound of Fe2+ and Fe3+) as the major
phase. A better control over the iron oxidation state, which was
shown to be the key for the synthesis of highly pure LiFeBO3,
was achieved by Tao et al.21,22 who used a CO/CO2 gas flow as
a mild reduction agent to suppress the oxidation of Fe2+. In the
cycling range of 2.0−4.5 V for elevated temperatures (55 °C),
they reported a reversible capacity of 130 mAh g−1 for a cutoff
voltage of 2.0 V. For deeper discharge up to 1.5 V, which
resulted in a capacity of 210 mAh g−1, they observed an
irregular increase in the specific capacity for higher cycle
numbers and even went beyond the theoretical capacity, which
might be attributed to the higher reactivity of the electrolyte for
elevated temperatures at low voltage. Besides the classic solid
state (ceramic) methods, it is worth mentioning solution
combustion synthesis,23 spray-drying, and carbothermal
methods.24

From earlier reports it is clear that in order to achieve high
capacities and good electrochemical activity highly pure and
nanocrystalline material is needed. According to these previous
reports the main synthetic challenges are on one hand the
stabilization of the Fe2+ oxidation state and on the other hand
the introduction of a carbon coating to keep the particle size
small and to enhance electrical conductivity.
A carbon coating can either be achieved by mixing the carbon

prior to the sintering process or by pyrolysis of an organic
precursor. For the latter the challenge is to establish a well-
controlled reducing gas atmosphere to stabilize the Fe2+

oxidation state in order to compensate partial oxidation. Our
approach and a possible solution for this issue were to
circumvent these problems by using FeO (wüstite) as iron
precursor and by mixing carbon prior to the sintering. Since the
iron is introduced in the desired oxidation state, LiFeBO3 can
be formed directly by circumventing the formation of stable
secondary phases and moisture, which can cause unwanted
oxidation of the iron state. Herein, we demonstrate a facile
method to synthesize highly pure and electrochemically active
LiFeBO3 by highly energetic mechanical alloying under inert
gas atmosphere.

■ EXPERIMENTAL SECTION

Synthesis of LiFeBO3 Carbon Composite. A simple process was
chosen to synthesize LiFeBO3 through a conventional solid state
reaction at room temperature. Therefore, iron(II) oxide (FeO Aldrich
99.9%) was ball milled with a slight excess of 10 wt % lithium
metaborate LiBO2 (Alfa Aesar 99.9%) together with 20 wt %
conductive carbon black agent C-nergy Super C65 (Imerys Graphite &
Carbon) for 15 h using a Fritsch P6 planetary ball mill with 80 mL
silicon nitride vial and silicon nitride balls, at a ball to powder ratio of
15:1. After ball milling, the product powder was transferred into a
corundum crucible and was sintered at 600 °C for 1 h under Ar flow.
Prolonged exposure to heat led to a rise of the Fe3BO5 content which
was an impurity in the product. All steps were carried out under
moisture- and air-free conditions which was of utmost importance.
Structural Analysis. X-ray Diffraction (XRD). Powder XRD data

were collected on a STOE Stadi P diffractometer with Mo Kα1 (λ =
0.7093 Å) using Debye−Scherrer geometry. The powder samples were
sealed in quartz capillary (0.5 mm in diameter) under an argon
atmosphere.

57Fe Mössbauer Spectroscopy. Mössbauer spectra were recorded
using a constant acceleration-type spectrometer in transmission
geometry with a moving source of 57Co in a Rh matrix. The samples

were sealed in a plastic bag inside an argon filled glovebox using a lava
V.300 vacuum sealer. Isomer shifts (ISs) are given relative to bcc-Fe at
room temperature. The data is fitted using the WinNormos software
package (Wissel Company, R. A. Brand).

Transmission Electron Microscopy (TEM) Characterization. TEM
measurements were performed using an aberration-corrected (image)
FEI Titan 80−300 operated at 80 kV acceleration voltage, equipped
with a Gatan US1000 CCD camera and a Gatan Tridem 863 energy
filter. The samples were transferred under inert conditions (argon)
from the glovebox to the microscope using a Gatan vacuum transfer
holder minimizing the possible reaction between the sample and air
(oxygen and moisture). The TEM was operated under controlled low
dose conditions to minimize electron beam damage of the sample.

Electrochemical Characterization. Electrochemical tests were
carried out in a Swagelok-type cell versus lithium. Electrode slurries
were made by mechanical mixing of 90 wt % composite and 10 wt %
polyviniylidene difluoride (PVDF) binder with N-methyl-2-pyrroli-
done (NMP) as solvent using a Fritsch P6 planetary ball mill for 4 h
with 200 rpm and a ball to powder ratio of 7:1. Approximately 3 mg of
material was casted on a stainless steel current collector and dried at
120 °C for 12 h under vacuum. Li foil was used as counter electrode.
LP30 from BASF (1 M LiPF6 in 1:1 volume ratio of ethylene
carbonate/dimethyl carbonate) was used as electrolyte. For cycling
measurement cells were placed in an incubator at 25 or 45 °C.
Galvanostatic charge−discharge experiments were conducted using
Arbin electrochemical workstation. Cylic voltammetry (CV) measure-
ments were conducted with a Biologic VMP-3.

■ RESULTS AND DISCUSSION

The synthesis methodology followed for the LiFeBO3 carbon
composite includes the two following steps: (i) intimate mixing
of the precursors together with a conductive carbon additive
and (ii) sintering for a short period of time (1 h) at 600 °C
under Ar gas flow. The Rietveld refined powder X-ray
diffraction pattern of the pristine LiFeBO3 sample is shown
in Figure 1a. The reflections could be indexed using a
monoclinic unit cell with refined lattice parameters of a =
5.1608(3) Å, b = 8.9183(6) Å, c = 10.1598(4) Å, and β =
91.407(5)° (V = 467.47(5) Å3, space group C2/c, Rwp =
5.17%). The lattice parameters are in good agreement with the
structure of LiFeBO3 published in the literature.21 Around 1 wt
% Fe3C is found in the sample. Furthermore, a small amount of
martensitic Fe−C solid solution with low carbon content
(3.1(2) wt %) is present in the sample, which was difficult to
differentiate from elemental α-Fe by XRD, but could be
identified by Mössbauer spectroscopy, see below. Additionally
there was also a small amount of Fe3C (<1 wt %, 99017 ICSD)
present, which could also be identified by Mössbauer
spectroscopy. FeO’s metastability and tendency to decompose
during ball milling and annealing steps are possibly the reasons
for the impurities25 observed.
The Mössbauer spectrum of the as-prepared sample is shown

in Figure 1b. The spectrum can be reproduced with four
subspectra. The main component originates from the LiFeBO3

and is a doublet with an isomer shift (IS) and quadrupole
splitting (QS) typical for ferrous Fe-ions in a trigonal-
bipyramidal FeO5-site. The doublet is similar to the spectrum
reported for LiFeBO3.

19 Additionally, three magnetic sextets
with minor intensity were observed; two of them can be most
likely attributed to a martensitic Fe−C solid solution with low
carbon content while the third is a Fe3C cementite phase with a
quantity of 1 wt % Fe3C in accordance with the Mössbauer
spectra. Various Fe−C compounds are known to form during
ball milling of Fe and graphite.26
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The scanning electron micrograph of the carbon coated
LiFeBO3 is shown in Figure S1 and is illustrating the overall
bulk morphology of the LiFeBO3 carbon composite. The
obtained powder contained primary particles in the form of
agglomerates as large as ∼0.8 μm consisting of individual 20−
100 nm particles which do not have a uniform geometric shape
and homogeneous particle size distribution and are typical for
mechanomilled samples.27 Transmission electron microscope
(TEM) studies were carried out to investigate the in-depth
morphology of the LiFeBO3 carbon composite and are shown
in Figure 2. Figure 2a shows a STEM-HAADF overview image
of the morphology in the as-prepared sample in which the size
of the ball milled nanoparticles is between 50 and 200 nm. The
HRTEM micrograph in Figure 2b shows a typical LiFeBO3

particle, in which the graphitic onion-formed layers are
aggregated around the LiFeBO3 particle. EELS spectrum of
the as-prepared sample in Figure 2c (left) exhibits the
pronounced borate-K edge, oxygen-K, and iron-K edge signals
as well as the carbon-K edge for the graphitic additives.
Elementary quantification in Figure 2c (right) shows Fe:B:O =
1:1:3, which agrees well with the chemical composition of
LiFeBO3.
Electrochemical Characterization. Figure 3a shows the

typical electrochemical charge−discharge profiles of LiFeBO3/
C composite versus lithium obtained at C/20 rate at 25 °C
within the voltage range 1.5−4.5 V. The first charge capacity
was 210 mAh/g−1 and corresponds to the extraction of 0.9

lithium; the first discharge capacity was 172 mAh/g−1 and
corresponds to the reinsertion of 0.78 Li. Capacity loss of 40
mAh/g−1 was observed in the first cycle. The discharge profile
for the Fe3+/Fe2+ is giving a sloping solid-solution-like behavior
with a fracture of a plateau around 2.7 V. The subsequent
charge/discharge curves were showing lower polarization and
were found to superimpose for prolonged cycling indicating
good capacity retention. For higher cycle numbers, a change in
the slope with an increase in the contribution to the overall
capacity was observed for the low voltage regime at around 1.8
V, which can be assigned to the degraded LiFeBO3 phase
discussed below.28

Figure 3b depicts the corresponding cyclic voltammetry
curves for the LiFeBO3/C composite versus lithium. In the CV,
for the first cycle a sharp anodic peak is observed at ∼2.85 V,
which might be attributed to the extraction of lithium and
irreversible peaks for 3.4 and 4.2 V, likely due to irreversible
reactions. The first cathodic peak is broad and centered at 2.4
V, and there is a smaller peak at 1.8 V, which possibly is due to
the lithium reintercalation into the structure. Upon further
cycling, overall the curves become broader and tend to overlap
with an identifiable anodic peak for 3.2 V and a slight increase
for continuing cycling for the cathodic peak at 1.8 V. This
observation fits well with the change in the discharge profile for
the lower voltage regime <2.0 V.
Figure 3c shows the cycling behavior of LiFeBO3 carbon

composite at C/20 rate within the voltage range 1.5−4.5 V with
an intermediate rate capability test. A steady increase is
observed in the capacity for the first 58 cycles, which is possibly
attributed to the lower voltage process explained in a later part.
Between 59 and 82 cycles, a rate capability test was applied for
different current densities. For 0.1, 1, and 5 C the composite
delivered a reversible capacity of 167, 99, and 33 mAh g−1,
respectively. After the C-rate test a slow decay in the capacity
was observed, stabilizing at around 161 mAh g−1.
Investigations of Bo et al. revealed that the contribution of

the low voltage processes (∼1.8 V) can be ascribed to degraded
LiFeBO3 phase, which has a reduced thermodynamic potential
and can be cycled reversibly.28 This contribution probably

Figure 1. (a) Rietveld refinement of the XRD pattern of pristine
LiFeBO3 (λ = 0.7093 Å). The green dots correspond to experimental
data; the black line is the calculated fit, and the tick marks are at the
Bragg positions of LiFeBO3 (blue), Fe (black), and Fe3C (brown)
phases, as indicated. (b) Mössbauer spectra: the pristine sample’s
quadrupole doublet is attributed to the Fe2+ species in the LiFeBO3

structure; the three sextets are assigned to various Fe−C compounds.

Figure 2. (a) STEM-HAADF overview image and (b) HRTEM
micrograph of the as-prepared sample. (c) EELS spectrum (left) of the
as-prepared sample and the elemental quantification results (right)
calculated from the spectrum (left).
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explains the increase in capacity for the initial 60 cycles and the
slope in the low voltage region for prolonged cycles.
The strong current density dependence together with the

higher polarization is hinting at a kinetic limitation of the
LiFeBO3 for which current densities and cell temperature are
crucial factors. In order to achieve an improvement in the
accessible reversible capacity of the LiFeBO3, a study for
elevated temperatures has been performed. Figure 4a shows the
comparison of discharge profiles of LiFeBO3 carbon composite
for C/20 in the range 1.5−4.5 V at 45 °C and for RT against
lithium. For elevated temperatures, the accessible capacity for
the first discharge increased from 173 to 191 mAh g−1, which is
likely due to temperature activation without any obvious
change in the charge−discharge profile. Figure 4a is showing
the cycling performance for LiFeBO3 carbon composite for C/
20 in the range 1.5−4.5 V at the temperature T = 45 °C against
lithium. For the elevated temperatures the charge capacity is
increased significantly and shows therefore lower Coulombic
efficiency, which is probably due to the reactivity with the
electrolyte and is also observed elsewhere.17,22

In order to evaluate kinetic properties of the LiFeBO3 carbon
composite, cyclic voltammetry (CV) at various scan rates in the
range 0.05−0.5 mV s−1 has been carried out to obtain the
lithium-ion diffusivity. Figure 5a shows that oxidation/
reduction peak separation and peak current intensity are

Figure 3. (a) Cyclic voltammetry curve of LiFeBO3 carbon composite
at a scan rate of 0.1 mV s−1. (b) Galvanostatic voltage−capacity curves
of LiFeBO3 carbon composite cycled between 1.5 and 4.5 V at a rate of
C/20 for room temperature (RT). (c) Cycling performance with an
intermediate rate capability test for various cycles between 1.5 and 4.5
V.

Figure 4. (a) Galvanostatic voltage−capacity curves of LiFeBO3

carbon composite cycled between 1.5 and 4.5 V at a rate of C/20
for 45 °C. (b) Cycling performance for C/20 rate cycled between 1.5
and 4.5 V.

Figure 5. (a) CV profiles of LiFeBO3 with various scan rates. (b)
Graphs of the LiFeBO3 with normalized peak current vs square root of
the scan rate.
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increasing with respect to the increase in scan rate. Oxidation/
reduction peak currents (Ip’s) are proportional to the square
root of the scan rate (ν) for semi-infinite linear diffusion
systems, and hence the diffusion coefficient (D) can be
calculated using Randles−Sevcik’s eq 1 at room temperature
(25 °C).29,30

= ×I ACD n v2.69 10p
5 0.5 1.5 0.5

(1)

Here A is the effective area of LiFeBO3 electrode within the
electrolyte solution. The BET surface area of LiFeBO3 (178.3
m2 g−1, Figure S2) was taken as the effective area A in the
present case. n is the number of electrons involved in the redox
process (n = 1), ν is the voltage scan rate (V s−1), and D is the
diffusion coefficient of Li in the electrode (cm2 s−1). C is the Li
concentration of LiFeBO3 material, with a density of 3.46 g
cm−3 and molar mass of 121.5972 g mol−1, for which the
corresponding Li concentration C is 0.028 454 mol cm−3.19

Figure 5b shows the two fitting lines corresponding to the
anodic and cathodic peak currents (Ip’s) with respect to the
square root of the scanning rate “ν”, and the diffusion
coefficient D can be calculated from the slope of these fitting
lines. The calculated lithium diffusion coefficient for LiFeBO3

was 5.53 × 10−14 and 5.56 × 10−14 cm2 s−1 for the anodic and
cathodic reactions, respectively. In comparison with the
Li2FeSiO4

31 with diffusion coefficients of the order 10−13−
10−12 and similar rate capability characteristics, the slower
lithium diffusion implies that there is a lower rate capability for
LiFeBO3.
Structural Analysis. To study structural changes post-

mortem, analyses using ex situ XRD and Mössbauer spectros-
copy measurements have been performed for pristine, charged,
and charged−discharged samples. According to XRD, the
LiFeBO3 lattice volume contracts by 19 ‰ on charging due to
the removal of Li-ions from the LiFeBO3 host structure,
comparable with the value of 20 ‰ (0.15 < x < 1) found by
Yamada et al.19 The structure was maintained during the
charge−discharge which is a precondition for high reversibility
of the process. All major reflections in the XRD pattern were
present for the monoclinic structure (ICSD 94317), see Figure
6a. It is interesting to note that the martensitic Fe−C solid
solution with low carbon content impurity (1.7(3) wt %) was
partially oxidized to Fe2+ or Fe3+ during first charge as
evidenced by Mössbauer spectroscopy. The amount of
cementite phase, Fe3C, was not affected by the discharge
process and was constant in subsequent cycles.28 Figure 6b
shows the Fe-L3 edges of the EELS spectrum (705−715 eV) of
the charged state and the as-prepared sample. The 1.0 eV blue-
shift of the charged state with respect to the as-prepared sample
indicates an increase of iron valence state in the delithiated
sample after charging. An overlay of the selected area electron
diffraction profiles of the charged state and the discharged state
can be seen in Figure 6c, where the expected 1% shift to higher
angles for the charged state is compared to that for the as-
prepared sample, indicating the lattice contraction after Li+

deintercalation. Supporting Information shows the study of
beam damage of LiFeBO3 in HRTEM (Figure S3) and SAED
(Figure S4) leading to amorphization.
The 57Fe Mössbauer spectra of the as-prepared, charged, and

discharged sample are presented in Figures 1b and 7a,b,
respectively; the results of the fitting procedure are summarized
in Table S1. Upon charging the material, Fe2+ gets partly
oxidized as evidenced by the presence of a doublet with typical

ferric IS in the spectrum. This can be attributed to the charge
compensation. With removal of the Li+ from the LiFeBO3

lattice, about 70% of the Fe2+ ions were oxidized. (Although the
relative area ratios given cannot be compared between the
different structural phases, it is possible to compare the Fe2+/
Fe3+ ratio as the ions occupy the same lattice site in the
LiFeBO3 host structure, having virtually the same Debye−
Waller factor.) The IS and QS of the remaining ferrous Fe were
both increased, compared to those of the pristine sample. The
extraction of Li-ions and the associated charge redistribution is
changing the electric field gradient on the site of the Fe2+ ions.
In the spectra presented by Yamada et al.,19 a similar behavior
was observed for an air-exposed and therefore oxidized
LiFeBO3 compound. The sextets from the martensitic Fe−C
disappeared from the spectrum. Thus, it can be assumed that
the metallic Fe atoms get oxidized, and their corresponding

Figure 6. (a) Ex situ XRD patterns of LiFeBO3 in discharged, charged,
and as-prepared state. (b) EELS spectra of the Fe-L3,2 edges of the as-
prepared (black, solid line) and charged (red, dashed line) samples.
(c) Electron diffraction profiles of the as-prepared (black, solid line)
and charged (red, dashed line) samples.
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spectral area (in form of a doublet) overlaps with the broad
Fe3+ doublet. The F3C phase remains basically unchanged and
stable at this electrochemical potential.
Discharging the sample partly reduces Fe3+ to Fe2+, which

could be recovered to about 70% of the initial spectral area. IS
and QS of the Fe2+ species were decreased, compared to the
charged state, but still higher than in the pristine sample, which
is proof of the remaining distortion of the electric field gradient
due to the Fe3+ ions in the lattice. This is in perfect agreement
with the residual lattice contraction observed by XRD. The
martensitic Fe−C phase recovers nearly fully after discharging
the sample.
The practical energy density of various iron based

polyanionic compounds are compared with our LiFeBO3

results in Figure 8. In relation to the other polyanionic
cathodes, LiFeBO3 offers a possibility to achieve higher energy
densities. In terms of performance it is still immature and has
not been optimized.

■ CONCLUSION

This report provides a new strategy for synthesizing high
performance LiFeBO3, which tends to have significant
performance limitations depending on the synthesis conditions.
Using FeO as iron precursor helps to obtain LiFeBO3 with
higher purity. Additionally we are providing lithium diffusion
coefficients in the magnitude of 5.56 × 10−14 cm2 s−1 for the
LiFeBO3 carbon composite, which imply slow kinetics. Further
improvement of the electrochemical characteristics may be
possible by further downsizing and optimization of the ball
milling and heating conditions. Furthermore, the method
described herein is versatile and could be applied for the
synthesis of LiMBO3, M = Zn, Mg, Mn, Co.
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Fit results for Mössbauer spectra, SEM, BET, beam
sensitivity study with HRTEM, and SAED profiles
(PDF)

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: maximillian.fichtner@kit.edu.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

Financial support by EU-RTD “Hi-C” (Novel in situ and in
operando techniques for characterization of interfaces in
electrochemical storage systems”) in the 7th FP, grant
agreement no. 608575, is gratefully acknowledged. The authors
acknowledge the support by the Karlsruhe Nano Micro Facility
(KNMF) for the access to the electron microscopy and
spectroscopy facilities. C.S.K.V. and X.M. thank Prof. Dr. Horst
Hahn for his continuous support.

■ REFERENCES

(1) Padhi, A. K.; Nanjundaswamy, K. S.; Goodenough, J. B. D.
Phospho-Olivines as Positive-Electrode Materials for Rechargeable
Lithium Batteries. J. Electrochem. Soc. 1997, 144, 1188−1194.
(2) Masquelier, C.; Croguennec, L. Polyanionic (phosphates,
Silicates, Sulfates) Frameworks as Electrode Materials for Recharge-
able Li (or Na) Batteries. Chem. Rev. 2013, 113, 6552−6591.
(3) Gutierrez, A.; Benedek, N. A.; Manthiram, A. Crystal-Chemical
Guide for Understanding Redox Energy Variations of M 2+/3+
Couples in Polyanion Cathodes for Lithium-Ion Batteries. Chem.
Mater. 2013, 25, 4010−4016.
(4) Rousse, G.; Tarascon, J. M. Sulfate-Based Polyanionic
Compounds for Li-Ion Batteries: Synthesis, Crystal Chemistry, and
Electrochemistry Aspects. Chem. Mater. 2014, 26, 394−406.
(5) Bo, S. H.; Veith, G. M.; Saccomanno, M. R.; Huang, H.;
Burmistrova, P. V.; Malingowski, A. C.; Sacci, R. L.; Kittilstved, K. R.;
Grey, C. P.; Khalifah, P. G. Thin-Film and Bulk Investigations of
LiCoBO3 as a Li-Ion Battery Cathode. ACS Appl. Mater. Interfaces
2014, 6, 10840−10848.
(6) Afyon, S.; Mensing, C.; Krumeich, F.; Nesper, R. The
Electrochemical Activity for Nano-LiCoBO3 as a Cathode Material
for Li-Ion Batteries. Solid State Ionics 2014, 256, 103−108.
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ABSTRACT: Metal oxyfluoride compounds are gathering significant
interest as cathode materials for lithium ion batteries at the moment
because of their high theoretical capacity and resulting high energy
density. In this regard, a new and direct approach is presented to
synthesize phase-pure vanadium oxyfluoride (VO2F). The structure of
VO2F was identified by Rietveld refinement of the powder X-ray
diffraction (XRD) pattern. It crystallizes in a perovskite-type structure
with disorder of the oxide and fluoride ions. The as-synthesized VO2F
was tested as a cathode material for lithium ion batteries after being
surface-coated with few-layer graphene. The VO2F delivered a first
discharge capacity of 254 mA h g−1 and a reversible capacity of 208 mA h g−1 at a rate of C/20 for the first 20 cycles with an
average discharge voltage of 2.84 V, yielding an energy density of 591 W h kg−1. Improved rate capability that outperforms the
previous report has been achieved, showing a discharge capacity of 150 mA h g−1 for 1 C. The structural changes during lithium
insertion and extraction were monitored by ex-situ XRD analysis of the electrodes discharged and charged to various stages.
Lithium insertion results in an irreversible structural change of the anion lattice from 3/4 cubic close packing to hexagonal close
packing to accommodate the inserted lithium ions while keeping the overall space-group symmetry. For the first time we have
revealed a structural change for the ReO3-type structure of as-prepared VO2F to the RhF3 structure after lithiation/delithiation,
with structural changes that have not been observed in previous reports. Furthermore, the new synthetic approach described here
would be a platform for the synthesis of new oxyfluoride compounds.

1. INTRODUCTION

In order to meet the various requirements for current and
future developments of lithium ion batteries (LIBs), perform-
ance improvements are necessary, and the exploitation of novel
types of electrode materials with high energy density is
therefore mandatory.1−3 The voltage of LIBs and the energy
density related thereto are directly linked to the electronic and
crystal structures, as reflected in the bonding properties. In this
context, metal oxides have attracted the most attention because
of their versatile and rich redox chemistry, which is governed by
the nature of the metal to ligand (oxygen) bond (M−O
bond).4−8 Metal fluorides are an appealing alternative, as the
strong ionic character of the M−F bond offers the possibility of
getting high redox potentials. However, pure metal fluorides are
insulating and exhibit sluggish kinetics and low efficiency.9

Tailoring of the electrochemistry by partially replacing the
oxide ions (O2−) by more electronegative fluoride ions (F−) is a
promising approach for the design of new electrode materials.10

Mixed-anion materials like oxyfluorides represent a good
compromise between the aforementioned chemistries and can

lead to high redox potentials, lower polarization, and good
cyclic stability.11−13

After the introduction of a new type of disordered rock-salt-
type intercalation compounds Li2MO2F (M = V, Cr)14,15 as
cathode materials for LIBs, oxyfluoride chemistry has attracted
a lot of attention. Furthermore, perovskite-type MO3−xFx (M =
Ti, Ta, Mo, W, Nb)16−18 transition-metal oxyfluorides
crystallizing in the cubic ReO3 structure type have been
known to reversibly insert lithium. Their structure can be
derived from the well-known cubic ABO3 perovskite structure
leaving all of the A sites vacant. The empty A-site substructure
serves as a three-dimensional sublattice that is accessible for the
intercalation of guest cations.19 The first report on the
intercalation of lithium into NbO2F was published by
Chowdari’s group,17 with an reported capacity of ∼180 mA h
g−1, corresponding to the insertion of ∼1.0 Li per NbO2F.
However, lithium insertion into ReO3-type materials is
accompanied by structural rearrangements along with a change
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in the Li ion bonding and therefore in the electrochemistry.20

Recently a report on the synthesis of VO2F obtained by a solid-
state reaction using high pressures and temperatures of 4 GPa
and 800 °C appeared.21 The reported VO2F had 3 wt %
unknown impurities and showed a first discharge capacity of
250 mA h g−1 in the cycling range of 2.2−3.9 V with severe
capacity fading for prolonged cycling and kinetic limitations for
higher current densities. VO2F, because of its lower molecular
weight and higher redox potential, offers a higher theoretical
capacity of 262 mA h g−1 (with respect to the intercalation of
one Li per VO2F unit) and therefore a higher gravimetric
energy density compared with its analogues. In addition, it has
been observed that the electrochemical performance of cathode
materials can significantly depend upon the conductive surface
coating of the active material. Among different conductive
coating materials, graphene-based nanostructures are very
promising because of their high surface area, excellent
electronic conductivity, and high mechanical stability.22−24

Herein we show a new method for the synthesis of phase-
pure vanadium dioxyfluoride (VO2F) obtained by a one-step
mechanochemical approach using V2O5 and VOF3 as the
starting precursors at room temperature. VO2F particles were
further coated with conductive few-layer graphene (FLG). The
resulting VO2F/FLG composite serves from the electro-
chemical point of view as a cathode material, showing a first
discharge capacity of 254 mA h g−1 and a reversible capacity of
208 mA h g−1. Furthermore, we have investigated the structural
rearrangement that occurs during lithiation/delithiation by ex-
situ X-ray diffraction (XRD) analysis and unveiled the
relationship to the RhF3 structure, which has not been
observed previously for VO2F.

2. EXPERIMENTAL SECTION

Materials Preparation. The vanadium dioxyfluoride was synthe-
sized by high-energy milling of stoichiometric amounts of V2O5

(1.1822 g, 0.0065 mol) and VOF3 (0.8056 g, 0.0065 mol) for 20 h
using a Fritsch P6 planetary ball mill with an 80 mL silicon nitride vial
and silicon nitride balls with a ball to powder ratio of 15:1. All of the
synthesis steps were carried out under an inert-gas atmosphere. FLG
was synthesized by thermal exfoliation of graphite oxide at 1050 °C
under an argon atmosphere. The graphite oxide was prepared by
Hummer’s method.25 The obtained VO2F was milled with 20 wt %
FLG.
Materials Characterization. Powder XRD data were collected on

a STOE Stadi P diffractometer with Mo Kα1 radiation (λ = 0.7093 Å)
using the Debye−Scherrer geometry. The powder samples were sealed
in quartz capillaries (0.5 mm in diameter) under an argon atmosphere.
Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS) were carried out using a LEO GEMINI 1550 VP
instrument equipped with a silicon drift detector (OXFORD
Instruments).
Transmission electron microscopy (TEM) characterization of the

nanocomposite was carried out using an aberration-corrected FEI
Titan 80-300 microscope operated at 300 kV and equipped with a
Gatan imaging filter (Tridiem 863). For (S)-TEM measurements,
samples were prepared by dispersing a small amount of powder
directly onto holey carbon Au grids (Quantifoil GmbH). EDS−
electron energy loss spectroscopy (EELS) elemental mapping of the
sample was performed in the high-angle annular dark-field scanning
transmission electron microscopy (STEM-HAADF) mode with drift
correction.
Electrochemical Measurements. Electrochemical tests were

carried out in Swagelok-type cell versus lithium. Electrode slurries
were made of 90 wt % composite and 10 wt % poly(vinylidene
difluoride) (PVDF) binder with N-methyl-2-pyrrolidone as the
solvent. The mixed slurry was coated on an aluminum foil by the

doctor blade technique and dried at 120 °C for 12 h under vacuum.
Each working electrode (12 mm diameter) contained approximately 3
mg of active material, and Li foil was used as the counter electrode.
LP30 from BASF (ethylene carbonate/dimethyl carbonate, 1:1 volume
ratio with 1 M LiPF6) was used as the electrolyte. Cyclic voltammetry
(CV) experiments for the cells were carried out from 2.1 to 4.3 V vs
Li/Li+ at a scan rate of 0.1 mV s−1 using a Bio-Logic VMP-3
potentiostat. Temperature-controlled galvanostatic charge−discharge
experiments were conducted using an Arbin electrochemical work-
station at room temperature over the potential range 2.1 to 4.3 V vs
Li/Li+.

3. RESULTS AND DISCUSSION

Material Characterization. The synthesis methodology
followed for vanadium oxyfluoride/few-layer graphene (VO2F/
FLG) nanocomposites included two steps: (i) synthesis of
pure-phase VO2F by a one-step mechanochemical approach,
(ii) surface coating of VO2F with conductive FLG. In the first
step, the VO2F was synthesized by high-energy milling of
appropriate stoichiometric amounts of V2O5 and VOF3 for 20
h, and the formation of the pure-phase VO2F was confirmed by
powder X-ray diffraction (see the further discussion below). In
the second step, coating of FLG on VO2F particles was carried
out by a milling approach and confirmed by transmission
electron microscopy (see the discussion below). The final
weight ratio of VO2F to FLG was 4:1 in the composite. It was
observed that the as-prepared VO2F/FLG nanocomposite is
stable in dry-air. (See the Experimental Section for more
details.)
The structure of VO2F was determined by powder XRD. A

single phase with a ReO3-related structure was detected without
the presence of impurity phases. All of the reflections could be
indexed using a trigonally distorted ReO3-type phase with space
group R3 ̅c, which was confirmed using the Pawley method. The
validity of this symmetry is clearly indicated and well-supported
by the appearance of the (113)R3̅c superstructure reflection as
well as the splitting pattern of the main reflections in
comparison with the cubic aristotype structure with space
group Pm3 ̅m. This symmetry was also found for the high-
pressure modification of NbO2F.

