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1
Introduction

1.1 Introduction and Motivation

Energy-storage devices play an important role in the future’s energy supply1. A

battery is one of the most important energy storage devices, which can convert

chemical energy into electrical energy2. There are two types of batteries: (i) Pri-

mary or non-rechargeable batteries and (ii) secondary or rechargeable batteries3.

Primary batteries or alkaline batteries are designed in such a way that they can

be used once and cannot be reused again. In batteries, normally, chemical reac-

tions generate electricity, but in primary batteries, once the reactants vanish, they

stop producing electricity. In general, the electrochemical reaction going on in the

cell is electrochemically irreversible. It also provides high internal resistance with

low cell voltages, which limits its ability to deliver high current. Therefore, they can

be used only in light-load devices such as toys, portable radios, alarm clocks, and

flashlights4.

Secondary batteries, such as lithium (Li) ion and sodium (Na) ion batteries, refer to

batteries that are rechargeable and are more economical than primary batteries5.

In secondary batteries, the electrochemical reaction is reversible, and internal re-

sistance is comparatively lower than in primary batteries4. The advantages of

secondary batteries as it provides higher energy and power density with large

cell voltage and higher current load makes them usable in small and large-scale

applications, for example, in portable electronic devices6−7 and electric vehicles

respectively8.

A battery has four main parts i.e. (i) cathode (ii) anode (iii) separator and (iv) elec-

trolytes. Electrolytes are responsible for the charging and discharging process of a

battery by transferring ions from the negative to the positive electrode of the battery

and vice versa9. A separator keeps the positive and negative electrodes separated

1
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in order to avoid internal short circuit, while the current collector maintains the flow

of electrons between electrodes and external circuit. During charging, electrons are

transferred from the positive (cathode) to the negative (anode) terminal of the bat-

tery and return back during the discharging process through an external circuit10.

Therefore, the cathode is oxidized and the anode is reduced during charging and

vice versa upon discharging to make a charge balance of the system.

With the increasing problem of climate change, the development of rechargeable

and sustainable energy storage devices such as lithium-ion batteries (LIBs) and

sodium-ion batteries (SIBs) are gaining extensive attention. LIBs have attracted

significant attention because of their applications in electric vehicles andmany kinds

of portable electronic devices, such as cell phones. However, SIBs are gaining im-

portance as promising alternatives to LIBs for grid and large-scale energy storage

applications due to the high earth abundance of the elements used in SIBs, such

as Na and Mn. However, such batteries still need more research and improvement

to satisfy the market requirements for low cost and high-rate performance.

Moreover, it is important to enhance environmental safety and save our planet by

decreasing greenhouse gas emissions11 with the replacement of fossil fuels by

rechargeable batteries. The improvement in the following parameters is highly

desirable for the renewable energy generation12−14: power density15−17, energy

density18−19, safety20, cycling stability21−22 and cost23. To improve the performance

of secondary batteries, LIBs and SIBs need to be first discussed in detail:

1.1.1 Lithium-ion Batteries

Rechargeable Li-ion batteries work on the principle of a rocking chair that was first

proposed by Armand et al. in the 1970s.24. This process allows back and forth

movement of Li ions between the cathode and the anode during the charging and

discharging process. Most of battery cells commonly utilize graphite or carbon-

based anodes. However, the cathode is usually a Li metal oxide such as Lithium

cobalt oxide (LiCoO2) that was first proposed by Mizushima and Goodenough et

al.25, and later commercialized by Sony in 199126. Since that time, these materials
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have been extensively used in portable electronics devices.

The following electrode reactions that occur in a LIBs consists of graphite (anode)

and a layered CoO2 as cathode materials are:

Cathode: Li(Co)O2
charge

⇌
discharge

Li1−x(Co′)O2 + xLi+ + xe−

Anode: nC+ xLi+ + xe−
charge

⇌
discharge

LixCn

Overall: nC+ Li(Co)O2
charge

⇌
discharge

LixCn + Li1−x(Co′)O2

Where Co′ represents the variation in the oxidation/charge state of Co cations dur-

ing the charging process.

In addition to the reaction mentioned above, there are also some other possible

Figure 1.1: Schematic of commercially used LIBs during charging. Li, Co, O and C are in green, blue,
red and grey respectively. SIBs also work following a similar mechanism.
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undesirable side reactions that can occur during the charging/discharging process.

For example, reaction between the electrolyte and the surface of the electrodes

forms a new layer which is called the solid electrolyte interface (SEI) layer. How-

ever, the formation of SEI layer is not reversible and hence leads to large capacity

fading during cycling27.

1.1.2 Sodium-ion Batteries

Sodium-ion batteries have attracted great attention because of their potential

as inexpensive and large-scale applications in next-generation energy storage

technologies28−29. Similar to LIBs, Sodium-ion batteries also work on the princi-

ple of rocking chair, which shows a similar (de) intercalation mechanism to LIBs.

SIBs had been originally studied side-by-side with LIBs in the late 1970s, however,

the results were not very interesting at that time because of the lower energy den-

sity of SIBs than that of LIBs, therefore research was largely neglected for a few

decades30. This changed from the mid-2010s on and nowadays SIBs have been

gaining much attention because of their potential application in large scale energy

storage31−33.

SIBs offer the further hope for decreasing supply risks, price and improving envi-

ronmental friendliness by using abundant elements such as Na, Mn, or Fe for the

cathode materials34−36. Moreover, a great advantage of SIBs is to use abundant

and environmentally friendly anode materials such as hard carbon, which can be

obtained from biomass37. For the positive electrode side, layered transition metal

(TM) oxides attracted much attention38−39. Layered TM oxide is maybe among

the most promising cathode materials because of its low toxicity, high energy den-

sity, reasonable potential and good cycling stability40−43. Although the intercalation

chemistry of Na and Li ions is very similar, battery characteristics of both ions can

be quite different. For example, it has been found that some electrochemically in-

active transition metals toward lithium ions can be an active material (involved in

redox reaction) for sodium ions44 since the size difference between the two alkali

ions makes each ion have a different stability within the same structure45. Hence,
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detailed studies on the potential cathode materials for SIBs are necessary.

Layered sodium TM oxides as cathode materials are ideal candidates and being

widely studied46−49 because they can have tunable compositions for a flexible de-

sign of new cathode materials. They potentially can provide sufficient capacity and

the electrochemical performance can be easily tailored by the introduction of differ-

ent dopant elements into the host structures. However, the low energy density as

compared to LIBs urgently requires improvement for use in large-scale applications.

Layered sodium TM oxides are crystallized into P and O structures depending on

the Na-ions sitting at Prismatic and Octahedral sites respectively50.

P2 and O3 materials are two main widely studied structures. The number 2 and

3 represents the number of TMO2 layer per unit cell51−53 with oxygen stacking in

ABABAB and ABCABC in P2 and O3, respectively54 as depicted in Figure 1.2.

Generally, in O3 type of materials, Na-ions, due to their large ionic radius, when

they are removed from the alkaline metal layer during desodiation (charging), they

undergo multiple phase transitions such as O3-P3-O3′-O1, resulting in possible ca-

pacity loss55. However, P2-type materials offer higher capacity retention and better

rate performance than O3-phase56−59. P2-type materials can also undergo phase

transitions from P2 to O260−62 and from P2 to OP463−64 during charging but they

experience less phase transitions than O3. Therefore, in our work, the main focus

is to study P2-type layered sodium TM oxides cathodes, i.e. P2-NaxMnO2 for SIBs.

Figure 1.2: Schematic of P2 and O3 structures of NaxMnO2 for Sodium ion batteries.
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However, layered oxide cathode materials still suffer from large lattice parameter

changes and/or cation migration, which lead to mechanical cracking and/or struc-

tural instability and large capacity fade during cycling. A key factor underlying these

issues is the occurrence of phase transitions during the charging/discharging pro-

cess. These phase transitions involve changes in the atomistic structure, which

result in lattice parameter variation, particularly along the interlayer (c-axis) direc-

tion. Such lattice distortions, generate significant mechanical stresses within the

material during charge/discharge. These stresses may lead to microcracking, par-

ticle fracture, and ultimately, structural degradation.

Understanding the fundamental cause behind these structural changes (i.e. phase

transition and/or lattice parameter), electronic changes such as variations in elec-

tron distribution and oxidation states associated with the redox mechanism and

mechanical failure at the atomistic scale are important for improving the capacity of

layered oxide cathode materials.

Moreover, variation in lattice parameters, particularly along the c-axis, undergoes

significant changes during the charge/discharge process. The lattice parameter a

decreases due to changes in the oxidation state, while the c-axis usually increases

and then decreases with de-intercalation of alkali ions. A significant decrease in the

c-axis due to a phase transition can lead to substantial structural instability. This

significant anisotropic lattice parameters change, which is even more dramatic for

Na-based layered oxides, with phase transition between P and O phases, directly

influences the capacity and electrochemical performance of layered oxide cathode

materials.

Electronic structure calculations provide insight into the electronic changes associ-

ated with the redox mechanism, revealing how electrons are transferred and how

the oxidation states of the active materials change during charge-compensating cy-

cling. Redox mechanism is one of the most important parameters which control the

capacity and stability of cathode materials. Because redox reactions can trigger

Jahn–Teller distortions (a type of atomic distortion and/or oxygen evolution), which

further destabilize the structure.
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The study of mechanical properties and stress-strain behaviour is an other im-

portant parameter that indicates how cathode materials respond to mechanical

strain/stress that arises due to delithiation/lithiation and desodiation/sodiation. It

also reveals the ability of the cathode to withstand repeated volume change (due to

anisotropic variation in lattice parameters) without formation of cracks. Therefore,

it is very important to compute these two quantities to find the origin behind the mi-

crocracking of layered oxide cathodes for LIBs.

Therefore, a comprehensive study that combines analysis of lattice changes,

phase transitions, redox mechanisms and mechanical properties during charg-

ing/discharging is essential to fully understand the performance limitations and

degradation effects of layered oxide cathodes. This understanding will guide the

rational design and engineering of improved layered oxide cathode materials that

are both stable and high-performing and cost-effective energy storage materials.

Computational science plays a important role in examining and gaining insights into

the atomistic and electronic characteristics of layered oxide cathode materials.

This thesis employs a combination of computational approaches, such as Coulomb

energy analysis, density functional theory (DFT), and ab initio molecular dynamics

simulations (AIMD), to investigate changes in lattice parameters, electronic struc-

ture, charge transfer in P2-NaxMnO2 and mechanical stability of LiCoO2. Specifi-

cally, the study focuses on the evolution of lattice dimensions and phase transitions

in P2-NaxMnO2 during the de(sodiation) process. We also explored doping (adding

small amounts of cation substitutions such as Li, Mg, Co and Ni) to stabilize the

structure and enhance performance.

1.1.3 Computational approach and methods

Coulomb energy analysis: Determining the arrangement of defects (e.g., dopants

or vacancies) in a crystal is challenging due to the large number of possible atomic

configurations. In this thesis, the supercell program is used to explore these con-

figurations in layered oxide cathode materials by evaluating their electrostatic inter-

actions. The program employs Ewald summation, which provides an efficient and
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accurate method for calculating the Coulomb energy in the crystal. Coulomb energy

works as a brute-force calculation method, which solves a problem by systemati-

cally checking all possible solutions until the correct one is found. For example, to

determine the distribution of 24 Na ions among 36 Na sites 36!
24!12! = 1251677700

possible structures in Na0.67[Li0.22Mn0.78]O2 is computationally demanding using

DFT. Therefore, we first performed a preliminary screening using Coulomb energy

and then selected a few of the lowest-energy structures for further DFT calcula-

tions.

Coulomb energy analysis65−66 considers only classical electrostatic interactions,

treating atoms as point charges, ignoring quantum effects and lattice relaxation. As

a result, the lowest Coulomb-energy configurations may not always correspond to

the true lowest-energy structures, so full DFT calculations are necessary to accu-

rately determine the ground-state structure and other properties of materials.

Density functional theory (DFT): It has been widely used due to its balance of

computational efficiency and accuracy in handling many-electron systems, since

the electron density depends only on three spatial coordinates. In DFT, the electron

density ρ(r) is used as the central variable, rather than the many-body wavefunc-

tion, which significantly reduces the computational cost.

Hohenberg and Kohn67 demonstrated that having the ground-state electron den-

sity, ρ(r), is sufficient to determine all ground-state properties of a system.

In the first HK theorem, electron density uniquely determines the external potential

(υext) to a constant. According to this Theorem, the total energy is a unique func-

tional of the electron density.

Theorem II states that this functional achieves its minimum value if and only if the

electron density is the true ground-state density.

Although the density functional theory (DFT) formulated by Hohenberg and Kohn

is exact for describing the ground-state properties of any electronic system, it does

not offer a practical way to perform calculations. Kohn and Sham addressed this

limitation in 196568 by employing the variational principle of DFT to derive single-

particle Schrödinger equations. They constructed a non-interacting system with the
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same ground state density as the original interacting system.

However, the exact exchange–correlation (XC) functional in Kohn-shamDFT, which

contains all the complex many-body effects, is unknown. As a result, Kohn–Sham

DFT cannot directly yield exact solutions without employing approximations for this

functional. The simplest and most widely used XC approximation is the Local Den-

sity Approximation (LDA)69, which assumes that the exchange–correlation energy

at each point depends only on the local electron density, but it is only valid for ho-

mogeneous electron gas.

The Generalized Gradient Approximation (GGA)70 improves upon LDA by also in-

cluding the local gradient of the density, allowing for better accuracy in systems.

The GGA functional is valid for both homogeneous and non-homogeneous sys-

tems. We used the GGA approximation in this thesis to compute geometry opti-

mization, atomistic structure, and lattice parameter prediction, as it is well known

for layered oxide cathode materials. To further correct for the self-interaction error

and to better describe localized electron effects (particularly in transition metal ox-

ides and strongly correlated systems), the GGA+U71 method introduces an on-site

Coulomb interaction term U. However, choise of U-value is system dependent and

small variations in U-value can change the results of layered oxide cathode mate-

rials.

A more advanced approach, the HSE06 hybrid functional72, mixes a fraction of ex-

act non-local Hartree–Fock exchange with the GGA exchange–correlation energy,

significantly improving the description of electronic properties and structural prop-

erties in a wide range of materials in particular for transition metal oxides which are

the studied materials in this thesis.

However, DFT only focuses on determining the ground-state properties of materials

at 0 K, identifying their lowest-energy configurations under static conditions. DFT

optimization can trap in local minima near the initial atomic configuration, limiting its

ability to capture realistic ionic movements and lattice relaxations. To overcome this

limitation and better represent temperature-dependent processes, ab initio molecu-

lar dynamics (AIMD) simulations are used, as they allow atoms to move dynamically
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at finite temperatures and explore a wider range of the energy landscape beyond

the static ground-state description.

Ab Initio Molecular Dynamics (AIMD) simulations: It is generally important to

study a system under realistic conditions, that is a finite temperatures and/or pres-

sure. For this purpose, a class of simulations can be employed in which the evolu-

tion of a system can be tracked in time. These classes of simulations are usually

referred to as molecular dynamics (MD) simulations73−74. MD simulations allow

for prediction of the time evolution of systems consisting of interacting particles by

numerically solving the classical equations of motions.

In particular, to account for finite-temperature dynamics and possible migration of

ions like Li and Mg from TM to Na-sites, ab initio molecular dynamics (AIMD) sim-

ulations were conducted. In AIMD, atomic nuclei are propagated via Newtonian

dynamics, with forces computed on-the-fly from DFT within the Born–Oppenheimer

approximation. This allowsmonitoring of thermal fluctuations, Li diffusion pathways,

and structural stability under operationally relevant conditions.

AIMD simulations can be performed under different statistical ensembles using

thermostats and/or barostats to control temperature and/or pressure. In the NVT

ensemble75 (canonical ensemble), the number of particles (N), volume (V), and

temperature (T) are kept constant—commonly maintained via a thermostat such as

the Nosé–Hoover or Langevin method. This setup is ideal for studying temperature-

dependent structural and dynamical properties.

In contrast, the NPT ensemble (isothermal–isobaric ensemble)76 allows both tem-

perature and pressure to remain constant, using combined thermostat–barostat

algorithms (e.g., Nosé–Hoover or Parrinello–Rahman)77−78 to enable the system

volume to fluctuate. This ensemble is especially useful for simulating realistic op-

erating conditions and assessing structural stability under varying pressure.

Limitations of AIMD include high computational cost, which restricts simulations to

modest supercell sizes (tens to hundreds of atoms) and short timescales (tens to

hundreds of picoseconds). Additionally, the accuracy of dynamic properties de-

pends on the DFT XC functional, pseudopotentials, and finite simulation times, and
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rare events such as slow Li diffusion may require longer simulations or enhanced

sampling techniques.

1.2 Objective

The main goal of the thesis is to study some issues and problems that occur in LIBs

and SIBs during the charging/discharging process. The primary objective of this

research is to investigate the structural changes, as well as to evaluate the impact

of elemental doping in P2-NaxMnO2 system during cycling. For P2-Na0.67MnO2

studies for SIBs, the main idea is to study impact of doping, Na and TMs order-

ing, as well as to affirm the preservation of the P2 structure at different levels

of de(sodiation). The objective is also to study redox mechanism during charg-

ing/discharging through electronic structure calculations.

In this work, an extensive Coulomb energy analysis, density functional theory

(DFT) calculations and ab initio molecular dynamics (AIMD) simulation with different

exchange-correlation functionals—specifically PBE, PBE-D3, PBE+U, and HSE06

functional are utilized. Different functionals are used to check their influence on

the predicted structural behavior, redox mechanism and mechanical stability. The

computational study includes analysis of redox mechanism (magnetic moments),

spin density difference (SDD), Bader charge analysis, and bond lengths. These

properties are correlated with the calculated lattice parameters to reveal the mech-

anisms behind phase transitions occurring during charging/discharging process. In

particular, the research is also aimed to study mechanical stability by finding the

origin behind the cracking of cathode materials, i.e., LiCoO2, during cycling, which

is a possible cause of capacity fading in LIBs.

Overall, this thesis provides a detailed understanding of mechanical and structural

stability as well as redox mechanism of layered oxides cathodes. The main aim is to

determine parameters controlling cyclability and capacity of these materials during

charge/discharge and study the impact of substitution/doping on these quantities.

The research questions of the thesis:

I: What is the origin behind the cracking of cathode materials, i.e. LixCoO2 during
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cycling for LIBs.

II: How do lattice parameter changes, phase transition and doping impact the struc-

tural stability of P2-type cathode materials in SIBs?

III: What is the origin behind the phase stability (transition) in P2-type cathode ma-

terials (P2-NaxMnO2) for SIBs? How can we suppress it?

1.3 Thesis Outlines

This thesis is divided into five chapters:

The first chapter is the current introduction part. This chapter contains motivation for

this work, basic components, types of batteries and importance of LIBs and SIBs.

Results and discussions of the thesis consist of four chapters and are divided into

three parts. The first part, corresponding to chapter 2 is mainly about the study

of mechanical stability of Li- based cathode material and the second part, corre-

sponding to chapters 3 is study of impact of substitution/doping as well as redox

mechanism, third part consists of chapters 4 and 5 and is mainly discussing the

structrual stability of Na-based cathode materials.

In chapter 2, using DFT calculations and microstructural mechanical analysis the

possible reason for the mechanical stability of LixCoO2 is presented. We computed

anisotropic changes in the lattice parameters during charging/discharging, and me-

chanical properties with various Li concentrations and defects are presented. To

study structural phase transitions on the atomic scale, we calculated the stress as

a function of strain as well as a function of total energy. We also modelled a typical

microstructure comprising randomly oriented particles (created by a collaborator),

sharp space charge and point defects to find the origin of microcracking of LCO

cathodes.

During my Ph.D. I got the chance to work on several projects together with our

international experimental cooperation partners. The results of two of these stud-

ies are summarized in the Chapter 3 with a special focus on my theory simula-

tions to determine the redox mechanisms in Na-based layered cathode materi-

als. This work aimed to determine the effect of co-doping of electro-inactive (Li)
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and electro-active (Co/Ni) elements on the structural stability and redox mech-

anism of the P2-Na0.67MnO2 cathode. The key experimental findings were P2-

Na0.75[Li0.14Ni0.17Mn0.69]O2 (LNM) system showed better capacity retention as

compared to P2-Na0.67[Li0.22Mn0.78]O2 (LM) system. The questions to be an-

swered by the simulations were: why is capacity retention in Ni-doped sys-

tem and what is the redox mechanism of P2-Na0.67[Li0.22Mn0.78]O2 (LM), P2-

Na0.75[Li0.156Co0.156Mn0.689]O2 (LCM) and P2-Na0.75[Li0.14Ni0.17Mn0.69]O2 (LNM)

during the charging/discharging process?

Chapter 4 is the combined study of DFT and experimental results (performed by

a collaborator). This chapter presented the effect of co-doping on the structural

stability of Na-based cathode materials during the charge/discharge process. We

simulated pristine and charged states to determine high-performance cathode ma-

terials using multi-level optimization approaches such as Coulomb energy analysis,

DFT optimization, and AIMD simulation, and also compared with experimental re-

sults. We computed the redox mechanism using DFT to clearly show which ions

and how much they are oxidized during charging.

It is important to study the origin of phase transition during charging/discharging

in Na-based cathodes, and the computational simulation is expected to clarify this

fundamental mechanism. Therefore, in chapter 5, we study the possible reasons

behind the phase transition and try to find out how to suppress it. Using different

computational approaches, on bare and Li doped P2-NaxMnO2, which include the

influence of desodiation on phase stability, lattice parameters changes, and redox

mechanism, are presented. We analyzed pairwise ion-ion interactions and pair dis-

tribution function to deeply explain this phenomenon.
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2
Delithiation-induced oxygen vacancy formation

increases microcracking of LiCoO2 cathodes

Abstract: Cracking of cathode materials during cycling is a main cause

of capacity fading in Li-ion batteries. In this work, by performing atom-

istic and microscale simulations, we study the possible reason behind

the cracking of LixCoO2 (LixCO) microstructures. It is shown that ten-

sile uniaxial lattice strains larger than 2% along the c-direction (εc) can

cause displacement of Li ions and a yield drop in the stress-strain σc

(εc) plot in (LixCO). By modelling a typical microstructure consisting

of packed microparticles and performing continuum mechanical anal-

ysis on the mesoscale we found that the electrochemically-induced

(L1.00CO→ L0.50CO) mechanical εc in the microstructure is, however,

only −2.5% ≤ εc ≤ +0.5% . Moreover, we found that even a sharp

space charge region cannot cause any significant local tensile strain.

