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SUMMARY 

This thesis presents the identification of nano-scale degradation mechanisms associated with the 

layered oxide cathode materials of Li-ion batteries (LIBs), and our novel approach in tackling 

some of the uncovered challenges. Layered oxide cathodes with the general formula of LiMO2 

(M= Co, Ni, Mn) are the prime member of positive LIB electrodes, widely used in commercial 

applications. However certain challenges such as structural instability that leads to rapid capacity 

fade, voltage polarization and even thermal runaway and ignition of the batteries are not fully 

comprehended and are remaining to be addressed. 

Oxygen release from the oxygen-containing positive electrode materials is one of the major 

structural degradations resulting in rapid capacity/voltage fading of the battery and triggering the 

parasitic thermal runaway events. This thesis summarizes the recent progress in understanding the 

mechanisms of the oxygen release phenomena and corelative structural degradations observed in 

four major groups of cathode materials: layered, spinel, olivine and Li-rich cathodes. 

Utilizing in-situ scanning transmission electron microscopy (STEM) and electron energy 

loss spectroscopy (EELS) at high temperatures, we show that LixCoO2 cathode crystals undergo 

inhomogeneous oxygen loss that are localized at the surface of individual particles. Using atomic 

resolution imaging and electron diffraction analysis, we correlated the oxygen release from 

LixCoO2 to the surface-originated phase conversions such as layered to spinel and rock salt phases 

at elevated temperatures. Corroborating the experimental findings with ab-initio molecular 

dynamics (in collaboration with Prof. Balbuena’s group from Texas A&M University) we 

proposed the facet-dependent thermal instability of LiCoO2 cathodes for the first time. 

Next, we show that the surface-originated structural decomposition can be hindered by 

depositing a conformal coating of 2D reduced graphene oxide on individual LixCoO2 particles. By 

conducting various electrochemical tests, thermal analysis and in-situ heating transmission 

electron microscopy the effectiveness of the graphene-coating on the structural stability of 

LixCoO2 was evaluated. Through computational calculations and modeling (by Prof. Balbuena’s 

group from Texas A&M University) it was shown that the rGO layers could suppress O2 formation 

more effectively due to the strong C-Ocathode bond formation at the interface of rGO/LCO where 
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low coordination oxygens exist. This systematic investigation uncovered a reliable approach for 

hindering the oxygen release reaction and mitigating the thermal instability of battery cathodes. 

Layered oxide cathodes that are the dominant positive electrodes in current commercial 

LIB technologies, are reaching to their intrinsic capacity limits, restraining the advancement of the 

batteries. Therefore, Li- and Mn-rich layered cathodes with capacities of ⁓300 mAhg-1 are 

considered as the next generation of LIB cathodes. Despite their high energy densities, Li- and 

Mn-rich, layered-layered, xLi2MnO3•(1-x)LiTMO2 (TM=Ni, Mn, Co) (LMR-NMC) cathodes 

require further development in order to overcome issues related to bulk and surface instabilities 

such as Mn dissolution, impedance rise, and voltage fade. One promising strategy to modify LMR-

NMC properties has been the incorporation of spinel-type, local domains to create ‘layered-

layered-spinel’ cathodes. However, precise control of local structure and composition, as well as 

subsequent characterization of such materials, is challenging and elucidating structure-property 

relationships is not trivial. Therefore, detailed studies of atomic structures within these materials 

are still critical to their development. Herein, aberration corrected scanning transmission electron 

microscopy (AC-STEM) is utilized to study atomic structures, prior and subsequent to 

electrochemical cycling, of LMR-NMC materials having integrated spinel-type components. The 

results demonstrate that strained grain boundaries with various atomic configurations, including 

spinel-type structures, can exist. These high energy boundaries appear to induce cracking and 

promote dissolution of Mn by increasing the contact surface to electrolyte as well as migration of 

Ni during cycling, thereby accelerating performance degradation. These results present insights 

into the important role that local structures can play in the macroscopic degradation of the cathode 

structures and reiterate the complexity of how synthesis and composition affect structure-

electrochemical-property relationships of advanced cathode designs.   
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Chapter 1: Introduction 

1.1. Layered Oxide Cathode Materials and Their Application in Li-ion Batteries 

1.1.2 An Overview of Li-ion Batteries 

Rechargeable batteries are essential constituents of the modern energy-sustainable societies, 

therefore there is an ever-growing thrust in improving the quality and functionality of the battery 

systems. The most developed and utilized rechargeable battery system is the Li-ion battery (LIB) 

that has been discovered nearly 4 decades ago in 19763. Thereafter, LIBs revolutionized many 

fields and have been integrated in various-scale devices ranging from microelectronic systems to 

electric transportation vehicles. As schematically shown in Figure 1, Li-ion battery is an 

electrochemical cell consisting of two solid electrodes and an electrolyte that keeps the electrodes 

apart. The electrolyte that is ion conducting and electron insulating, can be either in solid or in 

liquid state, in which case it should be used together with a liquid permeable separator. Reversible 

chemical reactions at both electrodes results in release/storage of Li ions, which are the charge 

carriers that travel through the ionic conducting electrolyte in between the electrodes. 

Simultaneously, the electronic charge is transferred through the outer circuit supplying the electric 

energy4. Contemporary Li-ion batteries are composed of a layered graphite as the anode and a Li-

containing oxide or sulfide as the cathode that allow for reversible Li (de)intercalation. The 

difference between the chemical protentional (µ) of the anode and the cathode is defined as the 

open circuit voltage (VOC). 

𝑉𝑂𝐶 =  µ𝐴𝑛𝑜𝑑𝑒 − µ𝐶𝑎𝑡ℎ𝑜𝑑𝑒                  (1) 

During the charge process, where the Li ions are extracted from the cathode host and intercalated 

into the graphite anode, the VOC increases as the result of applied current and the battery resistance 

(η= IChargeRbattery). So, the operating voltage (VCharge) increases during the charge. During the 
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discharge the reactions at the electrodes are inversed and the operating voltage decreases 

gradually5. 

𝑉 𝑐ℎ𝑎𝑟𝑔𝑒
 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

=  𝑉𝑂𝐶 ±  η 𝑐ℎ𝑎𝑟𝑔𝑒
𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

                     (2) 

The energy density of the battery is defined as the product of the total charge per unit volume (Q) 

and the operating voltage of the battery. 

𝑄𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 =
𝑛𝐹

3600×𝑀𝑤
                 (3) 

𝑄𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 = ∫ 𝐼𝑑𝑡
∆𝑇

0
                    (4) 

Energy density = 𝑄. 𝑉 = ∫ 𝐼𝑉𝑑𝑡
∆𝑇

0
                     (5) 

Where, n is the number of charge carriers, F is the Faraday constant and Mw is the molecular 

weight of the active material. The experimental value for Q is dependent on the applied current 

rate as kinetically-limited ion diffusion reactions can limit the charge transfer at high current rates. 

The operating voltage is restricted by the stable voltage window of the electrolyte, which is the 

range between the highest occupied molecular orbitals (HOMO) and the lowest unoccupied 

molecular orbitals (LUMO), outside of which the electrolyte will decompose and cause rapid 

degradation of the battery (Figure 2). The operating voltage can also be limited by the top of 

anionic p-bands of the cathodes, beyond which the cathode materials instability results in 

decomposition, phase transition and failure of the battery5 (detailed discussion is presented in the 

Chapter 3). 
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Figure 1. (A) schematic representation of a conventional Li-ion battery and its components. (B) 

1st charge and discharge profiles of a LiCoO2/Li battery. 

 

 

Figure 2. Schematic energy band diagrams of Li and LiCoO2 with respect to the HUMO and 

LUMO bands of liquid electrolyte. Reproduced with permission5. Copyright 2010, American 

Chemical Society. 
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1.1.2 Introduction to Li-ion Battery Cathodes 

The cathode is the positive electrode of the battery that stores Li ions in the discharged state.  

According to an early review article by Whittingham6, LIB cathodes should meet a number of 

prerequisites such as, (1) presence of a redox active centers such as transition metals, (2) being 

able to reversibly react with Li; the number of intercalating Li ion should be high to induce high 

capacity, the reaction should happen at high energies to have high energy density and the reaction 

should be possible at high rates to have high power density, (3) good ionic and electronic 

conductivity to ensure good electrochemical activity and (4) good stability, low cost and 

environmental benignity of the materials are the also among important factors in designing a 

cathode material. It was in early 80s that Goodenough demonstrated that layered oxide materials 

such as LiCoO2 can be used as a reversible intercalation compound for the first time7. It was soon 

realized that the layered transition metal oxides satisfy many of the above requirements and since 

then a tremendous research has been carried out on these materials8–10. 

Atomic structure: Crystallographic structure of the layered oxide cathodes consists of close-pack 

oxygen sublattices that host the alternative transition metal and alkali ion in the octahedral sites in 

alternating layers9. The transition metal layers form MO2 sheets and Li-ions can intercalate into 

and out of the crystal structure between these sheets (Figure 3A). Partial deintercalation of the 

layered oxides, results in thermodynamic instability of the structure, which can transform to spinel 

or disordered rock-salt phase11. Since the layered, spinel and the disordered rock-salt phases share 

the common oxygen face centered cubic (fcc) framework, the phase transition from original 

layered structure to spinel and rock-salt phases depends only on the migration of transition metals 

and the alkali ions and can readily occur with small energy barriers11. For instance, transformation 

from the layered phase to the spinel phase occurs by the migration of ¼ of transition metals to Li 
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octahedral sites forming a cubic symmetry and forcing the Li ions to either occupy the vacant 

transition metals octahedral or the available tetrahedral sites12. In the disordered rock-salt structure, 

transition metals are occupying Li octahedral sites, but both cations are intermixed in the slabs and 

do not exhibit a long-range order (Figure 3B)13,14. The rock-salt structure contains less oxygen in 

its stoichiometry and thus layered to rock-salt phase transition is accompanied by oxygen release 

and densification of the crystal structure, which can pose a safety concern15,16. Such phase 

transitions to spinel and rock-salt phases are irreversible and can result in electrochemical 

inactivity of the cathode and lead to capacity degradation of the battery. The thermodynamic 

feasibility of this reactions is determined by the extent of Li deintercalation17,18. As such, if the 

deintercalation extent is limited to ⁓50%, kinetic barrier for metal diffusion and oxygen release 

reaction can hinder such irreversible phase transitions. In addition to TM migration-induced phase 

transitions, a change in the stacking that occurs due to glide MO2 layers can induce some 

alterations in the crystal structure of the layered oxide cathodes13,19. 
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Figure 3. (A) Schematic representation of LiCoO2 structure. (B) Schematic representation of 

layered oxide cathodes phase transition to spinel and rock-salt phases. Reproduced with 

permission11. Copyright 2017, Wiley-VCH 

Synthesis methods: LiCoO2 can be synthesized with a variety of different methods such as solid-

state reaction20–22, microwave heating synthesis23–25, sol-gel method26–30, molten salt technique31,32 

and hydrothermal synthesis33–36. Solid state reaction which is known as the first route to obtain 

LiCoO2 with desired hexagonal structure, requires pre-treatment mechanical mixing followed by 

heating at 800-1000 °C. Although this conventional method is reliable and scalable, it does not 
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allow for controlled morphology and homogenous particle size distribution and is very costly due 

to high temperature requirements. Therefore, early research on LiCoO2, has been devoted on 

exploring different synthesis techniques to reduce the cost of synthesis and to better control the 

morphology. As such, microwave heating was proposed at early stages to reduce the time of 

synthesis, however, it introduced more complexity to the procedure and was not highly scalable. 

Sol-gel method was then proposed as a more cost-effective synthesis technique that results in fine 

particles size of about 50 nm with a better homogeneity. In this technique, metal nitrate containing 

polyacrylic acid is used to form aqueous solution as a chelating agent, gel precursor is then formed 

using the prepared solvent. The gel will finally decompose to LiCoO2 powder. The decomposition 

occurs at around 350 °C and pure HT-LiCoO2 can be obtained after calcination at 600 °C. 

Similarly, another proposed method was molten salt technique which utilizes salt with low melting 

temperature  such as KNO3 as the reaction medium. In this technique, which is favorable due to 

its simplicity, cobalt oxide (Co3O4) and hydrated Lithium hydroxide (LiOH·H2O) are mixed in a 

molten-salt medium and then calcinated in a furnace at about 700 °C for about 8 hours. 

Hydrothermal synthesis method, however, is one of most promising techniques that enables the 

control of particle size and morphology with a better oxygen stoichiometry and also requires lower 

temperatures of around 200 °C. In one recipe, pure LiCoO2 can be obtained from CoOOH and 

LiOH precursors using a hydrothermal autoclave heated at 150 °C in less than an hour, particle 

size can be controlled by varying the duration of reaction. Advantageously, hydrothermal synthesis 

allows for introducing dopants into LiCoO2 structure simply with varying the concentration of 

precursors34. This technique also enables the in-situ control of the morphology through preferred 

formation of facets by varying pOH in the synthesis medium or with a post annealing in reducing 

or oxidizing environments37,38. 
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Intercalation mechanism: Li-ion transfer occurs due to the difference in the chemical potential of 

the anode and the cathode. As Li+ ions are extracted from the LiMO2 cathode during the charge 

process, the valence state of the transition metal changes from +3 to +4, which is known as the 

oxidation process. In the discharge the reverse process is ideally happening. As a result, electronic 

properties and chemical potential of the cathode changes as a function of Li concentration in the 

cathode. For instance, LixCoO2 which is an insulator at x > 0.95 becomes metallic at x < 0.7539,40. 

