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Abstract 

Enhancing energy density is a crucial yet challenging goal for advancing the development of 

next generation Li-ion batteries. Achieving high energy densities necessitates the development of 

novel synthesis techniques and defect engineering methods for creating high-voltage (high-V) cathode 

materials. Lithium cobalt phosphate (LiCoPO4, LCP), a high-V polyanionic compound, has been 

identified as a promising next-generation cathode material due to its theoretical greater energy density 

compared to the commercial lithium iron phosphate (LiFePO4, LFP). However, the development of 

LCP faces obstacles, such as lower capacities than the theoretical value due to defected crystal 

structure as well as severe capacity fade due to high-V induced electrolyte interfacial degradation 

reactions. This thesis focuses on LCP crystal-controlled material synthesis, characterization, 

electrochemical evaluation, post-mortem analysis, and surface modification seeking to understand and 

control occurrence of defects and interphasial phenomena limiting attainment of full discharge 

capacity, high rate and stable performance. 

 Single-crystal LCP material was first successfully synthesized using hydrothermal (HT) 

synthesis with water as an eco-friendly solvent. By controlling the supersaturation with an over-

stoichiometric ratio of lithium (Li:Co:PO4 = 2.5:1:1) and maintaining a pH of 9 at 220 ºC, high-quality 

crystals were obtained. Post-synthesis treatments, such as nanosizing through planetary-milling and 

carbon coating, aimed to improve the discharge capacity by reducing diffusion distances and 

enhancing electronic conductivity, but achieved only partial success. Detailed surface and bulk crystal 

characterizations, along with electrochemical analysis, revealed two previously non-identified issues: 

The formation of a resistive Co(OH)2 surface passivation layer and the presence of abundant anti-site 

defects due to excess Co, both of which hinder Li-ion intercalation. 

 To overcome these issues, the water solvent was replaced with ethylene glycol (EG) as the 

synthesis medium and an Argon (Ar)-annealing treatment was applied. This novel solvothermal (ST) 

synthesis method yielded defect-free crystals with a shorter Li-ion diffusion pathway. Molecular 

simulations and surface energy calculations established that EG promotes the preferential anisotropic 

crystal growth of LCP. Adjusting the Li content and using Ar-annealing minimized anti-site defects, 

resulting in improved Li-ion diffusivity, approaching the nearly theoretical full capacity (163.0 mAh 

g-1 at C/10), superior rate capability (151.6 mAh g-1 at 1 C), and relatively stabilized capacity retention 

(61.7 % after 100 cycles at 1 C). 
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Post-mortem analysis of cycled electrodes in different cycling-aging conditions identified that 

high-V operation of LCP leads to the growth of an irreversible cathode-electrolyte interphase (CEI) 

layer associated with increased charge-transfer overpotential, and redox metal (RM) dissolution, all 

contributing to capacity fade. This understanding led to the development of a facile one-step sucrose-

derived reduced graphene oxide (RGO) coating, aimed at enhancing charge exchange and mitigating 

progressive side reactions at the cathode-electrolyte interface. This approach helps to decelerate and 

ideally prevent the evolution of the CEI layer and RM dissolution, which are responsible for increased 

charge-transfer overpotential and loss of RM-related capacity. Utilizing this innovative coating 

strategy, the electrochemical performance was further improved, with the discharge capacity reaching 

up to 163.0 mAh g-1 (equivalent to 771.2 Wh kg-1 in energy density), along with the enhanced retention 

rate of 76.4 % after 100 cycles at 1 C. 
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Résumé 

L'amélioration de la densité énergétique est un objectif crucial mais difficile à atteindre pour 

faire progresser le développement de la prochaine génération de batteries Li-ion. L'obtention de 

densités d'énergie élevées nécessite le développement de nouvelles techniques de synthèse et de 

méthodes d'ingénierie des défauts pour créer des matériaux cathodiques à haute tension. Le phosphate 

de lithium et de cobalt (LiCoPO4, LCP), un composé polyanionique à haute tension, a été identifié 

comme un matériau cathodique prometteur de la prochaine génération en raison de sa densité 

énergétique théoriquement supérieure à celle du phosphate de lithium et de fer commercial (LiFePO4, 

LFP). Cependant, le développement du LCP se heurte à des obstacles, tels que des capacités 

inférieures à la valeur théorique en raison d'une structure cristalline défectueuse, ainsi qu'une forte 

diminution de la capacité due à des réactions de dégradation interfaciale de l'électrolyte induites par 

des tensions élevées. Cette thèse se concentre sur la synthèse, la caractérisation, l'évaluation 

électrochimique, l'analyse post-mortem et la modification de la surface des cristaux de LCP afin de 

comprendre et de contrôler l'apparition de défauts et de phénomènes interphasiques limitant 

l'obtention d'une pleine capacité de décharge, d'un taux élevé et d'une performance stable. 

Le matériau LCP monocristallin a d'abord été synthétisé avec succès par voie hydrothermale 

(HT) avec de l'eau comme solvant respectueux de l'environnement. En contrôlant la sursaturation avec 

un rapport surstœchiométrique de lithium (Li:Co:PO4 = 2,5:1:1) et en maintenant un pH de 9 à 220 

ºC, des cristaux de haute qualité ont été obtenus. Les traitements post-synthèse, tels que la 

nanosynthèse par broyage planétaire et l'enrobage de carbone, visaient à améliorer la capacité de 

décharge en réduisant les distances de diffusion et en améliorant la conductivité électronique, mais ils 

n'ont eu qu'un succès partiel. Des caractérisations détaillées de la surface et du cristal en vrac, ainsi 

qu'une analyse électrochimique, ont révélé deux problèmes qui n'avaient pas été identifiés auparavant : 

La formation d'une couche de passivation de surface résistive en Co(OH)2 et la présence d'abondants 

défauts antisites dus à l'excès de Co, qui entravent tous deux l'intercalation des Li-ion. 

Pour résoudre ces problèmes, le solvant eau a été remplacé par de l'éthylène glycol (EG) 

comme milieu de synthèse et un traitement de recuit à l'argon (Ar) a été appliqué. Cette nouvelle 

méthode de synthèse solvothermique (ST) a permis d'obtenir des cristaux sans défaut avec une voie 

de diffusion de l'ion lithium plus courte. Les simulations moléculaires et les calculs d'énergie de 

surface ont établi que l'EG favorise la croissance cristalline anisotrope préférentielle du LCP. 

L'ajustement de la teneur en Li et l'utilisation d'un recuit à l'Ar minimisent les défauts antisites, ce qui 
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améliore la diffusivité des ions Li- et permet d'approcher la pleine capacité presque théorique (163.0 

mAh g-1 à C/10), une capacité de débit supérieure (151.6 mAh g-1 à 1 C) et une rétention de capacité 

relativement stabilisée (61.7 % après 100 cycles à 1 C). 

L'analyse post-mortem d'électrodes cyclées dans différentes conditions de vieillissement a 

permis d'identifier que le fonctionnement à haute tension des LCP conduit à la croissance d'une couche 

d'interphase cathode-électrolyte (CEI) irréversible associée à une surpotentialité de transfert de charge 

accrue et à une dissolution de métal redox (RM), contribuant toutes à l'affaiblissement de la capacité. 

Cette compréhension a conduit au développement d'un revêtement d'oxyde de graphène réduit (RGO) 

en une seule étape, dérivé du saccharose, visant à améliorer l'échange de charge et à atténuer les 

réactions secondaires progressives à l'interface cathode-électrolyte. Cette approche permet de ralentir 

et, idéalement, d'empêcher l'évolution de la couche CEI et la dissolution du RM, qui sont responsables 

de l'augmentation de la surpuissance de transfert de charge et de la perte de capacité liée au RM. Grâce 

à cette stratégie de revêtement innovante, les performances électrochimiques ont encore été 

améliorées, la capacité de décharge atteignant 163.0 mAh g-1 (équivalant à 771.2 Wh kg-1 en densité 

énergétique), avec un taux de rétention amélioré de 76.4 % après 100 cycles à 1 C. 
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Chapter 1: Introduction 

1.1 Motivation 

Rechargeable Li-ion batteries (LIBs), initially introduced by Whittingham in 1976, have 

revolutionized energy storage with their remarkable capacity-to-weight and capacity-to-volume 

ratios.1, 2 This high energy density of LIBs among the different secondary battery types has fueled 

progress across various technologies from portable electronic devices to large-scale applications such 

as electric vehicles (EVs) and stationary storage systems for renewable solar and wind energy.3-5 

Industry analysts at McKinsey & Company foresee strong increase in global LIB demand over the 

next decade.6 From a baseline of 700 GWh in 2022, the demand is expected to soar to approximately 

4.7 TWh by 2030, making a nearly sevenfold increase. Specifically, in EV sector, LIBs are predicted 

to dominate the market in 2030, with an estimated demand of around 4,300 GWh. 

LIBs consist of three primary components: two electrodes (cathode and anode) and an 

electrolyte. Among these components, cathode materials play a crucial role in determining key 

performance metrics such as energy density, cycling stability, and good power capability.7-10 Since the 

creation of the first modern LIB prototype in 1985 and their commercial launch by Sony in 1991, 

research on cathode materials has predominantly favoured oxide-based compounds with layered and 

spinel structures starting with the prototypical LiCoO2 (LCO) and followed by LiNixCoyMnzO2 (NCM, 

where x+y+z = 1), LiNixCoyAlzO2 (NCA, where x+y+z = 1), LiMn2O4 (LMO), as well as polyanionic 

compounds with olivine structures such as LiFePO4 (LFP).11-13 

Despite the energy density above 600 Wh kg-1 of LCO, it is hindered by high costs, cobalt's 

supply, and poor thermal stability, which can lead to explosion and fire hazards.14 To address these 

issues, NCM and NCA cathodes have been developed by partially replacing cobalt with nickel and 

manganese or aluminum in the layered structure, which reduces costs and increases energy density. 

However, safety concerns like oxygen evolution remains.15, 16 LMO with spinel structure offers a 

significant cost advantage over LCO, but its lower energy density and shorter cycle life limit its 

widespread use.17 In contrast, LFP which is one of polyanionic compounds has emerged as a 

sustainable cathode material due to its make-up of abundant elements and the superior stability owed 

to the unique olivine-type robust crystal structure.18 LFP occupies a large portion of LIBs market by 

overcoming the intrinsically sluggish kinetics with the carbon coating strategy developed by Hydro-
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Québec.19 Despite the nearly theoretical energy density of 590 Wh kg-1 for commercially available 

LFP, this value is still relatively low and insufficient for the long-range requirements of EVs.20-22 With 

this trend, the ever-growing demand for advanced rechargeable LIBs with greater energy density has 

triggered intensive research on other polyanionic compounds that operate at high-voltage (high-V), 

aiming to develop next-generation cathode materials. 

Lithium cobalt phosphate (LiCoPO4, LCP), sharing the olivine-type crystal structure with LFP, 

has emerged as a promising candidate for next-generation cathode materials in LIBs. LCP presents 

several advantages that make it an attractive option for overcoming current energy density limitations. 

It combines its very high-V of 4.8 V vs. Li/Li+ (as compared to 3.5 V vs. Li/Li+ for the commercially 

available LFP) and the equal theoretical capacity with LFP (~167 mAh g-1), resulting in 800 Wh kg-1 

compared to 590 Wh kg-1 of LFP. 23-25 Additionally, the strong P–O bonds similarly to LFP guarantee 

a robust host framework for Li-ion storage, offering excellent thermal safety. Despite these promising 

characteristics, LCP other than the high cost of Co that limits its application to niche markets, it faces 

several challenges to commercialization. The material’s performance is hindered by multiple factors: 

sluggish Li-ion mobility, low electronic conductivity, structural imperfections induced by anti-site 

defects where cobalt ions occupy lithium sites.26-31 Furthermore, it suffers from rapid capacity fade 

over repeated charge-discharge cycles, attributed to degradation of its crystal structure or the build-

up of unwanted compounds formed by irreversible side reactions at the cathode-electrolyte interface, 

leading to a substantial decrease in Li-ion storage capacity.32-35 

To enhance LCP kinetics, various methods such as nanosizing and doping have been 

intensively explored. Nanosizing by pulverization can achieve high charge-discharge capacity for a 

few initial cycles, but it introduces abundant anti-site defects in the bulk crystal structure and triggers 

severe side reactions with the electrolyte at the interface.29-31, 35-37 These drawbacks are particularly 

detrimental in LCP due to its unique properties. As LCP is characterized by one-dimensional (1-D) 

diffusion channels, anti-site defects interrupt the Li-ion intercalation. This, combined with an 

increased surface area and high operating voltage, accelerates electrolyte decomposition, adversely 

impacting long-term cycling performance.38, 39 Additionally, for large-scale applications, micron-sized 

particles are favored to enhance volumetric energy density, as opposed to nano-sized particles 

produced by pulverization.40, 41 

Alternatively, doping strategies have emerged as an alternative approach to enhance the 

electrochemical performance of LCP. These methods aim to improve the structural features of LCP, 
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potentially suppressing anti-site defect formation upon cycling and enhancing kinetics by creating 

lithium and/or cobalt vacancies, particularly when applying aliovalent dopants.42 While some 

experimental studies have shown promising results with LCP doping, this approach also presents 

certain limitations. Increased dopant concentration necessitates charge compensation, which can 

reduce capacity from the theoretical value. Additionally, the narrow cut-off voltage window (4.3-5.0 

V vs Li/Li+) required in the case of Fe doping to prevent the reduction of Fe3+ that triggers instability 

may contribute to capacity limitations.43 Therefore, further studies on LCP cathode materials are 

warranted. 

To unlock the full potential of LCP, it is essential to develop novel synthesis and defect 

engineering approaches. Material synthesis plays a crucial role as it determines the properties of 

crystal structure, which in turn influence electrochemical performance. In this thesis, solution 

synthesis of LCP (Hydrothermal, HT & Solvothermal, ST) was implemented in order to probe the 

impact of various synthesis parameters on LCP crystal structure/morphology/purity and 

electrochemical storage properties. Particular attention was paid on characterization of the LCP 

materials regarding both particle surface composition inhomogeneities and bulk structure defects 

affecting their electrochemical performance. In addition, post-mortem analysis characterizing cycled 

electrodes in different aging conditions sought to shed light on the interfacial capacity fade mechanism 

linked to high-V operation and a coating strategy as mitigating measure was explored. 

1.2. Objectives 

The overall goal of this thesis is to investigate in depth the crystal and surface chemistry of 

LCP materials in order to shed light on its intercalation kinetics and interfacial reactivity aiming to 

unlock ultimately their full potential as high energy density cathodes for next generation LIBs. 

Following are the main objectives of this thesis: 

1. Identifying the critical limitations of hydrothermal (HT) synthesis regarding both particle 

surface composition inhomogeneities and bulk structure defects affecting the 

electrochemical performance of LCP. 

2. Designing novel LCP of defect-free crystal structure and shortened Li-ion diffusion 

pathway to achieve nearly theoretical full capacity via solvothermal (ST) synthesis and 

Argon (Ar)-annealing. 
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3. Understanding the core connection between capacity fade mechanism and irreversible 

interfacial chemistry triggered by high-V operation of LCP and propose a mitigating 

coating strategy. 

1.3. Thesis Organization 

This thesis consists of seven chapters, followed by Appendices of supporting information. 

Chapter 1 gives a general introduction to the motivation and objectives of this thesis. Chapter 2 

provides a literature review on the fundamentals of LIBs with the focus on cathode materials, present 

research status and issues of LCP as a promising cathode material, and the basics of solution-based 

synthesis accompanied by its application in preparing materials for LIB cathodes. 

In Chapter 3, impact of HT synthesis parameters but also post-synthesis modifications on LCP 

crystal structure/morphology/purity and electrochemical storage properties are investigated. Upon 

monitoring the evolution of surface and bulk structure during material fabrication, the formation of 

defects is characterized, and their consequence on Li-ion intercalation responsible for the exhibited 

low discharge capacity is determined. 

In Chapter 4, micron-scale and preferentially-grown LCP particles incorporating the defect-

free olivine crystal structure are designed via ST-synthesis and subsequent Ar-annealing. The 

morphological and structural advantages of utilizing EG as a solvent are elucidated by both 

experimental characterizations and computational approaches. 

In Chapter 5, the relationship between capacity fade mechanism and irreversible side reactions 

at the interface with electrolyte is investigated by implementing post-mortem analysis characterizing 

cycled electrodes in different aging conditions. In addition, a reduced graphene oxide (RGO) coating 

strategy is described as potential mitigating tool. 

Chapter 6 connects the overall findings of this thesis to the objectives laid out in Chapter 1 

and topics discussed in Chapter 2, to offer a global discussion. The summary of the work conducted 

in this thesis is presented in Chapter 7 in terms of major conclusions, contributions to the original 

knowledge, and ideas for further work. The supplementary information for Chapters 3 to 5 is presented 

in the APPENDIX section. 
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Chapter 2: Literature Review 

This chapter begins with an overview of the basic principles of LIBs and the different types of 

most prevalent cathode materials. This is followed by an overall review of lithium cobalt phosphate, 

LiCoPO4 (LCP) emphasizing the limitations of conventional preparation methods and the importance 

of solution synthesis and reasons for prioritizing it. Subsequently, the concluding section of this 

chapter is concerned with unclear aspects in LCP solution synthesis that require further clarification 

to establish it as a functional cathode for advanced LIBs delivering enhanced energy density. 

2.1. Rechargeable LIBs 

2.1.1. Working principles of LIBs 

Rechargeable LIBs consist of three main components, a positive electrode (cathode) and a 

negative electrode (anode) that are immersed in an electrolyte. The cathode and anode both act as 

source and sink for Li-ions during battery operation, while the electrolyte facilitates the transport of 

Li-ions between two electrodes. When fully charged LIBs are discharged, Li-ions are released (de-

intercalation) from the anode and diffuse through the electrolyte towards the cathode (intercalation). 

Concurrently, electrons are produced through the de-intercalation reaction of Li-ions at the anode and 

flow from the anode to the cathode through the external circuit. The opposite process occurs during 

the charge step. Figure 2.1 illustrates the general configuration of a LIB employing LiCoO2 (LCO) as 

the cathode and graphite as the anode. The conventional electrolyte comprises a lithium salt, like 

LiPF6, dissolved in a non-aqueous solvent, such as a mixture of ethylene carbonate and dimethyl 

carbonate (EC/DMC). The separator consists of a porous polyethylene material that serves to prevent 

direct contact between the two electrodes, while it is both electrically insulating and facilitating the 

mobility of Li-ions. In the charge process, Li-ions are extracted from LCO, traveling through the 

electrolyte and separator, and are subsequently intercalated into anode. Simultaneously, electrons are 

provided by Co3+ in the cathode and transferred to the graphite via the external circuit making electric 

current. Conversely, during discharge, the opposite reactions occur. The two half-reactions occurring 

in LIBs during charge can be depicted below: 

𝐶𝑎𝑡ℎ𝑜𝑑𝑒: 𝐿𝑖𝐶𝑜𝑂2 → 𝐿𝑖1−𝑥𝐶𝑜𝑂2 + 𝑥𝐿𝑖+ + 𝑥𝑒−   (2.1) 

𝐴𝑛𝑜𝑑𝑒: 𝐶6 + 𝑥𝐿𝑖+ + 𝑥𝑒− → 𝐿𝑖𝑥𝐶6    (2.2) 
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Figure 2.1. The schematic of a Li-ion battery illustrates a structure where the anode and cathode are 

positioned in a sandwich-like configuration, internally isolated by a porous membrane separator, 

submerged in an electrolyte, and externally connected through a circuit. 

Selecting electrode materials play an important role in determining the performance of LIBs. 

The primary properties considered for batteries, including voltage, specific capacity, energy density, 

power density, cycle life, safety, and cost, are closely intertwined with the chemical composition and 

crystal/electronic structure of the cathode materials. 

The energy density of LIBs refers to the amount of energy stored per unit volume (W h L-1). It 

is also frequently described in terms of gravimetric or specific energy density, representing the 

battery's energy per unit mass (W h kg-1). The energy density can be calculated as the product of the 

open circuit voltage (VOC) and the specific capacity (Qc), with the specific capacity denoting the 

quantity of charge stored per unit mass (Ah g-1).  

Open circuit voltage of a cell, denoted as VOC and measured in volts (V), represents the 

voltage across the cell terminals in the absence of any applied current. 

𝑉𝑂𝐶 =
−(𝜇𝐿𝑖

𝐶𝑎𝑡ℎ𝑜𝑑𝑒−𝜇𝐿𝑖
𝐴𝑛𝑜𝑑𝑒)

𝑛𝐹
     (2.3) 

where n is the number of electrons (n = 1 for Li-ion) and F is Faraday constant of 96,485 C mol-1. 

Theoretical specific capacity for a material can be determined using the equation (2.4), which 

involves the amount of charge transferred (n), Faraday’s constant (F, measured in C mol-1), and the 

molar mass (Mw, measured in g mol-1) of the intercalation compound (cathode active material). 
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𝑄 =
𝑛𝐹

𝑀𝑤
(

𝐴∙𝑠

𝑔
)      (2.4) 

For example, the theoretical specific capacity of LiCoPO4 (LCP) is calculated below: 

𝑄𝐿𝑖𝐶𝑜𝑃𝑂4
=

1 𝑚𝑜𝑙∙96485 𝐶∙𝑚𝑜𝑙−1

160.85 𝑔
∙ (

1000

3600
) = 166.6 𝑚𝐴 ∙ ℎ ∙ 𝑔−1  (2.5) 

 Energy density refers to the amount of energy contained within a given volume (Wh L-1) or 

mass (Wh kg-1). The produced energy density is calculated by the discharge capacity (Qdis) and 

discharge voltage (Vdis) below: 

𝐸𝑑𝑖𝑠 = ∫ 𝑉𝑑𝑖𝑠(𝑞)𝑑𝑞 = ∫ 𝑉𝑑𝑖𝑠(𝑞)𝐼𝑑𝑖𝑠𝑑𝑡
𝑡𝑑𝑖𝑠

0

𝑄𝑑𝑖𝑠

0
   (2.6) 

where q represents the specific capacity, t is the discharge duration, and Idis signifies the constant 

current in the cell at the galvanostatic mode. It should be acknowledged that Vdis is less than VOC due 

to the existence of internal resistance which is called overpotential (η). 

Various terminologies for the field of LIBs are summarized as follows. Power density is 

defined as the quantity of energy (W kg-1 or W L-1) transferred by the material per unit time per unit 

mass or volume. Rate capability refers to the ability of LIBs to charge and discharge at different 

current applied for charge and discharge - this is denoted as the C-rate. 1 C means full charge or 

discharge in an hour. Cycle life pertains to the number of charge and discharge cycles, typically at a 

certain C-rate, that a battery can efficiently undergo before its performance declines below certain 

threshold. Coulombic efficiency (CE) of LIBs is determined by the ratio of the charge capacity to the 

discharge capacity of the electrode: 

𝐶𝐸 =
𝑄𝑑𝑖𝑠

𝑄𝑐ℎ
       (2.7) 

 In terms of the electrolyte, the utilization of suitable electrolytes is critical for the overall 

electrochemical performance of LIBs, particularly when considering high-voltage (high-V) cathode 

materials such as LCP. The stability window of the electrolyte, denoted as Eg, represents the energy 

difference between its lowest unoccupied molecular orbital (LUMO) and highest occupied molecular 

orbital (HOMO) as shown in Figure 2.2.1 For enhanced energy density of LIBs, it is necessary to 

expand the stability window. 
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Figure 2.2. Schematic energy level diagram for (a) conventional and (b) high-V electrodes with 

electrolyte.1 Eg is the thermodynamic stability window of the electrolyte. VOC is the thermodynamic 

cell potential. μanode and μcathode are the theoretical electrochemical potentials of the anode and cathode, 

respectively. 

 When the anode has an electrochemical potential that is higher than the LUMO of the 

electrolyte, it will cause the electrolyte to reduce. This reduction process continues until a passivating 

layer known as the solid-electrolyte interphase (SEI) forms. The SEI layer acts as a barrier, preventing 

further electron transfer from the anode to the electrolyte, thereby stabilizing the system. On the other 

hand, if the cathode has an electrochemical potential lower than HOMO of the electrolyte, it will 

oxidize the electrolyte until a passivating cathode-electrolyte interphase (CEI) layer forms, creating a 

barrier to electron transfer from HOMO to the cathode. Therefore, for electrolyte stability, the 

theoretical electrochemical potentials of anode, μanode and cathode, μcathode must fall within the 

thermodynamic stability window (Eg) of the electrolyte. The theoretical expression for the electrolyte 

stability window is: 

𝑒𝑉𝑂𝐶 = 𝜇𝐴𝑑𝑛𝑜𝑑𝑒 − 𝜇𝐶𝑎𝑡ℎ𝑜𝑑𝑒 ≤ 𝐸𝑔    (2.8) 

2.1.2. Various types of cathode materials for LIBs 

 As mentioned in Chapter 1, the cathode serves a key role in determining the overall properties 

of LIBs, including energy density, cycling stability, and cost. Therefore, the selection of cathode 

material significantly impacts how much energy can be stored, how long it can maintain performance 

over multiple charge and discharge cycles, and the overall cost of LIBs. As it is shown in Figure 2.3, 

different types of cathode materials occupy the market including LiCoO2 (LCO), LiMn2O4 (LMO), 

LiNixCoyMnzO2 (NCM, where x+y+z = 1), LiNixCoyAlzO2 (NCA, where x+y+z = 1), and LiFePO4 
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(LFP).2 Among these candidates, LFP, NCM, and LCO currently dominate a significant portion of the 

total market share, and their market size is expected to grow steadily in 2030. Advantages and 

disadvantages of each cathode material are summarized in Figure 2.4 and Table 2.1.3 

Figure 2.3. Present and future US Market share of Li-ion battery by product from 2020 to 2030.2 

Figure 2.4. Spider web charts of key properties for comparison of five types of commercial cathode 

materials. (a) LiCoO2, (b) LiNixCoyMn1-x-yO2 (x+y+z = 1), (c) LiNixCoyAl1-x-yO2 (where x+y+z = 1), 

(d) LiMn2O4, (e) LiFePO4.
3 
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The first commercial cathode material was LCO, developed by Sony in 1991.4 The practical 

capacity of LCO is about 140 mAh g⁻¹, which is lower than its theoretical capacity of 270 mAh g⁻¹, 

at a redox voltage of 3.9 V vs. Li/Li⁺.5 Despite its high tap density, which allows for high volumetric 

energy densities ideal for small portable electronic devices, LCO has major drawbacks including poor 

thermal stability and the high cost of cobalt.6 As depicted in Figure 2.5a, LCO possesses a layered 

structure where transition metal (TM) layers and lithium layers are stacked alternately, enabling Li-

ion transport within two-dimensional (2-D) planes. In addition, charging above 4.2 V vs. Li/Li⁺ can 

extract entire Li-ions to achieve higher capacity but will also induce irreversible structural change 

towards spinel, oxygen evolution, and electrolyte degradation.7-9 These effects ultimately result in 

capacity degradation and safety concerns.10-12 

Table 2.1. Properties of cathode materials in commercial LIBs.13 

NCM was developed by substituting cobalt with nickel and manganese, aiming to lower costs, 

increase energy density, and enhance thermal stability compared to LCO.14-16 To obtain different 

electrochemical properties, the ratio of TM has been adjusted such as LiNi0.33Mn0.33Co0.33O2 (denoted 

as NCM111) for enhanced stability and LiNi0.8Mn0.1Co0.1O2 (denoted as NCM811) for higher capacity 

respectively. Nickel contributes to the capacity through dual redox reactions involving both Ni2+/Ni3+ 

and Ni3+/Ni4+ couples.17 Cobalt not only prevents the occurrence of anti-site defects between TM layer 

and lithium layer but also provides additional capacity through Co3+/Co4+ redox reactions.15, 18 Also, 

manganese enhances crystal stability by maintaining its oxidation state as Mn4+, particularly under 

Cathode 
Redox 

potential 

(Li/Li+) 

Capacity 

(mA h g-1) Advantages Disadvantages 

LCO 3.9 155 - Energy density 
- Long cycle life 

- High cost 
- Poor thermal stability 

NCM 3.8 160 - Energy density 
- Long cycle life - Intergranular cracking 

NCA 3.7 180 
- Relatively higher capacity 

than NCM 
- Long cycle life 

- Moisture and CO2 

sensitivity 

LMO 4.0 120 
- Thermal stability 

- Power density 
- Low cost 

- Low energy density 
- Severe capacity fade 

LFP 3.4 160 

- Excellent thermal stability 
- Power density 

- Excellent long cycle life 
- Low cost 

- Low energy density 
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higher oxidation potentials during the delithiation process.19, 20 Currently, high-nickel NCM has been 

pursued for its higher energy density. However, high-nickel content above 80 % is intimately 

associated with poor thermal stability and capacity degradation due to intragranular cracking and TM 

dissolution.21, 22 

Figure 2.5. Crystal structures of representative intercalation cathode compounds with various 

dimensions of Li-ion diffusion pathways: (a) 2-D: layered (LiCoO2), (b) 3-D: spinel (LiMn2O4), and 

(c) 1-D: olivine (LiFePO4).
13 

NCA, another option within the same layered oxide category, substitutes aluminum for 

manganese to achieve higher energy density compared to NCM.23 It has mostly been manufactured 

by Panasonic for its cooperative partner, Tesla, and by Samsung for applications such as EVs and 

cordless vacuum cleaners.24 Yet, the surface of NCA particles is sensitive to moisture and CO2, 

resulting in the formation of insulating layers containing LiOH and Li2CO3.
25 This sensitivity is 

particularly critical in long-term applications. Therefore, additional coating strategies are necessary 

to mitigate these issues effectively. 

Unlike the layered oxides, LMO adopts a three-dimensional (3-D) spinel structure (Figure 

2.5b) that facilitates Li-ion intercalation, resulting in higher power density.26 In addition, the cost is 

reduced by replacing entire cobalt with relatively less expensive manganese. Furthermore, its 

inherently reliable thermal stability enhances safety during usage.27 However, the application of LMO 

has been restricted because of Jahn–Teller distortion and manganese dissolution, resulting in structure 

degradation and short cycle life.27, 28 Furthermore, the dissolved manganese can migrate and deposit 

on the other components in LIBs, inducing TM-related capacity loss.29 



15 

Apart from the oxide materials, LFP has been the most successful cathode so far due to its 

high safety, low cost, excellent cyclability, and high power capability.30-33 The robust host framework 

of olivine crystal structure guarantees excellent thermal stability and enhanced cycling stability. 

However, it is widely recognized that LFP exhibits inherently poor ionic and electronic conductivity 

due to its 1-D Li-ion diffusion pathway (Figure 2.5c) and electronic structure.34, 35 Despite intensive 

research and optimization on LFP cathodes via nanosizing and conductive carbon coating strategies, 

modified LFP still exhibits low energy density attributed to relatively low operating voltage (3.4 V vs 

Li/Li+) and low tap density resulting from nano particle sizes.36-38 This negative aspect limits its 

practical application to stationary storage, as higher energy density is demanded in EVs. 

Figure 2.6. Distribution of cathode materials based on operating voltage and specific capacity. Dotted 

square is the guide line indicating 4 V vs. Li/Li+ - 250 mAh g-1 range.39 

Therefore, there is a huge interest in research on next-generation cathode materials that offer 

higher energy density. Based on the equation (2.6), there are two options to enhance the energy density: 

either pushing capacity or uplifting voltage. Figure 2.6 illustrates the cathode materials positioning 

with different operating voltage and specific capacity.39 Until now, cathode materials positioned 

within the dashed line representing 4 V - 250 mAh g-1 have been developed and commercialized. 

However, ongoing research is focused on next-generation cathode materials to beyond the current 
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energy levels. While significant research has been dedicated to increasing capacity, such as Li-excess 

layered oxides and Li-excess disordered Rocksalt, studies on high-V cathodes are still missing. 

In this regard, LCP has attracted attention due to its relatively higher potential to enhance the 

energy density while maintaining the robust crystal structure with LFP. However, fundamental studies 

on LCP itself are currently insufficient, necessitating deeper exploration before additional treatments 

such as surface coating and/or cation substitution are pursued. Thus, novel synthesis approaches 

focusing on precise crystal growth control and defect engineering aiming to achieve theoretical 

capacity values will be useful. Also, understanding capacity fade mechanisms during long-term 

cycling is crucial to enhance battery durability. Thus, while LCP shows promise, further research is 

essential to optimize its performance and address challenges in practical applications. 

2.2. Lithium cobalt phosphate (LiCoPO4, LCP)  

 The polyanion olivine-structured LiMPO4 (M = Fe, Mn, Ni and Co) family discovered by 

Goodenough et al. in 1997 is particularly attractive because of the strong P–O bonds that make the 

olivine structure, a robust host for Li-ion storage, offering excellent thermal safety and good 

theoretical capacity of 167 mAh g-1.40 At first, LFP with a redox potential of 3.5 V vs. Li/Li+ has been 

recognized as the safest commercial cathode material that is equally environmentally benign and can 

be produced at relatively low cost.41, 42 However, this attention has been moved recently to another 

member in this family, LCP because it could provide higher energy density with its high redox voltage 

plateau up to 4.8 V vs. Li/Li+ as opposed to 3.5 V vs. Li/Li+ for the conventional LFP-liquid 

electrolyte syste. Thus, the energy density of LCP cathode could theoretically increase from 590 Wh 

kg-1 to 800 Wh kg-1.43, 44 These characteristics make LCP an attractive candidate as one of cathode 

materials for advanced LIBs. In terms of energy cost, LCP can be more economical compared to other 

commercialized cathodes, aided by its enhanced energy density, despite the price of cobalt being more 

expensive than other transition metals such as iron, manganese, and nickel. In detail, when LCP 

applies in cylindrical batteries (18650 size cells), the estimated cost of LCP is to be 142 $ kW-1 h-1 

which is the lowest among the currently commercialized cathodes (shown in Figure 2.7).45, 46 But 

leaving aside the cost issue, LCP is of interest as high-V cathode for niche applications where high 

energy density is essential. 

U.S. Army Research Laboratory (ARL) and Hydro-Québec have collaborated on research 

involving LCP, resulting in significant advancements in battery technology. A key achievement is the 
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creation of a high energy density, 5.0 V Li-ion cell. Their joint efforts are evidenced by co-authored 

research publications and multiple patents, showcasing considerable progress in improving battery 

materials for diverse applications.46-48 This partnership has established LCP as a crucial cathode 

material for aerospace and military applications, owing to its distinctive advantages. In aerospace, the 

high energy density of LCP, resulting from its operating voltage, enables satellites and space probes 

to operate for extended periods with more compact and lightweight batteries. This characteristic 

reduces mission costs and enhances feasibility. The chemical stability of this phosphate-based cathode 

material also ensures dependable performance under the extreme temperature fluctuations and 

radiation encountered in space environments. 