However, a small amount of oxygen vacancy (Vx
O) introduces a large

local strain of εc = 3% leading to the displacements of Li ions. Further-

more, we found that the formation of Vx
O becomes more favorable with

delithiation (L1.00CO → L0.50CO). The results of this work, thus, indi-

cate that the delithiation-induced formation of Vx
O, which is a well-known

phenomenon observed experimentally in operating cathode materials,

can be a reason of microcracking of Li-based layered cathodes.

This chapter is based on the publication:
N. Yaqoob, R. Mücke, O. Guillon, P. Kaghazchi, Journal of Power Sources, 2022, 533, 231316.
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of LiCoO2 cathodes

2.1 Introduction

LiCoO2(LCO) as a cathode material for Li-ion batteries was proposed in 1980

by Mizushima and Goodenough1. It is still one of the most popular and widely

used compound for energy storages in electronic devices. LCO has a layered

crystal structure (with a rhombohedral space group: R-3m) in which Li-ions dein-

tercalate/intercalate from/into Li sites between slabs of CoO6 octahedra during

charge/discharge2. In principle, it can provide a long cycle life. A main drawback of

this system is its low practical energy density due to a structural instability occurring

when more than 0.5 Li is extracted.

In practice, only about a 0.5 Li content can be removed from LCO which gives a

specific capacity of about 140 mAh/g with an upper cutoff voltage of about 4.2 V3.

Wang et al.4 performed a Transmission Electron Microscopy (TEM) study on LCO

and reported that after 50 cycles, 20% of the particles were indeed fractured be-

tween 2.5 V and 4.35 V at a 0.2 C rate. Yoon et al.5 studied this system and found

that the capacity experiences fading by 2.2% and 6.5% for a delithiation of 0.5 Li

per CoO2 after 10 and 50 charge-discharge cycles, respectively. It is believed that

the changes in lattice parameters cause an irreversible damage of LCO structure,

in particular the collapse of structure along the c direction 6, leading to cracking and

failure, and thereby the capacity fading.

Zhou et al.6 performed an in situ-XRD experiment to determine the variation of lat-

tice parameters of LCO during delithiation i.e. LixCoO2 (LxCO, x = 1.0 and 0.5).

They observed a contraction of 0.2% (a = 2.82 Å → 2.81 Å) along the a-axis, while

an expansion of 1.99% (c = 14.09 Å → 14.37 Å) along the c-axis when x = 1.0 →

0.5. A similar experiment by Amatucci et al.7 indicates that the lattice parameter

a contracts by ∼ 0.18% when x = 1.0 → 0.6 followed by a subsequent increase of

0.24% when x = 0.4→ 0.0. However, the c parameter experiences an expansion of

1.8% for x = 1.0 → 0.5 followed by a contraction of −1.8% for x = 0.5→ 0.2 7.

Ex situ X-Ray Diffraction (XRD) studies by Chen et al.,3 Amatucci et al.,7 and

Ohzuku et al.8 on LxCO showed that when x = 1.0 → 0.25, i.e. V= 4.2 → 4.8

V, a phase transition from the initial as synthesized O3 phase (oxygen stacking
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of ∙∙∙ABCABC∙∙∙ ) to a stage-two phase (H1-3) occurs. Chen et al.3 measured the

composition of H1-3 phase to be Li0.12CoO2 (a = 2.82 Å and c = 13.54 Å). Finally,

Amatucci et al.7 observed a further phase transition from O3-LxCO to O1− CoO2

(oxygen stacking of ∙∙∙ABAB∙∙∙) forU= 5.2 V. Qu et al.9 and Cheng et al.10 performed

nanomechanical measurement of plastic, fracture, and elastic properties of LCO us-

ing a nanoindentation test. They measured Young’s modulus to be in the range of

151–236 GPa 9,10. Feng et al.11 studied the effect of electrochemical cycling on

the strength of LCO using a TEM–based nanopillar compression experiment. They

estimated that this system can withstand an ultimate strength in the range of 5.62

± 0.22 GPa, 3.91±1.22 GPa, and 2.27±1.07 GPa for pristine and after 1 and 11

cycles, respectively.

First principles density functional theory (DFT) has also been applied to compute

phase transition, lattice parameters, and the mechanical properties of LxCO cath-

ode materials11−14. For example, using DFT-LDA, Ceder et al.12 calculated forma-

tion energies to simulate the staging phase transitions (O3-phase→ H1-3-phase→

O1-phase) in LxCO that were proposed by experimental works of Ohzuku et al.8

and Amatucci et al7. Arup et al.15 calculated (with DFT-PBE) changes in the lattice

parameters of LxCO to be a = 2.85 Å→ 2.82 Å→ 2.83 Å and c = 14.05 Å→ 14.42 Å

→ 14.21 Å for x = 1.0→ 0.5→ 0.0. Qi et al.13 using HSE06, while Feng et al.11 and

Wu et al.14 using DFT-PBE computed the mechanical properties of LxCO during

Li insertion/deinsertion. They found that Young’s modulus decreases dramatically

from 264 GPa to 59.8 GPa during the deintercalation of x = 1.0 → 0.013. The bulk

modulus B and shear modulus G decrease significantly from 166.74 GPa to 68.69

GPa and from 111.38 GPa to 41.71 GPa respectively14. Feng et al.11 calculated

(with DFT-PBE) the ultimate tensile strength for LxCO by introducing Li vacancies

heterogeneously on a single plane in the crystal. They showed that the strength,

defined by the maximum stress that can be generated by applying strain, decreases

from 33.7 GPa 12.7 GPa when x = 1.0→ 0.5. They reported that the critical strain,

up to which the material can accommodate the arising stress before it experiences

restructuring and stress drops with applying larger strain fields, is 33% and 8% for



2

22
2 Delithiation-induced oxygen vacancy formation increases microcracking

of LiCoO2 cathodes

x =1.0 and 0.5, respectively.

However, according to the DFT-PBE study by Wu et al.14 the strength decreases

from 40 GPa to 32 GPa (and critical strains from 32% to 30%) with the delithiation

of x =1.0→ 0.5. The previously calculated values of strengths with DFT calculation

are significantly larger than the experimental ones. Moreover, the proposed critical

strain values above which the layered cathode materials experience cracking are

considerably higher than the delithiation-induced contraction or expansion of lat-

tice parameters. Direction and maximum possible magnitude of electrochemically-

driven strain/stress generation in a microstructure of LCO have not been modelled

so far. This information is required to find out if microstructuring is the reason of

cracking. Moreover, the impact of point defects has not been investigated. In this

work, we address these issues by combining extensive DFT calculations as well as

microstructure modelling and electrochemo-mechanical analysis on the grain level.

2.2 Method

Spin-polarized DFT calculations were performed using the projector augmented

wave (PAW)16 potential method implemented in the Vienna Ab Initio Simulation

Package (VASP) code 17. The Perdew–Burke–Ernzerhof (PBE)18 form of general-

ized gradient approximation (GGA) was used as the exchange-correlation func-

tional. We also checked the influence of adding a Hubbard U (Dudarev et al.

approach19 : U-J = 5.9 eV for Co20) and dispersion D321 correction on the me-

chanical properties. It was found that for the calculation of lattice parameters, the

PBE and PBE-D3 results are in good agreement with experimental values at high

and low Li-concentrations respectively. However, the PBE functional without any

correction gives more reasonable data for mechanical properties. To perform elec-

trostatic energy analysis as well as DFT calculations for discharged and charged

systems, we modelled the LxCO structure with a space group of R-3m crystal and

a unit cell of 2×2×1 (Li12Co12O24). A Gamma-centered k-point mesh of 4×4×1 and

an energy cut-off of 800 eV were applied. Electronic and force convergence crite-

ria of 10−5 eV and 10−3 eV/Å, respectively, were considered for DFT calculations.
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For the calculation of elastic constants Cij , we kept fixed the magnetic moment

and atomic coordinates to the optimized ones. Cij matrix was computed using the

strain values of 0, ±0.5%, and ±1% (see Table 2.1 and Figure 2.1). After comput-

ing Cij , we obtained the mechanical properties such as Young’s, bulk, and shear

modulus as well as Poisson’s ratio by using the Voigt-Reuss-Hill (VRH) homoge-

nization scheme22. To find the most favourable occupation of Li sites by Li ions in

L0.50CO, Li6Co12O24, we modelled all possible atomic configurations with various

combinations of 6 Li ions in 12 Li sites. We created a total number of 12!/6!6! = 924

structures. For charge balancing, we used elementary charges of 1+ for Li, 3.5+ for

Co, and 2− for O, respectively. Afterwards, we performed DFT-PBE calculations

on 5 distinguishable electrostatically favourable structures and obtained the lowest

total energy structure. Total Coulomb energy calculations were carried out using

the so-called supercell code23.

Atomistic structures were visualized with the VESTA program24. The mechani-

cal response inside the polycrystalline microstructure of LCO was simulated us-

ing the grid based solver ElastoDict FeelMath-LD in the software package GeoD-

ict (Math2Market GmbH, Kaiserslautern, Germany)25−27. To model the LCO mi-

crostructure, an experimental microstructure from a FIB- SEM image of a mixed

LLZO-LCO cathode from our previous study on solid state batteries25,28 was used

and all LLZO particles were replaced by LCO. The microstructure was segmented

into grains using the watershed method (GrainFind module of GeoDict) yielding a

median diameter of 2.4 µm. A random set of Euler angles was assigned to each

grain resulting in a uniform distribution of orientations. The uncharged (i.e. fully

lithiated) particles were assumed to be in the stress-free state. No external forces

were applied during the simulation.

2.3 Results and discussion

2.3.1 Lattice parameters

We first computed the lattice parameters of LxCO with x = 1.0, 0.5, 0.12, and 0.0.

We found that the parameter a contracts from 2.85 Å to 2.82 Å and c (hereafter it
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is defined to be 3 intralayer + 3 interlayer separations) expands from 14.01 Å to

14.46 Å for x = 1.0 → 0.5. With further delithiations, namely x = 0.5 → 0.12 → 0.0,

a does not change much, while c decreases significantly: a = 2.82 Å → 2.83 Å →

2.82 Å and c = 14.46 Å→ 14.35 Å→ 14.16 Å. Our results for x = 1.0→ 0.5→ 0.12

→ 0.0 are in fair agreement with the reported experimental values of a = 2.82 Å →

2.81 Å → 2.82 Å → 2.82 Å and c = 14.05 Å → 14.37 Å → 13.54 Å → 12.87 Å with

delithiation reported by Wang et al.31, Zhou et al.6, Chen et al.3 and Amatucci et

al7. Afterwards, the mechanical properties of LxCO with various Li concentrations

x and defects were calculated.

2.3.2 Mechanical properties

The computed values of v for LxCO with various Li concentrations and defects (Ta-

ble 2.2) are 0.24 − 0.25, which agree well with the experimental value of 0.23 and

0.24 reported by Meng et al.29 and Cheng et al30. We calculated B to be 159.43

GPa for L1.00CO which is slightly higher than the experimental value of 149 GPa

reported by Wang et al31.

A previous DFT-PBE study on a defect-free L1.00CO crystal by Wu et al.14 com-

puted Y , B and G to be 252.09 GPa, 166.74 GPa, and 111.38 GPa, respectively,

which are even higher than our calculated values for L1.00CO (Table 2.2) as well

as reported experimental ones9,28,32. Yamakawa et al.32 computed the B value for

LCO to be 146.44 GPa which agrees with the experimental value of 149 GPa32,

but they assumed v = 0.32 in their calculation which is very large compared to the

experimental value of 0.2329 and 0.2430.
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Table 2.1: Calculated Stiffness matrix for L1.00CO without (a) and with Li-vacancy (b), Co-vacancy (c),
and O-vacancy (d) as well as defect-free L0.50CO,(e) Li0.12CO, and (f) CoO2 (g).

Possible reasons for the difference between our results and those of Yamakawa

et al.32 might be due to the applied cut off energy and number of computed energy

vs. strain points. The reason of overestimation of B in our calculation compared to

the experiment is most likely due to the fact that a real LCO crystal contains defects

at finite temperature. To address this issue, mechanical properties of L1.00CO with

Li, Co, or O vacancy (Vx
Li , V

x
Co, and Vx

O) were computed. It is found that the val-

ues of mechanical properties decrease in all three defective cases in comparison to

the defect-free system (Table 2.2). The obtained values of B become 147.58 GPa

and 146.49 GPa for L1.00CO with Vx
Co and V

x
o, respectively, which are close to the

measured value of 149 ± 2 GPa reported by Wang et al31. Moreover, with these

atomic defects, the magnitudes of Y and G become smaller and more comparable

to the corresponding experimental values (Table 2.2). In addition, the value of v re-
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Figure 2.1: Computed changes in strain energy as function of various types of strains in L1.00CO.

Table 2.2: Calculated mechanical properties of LxCO with different defect types and Li concentrations:
bulk modulus (B), shear modulus (G), and Young’s modulus (Y ) in GPa as well as Poisson’s ratio
(v). The subscripts V and R represents the results using Voigt-Reuss-Hill homogenization scheme 22.
Experimental values are listed for comparison.

X = 1 X = 1 X = 1 X = 1 X = 0.5 X = 0.12 X = 0 Exp

Vx
Li Vx

Co Vx
O

Bv 161.32 155.59 152.49 153.31 144.62 142.21 129.39

BR 157.54 150.93 142.68 139.66 137.78 119.88 119.70

B 159.43 153.26 147.58 146.49 141.20 131.04 124.55 149 ±31

Gv 101.90 102.26 96.34 99.06 85.80 88.31 74.38

GR 97.41 91.40 84.88 84.02 78.79 72.09 71.56

G 99.66 96.83 90.61 91.54 82.29 80.20 72.97 80 ±130

Y 247.43 239.96 225.65 227.27 206.72 199.84 183.15 151− 2369

v 0.24 0.24 0.24 0.24 0.25 0.25 0.25 0.2329, 0.2430

mains unchanged and, therefore, it is still comparable to the experimental value.30

The reason of softening of L1.00CO with the presence of Vx
Co or V

x
O vacancies is

most likely due to broken Co-O bonds or weakening of electrostatic O-Li-O interac-
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tion. Furthermore, we found that the mechanical strength of LxCO decreases with

delithiation. This is also probably because of the weakening of O-Li-O interaction,

i.e. interlayer interaction, with delithiation. Our computed delithiation-induced de-

crease in B, G, and Y is smaller than those computed by Wu et al14. Nevertheless,

there is no experimental data on delithiated phases to compare with our results.

2.3.3 Stress-Strain curve

Afterwards, we computed the stress σ as function of strain ϵ along a (σa, ϵa) and c

(σc, ϵc) direction for LxCO. To distinguish the likely effect of delithiation from that of

point defects on σ and ϵ, we first focus on LxCO without Vx
Co and V

x
O. For L1.00CO

(Fig.2.2), it is found that both σa and σc drop above large tensile ϵa and ϵc values.

The atomic structure of each case undergoes a large displacement under these

conditions. Due to the structural phase transition, the σ value drops significantly.

Our computed critical strains (12% < ϵa, 18% < ϵc) above which system may ex-

Figure 2.2: Calculated uniaxial stress versus strain in L1.00CO along the a-direction and c-direction and
side views of the selected atomistic structures.
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Figure 2.3: Calculated uniaxial stress versus strain in L0.50CO along the a-direction and c-direction and
side views of the selected atomistic structures

perience cracking are, however, clearly much higher than expected values for ce-

ramic materials. Previous theoretical studies by Fang et al.11 and Wu et al.14 have

reported even larger critical tensile strains, namely > 30%. Figure 2.3 shows the

computed stress as function of uniaxial strain plot along the a and c directions for

the L0.50CO system. It is found that under compressive ϵa and ϵc as well as tensile

ϵa strains the response of L0.50CO is similar to that of L1.00CO system. However,

under tensile ϵc strains, σc increases linearly only up to 2% strain. Above this critical

strain value, the stress magnitude drops. Previous experimental measurements us-

ing advanced scanning transmission electron microscopy (STEM) and high-angle

annular dark-field (HAADF) by Yan et al.33 also found intragranular cracking along

the (001) orientation in a cycled NCM111 structure.

Moreover, we find that the stress drops at 5% and 11% strains as well. Further-

more, we computed the total energy as a function of strain (Fig. 2.4) indicating

phase transitions occurring for 2% < ϵc < 3%, 4% < ϵc < 5%, and 10% < ϵc < 11%.
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Figure 2.4: Calculated stress and total energy (per primitive unit cell and referenced to the zero-strain
value) as function of strain in Li0.50CO along the c-direction.

The calculated atomic structures clearly show structural changes at 3%, 5%, and

11% upon which Li ions displace leading to the breaking of their symmetry. Calcu-

lated magnetic moment as a function of strain (Fig. 2.5) shows almost no variation.
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Figure 2.5: Magnetic moment versus strain for L1.00CO along the (a) a- and (b) c-direction as well as
for L0.50CO along the (c) a- and (d) c-direction.

This indicates that phase transition is driven by the interlayer rather than intralayer

O–TM–O interaction. The magnitude of delithiation-induced change in c is the de-

termining factor for the critical strain abovewhich restructuring occurs. For example,

c contracts by 3.4% in L0.12CO with respect to L1.00CO. The computed stress as

function of strain for x = 0.12 (Fig. 2.7) shows a phase transition for strain values

larger than 6%.

The corresponding c value of this critical strain is, interestingly, very close the criti-

cal c value for phase transition in the case of L0.50CO. Displacement of Li-ions in

L0.12CO is, however, not similar to that in L0.50CO (Fig. 2.7). This is due to the

applied periodic boundary condition for the latter system. We also calculated stress

as function of shearing (Fig. 2.7) in L0.50CO and found that shear strains cannot
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Figure 2.6: Stress versus strain for (a) L0.12CO and (b) CoO2 along the c direction.

cause any considerable stress into the system. Hence, no displacements of Li ions

are found in this case. However, the calculated stress as function of tensile strain

along the c direction with an applied fixed shearing strain of 8% shows a similar

behavior to the one that was found in Fig. 2.3.

The Li extraction of x = 1.0→0.5 leads to an electrochemically-induced tensile strain

of ϵc = 2.39% and a compressive strain of ϵa = -0.23% (from the experimental data

of Takahashi et al.34), but the Li displacement, which can lead to the cracking of a

microstructure, occurs only if an additional elastic tensile strain 2% < ϵc is exerted

along c in L0.50CO. This means that at least a ≈ 5% tensile strain along c in the

L0.50CO system with respect to the equilibrium c of L1.00CO system is needed to

form cracking in a LCOmicrostructure. Here, we discuss likely sources of additional

Figure 2.7: Calculated (a) shear as function of angle change in percentage and (b) tensile stress as
function of strain along the c-direction with an applied fixed shearing strain of 8% in L0.50CO.
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3% tensile strain: I) mechanical strain that arises in each particle of a microstruc-

ture from the lattice size change (expansion of c and contraction of a) of adjacent

particles when x = 1.00→0.50, II) accumulation or depletion of Li ions in a single Li

layer (i.e. sharp space charge), and III) point defects. In the following, we discuss

these three possible sources of strains.

2.3.4 Microstructure

We modelled a typical microstructure with randomly oriented particles of arbitrary

sizes and computed arising strain/stress due to a delithiation of x = 1.00→0.50

within it (see Fig. 2.8 and Fig. 2.9). The anisotropic stiffness matrix that is needed

to compute stress/strain distributions in the microstructure was obtained from the

DFT-PBE calculation [Tab. 2.1 and the method section for the details of our cal-

culation]. Since our calculated lattice parameters are not much different from the

experimental values, we used the corresponding experimental values from ref. 34.

Our results show that elastic strains and stresses along a are equal to those along

b, and they are ϵa= 0.36% ± 0.30 and σa = 0.59 ± 0.91 GPa, respectively. How-

ever, the corresponding values along the c-direction are ϵc= -0.94% ± 0.56 and σc

=-1.2 ± 0.8 GPa, respectively. We found that maximum compressive and tensile

strains along the c-direction are -2.22% and 0.51%, respectively. However, Fig.

Figure 2.8: Modelled typical microstructure of LCO containing of randomly-oriented microparticles of
arbitrary sizes.
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Figure 2.9: Calculated mechanical stress and strain in an arbitrary microstructure of LxCO induced by
the delithiation of its particles from x = 1.00 to 0.50: strain distribution along the (a) a- and (b) c-direction
as well as (c) strain histograms along a- and c-direction; stress distribution along the (a′ ) a- and (b

′
)

c-direction as well as (c′ ) stress histograms along the a- and c-direction. Fully lithiated particles in the
microstructure were assumed to be in the stress- free state. Red and blue color in fig (a, b, a′ , b

′
)

represents the tensile and compressive strain, respectively. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

2.3 indicates that tensile lattice strains ϵc larger than 2% can only lead to cracking.

Hence, the delithiation-induced mechanical lattice strains in a microstructure can-

not be responsible for an instantaneous failure but it might only cause subcritical

crack growth leading to cracking over time.
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2.3.5 Sharp space charge (SC)

To study extreme cases of space charge formation in grain boundaries, we consid-

ered a zero (SC0) or full occupation (SC1) of Li sites between two arbitrary adja-

cent O-Co-O layers. These two cases represent sharp SC areas with fully depleted

and accumulated Li layers, respectively (Fig.2.10(a-b)). The interlayer separation

(distance between Co layers dCo−Co ) for the fully depleted part of the SC0 model is

4.75 Å, which is smaller than that for the CoO2 system with a 1% strain (Figure 2.11).

The interlayer separations for the L0.50CO layers in the SC0 model is 4.78-4.85 Å

which are also smaller than those for the L0.50CO system with a homogenously

distributed 0.50Li ions and 1% strain. Since the residual strains are less than 3%

(i. e. the starting point of damage), no Li displacement is observed in this SC0

model. The calculated value of interlayer separation for the fully lithiated part of the

SC1 system is 4.73 Å, which is very close to the computed value of 4.72 Å for the

L1.00CO system with a 1% strain. The interlayer separations for the L0.50CO layer

are comparable to the L0.50CO system with 0%-1% strains. Thus, no displacement

Figure 2.10: Calculated Co-Co interlayer separations in L0.50CO with a fully (a) delithiated and (b)
lithiated Li layer modelling space charge regions. Calculated Co-Co interlayer separations in L1.00CO
and L0.50CO with 4.17% (c,e) Co and (d,f) O vacancy.
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of Li is observed for the SC1 model as well. Hence, we find that the space charge

cannot be responsible for the microcracking. The calculated values of dCo−Co in

both defective d-L1.00CO systems are similar to those in the defect- free L1.00CO

system with a 0% strain.