In addition, the voltage of the cathode changes as a function of Li concentration based on which, 

the thermodynamics of Li-ion (de)intercalation can be derived. Specifically, sloped voltage profile 

corresponds to a solid solution intercalation mechanism and a flat voltage profile denotes to a two-

phase reaction (Figure 1.4)11. Diffusion of Li ions in the layered structure of the cathodes is limited 

to the 2-D planes in between the MO2 slabs and occurs through the hopping of Li ions into the 

adjacent Li octahedral vacancies41. Their hopping follows a curved trajectory that passes through 

a neighbor tetrahedral site in order to maximize the distance from the oxygen ions41. Therefore, 

the local Li ordering has a large effect on the Li diffusion kinetics. For instance, at the Li 

concentration where Li ordering in the structure happens, drastic increase in the Li diffusion barrier 

can be observed42,43. In addition, when a large fraction of Li ions is removed out of the LiXCoO2 

structure the diffusion coefficient of the Li migration rapidly decrease due to phase transitions and 

unavailability of free interlayer hopping sites13,44. The diffusion process of Li-ions is a result of 

chemical gradient potential in the cathode particles. As a result, the surface of cathode particles is 

under a local Li deficiency during the charge process and a local accumulation of Li ion during 

the discharge process45. Therefore, as chemical potential of the cathode is a function of Li 

concentration, there is a shift in the chemical potential of the surface with respect to the average 

chemical potential. Hence, there is a polarization in the voltage, since the measured and plotted 
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voltage does not represent the Li concentration at the surface, rather it corresponds to the average 

Li concentration of the particle. Voltage polarization can also prevent the extraction of the full 

capacity of the cathode because if the surface layer reaches the full concentration, the measured 

voltage will reach to the cut-off voltage and stop the lithiation although the full intercalation of the 

particle is not realized yet11. Such phenomena will be more predominant at higher rates of cycling, 

where limited diffusion kinetics of the Li ions will induce a larger concentration gap between the 

surface and core of particles. Ion transfer through the solid/electrolyte interface (SEI) is also 

another kinetic limitation can that define the electrochemical properties of cathode materials. Such 

interface may be composed of SEI only, or the SEI layer together with the surface spinel or rock-

salt atomic layers that are generally referred to as the charge transfer resistance46. Both surface 

film resistance and the bulk diffusion resistance can be measured experimentally by 

electrochemical impedance spectroscopy (EIS), which utilizes an AC current to measure the 

resistance of the Li-ion transfer. 

Degradation mechanisms: Capacity/voltage degradation are among the major issues of the Li-ion 

batteries, and tremendous efforts have been focused to understand the underlying mechanism for 

cathodes degradation. With the advancement of the characterization techniques, several 

degradation mechanisms for the failure of layered oxide cathodes have been discovered in recent 

years47,48 such as; transition metal migration and phase transition12,49–51; transition metal 

dissolution52–54; surface film formation and lithium consumption55; parasitic oxygen release 

reaction56; mechanical degradation through cracking and disintegration of cathode particles57–59. 

Some of the captured mechanisms are shown in the Figure 4. Noteworthy, such mechanisms can 

occur independently or as a chain of events and their occurrence are highly dependent on the 
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electrochemical cycling conditions, chemical composition and particle morphology, which are 

discussed in detail in Chapter 3. 

 

 

Figure 4. (A) Atomic resolution HAADF image from a cycled cathode sample, where anti-site 

transition metal defects can be detected. (B) Detection of rock-salt type surface reconstruction 

layer on a layered cathode sample. (C) in-situ heating electron energy loss spectroscopy (EELS) 

results showing the thermally induced oxygen release reaction. Reproduced with permission1. 
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Copyright 2017, American Chemical Society.  (D) Low magnification ABF image demonstrating 

the cracking and fracture of cycled cathode particles. 

Transition metals migration to Li vacancies is one of the initial degradation mechanisms that occur 

via diffusion of transition metals through the tetrahedral sites into Li octahedral vacancies (Figure 

4A). Formation of such point defects can hinder the in-plane diffusion of Li ions leading to 

increased cell impedance, decreased Coulombic efficiency, and eventually phase transition to 

spinel/rock-salt 60–62. The layered to spinel/rock salt phase transition can be observed on the surface 

structure of almost all the layered oxide cathode materials (Figure 4B)63. The effect of such phases 

on the cathode performance is still ambiguous as it is suggested that such cubic structures disrupt 

the Li diffusion and increase to cell impedance and hinder the high rate cycling, on the contrary 

some argue that the thin layers of dense phases act as the protective layer of the cathode 

contributing to reversibility of the cathode11. Non uniform Li deintercalation leading to surface Li 

deficiency45, the cathode/electrolyte reactions64 and environmental reactions are the underlying 

causes for the formation of the surface reconstruction layers. Cathode/electrolyte reaction can also 

result in formation of surface films such as LiF and Li2CO3, which degrade the capacity by 

consuming Li ions and increasing cell impedance65. HF generation in the electrolyte due to 

moisture contamination reaction with LiPF6 salt that can attack the cathode surface and cause 

transition metal dissolution is another degradation method caused by electrolyte interaction with 

cathode surface65. Oxygen release is another major degradation mechanism that can cause 

catastrophic failure and is a safety concern for Li-ion batteries (Figure 4C). The parasitic O2 release 

can be induced in two circumstances, which are overcharging66 and overheating62. In general, the 

hybridization of undercoordinated oxygen atoms that leads to O2 formation and evolution 

accompanied by phase transitions is regarded as the triggering mechanism for cathodes oxygen 

release. This is discussed in detail in Chapter 3. Finally, fracture and disintegration of cathode 
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particles are another degradation mode in cathode materials (Figure 4D). Cracking has observed 

both at the grain boundaries (intergranular cracking) and inside the grains of cathode particles 

(intragranular cracking)67. Intergranular cracking can occur due to accumulated strain in the grain 

boundaries during the repeated expansion/extraction cycles of adjacent electrochemically active 

grain. The intragranular cracking is proposed to be the result of formation of dislocations in the 

grains that can evolve into premature cracks during repeated cycling and eventually result in 

fragmentation of the particles57. 

1.2. The Role of Layered Cathode Materials in the Parasitic Thermal Runaway Reaction 

Thermal runaway is the uncontrolled release of heat and energy that normally leads to ignition or 

explosion of Li-ion batteries, which is a major safety issue in Li-ion batteries. Thermal runways 

have been observed in several Li-ion battery powered systems ranging from laptop and cell phones 

to electric vehicles68,69. The thermal runaway is induced by a series of self-progressive exothermic 

events, that are initiated by various events such as temperature rise, mechanical damage and short 

circuit or non-equilibrium electrochemical cycling70,71. The detailed description of the thermal 

runaway events is discussed in Chapter 3.1. Regardless of the initial stimulus of a thermal runaway, 

the chain of exothermic events leads to a local temperature rise. Therefore, when the temperature 

reaches to above 150 °C, the oxide cathode material decomposes and releases a large amount of 

oxygen that can ignite the flammable electrolyte/combustible gases in presence of the accumulated 

heat and triggers the thermal runaway of the battery72. Therefore, it is suggested that the highly 

exothermic final step of the thermal runaway reaction that triggers the ignition of the battery is 

induced by the cathode decomposition and oxygen release. It should be noted that the pristine 

oxide cathodes are stable up to 900 °C, however Li deintercalation leads to under-coordination of 

oxygen atoms, that can readily form O-O bonds and release as O2 gas below 200 °C 73. Different 
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scenarios of thermal runaway reaction, the parameters that influence the oxygen release 

thermodynamics and kinetics in the cathode materials and proposed solution to hinder such 

parasitic reaction are discussed in length in Chapter 3. 

1.3.Next Generation Li-rich Cathode Materials; Challenges and Issues 

Layered oxide cathodes played a key role in the development of Li-ion batteries and are still the 

dominant cathode materials in most Li-ion batteries. Despite numerous advantages such as high 

electrochemical voltage vs Li/Li+, good rate capability and cycling stability, their limited capacity 

is a major drawback. This is because only about half of the theoretical capacity of the layered oxide 

cathode materials can be reversibly extracted because as the cathodes potential reaches to the O-

2p molecular orbitals, peroxo like (O2)
2− ions form at the particle surface and release as O2 gas5. 

In addition, excessive Li extraction can induce transition metal migration to Li vacancies and cause 

irreversible phase transitions and activate the discussed degradation mechanisms. Therefore, the 

ever-growing demand in improving the capacity of LIBs cannot be satisfied due to such intrinsic 

limits in the capacity of conventional cathode materials. 

Advancement of layered oxide cathodes was initiated by the development of solid solution layered 

oxide cathodes with the composition of Li(NixMnyCoz)O2 (NMC) and Li(Ni0.8Co0.15Al0.05)O2 

(NCA), which extended the capacity and improved the cycling stability. In these cathodes the Co3+ 

cations are replaced with Ni2+, Mn4+ and Al3+ ions. Therefore, since the redox reaction of Ni 

proceeds through the less stable eg orbital (Figure 5A) the redox reaction of  Ni2+/Ni3+ and the 

Ni3+/Ni4+ occur first, followed by the high voltage redox reaction of Co3+/Co4+ that involves more 

stable t2g electrons (Figure 5B)11. Mn4+ and Al3+ do not participate in the redox reactions and act 

as the structural stabilizers74. These materials have superior properties such as better Li-

stoichiometry (decreased cation mixing in Li layer), improved electrochemical performance and 
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higher thermal stability compared to LiNiO2 and LiCoO2
75–77. Therefore, they are dominating the 

market of high capacity and large scale Li-ion batteries, such as electric vehicles9,78,79. 

 

Figure 5. (A) Electron configuration in transition metals cations in NMC cathodes. (B) 

Schematic electron energy levels in NMC cathodes. Reproduced with permission11. Copyright 

2017, Wiley-VCH. 

A breakthrough was made recently by partial substitution of transition metals in a solid solution 

layered oxide cathode with Li-ions, which gave birth to the concept of Li-rich layered oxide (LLO) 

cathodes80. Although there is only less than 20% excess Li in the layered cathodes composition, 

their capacity has significantly increased to about 300 mAhg-1 81. Since the enormous 50% increase 

in the capacity of the Li-rich cathodes cannot be explained by the 20 % extra Li-ions, scientist 

proposed a different mechanism for generation of the extra capacity. Overall, it is accepted that 

the source of extra capacity of LLOs is the anionic redox reaction that activates subsequent or 

concurrent to cationic redox reaction81. The anionic redox reaction is suggested to occur by 

formation of Li-O-Li bonds that are only probable in LLOs, which is due to the presence of Li ion 

in the TM layers. The Li-O-Li bond has extra (orphan) electrons, that are closer to the valence 
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band compared to Li-O-TM electrons82. Therefore, such electrons can be extracted readily at lower 

voltages, allowing the participation of oxygen anions in the redox reaction and increasing the 

capacity considerably. This phenomenon is called anionic redox reaction and is the accepted cause 

for increased capacity of LLO cathodes83–86. However, despite the great specific capacity, poor 

cycling stability and rapid capacity/voltage fade has hindered the practical application of Li-rich 

cathodes. To understand the origins of such rapid degradation, the atomic structure of Li-rich 

cathodes should be fully comprehended. However, there is still an ongoing debate on the atomic 

structure of pristine Li-rich cathodes and their structure have been denoted in three opposing ways; 

(1) original (R3̅m) LiTMO2 layered structure solid solution, where the extra Li ions are taking the 

transition metal sites87, (2) C2/m Li2TMO3 solid solution phase with random Li/TM mixture 

(Figure 1.6)88, (3) a nano-composite of the R3̅m LiMO2 and the C2/m Li2MnO3 that is denoted as 

of xLi2MnO3-(1-x)LiMO2
89 (Figure 6). The underlying reasons for the rapid voltage fade and 

capacity degradation have also remained very elusive and controversial and are the topics of vast 

scientific studies90–94. Our atomic resolution scanning transmission electron microscopy and 

electron energy loss spectroscopy (STEM/EELS) investigations coupled with density functional 

theory (DFT) calculations on the structural degradation of LLO cathodes are discussed thoroughly 

in Chapter 6. 
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Figure 6. Schematics of proposed atomic structures of Li-rich layered oxide cathodes together with 

the representative results. (A) Solid solution hexagonal layered structure, where extra Li ions 

occupy the transition metal sites. Reproduced with permission87. Copyright 2013, American 

Chemical Society. (B) Solid solution monoclinic structures with extra transition metals in Li sites88 

and (C) nano composite structure of hexagonal/monoclinic phases. Reproduced with permission89. 

Copyright 2017, Wiley-VCH. 

1.4.Order of Chapters 

This dissertation is ordered based on the flow of my research progress on the understanding and 

controlling the heat/overcharge-induced degradation of LiCoO2 cathodes and our atomic 

resolution study aiming to resolve the structural ambiguities of the next generation Li-rich cathode 

materials. 

The presented chapter 1 is designed as a brief overview of the Li-ion battery and the layered oxide 

cathode materials. Furthermore, the general atomic structure, Li (de)intercalation mechanism, 

degradation modes and contribution of layered oxide cathodes in the thermal runaway events are 

discussed. Finally, the next generation Li-rich cathodes are introduced, and their advantages, 

drawbacks and scientific challenges are briefly discussed. 
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Chapter 2 presents the experimental methods that have been utilized throughout this thesis. 

Chapter 3 is a comprehensive review on the oxygen release degradation of Li-ion battery cathodes. 

Oxygen release from oxygen-containing positive electrode materials is one of the major structural 

degradations resulting in rapid capacity/voltage fading of the battery and triggering the parasitic 

thermal runaway events. In this chapter, I summarized the recent progress in understanding the 

mechanisms of the oxygen release phenomena and corelative structural degradations observed in 

four major groups of cathode materials: layered, spinel, olivine and Li-rich cathodes. In addition, 

the engineering and materials design approaches that improve the structural integrity of the cathode 

materials and minimize the detrimental O2 evolution reaction have been summarized. We believe 

that this review can guide researchers on developing mitigation strategies for the design of next 

generation oxygen-containing cathode materials where the oxygen release is no longer a major 

degradation issue. 

Chapter 4 presents our efforts in understanding the oxygen release reaction from the LiXCoO2 

cathode under heating conditions. Utilizing in-situ aberration-corrected scanning transmission 

electron microscopy (STEM) and electron energy loss spectroscopy (EELS) at high temperatures, 

we show the inhomogeneous oxygen loss from LixCoO2 crystals for the first time. The oxygen 

evolution from LixCoO2 structure was correlated with local phase transitions spanning from 

layered to spinel and then to rock salt structure upon exposure to elevated temperatures. Ab initio 

molecular dynamics simulations (AIMD) results show that oxygen release is highly dependent on 

the LixCoO2 facet termination. While the [001] facets are stable at 300 °C, oxygen release is 

observed from the [012] and [104] facets, where under-coordinated oxygen atoms from the 

delithiated structures are able to combine and eventually evolve as O2. 
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Chapter 5 describes our novel nano-coating design of individual LiCoO2 nanoparticles that 

mitigates the oxygen evolution reaction. In this research we have performed electrochemical 

cycling, differential electrochemical mass spectroscopy (Done by Dr. Salehi-khojin’s at UIC), 

differential scanning calorimetry (DSC), and in-situ heating transmission electron microscopy to 

characterize the effectiveness of the graphene-coating on the abusive tolerance of LixCoO2. 

Additionally, density functional theory and ab-initio molecular dynamics calculations (done by 

Dr. Soto and Dr. Balbuena as a collaboration) were carried out. The results show that there is a 

strong C-Ocathode bond formation at the interface of rGO/LCO, which suppresses the O-O bond 

formation from low coordination oxygens thus the O2 evolution is suppressed. This systematic 

investigation uncovers a reliable approach for hindering the oxygen release reaction and mitigating 

the thermal instability of battery cathodes. 