Figure 2.7. Theoretical energy density and energy cost comparison of cathode materials.46 

2.2.1. Crystal structure and features of LCP 

The LCP belongs to the olivine orthorhombic crystal system. As illustrated in the schematic 

diagram of LCP (Figure 2.8), PO4 tetrahedra (Cyan colored) establish a 3-D framework where all 

cations including Co and Li occupy octahedral sites. More specifically, the crystal structure comprises 

two types of polyhedral, the CoO6 octahedra (Purple colored) and PO4 tetrahedra. The zigzag chains 

with CoO6 octahedra run in parallel to the crystallographic c-axis.49 These chains are linked by the 
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PO4 tetrahedra, resulting in a three-dimensional structure. This robust polyanion framework provides 

excellent thermal and structural stability during Li-ion (de)intercalation. In this structure, Li-ions can 

theoretically move one-dimensionally along either [010] or [001]. But the [010] pathway is preferred 

because of the lower activation energy.50-52 These 1-D diffusion pathways make the dynamics of Li-

ion diffusion extremely sensitive to defects that would impede Li-ion diffusion. Furthermore, it is 

essential to consider the interference caused by the cathode-electrolyte interphase (CEI) layer, which 

evolves due to the high operating voltage of LCP required for Li-ion intercalation.53 

Figure 2.8. Illustration of (a) unit cell of pnma-LCP showing Li-ions in 1-D channels along [010] and 
(b) unit cell viewed down [001] showing the orientation of the (210) plane (dashed line) related to the 
Li positions.49

 

Until now, three different polymorphs of LCP have been reported (pnma, pna21, and cmcm). 

However, only pnma adopts the olivine structure and two other candidates (pna21 and cmcm) have 

different structure type (δ1-LiZnPO4 and Na2CrO4).54 In addition, Kreder et al. studied the synthesis 

and characterization of these three polymorphs of LCP.55 These polymorphs show different redox 

peaks, specifically at 4.8 and 4.9 V (pnma), 4.95 V (pna21), and 4.3 V (cmcm) as shown in Figure 

2.9a. Additionally, LCP with pnma had the biggest discharge capacity, 67 mAh g-1 compared to the 

other polymorphs, pna21 and cmcm showing 33 and 6 mAh g-1 which is corresponding to 40 %, 20 % 

and 4 % of the theoretical capacity respectively (Figure 2.9b). Even with the highest discharge 

capacity value, 67 mAh/g, it is still very low compared to theoretical capacity. Nevertheless, this data 

indicates that we should aim to obtain the pnma structure during LCP synthesis, which uniquely 

possesses the olivine structure among the three different polymorphs. 



19 

 The electrochemical intercalation of LCP with the pnma space group goes through the 

intermediate phase, Li2/3Co2+
2/3Co3+

1/3PO4 as evident by two distinct oxidation-reduction peaks in CV 

curves and flat plateaus in charge-discharge curve. The existence of the intermediate phase has been 

confirmed by first-principles density functional theory (DFT) calculations and various 

characterizations.56-58 This implies that one-third of Li-ions are initially extracted from pristine LCP, 

followed by the extraction of remaining Li-ions from the intermediate phase. This occurs at 4.8 and 

4.9 V vs. Li/Li+ upon charge and 4.7 and 4.8 V vs. Li/Li+ upon discharge. The whole Li-ion 

intercalation process of LCP can be described by the equation 2.9 and 2.10 below. 

Figure 2.9. Electrochemical performance of three different LCP polymorphs, pnma (red colored), 
pna21 (blue colored), and cmcm (green colored). (a) Cyclic voltammetry (CV) at slow scan rate of 
0.05 mV/s and (b) initial charge-discharge curves at C/10.55 

𝐿𝑖𝐶𝑜𝑃𝑂4 ↔ 𝐿𝑖2/3𝐶𝑜2/3
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1

3
𝐿𝑖+ +

1

3
𝑒−   (2.9) 
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3
𝐿𝑖+ +

2

3
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Another notable feature of LCP is the electrolyte decomposition that occurs due to high-V 

operation necessary for Li-ion intercalation. The conventional liquid electrolyte, which contains LiPF6 

in EC/DMC solvents, is prone to decomposition above 4.5 V vs. Li/Li+. This decomposition 

contributes to the progressive capacity loss in LCP during repeated charge-discharge cycles.59 

Markevich et al. also reported that the nucleophilic attack of HF on the strong P-O bonding in LCP 

results from electrolyte decomposition.60 Additionally, experimental studies and theoretical 

calculations have revealed that the delithiated phase, CoPO4, exhibits energetic instability.61-65 This 

instability is attributed to the presence of Co3+ in a high-spin state within the octahedral coordination 

environment of CoPO4. To date, various approaches have been employed to mitigates collateral issues 
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associated with the high-V operation of LCP as is the electrolyte and separator stabilities. These 

approaches have included the incorporation of electrolyte additives, and optimization of separator 

properties.66, 67 The aforementioned strategies, however, lie beyond the scope of cathode material 

science and will not be elaborated in this review. 

2.2.2. Synthesis of LCP 

 Various synthesis methods have been applied to produce LCP, each with advantages and 

limitations. The major routes include (1) solid-state reaction, which is suitable for large-scale 

production but lacks particle control; (2) sol-gel process, which yields uniform nano-sized particles 

but may raise environmental concerns due to the use organics; and (3) hydrothermal/solvothermal 

methods, which offer good control over particle homogeneity. Careful selection and optimization of 

these methods are necessary based on desired LCP properties such as particle size, morphology, purity, 

and scalability. The following paragraphs offers a comprehensive overview of these synthesis 

techniques. 

Solid-state reaction, which is simple to operate and scalable finding industrial application, is 

the most conventional way to synthesize LCP. Typically, precursor chemicals containing Li, Co, PO4 

are firstly ground or milled thoroughly for better elemental intermixing then heated to 300-400 °C to 

evaporate crystalline water and expel decomposed gases like CO2. After that, the mixture is ground 

again and annealed at elevated temperatures of 600-900 °C for 8-36 h. However, solid-state reactions 

possess drawbacks like unregulated particle growth and agglomeration due to repetitive grinding and 

calcination promoting diffusion and sintering. Another problem is the formation of unwanted 

impurities like Co3(PO4)2, Li3PO4, Co2O3, Co3O4, and Li2O due to poor mixing.68, 69 Solid-state 

synthesis can be combined relatively easily with carbon coating to boost electron conductivity but not 

amenable to advanced crystallization controls via the use of growth regulating inhibitors.70, 71 

 Sol-gel process is a popular–limited mostly to laboratory scale research–low-temperature wet-

chemical method that has been used to synthesize LCP, as it is capable of providing high purity, good 

homogeneity, and small particle size due to the uniform mixing of reactants at the atomic or molecular 

level in solution.72, 73 In this methodology, precursor chemicals containing Li, Co, PO4 are dissolved 

in solvents and blended thoroughly to create a homogeneous sol. The sol is then dried to form a gel-

like network. After drying, the gel is ground into a powder and undergoes calcination at high 

temperature, similar to the solid-state reactions. Despite its particle size control advantages, the sol-
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gel method encounters challenges in scaling up for mass production. These challenges include its 

procedure complexity, extended processing times, and reliance on hazardous chemical substances, 

which can hinder its practical application on an industrial scale. 

 Hydrothermal/solvothermal methods offer a distinct advantage over solid-state reaction and 

sol-gel process in crystallizing LCP.74 While the latter require high-temperature calcination, 

hydrothermal/solvothermal synthesis can produce highly crystalline LCP at comparatively lower 

temperatures, typically ranging from 150-250 °C. This process employs pressure reactors capable of 

sustaining both elevated temperatures and pressures, operating above the solvent's boiling point. The 

term ‘Hydrothermal’ is applied when water serves as the solvent, whereas ‘Solvothermal’ denotes the 

use of organic solvents in the reaction. Another significant advantage of this synthesis is its capability 

to produce nanoparticles with precisely controlled stoichiometry, high purity, tailored morphologies, 

and uniform size distributions. The desired outcome is accomplished through the manipulation of the 

nucleation-growth process, which is achieved by adjusting various synthesis parameters. These 

include managing supersaturation via chemical concentration control, regulating reaction temperature 

and duration, modifying agitation speed, and incorporating specific additives. Subsequent heat 

treatment, however, is required to either apply a carbon coating or reduce anti-site defects, addressing 

the sluggish ionic and electronic conductivity of LCP. 

In addition to the aforementioned techniques for obtaining LCP, other alternative preparation 

methods have also been applied. These include spray pyrolysis75-78, co-precipitation79-81, polyol 

process82, 83, supercritical fluid techniques84-87, microwave-assisted synthesis88-91, and carbo-thermal 

reduction approaches92, 93. Despite the application of various synthesis methodologies, the 

electrochemical performance of pristine LCP remains unsatisfactory for practical applications. 

Existing synthesis techniques alone cannot fully address the inherent limitations of LCP. Consequently, 

most research efforts have shifted towards applying strategies to enhance the electrochemical 

performance of LCP. 

2.2.3. Strategies to enhance LCP performance 

Olivine LCP cathodes exhibit several operating drawbacks in LIBs, including low attainable 

specific capacity, poor cycle stability, and inferior rate performance. These limitations originate from 

the intrinsic properties of olivine materials, such as their inadequate ionic and electronic conductivity 

but also their crystal structure and redox chemistry of the Co3+/Co2+ couple. Thanks to the experience 
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gained from the development and commercialization of LFP, the sluggish kinetics of LCP have been 

improved to some extent. This enhancement has been achieved through (1) surface coating with highly 

conductive carbon-based materials to improve electronic conductivity or inorganic layer to mitigate 

irreversible interfacial reactions with liquid electrolytes, (2) cation substitution to create vacancies for 

greater ionic diffusion, and (3) size reduction and morphology control to reduce Li-ion diffusion 

pathway. 

2.2.3.1. Surface coating 

Surface coating with conductive carbon-based materials ensures enhanced electronic 

conductivity. Thermal treatment is commonly applied to decompose and carbonize carbon sources. 

This heat treatment concurrently improves the crystallinity through the reduction of anti-site defects. 

Proper application of carbon coating prevents particle aggregation and restricts crystal growth during 

calcination.94-96 Furthermore, the carbon layer serves as a protective layer shielding LCP from direct 

exposure with electrolytes. This protection mitigates irreversible surface degradation caused by HF, a 

by-product of electrolyte decomposition.83, 96, 97 However, it is imperative that the coating be thin, 

uniform, and intact to facilitate the effective Li-ion intercalation across the electrode-electrolyte 

interface by minimizing the activation energy required for Li-ion transport.98, 99 Thus, selecting the 

right carbon source can have an impact on the quality of the carbon layer. Table 2.2 provides a 

comprehensive overview of various coating materials and their corresponding impacts on 

electrochemical performance. 

For improved cycling stability, non-carbon materials such as LFP100-102, NiO103, AlF3
104, VOx

97, 

Li3V2(PO4)3
93, 105, and Al2O3

106 have been also reported so far. Örnek et al. reported the development 

of LCP with a nanoscale NiO surface coating, fabricated through a three-step process.103 This 

approach combines the advantageous aspects of Stöber method, hydrothermal, and microwave 

synthesis techniques. The resulting LCP particles are encapsulated by a uniform NiO layer measuring 

8–10 nm in thickness. This protective coating serves to mitigate the volumetric stresses and strains 

typically associated with Li-ion intercalation. It should be noted, however, that the preparation of 

these non-carbon materials necessitates multiple synthesis techniques, including a combination of dry 

coating, sol-gel process, microwave heating, etching, and calcination step. 
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Table 2.2. Surface coating strategies applied on LCP.107 

Synthesis method* Carbon source Initial discharge capacity 

(mAh g-1, C-rate) 
Capacity 
retention Ref.  

Solid-state fusion 

method Super P 123, C/10 109 mA h g-1 at C/10 
after 30 cycles 

108 
SS and BM Sucrose, 

graphene oxide 146, C/10 92 mA h g-1 at C/10 
after 40 cycles 

109 
MH Acetylene black 144, C/10 73 mA h g-1 at C/10 

after 30 cycles 
88 

Sol–gel process Citric acid 137, C/10 93 mA h g-1 at C/10 
after 30 cycles 

110 
Sol–gel process Citric acid, 

acetylene black 131, C/10 102 mA h g-1 at C/10 
after 40 cycles 

111 
Sol–gel process Citric acid 92, C/20 78 mA h g-1 at C/10 

after 35 cycles 
112 

HT CMC, glucose, 

ascorbic acid 135, C/10 70 mA h g-1 at C/10 
after 30 cycles 

94 
MWHT Alginic acid 160, C/5 95 mA h g-1 at C/5 

after 30 cycles 
113 

ST Glucose 136, C/10 124 mA h g-1 at C/10 
after 50 cycles 

114 
ST Glucose, 

Mn doping 105, C/5 95 mA h g-1 at C/5 
after 30 cycles 

115 
ST Sucrose 120, C/10 94 mA h g-1 at C/10 

after 20 cycles 
116 

ST Sucrose 124, C/10 103 mA h g-1 at C/10 
after 100 cycles 

95 
MWST Tannic acid 155, C/10 141 mA h g-1 at C/10 

after 80 cycles 
117 

ST Sucrose, PVDF, 

and CTAB 154.1, C/10 84.9 mA h g-1 at 1 C 
after 1000 cycles 

118 

Synthesis method Non-carbon 

source 
Initial discharge capacity 

(mAh g-1, C-rate) 
Capacity 
retention Ref.  

SS LFP coating 132, C/10 92 mA h g-1 at C/10 
after 17 cycles 

101 

SS LFP coating, 
Fe doping 128, 0.1 mA cm-2 

90 mA h g-1  
at 0.1 mA cm-2 
after 17 cycles 

100 

MWST LFP coating, 
V doping 145, C/10 74 mA h g-1 at C/10 

after 20 cycles 
102 

MWHT NiO coating 159, C/10 135 mA h g-1 at C/10 
after 80 cycles 

103 
Sol–gel process AlF3 coating 159, C/10 145 mA h g-1 at C/10 

after 50 cycles 
104 

* BM: Ball-milling, CMC: carboxymethylcellulose sodium salt, HT: Hydrothermal, LFP: LiFePO4, 

MH: Microwave heating, MWHT: Microwave hydrothermal, MWST: Microwave solvothermal, SS: 

Solid-state reaction, ST: Solvothermal. 
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2.2.3.2. Cation substitution 

Another strategy to enhance the electrochemical performance of LCP is cation substitution, 

which involves the partial replacement of cobalt in the LCP crystal lattice with alternative cations. 

Firstly, it could enhance both ionic and electronic conductivity. The former is achieved through the 

creation of Li vacancies, while the latter results from reducing the energy barrier for polaron migration 

between adjacent TM sites.116, 119 Additionally, this substitution can modify the coordination 

environment within the bulk structure and stabilize the delithiated LCP phase, CoPO4.
120, 121 

Consequently, cation substitution leads to improved overall electrochemical performance. Different 

elements have been investigated as dopants: (i) Fe2+ 47, 120, 122-125
, Mn2+ 126, 127, Mg2+ 128, 129, Ca2+ 128, 

130, Cu2+ 131 that are isovalent and possess similar ionic radii with Co2+ and (ii) Fe3+ 24, Si4+ 47, Cr3+ 47, 

131, V3+ 132, 133, Y3+ 134 that are aliovalent elements and have different ionic radii with Co2+. 

Figure 2.10. (a) Capacity retention and (b) charge-discharge curves of Cr, Si-LiCo0.9Fe0.1PO4. Solid 

blue and dashed red lines indicate the 2nd and 250th cycle, respectively.115 

Kang et al. utilized a combination of ab initio calculations and X-ray absorption spectroscopy 

to elucidate the effects of Fe2+ substitution in LCP structure.124 Their findings revealed that Fe 

substitution mitigates the anti-site mixing of Li and Co. This phenomenon is attributed to the higher 

stabilization energy of oxygen octahedra surrounding Fe, which preferentially occupy the cobalt sites. 

Optimizing the Fe2+ doping content is crucial to achieving a balance between electrochemical 

performance and energy density, as it can enhance electrochemical performance but reduce the energy 

density of LCP. Besides, Mn2+ doping has been observed to induce lattice distortion in LCP 
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structure.135, 136 This distortion reduces the surface energy of LCP particles, consequently inhibiting 

crystal growth and resulting in smaller particle sizes. 

Figure 2.11. Capacity retention with the narrow cut-off voltage, 4.3-5.0 V vs. Li/Li+ and the schematic 

diagrams demonstrating the surface and structural model of Fe-substituted LiCoPO4/MWCNT 

composite.137 

Aliovalent cation doping in cobalt site has been established as an effective way to improve 

both cycling stability and rate capability of LCP. The substitution process involves dopants with 

different oxidation state than that of the host cations. Such substitution is associated with the 

generation of vacancies within the crystal lattice to preserve charge neutrality, consequently 

improving rate capability and cycling stability.47, 132, 137, 138 Allen et al. elucidated that Fe3+ can stabilize 

LCP structure, when occupying both Li and Co sites.59 In a follow-up study, their research group 

examined Fe, Cr, and Si co-substituted LCP, as depicted in Figure 2.10.47 Their findings revealed that 

Cr3+ further augmented energy density, cycling stability and rate capability. Additionally, Si4+ was 

found to mitigate the reactivity with electrolyte, leading to extended cycling stability. Naoi et al. 

prepared the composite material with LiCo0.8Fe0.2PO4 and multiwalled carbon nanotube 

(MWCNT).137 In this composite, Fe3+-rich phase layer on LCP surface was successfully formed. The 

oxidation of Fe2+ to Fe3+ facilitated the migration of Fe ions towards the surface, driven by the 

increased repulsive forces between Fe3+ and Co2+. This Fe3+-rich phase layer stabilized the delithiated 

phase, preventing both the crystal structure deterioration and progressive SEI evolution. As long as 

the electrochemical reduction of Fe3+ is avoided, this surface protection can persist. As shown in 

Figure 2.11, this electrode retained 85 % of the initial capacity in the narrow voltage range of 4.3-5.0 

V vs. Li/Li+ after 5000 cycles. 
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Applying cation substitution has been demonstrated to improve structural features, effectively 

suppressing anti-site defect formation upon cycling tests and upgrade the overall kinetics. While some 

LCP doping advances were experimentally verified, challenges still persist. Notably, charge 

compensation with increasing dopant concentration and narrow cut-off voltage (4.3-5.0 V vs Li/Li+) 

leads to a reduction in capacity from the theoretical capacity value. Moreover, the body of research 

addressing the fundamental aspects of LCP prior to cation tailoring is markedly insufficient. Thus, the 

necessity for more intensive research on the material itself is emphasized to gain a complete 

understanding and maximize the utilization of LCP in high-energy density LIBs. 

Table 2.3. Cation substitution strategies applied on LCP. 

Material* 
(Synthesis method)* 

Voltage range 
(V vs. Li/Li+) 

Initial discharge capacity 

(mAh g-1, C-rate) 
Capacity 
retention Ref.  

LiCo0.88V0.08□0.04PO4 

(MWST) 
3-5 97, C/10 82 mA h g-1 at C/10 

after 20 cycles 
132 

C-Li0.92Co0.8Fe2+
0.2Fe3+

0.08PO4 
(MH) 2.5-5.3 100, C/10 97 mA h g-1 at C/10 

after 500 cycles 
59 

C-LiCo0.82Fe0.0976 
Cr0.0488Si0.00976PO4 

(BM and annealing) 
3.5-5 140, C/3 140 mA h g-1 at C/3 

after 30 cycles 
46, 47 

C-LiCo0.94Cr0.04PO4 
(Sol-gel and annealing) 3-5.3 144, C/10 102 mA h g-1 at C/10 

after 100 cycles 
138 

LiCo0.8Fe0.2PO4 
(HT and annealing) 2.5-4.95 147, C/10 138 mA h g-1 at C/10 

after 300 cycles 
139 

LiCo0.5Fe0.5PO4 
(BM and annealing) 3-5 120, C/10 100 mA h g-1 at C/10 

after 15 cycles 
92 

C-Li1.025Co0.95V0.05PO4 
(SS) 3.2-5.1 134, C/10 114 mA h g-1 at C/10 

after 25 cycles 
133 

LiCo0.985Y0.01PO4 
(Sol-gel) 3-5.1 153.4, C/10 32 mA h g-1 at C/10 

after 30 cycles 
134 

LiCo0.5Mn0.5PO4 
(HT) 3-5 126, C/20 110 mA h g-1 at C/20 

after 30 cycles 
140 

C-LiCo0.95Mn0.05PO4 
(Sol-gel and annealing) 2.8-5.2 140, C/10 136 mA h g-1 at C/10 

after 60 cycles 
135 

LiCo0.9Ca0.1PO4 
(Sol-gel and annealing) 3.5-5.3 68, C/10 15 mA h g-1 at C/10 

after 20 cycles 
141 

LiCo0.9Fe0.1PO4 
(ST and annealing) 3.5-5 103, C/10 X 120 
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LiCo0.975Mg0.025PO4 
(Sol-gel and annealing) 3.5-5.3 88, C/10 15 mA h g-1 at C/10 

after 20 cycles 
129 

LiCo0.9Ca0.1PO4 
(Sol-gel and annealing) 3.5-5.3 104, C/10 15 mA h g-1 at C/10 

after 10 cycles 
142 

C-LiCo0.5Fe0.5PO4 
(MWST) 2.5-5 94, C/2 82 mA h g-1 at C/2 

after 50 cycles 
143 

Li0.98Fe0.02 
Co0.785Fe0.13□0.085PO4 

with MWCNT 
(Sol-gel and annealing) 

4.3-5 130, C/5 128 mA h g-1 at C/5 
after 1000 cycles 

137 

LiCo0.95Fe0.05PO4 
(BM and microwave heating) 3.5-5.2 120, C/5 X 124 

C-LiCo0.95Mn0.05PO4 
(SP, BM and annealing) 2.5-5 132, C/20 87 mA h g-1 at C/20 

after 100 cycles 
77 

LiCo0.97V0.02□0.01PO4 
(MWST and annealing) 3-5 145, C/10 74 mA h g-1 at C/10 

after 20 cycles 
102 

LiCo0.95Zn0.05PO4 
(Sol-gel and annealing) 3-5 128.6, 1 C 85.6 mA h g-1 at 1 C 

after 200 cycles 
144 

C-LiCo0.5Mn0.5PO4 
(SF and HT) 2.8-5.2 156.5, C/10 153 mA h g-1 at C/10 

after 100 cycles 
145 

LiCo0.85Fe0.1Zn0.05PO4 
(Wet chemical synthesis and 

annealing) 
3-5.1 118, 1 C 79 mA h g-1 at 1 C 

after 300 cycles 
146 

* BM: Ball-milling, C: Carbon, HT: Hydrothermal, MH: Microwave heating, MWST: Microwave 

solvothermal, SP: Spray pyrolysis, SS: Solid-state reaction, SF: Supercritical fluid, ST: Solvothermal 

2.2.3.3. Size reduction and morphology control 

Apart from the strategies discussed in the previous section, tailoring the size and morphology 

of the final product has attracted significant attention due to its ability to shorten the Li-ion diffusion 

pathway along the [010] direction, leading to enhanced discharge capacity and improved rate 

capability. For LCP nanosizing, several synthesis techniques and post-synthesis treatments such as 

pulverization (high-energy ball-milling) process have been employed so far.76, 147 Taniguchi et al. 

fabricated LCP/C nanocomposite via a combined approach of spray pyrolysis and wet ball-lling. Their 

material exhibited agglomeration of LCP primary particles with an average size of approximately 87 

nm. The initial discharge capacities were 142 and 109 mAh g-1 at C/20 and 20 C, respectively. 

Nanosizing can enhance the initial charge-discharge capacity, but it also brings several drawbacks. 

This strategy increases the electrode-electrolyte interface area. The heightened interface promotes 
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detrimental side reactions with electrolyte, particularly in high-V cathode materials like LCP. These 

undesired reactions accelerate electrolyte decomposition, negatively affecting long-term battery 

cycling. Therefore, optimizing synthesis conditions to achieve micron-sized LCP particles with high 

volumetric energy density and cycling stability is crucial to meet the growing demand of higher 

volumetric energy density for various large-scale applications. 

Crystallographic orientation control has emerged as a promising strategy to address the 

aforementioned challenges associated with the conventional nanosizing. This strategy can prioritize 

optimizing the length of Li-ion diffusion pathway while maintaining the particle size micron-scale, 

rather than reducing overall particle size. Solvothermal synthesis is widely recognized as the most 

effective method for achieving this goal due to its precise control over particle size and morphology. 

Recent investigations have revealed the crucial role of solvent selection in modulating particle 

dimensions. Notably, high-viscosity organic solvents such as ethylene glycol (EG), have demonstrated 

effectiveness in regulating the crystalline growth of LCP. As shown in Figure 2.12, Wu et al. reported 

the significance of EG-to-water ratio as a key parameter for controlling LCP particle size in 

solvothermal synthesis.95 

The sample (R = 4, 80 vol.% of EG) exhibits 123.8 mAh g-1 as initial discharge capacity, and 

83 % capacity retention after 100 cycles at C/10. Likewise, Nilges et al. adopted a microwave 

solvothermal method for LCP synthesis with the 1:1 (v/v) mixture of water and EG.148 The final 

product consists of single-crystal LCP with a unique hexagonal platelet morphology. This platelet 

measured roughly 700-800 nm in length, 400-600 nm in width, and only 100-220 nm in thickness. 

Interestingly, the thinnest dimension of these hexagonal platelets aligns perfectly with the [010] 

direction. This alignment coincides with the preferred pathway for Li-ion diffusion within the LCP 

crystal structure, potentially explaining the observed improvement in electrochemical performance. 

The synthesized platelet exhibits an initial discharge capacity of 137 mAh g⁻¹ at C/10 and retains 68 % 

of its capacity after 100 cycles at C/2. 

Subsequent investigations by Nilges et al. explored the effects of various organic solvents as 

alternatives to EG in binary solvent systems.149 This extended study aimed to elucidate the impact of 

these alternative solvents on modulating the morphological characteristics of LCP particles. The data 

presented in Figure 2.13 clearly elucidates the substantial impact of the binary solvents with water 

and various organic solvents on the size and morphology of LCP. These systems consist of water in 

combination with various organic solvents, specifically: ethylene glycol (EG), diethylene glycol 
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(DEG), triethylene glycol (TEG), tetraethylene glycol (TTEG), polyethylene glycol 400 (PEG), and 

benzyl alcohol (BA). This dependence on the type of solvent leads to a wide variety of particle 

geometries, including square, rhombic, and hexagonal platelets. The samples obtained from TEG 

exhibited the smallest dimension along the [010] direction. This favorable orientation, resulting in 

anisotropic crystals with enhanced Li-ion diffusion, delivers the best published initial discharge 

capacity of 141 mAh g⁻¹ at C/10 with 96 % capacity retention after 15 cycles at C/2. 

Figure 2.12. (a-f) SEM images of LCP samples with different volume ratios of EG to H2O denoted 

as R (R = 0, 0.5, 1, 2, 4, and 5); (g) initial charge-discharge curves and (h) capacity retention of the 

samples at C/10.95  

In addition, the crystal growth orientation of LCP could be tailored by adding different 

additives. Eichel et al. utilized a combination of solvothermal techniques and subsequent air annealing 

to fabricate LCP materials exhibiting diverse morphologies including unstructured nanoparticles, 

nanorods, and microrods.150 In Figure 2.14, the effect of additives including citric acid (CA), 

Polyvinylpyrrolidone (PVP), and Cetyltrimethylammonium bromide (CTAB) denoted as LCP-CA, 

LCP-PVP, and LCP-CTAB, on crystal morphology is shown. The pristine LCP without additives 

(Figure 2.14a-b) were well-dispersed nanospheres with an average size of 200 to 400 nm. 
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Figure 2.13. LCP particles synthesized in various water/organic binary solvent systems with the color 

of the powders from light pink to dark violet.149 

In contrast, incorporating additives triggers a remarkable transformation in particle 

morphology, resulting in the formation of nanosheet and rod-shaped particles ranging from nano- to 

micro-scale. When citric acid was included in the solvothermal synthesis, LCP-CA shown in Figure 

2.14 d-f transformed into thin nanosheets. These nanosheets have a thickness of tens of nanometers 

and exhibit irregular diameters in the sub-micrometer range. It is well-known that CA serves as a 

chelating agent which forms a strong bond between its carboxylic groups and Co2+, influencing its 

behavior during the synthesis process.151, 152 Furthermore, DEG solvent applied in the solvothermal 

synthesis plays a crucial role. It also exhibits strong bonding with Co2+ on the group of (010) crystal 

planes, effectively hindering the growth of LCP crystals along the [010] direction. Contrarily, the 

introduction of PVP and CTAB as alternative additives induces a significant morphological shift in 

LCP from nanosheets to rod-shaped structure. This remarkable transformation can be attributed to the 

interplay between the variations in pH value of precursor solutions and chelating properties due to the 

polarity. Although LCP-CA displays the highest initial discharge capacity (123.4 mAh g⁻¹ at C/10), 

its capacity retention suffers significantly. This is due to the larger surface area of LCP-CA, which 

accelerates detrimental side reactions with the electrolyte at high-V. Conversely, LCP-PVP exhibits a 
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slightly lower initial capacity (112.6 mAh g⁻¹ at C/10) but demonstrates a somewhat better capacity 

retention (62 % after 50 cycles). 

Figure 2.14. SEM images and the corresponding schematic models of pristine LCP and LCP with 

different additives: (a-c) LCP without surfactant; (d-f) LCP-CA; (g-i) LCP-PVP; (j-l) LCP-CTAB.150 

As discussed in Sections 2.2.2 and 2.2.3.3, solvothermal synthesis proves to be a powerful 

methodology for precisely controlling LCP morphology. However, achieving ideal electrochemical 

performance, particularly reaching theoretical full capacity and enhanced capacity retention, 

necessitates further optimization. This optimization requires comprehensive studies rather than solely 

solvent and additive testing. It necessitates meticulous control over a wider range of parameters within 

the solvothermal process itself. Furthermore, incorporating post-synthesis treatments such as 

annealing process can be beneficial. 
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2.3. Hydrothermal/solvothermal synthesis 

 Hydrothermal/solvothermal synthesis is a technique for producing inorganic materials through 

chemical reactions in a closed pressure reactor. These reactions occur in solution, either water 

(Hydrothermal) or organic solvents (Solvothermal), at escalated temperatures exceeding the boiling 

point of the chosen solvent under pressure.153 The technique distinguishes itself as a cost-efficient and 

environmentally benign process for the synthesis of diverse inorganic compounds such as LCP. This 

approach possesses the capability to modulate essential characteristics of the synthesized solids, such 

as purity, composition, crystal structure, particle size distribution, and morphological features. The 

synthesis of functional materials for energy storage applications necessitates a methodical approach 

to the selection of well-considered parameters that yield final products with the requisite quality and 

properties to achieve the desired functionality. To achieve this, it is essential to comprehend the 

fundamental mechanisms governing particle formation and growth in order to effectively manipulate 

the synthesis process. Hence, this section provides an overview of the fundamental principles 

underlying hydrothermal/solvothermal synthesis, as well as theories of particle formation and growth 

theory. 

2.3.1. Principles of hydrothermal/solvothermal synthesis 

 Hydrothermal/solvothermal synthesis typically denotes heterogeneous reactions occurring in 

aqueous (or organic) solvents or mineralizers under elevated pressure and temperature conditions. 

This process facilitates the dissolution and subsequent re-precipitation of materials that exhibit low 

solubility under standard conditions.154 The history of hydrothermal/solvothermal process is 

intimately closed with the emergence of nanotechnology. While the first use of hydrothermal methods 

to create submicron-sized quartz particles dates to the mid of 1800s, its widespread application failed 

to flourish until the 1990s. This delay can be attributed to two main factors: the lack of sophisticated 

tools to analyze nanoscale materials and a limited understanding of hydrothermal solution chemistry 

necessary for controlled crystal growth.155 The revolution in nanoscience during the 1980s, coupled 

with the development of high-resolution microscopes, ignited a resurgence in hydrothermal 

techniques.156 Additionally, advancements in understanding the chemical and physical properties of 

hydrothermal systems paved the way for solvothermal process. This variation utilizes organic solvents 

to achieve precise control over the morphology and size of nanomaterials.157, 158 
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Hydrothermal and solvothermal reactions occur within specialized containers called 

autoclaves. Typically made of metal for strength, they often have an inner lining of Teflon, special 

alloys, or even precious metals like platinum to shield the autoclave itself from the harsh conditions. 

This protection is essential because the reactions involve hot, corrosive conditions. For optimal control 

and monitoring, some autoclaves are equipped with pressure gauges like Parr Instrument Company 

(shown in Figure 2.15) to track pressure directly. Additionally, an agitator can be incorporated to 

ensure a uniform mix of reactants within the vessel. 

Figure 2.15. Autoclave reactor for hydrothermal/solvothermal synthesis equipped with pressure 

monitoring gauge and agitation system supplied by Parr Instrument Company.159 

2.3.2. Mechanisms of nucleation and growth of particles 

The crystallization kinetics controls the size and morphology of particles produced by 

precipitation from solution.160 Solid phases in a solution are formed through nucleation and growth 

processes. In the nucleation process, the molecules or ions in a solution aggregate to form clusters, 

which repeatedly form and dissolve until reach a critical size.160 There are two types of nucleation 

mechanisms (homogeneous or heterogeneous nucleation) based on the location, where nucleation 

appears.161 In detail, homogeneous nucleation occurs when nuclei form uniformly in the parent phase. 

On the other hand, heterogeneous nucleation occurs at surfaces of suspended particles or other foreign 

surfaces like impurities, bubbles etc. 
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Figure 2.16. (a) Gibbs free energy changes depending on the radius r of a spherical cluster and (b) 

LaMer mechanism describing the classical crystal growth mechanism.161, 162 

The driving force for nucleation is the total free energy change ∆𝐺, which is the sum of the 

surface free energy change ∆𝐺𝑠  associated with the generation of new surface; and the bulk free 

energy change ∆𝐺𝑣 associated with the variation in total volume, which can be given by: 

 ∆G = ∆𝐺𝑠 + ∆𝐺𝑣      (2.11)  

∆𝐺𝑠 = 4𝜋𝑟2𝛾               (2.12) 

∆𝐺𝑣 =
4

3
𝜋𝑟3∆𝐺𝑣 =

4

3
𝜋𝑟3(−

𝑘𝐵𝑇 ln 𝑆

𝑣
)    (2.13) 

where r is the radius of the cluster, γ is the surface free energy per unit area, and ∆𝐺𝑣 is the bulk free 

energy change per unit volume, kB is Boltzmann’s constant of 1.38×10-23 J K-1, T is the absolute 

temperature, S is supersaturation, and v is the molecular volume. 