2.3.6 Point defect (Co and O vacancy)

We considered Vx
Co and V

x
O (neutral Co and O vacancy) in L1.00CO and L0.50CO,

and calculated dCo−Co (Fig. 2.10 (c-f). The calculated values of dCo−Co in both de-

fective d-L1.00CO systems are similar to those in the defect-free L1.00CO system

with a 0% strain. The dCo−Co distances for d-L0.50CO with Vx
Co are also compa-

rable to those in the strain- and defect-free L0.50CO system. However, we find

a 3% tensile strain in dCo−Co in the d-L0.50CO structure in which a 4.17% Vx
O is

present. Consequently, the Li ions between O–Co–O interlayers undergo displace-

ments which are very similar to those in the defect-free L0.50CO with a 3% strain.

This shows that the displacement of Li ions in the d- L0.50CO structure is only

Figure 2.11: Calculated Co-Co interlayer separations in CoO2 with (a) 0% strain and (b) 1% strain.
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Figure 2.12: Calculated top view of atomic structures of L0.5CO for 0% strain and 3% strain.

due to the Vx
O-induced expansion of interlayer separation and not a direct V

x
O-Li in-

teraction. The calculated formation energy of Vx
O is more favourable by 0.93 eV in

d-L0.50CO compared to d-L1.00CO. This shows that an increase in the density of

O vacancy in the LCO lattice by delithiation (i.e. cycling) can lead to displacements

of Li ions and microcracking of LCO cathodes35.

2.4 Conclusions

In this work, by performing DFT calculation and microstructural mechanical analy-

sis, we investigated the origin of microcracking in LCO. It was found that the defec-

tive bulk LCO with O or Co vacancies is softer than its pristine counterpart. Conse-

quently, the mechanical properties of former systems are closer to the experimental

measurements. A structural phase transition on the atomic scale (i.e. displace-

ments of Li ions) occurs when a tensile uniaxial strain larger than 2% along the

c-direction (ϵc) is exerted on a defect-free Li0.50CoO2. A similar phase transition is

also obtained for Li0.12CoO2 experiencing ϵc > 6% or c > 14.80 Å. The critical value

of c above which Li movement occurs is similar in Li0.12CoO2 and Li0.50CoO2. Fur-
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thermore, we performed a mechanical GeoDict simulation on an arbitrary cathode

microstructure comprising of randomly-distributed L0.50CO particles. It was found

that the maximum possible strain (with respect to the strain-free L1.00CO particles)

along the c-direction arising from a half delithiation is less than 0.5%. Moreover, our

DFT calculation indicates that a heterogeneous distribution of Li ions between O-

Co-O layers, representing a space charge region for example at grain boundaries,

cannot lead to a large local tensile strain or restructuring. However, the presence of

4.17% of O vacancy causes a large strain of ϵc= 3% leading to the displacements of

Li ions. It is known that operating LCO cathodes experience a release of O anions

from their lattices. We, therefore, proposed that the delithiation-induced O vacancy

formation might be the initial stage of microcracking of LCO and most likely in the

other layered cathode materials.
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3
Impact of co-doping of Li and Co/Ni on P2-NaxMnO2

cathode for sodium-ion batteries

Abstract: Oxygen-redox-based-layered cathode materials are of great

importance in realizing high-energy-density sodium-ion batteries (SIBs)

that can satisfy the demands of next-generation energy storage tech-

nologies. However, P2-NaxMnO2, an oxygen-redox cathode mate-

rial, suffers from fast capacity fading and structural instability during

the charging and discharging process. In this work, a combination of

Coulomb energy analysis and DFT calculations was used to study the

influence of Li, Co/Ni doping on the stability and redoxmechanism of P2-

NaxMnO2 cathodes. We characterized the redox mechanism by com-

puting the magnetic moments and spin density differences. It is demon-

strated that the efficacy of the co-doping of Li and Co in P2-NaxMnO2

i.e. Na0.75[Li0.156Co0.156Mn0.689]O2 improves the structural and cycling

stability despite the reversible Li migration from the transition metal layer

during de-/sodiation. Moreover, it is found that the co-doping of Li and

Ni in P2-NaxMnO2 improves structural stability by reducing Li migration

from transition metal to Na layers. Our study shows that Ni suppresses

the O redox, but due to the higher structural stability and Ni-redox ac-

tivity, Na0.75[Li0.14Ni0.17Mn0.69]O2 has a better performance in compari-

son to Na0.67[Li0.22Mn0.78]O2. Overall, our finding demonstrates that the

presence of co-doping played important roles in the structural stability,

thereby improving the electrode performance via both TM and O redox.
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3 Impact of co-doping of Li and Co/Ni on P2-NaxMnO2 cathode for

sodium-ion batteries

3.1 Introduction

Lithium-ion batteries (LIBs) are considered one of the most efficient types of

rechargeable batteries for mobile electronics and electric vehicles owing to their

high energy density and reasonable cyclability. As increasingly more devices re-

quire LIBs as power sources, it is necessary to search for alternatives to replace

expensive lithium resources and reduce the cost of batteries. Among several

candidates1–3, the use of sodium-ion batteries (SIBs) has been shown to be particu-

larly promising because of the even and abundant distribution of sodium resources

on the earth’s surface. Because of the large ionic size of sodium (1.02 Å) relative

to that of lithium (0.76 Å), sodium transition metal (TM) oxides are typically stabi-

lized into a layer structure4–6. The chemistry of sodium is particularly good with

manganese in the oxide matrix, for example, NaxMnO2
7; hence, the combination of

earth-abundant elements is anticipated to further enhance the price merit of SIBs,

provided that the performance is compatible with that of high-energy-density Ni-rich

cathode materials for LIBs.

Notwithstanding, there is an intrinsic demerit of SIBs, namely, the low operation volt-

age stemming from the high standard electrode potential of sodium metal (Na+/Na:

-2.7 V vs. standard hydrogen electrode (SHE)) compared with that of lithium metal

(Li+/Li: -3.04 V vs. SHE). To resolve this issue and for SIBs to compete with LIBs,

the inherent disadvantage should be overcome by increasing the capacity as high

as possible to achieve high energy density at a similar level as that of Ni-rich cath-

ode materials for LIBs.

The above-mentioned cathode materials are solely activated via a cationic redox

process; hence, there is a capacity limit attributed to the TM elements. The role

of participating anions in the electrochemical reaction to deliver additional capacity

This chapter is based on the theory part of the following publications:
N. Voronina, M.Y. Shin, H.J. Kim, N. Yaqoob, O. Guillon, S.H. Song, H. Kim,... & P. Kaghazchi, S.T.
Myung, Advanced energy materials, 2022, 12, 2103939.
N. Voronina, J. H. Yu, H.J. Kim, N. Yaqoob, O. Guillon, H. Kim, ... & S.T. Myung, Advanced Func-
tional Materials, 2023, 5, 2210423.
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was thus investigated, for example, oxidation of O2− to (O2)
n− and vice versa on re-

duction in oxide matrices for layered compounds. Earlier works have demonstrated

the validity of oxygen-redox reactions on Li-rich cathodes such as Li[LixTM1−x]O2

in Li cells8–10. Interestingly, such oxygen behavior is also applicable to not only Na-

rich cathodes11–13, which are an analogue of Li-rich materials, but also Na-deficient

TM oxides14–21.

The Na-rich compounds are mainly based on noble and expensive TMs, such as 4d

(Ru) and 5d (Ir) metals 22–24; however, Na-deficient materials (P2 and P3) are rep-

resented by abundant and low-cost 3d (Mn)15,16. There is a universal notation for

oxygen redox: Nax[AyTM1−y]O2, where TM is Mn14–20, Ru21,25,26, or Ir23,27,28, and A

is monovalent Li14,17,18,29,30 or divalent Mg20,31–33 or Zn34,35. In this case, oxygen-

redox activity is usually triggered by the presence of the Na–O–A configuration that

forms lone-pair electrons in the O 2p orbital, which allows subsequent oxidation of

O2− to (O2)
n− in the bulk of cathode materials on desodiation and vice versa on so-

diation. Yabuuchi et al.17 introduced the first work on Li substitution at the Mn site

in P2 Na5/6[Li1/4Mn3.89+3/4]O2, delivering a discharge capacity of approximately

180 mAh g−1 with suppressed phase transition through rearrangement of cations

after extraction of oxygen on a long voltage plateau over 3.5 V. Later work by de la

Llave et al.18 demonstrated that the density of states of P2-Na0.6[Li0.2Mn4+0.8]O2

for oxygen lying close to the Fermi-energy level indicates that oxygen is a possible

redox center.

In addition, the Li in the TM layers played an important role in improving the struc-

ture stability compared with that of P2-Na0.6MnO2. Rong et al.36 investigated P2-

Na0.72[Li0.24Mn4+0.76]O2, which delivered a high discharge capacity of approxi-

mately 270 mAh g−1, with extraction of all the sodium from the host structure with

a charge capacity of 210 mAh g−1. This property was attributed to the structural

stability that maintained the P2 phase, though few small O2 phase domains were

formed at the nanoscale when deeply charged during electrochemical reaction en-

abled by Mn4+/Mn3+ and O2−/(O2)n− redox pairs. Density functional theory cal-

culation provides further insight for understanding the behavior of oxygen in these
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compounds. According to the calculation on Na1−x[Li1/3Mn2/34+]O2 by Kim et al.37,

the O 2p electron is oxidized to compensate for the charge imbalance, and a va-

cancy was observed around the oxidized O 2p electron. This finding indicates a

linear increase as oxidation of oxygen further progressed. The above-mentioned

theoretical phenomena were experimentally confirmed in P2-Na0.6[Li0.2Mn0.8]O2
38.

Moreover, Dahn et al.39 reported P2-Na0.67[Ni0.33Mn0.67]O2 with high capacity (173

mAhg−1) and high operating voltage over 3.5 V in Na cells. However, the cyclability

suffered as a result of the P2–O2 phase transformation, resulting in ≈23% volume

change in unit cells in the highly desodiated state. Later, Konarov et al.40 reduced

the volume change to ≈13% by optimizing the Ni content in Na0.67[Ni0.2Mn0.8]O2,

showing an acceptable level of capacity retention.Compared with P2-Na0.7MnO2,

the suppression of Jahn–Teller distortion via Ni2+ incorporation is also worth men-

tioning as an approach to retain the capacity. Yabuuchi and Komaba et al.41

stabilized the P2 layered structure by replacing half of the Mn3+ with Fe3+, P2-

Na0.67[Fe0.5Mn0.5]O2, which delivered a capacity of 190 mAhg−1 with good re-

versibility assisted by both Mn4+/Mn3+ and Fe4+/Fe3+ redox pairs. Konarov et al.42

also introduced Co3+ into P2-Na0.7MnO2 to dilute the Jahn–Teller effect, showing

good electrode performance.

The above works highlight the importance of substituents to stabilize the structure

from the existing Jahn–Teller effect in a deeply discharged state and suppression

of volume change in unit cells during repetitive de/sodiation.

In this work, we studied the impact of Li and Co/Ni doping on P2-type NaxMnO2

cathodes for Na-ion battery. Therefore, we focused on the chemical composition of

three materials: Na0.67[Li0.22Mn0.78]O2 (LM), Na0.75[Li0.156Co0.156Mn0.689]O2 (LCM)

and Na0.75[Li0.14Ni0.17Mn0.69]O2 (LNM). These materials are crystallized into the

P2-type layered structure.

3.2 Computational Details

Spin-polarized DFT calculations were performed using the projector augmented

wave (PAW) potential method43 implemented in the Vienna Ab Initio Simulation



3.2 Computational Details

3

45

Package (VASP) code.44 Generalized gradient approximation (GGA) within the

scheme of Perdew–Burke–Ernzerhof (PBE)45 was used as the basis of the

exchange-correlation (XC) functional. The Hubbard correction proposed by Du-

darev et al.46 (U-J is simply presented by U hereafter) was considered to compute

the lattice parameters and electronic structures for LM and LNM systems.

We checked a variety of possible U values for both Ni and Mn: U(Ni)=5.0 eV and

U(Mn)=4.0 eV, U(Ni)=6.8 eV and U(Mn)=2.0 eV, U(Ni)=6.8 eV and U(Mn)=2.5 eV,

U(Ni)=6.8 eV and U(Mn)=3.0 eV, U(Ni)=6.8 eV and U(Mn)=4.0 eV, U(Ni)=6.8 eV

and U(Mn)=5.2 eV, and U(Ni)=9.0 eV and U(Mn)=7.0 eV. The computed lattice

parameters change with delithiation agrees well with our experimental data with

U(Ni)=6.8 eV and U(Mn)=3.0 eV. The Hubbard U correction with the U values of

5.9 eV and 5.2 eV for Co and Mn, respectively, was considered to compute the

atomistic structures for LCM. However, we used the Heyd–Scuseria–Ernzerhof

(HSE06)47 functional to compute the electronic structure (i.e. number of unpaired

electrons (Nunp) on elements and spin density differences) for LCM.

To perform the Coulomb energy analysis and DFT calculations, wemodeled LM and

LNM structures with a supercell of 3×6×1 with the following number of atoms per

supercell: P2-Na0.67Li0.22Mn0.78O2 (Na24Li8Mn28O72), P2-Na0.11Li0.22Mn0.78O2

(Na4Li8Mn28O72), P2-Na0.75Li0.14Ni0.17Mn0.69O2 (Na27Li5Ni6Mn25O72), and

P2-Na0.22Li0.14Ni0.17Mn0.69O2 (Na8Li5Ni6Mn25O72). The discharged and

charged systems were modeled by 4×4×1 supercells for LCM with the fol-

lowing number of atoms: Na0.75Li0.156Co0.156Mn0.689O2 (Na24Li5Co5Mn22O64),

Na0.125Li0.156Co0.156Mn0.689O2 (Na4Li5Co5Mn22O64),.

A k-point mesh of 2×1×2 for LM, LNM and 2×2×2 for LCM with an energy cut-off

of 500 eV and 550 eV were applied for LM, LNM and LCM respectively. Electronic

and force convergence criteria of 10−4 eV and 10−3 eV/Å, respectively, were

considered for all DFT calculations. Total Coulomb energy calculations on possible

combinations were carried out using the so-called supercell code48. Atomistic

structures and spin density differences SDD were visualized with the VESTA

program49.
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To find the most favorable structures of P2-NaxLi0.22Mn0.78O2, P2-

NaxLi0.156Co0.156Mn0.689O2 and P2-NaxLi0.14Ni0.17Mn0.69O2 with different x

values, we modeled and calculated the total Coulomb energy (EC) of a large num-

ber of likely structures. By performing DFT-PBE calculation on the electrostatically

most favorable configuration, we determined the lowest total energy structure for

each Na concentration and used the optimized geometries for further DFT-PBE+U

and -HSE06 calculations. The total number of considered configurations for EC

calculation and the charge states of ions for each x value are as follows.

Na0.67[Li0.22Mn0.78]O2 (Na24Li8Mn28O72): To obtain the most favorable distribution

of Na, Mn, and Li ions in Na0.67[Li0.22Mn0.78]O2 (modelled by the Na24Li8Mn28O72),

we had to use a 3-step process since the creation of structures and calculation of

their total Coulomb Energies (EC) for all possible configurations with 24 Na ions

in 36 Na sites as well as 28 Mn and 8 Li ions in 36 Mn sites, namely 36!
24!12! .

36!
28!8!=

3.78762E+16, were computationally intractable. At first, we fixed 36 Mn cations at

36 TM-sites and found the distribution of 24 Na ions in 36 Na sites. We created
36!

24!12! = 1251677700 structures. For charge balancing, we used 1+ for Na, 3.333+

for Mn and 2− for O. After determining the structure with the lowest EC , we kept

fixed Na-ions in the determined Na sites, and studied distribution of 28 Mn ions

in 36 Mn sites by creating 36!
28!8!= 30260340 structures. To find the position of 8 Li

ions in Na36Mn36O72, we fixed 24 Na and 28 Mn ions in their determined Na and

Mn sites and studied Li distribution in the remaining unoccupied Na and Mn-sites.

We performed Coulomb energy analysis on 3 possible distributions: i) all Li-ions

in Mn-sites ii) all Li-ions in Na-sites, and iii) half Li-ions in Na sites and half in

Mn-sites. For charge balancing, the following charge states were applied: 1+ for

Na, 1+ for Li, 4.0+ for Mn, and 2− for O. The first distribution type was found to be

favorable based on electrostatic analysis.

Na0.11[Li0.22Mn0.78]O2 (Na4Li8Mn28O72): We used the Na0.67[Li0.22Mn0.78]O2

Na24Li8Mn28O72) to find Na distribution in Na0.11[Li0.22Mn0.78]O2 (Na4Li8Mn28O72).

We considered all possible configurations for 4 Na ions in 24 Na sites and we

created a total number 24!
4!20!= 10626 structures. For charge balancing, we used
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charges of 1+ for Na/Li, 4+ for Mn, and 1.72− for O.

Na0.75[Li0.14Ni0.17Mn0.69]O2 (Na27Li5Ni6Mn25O72): To model this structure, we

also had to use a 3 step process because calculation of EC for all possible

configurations with 27 Na ions in 36 Na sites as well as 25 Mn ions, 5 Li ions, and 6

Ni ions in 36 Mn sites, namely 36!
27!9! .

36!
25!11! .

11!
6!5!= 2.61315E+19, was computationally

intractable. Therefore, we had to fix 36 Mn cations at 36 TM-sites and find all

possible configurations with 27 Na ions in 36 Na sites, namely 36!
27!9!= 94143280

structures. The charge states of Na, Mn, and O were considered to be 1+, 3.25+,

and 2−, respectively. We obtained the lowest EC structure and then fixed Na-ions

in their determined Na sites, and afterwards we determined the distribution of 25

Mn ions in 36 Mn sites, 36!
25!11! = 600805296 structures. To find the arrangement of

5 Li ions and 6 Ni ions in Na36Mn36O72, we, then, fixed the 27 Na and 25 Mn ions

in their determined sites and studied Li and Ni–arrangement in remaining Na and

Mn-sites with creating 20!
6!14! .

14!
5!9!= 77597520 structures. We used the charge states

of 1+ for Na/Li, 2+ for Ni, 4+ for Mn and 2− for O.

Na0.22[Li0.14Ni0.17Mn0.69]O2 (Na8Li5Ni6Mn25O72): We used

Na0.75[Li0.14Ni0.17Mn0.69]O2 (Na27Li5Ni6Mn25O72) structures to find Na arrange-

ment in Na0.22[Li0.14Ni0.17Mn0.69]O2 (Na8Li5Ni6Mn25O72). We modelled all possible

configurations, namely 27!
8!19!= 2220075, for 8 Na ions in 27 Na sites and calculated

their EC using charges of 1+ for Li/Na, 4+ for Mn/Ni, and 1.90− for O. Then we

performed DFT-PBE calculation on i) the structure with the lowest EC value in

which 5 Na occupy every second Na layer and the rest 3 Na ions occupy the other

layers as well as ii) a structure with the same number of Na ions at each Na layer.

We found that the latter one has a lower total energy and, finally, we focused on

this structure for further DFT-PBE+U study.

Na0.75[Li0.156Co0.156Mn0.689]O2 (Na24Li5Co5Mn22O64): Modeling of
32!
24!8! .

32!
27!5! .

27!
22!5!= 1.71+17 structures for 24 Na ions in 32 Na sites as well as 5

Li ions, 5 Co ions, and 22 Mn ions in 32 TM sites was computationally intractable.

Therefore, we first considered that all TM-sites are occupied by Mn and studied

the occupation of 24 out of 32 Na sites by Na by modeling 32!
24!8! = 10518300
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structures with charges of 1+ for Na, 3.25+ for Mn, and 2− for O. After determining

the electrostatically most favorable structure, we fixed the position of Na ions and

studied the occupation of 32 TM sites by 5 Co and 27 Mn cations by modeling 32!
5!27!=

201376 structures. The charge states of Na, Co, Mn and O ions were considered

to be 1+, 3+, 3.30+, and 2−, respectively. To find the position of Li ions we fixed 24

Na ions and 5 Co ions in their determined favorable sites and studied occupation

of 27 TM sites by 22 Mn and 5 Li ions by modeling 27!
5!22!= 80730 structures with

charge states of 1+ for Na/Li, 3.0+ for Co, 3.81+ for Mn, and 2− for O.

Na0.125[Li0.156Co0.156Mn0.689]O2 (Na4Li5Co5Mn22O64): 24!
4!20!= 80730 structures

with 4 Na ions in 24 Na sites with a charge of 1+ for Li/Na, 4+ for Co/Mn, and

−1.828 for O were modelled.

3.3 Results and discussions

3.3.1 Atomistic structures and lattice parameters variation

Using density functional theory (DFT) calculation, we simulated the ef-

fect of Co and Ni on the structural stability of Li ions in the lattice

and redox mechanism of LM cathodes. The atomistic structures of

Table 3.1: Calculated lattice parameters and volume as well as O-TM-O intralayer (d1) and interlayer
(d2) distances using DFT: unit (a, c, d1 and d2: Å )

System a c d1 d2

Na0.67Li0.22Mn0.78O2 2.90 11.00 2.07 3.43

Na0.11Li0.11Mn0.78O2 2.89 10.98 2.00 3.49

Na0.75Li0.156Co0.156Mn0.689O2 2.96 11.01 2.10 3.41

Na0.125Li0.156Co0.156Mn0.689O2 2.89 10.70 1.98 3.18

Na0.125Co0.156Mn0.689O2 2.89 11.42 1.97 3.54

Na0.75Li0.14Ni0.17Mn0.69O2 2.93 10.97 2.09 3.40

Na0.22Li0.14Ni0.17Mn0.69O2 2.87 11.27 1.99 3.64
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Na0.67Li0.22Mn0.78O2, Na0.11Li0.22Mn0.78O2, Na0.75Li0.156Co0.156Mn0.689O2,

Na0.125Li0.156Co0.156Mn0.689O2, Na0.75Li0.14Ni0.17Mn0.69O2 and

Na0.22Li0.14Ni0.17Mn0.69O2 (Fig. 3.1) were determined by performing an ex-

tensive set of Coulombic energy and DFT calculations. The computed lattice

parameters indicate a very small decrease in the a-axis parameter (from 2.90 Å

to 2.89 Å) and c-axis parameter (from 11.00 Å to 10.98 Å) for NaxLi0.22Mn0.78O2

when x=0.67 → 0.11 (Table 3.1). The former trend is most likely due to the

extraction of Na+ and weakening of Na–Na repulsive interaction along the a-axis

direction. However, the computed decrease in the c-axis value is not consistent

with experiment Fig. 3.2. The reasons behind this may be as follows. i) The

desodiation-induced small change in the c-axis, which is observed in experiment

and computed with DFT, might lie within the uncertainty of both methods.