Chapter 6 presents our detailed atomic resolution studies on the atomic structure of the Li-rich 

cathode materials. In this research, we have identified the hexagonal/monoclinic and 

monoclinic/monoclinic grain boundaries of Li-rich cathode materials, which provides the first 

direct proof of the nano-composite structure of the LLO materials. Our results demonstrate that 

the grain boundaries have a cubic spinel structure and are highly strained. During cycling the high 

energy grain boundaries are depleted from Mn cations and are enriched with Ni cations, which 

deteriorates the capacity by consuming the active redox centers. The mechanism of Ni diffusion 

to grain boundaries are investigated through DFT modeling by Dr. Yurkiv and Dr. Mashayek at 

UIC, in a collaborative research. In addition, crack initiation was detected to occur on the tip of 

such grain boundaries, which is identified as a newly discovered degradation mechanism of LLO 

cathodes. 



19 
 

Chapter 7 discusses some aspects of our collaborative research, where transmission electron 

microscopy techniques were utilized to (1) identify the atomic configuration and structure of the 

engineered cathode materials and (2) uncover the correlation of cell-design and cathodes chemistry 

on failure mode and degradation extent of the cathode materials.  
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Chapter 2: Experimental Methods 

Details of the experimental procedures that were carried out in this thesis are described in this 

chapter. Details of transmission electron microscopy (TEM) characterizations, graphene-coating 

of LiCoO2 particles, utilized materials characterization techniques and electrochemical tests are 

discussed in the following sections. 

2.1. Transmission Electron Microscopy (TEM) 

Transmission electron microscopy can achieve ⁓ 104 times higher resolution than conventional 

optical microscopes due to the ultra-small wavelength of the electrons. Therefore, in this research 

TEM (JEOL JEM-3010) was utilized to study the decomposition mechanism of the layered oxide 

cathodes at the single particle level. Selected area electron diffraction pattern (SAEDP), which is 

the result of elastic interaction of electron wave with the crystal lattice of the sample was utilized 

to identify the phase transitions during the thermal decomposition of LiCoO2 particle. SAEDPs 

can be obtained from particle agglomerates or can be obtained from a limited area within a single 

particle, therefore can carry local information. 

Based on the Bragg’s Law and the schematic image in Figure 7A; 

𝑅

𝐿
= tan 2𝜃 ~2𝜃                  (6) 

𝑛𝜆 = 2dsin𝜃~d2𝜃                  (7) 

therefore, 

𝑑 =  
𝐿𝜆

𝑅
                   (8) 
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where, R is the distance from the diffraction spot in pixels, L is the average cameral length which 

is calibrated for each microscope to pixels, λ is the electron wavelength and d is the lattice spacing 

of the crystals, which is calculated based on this equation 

 

Figure 7. (A) Schematic diagram showing the electron diffraction pattern formation mechanism. 

Reproduced with permission Copyright 200995, Springer Nature. (B) An example of an SAEDP. 

Conventional bright field TEM images are collected by placing the objective aperture of the 

microscope on the direct beam. On the other hand, dark field TEM images can be collected by 

placing the objective aperture on the diffracted beam based on the SAEDP pattern. This technique 

allows for identification of the location of each phase in multi-phase specimens. This method is 

utilized in chapter 4 for identification of surface-originated phase transition during thermal 

decomposition of LiCoO2 cathodes. 

Scanning transmission electron microscopy (STEM), which uses a highly focused beam to scan 

over a specimen has also been utilized in this research. Unlike TEM that is a phase contrast imaging 

technique and is based on the wave-like characteristics of electrons, STEM utilizes the particle-
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like characters of electron for image formation. STEM utilizes annular detectors with various range 

of angles and each one carries specific information. High angle annular dark field detector with 90 

mrad inner detector angle, allows for Z-contrast imaging mode which can distinguish between the 

atoms based on their atomic number. Low angle annular dark field detector with 45 mrad inner 

detector angle, is sensitive to defects and crystalline irregularities. Annular bright field detector 

with detector diameter of 7-14 mrad is utilized to resolve light elements such as O and S. In this 

thesis STEM experiments were performed using a JEOL JEM-ARM200CF equipped with a cold 

field emission gun and a spherical aberration corrected that allows for atomic resolution imaging 

with 0.78 Å spatial resolution. 

Lattice plane measurement can be directly carried out on atomic resolution images or based on the 

fast Fourier transform (FFT) of the images. FFT images that are similar to diffraction patterns, 

represent the frequency of atomic arrangement sequence in an image. In FFT images the inverse 

of the distance between each bright dot to the center dot, corresponds to a resolved lattice plane. 

Outer product of two identified plane vectors indicate the zone axis of the image, which is parallel 

with the direction of e-beam travel through the sample. By identification of the lattice planes and 

the zone axis of the image the crystal structure of a sample can be identified, which is the procedure 

that was carried out to identify the spinel/rock-salt phase in chapter 4 and the 

hexagonal/monoclinic interphases in chapter 6. In addition, FFT images can be utilized to 

reconstruct color-coded image from the atomic resolution images. To reconstruct color coded 

images, using Digital Micrograph, indicated spots of FFT image which corresponds to each phase 

are masked and inverted to form separate images from each phase and then combined with various 

color constrsts to reconstruct color coded images. Such procedure is also utilized in Chapters 4, 6 

and 7 to identify various phases in a single image. 
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Electron energy loss spectroscopy (EELS) which carries information about the electronic structure 

of the material was also utilized in this thesis. EELS is the analysis of the energy distribution of 

inelastic scattered electrons that can be interpreted to valence information, bonding and nearest 

neighbor atoms, sample thickness, etc. In this thesis, EELS experiments were carried out using the 

JEOL JEM-ARM200CF microscope and Gatan Enfina and GIF Quantum EELS detectors with 

0.1-0.5 eV/channel dispersion and with a 2 mm detector aperture. Full-width half maximum of 

zero loss peak was measured 0.5-0.75 eV, which determines the energy resolution of the obtained 

spectra.  

The layered oxide cathode samples are electron beam sensitive and both radiolysis and knock-on 

damage mechanisms are active since the samples are semi-conductive material, containing light 

elements such as Li and O. Based on the conducted experiments, the radiolysis damage is more 

predominant in TEM mode as the total electron dose can be higher, especially when high resolution 

imaging is attempted. In STEM mode the knock-on damage is the predominant damage 

mechanism, where the dose rate is higher compared to TEM mode experiments. However, in 

STEM mode the radiolysis is still an active mechanism (since the phase transition is observed as 

well as hole formation as a result of knock-on damage). Therefore, using the microscope in 80 kV 

was not very helpful since by reducing the extent of knock-on damage, the radiolysis damage 

would increase in 80 kV.  

Beam damage was controlled and minimized throughout the (S)TEM experiments. We control the 

electron beam dosage, by (1) decreasing the gun current, (2) by changing the spot size, (3) by using 

various condenser lens apertures and (4) by controlling the pixel dwell time. Before collecting data 

in every experiment, we gather a series of data to find out the best of set of parameters that yield 

the highest signal to noise ratio and does not induce beam-damage artifacts.  
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In the presented experiment shown in Figure 8, a layered oxide cathode sample is imaged from 

the [100] zone axis. The area from which the beam damage measurement will be carried out is 

shown in the blue box, the area of interest in digitally magnified and shown as the inset in Figure 

8A. Then an EELS map is obtained from the area of interest and the sample is imaged again 

subsequent to obtaining the EELS map. Again, the area of interest is digitally magnified for a better 

observation. In this experiment the pixel size is 0.5 nm, the dwell time is 0.2 s and the beam current 

is set to 35 pA, which results in the dose rate of 8×106 e.A-2s-1. Normally the 2D EELS maps are 

summed into a line scan and each column of spectrums are added up for higher signal quality and 

represent the valence state of transition metal at a certain distance from the cathode surface1,92,96,97. 

As can be seen from the corresponding EELS spectrum that represents the top surface region of 

the sample (Figure 8D), the signal to noise ratio is very high and the results quality is totally 

acceptable for publication. Here the O-K edge signal is magnified and the ∆E (Epre-peak – Emain-peak) 

value is measured to be 11 eV, which corresponds to the value expected from a pristine NMC 

cathode98. Any decrease in this value corresponds to valence reduction of transition metals and 

oxygen release phenomena99. Therefore, as can be seen from the atomic resolution image and the 

EELS spectrum the effect of the electron beam after obtaining such a good quality EELS signal is 

very minimal. The layered structure is totally preserved and the thickness of the surface 

reconstruction layer (SRL) has grown only by about 0.2 nm which is very far from the scale of our 

measurements in the manuscript. Then we increased the pixel dwell time from 0.2 to 1 s and 

obtained another EELS map from the same area. The area of interest is imaged after obtaining this 

EELS map and shown in Figure 8C. It can be observed that the layered structure is totally 

disrupted, and cation disorder can be clearly detected in the area that EELS map was obtained 

from. Although the EELS signal to noise ratio is slightly improved and the intensity has increased 
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by 5 folds, the beam damage has induced artifacts in the results. By looking at the O-K edge it can 

be concluded that reduction of transition metals’ valence state and oxygen release has occurred, 

due to knocked off oxygen atoms and broken oxygen- metal bonds. In general, it can be concluded 

that, although beam damage is a serious issue in any electron microscopy/spectroscopy 

experiments, by taking proper yet simple cautions it can be avoided without compromising the 

quality of data.   

 

Figure 8. (A) Atomic resolution HAADF image from a pristine NMC cathode with the digitally 

magnified area of interest shown as inset. (B) Atomic resolution HAADF image from the same 

area after obtaining the EELS map with the area of interest digitally magnified as the inset. (C) 

Atomic resolution HAADF image obtained after collecting another EELS map from the same area 

with 5 times longer pixel dwell times. (D) a sum spectrum from the top 0.5 nm layer of the cathode 
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surface obtained in the first EELS map acquisition. (E)  a sum spectrum from the top 0.5 nm layer 

of the cathode surface obtained in the second EELS map acquisition.  

2.2. In-situ Heating TEM 

Gatan double tilt heating stage, which is a furnace-based heating holder was utilized for in-situ 

heating experiments. Samples were subjected to high temperatures ranging from 25 to 450 °C with 

a heating rate of 10 °C/min, before collecting data we kept the samples at the desired temperature 

for 15 minutes to ensure holder stability and temperature uniformity. Cathode particles were 

analyzed after electrochemical / chemical delithiation. Electrochemical delithiation was carried 

out using coin cells. Subsequent to cycling the cells were disassembled, and the cathode laminates 

were submerged into dimethylcarbonate for 1 hour then rinsed with fresh dimethylcarbonate and 

dried under vacuum overnight. The laminates then were scratched, and the obtained powder was 

dispersed in methanol, sonicated and drop casted onto lacy carbon grid and loaded into the 

microscope with minimum exposure to air. For chemical delithiation, 1 g of LiCoO2 was dispersed 

in 25 ml of 0.15 M K2S2O8 aqueous solution and magnetically stirred at 60 °C for 24 and 72 hours 

to obtain partially and fully de-lithiated specimens, respectively. Then the solution was vacuum 

filtered using filter membranes with 100 nm pore size and washed 3 times with DI water and dried 

in a vacuum furnace for another 72 hours. Following this process, the Li content was measured 

using inductively coupled plasma optical emission spectroscopy (ICP-OES) by Thermo iCAP 

7600. These measurements have shown that the molar ratio of Li/Co is 0.7 and 0.45 for partially 

and fully de-lithiated samples, respectively. 

2.3. Graphene-encapsulation of Individual LiCoO2 Cathode Particles 

For achieving graphene-coating on individual particles, surface charge modification should be 

carried out on LiCoO2 sample. To do so, LiCoO2 (1g) was dispersed in methanol (100 ml) and 
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sonicated. Then aminopropyltrimethoxysilane (1 ml) was added to the solution and stirred for 24 

hours. The sample was then vacuum filtered and washed several times with methanol to obtain the 

positive surface charged LiCoO2. Graphene-coated LiCoO2 particles then can be obtained as a 

result of attractive electrostatic force between positively charged LiCoO2 and negatively charged 

graphene oxide nano-sheets. At this step, surface charged LiCoO2 and graphene oxide nano sheets 

are redispersed in methanol with the concentration of 10mg/ml. Graphene oxide nano sheets are 

also redisposed in methanol by centrifugation of water-dispersed GO. Then the GO dispersed in 

methanol is added dropwise to the LCO containing solution. As the self-assembly takes place, 

graphene-coated LiCoO2 precipitate. Finally, hydrazine (1ml per 100 ml of cathode solution) was 

added dropwise to the solution to reduce the GO layer to rGO to enhance the conductivity of the 

coating layer. The sample is then vacuum filtered to obtain the graphene-coated LiCoO2 particles. 

Noteworthy, the cost of such process is calculated to be approximately $0.48/gr of LiCoO2 in 

laboratory scale, from which only 3.3% is for consumed GO material and the rest relates to the 

cost of surface charge modification and hydrazine treatment that can be reduced in industrial scale. 

2.4. Materials Characterizations to Study and Quantify the Graphene Coating on Cathode 

Samples 

Scanning electron microscopy (SEM): SEM was carried out using a Carl–Zeiss electron 

microscope integrated into a Raith e-LiNE plus electron-beam lithography system. The 

acceleration voltage was set at 10 kV, and aperture size of 30 µm was used. Secondary electrons 

were used for topographical imaging of the rGO coating layers. 

Raman spectroscopy: Raman is a spectroscopic technique used to measure vibrational, rotational, 

and other low-frequency modes in a system. It provides a structural fingerprint that can be used to 

identify molecules. In this method inelastic scattering of monochromatic light, usually from a laser 

https://en.wikipedia.org/wiki/Spectroscopy
https://en.wikipedia.org/wiki/Inelastic_scattering
https://en.wikipedia.org/wiki/Monochromatic
https://en.wikipedia.org/wiki/Laser
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is being used as the probe. When a laser light with the wavelength of νL hits the sample, energy 

state of electrons in the bonds of the molecule increases to a virtual state then if the energy returns 

to the same state it is called Rayleigh scattering (99%) and does not indicate the vibrational energy 

of the sample. In this case the wavelength of emitted photon is the same as the wavelength of the 

incident photon However, if the molecule goes back to a higher energy or lower energy level (1%), 

it will emit a photon with a different energy (νs). So νs = νL – ν0>1 by knowing the νL and measuring 

the νs we can obtain the ν0>1 which is the fingerprint of molecules. Raman can be used for 

quantifying composition and contamination identification, defect analysis, doping analysis and the 

Electronic properties of materials. Raman results were obtained from a Renishaw inVia Reflex 

Raman system equipped with a green 532nm/50mW diode-pumped solid-state laser. Spectroscopy 

was performed using a 50x objective lens. Dwell time, and laser strength were set to 100 s and 5% 

to obtain the best signal to noise ratio and avoid the laser-induced damage in the samples. 