The change of free energy as a function of the nuclei size is shown in Figure 2.16a. Because γ 

is always positive and ∆𝐺𝑣 is always negative, there exists a maximum free energy, thus the clusters 

have to pass in order to form stable nuclei. The critical nuclei size rc, corresponding to the maximum 

free energy, represents the minimum size of a stable nucleus. Particles smaller than rc will dissolve, 

and particles larger than rc will be growing to reduce the total free energy. rc is calculated using 

equation: 
d∆G

dr
= 0, which leads to 

𝑟𝑐 = −
2𝛾

∆𝐺𝑣
=

2𝛾𝑣

𝑘𝐵𝑇 ln 𝑆
       (2.13) 

The critical energy ∆𝐺𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙, which represents an activation energy barrier, is given by 
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     ∆𝐺𝐶𝑟𝑖𝑡𝑖𝑐𝑎𝑙 =
16𝜋𝛾3

3∆𝐺𝑣
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16𝜋𝛾3𝑣2

3(𝑘𝐵𝑇 ln 𝑆)2
        (2.14) 

The homogeneous nucleation rate Jhomo, measured in number of nuclei formed per unit time 

per unit volume, can be expressed as an Arrhenius-type equation: 

𝐽ℎ𝑜𝑚𝑜 = Aexp (−
∆𝐺𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

𝑘𝐵𝑇
) = Aexp(−

16𝜋𝛾3𝑣2

3𝑘𝐵
3𝑇3(ln 𝑆)2

)        (2.15) 

where A is a pre-exponential factor. It can be seen from equation (2.15) that there are three main 

experimental parameters that govern the nucleation rate, namely, temperature T, supersaturation S, 

and surface free energy γ. Among these factors, supersaturation plays the most critical role. For 

example, doubling the supersaturation level from 2 to 4 can significantly boost the nucleation rate, 

with an increase of up to 1070 times. Thus, supersaturation serves as the key driving force for the solid 

phase formation. For the following reaction, 

𝑘1𝐴1 + 𝑘2𝐴2 + ⋯ + 𝑘𝑖𝐴𝑖 = [(𝐴1)𝑘1
(𝐴2)𝑘2

⋯ (𝐴1)𝑘𝑖
]  (2.16) 

where Ai is an aqueous species, ki is the stoichiometric coefficient, and [(𝐴1)𝑘1
(𝐴2)𝑘2

⋯ (𝐴1)𝑘𝑖
] is the 

new phase.163 Supersaturation can by expressed by 

S =
∏ [𝐴𝑖]𝑘𝑖𝑖

𝐾𝑆𝑃
      (2.17) 

where [𝐴𝑖] is the activity of an aqueous species, and 𝐾𝑆𝑃 is the solubility product of the new phase. For 

simplicity, concentration might be used instead of activity for the calculation of supersaturation. The 

presence of heterogeneities, in the parent phase can significantly influence crystal formation. These 

imperfections act as a lowering the energy barrier needed for nucleation. This is known as 

heterogeneous nucleation. 

𝐽ℎ𝑒𝑡𝑒𝑟𝑜 = Aexp (−
∆𝐺𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

𝑘𝐵𝑇
𝑓) = Aexp(−

16𝜋𝛾3𝑣2𝑓

3𝑘𝐵
3𝑇3(ln 𝑆)2)        (2.18) 

The rate of heterogeneous nucleation can be described by considering a structural factor, 

denoted as f. This factor accounts for the specific influence of the imperfections on the nucleation 

process. Additionally, a concept of net effective surface free energy, 𝛾𝑛𝑒𝑡 is employed to capture the 

overall energy involved in forming a new crystal surface on the imperfections. 
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Subsequent to the formation of stable nuclei, particle growth begins. The pathways of this 

growth are influenced by various parameters, including the level of supersaturation, the composition 

of the surrounding medium, and thermal conditions. Among classical crystallization theories, LaMer 

mechanism has emerged as a predominant model for elucidating the crystallization process of 

nanoparticles. This mechanism separates the process into three stages, as demonstrated in Figure 2.16b: 

(I) The system experiences a rapid escalation in free monomer concentration until it reaches a critical 

supersaturation (CS) point; (II) upon achieving Cmin saturation, the energy barrier for nucleation is 

overcome, initiating spontaneous self-nucleation of monomers; (III) the saturation level then declines 

below the threshold required for continued self-nucleation, transitioning the system to a growth phase 

characterized by diffusion-controlled accretion of monomers from the solution onto existing particles. 

Figure 2.17. Various pathways to crystallization by particle attachment (CPA).164 

Classical nucleation and growth models which focus solely on monomer-by-monomer crystal 

growth, are inconsistent with actual experimental results. In response to this discrepancy, a new 

paradigm has emerged based on extensive experimental evidence gathered from a wide array of 

solution-based systems. This new framework, termed crystallization by particle attachment (CPA), 

integrates a spectrum of nonclassical crystal nucleation and growth mechanisms. In Figure 2.17, the 

pathways of plausible building blocks are governed by the free-energy landscape and the reaction 

dynamics including particle diffusion and relaxation.164 
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2.4. Summary 

LiCoPO4 (LCP) is a promising high-V cathode material with an olivine crystal structure 

similar to LiFePO4. This structure provides safety through strong P-O bonds but also results in lower 

energy density due to its lower operating voltage. Thus, LCP is seen as a potential high-V candidate 

within the olivine family, balancing safety and performance. 

Various methodologies, including solid-state reaction, hydrothermal-solvothermal methods, 

and sol-gel techniques, have been used to synthesize LCP. Each method has its own advantages and 

disadvantages. However, the intrinsic properties of LCP, such as poor ionic and electronic conductivity, 

crystal structure defects and interfacial stability at high-V operation remain insufficiently addressed, 

highlighting the need for further post-synthesis treatments. 

Several strategies have been proposed to overcome the limitations of LCP. Surface coating 

with carbon or inorganic materials enhances electronic conductivity and stability by reducing side 

reactions at the electrolyte interface, but this method complicates the synthesis process due to multiple 

steps. Another approach is cation substitution, which creates vacancies that improve Li-ion diffusion 

and stabilize the structure by suppressing anti-site formation during cycling tests. However, increased 

dopant concentration and narrow cut-off voltage ranges may lead to capacities below theoretical 

values. 

Particle size reduction and morphology control have been proposed to address above-

mentioned challenges. Both methods can shorten the Li-ion diffusion pathway, with nanosizing via 

ball-milling or preferential crystal growth. However, ball-milling leads to severe side reactions due to 

increased interface area with electrolyte and results in low tap density, causing poor volumetric energy 

density. As a result, the research aim has been shifted to solvothermal synthesis, which tailors LCP 

crystal morphology to retain micron-sized particles with shorter dimensions along the [010] direction, 

enhancing Li-ion diffusion. Despite these advancements, further research is needed to achieve 

theoretical full capacity and improved cycling stability. 

This literature review has identified several gaps in LCP research. First, there is insufficient 

research on hydrothermal synthesis, requiring further studies to identify its fundamental limitations. 

Second, understanding the anisotropic growth mechanism in solvothermal synthesis needs 

collaborative efforts between experimental and computational research. Lastly, the mechanism of 
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capacity fade during cycling tests remains unclear. While anti-site defects in the bulk structure are 

known to contribute, the reasons for capacity fade at the electrolyte interface are still debated. 

In conclusion, the subsequent research outlined in Chapters 3, 4, and 5 aims to address these 

points, providing a comprehensive understanding and potential solutions to enhance the 

electrochemical performance of LCP. This work is crucial for developing LCP as a high-energy 

density cathode material for LIBs, addressing current challenges and paving the way for future 

innovations. 
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Chapter 3: Surface and bulk defect formation during hydrothermal synthesis of 

LiCoPO4 crystals and their electrochemical implications 

 

This chapter addresses the 1st objective of thesis. Specifically, in-depth and fundamental 

characterizations of hydrothermal HT-LCP lead to identification of two types of defects one in the 

form of Co(OH)2 surface layer induced by surface hydrolysis due to the alkaline environment in LCP 

synthesis and the other in the form of anti-site defects that severely hinder the electrochemically-

driven intercalation process. The Chapter is published as peer reviewed manuscript: 

Moohyun Woo, Jinhyuk Lee and George P. Demopoulos, 2023, “Surface and bulk defect formation 

during hydrothermal synthesis of LiCoPO4 crystals and their electrochemical implications”, Mater. 

Adv., 2023, 4, 4823-4834. 

Abstract 

 Lithium cobalt phosphate (LiCoPO4, LCP) is a high-voltage cathode material with a lot of 

promise in delivering high energy density in comparison to the established LiFePO4 counterpart. 

However, the road to developing LCP is hampered not only by electrolyte interfacial reaction due to 

high voltage but also by the lack of critical knowledge regarding material crystal properties linked to 

synthesis that limit the attainment of full discharge capacity. Herein, we study in-depth the synthesis 

of LCP by the hydrothermal method and its post-synthesis modifications by high-energy planetary-

milling and conductive carbon coating in order to shed light on the crystal chemistry affecting its 

electrochemical performance. Via adjusting the Li/Co molar ratio and pH of precursor solution, the 

supersaturation is controlled to achieve high-purity and well-crystalline LCP particles with sub-

micron size. After carefully characterizing the hydrothermally synthesized LCP crystalline material, 

we discovered the presence of two types of defects, surface composition inhomogeneities and bulk 

cation mixing, which adversely affect the Li-ion intercalation kinetics and storage capacity. More 

specifically, we identified i) the formation of undesired nano-scale Co(OH)2 passivation layer on the 

LCP surface and ii) abundant anti-site defects blocking one-dimensional (1-D) Li-ion diffusion 

channels. These crystal defects impose critical limitations to hydrothermally produced LCP materials 

in delivering near theoretical discharge capacities; hence on the basis of these new insights, alternative 

crystal engineering approaches need to be developed in pursuit of high-performance LCP cathodes. 
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3.1. Introductoion 

Rechargeable Li-ion batteries bring a wide spectrum of applications in modern society, from 

mobile electronic devices to large-scale energy storage for electromobility and the smart grid.1-5 With 

this trend, the ever-growing demand for state-of-the-art rechargeable Li-ion batteries with greater 

energy density has triggered intensive research on high-voltage cathode materials.6-11 

Lithium transition metal phosphates (LiMPO4: M = Fe, Mn, Co, and Ni) represent a large class 

of Li-ion cathode materials. Out of all members of this family, LiFePO4 (LFP) has been the most 

successful cathode so far for its high safety, low cost, excellent cyclability, and high power 

capability.12-18 The LFP cathode has been heavily investigated and optimized but cannot provide high-

energy density as demanded by the electromobility sector due to its low voltage. As a result, there has 

been a strong interest in developing the rest of LiMPO4 cathode materials. In particular, LiCoPO4 

(LCP) has received much attention for its very high voltage of 4.8 V vs. Li/Li+ (as compared to 3.5 V 

vs. Li/Li+ for the commercially available LFP).7, 10, 19-22 Having the same specific capacity as LFP 

(~167 mAh g-1), the LCP cathode with a much higher operating voltage than LFP has a significantly 

increased theoretical energy density of 800 Wh kg-1 vs. 590 Wh kg-1 of LFP.23-25 Also, similarly to 

LFP, the strong P–O bonds guarantee a robust host framework for Li-ion storage, resulting in excellent 

thermal safety.26-28 

Hence, considerable work has been undertaken on developing LCP cathodes from various 

synthesis routes (e.g., solid-state, sol-gel, or hydrothermal and solvothermal synthesis)29-39 to crystal 

modification via doping23, 24, 31, 33, 40, 41 and/or coating29, 34, 37, 42, 43 approaches. Among the synthesis 

methods, the hydrothermal process has been suggested as the most cost-effective and energy-efficient 

one, as it employs water as a green solvent rather than organic solvents and chemicals.44, 45 However, 

it has been found the hydrothermally synthesized LCP (HT-LCP) is characterized by poor 

electrochemical performance, as evidenced by low reversible discharge capacity compared to LCP 

made with a different method such as the solid-state method (SS-LCP).34-37 Several arguments have 

been made in previous research to explain the poor electrochemical response of HT-LCP, ranging from 

electrolyte decomposition owing to the relatively higher potential of Co2+/Co3+ redox couple34, 46, 47 to 

cation exchange (anti-site defects) developed during Li-ion intercalation process32, 48, 49. However, 

both issues, i.e., the electrolyte decomposition and the cycling-induced cation exchange50, are not 

observed only with HT-LCP but also with other LCP materials but not to the same extent22. Hence, 

there is a gap in understanding the origin of this poor electrochemical capacity problem exhibited by 

HT-LCP from a material chemistry standpoint. 
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Given the importance of the scalable and green process of hydrothermal (HT) synthesis in the 

development of functional high-voltage LCP cathodes, in this work, we have investigated the impact 

of key HT-synthesis parameters (Li molar ratio & pH value of precursor solutions) but also post-

synthesis modifications (nanosizing by planetary-milling (PM) and carbon coating (C-coating)) on 

LCP crystal structure/morphology/purity and electrochemical storage properties. Upon monitoring the 

evolution of surface and bulk structure during material fabrication, the formation of defects was 

characterized, and its impact on Li-ion intercalation responsible for the low discharge capacity was 

determined. During the study, our particular attention was paid to differentiating the effect of 

electrolyte decomposition from the effects of LCP material defects. These findings open new avenues 

toward developing LCP cathodes with fully unlocked high-voltage capacity. 

3.2. Experimental section 

3.2.1. Material preparation 

3.2.1.1. Hydrothermal synthesis (HT-LCP)  

HT-LCP was prepared with lithium hydroxide monohydrate (98 % LiOH·H2O, Sigma-

Aldrich), cobalt (II) sulfate heptahydrate (99 % CoSO4·7H2O, Sigma-Aldrich), phosphoric acid (85 % 

aqueous solution, H3PO4, Fisher Scientific), ammonium hydroxide solution (28.0-30.0 % NH3 basis, 

NH4OH, Sigma-Aldrich), and L-Ascorbic acid (99 % C6H8O6, Sigma-Aldrich) as a reducing agent. 

All the chemicals were utilized without purification. 

In typical experiments, solutions with different concentrations (0.4, 0.6, 0.8, 1.0, and 1.2 M) 

of LiOH·H2O along 0.4 M of CoSO4·7H2O, 0.4 M of H3PO4, and 0.0095 M of C6H8O6 were prepared 

in 200 mL of deoxygenated and deionized water to give a different molar ratio of Li to cobalt (Co) 

namely 1:1, 1.5:1, 2:1, 2.5:1, and 3:1. The pH of the precursor solutions was controlled at 8, 9, and 10 

with NH4OH added dropwise. The pH variations before and after HT-synthesis is measured and 

summarized in Table A.2.1. The prepared precursor solution was transferred afterward to a 450 mL 

stainless steel autoclave reactor (Parr Instruments, Moline, IL) equipped with a glass liner. The whole 

solution preparation procedure was carried out in a nitrogen (N2)-filled glovebox to prevent possible 

Co oxidation from Co2+ to Co3+. Preliminary HT-synthesis done at different temperatures (data shown 

in Figure A.2.1) determined 220 oC for 6 hours and 300 rpm impeller agitation to achieve uniform 

mixing of reactants and produced particles and was used throughout this study. Additionally, the exact 

temperature and pressure (psi) were monitored and controlled with Parr 4848 reactor controller during 
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the synthesis. After HT-reaction, the reactor vessel was quenched down to room temperature within 

30 minutes through internal tube cooling water flowing. The synthesized solids were separated from 

the solution via centrifugation and then rinsed with deoxygenated and deionized water twice and with 

ethanol once, followed by evaporating the remained ethanol in a vacuum oven at 80 oC overnight after 

several times purging with N2 gas. 

3.2.1.2. Solid-state reaction (SS-LCP) 

SS-LCP was prepared by mixing first stoichiometric amounts of 98 % of LiOH·H2O, cobalt 

(II, III) oxide (Co3O4, Sigma-Aldrich), and ammonium dihydrogen phosphate (99.999 % NH4H2PO4, 

Sigma-Aldrich). After that, the mixture was subjected to wet grinding in PM with isopropanol 

((CH3)2CHOH, Fisher Scientific) (Powder:Solvent = 1:2 volume ratio) at 300 rpm for 6 hours and 

subsequently dried in an oven at 50 oC overnight. After chemical mixing and drying, two times of 

calcination processes with a ramping rate of 5 oC min-1 were accomplished at 400 oC for 10 hours in 

air first to remove the crystal water and at 800 oC for 10 hours in argon (Ar) atmosphere to obtain pure 

LCP phase.29, 30 

3.2.1.3. Post-synthesis treatment 

 To reduce the particle size of HT-LCP and SS-LCP, the Planetary Micro Mill PULVERISETTE 

7 premium line (Fritsch) was utilized. Specifically, wet milling was conducted involving 7.5 mL of 

LCP sample (Tapped density: 0.87 g mL-1) in 15 mL of isopropanol with 100 g of zirconium oxide 

(ZrO2) grinding media (1 mm sized balls) loaded in 80 mL milling jars. The jar assembly was carried 

out in a N2-filled glovebox to avoid oxidation of Co2+. The sealed jars were transferred to the loading 

stations, and pulverization was done in cycles consisting of 3-minute milling and a 7-minute pause at 

500 rpm. After pulverization, ground LCP samples were collected by centrifugation and followed by 

drying in vacuum oven at 80 oC overnight after several times of purging with N2 gas. 

 For the C-coating process, lactose anhydrous (C12H22O11, Sigma-Aldrich) as a carbon source 

was dissolved and stirred in deoxygenated and deionized water with a concentration of 22.4 g L-1 for 

30 minutes.51 Then, 5 mL of the lactose solution was applied to 1 g of pulverized LCP powder in a 

graphite crucible. The slurry was dried in a vacuum oven at 80 oC and transferred to MTI mini tube 

furnace (model OTF-1200X), and heated consecutively at three different intervals (120 oC-1 h, 400 

oC-1 h, and 700 oC-3 h) for lactose decomposition and carbonization on the surface of pulverized LCP 

particles. 
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3.2.2. Materials characterization 

 Laboratory XRD was employed for phase analysis with Bruker D8 Discovery X-ray 

diffractometer using Co K-alpha source with wavelength (λ) of 1.78892 Å from 2θ = 10 to 80 °. The 

diffraction patterns were collected by using Gadd software. Defect concentration was fitted and 

estimated with XRD Rietveld refinement by using the TOPAS Academic V5 program. The 

morphology characterization was done with a Hitachi cold-field emission SU-8000 scanning electron 

microscope (CFE-SEM). Inductively coupled plasma optical emission spectroscopy (ICP-OES, 

Thermo Scientific iCAP 6500 ICP spectrometer) was applied to determine the concentration of 

remaining elements in solution after HT-synthesis but also to determine the exact elemental ratio of 

Co/Li in different LCP samples. Prior to ICP-OES measurements, LCP samples were digested by 

using 50 vol.% concentrated hydrochloric acid (HCl, Fisher Scientific) followed by dilution with 4 

vol.% nitric acid (TraceMetal Grade, HNO3, Fisher Scientific). Brunauer-Emmett-Teller (BET) 

specific surface area measurements were made by using the TriStar 3000 analyzer (Micromeritics) in 

N2 (-196 °C). The size-distribution analysis of LCP particles was achieved with Zetasizer Nano ZS 

using the dynamic light scattering analysis. Raman Spectroscopy (Witec Alpha 3000) with 514 nm 

wavelength was applied to confirm the existence of carbon layers on the surface of pulverized LCP 

particles and its quality with a D/G ratio. Transmission electron microscope (TEM) and high-

resolution TEM (HR-TEM) images were achieved through Thermo Scientific Talos F200X G2 STEM. 

X-ray Photoelectron Spectroscopy (XPS) measurements were carried out with Thermo-Scientific K-

Alpha using aluminum (Al) K-alpha micro-focused monochromator. The applied X-ray spot size was 

400 μm, and an electron flood gun was used for the charge compensation. The spectrometer energy 

scale was calibrated using C 1s characteristic peak at 284.8 eV (C-C) as a reference. XPS data 

processing was performed with the Avantage data analysis system for peak fitting of C 1s, Li 1s, Co 

2p, P 2p, and O 1s spectra with single or multiple peaks. Fourier Transform Infrared (FT-IR) 

spectroscopy (Perkin Elmer Spectrum II FT-IR Spectrometer) was employed in the wavenumber range 

of 4000 to 400 cm-1 with a resolution of 0.5 cm-1. 

3.2.3. Electrochemistry 

 Free-standing working electrodes without Al current collector were prepared with dry-method 

as follows: 70 wt.% of LCP active material was gently mixed with 20 wt.% of acetylene black (Alfa 

Aesar) with an average particle size of 60 nm and an area of 75 m2 g-1 via mild PM at 300 rpm for 1 

h using 20 e.a. of 10 mm ZrO2 grinding balls. After mixing, the jar was transferred and disassembled 
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in the glovebox filled with high-purity Ar gas. 10 wt.% of Polytetrafluoroethylene (PTFE, (C2F4)n, 

DuPont, Teflon 8 A) binder was added to the mixed powder and subsequently spread with sufficient 

pressure through the hand-pressing process using stainless steel bar until a film with 0.16 cm2 area 

and ~ 2.5 mg weight was obtained. A polypropylene film (Celgard 2200) was used as the separator. A 

custom-made electrolyte with stabilizing additive for high-voltage cathode operation was produced 

with 1.2 M of Lithium hexafluorophosphate (99.99 % Trace metals basis LiPF6, Sigma-Aldrich) 

dissolved in a 3:7 (wt.%) mixture of ethylene carbonate (EC, 99 % (CH2O)2CO, Sigma-Aldrich) and 

ethyl methyl carbonate (EMC, 99 % CH3CH2OCOOCH3, Sigma-Aldrich) plus 2 wt.% 

tris(trimethylsilyl) phosphite (95 % [(CH3)3SiO]3P, Sigma-Aldrich).41 The galvanostatic charge-

discharge data was collected on an Arbin cycler. The battery cycling was carried out at a C/20 rate (1 

C = 167 mAh g-1) in the voltage range of 3.5–5.2 V vs. Li/Li+ at room temperature. Cyclic voltammetry 

(CV) was performed by using an electrochemical workstation (Bio-Logic) at the specific conditions 

between 3.5-5.2 V with a scan rate of 0.1 mV s-1. Electrochemical Impedance Spectroscopy (EIS) 

measurements of the pristine working electrodes were made after 6-hour relaxation in the equilibrium 

state in the potentiostat mode between 1 MHz and 10 mHz at open circuit voltage (OCV). The charge-

transfer resistance was determined by fitting the Nyquist plot with the equivalent electric circuit by 

the Z-fit method provided by ZView® 4.0 software. 

3.3. Results and discussion 

3.3.1. Hydrothermal synthesis parameter effects on crystal formation 

To identify the conditions to synthesize high-purity HT-LCP at 220 oC, we first investigated 

the effects of Li molar ratio (0.4. 0.6, 0.8, 1, and 1.2 M) and pH (8, 9, and 10) on LCP properties. The 

Li molar ratio was found to influence the crystallization of LCP, leading to cube-like shape crystals 

when added in 50 % Li excess (1.5:1:1) over the stoichiometry (1:1:1) (Figures 3.1a-d). Cubic shape 

crystal formation was completed with 100 % Li excess (2:1:1). It is postulated the cubic crystals grow 

via oriented attachment of the initially nucleating crystallites.52-56 Further crystal growth was not 

observed if the Li excess was raised to 150 % excess (2.5:1:1), but instead, there was particle size 

reduction from 5 μm to less than 1 μm. 

Figure 3.1e shows XRD patterns of HT-LCP materials made with different Li molar ratios at 

220 oC for 6 hours. The patterns of the HT-LCP materials prepared up to a 2.5:1:1 molar ratio can be 

clearly indexed to the orthorhombic phase with the space group, pnma (JCPDS 89-6192). Further, 

from the sharpening of the XRD peaks, we can see the crystallinity of LCP improves as the over-



54 

stoichiometric Li ratio increases, consistent with the SEM image observations. However, if the Li 

ratio increases beyond 2.5:1:1, extra peaks appear, corresponding most likely to the formation of 

Li3PO4 (JCPDS 07-2815) and Co3O4 (JCPDS 78-1969). In addition, according to the residual element 

composition in the solution shown in Figure 3.1f, it can be seen the concentration of Co and P (PO4) 

decreases with increasing Li concentration, implying the excess Li drives the reaction to a higher yield. 

Figure 3.1. Morphology, phase, and residual solution composition of LCP materials obtained with 

different Li/Co/P molar ratios at pH 9 and 220 oC via (a-d) SEM, (e) XRD, and (f) ICP-OES. 

Other than pH 9, additional tests were performed with various Li molar ratios at pH 8 and 10, 

the results of which are shown in Figure A.2.2. In this case, all samples produced at pH 8 were found 

to contain impurities. Nanosized and pure LCP phase was produced (at a lower yield of 83 %), on the 

other hand, at pH 10, but this time, only when the precursor solution was prepared with the 

stoichiometric ratio of 1:1:1 (Figure A.2.3). Interestingly, in this case, as the Li ratio was increased 

above 1, the XRD patterns revealed the formation of amorphous LCP nanocrystals. Therefore, based 

on the above findings, we conclude that the optimal conditions for producing high-purity sub-micron 

size LCP crystals are with a 2.5:1:1 molar ratio and pH 9, denoted as “HT-LCP”. 

 The formation of high-crystalline sub-micron-sized LCP cube-shaped particles using a 2.5:1:1 

molar ratio at pH 9 and 220 oC can be understood on the basis of governing nucleation & growth 
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kinetics.57-59 The nucleation rate (J) as a function of supersaturation, S, is given by equation (1) 

described below, 

        𝐽 = 𝐴 𝑒𝑥𝑝 (−
16𝜋𝛾3𝑣2

3𝑘𝐵
3𝑇3(𝑙𝑛 𝑆)2)                                                   (1) 

where J is nucleation rate, A is the pre-exponential factor, γ is the surface free energy per unit area, v 

is molecular volume, 𝑘𝐵 is Boltzmann constant, T is temperature, and S is supersaturation (defined by 

equation (2)). 

𝑆 = 𝛼/𝛼𝑒𝑞                                                                (2) 

where a is the activity of solid species in solution (= α𝐿𝑖+ . α𝐶𝑜2+ . α𝑃𝑂4
3−), 𝑎𝑒𝑞  is the activity of the 

solid compound in saturated solution, i.e., at equilibrium state represented by the solubility product: 

𝐾𝑠𝑝 = α𝐿𝑖+ . α𝐶𝑜2+ . α𝑃𝑂4
3−. The activity of PO4

3- anions (α𝑃𝑂4
3−) meanwhile depends on pH value and 

temperature60-62: 

H3PO4 = H2PO4
- + H+    K1 = 7.52 × 10−3 

H2PO4
- = HPO4

2- + H+    K2 = 6.23 × 10−8
 

HPO4
2- = PO4

3- + H+    K3 = 4.80 × 10−13
 

It is postulated that at 220 oC and pH 9, HPO4
2- to dominate and thus maintain low α𝑃𝑂4

3−,62 

hence the necessity of excess α𝐿𝑖+ to modulate supersaturation which in turn controls the nucleation 

rate. This is a delicate equilibrium state as at pH 8, the appearance of impurity formation implies 

α𝑃𝑂4
3− to be too low, leading to parasitic reactions involving dihydrogen phosphate, while at pH 10 is 

too high; hence only stoichiometric amount of Li produced LCP. Excess Li apparently was counter-

productive in the case of pH 10 solution as the high supersaturation regime resulted in the formation 

of amorphous LCP nanoparticles. 

3.3.2. Post-synthesis LCP crystals modifications 

 Since the intrinsic ionic and electronic conductivities of LCP are low, it was decided to 

consider nanosizing (to boost ion conductivity) and carbon coating (to boost electron conductivity). 

Nanosizing of HT-LCP was induced by high energy planetary-milling (PM) at different times from 1 

to 4 hours. The related size distribution, BET surface area, SEM, and XRD results are summarized in 

Figure 3.2a-c. According to size-distribution analysis (shown in Figure 3.2a), their mean size was 

reduced after 2 h of PM to around 200 nm (from 800 nm), and the corresponding specific surface area 

(Figure 3.2b) increased from 1.59 m2 g-1 to 28.29 m2 g-1. In addition, inset SEM images in Figure 3.2b 

show the morphology of the obtained particles after milling. 
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Meanwhile, as per XRD patterns (Figure 3.2c), nanosizing caused progressive crystal 

disordering with increasing milling time, as evidenced by the peak broadening, an observation that is 

in agreement with previous reports.63 Of the different nanosized LCP materials, the one obtained after 

2 h of PM (hereafter referred to as “HT-PM-LCP”) was retained for subsequent electrochemical 

performance evaluation as it provided a short diffusion length without major loss of crystallinity. 

Finally, the nanosized HT-PM-LCP was subjected to C-coating by mixing the powder with lactose 

solution and annealing under an inert Ar atmosphere.59 The planetary-milled/carbon-coated material 

was labeled “HT-PM-C-LCP”. 

Figure 3.2. Characterization of HT-LCP crystals after post-synthesis modifications (High-energy PM 

and conductive C-coating) via (a) Size-distribution, (b) BET analysis, and (c) XRD with different 

milling duration time; (d) Raman, and (e) XPS C 1s spectra, (f) XRD. 

Figure 3.2d shows the Raman spectra for HT-PM-C-LCP material recorded at the laser 

excitation wavelength of 514 nm. Three peaks with high intensity were clearly detected at 947.09, 

1340.65, and 1590.10 cm-1. The first peak in the 600-1100 cm-1 region corresponds to the 

intramolecular stretching modes of the PO4 group in LCP structure;64 and the other two peaks indicate 

the presence of a carbon layer on the surface of HT-PM-LCP particles. These peaks are referred to as 

the “D” (1340 cm-1) and “G” (1590 cm-1) bands, respectively.20, 65, 66 Hence, the carbon layer was 

favorably developed on the surface of HT-PM-LCP particles. The intensity ratio (ID/IG) from the 

deposited carbon layer was 0.77, indicating that the carbon layer mainly consists of disordered 
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carbon.67 In order to further verify the nature of carbon, we performed XPS measurement on HT-PM-

C-LCP. The C 1s spectrum (Figure 3.2e) was fitted with multiple peaks at different binding energies: 

sp2 C-C at 284.48 eV, sp3 C-C at 285.48 eV, C-O group at 286.38 eV, and O=C-O group at 289.08 eV, 

respectively.68-70 By comparing the relative atomic ratios of sp2 (88.92 %) and sp3 (11.02 %), sp2 

representing C-C bonding is found to be dominant in the carbon layer on HT-PM-C-LCP over sp3, 

which indicates C-H bonding. The XPS result is consistent with the ID/IG in Raman analysis. 

Moreover, as shown in Figure 3.2f, the phase and morphology of HT-PM-C-LCP were 

successfully preserved after C-coating without suffering agglomeration. In addition, the crystallinity 

was markedly restored due to the high-temperature treatment required for lactose decomposition and 

carbonization.71 

In order to evaluate the impact of HT-synthesis on LCP crystal properties and electrochemistry, 

LCP material was also synthesized via conventional solid-state reaction.29, 30 Again, three samples 

were prepared (summarized in Figure A.2.4), a pristine one (SS-LCP) and two after post-synthesis 

treatments (SS-PM-LCP and SS-PM-C-LCP). 

3.3.3. Electrochemistry 

 After the satisfactory synthesis and post-synthesis modifications, we investigated the 

electrochemical properties of the differently prepared LCP materials either via HT-method or solid-

state reaction so to probe synthesis-impacted LCP functionality. Galvanostatic charge-discharge tests 

were carried out at a C/20 rate within the voltage range of 3.5-5.2 V vs. Li/Li+ at ambient (~22 ºC) 

temperature. The initial charge-discharge curves are summarized in Figure 3.3a-b. Despite the high 

purity and well-developed crystallinity of HT-LCP material, it exhibited a poor discharge capacity of 

only 33 mAh g-1 (vis-a-vis the theoretical capacity of 167 mAh g-1). The 1st discharge capacity was 

marginally increased to 53 mAh g-1 after PM because of nanosizing (HT-PM-LCP), whereas the 

capacity was dropped to 25 mAh g-1 after the subsequent C-coating process (HT-PM-C-LCP). In 

comparison, even with the agglomerated and larger particle size (shown in Figure A.2.4a), SS-LCP 

could deliver 53.3 mAh g-1, while after the PM treatment (SS-PM-LCP), its discharge capacity was 

improved to 76.2 mAh g-1 and after C-coating, registered a slightly dropped discharge capacity at 62 

mAh g-1. The unexpected drop in discharge capacity after carbon coating of the planetary-milled LCP 

obtained by both synthesis methods (HT and SS) is discussed later. 



58 

Figure 3.3. Comparison of the electrochemical properties of LCP materials obtained by hydrothermal 

(HT) and solid-state (SS) synthesis: (a-b) Galvanostatic charge-discharge, (c-d) Rate capability, (e) 

Capacity retention, and (f) Cyclic voltammetry (CV). 
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Figure 3.3c-d display the rate capability of HT-PM-LCP and SS-PM-LCP, which were found 

to deliver respectively the highest initial charge-discharge capacity among the different samples. As 

the C-rate is gradually increased, both milled LCP samples reveal significantly reduced initial 

discharge capacity of 53, 40.8, and 35.3 mAh g-1 at C/20, C/10, and C/5 for HT-PM-LCP and 76, 54.9, 

and 45.3 mAh g-1 for SS-PM-LCP. In addition, Figure 3.3e shows the capacity retention of HT-PM-

LCP and SS-PM-LCP over 10 cycles. There is a severe capacity loss after 10 cycles, which at least in 

part is due to accelerated electrolyte decomposition at high voltage on the exposed surface of the 

nanosized LCP particles, as also observed by other researchers.50, 72-74 

In order to probe further the origin of the observed poor discharge capacity and retention, 

cyclic voltammetry (Figure 3.3f) was performed over the 3.5-5.2 V range at a scan rate of 0.1 mV s-1. 

During the anodic sweep, SS-PM-LCP exhibits two distinct oxidation peaks at 4.94 and 5.07 V vs. 

Li/Li+. This two-step delithiation process is consistent with the formation of the previously identified 

intermediate phase with the stoichiometry Li2/3(Co2+)2/3(Co3+)1/3PO4.
25, 75, 76 However, during the 

cathodic sweep, only one reduction peak is observed (corresponding to Co2+/3+) at 4.65 V vs. Li/Li+ 

and a rather high polarization of 0.42 V. By comparison, the current linked to the redox couple of 

Co2+/3+ is substantially depressed for HT-PM-LCP. In addition, there is no clear peak during both 

oxidation and reduction processes. This broad curve feature obviously reflects a rather hampered Li-

ion intercalation. Moreover, we noticed the magnitude of electrolyte decomposition to be more 

prominent in HT-PM-LCP than in SS-PM-LCP above 4.3 V vs. Li/Li+ (marked with blue-colored area 

in Figure 3.3f) despite the use of stabilizing additive tris(trimethylsilyl) phosphite suggested by Allen 

et al.42. Although side reactions with electrolyte due to the LCP nanosizing are expected40, 72, 77, the 

contrasting redox activity difference between the HT and SS samples points to other possible causes. 

Hence, overall, we find poor cycling performance in the HT-synthesized LCP samples 

regardless of post-synthesis treatment, which is worse than that of the SS-synthesized LCP sample. 

Thus, elucidating the intrinsic material chemistry factors responsible for the poor charge-transfer 

kinetics and Li-ion storage of LCP is critical to unlocking its full theoretical capacity. 