Figure 3.1: Calculated atomistic structures of LM, LCM and LNM before and after desodiation using
DFT. Na, Li, Mn, Co, Ni, and O are in yellow, green, purple, blue, gray and red, respectively.
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ii) The migration of Li ions from TM to Na sites followed by their segregation to

the surface of the cathode, can increase the c-axis value such that the computed

c-axis value becomes larger with desodiation, in line with experimental result (Fig.

3.2). Process ii) will be discussed in detail later.

For the Co-doped system, computed lattice parameters indicate that the a-axis pa-

rameter also decreases from 2.96 to 2.89 Å, and relatively large decrease in the

c-axis parameter (from 11.01 to 10.70 Å). The decrease in the a-axis after desodi-

ation stems from the oxidation of the TM. However, the computed decrease in the

c-value originates from the spontaneous migration of Li ions from TM to Na sites

during geometry optimization. The computed contraction of c agrees well with the

data from our experimental project partner for the first charge (Figure 3.2).

To find whether the migrated Li ions from TM sites to Na sites move to the cathode

surface or stay at Na sites after charge, we removed the Li

Figure 3.2: Experimental lattice parameter variations for (a) LM and (b) LNM and (c) LCM electrodes
measured from the o-XRD patterns (c) LM and LNM compound at several C-rates (0.1 C - 5 C)
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ions from the Na sites in the charged system (modelled by P2-

Na0.125Co0.156Mn0.689O2) and optimized the lattice parameters. It is found

that the c-axis value expands from 10.70 to 11.42 Å, which agrees with with the

XRD data from our experimental project partner (Fig. 3.2). Therefore, we propose

that the desodiation-induced expansion of the c-value for the charge would be due

to the weakening of the electrostatic attraction between Na and O–TM–O layers

because of the extraction of Na ions.

For the Ni-doped system, namely Nax[Li0.14Ni0.17Mn0.69]O2 our DFT calculation

indicates that the a-axis parameter decreases from 2.93 to 2.87 Å and that the

c-axis increases considerably from 10.97 to 11.27 Å when x=0.75 → 0.22. The

decrease in the a-axis after desodiation is most likely due to both the extraction of

Na+ and the oxidation of Ni cations. To determine the reason behind the expansion

of the c-axis, we computed the O-TM-O intralayer d1 and interlayer d2 distances,

which determine the c-axis value: c = 2(d1+d2). We found a similar trend for

both Nax[Li0.22Mn0.78]O2 and Nax[Li0.14Ni0.17Mn0.69]O2 in that d1 decreases while

d2 increases with desodiation. The large expansion of the c-axis in the latter

system is clearly due to the increase in d2, which is because of weakening of the

electrostatic attraction between the O-TM-O layers with the extraction of Na ions.

The shrinkage of d1 in both systems is due to the oxidation of reactive ions (i.e., Ni

and/or O), which will be discussed later.

Although the d2 value for desodiated Nax[Li0.11Mn0.78]O2 expands, we do not find

an increase in c-axis because this increase in d2 is smaller than the decrease in

d1. The reason for the smaller increase in d2 for the system without Ni is because

of Li migration. Our DFT calculation indicates that Li ions occupy TM sites in the

discharged Na0.67[Li0.22Mn0.78]O2 system; however, half of them migrate sponta-

neously into Na sites after charging (Fig. 3.1), namely in the Na0.11[Li0.22Mn0.78]O2

system. The calculated c-axis for this system with partial Li ions in Na sites is,

however, considerably shorter than that for Na0.67[Li0.22Mn0.78]O2 with all the Li

ions in Mn sites. This result is not consistent with o-XRD data (Fig.3.2) showing the

expansion of the c-axis with desodiation. However, after removing the Li ions from
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the Na sites (Na0.11[Li0.22Mn0.78]O2 → Na0.11[Li0.11Mn0.78]O2) and optimizing the

lattice parameters, we observed that the c-axis value expands and becomes more

comparable to the experiment. Therefore, we conclude that Li ions tend to leave

the Na0.11[Li0.22Mn0.78]O2 lattice. With the migration and segregation of more Li

ions, the c-axis value most likely becomes larger when x = 0.67 → 0.11. A similar

result was not observed for the Ni-doped system, in which only 1/5 Li ions migrate

spontaneously from TM to Na sites.

3.3.2 Redox mechanism during charging/discharging

To better understand the reason behind this phenomenon, we characterized the

redox mechanism by computing the number of unpaired electrons (Nunp) on ele-

ments, spin density differences (SDD), and bond lengths. For Na0.67Li0.22Mn0.78O2

(Na24Li8Mn28O72), the computed average value of Nunp

Table 3.2: Calculated averaged number of unpaired electrons Nunp on cations and anions of LM and
LNM using DFT-PBE+U and LCM using DFT-HSE06 functional in their charged and discharged states.

System Na Li Mn Ni/Co O

Na0.67Li0.22Mn0.78O2 0.00 0.01 3.08 - −0.05

Na0.11Li0.11Mn0.78O2 0.00 0.01 2.95 - −0.28

Na0.75Li0.156Co0.156Mn0.689O2 0.00 0.01 3.19 0.04 −0.03

Na0.125Li0.156Co0.156Mn0.689O2

0.00 0.01 2.93 1.22 −0.17

Na0.125Co0.156Mn0.689O2 0.00 0.01 2.88 1.23 −0.22

Na0.75Li0.14Ni0.17Mn0.69O2 0.00 0.01
Mn24/25=3.10 Ni5/6=1.75

−0.06
Mn1/25=3.81 Ni1/6=1.13

Na0.22Li0.14Ni0.17Mn0.69O2 0.00 0.01 3.02

Ni1/2=0.70

−0.11Ni1/3=0.40

Ni1/6=2.23
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(Nunp) on all Mn cations is 3.08, showing a charge state of 4+ (Fig. 3.4c). Upon

desodiation of x = 0.67→ 0.11, the calculated Nunp for all Mn cations became 2.95,

indicating that Mn still remains in the charge states of 4+, as clearly observed in

the SDD plot (Fig. 3.1). For Na0.75Li0.156Co0.156Mn0.689O2 (Na24Li5Co5Mn22O64),

the calculated average values of Nunp on Mn and Co cations were 3.19 and 0.04,

indicating a charge state of 3.81+ and 3+, respectively, on these cations (Figure 3.3

and Table 3.2).

Figure 3.3: Calculated number of unpaired electrons Nunp on Mn for (a) LM, (b) LCM and (c) LNM
and on O anions for (d) LM, (e) LCM and (f) LNM and on Co for (g) LCM and on Ni cations for (h)
LNM using DFT for Na0.67[Li0.22Mn0.78]O2, Na0.11[Li0.11Mn0.78]O2, Na0.75[Li0.156Co0.156Mn0.689]O2,
Na0.125[Li0.156Co0.156Mn0.689]O2, and Na0.75[Li0.14Ni0.17Mn0.69]O2, Na0.22[Li0.14Ni0.17Mn0.69]O2 (f)
Bader charge on Ni for Na0.22[Li0.14Ni0.17Mn0.69]O2. The applied XC functionals have been listed in
Table 3.2.
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The desodiation-induced oxidation of each ion was then estimated by an-

alyzing the change in its Nunp with desodiation. Ions with ΔNunp values

smaller than 0.05 were considered to preserve their charges. To study the re-

dox mechanism for the charge/discharge endpoints, we focused on the des-

odiation of x = 0.75 → 0.125 and considered two models for the low Na

concentration: i) Na0.125Li0.156Co0.156Mn0.689O2 and ii) Na0.125Co0.156Mn0.689O2.

For Na0.75Li0.156Co0.156Mn0.689O2→ Na0.125Li0.156Co0.156Mn0.689O2, the computed

Nunp of Co cations is 1.22, indicating that each Co experiences an average oxida-

tion of 0.78+ (considering a spin transition). The Mn cations experience an average

oxidation of 0.27+. The clear increase in Nunp (Figure 3.3 and Table 3.2) and larger

SDD (more blue features) of the oxygen anions (Figure 3.4) indicates their oxida-

tion.

The contribution of O anions to the redox process is estimated to be ≈50%. In to-

tal, 10 oxygen anions per unit cell (O0.31) undergo a total oxidation of 5.28+ (an

average oxidation of Δq = 0.53+), and 48 oxygen anions (O1.5) experience a total

oxidation of 4.88+ (Δq = 0.10+). The total desodiation-induced oxidation of oxy-

gen is then calculated to be 0.31+ per formula unit. The contribution of TM redox

is estimated to be 50%. 5Co (Co0.16) and 22Mn (Mn0.69) per unit cell undergo,

respectively, a total oxidation of 3.90+ (Δq = 0.78+) and 5.83+ (Δq = 0.27+).

The total desodiation-induced oxidation of TMs is 0.31+ per formula unit. For

Na0.75Li0.156Co0.156Mn0.689O2 → Na0.125Li0.156Co0.156Mn0.689O2, the computed

Nunp for Co cations is 1.23, indicating that all of them experience a Δq of 0.77+

(considering a spin transition) with desodiation. Δq is computed to be 0.32+ for Mn

cations. A clear increase in Nunp (Figure 3.3 and Table 3.2) and larger SDD (more

blue features) of oxygen anions (Figure 3.4) that have lost their binding to removed

Li ions indicate that they undergo a significant oxidation. Both Nunp and SDD in-

dicate that the three O anions that are the nearest neighbors of each Li vacancy

experience a large oxidation. Thus, 15 O anions per unit cell (O0.47) are oxidized

after removing 5 Li ions.
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Figure 3.4: Computed spin density plots for LM, LCM and LNM at discharged and charged state with an
isosurface of 0.006 eV /Å3 was used for the SDD plots using DFT, the up- and down-spin electrons are
in yellow and blue, respectively. The applied XC functionals have been listed in Table 3.2.

The total oxidation of these O anions is ≈9+. This means that only a total oxi-

dation of ≈4+ (Δq = 0.27+) is due to the desodiation, and the rest is induced by the

extraction of 5 Li. The rest of the 49 O per unit cell (O1.53) experience partial oxida-

tions with a total charge of ≈5+ (Δq = 0.10+). The total desodiation induced oxidation

of oxygen is then ≈0.28+ per formula unit. The contribution of oxygen to the total

oxidation is estimated to be ≈45%. The rest is due to the oxidation of TMs, namely

Co0.77+0.16 and Mn0.32+0.69 . In the Na0.75Li0.14Ni0.17Mn0.69O2 (Na27Li5Ni6Mn25O72) sys-

tem, the calculated value of Nunp for 24/25Mn and 1/25 Mn are 3.10 and 3.81, re-

spectively, indicating that almost all the Mn cations have a charge state of 4+ (Fig.

3.4d).

The predicted charge states for 5/6Ni (Nunp = 1.75) and 1/6 Ni (Nunp = 1.13) cations

are 2+ and 3+, respectively. With the desodiation of x = 0.75 → 0.22, Mn remains

in the charge states of 4+ (Nunp = 3.01). The computed Nunp for Ni cations indi-

cates that most of them experience oxidation with desodiation. Nunp for one of the

Ni cations is 2.32 (Fig. 3.4h and Table 3.2). After analyzing the Bader charges on

all the Ni cations (Fig. 3.4i), we observed that this Ni is even more oxidized than
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the others. Considering a possible spin transition on this Ni, the average oxidation

state of Ni cations is computed to be 3.46+. We also find that oxygen anions un-

dergo oxidation, i.e., Nunp and SDD feature on some oxygen anions increase with

desodiation (3.3d, 3.3e, 3.3f and 3.4 and Tab. 3.2). Nevertheless, the number of

oxidized oxygen anions and their magnitude of oxidation are clearly smaller in the

Ni-doped system.

3.3.3 Li migration

The reason of Li migration for Na0.11Li0.22Mn0.78O2 can now be understood in terms

of bond lengths (Fig. 3.5). We observed that due to the ionic size of Li, the averaged

bond length of lLi-O in the Mn site cannot be shorter than 2.06 Å, as the value of lLi-O
was computed to be 2.08, 2.06, 2.11, and 2.06 Å, respectively, for Li ions in the TM

sites of Na0.67Li0.22Mn0.78O2, Li0.11Li0.11Mn0.78O2, Na0.75Li0.14Ni0.17Mn0.69O2, and

Na0.22Li0.14Ni0.17Mn0.69O2.

Figure 3.5: The schematic illustration of Li migration are presented and calculated averaged bond
lengths between Li and O as well as TM and O in the studied cathode materials in their charged and
discharged states using DFT.
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Because of the oxidation of O, lMn-O = 1.95 becomes shorter by 0.05 Å for

Nax[Li0.22Mn0.78]O2 when x = 0.67→ 0.11.Å. This limits the space for Li ions,

forcing them to leave the TM sites. However, for the Ni-doped system, lNi-O de-

creases from 2.05 to 1.89 Å when x = 0.75 → 0.22. This provides enough space

for Li despite the contraction of lMn-O from 1.94 to 1.91 Å when x = 0.75 → 0.22 in

Nax[Li0.14Ni0.17Mn0.69]O2.

In this work, we calculated and analyzed magnetic moment (represented simply

by Nunp) of elements to show clearly what ions and how much they are oxidized.

Our calculated magnetic moments indicated relatively a lower oxygen redox activ-

ity in P2-Na0.75[Li0.14Ni0.17Mn0.69]O2 compared to Na0.67[Li0.22Mn0.78]O2. Xiao et

al.50. also found that Li substitution suppresses the oxygen redox activity in P2-

Na0.66Ni0.25Mn0.75O2. Please note that we studied the effect of Ni substitution on

P2-Na0.67Ni0.22Mn0.78O2 and found a mechanism that Ni substitution suppresses

the migration of Li ions from TM to the Na layer (and then surface) and thereby

oxidation of oxygen.

3.4 Conclusions

In this work, we simulated and studied P2-Na0.67[Li0.22Mn0.78]O2, P2-

Na0.75[Li0.156Co0.156Mn0.689]O2 and P2-Na0.75[Li0.14Ni0.17Mn0.69]O2 as oxygen-

redox-active cathode materials. Based on our results, we can conclude that

co-doping of Li and Co/Ni into the TM layer positively affects the structural stability

of Mn-rich oxygen redox-based P2-layered compounds. Li doping helps to activate

the oxygen redox reaction and also prevents the P2-O2 phase transition, which

usually leads to significant structural changes. These changes cause large

lattice parameters change leading to large mechanical stress and degradation

during charge/discharge (See chapter 2, where mechanical stress for Li-based

material has been studied. Co and Ni substitution, gives fully Co and Ni-redox

activity from Co3+/Co4+ and Ni2+/Ni4+ (despite reversible phase transition) during

charging and anionic (O2−/(O2)n−) redox reactions in LCM and LNM which are

responsible for the high initial capacity. Furthermore, Ni-doping suppresses Li
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migration to the Na alkali layer which in turn, plays the role of a stabilizer of

structure and can be identified as a key point in improving the stability/electrode

performance of Na0.75[Li0.14Ni0.17Mn0.69]O2 compared with Na0.67[Li0.22Mn0.78]O2

and Na0.75[Li0.156Co0.156Mn0.689]O2 material.
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4
Optimization of P2-Type Sodium-ion battery

Cathodes via Li, Mg, and Ni Co-Doping: A Path to

Enhanced Capacity and Stability

Abstract: Understanding the oxygen-redox reactions within Mn-rich

layered cathode materials is an important strategy to improve the ca-

pacity of sodium-ion batteries (SIBs) while satisfying the demand for

low cost and the use of abundant resources. Nonetheless, the P2-type

Nay[AxMn1−x]O2 compositions (where A = electro-inactive elements)

exhibit poor capacity retention. In addition, Nay[TMxMn1−x]O2 (where

TM = transition metal) still suffers from low capacity in the absence of

anion redox activity. This investigation introduces Li, Mg, and Ni into the

P2-layered NaxMnO2 matrix to explore diverse compositional dynam-

ics engineered by density functional theory (DFT) and ab initio molec-

ular dynamics. The P2-Na0.7[Li0.1Mg0.05Ni0.15Mn0.7]O2 configuration

was optimized, exhibiting enhanced structural stability. Ab initio molec-

ular dynamics (AIMD) simulation affirmed the preservation of the P2

structure throughout de/sodiation, and comprehensive structural anal-

yses through density functional theory unravelled the complex charge-

compensation mechanisms facilitated by Ni2+/Ni4+, Mn3+/Mn4+, and

O2−/(O2)n− redox pairs. Comprehensive analysis of both techniques

elucidated the Li migration phenomenawithin the TM and sodium layers.

This research underscores the pivotal role of Li, Mg, and Ni co-doping

in the development of cathode materials.
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4.1 Introduction

The battery market is being confronted with an escalating demand for large-scale

applications, notably electric vehicles (EVs) and energy storage systems (ESSs).

This surge in demand necessitates attributes such as cost-effectiveness, appre-

ciable energy density, long-term sustainability, and dependable safety properties.

In response to these requirements, sodium-ion batteries (SIBs) have emerged as

formidable alternatives to lithium-ion batteries (LIBs), primarily due to their promis-

ing potential in meeting the aforementioned criteria. Among various cathode ma-

terial structures1−3, layered metal oxides have been identified as promising can-

didates. These structures maintain their original form upon the incorporation of

one mole of Na per formula unit, and discharge capacities exceeding 200 mAh g−1

have been reported for P2-NaxMnO2 (where typically x ≤ 0.7)4. However, the ca-

pacity retention often falls short of expectations because of Jahn–Teller distortion of

MnO6 octahedra leading to the P’2 phase5, the presence of Na+/vacancy ordering
6, and phase transitions toward an O-based phase that induces significant changes

along the c-axis7. The partial substitution of Mn with 3d transition metals (TMs;

Ni8,9, Fe10,11, Cu12,13, and Co14,15 has been proposed as a strategy to overcome

these limitations. Ni, in particular, is appealing for its two-electron redox capability

(Ni2+/Ni4+), which is typically associated with high operation voltages.

Recent advancements in TM layer engineering have enabled an increase in achiev-

able capacity through oxygen redox activity. A prerequisite for this enhancement is

the establishment of a tetravalent Mn-rich layered structure, necessitating a specific

arrangement of Na–O–A (A being Li16–18, Mg19–21, and Zn22,23 in Nax[AyTM1−y]O2)

to facilitate an additional reaction activated by oxygen redox. The presence of these

A element in the TM layers allows charge compensation for the oxidation of TM el-

ements to progress via the extraction of Na+ ions from the host structure. With the

This chapter is mainly based on the theory part of publication:
M.J Cho, N. Yaqoob, J. H. Yu, K. Köster, A.Y. Kim, H.G. Jung,...& P. Kaghazchi, S.T. Myung, Ad-
vanced Energy Materials, 2025, 15, 2405112.
N.Yaqoob and M.J Cho contributed equally to this work.
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Na–O–A configurations in Nax[AyTM1−y]O2, the migration of A elements to Na lay-

ers and/or the evolution of lattice oxygen can occur. This leads to the degeneration

of spin in the O 2p orbital, accompanied by additional charge compensation through

Na+ extraction for oxygen redox24. Among the A elements, Li exhibits the lowest

electronegativity, suggesting easier migration compared to Mg and Zn during the

charge-compensation process by oxygen redox.

Our literature review underlines the significance of using A elements to enhance

oxygen activity. For the Na–O–Li configuration (x = ∼0.7 and y = ∼ 0.2 for

Nax[LiyMn1−y]O2
18), the average oxidation state of Mn typically approaches 4+,

with the main charge compensation occurring through the oxidation/reduction of

lattice oxygen25. However, this system encounters challenges, such as low oper-

ating voltage on discharge and significant voltage hysteresis. The migration of Li

from the TM to Na layer triggers oxygen oxidation, resulting in slow Na+ diffusion

during de/sodiation processes. This mitigates the need for the evolution of lattice

oxygen during the desodiation process since the migration leads to the formation

of unpaired electrons in the O 2p orbital. The introduction of Mg as an A element

has demonstrated the potential for delivering a substantial capacity exceeding 200

mAh g−1 for Na2/3[Mg0.28Mn0.72]O2
26.

Although the capacity offered is impressive, the observed substantial volt-

age hysteresis remains a critical issue. Similarly, the Na–O–Zn con-

figuration in Na2/3[Zn1/3Mn2/3]O2
22 exhibited comparable characteristics to

Na2/3[Mg0.28Mn0.72]O2 in terms of capacity, surpassing 200 mAh g−1. Nonethe-

less, the significant voltage hysteresis, coupled with low operation voltage on dis-

charge and slow kinetics, detracts from the high-capacity advantage. To address

these concerns, partial replacement of A elements (A = Li and Zn) with divalent Ni,

such as in Na0.75[Li0.15Ni0.15Mn0.7]O2 and Na0.66[Zn0.07Ni0.26Mn0.67]O2, has been

proposed to induce higher operating voltages through the Ni2+/Ni4+ redox and en-

hance long-term cycling stability16,27. The electrodes mentioned typically undergo a

phase transition from the P2 to OP4 phase or structural disorder by forming octahe-

drally coordinated Na layers within a prismatic framework during the oxygen-redox
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process. In addition, recent work indicates promising cycling performance when an

octahedral environment, such as the OP4 phase, emerges in the Na layers during

desodiation14. As Li migrates to the Na layer upon desodiation, the formed octa-

hedral surroundings effectively accommodate the migrated Li element within the

Na layer of the OP4 phase. Alternatively, migrated Li tends to diffuse towards the

surface, forming Li2CO3 and LiF, thus constituting cathode–electrolyte interphase

(CEI) layers. This phenomenon leads to gradual capacity fading.

In this work, we aim to identify the determinants that facilitate oxygen redox by

employing appropriate elements in the A site of the TM layer, Nax[AyTM1−y]O2.