X-ray photoelectron spectroscopy (XPS): XPS is a surface characterization technique (up to 10 

nm) that reveals the chemical composition of the surface of samples as well as the elements that 

are bonded to each chemical. XPS is generally used for Analysis of surface composition and 

contamination and valence state and bonding analysis of the material surface. In principle XPS is 

used to detect the photoelectrons that are ejected from the sample by the X-ray beam. XPS was 

carried out using a Kratos AXIS-165 XPS system, equipped with a monochromatic Al Kα source 

(1,486.7 eV). Survey spectra were collected with a pass energy of 80 eV, step size of 1 eV and 

dwell time of 200 ms. High-resolution regional spectra were collected with a pass energy of 20 

eV, step size of 0.1 eV and dwell time of 1000 ms. 



29 
 

2.5. Thermal Analysis Techniques 

Thermal analysis was conducted to study the thermal decomposition of LixCoO2 and to evaluate 

the effectiveness of rGO-coating on the thermal stability of LiCoO2 sample. For these purposes 

differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) methods were 

utilized. In DSC a reference pan and a sample pan are taken under the same temperature program 

and while the reference pan has a constant and defined heat capacity throughout the specified 

temperature, the sample will undergo exothermic or endothermic reactions and the amount of heat 

that is released or absorbed from the sample pan is recorded and plotted. TA Instruments Q2000 

systems were utilized to perform the DSC experiments. To capture the heat flow from the 

exothermic reaction between flammable gases (from the decomposition of electrolyte) and the 

evolved oxygen (from the charged LiCoO2), the hermetically sealed aluminum containers were 

utilized. Bare and graphene-coated LiCoO2 samples were cycled twice and then charged to 4.2 V. 

Then the cells were opened in Argonne filled atmosphere, and the cathode foils were sealed in the 

aluminum container without drying or removing the electrolyte. DSC experiments were performed 

in the range of 25-350 °C with the heating rate of 2 °C/min. In TGA the mass of sample is measured 

when sample is exposed to a thermal program. TGA is great tool for studying the kinetics of 

thermal decomposition reactions. TA Instruments Q500 systems were utilized to perform the TGA 

experiments. In these experiments 10 mg of LixCoO2 was placed in open Pt holders and the thermal 

program were carried out under N2 flow, with a heating rate of 5 °C/min. 

2.6. Li-ion Battery Cell Fabrication and Electrochemical Testing 

Coin-type cells composed of LiCoO2/Li half cells, glass fiber separator and 1M LiPF6 in EC/DMC 

= 1:1 electrolyte were fabricated for electrochemical tests. LiCoO2 laminates with the composition 

of 80 wt% of active material, 10 wt% of carbon black and 10 wt% of poly(vinylidene fluoride 
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were mixed with N-methylpyrrolidone and casted on Al foils, then dried at 80 °C in vacuum. 

Cycling and EIS tests were conducted by a Bio-Logic VMP3 Electrochemical Workstation 

working with a EC-Lab software. LiCoO2|Li cells were used for cycling and EIS measurement and 

EIS measurements were performed at a frequency ranging from 100 kHz to 100 mHz after 1st and 

20th cycles. 
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Chapter 3: Oxygen Release Degradation in Li-ion Battery Cathode Materials, Mechanisms 

and Mitigating Approaches: A Review100 

(Previously published as Sharifi-asl, S.; Lu, J.; Amine, K.; Shahbazian-yassar, R. Oxygen Release 

Degradation in Li-Ion Battery Cathode Materials : Mechanisms and Mitigating Approaches. Adv. 

Energy Mater. 2019, 1900551. Reproduced with permission100. Copyright 2019, Wiley-VCH) 

3.1. Introduction 

High energy density Li-ion batteries (LIBs) hold the key for enabling the next generation of 

sustainable and green energy technologies5,101–104. Oxygen-containing cathodes are the main 

constituents enabling high voltage, high energy density Li-ion batteries. Since graphite is utilized 

as the negative electrode in most of the commercialized LIBs, electrochemical properties such as 

energy density and operating voltage of the cells are defined by the choice of cathode materials. 

For instance, the charge voltage, which is limited by the top of the anion-p bands of the cathode, 

can be expanded by replacing an oxide ion with polyanions105. However, such changes impact the 

Li-ion intercalation mechanism, electron conductivity and importantly structural stability of the 

cathode material106. Generally, the LIB cathode materials are transition metal oxides or phosphates 

that are designated as the reservoir of the Li ions in the batteries. Cubic closed packed array of 

oxygen framework allows for unrestricted shuttling of Li-ions in the layered and spinel phase oxide 

structures6. Also, oxygen atoms coordinate the phosphorous atoms to form (PO4)
-3

 polyanions, 

which are the building blocks of the olivine cathodes structure107. Structural instability of such 

oxygen-containing cathodes can lead to release of the cathode lattice oxygen in form of O2
108. 

Extensive oxygen release leads to severe degradation of the cathode performance and jeopardizes 

the safety of the battery by triggering a thermal runaway event, in which the battery catches fire 

and rapidly releases a large amount of uncontrolled heat and energy109. Thermal runaway events 

have been observed in several Li-ion battery powered systems ranging from laptop and cell phones 

to e-cigarettes, headphones, electric vehicles and even airplanes, and have caused serious injuries 
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to the consumers68,69. It was found that the thermal runaway is the outcome of a series of self-

progressive exothermic events triggered by an external stimulus such as ambient temperature rise 

or mechanical impact, or caused by an internal stimulus such as short circuit, overcharge or applied 

high current rates70,71. The occurrence and sequence of these chain of events can vary based on the 

materials design and the specific conditions that trigger the thermal runaway reaction72. The 

schematic Figure 9A, schematically illustrates the general mechanisms identified for thermally 

triggered / overcharge-induced thermal runaway reaction. Prevalently, external causes such as 

local temperature rise can initialize the undesired reactions that lead to the thermal runaway. If the 

battery temperature is increased to above 90 °C, the exothermic breakdown of the solid electrolyte 

interphase (SEI) formed on the graphite anode can further increase the temperature to above 120 

°C109,110. Meanwhile, the SEI breakdown triggers the side reactions between the unprotected anode 

and the alkyl carbonate electrolyte, leading to formation of combustible gases such as ethane and 

methane109. At this point the polymer separator will melt down, causing a short circuit between 

the positive and negative electrodes that rapidly increases the temperature and expands the area of 

heat dissipation in the battery105. Finally, at above 150 °C the oxide cathode material decomposes 

and releases a large amount of oxygen that can ignite the flammable electrolyte/combustible gases 

in presence of the accumulated heat and triggers the thermal runaway of the battery72. Noteworthy, 

it has been identified that the thermal runaway reaction can occur without an internal short circuit 

caused by the separator meltdown. In this case, it is observed that if the temperature of an 

NMC/graphite battery exceeds 115.2 °C by ambient temperature rise, even without the separator 

break-down and the resultant short circuit, a chemical crosstalk between the cathode and the anode 

can release a large amount of heat that increases the temperature to ⁓800 °C and eventually leads 

to the ignition of the battery111. These observations further stress the significant role of the oxygen 
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release from the cathode materials in the safety aspects of LIBs112. Overcharge-induced failure can 

be regarded as another scenario for thermal runaway reactions 113,114. In this scenario, the lithiation 

of the graphite anode beyond its intercalating capacity leads to deposition of metallic Li on the 

graphite particles surface115. This results in SEI thickening and increased cell resistance, which 

will lead to Joule heating of the battery components116. In addition, the anode/the cathode will 

become reducing/oxidizing agents by continuous insertion/extraction of electrons and can trigger 

exothermic side reactions with the unstable electrolyte117. Subsequently decomposition of 

electrolyte will result in combustible gas formation that leads to battery swelling and further 

increase in the battery resistance118. As the temperature increases gradually, the anode SEI 

decomposition can lead to exothermic reaction of lithiated graphite with the electrolyte that further 

increases the temperature. Subsequently the overcharged cathode that is highly susceptible to 

thermal decomposition, will break down and release oxygen 113,114. This is due to the fact that 

charging the cathodes beyond the energy of oxygen 2p band structure can generate peroxo-like 

oxygen species that can form O-O bonds and evolve as O2 gas (Figure 9B)5,66. Similarly, local 

heating of the overcharged cathodes can trigger the migration of transition metal cations by 

breaking TM-O bonds. This leads to O-O bond formation between the undercoordinated oxygen 

atoms and results in the parasitic oxygen release that is explained in length throughout the article 

with regards to specific cathode systems (Figure 9C) 62,63,119–121. 
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Figure 9. (A) Schematic illustration of the chain of events in a thermal runaway reaction. (B) Mass 

spectroscopy results demonstrating two possible routes for oxygen evolution from cathodes 

demonstrating O2 release from LiCoO2 when charged over 4.4 V, which is beyond the energy level 

of the O-2p bands in layered oxide cathodes: Reproduced with permission.66 Copyright 2014, 

American Chemical Society. (C)  Oxygen release during thermal decomposition of charged NMC 

cathodes as a result of hybridization of undercoordinated oxygen atoms accompanied with spinel 

and rock-salt phase transformations: Reproduced with permission62. Copyright 2012, Wiley-VCH. 
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Employing a range of characterization techniques at the bulk-scale such as in-situ 

calorimetry112,122,  in–operando high energy synchrotron X-ray tomography and radiography123,124, 

it was discovered that the onset temperature and the extent of the thermal runaway reaction is 

highly dependent on the type and composition of the positive electrode materials112. Therefore, the 

cathodes oxygen release phenomenon have been closely investigated by various means such as 

thermal analysis73, time resolved x-ray diffraction (TR-XRD)125, Raman spectroscopy85,126–128, in-

situ differential electrochemical mass spectroscopy (DEMS)66,129,130, x-ray absorption 

spectroscopy (XAS)62,131–135, in-situ transmission electron microscopy (TEM)98,99,136–138 and 

computational modeling 139,140. The methods that have been employed for studying the LIBs 

thermal runaway and cathodes degradation reaction are schematically depicted in the Figure 10. 

Despite the numerous challenges associated with studying the cathode materials such as 

the structural complexity of the cathode materials141,142, particle to particle variation caused by 

gradient state of charge in the electrodes98,143, the interplay of several degradation mechanisms67,144 

and the sensitivity to various experimental conditions such as the atmosphere145,146 and electron 

probe14,147,148, great progress in understanding and improving their structural stability have been 

achieved in the past few years. However, the oxygen release from cathode materials still remains 

as one of the key degradation issues of oxygen-containing cathodes. Thus, herein we have 

reviewed and summarized the oxygen release degradation mechanisms of the widely used cathode 

materials such as (1) layered LiMO2 (M = Fe, Mn, Co) cathodes; (2) spinel LiM2O4 (M=Ni, Mn) 

cathodes; (3) olivine LiMPO4 (M = Fe, Mn, Co) cathodes; and (4) Li-rich NMC cathodes. It is 

concluded that the O2 evolution is a complex mechanism that is influenced by many parameters 

such as state of charge (SOC), morphology and size of the particles, chemical composition and 

atomic arrangements of the cathodes. Additionally, proposed solutions and approaches utilized to 
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improve the cathodes degradation and alleviate the oxygen release reaction are categorized and 

reviewed in the following sections.  

 

 
Figure 10. Schematic illustration of the methods used to study the oxygen-release induced 

degradation of cathode materials ranging from bulk to nanoscale 
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3.2. Mechanisms of Cathodes Degradations 

3.2.1. Layered Oxide Cathodes 

LiMO2 (M = Co & Ni). Layered oxide cathode materials that enabled the commercialization of 

Li-ion batteries are composed of cubic close packed (CCP) oxygen arrays with metal ions 

occupying octahedral sites, which form consecutive LiO2 and MO2 layers149,150. Isostructural 

LiCoO2 and LiNiO2 share the crystal structure of α-NaFeO2 with R3̅m space group where the Li/M 

ratio is 1 or less in these structures. LiCoO2 was proposed by Goodenough before the discovery of 

Li-ion batteries in 1980’s7. The reversible shuttling of Li-ions throughout the electrochemical 

cycling in between the MO2 layers is the advantageous characteristic of the layered oxide cathodes. 

However, since there are several phases viable as a function of Li/M ratio, electrochemical 

delithiation higher than a certain extent can result in irreversible phase transitions, which leads to 

rapid capacity fading of the LiMO2-based batteries. The charge voltage of the layered oxide 

cathodes is manually limited by the energy of the top of O-2p bands. This is because charging 

beyond this limit (ca. 4.6 V) will result in peroxide (O2)
2- formation and release of O2 and/or 

insertion of protons into the cathodes structure5, which has been quantified experimentally66 

(Figure 11A). Additionally, high extent of delithiation (high cut-off voltage charging) can promote 

the glide of partial dislocations, and provides a path for transition metal migration to the Li 

octahedral sites that leads to formation of the spinel phase13,19. Spinel phase formation and oxygen 

release has been observed primarily at the surface of the cycled particles (Figure 11B)63,119–121. 

This is explained by the electrochemically induced Li deficiency at the surface and inhomogeneous 

Li distribution throughout the cathode particles45,63. In addition to cycling induced oxygen release, 

thermal treatment of the layered oxide cathode results in the structural decomposition of the LiMO2 

cathodes151. At pristine state, LiCoO2 is known to be stable up to 900 °C, however partial 
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delithiation results in the formation of under-coordinated oxygen atoms, that can form O-O bonds 

and release at around 200 °C73. The oxygen release reaction results in the formation of the 

electrochemically inactive phases with less oxygen in their stoichiometry152. The following 

reaction is suggested to explain the oxygen evolution mechanism from LixCoO2. 

 (9) 

Additionally, it is suggested that the activation energy of oxygen release is a function of 

the SOC and the extent of delithiation, so further delithiation reduces the activation energy and 

further destabilizes the structure151. Also, it is shown that increasing the surface area destabilizes 

the LixCoO2 structure and increases the extent of oxygen release (Figure 11C)152,153. Recently, 

utilizing in-situ heating TEM, the effect of particle surface fraction on the thermal instability of 

LiCoO2 was explained1 (Figure 11D). The results based on scanning transmission electron 

microscopy and electron energy loss spectroscopy (STEM/EELS), together with ab-initio 

molecular dynamic simulation (AIMD) revealed that oxygen release reaction is dominant at the 

surface of LixCoO2 particles, in specific facet terminations. Also, a two-step phase transition that 

results in the sequential formation of spinel and rock-salt phases at the surface of LixCoO2 particles 

was identified. Therefore, based on the experimental observations the following decomposition 

reaction for LixCoO2 was proposed. 