3.3.4. Nanoscale Co(OH)2 layer on the surface of HT-LCP 

To investigate the factors that limit the performance of HT-LCP, we first performed TEM and 

HRTEM on a HT-LCP particle to see if there were any structural defects. As per Figure A.2.5a, HT-

LCP crystal d-spacing is 1.02 nm, which corresponds to the (100) plane of the LCP pnma space group. 

In addition, the SAED pattern shown in Figure A.2.5b indicates that HT-LCP consists of a single-
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crystal motif.72 However, we discovered the existence of a nearly 3.8 nm thick surface layer covering 

the whole HT-LCP particle, as shown in Figure 3.4a-b, which might be interfering with the 

electrochemical performance of HT-LCP by increasing charge-transfer resistance. 

Figure 3.4. Characterization of nano-scale Co(OH)2 layer on the surface of HT-LCP. (a-b) TEM and 

HRTEM images of HT-LCP; (c-d) XPS O 1s and (e-f) FTIR spectra of HT-LCP and SS-LCP; (g-h) 

Nyquist plots of pristine HT-LCP and SS-LCP electrodes with equivalent circuit used to fit the EIS 

model. 

To understand the nature of the surface layer, we performed XPS on HT-LCP and SS-LCP 

(Figures A.2.6 and A.2.7). The chemical composition of the surface area is clearly comprising Li, Co, 

P, and oxygen (O) in both LCP samples, and the corresponding peaks can be associated with the 

binding energies of Li 1s, Co 2p, P 2p, O 1s, and C 1s. The high-resolution spectra of Co 2p, O 1s, 

and C 1s were fitted with the Gaussian method. The Co 2p spectrum is resolved into Co 2p3/2 and Co 
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2p1/2 contributions centered at 780.88 and 797.28 eV for HT-LCP and 781.18 and 797.58 eV for SS-

LCP, which can be ascribed to the Co2+ in LCP crystal structure.78-80 However, Figure 3.4c-d reveals 

different chemical environments for O in the surface of HT-LCP and SS-LCP in regard to the high-

resolution spectrum and curve fitting of O 1s. SS-LCP shows three deconvoluted O 1s peaks from the 

polyanion phosphate group (PO4
3-) group (530.98 eV), the C-O bonding (532.78 eV), and the O=C-

O bonding (533.38 eV) from surface contaminations. Yet, there is another O discernible peak in HT-

LCP with binding energy of 531.48 eV indicative cobalt hydroxide (Co-OH) group.81-84 This result 

clearly thus identifies the thin surface layer on HT-LCP particles (as seen in TEM images) to be made 

up of Co(OH)2. 

In addition, HT-LCP was subjected to XPS depth profile analysis with the integration of mild 

beam energy (200 eV) and Ar ion etching every 20 seconds, shown in Figure A.2.8. The profile result 

shows that the area under the fitting curve indicating nano-scale Co(OH)2 progressively decreases and 

entirely disappears after 80-second etching. We propose that the nano-scale Co(OH)2 layer forms via 

a side reaction after hydrothermal synthesis favored by the alkaline solution pH. 

We also performed FT-IR to verify the presence of nano-scale Co(OH)2 layer on HT-LCP 

particles. Figure 3.4e-f shows the FT-IR spectra of HT-LCP in comparison to those of SS-LCP. The 

spectra for both HT-LCP and SS-LCP samples in the lower wavenumber region are mainly dominated 

by the vibrations from the stretching and bending modes of PO4
3- guaranteeing the stable framework 

and the translational vibrations of Li-ion20, 85, 86: Ⅰ) The broad band between 900–1100 cm-1 and 1050–

1150 cm-1 corresponding to the symmetric and asymmetric stretching of PO4
3-, respectively. Ⅱ) The 

peaks around 500–700 cm-1 are attributed to the bending vibration mode of PO4
3-. Ⅲ). And the two 

peaks at 499 and 463 are derived from the translational vibrations of Li-ion adjacent to the oxygen 

atoms in the orthorhombic structure. However, we note that only HT-LCP shows the weakened O-H 

stretching band at 3484 cm-1 originating from the surface Co(OH)2 layer in the higher wavenumber 

region. These findings are further consistent with our XPS results (Figure 3.4c-d), proving the 

existence of nano-scale Co(OH)2 layer on the HT-LCP surface. 

To study the impact of nano-scale Co(OH)2 layer on the electrochemical functionality of HT-

LCP, as-made HT-LCP, and SS-LCP electrodes were subjected to EIS analysis. A direct comparison 

between the two electrodes is made with the Nyquist plots in Figure 3.4g-h, where the EIS results are 

plotted together with the equivalent circuit model. Notably, HT-LCP displays a higher charge-transfer 

resistance (90.96 Ω) compared to SS-LCP (51.84 Ω), as can be inferred from the relative size of the 

semicircle in the high-frequency region.87 This result shows that the nano-scale Co(OH)2 layer on the 
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HT-LCP acts as a passivation layer hampering charge transfer at the cathode/electrolyte interface and, 

as a consequence, resulting in poorer cycling performance compared to SS-LCP without the surface 

layer. 

We note that the alkaline precursor solution with a high pH value above 8 creates an 

environment for Co(OH)2 formation, as indicated in the Pourbaix diagram of cobalt at 298.15 K 

(Figure A.2.9)88, 89 explaining why our HT-LCP has the Co(OH)2 surface layer. It is hypothesized 

residual Co2+ ions in hydrothermal solution adsorb on the surface of the precipitated LCP crystals and 

following surface hydrolysis due to high pH to form the in-situ nano-scale Co(OH)2 layer. The 

Co(OH)2 layer would not have been a problem if Co(OH)2 were a fast Li-ion conductor. However, it 

is known that Co(OH)2 works as an anode material that goes through a sluggish conversion reaction 

at the lower voltage window (0.0 – 3.0 V vs. Li/Li+)90-92, which is below the operating potential of 

LCP. Therefore, this nano-scale Co(OH)2 layer would serve as an insulating layer during the cycling 

of LCP, consistent with the observed increased charge-transfer resistance for the HT-LCP compared 

to SS-LCP. 

Meanwhile, since PM of the as-made HT-LCP particles should damage and at least partially 

remove the surface Co(OH)2 layer (Figure A.2.10), it explains, other than nanosizing, why HT-PM-

LCP delivers a higher capacity. However, still, the capacity of HT-PM-LCP is significantly below the 

theoretical one, implying that there must be other factors than the surface layer that further limit its 

cycling performance. 

3.3.5. Anti-site defect evolution in HT-LCP 

To probe other factors that may limit the cycling performance of HT-LCP, we tracked the 

defect concentrations in the bulk LCP crystal structure by applying XRD and ICP-OES techniques.32, 

48, 49, 93, 94 Figure 3.5 shows the abundance of the anti-site defects (i.e., Co in Li site) and excess Co 

(i.e., excess amount of Co compared to the desired Li:Co = 1:1 ratio) in our LCP materials, extracted 

via XRD Rietveld refinement (also shown in Figure A.2.11) and ICP-OES analysis, respectively. 

Noticeably, pristine HT-LCP (9.14 %) has a high anti-site defect concentration nearly six times higher 

than that of pristine SS-LCP (1.73 %). Such a significant amount of anti-site defects (9.14 %) greatly 

limits 1-D Li-ion diffusion in the olivine structure, which constitutes another limiting factor explaining 

the small capacity in pristine HT-LCP samples. 

In terms of anti-site defect evolution induced by PM and C-coating treatment steps, HT-LCP 

exhibits a modest increase from 9.63 to 10.52 %. By comparison, anti-site defects in SS-LCP increased 
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from 1.73 % to 7.29 and 7.46 % after the post-synthesis treatments. As mentioned earlier, PM causes 

a degree of disordering mobilizing the movement of ions hence introducing defects that seem to persist 

even after the C-coating at elevated temperature. Thus, it is reasonable to suspect that anti-site defects 

obtained during synthesis remained critical obstacles impeding Li-ion diffusion, and other than 

conventional annealing strategies need to be explored. 

Figure 3.5. Anti-site defect concentration (Red bar) and excess Co (Blue sphere) calculated with XRD 

Rietveld refinement and ICP-OES analysis. 

The ICP-OES results show that hydrothermal synthesis resulted in significant excess of Co 

(vs. Li) in HT-LCP composition (12.47 %) compared to SS-LCP (6.4 %). Since excess Co ions would 

occupy other cation sites than the original Co sites (thus Li sites), the greater excess Co found from 

HT-LCP than SS-LCP is consistent with the XRD Rietveld refinement results showing more anti-site 

defects (Co in Li sites) in HT-LCP. It must be noted that we used 150 % excess Li (Li:Co:P = 2.5:1:1) 

in the precursor solution. Thus, it is surprising to observe Co excess instead of Li excess in HT-LCP, 

implying that this issue does not simply arise from the precursor ratio in the HT solution. Instead, this 

problem might be related to the nucleation and growth mechanism during the HT-synthesis, which 

limits full Li-ion incorporation to the Co-P-O intermediate species needed to form stoichiometric LCP. 

Finally, we note that the excess Co values increased after the post-synthesis treatments (HT-PM-LCP: 

14.78 %, HT-PM-C-LCP: 15.72 %, and SS-PM-LCP: 7.90 %, SS-PM-C-LCP: 10.16 %) following a 

similar trend with anti-site defect concentration. This increasing excess Co after post-synthesis 
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treatments may be due to the loss of Li-ion to the isopropanol solvent used during PM or Li-ion 

evaporation upon the C-coating process at a high temperature. 

Note that as LCP is a 1-D Li-ion diffusion material26, 95-97, keeping its stoichiometry would be 

critical to achieving high capacity because off-stoichiometry can either (i) block Li-ion diffusion in 

the crystal structure (found in Co-rich LCP such as Li0.8Co1.1PO4, excess Co in Li sites would block 

Li-ion diffusion) or (ii) limit the transition metal redox capacity (found in Li-rich LCP, e.g., 

Li1.1[Co2+
0.8Co3+

0.1]PO4, excess Li in Co sites which would increase the average Co oxidation state 

and decrease the Co-redox capacity). Our experiments suggest that off-stoichiometry from excess Co 

is another critical problem to overcome if HT-synthesis is to be used. 

Overall, our experiments reveal two critical limitations of using the HT-synthesis of LCP. 

Although HT-synthesis can be green and has some important advantages (e.g., relatively easy control 

of particle size and morphology) over other synthesis methods, we reveal that a high pH value (pH 9) 

during the HT-synthesis (which is needed to form a high-purity and well crystalline LCP powder) also 

creates an environment that favors the nano-scale Co(OH)2 formation on the LCP particle surface 

introducing severe charge-transfer resistance. Moreover, even with the use of “excess Li” in the 

precursor solution, we reveal that HT-synthesis leads to the formation of LCP with “excess Co”, which 

introduces a large occurrence of anti-site defects in the bulk LCP crystal structure, significantly 

limiting the 1-D Li-ion diffusion. Avoidance of these stumbling blocks via modifications to the 

hydrothermal synthesis process or adoption of water-free synthesis routes should be pursued. 

3.4. Conclusion 

In conclusion, we successfully synthesized high-purity and single-crystal LiCoPO4 material 

(HT-LCP) with sub-micron particle size via HT-method by controlling the degree of supersaturation 

with over-stoichiometric Li contents (Li:Co:P = 2.5:1:1) and pH value of precursor solution 9 at 220 

ºC. Also, we applied nanosizing by planetary-milling and C-coating on the HT-LCP to enhance its 

discharge capacity via shortening its diffusion length and increasing electron conductivity but with 

only partial success. Via a suite of surface and bulk crystal characterizations coupled with 

electrochemical analysis, we discovered hydrothermal synthesis to lead to (i) the formation of resistive 

nano-scale Co(OH)2 surface passivation layer and (ii) abundant anti-site defects arising from excess 

Co in HT-LCP samples compared to SS-LCP samples. These findings should allow for new routes to 

be explored so we ultimately design processes for achieving the full high-voltage capacity of LiCoPO4 

and other types of polyanionic cathode materials. 
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Chapter 4: Attaining full Li-ion storage capacity in nearly defect-free and 

preferential orientation grown LiCoPO4 via ab initio solvothermal crystallization 

control 

 

Bridge: In Chapter 3, comprehensive analysis of surface and bulk crystal properties, combined with 

extensive electrochemical studies, has shed light on the intricate challenges associated with the 

hydrothermally (HT) synthesized LiCoPO4 (LCP). This research revealed two critical defects that 

significantly impact the material's performance: firstly, the formation of a resistive nano-scale 

Co(OH)2 surface passivation layer, and secondly, the presence of abundant anti-site defects during the 

synthesis and post-synthesis treatments. The Co(OH)2 surface layer, induced by surface hydrolysis in 

the alkaline synthesis environment, acts as a barrier to efficient Li-ion and electron transfer. This 

passivation layer effectively increases the overall resistance of the material, hindering its 

electrochemical performance. Concurrently, the abundance of anti-site defects, where cobalt ions 

occupy lithium sites in the crystal structure, is notably higher in HT-LCP samples compared to the 

solid-state (SS-LCP) counterparts. These structural imperfections severely impede the 

electrochemically driven intercalation process, which is crucial for the material's functionality as a 

cathode in Li-ion batteries. The combined effect of these defects explains the poor discharge capacity 

observed in HT-LCP materials. This realization underscores the need for alternative synthesis methods 

that can mitigate these issues and unlock the full potential of LCP as a high-V cathode material. 

 In response to these findings, Chapter 4 of this thesis focuses on developing a novel LCP 

crystal variety. This is pursued via ethylene glycol (EG)-based solvothermal (ST) synthesis followed 

by Argon (Ar)-annealing, specifically designed to address the fundamental limitations identified in 

the HT synthesis method. In conjunction with experimental validation, computational modeling using 

first-principles methods was employed to elucidate the mechanism of preferential orientation growth. 

These simulations revealed that ethylene glycol (EG) molecules play a critical role in modulating the 

interfacial energies of LCP crystal facets, facilitating this preferential growth. This novel design of 

LCP crystals results in shortened Li-ion diffusion pathways within the crystal structure, leading to 

superior electrochemical performance that achieves nearly theoretical full discharge capacity and 

superior rate capability—a milestone previously unattained. By addressing core issues at the crystal 

structure level, this research opens new avenues for the practical application of LCP in next-generation 

high-V Li-ion batteries. 
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“Attaining full Li-ion storage capacity in nearly defect-free and preferential orientation grown 

LiCoPO4 via ab initio solvothermal crystallization control”, Adv. Energy Mater., 2024, 2404404. 

Abstract 

Boosting energy density beyond the current status of Li-ion batteries is actively sought after 

yet it remains very challenging. One promising pathway towards this goal is the development of 

defect-free high-voltage cathode materials via novel crystal engineered approaches. In response to 

this demand, the present study focuses on synthesizing LiCoPO4, which is a high-voltage polyanionic 

compound, into nearly defect-free structure and preferential orientation grown crystals via 

solvothermal method using ethylene glycol (EG) as surface energy control medium. Notably, ab initio 

molecular dynamics simulations and density functional theory calculations elucidate the role of 

interfacial energy variations induced by EG molecule interaction with particular crystal facets of 

LiCoPO4 giving rise to the desired growth direction in comparison with hydrothermal method. In 

addition to solvent regulated crystal growth, Argon-annealing alleviates the undesired charge transfer 

resistance on the crystal surface by eliminating EG residue and further reduces the anti-site defect 

concentration, thereby engineering essentially highly ordered crystal structure. The novel LiCoPO4 

crystals are shown to possess nearly theoretical full discharge capacity (163.0 mAh g-1 and 774.7 Wh 

kg-1 at C/10) and superior rate capability (151.6 mAh g-1 and 716.9 Wh kg-1 at 1 C), a truly unmatched 

functionality offering new high-voltage cathode design possibilities. 

4.1. Introduction 

Rechargeable Li-ion batteries (LIBs) first introduced by Whittingham in 1976, have become 

an indispensable power source for portable electronic devices and electric vehicle transportation.1, 2 

LIBs consist of three main components, the two electrodes (Cathode-Anode) and the electrolyte. 

Among these components, the cathode active materials determine largely the total mass, cost, and 

performance of LIBs.3 With the expanding application of LIBs in electric vehicles, there exists an 

enormous demand for higher energy density, not delivered by conventional cathode materials such as 

LiNixCoyMn1-x-yO2 (NCM) and LiFePO4 (LFP).2, 4, 5 Consequently, there is a strong interest in 

developing high-voltage (high-V) cathode materials with robust structure.6 
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Lithium cobalt phosphate (LiCoPO4, LCP) with olivine-type crystal structure, has been 

recognized as a promising high-V cathode material owing to its superior theoretical energy density 

and excellent thermal stability by the virtue of relatively higher operating voltage (4.8 V × 167 mAh 

g-1 ≈ 800 Wh kg-1) and particular crystal structure.7 However, the practical application of LCP is still 

restricted by several limitations such as intrinsically low ionic and electronic conductivity and anti-

site defects (Co in Li site) that limit the attainment of its optimal capacity and compromise its 

cyclability.8-10 To unlock the full potential of LCP, it is imperative to control its crystal structure and 

morphology towards nearly zero-defects with shortened Li-ion diffusion length that can lead to 

enhanced kinetics.11, 12 

To enhance LCP kinetics, various methods such as pulverization and doping strategies have 

been intensively utilized. While pulverization offers the possibility of achieving high charge-discharge 

capacity for a few initial cycles, it imparts abundant anti-site defects in bulk crystal structure and 

induces severe side reactions with electrolyte at the interface.7, 13 The above-mentioned drawbacks are 

notably fatal in LCP but also in other high-V cathode materials.14 It is well understood that anti-site 

defects interrupt the one-dimensional (1-D) Li-ion diffusion pathway, which combined with enlarged 

surface area and high operating voltage creates a notorious ensemble further accelerating electrolyte 

decomposition, negatively affecting cycling.15, 16 Additionally, the pulverization method leads to a 

nano-size distribution of the resulting powder yielding poor tap density and low volumetric energy 

density desirable in large-scale applications.17, 18 

Alternatively, through employing doping strategies, improved structural features can be 

realized that are able to suppress anti-site defect formation upon cycling tests and enhance the kinetics 

by creating Li and/or Co vacancies via aliovalent dopants.19, 20 While some LCP doping advances 

were experimentally verified, charge compensation with increasing dopant concentration and narrow 

cut-off voltage (4.3-5.0 V vs. Li/Li+) results in a decline from the theoretical capacity value.21 Besides, 

existing research on LCP reveals a significant imbalance, with most studies focusing on cation 

substitution rather than fundamental investigations of the material itself. This lack of comprehensive 

crystal studies on pure LCP indicates a critical gap in understanding of its intrinsic properties 

hindering the development of more effective strategies for improving the electrochemical 

performance of LCP as a cathode material. 

In this work, we designed micron-scale and preferentially grown LCP particles incorporating 

the defect-free olivine crystal structure as a practical cathode material delivering nearly full discharge 

capacity and energy density in addition to the enhanced rate capability. The synthesis of this new LCP 
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crystal variety is accomplished solvothermally using ethylene glycol (EG) guided by ab initio 

computational crystal modeling. The morphological and structural advantages of utilizing EG as a 

solvent were confirmed by both experimental characterizations (XRD, Rietveld refinement, SEM, and 

TEM) and computational approaches including ab initio molecular dynamics (AIMD) simulation and 

density functional theory (DFT) calculation. Additionally, particular attention was paid to 

characterizing the electrochemical properties of our LCP samples–hydrothermal (HT-LCP), 

solvothermal (ST-LCP), and solvothermal-annealed (ST-A-LCP)–to correlate their functionality in 

terms of Li-ion diffusivity and storage capacity to their crystal structure properties. Our work offers 

new insight into the EG-regulated crystal formation mechanism and the elimination of surface and 

bulk anti-site defects that have limited so far, the Li-ion intercalation kinetics and storage capacity of 

LCP as high-V cathode model 

4.2. Experimental section 

4.2.1. Material preparation 

Hydrothermally and solvothermally synthesized lithium cobalt phosphate (HT-LCP and ST-

LCP) were fabricated using lithium hydroxide monohydrate (98 % LiOH·H2O, Sigma-Aldrich), 

cobalt (II) sulfate heptahydrate (99 % CoSO4·7H2O, Sigma-Aldrich), phosphoric acid (85 % aqueous 

solution, H3PO4, Fisher Scientific), ethylene glycol (EG, 99 % C2H6O2, Sigma-Aldrich) as a solvent, 

ammonium hydroxide solution (NH4OH, 28.0-30.0 % NH3 basis, Sigma-Aldrich) for pH control, and 

L-Ascorbic acid (99 % C6H8O6, Sigma-Aldrich) as a reducing agent. For HT-LCP synthesis, the 

detailed procedures can be found in our previous work.7 For ST-LCP, LiOH·H2O, CoSO4·7H2O, and 

H3PO4 were dissolved and blended in 200 mL of EG solvent (more details in the Supporting 

Information) on three different molar ratios of Li/Co/PO4 = x/1/1 (x = 1, 1.5, and 2), while maintaining 

the concentration of CoSO4 and H3PO4 is fixed at 0.4 M. Afterwards, the pH of the precursor solutions 

was adjusted at 9 with NH4OH added dropwise. To investigate the evolution of precipitation reactions 

during ST synthesis, slurry samples were collected from the autoclave (Parr 4888 model) via a dip 

tube under pressure at various temperatures (25-100-150-200-260 oC) and reaction times (0-2-4-6 

hours). For the subsequent Ar-annealing treatment, the as-synthesized ST-LCP was transferred to an 

MTI mini tube furnace (model OTF-1200X) and heated at 700 oC for 1 h with continuous Ar gas flow. 

The samples after Ar-annealing treatment are denoted as ‘ST-A-LCP’. 
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4.2.2. Material characterizations 

Powder X-ray diffraction (PXRD) patterns were collected with Bruker D8 Discovery X-ray 

diffractometer using Co Kα radiation with the wavelength (λ) of 1.78892 Å from 2θ = 10 to 80 °. 

Crystal structure information for lattice parameters, grain size, and anti-site defect concentration was 

fitted and estimated by XRD Rietveld refinement using TOPAS Academic V5 software. The 

morphology of LCP samples was evaluated with Hitachi cold-field emission SU-8000 scanning 

electron microscope (CFE-SEM). The Thermo Scientific Talos F200X G2 STEM was used with an 

accelerating voltage of 200 kV for transmission electron microscope observation (TEM), high-

resolution TEM (HR-TEM), energy dispersive spectroscopy (EDS) mapping and line spectrum results. 

X-ray Photoelectron Spectroscopy (XPS) measurements were carried out with Thermo Scientific K-

Alpha using an aluminum (Al) Kα micro-focused monochromator. XPS data processing was 

performed with the Avantage data system for peak fitting. 

4.2.3. Computational methodology 

4.2.3.1. Surface energy calculation 

The surface energy of clean surface (γ) is calculated using following equation: 

𝛾 =
1

2𝐴
(𝐸𝑠𝑙𝑎𝑏 − 𝑛𝐸𝑏𝑢𝑙𝑘)         [1] 

where A denotes the area of the surface unit cell, Eslab is the energy of the slab supercell, n is the 

number of atoms in the slab supercell, and Ebulk is the energy of the bulk structure per atom. The 1/2 

factor accounts for two surfaces of a slab supercell. 

The surface energy after molecule adsorption (γ') is evaluated using following equation: 

𝛾′ = 𝛾 −
1

2𝐴
(𝑛′𝐸𝑑)          [2] 

where γ denotes the surface energy before adsorption, n' is the number of adsorbed water (H2O) or 

EG molecules on the slab supercell, and Ed is the adsorption energy of H2O or EG molecules. 

The surface energy change (Δγ) is straightforwardly described as the difference between 

surface energy after adsorption (γ') and before adsorption (γ) using following equation: 

∆𝛾 = 𝛾 − 𝛾′      [3] 
where a lower Δγ value indicates the surface after adsorption is thermodynamically more stabilized. 

However, the Δγ changes based on diverse adsorption configurations involving different atoms 

and orientations of solvent molecules on LCP facets in response to variation of local surface 

composition and molecular solvent groups. Therefore, AIMD simulations were conducted to generate 
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unbiased absorption configurations for six distinct systems consisting of three primary crystal facets 

((100), (010), and (001)) and two types of solvent molecules (H2O or EG). Ten adsorption 

configurations for each system were created with surface dangling bonds minimized and fully relaxed 

in these configurations using DFT. 

4.2.3.2. AIMD simulation and DFT calculation 

AIMD simulations and DFT calculations were performed using the Vienna ab initio 

Simulation Package, employing the Perdew–Burke–Ernzerhof functional for generalized gradient 

approximation (GGA) exchange-correlation.22, 23 A Hubbard U correction (GGA + U) was applied to 

Co, using a U value of 3.32 eV.24, 25 To accommodate van der Waals forces, all our calculations 

employed Grimme's zero damping DFT-D3 method, setting IVDW = 11.26 In the DFT calculations, 

plane-wave cut-off energies of 520 eV for bulk and 600 eV for slab LCP structures were utilized. The 

relaxation of structures continued until forces on each atom were below 0.02 eV. An 8 × 8 × 8 k-point 

mesh was employed for bulk calculations, and a 2 × 2 × 1 k-point mesh was used for slab calculations. 

For the generated (100), (010), and (001) slab structures (Li16Co16P16O64), half of the structures 

(Li8Co8P8O32) from the vacuum layer were considered as the surface layers, while the remaining 

(Li8Co8P8O32) were assumed to be bulk layers. Each slab system was taken to have vacuum layers of 

approximately 10 Å. 

AIMD simulations were conducted under the canonical ensemble (NVT) using a Nosé-Hoover 

thermostat with an 80 fs period. Starting at 100 K, temperatures were ramped up to 1,000 K over 300 

time steps and held constant for 4,000 time steps (4 ps). To minimize computational cost, plane-wave 

energy cutoff of 400 eV and gamma-centered 1 × 1 × 1 k-point mesh were utilized. Atomic 

configurations were sampled at 1,000 K during AIMD simulations and fully relaxed using DFT. The 

initial 1,000 time steps were disregarded due to the equilibration process, and one configuration was 

constrained to 300 time steps to ensure variation in configurations. 

4.2.4. Electrochemical characterization  

To fabricate the cathode electrode slurry, the active material (HT-LCP, ST-LCP, and ST-A-

LCP), acetylene black (Alfa Aesar) as conductive carbon, and polyvinylidene fluoride (PVDF, 

(C2H2F2)n, Sigma-Aldrich) binder were mixed in 1-methyl-2-pyrrolidone (NMP, 99.5 % C5H9NO, 

Sigma-Aldrich) solvent with a weight ratio of 7:2:1 corresponding to 140, 40, and 20 mg respectively. 

The slurry was pasted on a high-purity Al foil current collector, and then dried overnight at 80 °C in 

a vacuum oven. The mass loading of cathode electrodes is an average 2.0-2.5 mg cm-2. Lithium metal 
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chips (MSE Supplies) and polypropylene film (Celgard 2200) were used as anodes and separators. 

The customized electrolyte solution (5 mL) was prepared with 1 M of lithium hexafluorophosphate 

(> 97 % LiPF6, TCI Chemicals) solution in a 1:1:3 (vol.%) mixture of ethylene carbonate (EC, 99 % 

(CH2O)2CO, Sigma-Aldrich), propylene carbonate (PC, 99.7 % CH3C2H3O2CO, Sigma-Aldrich), and 

dimethyl carbonate (DMC, 99 % H3COCOOCH3, Sigma-Aldrich) electrolyte and 2 wt. % 

tris(trimethylsilyl) phosphite (95 % [(CH3)3SiO]3P, Sigma-Aldrich) as high-V stabilizing additive.20 

All electrochemical measurements were performed on Swagelok cells assembled in an Ar-filled 

glovebox. The galvanostatic charge-discharge profile was measured on Arbin cycler (BT2403). The 

battery cycling test was carried out at different C-rates (1 C = 167 mAh g-1) in the voltage range of 

3.5–5.0 V vs. Li/Li+. Galvanostatic intermittent titration technique (GITT) measurements were 

conducted during 5th cycle at C/2 (10 min pulse and 30 min rest) in the same voltage range with the 

galvanostatic charge-discharge profile. Cyclic voltammetry (CV) measurements were made by using 

an electrochemical workstation (Bio-Logic) at the specific conditions between 3.5-5.0 V vs. Li/Li+ 

with various scan rates 0.1, 0.25, and 0.5 mV s-1. The stability of electrolyte at high-V was investigated 

via Linear sweep voltammetry (LSV) at 3.5-5.5 V vs. Li/Li+ and 2 mV s-1 scan rate. Electrochemical 

Impedance Spectroscopy (EIS) analysis of the pristine working electrodes was conducted using Bio-

Logic in potentiostatic mode between 1 MHz and 10 mHz. Nyquist plots were fitted using ZView® 

software. 

4.3. Results and discussion 

4.3.1. Impact of Li content on ST-LCP crystal structure 

As the first step, stoichiometric and over-stoichiometric Li concentrations were introduced 

into the cobalt phosphate base composition using molar ratios of Li/Co/P = x/1/1 (x = 1, 1.5, and 2). 

Tailoring the Li molar ratio can be a key factor to not only modulate the preferred crystallographic 

orientation but also reduce anti-site defect occurrence during ST synthesis. Previous work by Paolella 

et al. has established that a Li+/Fe2+ ratio of 2:1 near the surface of forming LFP crystals during HT 

synthesis is critical in eliminating anti-site defects via cation exchange.27 This is corroborated by the 

XRD patterns (Figure 4.1a), indicating that (200) and (020) facets were subject to considerable 

changes with the excess Li content while the intensity of other peaks remained relatively similar. 

Consequently, ST synthesis utilizing Li over-stoichiometry can readily reduce the length of the (200) 

crystal plane in parallel to the b direction, which is the actual Li-ion diffusion pathway.8, 28 As we will 
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discuss in the following sections 4.3.3, this shortened Li-ion diffusion length can critically enhance 

kinetics and result in improved rate capability. 

Figure 4.1. (a) XRD patterns (b) crystallographic information including relative XRD peak ratio of 

(020) / (200), grain size, and anti-site defect concentration of LCP samples via ST synthesis with 

different Li molar ratios; morphology and crystal orientation of ST-LCP via (c) SEM, (d) TEM, and 

(e) HRTEM; atomic arrangement investigations of ST-LCP with (f) TEM elemental mapping, (g) EDS 

spectrum, and (h) Line scan. 

In addition, Figure 4.1b integrates the crystal structure information including the relative peak 

ratio of (020) / (200), grain size, and anti-site defect concentration using Rietveld refinement of the 

corresponding XRD patterns exhibited in Figure A.3.1 and Table A.3.1. With increased Li 
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concentration, one would expect oversaturation in precursor solution leading to increased nuclei 

density and consequently smaller grains.29, 30 However, from the result of Rietveld refinement in 

Figure 4.1b, it can be seen that increasing Li molar ratio leads to enlarged grain size. This observation 

can be attributed to using EG as a polar and surface active solvent.31, 32 We believe that increasing the 

over-stoichiometric Li concentration can lead to increased nuclei density. However, EG is able to 

modulate the complex interplay between nucleation and growth favouring formation of larger-sized 

grains. Indeed, it can be confirmed by SEM images shown in Figure A.3.2 that the grain size was 

enlarged as the Li molar ratio increased, supporting our argument. Thus far, we have shown that 

growth-dominated LCP synthesis, using the ST method and EG as solvent, offers a promising pathway 

for reducing anti-site defect concentration (< 1 %). Since the specific molar ratio of Li:Co:P = 2:1:1 

produced the most suitable structural properties (as shown in Figure 4.1a-b), further characterizations 

including morphology and elemental distribution were performed on this structure which will be 

denoted as ‘ST-LCP’. 

To further monitor the evolution of precipitation products during ST synthesis, slurry samples 

were systematically collected at various temperatures, ranging from room temperature to the target 

temperature for ST synthesis (260 oC). The collected samples were subsequently dried, and 

characterized via XRD analysis. As shown by the XRD results in Figure A.3.3a, the precipitate 

initially produced at room temperature primarily consists of Co5(PO4)2(OH)4, Li(NH4)SO4, and LiPO3. 

As the temperature increases to 200 oC, most of these precipitated compounds have transformed to 

the intermediate LCP phase with the Pna21 space group. Upon reaching the target temperature of 260 

oC, the final LCP phase (space group: Pnma) is seen to have crystalized, with only a small amount of 

intermediate LCP (space group: Pna21) remaining. With prolonged ST holding time at 260 oC (Figure 

A.3.3b), the LCP (space group: Pna21) phase finally and fully evolves into pure Pnma LCP phase 

with high crystallinity. In other words, as also has been established in the case of LFP crystallization,27 

it is assumed the early-forming cobalt phosphate hydroxylate, Co5(PO4)2(OH)4 via cation exchange 

with Li-ions transforms to LCP, first as the kinetically favorable Pna21 LCP phase, which ultimately 

rearranges into the stable Pnma LCP phase. The role of excess Li, as per the LFP formation model,27 

is to build a Li-ion dominating layer near the surface of the precursor Co5(PO4)2(OH)4 to drive the 

cation exchange transformation into LCP with concomitant elimination of anti-site defects. It is further 

hypothesized that such Li-ion surface accumulation is better accomodated in the EG solvent than in 

H2O due to difference in viscocity between the two solvents (EG: 18.38 cP vs. H2O: 1 cP at 20 oC).33, 

34 
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To verify the morphological evolution and crystal orientation of ST-LCP, SEM and TEM 

techniques were applied and the obtained images are displayed in Figure 4.1c-e. Unlike the other two 

LCP samples with the stoichiometric composition (1:1:1) and 50 % excess of Li (1.5:1:1) shown in 

Figure A.3.2, ST-LCP demonstrates a preferential orientation growth extending from the core section. 

The micron sized ST-LCP particles have a width of about 200 nm, resulting in very thin rod-shaped 

microstructure as shown in Figure 4.1c. Furthermore, crystal orientations of ST-LCP were defined 

based on the lattice parameters, obtained from TEM and HRTEM shown in Figure 4.1d-e. The d-

spacing value in the horizontal direction is 1.02 nm, which is consistent with a direction. Likewise, 

the d-spacing value in the longitudinal direction is 4.70 nm with 10 atomic layers, which coincides 

with the c direction. Therefore, the b direction along which Li-ion diffusion takes place is not the 

longitudinal direction of ST-LCP. Overall, these findings are corroborating the progressively 

shortened Li-ion diffusion pathway along b direction with increasing over-stoichiometric Li contents. 

Moreover, the elemental homogeneity of ST-LCP particle was probed via TEM mapping, EDS 

spectrum, and line scan displayed in Figure 4.1f-h. These results clearly indicate that the as-

synthesized ST-LCP particles possess high purity as well as uniform distribution of Co, P, and O 

throughout the entire crystal structure at the nanoscale level. 