As previous studies indicate that the migration of Li from the TM to Na layer aids

in the participation of lattice oxygen in the electrochemical reaction16, it is postu-

lated that partial replacement of Mg with Li could activate more lattice oxygen in

Nax[AyTM1−y]O2, contributing to charge compensation. More crucially, we have

observed that the two-electron Ni2+/Ni4+ redox is instrumental in elevating the re-

dox potential and enhancing the resultant capacity 28. Hence, the engineering of

the A site with Li, Mg, and Ni elements within the TM layers is anticipated to in-

crease the operation voltage for oxygen redox, diminish voltage hysteresis, and

improve the capacity with the help of the functionality of each element: specifically,

P2-Naz[LixMg0.3−x−yNiyMn0.7]O2 (x = 0–0.15, y = 0–0.15, z = 0.6–0.75). These

phenomena are explored through diverse compositional dynamics engineered by

density functional theory (DFT), ab initio molecular dynamics (AIMD) andOperando

X-ray diffraction (XRD) studies (data from experimental group). DFT and AIMD-

studies illustrate that multiple Ni2+/Ni4+, Mn3+/Mn4+, and O2−/(O2)n− redox reac-

tions are responsible for charge compensation with sodium ions and discloses the

migration of both Li and Mg elements from the TM to Na layers during charge. How-

ever, the recovery of these elements to the TM layers is probably not fully reversible

during discharge, resulting in gradual capacity fading as Li components are present

not only on the surface of the active material as a CEI layer but also in the elec-

trolyte after cycling.

Notably, the covalent character introduced by Ni enhances the recovery of the Li
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element to the TM layers in addition to lifting the operation voltage via the Ni2+/Ni4+

redox pair. This finding indicates that employing both Li and Ni elements in the Mg

site of TM layers not only facilitates stable oxygen-redox reactions but also miti-

gates the irreversible migration of Li. The tetravalent Mn, fixed at 0.7 mol, cannot

be further oxidized to a higher valence in the octahedral environment of the TM

layer during desodiation. Therefore, it is convenient to compare the effects of Li,

Mg, and Ni elements in the A site of Nax[AyMn0.7]O2 (Mn: 4+) on the oxygen re-

dox reaction. Herein, we disclose the compositional dynamics engineered by DFT

and AIMD and elucidate the effectiveness of each substituent on the structure and

electrochemical activity of P2-Naz[LixMg0.3−x−yNiyMn0.7]O2.

4.2 Method

To find favorable atomistic structures of each system, we performed Coulomb

energy (Ec) analysis, DFT, and AIMD simulations. The arrangements of the Li,

Mg, Mn, and Ni ions were determined using a Coulomb-energy analysis with the

help of the so-called supercell code29. Spin-polarized DFT calculation and AIMD

simulation were performed using the projector augmented wave (PAW) potential

method30 implemented in the Vienna Ab Initio Simulation Package (VASP) code31.

The generalized gradient approximation (GGA) within the scheme of Perdew–

Burke–Ernzerhof (PBE)32 was used to describe the exchange-correlation (XC)

functional for atomistic structure calculations (DFT and AIMD). The binary, ternary,

and quaternary systems were modeled using 4 × 5 × 1 supercells with the fol-

lowing number of atoms for each case: Na0.6Mg0.3Mn0.7O2 (Na24Mg12Mn28O80)

Na0.6Mg0.15Ni0.15Mn0.7O2 (Na24Mg6Ni6Mn28O80), Na0.75Li0.15Mg0.15Mn0.7O2

(Na30Li6Mg6Mn28O80), Na0.7Li0.1Mg0.1Ni0.1Mn0.7O2 (Na28Li4Mg4Ni4Mn28O80),

and Na0.7Li0.1Mg0.05Ni0.15Mn0.7O2 (Na28Li4Mg2Ni6Mn28O80). An energy

cut-off of 520 eV as well as a gamma-centered k-point mesh of 2 × 2 × 2 and

1 × 1 × 1 were applied for DFT calculation and AIMD simulations, respectively.

Electronic and force convergence criteria of 10−4 eV and 0.02eV /Å, respectively,

were used for DFT calculations. The AIMD simulations were performed using the
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fully optimized structures of Na0.1Mg0.15Ni0.15Mn0.7O2, Na0.1Li0.15Mg0.15Mn0.7O2,

and Na0.1Li0.1Mg0.05Ni0.15Mn0.7O0.2 from DFT- PBE calculation.

As AIMD simulations are computationally demanding, we performed AIMD sim-

ulations for the three aforementioned compositions to see how the behavior

of the materials changes during desodiation/charging. An NVT ensemble with

the Nosé–Hoover thermostat33 as well as an NPT ensemble with the Langevin

thermostat/Dynamics34 at 300 K and 800 K were performed with a total run time

of 20 ps and a time step of 1 fs. The first 10 ps was used to achieve equilibrium,

and the last 10 ps was considered the production run. The evolution of the

energy, temperature, and pressure during the total 20 ps run in the three systems

for which we performed AIMD-NVT and NPT simulations at 300 K and 800 K,

respectively, are presented in Fig (a-c). We used an atmospheric pressure of 1

bar using the Parinello–Rahman barostat35,36 method in NPT simulations. Finally,

we performed DFT-PBE calculation on an energetically favorable structure of each

case determined from the last AIMD steps to analyze the atomistic structures. The

electronic structures were computed with DFT-HSE0637. For the rest of the two

structures (NaxMg0.3Mn0.7O2 and NaxLi0.1Mg0.1Ni0.1Mn0.7O2) for which we did not

perform AIMD simulations, the optimized geometries from DFT-PBE were used to

calculate DFT-HSE06 electronic structures. Atomistic structures and spin density

difference (SDD) plots were visualized with the VESTA program38.

To find themost favorable structures of NaxMg0.3Mn0.7O2, NaxMg0.15Ni0.15Mn0.7O2,

NaxLi0.15Mg0.15Mn0.7O2, NaxLi0.1Mg0.1Ni0.1Mn0.7O2, NaxLi 0.1Mg0.05Ni0.15Mn0.7O2

with different x values, we modeled and calculated the total Coulomb energy (EC)

of a large number of likely structures. By performing the DFT-PBE calculation on

the electrostatically most favorable configuration, we determined the lowest total

energy structure and used that structure to study the charged case. The total

number of considered configurations for EC calculation and the charge states of

ions for each x value are as follows.

Na0.6Mg0.3Mn0.7O2 (Na24Mg12Mn28O80): To model this structure, we had to use a

2-step process because the calculation of EC for all possible configurations with
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24 Na ions in 40 Na sites as well as 12 Mg ions and 28 Mn ions 40 Mn sites,

namely 40!
24!16! .

40!
28!12! = 3.51E+20, was computationally intractable. Therefore, we

had to first fix TM-sites and find all possible configurations with 24 Na ions in 40

Na sites, namely 40!
24!16! = 6.3E+10 structures. The charge states of Na, Mn, and O

were considered to be 1+, 3.40+, and 2−, respectively. We obtained the lowest

EC structure and then fixed Na-ions in their determined Na sites, and afterward,

we determined the distribution of 12 Mg ions and 28 Mn ions in 40 TM sites, 40!
28!12!=

5.6E+09 structures. We used the charge states of 1+ for Na, 2+ for Mg, 4+ for Mn,

and 2− for O.

Na0.1Mg0.3Mn0.7O2 (Na4Mg12Mn28O80): Modeling of 24!
4!12! = 1.06E+04 structures

for 4 Na ions in 24 Na sites with charges of 1+ for Na, 2+ for Mg, 4+ for Mn, and

1.75− for O were performed.

Na0.60Mg0.15Ni0.15Mn0.7O2 (Na24Mg6Ni6Mn28O80): We used the

Na0.60Mg0.3Mn0.7O2 structure with already determined Na-sites to model

Na0.60Mg0.15Ni0.15Mn0.7O2 structure and we fixed the Na-ions in their sites

and calculate Mg arrangement in 40 Mn-sites with creating 40!
6!34! = 3.84E+06

structures and then Ni-arrangement with 34!
6!28! = 1.34E+06 structures with a charge

of 1+ for Na,2+ for Ni, 4+ for Mn, and 2− for O.

Na0.1Mg0.15Ni0.15Mn0.7O2 (Na4Mg6Ni6Mn28O80): 24!
4!20! = 1.06E+04 structures

with a charge state of 4+ for Ni and 1.90− for O, however, charge state of other

elements remains same.

Na0.75Li0.15Mg0.15Mn0.7O2 (Na30Li6Mg6Mn28O80): 40!
30!10! = 8.48E+08 structures

with 30 Na ions in 40 Na sites with a charge of 1+ for Na, 3.25+ for Mn, and

2− for O were modelled. To find the arrangement of 6 Li ions and 6 Mg ions in

Na30Mn40O80, we, then, fixed the 30 Na and studied Li arrangement in 40 Mn-sites

with creating 40!
6!34! = 3.84E+06 structures and then Mg- arrangementwith 34!

6!28!=

1.34E+06 structures. We used 1+ for Na/Li, 2+ for Mg, 4+ for Mn, and 2− for O.

Na0.1Li0.15Mg0.15Mn0.7O2 (Na4Li6Mg6Mn28O80): 30!
4!26! = 2.74E+04 structures with

a charge state of 1.675− for O, however, charge state of other elements remains

same.
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Na0.7Li0.1Mg0.1Ni0.1Mn0.7O2 (Na28Li4Mg4Ni4Mn28O80): we modelled 40!
28!12! =

5.59E+09 structures for 28 Na ions in 40 Na-sites with elementary charge state of

1+ for Na, 3.3+ for Mn, and 2− for O. Then we find Li and Mg-arrangement in 40

Mn sites with 40!
4!36! .

36!
4!32! = 5.38E+09 structures. Afterward, we find Ni-arrangement

in 32 remaining Mn-sites 32!
4!28!= 3.60E+04 structures. Charge states of 1+ for Na/Li,

2+ for Ni/Mg, 4+ for Mn, and 2− for O were used.

Na0.7Li0.1Mg0.05Ni0.15Mn0.7O2 (Na28Li4Mg2Ni6Mn28O80): To modelled this struc-

ture we used the already determined high Na-arrangement from structures of

Na0.7Li0.1Mg0.1Ni0.1Mn0.7O2 and then find Li, and Mg arrangement in 40 Mn- sites
40!
4!36! .

36!
2!34! = 5.8E+07 structures and then calculate Ni-arrangement in remaining

34-Mn sites 34!
6!28! = 1.34E+06 structures. We used the charge states of 1+ for Na/Li,

2+ for Ni, 4+ for Mn, and 2− for O.

Na0.1Li0.1Mg0.05Ni0.15Mn0.7O2 (Na4Li4Mg2Ni6Mn28O80): 28!
4!24! = 2.05E+04 struc-

tures with 4 Na ions in 28 Na sites with a charge of 1+ for Na/Li, 2+ for Mg, 4+ for

Ni/Mn, and 1.85− for O were modelled.

4.3 Results and Discussion

To determine high-performance cathode materials (in terms of stability and capac-

ity) among the P2-Naz[LixMg0.3−x−yNiyMn0.7]O2 (x = 0 0.15, y = 0 0.15, z

= 0.6 0.75) compounds, their pristine and charged states were simulated using

ab initio methods including DFT and AIMD. To maintain the charge neutrality of

pristine cases, a Na concentration variation of z = 0.6 0.75 depending on the

composition of each compound was applied. The charged cases were modelled

by applying a z value of 0.10 for all cases. Because of the different values of the

Na concentration of z(0.7)-z(0.09), we would expect different initial capacities at a

similar applied charging voltage for the systems studied in this work.

Modelling of the pristine systems by finding likely atomistic arrangements with

the help of Coulomb interaction analysis followed by full DFT optimizations is

straightforward as the optimized structure is expected to be close to the non-

distorted starting structure. For the charged structures, however, previous studies
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Figure 4.1: Multi-level procedure to obtain low-energy structures for discharged materials. First,
Coulomb screening on an atomistic arrangement is performed (a), followed by DFT optimization (b)
allowing only for limited migration of Li and Mg to the Na layers. In the next level (c), ab initio molecular
dynamics simulations are performed that allow for migrations, as indicated by the mean displacements
of Mg (orange) and Li (green) relative to the TM layer. The migrations are accompanied by a reduction in
energy (black, left axis) and decrease of stress (blue, right axis). Finally, another DFT optimization is per-
formed (d) on molecular dynamics structures of different ensembles at various temperatures, resulting
in energetically more favorable atomistic structures. The lowest energy structures for each composition
are marked in red. For Na0.1[Li0.15Mg0.15Mn0.7]O2, migrated Mn cations are highlighted by black cir-
cles and oxygen dimers by blue circles (enlarged snapshot of lowest energy structure is given in Figure
4.4-4.6).
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have indicated that Li and Mg ions in the TM layer are prone to migrate to the

sodium sites or even to the surface of the material14,16,29,30. The migration process

can be hindered by an energy barrier that cannot be overcome by the 0 K DFT

optimization, which usually finds a minimum-energy structure biased to the starting

one without Li and/or Mg migration.

Moreover, structural adjustments (e.g., lattice parameters) because of migrations

are biased towards the starting structure in DFT optimizations. As a consequence,

it is probable that only the lighter Li ions, which also show a more pronounced

ionic-radius mismatch compared to Ni and Mn in the TM layer, might migrate after

DFT optimization (Figure 4.1b) of the undistorted structures that were obtained

from Coulomb energy analysis screening (Figure 4.1a). Introducing migrations

of Li and/or Mg manually in the initial structures for DFT optimization can yield

lower- energy structures, suggesting that a rather poor local energy minimum

might be reached by optimizing the undistorted structures. To determine more

realistic atomistic models of the charged states, it is therefore necessary to perform

a multi-step optimization approach including Coulomb energy analysis, DFT

optimization, and AIMD simulation, as depicted schematically in Figure 4.1. In

Figure 4.2: Comparison of coordination environments obtained from DFT geometries of Na, Li,and Mg
before and after desodiation along with percentual occupation of octahedral (O), prismatic (P), and tetra-
hedral (T) sodium layer sites and octahedral TM layer sites per species after desodiation. In the sodiated
state, all the sodium are in P sites and all the Li and Mg are in octahedral TM layer sites.
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particular, applying a finite temperature (and thereby dynamics) to each system

would help to overcome likely migration barriers. This can be effectively achieved

by AIMD simulations. The mean displacements of Mg/Li relative to the TM layer

prove that AIMD in a canonical (NVT) ensemble enable effective migration of

Mg/Li towards the sodium layer. The left plot in Figure 4.1c shows the NVT run

at 300 K for Na0.1[Mg0.15Ni0.15Mn0.7]O2 where a Mg migration, as sketched in the

inlet of the plot, occurs after ∼ 3.10 ps of a simulation run and is completed after

∼ 3.75 ps. The migration is accompanied by a significant decrease of stress (an

external pressure decrease of ∼ 9 kB) as well as energy of ∼ 1.5 eV (per simulated

supercell). Similar behavior is observed at the beginning of the AIMD simulation

for Na0.1[Li0.1Mg0.05Ni0.15Mn0.7]O2 in NVT at 800 K. Here, a Li migration appears

at the very beginning of the simulation at ∼ 0.60 ps and is completed at 1.15 ps

followed by a migration of Mg at ∼ 3.28 to ∼ 3.89 ps. The migration of Li and Mg

occurs on a similar timescale despite the rather different atomic weights, which is

probably caused by the high potential energy force for migration and/or the high

kinetic energy at 800 K. Migration of Li and Mg also causes a step-wise decrease

of stress by ∼ 6 and ∼ 7 kB, respectively, resulting in an overall trend of a reducing

energy. Both examples for the AIMD runs indicate the importance of a multi-level

optimization approach for these materials as most migrations cannot be observed

in pure DFT optimizations. Using the determined structures from AIMD to perform

DFT geometry optimizations again yields structures that are significantly lower in

energy (Figure 4.1d) than the initial DFT calculations (Figure 4.1b). In fact, all the

lowest energy structures for the studied compositions were obtained from AIMD

runs leading to the migration of Li and/or Mg. For two out of three compositions,

namely (Na0.1[Mg0.15Ni0.15Mn0.7]O2 and Na0.1[Li0.15Mg0.15Mn0.7]O2), the lowest

energy structure was obtained after AIMD runs at an elaborated temperature of

800 K, which might be explained by the fact that kinetically hindered processes

such as migrations are equilibrated faster at higher temperatures.

Moreover, two out of three lowest energy structures (Na0.1[Mg0.15Ni0.15Mn0.7]O2

and Na0.1[Li0.1Mg0.05Ni0.15Mn0.7]O2) were obtained after NPT runs. The structure
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Figure 4.3: Comparison of coordination environments obtained from DFT geometries of Na, Li,and Mg
before and after desodiation along with percentual occupation of octahedral (O), prismatic (P), and tetra-
hedral (T) sodium layer sites and octahedral TM layer sites per species after desodiation. In the sodiated
state, all the sodium are in P sites and all the Li and Mg are in octahedral TM layer sites.

of Na0.1[Li0.15Mg0.15Mn0.7]O2 was collapsed at a sodium concentration of 0.1

during the AIMD simulations, resulting in a strongly distorted environment for Na,

Mg, and Li. This was accompanied by ion migrations including Mg (Figure 4.1d),

and therefore, assignment of discrete coordination environments as in Figure 4.2

becomes difficult. The structure collapse is likely caused by the limited oxidation of

manganese to 4+ in the octahedral environment, which will be discussed later.

For highly charged states (low Na concentrations), migration of Mn to different

environments, e.g., tetrahedral, is required to achieve its oxidation to charges

larger than 4+, resulting in migrations and collapse of the layered structure by

cycling (cf. Figure 4.1d). Moreover, a strong oxygen redox is necessary for

charge balancing in this compound, and oxygen dimer formation is observed in

the AIMD simulation, which can be an indication of an irreversible oxygen loss that

further destabilizes the structure (cf. Figure 4.1 and Figure 4.3). Although different

ensembles and temperatures showed different amounts of migrated Mg and/or Li

ions, still rather similar energies were obtained after DFT optimizations, e.g., for

Na0.1[Li0.1Mg0.05Ni0.15Mn0.7]O2 at NVT-800 K and NPT-1 bar-300 K (cf. Figure
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4.1d). This might suggest a shallow potential energy surface of layered oxide

materials with many local minima at different degrees of migrations. Therefore,

the proposed multi-level optimization approach including AIMD runs appears to

be crucial to find favorable atomistic structures of this class of materials at high

charge states that are prone to ion migrations between the TM and Na sites as

well as sliding of O–TM–O layers with respect to each other.

Focusing on the most favorable atomistic model of pristine (z = 0.6, 0.7,

and 0.75) and charged (z = 0.1) states for each case (Figure 4.2), struc-

tural changes on operation of the P2-Naz[LixMg0.3−x−yNiyMn0.7]O2 materials

were analyzed. It should be noted that the applied multi-level optimization

procedure for Na0.1[Mg0.15Ni0.15Mn0.7]O2, Na0.1[Li0.15Mg0.15Mn0.7]O2, and

Na0.1[Li0.1Mg0.05Ni0.15Mn0.7]O2) was not performed for Na0.1[Mg0.3Mn0.7]O2 and

Na0.1[Li0.1Mg0.1Ni0.1Mn0.7]O2 due to the large computational demand. For the

latter two compounds, instead, the lowest energy structures from DFT optimiza-

tions, which are those with manually applied Li/Mg migration from TM to Na sites,

were used for further analysis as shown in Figure 4.2. It is remarkable that only

Na0.1[Li0.1Mg0.1Ni0.1Mn0.7]O2 shows a P2 phase with all the sodium being in pris-

matic coordinations after desodiation. In contrast, for the other three compounds,

the sodium ions are exclusively in octahedral coordination (except for a tetrahe-

dral coordination in Na0.1[Mg0.15Ni0.15Mn0.7]O2, Figure 4.2). However, a phase

transition from P2 to O2 appeared in the simulations for Na0.1[Mg0.30Mn0.7]O2,

Na0.1[Mg0.15Ni0.15Mn0.7]O2, and Na0.1[Li0.1Mg0.05Ni0.15Mn0.7]O2.

Therefore, it can be speculated that Na0.1[Li0.1Mg0.1Ni0.1Mn0.7]O2 did not undergo

a phase transition to O2 because the multi-level optimization approach with AIMD

was not performed for this compound. This finding highlights another advantage of

the multi-level optimization approach as phase transitions can be studied directly

without explicitly optimizing various phases through DFT optimizations. Moreover,

Na0.1[Mg0.3Mn0.7]O2 underwent a phase transition to O2 without a MD step in the

optimization but with manual migration of Mg in the starting structure for the DFT

optimization.
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The following general tendencies are found for alkali and alkaline metals: i)

sodium ions occupy sites directly below TM vacancies, which can be explained by

electrostatic interactions, and ii) Li and Mg avoid remaining in prismatic sites when

migrated. These phenomena can be viewed as driving forces for the observed

P2-to-O2 phase transition in Na0.1[Li0.1Mg0.05Ni0.15Mn0.7]O2, Na0.1[Mg0.3Mn0.7]O2,

and Na0.1[Mg0.15Ni0.15Mn0.7]O2. For the compounds containing lithium, a strong

tendency for lithium migration is observed, and all lithium ions migrate with

partial Li migration except for Na0.1[Li0.1Mg0.1Ni0.1Mn0.7]O2, which is most likely

because no temperature was applied (i.e., no AIMD simulation) in the atomistic

optimization procedure (Figure 4.2). These observations prove that Li is prone

to migrate when introduced into the TM layer. For the Na0.1[Mg0.30Mn0.7]O2 and

Na0.1[Mg0.15Ni0.15Mn0.7]O2 cases, Mg appears to behave similar to Li with the differ-

ence being that a small portion appears to be stable in the TM layer. It appears that

Mg cations can be stabilized in the TM layer by the vacancies created from lithium

migration in Na0.1[Li0.1Mg0.1Ni0.1Mn0.7]O2 and Na0.1[Li0.1Mg0.05Ni0.15Mn0.7]O2.

This is especially remarkable for Na0.1[Li0.1Mg0.05Ni0.15Mn0.7]O2, where during the

AIMD simulations, only one Mg migration (out of two) was observed in one run at

a high temperature of 800 K.

In contrast, in all the other runs, the Mg remained completely in the TM layer,

indicating that Mg can be stabilized in the TM layer by vacancies. This may

lead to improved long-term cycling performance of Nax[Li0.1Mg0.05Ni0.15Mn0.7]O2

and Nax[Li0.1Mg0.1Ni0.1Mn0.7]O2, in particular in the former case with less Mg

migration. As the predicted desodiation-induced P2→ O2 phase transition from

our calculation does not lead to a large change in the c lattice parameter (c = 10.97

Å → 11.15 Å), we believe that Nax[Li0.1Mg0.05Ni0.15Mn0.7]O2 can be a promising

cathode material that is even stable at highly charged states.