LixCoO2 (layered) ⟶ LixCoO2 (layered) + LixCo3-xO4 (spinel) + εO2 ⟶              

LixCoO2 (layered) + LixCo3-xO4 (spinel) + LixCo1-xO (rock-salt) + δO2 

where, ε and δ values depend on the surface facet termination and particle morphology. It has been 

identified that such phase transitions generate a stress field at the surface of cathode particles, 

which can affect the oxygen evolution kinetics. In particular, by including elastic energy density 
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to the free energy functional describing the oxygen release, an alteration of oxygen release at the 

rock-salt/gas-phase interface can be observed139.   

Moreover, owing to thermodynamic instability of unpaired e2g electrons in high valence Ni 

ions and Jahn-Teller distortion phenomenon, LixNiO2 is even more structurally unstable compared 

to LixCoO2
73. Meaning that at the same SOC, a relatively lower temperature is required to trigger 

the oxygen release reaction in LixNiO2
154. Interestingly, thermal decomposition of Ni based 

cathodes has been shown to proceed to the extent that pure Ni nano-particles form on the surface 

of the cathodes at elevated temperatures98. These observations, carried out by in-situ heating TEM 

technique, further reveal the higher extent of oxygen release in the thermal decomposition reaction 

of Ni based layered oxide cathodes. 
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Figure 11. General depiction of the O2 release mechanisms for LiCoO2 cathodes (A) (I) Schematic 

energy diagram of LiCoO2 and Li, with respect to the highest occupied molecular orbital (HOMO) 

and lowest unoccupied molecular orbitals (LUMO) of a carbonate-based electrolyte: Reproduced 

with permission5. Copyright 2013, American Chemical Society , (II) experimental illustration of 

oxygen release at overcharge condition captured by DEMS experiment: Reproduced with 

permission66. Copyright 2014, American Chemical Society. (B) Surface degradation and phase 

transition of LiCoO2 upon cycling: Reproduced with permission63. Copyright 2017, 

Electrochemical Society. (C) Thermal analysis results demonstrating the effect of active material 

surface area on the thermal decomposition extent of LixCoO2: Reproduced with permission152. 

Copyright 2014, Elsevier.  (D) In-situ EELS results showing the role of the surface area on the 

thermal instability of LixCoO2: Reproduced with permission1. Copyright 2017, American 

Chemical Society.   
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LiNi1-x-yCoyAlxO2 (NCA) and LiNi1/3Co1/3Mn1/3O2 (NMC). To improve the structural and 

thermal stability of high capacity layered oxide cathode materials, alloying approach has been 

regarded as a promising solution. To this end, Li(NixMnyCoz)O2 (NMC) and 

Li(Ni0.8Co0.15Al0.05)O2 (NCA) cathodes were successfully synthesized and commercialized155. The 

NCA and NMC cathodes are considered as solid solutions of LiNiO2, LiCoO2 and LiMnO2 that 

retain the layered R3̅m structure9. These materials have superior properties such as better Li-

stoichiometry (decreased cation mixing in Li layer), improved electrochemical performance and 

higher thermal stability compared to LiNiO2 and LiCoO2
75–77. Therefore, they are dominating the 

market of high capacity and large scale Li-ion batteries, such as electric vehicles9,78,79. The redox 

active centers in NMC and NCA cathodes are Ni and Co ions and the oxidation of transition metals 

proceeds by oxidation of Ni2+ (NMC) and Ni3+ (NCA) to Ni4+, followed by oxidation of Co3+ to 

Co4+. Mn and Al do not participate in the redox reaction and act as structural stabilizers74.  

Here, we categorized the identified structural degradation mechanisms of the NMC/NCA 

cathodes in three categories as follow; (1) cationic migration and phase transformation12,49–51; (2) 

oxygen release reaction56; (4) Li redistribution and extraction55; (4) inter/intragranular cracking 

and fragmentation57–59. A representative figure from each degradation mechanism is shown in 

Figure 12. It should be emphasized that although these phenomena are casted into distinct groups, 

their occurrence are highly corelative and often happen as a chain of events156,157. Migration of 

transition metals (Figure 12A) from their octahedral sites into the alternating Li octahedral sites 

upon excessive Li-deintercalation (increased formation of Li vacancies) and/or temperature rise, 

is regarded as an initial step in the structural degradation of the NMC/NCA cathodes49,60. Such 

atomic migration triggers the phase transition of the layered (R3̅m) structure to the LiMn2O4-type 

spinel phase (Fd3̅m) and results in oxygen release reaction (Figure 12B)12,61,62. TEM investigation 
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on the charged NMC cathodes has shown that Ni is the first cation that migrates to the Li layer and 

thus has a large contribution on the structural instability of NMC cathodes51. In-situ heating 

STEM/EELS experiments also demonstrated that upon increasing the Ni content, oxygen release 

and structural degradation are facilitated and occur in lower temperatures136. Similarly, in-situ X-

ray absorption near edge spectroscopy (XANES) analysis on NCA and NMC cathodes have 

concluded that Ni is the first cation that undergoes the valence reduction in charged NCA and 

NMC cathodes62. It is also suggested that the migration pathways of Ni and Co to the adjacent Li 

octahedral sites are different. For instance, although Co ions pass through the nearest neighbor 

tetrahedral sites to migrate into the octahedral Li sites, the migration of Ni ions into the Li layers 

does not involve the occupation of the adjacent tetrahedral positions and occurs directly from the 

transition metal slabs to the Li sites, since Ni ions are not stable in the tetrahedral sites51,62,158,159. 

Although both routes lead to the LiMn2O4-type spinel phase formation, continued migration of Ni 

ions into Li octahedral sites will lead to the formation of the MO-type rock-salt (Fm3̅m) phase. 

However, Co atoms prefer to migrate to the Li tetrahedral sites and form Co3O4 spinel phase that 

has a higher oxygen stoichiometry compared to the MO type rock-salt phase160. Additionally, 

employing extended X-ray absorption fine structure (EXAFS) analysis on heated NMC cathode, 

it was concluded that while local coordination of Ni corresponds to LiMn2O4-type spinel, local 

coordination of Co transforms to Co3O4 spinel type that is a more stable structure. As such, while 

LiMn2O4-type spinel structure around Ni cations transfers to rock salt NiO at 350 °C, transition 

from spinel Co3O4 to rock-salt CoO was not observed up to 500 °C. Furthermore, the formation of 

pure Ni nano particles at the surface of NCA cathodes during in-situ heating TEM experiments 

denotes to a higher structural stability around Co sites compared to Ni sites98. These explain the 

underlying reasons for increased oxygen release extent by increased Ni content in the cathode 
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composition. Based on the EXAFS analysis Mn cations’ environment is thermally stable up to 

about 400 °C, which is due to the stability of Mn4+ in the octahedral sites that contributes to the 

stability of NMC structure. AIMD simulation on the single oxygen atoms in NMC structures with 

various local coordination structure units (LCSU), elucidated that the oxygen atoms that have more 

Ni in their LCSU are highly unstable, and oxygen atoms in such LCSUs are more prone to break 

bonds with the transition metals and release as O2
140. However, the higher number of Mn atoms in 

LCSU increases the bonding stability of O-TM drastically. These observations were in accordance 

with the previously reviewed experimental data suggesting the local instability sequence of Ni >> 

Co >> Mn in NMC structures51.  

In addition to the chemical composition, particle size and morphology are important factors 

in determining the thermal stability of NMC and NCA cathodes62,161,162. Employing analytical 

electron microscopy investigations, it has been suggested that subsequent to electrochemical 

cycling Li deficiency at the surface layer is responsible for O1 phase formation in the outmost 

surface regions that causes the surface instability of the cathode particles163. Also, the presence of 

the undercoordinated atoms at the surface, and direct contact of cathode surface with the electrolyte 

are among the reasons for surface instability of cathode materials164. Additionally, recent reports 

clarified that the surface phase transition is facet dependent. Meaning that, due to the higher surface 

energy and higher concentration of under-coordinated oxygen atoms of some facet terminations, 

the oxygen release and the phase transitions are more favorable to occur in specific facets93,94,165.  

Redistribution of Li within the cathode particles has also been observed in the early stages 

of the thermal decomposition in NMC samples55, which eventually leads to Li extraction in form 

of Li-based surface protrusions upon increased duration of high temperature exposure. The Li-

based protrusions are in the shape of lumps or whiskers that resemble the morphology of Li-
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dendrites that grow on Li metal anodes55. Cracking and fragmentation of cathode materials are 

identified as other degradation mechanisms that occur due to the generated strain during the phase 

transitions and oxygen release reaction164. This degradation results in the rapid capacity fade and 

failure of the battery due to the lost contact and inactivity of the detached particles. The cracking 

of the cathode particles has been observed in both intragranular regions (inside the single crystal 

primary grains and particles) and in the intergranular spaces (in the grain boundaries and in 

between the primary particles), as demonstrated in the Figure 12C and D respectively. High cut-

off voltage cycling leads to formation of high density of intragranular cracking. It was proposed 

that, large strain associated with high extent of delithiation/lithiation cannot be accommodated by 

highly packed primary particles, therefore inhomogeneous mechanical stress applied on each 

primary grain is released by formation of the dislocations. To reduce the accumulated strain in the 

dislocation cores, Li and O release from the area (Figure 12C). Therefore, the dislocation cores 

gradually evolve into premature cracks by further electrochemical cycling. In this condition some 

of the lattice spacing in (003) direction abruptly increase from 0.48 to about 0.8 nm. Finally, the 

premature cracks turn into complete cracks that lead to fragmentation and dissociation of the 

cathode grains57,59. Moreover, the intergranular cracking is known be the result of inhomogeneous 

lattice contraction and expansion in repeated cycling at high cut-off voltages (4.7 V)58. Such 

contraction and expansion of the primary particles will lead to the cracking and disintegration of 

primary grains and loss of contact of the active materials. It was also suggested that the phase 

transformation and oxygen release reaction as a result of high temperature exposure could lead to 

the accumulation of tension stress in the grain boundaries resulting in intergranular cracking 

(Figure 12D)67,164. 
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Figure 12. Demonstration of NMC/NCA structural degradations and oxygen release mechanisms. 

(A) Schematic illustration of cationic migration and structural reconstruction: Reproduced with 

permission161. Copyright 2014, American Chemical Society. (B) Time resolved X-ray 

diffraction/mass spectroscopy (TRXRD-MS) results correlating the structural reconstruction to the 

oxygen release phenomenon: Reproduced with permission62. Copyright 2012, Wiley-VCH. (C) 

Atomic resolution image of intragranular crack formation in overcharged NMC structure: 

Reproduced with permission57. Copyright 2017, Springer Nature. (D) Finite element modeling of 

sheer stress in the grain boundaries of NMC cathodes leading to the intergranular cracking of 

cathode particles: Reproduced with permission67. Copyright 2018, American Chemical Society. 

3.2.2. Spinel Structured Cathodes 

Reversible Li intercalation in the spinel phase A(B2)X4 compounds was discovered by Thackeray 

and Goodenough166. In these compounds, A and B refer to the cations in the tetrahedral (8a) and 

octahedral (16d) sites in a cubic (Fd3̅m) structure respectively, and X anions that form a cubic 
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close packed structure occupy 32e sites. In this structure, only 1/8 and 1/2 of interstitial tetrahedral 

and octahedral sites are occupied by A and B cations, which enables unrestricted shuttling of Li 

ions through the vacancies167,168. Spinel phase cathodes are one of the main candidates for the next 

generation of large scale energy storage systems, due to the relatively high energy density (607 W 

h Kg-1), high ionic and electronic conductivity (10-6 and 10-4 S cm-1 respectively), cost 

effectiveness (~10 $ kg-1) and non-toxicity169. The main challenge limiting the widespread use of 

these cathode materials is the rapid capacity fading, particularly at elevated temperatures170–172. 

Mn dissolution, activated by Jahn-Teller distortion of Mn ions at the surface of charged LMO 

particles, and subsequent deposition on the negative electrode surface, is known as the origin of 

this problem (Figure 13A)170. The Mn dissolution is also associated with the parasitic oxygen 

release reaction173. Upon charging, LMO structure is destabilized and structural distortion leads to 

the Mn3O4 phase formation. This phase transition is associated with the oxygen release and 

formation of soluble Mn2+ ions (Figure 13B)173. Slight increase in the temperature rapidly 

increases the rate of Mn dissolution and correlative oxygen release. Under such conditions, 

structural transformation of spinel LiMn2O4 to the distorted structure and finally to the layered 

Li2MnO3 like (C2m) structure will occur, as identified by atomic resolution STEM imaging 

(Figure 13C)174. Nonetheless, spinel cathodes has a higher thermal stability compared to the 

layered oxide cathodes, and the release of oxygen has a higher onset temperature of ⁓ 375 °C in 

de-lithiated LixMn2O4 cathodes169. 

Another member of the spinel cathodes family is LiNixMn2-xO2 (LNMO), which has a higher 

operating voltage (4.7 V vs Li/Li+) and alleviated Mn dissolution issue. However, unlike LiMn2O4 

that is thermally stable up to 375 °C, oxygen release can occur below 300 °C in charged LNMO 

cathodes175. This is due to the presence of highly unstable Ni ions in this structure. Depending on 
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the synthesis annealing temperature, Mn4+ and Ni2+ distribution in the LNMO crystal structure can 

have short-range order, or the Ni and Mn cations can be randomly distributed (long range order). 

Such structural variations affect the thermal stability of spinel LNMO cathodes. The LNMO 

cathodes with long range order have demonstrated a superior thermal stability compared to the 

short range ordered structures (Figure 13D)175. 