26 Full structural analysis to
refine the structural parameters was then performed using a
modified structural model of NbO2F

26 as a starting model. This
resulted in an excellent fit of the pattern (see Figure 1). The
refined structural data and a drawing of the crystal structure are
shown in Figure 1.

Figure 1. Rietveld-refined XRD pattern of VO2F. The inset shows the
crystal structure of VO2F.
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The structural change results in nearly undistorted V(O/F)6
octahedra (as reflected by the O/F−V−O/F bond angles given
in Table 1) with six equal V−O/F bond distances. This bond
distance agrees well with what is expected from a weighted sum
of Shannon’s ionic radii27 (dShannon = 1.87 Å vs dexptl = 1.88 Å).
In contrast, the V−O/F−V bond angle of ∼156° is significantly
lower than the ideal angle of 180° for the undistorted cubic
ReO3 structure. Oxide and fluoride ions are isoelectronic and
therefore cannot easily be distinguished using XRD. Addition-
ally, those ions show nearly identical scattering lengths for
neutrons, making them also indistinguishable by means of
powder diffraction.28 No indication of ordering of those ions
(e.g., by the appearance of additional superstructure reflections,
further splitting of reflections, or significant intensity misfits)
was obtained. Disorder of oxide and fluoride ions is a well-
known phenomenon observed for many perovskite-type
transition-metal oxyfluorides29−35 that can be derived from
cubic close packing (ccp) stacking of AX3 layers. In contrast,
ordering of fluoride ions has been found for many hexagonal-
type perovskite compounds.36−39 Nevertheless, the structural
distortion found for VO2F can be well-understood in terms of
the fact that the distortion results in a lowering of the size of
the empty A-site cavities, leading to an overall decrease in the
cell volume and stabilization of the structural arrangement (also
see the discussion of lithiated compounds later in this article).
TEM studies were carried out to investigate the in-depth

morphology of VO2F/FLG (Figure 2). Bright-field TEM (BF-

TEM) imaging of the material (Figure 2a) illustrates the
composite nature of the sample. The dark contrast of VO2F
particles can be seen from the BF-TEM image, and the
corresponding selected-area electron diffraction (SAED)
pattern is given in Figure 2b. The d values measured from
the indexed SAED pattern correspond to the metrics of the R3̅c
trigonal system for VO2F: 3.67 Å (012), 2.62 Å (104), 2.56 Å
(110), and 2.2 Å (113) from the center of the SAED pattern.
Dark-field TEM (DF-TEM) using the 10 μm aperture on the
SAED reflection corresponding to 3.67 Å (012) depicts the
regions of VO2F in the DF-TEM image (Figure 2c). In the BF-

TEM image it is difficult to distinguish between carbon and
VO2F very clearly, whereas the STEM-HAADF image (Figure
2d) shows a clear Z contrast. Figure 2e,f shows the high-
resolution TEM (HRTEM) micrograph along with the
corresponding fast Fourier transform (FFT). The d values
from the FFT (Figure 2f) correspond to the aforementioned
metrics from the SAED pattern (Figure 2b) and the XRD data.
The presence of brighter and fainter rings in the diffraction
patterns (Figure 2b,f) indicates the polycrystalline to partly
amorphous nature of the particles and corresponds to the
broadened reflections observed in the XRD pattern. Fur-
thermore, the HRTEM micrograph (Figure 2e) shows that
VO2F particles were covered with FLG.
STEM-HAADF elemental maps of the corresponding

elements though the EDS detector are shown in Figure 3. It

can be seen that the V−K, O−K, and F−K maps overlap with
each other well. From the C−K map it appears that the VO2F is
embedded in an FLG matrix. X-ray photoelectron spectroscopy
(XPS) measurements on the as-synthesized sample were
carried out and confirmed the V5+ oxidation state (Figure S1
in the Supporting Information). From the diffraction data, no
significant deviation from an overall composition of VX3 was
noticed. This in combination with the XPS measurements
supports the assumption of an overall composition of VO2F.

Electrochemical Studies. Figure 4 shows typical galvano-
static discharge and charge profiles of the VO2F/FLG
composite versus lithium obtained at a rate of C/20 (assuming
the aforementioned theoretical capacity of 262 mA h g−1) over
the voltage range of 2.1 to 4.3 V vs Li/Li+. During the first
discharge, which corresponds to the insertion of lithium into
the VO2F, no plateau is visible, suggesting a solid-solution
system. The upcoming second cycle shows reduced polarization
compared with the first one. It is interesting to note the gradual
upshift of the discharge and charge voltages, which were found
to superimpose for prolonged cycling.
Figure 4 b depicts the corresponding cyclic voltammetry

curves for the VO2F/FLG composite. In the CV curve for the

Figure 2. (a) Bright-field TEM (BF-TEM) image of a VO2F/FLG
sample. (b) Selected-area electron diffraction (SAED) pattern
corresponding to the BF-TEM image. (c) Dark-field TEM (DF-
TEM) image obtained by using the 10 μm aperture on the SAED
reflection corresponding to 3.67 Å (012). (d) STEM-HAADF image
of the VO2F/FLG sample. (e) High-resolution TEM micrograph of
the VO2F/FLG sample and (f) the corresponding FFT.

Figure 3. STEM-HAADF elemental maps of the VO2F/FLG
nanocomposite.
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first cycle, broad cathodic peaks appear at ∼2.7 and ∼2.15 V vs
Li/Li+, which can be attributed to Li+ insertion into the crystal
structure and the structural rearrangement. A broad anodic
peak appears at 3.1 V vs Li/Li+, which can be assigned to the
lithium deintercalation. Upon continued cycling, the shape of
the CV curves changes completely and the CV curves tend to
overlap, associated with a lower polarization. These findings
suggest the occurrence of some irreversible processes in the
initial cycles. The broad nature of the peaks for the initial cycles
suggest indiscrete Li sites, which possibly can be attributed to
disordered or amorphous phases of the VO2F/FLG composite,
as supported by the finding of rings in the SAED pattern
(Figure 2 f) and the broadened peaks shown in the XRD
patterns. For mechanosynthesized perovskite-type40 and nano-
crystalline oxide41 compounds an amorphous shell has been
reported.
The cycling stability of the VO2F/FLG composite at a rate of

C/20 over the voltage range of 2.1 to 4.3 V vs Li/Li+ is shown

in Figure 4c. The initial discharge delivered a capacity of 254
mA h g−1, which suggests an uptake of 0.97 Li+ per formula unit
and is comparable to the capacity of 250 mA h g−1 obtained at a
rate of C/50 as reported in the literature.21 The subsequent
charge capacity of 197 mA h g−1 corresponds to the extraction
of 0.75 Li+ per formula unit assuming that the capacity
contribution is solely from the intercalation process. Overall,
77% of the intercalated lithium ions could be deintercalated.
The irreversible capacity loss was around 65 mA h g−1 for the
first cycle; a possible explanation will be given below. Upon
further cycling the reversible capacity stabilized at around 208
mA h g−1 for the first 20 cycles at an average discharge voltage
of ∼2.84 V, which can be compared to the recent report21 of
around 135 mA h g−1. After 10 cycles a constant decay in the
capacity was observed. Similar behavior was found for the
vanadium-based rock-salt type (space group Fm3̅m) Li2VO2F,

14

which was synthesized in similar manner. The Coulombic
efficiency after the first cycle remained at around 98.4% and

Figure 4. (a) Galvanostatic charge−discharge profiles of the VO2F/FLG composite over the voltage range of 2.1 to 4.3 V vs Li/Li+ at a rate of C/20
vs Li/Li+. (b) CV curves of the VO2F/FLG composite at a scan rate of 0.1 mV s−1. (c) Cycling stability at a rate of C/20 between 2.1 and 4.3 V vs
Li/Li+. (d) Discharge capacities of the VO2F/FLG composite at different rates over the voltage range of 2.1 to 4.3 V vs Li/Li+.

Figure 5. (a) Ex situ XRD patterns of the electrodes collected at various discharge and charge states. (b) Corresponding charge−discharge profile for
the different lithiation/delithiation states of VO2F/FLG composite for which ex-situ XRD was performed. In (a), peaks marked with * come from Al,
which was used as a current collector, and those marked with § come from the presence of a small amount of an unknown phase.
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decreased for higher cycle numbers, which is an indication of
irreversible side reactions.
After 50 cycles, the test cell was disassembled, and a color

change was observed at the lithium side. Afterward, the Li
anode was analyzed by SEM and EDS, and the results are
shown in Figure S2. The EDS and vanadium Kα elemental
mapping confirmed the vanadium deposition at the anode side.
Vanadium dissolution and deposition at the anode side can be
one of the reasons for the capacity fade during the battery
operation, which was found to occur also in other vanadium-
based oxides.42 Suppression of the dissolution was partly
achieved by both bulk doping43−45 and surface coating
methods46−48

Figure 4d shows how the capacity evolved for various C
rates. The specific discharge capacities at discharge rates of 0.02
C, 0.05 C, 0.1 C, 0.2 C, 0.5 C, 1 C, 2 C, and 5 C were 227, 206,
192, 180, 162, 150, 105, and 80 mA h g−1 respectively. This
represents improved capacity retention compared with the
previous report,21 which showed discharge capacities of around
240 mA h g−1 for 0.02 C and around 50 mA h g−1 for 1 C. An
increase in the current density goes along with a decrease in
capacity, especially for higher rates. This finding indicates
kinetic limitations, which could be attributed to low ionic or
electronic conductivity. This agrees well with the observations
made on a VO2F electrode prepared without any carbon
coating, which did not show any noticeable electrochemical
activity. For reasons of comparability and in order to verify the
impact of the FLG coating, VO2F was coated with a different
carbon material (Super C65 carbon black) by a similar
approach. For the latter, lower capacity retention and poorer
C-rate capability were found (Figure S3).
Ex situ XRD patterns were collected on the discharged and

charged electrodes in order to investigate the structural changes
that occurred during lithium insertion and extraction. Figure 5a
shows the XRD patterns of the electrodes collected for different
discharge and charge states as represented in Figure 5b (as-
prepared, discharged to 2.5 and then to 2.1 V vs Li/Li+, and
recharged to 4.3 V vs Li/Li+). The structural parameters
obtained from Rietveld analysis of the different products are
summarized in Table 1.
First of all, it is important to note that the compound

reported here shows a strong change in the lattice parameters
after the first discharge. The lattice parameters of the initial
state were not recovered when the compound was charged
back. This behavior is different from what was found by Peŕez-
Flores et al.21 As shown in Table 2, the lattice parameters of
their cell did not change to a very strong extent and remained
similar for the discharged and charged states in comparison to
as-prepared VO2F of our report (compare to Table 1).
Therefore, it is important to derive a deeper understanding of

the structural changes that occur in the VO2F compound
reported here after discharging/charging. Upon lithium
incorporation into the structure, anisotropic changes in the

cell metrics can be observed in the XRD patterns. The a axis
decreases and the c axis increases upon charging compared with
the as-prepared compound. This change is accompanied by a
strong shift in the position of oxygen ions. The structural
changes upon lithiation of VO2F are therefore similar those for
the lithiation of ReO3,

19 which are shown in Figure 6 and can
be summarized as follows: The structure of VO2F can be
understood in terms of a distorted cubic perovskite structure
(ABX3) with an empty A-site sublattice. For a pseudocubic
setting of the structure, the x coordinate of the anion site must
be equal to 1/2, and the length of the c axis must be exactly
equal to 60.5a ≈ 2.45a. For pure VO2F, the structure is already
distorted to some degree (xO2− ≈ 0.42, c/a ≈ 2.56). Upon
lithium incorporation, we found that the c/a ratio further
deviates from the value of 60.5(2.74−2.78) and that the position
of the oxygen ion approaches a value of 1/3. This shift of the
oxygen ion results in a strong structural change, which has been
described as a change from 3/4 cubic close packing of the
anions (ReO3-type structure) to hexagonal close packing (hcp)
of the anions with 1/3 occupancy of the octahedral sites (RhF3-
type structure).49 The structural change results from the fact
that basically no energetically favorable interstitial sites for Li
cations would be available in the cubic ReO3 perovskite-related
structure, which possesses only large 12-fold dodecahedrally
coordinated sites to accommodate cations with similar sizes as
the anions (e.g., alkaline-earth cations). In the transition to the
hcp structure (xO2− →

1/3), additional octahedrally coordinated
sites at 1/3,

2/3, and 0 are generated, and such sites are
considered to be favorable to accommodate lithium ions.
Although it is difficult to locate and quantify the amount of
lithium ions by means of powder XRD data, their presence on
this site is indicated by application of the Fourier difference
method. It is most interesting that upon deintercalation of the
lithium ions the larger c/a ratio is maintained and the x
coordinate of the oxygen ions remains close to 1/3. In addition,
although a significant change in cell volume is observed, parts of
the lithium ions seem to remain in the structure (as indicated
by the larger mean V−O/F distance, i.e., reduced vanadium
oxidation state). This agrees well with our observation of
irreversible capacity loss in the first cycle and the change in the
charge−discharge profile for the second cycle. Regarding the
structural analysis reported here, the VO2F compound of this
report prepared by reactive ball milling shows a clearly different
structural behavior than the compound reported by Peŕez-

Table 1. Structural Parameters Obtained from Rietveld Analysis of the As-Prepared Cathode and the Electrode Discharged and
Charged to Different Voltagesa

compound a [Å] c [Å] c/a V [Å3] xO2− mean dV−O/F [Å]

as-prepared VO2F 5.12 13.09 2.56 296.7 0.42 1.88

discharged to 2.5 V 5.00 13.68 2.74 296.0 0.33 2.02

discharged to 2.1 V 4.98 13.88 2.78 298.3 0.32 2.06

charged back to 4.3 V 4.98 13.67 2.74 293.9 0.34 2.01
aNumerical standard deviations were smaller than the digits given.

Table 2. Lattice Parameters Reported by Peŕez-Flores et al.21

Observed for VO2F for Different Charging/Discharging
States

compound a [Å] c [Å] V [Å3] c/a

as-prepared VO2F 5.1210(4) 13.073(2) 296.9(1) 2.55

discharged to 2.3 V 5.1162(9) 13.051(2) 295.9(1) 2.55

charged to 3.9 V 5.1190(4) 13.078(2) 296.8(1) 2.55
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Flores et al.21 This structural change from 3/4 ccp to an hcp-
type structure could also be the reason for the differences
observed in the electrochemical performance. However, the
origin of the structural differences in comparison with the
previous report21 remain unclear to date.
To check the effect of structural changes of the cathode

electrode on the cell impedance, electrochemical impedance
spectroscopy (EIS) measurements were carried out at three
different states of the cell: for the fresh cell, after the first
discharge to 2.1 V, and after charging to 4.2 V. The Nyquist
plots for the cell (Figure S4) show a semicircle in the high-
frequency region that gives the cell resistance “Rc” contributed
by the electronic/ionic resistivity of the bulk electrode and the
charge transfer resistance at the electrode−electrolyte inter-
face.50,17 The sloping line at low frequency is connected with
the diffusion of lithium ions at the cathode (Warburg
region).50,51The following things were observed by comparison
of the diameters of the arcs of the Nyquist plots: (a) an increase
in the cell resistance of the VO2F cathode in going from the
fresh cell to the first discharged state and (b) a considerable
decrease in the cell resistance of the VO2F cathode after the
first charging. The first increase in Rc could be associated with
the formation of a highly intercalated film in the grain surface52

of VO2F during initial lithiation. After the first charging, Rc

decreased compared with the initial phase, which could be due
to the structural rearrangement that takes place as indicated by
XRD. This can lead to better transport of electrons/ions within
the structure, as suggested by the earlier studies on the cell
impedance of the oxyfluorides TiOF2 and NbO2F.

17

The energy density plot for the new VO2F/FLG cathode was
compared with those of other cathode materials, as shown in
Figure 7. For VO2F, only the first 20 cycles were taken into
account. In relation to the well-known cathodes, the new VO2F
compound is promising and offers a possibility of achieving
higher energy densities. These properties, together with the
ability to handle the material in dry-air, could make it an
interesting material for further study and optimization.

3. CONCLUSION

We have reported a new method for the synthesis of phase-pure
R3 ̅c trigonally distorted VO2F/FLG composite as a cathode
material and investigated the reversible lithium (de)-
intercalation at room temperature. A first discharge capacity
of 253 mA h g−1 was achieved with a reversible capacity of
around 201 mA h g−1 for the first 20 cycles. Compared with the
previous report,21 an improved rate capability has been
achieved. The structure of VO2F and its structural rearrange-
ment upon lithium intercalation in relationship with the RhF3
structure has been shown and was evidently different compared
with what was observed by Peŕez-Flores et al.21in their previous
report. Upon electrochemical lithiation, the anion lattice is
transformed irreversibly from a 3/4 cubic close packed array to a
hexagonal closed packed array. The structural rearrangement of
VO2F upon lithiation appears to be beneficial, lowering the
polarization and leading to an upshift of the output voltage.
VO2F competes well with the other cathode materials in terms
of energy density. However, the cycling stability needs to be
improved. Further studies are necessary to understand the

Figure 6. Crystal structures and coordination of different sites for the ReO3-type structure, as-prepared VO2F, and lithiathed VO2F.

Figure 7. Specific capacity/voltage/energy density plot for various
cathode materials.16,53
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change in the electrochemical profile and the capacity decay
during cycling.

■ ASSOCIATED CONTENT

*S Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.inorg-
chem.5b02687.

Refined crystal structure data; XPS spectrum of VO2F;
EDS, SEM, and vanadium Kα mapping of the Li anode;
electrochemical performance of VO2F coated with
carbon black; and EIS spectra for various states (PDF)

■ AUTHOR INFORMATION

Corresponding Author

*E-mail: maximillian.fichtner@kit.edu.

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

Financial support by EU-RTD “Hi-C” (“Novel in situ and in
operando techniques for characterization of interfaces in
electrochemical storage systems”) in the Seventh FP (Grant
Agreement 608575) is gratefully acknowledged. The authors
acknowledge the support by the Karlsruhe Nano Micro Facility
(KNMF) for electron microscopy and spectroscopy. V.S.K.C.
acknowledges Dr. Christian Kübel and Prof. Dr. Horst Hahn
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Table S1. Refined crystal structure of VO2F in space group R-3c.  

site type Wyckoff site x y z occ. Beq. [Å²] 

V1 V5+ 6a 0 0 0 1 2.5(1) 

O1/F1 
O2- 

18e 0.4222(4) 0 ¼ 
0.6667 

1.8(1) 
F- 0.3333 

a [Å] 5.1239(5) c [Å] 13.005(1) Rwp [%] 5.2 GOF 1.1 

V 1.2 d(V-O/F) [Å] 1.877(1) 
!(O/F-V-O/F)  

!(V-O/F-V) [°] 

89.98(1) / 90.02(1) / 180 

155.5(7) 
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Figure S1: V 2p spectra of the VO2F sample 

 
 
Figure S1 presents the V 2p fitting of the VO2F sample. The obtained BE values are for V 
2p3/2  516.7 eV,  V 2p1/2  524.1eV and a V 2p1/2  - V 2p3/2  splitting with 7.4 eV confirming 
V+5 oxidation state.1 
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Figure S2. EDS, SEM and Vanadium (Kα) mapping of Li anode 
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Figure S3. Discharge capacities of VO2F/Super C65 carbon black composite at different rates 

between the voltage range of 2.1 and 4.3 V versus Li/Li+. 
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Figure S4. Impedance spectra of the (a) fresh cell, (b) after first discharge to 2.1 V and (c) 

after first charge to 4.2 V  
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ABSTRACT: Li2VO2F with the cation-disordered rock-salt structure is
an attractive high-energy-density positive electrode material but suffers
from severe capacity fading upon cycling. The underlying reasons are
yet unclear. In this study, we unveil the overlooked role of vanadium
dissolution and electrode−electrolyte interactions and provide insight
into the failure mechanism. Interfacial reactions, in general, can be
tuned by either surface coatings or the modification of the electrolyte
chemistry. Here we modify the interfacial reactions through the use of a
concentrated electrolyte 5.5 M LiFSI in dimethyl carbonate, effectively
reducing vanadium dissolution. Moreover, it results in a lower
interfacial resistance build-up as compared to conventional 1.0 M
LiPF6 electrolyte, thus increasing the cycling stability. The solubility of
vanadium enhances significantly with higher oxidation states.
Furthermore, a chemical prelithiation strategy has been presented, which allows the full lithiation of VO2F to Li2VO2F, with
an outlook on the intermediate phases. We argue that the optimization of cathode−electrolyte interactions is of significant
importance to improve the cycling performance of disordered rock-salts, where a thorough understanding of the limiting factors
is still missing.

■ INTRODUCTION

Improving the energy density of rechargeable batteries is one
of the core objectives in the energy storage field. Open to
debate, the positive electrode material is the bottleneck to
improve the specific energy of lithium-ion batteries. State-of-
the-art layered rock-salt oxides such as LiCoO2 and
LiNi1/3Mn1/3Co1/3O2 exhibit stable specific capacities between
145−165 mAh g−1 but practically could not exceed specific
capacities higher than 200 mAh g−1 with high cycling
stability.1−3 With the discovery of facilitated lithium diffusion
in Li-rich disordered rock-salts, this class of compound has
evolved into a potential high-capacity cathode material.4 This
finding has opened a new perspective in the search for cathode
materials showing only minor or no cation mixing. The
chemical space for the cathode design, which is traditionally
dominated by Ni-, Mn-, and Co-based oxides, has been
broadened. Today already a large number of high capacity

positive electrode materials with disordered rock-salt structure
have been reported.5−8 The commonly pursued approach
comprises the formation of a hypothetical solid-solution
between a divalent or trivalent transition metal with a high-
valent charge compensator. These include Ti4+,9 Zr4+,10 Sb5+,11

Nb5+,12 and Mo6+6 where the transition metal is anticipated to
be electrochemically inactive. Nevertheless, oxygen redox can
partially reverse this penalty by contributing to the overall
capacity beyond the transition metal redox capacity. This
method exhibits two disadvantages: one is a heavier framework
structure leading to lower specific capacity, and second, the
introduced transition metal offers no redox capacity or is active
in an impractical voltage window. An alternative approach is
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based on the use of transition metals suitable for multiple
electron transfers, such as V3+/5+,13,14 Cr3+/5+,15 and Mo3+/6+,16

which exhibit lower average potentials. Attempts to increase
the average voltage by introducing an additional transition
metal with high voltage redox-couples have shown limited
success. On the contrary to layered rock-salt and spinel
compounds, the unusual distribution of local cation environ-
ments in disordered rock-salts gives rise to the substitution of
high levels of oxygen by fluorine.17 Anion substitution has been
shown to increase the average voltage of these oxyfluoride
materials in some cases. Hereby, the average oxidation state

decreases (for example Li2M
4+O3/Li2M

3+O2F), which can

mitigate oxygen release by increasing the cationic charge

reservoir.18 Substitution of O2− with F− can be used to

introduce lithium-excess (for example LiM3+O2/Li2M
3+O2F)

as an alternative approach to the conventional high-valent

doping with heavy, redox-inactive elements and therefore offers

higher theoretical capacities. Although new materials and

design concepts have been introduced, high cycling stability

with minor capacity fading has yet to be demonstrated. In

order to avoid oxygen redox with irreversible O2 gas release,

Figure 1. (a) HRTEM images of VO2F with an inset along the [001] zone axis. (b) EELS of VO2F with valence loss region, overlapped vanadium
L2,3 edge, and oxygen K-edge, fluorine K-edge. (c) Synchrotron XRPD for rhombohedral VO2F (R3̅c). (d) Synchrotron XRPD for cubic Li2VO2F
(Fm3̅m) carbon composite. (e) XRPD for cubic Li2−xVO2F (Fm3̅m). (f) Schematic illustration of the crystal structures for rhombohedral VO2F and
cubic Li2VO2F.
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Figure 2. Cycling measurements were conducted in the voltage between 4.1 and 1.3 V unless stated otherwise. Charge−discharge profile of (a)
Li2VO2F and (b) Li2−xVO2F at 20 mA g−1 with corresponding dQ dV−1. (c) Cycling stability for various specific currents. (d) Cycling stability of
Li2−xVO2F for different cut-offs. (e) Cycling stability of Li2−xVO2F at 100 mA g−1 for 1.0M-LiPF6 and 5.5M-LiFSI. (f) Rate capability test for
Li2−xVO2F for 1.0M-LiPF6 and 5.5M-LiFSI. Respective charge−discharge profile from rate capability test at different specific currents for (g) 1.0M-
LiPF6 and (h) 5.5M-LiFSI.
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maximizing the transition metal redox by employing elements
capable of multielectron transfers is promising.
Li2VO2F with a disordered rock-salt structure has a

theoretical capacity of 462 mAh g−1 based on a 2 electron
reaction (V3+/5+ redox reaction).13,14,19−21The thermal insta-
bility of Li2VO2F (decomposition >250 °C) imposes
challenges in the synthesis and modification of the material.19

Li2VO2F has been synthesized by a direct mechanochemical
synthesis route and through electrochemical lithiation of
rhombohedral VO2F perovskite accompanied by an irreversible
phase transition to the cubic disordered rock-salt Li2−xVO2F
end phase. Li2VO2F is an attractive high-energy-density
positive electrode material, but according to recent reports21,22

suffers from severe capacity fading upon cycling. The reasons
for the capacity fade were still unclear. In our earlier work on
VO2F,

13 vanadium deposition was found on the anode and
suspected to be a source for capacity degradation. There are a
variety of possible side reactions of positive electrode
materials including acid−base interactions with HF and
PF5(strong Lewis acid), which are inevitably present or were
formed with LiPF6 electrolytes, can lead to metal dissolution.23

LiFSI salt is chemically more stable as compared to
conventional LiPF6 and promises to alleviate these side
reactions.24

In this work, we focus our efforts on the critical aspect of the
electrode−electrolyte interaction of Li2−xVO2F, in order to
better understand the degradation mechanism and the
influence of the electrolyte thereof. We have used a
concentrated 5.5 M LiFSI dimethyl carbonate (DMC)
electrolyte (1:2.16 molar ratio salt to solvent)25,26 and
compared it to standard 1 M LiPF6 in DMC and ethylene
carbonate (EC) electrolyte. The influence of the electrolyte on
the cycling performance of Li2−xVO2F has been elaborated. X-
ray photoelectron spectroscopy (XPS) and electrochemical
impedance spectroscopy (EIS) were used in order to
chemically and electrochemically analyze the interfaces of the
electrodes. Complementary to XPS, Raman mapping was
conducted at the anode side to investigate and map the metal
deposition. The dissolution of vanadium from the positive
electrode for both electrolytes was compared and quantified for
different states of charges. Structural changes and the charge-
compensation mechanism was investigated by X-ray diffraction
and absorption methods. Evolving gaseous products during
cycling were investigated by differential electrochemical mass
spectrometry (DEMS).

■ RESULTS AND DISCUSSION

Synthesis and Characterization. For the electrochemical
lithiation of VO2F to Li2−xVO2F, cells have been constructed
and then discharged to 1.3 V versus Li/Li+ at 20 mA g−1

current, exhibiting a discharge capacity of 450 mAh g−1, which
corresponds to 1.7 Li per formula unit (f.u.). The synthesis of
R3̅c VO2F has been adopted from our previous work.13 In the
literature,21 the electrochemical lithiation up to 1.75 Li per f.u.
has been reported for the first discharge, similarly to our
finding of 1.7 Li per f.u. Hence, the question about the ability
to reach full lithiation remained. Here we show the accessibility
up to 2 Li per f.u. is possible by chemical lithiation with the
reducing agent n-butyllithium (nBuLi) with a relative
reduction potential of ∼1.0 V vs Li+/Li0.27 The electrochemi-
cally synthesized compound is denoted by Li2−xVO2F due to
the off-stoichiometry, and the chemically synthesized is de-
noted by Li2VO2F. The high-resolution transmission electron

microscopy (HRTEM) image of VO2F along the [001] zone
axis with an overview is shown in Figure 1a and reveals the
typical morphology for mechanochemically synthesized
compounds, showing larger agglomerated particles composed
of smaller grains.28,29 The individual particles are in the range
of 20−50 nm. All elements V, O, and F are present, with the
vanadium being in the +5 oxidation state, as shown by electron
energy loss spectroscopy (EELS) in Figure 1b. The XRPD
pattern of the pristine VO2F with a rhombohedral structure
(space group R3̅c) is presented in Figure 1c. The refined lattice
parameters are a = b = 5.1345(3) Å, c = 13.008(1) Å and
volume V = 296.99(4) Å3. The X-ray powder diffraction
(XRPD) of Li2VO2F and Li2‑xVO2F are shown in Figures 1d, e,
respectively. Both compounds are refined in the cubic
disordered rock-salt-type structure with the Fm3̅m space
group. The refined lattice parameter for Li2VO2F is a =
4.1183(6) Å, and that for Li2‑xVO2F is a = 4.1180(26) Å. The
lattice parameters deviate slightly due to the differences in
composition. Figure 1f shows the schematic transition of the
crystal structure from the rhombohedral VO2F to the cubic
Li2VO2F. In the case of the chemically lithiated Li2−xVO2F, a
12 h immersion time led to a mixture of intermediate
hexagonal phases and the cubic cation-disordered phase, which
is shown in Figure S1 and the lattice parameter are given in
Table S1.

Electrochemistry. We compared the electrochemical
properties of Li2VO2F and Li2−xVO2F. The compounds were
tested in the voltage range of 1.3−4.1 V at 20 mA g−1 current
density. It is important to note that a 2e− transfer corresponds
to a specific capacity of 463 mAh g−1 for Li2VO2F and to 526
mAh g−1 for VO2F (Li2−xVO2F) due to the lighter framework.
For the first discharge, Li2VO2F exhibited a specific capacity of
355 mAh g−1 (1.53 Li per f.u.) with a sloping voltage profile, as
shown in Figure 2a. The corresponding differential capacity
versus voltage plots shows a broad peak centered at 2.5 V.
Figure 2b shows the first discharge of VO2F, exhibiting a
specific capacity of 440 mAh g−1 (1.67 Li per f.u.). The first
cycle shows a comparably high irreversible capacity, which we
observed already in our previous work on the delithiation of
rhombohedral LixVO2F.