As the atomistic structure is from the AIMD simulation (Figure 4.1d), we already

have a large number of vacancies in the TM layers as almost all (5 out of 6)

Mg undergo migration from the TM to the Na layer during the AIMD run. Similar

to the case of Nax[Mg0.3Mn0.7]O2, we also have oxidation of O anions close
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Figure 4.4: Temperature (left), stress/external pressure (middle), and energy (right) for
Na0.1[Mg0.15Ni0.15Mn0.7]O2 over the MD runs in NPT at 300 K, NPT at 800 K, NVT at 300 K,
and NVT at 800 K (top to bottom). The blue color indicates raw data, and the orange color indicates the
running average over 0.25 ps.

to the TM vacant sites in Na0.6[Mg0.15Ni0.15Mn0.7O2. We would expect similar

capacity for Nax[Mg0.3Mn0.7]O2 and Na0.6[Mg0.15Ni0.15Mn0.7]O2 in the long term.

This is expected as even though the concentration of TM vacancies (i.e., the Mg

concentration) in the latter would likely be half of the former and its O anions



4

78
4 Optimization of P2-Type Sodium-ion battery Cathodes via Li, Mg, and Ni

Co-Doping: A Path to Enhanced Capacity and Stability

Figure 4.5: Temperature (left), stress/external pressure (middle), and energy (right) for
Na0.1[Mg0.15Li0.15Mn0.7]O2 over the MD runs in NPT at 300 K, NPT at 800 K, NVT at 300 K,
and NVT at 800 K (top to bottom). The blue color indicates raw data, and the orange color indicates the
running average over 0.25 ps.

experience lower oxidation in the presence of Ni, Ni is fully active in the case

of Na0.6[Mg0.15Ni0.15Mn0.7]O2. For the Na0.75[Li0.15Mg0.15Mn0.7]O2 system, in

which half of Mg is replaced by Li together with some additional amount of Na

in the Na layer of Na0.6[Mg0.3Mn0.7]O2 (to maintain the charge neutrality), our
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Figure 4.6: Temperature (left), stress/external pressure (middle), and energy (right) for Na0.1
[Mg0.05Li0.10Ni0.15Mn0.7]O2 over the MD runs in NPT at 300 K, NPT at 800 K, NVT at 300K, and
NVT at 800 K (top to bottom). The blue color indicates the raw data, and the orange color indicates the
running average over 0.25 ps.

AIMD simulation showed a large structural distortion for the low Na concen-

tration (charged state), which is driven by Li and Mg as well as Mn migration

from the TM to Na layer (cf. Figure 4.1 and Figure 4.3). For the Ni-containing

Na0.7[Li0.1Mg0.1Ni0.1Mn0.7]O2 and Na0.7[Li0.1Mg0.05 Ni0.15Mn0.7]O2 systems with a
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lower Li and Mg content compared to Na0.75[Li0.15Mg0.15Mn0.7]O2, a similar trend

as for the case of Na0.60Mg0.15Ni0.15Mn0.7 O2 is observed: (i) high activity of Ni,

namely Ni2+/Ni4+, and (ii) an increase in the percentage of active O anions with a

decrease in the Ni content.

However, Figure 4.2 shows that Mg is more stable at TM sites in

Na0.7[Li0.1Mg0.1Ni0.1Mn0.7]O2 and Na0.7[Li0.1Mg0.05Ni0.15Mn0.7]O2 compared

to Na0.60[Mg0.15Ni0.15Mn0.7]O2, where Mg migrates to Na sites to occupy oc-

tahedral and tetrahedral sites. Moreover, the latter shows two different Na

site occupations for Na ions, namely, octahedral and tetrahedral sites. This

observation might indicate a higher cyclability of Na0.7[[Li0.1Mg0.1Ni0.1Mn0.7]O2

and Na0.7[Li0.1Mg0.05Ni0.15Mn0.7]O2 with respect to Na0.60[Mg0.15Ni0.15Mn0.7]O2

and Na0.6[Mg0.3Mn0.7]O2. The compound with significant disordering, namely

Na0.1[Li0.15Mg0.15Mn0.7]O2, is expected to have the highest capacity fading upon

cycling among the studied systems. Based on the calculated atomistic structures, it

appears that Li cannot be stabilized completely in the TM layer and that Mg ions are

prone to migrate as well, as long as there are no vacancies in the TM layer. Nev-

ertheless, Nax[Li0.15Mg0.15Mn0.7]O2 in which TM vacancies created by Li migration

(Figure 1d) could stabilize Mg at TM sites is shown to be unstable, which may be

caused by too few redox active species being available for charge balancing in the

desodiated state of the aforementioned compound, leading to an unstable structure

including the migration of Mn, Mg, and Li. Introducing Ni in addition to Li and Mg

to Mn sites appears to overcome this problem, resulting in stable compounds (i.e.,

Na0.7[Li0.1Mg0.05Ni0.15Mn0.7]O2 and Na0.7[Li0.1Mg0.1Ni0.1Mn0.7]O2) that can also

stabilize Mg in the TM layer at low sodium concentrations.

Verification of theoretical and experimental multi-level optimization

To characterize the redox mechanisms, we performed DFT-HSE06 cal-

culations on the sodiated and desodiated phases for Nax[Mg0.3Mn0.7]O2,

Nax[Mg0.15Ni0.15Mn0.7]O2, Nax[Li0.15Mg0.15Mn0.7]O2, Nax[Li0.1Mg0.1Ni0.1Mn0.7]O2,

and Nax[Li0.1Mg0.05Ni0.15Mn0.7]O2. To assign the charge state to the ions, we

computed the magnetic moment (represented by the number of unpaired electrons
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Figure 4.7: (Top) Computed normalized contribution of each active element to total capacity (δq) shown
by bars using computed magnetic moments (i.e. number of unpaired electrons UPE) of ions presented
in Figure 4.8. (Bottom) Computed UPEs of O anions close to the vacant sites (labled by O(vac)) as well
as Li (labled by O(Li)), Mg (labled by O(Mg)), Mn (labled by O(LMn)), and Ni (labled by O(Ni)) in the
charged systems. As O2−/ has a UPE of 0, non-zero values of UPEs of oxygen anions in the charges
systems show their oxidation values. Spin density differences on selected TMs (in top panel) as well as
TMO6 octahedra (in bottom panel) are presented as insets.

(UPEs)) of ions (Figure 4.7) as well as the spin density difference (SDD) to visualize

the charging mechanism (Figure 4.7 and Figure 4.8). The computed redox process

for the Nax[Mg0.3Mn0.7]O2 composition shows a large activity of oxygen anions, in

particular for those close to the TM vacant sites, which are created after migration

of Mg to Na sites (Figure 4.1). Moreover, to maintain the charge neutrality, a partial

Mn oxidation from Mn4+ to Mn5+ occurs in Nax[Mg0.3Mn0.7]O2, which is most likely

not feasible for Mn in an octahedral environment.

For this reason, a slight displacement of Mn from its initial octahedral site is

observed in the DFT-optimized atomistic structure. A higher concentration of

active O anions is expected for a larger concentration of TM vacant sites that can

be created by the migration of Mg (or Li in other systems) from TM to Na sites in

Na0.6[Mg0.3Mn0.7]O2. Therefore, we believe that partial unfavorable Mn4+/Mn5+

redox can be suppressed by the increase in oxidation of O due to the further Mg

migration by cycling. Substitution of half Mg by Ni in pristine Na0.6[Mg0.3 Mn0.7]O2

does not affect the charge state of Mn (which was 4+) in the resulting system,

namely Na0.6[Mg0.15Ni0.15 Mn0.7]O2; however, it prevents the unrealistic oxidation
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Figure 4.8: Computed UPE of Mn, Ni, and O ions in NaxMg0.3Mn0.7O2 (x=0.6(green),
0.1(red)), NaxMg0.15Ni0.15Mn0.7O2 (x=0.6(green), 0.1(red)), NaxLi0.15Mg0.15Mn0.7O2 (x=0.75(green),
0.1(red)), NaxLi0.1Mg0.1Ni0.1Mn0.7O2 (x=0.7(green), 0.1(red)), and NaxLi0.1Mg0.05Ni0.15Mn0.7O2

(x=0.7(green), 0.1(red)). Spin density difference (SDD) plots (at an iso-value of 0.03 unpaired elec-
trons Å−3) for a few selected Mn and Ni ions are also shown. The arrow represents from the discharged
to charged state.

of Mn from 4+ to 5+. Ni was determined to be a highly redox-active element and

shows a charge-state change of Ni2+/Ni4+ during the discharge/charge process.

Migrated Mn cations in Na0.1[Li0.15Mg0.15Mn0.7]O2 experience unrealistic oxidation

of Mn4+ to Mn5+, Mn6+, and Mn7+ upon charging, which is accompanied by

occupation of tetrahedral O cages. Oxygen also experiences oxidation with two

oxygen-making dimers. According to our DFT results for the pristine case (x =

0.70), the average value of UPE on Mn and Ni cations is 3.07 and 1.70, showing a

charge state of 3.93+ and 2.30+, respectively, on these cations (Figure 4.8). The

UPE of O is -0.04, showing a charge of ∼1.96 -.

The desodiation(charging)-induced oxidation of each ion was then estimated by

analyzing the change in its UPE with desodiation of x = 0.7→ 0.1. The UPE values

of several Mn decreased to ∼2.8, showing further oxidation of Mn to 4.2, which as

mentioned before is unrealistic and is probably due to the too large desodiation

level considered in our simulation. We propose a higher initial and final Na concen-

tration in our models (x = 0.70 and 0.10, respectively), which would likely lead to

lower initial and final charges of Mn cations. The UPE of Ni changes dramatically

on desodiation and becomes 0.14, showing a charge state of 3.86+. This result

can also be observed in the computed SDD plot (Figure 4.6), which shows that
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Figure 4.9: (a) Cyclability of various compositions at 0.1C and 3C. (b) the calculated c-axis parameters
and a-axis parameters from operando XRD

the spin density of Ni changes significantly by charging. Figure 4.8 reveals that

for x = 0.1, the average number of UPE on oxygen becomes ∼ −0.15 with some

oxygens having values of ∼ −0.60 UPE. Generally, O anions with a lower degree

of oxidation are those having Mn and Ni ions as nearest neighbors. However, the

strongly oxidized O anions (Figure 4.8) are generally those next to the vacancies

(created after Li and/or Mg migration), which can be clearly observed in SDD plots

(Figure 4.7). As we already found that mainly Li ions migrate from TM to Na sites

during charging, we removed the migrated Li+ ions from Na sites and recalculated

UPEs and found that Mn and Ni cations have the same charge state as before;

however, O experienced more oxidation as the average number of UPE on oxygen

becomes ∼ −0.20. Combining the computational results, the following redox

mechanism is found: Na1+0.7[Li1+ 0.1Mg2+0.05Ni2+0.15Mn4+0.7]O2
2−→ Na1+0.1

[Li1+ 0.1Mg2+ 0.05 Ni4+0.15 Mn4+0.7 ]O2
1.85− → Na1+ 0.1 [Mg2+0.05 Ni4+0.05 Mn4+0.7

]O2
1.80−. The AIMD simulations of Na0.7[Li0.1Mg0.05Ni0.15Mn0.7]O2 revealed a high

stabilization of Mg cations in the transition metal layer.

Summarizing the above results, we found that a pivotal aspect of this investigation

is the employment of a multi-step optimization approach, incorporating DFT-AIMD

dynamics simulations to predict and verify the compositional and structural vari-

ations. This method theoretically guided our understanding of the migration of

Mg and Li ions in Nax[AyTM1−y]O2, which significantly affects the stability and

performance of materials. Notably, this study bridges the gap between theoretical
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predictions and experimental validations, presenting a thorough investigation into

the potential of P2-Naz[LixMg0.3−x−yNiyMn0.7]O2 (x = 0 0.15, y = 0 0.15, z =

0.6 0.75) compositions as cathode materials.

As predicted by theoretical studies, the introduction of elements with relatively large

ionic radii, such as Li+(0.76 Å), Mg2+ (0.72 Å), and Ni2+ (0.69 Å), in comparison

with Mn4+ (0.53 Å), into the TM layer resulted in a more ordered crystal structure

through the arrangement of the superstructure. In particular, the structural stability

was enhanced by the covalent bonds involving Ni, ensuring that the ordering

was maintained after discharge. Consequently, the oxygen redox reaction is

retained, which is facilitated by the reversible migration of both Li and Mg ions

from the TM to the Na layers during charging and their return to the TM layers

during discharging. Benefiting from the structural stability (presence of the P2

phase during charging/discharging), the Na0.7[Li0.1Mg0.05Ni0.15Mn0.7]O2 cathode

supports the oxygen redox reaction with good capacity retention over the long term

(Figure 4.9a ).

To highlight the advancements of the Na0.7[Li0.1Mg0.05Ni0.15Mn0.7]O2 material,

we compared the electrochemical performance of oxygen-redox-assisted P2-type

cathode materials (Figure 4.9 ). The Na0.7[Li0.1Mg0.05Ni0.15Mn0.7]O2 (represented

by the red star) demonstrated remarkable electrode performance compared to

other materials. These findings underscore the value of a multi-level optimization

approach, particularly when guided by molecular dynamics simulations, as a

crucial tool for identifying optimal atomic structures that promote high performance

and stability. Therefore, this research offers a novel approach for the development

of more efficient methods to investigate reliable cathode materials for SIBs.
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4.4 Conclusions

In this study, we evaluated and optimized P2-type Naz[LixMg0.3−x−yNiyMn0.7]O2

(x = 0 0.15, y = 0 0.15, z = 0.6 0.75). Among several compositions,

Na0.7[Li0.1Mg0.05Ni0.15Mn0.7]O2 exhibited the best performance in terms of struc-

tural stability, capacity, and retention. As designated, each of the elements played

pivotal roles in inducing a stable oxygen redox reaction, and stable cycling perfor-

mance. o-XRD analysis confirmed the occurrence of Na+ de/sodiation within the

P2 framework. The associated charge compensation progressed via Ni2+/Ni4+,

Mn3+/Mn4+, and O2−/(O2 )n−, and migration of Li (not lattice-oxygen evolution) was

the main trigger of the redox process of the lattice oxygen, as revealed by AIMD and

DFT-studies. Our findings underscore the design of the reliable electrode materi-

als, offering structural stability, enhanced operation voltage, and insights into the

intricate mechanisms on cathode materials for SIBs.
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5
On the origin of phase transition suppression of

P2-Na0.67MnO2 by substitution of Mn with Li

Abstract: Mn-based layered oxides are promising cathodematerials for

Na-ion batteries. However, one of the main drawbacks of these materi-

als is their low cyclability, which is mainly due to the phase transition dur-

ing charge/discharge process. The well-known P2-Na0.67MnO2 com-

pound undergoes a severe phase transition of P2→O2 during charging

(Na0.11MnO2). It has been proposed that this behavior is because of the

desodiation-induced change in the Jahn-Teller (J-T) activity of Mn after

its oxidation from 3+ to 4+. Further studies have shown that replacing a

sufficient fraction of Mn3+ by low valent metals such as Li+ and/or Ni2+

can suppress the phase transition.

In this work, we show that the driving force of the phase transition is

indeed the oxidation of Mn3+ to Mn4+ but not the suppression of J-T

activity with desodiation. Combining density functional theory calcula-

tions and electrostatic analyses indicates that the main factor stabilizing

the P2 phase is the Na-Mn interaction, which strongly favors this phase

over the O2 phase. Desodiation induced-weakening of this interaction

leads to the formation of O2-Na0.11MnO2, which is driven by O-O inter-

action. We explain that the reason of this phase-transition suppression

by substitution of Mn by Li is that Li at TM sites of NaxLi0.22Mn0.78O2

can retain the P2 preference over O2 even after x = 0.67→0.11 deso-

diation. This is because the Na-Mn interaction is much weaker (more

favorable) for the P2 phase, and this energy preference remains almost

89
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unchanged after desodiation. The absorption energy of Na at Na sites

close to LiTM is much stronger than that of Na sites close to MnMn, and it

is considerably more favorable for P2 phase. As the overall Na absorp-

tion energy (dictated by Na-Mn repulsion) is mainly determined by the

nearest Na-Mn neighbor interaction, which does not change much with

desodiation, no phase transition to O2 occurs for NaxLi0.22Mn0.78O2 at

x = 0.11. The results of this work show that the phase stability of Na-

based layered oxide materials is driven by electrostatic forces, which

can be tuned by substitution of Mn by a metal ion of appropriate charge

and concentration.

This chapter is based on the publication:
N. Yaqoob, M. Huijben, P. Kaghazchi, (submitted).
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5.1 Introduction

After the successful application of Li-ion batteries (LIBs) in portable electronic de-

vices and electric vehicles, significant attention has been directed to sodium-ion

batteries (SIBs) because of the low cost and natural abundance of sodium (Na)

resources1−2. Mn-based layered oxides, Nax[M1−yMny]O2 (M:metals), are perhaps

among the most promising cathode materials because of their low toxicity and high

energy density3−4. The basic compound NaxMnO2 can be classified into P- and O-

type depending on the site occupation preference for Na+, prismatic or octahedral

coordination, respectively5. The most common layered oxide types are P2 and O3,

where the numbers represent the number of distinguishable oxygen layers stack-

ing arrangements per unit cell. Compounds with O3 phases often undergo multiple

phase transitions, such as O3-P3-O3′ -O1 during charging with a gradual capacity

loss during cycling6. The P2-type materials generally show a better rate perfor-

mance and higher initial capacity than O3-type7−10. Delmas et al.5 introduced, to

our knowledge, the first work on the structural properties of P2-Na0.7MnO2. They

found that there is a P2→O2 phase transition during charging. This behavior de-

creases the capacity of this compound with cycling and was assigned to the co-

operative Jahn–Teller distortion of Mn3+.

To solve this issue, Dahn et al.11 substituted Mn with Ni and reported P2-

Na0.67Ni0.33Mn0.67O2 with a capacity of 173 mAhg−1. However, the drastic vol-

ume change of ∼23% after desodiation, originating from the P2→O2 phase

transition, still decreases the capacity retention of this material. Additionally,

Konarav et al.12 reported a reduction in the volume change (∼13%) in P2-

Na0.67NixMn1−xO2 by varying the Ni-content from x = 0.0 to 0.2. They found that the

P2-Na0.67Ni0.2Mn0.8O2 material shows the best electrochemical performance com-

pared to other Ni contents. The small volume changes in P2-Na0.67Ni0.2Mn0.8O2

was possible because of Ni2+→Mn3+ substitution, which can suppress Jahn–Teller

distortions. However, suppression of P2→O2 phase transition during charging is

still challenging. In order to enhance the electrochemical properties of P2-type

materials, Yabuuchi et al.13 reported that the P2→O2 phase transition in P2-type



5

92
5 On the origin of phase transition suppression of P2-Na0.67MnO2 by

substitution of Mn with Li

Na0.67Mn0.5Fe0.5O2, which showed a reversible capacity of 190 mAhg−1 with elec-

trochemically active Mn3+/Mn4+ and Fe3+/Fe4+ redox processes, is suppressed.

However, they found that a reversible P2→P4 phase transition occurs at x = 0.13

during charging. Bruce et al.14 applied Ni besides Fe to partially substitute Mn,

and found that their synthesized cathode material, P2-Na0.67Ni0.17Fe0.33Mn0.50O2,

also shows the P2→OP4 phase transition during charging and less volume change,

as compared to the typical P2→O2 phase transition, which enhances the capac-

ity retention. These previous studies show the importance of doping/substitution

to stabilize the P2-NaxMnO2 structure by minimizing/reducing the effect of Jahn–

Teller distortion in Mn3+ and by suppressing the volume change during charging.

An improved cycling stability and better capacity retention can be achieved not only

by redox-active transition metal substituents such as Ni and Fe but also by electro-

inactive elements such as Li and Mg in P2-NaxMnO2 structure.

Yabuuchi et al.15 reported that the Li-substitution at Mn-sites can suppress the

P2→O2 phase transition in P2-Na0.75Li0.25Mn0.75O2. Density functional theory

(DFT) has also been applied to gain further insight into this mechanism. For exam-

ple, Yang et al.16 studied P2-Na0.67Li0.2Ni0.2Mn0.6O2 using experimental measure-

ments and DFT calculations. They were able to suppress the P2→O2 phase tran-

sition in Na0.67Li0.2Ni0.2Mn0.6O2 upon charging and showed a reversible capacity of

110 mAhg−1 over 100 cycles. Their DFT analysis found that the capacity originated

from both cationic and anionic redox processes. Further computational studies

show that the extraction of sodium ions increases the oxidation state of manganese

during charging. This results in a higher concentration of Mn3+, which is prone to

Jahn-Teller (J-T) distortions. It has been proposed that these J-T distortions alter

the MnO6 octahedra by changing bond lengths and angles, ultimately destabilizing

the P2-structure leading to structural phase transitions17−18. Experimental studies

have also proposed that the J-T distortion is a driving force of structural instabil-

ity and phase transition during charging19. The fundamental mechanism behind

the P2→O2 phase transition in P2-NaxMnO2 and the role of low valent substitu-

tion (Li+, Ni2+, and Fe2+) to stabilize the P2 structure during charging/discharging
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is, however, to our knowledge still unclear and a more detailed understanding is

required. In this work, we study the origin of the P2→O2 phase transition as well

as the impact of Li → Mn substitution on the phase stability and transition in P2-

NaxMnO2. Our DFT-PBE calculation reproduces J-T distortions for Na0.67MnO2

(as also reported earlier by Delmas15, Langella et al.17 and Jung et al.18) and no

J-T distortions for Na0.67Li0.22Mn0.78O2, and confirms phase transition in the for-

mer and its suppression in the latter case. Our simple electrostatic model without

considering J-T distortions also predicts the same trend as DFT which shows the

key role of electrostatic interaction rather than J-T distortion on the phase stability.

Moreover, for the first time, we also provided a simple quantitative explanation for

the phase stabilization (as-synthesized material) and transition (during operation) of

P2-Na0.67MnO2 materials with and without Li→Mn substitution, which is an impor-

tant phenomenon in Na-ion batteries. The aim of this study is to find a quantitative

explanation for this important phenomenon for Na-ion batteries.