 
Figure 13. Schematic demonstration of the oxygen release and correlated structural degradations 

in the spinel phase cathodes. (A) Schematic demonstration of the mechanism of Mn dissolution 

from LMO cathodes: Reproduced with permission170. Copyright 2013, American Chemical 

Society. (B) Partially reversible formation of Mn3O4 phase at the surface of LMO cathodes 

accompanied by oxygen release reaction: Reproduced with permission173. Copyright 2014, 

American Chemical Society. (C) Schematic demonstration of the effect of cut-off voltage/thermal 

decomposition temperature on the extent of oxygen release and sequence of phase transition in the 

spinel LMO cathode: Reproduced with permission 174. Copyright 2017, American Chemical 

Society. (D) Higher O2 release onset temperature of the ordered LNMO spinel cathodes that 

demonstrates the superior thermal stability of ordered structure compared to the disordered 

structure: Reproduced with permission175. Copyright 2014, American Chemical Society.  
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3.2.3. Olivine Structured Cathodes 

Olivine structured cathode materials with the composition of LiMPO4 (M=Ni, Co, Mn, Fe) were 

developed as safe alternatives for the layered oxide cathodes176,177. It is believed that the tetrahedral 

(PO4)
3- anions have a very strong covalent P-O bonds that do not allow for oxygen release upon 

exposure to high temperatures178. LiFePO4 is known as a very safe and thermally stable cathode 

material179 that has been commercialized for EV applications due to high capacity (⁓170 mAhg-1), 

flat potential profile through the charge discharge process (caused by first order reaction during 

the redox process), very high thermal stability (600-700 °C)178, earth crust abundant constituent 

and low toxicity of the raw materials. However, because of the sluggish kinetics of Li ion transfer, 

poor electrical conductivity and low operating voltage, scientific efforts have been stirred towards 

other phosphate cathodes such as LiCoPO4 and LiMnPO4
180–182. Despite the structural similarities, 

these cathodes show a very different thermal stability characteristic. As such, thermal analysis and 

in-situ XRD results demonstrate that while LiFePO4 is thermally stable at a wide range of Li 

fraction, LixCoPO4 and LixMnPO4 decompose and release oxygen when exposed to elevated 

temperatures178,183. Therefore, it is noted that the constituent transition metals play an important 

role in defining the thermal stability of the olivine cathode materials. Through high-throughput ab-

initio molecular dynamics and first principle calculations177,184, it has been concluded that the 

ligand field theory (LFT) is governing the thermal stability of the olivine structured cathode 

materials. This means that the half-filled high spin electronic configuration that consists of five 

parallel spin electrons is a highly stable configuration for transition metals in olivine structures. 

Therefore, when LiFePO4 is in its delithiated state (FePO4), Fe ions with a valence state of 3+ have 

a stable half-filled high spin configuration that stabilizes the structure. Nevertheless, Co and Mn 

phosphates have six and four electrons in their valence orbitals at charged state, respectively. This 
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is an unstable configuration and results in their valence reduction at high temperatures184. In fact, 

high-throughput density functional theory (DFT) calculations have shown that thermal 

decomposition onset temperature of some specific olivine cathodes can be lower compared to their 

layered oxide counterparts177. Their findings suggest that there is a trade-off between the 

intercalation voltage and thermal stability of these class of cathodes. Therefore, a high voltage Li-

ion intercalation reaction in LiMnPO4 and LiCoPO4 results in a very unstable delithiated 

structures. 

3.2.4. Li-Rich Cathodes 

Li-rich NMC cathodes that are discovered by partial cationic substitution of transition metals with 

extra Li ions in layered oxide cathodes, are considered as the next milestone in the advancement 

of the positive electrodes in the Li-ion batteries185. Li-rich cathodes that can achieve capacities 

greater than 250 mAhg-1 when cycled between 2-4.8 V (Figure 14A)81,186,187 have  a complex 

crystal structure denoted in three opposing ways: (1) a solid solution with the original (R3̅m) 

layered structure, where some of the extra Li ions are occupying the transition metal sites188; (2) a 

nano-composite of the C2/m Li2MnO3 and the R3̅m LiMO2 with the general formula of xLi2MnO3-

(1-x)LiMO2
87,189, known as Li-Mn rich (LMR) cathodes; (3) a single phase solid solution C2/m 

Li2MnO3 phase with random Li/TM mixture (Figure 14B)88. Despite the favorable high capacity, 

the industrial utilization of the so-called Li-rich cathodes is not realized due to poor capacity 

retention, voltage fade and low Columbic efficiency90,190–192. In general, the two-step plateau that 

is observed in the voltage profile of Li-rich cathodes has been explained by the participation of 

oxygen species in the electrochemical reaction known as the anionic redox reaction193. The anionic 

redox reaction eventually results in the release of lattice oxygen and transition metal migration, 

which leads to the structural evolution, cracking, capacity and voltage fade issues194–197.  
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Employing DFT calculations, it has been understood that due to formation of Li-O-Li 

bonds that only exist in the Li-rich cathodes, density of states (DOS) increases near the Fermi level 

of oxygen ions (Figure 14C) and results in evolution of labile electrons. Since there is a large 

energy gap between O 2p orbitals and Li 2s orbitals, these labile electrons are unhybridized, so 

their energy level is not dependent on the cationic redox reaction82. Therefore, anionic redox can 

occur simultaneously or subsequent to the cationic redox reaction depending on the electronic band 

structure of the metal cations. Anyhow, labile oxygen electrons can hybridize with other oxygens, 

forming O-O dimers198. The oxygen dimerization that has a low kinetic barrier results in the 

formation and release of molecular O2 and irreversible transition metal migration into Li 

vacancies199. The formation of O-O dimers occurs only when oxygen atoms rotate to overlap their 

orbitals, which requires broken metal-oxygen bonds84,86,193. As such, it is suggested that the degree 

of cation-anion covalent bonding is a key parameter in stabilizing the structure and retaining the 

reversibility of the anionic redox reaction. Hence, Li-rich cathodes containing 4d transition metals 

such as Li2RuO3 have been proposed for stabilized oxygen redox reaction188,200. These structures 

show a superior structural stability and less gas release compared to 3d-tranistion metal Li-rich 

NMC cathodes, but at the expense of significantly higher material cost. It is also suggested that 

the substitution of inactive ions such as Mn4+ with electrochemically active ions (e.g. Ru+), to fully 

compensate for the Li+ charge transfer, alleviates the anionic charge compensation and stabilizes 

the structure135. On the other hand, another research based on Raman spectroscopy claimed that 

the O-O vibration that is presents in peroxo-like (O2)
n- species were not observed in the charged 

Li-rich cathodes indicating that O-O dimers were not formed during the cycling85. Instead, based 

on resonance inelastic X-ray spectroscopy (RIXS) analysis it was concluded that, upon charging 

the Li-rich cathodes to over 4.5V, electron holes are formed on the oxygen atoms that are locally 
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coordinated with Mn4+/Li+ ions. Electron hole formation over these O atoms destabilize their ionic 

bonds with the local Mn4+/Li+, which results in the oxygen release and structural degradation of 

the cathodes. Moreover, utilizing atomic resolution imaging, it has been shown that due to the loss 

of excess Li ions upon electrochemical cycling of Li-rich cathodes, monoclinic (C2/m) structure 

transforms to hexagonal (R3̅m) phase, which then evolves into the spinel (Fd3̅m) structure (Figure 

14D)92. Such monoclinic to spinel phase transition accounts for the voltage decay that is normally 

observed in Li-rich cathodes and accompanies the oxygen release reaction. This phase transition 

can also lead to cracking and fragmentation of the cathode particles that further deteriorates the 

capacity156,201.  

Thermal decomposition of the Li-rich cathodes is studied and compared with their conventional 

layered oxide counterparts. Thermal decomposition of the Li-rich cathodes occurs at around 190° 

C for the half charged Li[(Ni0.5Mn0.5)xCoy(Li1/3Mn2/3)1/3]O2 (x + y = 2/3, y = 1/12 and 1/6) 

electrodes202. However, by charging the cathode to the second plateau where anionic redox 

reaction is activated, the onset temperature for the exothermic reaction between the cathode and 

the electrolyte decreases to around 130° C. This is significantly lower than the thermal 

decomposition temperature of conventional layered oxide cathodes203. This is due to the presence 

of readily oxidized Li-O-Li bonds in Li-rich cathodes, which facilitates the thermal 

decomposition/oxygen release and decreases the onset temperature of the decomposition of 

charged Li-rich cathodes. Despite the lower onset temperature of thermal decomposition, the 

amount of released oxygen is relatively smaller for Li-rich cathodes compared to their 

conventional layered counterparts204,205. This is attributed to the dissimilar phase transition route 

of the Li-rich and conventional layered oxide cathodes upon thermal decomposition. Although, 

the LiNi0.8Mn0.1Co0.1O2 sample transforms from the layered phase to the spinel and then to the 
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rock-salt phase, the Li-rich structure only transform to the spinel phase and then the spinel phase 

remains stable throughout the thermal treatment process. This difference is due to higher tendency 

of Ni ions in forming the rock-salt structure as opposed to highly stable Mn ions. Additionally, it 

has been demonstrated that the sequence and onset of such phase transitions is also dependent on 

the utilized electrolyte206. 

 
Figure 14. Depiction of the differences in the capacity, redox reaction and degradation mechanism 

of Li-rich cathode materials compared to conventional layered oxide cathodes. (A) Comparison of 

voltage profile and electrochemical capacity of the layered oxide cathodes: Reproduced with 

permission 81. Copyright 2017, American Chemical Society. (B) Atomic resolution image showing 

a single phase monoclinic (C2/m) structure of a Li-rich cathode particle: Reproduced with 

permission88. Copyright 2015, Springer Nature. (C) Schematic of local atomic coordination and 

electron band structure of Li-excess cathodes, that enables the anionic redox reaction: Reproduced 

with permission82. Copyright 2016, Springer Nature. (D) schematic demonstration of the identified 
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phase transition sequence and structural degradation of Li-rich cathodes: Reproduced with 

permission92. Copyright 2018, American Chemical Society. 

 

3.3. Strategies to Improve the Structural stability of the Cathodes 

3.3.1. Chemical Composition Modification 

Oxygen release reaction and structural instability of the cathode materials are heavily dependent 

on the chemical composition of the cathode materials. DFT modeling have demonstrated that the 

energy of oxygen vacancy formation is a function of the type of transition metal species that are 

locally bonded with each oxygen atom140. As such, modification of the chemical composition of 

the cathodes have been considered as a promising solution for improving the thermal and structural 

stability of the cathode materials. In this review, research efforts focused on chemical composition 

modification as an approach to improve the structural stability of the cathode materials have been 

summarized in 3 categories; (1) doping; (2) chemical gradient compositions; (3) core shell 

structures (Figure 15).  

A. Doping. Doping and cationic substitution of transition metals is one of the most widely explored 

approaches in improving the structural stability of the cathode materials. As such, the effect of the 

monovalent cations such as K and Na207–214, divalent ion dopants such as Mg and Zn215–222, 

trivalent Fe, Al and Au dopants196,223–240, and tetravalent cations such as Ti and Ru241–248 have been 

studied on the structural stability of various cathode materials. It has been demonstrated that 

dopants with various valence groups can affect the structure and the properties of the cathode 

materials in different ways. For instance, it is realized that monovalent and divalent dopants 

occupy the Li sites in the cathodes structures249. Therefore, due to the electrochemical inactivity 

of the mono and divalent dopant elements throughout the cycling, they remain in the Li slabs acting 

as pillars that uphold the structural integrity. This phenomenon is known as the “pillar effect”. 
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Also, the presence of the dopants in Li sites reduces the chances of Li trivacancy formation, 

hindering the transition metal migration and oxygen release in the delithiated cathodes250,251. In 

addition, it is suggested that dopant ions larger than Li+ increase the lattice spacings and allow for 

faster Li-ion diffusion with lower activation energy, thus enable high rate cycling and alleviate 

structural degradation. Moreover, doping the Li sites with divalent ions such as Mg increases the 

average charge on the Li sites that decreases the charge on the metal sites, alleviating the lattice 

distortion and improving the structural stability252. Substituting 10% of Co cations with Al is 

shown to be promising in stabilizing the structure resulting in ⁓100 °C delay in the thermal 

decomposition of NMC cathodes 232,253. Such observation is explained by higher stability of Al 

ions in the intermediate tetrahedral sites that increases the energy barrier for migration of transition 

metals and promotes the structural stability237,238. Similarly, addition of Fe3+ to the spinel LMNO 

cathodes have shown to improve the thermal stability by alleviating the oxygen release reaction. 

This is linked to the preferred migration of Fe cations from octahedral sites to Li tetrahedral sites, 

which stabilizes the Fe3O4 type spinel and hinders the oxygen release reaction upon high 

temperature exposure196. In general, trivalent and tetravalent dopants that occupy the TM sites 

increase the lattice spacings, reduce the bandgap, and increase the electrical conductivity of the 

cathodes. In addition, through DFT calculations, it was demonstrated that Sb3+ doping alters the 

density of states236,254. In this case, the charge around O atoms become more negative in presence 

of the Sb dopants, which can stabilize the lattice oxygen during electrochemical extraction of Li 

ions (Figure 15A)236.  

In addition to cationic substitution, doping of oxygen sites with anions such as F, Cl and S 

has been carried out in the recent years. Fluorine doping of oxygen sites in Li-rich layered oxide 

cathodes was shown to improve the structural stability and delay the oxygen release reaction for 



55 
 

⁓20°C255,256. However, a recent DFT study has shown that anionic doping could have conflicting 

effects on various properties of the cathodes257. It has been demonstrated that while F can mitigate 

Ni migration and improve the cycling stability, it will promote Li/Ni cationic mixing in the 

synthesis process. On the other hand, while Cl and S alleviate the Li/Ni mixing issue, they 

adversely affect the structural stability of the cathodes when doped into O sites257. Moreover, 

simultaneous doping of cationic and anionic sites, known as co-doping, is another strategy to 

improve the structural stability of the oxide cathodes that has been utilized in some of the recent 

works and should be further explored258–260.  

B. Chemical Concentration Gradient. Another novel approach in designing durable cathode 

structures without compromising their capacity is the synthesis of chemical concentration gradient 

cathodes. In these structures, while the core of particles is rich in high capacity elements such as 

Ni, the structural stability is achieved by increasing the content of the electrochemically stable 

elements such as Mn at the surface (Figure 15B)261. Thus, the stable Mn-rich surface protects the 

high capacity Ni-rich core from structural degradation and oxygen release, while maintaining the 

overall energy density of the material 262–270. 

C. Core-shell Composition. Since many unwanted side reactions as well as oxygen release initiate 

at the cathodes surface, modification of chemical composition of the surface regions without 

affecting the bulk composition has also been pursued to improve the structural integrity of the 

cathodes. In this context, incorporation of stabilizing elements such as Al, Zr and Mn in a thin 

outer layer of cathode particles was suggested to improve the structural stability of LiCoO2 

samples271–276. Such core-shell structures are generally obtained by coating the cathode particles 

with a metal containing composition, followed by a thermal treatment that allows for diffusion of 

coating element into the cathode structure277. Additionally, synthesis of dual phase core-shell 
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cathodes is another approach in improving the structural stability of the cathode materials278. For 

instance, by forming a layer of spinel LiMn2O4 on a layered Ni rich cathode materials, capacity 

fading and oxygen release could be mitigated279. Moreover, formation of an oxygen-lithium 

deficient shell was shown to stabilize the structure of Li-rich cathodes. It was illustrated that by 

uniform distribution of oxygen vacancies at the surface of Li rich NMC cathodes, higher cycling 

stability and reduction in the release of oxygen at high voltages can be realized (Figure 15C)280. 