13 A closer look at the corresponding
differential capacity (dQ dV−1) versus V plot shows several
peaks for the first discharge but only one peak for the
consecutive cycles. This can be attributed to the irreversible,
rhombohedral to cubic phase transition during the first cycle.
For the second cycle, both compounds show a similar sloping
voltage profile centered at ∼2.5 V, indicating the chemical
similarity of both compounds. Figure 2c shows the cycling
stability for different specific currents at 10, 20, 50, and 100
mA g−1 for Li2−xVO2F and at 50 mA g−1 for Li2VO2F.
Li2−xVO2F shows for the same current density better cycling
stability. It is noteworthy that the capacity retention is lower
for slower cycling and increases with the current density. This
could hint at a chemical instability of the material when in
contact with the electrolyte, as lower rates mean longer contact
times. Figure 2d shows the cycling stability for various cutoff
voltages at 100 mAh g−1. The voltage window limits the
governing redox reactions and, therefore, the amount of
inserted/extracted lithium. The voltage window has been
varied systematically by fixing either the upper cutoff to 4.1 V
or the lower cutoff to 2.0 V and gradually changing the
window. In this respect, lowering the cutoff increases the
specific discharge capacity drastically due to the sloping profile.
On the contrary, increasing the upper cutoff from 4.1 to 4.5 V
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also enhances the capacity fading. The capacity retention
decreases for higher cut-offs (>4.1 V) and slower cycling,
which indicates possible side reactions and instabilities of the
electrode−electrolyte interface.31 Finally, a concentrated 5.5
M lithium bis(fluorosulfonyl) imide (LiFSI) in dimethyl
carbonate electrolyte32 was used and compared to a conven-
tional 1.0 M LiPF6 in ethylene carbonate and dimethyl
carbonate (1:1 w/w) electrolyte. Hereafter we will use the
notation 5.5M-LiFSI and 1.0M-LiPF6, respectively. The cycling
stability has been studied at a specific current of 100 mA g−1 in
the cycling window between 4.1 and 1.3 V, as shown in Figure
2e. For both electrolytes high irreversible capacity was
observed for the first cycle. For the cells with 5.5M-LiFSI,
the cycling stability increased significantly, exhibiting a specific
capacity of 155 mAh g−1 after 200 cycles compared to the cells
with 1.0M-LiPF6 electrolyte exhibiting only 30 mAh g−1.
Figure 2f illustrates the rate performance with both electro-
lytes, which involved five consecutive cycles at a constant
specific current at 20, 50, 100, 200, 400, and 800 mA g−1. The
cells with 1.0M-LiPF6 exhibited a capacity of 345, 302, 275,
248, 208, and 117 mAh g−1 for the second cycle of each
current step. For 5.5M-LiFSI, the corresponding values were
364, 349, 321, 289, 249, and 190 mAh g−1. For higher cycle
numbers, the discharge capacity deviates more due to
comparably higher capacity fading of the cells with 1.0M-
LiPF6 electrolyte. Figures 2g,h show the charge−discharge
profile of the second cycle of each current range from the rate-
capability test. The molar ratios of solvent and salt of both
electrolytes have to be considered to understand the cause for
the differences. The molar ratio of solvent to salt corresponds
to 13.6:1 for 1M-LiPF6 and 2.16:1 for 5.5M-LiFSI, which gives
rise to different coordination and solvation of the ions. For the
concentrated electrolyte, the ions are expected to form mostly
contact ion pairs and aggregated solvate clusters, which can
explain the relatively higher viscosity and can lead to a decrease

in the ionic conductivity.25,33 Surprisingly, the rate capabilities
are comparable for both electrolytes, which can principally be
attributed to the improved electrolyte stability in terms of
reduced solvent (unsolvated) availability and possible
sacrificial anion reduction, which is hypothesized to lead to
lowered interfacial resistances.

Degradation Mechanism: Electrode−Electrolyte In-
teractions. The results highlight the importance of the
optimized electrolyte on the cycling stability of Li2−xVO2F. It is
generally accepted that all positive electrode materials react
with the commonly used electrolytes, which leads to possible
passivation.31 Complementary investigations were carried out
with a focus on the electrode−electrolyte interactions at the
positive electrode. The lithium electrode of an aged cell was
investigated by X-ray photoelectron spectroscopy (XPS) and
Raman spectroscopy. XPS was used to probe the oxidation
state of the deposited vanadium on the lithium anode surface;
the V 2p core level is shown in Figure 3a. The deconvolution
of vanadium gives the V 2p3/2 peak at 516.1 eV and the V 2p1/2
peak at 523.5 eV, respectively, and indicates the +4 valence
state of vanadium.34 Furthermore, a surface mapping of
vanadium on cycled Li has been done by Raman spectroscopy.
It should be noted that Raman spectra are very sensitive to
crystal symmetry, coordination geometry, and oxidation states,
which make a profound analysis difficult. In the current study,
we used Raman only to map the vanadium deposits on the
lithium anode. Figure S2 shows the Raman spectra of a cycled
Li surface together with the V2O5 reference spectra. The
spectra illustrate the deposition of an amorphous VOx-like film
on the cycled lithium surface, with the majority of vanadium in
the V4+ oxidation state. This observation is in accordance with
the XPS results. Figure 3b shows the Raman mapping of
vanadium on the cycled Li surface using the intensity of the
vanadium ∼ 900 cm−1 peak, which is the most intense peak

Figure 3. (a) XPS V 2p core level of the vanadium deposited on the anode. (b) Raman spectral imaging of VOx thin films formed on the
cycled lithium anode surface. EIS measurements on the positive electrode for different cycles. (c) 1.0M-LiPF6. (d) 5.5M-LiFSI.
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and mainly originates due to the stretching vibration of the
vanadyl bonds.35,36

In order to understand the origins of the performance
improvements for Li2−xVO2F, electrochemical impedance
spectroscopy (EIS) analysis was performed on cycled cells.
Furthermore, vanadium dissolution was qualitatively probed
for both electrolytes. EIS was measured for the positive
electrode at the discharged state after the first formation cycle
and the 50th cycle using a three-electrode cell set up at 25 °C.
The Nyquist plots for the positive electrode with 1.0M-LiPF6
and 5.5M-LiFSI are shown in Figure 3, respectively. The
Nyquist plots show a suppressed semicircle, at the high-
frequency region, which can be attributed to the surface film
resistance (R1) and the charge transfer resistance (R2) at the
electrode−electrolyte interface. The Warburg line is attributed
to the diffusion of the Li+-ions to the bulk phase (Warburg
element). R1 resistances for 1.0M-LiPF6 after the second cycle
and 50th cycle were 4.1 Ω cm2 and 6.6 Ω cm2, respectively.
The corresponding R1 values for 5.5M-LiFSI were 22.1 Ω cm2

and 20.9 Ω cm2, respectively. The relatively larger R1 values
for 5.5M-LiFSI could be due to the high viscosity of
concentrated electrolyte or as a result of a more dense surface
film due to the decomposition of LiFSI salt. The charge
transfer resistances R2 for 1.0M-LiPF6 after the second cycle
and 50th cycle were 30.5 Ω cm2 and 99.2 Ω cm2, respectively.
The corresponding R2 values for 5.5M-LiFSI were 17.3 Ω cm2

and 23.9 Ω cm2, respectively. Remarkably, unlike the
significant increase of the charge-transfer resistance by
∼225% for cells with 1.0 M-LiPF6, the resistances of the
cells with 5.5M-LiFSI increased only slightly by ∼38%. The
lower charge-transfer resistance could be due to the formation
of a more conductive and stable passivation layer at the
cathode−electrolyte interface.37,38 Furthermore, we argue that
in the case of the concentrated electrolyte, dissolution and
migration of transition metal can be suppressed due to the
lower quantity of unsolvated solvent molecules. The use of
concentrated electrolytes with LiFSI can, therefore, increase
the cycle life of Li2‑xVO2F.
For the dissolution study, VO2F and nominal “Li1.7VO2F”

have been immersed in both electrolytes for 7 days at 45 °C
with an electrolyte to electrode material ratio of 50 g/L.
Afterward, the amount of vanadium in the electrolyte was
determined by inductively coupled plasma-optical emission
spectrometry (ICP-OES), and the results are summarized in
Table 1. This study gives a clear indication of vanadium
dissolution from the positive electrode into the carbonate
electrolytes. The pristine VO2F shows a ∼20 times higher
solubility as compared to the lithiated compound in the
conventional 1.0M-LiPF6 electrolyte. It was found that
vanadium dissolution is reduced in the concentrated 5.5M-

LiFSI electrolyte showing 3 times lower solubility as compared
to 1.0 M-LiPF6.
In order to correlate the quantity between deposited

vanadium on the anode and the capacity loss, cells have
been cycled between 4.5 and 1.3 V at a specific current of 100
mAh g−1 and analyzed after 50 cycles as shown inTable 1. After
50 cycles Li2−xVO2F cycled with 5.5 M LiFSI and 1.0M-LiPF6
exhibited a discharge capacity of 277 mAh g−1 and 199 mAh
g−1 corresponding to 63% and 50% of the initial capacity,
respectively. The loss of capacity due to active material loss is
significantly smaller <2% as the total capacity loss based on the
measured specific capacity. Interestingly, vanadium dissolution
for the cycled cells is ∼6 times lower for the concentrated
electrolyte. The active material loss cannot account for the
capacity fading but could lead to increased interfacial reactivity
and catalytic decomposition of the electrolyte, which could
increase capacity fading.39 The discrepancy in the ratios
determined for both methods can be due to higher electrolyte
reactivity at 45 °C, different contact times with the electrolyte,
varying state of charge influencing the dissolution rate, and
possibly differences in the cathode−electrolyte interface, which
changes with cycling.40 The deposited vanadium was found
predominantly in the +4 oxidation states, and the dissolution
was enhanced for the pristine state with the oxidation state +5;
we argue that higher oxidized vanadium is more soluble in
carbonate electrolytes. The values we derived must be viewed
with caution as we used elevated temperatures and higher
active material to electrolyte ratio as compared to test cells,
which can increase dissolution but qualitatively gives the right
trend. Combining the ICP-OES results and the impedance
measurements, we clearly demonstrate that the concentrated
LiFSI electrolyte approach was effective in lowering the
positive electrode material resistance and in suppressing V
dissolution. As a consequence, the cycling performance was
improved significantly, but the capacity fading is still
pronounced. Although nanosized material is favorable in
terms of kinetics offered, it possibly can promote the surface
reactivity with the electrolyte due to increased surface area. A
detailed mechanistic understanding of the degradation
mechanism on the recently discovered Li-rich disordered
rock-salts is missing. In the literature performance degradation
has been directly correlated with oxygen redox/loss and the
associated surface-densification.41,42 Furthermore, surface-
densification can lead to the loss of the lithium-excess,
disturbing the lithium percolation and impeding the Li
diffusion.18

Reaction Mechanism. In order to elucidate the charge
compensation mechanism for Li2−xVO2F, we measured V K-
edge XANES for different states of charge, as shown in Figures
4a, b. The comparison of the V K-edge for VO2F with V2O5

reference confirms the oxidation state to be V5+. VO2F shows a
weak pre-edge peak located at 5469 eV, which originates from
the transition to 3d states of vanadium hybridized with 4p in
the distorted octahedral environment.43 Upon discharge
(lithiation) from OCV (pristine state) to 1.3 V, the absorption
edge shifts to lower energies, close to the position of the
reference compound Li2VO2F with V3+ as shown in Figure 4a.
This trend agrees with the observed discharge capacity,
corresponding to 1.7 Li per f.u. and an oxidation state of
∼3.3. With deviation from octahedral symmetry, pre-edge peak
intensity typically increases. Furthermore, it depends on the
number of d-electrons and is maximized for the d0-
configuration.43 The increase of the pre-edge intensity after

Table 1. Dissolution of Vanadium in the Electrolyte at 45
°C for the Pristine and Discharged States

V dissolution %

Compounds 1.0 M LiPF6 5.5 M LiFSI

VO2F 4.49 ± 0.13 1.55 ± 0.04

Li1.7VO2F 0.22 ± 0.01 0.02 ± 0.01

Li2−xVO2F
a3.51 ± 0.04 b1.15 ± 0.03

V concentration on Li Anode after 50 cycles

Li2−xVO2F 1.8 ± 0.10 0.30 ± 0.05

ax = 1.37. bx = 1.45 and vanadium deposit on anode after 50 cycles.
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discharge indicates a structural distortion. Upon charging, the
V absorption edge shifts to higher energy values but does not
recover to the edge position of the pristine V5+ state, as shown
in Figure 4b. This observation is in accordance with the first
cycle irreversibility. Recently, the first cycle irreversibility in
cation-disordered oxyfluoride systems has been rationalized by
the Ceder group8,44 with the lithium-gettering effect
introduced by fluorine (Li-rich sites around F), preferentially
becoming undercoordinated for high delithiation degrees,
which results in a stronger bond between Li−F and
necessitates higher extraction voltages for these Li+-ions.
In-situ differential electrochemical mass spectrometry

(DEMS) measurements were conducted for Li2VO2F. The
upper cutoff voltage was varied from 4.5 V in the first cycle to
4.8 V for the second and third cycles. Figure S3 compares the
potential and gas evolution profiles for the first three cycles.
CO2 evolution started at 3.6 V and increases along with the
potential and can be attributed to the electrochemical
electrolyte oxidation.45,46 For the second cycle with the higher
cutoff, CO evolution was observed at 4.7 V, which can possibly
be attributed to the oxidation of conductive carbon.47

Summary. In summary, we have investigated the failure
mechanism of Li2−xVO2F from the perspective of the cathode−
electrolyte interactions. The cycling stability significantly
improved by using a concentrated electrolyte with 5.5 M
LiFSI in DMC. Vanadium dissolution is a critical issue and can
be suppressed with concentrated electrolytes. In particular, the
lowered vanadium solubility and the reduced interfacial
resistances were found to increase the cycling stability. The

capacity loss due to the active material loss through dissolution
is considerably smaller than the total capacity fading.
Therefore, improvement in cycling stability can be attributed
to improved cathode−electrolyte interactions. Yet, the cycling
stability continuously decreases and hints toward other
degradation mechanisms. V K-edge XANES results show that
charge-compensation is associated with V3+/V5+ redox reaction
accounting for the measured reversible capacity. The
reoxidation to V5+ is incomplete and leads to high first cycle
irreversibility. Furthermore, we demonstrated the feasibility to
synthesize Li2VO2F by chemical lithiation of VO2F with n-
BuLi. We propose vanadium dissolution and interfacial
reactivity as an additional constraint for the realization of
vanadium-based disordered rock-salts with high cycling
stability. The presented findings are expected to benefit
other systems containing transition metals prone to dis-
solution.

■ EXPERIMENTAL SECTION

Synthesis. VO2F. The synthesis procedure was adapted from our
previous work.13 Stoichiometric amounts of V2O5 and VOF3 were
milled with 600 rpm for 20 h using a Fritsch P6 planetary ball mill
with an 80 mL silicon nitride vial and silicon nitride ball with a ball to
powder ratio of 15:1.

Li2VO2F. Chemical lithiation was carried out in a Schlenk tube
under argon atmosphere in a cold bath of dry ice/acetone mixture
(−78 °C). To a suspension of VO2F in dry hexane was added at once
2.1 equiv of n-butyllithium (2.5 M in hexane). The suspension was
stirred overnight. For complete lithiation, the suspension was heated
to 50 °C and stirred for 2 more days and then filtrated and washed
several times with hexane.

5.5M-LiFSI electrolyte: LiFSI (Nippon Shokubai) and DMC
(BASF) with battery grade. Electrolyte solutions were prepared by
mixing the appropriate quantity of LiFSI and the solvent (5.5 mol
LiFSI in 1L DMC). The obtained electrolyte was a clear solution.

Electrochemical Measurements. Electrochemical tests were
carried out in Swagelok-type cell using lithium as a counter electrode.
Electrode slurries were made of 90 wt % composite and 10 wt %
polyvinylidene difluoride (PVDF) binder with N-methyl-2-pyrroli-
done (NMP) as a solvent. The composite consists of active material
and Super C65 carbon black in a weight ratio of 80:20. The mixed
slurry was coated on an aluminum foil by a doctor blade technique
and dried at 120 °C for 12 h under vacuum. Each working electrode
(12 mm diameter) contained approximately 3 mg of active material,
and Li foil was used as a counter electrode. LP30 from BASF
(ethylene carbonate/dimethyl carbonate, 1:1 weight ratio with 1 M
LiPF6) was used as the electrolyte. Temperature controlled
galvanostatic charge−discharge experiments were conducted at 25
°C in climate chambers using an Arbin electrochemical workstation.

Electrochemical impedance spectroscopy (EIS) was performed
using a three-electrode PAT-Cell (EL-CELL, Germany) with Li ring
as reference electrode and Li metal (18 mm) as the counter electrode.
The working electrode size was 18 mm and aluminum as the current
collector. The experiments were conducted using a Bio-Logic
electrochemical workstation with an applied sinusoidal excitation
voltage of 10 mV in the frequency range 200 kHz−0.1 Hz.

Differential Electrochemical Mass Spectrometry (DEMS).
The in situ gas analysis was performed by use of differential
electrochemical mass spectrometry (DEMS). The setup has been
described elsewhere.46,48 Custom cells with gas in- and outlets were
assembled in an argon-filled glovebox. The cathodes used were 40
mm diameter with a 4 mm hole for proper gas extraction. GF/A (42
mm diameter, GE Healthcare Life Sciences, Whatman) was used as
separator, 600 μL of LP47 (1 M LiPF6 in ethylene carbonate/diethyl
carbonate, 3:7 by weight, BASF SE) as electrolyte, and 600 μm-thick
Li metal foil (Albemarle Germany GmbH) with a diameter of 40 mm
as counter-electrode. A constant carrier gas flow (2.5 mLHe/min,
purity 6.0) was applied during DEMS measurements for gas

Figure 4. (a) V K-edge XANES for Li2−xVO2F measured at different
voltages for the first discharge starting from OCV to 1.3 V. (b) V K-
edge XANES measured at different voltages for the first charge.
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extraction. The gas was analyzed via mass spectrometry (GSD 320,
OmniStar Gas Analysis System, Pfeiffer Vacuum GmbH). After each
run, a calibration gas of known composition was introduced to
quantify the measured ion currents.
X-ray Diffraction. Synchrotron X-ray powder diffraction (XRPD)

experiments were performed at the Swiss-Norwegian Beamline
(SNBL), beamline BM01, at the European Synchrotron Radiation
Facility (ESRF). The powdered samples were filled in 0.5 mm quartz
capillaries and sealed with wax under an argon atmosphere. XRPD
data were collected using a PILATUS 2 M area detector from
DECTRIS, a sample-to-detector distance of 142.27 mm, beam size of
0.2 × 0.2 mm, a wavelength of 0.68202 Å, a 20° rotation of the
capillary, and an exposure time of 20 s. The data were converted to
conventional one-dimensional powder patterns using the FIT2D
software·49 The electrochemically lithiated Li2−xVO2F powder sample
was sealed in between polyimide foil under an argon atmosphere.
Powder diffraction data was recorded on a HUBER diffractometer
with a RIGAKU micro focus rotating-anode (Mo Kα1,2 radiation), a
2D collimating multilayer optic, and a PILATUS 300 K-W detector.
The area detector data were converted to one-dimensional powder
patterns using the pyFAI software.50

Raman. Raman measurements of the surface of cycled Lithium
were conducted using an ECC-Opto-Std [EL-CELL GmbH]
electrochemical cell. The washed lithium after battery cycling was
kept at the electrode side of an ECC-Opto-Std [EL-CELL GmbH]
cell and sealed with a thin optical glass window (0.15 mm) and made
airtight with a rubber seal. The whole cell was fabricated inside a
glovebox. The Raman spectra and mapping were acquired using an
inVia confocal Raman microscope (RENISHAW) with a 532 nm laser
excitation source in the spectral range 600−1000 cm−1. A grating was
used as a dispersion element with a groove density of 2400 l/mm. The
slit opening of the confocal system was fixed at 65 μm and centered at
1859 μm, respectively. The laser was focused on the sample using a
20× objective. The nominal laser power was filtered down to 4 mW to
avoid sample overheating. Every spectrum recorded resulted from an
average of 2 acquisitions of 5 s each. The data were analyzed using
inVia WiRE 4.4 Sof tware.
TEM. High-resolution transmission electron microscopy

(HRTEM) imaging was performed on a Titan 80-300 TEM equipped
with an objective lens spherical aberration (Cs) corrector and
operated at 80 kV. EELS spectra were acquired using a Gatan-Tridiem
spectrometer attached to the TEM. The energy resolution was
determined to be 0.60 eV. Short exposure times in the order of 0.05−
0.1 s were used during the acquisition of the spectrum. The spectra
were corrected for multiple scattering by using the Fourier-log
deconvolution method. For the O−K V L 2,3 and F−K edges, the
acquisition times were in the order of 5 s. The background
contribution at the F−K, O−K edge, and V L 2 3 edges was
subtracted after fitting of the background using a power law AE−r,
with E being the energy loss and A and r being constants. In order to
remove the effects of the multiple scattering, core-loss spectra were
deconvoluted with the low loss spectrum.
XANES. The V K-edge XANES spectra were measured with a

laboratory Rigaku R-XAS spectrometer (Southern Federal University,
Russia) in transmission mode at room temperature with a crystal
monochromator Ge (311) at an energy resolution of 0.6 eV. The
material was extracted from the electrochemical cell at different
voltages and pressed into pellets. The latter was prepared in a
glovebox and sealed in a transparent X-ray bag under an inert
atmosphere for measurements. An argon-filled ionization chamber
(300 mbar pressure) was used to detect the intensity of the incoming
X-ray radiation, and a scintillation counter was used for the
transmitted intensity. The goniometer section of the spectrometer
was filled with helium buffer gas to avoid the air absorption of X-rays.
Ten spectra were acquired and averaged for each sample.
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Figure S1: Synchrotron XRPD pattern with Rietveld refinement of LixVO2F after the reaction 

with n-LiC4H9 after 12h (2 equivalents Li). The structural model contains two intermediate 

phases with hexagonal lattice and the final cation-disordered phase with cubic structure.



Figure S2: Raman spectra: (top) cycled lithium metal anode (bottom) V2O5 reference compound



Figure S3: DEMS measurements of Li2VO2F the first charge cycle at C/10 to 4.5 V and to 4.8V for 

second and third cycle. The cell voltage (dark blue) is shown together for m/z = 2 (H2), m/z = 44 (CO2) 

and m/z = 28 (CO) evolution.

Table S1: Structural parameter of LixVO2F. Sample Prepared by the chemical method for 12h 

reaction time.

Intermediate Phases LixVO2F

Phases LixVO2F-high Li LixVO2F-low Li Li2-xVO2F-disordered 
RS

Space group R-3c R-3c Fm-3m

a (Å) 5.026810.00275 5.044150.00252 4.125160.00061

c (Å) 14.413330.01093 13.843140.00998 -



V (Å3) 315.410.42 305.030.38 70.200.03
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ABSTRACT: Cation-disordered oxides have been ignored as positive
electrode material for a long time due to structurally limited lithium
insertion/extraction capabilities. In this work, a case study is carried out on
nickel-based cation-disordered Fm3 ̅m LiNi0.5M0.5O2 positive electrode
materials. The present investigation targets tailoring the electrochemical
properties for nickel-based cation-disordered rock-salt by electronic
considerations. The compositional space for binary LiM+3O2 with metals
active for +3/+4 redox couples is extended to ternary oxides with
LiA0.5B0.5O2 with A = Ni2+ and B = Ti4+, Zr4+, and V+4 to assess the impact
of the different transition metals in the isostructural oxides. The direct
synthesis of various new unknown ternary nickel-based Fm3 ̅m cation-
disordered rock-salt positive electrode materials is presented with a particular
focus on the LiNi0.5V0.5O2 system. This positive electrode material for Li-ion
batteries displays an average voltage of ∼2.55 V and a high discharge capacity of 264 mAhg−1 corresponding to 0.94 Li. For
appropriate cutoff voltages, a long cycle life is achieved. The charge compensation mechanism is probed by XANES, confirming
the reversible oxidation and reduction of V4+/V5+. The enhancement in the electrochemical performances within the presented
compounds stresses the importance of mixed cation-disordered transition metal oxides with different electronic configuration.

KEYWORDS: cation-disordered, nickel-based, cathode, lithium-ion battery, mechanochemical synthesis, vanadium

■ INTRODUCTION

Currently, the positive electrode is the limiting component that
determines energy density, rate capability, and the cost of
modern lithium-ion batteries. This results in a strong need for
the development of low-cost positive electrode materials with
good performance. Among various types of positive electrode
materials, research has been primarily focused on well-ordered
transition-metal oxide-based cathodes, e.g., layered LiMO2,
spinel-like LiM2O4, and Li2M2O4 systems.1−3 These material
classes are generally regarded as well-performing positive
electrode materials as they provide a stable framework
structure. This structures provide specific percolating Li sites
which are favorable for topotactic insertion and removal of
lithium ions. They also enable microscopic diffusion pathways
throughout the crystal structure.4 Having a well-ordered

structure with only minor or no cation intermixing that
furthermore maintains the structural integrity during operation
is considered mandatory to achieve good performance and long
cycle life. From the structural point of view, only a few selected
systems with distinct chemistries (cobalt containing, except for
polyanion-type) have been regarded as suitable candidates,
meeting these stringent requirements.5−7

Besides this widely investigated class of “well-ordered”
materials, there are also other fields for the discovery of
novel storage materials. One of these are cation-disordered
oxides with rock-salt structure (DRS). These materials have not
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received significant attention for a long time because their
performance does not match the level of state of the art
materials. Furthermore, they have the tendency of being
electrochemically inactive, in particular for microsized, well-
crystalline particles.8,9 Here, the random cation distribution
hinders sufficient percolation of the Li sites and impedes
microscopic diffusion throughout the crystal structure.10 Hence,
cation disorder was anticipated as an inevitable penalty.
Recently, and independently from each other, experimental
and modeling groups showed that this may not necessarily be
the case. Although cation disorder is anticipated as an inevitable
penalty, the Ceder11 group recently delivered a theoretical
concept with experimental proof based on percolation theory
calculations. These works reveal the hidden potential of Li-rich
disordered rock-salt structures. According to this concept, at
least 10% lithium excess is necessary to form percolating Li sites
in cation-disordered materials to enable microscopic diffusion
and high capacities. To the best of our knowledge, all shown
examples with high capacity are nanoscale material, which
stems from the fact that shorter diffusion pathways are
beneficial for kinetically limited systems. Cation-disordered
rock-salts are becoming increasingly interesting materials as a
consequence of these results.12−18 The general approach for the
rational design of new cation-disordered Li-excess rock-salt
phases is the introduction of the Li excess through the
formation of solid solutions between stoichiometric cation-
disordered LiMO2 and high valent Li-excess compounds such
as Li2MO3, Li3MO4, and Li4MO5. This approach is, however,
limited by the small number of presently known cation-
disordered rock-salt oxides.19 In this work, we expand this
number by working on LiA0.5B0.5O2-based ternary oxides. This
provides a broad compositional space to rationally design new
materials. This study proposes a practical methodology for the
identification of stable cation-disordered rock-salt compounds
and their electrochemical and structural characterization. We
demonstrate the feasibility of isovalent cation substitution of
Ti4+ in the well-known cubic compound LiNi0.5Ti0.5O2

20−22

with Zr4+ and V+4. To the best of our knowledge, the Zr4+ and
V+4 substituted systems have not been studied as positive
electrode material. The effect of the M+4 substitution on the
LiNi0.5M0.5O2 has been systematically investigated by means of
electrochemistry, density functional theory (DFT), and X-ray
absorption near edge structure (XANES) spectra with more
focus on LiNi0.5V0.5O2 cathode, which promises a good
compromise between high capacity and voltage as compared
to the other LiNi0.5M0.5O2 with M+4 = Zr and Ti.

■ EXPERIMENTAL SECTION

Synthesis. LNO-M compounds with a formal stoichiometry of
LiNi0.5M0.5O2 (M= Zr, Ti, V) were synthesized by high-energy milling
of stoichiometric amounts of Li2O, NiO, and MO2 with M = Zr, V,
and Ti for 20 h using a Fritsch P6 planetary ball mill with 80 mL
silicon nitride vial and silicon nitride balls, with a ball to powder ratio
of 20:1. All synthesis steps were carried out under inert gas
atmosphere (Ar). VO2 has been synthesized by comproportionation
of 1:1 V2O3 and V2O5.

23 NiO, Li2O, TiO2, and ZrO2 were purchased
from Alfa Aesar with a purity ≥99.5%. Only the case of LiNi0.5V0.5O2 is
sensitive to air, and moisture and needs to be carefully handled. High
temperature treatment of LiNi0.5V0.5O2 results in the formation of an
additional spinel phase, which could be due to the charge
disproportionation of V+4, which is not further discussed in this work.
Materials Characterizations. Synchrotron X-ray powder dif-

fraction (XRPD) experiments were performed at the Swiss-Norwegian
Beamline (SNBL), beamline BM01, at the European Synchrotron

Radiation Facility (ESRF). The powdered samples were filled in 0.5
mm quartz capillaries and sealed with wax under an argon atmosphere.
XRPD data were collected using a PILATUS 2 M area detector from
DECTRIS, a sample-to-detector distance of 142.27 mm, a beamsize of
0.2 × 0.2 mm, a wavelength of 0.68202 Å, a 20° rotation of the
capillary, and an exposure time of 20 s. The data were converted to
conventional one-dimensional powder patterns using the FIT2D
software.24 In-house X-ray powder diffraction data were collected
under rotation of the capillary on a STOE Stadi P diffractometer with
Mo Kα1 (λ = 0.7093 Å) using Debye−Scherrer geometry. The powder
samples were sealed in quartz capillary (0.5 mm in diameter) under an
argon atmosphere.

The X-ray absorption spectra at K-edge of Zr were collected at the
beamline “Structural Materials Science”25 using the equipment of
Kurchatov Synchrotron Radiation Source (Moscow, Russia). The
storage ring with an electron beam energy of 2.5 GeV and a current of
80−100 mA was used as the source of radiation. All spectra were
collected in the transmission mode using a Si (111) channel-cut
monochromator. The Ti and V K-edge XANES spectra were recorded
using an in-house Rigaku R-XAS spectrometer in transmission mode at
room temperature with a crystal monochromator Ge (220) and Ge
(311), correspondingly, and at an energy resolution of 0.6 eV, at the
Southern Federal University, Russia. Pellets were prepared in a
glovebox and sealed in an X-ray transparent bag under an inert
atmosphere. An argon-filled ionization chamber (300 mbar pressure)
was used to detect the intensity of the X-ray beam before the sample,
and a scintillation counter was used for the detection of transmitted
intensity. The goniometer section of the spectrometer was filled with
helium buffer gas to avoid the air absorption of X-rays. Ten spectra
were acquired and averaged for each sample.

Scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS) were carried out using the instrument LEO
GEMINI 1550 VP equipped with a Silicon Drift Detector (OXFORD
Instruments). Transmission electron microscopy (TEM) investiga-
tions were performed on a Tecnai F20ST transmission electron
microscope operated at 200 kV. Brunauer−Emmett−Teller (BET)
surface area analyses of the samples were performed with a
Micromeritics ASAP 2020 MP system.