5.2 Method

To obtain the most favorable structures of P2-NaxMnO2, P2-NaxLi0.06Mn0.94O2

and P2-NaxLi0.22Mn0.78O2, with different x values, we modeled and calculated the

total Coulomb energy (EC) of a large number of likely structures. Total Coulomb

energy (EC) calculations on possible combinations were carried out using the

so-called supercell code20. We computed electrostatic energies (EC) for specific

elements using the Pymatgen code21. By performing DFT-PBE calculation on

the electrostatically most favorable configuration, we determined the lowest total

energy structure for each Na concentration and used the optimized geometries for

further DFT-PBE-D3 and -HSE06 calculations. The total number of considered

configurations for EC calculation and the charge states of ions are discussed

in detail. Spin-polarized DFT calculations were performed using the projector

augmented wave (PAW) potential method22 implemented in the Vienna Ab Initio

Simulation Package (VASP) code23. The Perdew–Burke–Ernzerhof (PBE)24 form

of generalized gradient approximation (GGA) was used for the exchange and
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correlation potential. The dispersion D3 correction by Grimme25 was applied to

calculate atomistic structures. We have not applied the PBE+U26 functional for

geometry optimization as it is known from previous theoretical works that it does not

provide a better description for lattice parameters compared to PBE27−28. Perform-

ing geometry optimizations with Heyd–Scuseria–Ernzerhof (HSE06)29 functional is

not a common approach to compute the atomistic structure either, because HSE06

is often used for calculating electronic properties such as band gaps and magnetic

moments. Moreover, it’s computationally expensive and usually doesn’t change

the structure much compared to PBE30. Therefore, it is a more common approach

to optimize the geometry with PBE first, then use this optimized geometry and

perform single-point calculations with HSE06 functional31−33. Therefore, we used

HSE06 functional to compute the electronic structure (i.e. number of unpaired

electrons (Nunp) on elements and spin density difference (SDD) plots).

NaxMnO2, NaxLi0.06Mn0.94O2 and NaxLi0.22Mn0.78O2 were modeled

by 3×6×1 supercells with the following number of atoms per super-

cell: P2-Na0.67MnO2 (Na24Mn36O72), P2-Na0.11MnO2 (Na24Mn36O72),

P2-Na0.67Li0.06Mn0.94O2 (Na24Li2Mn34O72), P2-Na0.11Li0.06Mn0.94O2

(Na4Li2Mn34O72), P2-Na0.67Li0.22Mn0.78O2 (Na24Li8Mn28O72) and P2-

Na0.11Li0.22Mn0.78O2 (Na4Li2Mn34O72). Afterwards, we also studied the influence

of desodiation on the phase stability of (NaxLiyMn1−yO2) materials by using a

large supercell (3x6x3) to decrease the uncertainty in the energy differences. A

Gamma-centered k-point mesh of 2×1×2 and an energy cut off of 500 eV were

applied. An electronic and a force convergence criterion of 10−4 eV and 2 × 10−2

eV/Å, respectively, were used for DFT calculations. Atomistic structures and SDD

plots were visualized with the VESTA program34.

To obtain the most favorable structures in NaxMnO2, NaxLi0.06Mn0.94O2 and

NaxLi0.22Mn0.78O2, we calculated the total Coulomb energy (EC) of a large number

of likely structures. By performing DFT-PBE calculation on the electrostatically

most favorable configuration, we determined the lowest total energy structure for

each Na concentration and used the optimized geometries for further DFT-PBE-D3
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and -HSE06 calculations. The total number of considered configurations for EC

calculation and the charge states of ions are discussed below in detail.

P2-Na0.67MnO2 (Na24Mn36O72): 36!
24!12! = 1.25E+9, structures with 24 Na ions in 36

Na sites; charges of 1+ for Na, 3.33+ for Mn, 2- for O.

P2-Na0.11MnO2 (Na4Mn36O72): 24!
4!20! = 1.06E+4, structures with 4 Na ions in 24 Na

sites; charges of 1+ for Na, 3.889+ for Mn, 2- for O.

We used the most favorable structure of high and low Na-concentration from

NaxMnO2 to study Li arrangements in NaxLi0.06Mn0.94O2.

P2-NaxLi0.06Mn0.94O2 (Na24Li2Mn34O72 or Na24Li2Mn34O72): 36!
2!34! = 630 structures

with 2 Li and 34 Mn ions in 36 TM sites; charges of 1+ for Li/Na, 3.47+ for

discharged Mn and 4+ for charged Mn, and 2- for O in discharged state and 1.972-

for O in the charged state.

P2-Na0.67Li0.22Mn0.78O2 (Na24Li8Mn28O72): Modelling of 36!
24!12! .

36!
28!8! = 3.78E+16

structures with 24 Na ions in 36 Na sites as well as 28 Mn ions and 8 Li ions in 36

TM sites is computationally a formidable task due to the large number of possible

configurations. Therefore, we created 36!
24!12! = 1.25E+9 structures with 24 Na ions

in 36 Na sites and fixed the TM with charge states of 1+ for Na, 3.333+ for Mn and

2- for O. After that we fixed Na-ions and created 36!
28!8! = 3.03E+7 structures with

28 Mn ions in 28 TM sites. To find the position of 8 Li ions in (Na36Mn36O72), we

fixed 24 Na and 28 Mn ions in their determined Na and Mn sites and studied Li

arrangement in the remaining unoccupied Na and Mn sites. We performed EC on

3 possible configurations: i) all Li-ions in Na-sites, ii) all Li-ions in Mn-sites, and iii)

half Li-ions in Na sites and half in Mn sites. Then, based on electrostatic analysis

we found the second configuration to be favorable.

P2-Na0.11Li0.22Mn0.78O2 (Na4Li8Mn28O72): 24!
4!20! = 1.06E+4 structures with 4 Na

ions in 24 Na sites; charge of 1+ for Na/Li, 4+ for Mn for both Na-concentrations

and 2- and 1.72- for O for discharged and charged systems respectively. Charge

state of elements in the case of the Li-migration from TM to Na-sites and the one

with Li-vacancy (removed Li ions from Na-sites) in our Coulomb calculations are

also coming from DFT-calculations. We also considered more oxidation in the
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Li-vacancy (removed Li ions from Na-sites) system to keep the charge neutrality of

the system because of the removal of Li-ions.

5.3 Results and Discussion

5.3.1 Infleunce of desodiation on phase stability

Themost favorable atomistic structure for each compound and Na concentration, as

well as their corresponding relative electrostatic energies are presented in Fig. 5.1.

We studied the influence of desodiation on the phase stability of P2-NaxLiyMn1−yO2

materials, by computing the energy difference of P2, O2, and O3 phases as a func-

tion of Na (x = 1.00, 0.67, and 0.11) and Li (y = 0, 0.06, 0.22) concentrations using

DFT-PBE (Fig. 5.2). For the fully sodiated case of Na1.00MnO2, the O3 phase is

more favorable than the P2 and O2 phases which agrees with the previous experi-

mental study by Xiaohua et al.35. With a x = 1.0→0.67 decrease in Na concentra-

tion, the P2 phase becomes more stable than O3 and O2 phases for NaxMnO2 by

13 meV and 23 meV (per formula unit) respectively. Stabilization of the P2 phase

has also been reported by experimental measurements from Delmas et al.5.

For the desodiation structures, we focused on P2 and O2 phases. After des-

odiation from x = 0.67→0.50, the P2 phase remains more stable by 15 meV

than the O2 phase. However, after further desodiation the NaxMnO2 system

undergoes a P2→O2 phase transition at x = 0.17, as the O2 phase is 2 meV

more stable than the P2 phase. With a further decrease in Na-concentration

(x = 0.11), the O2 phase remains more stable than the P2 phase (by 4 meV

per formula unit). Our results indicating the P2→O2 phase transition during

charging is consistent with experimental results by Delmas et al.5 and Dahn et

al.11. DFT calculations show the following phase transitions to occur for x =

1.00→0.67→0.50→0.17→0.11: O3→P2→P2→O2→O2. The DFT calculations in-

dicate that in the case of Na1.00Li0.06Mn0.94O2 (Fig. 5.2), in which 6% of Mn is

substituted with Li, the P2 phase is more favorable than the O2 and O3 phases.

For the Na concentration of x = 0.67, the P2 phase remains more favorable for Li

concentrations of y = 0.06 (Na0.67LiyMn1−yO2) showing similar behavior to the case
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Figure 5.1: (Top) Computed electrostatic energy difference between the P2 and O2 phase ∆E = EP2
tot -

EO2
tot versus Na-concentration using the Ewald summation (with point charges). (Bottom) Side views of

atomistic structures.
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of y = 0.0. Furthermore, for NaxLi0.06Mn0.94O2 (x = 0.67), our DFT-PBE calculation

shows that the P2 phase is more stable than the O2 phase by 30 meV (per formula

unit) and after desodiation from x = 0.67 to 0.11, a P2→O2 phase transition occurs

and the O2 phase becomes more stable than the P2 phase by 20 meV per formula

unit. This means that with 6% Li at Mn sites there is only one phase transition

occurring: P2→P2→O2 for desodiation of x = 1.00→0.67→0.11. After increasing

the substitution of Mn by Li to 22% the P2 phase remains the most favorable in

Na1.00Li0.22Mn0.78O2 (Fig. 5.2). For the Na concentration of x = 0.67, the P2 phase

forms for Li concentrations of y = 0.22 (Na0.67LiyMn1−yO2) similar to the cases of y

= 0.0 and y = 0.06, which agrees well with experimental measurements by Myung

et al.36. However, with such large amount of Li on the Mn sites NaxLi0.22Mn0.78O2

there is no phase transition occurring, and the P2 phase is always more stable than

the O2 phase by 11 meV and 4 meV (per formula unit) for high (x = 0.67) and low (x

= 0.11) Na-concentrations respectively. Experimental studies by Myung et al.36 also

show that 22% of Li-doping in Na1.00MnO2 (x = 0.67, 0.11) can suppress the phase

transition during charging. The absence of a desodiation-induced phase transition

Figure 5.2: Calculated energy difference ∆E (per formula unit) between the O3, P2 and O2 phase
versus Na-concentration using DFT-PBE for the most favorable phases for each Li-concentration.
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has also been reported by Tarascon et al. for (NaxLiyMn1−yO2) with larger values

of y = 0.3337. These results indicate a strong influence of Li on the phase stability

of NaxLiyMn1−yO2.

5.3.2 lattice parameters change

Our DFT calculations show that the lattice parameter a decreases with a reduction

of the Na-concentration from 0.67 to 0.11 for all studied systems ( Table 5.1) due

to the oxidation of Mn and O, which will be discussed later. The lattice parameter c

contracts strongly after desodiation from 0.67 to 0.11 for the cases in which either

no Li or a small amount of Li exist at the TM sites (NaxLiyMn1−yO2 y≤0.06), which

is because of the phase transition as well as migration of half of the Li cations

from TM to Na sites after desodiation. However, the decrease in c parameter in

the compound with a high amount of Li at TM sites, namely NaxLi0.22Mn0.78O2,

in which no P2→O2 phase transition occurs, is very small. The small decrease

in c parameter is most likely due to the Li-migration from TM to Na-sites during

charging. An experimental study by Tarascon et al.37 on O3-NaLi0.33Mn0.67O2

also indicates Li migration from TM to Na-site during charging and the presence

Table 5.1: Calculated lattice parameters in Å of NaMO, NaL0.06MO and NaL0.22NMO using DFT-PBE
and DFT-PBE-D3 for discharged and charged states.

PBE PBE-D3

System a [Å] c [Å] a [Å] c [Å]

P2-Na0.67MnO2 2.88 11.08 2.86 10.94

O2-Na0.11MnO2 2.87 10.38 2.857 10.10

P2-Na0.67Li0.06Mn0.94O2 2.870 11.07 2.86 10.93

O2-Na0.11Li0.06Mn0.94O2 2.869 10.31 2.85 10.28

O2-Na0.11Li0.03Mn0.94O2 2.87 10.82 - -

P2-Na0.67Li0.22Mn0.78O2 2.89 10.99 2.86 10.83

P2-Na0.11Li0.22Mn0.78O2 2.84 10.83 2.83 10.34

P2-Na0.11Li0.11Mn0.78O2 2.85 11.08 - -
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Figure 5.3: Side views of computed atomistic structures of NaxMnO2, NaxLi0.06Mn0.94O2 and
NaxLi0.22Mn0.78O2 systems with x = 0.67 and 0.11 using DFT-PBE. Arrow represents from discharged
to charged state.

of Li in the Na-layer leads to a decrease in the c parameter with respect to a

discharged system which is consistent with our findings. In the discharged state

of Li-doped compounds, Li ions occupy TM sites, but upon charging they migrate

from TM to Na sites (see Fig. 5.3). To determine whether the migrated Li ions

from TM to Na sites stay at the Na sites or move to the surface of the cathode

during charging, we removed the Li-ions from Na-site in Na0.11Li0.06Mn0.94O2

and Na0.11Li0.22Mn0.78O2 and optimized both structures and lattice parameters.

An expansion in the c-value was found for this model, which agrees with the

o-XRD measurement by Myung et al.36. This result indicates a spontaneous

migration of fractional Li ions from TM to Na sites and subsequent segregation

to the surface of Na0.11Li0.22Mn0.78O2. Therefore, we conclude that most of the
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migrated Li-ions from TM to Na sites do not stay in those Na sites, but segregate

to the surface of the cathode consistent with previous study36. Therefore, we

used Na0.11Li0.03Mn0.94O2 and Na0.11Li0.11Mn0.78O2 to calculate the electronic

structure. However, it is important to mention that we calculated electrostatic cal-

culations for both models instead of Na0.11Li0.06Mn0.94O2 and Na0.11Li0.22Mn0.78O2.

5.3.3 Electronic structure calculations

Furthermore, the redox mechanism of NaxLiyMn1−yO2 were investigated to deter-

mine charge states of elements for further electrostatic analysis on phase transition,

which will be discussed later. To achieve this aim, magnetic moments (represented

as number of unpaired electrons (Nunp) ) on elements as well as spin density dif-

ference (SDD) plots (Fig. 5.4 and Fig. 5.5) were computed using DFT-HSE06. The

calculated average value of unpaired electrons (Nunp) on Mn in Na0.67MnO2 (Fig.

5.4) indicates that 36.11% of Mn exhibit a charge state of 3.8+ ((t2g3eg0, Nunp =

3.24), and the rest have a charge state of 3.0+–3.3+, from which 44.44% are in the

low spin (t2g4eg0, Nunp = 2.02), and 19.44% in high spin (t2g3eg1, Nunp = 3.70). With

the desodiation of x = 0.67 to 0.11, Mn cations that had charge states between 3.0+

Figure 5.4: Calculated number of unpaired electrons Nunp on Mn in P2-NaxMnO2 (NaxMO), P2-
NaxLi0.06Mn0.94O2 (NaxL0.06MO), and P2-NaxLi0.22Mn0.78O2 (NaxL0.22MO) using DFT-HSE06.
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and 3.3+ are oxidized and the average charge state of Mn cations becomes 3.8+

(Nunp = 3.21).

For Na0.67Li0.06Mn0.94O2, the computed Nunp for 53% of Mn (t2g4eg0, Nunp = 1.98,

low spin) and 47% of Mn (t2g3eg0, Nunp = 3.10) indicates that Mn cations have

an oxidation state of 3+ and 4+, respectively. After desodiation of x = 0.67 to

0.11, 53% of Mn cations that had an initial charge state of 3+ experiences oxi-

dation and exhibits a charge state of 4+(Nunp = 3.11), which can be clearly seen

in the SDD plots (Fig. 5.5) where the Mn features shrink after desodiation. In

comparison to the Na0.67MnO2 compound, the Na0.67Li0.06Mn0.94O2 system also

shows a P2→O2 phase transition during charging of x = 0.67 to 0.11. The com-

Figure 5.5: Calculated number of unpaired electrons (Nunp) of O ions (left figure) and Spin density
difference (SDD) plots (with an isosurface of 0.006eV/Å3) of chosen O-TM-O layers of P2-NaxMnO2

(NaxMO), P2-NaxLi0.06Mn0.94O2 (NaxL0.06MO), and P2-NaxLi0.22Mn0.78O2 (NaxL0.22MO) with x =
0.67 (middle figure) and x = 0.11 (right figure) using DFT-HSE06. Yellow and blue colors represent the
up- and down-spin electrons respectively. The red arrow represents from discharged to charged state.
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puted Nunp of all Mn cations is 3.05 for Na0.67Li0.22Mn0.78O2 indicating the oxida-

tion state of Mn cations to be 4+ (t2g3eg0, Nunp = 3.05). This can also be seen

in the SDD plot (Fig. 5.5) where small features exist on Mn. Upon desodiation

from x = 0.67 → 0.11, the calculated Nunp for Mn remains almost the same, in-

dicating an oxidation state of 4+. Compared to Na0.67MnO2, there is no phase

transition from P2→O2 for the NaxLi0.22Mn0.78O2 (for x = 0.67→0.11) system as all

of Mn shows an oxidation state of 4+ before and after desodiation. Therefore, it

seems that this amount of Li acts as a structure stabilizer for Na0.67Li0.22Mn0.78O2

as well as Na0.11Li0.11Mn0.78O2. The calculated values of Nunp on O for NaxMnO2,

NaxLi0.06Mn0.94O2, and NaxLi0.22Mn0.78O2 in the discharge state (x = 0.67) are

equal to or smaller than -0.05 indicating that the average charge state on O is be-

tween 2- and 1.95- (Fig. 5.5). The small features on O anions in the SDD plot

confirm that the charge state of O is close to 2- in the discharge state. Computed

Nunp = -0.08 of O in NaxMnO2 for x = 0.11 shows only a small charging-induced oxi-

dation of oxygen. Similarly, the O anions in Na0.11Li0.03Mn0.94O2 do not experience

much oxidation as the calculated value of Nunp is -0.12. The oxidation of O in this

composition is, however, slightly higher than Na0.11MnO2, which is because of Li

for Mn substitution. In particular, some of O anions (e.g. O3, O5, and O40) close

to the vacant site, which are created after Li migration, undergo the highest oxida-

tions Nunp = -0.56. The larger blue feature on O3, O5, and O40 in the SDD plot of

Na0.11Li0.03Mn0.94O2 compared to all O anions in Na0.11MnO2 (Fig. 5.5) visualize

this result.

As we discussed earlier, Mn is inactive for Na0.11Li0.11Mn0.78O2, and, therefore,

the ion that contributes to the redox mechanism is oxygen. This result is in agree-

ment with previous DFT studies by De la Llave et al.38 and Kim et al.39 who studied

P2-Na0.6Li0.2Mn0.8O2 and P2-Na0.67Li0.33Mn0.67O2, respectively, and found extra

oxygen states appearing near the Fermi level (in the computed projected density

of states) indicating an oxygen anion redox to compensate the charge imbalance.

After desodiation of x = 0.67→0.11, higher Nunp (Nunp = -0.27) and larger SDD

(more blue features) of O anions close to the vacant site (e.g. O6, O7, O10,
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Table 5.2: Computed averaged number of unpaired electrons Nunp on cations and anions of studied
cathode materials in their charged and discharged states using DFT-HSE06

System Mn O

Na0.67MnO2

Mn16/36=2.02

-0.03Mn7/36=3.70

Mn13/36=3.24

Na0.11MnO2 3.21 -0.08

Na0.67Li0.06Mn0.94O2

Mn9/17=1.98
-0.05

Mn8/17=3.10

Na0.11Li0.03Mn0.94O2 3.11 -0.12

Na0.67Li0.22Mn0.78O2 3.05 -0.05

Na0.11Li0.11Mn0.78O2 2.85 -0.27

O11) show that they experience strong oxidation. Higher oxygen redox activity

in Na0.11Li0.11Mn0.78O2, as compared to Na0.11MnO2 and Na0.11Li0.03Mn0.94O2, is

most likely due to the formation of more 8% TM vacancies in the crystal structure.

This triggers oxygen redox reaction as the oxygen anions that have lost their bind-

ing to removed Li ions undergo significant oxidation (Nunp = -0.55). The sequence

of oxygen redox activity in our studied systems from lower to higher is as follows:

Na0.11MnO2→Na0.11Li0.03Mn0.94O2→Na0.11Li0.11Mn0.78O2. The electrostatic inter-

action between different cations as well as between them and the oxygen anions

might explain the phase stability/transition.

5.3.4 Phase stability/transition

To study this, the differences in total electrostatic energies were calculated using

Coulomb energy analysis by using elementary charge states, which balance the

system, as well as by applying computed charge states from Fig. 5.4 and 5.5 be-

tween the P2 and O2 phases ∆E = EP2
tot - EO2

tot for NaxLiyMn1−yO2 with different Na

(x = 0.67, 0.11) and Li (y = 0, 0.22) concentrations (Fig. 5.6). The P2 phase is found

to be electrostatically more stable than the O2 counterpart for x = 0.67 in all com-
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Figure 5.6: Computed ∆E which is the electrostatic energy difference for (a) Na1−xMnO2 (b)
Na1−xLi0.22Mn0.78O2 between the P2 and O2 phase versus Na-concentration represented in yellow
color. Aqua and Magenta color represents the discharged and charged state respectively that shows an
individual contribution of each element in total electrostatic energy.

positions, namely Na0.67MnO2 and Na0.67Li0.22Mn0.78O2. This finding is in line with

both our DFT results (Fig. 5.2) as well as experimental studies on Na0.67MnO2 and

Na0.67Li0.22Mn0.78O2 by Delmas et al.5 and Myung et al.36 respectively. Our elec-

trostatic calculation (Fig. 5.6) for low Na concentrations (charged state) shows that

the O2 phase becomes more favorable in the case of Li free, namely Na0.11MnO2

and consistent with DFT calculations and with experimental studies by Delmas et

al.5 and Dahn et al.11. However, for the case of high concentrations of Li, namely

Na0.11Li0.22Mn0.78O2, the P2 phase remains stable after desodiation, in agree-

ment with DFT and experimental study by Myung et al.36. Furthermore, we an-

alyzed the pairwise ion-ion interaction by computing their corresponding electro-

static energy differences between P2 and O2 phases for two compounds with the

largest difference in Li and Na concentrations, namely Na0.67MnO2, Na0.11MnO2,

Na0.67Li0.22Mn0.78O2, and Na0.11Li0.22Mn0.78O2 (Fig. 5.6). Moreover, we analyzed

pair distribution function (pdf) of ions to determine the underlying mechanism for the

phase stability and transition in these materials (Fig. 5.7 and Fig. 5.8). In all cases,

the O−O interaction favors the O2 phase, i.e EO−O is lower for the O2 phase. This
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Figure 5.7: Calculated pair distribution function which is the difference of O-P (GO(r)-GP(r) corresponding
to atomic pairs of Na-Mn (b) Top view of the layer and bond length in Angstrom (Å) of (a) NaxMnO2 and
(b) NaxLi0.22Mn0.78O2 (x = 0.11) during charging and shaded area represent the nearest neighbors.

is most likely due to the shorter distances (rO-O) of nearest neighbors in P2: e.g.

rpeak(P2) = 3.40 Å < rpeak(O2) = 3.80 Å and rpeak(P2) = 4.40 Å < rpeak(O2) = 4.84 Å.

With desodiation, the values of∆EO−O remain unchanged for Na0.11MnO2 (Fig.5.8)

because of the same oxidation state of O before and after desodiation.