4.3.2. Anisotropic growth mechanism of ST-LCP through computational modeling 

We attribute the preferential anisotropic growth mechanism of ST-LCP along the c direction 

to the beneficial role of EG during ST synthesis in comparison with H2O solvent in HT synthesis. To 

validate our hypothesis, in-depth computational studies were undertaken with the incorporation of 

AIMD simulation and DFT calculation. Considering the progressively increasing grain size, the 

growth-favouring environment was effectively induced in both HT and ST synthesis by regulating the 

degree of supersaturation with over-stoichiometric Li contents. However, ST-LCP using EG as a 

solvent demonstrates the anisotropic growth unlike HT-LCP which grows isotropically (as shown in 

Figure A.3.4). In terms of thermodynamics, we postulate that this difference may originate from the 

relative surface energy differences due to solvent molecule adsorption on separate LCP facets. Thus, 

our intention is narrowed down to understand the growth mechanism of LCP crystals accompanying 

the adsorption process of a single molecule of two solvents (H2O and EG) on each of LCP crystal 

facets and their surface energy changes (Δγ) accordingly. 

Prior to the adsorption of solvent molecules, it is necessary to construct the model of each LCP 

facet to obtain the intrinsic surface energy before adsorption as a baseline. Based on previous research, 
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the slab structure of Li16Co16P16O64 was generated from the optimized bulk LCP structure (space 

group: pnma), incorporating the lowest Miller indices, (100), (010), and (001).35 Details on the surface 

termination of each LCP facet are provided in Figure A.3.5.  

Figure 4.2. (a) Optimized outermost three atomic layer models of LCP facets; (b) surface energy and 

(c) Wulff vector length changes after mono-solvent molecule (H2O and EG) adsorption via 

AIMD/DFT; (d) atomic-scale adsorption configurations of H2O and EG on LCP facets. 

Figure 4.2a depicts the slab structure of the (100), (010), and (001) facets, with surface 

energies of 1.130, 1.070, and 1.253 J m-2, respectively, showing a trend of (010) < (100) < (001) that 

aligns well with the reference. We note that the entire number of atoms in our model (Li16Co16P16O64) 
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is downgraded compared to the reference (Li36Co36P36O144) to reduce the computational cost of AIMD 

calculations; however, despite the reduced model size, the overall trends agree well with those 

reported in the literature. 

Afterwards, we observed how a single H2O/EG solvent molecule is adsorbed with AIMD 

simulations and how much the surface energy is thermodynamically stabilized on different LCP facets 

via DFT calculation to examine the preferential growth mechanism of ST-LCP. Figure 4.2b exhibits 

the surface energy changes after the single-molecule adsorption of H2O and EG on each LCP facet 

obtained from AIMD/DFT. Ten representative adsorption configurations of a single solvent molecule 

on each LCP (100), (010), and (001) facets were generated, and the lowest Δγ for individual cases was 

selected for comparison. For H2O adsorption, the lowest Δγ of (100), (010), and (001) LCP facets 

were calculated to be -0.025, -0.026, and -0.025 J m-2 indicating marginal surface stabilization. Yet, 

for EG adsorption, the lowest Δγ of (100), (010), and (001) LCP facets are -0.036, -0.039, -0.025 J m-

2 demonstrating the magnitude of surface energy changes after the adsorption is more significant for 

ST-LCP in comparison to HT-LCP. These computational findings, based on unbiased adsorption 

configurations from AIMD simulations, provide more accurate insights into our experimental results 

by comparison to sole reliance on DFT calculations–as evidenced by Figure A.3.6–only. 

Moreover, it must be noted that the morphology of final products is determined by the relative 

surface energy among three crystal facets upon growth process.36-38 With pre-calculated surface 

energies (γ and γ' for both solvents) as input values, the equilibrium shape of the LCP crystal after the 

adsorption of H2O and EG can be determined using the Wulff construction. In this method, the surface 

energy influences the relative shape and proportions of the crystal by determining the relative sizes of 

its facets in the crystal model. The energy of each specific surface is represented by the length of a 

vector extending perpendicularly from the crystal core to that surface. This Wulff vector length is 

proportional to the surface energy, and the equilibrium shape of the crystal is determined by the inner 

envelope formed by these vectors. In Figure 4.2c, the Wulff vector lengths along the [100] and [010] 

axes decreased by -2.26 and -2.49 % after H2O adsorption, respectively. For comparison, the length 

decreases were -3.29 and -3.78 % after the EG adsorption along these same axes. The results show 

that the length changes along the [100] and [010] axes with EG are at least 45 % greater compared to 

those observed with H2O. On the other hand, the Wulff vector length along [001] axis decreased by -

2.02 and -2.04 % after the adsorption of EG and H2O, correspondingly.  

We further confirmed that as the number of adsorbed molecules (EG or H2O) increases from 

one to two, EG shows a stronger preference for anisotropic growth compared to H2O (Figure A.3.7). 
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However, in multi-molecule systems, intermolecular interactions arise, significantly impacting the 

surface energy, particularly for EG due to its larger size and more complex structure compared to H2O. 

To account for this, we restricted our calculations to systems with a maximum of two adsorbed 

molecules per surface. It is challenging to accurately quantify surface energy changes to describe the 

experimental observations in crystal morphology via single- or two-molecule adsorption simulation. 

Nevertheless, this computational modeling analysis based on AIMD/DFT demonstrates its feasibility 

in predicting the observed anisotropic growth trend along the c direction, highlighting the significance 

of this approach in crystal engineering. 

In order to probe the adsorption mechanisms further, we analyzed the most stable 

configurations in six systems, assigning case numbers from 1 to 6 for each system shown in Figure 

4.2d. In all configurations, phosphorus (P) in LCP already formed strong covalent bonds with four 

surrounding oxygen (O) atoms. Thus, no interaction is observed between P and solvent molecules. 

Instead, each lithium (Li) or cobalt (Co) atom in LCP formed bonds with the O atoms in either H2O 

or EG molecule. It is noted that each Li or Co atom bonds with six surrounding O atoms in a bulk 

LCP structure, whereas they bond with one to six neighboring O atoms at the outermost layers 

(including up to the second layer from the vacuum layer) in pristine slab structures. 

On the (100) facet (Case: 1 and 4), Co atoms in the first layer have three dangling bonds; in 

contrast, Li atoms in the second layer do not have a dangling bond. Thus, the (100) facet is stabilized 

by reducing the dangling bond of Co by forming a Co (in LCP) – O (in H2O or EG) bond. Likewise, 

on the (010) facet (Case: 2 and 5), Li atoms in the first layer have three dangling bonds. However, Co 

atoms in the second layer have solely one dangling bond. Therefore, the (010) facet is stabilized by 

reducing the larger number of dangling bonds of Li by forming the Li (in LCP) – O (in H2O or EG) 

bond. Notably, two O atoms in the EG molecule bond with two Li atoms in LCP (Case: 5), indicating 

the lowest Δγ in all configurations. Comparing two other facets, each Li and Co atom is positioned in 

the second layer of (001) facet with three dangling bonds. Although the Li-O bond is stronger than 

the Co-O bond, the O atom of EG preferentially bonds with the Li atom rather than Co atoms during 

adsorption.39 This suggests another compensating factor, likely the electrostatic repulsion between the 

O atoms in LCP and EG when EG bonds with a Co atom. In the second layer, each Co atom bonds 

with an O atom diagonally above it, increasing the possibility of O (in LCP) – O (in EG) electrostatic 

repulsion, while each Li atom bonds with the O atoms directly below it, reducing the likelihood of 

this repulsion (see Figure 4.2a). 
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To investigate the superior stabilizing effect of EG on the (100) and (010) facet compared to 

the (001) facets, we examined the interaction of the O-H bond in EG solvent with LCP surfaces. 

Previous research on the adsorption configuration of EG on platinum (Pt) surfaces has emphasized 

the significance of how the two O-H bonds in EG interact with a Pt surface.40 For example, 

configurations, where both O-H bonds in EG are positioned close to and interact with the Pt surface, 

show more stable energy compared to configurations where only one O-H bond is positioned near the 

Pt surface (with the other O-H bond placed further away from the surface). In this regard, the LCP 

(100) and (010) facets, where both O-H bonds in EG are closely positioned to the outermost atomic 

layer, would contribute more to surface stabilization compared to the LCP (001) facet, where only one 

O-H bond is positioned near the surface, with the other O-H placed away from LCP. We anticipate 

that the atomic arrangement of the LCP (100) and (010) facets enhances the interaction with the O 

atoms in EG, resulting in lower Δγ values compared to the (001) facet. Conversely, in the case of H2O 

adsorption, since one O-H bond of H2O molecule bonds with each LCP facet, comparable Δγ values 

are observed in all cases. 

Thus far, numerous studies have attempted to achieve the anisotropic growth of LCP crystals 

by applying diverse organic solvents and additives to control the Li-ion diffusion length without a 

definitive answer for the growth mechanism.12, 41 Herein, we report that the preferential growth along 

c direction can be manipulated by adjusting the surface energy of each facet, facilitated by switching 

the solvent from H2O to EG. With the newly discovered knowledge through our computational 

modeling work, we will probe next the positive implications in terms of the shortened diffusion length 

of ST-LCP on Li-ion diffusivity. 

4.3.3. Enhanced Li-ion diffusion coefficient in ST-LCP crystal structure 

To obtain insights into the Li-ion diffusion kinetics in preferentially grown ST-LCP crystals 

with the shortened diffusion pathway, we implemented a galvanostatic intermittent titration technique 

(GITT) analysis on both HT-LCP and ST-LCP. Basically, Li-ion diffusivity is one of crucial kinetic 

parameters governing the electrochemical properties of cathode materials, especially for 1-D 

polyanionic Li-ion diffusor such as LCP. Hence, the current study aims to investigate Li-ion diffusivity 

of our LCP samples during the charge and discharge process. Note that our GITT results were 

collected from the 5th cycle with the relatively accelerated C-rate for the shortened periods (C/2, 10 

min pulse and 30 min rest) to focus on the substantive Li-ion diffusivity by avoiding the considerable 

initial charge capacity caused by severe side reactions.42 
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Figure 4.3a-b exhibit the magnified GITT profiles as a function of the measurement time. This 

profile reveals that ST-LCP exhibits a notable reduction of overpotential compared to HT-LCP 

regarding the potential where plateaus are located. In addition, the inset image shows the whole profile 

indicating the number of relaxation steps was obviously enlarged from 2 to 9 upon charge and from 1 

to 8 upon discharge, respectively. In our previous study, we verified the fundamental limitations of 

H2O-based synthesized HT-LCP and determined to be suffering from formation of Co(OH)2 surface 

insulating layer and abundant bulk structure defects.7 And we now note in comparison to the 

performance of ST-LCP, how these critical factors affect Li-ion intercalation dynamics unfavorably 

during charge and discharge steps resulting in imperfect voltage profile and capacity. 

Figure 4.3. Galvanostatic intermittent titration technique (GITT) analysis of HT-LCP and ST-LCP 

during the 5th cycle in the voltage range of 3.5-5.0 V vs Li/Li+ at C/2. (a-b) GITT profiles as a function 

of the measurement time (The inset image shows the whole GITT profile); (c-f) voltage relaxation 

upon charge and discharge. 

In more detail, surface composition homogeneity and improved elemental distribution were 

achieved by switching the solvent to EG, as evidenced by the XPS O 1s spectra (Figure A.3.8a) that 

confirm the absence of Co-OH bonds, unlike HT-LCP. Besides, the anti-site defect concentration 

based on Rietveld refinement (Figure A.3.8b) is significantly reduced (from 9.14 to 0.86 %). These 

two changes kinetically promote Li-ion transport inside the crystal structure and at cathode-electrolyte 

interface. Previous studies have systematically shown, using DFT calculations, that anti-site defects 
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significantly hinder Li-ion diffusion in olivine materials like LiMPO4 (M = Fe, Mn, Co, and Ni), 

which have a 1-D Li-ion diffusion channel.43 Thus, the elimination of these defects results in 

remarkable performance improvement of ST-LCP in terms of enhanced Li-ion storage capacity as 

shown in Figure A.3.9 presenting the GITT profiles as a function of capacity. 

Also, the voltage relaxation in the GITT curves is determined by two intrinsic components: (i) 

prompt relaxation (Charge-transfer resistance at the electrode-electrolyte interface and Ohmic drop, 

CT/IR), which is manifested by linear drop instantly after the current is cut-off, and (ii) time-reliant 

relaxation (Mass-transfer resistance relating to bulk Li-ion diffusion in crystal structure, MT) which 

is manifested by non-linear curve during each of rest periods.44 As summarized in Figure 4.3c-f, ST-

LCP exhibits tremendously mitigated CT/IR and MT resistances compared to HT-LCP. Except for the 

CT/IR in the discharge step, we observed a significant decrease in CT/IR resistance (about 12.8 times 

smaller) upon charge and MT resistance (30.4 and 20.3 times smaller) upon charge and discharge 

respectively. We attribute the decreased voltage relaxation to not only the elimination of defects from 

which HT-LCP suffers (Removal of Co(OH)2 insulating surface layer and abundant anti-site defects) 

but also to preferential crystal orientation benefits (Shortened Li-ion diffusion pathway) endowed by 

the specific crystal plane surface energy action of EG during ST synthesis. Furthermore, Figure A.3.10 

provides the overall trend of Li-ion diffusivity values for both HT-LCP and ST-LCP, as determined 

from the voltage relaxation results. 

As mentioned previously, contrary to ST synthesis, other methods such as mechanochemical 

nanosizing and cation substitution result in detrimental side reactions with electrolyte that limit the 

accessible capacity due to the charge compensation deficit.13, 21 Hence, we further narrowed our focus 

on optimizing the outcome from ST method. In one strategy to address this goal and following 

previous works in the literature, Ar-annealing was performed post ST synthesis (which will be referred 

to as ST-A-LCP).12, 21, 45 As corroborated by comparing the C 1s spectra in XPS measurement (Figure 

A.3.11a-b), organic compound incorporating carbon and oxygen (O=C-O and C-O bonding) still 

persists on the surface of ST-LCP despite the washing steps and it is only alleviated after Ar-annealing 

treatment. This organic residue causes extra CT resistance at the interface with the electrolyte (Figure 

A.3.11c). Moreover, while the morphology (Figure A.3.12a-b) and XRD peaks (Figure A.3.12c) are 

not modulated, Ar-annealing further reduces the defect concentration approaching to nearly defect-

free crystal structure from 0.86 to 0.01 % (Figure A.3.12d) based on the Rietveld refinement results 

(Figure A.3.12e and Table A.3.2). Accordingly, the synthesized HT-LCP, ST-LCP, and ST-A-LCP were 

fabricated into cathodes and tested next to investigate how the enhanced Li-ion diffusivity of the 
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highly ordered and preferentially oriented LCP crystals impacts the overall electrochemical 

performance. 

4.3.4. Electrochemical characterization of HT-LCP, ST-LCP, and ST-A-LCP 

In order to investigate the electrochemical behavior of HT-LCP, ST-LCP, and ST-A-LCP, CV 

tests were run and the obtained results are plotted in Figure 4.4a-c. For the initial CV cycle with the 

voltage scan rate at 0.1 mV s-1 rate, the potentials at which the current signals occur are similar for the 

two HT-LCP and ST- LCP samples. Meanwhile, the current density of ST-LCP is larger than that of 

HT-LCP, but as the cycle progresses, the current density of both LCP samples dramatically decreases, 

and the position of peaks is gradually polarized due to rising resistances. Furthermore, the two peaks 

corresponding to oxidation and reduction are combined into broad and flattened profiles. On the 

contrary, the current density of ST-A-LCP is obviously superior to that of HT-LCP and ST-LCP. The 

total current density and the two redox peaks are clearly consistent and well-maintained even after 

five CV cycles owing to the lower amount of overpotential in ST-A-LCP. Additionally, the ratio of the 

two oxidation/reduction peaks is very close to the ideal behavior predicted for LCP based on two-

phase reactions with the intermediate phase (Li2/3(Co2+)2/3(Co3+)1/3PO4).
20, 42, 46 For additional insights, 

Figure A.3.13 presents extra CV results at different scan rates to evaluate redox peak currents, 

overpotentials, and calculate Li-ion diffusion coefficients through the Randles–Ševčík equation. 

Likewise, the evolution of specific charge-discharge capacity for different C-rates is depicted 

in Figure 4.4d-f. HT-LCP exhibits progressively reduced initial discharge capacity of 45.8, 39.6, 31.6, 

and 24.9 mAh g-1 at C/10, C/5, C/2, and 1 C. Despite the advantages regarding morphological and 

structural improvements via the ST method, ST-LCP exhibits progressively reduced initial discharge 

capacity of 127.1, 120.3, 112.5, and 107.7 mAh g-1 at C/10, C/5, C/2, and 1 C accordingly. We believe 

that the unique morphology and reduced concentration of anti-site defect through ST synthesis would 

guarantee the relatively higher accessible initial discharge capacity at a slow C-rate, but the anti-site 

defects still prove to be fatal with respect to the kinetics (Li-ion diffusion in LCP crystal structure). 

On the other hand, ST-A-LCP delivers a relatively consistent initial discharge capacity of 163.0, 162.9, 

159.6, and 151.6 mAh g-1, approaching to the theoretical value (167 mAh g-1), even at the gradually 

increasing C-rate from C/10 to 1 C. 
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To further identify the plateau positions and overpotential, the differential capacity (dQ/dV) 

based on the voltage profile of the 2nd charge-discharge cycle of HT-LCP, ST-LCP, and ST-A-LCP at 

1 C is shown in Figure 4.4g. As mentioned earlier, the intercalation process of Li-ion in LCP crystal 

structure is carried out in two stages due to the intermediate phase. Thus, intuitively, one should be 

able to detect distinctive double peaks or plateaus in CV, dQ/dV, and voltage profiles to determine the 

target materials operating flawlessly. Above all, HT-LCP represents a relatively smaller differential 

capacity value and higher polarization compared to the other two LCP samples. In addition, HT-LCP 

displays a singular peak during the reduction indicating the discharge process.  

Figure 4.4. Electrochemical behavior of HT-LCP, ST-LCP, and ST-A-LCP verified through (a-c) CV 

within the voltage range 3.5-5.0 V vs. Li/Li+ at a scan rate of 0.1 mV s-1; (d-f) rate capability at various 

C-rates from C/10, C/5, and C/2, to 1 C; (g) differential capacity for the 2nd cycle at 1 C; (h) capacity 

retention and Coulombic efficiency of ST-A-LCP during cycling within the voltage range 3.5-5.0 V 

vs. Li/Li+ at 1 C. 
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Again, we believe this electrochemically non-ideal behavior of HT-LCP results from the 

defect-prone HT synthesis method.7 Meanwhile, for both ST-LCP and ST-A-LCP, two well-separated 

peaks are observed for each charge and discharge process, which correspond to the optimal Li-ion 

intercalation process. In particular, considering the peak intensity, it can be seen that the total capacity 

of ST-A-LCP is much higher than that of ST-LCP. Moreover, the peak positions of ST-LCP are shifted 

towards higher potentials, which reflects a larger overpotential associated with the redox-driven 

extraction and insertion of Li-ions. This trend can be explained by the benefits of ST synthesis and 

Ar-annealing treatment resulting in the shortening of the Li-ion diffusion pathway and mitigating the 

anti-site defect occurrence during synthesis. By taking advantage of EG to control the crystal growth 

during ST synthesis and Ar-annealing, we have successfully engineered the best performing yet LCP 

crystal variety regarding to Li-ion diffusion length and anti-site defect concentration. Thus, our 

engineered LCP crystals achieve nearly theoretically accessible discharge capacity and improved rate 

capability, unmatched in comparison to previously reported LCP materials fabricated via other 

synthesis methods. 

In terms of prolonged cycling, Figure 4.4h exhibits the evolution of charge-discharge capacity 

and Coulombic efficiency of ST-A-LCP at 1 C. The discharge capacity at 1 C starts from the nearly 

theoretical value, 151.6 mAh g-1 dropping to 93.4 mAh g-1 after 100 cycles which corresponds to 

61.65 % retention. Figure A.3.14 summarizes the capacity retention results of ST-LCP and ST-A-LCP 

at different C-rates. There we can see both samples to achieve higher initial discharge capacities at 

slower C-rates but to record higher capacity fade. It should be noted that the electrolyte was prepared 

with a stabilizing additive, TMSP with the LSV analysis (plotted in Figure A.3.15) slowing 

insignificant current density of 0.01 mA cm-1 at 5.0 V vs. Li/Li+. Notwithstanding the issue of complex 

dependency of capacity fade on C-rate, an issue for future study, the recorded capacity fade at 1 C rate 

(Figure 4.4h), is very promising as surpasses in a major way previous LCP cathode works opening an 

unexplored crystal engineering avenue to attain desired cycling stability via surface and composition-

based modification strategies. 

In principle, the reason behind capacity fade in LCP materials has been a topic of debate with 

the major culprits thought to relate to interfacial degradation and structural deformation due to high-

V operation.48-50 Given that a nearly defect-free LCP crystal structure was attained in this work, we 

may assume that the CEI layer dynamics at the interface relates predominantly with the capacity fade 

issue rather than bulk defects. Hence, further investigations will be followed aiming at elucidating 

and controlling the interfacial capacity fade mechanism. 
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4.4. Conclusion 

In this study, we designed novel LCP crystals with improved Li-ion intercalation kinetics 

achieving near theoretical storage capacity at C-rate up to one. In a departure from the standard 

hydrothermal (HT) synthesis method that is prone to defects, we have employed solvothermal (ST) 

synthesis using ethylene glycol (EG) as a solvent followed by Ar-annealing treatment. Consequently, 

nearly defect-free and preferential orientation crystal structure was obtained, characterized by 

shortened Li-ion diffusion pathways. The origin of these crystal advantages was probed with the study 

of surface energy at various LCP crystal facets in different solvents (H2O and EG molecule adsorption) 

through ab initio molecular dynamics (AIMD) simulation and density functional theory (DFT) 

calculation. Each LCP facet has a different interfacial energy with EG, that is taken advantage in 

promoting growth along the preferential orientation. In the meantime, anti-site defect concentration 

was also curtailed via adjusting Li content and performing Ar-annealing leading to nearly defect-free 

LCP crystals. Thanks to these morphological and structural advantages, the new LCP crystal variety 

exhibits noticeably augmented Li-ion diffusivity, with nearly theoretical full capacity value (163.0 

mAh g-1 at C/10), improved rate capability (151.6 mAh g-1 at 1 C), and relatively stabilized capacity 

retention (61.65 % after 100 cycles at 1 C). Nevertheless, the major issue for LCP’s commercialization 

still remains unresolved in terms of capacity retention over prolonged cycling time. This is the subject 

of future work. Notwithstanding this issue, the present work provides a powerful example of how 

specific crystal plane surface energy modulation via EG adsorption can engineer favorable crystal 

properties to maximize the functionality of materials like LCP in terms of Li-ion storage capacity and 

kinetics that can be emulated in other cathode materials too. 
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Chapter 5: Interfacial capacity fade mechanism of high-voltage LiCoPO4 

cathode and its mitigation 

Bridge: Chapter 4 introduced a novel designed LiCoPO4 (LCP) crystal variant synthesized through a 

solvothermal (ST) process using ethylene glycol (EG), followed by Argon (Ar)-annealing. This 

method yielded a defect-free crystal structure with optimized Li-ion diffusion pathways. 

Computational techniques, including ab initio molecular dynamics (AIMD) and density functional 

theory (DFT), helped establish the crystal growth mechanism, revealing the role of EG in regulating 

interfacial energies of LCP crystal facets. This preferential orientation growth led to exceptional 

electrochemical performance, achieving nearly theoretical full capacity and superior rate capability. 

Despite this breakthrough, long-term cycling stability remains as a critical challenge. ST-A-LCP 

showed compromised cycle life due to inconsistent Coulombic efficiency (CE), originated from 

charge-discharge capacity disparities. This issue is attributed to electrolyte degradation under high-V 

conditions and intensive chemical-electrochemical reactions at the cathode-electrolyte interface. 

While the high cut-off voltage (5.0 V vs. Li/Li+) enhances energy density, it also triggers parasitic side 

reactions, necessitating further investigation for the development of durable high-V cathodes. 

In Chapter 5, the relationship between capacity fade mechanisms and irreversible interfacial 

reactions is investigated through comprehensive post-mortem analysis of cycled electrodes under 

various aging conditions. The study identified two main degradation mechanisms: increased charge-

transfer resistance due to cathode-electrolyte interphase (CEI) layer formation and capacity loss from 

redox metal (RM) dissolution. To address these issues, a reduced graphene oxide (RGO) coating 

strategy was developed. This coating effectively mitigated interfacial side reactions by enhancing 

charge-transfer kinetics and suppressing RM dissolution. As a result, the RGO-coated LCP (ST-R-

LCP) exhibited significantly improved cycle life compared to its uncoated counterpart. This research 

offers an integrated approach to optimizing LCP for high-V Li-ion batteries through crystal structure 

engineering and surface modification, paving the way for overcoming current limitations and 

advancing the practical application of LCP-based energy storage systems. 

This chapter is replication of a manuscript to be submitted in a peer-reviewed journal, with the 

following citation: 

Moohyun Woo and George P. Demopoulos, 2025, “Interfacial capacity fade mechanism of high-

voltage LiCoPO4 cathode and its mitigation” (Submitted) 
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Abstract 

Lithium cobalt phosphate (LiCoPO4, LCP) is a high-voltage (high-V) polyanionic compound, 

of critical application importance due to its potential on delivering high energy density compared to 

the commercialized lithium iron phosphate (LiFePO4, LFP) counterpart. Despite this potential, LCP’s 

application has been hampered by inferior Coulombic efficiency and capacity retention owing to 

cathode degradation triggered by the elevated cut-off voltage of up to 5.0 V vs. Li/Li+. Namely, such 

high-V leads to severe parasitic side reactions at the cathode-electrolyte interface involving complex 

phenomena, the understanding of which holds the key to designing robust high-V cathodes. Herein, 

we have focused on post-mortem analysis of cycled LCP electrodes in different aging/cycling 

conditions to help establish the link of capacity fade on high-V interfacial side reactions. Through this 

analysis, it has been revealed that the detrimental surface degradation of LCP, caused by 

electrochemical and chemical reactions with liquid electrolyte components, proceeds via irreversible 

cathode-electrolyte interphase (CEI) layer evolution and redox metal (RM) dissolution. Specifically, 

the progressively evolving CEI layer and RM dissolution induce extra charge-transfer resistance and 

loss of RM-related capacity, the extent of which is directly dependent on applied C-rates. To combat 

this undesired phenomenon, a sucrose-derived reduced graphene oxide (RGO) surface coating 

strategy has been successfully engineered to develop a protective layer. This unique conductive layer 

enables accelerated charge-transfer kinetics through the cathode-electrolyte interface while 

suppressing RM dissolution via surface complexation control leading to significantly improved rate 

capability and cycling stability.  

5.1. Introduction 

As the energy storage industry expands exponentially through a wider scope of applications, 

notably the fast growing electric vehicle (EV) and upcoming electric aircraft (EA) markets, there is 

an ever-growing demand for next generation Li-ion batteries (LIBs) beyond the current energy density 

level.1-4 To push the energy density level higher, it is essential to develop cathode materials based on 

several selection criteria including higher operating voltage, storage capacity, rate capability, and 

cycling stability.5-7 Design and development of high-voltage (high-V) cathodes is identified as critical 

step in our pursuit for high energy density LIBs.8 In the context, lithium cobalt phosphate (LiCoPO4, 

LCP) is of great interest as a high-V polyanionic compound with high theoretical energy density of 

800 Wh kg-1 thanks to high redox voltage and capacity (4.8 V * 167 mAh g-1) properties.9 Additionally, 

LCP, like its commercial counterpart lithium iron phosphate (LiFePO4, LFP), belongs to the olivine 
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crystal structure family, boasting very stable framework.10, 11 These attributes, despite its cobalt 

content, have made LCP a strong candidate for niche applications where high energy density systems 

are critical.12, 13 

Despite these promising benefits, the development of LCP cathodes has been hampered by 

certain compromising inherent material properties: (1) intrinsically low ionic and electronic 

conductivity causing sluggish kinetics, (2) abundant anti-site defects blocking one-dimensional (1-D) 

Li-ion diffusion pathway, and (3) capacity fade predominantly due to interphasial degradation at high-

V—a relatively less explored yet critical contributor requiring further investigations..14-16 Recently, 

we have developed a new crystal variety of LCP characterized by shortened Li-ion diffusion length 

thanks to preferential orientation grown morphology and defect-free crystal structure achieving for 

the first time nearly theoretical full discharge capacity and remarkable rate capability; this is achieved 

via specific solvent molecule-crystal plane regulation and subsequent argon (Ar)-annealing.17 

Nevertheless, capacity fade, although somewhat improved, has persisted upon prolonged cycling 

owing to the high operating voltage, which seemingly causes electrolyte decomposition despite the 

use of a stabilizing additive.  

Parasitic side reactions at the cathode-electrolyte interface are known to be promoted with 

elevated operating voltage leading to the evolution of cathode-electrolyte interphase (CEI) layer via 

decomposition of lithium (Li) salts and organic carbonate solvents; as a consequence severe charge-

transfer resistance develops resulting in rapid capacity decay and ultimately battery breakdown.18-20 

Accordingly, fundamental and comprehensive post-mortem investigations are required on the above-

mentioned interfacial phenomena under various electrochemical environments with different 

aging/cycling conditions at the raised cut-off voltage, to provide insights as to the origin of LCP 

capacity fade. At the same time, research into surface engineering of the newly developed LCP crystals 

to mitigate destructive electrode-electrolyte interfacial reactions via proper functional surface coating 

is of great urgency to improve charge transport kinetics and prevent capacity fade via interface 

stabilization.  

In this work, we have focused on scrutinizing the relationship between capacity fade and 

irreversible side reactions by conducting extensive post-mortem analysis including TEM, TGA, EIS, 

MP-AES and XPS. We have identified, surface degradation of LCP to involve thicker CEI layers 

formation and considerable RM dissolution under relatively long-term cycling operation. These side 

reactions lead to extra charge-transfer resistance and parasitic current manifested as an excess charge 

capacity—higher than the theoretical value—resulting in curtailed Coulombic efficiency. More 
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importantly, it is revealed that RM dissolution works as another contributor to severe capacity fade 

induced by a complex dissolution-migration-deposition mechanism carrying soluble metal species 

from the cathode to the separator and anode upon prolonged cycling. To tackle this, we developed a 

sucrose-derived reduced graphene oxide (RGO) coating strategy to boost the charge exchange 

mechanism while minimizing the undesired RM dissolution and exploiting the intrinsic electronic 

conductivity of RGO. Also, we unveiled how RGO coating significantly mitigates RM dissolution by 

serving as a barrier against complexation of surface RM cations with organic ligands produced by 

oxidation of electrolyte at high-V. Our coating strategy demonstrates remarkable rate capability, 

achieving nearly theoretical Li-ion storage capacity across all C-rates, ranging from C/10 to 1 C. The 

enhancement is particularly notable at 1 C, delivering both superior rate capability accompanied by 

outstanding discharge capacity of 163.0 mAh g-1 (equal to 771.2 Wh kg-1 in energy density) and 

relatively enhanced retention. 

5.2. Experimental section 

5.2.1. Material preparation 

The LCP material was synthesized via a solvothermal (ST) process utilizing ethylene glycol 

(EG) as a reaction medium at 260 oC for 6-hour duration with agitation at 300 rpm. This methodology, 

the details of which are described in our previous reports, facilitates the preferential anisotropic crystal 

growth.17, 21 For sucrose-derived reduced graphene oxide (RGO) coating, the method involved 

dispersion and stirring of pristine ST-LCP in deoxygenated deionized water containing sucrose 

(99.5 %, C12H22O11, Sigma-Aldrich) of different weight percent (0, 30, 40, 50 wt.%). The well-mixed 

suspension was transferred in an alumina crucible. The slurry was then dried in a vacuum oven at 80 

oC and transferred to an MTI mini tube furnace (model OTF-1200X) and heated at 700 oC for 1 hour 

with continuous Ar gas flow to induce sucrose decomposition and subsequent carbonization. The 

samples after Ar-annealing are denoted as ‘ST-A-LCP’ (without sucrose) and ‘ST-R-LCP’ (with 

sucrose). 

5.2.2. Material characterization 

High-resolution transmission electron microscopy (HRTEM) with High-angle annular dark-

field (HAADF) imaging and energy dispersive X-ray (EDS) analysis for elemental mapping was 

applied to monitor the evolved CEI and RGO layer using the Thermo Scientific Talos F200X G2 

STEM with accelerating voltage 200 kV. The morphology of LCP samples was evaluated with a 
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Hitachi cold-field emission SU-8000 scanning electron microscope (CFE-SEM). Thermogravimetic 

analysis (TGA) was performed in air from room temperature to 700 °C with the heating rate at 10 °C 

min-1 using a TGA 5500 thermal analyzer and platinum crucibles for quantitative analysis of CEI and 

RGO layer. For the surface layer composition analysis, X-ray photoelectron spectroscopy (XPS) 

measurements were made with the Thermo Scientific K-Alpha using aluminum (Al) Kα micro-

focused monochromator. XPS data processing was performed with Avantage data system for peak 

fitting. Powder X-ray diffraction (PXRD) patterns were collected with Bruker D8 Discovery X-ray 

diffractometer using Co Kα radiation with the wavelength (λ) of 1.78892 Å from 2θ = 10 to 80 °. 

Crystal structure information for lattice parameters and anti-site defect concentration was fitted and 

estimated with XRD Rietveld refinement by using TOPAS Academic V5 software. The microwave 

plasma atomic emission spectrometer (MP-AES) from Agilent was used to determine the 

concentration ratio of remaining cobalt to phosphate (Co/P) in LCP electrodes after cycling tests. Prior 

to MP-AES measurements, cycled electrodes were soaked in ethanol and sonicated for three hours to 

separate LCP active material from carbon black and PVDF binder. Subsequently, they were digested 

by using 50 vol.% concentrated hydrochloric acid (HCl, Fisher Scientific) followed by dilution with 

4 vol.% nitric acid (TraceMetal Grade, HNO3, Fisher Scientific). Raman spectroscopy (DXR2 Raman 

Microscope, Thermo Scientific) with 532 nm wavelength and Fourier transform infrared (FT-IR) 

spectroscopy (Perkin Elmer Spectrum II FT-IR Spectrometer) were employed in the wavenumber 

range of 4000 to 400 cm-1 with a resolution of 0.5 cm-1 to confirm the existence of RGO layer and its 

oxygen-containing functional groups on the surface of ST-R-LCP sample. 

5.2.3. Battery assembly and electrochemical protocols 

In this study, we followed the detailed procedures for cell assembly as described in our 

previous work.17 In brief summary, the active material, conductive carbon, and polyvinylidene 

fluoride (PVDF) binder were mixed in NMP solvent with a weight ratio of 7:2:1, and the slurry was 

pasted on Al and then dried overnight at 80 °C in a vacuum oven. Lithium metal was used as anode. 

The customized electrolyte solution was prepared with 1 M of LiPF6 solution in a 1:1:3 (vol.%) 

mixture of EC:PC:DMC electrolyte and 2 wt.% tris(trimethylsilyl) phosphite (95 % [(CH3)3SiO]3P) 

as high-V stabilizing additive. The galvanostatic charge-discharge profile was measured on an Arbin 

cycler. The battery cycling test was carried out at different C-rates (1 C = 167 mAh g-1) in the voltage 

range of 3.5–5.0 V vs. Li/Li+. For capacity retention, we continued the cycling tests until the discharge 

capacity declined to 50 mAh g-1. Electrochemical impedance spectroscopy (EIS) measurements of the 



99 

pristine and cycled working electrodes were made using a BioLogic workstation in potentiostatic 

mode between 1 MHz and 10 mHz with various forward bias potentials (3.5-5.0 V vs. Li/Li+). Nyquist 

plots were fitted using ZView® software. 