Electrochemical Measurements. Electrochemical tests were
carried out in Swagelok-type cell versus lithium metal. Electrode
slurries were made of 90 wt % composite and 10 wt % polyviniylidene
difluoride (PVDF) binder with N-methyl-2-pyrrolidone (NMP) as
solvent. The composite consists of active material and Super C65
carbon black in a weight ratio of 80:20. The mixed slurry was coated
on an aluminum foil by the doctor blade technique and dried at 120
°C for 12 h under vacuum. Each working electrode (12 mm diameter)
contained approximately 3 mg of active material, and Li foil was used
as counter electrode. LP30 from BASF (ethylene carbonate/dimethyl
carbonate, 1/1 volume ratio with 1 M LiPF6) was used as electrolyte.
Cyclic voltammetry (CV) experiments for the cells were carried out
from 1.3 to 4.5 V at various scan rates 0.05−1 mVs−1 using a Bio-Logic
VMP-3 potentiostat at room temperature. Temperature controlled
galvanostatic charge−discharge experiments were conducted at 25 °C
in climate chambers using an Arbin electrochemical workstation.

Theoretical Calculations. The periodic DFT code VASP36 was
applied for an investigation of stability and electronic structure of
different Li2TMNiO4 compounds (with TM = Ti, Zr, V). While the
PBE functional was used to account for exchange and correlation, the
electron−ion interaction was described by the projector augmented
wave (PAW) method.37 Moreover, to take the localization of d-
electrons into account, the GGA+U correction was applied for Ni, V,
and (Ni 6.0 eV, V 3.1 eV), following the choice of Urban et al.19,38 To
computationally access the disordered rock-salt structure of these
compounds, the special quasi random structure approach was applied
for the construction of supercells corresponding to the stoichiometry
Li16TM8Ni8O32.

These supercells were optimized with respect to cell volume and
atomic positions. For this purpose, a 5 × 5 × 5 k-point mesh, using the
Monkhorst−Pack scheme, was chosen in combination with a cutoff
energy of 600 eV. In a next step, the structures were delithiated and
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also optimized using the same settings. From the total energies of the
lithiated and delithiated structures as well as bulk Li, the corresponding
average voltage was then calculated.

■ RESULTS AND DISCUSSION

For comparability reasons all cubic cation-disordered Li-
Ni0.5M0.5O2 (LNO-M) with M = Ti4+, Zr4+, V4+ were
synthesized in the Fm3 ̅m space group through a direct one-
step mechanochemical approach. Cation-disordered rock-salt-
like structures were verified for all compositions by XRPD.
Figure 1a shows the XRPD patterns of the LNO-M with M =

Ti, Zr, V for the Rietveld refinement shown in the Supporting

Information, Figure S1. None of the diffraction patterns
contains the characteristic (003) diffraction peak of layered
LiMO2 phases with the space group R3̅m. Thus, no evidence
was found for a layered long-range cation ordering. For a single
phase fit with a cubic Fm3 ̅m symmetry, the lattice constants
were estimated as LNO-Ti: a = 4.1551(4) Å, LNO-Zr: a =
4.2780(6) Å, LNO-V: a = 4.1504(5) Å. The elemental
mappings of the LNO-M (M = V, Ti, Zr) samples are
presented in Figures S2−S4, respectively. Figure 2a shows
transmission electron microscopy (TEM) pictures with a
corresponding HAADF STEM mapping for LNO-V. This

Figure 1. (a) XRPD for LNO-M with M = Ti, Zr, V. (b) Charge−discharge voltage profiles for LNO-M in the voltage range of 4.5−1.3 V at C/20
current rate. (c) Partial density of states (oxygen p- and metal d-states) for LNO-M as obtained from DFT.

Figure 2. (a) HAADF STEM micrograph and mapping of Ni, V, and O demonstrating the homogeneity of the elemental distribution for LNO-V.
(b) SAED patterns of the LNO-V sample. Indexing of the diffraction ring shows rock-salt Fm3 ̅m structure of LNO-V sample.
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confirms a homogeneous distribution of Ni and V. The
morphology of the particles is representative for mechano-
chemically synthesized compounds, showing larger agglomer-
ates with nanocrystalline particles in the range of 20−100 nm.
The respective selected area electron diffraction (SAED)
pattern is shown in Figure 2b and could be indexed to a
cubic Fm3̅m cation-disordered rock-salt phase.
Charge−discharge profiles for LNO-M with M= Ti, Zr, and

V are shown in Figure 1b. For a better comparison, the voltage

profiles are plotted as a function of lithium content cycled at C/
20 rate within the voltage range of 4.5−1.3 V. The plots are
stacked vertically to highlight the trends of the distinct redox
couples. The cyclic voltammograms in Figure S5 clearly
illustrate the oxidation/reduction voltage for all samples. The
theoretical capacities calculated on the base of 1e− transfer are
given in Table S1. LNO-Zr, Ti, and V show the feasibility to
extract 0.47, 0.59, and 0.94 Li in the first charge and insert 0.4,
0.60, and 0.87 Li during discharge, respectively. The observed

Table 1. Average Voltages and Computed Theoretical Voltages for LNO-M

formal stoichiometry abbreviation average voltage (V)a theoretical voltage GGA (V) theoretical voltage GGA+U (V)

LiNi0.5V0.5O2 LNO-V 2.55 2.78 3.44

LiNi0.5Ti0.5O2 LNO-Ti 2.65 3.22 3.90

LiNi0.5Zr0.5O2 LNO-Zr 2.42 3.08 3.70
aAverage voltage against Li/Li+ in the cycling range of 4.5−1.3 V.

Figure 3. (a) Cycling stability of LNO-V for different cutoff voltages at a current density of 10 mAg−1. (b) Long-term cycling stability of LNO-V for
different cutoff voltages at a current density of 10 mAg−1. (c) Charge−discharge voltage profile for LNO-V for different current densities in the range
of 4.5−1.3. (d) Cycling stability for LNO-V at different current densities in the voltage range of 4.5−1.3 V. (e) Cyclic voltammograms for LNO-V
for various voltage scan rates. (f) LNO-V sample with normalized peak current vs square root of the scan rate.
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trend is consistent with the understanding that d0-transition
metals do not participate in the redox mechanism as confirmed
by the XANES Ti−K and Zr−K edge shown in Figures S6a and
b. To gain further understanding of the experimental findings,
we conducted DFT calculations to assess the electronic
structures of the different materials. The calculated average
voltages of the different LNO-M compounds (Table 1)
together with additional details on the computational approach
are given in the Supporting Information. DFT results
qualitatively match to our experiment, see Figure 1b. For d0

electronic configuration, changing from LNO-Ti to LNO-Zr,
the voltage is decreasing. The same trend is observed for d1

electronic configuration when changing to LNO-V.
For the fully lithiated structures (LiNi0.5M0.5O2 stoichiom-

etry), the electronic density of states (DOS) was calculated, and
the corresponding partial DOS for TM d-electrons and oxygen
p-electrons was extracted, see Figure 1c. Not surprisingly, the
DOS of the group 4 transition metals (TM) (Ti and Zr)
containing compounds differ only slightly. There is a dominant
contribution of the oxygen p-states close to the Fermi level,
which points to a rather limited hybridization of oxygen p- with
the Ni d-orbitals. This is indicative for a strong anionic activity,
which may result in oxygen release under delithiation.26

Moreover, for both cases, the d-states of the additional TM
(Ti, Zr) are essentially zero from −2 eV to EF. Only below −2
eV an increased contribution of these d-states is evidenced. By
switching from M4+(d0) for Zr and Ti to M4+(d1) for V the
DOS, however, looks clearly different. For the V compound,
significant differences are apparent when compared to the
results on group 4 TMs. Interestingly, for the case of
LiNi0.5V0.5O2, the Ni pDOS appears quite similar to that of
the group 4 TMs. The V spectrum, however, differs strongly
from those of Zr or Ti. Indeed, there is a significant
contribution of the V d-states close to the Fermi level, so
that an oxidation of V before Ni is likely. Here, however, the
oxygen p-states are still dominant close to the Fermi level, again
indicating anionic activity and possible oxygen release under
delithiation.
Owing to the lighter framework structure of LNO-V and the

promising electrochemical properties, a deeper investigation
has been performed on this particular compound. Cycling
stability tests were carried out for different charge/discharge
cutoff voltages within the range of 4.5−1.3 V, as shown in
Figure 3a. When the cycling voltage is limited to 2.0 ≤ x ≤ 4.0
V, the voltage hysteresis is small, as shown in Figure 4.
Furthermore, we observe high capacity retention when this
cycling window is used, see Figure 3b. However, the small
cycling window reduces the reversible capacity, in this case to
160 and 101 mAh g−1 for a lower cutoff of x = 1.3 and 2.0 V,
respectively. For extended cycling windows, a clear increase in
voltage hysteresis can be observed at low and high potentials.
This suggests slow kinetics due to bulk diffusion in this
region.27 For the cutoff voltage in the range of 4.5−1.3 V a first
discharge capacity of 264 mAhg−1 corresponding to 0.92
lithium insertion was observed, yet with a relatively lower
capacity retention compared to electrodes with narrower
cycling range. The charge/discharge voltage profiles and cyclic
stability for LNO-V sample at various current rates (10−200
mAg−1) in the voltage range 4.5−1.3 V are depicted in Figures
3c and d. At higher current densities, an increase in polarization
and a decrease in accessible capacity are observed. Moreover, at
higher current densities, less capacity fading is observed during
cycling. Such irreversibility may occur partly because of side

reactions with the electrolyte or charged state instability of the
material, which was also previously observed for other
vanadium-based systems synthesized by the same meth-
od.28,29 The electrode performance can potentially be improved
by using electrolyte additives.30

To investigate LNO-V kinetics a CV analysis for various scan
rates (0.05−1 mVs−1) was performed. In Figure 3e, an increase
in the peak current and a separation in oxidation/reduction
peaks is observed for higher scan rates. Oxidation/reduction
peak currents (Ip) are proportional to the square root of the
scan rate (ν) as shown in Figure 3f, which indicates the lithium
insertion/extraction is controlled by a semi-infinite linear
diffusion process (please see the Supporting Information for
detailed study).31,32 The apparent lithium-ion diffusion
coefficients for LNO-V obtained from CV were ∼9.5 × 10−16

and 6.8 × 10−16 cm2 s−1, respectively, for the anodic and
cathodic reactions.
To assess the reaction mechanism, ex situ XRPD and X-ray

absorption spectroscopy (XANES) were applied for LNO-V for
different charge/discharged states. The cubic rock-salt structure
was maintained during charge/discharge (Figure S8a). For an
overlay of the pristine and second charge state LNO-V shown
in Figures S8b and c, intensity loss with an increase in
background was observed, indicating a partial amorphization,
which can manifest itself in a capacity loss and lower
Coulombic efficiency due to increased metal dissolution or
electrolyte side reactions. Moreover, only a slight peak shift was
noticed, and the volume change for lithium insertion/extraction
is very low, which is in line with observations for other V
containing disordered cubic rock-salt materials.18,29,33

Figure 5a shows the Ni K-edge confirming the oxidation state
to be +2 for the pristine state. For the charged state, the Ni
edge shifts to higher energy and returns back to its starting
position after discharge. In the XANES V K-edge spectra of
LNO-V (Figure 5b), the pristine state is compared to other V-
containing disordered rock-salt compounds, including refer-
ences like Li2VO3 and Li2VO2F. LNO-V is showing a similar
spectra as Li2VO3 with a weak pre-edge located at 5469 eV,
which can be attributed to the dipole transition due to p−d
hybridization on V in the distorted octahedral environment.34

Figure 4. LNO-V charge−discharge profiles for different cutoff
voltages at a current density of 10 mAg−1.
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The pre-edge intensity of LNO-V (d1 with V+4) is higher
compared to that of Li2VO2F (d2 with V+3). This can be
explained by the lower number of d-electrons and the increased
deviation from octahedral symmetry, hinting to a structural
distortion of LNO-V. The good agreement between Li2VO3

and LiNi0.5V0.5O2 absorption edges confirms the oxidation state
of V to be +4. Upon charging, the V absorption edge shifts to
the higher energy values close to the values of V2O5, as shown
in Figure 5c. Thus, the V oxidation state in charged LNO-V is
+5. Interesting to note is that the pre-edge peak intensity
drastically increases with the oxidation of V. Pre-edge peak
intensity is typically increasing with increasing distortion of the
octahedral symmetry. Moreover, it changes as a function of the
number of d-electrons and is maximized for d0 configuration.34

An even stronger pre-edge peak is observed for an inverse
spinel LiNiVO4,

35 where V5+ exclusively occupies tetrahedral
sites. The pre-edge features are consistent with the observation
of Yabuuchi et al.,33 who proposed the partial V5+ migration
into tetrahedral site and presumably could explain the
anomalous small volume changes. The process is highly
reversible after discharge to 1.5 V, and the pre-edge peak
returns to its original position, as shown in Figure 5c and Figure
S9.
The performances of the present materials were compared

with state of the art stoichiometric and Li-rich cation-
disordered rock-salt oxides in terms of energy density, as
shown in Figure 6. More details on the electrochemical
performances of the investigated compounds and similar other
materials are listed in the Supporting Information, see Tables
S2 and S3. The comparison illustrates that the electrochemical
performance of the new rock-salt-type compound LNO-V is

very promising. The energy density of 682 Wh/kg for the first
discharge is comparable to that of many disordered rock-salt
oxides considered in literature.

■ CONCLUSION

In summary, this study proposes a practical methodology for
the design of new cation-disordered rock-salt phases by a
mechanochemical approach. We illustrate the feasibility of the
complete Ti4+ substitution for the Fm3 ̅m LiNi0.5Ti0.5O2 with Zr

Figure 5. (a) LNO-V change of Ni K-edge during charge−discharge. (b) Comparison of pristine LNO-V with different V containing oxides. (c)
LNO-V change of V K-edge during charge. (d) LNO-V change of V K-edge during discharge.

Figure 6. Comparison of various stoichiometric and Li-rich cation-
disordered rock-salt oxides with Fm3 ̅m space group. The --- are
isoenergetic lines for specific energy densities (Wh/kg) for different
chemistries. Values are taken from the listed compounds in the
Supporting Information, Tables S2 and S3.
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and V. The effect of the electronic structure for the different
transition metals was studied by DFT. Transitioning from
LiNi0.5M0.5O2 with M having d0-configuration for Ti4+ and Zr4+

to LiNi0.5M0.5O2 with M d1-configuration with V4+ shows
considerable improvement in reversible lithium insertion/
extraction properties. Among the investigated compounds,
LiNi0.5V0.5O2 displays promising electrochemical properties,
delivering a capacity of 264 mAhg−1 corresponding to 0.92 Li
insertion per formula unit. Ex situ XRPD and XANES of the
LiNi0.5V0.5O2 reveal a highly reversible V4+/V5+ redox process
with a slight amorphization upon charge/discharge. This
observation is in line with other V-containing cation-disordered
rock-salts. This can be associated with the structural distortion
during charging indicated by the pre-edge features. The
possible origin for these observations could be the partial V+5

migration from octahedral to face-shared tetrahedral sites
during the charge process. Cation-disordered rock-salt shows
interesting electrochemical properties; however, there are
remaining challenges and barriers, which have to be addressed
in future works. Despite the promise of high capacities, cycling
stability with less fading and extended cycling has not yet been
demonstrated. Furthermore, undesirable practical drawbacks
such as voltage hysteresis and poor rate capability still need to
be overcome. The approach used in this work can likely be
extended to other ternary compositions and enhance the
compositional space for more cation-disordered rock-salt
oxides.
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Figures Section: 

 

 

 
 

Figure S1: XRPD pattern and Rietveld refinement for the LNO-M with M= V, Zr, Ti 
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Figure S2: SEM and elemental mapping of LNO-V sample illustrating the distribution 

oxygen, vanadium and nickel. 

 
 

 

 

Figure S3: SEM and elemental mapping of LNO-Ti sample illustrating the distribution 

oxygen, niobium and nickel. 
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Figure S4: SEM and elemental mapping of LNO-Zr sample illustrating the distribution 

oxygen, zirconium and nickel 
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Figure S5: Cyclic voltammetry curve of LNO-Ti, Zr, and V at a scan rate of 0.05mVs-1 

 

 

 
 

Figure S6: XANES k-edge spectra for pristine and charged-discharged state LNO-M a) 

LNO-Zr b) LNO-Ti. 
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Kinetic analysis: 

 

 

At room temperature (25 ºC), the Randles–Sevcik equation is 

5 1/2 3/2 1/2  2.69  10     pI A C D n v= ´
     ……………………………… (1) 

Where Ip is the peak current for oxidation/reduction process, ‘A’ is the effective area of the 

electrode within the electrolyte solution and calculated using BET surface area of pristine 

LNO-V sample (8.67 m2 g-1, Figure S7). ‘n’ is the number of electrons involved in the redox 

process (n =1), ν is the voltage scan rate (V s-1) and D is the apparent diffusion coefficient of 

Li in the electrode (cm2 s-1). C is the Li concentration of LNO-V material, with a density of 

3.83gcm-3 and molar mass of 93.76 gmol-1, for which the corresponding Li concentration ‘C’ 

is 0.0408 mol.cm-3.  

 

Figure S7 shows the nitrogen adsorption/desorption isotherms for pristine LNO-V sample 

and the corresponding BET surface area is ~ 8.67 m2 g-1. 

  

 

 
 

Figure S7: Nitrogen adsorption–desorption isotherms for LNO-V sample  
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Figure S8 : a) Ex-situ XRPD for LNO-V for different states of charge b) XRPD for LNO-V 

in 1st discharged and 2nd charged state in relative intensity c) XRPD of LNO-V for pristine 

and 2nd charged state in absolute intensity.  

 

 

 

 
 

 

Figure S9:  V K-edge spectra of different vanadium oxides for different oxidation states and 

structures 
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Table S1: Summary of relevant theoretic values for the LNO-M compounds 

 

Formal 

stoichiometry 

Abbreviation Molar 

mass 

[gmol-1] 

Theoretical 

capacity for 

0.5e-[mAhg-1] 

Theoretical 

capacity for 1e-

[mAhg-1] 

LiNi0.5V0.5O2 LNO-V 93.76 142.93 285.86 

LiNi0.5Ti0.5O2 LNO-Ti 92.22 145.31 290.81 

LiNi0.5Zr0.5O2 LNO-Zr 113.90 117.66 235.32 

 

 

 

 

Table S2: Summary of different Fm-3m DRS rock salt and the corresponding performance 

for cation-disordered oxides with LixMO2 with x ≤ 1 

 

Cation-disordered oxides with LixMO2 with x ≤ 1 

Material Electrode performance Remarks Ref. 

1st cycle 

charge/discharge 

[mAhg-1] 

Range 

[V] 

Rate Retention 

α-LiFeO2 inactive microcrystalline 1 

α-LiFeO2 ~ 200 / 250 1.5-4.5 1C 50th ~ 48% < 10 nm 1 

LiNi0.5Ti0.5O2 ~ 130/ 110 1.5-4.5 20 mAg-1 20th 109% ~ 80 nm 2 

LiMn0.5Ti0.5O2 213/145 2.0-4.7 7.3 mAg-

1 

15th 82%  3 

LiCrO2 147/50 2.0-4.9 C/20  Disorder upon 

cycling 

 

4 

Li0.96V0.8O2 164/55 1.5-4.5   5 

LixCoO2 Negligible 

capacity 

   Mechanochemically 

disorder 8h 

6 

LixNiO2 Negligible 

capacity 
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Table S3. Summary of different Fm-3m DRS rock salt and the corresponding performance 

cation-disordered oxides with LixMO2 with x ≥ 1 

 

Cation-disordered oxides with LixM1-xO2 with x ≥ 1 

Material 

Electrode performance 

Remarks Ref. 
1st cycle 

charge/discharge 

[mAhg-1] 

Range 

[V] 
Rate 

Retention 

compared to 

1st discharge 

Li1.3Ni0.333Ni0.333Mo0.133O2 249 / 225 4.5-1.5 20 mAg-1 20th 75% 
~ 150 

nm 
2 

Li1.211Mo0.467Cr0.3O2 260/242 1.5-4.3 C/10 10th 91%  7 

Li1.2Fe0.4Ti0.4O2 230/195 1.5-4.3 10 mAg-1 5th 80%  8 

Li1.2Mn0.4Ti0.4O2 300/226 2.0-4.7 7.3 mAg-1 15th 80%  8 

Li1.3Nb0.3V0.4O2 175/192 1.5-4.8 10 mAg-1 50th >120%  9 

Li1.2Ti0.4Mo0.4O2 136/275 1.0-4.0 10 mA 30th 85%  

10 Li1.286Nb0.285Mo0.429O2 150/277 1.0-4.0 10 mAg-1 30th 85%  

Li1.333Mo0.667O2 225/341 1.0-4.0 10 mAg-1 30th 79%  

Li1.3Ni0.27Nb0.43O2 
290/ 1.0-4.8 10 mAg-1 10th 17% nano 

11 
100/50 1.0-4.8 10 mAg-1 - micro 

Li1.3Ni0.3Mn0.4O2 
52/52 1.0-4.8 10 mAg-1 - micro 

306/273 1.0-4.8 10 mAg-1 9th 74% nano 
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ABSTRACT: Disordered rock-salt compounds are becoming increasingly important
due to their potential as high-capacity positive electrode materials for lithium-ion
batteries. Thereby, a significant number of studies have focused on increasing the
accessible Li capacity, but studies to manipulate the electrochemical potential are
limited. This work explores the effect of transition-metal substitution on the
electrochemistry of ternary disordered rock-salt-type compounds with
LiM2+

0.5V0.5
4+O2 stoichiometry (M = Mn, Fe, Co) directly synthesized through

mechanochemistry. Rietveld refinements of synchrotron X-ray diffraction patterns
confirm the disordered rock-salt structures. First-principles density functional theory study is used to predict the impact of the
cation substitution on the expected average voltage and the electronic structures of these materials are used to analyze the
underlying redox processes. For LiM2+

0.5V
4+

0.5O2 (M = Mn, Fe, Co), discharge voltages increase in the order of Mn < Fe < Co
with 2.28, 2.41, and 2.51 V, exhibiting discharge capacities of 219, 207, and 234 mAh g−1, respectively. In comparison, for the
disordered rock-salt Li2VO3, an average discharge voltage of ∼2.2 V with V5+/4+ redox couple has been reported. However,
detrimental electrode−electrolyte interactions manifested as transition-metal dissolution has been found to result in severe
capacity fading. Thereto, the use of a concentrated 5.5 M LiFSI increased the cycling stability significantly, effectively reducing
transition-metal dissolution. The underlying reasons for the capacity fading of disordered rock salts are yet unclear. We stress
the importance of cathode−electrolyte interactions, thus opening new directions for the improvement of cation-disordered
materials.

KEYWORDS: cation-disordered, vanadium, positive electrode, mechanochemical synthesis, concentrated electrolyte, LiFSI,
metal dissolution

■ INTRODUCTION

The ever-growing importance of increasing the energy density
of lithium-ion batteries has impelled extensive research to
develop novel high-capacity electrode materials. Disputable,
the lack of high-capacity positive electrode materials, rather
than the negative electrode, is limiting the overall energy
density.1−3 Therefore, the development of new high-capacity
positive electrode materials, which must offer long cycle life
(preferably at low cost) and at the same time be environ-
mentally benign and nontoxic is of vital importance.4 Being a
good lithium-ion conductor is an essential prerequisite for an
intercalation host material to enable fast kinetics and a high
degree of lithiation/delithiation. As such, it needs percolating
lithium sites spanning the structure, providing favorable and
reversible lithium migration throughout the particles.5

Preserving the structural integrity with minor cation mixing
during charge−discharge over a wide compositional range has
been considered to be of great importance as cation mixing was

seen as highly detrimental for lithium-ion transport. This
criterion has so far played a decisive role in the selection of
suitable cations, which vary depending on the crystal
structure.6,7 A widely employed approach by chemists consists
of designing new materials by screening clusters of compounds
with attractive structural features, which can provide frame-
work structures feasible for hosting lithium ions.8 Consistent
with this understanding the most commonly studied oxide-
based positive cathode material are well-ordered transition-
metal oxides like layered LiMO2, spinel-like LiM2O4, and
Li2M2O4 (lithiated spinel) systems.1,9 On the contrary, cation-
disordered rock-salt oxides have for a long time been neglected
as potential positive electrode materials. In particular, α-
LiFeO2-type structures, with lithium and the transition metal
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(TM) sharing the same site and being randomly distributed
without a long-range order have, due to the inherent disorder,
been considered as unsuited. Cation mixing between Li and
transition-metal sites can hinder sufficient percolation of the Li
sites and thus impede the diffusion, leading to poor lithium
conductivity and consequently to incomplete and irreversible
lithium extraction/insertion.10 More recently, it has been
shown that disordered rock-salt oxides “can function well” for
lithium-rich compositions with at least 9% lithium excess.11

Decreasing the particle size and therefore shortening the
diffusion pathways can also help to improve the accessible
capacity.12 As a result, cation-disordered rock-salt materials
have emerged as potential cathode materials and started to
attract increasing interest.13−15 Several approaches to synthe-
size these materials have proven to be effective, in general
comprising the introduction of lithium excess into the host
lattice. The first approach involves the introduction of lithium
fluoride into the host lattice by a high-energy mechanochem-
ical approach.16 In this way, metastable compounds can be
derived, which otherwise cannot be produced by solid-state
synthesis. Fluoride anions can stabilize lower oxidation states
and thus lower the average valence state as compared with
oxides, which then allows for multiple oxidations and
consequently higher capacity. Another approach, which has
been widely adopted for the rational design of cation-
disordered rock salts, comprises the formation of a solid
solution between stoichiometric cation-disordered LiMO2 and
high-valent Li-rich compounds (Li2MO3, Li3MO4, Li4MO5).

17

However, the small number of presently known stoichiometric
cation-disordered rock-salt oxides with α-LiFeO2 crystal
structure limits this option. Expanding the library of known
rock-salt oxides would, therefore, be of great importance and
may further push the development of this material class. First,
compounds have been identified that have interesting electro-
chemical properties, but there are still open challenges and
barriers to overcome, such as low rate capability, significant
voltage slopes, and significant capacity fading.
Several factors have been determined to be critical for the

cycling performance and degradation of the cell. These include,
but are not limited to, structural changes and impedance build-
up related to current collector corrosion, electrolyte decom-
position, and transition-metal dissolution.18 Approaches to
limit the metal dissolution are the stabilization of the structure
by transition-metal substitution,19 surface modifications,20,21

use of electrolyte additives,22 and optimized electrolyte
formulations.23

Recently, lithium bis(fluorosulfonyl)imide (LiFSI) has been
explored as a promising salt to improve the cycling stability
and to replace LiPF6, as LiFSI is chemically more stable.24−27

However, the amide does not form stable passivation films,
which results in severe anodic dissolution of the Al current
collector for charging beyond 4 V. Yamada et al.28,29 showed
that Al dissolution can be inhibited for highly concentrated
LiFSI electrolytes, which then enable the operation at >4 V
and moreover may alleviate transition-metal dissolution due to
the high molarity and higher viscosity.
Over the past decade, a significant number of studies have

focused on enhancing the specific capacity of disordered rock-
salt materials; however, studies to fully understand and tune
the electrochemical potential of these materials are very
limited. We have recently proposed the disordered rock-salt
type LiNi0.5V0.5O2

30 ternary oxide as a potential positive
electrode material for rechargeable lithium-ion batteries. In the

present study, we aim to extend the number of disordered
rock-salt type mixed vanadates by LiM2+

0.5V
4+

0.5O2 (M = Fe,
Mn, Co). Here, we attempt to systemically study the effect of
metal substitution in the ternary LiM2+

0.5V
4+

0.5O2 compounds,
correlating our experimental findings with the electronic
structure obtained from first-principles density functional
theory (DFT). To the best of our knowledge, the herein
presented oxide materials have not been reported as electrode
materials before. The influence of the electrolyte on the cycling
performance was investigated, thereby comparing a conven-
tional 1 M LiPF6 in dimethyl carbonate (DMC) and ethylene
carbonate (EC) with a concentrated 5.5 M LiFSI in DMC
electrolyte. Lithium anodes of extensively cycled electrodes
were harvested and elemental maps performed, and the impact
of the electrolyte on the transition-metal dissolution was
examined. Structural changes were investigated by X-ray
diffraction methods. Electronic and ionic conductivity
measurements were performed. Finally, the presented com-
pounds were compared with state-of-the-art of vanadium-
containing disordered rock-salt compounds.

■ EXPERIMENTAL SECTION

Synthesis. LNO−M compounds with a formal stoichiometry of
LiM0.5V0.5O2 (M = Mn, Fe, Co) were synthesized by high-energy
milling of stoichiometric amounts of Li2O, VO2, and MO with M =
Mn, Fe, Co for 20 h using a Fritsch P6 planetary ball mill with an 80
mL silicon nitride vial and silicon nitride balls, with a ball-to-powder
ratio of 20:1. All synthesis steps were carried out under an inert gas
atmosphere (Ar). VO2 has been synthesized by comproportionation
of 1:1 V2O3 and V2O5.

31 MnO, CoO, FeO, and Li2O were purchased
from Alfa Aesar with a purity of ≥99.5%. All steps have been taken
under exclusion to air and moisture.

Electrolyte. LiFSI electrolyte (5.5 M): The electrolyte solution
was prepared by mixing 5.5 mol LiFSI (Nippon Shokubai) in 1 L of
DMC (BASF). The obtained electrolyte is a clear solution.

LiPF6 (1.0 M): LP30 from BASF (ethylene carbonate/dimethyl
carbonate, 1:1 (w/w) with 1 mol LiPF6) was used as electrolyte.

Materials Characterizations. Synchrotron X-ray powder dif-
fraction (XRPD) experiments were performed at the Swiss-
Norwegian Beamline (SNBL), beamline BM01, at the European
Synchrotron Radiation Facility (ESRF). The powdered samples were
filled in 0.5 mm quartz capillaries and sealed with wax under an argon
atmosphere. XRPD data were collected using a PILATUS 2M area
detector from DECTRIS, a sample-to-detector distance of 142.27
mm, a beam size of 0.2 × 0.2 mm2, a wavelength of 0.68202 Å, a 20°
rotation of the capillary, and an exposure time of 20 s. The data were
converted to conventional one-dimensional powder patterns using the
FIT2D software32 In-house X-ray powder diffraction data were
collected under rotation of the capillary on a STOE Stadi P
diffractometer with Mo Kα1 (λ = 0.7093 Å) using Debye−Scherrer
geometry. The powder samples were sealed in a quartz capillary (0.5
mm in diameter) under an argon atmosphere.