However, theO−O interaction changes slightly for NaxLi0.22Mn0.78O2 (x = 0.11) after

desodiation because of a very small oxidation of O (1.95- → 1.92-). The Cation−O

interactions (cation: Mn, Na, and Li) do not stabilize significantly any of the P2

or O2 phases in both studied systems (∆Ecat−O < 0.18 eV from Fig. 5.6). Al-

though the Mn-Mn interaction does not stabilize any of these phases for NaxMnO2

as ∆EMn−Mn = 0.02 eV, it does prefer O2 phase over P2 phase (∆EMn−Mn = 2.62

eV) for NaxLi0.22Mn0.78O2, which is probably due to the stronger interlayer Mn−Mn

repulsion (as all of Mn become 4+) in the P2 phase after replacing partial Mn by

Li cations. Figure 5.6 indicates that the Na-Mn interaction is the determining factor

controlling the phase stability of the studied materials.

This can be due to the high charge of the Mn cations (from 3.34+ to 4+ depending

on the Li and Na concentrations) as well as the distinct phase-dependent Na-Mn

separations as discussed later. Since the other pairwise interactions do not change

much with desodiation, we will focus on Na-Mn pairs. The Na-Mn interaction favors

the P2 phase in all cases due to the shorter Na-Mn distances for the O2 phase.
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Figure 5.8: Calculated O-O pair distribution function difference between O and P (GO(r)-GP(r) phases.

This can be clearly observed from the pdf plots in Fig. 5.7. The decrease in the

phase stability of the P2 phase over the O2 phase after desodiation in the case

of NaxMnO2 is probably because of oxidation of Mn from 3.34+ to 4+ (Fig. 5.4)

as well as a decrease in the number of nearest neighbors Na-Mn pairs rpeak(O2)

= 2.73 Å and rpeak(P2) = 3.20 Å. However, in the case of NaxLi0.22Mn0.78O2, the

charge states of Mn cations do not change much. Moreover, the intensities of near-

est neighbor Na-Mn pairs do not decrease significantly in contrast to the case for

NaxMnO2. This is because Na ions prefer occupying the Na sites that are clos-

est to the Li ions to reduce the Na+-Mn4+ repulsion. Our DFT calculation shows

that these Na sites (shown by NaLMMMNa and NaLMMLMMNa for the O2 and P2 phases,

respectively, in Fig. 5.7) are much more favorable (by 2.82 eV) for Na occupation

than the other Na sites that are next to Mn4+(shown by NaMMMMNa and NaMMMMMMNa for

the O2 and P2 phases, respectively, in Fig. 5.7). Therefore, they are the determin-

ing sites for the electrostatic energy difference between the P2 and O2 phases. For

the aforementioned reasons, the phase stability of the P2 phase over the O2 phase

does not change much after desodiation. The similar energy difference between P2

and O2 phases for high and low Na concentrations of the Li-doped case (in spite

of their different PDF intensities of next nearest neighbors) confirm our assump-
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tion that the interactions between the first nearest Na-Mn neighbors determine the

phase stabilities.

As mentioned earlier, there is a Li migration from TM- to Na-sites for

Na0.11Li0.06Mn0.94O2 and Na0.11Li0.22Mn0.78O2 structures. Probably, Li is not even

stable in the octahedral Na sites due to its small size (compared to Na). Our pre-

vious theoretical/experimental study has shown that partially migrated Li to TM

sites migrate further to the surface of electrode forming a CEI layer36. There-

fore, we removed the Li-ions from the Na-sites and studied the phase transition.

However, a similar result to the case without Li migration was found: the O2

phase is more favorable than the P2 phase in Na0.11Li0.03Mn0.94O2, while the P2

phase is more favorable than the O2 phase in Na0.11Li0.11Mn0.78O2. Moreover,

in these models containing TM vacancies (due to Li migration), Na ions prefer to

occupy Na sites next to a TM vacancy to lower the electrostatic energy. A mecha-

nism, similar to Na0.11Li0.22Mn0.78O2 containing Li ions at TM sites, is expected for

Na0.11Li0.11Mn0.78O2 containing TM vacancies (created by Li migration) to explain

why the P2→O2 phase transition is prevented.

5.4 Conclusions

We investigated the origin behind the phase transition in the P2-Na0.67MnO2 cath-

ode by performing DFT calculations and electrostatic energy analyses. We also

simulated the effect of substitution of Mn by Li on the stability of P2-Na0.67MnO2.

It is found that the Na-Mn interaction is the most determining factor controlling the

phase stability of Na0.67MnO2, which is strongly Na concentration (x) dependent.

This pairwise interaction prefers the P2 phase over the O2 phase independent of x

value, but this preference weakens with decreasing x. The O-O interaction, which

is the second most important parameter determining the phase stability, favours the

O2 phase with a very weak Na concentration dependency. For the aforementioned

reasons, the preference of the P2 phase due to the Na-Mn interaction becomes

weaker than that of the O2 phase due to the O-O interaction leading to the P2→O2

phase transition in NaxMnO2 at low x values (e.g. x = 0.11). Decrease in the num-
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ber of nearest neighbor Na-Mn pairs and the oxidation of Mn3.34+ to Mn4+ after

charging are probably responsible for the phase transition. We also explained the

reason behind the suppression of the phase transition through the substitution of

Mn by low-charge state elements such as Li. It was found that the 22% doping

with Li retains the P2 phase during charging. The higher stability of the P2 phase

as compared to O2-NaxLi0.11Mn0.78O2 even after desodiation (x = 0.67→0.11) is

dictated by Na-Mn interaction, which is much weaker (more favorable) for Na ab-

sorption close to Li at TM sites for the P2 phase. This preference is determined

mainly by nearest Na-Mn neighbours which does not change with Na concentration.

This work not only quantitatively proves the phase preference in the as-synthesized

and desodiated P2-NaxMnO2 and P2-NaxLi0.11Mn0.78O2but also the corresponding

driving force behind the phase stabilities.
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A
Summary

Layered oxides have gained significant attention as promising cathode materials

for both LIBs and SIBs. LIBs generally show better structural stability due to the

smaller size of Li+ and its stronger electrostatic interactions within the host lattice.

In contrast, SIBs, although more prone to larger volume changes and structural in-

stability due to the larger Na+ radius, but offer a more sustainable and cost-effective

alternative because of their high natural abundance and low cost of sodium.

They experience capacity fade due to structural and mechanical instability dur-

ing the charging/discharging process. Identifying the origin of capacity fade and

instability is essential for understanding material degradation. Therefore, in this

thesis, the origin of the structural changes upon delithiation/lithiation and deso-

diation/sodiation has been investigated. These structural changes lead to a ir-

reversible phase transition resulting in significant changes to lattice parameters,

particularly along the c-axis, due to anisotropic expansion and contraction. These

lattice changes generate internal mechanical stresses, leading to the formation of

microcracks and capacity fading during cycling.

The impact of lattice doping on cathode materials for SIBs, with specific focus on

Li, Mg, Co and Ni-doping in P2-Na0.67MnO2, is also explored. We also found the

reason behind the phase stabilization (as-synthesized material) and transition (dur-

ing operation) of P2-Na0.67MnO2 materials. The primary method used in this thesis

is a combination of electrostatic analysis, density functional theory calculations as

well as ab initio molecular dynamics simulation.

The fundamental cause behind the microcracking of LiCoO2 (LCO) cathode is re-

lated to chapter 2. LCO is the most studied cathode material for LIBs. One of the

main drawbacks of this system is its capacity fading due to the cracking of its mi-

crostructures during cycling. Initially, it is believed that this problem arises by the
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delithiation/lithiation-induced changes in lattice parameters of primary particles in

the microstructure. To our knowledge, a realistic combined atomistic and micro-

scale simulation to prove this hypothesis was still lacking. Therefore, in this work,

we modelled effect of delithiation/lithiation (charge/discharge) on the structural and

mechanical properties of LCO on the atomistic- and micro-scale. It is found that

the maximum arising lattice strain (during charging) in a typical LCO microstruc-

ture is smaller than +2%, which is the critical strain above which LCO experiences

restructuring. Local lattice strain due to the space charge has also no significant

effect on the atomistic structure. However, delithiation-induced oxygen vacancy

formation leads to a large local lattice strain and thereby displacement of Li ions

between O-Co-O layers. This is most likely the initial stage of microcracking in the

LCO cathode.

In Chapter 3, the effect of doping on the structural stability of P2-NaxMnO2 cathodes

materials was successfully studied. We successfully investigated the theoretical

design of oxygen-redox-active cathode materials for SIBs, focused on challenges

like structural instability and Li migration (which is one of the possible reasons

for capacity fade in Na-based cathodes) during the charging/discharging process.

We also found that the Li doping suppressed the phase transition from P2→O2

during charging/discharging. DFT calculations revealed that co-doping of Li and

Co/Ni on P2-type manganese-rich oxides e.g., Na0.75[Li0.156Co0.156Mn0.689]O2 and

Na0.75[Li0.14Ni0.17Mn0.69]O2 enhances structural stability and redox mechanism

which is an important parameter controlling capacity. Both cations and anions par-

ticipated in the redox process, which might offer extra capacity. Overall, the study

highlighted how electronic structure engineering and doping can enable stable cath-

odes for next-generation SIBs.

In chapter 4, theoretical investigation focused on structural stability of P2-type

sodium-ion battery cathodes through strategic co-doping of Li, Mg, and Ni into the

transition metal (TM) layer of P2-NaxMnO2 was successfully carried out. Using den-

sity functional theory (DFT) and ab initio molecular dynamics (AIMD), a systematic

multi-level optimization approach was employed to evaluate structural stability and
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redox behavior across a range of TM compositions: Nax[LixMg0.3−x−yNiyMn0.7]O2

(x, y ≤ 0.15). Initial DFT calculations did not capture the realistic ion migrations at

high charge states. Thus, AIMD simulations at elevated temperatures (300–800 K)

were used to model the migration of Li and Mg ions from TM to Na layers, revealing

significant reductions in system energy and stress, which are critical for structural

stabilization. After AIMD simulations, again DFT calculations were performed to

identified low-energy configurations that included favorable Li and Mg positions and

oxygen dimer formations.

Among the other compositions, we found Na0.7[Li0.1Mg0.05Ni0.15Mn0.7]O2 to be

most promising cathode, maintaining the P2 phase during deep desodiation without

phase collapse or transition to the less stable O2 phase. The migration behavior of

doping elements played a key role: Li showed a strong tendency to migrate, while

Mg exhibited partial stability in TM layers, especially when vacancies were present

due to Li migration. Manganese remained in the oxidation state of Mn4+, while Ni

not only provide full redox activity from Ni2+ / Ni4+ but also helps stabilize the TM

layer structure, minimizing Li migration and oxygen loss. DFT calculations further

showed that oxygen anions close to TM vacancies experienced more oxidation par-

ticularly through the formation of oxidized O anions (On−
2 ).

Chapter 5 presents the reason behind the phase stabilization and transition of P2-

NaxMnO2 materials for SIBs. Previous experimental and computational studies pro-

posed that the Jahn-Teller (J-T) distortion in Mn3+O6 is the driving force of phase

transitions and structural instability in P2-NaxMnO2, during charging. In this work,

we show that the driving force of desodiation-induced phase transition is the oxida-

tion of Mn3+ to Mn4+ but not the change in J-T distortion. The latter is a short-range

local intralayer phenomenon and cannot strongly affect the long-range interlayer in-

teraction which determines the phase stability. This is proven by our electrostatic

calculation for atomistic structures without any J-T distortion.

Our study further provides a quantitative explanation for the phase stability and

transition of Na-based layered manganese oxide materials based on electrostatic

forces for the first time.
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Long-range Na-Mn and O-O interactions are found to be the most determin-

ing factors controlling the phase stability and transition of P2-NaxMnO2 and

NaxLi0.22Mn0.78O2. Desodiation-induced weakening of Na-Mn interaction leads to

the formation of O2-Na0.11MnO2, which is driven by O-O interaction. Decrease in

the density of nearest neighbor Na-Mn pairs and the oxidation of Mn3.34+ to Mn4+

after charging are responsible for the phase transition. We also explained that the

reason of phase-transition suppression by substitution of Mn by Li is that Li at TM

sites of P2-Nax[Li0.22Mn0.78]O2 can retain the P2 preference over O2 even after

desodiation. This is because the presence of Li at TM sites decreases the depen-

dence of Na-Mn interaction, which is themost important parameter stabilizing the P2

phase, on Na concentration. Overall, this study not only reproduces experimental

results on the phase stability and transition in the prototype Mn-based layered oxide

cathode material but also provides a quantitative explanation for this behaviour. We

believe that our theoretical study provides important new understanding of stability

of Na-based layered oxide materials.



B
Samenvatting

Gelaagde oxiden hebben veel aandacht gekregen als veelbelovende kathodema-

terialen voor zowel LIB’s als SIB’s. LIB’s vertonen over het algemeen een betere

structurele stabiliteit vanwege de kleinere omvang van Li+ en de sterkere elek-

trostatische interacties binnen het gastrooster. SIB’s daarentegen zijn weliswaar

gevoeliger voor grotere volumeveranderingen en structurele instabiliteit vanwege

de grotere straal van Na+, maar bieden een duurzamer en kosteneffectiever alter-

natief vanwege de grote natuurlijke abundantie en lage kosten van natrium.

Ze ondervinden capaciteitsverlies als gevolg van structurele en mechanische in-

stabiliteit tijdens het laad-/ontlaadproces. Het identificeren van de oorzaak van ca-

paciteitsverlies en instabiliteit is essentieel voor het begrijpen van materiaaldegra-

datie. Daarom is in dit proefschrift de oorzaak van de structurele veranderingen

bij delithiëring/lithiëring en desodiering/sodiering onderzocht. Deze structurele ve-

randeringen leiden tot een onomkeerbare faseovergang, wat resulteert in aanzien-

lijke veranderingen in de roosterparameters, met name langs de c-as, als gevolg

van anisotrope uitzetting en krimp. Deze roosterveranderingen genereren interne

mechanische spanningen, wat leidt tot de vorming van microscheurtjes en ca-

paciteitsverlies tijdens het cycleren.

De invloed van roosterdotering op kathodematerialen voor SIB’s, met specifieke

aandacht voor Li-, Mg-, Co- en Ni-dotering in P2-Na0,67MnO2, wordt ook onder-

zocht. We hebben ook de reden achter de fasestabilisatie (zoals gesynthetiseerd

materiaal) en transitie (tijdens gebruik) van P2-Na0,67MnO2-materialen gevonden.

De belangrijkstemethode die in dit proefschrift wordt gebruikt, is een combinatie van

elektrostatische analyse, berekeningen op basis van de dichtheidsfunctionaaltheo-

rie en ab initio moleculaire dynamicasimulatie.

De fundamentele oorzaak van de microscheurtjes in de LiCoO2 (LCO)-kathode
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houdt verband met hoofdstuk 2. LCO is het meest bestudeerde kathodemateri-

aal voor LIB’s. Een van de belangrijkste nadelen van dit systeem is het verlies aan

capaciteit als gevolg van het barsten van de microstructuren tijdens het cyclisch

laden en ontladen. Aanvankelijk werd aangenomen dat dit probleem ontstaat door

de door delithiëring/lithiëring veroorzaakte veranderingen in de roosterparameters

van primaire deeltjes in de microstructuur. Voor zover wij weten, ontbrak nog een

realistische gecombineerde atomaire en microschaalsimulatie om deze hypothese

te bewijzen. Daarom hebben we in dit werk het effect van delithiëring/lithiëring

(laden/ontladen) op de structurele en mechanische eigenschappen van LCO op

atomair en microschaal gemodelleerd. Er is vastgesteld dat de maximale roost-

ervervorming (tijdens het laden) in een typische LCO-microstructuur kleiner is dan

+2%, wat de kritische vervorming is waarboven LCO een herstructurering onder-

gaat. Lokale roostervervorming als gevolg van de ruimtelading heeft ook geen

significant effect op de atomistische structuur. Delithiatie-geïnduceerde zuurstof-

vacaturevorming leidt echter tot een grote lokale roostervervorming en daarmee tot

verplaatsing van Li-ionen tussen O-Co-O-lagen. Dit is hoogstwaarschijnlijk het be-

ginstadium van microscheurtjes in de LCO-kathode.

In hoofdstuk 3 werd het effect van doping op de structurele stabiliteit van P2-

NaxMnO2-kathodematerialen onderzocht. We hebben met succes het theo-

retische ontwerp onderzocht van zuurstof-redox-actieve kathodematerialen voor

SIB’s, waarbij we ons hebben gericht op uitdagingen zoals structurele insta-

biliteit en Li-migratie (een van de mogelijke oorzaken van capaciteitsverlies in

Na-gebaseerde kathodes) tijdens het laad-/ontlaadproces. We hebben ook vast-

gesteld dat Li-doping de faseovergang van P2→O2 tijdens het laden/ontladen on-

derdrukte. DFT-berekeningen hebben aangetoond dat co-dotering van Li en Co/Ni

op P2-type mangaanrijke oxiden, bijvoorbeeld Na0,75[Li0,156Co0,156Mn0,689]O2 en

Na0,75[Li0,14Ni0,17Mn0,69]O2 de structurele stabiliteit en het redoxmechanisme ver-

betert, wat een belangrijke parameter is voor het regelen van de capaciteit. Zowel

kationen als anionen namen deel aan het redoxproces, wat extra capaciteit zou

kunnen opleveren. Over het algemeen benadrukte de studie hoe elektronische
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structuurtechniek en dotering stabiele kathodes voor de volgende generatie SIB’s

mogelijk kunnen maken.

In hoofdstuk 4 werd theoretisch onderzoek uitgevoerd naar de structurele sta-

biliteit van P2-type natrium-ionbatterijkathodes door middel van strategische co-

dotering van Li, Mg en Ni in de overgangsmetaallaag (TM) van P2-NaxMnO2.

Met behulp van dichtheidsfunctionaaltheorie (DFT) en ab initio moleculaire dynam-

ica (AIMD) werd een systematische multi-level optimalisatiebenadering toegepast

om de structurele stabiliteit en het redoxgedrag te evalueren voor een reeks TM-

samenstellingen: Nax[LixMg0.3−x−yNiyMn0.7]O2 (x, y ≤ 0.15). De eerste DFT-

berekeningen gaven geen realistisch beeld van de ionenmigraties bij hoge lad-

ingsniveaus. Daarom werden AIMD-simulaties bij verhoogde temperaturen (300–

800 K) gebruikt om de migratie van Li- en Mg-ionen van TM- naar Na-lagen te mod-

elleren, wat een aanzienlijke vermindering van de systeemenergie en -spanning

aan het licht bracht, wat cruciaal is voor structurele stabilisatie. Na de AIMD-

simulaties werden opnieuw DFT-berekeningen uitgevoerd om configuraties met

lage energie te identificeren die gunstige Li- en Mg-posities en zuurstofdimeer-

vormingen omvatten.

Van de andere samenstellingen bleek Na0,7[Li0,1Mg0,05Ni0,15Mn0,7]O2 de meest

veelbelovende kathode te zijn, omdat deze tijdens diepe desodatie de P2-fase be-

hield zonder fase-instorting of overgang naar de minder stabiele O2-fase. Het mi-

gratiegedrag van doteringelementen speelde een belangrijke rol: Li vertoonde een

sterke neiging tot migratie, terwijl Mg gedeeltelijke stabiliteit vertoonde in TM-lagen,

vooral wanneer er vacatures aanwezig waren als gevolg van Li-migratie. Mangaan

bleef in de oxidatietoestand van Mn4+, terwijl Ni niet alleen volledige redoxactiviteit

biedt van Ni2+ / Ni4+, maar ook helpt de TM-laagstructuur te stabiliseren, waardoor

Li-migratie en zuurstofverlies tot een minimum worden beperkt. DFT-berekeningen

toonden verder aan dat zuurstofanionen in de buurt van TM-vacatures meer oxi-

datie ondergingen, met name door de vorming van geoxideerde O-anionen (On−
2 ).

Hoofdstuk 5 presenteert de reden achter de fasestabilisatie en -overgang van P2-

NaxMnO2-materialen voor SIB’s. Eerdere experimentele en computationele studies
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suggereerden dat de Jahn-Teller (J-T) vervorming in Mn3+O6 de drijvende kracht

is achter faseovergangen en structurele instabiliteit in P2-NaxMnO2 tijdens het

opladen. In dit werk laten we zien dat de drijvende kracht achter de door desodatie

geïnduceerde faseovergang de oxidatie van Mn3+ tot Mn4+ is, en niet de verander-

ing in J-T-vervorming. Dit laatste is een lokaal intralayer-fenomeen op korte afstand

en kan geen sterke invloed uitoefenen op de interlayer-interactie op lange afstand,

die bepalend is voor de fasestabiliteit. Dit wordt bewezen door onze elektrostatis-

che berekening voor atomaire structuren zonder enige J-T-vervorming.

Onze studie biedt bovendien voor het eerst een kwantitatieve verklaring voor de

fasestabiliteit en -overgang van op elektrostatische krachten gebaseerde gelaagde

mangaanoxidematerialen op basis van natrium.

Langafstandsinteracties tussen Na-Mn en O-O blijken demeest bepalende factoren

te zijn voor de fasestabiliteit en -overgang van P2-NaxMnO2 en NaxLi0.22Mn0.78O2.

Door desodatie veroorzaakte verzwakking van de Na-Mn-interactie leidt tot de

vorming van O2-Na0,11MnO2, wat wordt aangedreven door O-O-interactie. De af-

name van de dichtheid van de dichtstbijzijnde Na-Mn-paren en de oxidatie van

Mn3,34+ tot Mn4+ na het opladen zijn verantwoordelijk voor de faseovergang. We

hebben ook uitgelegd dat de reden voor de onderdrukking van de faseovergang

door substitutie van Mn door Li is dat Li op TM-plaatsen van P2-Nax[Li0,22Mn0,78]O2

de P2-voorkeur boven O2 kan behouden, zelfs na desodatie. Dit komt door-

dat de aanwezigheid van Li op TM-plaatsen de afhankelijkheid van de Na-Mn-

interactie, de belangrijkste parameter voor het stabiliseren van de P2-fase, van de

Na-concentratie vermindert. Over het geheel genomen reproduceert deze studie

niet alleen de experimentele resultaten over de fasestabiliteit en -overgang in het

prototypeMn-gebaseerde gelaagde oxidekathodemateriaal, maar biedt het ook een

kwantitatieve verklaring voor dit gedrag. Wij zijn van mening dat onze theoretische

studie nieuw inzicht biedt in de stabiliteit van Na-gebaseerde gelaagde oxidemate-

rialen.
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