5.2.4. Post-mortem analysis 

After performing the above-described cycling tests, cycled electrodes and separators were 

harvested in an Ar-filled glovebox (H2O and O2 < 0.5 ppm) and rinsed with DMC three times to 

remove the residual electrolyte and Li salt. Subsequently, the collected electrodes and separators were 

dried in the glovebox for 48 hours. Further characterizations for crystal structure, surface, and 

elemental composition were carried out with the same parameters outlined above. 

5.3. Results and discussion 

5.3.1. Irreversible interfacial aging of LiCoPO4 upon cycling 

To visualize the formed CEI layer upon cycling, post-mortem analyses with HRTEM, HAADF, 

and elemental mapping techniques were implemented and the obtained results are summarized in 

Figure 5.1a-f. Before high-V operation, LCP from the pristine electrode exhibits clear and smooth 

surface without signs of any foreign precipitates (Figure 5.1a). Unlike the pristine sample, HRTEM 

images of cycled LCP after 10 cycles at 1 C and C/10, as shown in Figure 5.1b-c, demonstrate the 

formation of CEI layer with incremental thickness at slower rate. It is evident that longer exposure at 

high-V operation upon charge-discharge process (Figure 5.1c) at C/10 leads to thicker layer. In 

addition, the topographic roughness becomes irregular and coarse as a result of irreversible side 

reactions with liquid electrolyte. As the undesired phenomenon continuously progresses, parasitic 

ingresses into the bulk of the crystals appear resulting in graded zoning in the sub-surface region as 

revealed by the HRTEM images. This kind of ingression could imply RM dissolution (leaching) 

simultaneously occurring with CEI layer evolution as further characterization will show. 

Furthermore, HAADF and elemental mapping images exhibit a stark difference between 

pristine and cycled electrodes (Figure 5.1d-f) with the gradual augmentation of topographic roughness 

and the discovery of fluorine apparently as a result of electrolyte decomposition.22-25 In the pristine 

electrode shown in Figure 5.1d, the original shape uniformity is completely preserved which is 

consistent with HRTEM result (Figure 5.1a). Besides the LCP constituent elements—cobalt (Co), 

phosphorus (P), and oxygen (O)—a faint presence of fluorine (F) can be seen in the pristine sample, 

due to the PVDF binder. Meanwhile, after cycling, the roughening of the surface becomes evident in 
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the HAADF images (Figure 5.1e-f) compared to the pristine electrode (Figure 5.1d), a clear sign of 

reaction-induced surface degradation. Likewise, the elemental mappings highlight the escalated F 

concentration presence (Figure 5.1e-f), pointing to electrolyte decomposition. 

Figure 5.1. (a-c) HRTEM images displaying the CEI layer thickness evolution from pristine state, to 

after 10 cycles at 1 C and C/10; (d-f) the corresponding HAADF and elemental mapping (Co, P. O, 

and F) images; and (g) the respective TGA curves. 

The above visual LCP surface and composition changes were corroborated by 

thermogravimetric analysis (TGA) as shown in Figure 5.1g. After cycling the LCP cathode registers 

a mass loss at the specific temperature range, 100-250 oC, which may be attributed to volatilization of 

the CEI layer upon heating in air during TGA (25-700 oC, 10 oC min-1, Air). Regarding TGA results 

in Figure 5.1g and Figure A.4.1, we firstly note that the overall weight loss for pristine and cycled 

electrodes is predominantly divided into the following four sections: i) evaporation of absorbed water 

(H2O) molecules (25-100 oC), which is negligible because of the storage in Ar-filled glovebox 

avoiding oxygen and moisture exposure; ii) dissociation of CEI layer (100-250 oC); iii) decomposition 

of PVDF binder (250-500 oC); and iv) combustion of carbon black (above 500 oC).26, 27 After the heat 
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treatment, the eventual mass remained is almost 70 wt.% accurately corresponding to the ratio of LCP 

active material in the electrode composition. The results below 400 oC, as shown in Figure 5.1g, are 

further analyzed seeking to distinguish the CEI layer forming upon cycling from the other components. 

Considering the pristine electrode as the baseline, we can clearly see the weight loss involved with 

PVDF to occur above 250 oC. On the other hand, there is another discernible weight loss occurring in 

the temperature range, 100-250 oC for both cycled electrodes at 1 C (2.06 wt.%) and C/10 (3.14 wt.%) 

that must be assigned to the quantity of newly formed CEI layer. The TGA results (Figure A.4.1c) 

provide also indirect evidence of RM dissolution (signaled by parasitic ingress shown in Figure 5.1f) 

given that the mass of cycled LCP active material drops below 70 wt.% after the heat treatment. 

Additional evidence to these assertions is provided via XPS and electrochemical analysis in the 

following section. 

5.3.2. Progressive CEI layer evolution on ST-A-LCP 

To help establish the impact of cycling time on CEI layer formation, the dependency of 

Coulombic efficiency on C-rate is initially considered as shown in Figure 5.2a, and the corresponding 

numerical values are presented in Table A.4.1. We note that the average Coulombic efficiency is 

relatively low with the lowest observed at C/10. Evidently, at slow C-rate, the exposure of active 

material and electrolyte to high-V is longer and as such electrolyte decomposition resulting in extra 

charge capacity is more severe compared to relatively faster C-rates. Meanwhile, with increased C-

rates, the average Coulumbic efficiency gradually increased, with the corresponding variability 

demonstrating an ever-narrower spread. For this reason, we are inclined to believe that the extent of 

irreversible side reactions at the interface are dictated by the exposure time at high-V. 

To validate this hypothesis, post-mortem EIS and XPS measurements were made. Figure 5.2b 

displays the Nyquist plot obtained under the applied forward bias of 5.0 V Li/Li+ on cycled cells as 

indicated on the plot. For all EIS patterns, there are two semi-circles, at high- and mid-frequency 

regions, observed in addition to a long tail at low frequency. An equivalent circuit, illustrated in the 

inset image of Figure 5.2b, is employed to model these features. For comparison, Figure A.4.2 displays 

the Nyquist plots of cycled ST-A-LCP electrodes measured at forward bias potentials corresponding 

to 3.5, 4.0, and 4.5 V vs. Li/Li+ after 10 cycles at different C-rates. These plots consistently exhibit a 

characteristic pattern, featuring a single semi-circle followed by a long tail. Therefore, we attribute 

the high-frequency arc to the resistance imposed by the CEI layer (RCEI of the equivalent circuit). 

Correspondingly, the enlarged diameter of semi-circle in high-frequency region with lower C-rates 
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(or equivalently prolonged cycling time) can be attributed to increasing resistance due to the 

augmented thickness of the CEI layer. Throughout the cycling period, the second semi-circle in the 

mid-frequency region continuously expands, reflecting the augmented charge-transfer resistance (RCT) 

attributed to progressive CEI layer development.20  

Figure 5.2. Post-mortem analysis of ST-A-LCP electrodes in different cycling states: (a) Coulombic 

efficiency as function of C-rate; (b) EIS analysis (the inset image shows the equivalent circuit model) 

and; (c) initial current density measurement from the Nyquist plot under the forward bias of 5.0 V vs. 

Li/Li+; and XPS spectra of (d) C 1s, (e) F 1s, and (F) O 1s for pristine and cycled electrodes. 

Moreover, the impact of this growing CEI layer resistance is demonstrated in Figure 2c 

through the initial current density measured from the Nyquist plot under the applied forward bias of 

5.0 V vs. Li/Li+ for the duration of EIS measurements (Figure A.4.3). As C-rate is reduced gradually, 
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cycled ST-A-LCP electrodes reveal significantly curtailed initial current density of 4.19, 2.75, 1.53, 

and 1.17 mA cm-1 at 1 C, C/2, C/5 and C/10, respectively. Our findings validate the intimate 

correlation between progressive CEI layer evolution and C-rates, which determines the timeframe of 

high-V exposure. This relation is further corroborated with XPS analysis. 

Post-mortem XPS analysis was performed and summarized in Figure 5.2d-f. It is presenting 

the data combination regarding the three most relevant elements of CEI layer composition (C 1s, O 

1s, and F 1s) for three electrode films in different cycling states including pristine as a baseline and 

also cycled at 1 C and C/10. In Figure 5.2d, C 1s spectra display multiple peaks C-C, C-H, C-O, C=O 

and O-C=O originating from conductive acetylene black.28 Additionally, C-F and CH2-CF2 peaks are 

attributed to another electrode component, PVDF binder.29 All of the corresponding values for binding 

energy, full width at half maximum (FWHM), and atomic percentage of each peak are listed in Table 

A.4.2-4. Interestingly, compared with the pristine electrode, the cycled electrode at C/10 results in 

intensity increase of all peaks in the C1s spectra. This observation is indicative of the formation and 

growth of CEI layer derived from the decomposition of the carbonate solvents (EC, PC, and DMC) 

in the electrolyte but also the LiPF6 salt aggravated by the high-V even after the small number of 

cycles involved.30, 31 Furthermore, considering the peak intensity of the C 1s spectra peaks, we 

postulate that the CEI layer on the surface of cycled electrode at C/10 is relatively thicker than that of 

the 1 C electrode. Likewise, O 1s spectra shown in Figure 5.2e provide the most vivid dissimilarity 

concerning CEI layer thickness between the pristine and the two cycled electrodes. Most noticeably, 

the appearance of C-O peak becomes evident for both 1 C and C/10 compared to the pristine one as a 

consequence of the decomposition of EC, PC, and DMC.32 As for the cycled electrodes at 1 C and 

C/10, it can be evidently observed that the peak intensity of C-O is strongly increased even after 10 

cycles from 3.95 % (Pristine) to 32.34 % (1 C) and 40.49 % (C/10) for O 1s spectra. This change 

relates to the decomposition of carbonate solvents (comprising C, H, and O). Other than the elements 

presented above, F 1s spectra in Figure 5.2f, also exhibit similar trends related to the CEI layer 

evolution. Notably, the enlargement of Li-F & Co-F peaks demonstrates the undesired chemical 

reactions between surface atom of Li and Co from LCP crystals and F as a result of the LiPF6 

decomposition.33, 34 In addition, it can be seen that the cycled electrode at C/10 exhibits more intense 

peaks than the 1 C electrode, a sign of more extensive side reactions due to the prolonged cycling time 

(C/10). Based on such observations, we ascribe the presence and evolution of the Li-F & Co-F peaks 

to the growing CEI layer with extended charge-discharge time. In Figure A.4.4, and Table A.4.5-6, 

the contrast in F 1s spectra between 1 C and C/10 becomes significantly accentuated with the atomic 
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percentage of combined Li-F & Co-F peaks amounting from 3.82 % (1 C) to 14.07 % (C/10) while 

the discharge capacity drops to 50 mAh g-1 after 70 cycles for C/10 vs. 250 cycles for 1 C. 

In our previous work, we reported the novel material fabrication of LCP via ST synthesis and 

subsequent Ar-annealing enabling enhanced Li-ion diffusivity and nearly theoretical discharge 

capacity aided by the shortened Li-ion diffusion pathway and defect-free olivine crystal structure.17 

However, limited rate capability and capacity retention were still persistent, hence the extensive 

electrochemical studies and post-mortem surface analysis of ST-A-LCP electrodes undertaken. Our 

results point to the irreversible side reaction at LCP-electrolyte interface as a result of high-V 

operation to be at the core of the observed capacity fade. Specifically, the initially demonstrated 

favourable kinetics of ST-A-LCP for Li-ion diffusion is disrupted by the adverse interfacial reactions 

and CEI layer evolution. Furthermore, long-term cycling accelerates the above-mentioned undesirable 

phenomena resulting in thicker layer translating into substantially augmented charge-transfer 

resistance and unwanted consumption of both LCP material itself and electrolyte. As a result, it is 

ultimately necessary to develop a coating strategy not only for boosting the interfacial charge-transfer 

kinetics but also to minimize the exposure of LCP to electrolyte at high-V thereby mitigating the 

parasitic surface degradation. 

5.3.3. One-step facile RGO surface coating strategy 

To mitigate the irreversible side reactions at the interface, we attempted at passivating the 

LCP-electrolyte interface. For this purpose, we simply used different amounts of sucrose (30, 40, and 

50 wt.%) as a carbon source dissolved in D.I. water in which the ST-LCP powder was agitated. After 

drying and annealing in Ar atmosphere with the same condition as it was done with ST-A-LCP, the 

reduced graphene oxide coated LCP material was obtained (ST-R-LCP). In order to determine the 

optimal loading of sucrose, preliminary electrochemical evaluations shown in Figure A.4.5 were 

applied to LCP samples before and after coating. The sample with 40 wt.% of sucrose presents the 

most promising electrochemical results with respect to accessible initial discharge capacity at 1 C and 

retention after 100 cycles compared to the other concentrations. The SEM images in Figure 5.3a, 

reveal that our carbon coating process does not affect the elongated particle morphology that exhibits 

shortened Li-ion diffusion length.17 TEM results shown in Figure 5.3b indicate the surface carbon 

layer on LCP crystal to be around 7-9 nm. Further characterizations including XPS, Raman, and FT-

IR were carried out and displayed in Figure 5.3c-f to verify the nature of the surface carbon layer. 

Thus, the XPS results show the presence of carbon (C 1s) and oxygen (O 1s). The C 1s spectra shown 
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in Figure 5.3c were fitted with multiple carbon atom peaks corresponding to non-oxygenated and 

different oxygen-containing functional groups such as C=C, C-C, C-OH, C-O-C, C=O, COOH, and 

π-π delocalized π-electrons of the aromatic network.35-38 In addition, Figure 5.3d reveals O 1s spectra 

consisting of phosphate group (PO4) and functional groups including C=O, COOH, C-OH, and C-O-

C.39, 40 The corresponding values of binding energy for each peak are listed in Table A.4.7. 

Interestingly, the obtained results from XPS raise the possibility that the carbon layer on LCP surface 

is reduced graphene oxide, RGO. 

Figure 5.3. Characterizations of RGO coating layer on the surface of ST-R-LCP via (a) SEM, (b) 

HRTEM, XPS spectra of (c) C 1s and (d) O 1s, (e) Raman, (f) FT-IR, and (g) TG-DTA spectra. 

To confirm our postulation, Raman and FT-IR spectra were collected. The Raman spectrum in 

Figure 5.3e displays the combined vibration modes at lower and higher Raman shift. At lower shift 

region, three main vibrations were detected at 944, 1349, and 1593 cm-1 corresponding to PO4, carbon 
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D and G bands, respectively. The second-order and combination bands in higher shift region were 

also observed and centered at 2714, 2910, and 3151 cm-1 matched with 2D, D+G, and 2G peaks. These 

bands are attributed to the overtone of D and G bands.41, 42 At the same time, FT-IR technique was 

also employed to prove the existence of RGO layer on ST-R-LCP crystals. In principal, both LCP 

samples pre- (Figure A.4.6) and post- (Figure 5.3f) coating are mainly dominated with three stretching 

and vibration modes of (I) Li-ion (450-550 cm-1) and (II and III) PO4
3- group (500-700 and 900-1200 

cm-1).21 However, we note that the post-coating sample solely incorporates extra features which are 

not strong but still persistent originated from the stretching vibration of functional groups in RGO 

such as C-O-C (942 cm-1), C-O (1205 cm-1), C-OH (1363 cm-1), and C=C (1580 cm-1) unlike the pre-

coating sample.43, 44 Thereafter, the coating is confirmed to be RGO and the coated LCP sample (with 

40 wt.% of sucrose) denoted as ST-R-LCP is retained for further testing. 

After the confirmation of RGO layer, we applied TGA analysis (Figure 5.3g) to accurately 

quantify RGO layer derived from sucrose as a source of carbon. The entire weight loss was recorded 

from room temperature to 700 oC with the ramping rate being 10 oC min-1 in air. Three distinct sections 

of weight loss were observed at different temperature ranges: (i) 100-300 oC for the decomposition of 

labile oxygen-containing functional groups (0.76 wt.%), (ii) 300-450 oC for the removal of more 

stabilized oxygen-containing functional groups (2.73 wt.%), and (iii) 450-700 oC for the pyrolysis of 

carbon skeleton (6.41 wt.%).45, 46 On the other hand, TGA results of ST-A-LCP in Figure A.4.7 show 

the whole mass preserved without any weight loss up to 700 oC. We note that, by simply utilizing 40 

wt.% of sucrose, almost 10 wt.% of RGO coating has formed by the carbonization process conducted 

during Ar-annealing as in the case of ST-A-LCP preparation. 

In sum, all above observations confirm the feasibility of coating LCP crystals with sucrose-

derived RGO layer. It is worthy to note the anchoring effect of oxygen-containing functional groups 

in RGO layer ensuring remarkable adhesion on cathode surface.47-49 In effect, these functional groups 

are favoured to be attached on LCP surface due to their polarity, resulting in rigid coordination 

interactions with Co in olivine structure, so that uniformly cover the entire LCP surface. Additionally, 

we should underline the favourable intrinsic RGO properties namely large specific surface area and 

superior electronic conductivity,50, 51 which can enhance the electrochemical performance, as it is 

reported in the next section. 

5.3.4. Enhanced electrochemical performance via RGO coating 
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Post-mortem EIS of ST-R-LCP analogous to the methodology used for ST-A-LCP is presented 

in Figure 5.4a-b. The smaller diameter of high-frequency semi-circle (RCEI) and mid-frequency semi-

circle (RCT) in Figure 5.4a signifies the reduced thickness of CEI layer for ST-R-LCP under all C-rates 

compared to ST-A-LCP (Figure 5.2b). In addition, the initial current density obtained from the Nyquist 

plot under the applied forward bias of 5.0 V vs. Li/Li+ demonstrates a significant rise for all C-rates 

vis-à-vis the corresponding values for ST-A-LCP (Figure 5.2c). At each C-rate, the initial current 

density of ST-R-LCP enhanced by 2.32, 3.4, 4.91, and 6.27 at C/10, C/5, C/2, and 1 C, respectively. 

In addition, Figure A.4.8 demonstrates a shortened current decay period of 200 seconds in ST-R-LCP, 

compared to 400 seconds observed for ST-A-LCP (Figure A.4.3).  

Figure 5.4. Electrochemical evaluation of ST-R-LCP cathode via (a) EIS analysis (the inset image 

shows the equivalent circuit model) and (b) initial current density measurement from the Nyquist plot 

under the applied forward bias of 5.0 V vs. Li/Li+; (c) rate capability at various C-rates from C/10, 

C/5, C/2 and 1 C; and (d) capacity retention within the voltage range 3.5-5.0 V vs. Li/Li+ at 1 C. 

Aided by the RGO coating, improved electrochemical performance was achieved. Specifically, 

Figure 5.4c displays the excellent rate capability of ST-R-LCP, delivering discharge capacities of 

158.8, 160.9, 162.6, and 163.0 mAh g-1 across all tested C-rates from C/10 up to 1 C, values that 
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approach the nearly theoretical capacity. Thus, the anisotropically grown LCP crystals via ST 

synthesis can be effectively coated with conductive RGO successfully overcoming the sluggish 

kinetics by facilitating both Li-ion diffusion and electron transport. 

Furthermore, an enhancement in capacity retention was observed in Figure 5.4d. The capacity 

retention of ST-R-LCP was boosted to 76.36 % compared to 61.65 % for the ST-A-LCP during the 

initial 100 cycles at 1 C. To emphasize the stark difference between ST-A-LCP and ST-R-LCP 

regarding capacity retention, Figure A.4.9 displays the discharge capacity retention data during the 

entire cycle periods for both samples. Our proposed coating strategy enhances the cell durability as 

evident by the number of cycles enabled until the discharge capacity drops to 50 mAh g-1 (700 cycles 

for ST-R-LCP compared with 250 cycles for ST-A-LCP). In addition, unlike ST-A-LCP, ST-R-LCP 

exhibits improved capacity retention with prolonged cycle numbers at relatively faster C-rates (C/5, 

C/2, and 1 C) with the sole exception of C/10 as shown in Figure A.4.10. 

5.3.5. Effect of RGO coating on electrolyte decomposition 

After confirming the satisfactory rate capability with RGO surface coating, we implemented 

post-mortem analysis in the same manner with ST-A-LCP to further clarify how RGO layer 

contributes to the enhanced capacity retention. Figure 5.5a displays the standard deviation of 

Coulombic efficiency for ST-R-LCP at different C-rates C/10, C/5, C/2, and 1 C and the corresponding 

numerical values are compiled in Table A.4.8. In comparison to ST-A-LCP (Figure 5.2a), the 

distribution and average Coulombic efficiency exhibit negligible differences at escalated C-rates (C/2 

and 1 C). However, these differences become significantly augmented as C-rate decreases (C/10 and 

C/5). This finding indicates that electrons generated from electrolyte oxidation at high-V are more 

readily transported to LCP electrode due to superior electronic conductivity and enlarged active 

surface area of RGO layer,50, 51 resulting in undesired extra charge current. In other words, RGO serves 

as a “double-edged sword” as it does not only improve rate capability but also cause more oxidation 

of electrolyte at slower C-rates resulting in inferior and unevenly distributed Coulombic efficiency 

over extended cycling period. Indeed, as Figure 5.5b shows the Coulombic efficiency of ST-R-LCP is 

not markedly improved vis-à-vis that of ST-A-LCP but the number of cycles is substantially enlarged 

from 250 to 700. 

To probe further the effect of RGO on interfacial reactivity, post-mortem XPS results were 

collected and summarized in Figure 5.5c-e and Table A.4.9-10 for ST-R-LCP electrodes including 

pristine and after their full cycling (700 cycles) at 1 C until the discharge capacity dropped to 50 mAh 
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g-1. For C 1s and O 1s spectra of pristine ST-R-LCP electrode, the atomic percentage of each peak 

correlated to carbon skeleton (C-C) and oxygen-containing functional groups (C=O and O-C=O) is 

larger than the values from pristine ST-A-LCP electrode (refer to Figure 5.3d-e and Table A.4.2) due 

to RGO layer coated on LCP surface. Upon applying the RGO coating, we anticipated that the 

electronic conductive RGO layer would minimize CEI layer evolution and mitigating electrolyte 

oxidation. However, contrary to our expectation, this approach led to worse outcomes in long-term 

cycling. The final atomic percentage of each peak for C 1s and O 1s spectra reach similar values, 

whereas Li-F & Co-F peaks climb up from 3.82 to 18.94 % in comparison to fully cycled ST-A- LCP 

electrodes, due to apparent severe electrolyte oxidatiob (Table A.4.5 and A.4.10). 

Figure 5.5. Analysis of CEI layer formation on ST-R-LCP cathode: (a) Coulombic efficiency as 

function of C-rate; (b) Coulombic efficiency comparison of ST-A-LCP and ST-R-LCP; and (c-e) XPS 

spectra of C 1s, O 1s, and F 1s for pristine and cycled ST-R-LCP electrodes after 700 cycles at 1 C.  
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Furthermore, XRD patters of ST-R-LCP powder, pristine and cycled ST-R-LCP electrodes 

after 700 cycles at 1 C were collected and analyzed (Figure A.4.11 and Table A.4.11). As observed, 

all ST-R-LCP peaks remain well-preserved even after 700 cycles with notable exceptions at 25.0 o and 

27.8 o, where intensified peaks and an associated hump appear. These changes indicate the presence 

of organic and poorly crystalline compounds intimately linked to CEI layer composition, including 

CH2, C2H4, C6H10O2, and C15H28O2 and Li2CO3 etc. During cycling, we speculate that CEI layer 

develops an amorphous character on RGO layer due to the adsorption of degraded carbonate solvent 

species and possible nano-precipitates of metal (Li and Co) carbonate, fluoride, and/or phosphate 

salts.52, 53 

Based on these results, RGO coating seems to promote electrolyte oxidation during prolonged 

cycling, which would typically result in accelerated capacity decay. Surprisingly, the opposite trend 

was observed, as capacity retention unexpectedly improved. This signifies that overall the RGO 

coating have played a beneficial role in enhancing capacity retention through alternative effects. 

Previous reports on LCP capacity fade have predominantly focused on bulk structural changes and 

electrochemical reactions, particularly the formation of anti-site defects and CEI layer evolution.15, 54-

58 However, another critical contributor to material degradation is the chemical reaction at the interface, 

as evidenced by the crystal ingress phenomenon illustrated in Figure 5.1. Therefore, our research 

shifted to investigate the role of RGO in mitigating RM dissolution, which serves as a crucial factor 

in cathode degradation not previously discussed in prior LCP studied. 

5.3.6. Mitigating redox metal (RM) dissolution via RGO coating 

First, we investigated RM dissolution via MP-AES technique to determine the relative molar 

ratio of Co/P for both pre- (ST-A-LCP) and post- (ST-R-LCP) coating cathode samples. Figure 5.6a 

presents Co/P values of pristine and cycled electrodes at different C-rates after 10 cycles. Note that 

Co/P ratio of fresh electrodes is close to the stoichiometry with 3 and 4 % of excess Co for ST-A-LCP 

and ST-R-LCP respectively. Considering Co/P values for the pristine electrodes as a baseline, Co/P 

ratio of ST-R-LCP is relatively well-preserved unlike ST-A-LCP indicating Co dissolution upon 

cycling. As a consequence, we postulate that RM dissolution also serves as another important 

contributor to severe capacity fade in the absence of RGO coating. 

To probe deeper this phenomenon, we employed TEM techniques including HRTEM, HAADF, 

and line scanning to examine LCP particles retrieved from electrodes after 100 cycles at 1 C. Figure 

5.6b and A.4.12a display HAADF and HRTEM images confirming the original shape uniformity of 
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ST-R-LCP without parasitic ingress owed to the protection by RGO coating. Notably, the inset line 

scan image in Figure 5.6b shows uniform elemental distributions of Co, P, and O in ST-R-LCP with 

the rectangular shape. In contrast, we observed the ST-A-LCP crystal to have “corrosion” signs and 

loss of metal composition near the surface. As shown in Figure 5.6c and A.4.12b, parasitic ingress 

occurred at the interface and gradually progressed toward LCP bulk structure. These results provide 

clear evidence that RGO coating largely prevents RM dissolution. In addition, these findings underline 

our postulation that RM dissolution occurring at the interface can be an important contributor to LCP 

capacity loss rather than alone the CEI layer inducing charge-transfer resistance. 

Figure 5.6. Investigation of redox metal (RM) dissolution upon cycling via (a) MP-AES analysis for 

the concentration ratio of cobalt to phosphorus (Co/P) for pristine and cycled ST-R-LCP and ST-A-

LCP electrodes at different C-rates after 10 cycles; HAADF images (the inset image shows the line 

scan) of (b) ST-R-LCP and (c) ST-A-LCP particles extracted from the cycled electrodes after 100 

cycles at 1 C; (d) photographs and Co 2p XPS spectra of separators extracted from (e) ST-R-LCP and 

(f) ST-A-LCP cells after 100 cycles at 1 C. 

To observe the distinctive interfacial chemistry between pre- and post- coating LCP samples, 

extra post-mortem studies were undertaken focusing on the separators retrieved from the cycled cells 

after 100 cycles at 1 C. As shown in the photographs in Figure 5.6d, the separators collected from the 

cycled ST-R-LCP and ST-A-LCP cells display an apparent optical difference. In particular, the 

separator from the ST-A-LCP cell is seen to have a pinkish coloration apparently due to transfer and 

deposition on it of dissolved Co species. To substantiate this postulation, we further probe the surface 
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of separators via XPS characterization. As shown in Figure 5.6e and f, the XPS spectra clearly confirm 

the particular bonding associated with Co detected solely in the separator that was associated with the 

ST-A-LCP electrodes. Meanwhile, no signal for RM dissolution is identified in ST-R-LCP even after 

undergoing the same number of charge-discharge cycles. Furthermore, the separator from ST-A-LCP 

cells shows two different oxidation states of Co (Co2+ and Co3+) simultaneously. The relative atomic 

ratio of Co2+ and Co3+ following the deconvoluted Co 2p spectrum (Co 2p3/2 and Co 2p1/2) is about 

64.6 and 35.4 % respectively (Table A.4.12). It should be noted that this value closely corresponds to 

the intermediate phase, Li2/3Co2+
2/3Co3+

1/3PO4 formed during the Li-ion intercalation process.59-61 In 

addition, LCP undergoes phase transitions based on the shrinking core model, with the intermediate 

phase persisting at the interface with electrolyte for the longest duration upon Li-ion intercalation.59 

These findings clearly prove that parasitic ingress on the particle surface is the result of RM 

dissolution when LCP is exposed to high-V during Li-ion intercalation cycles regardless of charge 

and discharge steps, since the redox reactions of RM (Co2+↔Co3+) initiate at the interface at high-

V.62-64 Meanwhile, RM dissolution is not detected in ST-R-LCP even with the same number of charge-

discharge cycles. 

In the previous section, we confirmed that RGO coating of LCP crystals helps accelerate the 

charge-transfer kinetics but induces aggravated electrolyte decomposition in long-term cycles. 

Nevertheless, overall ST-R-LCP achieved markedly improved cycling stability without RM 

dissolution. Hence, we postulate that RGO surface coating serves as an effective barrier against severe 

RM dissolution. Mechanistically, we hypothesize that the progressively emerging ingress at the 

interface is promoted via complexation of surface RM cations located in the lattice fringes of LCP 

with diketonate chelating agents derived from carbonate solvent oxidation.65 However, the RGO 

coating apparently suppresses RM dissolution by blocking the approach of the organic ligands to the 

LCP surface. Moreover, oxygen-containing functional groups in RGO layer (Figure 5.3) help anchor 

dissolved RM cations strongly via covalent bonding, so that the entire dissolution, migration, and 

deposition of RM upon cycling at high-V is significantly mitigated.66-68 

In summary, following the development of preferentially oriented and defect-free LCP crystals 

with nearly theoretical full capacity, we have further surface engineered via one-step facile RGO 

coating LCP achieving substantial boosting of rate capability and capacity retention unattainable 

previously. Furthermore, through our detailed post-mortem investigations, we have identified that RM 

dissolution occurring upon cycling is a key contributor to interfacial capacity fade of LCP other than 

undesired CEI layer evolution. This result suggests that more dedicated research efforts are still 
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required to fine tune the surface coating with respect to interfacial chemistry, electronic properties, 

and deposition strategy to pave the way toward stable high-V LCP as a cathode with high energy 

density and long cycle life. 

5.4. Conclusion 

In this work, we focused on post-mortem analysis of two high-V LCP cathode materials to (i) 

elucidate the interphasial phenomena responsible for capacity fade and (ii) advance an RGO coating 

strategy to mitigate the extent of its associated detrimental effects. The first LCP material, labeled ST-

A-LCP is characterised by defect-free optimized crystal morphology and the second one, labeled ST-

R-LCP was an RGO-coated version of the first one. High-V operation of the uncoated LCP triggered 

i) irreversible CEI layer evolution intimately linked with enlarged charge-transfer resistance and ii) 

RM dissolution from olivine lattice fringes. This understanding motivated us to develop the sucrose-

derived RGO coated LCP in order to facilitate charge exchange while mitigating/blocking undesirable 

interfacial side reactions. Consequently, our coating strategy achieved nearly theoretical Li-ion 

storage capacity at 1 C and exhibited a dual functionality: while found to promote electrolyte oxidation, 

it successfully suppresses RM dissolution hence lowering the RM-related capacity loss. Notably, this 

study reveals RM dissolution as a critical interfacial mechanism for LCP capacity fade—an important 

extension to previously reported causes, such as CEI layer. This newly developed defect-free 

preferentially grown LCP crystals upon optimization of the interfacial coating process can be 

subsequently further developed via appropriate doping scenarios to achieve enhanced cycling stability 

at 5.0 V vs. Li/Li+ operation as a practical high-V cathode model. 
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Chapter 6: Global Discussion 

6.1. Thesis Overview 

As discussed in Chapter 1 and Chapter 2, the importance of high energy Li-ion batteries (LIBs) 

is increasingly evident across a wide range of applications. LIBs have established themselves as 

essential energy storage solution from portable electronic devices to large-scale applications such as 

electric vehicles (EVs) and renewable energy storage systems.1-3 This growing demand has sparked 

significant interest in researching next-generation cathode materials to surpass the current energy 

levels of the five major cathode materials developed and commercialized so far, including LiCoO2 

(LCO), LiNixCoyMnzO2 (NCM, where x+y+z = 1), LiNixCoyAlzO2 (NCA, where x+y+z = 1), 

LiMn2O4 (LMO), and LiFePO4 (LFP).4-6 Each of these cathode materials has various advantages and 

disadvantages. LCO offers high energy density but suffers from poor thermal stability and high cost.7 

NCM and NCA aim to reduce costs and improve electrochemical performance by partially replacing 

cobalt with nickel, manganese, or aluminum.8, 9 LMO with spinel structure offers a significant cost 

advantage over LCO, but its lower energy density and shorter cycle life limit its widespread use.10 

LFP, while providing excellent thermal stability and safety, has lower energy density.11 

After the development and commercialization of the cathode materials above, lithium cobalt 

phosphate (LiCoPO4, LCP) has emerged as a promising candidate for next-generation cathode 

materials. LCP aims to build upon the success of LFP, which gained attention for its superior thermal 

stability despite lower energy density compared to LCO.12-14 LCP offers a high operating voltage of 

4.8 V vs. Li/Li+ and a potential energy density of 800 Wh kg-1, significantly higher than its 

predecessors. However, LCP cathodes face significant obstacles limiting their practical application in 

LIBs. Notably, they suffer from poor Li-ion mobility and inefficient electron transfer but also crystal 

structure defects and interfacial stability at high-voltage (high-V).15, 16 These issues originate from the 

fundamental properties of olivine materials, primarily their restricted ability to conduct ions and 

electrons and the high potential of the Co3+/Co2+ redox couple. To address these challenges, strategies 

such as nanosizing, surface coating, and cation substitution have been adopted. 

Reducing particle size can shorten the length of Li-ion diffusion pathways, enhance initial 

discharge capacity and rate capability but cause severe side reactions with electrolytes due to the 

increased interfacial area resulting in lower volumetric energy density.17, 18 Surface coating with 

conductive carbon-based materials ensures enhanced electronic conductivity, and non-carbon layers 
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help mitigate the volumetric stresses and strains typically associated with Li-ion intercalation.19-21 

However, the preparation of these non-carbon coatings necessitates multiple synthesis techniques. 

Applying cation substitution has been demonstrated to improve structural features, effectively 

suppressing anti-site defect formation upon cycling tests, and improving overall kinetics.22, 23 While 

some LCP doping advances have been experimentally verified, challenges still persist. In detail, 

charge compensation with increasing dopant concentration and a narrow cut-off voltage (4.3-5.0 V vs. 

Li/Li+) maintaining the dopant in a non-redox state leads to a reduction in capacity from the theoretical 

capacity value.24 Moreover, the body of research addressing the fundamental aspects of LCP prior to 

cation doping is markedly insufficient. Thus, the necessity for more intensive research on the material 

itself is emphasized to gain a complete understanding and maximize the utilization of LCP in high 

energy density LIBs. 