The scanning electron microscope and energy dispersive X-ray
spectroscopy were carried out using the instrument LEO GEMINI
1550 VP equipped with a Silicon Drift Detector (OXFORD
Instruments). Transmission electron microscopy (TEM) investiga-
tions were performed on Tecnai F20ST transmission electron
microscope operated at 200 kV. Brunauer−Emmett−Teller (BET)
surface area analyses of the samples were performed with a
Micromeritics ASAP 2020 MP system.

Electrochemical Measurements. Electrochemical tests were
carried out in Swagelok-type cells vs lithium metal. Electrode slurries
were made of 90 wt % composite and 10 wt % poly(viniylidene
difluoride) binder with N-methyl-2-pyrrolidone as solvent. The
composite consists of active material and Super C65 carbon black
in a weight ratio of 80:20. The mixed slurry was coated on an
aluminum foil by the doctor blade technique and dried at 120 °C for
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12 h under vacuum. Each working electrode (12 mm diameter)
contained approximately 3 mg of active material, and Li foil was used
as a counter electrode. Cyclic voltammetry (CV) experiments for the
cells have been carried out from 1.3 to 4.5 V at various scan rates of
0.05−0.5 mV s−1 using a Bio-Logic VMP-3 potentiostat at room
temperature. Temperature-controlled galvanostatic charge−discharge
experiments were conducted at 25 °C in climate chambers using an
Arbin electrochemical workstation.
Conductivity. To measure the conductivity, the powders of

materials were pressed into pellets with a diameter of 8 mm and
coated with gold on both sides by sputtering. Alternating current
(AC) impedance data were collected in the frequency range 0.1 Hz to
1 MHz (amplitude 10 mVrms) using a frequency response analyzer
(ZAHNER-Elektrik GmbH) at various temperatures (25−80 °C).
After each temperature, the samples were allowed to equilibrate for a
substantial amount of time. The impedance data were analyzed using
the ZMAN 2 program and fitted with an “Equivalent Circuit”.
Theoretical Calculations. Density functional theory (DFT)

calculations with the periodic DFT code VASP33 were conducted
to elaborate the differences in stability and electronic structure of the
experimentally investigated LiM0.5V0.5O4 compounds (with M = Mn,
Fe, Co). We use a computational setup that has been successfully
applied to cation-disordered oxides before.30 In our calculations, the
Perdew−Burke−Ernzerhof functional34 was used to account for
exchange and correlation, while the electron−ion interaction was
described by the projector augmented wave method.35 To account for
the localization of d-electrons that is typically evidenced in transition-
metal oxides, the Hubbard-like U correction was considered for V,
Mn, Fe, and Co (V 3.1 eV, Mn 3.9 eV, Co 3.4 eV, Fe 4.0 eV), as
proposed previously.10,36

For electronic structure calculations, disorder is still a difficult task
to cope with. In this work, we use the so-called special quasi random
structure (SQS) approach36 to treat disorder in the DRS of the
investigated compounds. Here, it should be noted that SQS structures
mimic an ideal random structure and therefore do not account for
short-range ordering, which indeed has been observed for certain DRS
type phases.37 For this purpose, we have constructed 2 × 2 × 2

supercells (64 atoms) of LiM0.5V0.5O2 stoichiometry, which then were
fully optimized with respect to both volume and atomic positions. For
the structural optimization, a 5 × 5 × 5 k-point mesh and an energy
cutoff of 600 eV were selected. Delithiated structures were
constructed by complete removal of Li and subsequently optimized
with the previously described settings.

■ RESULTS AND DISCUSSION

Structural Characterization. The quaternary disordered
rock-salt vanadates LiM0.5V0.5O2 (M = Fe, Mn, Co) were
prepared through a direct one-step mechanochemical
approach. Figure 1 shows the X-ray powder diffraction pattern
(XRPD) with the corresponding Rietveld refinement, confirm-
ing the cation-disordered rock-salt structure. The crystal
structure was visualized using VESTA.38 For a single-phase
fit with cubic Fm3̅m symmetry, the lattice constants were
estimated as LiMn0.5V0.5O2: a = 4.1996(8) Å, LiFe0.5V0.5O2: a
= 4.1460(4) Å and LiCo0.5V0.5O2: a = 4.1608 (5) Å.
Transmission electron microscopy (TEM) images (see Figure
S1 in the Supporting Information) show the typical
morphology39 for mechanochemically synthesized compounds
with irregular shaped, agglomerated secondary particles
consisting of 20−100 nm sized crystallites. The elemental
mappings of LiM0.5V0.5O2 (M = Fe, Mn, Co) and the scanning
electron microscopy images are presented in Figures S2−S4,
respectively.

Density Functional Theory. Using bulk Li as a reference,
the calculated energy difference between lithiated and
delithiated LixM0.5V0.5O2 (with x = 0 or 1) can be used to
determine the average potential of the corresponding cathode
material. For the herein investigated DRS phases, the
calculations indeed reproduce the experimentally observed
trends (see below) and show a decreasing potential from Co to
Mn (Co 3.18 V, Fe 3.10 V, Mn 2.98 V). To further investigate

Figure 1. X-ray diffraction patterns with the corresponding fits obtained by Rietveld refinement for (a) LiCo0.5V0.5O2, (b) LiFe0.5V0.5O2, and (c)
LiMn0.5V0.5O2. (d) Schematic crystal structure of LiM0.5V0.5O2 with a cubic unit cell and cations randomly occupying the octahedral sites.
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the corresponding redox activity in these materials, the
electronic density of states (DOS) for the fully lithiated
structures (LiM0.5V0.5O2 stoichiometry) were calculated. The
resulting spin-resolved partial DOS for transition-metal d-
electrons and oxygen p-electrons were extracted and are
plotted in Figure 2. As previously evidenced for Ni-based

quaternary oxides,30 we also find a strong contribution of the
oxygen p-states close to the Fermi level. However, in contrast
to the Ni-based oxides, the herein investigated LixM0.5V0.5O2

compounds show a strong hybridization of the oxygen p- with
the V d-orbitals, which means that less anionic redox and,
hence, smaller tendencies for oxygen release can be expected
under delithiation.
Interestingly, the d-states of the additional transition metals

(Mn, Fe, Co) also show contributions directly below the Fermi
level. In fact, the Fe d-states even show a strong peak at the
same energy as the V d-states such that under delithiation, Fe
and V may be oxidized at the same time. In the case of the Co
and Mn compounds, the V d-states are dominant directly
below EF, thus indicating that V will be oxidized first.
Nevertheless, there are already small contributions of the Mn
d-states visible below EF and, notably, a large Co peak only
slightly below the V peak is also clearly present.
Taking a closer look at the pDOS between −2 eV and EF, we

recognize that for the Fe- and the Mn-containing compounds,
there is essentially a full hybridization of oxygen p and
transition metals (TM) d-states, meaning that no significant
anionic redox is expected. In the case of Co, there are some
excess oxygen p-states that may contribute to anionic redox.
Electrochemical Properties. Stacked charge−discharge

profiles of LiM0.5V0.5O2 (M = Mn, Fe, Co, Ni) with the
corresponding differential capacity plots cycled between 4.5
and 1.3 V at 20 mA g−1 are shown in Figure 3. The previously
studied LiNi0.5V0.5O2 has been included for comparison.
Theoretical capacities based on 1e− transfer are 292, 290,
and 286 mAh g−1 for LiM0.5V0.5O2 (M = Mn, Fe, Co),
respectively. As expected from the corresponding transition-

metal redox potentials and our DFT calculations, the average
discharge voltage increased in the order of Mn < Fe < Co < Ni
with values of 2.3, 2.4, 2.5, and 2.6 V, respectively. The
differential capacity plots of LiMn0.5V0.5O2 and LiFe0.5V0.5O2

display broad peaks with the maxima centered at 1.9 and 2.3 V
for the discharge. In contrast, LiCo0.5V0.5O2 displays very broad
peaks with no clear maxima. These observations are also
reflected in the charge−discharge profiles. LiMn0.5V0.5O2 and
LiFe0.5V0.5O2 show a more plateaulike behavior, whereas
LiCo0.5V0.5O2 shows a more sloping voltage profile. Our
previous study30 on LiNi0.5V0.5O2 revealed that both TMs
participated in the charge-compensation mechanism. It should
be noted that on the basis of our DFT results the participation
of both TMs for the LiM0.5V0.5O2 (M = Mn, Fe; Co) series is
possible but needs to be elucidated experimentally. Li-
Ni0.5V0.5O2 is in sharp contrast to the other compounds as it
displays a characteristic voltage plateau at 4.2 V during charge,
which has been ascribed to oxygen activity in the literature.40

This observation is supported by our DFT results showing a
strong contribution of the oxygen p-states close to the Fermi
level and lower hybridization with the d-states of the transition
metal. LiCo0.5V0.5O2 showed a small redox contribution around
4.2 V during charge, as indicated by the differential capacity
plot in Figure 3. This again is in agreement with the excess
oxygen p-states observed in our DFT calculations. The initial
discharge capacity exceeds the charge capacity for Li-
Ni0.5V0.5O2 and LiMn0.5V0.5O2 possibly due to the introduction
of defects and/or partial oxidation leading to off-stoichiometric
samples due to the mechanical milling. A similar observation
has been made for other disordered rock salts prepared by the
same method.41,42 Furthermore, short-range ordering is an
important factor and can significantly influence Li transport
and voltage hysteresis.37

LiM0.5V0.5O2 (M = Mn, Co) with Disordered Rock-Salt
Structure. In the remaining sections of the paper, we focus on
the results of the LiMn0.5V0.5O2 and LiCo0.5V0.5O2 compounds.
LiFe0.5V0.5O2 will not be further discussed at this point.
First, the influence of the specific current on the cycling

stability, specific capacity, and the voltage hysteresis and then
the influence of the cycling window on the specific capacity
and the voltage hysteresis have been examined. Figure 4a,b

Figure 2. Spin-resolved partial density of states (oxygen p- and metal
d-states) for (a) LiMn0.5V0.5O2, (b) LiFe0.5V0.5O2, (c) LiCo0.5V0.5O2,
and (d) LiNi0.5V0.5O2* obtained from DFT. * Reproduced with
permission from ref 30. Copy right (2011) American Chemical
Society.

Figure 3. Charge−discharge voltage profile with the respective
differential capacity plot during the first cycle for (a) LiMn0.5V0.5O2,
(b) LiFe0.5V0.5O2, (c) LiCo0.5V0.5O2, and (d) LiNi0.5V0.5O2*. *

Adapted with permission.30 Copy right (2011) American Chemical
Society.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.9b12566
ACS Appl. Mater. Interfaces 2019, 11, 39848−39858

39851

http://dx.doi.org/10.1021/acsami.9b12566


shows the cycling stability and discharge capacity of
LiMn0.5V0.5O2 and LiCo0.5V0.5O2 cycled between 4.5 and 1.3
V at different specific currents. Similarly, both compounds
show strong capacity decay upon cycling. Note that
LiCo0.5V0.5O2 exhibits higher specific discharge capacities
compared with LiMn0.5V0.5O2 but also shows extensive
capacity fading. The cycling stability appears to depend on
the applied specific current. For faster cycling with higher
specific current, the capacity retention increases significantly.
After 75 cycles, the capacity retention was 37%, exhibiting a
specific capacity of 85 mAh g−1 at 20 mA g−1 and 56% with
115 mAh g−1 at 200 mA g−1 for LiCo0.5V0.5O2. Similar
observations were made for LiMn0.5V0.5O2, which showed
capacity retention of 39% with 79 mAh g−1 and 57% with 73
mAh g−1, respectively. The averaged specific discharge
capacities (first three cycles) of LiMn0.5V0.5O2 and Li-
Co0.5V0.5O2 for different currents are shown in Figure S5.
Figure 4c,d shows the rate performance for both compounds,
which involved three consecutive cycles at a specific current.
For the applied specific currents of 20, 50, 100, 200, and 400
mA g−1, LiMn0.5V0.5O2 exhibited a specific capacity of 219,
161, 128, 93, and 53 mAh g−1 and LiCo0.5V0.5O2 exhibited 234,
192, 154, 116, and 78 mAh g−1. The respective first charge−
discharge profile of each current step is illustrated in Figure
4e,f for both LiMn0.5V0.5O2 and LiCo0.5V0.5O2. For higher

currents, the specific capacity decreases due to concentration
polarization.
The influence of the cut-off voltage on the cycling stability

and the voltage hysteresis has been examined for a constant
current measurement with 50 mA g−1. The cycling stability is
shown in Figure 5a,b and the respective charge−discharge
profiles for LiMn0.5V0.5O2 and LiCo0.5V0.5O2 are depicted in
Figure 5c,d. When cycling is limited between 2.0 ≤ x ≤ 4.0 V,
the cycling stability increases significantly in both cases.
Capacity fading is more severe for a wide cycling window
between 4.5 and 1.3 V. A comparably narrow cycling window,
on the other hand, results in a reduced specific capacity. For
cycling in the voltage window between 4.0 and 2.0 V, the cells
exhibited a specific capacity of 152 and 100 mAh g−1, whereas
the wide cycling window exhibited a specific capacity of 210
and 171 mAh g−1 for LiCo0.5V0.5O2 and LiMn0.5V0.5O2,
respectively. Striking is the fact that hysteresis is lower for
LiCo0.5V0.5O2 when compared with LiMn0.5V0.5O2. For a wider
cycling window with 2.0 ≥ x ≥ 4.0 V, with deeper discharge
and/or higher charge cut-off, a clear increase in voltage
hysteresis can be observed for both compounds toward the end
of discharge/charge. This suggests possibly slower kinetics due
to bulk diffusion limitations in this region.43

Conductivities. As shown above, the charging and
discharging profiles show a larger hysteresis with larger

Figure 4. Cycling stability in the voltage window between 4.5 and 1.3 V for different currents for (a) LiMn0.5V0.5O2 and (b) LiCo0.5V0.5O2. Rate
capability test with three consecutive cycles at a given current in the range of 4.5−1.3 V for (c) LiMn0.5V0.5O2 and (d) LiCo0.5V0.5O2. First-cycle
voltage profile for each current of the rate capability test for (e) LiMn0.5V0.5O2 and (f) LiCo0.5V0.5O2.
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polarization overpotentials, implying that the material is
kinetically limited. In fact, the electrode kinetics is determined
by electronic and ionic conductivity, which both can limit the
rate performance.44 First, the electronic conductivity and in the
later part, the apparent lithium diffusion coefficient will be
determined. The electronic conductivity of LiCo0.5V0.5O2 and
LiMn0.5V0.5O2 has been determined by alternating current
(AC) impedance spectroscopy at various temperatures (25−80
°C). The impedance data and the corresponding equivalent
electrical circuits that describe the impedance behavior of the
electrodes are depicted in Figure 6a,b. Constant phase
elements and resistors are denoted by the symbols “Q” and
“R” in the equivalent circuits. The capacitance (C) can be
described as a function of Q and “n” and is obtained by fitting
the relation C = (R1−nQ)1/n, where n is essentially a measure
for the degree of depression of an arc. The fitting of the
equivalent electrical circuit yields capacitance values of ∼10−10

F for both samples, thus confirming that the observed
impedance responses originate mainly from the bulk (grains)
of the samples. The lack of any additional polarization process
at low frequencies shows that the conduction in these samples
is mainly due to electronic carriers, and this observation is
again confirmed by direct current polarization studies. The
activation energy for LiCo0.5V0.5O2 and LiMn0.5V0.5O2 was
determined using the Arrhenius equation evaluating the slope
of log(σ) vs T−1, as shown in Figure 6c,d. Here “σ” is the total
conductivity and “T” is the absolute temperature. Li-
Co0.5V0.5O2 showed an improved room-temperature conduc-

tivity of ∼4.1 × 10−6 S cm−1 as compared with LiMn0.5V0.5O2

(∼3.5 × 10−6 S cm−1). The activation energy of LiCo0.5V0.5O2

was determined to be 224 (±13) meV, while for
LiMn0.5V0.5O2, a value of 252 (±6) meV was found. Even
though the pristine samples show reasonably high electronic
conductivity, it is noteworthy that with respect to the state of
charge and cycling, the conductivity is expected to change.

Figure 5. Cycling stability for various cut-off voltages at 50 mA g−1 for (a) LiMn0.5V0.5O2 and (b) LiCo0.5V0.5O2. Respective first-cycle charge−
discharge voltage profile with various cut-off voltages for (c) LiMn0.5V0.5O2 and (d) LiCo0.5V0.5O2.

Figure 6. Nyquist plots of the impedances at different temperatures
(25−80 °C) for (a) LiCo0.5V0.5O2 and (b) LiMn0.5V0.5O2. Arrhenius
plots of the activation energy for (c) LiCo0.5V0.5O2 and (d)
LiMn0.5V0.5O2.
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The apparent lithium diffusion coefficients for LiCo0.5V0.5O2

and LiMn0.5V0.5O2 have been determined by cyclic voltamme-
try (CV) experiments using the Randles−Sevcik equation.45

The CV at various scan rates from 0.05 to 0.5 mV s−1 curves of
both LiCo0.5V0.5O2 and LiMn0.5V0.5O2 (Figure 7a,b) illustrates

an increase in the peak current and a separation in the
oxidation/reduction peaks with respect to the increasing scan
rates. Oxidation/reduction peak currents (Ip) of LiCo0.5V0.5O2

and LiMn0.5V0.5O2 are proportional to the square root of the
scan rate (ν), as shown in Figures 7a,b and S6, which shows a
semi-infinite linear diffusion behavior, indicating that the
current for this range is controlled by bulk diffusion processes
rather than surface contributions.46 The apparent lithium-ion
diffusion coefficients for LiMn0.5V0.5O2 and LiCo0.5V0.5O2

obtained from CV are ∼2.7 × 10−16 and 1.2 × 10−15 cm2

s−1, respectively. The BET surface areas are 7.34 and 5.65 m2

g−1 for pristine LiMn0.5V0.5O2 and LiCo0.5V0.5O2, respectively,
and the respective nitrogen adsorption/desorption isotherms
are shown in Figure S7. Details for the determination of the
apparent diffusion coefficient are given in the Supporting
Information.
Reaction Mechanism. Structural changes of the positive

electrode materials were studied by XRPD measurements of
LiMn0.5V0.5O2 and LiCo0.5V0.5O2 for different states of charge.
The XRPD data with the corresponding Rietveld refinement fit
for the charged state (to 4.5 V) and charged−discharged state
(to 1.5 V) are shown in Figure 8a−d. The corresponding
lattice constants are summarized in Table S1. After charging,
the lattice constant decreased due the lattice contraction
resulting from Li removal. This can also be associated with the
V5+/4+ [V4+ (r = 0.58 Å) and V5+ (r = 0.46 Å)] redox reaction,
which has been shown to be the dominant redox process for
LiNi0.5V0.5O2. Furthermore, the Mn3+/2+ redox couple [with
Mn2+ (r = 0.69 Å) and Mn3+ (r = 0.56 Å)] for LiMn0.5V0.5O2

and Co3+/2+redox couple [with Co2+ (r = 0.65 Å) and Co3+ (r
= 0.61 Å)] for LiCo0.5V0.5O2 can contribute to the charge
compensation and volume decrease, as also suggested by our
DFT results.
In general, the changes in the lattice parameter are small.

The cubic structure is preserved and can be indexed
accordingly. However, the diffraction pattern of the charged
materials shows a large change in the intensity distribution of
the prominent Bragg reflections of the cubic rock-salt type
structure, i.e., the intensity of the (111) reflection strongly
decreases and the intensity ratio I220/I200 deviates from the
pristine state. A similar observation was made for transition-
metal migration from octahedral to tetrahedral sites (4a to 8c
Wyckoff position).47 From the Rietveld refinements, this site
migration can be estimated to be in the order of approximately

5%. However, to unambiguously prove this mechanism,
neutron diffraction studies would be required. It is interesting
to note that after the first charge, intensity loss with an increase
in the background was observed, without complete recovery
after discharge. Similar observations have been made for other
disordered rock-salt oxides, which have been associated with
partially reversible structural reorganization.48,49

Impact of the Electrolyte on the Cycling Stability. The
interactions between components of the electrolyte and
positive or/and negative electrode can lead to significant side
reactions, which in turn lead to capacity fading. The use of
additives22,50 and/or changes in the electrolyte formulation by
replacing the lithium salts have been shown to be an effective
measure to alleviate the capacity fading. Elemental maps of
extensively cycled cells reveal transition-metal deposition on
the anode as shown in Figures S8 and S9, suggesting transition-
metal dissolution as one of the origins of the low cycling
stability.
To study the influence on cycling performance, we

compared two electrolytes with different lithium salts. We
tested the reported29 5.5 M lithium bis(fluorosulfonyl) imide
(LiFSI) in dimethyl carbonate as electrolyte to improve the
cycling stability of the cathode materials and compared it to a
conventional 1.0 M LiPF6 in ethylene carbonate dimethyl
carbonate (1:1 w/w) electrolyte. The influence of the different
electrolytes on cycling stability has been studied at a specific
current of 200 mA g−1 in the cycling window between 4.5 and
1.3 V, as shown in Figure 9. The cells cycled with LiPF6
electrolyte for 400 cycles display capacity of 49 mAh g−1 for
LiCo0.5V0.5O2, corresponding to 24% of the initial capacity and
25 mAh g−1 for LiMn0.5V0.5O2, which amounts to 20% of the
initial value. However, the LiFSI containing electrolyte was
found to increase cycling stability considerably. After 400
cycles, the cells exhibited a specific discharge capacity of 70
and 47 mAh g−1 corresponding to 34 and 35% of the initial
capacity for LiCo0.5V0.5O2 and LiMn0.5V0.5O2. The reasons why
LiFSI electrolyte salt improves cycling performance are not yet
clear.51 An advantage of excluding LiPF6 is to minimize the
electrode degradation, caused by the formation of HF, which

Figure 7. Cyclic voltammograms for (a) LiCo0.5V0.5O2 and (b)
LiMn0.5V0.5O2 at various voltage scan rates.

Figure 8. Ex situ XRPD for different states of charge with charging to
4.5 V and subsequently discharging to 1.5 V for (a) LiMn0.5V0.5O2

charged, (b) LiMn0.5V0.5O2 discharged, (c) LiCo0.5V0.5O2 charged,
and (d) LiCo0.5V0.5O2 discharged. The gaps in the diffraction pattern
are due to the gaps in the Pilatus 300 kW detector.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.9b12566
ACS Appl. Mater. Interfaces 2019, 11, 39848−39858

39854

http://pubs.acs.org/doi/suppl/10.1021/acsami.9b12566/suppl_file/am9b12566_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b12566/suppl_file/am9b12566_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b12566/suppl_file/am9b12566_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b12566/suppl_file/am9b12566_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b12566/suppl_file/am9b12566_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b12566/suppl_file/am9b12566_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b12566


has been found to enhance metal dissolution. The higher
stability of LiFSI toward hydrolysis as compared with LiPF6
(organic carbonate solvents) in conjunction with lower
interfacial resistances was regarded as the origin of the higher
cycling stability.52 Highly concentrated electrolytes bring some
attractive benefits like lower solubility of other species such as
transition metals, which possibly can be attributed to lower
proportion or/and absence of free solvent molecules for the
coordination of cations. Other advantages are the widened
electrochemical stability and the mitigation of lithium dendrite
growth. The disadvantages are the observed higher viscosity,
electrode wetting issues, and the higher cost.53

To correlate the quantity between deposited TM and the
capacity loss, cells have been cycled with both electrolytes
between 4.5 and 1.3 V at a specific current of 200 mA g−1 and
collected after 50 cycles. The cycled lithium anode with the
TM deposit has been dissolved and quantified by inductively
coupled plasma optical emission spectroscopy and summarized
in Table 1. The loss of capacity due to the TM dissolution is
comparably lower than the capacity loss, as shown in Figure
9a,b. Striking is the reduced dissolution of TM (∼5−6 times)
for the concentrated electrolyte with 5.5 M LiFSI. Transition-
metal dissolution can possibly be reduced due to the lower
quantity of unsolvated solvent molecules in concentrated

electrolyte.29 Dissolution of transition metal can lead to surface
degradation and increased interfacial resistances.54 Further-
more, the dissolved TM has been found to increase the
catalytic decomposition of the electrolyte.55 Nanosized
materials can effectively improve the kinetics as a result of
shorter diffusion pathways; however this can result in
enhanced surface reactivity with the electrolyte due to
increased surface area.56

Comparison of Vanadium-Based Disordered Rock
Salts. Finally, to evaluate the performances of the presented
materials with respect to other vanadium-based cation-
disordered rock-salt oxides, the respective capacities and
energy densities have been compared in Figure 10. On the

Figure 9. Cycling stability with two different electrolytes in the voltage window of 4.5−1.3 V for different currents for (a) LiMn0.5V0.5O2 and (b)
LiCo0.5V0.5O2. Corresponding voltage profiles for the initial cycles (c) LiMn0.5V0.5O2 and (d) LiCo0.5V0.5O2.

Table 1. Li Anodes with TM Deposit Harvested after the
50th Charge−Discharge Cycle between 4.5 and 1.3 V at a
Specific Current of 200 mA g−1 and Quantified by ICP-
OESa

TM dissolution mol % after the 50th cycle

compound element 1 M LiPF6 (EC/DMC) 5.5 M LiFSI (DMC)

LiMn0.5V0.5O2 V 1.14 ± 0.16 0.20 ± 0.03

Mn 1.22 ± 0.19 0.26 ± 0.04

LiCo0.5V0.5O2 V 1.30 ± 0.20 0.24 ± 0.04

Co 1.20 ± 0.18 0.19 ± 0.03

aThe transition-metal content is expressed as the fraction of the total
transition-metal content of the electrode material.

Figure 10. Reported first discharge average voltage and specific
capacity values for various vanadium-based13,30,49,57,62−65 stoichio-
metric and Li-rich cation-disordered rock-salt oxides. The dashed
lines (---) correspond to isoenergetic lines for specific energy densities
(Wh kg−1). Footnotes show the cycling range (a) 4.8−1.5 V, (b) 4.1−
1.3 V, (c) 4.7−1.3 V, (d) 3.5−1.0 V, (e) 4.6−1.5 V, (f) 4.0−1.0 V, (g)
4.4−1.0 V, and (h) 4.5−1.3 V. # becomes Li-rich after the first
discharge.
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voltage side, most compounds show an average discharge
voltage of about 2.5 V, the exact value being influenced by the
oxidation state and the second TM type. However, as expected,
Li-rich compositions tend to exhibit higher capacities and
higher energy densities compared with the stoichiometric
compounds.
The approaches to introduce lithium excess can, in general,

be divided into the modification of the cation and/or the anion
sublattice. The first approach relies on higher-valent, electro-
chemically inactive charge compensators with mostly d0

elements, such as Nb5+, Ti4+, and possibly Mo6+ and,
interestingly, also with d1 elements such as V4+, which can
offer additional transition-metal redox capacity. Important to
note, V4+-based disordered rock-salt compounds are only
accessible by mechanochemical synthesis or are formed during
cycling.30,57 The second approach relies on the fluorination of
the anion sublattice and can stabilize lower oxidation states as
demonstrated for Li2M

4+O3/Li2M
3+O2F (M= Mn, V).58−60

Moreover, both concepts can be combined to design optimal
compositions with high energy density, as, for instance,
achieved in the case of Li2VO2F and Li2Cr0.2V0.8O2F.
Both compounds, Li2VO2F and Li2Cr0.2V0.8O2F, display a

specific capacity between 360 and 420 mAh g−1, delivering
energy densities between 900 and 1200 Wh kg−1 for the initial
cycles, thus indicating the advantage of multiple redox centers
with M5+/3+ oxidation state. Furthermore, the combination
with M4+/2+ couples can provide a more significant fraction of
the capacity at higher voltage, thereby increasing the average
discharge voltage as shown for Li1.23Mn0.255V0.515O0.18F0.2 and
Li1.2Mn0.2V0.6O2. Interestingly, the LiMn0.5V0.5O2 compound
presented here shows a lower average voltage as compared
with the Li-rich compositions. LiNi0.5V0.5O2 and LiCo0.5V0.5O2

cross 600 Wh kg−1 and promise higher energy density for Li-
rich compositions. Fluorine substitution is the most promising
approach as it allows the combination of low-value transition
metal with excess lithium and thus reduces oxygen redox and/
or oxygen loss, which adversely affects cell performance. The
latter requires oxidation to higher oxidations states, e.g.,
M4+/3+, which tend to be unstable and often are accompanied
by oxygen redox and oxygen loss leading to surface
degradation. The combination of both approaches can alleviate
this effect as the fraction of the transition-metal redox could be
increased.61

Starting from the herein presented stoichiometric
LiM0.5V0.5O2 disordered rock-salt compounds, lithium excess
could be either introduced by basically changing toward a
vanadium-rich composition with Li1+2×M0.5−3×V0.5+xO2. Fur-
thermore, lithium excess can be introduced through fluorina-
tion by introducing LiF with high-energy milling or by forming
solid solutions by higher-valent elements. This can open the
path for the design of optimized compositions, which can
exhibit higher capacity and increased energy density.