 
Figure 15. Schematic representation of the chemical composition modification approaches used to 

improve the structural stability of the cathode materials. (A) Atomic structure of a cationic doped 

layered oxide cathode: Reproduced with permission236. Copyright 2018, American Chemical 

Society. (B) Schematic illustration of a chemical concentration gradient cathode: Reproduced with 

permission261. Copyright 2012, Springer Nature. (C) Schematic figures representing core-shell 
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cathode structures: Reproduced with permission 279. Copyright 2011, Wiley-VCH. Reproduced 

with permission 280. Copyright 2016, Springer Nature.  

3.3.2. Coating Strategies 

Prominent progress in stabilizing the structure of the cathodes and improving their thermal stability 

were achieved by coating approaches. Since the first breakthrough in improvement of the thermal 

stability of cathodes, achieved by Cho el al.281, several research groups have investigated the 

surface coating for hindering the oxygen release reaction and improving the structural stability of 

cathode materials. Herein, we have categorized the surface coating approaches based on the 

utilized coating material and will review the mechanisms by which the structural stability is 

improved in different articles.  

A. Phosphate Coating. Aluminum phosphate is the first coating material that was successfully 

utilized to prevent the thermal runaway reaction in LiCoO2
281. In this report, it was shown that by 

charging a pouch cell containing LiCoO2 and liquid electrolyte to 12 V, the cell will experience 

the thermal runaway reaction and eventually catch fire. However, no indication of thermal runaway 

and catastrophic failure was detected by exposing the AlPO4 coated LiCoO2 electrode to the same 

condition. Later on, thickness optimization and identification of the mechanism of retarding the 

thermal runaway reaction was carried out282–284. Utilizing XPS and STEM characterization 

techniques, it was explained that during annealing, AlPO4 coating on the surface breaks into 

Li3PO4 and LiCo1-xAlxO2 phases. Formation of Li3PO4 that is a lithium conducting phase, reduces 

the potential at the surface and thus higher structural stability can be achieved in over-charging 

conditions284. Moreover, it was also suggested that the decomposition of AlPO4 and penetration of 

the Al into the surface of LiCoO2 is contributing to higher structural stability of the coated cathodes 

(Figure 16A)285. Recently, ALD deposition of AlPO4 layer that allows for a controlled deposition 

of the coating layer was achieved286. Subsequent to the utilization of aluminum phosphate coatings, 
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the effect of other metal phosphate coatings such as FePO4
287, Li3PO4

288–291, LiMnPO4
292, PrPO4

293 

and LiMgPO4
294 on the structural stability of the cathodes were explored. Similar to AlPO4, coating 

of LiMgPO4 was demonstrated to decompose during the calcination process. The decomposition 

allows for doping the inactive Mg2+ into the Li sites at the surface of particles that activates the 

“pillar effect” during the electrochemical cycling. The remaining phosphate phase inhibits the 

parasitic oxygen release and other side reactions at the surface of the Li-rich cathode particles 

leading to improved voltage stability and capacity retention of the battery.  

B. Oxide Coating. Parallel to the advancements in utilizing phosphate coatings, researchers 

explored the effect of oxide coatings on the O2 release and structural stability of cathode materials. 

In this approach, magnetron sputtering and atomic layer deposition are the heavily used techniques 

for deposition of the oxide coatings. In the early investigations, it was observed that the metal 

oxide coatings such as Al2O3 and MgO delay the thermal decomposition reaction and reduce the 

magnitude of the parasitic exothermic reaction of cathode/electrolyte295. Later on, it was 

demonstrated that a thin coating layer of alumina can greatly enhance the electrochemical and 

thermal stability of LiCoO2
296,297. To understand the mechanism of structural stabilization 

achieved by such oxide coatings, researchers have utilized DFT and ab-initio molecular dynamics 

calculations to show how the thermal decomposition and oxygen evolution reaction are inhibited 

by the oxide coatings298, and also how Li-ions transfer through such coatings299,300. It was observed 

that during electrochemical cycling, Al2O3 coating layer is gradually lithiated. Ultimately, the 

alumina coating transforms to the thermodynamically favorable composition of Li3.4Al2O3
299. 

After reaching to this stable composition, Li3.4Al2O3 conducts the Li-ions to the cathode structure. 

Interestingly, first principle calculations also demonstrated that the oxygen release from the 

cathode can only be suppressed by the lithiated phase of Al2O3, which forms naturally when the 
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alumina coated cathode particles are cycled (Figure 16B)298. Moreover, employing advanced 

characterization tools such as STEM-EELS, researchers could demonstrate that Al2O3 coating can 

suppress the reduction of transition metal cations at the surface of the cathode particles, which 

denotes to the suppression of the oxygen release from the cathode surface301–303. It was also 

demonstrated that, upon alumina coating of LiCoO2, a portion of Al from the coating layer diffuses 

to the surface layer of the cathode. The Al doped LiCoO2 structure is a more stable surface and 

hinders the oxygen release304. Moreover, the contribution of many other metal oxide coatings such 

as TiO2
305–307, ZnO308–311, MgO295,312 and  many more313–322 are studied on the structural stability 

of cathode materials. For instance, Cheng et al.323 have compared the performance of Al2O3 versus 

TiO2 coating on LiCoO2 and have suggested that Al2O3 coated cathode has a superior 

electrochemical performance. They attributed these observations to the difference in the band gap 

of the coating materials and showed that smaller band gap of TiO2 results in its participation in the 

redox reaction and triggering unwanted side reactions. Accordingly, it was suggested that for 

LiCoO2, the band gap of the coating material should be larger than 3.9 eV. Therefore, MgO coating 

with 7.8 eV band gap would make a good protective coating for LiCoO2
324. 

C. Other Coating Strategies. Aside from phosphate and oxide coatings, the effect of the other 

coating materials such as polymers325–327, fluoride coatings328–332 and two dimensional materials 

333 on the structural stability of the cathodes have been explored. Fluoride coatings deposited 

through ALD technique have been shown to enhance the cycling and structural stability of oxide 

cathodes under high rate and high voltage cycling conditions. For instance AlF3 is suggested to 

prevent the formation of LiF at the surface of the cathodes, thus preventing the impedance rise and 

Co dissolution330. Moreover, LiAlF4 that is shown to be a highly stable compound with high 

electrical and ionic conductivity was suggested to significantly improve the surface stability of the 
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Ni-rich NMC cathodes329. Polymer coating is another strategy for improving the structural stability 

of oxide cathodes. Conductive polymer coatings are either applied directly to the surface of 

cathode particles334, or employed as a double layer on the oxide and sulphate coating layers335,336. 

Similar to many coating approaches, conductive polymer coatings are suggested to provide a stable 

interface layer preventing electrolyte side reactions and metal dissolution. Owing to the recent 

progress in the synthesis of 2D materials and comprehensive understanding of their properties, 

encapsulation of cathode particles by two-dimensional materials such as graphene and its 

derivatives are being pursued by researchers. Ultra-thin layers of reduced graphene oxide was 

firstly used as highly conductive pathways for improving the conductivity of LiFePO4 

electrodes337–339. Recently, conformal wrapping of reduced graphene oxide (rGO) layers around 

cathode particles was enabled by employing silane coupling agents340. Using such methodologies, 

facile and scalable coating of highly conductive and chemically inert rGO layers have been 

achieved that led to improved ion conduction kinetics throughout the electrodes (Figure 16C). Also 

structural stabilization of cathodes due to excellent chemical stability of the rGO coating layers is 

realized by utilizing by graphene-encapsulation of cathode particles340–342. 
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Figure 16. Schematic illustration of coating strategies utilized to improve the structural stability of 

cathodes. (A) Schematic representation of phosphate coating on layered oxide cathode particles: 

Reproduced with permission 293. Copyright 2017, American Chemical Society. (B) Representative 

AIMD modeling results on the effect of alumina coatings on oxygen release and structural stability 

of layered oxide cathodes: Reproduced with permission 298. Copyright 2015, American Chemical 

Society. (C) Schematic representation of the rGO coating and its effects on the physical properties 

of the cathode materials: Reproduced with permission 342. Copyright 2014, Wiley-VCH.  

3.4. Summary and Future Prospective 

The oxygen release reaction and the correlated structural degradation mechanisms of the cathode 

materials are not only detrimental to the service life of the Li-ion batteries but also cause the 

catastrophic failure and thermal runaway events. Herein, we reviewed the recent progress in 
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understanding and mitigating the parasitic oxygen evolution and the correlated structural 

degradation of the major cathode materials. In summary, oxygen release is a complex, multimodal 

reaction that occurs under diverse abusive conditions and is influenced by many parameters such 

SOC, size and morphology, chemical composition, and atomic arrangements of the cathodes. O2 

release phenomenon is identified at the surface of the cathode particles as characterized by the 

valence state reduction and structural reconstruction, as well as the bulk of the cathode particles, 

identified by defect formation and inter/intragranular cracking. The efforts to suppress such 

detrimental reactions can be categorized in two main approaches: (1) surface coating and (2) 

chemical composition modification. Coating approaches have shown to be highly effective in 

suppressing the oxygen release and mitigating the thermal runaway of LIBs. However, it is still 

not clear that if surface engineering approaches can hinder the bulk-originated oxygen release 

mechanisms and control the cracking and disintegration of cathode materials. In addition, due to 

inhomogeneous expansion and contraction in the cathode/coating interface during the 

electrochemical cycling, the coated and core-shell cathodes are highly prone to delamination and 

mechanical failure during repeated cycling. On the other hand, chemical composition modification 

approaches can effectively suppress the oxygen evolution reaction both at the bulk and the surface 

level. However, doping and alloying of cathode materials are associated with challenges such as 

uniformity of the dopant dispersion and electrochemical properties deterioration by the 

introduction of the inactive dopant ions. 
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Chapter 4: Facet-Dependent Thermal Instability in LiCoO2 

(Previously published as Sharifi-Asl, S.; Soto, F. A.; Nie, A.; Yuan, Y.; Asayesh-Ardakani, H.; 

Foroozan, T.; Yurkiv, V.; Song, B.; Mashayek, F.; Klie, R. F.; et al. Facet-Dependent Thermal 

Instability in LiCoO2. Nano Lett. 2017, 17 (4), 2165–2171. Reproduced with permission1. 

Copyright 2017, American Chemical Society) 

4.1. Introduction 

Temperature rise is an inevitable phenomenon in Li-ion batteries which can be caused by 

mechanical stress, overcharge or simply by high-temperature environments70,71,103,109,112,343–346. In 

such conditions, oxygen release from the oxide cathode materials, including LixCoO2, is known to 

be one of the major reasons of the thermal runway in which the decomposed oxygen reacts with 

the flammable electrolyte exothermically and causes Li-ion battery failure99,151,161,175,347–351. To be 

able to control and/or hinder these processes, one needs to understand the underlying mechanisms 

associated with the oxygen release in oxide cathode materials. As such, a significant and growing 

body of literature is devoted to understanding the thermal instability of oxide cathode materials 

using X-ray diffraction (XRD)206, optical and photoelectron spectroscopy352, transmission electron 

spectroscopy98,136,353, thermogravimetric analysis and differential scanning calorimetry354. 

 LiCoO2 is one of the most heavily used cathode materials with high energy density (180 

mAh/g) and high voltage limit (4.3 V), which is extensively used in consumer electronics and even 

in large-scale systems such as the Boeing 787 Dreamliner airplanes recently5,121,149,296,355–359. 

However, due to the safety concerns its usage in transportation systems was discontinued, and now 

its application is mostly limited to consumer electronics68,73. A well-accepted reaction based on 

XRD results suggests that LixCoO2 (x<1), when exposed to high temperatures, decomposes based 

on the empirical global reaction73: 
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Certainly, this global reaction does not allow the detailed understanding of thermal degradation 

mechanism occurring in LixCoO2. For instance, Geder et al.152 recently reported that the oxygen 

release amount varies as a function of particle size in LixCoO2 (x<1) particles and they concluded 

that the decomposition mechanism could be different at the surface compared to the bulk. They 

also hypothesized that LixCo2-xO2 rock salt structure is formed in samples with higher surface area 

based on their XRD observations. This example shows how our understanding of the thermal 

degradation of cathode materials yet needs to be improved, and some aspects remain to be 

addressed. In this work, we utilized in-situ high-temperature aberration-corrected scanning 

transmission electron microscopy (STEM) to investigate the microstructure evolution on the 

surface of LiCoO2 at different states of charge (Figure 17). Using a broad range of techniques such 

as selected area diffraction pattern, TEM dark field imaging, high angle angular dark field 

(HAADF) and EELS, we monitored the phase transitions and local chemical changes associated 

with oxygen release in Li0.7CoO2 and Li0.45CoO2 particles. Also, the local decomposition reactions 

at the surface and interior regions of particles are investigated, which allows gaining information 

about valence change of Co in LixCoO2 (x<1) under high temperatures. Finally, ab-initio molecular 

dynamics (AIMD) simulations were performed to gain further insights on the local oxygen release 

in Li0.45CoO2 particles.  
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Figure 17. (designed by Dr. Yurkiv) Schematic illustration of the work-flow used in the present 

study. Note that all structural details and scaling are exaggerated merely for illustration purposes. 

4.2. Experimental 

Sample preparation. In the present study, commercially available LiCoO2 (Sigma-Aldrich) 

samples were used. To de-convolute the effect of binder and electrolyte from the investigated 

physico-chemical behavior of the cathode, we applied a chemical de-lithiation method to remove 

Li+ from LiCoO2 structure. Chemical de-lithiation has been reported previously 360. In short, 1 g 

of LiCoO2 was dispersed in 25 ml of 0.15 M K2S2O8 aqueous solution and magnetically stirred at 

60 °C for 24 and 72 hours to obtain partially and fully de-lithiated specimens, respectively. Then 

the solution was vacuum filtered using filter membranes with 100 nm pore size and washed 3 times 

with DI water and dried in a vacuum furnace for another 72 hours. Following this process, the Li 

content was measured using inductively coupled plasma optical emission spectroscopy (ICP-OES) 

by Thermo iCAP 7600. These measurements have shown that the molar ratio of Li/Co is 0.7 and 

0.45 for partially and fully de-lithiated samples, respectively. 

Sample characterization. Specimens with different Li contents were drop casted onto lacy carbon 

grids and loaded on Gatan double tilt heating stage for in-situ heating investigations. After loading 

to the microscope, the sample was subjected to high temperatures ranging from 25 °C to 450 °C 



66 
 

with a heating rate of 10 °C·min‒1, before collecting data we kept the samples at the desired 

temperature for 15 minutes to ensure holder stability and temperature uniformity. Also, to ensure 

that the actual temperature of the particles is the same as the reading temperature, we collected our 

data only from particles very close to the copper grid mesh. Morphological TEM images and 

selected area diffraction patterns were collected by JEOL JEM-3010 TEM, and atomic resolution 

HAADF imaging and electron energy loss spectroscopy were performed using JEOL JEM-

ARM200CF STEM equipped with a cold field emission gun with 0.78 Å spatial resolution and a 

Gatan Enfina EELS system. A 22 mrad probe convergence angle was used to perform STEM 

imaging. HAADF detector with 90 mrad inner-detector angle was utilized to obtain Z-contrast 

atomic resolution images. Spectroscopy was done with 0.1 eV/channel dispersion and with a 2 mm 

detector aperture. At each temperature, three spectra were obtained from each spot and 

measurements were repeated to generate the error bars with a standard deviation of the mean.  Full-

width half maximum of zero loss peak was measured 0.6 eV which determines the energy 

resolution of the obtained spectra. Some HAADF images have been filtered using a HRTEM filter.  