In response to the deficiencies of the aforementioned approaches, crystallographic orientation 

control has been recognized to be an effective strategy to address the challenges associated with 

conventional nanosizing techniques.25-28 This strategy prioritizes optimizing the length of the Li-ion 

diffusion pathway of LCP along [010] while preserving particle size at the micron scale, rather than 

reducing the overall particle size. For morphology tailoring, solution synthesis methods such as 

hydrothermal and solvothermal techniques are the most suitable for controlling particle shape through 

various experimental parameters. 

While significant progress has been made in optimizing morphology, there remains a critical 

need for further research to address knowledge gaps in two key areas of LCP as a cathode material: 

the relationship between material synthesis and crystal properties that hinder achieving the theoretical 

full discharge capacity, and the role of interface chemistry in capacity fade upon cycling tests. 

Therefore, this thesis describes comprehensive investigations, focusing on multiple aspects of the 

target LCP material. It encompasses solution synthesis including hydrothermal (HT) and solvothermal 

(ST) methods, thorough characterization, electrochemical performance evaluation, and post-mortem 

analysis. This integrated study aimed at elucidating the fundamental limitations of LCP and propose 

potential solutions. The research findings provide new insights into solution synthesis techniques that 

can lead to production of defect-free crystal structures with optimized Li-ion diffusion pathways. 

Additionally, the study clarifies the interfacial chemistry intimately associated with capacity fade 

mechanism that occurs due to high-V operation. Ultimately, this comprehensive investigation 

contributes to bringing LCP closer to its theoretical full capacity and enhancing its cycling stability, 
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addressing key challenges in the development of high-performance cathode materials for next-

generation LIBs. 

Figure 6.1. Characterization of nano-scale Co(OH)2 layer on the surface of HT-LCP. (a-b) TEM and 

HRTEM images of HT-LCP; (c-d) XPS O 1s and (e-f) FTIR spectra of HT-LCP and SS-LCP; (g-h) 

Nyquist plots of pristine HT-LCP and SS-LCP electrodes with equivalent circuit used to fit the EIS 

model. 

In Chapter 3, HT synthesis of LCP was performed by adjusting Li molar ratio and pH value 

of the precursor solution to control the degree of supersaturation. This approach produced high-purity, 

well-crystalline LCP particles with the 150 % excess of Li (2.5:1:1) at pH 9. Subsequent to HT 

synthesis, the material was subjected to high-energy planetary-milling (PM) and conductive carbon 

coating (C-coating) labeled as HT-PM-LCP and HT-PM-C-LCP respectively. These post-synthesis 

treatments aimed to improve electrochemical properties by reducing particle size and enhancing 
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electronic conductivity. To provide a comparative baseline, LCP was also synthesized using the 

conventional solid-state reaction (SS) method, which does not involve solution-based processes. This 

approach fabricated three sample analogues to HT method: pristine material (SS-LCP) and two post-

processed versions (SS-PM-LCP and SS-PM-C-LCP). 

In-depth characterizations of HT-LCP identified two major types of defects: surface 

composition inhomogeneity-not previously reported (Figure 6.1) and bulk cation mixing (Figure 6.2). 

Specifically, during this study we noted the formation of undesired nano-scale Co(OH)2 passivation 

layer on the LCP surface and a significant presence of anti-site defects, where cobalt occupies lithium 

sites, blocking the one-dimensional (1-D) Li-ion diffusion channels.29-34 The Co(OH)2 layer forms on 

the LCP surface due to in-situ hydrolytic reactions favored by the alkaline environment, increasing 

charge-transfer resistance and adversely affecting the electrochemical performance. Moreover, 

abundant anti-site defects were detected, significantly higher in HT-LCP (9.14 %) compared to SS-

LCP (1.73 %). These defects obstruct Li-ion diffusion channels thereby limiting Li-ion intercalation 

during charge-discharge cycling. The initial galvanostatic charge-discharge tests at C/20 within the 

voltage range of 3.5-5.2 V vs. Li/Li+ demonstrated poor discharge capacities for pristine HT-LCP (33 

mA h g-1) and only marginal improvements following the post-synthesis treatment (53 mA h g-1 for 

HT-PM-LCP). Despite the agglomeration and larger particle size, SS-LCP achieved a discharge 

capacity of 53.3 mAh g-1. This capacity was improved to 76.2 mAh g-1 after PM treatment (SS-PM-

LCP). Although PM and C-coating were intended to escalate the electrochemical performance by 

reducing Li-ion diffusion lengths and enhancing electronic conductivity, these improvements were 

still insufficient to overcome the limitations imposed by the inherent defects. 

While PM eliminates Co(OH)2 layer on LCP surface and improves the initial discharge 

capacity, nano-sizing, as previously mentioned, leads to severe side reactions with the electrolyte and 

introduces difficulties for practical large-scale applications due to volumetric energy density concerns. 

The ICP-OES analysis revealed that the excess cobalt increased following the post-synthesis 

treatments, with HT-PM-LCP at 14.78 %, HT-PM-C-LCP at 15.72 %, SS-PM-LCP at 7.90 %, and SS-

PM-C-LCP at 10.16 %. This trend aligns with the rise in anti-site defect concentration. The increase 

in excess cobalt after the post-synthesis treatments might be attributed to the loss of Li-ions to the 

isopropanol solvent used during PM or the evaporation of Li-ions during the high-temperature C-

coating process. Furthermore, the high-temperature heat treatment required for C-coating does not 

reduce the anti-site defects formed during HT synthesis stage. This indicates that HT synthesis method 
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significantly impacts on the crystal structure and surface of LCP, which in turn affects the 

electrochemical performance. 

 

Figure 6.2. Anti-site defect concentration (Red bar) and excess Co (Blue sphere) calculated with XRD 

Rietveld refinement and ICP-OES analysis. 

Therefore, this study concludes that HT synthesis, while advantageous for producing high-

purity and well-crystalline LCP particles, inherently results in significant surface and bulk defects that 

curtail the electrochemical performance. The formation of nano-scale Co(OH)2 surface layer and high 

concentration of anti-site defects are dominant factors limiting the functionality of LCP cathode. To 

fully obtain the theoretical capacity value of LCP, alternative crystal engineering approaches with 

water-free solvent are necessary to prevent the formation of Co(OH)2 and minimize anti-site defects, 

making LCP viable for the application of high-energy LIBs. 

In Chapter 4, to address the surface and bulk defects originated from water-based HT synthesis, 

the research aim was shifted to synthesize defect-free, preferentially oriented LCP crystals using a 

solvothermal method with ethylene glycol (EG) serving as the surface energy control medium (Figure 

6.3). The experimental results indicated that adjusting the Li molar ratio in precursor solutions (1:1:1, 

1.5:1:1, 2:1:1) modulates the preferred crystallographic orientation and reduces anti-site defect 
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concentration. XRD patterns showed that 100 % excess Li source (2:1:1) reduced the Li-ion diffusion 

length along [010] direction, enhancing Li-ion diffusion kinetics. SEM and TEM analyses revealed 

the preferential growth of ST-LCP particles, confirming the effectiveness of EG in tailoring crystal 

growth. To elucidate the preferential growth of LCP, the role of interfacial energy variations induced 

by EG molecule interaction with LCP crystal facets were analyzed through ab initio molecular 

dynamics (AIMD) and density functional theory (DFT) calculations to study adsorption 

configurations and surface energy. These computational modeling provided insights into the role of 

EG in significantly reducing interfacial energy and promoting desired crystal growth by stabilizing 

LCP facets with EG compared to water, explaining the observed anisotropic growth in ST-LCP. 

To demonstrate the effect of solvent modification from water to EG, a comparative 

galvanostatic intermittent titration technique (GITT) analysis between LCP samples synthesized via 

ST and HT methods was conducted, with a particular emphasis on improving Li-ion diffusion kinetics. 

Compared to HT-LCP, ST-LCP exhibited significantly reduced overpotential, potentially indicative of 

enhanced electrochemical performance. Moreover, ST-LCP exhibited a superior number of redox 

peaks compared to HT-LCP, attributable to elimination of surface and bulk defects but also preferential 

crystal growth orientation, leading to enhanced Li-ion storage and rate capability. These 

improvements translated into substantially decreased charge-transfer and mass-transfer resistances in 

ST-LCP. Notably, ST-LCP showed the escalated Li-ion diffusion coefficients (ranging from 10-18 to 

10-16 cm2 s-1) compared to HT-LCP, indicating expedited Li-ion transport within the crystal structure. 

Nevertheless, the solvent modification introduced residual organic contaminants on the 

pristine ST-LCP surface, increasing charge-transfer resistance. In an effort to further optimize the 

material, ST-LCP was subjected to Ar-annealing process (700 oC for 1 hour), and the obtained product 

is labeled ST-A-LCP. This additional treatment successfully removed residual EG from the ST-LCP 

surface and further reduced anti-site defect concentration, approaching near defect-free crystal 

structure. Cyclic voltammetry (CV), differential capacity (dQ/dV) and galvanostatic charge-discharge 

measurements revealed that ST-A-LCP exhibited superior electrochemical performance surpassing all 

previous works, achieving nearly theoretical discharge capacity (163.0 mAh g-1 at C/10) and improved 

rate capability (151.6 mAh g-1 at 1 C). Prolonged cycling tests demonstrated improved capacity 

retention vis-à-vis other reports, with ST-A-LCP maintaining 61.65 % of its initial discharge capacity 

after 100 cycles at 1 C rate, but still below the desired level. This research provides valuable insights 

into the synthesis-structure-property relationships in LCP cathode materials. By demonstrating the 
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benefits of ST method with EG and subsequent Ar-annealing, defect-free, preferentially oriented LCP 

crystals were successfully synthesized providing enhanced electrochemical performance. 

Figure 6.3. (a) XRD patterns (b) crystallographic information including relative XRD peak ratio of 

(020) / (200), grain size, and anti-site defect concentration of LCP samples via ST synthesis with 

different Li molar ratios; morphology and crystal orientation of ST-LCP via (c) SEM, (d) TEM, and 

(e) HRTEM; atomic arrangement investigations of ST-LCP with (f) TEM elemental mapping, (g) EDS 

spectrum, and (h) Line scan.  

Despite the attainment of nearly theoretical discharge capacity, the cycling stability has not 

been satisfactory. Notably, the cycle life of ST-A-LCP was compromised by inconsistent Coulombic 

efficiency (CE) induced from the imbalance between charge and discharge capacities. This gap is 
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attributed to the electrolyte decomposition under high-V of LCP, exacerbated by severe interfacial 

reactions. The elevated cut-off voltage of 5.0 V vs. Li/Li+, while beneficial from the standpoint of 

energy density, leads to parasitic side reactions at the cathode-electrolyte interface. These reactions 

are complex and multifaceted, involving intricate chemical and electrochemical processes that are not 

yet fully understood. Thus, obtaining a comprehensive understanding of these phenomena is crucial 

for the design and development of robust high-V cathodes capable of maintaining optimal 

performance over extended cycling periods. 

Figure 6.4. (a-c) HRTEM images displaying the CEI layer thickness evolution from pristine state, to 

after 10 cycles at 1 C and C/10; (d-f) the corresponding HAADF and elemental mapping (Co, P. O, 

and F) images; and (g) the respective TGA curves. 

In Chapter 5, the research focus indeed shifted towards better understanding the capacity fade 

mechanisms of LCP via post-mortem analysis investigating cycled LCP electrodes under various 

aging conditions (Figure 6.4). The primary objective was to elucidate the correlation between 

interfacial chemistry and capacity loss during high-V operation and develop a novel coating strategy 

to mitigate these issues. In-depth post-mortem analysis employing a range of advanced techniques, 
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including TEM, TGA, EIS, MP-AES and XPS unveiled the intricate nature of LCP surface 

degradation. This deterioration, originating from parasitic reactions at the cathode-electrolyte 

interface, predominantly occurs through two interconnected processes: the progressive and 

irreversible evolution of the cathode-electrolyte interphase (CEI) layer and the gradual dissolution of 

redox metal (RM) primarily cobalt, a poorly understood phenomenon. 

Specifically, the analysis revealed that the CEI layer on LCP particles thickened progressively 

with cycling, particularly at slower C-rates, indicating that prolonged exposure to high-V accelerates 

irreversible side reactions. The formation of the CEI layer, while initially beneficial as a protective 

film, can evolve into a performance-limiting factor with repeated charge-discharge cycles.35 As the 

layer grows, it impedes Li-ion transport, increasing charge-transfer resistance and reducing the overall 

efficiency of LIBs. The formation of this layer also necessitates the consumption of electrolyte 

components, potentially leading to electrolyte depletion.36 Simultaneously, the dissolution of RM 

species from the cathode surface not only results in a loss of RM-related capacity but also can lead to 

the migration and deposition of these species elsewhere in other battery components such as separator 

or anode, potentially causing further degradation or short-circuiting (refer to Figure 6.5).37 

Additionally, the dissolution process creates surface defects on the cathode, exacerbating 

degradation.38 Importantly, it is observed that the extent of these degradation processes is directly 

dependent on the applied C-rate during cycling, providing valuable insights into optimizing 

operational parameters for LCP-based batteries. 

To combat these undesired phenomena and improve the overall performance of LCP cathodes, 

an innovative surface engineering technique utilizing sucrose-derived reduced graphene oxide (RGO) 

has been successfully applied. This novel approach creates a protective layer on LCP particles 

(referred to as ST-R-LCP), serving multiple critical functions. The conductive RGO layer facilitates 

accelerated charge-transfer kinetics at the cathode-electrolyte interface, thereby reducing the 

increased resistance caused by CEI layer formation. Furthermore, this coating inhibits RM dissolution 

via prevention of aggressive surface complexation, effectively preserving the active material and 

minimizing capacity loss during prolonged cycling. The application of this RGO coating strategy has 

resulted in remarkable improvements in the electrochemical performance of LCP cathodes, 

particularly in terms of rate capability and cycling stability. Notably, ST-R-LCP exhibited significantly 

enhanced rate capability with the values of 158.8, 160.9, 162.6, and 163.0 mAh g-1 corresponding to 

the increased C-rate from C/10 up to 1 C, demonstrating the ability to preserve relatively high capacity 
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even at faster charge and discharge rates allowing for quick charge and discharge without 

compromising capacity. Moreover, the cycling stability of ST-R-LCP during the initial 100 cycles at 

1 C has shown substantial improvement, retaining higher capacity retention over numerous cycles 

compared to the uncoated counterparts (76.36 % compared to 61.65 % for the ST-A-LCP). 

Figure 6.5. Investigation of redox metal (RM) dissolution upon cycling via (a) MP-AES analysis for 

the concentration ratio of cobalt to phosphorus (Co/P) for pristine and cycled ST-R-LCP and ST-A-

LCP electrodes at different C-rates after 10 cycles; HAADF images (the inset image shows the line 

scan) of (b) ST-R-LCP and (c) ST-A-LCP particles extracted from the cycled electrodes after 100 

cycles at 1 C; (d) photographs and Co 2p XPS spectra of separators extracted from (e) ST-R-LCP and 

(f) ST-A-LCP cells after 100 cycles at 1 C. 

 While RGO coating enhances charge transfer kinetics, it also accelerates initial electrolyte 

decomposition. However, the overall cycling stability of ST-R-LCP is significantly improved 

compared to ST-A-LCP due to the suppression of RM dissolution. This suggests that the RGO layer 

acts as a protective barrier against RM migration. The dissolution mechanism involves the interaction 

between surface RM cations and diketonate chelating agents derived from the oxidation of carbonate 

solvent including ethylene carbonate (EC), propylene carbonate (PC), and dimethyl carbonate (DMC), 

which is interrupted by the RGO coating.39 The oxygen-containing functional groups in RGO further 

contribute to RM retention by forming strong coordination bonds with RM ions. 

MP-AES analysis demonstrated that the relative molar ratio of Co/P at different C-rates after 

10 cycles for both pre- and post-coating cathode samples. ST-R-LCP possesses a relatively well-
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preserved Co/P ratio rather than ST-A-LCP, suggesting mitigated RM dissolution via RGO coating. 

In addition, TEM examination of LCP particles extracted from electrodes after 100 cycles at 1 C 

showed preservation of the original shape uniformity of ST-R-LCP without signs of parasitic ingress 

owed to protection by RGO coating. The inset line scan image reveals a significant contrast in 

elemental distribution between ST-R-LCP and ST-A-LCP particles. For ST-R-LCP, the image shows 

a uniform distribution of the three main elements–cobalt (yellow), phosphorus (green), and oxygen 

(red)–throughout the rectangular-shaped particle. This uniformity suggests that RGO coating has 

effectively maintained the structural integrity and composition of the LCP material. In contrast, ST-

A-LCP particle exhibits noticeable loss of LCP composition, particularly near its surface. This 

compositional change at the lattice fringe suggests that the surface has undergone significant alteration, 

due to the irreversible side reactions with the electrolyte. 

 This comprehensive post-mortem analysis on LCP highlights that RM dissolution constitutes 

a critical factor contributing to capacity fade of LCP compared to the gradually evolving CEI layer. 

The protective nature of RGO coating in ST-R-LCP is evident, as it effectively preserves the elemental 

composition and structure. In contrast, the uncoated ST-A-LCP exhibits clear indications of surface 

degradation. This stark difference emphasizes the crucial role of surface protection in maintaining the 

stability and performance of high-V battery applications like LCP. Moving forward, further in-depth 

investigations into the correlation between capacity fade and interfacial chemistry are necessary to 

elucidate specific mechanisms of electrolyte decomposition, CEI layer formation, and RM dissolution 

under high-V condition. Such research will enable the development of targeted strategies to overcome 

these challenges, paving the way for high-energy LIBs with improved cycle life and stability. 
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Chapter 7: Synopsis 

7.1. Global Conclusions 

The research described in Chapters 3, 4, and 5 presents significant advances on the development and 

optimization of lithium cobalt phosphate (LiCoPO4, LCP) as a high-performance cathode material for 

lithium-ion batteries (LIBs). The study progressed through several key stages, each addressing 

specific challenges and yielding important insights. 

Initially, the target material, LCP was synthesized using both hydrothermal (HT) and 

conventional solid-state (SS) methods, followed by post-synthesis treatments including high-energy 

planetary-milling (PM) and carbon coating (C-coating) to enhance the intrinsically sluggish kinetics 

of LCP. In-depth material characterization revealed that HT synthesis brings two performance 

compromizing issues: the formation of a resistive nano-scale Co(OH)2 layer on LCP surface causing 

extra charge-transfer resistance and an abundance of anti-site defects blocking one-dimensional (1-D) 

Li-ion diffusion channels compared to SS-LCP. 

After revealing the fundamental limitation of HT synthesis, a novel LCP crystal variety with 

enhanced kinetics was designed. The new LCP material characterized by a defect-free crystal structure 

and shortened Li-ion diffusion pathways was produced through solvothermal (ST) synthesis using 

ethylene glycol (EG) as a water-free solvent and subsequent Argon (Ar)-annealing treatment. 

Computational modeling with the combination of ab initio molecular dynamics (AIMD) and density 

functional theory (DFT) calculations determined the surface-active role of EG in promoting 

anisotropic crystal growth by exhibiting interfacial energy variation upon molecular interaction with 

each LCP crystal facet. The resulting LCP (ST-A-LCP) exhibited superior Li-ion diffusivity, leading 

to near-theoretical capacity (163.0 mAh g-1 at C/10) and excellent rate capability (151.6 mAh g-1 at 1 

C) but not the desired level of cycling stability (61.7 % capacity retention after 100 cycles at 1 C). 

Subsequent to the achievement of nearly theoretical discharge capacity, post-mortem analysis 

of cycled LCP electrodes with different aging conditions was conducted to understand the relationship 

between capacity fade mechanism and irreversible interfacial chemistry between cathode and 

electrolyte. High-V operation of LCP triggered two main side-reactions: undesired cathode-electrolyte 

interhphase (CEI) layer evolution intimately linked with enlarged charge-transfer overpotential and 

redox metal (RM) dissolution causing unwanted RM-related capacity loss. To address these 

irreversible side reactions at cathode-electrolyte interface, one-step facile sucrose-derived RGO 
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coating was developed to expedite the charge-transfer kinetics and effectively mitigate RM dissolution. 

The RGO coated LCP sample (ST-R-LCP) delivered both superior accessible discharge capacity up 

to 163.0 mAh g-1 (equal to 771.2 Wh kg-1 as energy density) and significantly enhanced retention of 

76.4 % after 100 cycles at 1 C, never achieved before without stabilizing dopants. 

This comprehensive post-mortem analysis on LCP revealed that RM dissolution plays a major 

role in capacity fade of LCP compared to the gradually evolving CEI layer. These findings not only 

advance the understanding of LCP as a high-voltage (high-V) cathode material but also provide 

valuable insights into strategies for improving the performance and longevity of advanced LIBs. 

7.2. Original Contributions to Knowledge 

This thesis made significant contributions to original scientific knowledge of LCP research 

through comprehensive studies of solution synthesis methods, post-mortem analysis, and 

electrochemical evaluation. The research focused on elucidating the intricate relationships between 

material synthesis, crystal structure, electrochemical performance, and capacity fade mechanisms in 

LCP cathodes. 

Firstly, via a suite of detailed surface and bulk crystal characterizations coupled with 

electrochemical analysis, the candidate discovered hydrothermal (HT) synthesis of LiCoPO4 to lead 

to (i) the formation of resistive nano-scale Co(OH)2 surface passivation layer and (ii) abundant anti-

site defects arising from excess Co in HT-LCP samples compared to SS-LCP samples, thus explaining 

the poor discharge capacity of the HT-LCP material. 

Secondly, the candidate developed a novel LCP crystal variety characterized by defect-free 

crystal structure and shortened Li-ion diffusion pathway via solvothermal (ST) synthesis using 

ethylene glycol (EG) as the crystal plane specific solvent and subsequent Argon (Ar)-annealing. The 

origin of crystal growth control that enabled the production of defect-free LCP was elucidated with 

the calculation of surface energy of different LCP crystal facets in different solvents (H2O and EG) 

after solvent molecule adsorption through AIMD simulation and DFT calculation. Owed to the 

morphological and structural advantages of the ST-A-LCP material, noticeably augmented Li-ion 

diffusivity is obtained, and nearly theoretical full capacity value (163.0 mAh g-1 at C/10), and 

improved rate capability (151.6 mAh g-1 at 1 C). 

Thirdly, through post-mortem analysis, the relationship between capacity fade mechanism and 

irreversible interfacial chemistry between cathode and electrolyte was elucidated. Specifically, high-
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V operation of LCP triggers two main side-reactions: i) undesired cathode-electrolyte interphase (CEI) 

layer evolution intimately linked with enlarged charge-transfer overpotential and ii) Redox metal (RM) 

dissolution causing unwanted consumption of RM from olivine structure. This understanding 

motivated us to develop a sucrose-derived RGO coating to promote charge exchange while mitigating 

irreversible side reactions at cathode-electrolyte interface and RM dissolution. With RGO coating 

strategy, the candidate achieved both superior accessible discharge capacity up to 163.0 mAh g-1 

(equal to 771.2 Wh kg-1 as energy density) and significantly improved capacity retention of 76.4 % 

after 100 cycles at 1 C vs. 61.7 % without RGO coating. 

7.3. Future Research Direction 

The findings in this thesis highlight the importance of further in-depth investigations into the 

correlation between capacity fade and interfacial chemistry in LCP-based systems. Such research 

should aim to elucidate the specific mechanisms of electrolyte decomposition, CEI layer formation, 

and RM dissolution under the conditions of raised cut-off voltage. Understanding these processes at 

a molecular level could provide crucial insights for developing targeted strategies to mitigate these 

issues that can be advantageously combined with doping studies as stabilizing approach. 

Potential avenues for future research may include: 

1. Advanced in-situ and operando characterization techniques to observe interfacial reactions in 

real-time upon cycling. 

2. Computational modeling of the cathode-electrolyte interface to predict and understand 

degradation mechanisms. 

3. Development of novel electrolyte specifically designed to withstand at high-V. 

4. Investigation of electrolyte additives that could form more stable and conductive CEI layers, 

minimizing capacity loss over extended cycling. 

5. Exploration of advanced surface coating or modification techniques to create stable interfaces 

between cathode and electrolyte. 

By addressing these challenges and gaining a deeper understanding of the interfacial chemistry 

in high-V cathode systems (in addition to appropriate doping strategies), it may be possible to unlock 

the full potential of this promising cathode material. Overcoming these hurdles could pave the way 

for the development of high-energy LIBs with significantly improved cycle life and stability. 
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Appendixes 

A.1. Methodology and Characterization 

This section has been prepared to provide comprehensive details on the methodology and 

characterization techniques employed in this thesis. It offers supplementary explanations and 

elaborations to help fully understand sample preparation and analyses outlined in the Experimental 

sections of Chapters 3, 4, and 5. 

A.1.1. Material preparation 

A.1.1.1. Precursor solution preparation and hydrothermal synthesis (HT-LCP) 

Figure A.1.1. (a) N2-filled glovebox and (b) degassing process of deionized water in N2-filled 

glovebox. 

The experimental procedure begins with the preparation of deionized and deoxygenated water 

to prevent cobalt oxidation. This step involves transferring 1 L of deionized water into a nitrogen (N2)-

filled glovebox, as illustrated in Figure A.1.1a. To effectively degas the water, a bubble column 

connected to a rubber hose is submerged into the water. The degassing process continues for three 

hours, during which time the water is continuously stirred while maintaining a steady flow of N₂ gas, 

as depicted in Figure A.1.1b. 

Once the deionized and deoxygenated water is ready, carefully transfer all the essential 

chemicals, along with the glass liner, autoclave head, and container, into N2-filled glovebox. Within 

the glovebox, use a magnetic stirrer to thoroughly dissolve all the required chemicals in 200 mL of 

deionized and deoxygenated water. This includes varying amounts of lithium content to achieve 

different molar ratios (1:1:1, 1.5:1:1, 2:1:1, 2.5:1:1, and 3:1:1) relative to the cobalt and phosphate 
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sources. It is crucial to confirm that the stirring process continues until a completely homogeneous 

precursor solution is obtained, with no visible undissolved particles remaining in the mixture. Once 

the solution has reached a uniform consistency, cautiously transfer it into the glass liner, paying 

attention to avoid any spills or contamination that could compromise the integrity of the experiment. 

Afterwards, the next step is to assemble the autoclave. This involves placing the glass liner 

with the precursor solution into the autoclave container, securely attaching the autoclave head, and 

ensuring that all components are correctly aligned. Once the assembly is complete, attentively remove 

the whole autoclave from N2-filled glovebox. To mitigate the risk of any potential explosions during 

the experiment, take extra precautions by tightening all the screws on the autoclave assembly (Figure 

A.1.2a). This step is crucial to confirm that the autoclave is properly sealed and can withstand the 

elevated pressure and temperature it will be subjected to during the experiment. Finally, place the 

securely assembled autoclave on the loading station, assuring that it is correctly positioned and stable 

before proceeding with the following experimental procedures (Figure A.1.2b). For safety purposes, 

the autoclave station must be positioned behind a wall to reduce the risk of damage to other laboratory 

facilities. Additionally, it is important to regularly inspect the rupture disc to allow that it can release 

internal pressure above a certain level of pressure to prevent any potential explosions. 

Figure A.1.2. (a) Assembled and (b) assembled-installed autoclave on the loading station. 

A.1.1.2. Planetary milling (HT-PM-LCP) 

 The process involves transferring 7.5 mL of HT-LCP powder, measured by tap density, along 

with PM jars and lids (Figure A.1.3a), 100 g of 1 mm zirconia (ZrO2) balls (Figure A.1.3b), and 15 
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mL of isopropanol into N2-filled glovebox. In the prepared PM jar, add the materials in the following 

order: HT-LCP powder, ZrO2 balls, and isopropanol. Then, securely seal the jar with the lid. Once the 

jar is assembled, carefully remove it from N2-filled glovebox and transport it to the PM machine, 

Planetary Micro Mill PULVERISETTE 7 premium line (Fritsch) as shown in Figure A.1.3c. Before 

installing the jar into the machine, confirm that the total weight of each jar should be balanced as 

possible. Set the milling machine by selecting the milling conditions including the duration time, 

pauses, and number of cycles determining the entire milling time. Finally, start the milling machine 

to begin the process. 

Figure A.1.3. (a) Grinding jar and lid, (b) 100 g of ZrO2 ball with the diameter 1 mm, and (c) Planetary 

Micro Mill PULVERISETTE 7 premium line. 

A.1.1.3. Carbon coating (HT-PM-LCP) 

Figure A.1.4. (a) MTI mini tube furnace, and (b) heating schedule for carbon coating. 

A lactose solution was prepared by dissolving lactose in deionized and deoxygenated water 

with the concentration, 22.4 g L-1 and stirring for half an hour. Subsequently, 10 mL of this solution 

was combined with 2 g of HT-PM-LCP powder in a graphite crucible, resulting in a mixture ratio of 

0.112 g lactose per gram of LCP sample. After oven-drying the resulting slurry, it was placed in an 
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MTI mini tube furnace (model OTF-1200X, Figure A.1.4a). The heating process then followed the 

schedule illustrated in Figure A.1.4b. 

A.1.1.4 Solid-state reaction synthesis (SS-LCP, SS-PM-LCP, and SS-PM-C-LCP) 

 The stoichiometric amounts of chemicals as a source of lithium, cobalt, and phosphate, along 

with PM jars and lids, 100 g of 1 mm ZrO₂ balls, and isopropanol with the two times larger volume 

of total chemicals were transferred into N2-filled glovebox. Following the procedure described in 

section A.1.1.2, place the chemicals into the jar and proceed the wet grinding at 300 rpm for 6 hours. 

Afterward, dry the resulting material in an oven at 50 oC overnight. Following the chemical mixing 

and drying stages, the material underwent two separate calcination processes. Both processes used a 

heating rate of 5 oC min-1. The first calcination took place in air at 400 oC and lasted for 10 hours. 

This step was designed to eliminate crystal water from the mixture. The second calcination occurred 

in argon (Ar) atmosphere at 800 oC, also for a duration of 10 hours. The purpose of this final step was 

to produce a pure LCP phase. 

The procedures described in sections A.1.1.2 and A.1.1.3 were entirely replicated for the 

preparation of SS-PM-LCP and SS-PM-C-LCP samples. This replication was implemented to create 

a parallel set of samples to the HT-PM-LCP and HT-PM-C-LCP variants. The same methodologies 

were employed throughout this process to ensure consistency and comparability between the different 

sample sets. 

A.1.1.5 Solvothermal synthesis (ST-LCP) 

 The overall process closely resembles the HT synthesis outlined in section A.1.1.1, but with 

notable modifications. Instead of water, the organic solvent ethylene glycol (EG) is now used as the 

solvent. Additionally, the range of Li molar ratio options has been narrowed down to just three: 1:1:1, 

1.5:1:1, and 2:1:1. These changes result in a more restricted set of synthesis conditions compared to 

the previous method. Despite these alterations, the fundamental approach remains consistent with the 

HT synthesis process described earlier. 

A.1.1.6. Argon annealing and RGO coating (ST-A-LCP and ST-R-LCP) 

 The process for Ar-annealing and coating with sucrose-derived reduced graphene oxide (RGO) 

began with dispersing pristine ST-LCP in deoxygenated and deionized water. This water contained 

varying amounts of sucrose (0 or 40 wt.%). After thorough mixing, the suspension was placed in an 
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alumina (Al2O) crucible. The resulting slurry was then dried in a vacuum oven at 80 oC. Following 

this, the dried material was transferred to the tube furnace previously mentioned in section A.1.1.3. 

There, it was heated to 700 oC for one hour under a continuous flow of Ar gas. This step was designed 

to reduce the anti-site defect concentration further and cause sucrose decomposition and subsequent 

carbonization. The samples produced through this process were labeled differently based on the 

presence of sucrose: those annealed in Ar without sucrose were denoted as ST-A-LCP, while those 

processed with sucrose were designated as ST-R-LCP. 

A.1.7. Electrode preparation and cell assembly 

For electrode preparation, two methods were employed: dry-method and wet-method. The 

dry-method was used to fabricate free-standing working electrodes without an Aluminum (Al) current 

collector. The process began in Ar-filled glovebox (Figure A.1.5) where a PM jar was assembled with 

70 wt.% of LCP sample and 20 wt.% of acetylene black. These components underwent mild PM 

milling at 300 rpm for 1 hour without solvent by using twenty of ZrO2 grinding balls (10 mm each) 

to ensure homogeneous blending. After mixing, the jar was carefully transferred back to Ar-filled 

glovebox and disassembled. The next step involved adding 10 wt.% of polytetrafluoroethylene (PTFE) 

binder into the mixed powder. This mixture was then spread and pressed using a stainless steel bar in 

a hand-pressing process. Sufficient pressure and cutting step were replicated until a film was formed 

with an area of 0.16 cm2 and a weight of approximately 2.5 mg. 

Figure A.1.5. Ar-filled glovebox for cell assembly and material preparation. 
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The wet-method for electrode preparation involved formulating a slurry by combining LCP 

samples, acetylene black, and polyvinylidene fluoride (PVDF, (C2H2F2)n) binder in a 7:2:1 weight 

ratio. These components were mixed in 1-methyl-2-pyrrolidone (NMP) solvent. As illustrated in 

Figure A.1.6a, the resulting slurry was then placed on a high-purity Al foil, which served as the current 

collector. A doctor blade was used to ensure uniform spreading of the slurry across the foil surface. 

Subsequently, the coated foil was left to dry overnight in a vacuum oven at 80 oC to evaporate NMP 

solvent. 

Figure A.1.6. (a) Schematic diagram of electrode paste on Al current collector, (b) electrode punch, 

and (c) press. 

 The dried electrode was punched into disks with a diameter of 10 mm and then pressed twice 

with 20 MPa (Figure A.1.6b-c). The final mass loading of the cathode electrodes produced by this 

wet-method averaged 2-2.5 mg cm-2, which is comparable to the loading achieved with the dry-

method described earlier. These manufactured electrodes were further dried in a vacuum oven at 80 

oC for an additional day, then transferred to Ar-filled glovebox for cell assembly. 

Figure A.1.7. (a) Swagelok cell components, and (b) assembled cell. 



140 

 To evaluate electrochemical properties, the prepared electrodes were incorporated into a 

Swagelok-type cell. The assembly process, as illustrated in Figure A.1.7a, initiates by transferring all 

required components into Ar-filled glovebox. Within this controlled environment to avoid the 

exposure of oxygen and moisture, the cell is constructed by stacking the various parts in a specific 

order from bottom to top. Once all components are in place, the cell is sealed with a closing cap. 

During this assembly, it's crucial to maintain proper alignment of all components. A noteworthy detail 

is the use of 200 μL of electrolyte and two separators in the cell configuration. This careful assembly 

process ensures the integrity of the cell for subsequent electrochemical measurements. 

Figure A.1.8. (a) Arbin cycler (BT2403), and (b) Bio-Logic workstation. 