■ SUMMARY AND CONCLUSIONS

We have introduced a set of new ternary disordered rock-salt
type vanadate’s with the general formula LiM0.5V0.5O2 (M =
Fe, Mn, Co) as potential positive electrode materials in LiBs.
The phases contain V4+ and M2+ redox centers, with the
average oxidation state being 3+. We demonstrate that the
electrochemical properties can effectively be tuned by
substituting different transition metals in the host lattice.
The average voltage for LiM0.5V0.5O2 (M = Fe, Mn, Co)
increases in the order Mn < Fe < Co with an average discharge

voltage of 2.28, 2.41, and 2.51 V and could by means of DFT
be related to the respective redox potentials. LiMn0.5V0.5O2 and
LiCo0.5V0.5O2 cycled between 4.5 and 1.3 V exhibit a specific
discharge capacity of 219 and 234 mAh g−1 at 20 mA g−1,
respectively. The capacity retention increases progressively by
reducing the voltage window but comes at the cost of lower
specific capacity. The low apparent diffusion coefficients of
LiCo0.5V0.5O2 and LiMn0.5V0.5O2 necessitate the use of
nanoscale materials to achieve high delithiation degrees with
acceptable rate capability. We, therefore, argue that mecha-
nochemical synthesis can be beneficial as it is an advantageous
alternative to traditional material preparation. The changes in
the a-lattice parameter were found to be small. A similar
observation has been made for another V-based disordered
rock salt, where the small changes have been associated with a
structural distortion possibly due to transition-metal migration
from octahedral to face-shared tetrahedral sites during the
charging process.49 This may deteriorate the diffusion kinetics
and inhibit lithium insertion/extraction as an additional source
of performance degradation. Transition-metal dissolution from
the positive electrode and their subsequent deposition on the
negative electrode has been evidenced, hinting towards issues
at the electrode-electrolyte interface. Moving from conven-
tional 1.0 mol LiPF6(EC/DMC 1:1 w/w) to highly
concentrated 5.5 M lithium bis(fluorosulfonyl) imide (LiFSI)
in DMC as electrolyte increased the capacity retention
significantly. Related thereto, transition-metal dissolution was
significantly reduced with the concentrated 5.5 M LiFSI
electrolyte, which can possibly explain the improved cycling
stability. The loss of active material cannot explain the
observed capacity loss but can lead to increased interfacial
reactivity.
We, therefore, argue that cathode−electrolyte reactions are

predominant for capacity loss. The herein presented
compounds can be understood as a set of basis cathode
materials enabling further tuning and optimization by changing
toward lithium-excess compositions. This could be realized by
either changing toward vanadium-rich compositions with
Li1+2×M0.5−3×V0.5+xO2 or/and fluorination to Li2(M,V)O2F
oxyfluoride by high-energy milling with LiF.
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Balasubramanian, M.; Kwon, D.-H.; Dai, K.; Papp, J. K.; Ceder, G.;
et al. Design Principles for High Transition Metal Capacity in
Disordered Rocksalt Li-Ion Cathodes. Energy Environ. Sci. 2018, 11,
2159−2171.
(64) Delmas, C.; Bret̀hes, S.; Meńet́rier, M. ω-LixV2O5  a New
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Figure S1: Transmission electron microscopy images of the carbon composites of a) 

LiMn0.5V0.5O2 b) LiCo0.5V0.5O2

Figure S2: Elemental maps of Mn, V, O for LiMn0.5V0.5O2
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Figure S3: Elemental maps of Fe, V, O for LiFe0.5V0.5O2

Figure S4: Elemental maps of Co, V, O for LiCo0.5V0.5O2



S-4

Figure S5: First three cycles averaged specific discharge capacity for cells cycled between 4.5-1.3 

V at different currents for LVO-Mn and LVO-Co

Kinetics:

At room temperature (25 ºC), the Randles–Sevcik equation is

     ……………………………… (1)

5 1/2 3/2 1/2  2.69  10     
p
I A C D n v 

Where Ip is the peak current for oxidation/reduction process, ‘A’ is the effective area of the 

electrode within the electrolyte solution and calculated using BET surface area of pristine samples.  

The BET Surface area for pristine LiMn0.5V0.5O2 and LiCo0.5V0.5O2 was 7.34 m2 g-1 and 5.65 m2 

g-1, respectively and determined from the nitrogen adsorption/desorption isotherms as shown in 

Figure S6. ‘n’ is the number of electrons involved in the redox process (n =1), ν is the voltage scan 

rate (V s-1) and D is the apparent diffusion coefficient of Li in the electrode (cm2 s-1). C is the Li 
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concentration of electrode materials.  LiMn0.5V0.5O2 sample with a density of 3.8 g cm-3 and molar 

mass of 91.88 g mol-1 gives a Li concentration of 0.0414 mol.cm-3. LiCo0.5V0.5O2 sample with a 

density of 3.8 g cm-3 and molar mass of 93.88 g mol-1 gives a Li concentration of 0.0410 mol.cm-

 3. 

Figure S6: Peak current vs. square root of the scan rate for a) LiCo0.5V0.5O2 and b) LiMn0.5V0.5O2 

electrodes.
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Figure S7: Nitrogen adsorption–desorption isotherms for a) LiCo0.5V0.5O2 and b) LiMn0.5V0.5O2 

samples.

Figure S8: SEM picture with elemental maps of Co, V, Si* of the lithium electrode surface after 

100 Cycles for LiCo0.5V0.5O2.*Silicon originates from the Separator.  
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Figure S9: SEM picture with elemental maps of Mn V, Si* of the lithium electrode surface after 

100 Cycles for LiMn0.5V0.5O2.*Silicon originates from the Separator.  

Table S1: Summary of the lattice constant from Rietveld refinements for different state of charge 

of LiMn0.5V0.5O2 and LiCo0.5V0.5O2. For the charged samples a site exchange of the TMs (Mn, Co 

or V) from the octahedral 4a to the tetrahedral 8c site was allowed in the structural model with 

the constraint that the overall composition of the materials are fixed. The refinements yield site 

occupancies of approximately 5% of the 8c site for both materials.

Cation-disordered rock-salt oxide (Fm-3m space group)

 a lattice constant (Å)

State of Charge LiMn0.5V0.5O2 LiCo0.5V0.5O2

Pristine (Synchrotron) 4.1996(8) 4.1608 (5)

Charged 4.1541 (6) 4.0626(2)
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Charged-discharged 4.2003 (26) 4.1594(12).
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ABSTRACT: Li-rich disordered rock-salt oxides such as
Li1.2Ni1/3Ti1/3Mo2/15O2 are receiving increasing attention as
high-capacity cathodes due to their potential as high-energy
materials with variable elemental composition. However, the
first-cycle oxygen release lowers the cycling performance due
to cation densification and structural reconstruction on the
surface region. This work explores the influence of lithium
excess on the charge compensation mechanism and the effect
of surface modification with LiNbO3 on the cycling
performance. Moving from a stoichiometric LiNi0.5Ti0.5O2

composition toward Li-rich Li1.2Ni1/3Ti1/3Mo2/15O2, oxygen redox is accompanied by oxygen release. Thereby, cationic charge
compensation is governed by the Ni2+/3+ and Mo3+/6+ redox reaction. Contrary to the bulk oxidation state of Mo6+ in the
charged state, a mixed Mo valence on the surface is found by XPS. Furthermore, it is observed that smaller particle sizes result in
higher specific capacities. Tailoring the surface properties of Li1.2Ni1/3Ti1/3Mo2/15O2 with a solid electrolyte layer of LiNbO3

altered the voltage profile, resulting in a higher average discharge voltage as compared to the unmodified material. The results
hint at the interdiffusion of cations from the metal oxide surface coating into the electrode material, leading to bulk composition
changes (doping) and a segregated Nb-rich surface. The main finding of this work is the enhanced cycling stability and lower
impedance of the surface-modified compound. We argue that surface densification is mitigated by the Nb doping/surface
modification.

■ INTRODUCTION

The development of lithium ion batteries (LIBs) with high
energy density is one of the primary objectives in the energy
storage field. The cathode material is considered as the
bottleneck for improving the energy density. Conventional
layered oxides like LiCoO2 and LiNi1/3Mn1/3Co1/3O2 exhibit
stable specific capacities between 145 and 165 mAh g−1.1−3

Therefore, Li-rich layered oxides xLi2MnO3·(1−x)LiMO2 (M
= 3d transition metals), which promise higher capacities, are
now pursued as future cathode materials.4,5 These compounds
offer specific capacities exceeding 200 mAh g−1, which results
from the fact that charge can be stored on both the transition
metal (Tm) cation and the oxygen anion.6−9 All of these
materials have ordered structures. Li-rich disordered rock-salt
oxides (DRS) with α-LiFeO2-type structure lately have

attracted considerable attention. Even though lithium migra-
tion is hindered in cation-disordered rock-salt oxides, they can
in principle function well as high-capacity cathode materials.
For a threshold ratio lithium:transition metal (Li:Tm) ≥ 1.09,
the lithium sites can percolate sufficiently within the structure
and form favorable diffusion pathways.10,11 Recently, Yabuuchi
et al.12,13 demonstrated that for Li-rich cation-disordered
Li3NbO4−MO (M = Fe, Ni, Mn), a significant portion of the
charge comes from reversible oxygen redox and is not mainly
due to oxygen release. Oxygen redox can be beneficial, as it
contributes to the capacity in the high-voltage range. However,
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too much oxidation seems to be detrimental, as oxygen loss
can be triggered. This leads to a near-surface cation
densification, which can severely impede the Li diffusion.14

The generation of highly reactive oxygen radicals (in the form
of O2

−/O− or O2
2− in the bulk of the material) or even oxygen

vacancies (after oxygen loss) on the particle surface during the
electrochemical process is presumed to result in the formation
of a resistive surface layer due to electrolyte decomposition and
structural transformation.15−17 Thus, strategies to stabilize the
particle surface to alleviate or even overcome these problems
are needed to improve the performance of Li-rich disordered
rock-salt oxides.
Li1.2Ni1/3Ti1/3Mo2/15O2 is a promising cathode material that

exhibits high specific capacities but suffers from oxygen
release.10,18 Here, we propose a surface modification strategy
using LiNbO3 in order to reduce the surface degradation and
improve the electrochemical performance.19,20

■ RESULT AND DISCUSSION

Synthesis and Characterization. We chose to investigate
a solid-solution between the stoichiometric cation-disordered

Fm3̅m Li2NiTiO4 (LiNi0.5Ti0.5O2) and the lithium-enriched
cation-ordered P1̅ Li4MoO5(Li1.6Mo0.4O2), targeting lithium-
rich cation-disordered Li−Ni−Ti−Mo oxide. For a clear
representation of the lithium-to-transition metal ratio, we use
the notation LiMO2. LiNi0.5Ti0.5O2 is adopting an α-LiFeO2-
type crystal structure, where Li and the transition metals share
the same octahedral site and are randomly distributed without
any long-range order. These types of compounds are referred
to as cation-disordered rock-salt oxides in the literature.21

Depending on the degree of the random occupation (from
partial to full occupancy), the extent of cation-disorder varies.
For the cation-ordered triclinic P1̅ Li4MoO5, Mo6+ ions occupy
the octahedral sites in a cubic close-packed (ccp) anion lattice
with Li+ occupying the remaining octahedral sites. The
structure is built up of [Mo2O10] clusters, consisting of edge-
sharing MoO6 octahedra.

22,23 The hypothetical binary mixture
between “Li4MoO5−Li2NiTiO4” forms a single-phase solid-
solution with Li1.2Ni1/3Ti1/3Mo2/15O2 stoichiometry and
crystallizes in the α-LiFeO2-type structure, as illustrated in
Figure 1a.

Figure 1. (a) XRD pattern of LiNi1/2Ti1/2O2 (LNT-0), Li1.2Ni1/3Ti1/3Mo2/15O2 (LNTM-20), LiNbO3-coated Li1.2Ni1/3Ti1/3Mo2/15O2 (Nb-LNTM-
20), and Li4MoO5. (b) STEM image of Nb-LNTM-20 and (c) EDX mapping results obtained on Nb-LNTM-20 and the line profile for the Nb L-
edge.
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Li1.2Ni1/3Ti1/3Mo2/15O2 has been synthesized and subse-
quently coated with 5 wt % LiNbO3 on the pristine powder
(see experimental details below). No evidence of the presence
of a LiNbO3 phase was found in the diffraction data of the
LiNbO3-coated Li1.2Ni1/3Ti1/3Mo2/15O2. It has been shown
that the metal oxide coating can react with the bulk material
under high-temperature treatment.24,25 This leads to niobium
substitution in this specific case. In the following,
LiNi0.5Ti0.5O2 is referred to as LNT-0, Li1.2Ni1/3Ti1/3Mo2/15O2

as LNTM-20, and LiNbO3-coated Li1.2Ni1/3Ti1/3Mo2/15O2 as
Nb-LNTM-20. The number at the end of the abbreviation
indicates the lithium excess. Rietveld refinement analysis of
LNT-0, LNTM-20, and Nb-LNTM-20 is shown in Figure

S1a−c of the Supporting Information (SI). The refined lattice
parameter for a single-phase fit in Fm3̅m space group is a =
4.141830(21) Å for LNT-0, a = 4.146881(33) Å for LNTM-
20, and a = 4.146980(24) Å for Nb-LNTM-20. Nb-LNTM-20
shows a slightly larger a-lattice parameter, which is consistent
with the larger cation radius of Nb5+, compared to Ni2+ and
Ti4+. The chemical composition of the compounds has been
determined by inductively coupled plasma optical emission
spectroscopy (ICP-OES) and is given in Table S1 (SI).
Transmission electron microscopy (TEM) images are shown
in Figure S2 (SI), depicting small spherical crystallites around
100 nm in diameter for LNT-0 and LNTM-20. For more
insight into the coating, dark-field scanning transmission

Figure 2. (a) Charge−discharge profiles of LNT-0, LNTM-20, and Nb-LNTM-20 with the corresponding differential capacity plots of the
discharge cycle at 20 mA g−1. (b) Rate capability test for all compounds in the range of 4.5−1.5 V vs Li+/Li. Voltage profiles of (c) LNTM-20 and
(d) Nb-LNTM-20 for different specific currents. (e) Cycling stability of all compounds for various cutoff voltages at 20 mA g−1. (f) Charge−
discharge profiles of LNTM-20 (1st cycle) and Nb-LNTM-20 (1st and 26th cycles).
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electron microscopy-energy dispersive X-ray spectroscopy
(STEM-EDX) mapping of Nb-LNTM-20 was carried out.
The corresponding maps of O, Ni, Ti, Mo, and Nb are shown
in Figure 1b,c. The Nb signal was found throughout the
particle, with an increasing intensity from the center toward
the edge. This indicates some Nb segregation to the outer
surface. The combined X-ray diffraction (XRD) and STEM-
EDX data suggest partial incorporation of Nb into the Li−Ni−
Ti−Mo bulk lattice. A line scan along a crystallite grain
confirms a Nb-rich outer surface layer of varying thickness (up
to 12 nm). We estimate that ∼47% of the Nb is substituted
into the phase, leading to a nominal stoichiometry of
LixNi0.328Ti0.328Mo0.131Nb0.016O2. X-ray photoelectron spectros-
copy (XPS) results in Figure S3 (SI) indicate that Nb is in the
+5 oxidation state.
Electrochemical Properties. The electrochemical proper-

ties were analyzed by galvanostatic charge−discharge measure-
ments. Figure 2a shows the charge−discharge profiles for
LNT-0, LNTM-20, and Nb-LNTM-20 half-cells. The samples
were cycled in the voltage range of 4.5−1.5 V vs Li+/Li using a
constant specific current of 20 mA g−1. The specific discharge
capacity increased significantly from 100 to 220 mAh g−1 upon
changing from stoichiometric LNT-0 to Li-rich LNTM-20.
This increase in accessible capacity agrees with expectations
based on percolation theory.10,11,26 The latter predicts that the
0-TM site can percolate and form extended lithium networks
with 9% excess lithium, thus allowing more lithium to be
intercalated/deintercalated. For Nb-LNTM-20, the voltage
profile changed compared to that of the pristine sample. This is
obvious from the corresponding differential capacity curves.
Remarkably, Nb-LNTM-20 showed a longer and more defined
upper voltage plateau and higher capacity contribution in the
high-voltage regime >2.5 V than LNTM-20. LNTM-20
showed an overall higher initial specific discharge capacity.
However, a significantly higher fraction of the capacity is
gained in the low-voltage regime (<2.5 V), accompanied by a
low-voltage plateau around 2.2 V. In order to assess the
influence of particle size on the accessible specific capacity, the
sintering time was varied. The average particle sizes of LNTM-
20 sintered for 2 and 4 h and Nb-LNTM-20 sintered for 4 h
were 96, 220, and 176 nm, respectively, as shown in Figure
S4a−c. LNTM-20 with an average particle size of 220 nm
displayed a much lower specific discharge capacity of 170 mAh
g−1 as compared to LNTM-20 with an average size of 96 nm
(Figure S5, SI), indicating a particle size dependence of the
accessible capacity. This points to diffusion limitations. Figure
2b illustrates the rate performance of all compounds, which
involved five consecutive cycles at a constant specific current.
At higher currents, Nb-LNTM-20 retained more of the
capacity than both LNT-0 and LNTM-20. For specific currents
of 20, 50, 100, 200, and 400 mA g−1, Nb-LNTM-20 exhibited
specific capacities of 200, 174, 157, 135, and 108 mAh g−1,
whereas for LNTM-20 the corresponding values were 220,
164, 137, 115, and 95 mAh g−1. For specific currents >50 mA
g−1, Nb-LNTM-20 showed higher discharge capacities. The
respective first cycle charge−discharge profiles for each current
step are shown for both LNTM-20 and Nb-LNTM-20 in
Figure 2c,d. For higher currents, we observed an increase in
polarization and a decrease in the specific capacity. Figure 2e
shows the cycling stability of the investigated electrode
materials. Nb-LNTM-20 demonstrated better capacity reten-
tion compared with LNTM-20. The better rate capability, in
conjunction with the improved cycling stability, further

highlights the importance of surface modification. Low
capacity retention for Li-rich rock-salt oxides is a widely
observed phenomenon.8,27,28 It is believed to originate from
the participation of anions in the charge-compensation process
(oxygen redox/release), as discussed below. Note that the
charge−discharge profiles for Nb-LNTM-20 in the later cycles
reveal the appearance of a low-voltage plateau and the voltage
profile resembles the behavior of LNTM-20, as shown in
Figure 2f. With prolonged cycling, the voltage hysteresis
increased along with an increased capacity contribution from
the low-voltage region <2.5 V. Furthermore, the cycling
stability of LNTM-20 appears to depend on the charge cutoff
voltage, showing severe degradation when charged to high
potentials. Being charged to high potentials, the Li-rich DRS
can exhibit irreversible phenomena like oxygen evolution from
the surface and side reactions.27 The first-cycle oxygen release
for LNTM-20 is believed to cause cation densification and
structural reconstruction of the surface phase, thereby
impeding Li conductivity and leading to impedance buildup.
The observed plateau around 2.2 V has been related to surface
densification after oxygen loss.18,29 For Nb-LNTM-20, this
plateau is greatly reduced. Thus, surface modification seems to
be beneficial in protecting the reactive surface and impeding
surface densification.30 For a relatively narrow voltage window
of 4.1−2.0 V, oxygen evolution or oxygen participation can be
suppressed, and better cycling stability is achieved. This will be
discussed in the following sections. Cycling LNTM-20 in a
smaller voltage window leads to more symmetric profiles with
lower voltage hysteresis, as shown in Figure S6 (SI). Nb-
LNTM-20 was subjected to milling in organic solvent and
sintering as additional processing steps, which may affect its
electrochemistry. In order to elucidate the influence of such
additional steps on the electrochemistry, LNTM-20 was
processed in the same way, without the addition of lithium
and niobium precursors. The resulting charge−discharge
profile is presented in Figure S7a and the rate capability test
shown in Figure S7b of the SI. The processed LNTM-20
showed a slightly lower specific capacity and a larger hysteresis,
possibly due to lithium leaching during the solvent treatment.
As mentioned above, we hypothesize that the surface phase

evolution is indicated by the appearance of the low-voltage
plateau ∼2.2 V. For the modified compound, the first discharge
does not reveal any visible low-voltage plateau, which only
appears with higher cycle numbers, as shown in Figure 2f. On
the contrary, the unmodified sample shows already in the first
discharge a visible low-voltage plateau from which we inferred
that the surface phase evolution is mitigated for Nb-LNTM-20.
Electrochemical impedance spectra were measured to gain a
better understanding of the improved cycling performance.
Figure 3 shows the ac impedance spectra (Nyquist plots) of
pristine LNTM-20 and of surface-modified Nb-LNTM-20,
measured after 2 and 40 cycles for the discharged state. The
equivalent circuit31 is shown in the inset, and the fitting results
are listed in Table S2 (SI). The spectra exhibit two semicircles
at high and low frequencies and a Warburg tail at very low
frequencies. The first, potential independent semicircle is
attributed to the surface processes, e.g., the resistance of Li+

migration through electrode surface films (surface film
resistance R1). The second, potential-dependent semicircle
reflects the charge transfer (interfacial) resistance R2.

32 The
Warburg tail is ascribed to the diffusion of Li ions into the
electrode material (Warburg element). Both materials (pristine
and Nb-coated) show a similar starting behavior and display
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growth in impedance with electrochemical cycling. The charge-
transfer resistances “R2” of the pristine and surface-modified
cathode after the 2nd and 40th cycles have been compared. R2

is 20 and 67 Ω for the pristine cathode, and 8 and 23 Ω for the
surface-modified compound, respectively. During prolonged
cycling, the charge-transfer resistance significantly increases for
the pristine cathode (by 44 vs 16 Ω for the surface-modified

cathode). The increase in charge-transfer resistance is
tentatively attributed to structural changes on the surface.
These results demonstrate that the surface-modified com-
pound shows a relatively low impedance after oxygen loss as
compared to pristine material. However, the increase in
impedance with cycling is significant, in accordance with the
continuing capacity fading seen for Nb-LNTM-20.
The electrode kinetics depend on both the ion transport and

electronic conductivity and can limit the overall performance.
The total conductivity of LNT-0 and LNTM-20 was studied
by ac impedance spectroscopy at various temperatures, as
shown in Figures S8 and S9 of the SI. The activation energy
(Ea) was calculated via the Arrhenius equation, from the slope
of ln σ vs T−1, where σ is the conductivity and T represents the
absolute temperature. LNTM-20 shows a higher room
temperature conductivity of ∼3.0 × 10−6 S cm−1 compared
to LNT-0 (∼7.1 × 10−8 S cm−1). The donation of d-electrons
from Mo to the conduction band can explain the increase in
conductivity for LNTM-20. The activation energy (Ea) for
LNT-0 (319 ± 19 meV) is higher than for LNTM-20 (249 ±

16 meV). Overall, the conductivity is sufficiently high so that
no electronic limitations are to be expected. Important to
mention is that, with the state of charge and the number of
cycles, the conductivity can vary by several orders of
magnitude.33

For lithium-rich materials, both oxygen redox and lattice
oxygen loss upon cycling are well-known phenomena.34,35 In
order to find out whether oxygen release takes place in the case
of overlithiated LNTM-20, in situ differential electrochemical
mass spectrometry (DEMS) measurements were conducted
and the results compared to LNT-0, which served as reference
material. To this end, half-cells were charged at C/10 to 4.5 V
(1C = 210 mA g−1 for LNTM-20 and 100 mA g−1 for LNT-0)
while monitoring gas evolution. As depicted in Figures 4 and
S10 (SI), the LNTM-20 and LNT-0 half-cells showed first
cycle charge capacities of 157 and 88 mAh g−1. The specific
capacities were lower for the thicker electrodes used in the
DEMS measurements. CO2 evolution was observed, starting
around 3.9 V for LNTM-20 and 4.1 V for LNT-0. The
quantities detected for LNTM-20 were below 2 ppm up to 4.1
V (50 mAh g−1), thus making a precise determination of the
onset potential difficult. As expected, significant oxygen release
was only observed for the overlithiated material, starting at 4.4
V. This is indicative of lattice changes during cycling operation,
eventually leading to an oxygen-deficient (surface) structure.

Figure 3. Impedance spectra obtained for the discharged state (1.5 V)
after the 2nd and 40th cycles, respectively, on (a, top) LNTM-20 and
(b, bottom) Nb-LNTM-20. The corresponding equivalent circuit is
shown in the inset.

Figure 4. DEMS measurements of the first charge cycle at C/10 to 4.5 V for LNTM-20 half-cells. The cell voltage (black) is shown together with
the O2 (blue) and CO2 (red) evolution.
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Chemical reactions of released oxygen with the electrolyte are
not the only source of CO2 evolution, as both materials show
similar behavior. Electrochemical electrolyte oxidation36,37 and
decomposition of residual carbonate38,39 species from the
synthesis, for instance, may also account for the CO2 evolution.
Structural Changes upon Cycling. In situ XRD

measurements were carried out to investigate the structural
changes of LNTM-20 during two consecutive cycles between
4.5 and 1.5 V at C/30. The voltage profile and the changes in
the a-lattice parameter from single-phase XRD refinement are
shown in Figure 5, with an enlarged section displaying the

pattern around the 002 reflection. During the first charge, three
regimes can be seen. The first charge regime until 4 V reveals a
sloped voltage profile, where the a-lattice parameter is
continuously decreasing, thus reflecting lattice contraction.
This finding can be associated with a Ni2+/3+ oxidation process
[Ni2+ (r = 0.69 Å) and Ni3+ (r = 0.56 Å)]. The second regime
is along the 4.3 V plateau, where the lattice parameter changes
only slightly, and the third regime occurs toward the end of the
charge, where the lattice parameter is continuously decreasing.
This result can be attributed to oxygen oxidation and then
release. In the midregime, the lattice parameter is only
changing in the beginning and at the end of charge. We
argue that oxygen (O2−) oxidation is associated with a
shrinkage of the oxygen framework because of the smaller
size of the oxygen anion or due to the formation of peroxo-like
species with shorter oxygen−oxygen bonds.40 During the first
discharge, the lattice parameter continuously increases (lattice
expansion) until 2.2 V. Further discharge affects the lattice
only slightly. During the second cycle upon discharge, a more
pronounced plateau is observed for voltages <2.2 V, with only
slight changes in the a-lattice parameter.
Redox Mechanism. Further information on the redox

mechanism of LNTM-20 and LNT-0 was obtained from X-ray
absorption near-edge structure (XANES) measurements.

Figure S11a (SI) shows the Ni K-edge spectra of pristine
LNT-0 after charging to 4.5 V and then discharging to 1.5 V.
Comparison of LNT-0 with a NiO reference compound reveals
that the edge energy is similar, indicating that the Ni oxidation
state is +2. Figure 6a shows similar results for LNTM-20.

During charging, the Ni K-edge shifted significantly to higher
energies, thereby reflecting an increase in oxidation state. On
the basis of Faraday’s law, the theoretical capacities for
different redox processes have been calculated and are listed in
Table 1. The oxidation state of Ti was determined by XPS to
be +4, as shown in Figure S12 (SI). Ti4+ was fully oxidized and
therefore assumed to be electrochemically inactive.41,42 Note
that neither XANES nor XPS can rule out the formation of
small amounts of Ti3+, in the atom percent range. The

Figure 5. (left) In situ XRD pattern of LNTM-20 for two consecutive
cycles in the range of 4.5−1.5 V at C/30. (right) Corresponding
voltage profile and changes in the a-lattice parameter from Rietveld
refinement analysis. The red curves are the voltage profile and the red
dots the measurement points, where the XRD patterns were collected.

Figure 6. (a) XANES Ni K-edge spectrum for LNTM-20 and (b) Mo
K-edge spectrum for LNTM-20. (c) FT-EXAFS of Ni.

Table 1. Theoretical Specific Capacity for Different Valence
Changes and the Specific Lithium Capacity of LNT-0 and
LNTM-20

theoretical capacity/mAh g−1

compound Ni2+/3+ Ni2+/4+ Mon+1 Mon+2
Li specific
capacity

LiNi1/2Ti1/2O2 (LNT-0) 144 287 287

Li1.2Ni1/3Ti1/3Mo2/15O2
(LNTM-20)

101 202 40 80 364
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measured specific capacity for each state of charge can be used
to estimate the average valence change.
For LNT-0, the specific capacities for charging to 4.5 V and

subsequently discharging to 1.5 V were 145 and 106 mAh g−1,
respectively. This corresponds to 0.5 Li extraction and 0.37 Li
intercalation per formula unit (fu), which can be attributed to
the Ni2+/Ni3+ redox couple. Interestingly, LNTM-20 delivered
262 mAh g−1 during charge, corresponding to 0.86 Li per fu,
which is beyond the theoretical capacity for the Ni2+/4+ redox
couple with 202 mAh g−1. This suggests that more redox active
species are involved in the reaction, although electrolyte/
electrode side reactions can also be expected. As confirmed by
DEMS, O2 evolution takes place during charge, and therefore,
oxidation of O2− must be considered as an additional
mechanism for charge compensation. For the consecutive
discharge to 1.5 V, LNTM-20 exhibited a specific discharge
capacity of 212 mAh g−1, corresponding to 0.73 Li per fu.
Simultaneously, the Ni K-edge shifts back to lower energies,
pointing to nickel reduction. In Figure S11b (SI), the
comparison between the Ni K-edge of LNT-0 and LNTM-
20 in the charged state shows similar edge energies, suggesting
that Ni is in the oxidation state +3 in both cases. In conclusion,
oxidation to Ni4+ can be excluded for LNTM-20, limiting the
nickel redox contribution to Ni2+/3+. Interesting to note is that
the pre-edge peak intensity of Mo increased significantly after
the first charge and remained at a higher value after the
discharge, which is shown in Figure 6b. This finding indicates
an increased distortion of the MoO6 octahedra compared to
the pristine state. The intensities for these transitions are very
sensitive to the coordination environment and the symmetry of
the metal center. For centrosymmetric symmetry, the pre-edge
is weak, as it is limited by a weak electric quadrupole intensity
mechanism.43 This pre-edge structure is typically observed for
α-MoO3 with Mo in the oxidation state +6. The increase in
pre-edge peak, with the shift of the white line to higher
energies, suggests oxidation of Mo upon charging.44 On the
basis of the results of a linear combination fit, the initial bulk
oxidation state of Mo is estimated to be +4.7 and increases to
around +6 upon charging. During discharge, it decreases to
+3.2.
XANES in fluorescence mode is a method to probe the bulk

and investigate the average oxidation state; however, it is not
sensitive to changes in the surface or near-surface range. As
evidenced by DEMS, O2 release takes place. Therefore, XPS
was used to characterize the surface oxidation state for the
charged material, as shown in Figure S12 (SI). Note that a
mixed oxidation state with mainly +6 and a minority at +4 is
found for Mo. The partial reduction of Mo at the surface is
possibly promoted after the oxygen loss.45,46 We did not
observe any changes in the oxidation state of Ti. By charge
balancing, we can roughly estimate the oxygen redox
contribution to the total (reversible) capacity. On the basis
of the derived oxidation states, Mo contributes with 52 mAh
g−1 to the total specific charge capacity, without any
contribution of the fully oxidized Ti4+. Assuming that during
charging Ni is oxidized to +3, the Ni2+/3+ redox reaction can
account for 101 mAh g−1. The remaining charge capacity must
be compensated by oxygen anions, with an estimated
contribution of 109 mAh g−1 during the first charge cycle.
The local environment of the Ni ions in LNT-0 and LNTM-

20 was investigated by extended X-ray absorption fine
structure (EXAFS) measurements. Figures 6c and S11c (SI)
depict the Fourier transformed (FT) spectra of the Ni K-edge

for different states of charge. The first coordination shell (Ni−
O) reflects the contribution of oxygen, while the second one is
related to backscattering from Ni ions (Ni−Ni). The most
notable change takes place in the first coordination shell during
charge, indicating that the charge compensation results in
lower Ni−O peak amplitude. Ni3+ in the low-spin state is
expected to result in a Jahn−Teller distortion, which is
increased by oxidation. This leads to a decrease in the
amplitude of the Ni−O peak.47 The shape of the first
coordination shell reveals the existence of two Ni−O peaks,
suggesting distorted octahedral coordination. In Figure 6c, the
amplitude R decreases for the first charge due to the change in
the coordination environment and completely recovers after
the first discharge. In the case of LNT-0, in Figure S11c (SI),
the amplitude R for the first discharge increases compared to
that of the pristine state, suggesting that the pristine material
partially contains Ni3+, which is being reduced during the first
discharge.

■ DISCUSSION AND CONCLUSIONS

Li-rich cation-disordered rock-salt oxides have promising
properties, such as high capacity. Furthermore, they allow for
a large number of element combinations, which can be
favorable in terms of sustainability and cost. However,
challenges have to be overcome in order to achieve viable
systems. So far, extended cycling stability with little capacity
fading has not been demonstrated yet. In addition, problems
hindering practical applications like voltage hysteresis and poor
rate capability still need to be addressed and resolved. With
increasing lithium excess, new redox processeswhich include
oxygen activitycan be expected. Disadvantages of this
process are the associated oxygen release, leading to surface
degradation, side reactions with the electrolyte, cation
densification, and overall performance degradation. In
particular, higher resistances lead to lower rate capability.
DEMS measurements provided clear evidence that O2 is
released for Li-rich LNTM-20, but not for stoichiometric
LNT-0.
In order to alleviate the above-mentioned drawbacks,

approaches comprising both structural and surface/interface
modifications have been intensively studied.30,31 Recently, Lee
et al.29 demonstrated that substitution of oxygen by fluorine
could mitigate oxygen loss and improve the cycling stability of
the Li-rich Li−Ni−Ti−Mo−(O/F) system. The fluorine
substitution is an effective way to enable an introduction of
lithium-excess in low-valent systems without the use of heavy
high-valent charge compensators, which can lower the specific
capacity. Practically, this approach aims to increase the cationic
redox capacity. Fluorine doping has been reported to mitigate
oxygen loss, improve capacity retention, and increase the
average voltage in some examples.18,48 However, stronger
interactions between lithium and fluorine and lithium
migration into tetrahedral sites for a high states of charge
impose constraints to the accessible capacity.49 Another
interesting approach shown by Shin et al.50 could exper-
imentally demonstrate that oxygen loss can be mitigated by
low-level doping of heavy elements such as Ta, resulting in
surface modification. The improvement has been rationalized
by the enhanced oxygen retention of Ta and the tendency of
heavy elements to segregate at the surface due to their larger
ionic radii.
Our approach targets the surface modification and physical

protection through a ceramic coating in order to mitigate the
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surface phase evolution, which leads to performance
degradation.
Here, we propose an approach comprising a surface

treatment with LiNbO3 in order to improve the electro-
chemical performance of the material. Unmodified
Li1.2Ni0.333Ti0.333Mo0.133O2 showed a high specific capacity
but displayed a significant polarization for high degrees of
d e l i t h i a t i on (∼4 . 3 V) . The L iNbO 3 -mod ifi ed
Li1.2Ni0.333Ti0.333Mo0.133O2, on the other hand, showed less
polarization, with a higher average discharge voltage and a
significantly higher capacity contribution in the high-voltage
regime. We argue that the change of the voltage profile can be
attributed to the formation of a Li−Ni−Ti−Mo−Nb solid
solution due to partial interdiffusion of cations from the surface
coating into the active material during sintering. This
observation is reflected in the lower impedance growth of
Nb-LNTM-20 during cycling. We suggest that the lower
charge-transfer resistance and impedance increase for the
surface-modified compound can be attributed to the mitigated
surface densification. For further optimization, a uniform
coating is required. In addition, the influence of sintering
temperature on the interdiffusion mentioned above needs to
be better understood. Alternatively, LiTaO3 is a possible
candidate compound that could be used for the surface
modification, since Ta doping in a disordered rock-salt has
been shown to affect the surface chemistry due to segregation
of the heavy element dopant on the surface, thereby mitigating
oxygen loss.50

In summary, we have demonstrated that high delithiation of
Li1.2Ni0.333Ti0.333Mo0.133O2 triggers oxygen release, resulting in
substantial performance decay. The changes in oxidation state,
bond distance, and coordination environment for different
states of charge are illustrated. XANES spectroscopy revealed
that Ni is oxidized from +2 to +3. At the same time, Mo
changes its oxidation state from the pristine state with +4.7 to
around +6 in the charged state; it is reduced to +3.2 in the
consecutive discharge cycle.
Furthermore, an irreversible structural distortion of the Mo

environment was observed upon cycling. XPS revealed that in
the charged state, Mo has a mixed oxidation state on the
surface, with predominantly +6 and +4. Thus, in the fully
charged state, we estimate that 109 mAh g−1 (around 0.36 Li
per formula unit) are charge-compensated by oxygen anion
oxidation, triggering O2 evolution, accompanied by partial
reduction of Mo to +4 near the surface.
Moreover, a strong particle size dependence of the accessible

discharge capacity indicates the necessity of using small-size
material for achieving high specific capacities. To the best of
our knowledge, this is the first time a surface modification
using the solid-state electrolyte LiNbO3 has been tested for
cation-disordered rock-salt oxides. The voltage hysteresis was
significantly reduced for Nb-LNTM-20 over LNTM-20. This
observation was reflected by the lower impedance and also the
relatively lower impedance buildup as compared to the pristine
material. Overall, we conclude that surface modifications hold
promise to further improve the rate capability and cycling
performance of Li-rich cation-disordered rock-salt oxides.

■ EXPERIMENTAL SECTION

Synthesis. The procedure to synthesize LiNi0.5Ti0.5O2 and
Li1.2Ni1/3Ti1/3Mo2/15O2 was adopted from Lee et al.29 Li4MoO5 was
synthesized using modified conditions. Li2CO3 (Alfa Aesar, >99%),
NiCO3 (Alfa Aesar, 99%), TiO2 nanopowder (<50 nm particle size,

Alfa Aesar, 99.7%), and MoO2 (Alfa Aesar, 99%) were employed as
the precursors. Other than for LiNi0.5Ti0.5O2, stoichiometric amounts
of precursors were used. For Li1.2Ni1/3Ti1/3Mo2/15O2 and Li4MoO5,
5% excess of Li was used. The precursors were ball-milled for 24 h
with 200 rpm using a Fritsch P6 planetary ball mill with a 80 mL
silicon nitride vial and silicon nitride balls, with a ball to powder
weight ratio of 20:1. The mixture of the precursors was pelletized and
then sintered at 750 °C for 2 h in air, followed by furnace cooling to
200 °C and immediate transfer inside an argon-filled glovebox.
Li4MoO5 was sintered at 900 °C for 2 h. After sintering, the pellets
were manually ground into a fine powder.

For coating, we prepared a solution between solid lithium ethoxide
(Sigma-Aldrich, 95%) and liquid niobium isopropoxide solution (Alfa
Aesar, 99%, 10 wt % niobium isopropoxide in 50:50 (v:v) 2-
propanol/hexane) with a nominal stoichiometry of 1.05:1.0 of Li to
Nb. Li1.2Ni1/3Ti1/3Mo2/15O2 was ball-milled with the prepared coating
solution using a Fritsch P9 with a 15 mL vial volume for 12 h at 200
rpm (ball to powder ratio of 15:1). Subsequently, the mixture was
dried overnight in an oven in an argon-filled glovebox and then
pelletized and sintered at 400 °C for 2 h in air, followed by furnace
cooling to 200 °C and immediate transfer into an argon-filled
glovebox. After the sintering, the pellets were manually ground into a
fine powder.

Electrochemical Measurements. Electrochemical tests were
carried out in a Swagelok-type cell using Li foil as the counter
electrode. Electrode slurries were made of 90 wt % composite and 10
wt % polyvinylidene difluoride (PVDF) binder with N-methyl-2-
pyrrolidone (NMP) as the solvent. The composite consists of active
material and Super C65 carbon black in a weight ratio of 80:20. The
mixed slurry was coated on an aluminum foil using the doctor blade
technique and dried at 120 °C for 12 h under vacuum. Each working
electrode (12 mm diameter) contained about 3 mg of active material.
LP30 from BASF (ethylene carbonate/dimethyl carbonate, 1:1 weight
ratio with 1 M LiPF6) was used as the electrolyte. Galvanostatic
charge−discharge experiments were conducted at 25 °C in a climate
chamber using an Arbin electrochemical workstation.

Impedance Spectroscopy. For a better understanding of the
cycling performance of surface-modified Nb-LNTM-20 relative to
pristine LNTM-20, electrochemical impedance spectra were meas-
ured at 25 °C after the 2nd and 40th cycles. Electrochemical
impedance spectroscopy (EIS) was performed using a three-electrode
PAT-Cell (EL-CELL) with a Li ring as the reference electrode and Li
metal (18 mm) as the counter electrode. The working electrode size
was 18 mm, and aluminum served as the current collector. The
experiments were conducted using a Bio-Logic electrochemical
workstation with an applied sinusoidal excitation voltage of 10 mV
in the frequency range between 200 kHz and 0.1 Hz.

Differential Electrochemical Mass Spectrometry. In situ gas
analysis was performed by use of differential electrochemical mass
spectrometry (DEMS). The setup has been described elsewhere.37,51

Custom cells with gas inlets and outlets were assembled in an argon-
filled glovebox. The cathodes used (40 mm diameter with a 4 mm
hole for proper gas extraction) had areal loadings of about 1 mgLNT‑0/
cm2 and 1.6 mgLNTM‑20/cm

2. GF/A (42 mm diameter, GE Healthcare
Life Sciences, Whatman) was used as the separator, 600 μL of LP47
(1 M LiPF6 in ethylene carbonate/diethyl carbonate, 3:7 by weight,
BASF) as the electrolyte, and 600-μm-thick Li metal foil (Albemarle
Germany GmbH) with a diameter of 40 mm as the counter electrode.
A constant carrier gas flow (2.5 mLHe/min, purity 6.0) was applied
during DEMS measurements for gas extraction. The gas was analyzed
via mass spectrometry (GSD 320, OmniStar Gas Analysis System,
Pfeiffer Vacuum GmbH). After each run, a calibration gas of known
composition was introduced to quantify the measured ion currents.

Conductivity. To measure the conductivity, powder materials
were pressed into pellets with a diameter of 8 mm and coated with a
gold layer on both sides by sputtering. The ac impedance data were
collected in the frequency range from 0.1 Hz to 1 MHz (10 mVrms

amplitude) using a frequency response analyzer (ZAHNER-Elektrik
GmbH) at various temperatures (25−80 °C). After each temperature,
the samples were allowed to equilibrate for a substantial amount of
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time. The impedance data were fitted and analyzed using the ZMAN
2 software.
X-ray Absorption Spectroscopy. The P65 XAS beamline

(PETRA III, Hamburg) provides a relatively large beam (0.5 × 1
mm2) and a moderate photon flux density. The 11 period mini-
undulator delivers a monochromatic photon flux of about 1011 ph/s.
Two plane mirrors with variable angle of incidence and three different
surface coatings were installed in front of the water-cooled double
crystal monochromator. Si(111) and Si(311) crystals were used for
the energy ranges of 4−22 and 7−44 keV, respectively. The P65
beamline is also equipped with a 7 pixel HPGe energy dispersive
detector and Si-PIPS diode. X-ray absorption spectroscopy measure-
ments were performed in both transmission and fluorescence modes.
For ex situ measurements, the step-scan mode with a duration of
about 10−11 min for each spectrum was used. The spectra were
processed using the Demeter software package based on IFEFFIT and
FEFF.52

X-ray Diffraction. In situ X-ray diffraction (XRD) patterns were
collected using modified coin cells on a parallel beam laboratory
diffractometer with a microfocus rotating anode (Mo Kα radiation) in
transmission geometry and a Pilatus 300 K-W area detector. The coin
cells comprise an LNTM-20-based cathode, a Li metal anode, and a
Whatman glass fiber separator. The electrolyte was 1 M LiPF6 in
ethylene carbonate:dimethyl carbonate 1:1 (w:w) from BASF.
Galvanostatic charge−discharge cycling was performed with an
Ivium potentiostat between 1.5 and 4.5 V at 10 mA g−1. Diffraction
patterns were collected every 300 s. Two consecutive patterns were
added up to eliminate cosmic spikes on the detector. The diffraction
images were integrated using the pyFAI software53 and analyzed with
the Rietveld method using TOPAS V6.
X-ray Photoelectron Spectroscopy. The elemental composi-

tion of the surface region was analyzed by X-ray photoelectron
spectroscopy (XPS) using a Physical Electronics PHI 5800 ESCA
system. The measurements were carried out with monochromatic Al
Kα radiation (250 W, 13 kV) at a detection angle of 45° and with pass
energies of 93.9 and 29.35 eV for survey and detail measurements,
respectively. An electron flood gun was used for sample neutralization.
The main C 1s peak was set to 284.8 eV for binding energy
calibration. Some samples were subject to Ar+ sputtering (sputter rate
∼1 nm min−1, 1 mA, 5 kV) to remove the topmost surface layer.
Transmission electron microscopy. Transmission electron

microscopy (TEM) investigations were performed on a Tecnai
F20ST transmission electron microscope operated at 200 kV. Samples
for the TEM study were prepared using an FEI STRATA dual beam
focused ion beam (FIB)/scanning electron microscope. The FIB lift-
out samples were milled using a Ga-ion beam at 30 kV.
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Figure S1: Rietveld refinements on the XRD pattern of a) LiNi0.5Ti0.5O2 (LNT-0) b) 

Li1.20Ni0.333Ti0.333Mo0.133O2 (LNTM-20) c) 5wt% coated Li1.20Ni0.333Ti0.333Mo0.133O2 sintered at 

400°C  (Nb-LNTM-20) 



  

Figure S2: Bright-field TEM image of 2 h sintered compounds. a) LNT-0 and b) LNTM-20. 

 

 

Figure S3: HR-XPS spectra of the Nb 3d, Ti 2p, Mo 3d core levels in Nb-coated 

Li1.2Ni1/3Ti1/3Mo2/15O2.  

The binding energies of the Nb 3d5/2 and Nb 3d3/2 peaks are 206.7 and 209.4 eV, respectively, 

confirming the Nb oxidation state +V.  

 

100 nm 100 nm 

a) b) 



 

Figure S4: Particle size distribution for a) LNTM-20 2h sintered, b) LNTM-20 4h sintered and c) 

Nb-LNTM-20. 

 

 



Figure S5: Charge-discharge profiles of LNTM-20 for different particle sizes with corresponding 

differential capacity plots during discharge at 20 mA g-1 . 

 

Figure S6 Charge-discharge profile of LNTM-20 for different cut-off voltages at 20 mA g-1 

  



 

Figure S7: a) Charge-discharge profile of LNTM-20, Nb-LNTM-20 and LNTM-20 processed at 

the same conditions as Nb-LNTM-20 (additional solvent ball milling and sintering), cycled at 20 

mA g-1. b) Rate capability test for all compounds in the range of 4.5-1.5 V. 

 

 

 

 

Figure S8: a) Nyquist plots of the impedance at different temperatures (25-80 °C) for LNT-0. b) 

Arrhenius plots of the activation energy for LNT-0.  

 



 

Figure S9: a) Nyquist plots of the impedance at different temperatures (25-80 °C) for LNTM-20. b) 

Arrhenius plots of the activation energy for LNTM-20  

 

 

 

Figure S10: DEMS measurement of the first charge cycle at C/10 to 4.5 V for LNT-0 (half-cells. The 

cell voltage (black) is shown together with the O2 (blue) and CO2 (red) evolution.  



 

Figure S11: XANES Ni K-edge spectrum for different states of charge for. a) LNT-0 and b) 

Comparison of Ni K-edge data obtained on pristine and charged LNT-0 and LNTM-20. c) FT-

EXAFS of Ni in LNT-0.  

 



 

Figure S12 LNTM-20 XPS spectra of the Ti 2p core level in a) pristine state and c) charged state 

and of the Mo 3d core level in b) pristine state and d) charged state. 

 

For LNTM-20, Ti is in +4 oxidation state at the surface in both pristine (Ti 2p3/2 = 458.3 eV, Ti 2p1/2 = 

464.1 eV) and charged state (Ti 2p3/2 = 458.3eV, Ti 2p1/2 = 464.1eV). Mo is in +6 oxidation state at the 

surface in the pristine material (Mo3d5/2 = 232.9 eV, Mo3d3/2 = 236.0 eV). In the charged state, part of 

Mo is reduced to the oxidation state +4 (Mo3d5/2 = 229.5 eV, Mo3d3/2 = 232.6 eV); the majority of Mo 

remains, however, in the +6 oxidation state (Mo3d5/2 = 232.7 eV, Mo3d3/2 = 235.9 eV). 

 

 

 

 

 



Table S1: Target ratio vs measured Li: Ni: Ti: Mo: Nb atomic ratio of all compounds from ICP-

OES. 

Material Li-

excess % 

Target Li:Ni:Ti:Mo:Nb Measured 

Li:Ni:Ti:Mo:Nb 

LNT-0 0 1.0:0.5:0.5:0 0.99:0.51:0.5:0:0 

LNTM-20 20 1.20:0.333:0.333:0.133:0 1.220:0.33:0.34:0.135:0 

Nb-LNTM-20 25 1.232:0.333:0.333:0.133:0.032 1.253:0.33:0.34:0.135:0.031 

 

Table S2: Fitting results for the impedance spectra in figure 3a,b 

Sample R1 (Ω) R2(Ω) 

2nd Cycle 

LNTM-20 9 21 

Nb-LNTM-20 10 8 

40th Cycle 

LNTM-20 9 67 

Nb-LNTM-20 9 23 
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ABSTRACT: Lithium-excess disordered rock-salt oxides have opened up a new vista in
search of high-capacity cathodes, resulting in a variety of new materials with versatile
elemental compositions. This work introduces W6+ as a possible charge compensator and
explores the solid-solution series Li1+x/100Ni1/2−x/120Ti1/2−x/120Wx/150O2 (x = 0, 5, 10, 15,
20), which has been rationally developed based on concepts from percolation theory.
Consistent with this understanding, the specific capacities increase from stoichiometric
toward lithium-excessive compositions, while simultaneously capacity retention decreases
considerably. Specifically, Li1.2Ni1/3Ti1/3W2/15O2 exhibits a first charge capacity of 246 mAh
g−1, which exceeds the theoretical transition-metal redox capacity. To understand this
peculiarity, we characterize the redox mechanism of nickel, titanium, tungsten, and oxygen
using X-ray absorption spectroscopy, X-ray photoelectron spectroscopy, density functional theory calculations, and differential
electrochemical mass spectrometry. We demonstrate that oxygen evolution takes place for Li1.2Ni1/3Ti1/3W2/15O2 predominantly
above 4.4 V vs Li+/Li but was absent for the stoichiometric LiNi0.5Ti0.5O2. The oxygen oxidation causes instability of the anion
framework, resulting in oxygen loss, which incurs severe capacity fading and leads to the observed voltage hysteresis. These findings
provide important implications for the development and design of novel high-capacity lithium-excess nickel-based cathode materials.

■ INTRODUCTION

Recent developments in the automotive and grid energy
storage raise the question of whether the supply can meet the
demand of the critical constituents for the future. Especially
cobalt, which is still an essential component of the modern-day
battery, is argued to be the more critical element in terms of
sufficient availability.1 Therefore, research into the develop-
ment of cobalt-free alternative materials is required for next-
generation Li-ion batteries. The implications for research have
been a continuous decrease in the cobalt content toward more
nickel-2,3 and manganese-rich4 compounds. Hence, the
development of low-cost and well-performing positive
electrode materials is clearly necessary.
Currently, rock-salt-related complex oxides like the deriva-

tives of layered LiCoO2
5,6 and spinel-like LiMn2O4

7,8 and
polyanionic compounds like LiFePO4

9 are considered state-of-
the-art. The former is preferred in automotive and portable
applications due to the high energy density. As a potential
alternative, rock-salt-related oxides display a variety of lattice
structures with ordered and disordered structures. In ordered
structures, different cation ordering arrangements are possible
with Li sites (sublattice) percolating over the entire structure.10

The disordered structures cover a broader range from partially
disordered, due to antisite defects11,12 and/or cation
migration,13,14 to the fully cation-disordered material with Li
and transition metals sharing the same site statistically. A

typical representative for the latter is the cubic α-LiFeO2.
15

Until recently, the design space for the development of
“ordered” positive electrode material has been limited to
transition metals that show minor or no intermixing of cations
between the transition-metal and lithium sublattices, as this is
regarded being the prerequisite for good performance and
stability. To meet these stringent requirements, only a few
systems with specific chemistries (cobalt-containing for rock-
salt oxides) have so far been able to perform sufficiently.5 In
general, local structural disorder, stemming from the statistical
distribution of different cations at the same crystallographic
site, has been regarded to adversely affect the overall lithium
diffusivity and therefore to limit the electrode performance.
This has inevitably ruled out several classes of materials. One
of these are disordered rock-salt oxides adopting cubic α-
LiFeO2-type

16 structures, where Li and transition metals share
the same cation site with a random distribution and no long-
range order.
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As a result, these materials have not been paid attention to
for a long time, as their performance is not comparable to that
of modern materials. Especially micron-sized, well-crystalline
particles show relatively poor electrochemical activity.17

However, recent findings have shown that this may not
necessarily be the case in general;18,19 several new Li-rich
compositions capable of inserting/extracting a reasonable
amount of lithium have been demonstrated. Albeit cation
disorder is expected to be detrimental to the battery
performance, at an excess of at least 10% lithium, diffusion
can become facile, unveiling the hidden potential of Li-rich
disordered rock-salt structures.20−23 Without the requirement
to be “well-layered” as described above, new chemistries/
substitutions can be explored, which may pave the way for the
development of cobalt-free materials. However, a significant
fraction of the charge originates from reversible oxygen redox
(rather than mainly oxygen release).20,21 Unfortunately, the
gain in capacity is associated with a number of problems such
as sensitivity to the processing conditions, voltage hysteresis,
transition-metal migration, surface disorder, and the irrever-
sible release of lattice oxygen as major roadblocks toward the
realization of stable disordered rock-salt materials.24

A widely used approach for the design of new lithium-rich
compositions comprises the hypothetical solid-solution
between a stoichiometric disordered rock-salt and a lithium-
enriched phase with predominantly d0 cations. Note that the
latter has been shown to favor the stabilization of the
disordered phase.25 Alternatively, disorder can be induced by
(de)lithiation,26 and/or disordered phases can be formed
directly by high-energy milling. Because d0 cations are not
expected to undergo a redox reaction in the pristine state (fully
lithiated), cations with high oxidation number are particularly
attractive, given that more equivalents of lithium can be
introduced for the reason of charge balancing and less
compromise needs to be made on the side of the substituted
redox-active transition metal. Following this idea, chemistries/
substitutions with V+4,27,28 Ti4+,29,30 Sb5+,31 Nb5+,20 Ta5+,32

and Mo6+33,34 have been explored, leading to a considerable
diversity of candidates for new cathode materials.
Several Ni-based disordered rock salts have been reported

up to now with different compositions, containing Ni2+−Ti−
Mo,24,33 Ni2+−Ta,35 Ni2+−Nb,20 Ni2+−Ti−Nb,36,37 Ni2+−Zr,27

Ni2+−V,27 and Ni2+−Ti.38,39 The theoretical Ni2+/4+ redox
couple, which promises higher operating voltages, makes Ni-
based compounds attractive for application in positive
electrode materials. However, X-ray absorption spectroscopy
(XAS) studies on Li1 .2Ni0 .333Ti0 .333Mo0 .133O2 ,

24 ,33

Li1.3Ni0.27Ta0.43O2,
35 and Li1.2Ni0.35Ti0.35Nb0.1O1.8F0.2

40 suggest
incomplete utilization of the Ni-redox reservoir in most of
these compounds, with Ni2+ being oxidized roughly to Ni3+

during charging and competing with O oxidation. This
observation is also in agreement with theoretical predictions
that Ni3+/4+ redox occurs at higher voltages in disordered rock
salts.62

In this work, we investigate a new family of Li-rich
d i s o r d e r e d r o c k - s a l t o x i d e s , n a m e l y ,
Li1+x/100Ni1/2−x/120Ti1/2−x/120Wx/150O2 (x = 0, 5, 10, 15, 20),
which have been rationally designed applying concepts of
percolation theory. We show the feasibility of W6+ as a high-
valence cation to increase the Li content in disordered rock
salts. Using a combination of diffraction and spectroscopic
techniques and density functional theory (DFT) calculation,
the role of Ni, W, and O in the charge compensation during

electrochemical (de)lithiation was elucidated. The
Li1.2Ni0.333Ti0.333W0.133O2 (x = 20) phase delivers a large
reversible specific capacity beyond the Ni2+/4+ redox couple
(only 60% accessible predicted by DFT), which suggests that
half of the capacity should be due to anion redox during the
first charge. We also demonstrate by differential electro-
chemical mass spectrometry (DEMS) that lithium-excess
invokes oxygen redox and triggers oxygen evolution,
accompanied by a large voltage hysteresis. X-ray photoelectron
spectroscopy (XPS) analysis of the cathode materials showed
no change in the oxidation state of Ti and W after oxygen loss.
Structural changes were probed by in situ X-ray diffraction
(XRD) and extended X-ray absorption fine structure (EXAFS),
indicating irreversible changes after oxygen loss. Finally, the
phenomena of oxygen loss and voltage hysteresis, often
observed for Ni-based disordered rock salts, are being
discussed.

■ RESULT AND DISCUSSION

Synthesis and Characterization. We chose to investigate
the solid solutions of the stoichiometric disordered Fm3̅m
Li2NiTiO4 (LiNi0.5Ti0.5O2) and the lithium-rich cation-ordered
(P1̅) Li4WO5 (Li1.6W0.4O2), targeting lithium-rich disordered
Li−Ni−Ti−W oxides. LiNi0.5Ti0.5O2 adopts an α-LiFeO2-type
crystal structure without long-range cation order. Li and
transition metals are randomly distributed over the octahedral
sites. These types of compounds are referred to as disordered
rock-salt oxides. In the cation-ordered triclinic P1̅ Li4MO5,
with M = W6+ and Mo6+, the latter cations occupy octahedral
sites in a cubic close-packed (ccp) anion sublattice, with the
lithium ions residing on the remaining octahedral sites. Edge-
sharing MO6 octahedra form a [M2O10] unit in the ccp
lattice.41,42 A series of compounds with gradual increase in Li-
excess level was targeted, the compositions of which are given
in Table 1. Hereafter, LiNi0.5Ti0.5O2 is referred to as LNT-0
and the solid solutions as LNTW-X, with X being the targeted
lithium-excess value.

For the hypothetical binary mixture of “xLi1.6W0.4O2-(1 −
x)LiNi0.5Ti0.5O2” (LiMO2 formula unit-based notation), single-
phase compositions were achieved for 0 ≤ x ≤ 1/3, adopting
the α-LiFeO2-type crystal structure, which is schematically
shown in Figure 1a. The measured XRD patterns and the
refined lattice parameters for a single-phase fit in the Fm3̅m
space group are presented in Figure 1b and Table S1,
respectively. Rietveld plots for the X-ray refinements of LNT-0
and LNTW-X (X = 5, 10, 15, 20) are shown in Figure S1a−e
of the Supporting Information (SI). Figure S2 shows
transmission electron microscopy (TEM) images for LNT-0
and LNTW-20, revealing small crystallites of size less than 100
nm. Figure 1c shows results from scanning transmission
electron microscopy-energy-dispersive X-ray spectroscopy
(STEM-EDX) mapping for LNTW-20, indicating homoge-

Table 1. Targeted vs Measured Li/Ni/Ti/W Atomic Ratio
for All Compounds from ICP- OES

materials Li excess/% targeted ratio measured ratio

LNT-0 0 1.00:0.50:0.50:0 0.99:0.51:0.50:0

LNTW-5 5 1.05:0.46:0.46:0.03 1.06:0.46:0.47:0.04

LNTW-10 10 1.10:0.42:0.42:0.07 1.10:0.41:0.42:0.07

LNTW-15 15 1.15:0.38:0.38:0.10 1.15:0.36:0.38:0.10

LNTW-20 20 1.20:0.33:0.33:0.13 1.20:0.32:0.35:0.14
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neous distribution of Ni, Ti, and W. Note that in disordered
rock salts with multiple transition-metal species, phase
separation may be observed.43

Electrochemical Properties. Galvanostatic charge−dis-
charge measurements were carried out to study the electro-
chemical properties. Figure 2a shows the voltage profiles with
the corresponding differential capacity curves for LNT-0,
LNTW-5, LNTW-10, LNTW-15, and LNTW-20. The cells
were cycled between 4.5 and 1.3 V with a constant specific
current of 20 mA g−1. In general, two significant observations
were made regarding the shape of the voltage profile and the
observed specific capacity. With a gradual increase in Li excess
and consequently in the W6+ fraction, the shape of the
discharge curves altered significantly. For the first charge, a
staircase-like profile with a distinct voltage plateau around 4.3
V was observed for all compounds. Notably, the voltage
plateau became longer with increasing Li excess, resulting in a
considerable increase in specific charge capacity. For X > 10,
the upper voltage plateau became more sloping, and a more
defined lower voltage plateau appeared. For LNTW-15, the
lower voltage plateau is located at 1.8 V, whereas LNTW-20
exhibited a more sloping plateau at 2.4 V. LNT-0 delivered a
specific discharge capacity of 100 mAh g−1 and LNTW-X (X =
5, 10, 15, 20) 136, 168, 187, and 226 mAh g−1, respectively.
Overall, the discharge capacity increased with Li excess. This
observation is in line with percolation theory, which predicts
that for disordered rock salts, a Li excess of ≥9% is necessary

to form percolating Li sites spanning the entire structure and
therefore enables higher lithiation/delithiation degrees.19,45

The substitution with W6+ lowers the fraction of Ni per
formula unit, which results in a decrease of the theoretical
Ni4+/2+ redox, as shown in Figure S3. Notably, in the first
charge cycle, LNTW-20 delivered a specific capacity of 246
mAh g−1, clearly exceeding the theoretical Ni2+/Ni4+ capacity
(Ti4+ and W6+ have d0-electron configuration). This implies
that other redox species must be involved in the charge-
compensation mechanism, even though electrolyte/electrode
side reactions can also be anticipated for this voltage window.
The appearance of the low-voltage plateau and the increase in
voltage hysteresis have been attributed to structural changes
taking place during oxygen oxidation and/or loss.46

The cycling stability at 50 mA g−1 in the voltage range
between 4.5 and 1.3 V is shown in Figure 2b. Striking is that
the stability decreased with increasing Li excess. For instance,
the LNT-0 cells retained 80% of their initial capacity and
delivered a specific discharge capacity of 88 mAh g−1 after 50
cycles, whereas LNTW-20 retained only 49% (100 mAh g−1).
In the present work, LNTW-20 was investigated more

thoroughly, as it showed the highest capacity among the series
of Li−Ni−Ti−W oxides. Figure 2c illustrates the rate
performance of LNTW-20. For 50, 100, 200, 400, 800, and
50 mA g−1, LNTW-20 exhibited specific capacities of 205, 153,
111, 60, 35, and 155 mAh g−1, respectively. Figure 2d displays
the first-cycle charge−discharge profile of each current step.