 After assembly, the Swagelok cells (Figure A.1.7b) were allowed to rest for 6 hours, providing 

sufficient time for the electrolyte to thoroughly wet LCP cathodes. Following this rest period, the cells 

were transferred to Arbin cycler (Figure A.1.8a) for various electrochemical tests. These tests included 

obtaining charge-discharge curves, capacity retention, and galvanostatic intermittent titration 

technique (GITT) analysis. For additional electrochemical characterizations, Bio-Logic workstation 

(Figure A.1.8b) was employed. This equipment was utilized to conduct electrochemical impedance 

spectroscopy (EIS) measurements, cyclic voltammetry (CV), and linear sweep voltammetry (LSV) 

analysis. 

A.1.2. Materials characterizations 

A.1.2.1. Phase and crystal structure (XRD) 

 X-ray diffraction (XRD) analysis was performed using Bruker D8 Discovery X-ray 

diffractometer. The instrument employed a Co K-alpha source (Co-Kα) with a radiation wavelength 
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of 1.78892 Å. Operating conditions were set at 35 kV voltage and 45 mA current. The diffraction 

patterns were collected over a 2θ range from 10 to 80 o. For detailed structural analysis, Rietveld 

refinements of the crystal structure were conducted using TOPAS Academic V5 program software. 

This refinement process allowed for the determination of several key structural parameters, including 

lattice parameters, grain size, and defect concentration. 

A.1.2.2. Electron microscopy (SEM and TEM) 

 Morphological characterization was conducted using Hitachi cold-field emission SU-8000 

scanning electron microscope (CFE-SEM). The imaging parameters included an acceleration voltage 

of 5 kV and an emission current of 10 μA allowing for the acquisition of high-resolution images at 

various magnifications, including 10 k, 20 k, 50 k, and others. 

 For more advanced microscopy techniques, Thermo Scientific Talos F200X G2 STEM 

operating at 200 kV was utilized. This versatile instrument enabled the collection of multiple types of 

data, including transmission electron microscope (TEM), high-resolution TEM (HR-TEM), high-

angle annular dark-field (HAADF) images, and selected area electron diffraction (SAED) patterns. 

Additionally, it allowed for energy dispersive X-ray (EDS) elemental mappings and line scans.  

A.1.2.3. Size distribution (Zetasizer Nano ZS) 

 Sample preparation begins by mixing 0.05 g of LCP sample with 5 mL of deionized (DI) water 

in a 15 mL conical tube. The mixture is then subjected to at least 30 minutes of sonication to guarantee 

thorough dispersion. During the sonication, clean a 12 mL cuvette with isopropanol and use an air 

gun to evaporate the solvent. Following the sonication process, cautiously transfer the resulting 

solution into a 12 mL cuvette up to the marked line. Once the cuvette is filled with the solution, place 

it securely within the measurement device. With the sample properly positioned, the measurement 

procedure can be initiated. 

A.1.2.4. Surface characterization (XPS) 

 X-ray photoelectron spectroscopy (XPS) analysis process began with an essential sample 

preparation step: Film- or powder- typed LCP samples were subjected to vacuum oven overnight for 

degassing to ensure optimal surface conditions. Afterwards, samples were carefully sealed into the 

sample holder within nitrogen-filled glovebox, preserving their pristine state. XPS spectra were then 

acquired using Nexsa G2 system from Thermo Scientific. The instrument utilized Al Kα radiation at 
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1486.6 eV with a focused X-ray spot size of 200 μm. To mitigate charging effects, a flood gun was 

employed during measurements. The acquisition parameters for all elemental spectra were 

standardized: 20 scans were performed, each with a 50 ms dwell time and a pass energy of 50 eV. To 

obtain accurate binding energy measurements, charge correction was implemented by referencing the 

C 1s peak to 284.8 eV. Additionally, an electron flood gun was used for charge neutralization during 

analysis. 

A.1.2.5. Vibrational spectroscopy (FT-IR and Raman) 

 To characterize the vibrational frequencies of LCP samples, two complementary spectroscopic 

techniques were employed: Fourier Transform Infrared (FT-IR) spectroscopy was conducted using 

Perkin Elmer Spectrum II FT-IR Spectrometer. The analysis covered a wavenumber range from 4000 

to 400 cm-1, with a high resolution of 0.5 cm-1. This technique was specifically used to verify the 

presence of Co(OH)2 passivation on HT-LCP samples and to identify oxygen-containing functional 

groups on the surface of ST-R-LCP. 

Additionally, Raman spectroscopy was performed using Witec Alpha 3000 system with a 

laser wavelength of 514 nm. This method was employed to confirm the existence and nature of carbon 

layers on the surface of HT-PM-C-LCP and ST-R-LCP samples. 

A.1.2.6. Thermogravimetric analysis (TGA) 

 To investigate the cathode-electrolyte interphase (CEI) layer evolution of LCP electrodes 

during cycling and to perform a quantitative analysis of sucrose-derived reduced graphene oxide 

(RGO), TGA was carried out using Discovery 5500 instrument from TA Instruments. The analysis 

involved heating at a rate of 5 oC min-1, starting at 25 oC and increasing up to 700 oC in an air 

atmosphere. To achieve an adequate amount of sample, multiple cells were cycled under specific aging 

conditions. Following this, post-mortem analysis was conducted in Ar-filled glovebox to retrieve the 

LCP electrodes. These electrodes were then thoroughly cleaned by washing three times with dimethyl 

carbonate (DMC), dried within the glovebox, and subsequently collected for TGA analysis. 

A.1.2.7. Surface area (BET) 

 Sample preparation for Brunauer-Emmett-Teller (BET) analysis begins a day in advance for 

degassing. Initially, weigh between 0.5 to 1 g of LCP sample and transfer it into a glass container. The 

powder then undergoes an overnight degassing process, involving exposure to a continuous N2 flow 
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at an elevated temperature of 120 oC. Following the overnight degassing, measure the weight of the 

pure LCP sample, by subtracting the weight of the glass container. Next, carefully install the glass 

container including the degassed sample into the BET instrument. Once the measurement is complete, 

calculate the specific surface area (m2 g-1) by dividing the total surface area (m2) obtained from the 

instrument with the weight of the pure LCP sample. 

A.1.2.8. Elemental concentration (ICP-OES and MP-AES) 

 Following the HT reaction, inductively coupled plasma optical emission spectrometry (ICP-

OES) was utilized to quantify the concentration of remaining ions in the solution. The detailed 

experimental procedure is as follows: Initially, prepare a 4 % nitric acid solution in a fume hood. This 

involves combining 960 mL of DI water with 40 mL of nitric acid. Begin by pouring 400 mL of DI 

water into a container, then gradually add the 40 mL of nitric acid in multiple small portions. Use the 

remaining DI water to rinse the cylinder that contained the nitric acid, and add this rinse to the 

container. Seal the container and agitate thoroughly for further homogeneity. 

Figure A.1.9. Volumetric flasks (10 and 25 mL) for dilution process. 

For the dilution step, the goal is to reduce the ion concentration in the solution to a range of 

10-1-0.1 ppm. Utilize 10 mL and 25 mL volumetric flasks (Figure A.1.9) for this process. First, add a 

small amount of the prepared 4 % nitric acid to each flask. Then, introduce 0.5 mL of the sample 

solution. Fill each flask to its calibration mark with the 4 % nitric acid solution. Seal the flasks with 

ParaFilm and shake vigorously to acquire homogeneous mixing. 
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 To assess the Co/P ratio in electrodes subjected to various cycling-aging conditions, a thorough 

post-mortem analysis was conducted. The process began with collecting LCP electrodes from 

disassembled cells (Figure A.1.10a). These electrodes were immersed in ethanol and underwent a 

three-hour sonication treatment to separate the LCP material from other electrode components such 

as acetylene black and polyvinylidene fluoride (PVDF) binder (Figure A.1.10b). Following sonication, 

the LCP powder was isolated through centrifugation (Figure A.1.10c). The isolated LCP powder then 

underwent a digestion process using nitric acid, resulting in a solution. Subsequently, this digested 

solution was diluted following the previously described protocol for ICP-OES analysis. 

Figure A.1.10. (a) Collected electrode from Al current collector, (b) before and (c) after undergoing 

the separation process via sonication and centrifuge with ethanol. 
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A.2. Supplementary Information – Chapter 3 

Figure A.2.1. Morphology and phase characterizations of hydrothermally synthesized LCP (HT-LCP) 

samples for 6 hours at different temperatures via (a) SEM and (b) XRD. (The concentration of CoSO4 

and H3PO4 is fixed at 0.4 M).  
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Figure A.2.2. Phase and elemental comparison of HT-LCP samples from the precursor solutions with 

different Li/Co/P molar ratio at (a-b) pH 8 and (c-d) 10 (The concentration of CoSO4 and H3PO4 

isfixed at 0.4 M). 
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Table A.2.1 pH value variations before and after HT-synthesis. 

(The concentration of CoSO4 and H3PO4 is fixed at 0.4 M) 

  

 pH 8 pH 9 pH 10 

Li/Co/P 

Molar ratio 
Before After Before After Before After 

1:1:1 8 6.1 9 9.17 10 10 

1.5:1:1 8 5.04 9 9.1 10 10.14 

2:1:1 8 4.97 9 9.07 10 10.16 

2.5:1:1 8 6.26 9 9.38 10 9.96 

3:1:1 8 8.75 9 9.36 10 10 
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Figure A.2.3. Morphology of LCP nanocrystals from the precursor solutions with the stoichiometric 

ratio 1:1:1 (Li:Co:P) at pH 10. 
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Figure A.2.4. Morphology and phase characterizations of LCP samples obtained by solid-state 

reaction (SS-LCP) and post-synthesis treatments (SS-PM-LCP and SS-PM-C-LCP) via (a) SEM and 

(b) XRD. 
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Figure A.2.5. (a) HRTEM and (b) SAED pattern of HT-LCP.
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Figure A.2.6. XPS spectra of HT-LCP: (a) Survey scan, (b) C 1s spectrum, (c) Li 1s spectrum, (d) Co 

2p spectrum, and (e) P 2p spectrum. 
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Figure A.2.7. XPS spectra of SS-LCP: (a) Survey scan, (b) C 1s spectrum, (c) Li 1s spectrum, (d) Co 

2p spectrum, and (e) P 2p spectrum.  
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Figure A.2.8. XPS depth profile (O 1s) of HT-LCP with 200 eV laser for (a) 20 seconds, (b) 40 

seconds, (c) 60 seconds and (d) 80 seconds.   
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Figure A.2.9. Pourbaix diagram of cobalt (Co-H2O at 298.15 K, 0.01 M).1 
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Figure A.2.10. XPS O 1s spectra of (a) HT-PM-LCP, and (b) HT-PM-C-LCP.  
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Figure A.2.11. XRD Rietveld refinement of HT-LCP and SS-LCP samples: (a) HT-LCP, (b) HT-PM-

LCP, (c) HT-PM-C-LCP, (d) SS-LCP, (e) SS-PM-LCP, and (f) SS-PM-C-LCP. 

 

Reference A.2 

1. P. Meshram, U. Prakash, L. Bhagat, Abhilash, H. Zhao, E. D. V. Hullebusch, Processing of 

waste copper converter slag using organic acids for extraction of copper, nickel, and cobalt. Minerals 

2020, 10 (3), 290. 
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A.3. Supplementary Information – Chapter 4 

Additional information on synthesis procedure 

The detailed experimental procedure for the precursor solution preparation is as follows: 

First, lithium hydroxide monohydrate, cobalt sulfate heptahydrate, and L-Ascorbic acid are 

initially added into a volumetric flask. Subsequently, 150 mL of ethylene glycol (EG) is poured 

into the flask as the solvent. After that, under continuous magnetic stirring, phosphoric acid in 

liquid form–serving as the phosphate source–is poured into the mixture, causing the pH to shift 

to acidic region. To restore the pH to an alkaline level, ammonium hydroxide solution is added in 

a controlled manner. Initially, a certain amount (e.g., 1 mL or 0.5 mL) is introduced, and sufficient 

time is allowed for the pH to stabilize. Additional increments of ammonium hydroxide solution 

are introduced only after observing the stabilization of the pH value. This step is repeated 

iteratively until the target pH value is reached. Once achieved, additional EG is poured into the 

flask to adjust the final volume to 200 mL. 
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Figure A.3.1. Rietveld refinement results of LCP samples–obtained by ST synthesis at different Li 

contents–based on XRD patterns.  
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Table A.3.1. Refined XRD data for LCP samples via ST synthesis at different Li conent. 

 

  

Li:Co:P 

Molar ratio 
1:1:1 1.5:1:1 2:1:1 

a (Å) 10.2217892 10.2001787 10.1955701 

b (Å) 5.9254670 5.9209470 5.9184287 

c (Å) 4.7084540 4.7033751 4.7017851 

Unit cell 

volume (Å3) 
285.19 284.06 283.71 

Grain size (nm) 32.3 45.3 63.5 

Anti-site defect 

concentration (%) 
4.329 1.029 0.8554 

Rwp (%) 7.117 10.511 11.986 
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Figure A.3.2. Morphology of LCP samples via ST synthesis obtained with different Li molar ratio of 

1:1:1, 1.5:1:1, and 2:1:1 (The concentration of CoSO4 and H3PO4 is fixed at 0.4 M). 
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Figure A.3.3. XRD patterns of solvothermal precipitate collected under pressure at (a) increasing 

temperature and (b) reaction time. 
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Figure A.3.4. (a) Morphology of LCP samples via HT synthesis obtained with different Li molar 

ratios of 1:1:1, 1.5:1:1, 2:1:1, and 2.5:1:1 (The concentration of CoSO4 and H3PO4 is fixed at 0.4 M); 

(b) comparison of XRD patterns of isotropically grown HT-LCP and anisotropically grown ST-LCP. 
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Figure A.3.5. Three different surface configurations of LCP (001) facets and their corresponding 

surface energies. 

 We have referred to the surface configurations of LCP (100), (010), and (001) proposed in a 

recent study by Wu et al., which identified the most energetically favorable terminations for these 

facets using DFT calculations.1 The study highlights the importance of maintaining surface 

stoichiometry consistent with the bulk structure, i.e., avoiding the breaking of highly covalent P–O 

bonds in the PO4 tetrahedra. This constraint significantly limits the range of viable surface termination 

candidates. As an example, we compared the surface energies of three slab models for the (001) facet 

of LCP with different surface configurations (refer to Figure A.3.5): 

1. Model 1: P–O terminated surface (without breaking P–O bonds). 

2. Model 2: Co–O and Li–O terminated surface (with P–O bonds broken). 

3. Model 3: P–O terminated surface (with P–O bonds broken). 

The calculated surface energies (per O2) for models 1, 2, and 3 were -22.76 eV, -22.30 eV, and -21.92 

eV, respectively. These results demonstrate that breaking P–O bonds significantly reduce surface 

stability, thereby limiting the range of viable surface termination candidates. 
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Figure A.3.6. Calculated surface energy change (Δγ) after the single-molecule adsorption of H2O and 

EG on the LCP (100), (010), and (001) facets.  
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Figure A.3.7. (a) Calculated surface energy change (Δγ) of the LCP (100), (010), (001) facets after 

the adsorption of one or two molecules of H2O and EG; (b) Wulff vector length changes after the 

adsorption of two molecules of H2O and EG. 

Additionally, we calculated both the surface energy change (Δγ) and the variation in Wulff 

vector lengths when two H2O or EG molecules adsorb on the (100), (010), and (001) facets of LCP 

(as shown in Figure A.3.7a). These results were systematically compared with those obtained for the 

adsorption of a single molecule. The configurations for two-molecule adsorption were carefully 

designed based on the most stable adsorption configuration of a single molecule on LCP (100), (010), 

and (001) facets. To minimize the influence of intermolecular interactions, particularly for EG due to 

its larger size and more complex structure than H2O, our calculations were limited to two adsorbed 

molecules per facet. 
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When the number of H2O molecules increased from one to two, Δγ increased from -0.025 J m-

2 to -0.049 J m-2 on the (100) facet, from -0.026 J m-2 to -0.052 J m-2 on the (010) facet, and from -

0.025 J m-2 to -0.048 J m-2 on the (001) facet. Similarly, for EG, Δγ decreased from -0.036 J m-2 to -

0.068 J m-2 on the (100) facet, from -0.039 J m-2 to -0.076 J m-2 on the (010) facet, and from -0.025 J 

m-2 to -0.047 J m-2 on the (001) facet. As a result, the difference in surface energy increases as the 

number of adsorbed molecules increases from one to two. For example, for EG system, the surface 

energy difference between the LCP (010) and (001) facets increased from 0.014 J m-2 (-0.039 J m-2 vs 

-0.025 J m-2) for single-molecule system to 0.029 J m-2 (-0.076 J m-2 vs - 0.047 J m-2) for two-molecule 

system. 

When comparing Wulff vector length changes (displayed in Figure A.3.7b), the adsorption of 

two EG molecules resulted in reductions of -6.40 % and -7.65 % along the [100] and [010] axes, 

respectively. In contrast, the adsorption of two H2O molecules caused smaller reductions of -4.53 % 

and -5.11 % along the same axes. For single-molecule adsorption, EG caused decreases of -3.29 % 

and -3.78 % along the [100] and [010] axes, respectively, while H2O caused decreases of only -2.26 % 

and -2.49 %. On the other hand, the Wulff vector length along the [001] axis decreased by -3.90 and 

-3.98 % after the adsorption of EG and H2O, correspondingly. Consequently, the difference for Wulff 

vector lengths increases with the adsorption of two molecules compared to the single-molecule system. 

For example, the Wulff vector lengths difference along [010] axe increased from 1.29 % (-3.78 % vs 

-2.49 %) for single-molecule system to 2.54 % (-7.65 % vs -5.11 %) for two-molecule system. 

Although accurately replicating the experimentally observed changes in crystal shape through 

simple calculations of single- or two-molecule adsorption is challenging, our computational results 

still confirm the trend that EG promotes more anisotropic growth than H2O as more EG molecules 

adsorb on LCP facets compared to H2O molecules. 
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Figure A.3.8. (a) XPS O 1s spectra of ST-LCP and (b) anti-site defect concentration of HT-LCP and 

ST-LCP. 
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Figure A.3.9. Voltage profiles of (a) HT-LCP and (b) ST-LCP as a function of the specific capacity 

upon charge and discharge. 
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Figure A.3.10. Li-ion diffusion coefficient of HT-LCP and ST-LCP upon (a) charge and (b) discharge. 

Li-ion diffusion coefficient extracted from the voltage relaxation profiles of both HT-LCP and 

ST-LCP is presented as a function of the degree of Li-ion storage upon cycling. It is well-established 

that Li-ion diffusion coefficient (𝐷𝐺𝐼𝑇𝑇
𝐿𝑖) in solid phase is calculated by the following formula for 

non-spherical particles, 

𝐷𝐺𝐼𝑇𝑇
𝐿𝑖 =

4

𝜋𝜏
(

𝑛𝑀𝑉𝑀

𝑆
)

2

(
∆𝑉𝑠

∆𝑉𝑡
)

2

      (S1) 

where 𝑛𝑀 and 𝑉𝑀 are the number of mole (mol) and molar volume (cm3 mol-1) of active material, 

respectively, S is the cell interfacial area (cm2), and τ is the time duration (s) of the pulse.2, 3  

Notably, three distinct regions of Li-ion diffusion coefficients in ST-LCP as a function of Li 

content are clearly observed. 𝐷𝐺𝐼𝑇𝑇
𝐿𝑖 is seen to be ~10-18 cm2 s-1 at fully lithiated state increasing to 

near 10-16 cm2 s-1 at nearly 50 % Li content decreasing with further delithiation between 10-18 and 10-

16 cm2 s-1. We postulate that the middle region relates to the intermediate phase, 

Li2/3(Co2+)2/3(Co3+)1/3PO4, which is known to exist experimentally and theoretically only in Olivine 

system with Co rather than other polyanionic compounds such as LFP.4-6 In particular, this tendency 

aligns with the outcomes of rising mass transfer overpotential induced by the phase boundary interface 

that occurs throughout the phase transition process upon the Li-ion intercalation process.6 In turn, 

larger activation energy is required in a process that deviates from the defined states to drive the 

energetically unfavorable Li-ion diffusion resulting in almost two orders of magnitude lowered Li-ion 

diffusion coefficient values. 
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Figure A.3.11. (a-b) XPS C 1s spectra of pristine ST-LCP and ST-A-LCP powder and (c) Nyquist 

plots of pristine ST-LCP and ST-A-LCP electrodes before cycling test. 
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Figure A.3.12. Influence of Ar-annealing treatment on morphology and structure: (a-b) SEM images, 

(c) XRD pattern, (d) anti-site defect concentration of ST-LCP and ST-A-LCP; (e) Rietveld refinement 

of ST-A-LCP. 
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Table A.3.2. Refined XRD data for ST-A-LCP. 

 

 ST-A-LCP 

a (Å) 10.1965658 

b (Å) 5.9247683 

c (Å) 4.6996231 

Unit cell 

volume (Å3) 
283.91 

Grain size (nm) 66.4 

Anti-site defect concentration (%) 0.0106 

Rwp (%) 12.740 
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Figure A.3.13. (a-c) CV plots within the voltage range 3.5-5.0 V vs. Li/Li+ at various scan rates of 

0.1, 0.25, and 0.5 mV s-1; (d) comparison of peak current density as a function of the square root of 

the scan rate; (e) calculated Li-ion diffusion coefficient of HT-LCP, ST-LCP, and ST-A-LCP upon 

charge and discharge based on CV results. 
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To further elaborate the enhanced Li-ion diffusivity, we conducted also CV tests with different 

scan rates (0.1, 0.25, and 0.5 mV s-1). Figure A.3.13a-c reveals that the redox peak currents and 

overpotentials increase with faster scan rates. In addition, the linear relation between redox peak 

current (IP) and the square root of the scan rate (v1/2) is shown in Figure A.3.13d: The fitted slopes of 

HT-LCP are 16.81 (Charge) and -2.27 (Discharge); that of ST-LCP are 20.43 (Charge) and -11.64 

(Discharge); that of ST-A-LCP are 24.87 (Charge) and -18.60 (Discharge), respectively.  

With these linear fitted slopes, Li-ion diffusion coefficient values (𝐷𝐶𝑉
𝐿𝑖) can be calculated 

following the Randles-Ševčík equation7, 

𝐼𝑃 = 2.69 × 105 × 𝑛3/2 × 𝑆 × 𝐶 × (𝐷𝐶𝑉
𝐿𝑖)1/2 × 𝑣1/2  (S2) 

where IP is the redox peak current density, n is the number of electrons involved in the redox reaction, 

S (cm2) is the surface area of the electrode, C (mol cm-3) is the concentration of Li ions in the electrode, 

D (cm2 s-1) is the diffusion coefficient, v (V s-1) is the scan rate, and the constant with a value of 2.69 ×

105 has the unit of C mol-1 v-1/2. 

In Figure A.3.13e, the determined diffusion coefficients of ST-LCP (3.36 × 1012 cm2 s-1 upon 

charge and 1.09 × 1012 cm2 s-1 upon discharge) are higher than those of HT-LCP (2.27 × 1012 cm2 s-1 

upon charge and 4.13 × 1014 cm2 s-1 upon discharge). This enhancement is attributed to the benefits 

of solvent modification from H2O to EG solvents, which provided both morphological and structural 

advantages. Furthermore, the diffusion coefficient values of ST-A-LCP further increase up to 4.98 × 

1012 cm2 s-1 and 2.78 × 1012 cm2 s-1 upon charge and discharge due to its nearly defect-free structure. 

The determination of Li-ion diffusion coefficient is crucial for understanding electrode 

material performance, with GITT and CV serving as primary analytical methods. GITT measures Li-

ion diffusion under near-equilibrium condition by applying a small current pulse to the electrode and 

allowing the system to relax under open-circuit conditions. The relaxation profile of the potential over 

time reflects the diffusion of Li-ions into the bulk material, and the diffusion coefficient is calculated 

using Fick’s second law. This method captures the equilibrium behavior of Li-ion diffusion and is 

particularly ideal for studying slow diffusion processes over extended timescales. The highly reliable 

accuracy of GITT originates from isolating the diffusion process and avoiding the influence of non-

diffusion-related factors. 
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In contrast, CV measures the current response during potential sweeps, reflecting not only Li-

ion diffusion but also capacitive effects and surface faradaic reaction kinetics. Additionally, the rapid 

nature of CV experiments may over-emphasize surface-related processes and transient phenomena, 

which as consequence can lead to an overestimation or underestimation of the diffusion coefficient 

compared to GITT. 

Based on the above discussion and our comprehensive analysis of Li-ion diffusion coefficients, 

we would conclude that the diffusion coefficient values calculated by GITT and CV are inherently 

different. However, the consistent trend of improved Li-ion diffusivity observed through CV strongly 

validates our GITT results, particularly during the discharging process. 
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Figure A.3.14 Capacity retention and Coulombic efficiency of ST-LCP and ST-A-LCP during cycling 

within the voltage range 3.5-5.0 V vs. Li/Li+ at different C-rates. 
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Figure A.3.15. Linear sweep voltammetry (LSV) analysis of our electrolyte with the composition, 1 

M of LiPF6 in EC/PC/DMC (1:1:3 vol.%) with 2 wt.% TMSP additive. 
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A.4. Supplementary Information – Chapter 5 

Figure A.4.1. TGA curves of (a) pristine and cycled electrodes after 10 cycles at (b) 1 C and (c) C/10 

over the whole temperature range up to 700 oC. 
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Table A.4.1. Summary of the Coulombic efficiency and standard deviation values of ST-A-LCP at 

different C-rates. 

  

C-rates Minimum Maximum Range Mean value 

C/10 58.89 92.74 33.85 85.12 

C/5 65.72 93.37 27.65 91.53 

C/2 69.79 97.96 28.17 97.05 

1 C 75.22 99.31 24.09 98.57 
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Figure A.4.2. Nyquist plots corresponding to the cycled ST-A-LCP electrodes after 10 cycles 

measured under 3.5, 4, 4.5 V vs. Li/Li+ forward bias. 
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Figure A.4.3. Current density vs. time (J-t) for cycled ST-A-LCP electrodes at different C-rates after 

10 cycles, measured from the Nyquist plot with 5.0 V vs. Li/Li+ impulse.  
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Table A.4.2. XPS peak data summary of pristine ST-A-LCP electrodes. 

 

  

Peak Bond 
Binding energy 

(eV) 

FWHM         

(eV) 
Atomic % 

C 1s 

C-C & C-H 284.75 0.81 54.5 

C-O 285.70 1.24 14.34 

C-F 286.69 1.36 13.00 

C=O 287.73 1.34 2.86 

O-C=O 288.98 1.39 2.76 

CH2-CF2 291.09 1.72 12.54 

O 1s 
C=O & O-C=O 531.85 1.89 96.05 

C-O 533.69 1.16 3.95 

F 1s 

Li-F & Co-F 685.37 0.86 0.65 

C-F 687.93 1.81 97.11 

CH2-CF2 690.21 2.43 2.24 
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Table A.4.3. XPS peak data summary of ST-A-LCP electrodes after 10 cycles at 1 C. 

 

  

Peak Bond 
Binding energy 

(eV) 

FWHM         

(eV) 
Atomic % 

C 1s 

C-C & C-H 284.78 1.27 49.16 

C-O 285.88 0.88 11.83 

C-F 286.5 1.00 12.24 

C=O 287.36 1.23 5.94 

O-C=O 288.62 1.77 5.03 

CH2-CF2 290.47 1.32 15.8 

O 1s 
C=O & O-C=O 531.84 1.75 67.66 

C-O 533.28 2.07 32.34 

F 1s 

Li-F & Co-F 686.34 0.81 1.69 

C-F 687.76 1.81 98.31 

CH2-CF2 689.44 0.50 0 
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Table A.4.4. XPS peak data summary of ST-A-LCP electrodes after 10 cycles at C/10. 

 

  

Peak Bond 
Binding energy 

(eV) 

FWHM         

(eV) 
Atomic % 

C 1s 

C-C & C-H 284.78 1.15 38.04 

C-O 285.82 1.22 19.01 

C-F 286.64 1.17 15.08 

C=O 287.44 1.33 8.33 

O-C=O 288.94 2.08 6.38 

CH2-CF2 290.72 1.26 13.17 

O 1s 
C=O & O-C=O 531.57 2.04 59.54 

C-O 533.19 2.24 40.46 

F 1s 

Li-F & Co-F 685.44 1.94 6.16 

C-F 687.55 1.60 93.63 

CH2-CF2 689.57 0.54 0.21 
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Figure A.4.4. XPS spectra of ST-A-LCP electrodes in different cycling states (a) C 1s, (b) F 1s, and 

(c) O 1s. 
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Table A.4.5. XPS peak data summary of ST-A-LCP electrodes after 250 cycles at 1 C. 

 

  

Peak Bond 
Binding energy 

(eV) 

FWHM         

(eV) 
Atomic % 

C 1s 

C-C & C-H 284.75 1.07 39.62 

C-O 285.88 1.09 17.19 

C-F 286.78 1.38 20.15 

C=O 288.13 1.19 4.18 

O-C=O 289.23 1.14 2.95 

CH2-CF2 290.67 1.29 15.90 

O 1s 
C=O & O-C=O 531.78 1.64 57.97 

C-O 533.35 1.93 42.03 

F 1s 

Li-F & Co-F 686.38 3.2 3.82 

C-F 688.00 1.89 96.18 

CH2-CF2 690.90 0.62 0 
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Table A.4.6. XPS peak data summary of ST-A-LCP electrodes after 70 cycles at C/10. 

  

Peak Bond 
Binding energy 

(eV) 

FWHM         

(eV) 
Atomic % 

C 1s 

C-C & C-H 284.76 1.41 40.38 

C-O 285.74 1.06 15.70 

C-F 286.43 1.19 17.18 

C=O 287.39 1.56 5.85 

O-C=O 288.81 1.98 6.80 

CH2-CF2 290.5 1.17 14.09 

O 1s 
C=O & O-C=O 531.76 1.65 49.86 

C-O 533.49 2.02 50.14 

F 1s 

Li-F & Co-F 686.55 1.79 14.07 

C-F 687.92 1.97 85.93 

CH2-CF2 689.33 0.50 0 
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Figure A.4.5. Electrochemical evaluations on the effect of sucrose-derived RGO layer via (a) 

galvanostatic charge-discharging and (b) capacity retention of ST-R-LCP with different amount of 

sucrose, measured within the voltage range 3.5-5.0 V vs. Li/Li+ at 1 C. 
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Table A.4.7. XPS peak data summary of ST-R-LCP powder. 

Peak Bond 
Binding energy 

(eV) 

FWHM         

(eV) 
Atomic % 

C 1s 

C=C & C-C 284.77 1.26 52.82 

C-OH 285.33 1.43 20.93 

C-O-C 286.53 1.31 9.18 

C=O 289.32 1.86 3.99 

COOH 291.17 3.51 6.20 

π- π 287.76 1.64 6.87 

O 1s 

P-O & C=O 531.23 1.02 4.20 

COOH 532.28 1.56 43.76 

C-OH 533.35 1.38 30.60 

C-O-C 534.20 1.81 21.43 
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Figure A.4.6. FT-IR spectrum of ST-A-LCP.  
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Figure A.4.7. TGA curves of pristine ST-A-LCP powder without RGO layer over the whole 

temperature range up to 700 oC. 
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Figure A.4.8. Current density vs. time (J-t) for cycled ST-R-LCP electrodes at different C-rates after 

10 cycles, measured from the Nyquist plot with 5.0 V vs. Li/Li+ impulse.  
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Figure A.4.9. Comparison of discharge capacity retention of ST-A-LCP and ST-R-LCP at 1 C. 
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Figure A.4.10. Capacity retention and Coulombic efficiency of ST-A-LCP and ST-R-LCP during 

cycling within the voltage range 3.5-5.0 V vs. Li/Li+ at different C-rates.  
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Table A.4.8. Summary of the Coulombic efficiency and standard deviation values of ST-R-LCP at 

different C-rates. 

 

  

C-rates Minimum Maximum Range Mean value 

C/10 55.54 91.36 35.81 79.90 

C/5 66.25 94.64 28.39 91.58 

C/2 71.79 97.33 25.54 96.52 

1 C 78.25 99.82 21.57 99.10 
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Table A.4.9. XPS peak data summary of pristine ST-R-LCP electrodes. 

 

  

Peak Bond 
Binding energy 

(eV) 

FWHM         

(eV) 
Atomic % 

C 1s 

C-C & C-H 284.81 0.87 62.89 

C-O 285.72 0.75 7.60 

C-F 286.40 0.97 7.66 

C=O 287.06 1.33 6.66 

O-C=O 288.78 2.49 5.40 

CH2-CF2 291.13 1.63 9.79 

O 1s 
C=O & O-C=O 531.86 1.45 78.74 

C-O 533.25 1.88 21.26 

F 1s 

Li-F & Co-F 685.84 0.52 0.48 

C-F 687.98 1.78 97.70 

CH2-CF2 689.73 1.90 1.82 
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Table A.4.10. XPS peak data summary of ST-R-LCP electrodes after 700 cycles at 1 C. 

 

  

Peak Bond 
Binding energy 

(eV) 

FWHM         

(eV) 
Atomic % 

C 1s 

C-C & C-H 284.75 0.94 35.94 

C-O 285.93 1.27 17.20 

C-F 286.76 1.21 18.26 

C=O 287.71 1.11 3.68 

O-C=O 289.11 2.09 5.85 

CH2-CF2 290.96 1.27 19.07 

O 1s 
C=O & O-C=O 531.91 1.71 57.92 

C-O 533.59 1.99 42.08 

F 1s 

Li-F & Co-F 685.95 1.6 18.94 

C-F 688.00 1.84 80.94 

CH2-CF2 690.58 0.51 0.12 
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Figure A.4.11. XRD patterns of pristine ST-R-LCP powder, aluminium XRD holder, ST-R-LCP 

pristine electrode, and cycled ST-R-LCP electrode after 700 cycles at 1 C.  
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Table A.4.11. Refined XRD data for ST-R-LCP. 

  

ST-R-LCP 

a (Å) 10.1946686 

b (Å) 5.9216008 

c (Å) 4.7015127 

Unit cell volume (Å3)volume (Å3) 283.82 

Grain size (nm) 67.3 

Anti-site defect concentration (%) 0.4439 

Rwp (%) 13.278 
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Figure A.4.12. HRTEM images of (a) ST-R-LCP and (b) ST-A-LCP samples after 100 cycles at 1 C. 
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Table A.4.12. XPS peak data summary of collected separator from the battery with ST-A-LCP cathode 

after 100 cycles at 1 C. 

*Sat.: Satellite 

Peak Bond 
Binding energy 

(eV) 

FWHM         

(eV) 
Atomic % 

Co 2p 3/2 

Co3+ 780.94 2.27 14.84 

Co2+ 782.39 3.37 27.16 

Co3+ Sat. 785.71 3.37 16.06 

Co2+ Sat. 788.76 3.37 8.88 

Co 2p 1/2 

Co3+ 796.95 2.33 5.73 

Co2+ 797.77 2.56 10.39 

Co3+ Sat. 800.71 3.37 8.58 

Co2+ Sat. 804.06 3.37 8.36 