Figure 1. (a) Schematic illustration of crystal structures of rock-salt Li4WO5 and LiNi0.5Ti0.5O2. (b) XRD patterns of
Li1+x/100Ni1/2−x/120Ti1/2−x/120Wx/150O2 (x = 0, 5, 10, 15, 20) and Li4WO5. (c) STEM-EDX elemental mapping of LNTW-20. Note that the
crystal structures were drawn using the software VESTA.44
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For higher specific currents, we observed a strong increase in
polarization and a decrease in specific capacity, thus indicating
kinetic limitations.
Furthermore, the cycling stability was examined as a

function of the cutoff voltages, which were varied between
4.7 and 1.3 V. Figure 2e shows the cycle life test at 50 mA g−1

up to 60% of the initial capacity. For a narrow voltage window

of 4.1−2.0 V, a reasonably stable cycling behavior was
observed, however, with a relatively low specific discharge
capacity of 85 mAh g−1. In contrast, the extended voltage
window of 4.7−1.3 V led to a relatively high specific discharge
capacity of 263 mAh g−1, but at the cost of accelerated fading
(note that the capacity dropped to 60% within 17 cycles).
Figure 2f shows the cycling stability of LNTW-20 for specific

Figure 2. (a) Charge−discharge profiles of LNT-0 and LNTW-X (X = 5, 10, 15, 20) with the corresponding differential capacity curves of the
discharge cycle at 20 mA g−1. (b) Cycling stability of all compounds when cycled between 4.5 and 1.3 V at 50 mA g−1. (c) Rate capability of
LNTW-20 in the range of 4.5−1.3 V and (d) the corresponding charge−discharge profiles of the first cycle for each C-rate step. (e) Cycling
stability of LNTW-20 for various cutoff voltages at 50 mA g−1. (f) Cycling stability of LNTW-20 cycled between 4.5 and 1.3 V at 10 and 100 mA
g−1.
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currents of 10 and 100 mA g−1 in the voltage range between
4.5 and 1.3 V. The cells delivered 59 mAh g−1 and retained
27% of the maximum capacity after 100 cycles at 10 mA g−1.
After the same number of cycles, the cells could deliver 87
mAh g−1 at 100 mA g−1, corresponding to 45% of the initial
capacity. It is noteworthy that the capacity retention is lower
for slower cycling and increases with the current density. This
could hint at reactive interactions between the electrode and
electrolyte. Slower rates infer longer contact times with the
electrolyte and therefore less reaction and more time for self-
discharge via oxygen release.26,28,47,48

Figure 3 shows the respective charge−discharge profiles for
various cutoff voltages. In Figure 3a, c, and e, the lower and
upper cutoff voltages were gradually decreased and increased,
respectively, with each scan starting from the open-circuit
voltage of 2.8 V. When the voltage range was limited between
4.1 and 2.0 V, the profiles remained relatively symmetric with
low voltage hysteresis. A noticeable and increasing hysteresis

was observed when the voltage window was increased. When
the upper cutoff was set to 4.5 V and the lower cutoff was
decreased (deeper discharge), the hysteresis remained fairly
large, as shown in Figure 3b, d, and f (see also changes in
voltages profiles with prolonged cycling in Figure S4). This
observation points to a voltage hysteresis triggered with
charging beyond 4.1 V. Similar observations have been made
for other lithium-rich materials, and both oxygen redox and
lattice oxygen loss, leading to surface reconstruction, have been
inferred as the underlying reasons.49

In order to determine whether oxygen release took place in
the case of LNTW-20, in situ DEMS measurements were
performed and the results compared to LNT-0. To this end,
half-cells were charged at a specific current of 10 mA g−1 for
LNT-0 and 16 mA g−1 for LNTW-20 while monitoring the gas
evolution. Figure 4 shows the voltage and gas evolution profiles
for the first three cycles. For LNTW-20, CO2 evolution started
around 3.9 V in the initial (activation) cycle, and as expected,

Figure 3. Charge−discharge profiles of LNTW-20 at 50 mA g−1 for various cutoff voltages: (a) 4.1−2.0 V, (b) 4.5−1.8 V, (c) 4.3−1.8 V, (d) 4.5−
1.5 V, (e) 4.7−1.3 V, and (f) 4.5−1.3 V.

Chemistry of Materials pubs.acs.org/cm Article

https://dx.doi.org/10.1021/acs.chemmater.9b05285
Chem. Mater. XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b05285/suppl_file/cm9b05285_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b05285?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b05285?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b05285?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b05285?fig=fig3&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.9b05285?ref=pdf


the evolution rate decreased in the later cycles. Interestingly,
the DEMS data reveal two maxima in the second and third
cycles, which appear to be associated with the low- and high-
voltage plateaus during charge. Significant O2 evolution was

only observed above 4.4 V in the first charge cycle, thereby
indicating oxygen loss from the lattice. Upon discharge (initial
cycle), the formation of C2H4 and H2, due to reductive
decomposition of the electrolyte, was clearly observed below
2.0 V, with the highest evolution rates at the lower cutoff
voltage.50 The comparison with LNT-0 in Figure S5
demonstrates that apparent oxygen evolution only occurs for
the lithium-excess material. Note that side reactions of released
oxygen with the electrolyte are not the only source of CO2, as
similar behavior was observed for both compounds. Electro-
chemical electrolyte oxidation51 and decomposition of
carbonate contaminates52,53 from the synthesis can also
contribute to CO2 evolution. In Li-rich compounds, oxygen
loss has been shown to occur predominantly at the surface of
the active material particles, eventually leading to the
formation of densified surface phases.54−56

Structural Changes upon Cycling. In situ XRD measure-
ments were carried out to investigate the structural changes of
LNTW-20 and LNT-0 in the first charge−discharge and
second charge cycles between 4.5 and 1.5 V at 16 and 10 mA
g−1, respectively. The voltage profile and the changes in the a-
lattice parameter from single-phase Rietveld refinement
analysis are shown in Figure 5 and Figure S6 with an enlarged
section of the 002 reflections. During the initial charge of
LNTW-20, two distinct regimes were found. The first one
starts from the open-circuit voltage of 2.8 V and extends to 4.0
V and shows a strong slope, where the a-lattice parameter
decreases continuously (thus reflecting lattice contraction).

Figure 4. DEMS measurement for the first three cycles of an LNTW-
20 half-cell. The cell voltage (black) is shown together with the m/z =
2 (H2 in blue), m/z = 28 (C2H4 in red), m/z = 32 (O2 in green), and
m/z = 44 (CO2 in orange) evolution. Artifacts are denoted by
asterisks.

Figure 5. In situ XRD patterns of LNTW-20 over two consecutive cycles in the voltage range of 4.5−1.5 V with the corresponding voltage profile
(red) and changes in the a-lattice parameter (blue) from Rietveld refinement analysis. The red dots represent the measurement points where the
XRD patterns were collected.
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This finding can be related to Ni2+/3+ oxidation [Ni2+ (r = 0.69
Å) and Ni3+ (r = 0.56 Å)].57 Beyond 4.0 V, the lattice
parameter changes only slightly until the end of charge.
Oxygen oxidation and release can be anticipated, as shown by
DEMS. O2− oxidation may result in shrinkage of the oxygen
framework due to shortened interatomic distances as a
consequence of the elimination of electrons from antibonding
states of the σ* orbital.58 During the first discharge from 4.5 to
3.1 V, the a-lattice parameter remains nearly constant. From
3.1 to 1.7 V, it changes significantly due to lattice expansion,
and from 1.7 to 1.5 V, the changes are minor. At the end of the
first discharge, the a-lattice parameter was found to be slightly
larger as compared to the pristine material. At the beginning of
the second charge cycle, a rapid decrease from 4.153 to 4.149
Å at 3.5 V was observed. During further charging, the evolution
of the a-lattice parameter closely resembles the behavior of the
initial cycle. For LNT-0, the a-lattice parameter shows slight
changes with a monotonous decrease during charge and
monotonous increase during discharge (see Figure S6). In
contrast to LNTW-20, there is no direct evidence of oxygen

loss for LNT-0 by DEMS, which provides a likely explanation
for the differences in the evolution of the a-lattice parameters.
For further clarification of the structural changes, the local

structure of Ni and W was probed by EXAFS. The EXAFS
fitting procedure for the first coordination shell is described in
the SI, and the fitting parameters are given in Table 2. Figure
6a displays the Fourier transform (FT) of the Ni K-edge. The
maximum at 1.5 Å corresponds to the first oxygen coordination
shell (Ni−O) and the second maximum at 2.5 Å to the sphere
with Ni atoms (Ni−Ni). During charge, the most pronounced
changes take place in the first coordination shell around the Ni
atoms, resulting in a decrease of the Ni−O peak amplitude.
This can be explained by the distortion of the oxygen
octahedron around Ni3+ due to Jahn−Teller distortion, where
two bonds are elongated, thus reducing the effective
coordination number upon oxidation.59,60 When Ni3+ is
reduced back to Ni2+, the Ni−O peak amplitude is increased
again. For LNTW-20, the Ni−O peak amplitude recovers fully,
indicating the reversibility of the reaction.
Figure 6b−d and Figure S7a display the FT of the W L3-

edge (k3-weighted EXAFS in R space) with first-shell fits for

Table 2. Parameters of the Single-Shell EXAFS Fits

state shells N·S0
2

σ
2 (10−4 Å2) RW−O (Å) ΔE0 (eV)

pristine W−O 2.5 ± 0.1 43 ± 5 1.79 ± 0.01 4.3 ± 1.8

discharged W−O 2.12 ± 0.08 18 ± 3 1.76 ± 0.01 2.8 ± 1.4

charged W−O 1.8 ± 0.2 17 ± 9 1.74 ± 0.02 3.5 ± 3.8

chargeda W−O1 1.8 ± 0.2 20b 1.73 ± 0.01 0b

W−O2 0.8 ± 0.3 2.15 ± 0.03
aResults for the fit assuming two W−O shells. bFixed value.

Figure 6. FT-EXAFS of LNTW-20. (a) Ni K-edge for the pristine, fully charged, and fully discharged states. W L3-edge with the corresponding fit
for the (b) pristine, (c) discharged, and (d) charged states.
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LNTW-20 at different states of charge (SOC). Table 2 reports
the parameters refined during the fitting and includes the
coordination number, correlated with the amplitude reduction
factor S0

2,61,62 energy shift parameter ΔE0, bond length R(W−O),
and Debye−Waller factor σ

2. The changes in the first
coordination number were estimated using the product N·
S0

2, as these two parameters are correlated. Furthermore, to
avoid correlation between coordination number and Debye−
Waller factor (represents the thermal and static disorder in the
bond distances), we applied the strategy shown in Figure S7b−
d when σ

2 is calculated for different N·S0
2 using three k

weights. The correlation between these parameters can be
eliminated, given that σ2 exhibits a k-weight dependence unlike
N·S0

2. Proper values for N·S0
2 and σ

2 were therefore chosen in
the points of intersection. The fits for the pristine and
discharged samples shown in Figure 6b and c were made using
a single W−O shell. For the charged state, such a fit provided
poor agreement with the experimental data (cf. Figure S7a).
An additional lowering of N·S0

2 suggests a splitting of the
oxygen shell. Clearly, the two W−O shell model with
independent distances and amplitudes captures the data
more accurately, as shown in Figure 6d. The number of
independent points Nidp was preserved by fixing ΔE0 to 0 and
σ
2 to 0.002 Å2 for both scattering paths, resulting in two
oxygen shells with N·S0

2 amplitudes of 1.8 ± 0.2 and 0.8 ± 0.3
at distances (RW−O) 1.73 ± 0.01 Å and 2.15 ± 0.03 Å,
respectively. Compared to the single-shell fit with the same
number of independent variables, the R factor decreased from
0.052 to 0.012, and χ

2 decreased from 286 to 64, indicating
better suitability of the model. Upon charge, a rearrangement
in the first coordination shell of W−O takes place with two
distinctly different but close W−O oxygen bonds, leading to an
apparent reduction in N·S0

2 for the single W−O shell model
(“charged” in Table 2). However, the two-shell model
(“chargeda” in Table 2) clearly demonstrates that the oxygen
coordination number in the charged sample is similar to the
pristine one. In contrast to the discharged sample, a significant
reduction in N·S0

2 was observed compared to the pristine
sample. We attribute this result to the formation of oxygen
vacancies around W.
Redox Mechanism. In order to elucidate the redox

mechanism, a combination of DFT calculations with ex situ
XAS and XPS was used. For LNTW-20, only Ni is expected to
be redox-active since Ti4+ and W6+ are d0 elements that cannot
contribute to the charge compensation in the lithiated
(discharged) state. Interestingly, LNTW-20 delivered 246
mAh g−1 in the first charge (delithiation) cycle, corresponding
to 0.92 Li per formula unit (f.u.), thus exceeding the
theoretical capacity of Ni2+/4+ redox (178 mAh g−1). This
implies that other species are involved in the charge
compensation mechanism (Ti4+ and W6+ are electrochemically
inactive during the first charge).27

Figure 7 compares the equilibrium voltage profile predicted
by DFT with the experimental measurement. The calculated
voltage traces the measured first charge voltage well but slightly
underestimates it by ∼0.4 V. The computed voltage profile
shows a continuous slope until 166 mAh g−1 and a voltage
plateau for higher capacities. This indicates that the redox
mechanism changes from a single-phase to a two-phase
reaction after 0.667 out of 1.2 Li per f.u. have been extracted.
Further analysis of the magnetic moment of the nickel and
oxygen atoms during delithiation (Figure S8) revealed that the
sloped region of the voltage profile corresponds to Ni redox,

whereas the voltage plateau is mostly due to oxygen oxidation.
The calculations predict that nickel is not fully oxidized to
Ni4+. This finding is in agreement with previous computations
that cation disorder can raise the Ni3+/4+ redox potential.63

Only around 60% of the theoretical Ni3+/4+ redox capacity is
accessed before oxygen oxidation dominates. Note that the
calculated voltage profile predicts a higher overall accessible
capacity than is observed in the experiment since the
computations did not account for oxygen loss and subsequent
structural changes.
The Ni K-edge X-ray absorption near edge structure

(XANES) data for different SOCs shown in Figure 8a and
Figure S9 confirm that the edge position is similar to charged
LiNi0.5Ti0.5O2 with roughly 0.5 Li per f.u. extracted (based on
the charge capacity) and therefore close to a Ni3+ oxidation
state. Note that the ratio of Ni3+ to Ni4+ cannot be determined
quantitatively. During discharge, the Ni K-edge shifts back to
lower energies, pointing to nickel reduction. Interestingly, it
was observed that oxygen loss occurred together with the
partial reduction of Ni3+ to Ni2+.35 This could explain the
relatively smaller shifts of the Ni K-edge generally found for
Ni-based disordered rock salts. Figure 8b shows the L3-edge of
W for different SOCs and the model compounds WO2 and
WO3. The W L3-edge white line exhibits prominent 2p-s and
2p-d dipole allowed electronic transitions, originating primarily
from 2p3/2 to 5d5/2 states with a weaker contribution of 2p3/2
to 5d3/2.

64 For the W L3 edge, the most striking difference is a
change in the amplitude and broadening of the white line. The
amplitude may reflect structural distortion and therefore
splitting of the d-states manifold, which changes the number
of unoccupied 5d states. The shape of the white line could
suggest deviation from the octahedral symmetry of the W local
environment since it is not distinctly split.65,66 However, W L3

XANES alone is not sufficient to determine the oxidation
state.64 Hence, XPS was used to probe the surface oxidation
state of tungsten and titanium for LNTW-20 in the pristine
and charged states, and the results obtained are shown in
Figure 8c, d, e, and f. For the pristine compound, single peak
doublets at 458.3/464.0 eV for Ti 2p and 35.8/38.0 eV for W
4f were introduced for the peak fits in these regions, i.e., both
Ti and W were in the expected oxidation state of +4 and +6,

Figure 7. Calculated voltage profile (in blue) of LNTW-20 as
predicted by DFT. The measured voltage profile is overlaid (black
lines). Vertical lines indicate the theoretical capacity for Ni2+/3+ and
Ni3+/4+ redox. The redox regions predicted by DFT, i.e., nickel or
oxygen oxidation, are indicated by green and red arrows. Further
details of the DFT calculations are given in the Experimental Section.
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respectively. The F 1s spectrum from the pristine electrode in
Figure S10 displays two peaks at ∼688 and 685 eV, which can
be assigned to fluorine in PVDF and LiF, respectively.67 We
were not able to detect a change of the oxidation state of Ti
and W in the charged sample. However, note that the F 2s
peaks of PVDF and LiF obscure the energy range at which the
W 4f7/2 peak component of W in lower oxidation state would
be expected to appear (e.g., ∼32.8 eV for W4+). If an additional
W 4f peak doublet accounting for W4+ is added to the fit (fixed
at 32.8 and 35.0 eV), its intensity amounts to less than 10% of
that of the W6+ doublet. This means the presence of a small
number of W atoms in the reduced state cannot be excluded
on the basis of this measurement. Interestingly, partial
reduction of the Mo6+ to Mo4+ has been found for the Mo

analog system Li1.2Ni0.333Ti0.333Mo0.133O2 and associated with
oxygen loss on the surface.24

Oxygen Activity and Voltage Hysteresis in Ni-Based

Compounds. Ni-based disordered rock salts showing both
a n i o n i c a n d c a t i o n i c r e d o x s u c h a s
Li1 .2Ni0 . 333Ti0 . 333Mo0 . 133O2 ,

33 Li1 . 3Ni0 . 27Nb0 . 27O2 ,
20

Li1.2Ti0.35Ni0.35Nb0.1O1.8F0.2,
40 and Li1.3Ni0.27Ta0.43O2

35 suffer
from severe capacity fading. All these compounds have in
common that they have Li excess introduced with a high-
valence d0 cation and show oxygen redox and/or oxygen loss,
with limited utilization of the Ni4+/2+ redox couple and large
voltage hysteresis between charge and discharge. On the
contrary, Mn4+/2+ redox was realized in disordered rock-salt
compounds containing d0 cations with comparably low voltage

Figure 8. Experimental XANES and XPS spectra for LNTW-20 at different SOC. (a) Ni K-edge, (b) W L3-edge, (c and e) Ti 2p core-level spectra,
and (d and f) W 4f core-level spectra. The intensity of the Ti 3p peak was determined by comparison with the Ti 2p peak taking the relative
sensitivity factors of both peaks into account.
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hysteresis. Several different hypotheses regarding the origin of
the voltage hysteresis, in particular, the appearance of the low-
voltage plateaus during discharge, have been suggested in the
literature.35,68−72 However, only a few studies were performed
for disordered rock-salt systems. In general, the voltage
hysteresis has been attributed to structural modifications
related to cation migration or anionic redox. Lee et al.33

ascribed the appearance of a low-voltage plateau in
Li1.2Ni0.333Ti0.333Mo0.133O2 to a kinetic inhibition due to
surface densification after the loss of oxygen. They
hypothesized that the associated loss of Li excess results in
kinetic limitations, thus leading to a high voltage polarization,
based on an estimate of the redox contribution of Moy+ and
Tix+ in the surface regions from the amount of O loss. In
contrast, Jacquet et al.35 attributed the instability of Ni-based
compounds against O2 release and the large hysteresis (due to
the low-voltage plateau associated with oxygen reduction) to
the low charge transfer bandgap associated with the Jahn−
Teller distorted Ni3+. A small charge transfer bandgap, in
conjunction with anion oxidation, may facilitate electron
transfer from σ* states of O to the transition metal, leading
to a reduction of the transition metal and O2 release.71,73

Supporting this hypothesis, Taylor et al.74 associated the
voltage drop and the low-voltage plateau observed for
Li4.15Ni0.85WO6 with the formation of peroxide-like oxygen
dimers (dO−O = 1.46 Å); the role of d0 W6+ in the stabilization
of peroxide species in Li-rich rock salts was highlighted.
Nevertheless, the question of what triggers oxygen loss

remains interesting. Bruce et al.75,76 proposed that oxygen loss
occurs when the average coordination number around the
oxygen anion falls below 3 (i.e., a high degree of alkali
deficiency during charge), which has been exemplified for P2−
Na 0 . 7 8Li 0 . 2 5Mn 0 . 7 5O 2 (oxygen re lease) and P2−
Na0.67Mg0.28Mn0.72O2 (no oxygen loss), both showing oxygen
redox. Interestingly, although no oxygen loss occurs for P2−
Na0.67Mg0.28Mn0.72O2, a large voltage hysteresis is observed.
However, the hysteresis has been correlated not only with
oxygen redox and/or oxygen loss but also with cation
migration.77 Gent et al.78 proposed a mechanism, where
transition-metal migration is the consequence of oxygen redox,
thereby linking oxygen redox with cation migration. Striking is
the finding that the voltage hysteresis related to oxygen redox
can be small for structures inhibiting the local transition-metal
disorder, thus preventing oxygen dimerization and O2

formation.79−81 These findings underline the impact of local
cation environment on the cationic and anionic redox
potentials. Different approaches, such as the incorporation of
fluorine46 in the anion lattice and surface modification,24 have
been tested with moderate success in the mitigation of oxygen
loss and voltage hysteresis. In this context, it is important to
note that identifying the underlying reasons for the complex
processes, which vary with the cations and are clearly
dependent on the local environment, is very challenging and
clearly requires more studies.

■ CONCLUSIONS

In summary, rational design principles for the solid-solution
series Li1+x/100Ni1/2−x/120Ti1/2−x/120Wx/150O2 (x = 0, 5, 10, 15,
20) have been introduced as a new class of high-capacity
disordered rock-salt oxides. In agreement with a recent
percolation theory model, we observe that the specific capacity
inc reases wi th the amount o f l i th ium exces s .
Li1.2Ni0.333Ti0.333W0.133O2 delivers up to 225 mAh g−1 and

675 Wh kg−1 at 20 mA g−1 in the initial cycle. On the basis of
combined characterization data from in situ XRD, XANES,
EXAFS, DEMS, XPS, and electrochemical cycling, we propose
that the redox mechanism is a combination of Ni2+/3+ and
possibly a partial Ni4+ reservoir for charge compensation.
According to DFT calculations, Ni redox accounts theoretically
for 119 mAh g−1 but is not sufficient to explain the measured
specific capacity of 246 mAh g−1 during the first charge.
Oxygen loss is evident from the oxygen evolution detected by
DEMS. Although the release of lattice oxygen can be regarded
intuitively as the irreversible part of anion redox, the exact
relationship between oxygen loss and oxygen redox has not yet
been clarified. After oxygen loss, W6+ and Ti4+ can possibly
participate in the charge compensation, which has been
evidenced for an analog Mo-based material system.24,33 We
argue that the capacity fading mechanism is closely linked to
the oxygen loss and the associated structural changes. In
addition, oxygen loss results in higher surface reactivity toward
the electrolyte. Similar observations have been made for other
Ni-based disordered rock salts, suffering from oxygen loss and
large hysteresis and thus pointing to electronic instabilities
related to the presence of Jahn−Teller active Ni3+.

■ EXPERIMENTAL SECTION

S y n t h e s i s . F o r t h e s y n t h e s i s o f
Li1+x/100Ni1/2−x/120Ti1/2−x/120Wx/150O2 (x = 0, 5, 10, 15, 20), Li2CO3

(Alfa Aesar, 99%), NiCO3 (Alfa Aesar, 99%), TiO2 nanopowder (<50
nm; Alfa Aesar, 99.7%), and WO3 (Alfa Aesar, 99%) were used as
precursors. Li4WO5 was synthesized using adapted conditions. The
precursors were ball milled for 24 h at 200 rpm using a Fritsch P6
planetary ball mill with a 80 mL silicon nitride vial and silicon nitride
balls, with a ball-to-powder weight ratio of 20:1. Subsequently, the
milled mixture was pelletized and then sintered at 900 °C for 2 h in
air, followed by furnace cooling to 200 °C and immediate transfer
inside an argon-filled glovebox. Li4WO5 was sintered at 650 °C for 24
h. After sintering, the pellets were manually ground into a fine
powder.

Density Functional Theory (DFT). DFT calculations were
performed using the Vienna Ab-Initio Simulation Package
(VASP).82,83 All calculations employed a plane-wave basis set with
an energy cutoff of 520 eV for the representation of the Kohn−Sham
orbitals, Gamma-centered k-point meshes with a spacing of 25 Å−1 for
the Brillouin-zone integration, and projector-augmented wave
pseudopotentials.84 A structure model of composition
Li18Ni5Ti5W2O30 (Li1.2Ni1/3Ti1/3W2/15O2) was used to model the
fully lithiated LNTW-20, and possible atomic orderings were
enumerated using the method by Hart and co-workers,85,86 as made
available by the Python Materials Genomics (pymatgen) package.87

Out of around 30 000 enumerated configurations, 350 configurations
were randomly selected for DFT calculations to identify a
representative low-energy atomic ordering that was used as the initial
structure for subsequent delithiation, considering a total of 650
delithiated structures with enumerated lithium-vacancy orderings.

The 1000 DFT calculations of enumerated structure models
employed the exchange-correlation functional by Perdew, Burke, and
Ernzerhof (PBE)88 with an additional rotationally invariant Hubbard
U correction89,90 for the nickel d bands. The U value of 6.0 eV by Jain
et al.91 was used. While PBE+U is accurate for predicting transition-
metal redox reactions, it is not reliable for oxygen redox. Structures
predicted to be low in energy by PBE+U were therefore recalculated
using the Strongly Constrained and Appropriately Normed (SCAN)
exchange-correlation functional,92 which has been shown to predict
accurate formation energies of transition-metal oxides even without
Hubbard U correction.93 All reported computational results are based
on SCAN calculations.
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The equilibrium voltage of the delithiation reaction Lix1MO2 →

Lix2MO2 + (x1 − x2)Li
+ + (x1 − x2)e

− was calculated using Nernst’s

equation but neglecting temperature effects94,95

̅ ≈ −
− − −

−
V

E E x x E

x x F

(Li MO ) (Li MO ) ( ) (Li)

( )

x x2 2 1 2

1 2

1 2

where E(LixMO2) is the DFT energy of LNTW-20 with lithium
content x, E(Li) is the DFT energy of lithium metal in the body-
centered cubic crystal structure, and F is the Faraday constant. Only
the compositions predicted to be thermodynamically stable, as
determined by a convex-hull construction of the formation energy
(Figure S11), occur in the voltage profile.
Electrochemical Testing. Electrochemical tests were carried out

in Swagelok-type cells. Electrode slurries were made of 90 wt %
composite and 10 wt % polyvinylidene difluoride (PVDF) binder with
N-methyl-2-pyrrolidone (NMP) as a solvent. The composites
comprised active material and Super C65 carbon black in a weight
ratio of 80:20. The mixed slurry was coated onto an aluminum foil
using the doctor blade technique and dried at 120 °C for 12 h in a
vacuum. Each working electrode (12 mm diameter) contained
approximately 3 mg of active material, and Li foil was used as a
counter electrode. LP30 from BASF SE (ethylene carbonate/dimethyl
carbonate, 1:1 weight ratio with 1 M LiPF6) was used as an
electrolyte. Temperature-controlled galvanostatic charge−discharge
experiments were conducted at 25 °C in climate chambers using an
Arbin electrochemical workstation.
Differential Electrochemical Mass Spectrometry (DEMS). In

situ gas analysis was performed by use of DEMS. The setup has been
described elsewhere.51,96 Custom-made cells with gas in- and outlets
were assembled in an argon-filled glovebox. The (circular) cathodes
used had a diameter of 40 mm with a 4 mm hole for proper gas
extraction. GF/A (42 mm diameter; GE Healthcare Life Sciences,
Whatman) was used as a separator; 600 μL of LP47 (1 M LiPF6 in
ethylene carbonate/diethyl carbonate, 3:7 by weight, BASF SE) as an
electrolyte; and 40-mm-diameter, 600-μm-thick Li metal foil
(Albemarle Germany GmbH) as a counter electrode. A constant
carrier gas flow (2.5 mLHe min−1; purity 6.0) was applied during the
DEMS measurements for gas extraction. The gas was analyzed by
mass spectrometry (GSD 320; OmniStar Gas Analysis System, Pfeiffer
Vacuum GmbH). After each run, a calibration gas of known
composition was introduced to quantify the measured ion currents.
X-ray Absorption Spectroscopy (XAS). The P65 XAS beamline

(PETRA III, Hamburg) provides a relatively large beam (0.5 × 1
mm2) and a moderate photon flux density. The 11 period mini-
undulator delivers a monochromatic photon flux of about 1011 ph s−1.
Two plane mirrors with variable angle of incidence and three different
surface coatings are installed in front of the water-cooled double
crystal monochromator. Si(111) and Si(311) crystals are used for the
energy ranges 4−22 keV and 7−44 keV, respectively. The P65
beamline is also equipped with a seven pixel HPGe energy-dispersive
detector and Si-PIPS diode. XAS measurements were performed in
both transmission and fluorescence mode. For ex situ measurements,
the step-scan mode with a duration of 10−11 min for each spectrum
was utilized.
Extended X-ray Absorption Fine Structure (EXAFS). Single-

shell Fourier fitting of EXAFS data was performed in the Demeter
package97 using theoretical amplitudes and phases calculated by the
FEFF6 code.98 The fit was done in R space from 1.0 to 2.0 Å using
the Fourier-transformed k2-weighted χ(k) data applying a Δk
Hanning window from 2.0 to 11.0 Å−1 with a width of the window
slope dk = 0.2 Å−1. The fitting parameters were the first shell W−O
interatomic distance (RW−O), Debye−Waller factor (σ2), zero energy
shift (ΔE0), and the product of coordination number and amplitude
reduction factor N·S0

2. To reduce the observed correlations between
σ
2 and N·S0

2, the σ
2 (N,S0

2) dependencies for differently k-weighted
data were plotted, and the chosen values defined by the intersection of
the three lines.

X-ray Diffraction (XRD). In situ XRD patterns were collected
using modified coin cells on a parallel beam laboratory diffractometer
with a microfocus rotating anode (Mo Kα radiation) in transmission
geometry and a Pilatus 300 K−W area detector. The cells consisted of
a LNTW-20-based cathode, Li anode, LP30 electrolyte, and Whatman
glass fiber film separator. Galvanostatic charge−discharge cycling was
performed in the range between 1.5 and 4.5 V using an Ivium
potentiostat. Diffraction patterns were collected every 300 s. Two
consecutive patterns were coadded to eliminate cosmic spikes on the
detector. The diffraction images were integrated using the pyFAI
software99 and analyzed with the Rietveld method using software
TOPAS V6.

X-ray Photoelectron Spectroscopy (XPS). The elemental
composition of the surface region was analyzed by XPS using a
Physical Electronics PHI 5800 ESCA system. The measurements were
carried out with monochromatic Al Ka radiation (250 W, 13 kV) at a
detection angle of 45° and with pass energies of 93.9 and 29.35 eV for
survey and detailed measurements, respectively. An electron flood gun
was used for sample neutralization. The main C 1s peak was set to
284.8 eV for binding energy calibration. Some of the samples were
subject to Ar+ ion sputtering (approximately 1 nm min−1 sputter rate,
1 mA, 5 kV) to remove the topmost surface layer(s).
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