AIMD simulations (done by Dr. Soto and Prof Balbuena at Texas A&M University). Slab surface 

models were constructed from the layered crystal structure reported by Takahashi et al. 361 to study 

the stability of LiCoO2. Three lithiated and de-lithiated surface models were considered 

(Supplementary Information, Figure 28): [012] LiCoO2; [014] LiCoO2; [001] LiCoO2. Partially 

de-lithiated models were Li0.45CoO2. All the surface models were O-terminated when Li atoms 

were removed from the surface sites to create the de-lithiated structures and the vacuum space 

normal to the surface was set to guarantee a separation between the periodic images. The bottom-

most atoms were fixed to their lattice site, and the atoms in the top layers were allowed to relax. 
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Here, ab-initio molecular dynamics (AIMD) simulations were employed to study the evolution of 

the systems at 400 oC. Within AIMD, the forces acting on the atoms are obtained through electronic 

structure calculations. These electronic structure calculations are performed using the plane-wave 

projector-augmented wave method 362,363 with a kinetic energy cutoff of 400 eV, and the k-point 

mesh is set to gamma point using the Vienna ab-initio Simulation Package (VASP)364–367. In this 

work, the exchange-correlation contribution to the total energy is implemented through the use of 

the GGA-PBE approximation to the exchange and correlation functional 368.  

Spin-polarized calculations were performed for all investigated surface slabs. The DFT+U 

method introduced by Dudarev et al. 369 is applied to take into account the on-site Coulomb 

interaction of 3d electrons with the U value set to 4.91 eV for lithiated surfaces and 4.5 eV for de-

lithiated surfaces 150,370. Tritium masses were used for hydrogen to set the time step at 1.0 

femtoseconds, and the temperature was maintained using the Nosé-Hoover thermostat 371 with 

configurations belonging to the canonical (N, V, T) ensemble. To study the stability of the 

structures we evaluated the Li-Co radial distribution function (RDF) for each surface slab.  

4.3. EELS Calibration for Co Valence State Analysis 

The EELS results from LiCoO2 contain two main features in 530 and 780 eV. The edge that 

appears in 530 eV is known as the oxygen K-edge, which consists of a pre-edge peak 

corresponding to the transition of O 1s state to O 2p states hybridized with Co 3d states and can 

be used to quantify the valence of transition metals136. The main peak also corresponds to the 

transition of electrons from O 1s to O 2p hybridized with Co 4sp states. Cobalt L3, L2 edges are 

also a result of the transition from 2p 3/2 and 2p 1/2 electrons to 3d orbitals, which can also be 

very useful for determining the Co oxidation state372,373 (Figure 18A). 
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To carry out EELS calibration and quantify the valence state alteration of Co during in-situ heating 

experiments, we used CoO, Co3O4 and LiCoO2 samples, which correspond to Co2+, Co2.6+ and 

Co3+ respectively. Then performed EELS on the samples and analyzed the data based on three 

methods. The energy difference between O k edge pre-edge peak and main peak, Co L3/L2 

integrated intensity ratio and energy difference between Co L3, L2 edges were extracted from the 

obtained spectra plotted as a function of Co valence state. Figure 18 presents EELS obtained from 

different cobalt oxides. Apparently, by changing cobalt valence from 2.6 to 2, O k edge pre-peak 

shifts to higher energies and intensity of this peak reduces, which is due to larger number of 

unoccupied 3d orbital in Co3O4 compared to CoO372. Likewise, Co L3, L2 edges undergo similar 

changes over different valence states. A dramatic increase in the L3/L2 intensity ratio can be 

observed by changing from Co3O4 to CoO, and also the energy difference between L3, L2 peaks 

(∆E) increases slightly. To analyze the data based on these variations, we utilized Gaussian peak 

fitting method, which yields the least error compared to other methods in our case. After peak 

fitting, intensity ratio and energy difference of Co L3, L2 edges as well as energy difference of O 

k edge pre-peak and main peak (O k edge ∆E) was plotted for comparison (Figure 18B-D). 

Obviously ∆E for oxygen k edges and cobalt L3/L2 intensity ratio are a good indication of valence 

change from 2.6 to 3, but it is not sensitive to changes from 3 to 2.6. However, the energy 

difference of Co L3, L2 edges shows a more linear trend over the change of valence state from 3+ 

to 2+, and it changes from 14.2 to about 14.7 for the transition from 3+ to 2.6+ and then reaches 

to 15.2 for Co2+. Therefore, we have chosen this method to quantify our obtained spectra from in-

situ experiments. However, O k-edges will be shown in all figures for a better visualization of 

changes. 
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Figure 18. (a) O k edge and Co L3, L2 edges obtained from CoO, Co3O4, and LiCoO2. (b) Oxygen 

K edge ∆E (E pre-edge peak –E main). (c) Co L3/L2 integrated intensity ratio. (d) Co L edge ∆E 

(L3-L2) as a function of Co valence state. It can be seen that Co L edge ∆E has a linear correlation 

with Co valence state. From each sample, 3 spectra were obtained and measurements were repeated 

to generate the error bars with a standard deviation of the mean. 
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4.4. In-situ heating TEM/STEM Study on LiXCoO2 

Figure 19A shows a HAADF atomic resolution image from pristine LiCoO2, which can be indexed 

as [121̅] zone axis of the layered phase based on the fast Fourier transform (FFT) pattern (inset in 

Figure 19A). An atomic model from the same zone axis is super-imposed, which confirms the 

(R3̅m) structure of the LiCoO2 sample. High-temperature behavior including morphological TEM 

images, selected area diffraction patterns (SADPs) and EELS results from a pristine sample in 25 

and 450 °C are presented in Figure 19B-19D. SADPs are identical in both conditions and can be 

indexed as [001] zone axis of layered (R3̅m) structure and no change can be observed in the 

morphological images.  

 

Figure 19. (a) Atomic resolution HAADF image from pristine LiCoO2 layered (R3̅m) structure. 

FFT image (inset) is indexed as [121] zone axis (scale bar is 2 nm). (b, c) Morphological TEM 
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images and SADPs (inset panels) from pristine LiCoO2 at 25 and 450 °C temperatures (scale bars 

are 200 nm). (d) EELS results from pristine LiCoO2 at 25-450 °C. To maximize the energy 

resolution of the spectra, a dispersion of 0.1 eV was used that results in a small energy window 

(124 eV). Therefore, regions of interest containing O k-edge and Co L3, L2 edges were recorded 

separately. 

However, LixCoO2 (x = 0.7 and 0.45) does not show the same stability at high temperatures. 

Figure 20 shows in-situ heating TEM results obtained from a Li0.45CoO2 particle at [001] zone axis 

of the layered structure. Figure 20A, B correspond to SADPs recorded from the core and the 

surface of a Li0.45CoO2 particle at 25 °C. Both SADPs indicate the existence of the layered structure 

before temperature rise. However, by increasing the temperature to 200 °C, spinel phase forms on 

the surface as indicated by the diffraction pattern. Figure 20D illustrates the co-existence of both 

layered and spinel LiCoO2 in the [001] and [111] zone axis, respectively. This means that the 

spinel phase nucleated on the original layered structure due to increasing the temperature. 

However, In the diffraction pattern collected form the core, diffraction from the spinel phase 

(marked by red circles) becomes faint and almost invisible (Figure 20C), which means that the 

proportion of the spinel phase decreases in the core. To visualize this phenomenon, dark field TEM 

imaging was performed using (022) lattice plane of the spinel phase, and it shows that a newly 

formed spinel structure is mostly present on the surface. By further increasing the temperature 

(Figure 20D), the surface area of Li0.45CoO2 particle undergoes another phase transition and the 

diffraction from the rock-salt structure (fm3̅m) can be observed (Figure 20E). This SADP can be 

indexed as [111] zone axis of rock salt structure. However, at 450 °C diffraction from spinel + 

layered structure can be recorded at the core of the particles, meaning that the spinel phase which 

initially nucleated at surface propagates toward the core by increasing the temperature and 

eventually the surface transfers to rock salt structure. To correlate the identified phase transitions 
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with the oxygen evolution mechanism and to further investigate thermal degradation, EELS was 

performed on the surface of a Li0.45CoO2 particle as a function of temperature (Figure 20H). As 

expected, both oxygen K-edge and Co L3, L2 edges undergo noticeable changes by increasing the 

temperature. A shift in O K-edge pre-peak is evident, which indicates the reduction of transition 

metal atoms around the O sites374. Simultaneously, by analyzing Co L-edges, it can be seen that 

both ΔΕ (energy difference between L3, L2 white lines) and the L3/L2 intensity ratio increase by 

increasing the temperature, also representing the reduction of Co atoms at elevated temperatures. 

As discussed above, performing EELS on standard cobalt oxide samples, we realized that the 

energy difference (ΔΕ) of cobalt L-edges is the best indicator for cobalt valence analysis. Thereby, 

the Co valence state at the surface of the particle can be plotted as a function of temperature (Figure 

20I). From this figure, it can be concluded that oxygen release which simultaneously occurs with 

the phase transitions, starts at temperatures as low as 100 °C for the Li0.45CoO2 sample. The oxygen 

release and reduction process continue up to 300 °C where Co2+ forms on the surface which we 

believe corresponds to the formation of the rock-salt structure. It should be noted that the slight 

decrease in (ΔΕ) value to the extent of 0.1 eV, by increasing the temperature beyond 300 °C, does 

not indicate a significant change in Co valence state. As can be seen fromFigure 18, the change in 

the Co valence from 2.6+ to 2+ (using the standard cobalt oxide samples) results in a much larger 

change in △E (from 14.7 to about 15.1 eV), and variation of 0.1 eV in EELS results obtained from 

a microscope not equipped with a monochromator is reasonable. Also, to further investigate the 

effect of Li content on the thermal instability of Li0.45CoO2 we performed the same set of TEM 

experiments on Li0.7CoO2 samples and the results are shown in Supplementary Information (). As 

expected, the degree of de-lithiation affects the instability of cathode particles slightly. As such, 

from the analyzed EELS results (Figure 20H) it can be seen that there is a delay for cobalt valence 
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change in Li0.7CoO2 sample compared to Li0.45CoO2, which corresponds to the effect of Li content 

on the thermal instability of the sample. 

 

Figure 20. Diffraction patterns collected at 25 °C from (a) core and (b) surface of a Li0.45CoO2 

particle. Blue spots correspond to the original layered structure (R3̅m) with the [001] zone axis. 

Diffraction patterns collected at 200 °C from (c) core and (d) surface of a Li0.45CoO2 particle, red 

spots correspond to the [111] zone axis of the spinel phase (fd3̅m). (e) Dark-field TEM image 

obtained from (022) lattice plane of spinel phase at 200 °C (scale bar is 50 nm). Diffraction 

patterns collected at 450 °C from (f) the core and (g) the surface of a Li0.45CoO2 particle. (h) EELS 

results obtained from the surface of Li0.45CoO2 as a function of temperature. (i) Energy difference 

of Co L3, L2 edges (ΔΕ) is plotted against temperature. 

To confirm the TEM results and sequence of phase transitions associated with the oxygen 

evolution in macro scale, we performed thermogravimetric analysis (TGA) and differential 

scanning colorimetry (DSC) experiments on Li0.45CoO2 samples. Thermogravimetric analysis 

(TGA) and differential scanning calorimetry (DSC) was performed on Li0.45CoO2 sample and 

results are shown in Figure 21. It can be seen that by reaching to 100 °C, negative heat flow 

corresponding to layered to spinel phase transitions shows up on the DSC curve. Simultaneously, 
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mass loss to the extent of 4% can be observed on TGA curve which is due to oxygen evolution 

from the sample. Another endothermic phase transition can be recorded at about 250 °C which is 

corresponding to rock salt phase formation. Along with this phase transition, about 8% mass loss 

due to more intense oxygen evolution can be observed (Figure 21a). Although the thermal 

decomposition reaction of the layered oxide cathodes is considered as an exothermic reaction1–3, 

it should be noted that most of the DSC results are obtained from cathode materials that are charged 

in Li-ion cells. In these experiments the cells are either unwashed, so the samples either contain 

electrolyte residue and Li-salts or were mixed with added electrolyte. Moreover, it is shown that 

the thermal decomposition reaction is highly dependent on the added Li salt5. Additionally, it has 

been experimentally shown that the outcoming gases from such thermal decomposition reactions 

are CO2 rather than pure O2 which denotes to an additional reaction between O2 and other 

compounds in the sample6. In the discussed thermal analysis experiments, chemically delithiated 

and washed LixCoO2 samples were used, which did not contain any electrolyte, Li salt residue, or 

carbon black. According to the weight loss observed in the TGA results the sample was 

decomposed in endothermic reactions (Figure 21a). However, authors suggest that dedicated 

thermal analysis/mass spectroscopy experiments to be carried out to clarify the thermodynamic 

nature of thermal decompaction reaction of the layered oxide cathodes and verify the correctness 

of the DSC results.  

Also, to deconvolute the mass loss due to absorbed/adsorbed water from the oxygen 

release, we compared TGA results from air/water exposed LiCoO2. Results indicated less than 0.1 

wt% mass loss in water exposed sample which is negligible compared to more than 12 wt% mass 

loss in Li0.45CoO2 caused by oxygen release (Figure 21b). 
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Figure 21. (a) Overlaid TGA/DSC result obtained from Li0.45CoO2. (b) TGA results obtained from 

air-exposed and water exposed LiCoO2 and Li0.45CoO2.  
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 To gain further understanding of phase transitions associated with Li0.45CoO2 samples, we 

performed atomic resolution STEM imaging, as well as EELS line scanning on Li0.45 CoO2 

particles that has been heated to 300 °C., Figure 22A-F present HAADF images from a Li0.45CoO2 

sample before and after a heating cycle from 25 to 300 °C. As can be seen from Figure 22A and B 

and, after de-lithiation there is no change in morphology, and atomic structure and Li0.45CoO2 

sample preserve its layered structure. However, after heating to 300 °C, morphological and 

structural alterations are noticeable. Formation of dark contrast regions on the surface of the 

Li0.45CoO2 particle can be observed (Figure 22C), which is an indication of oxygen release from 

the structure 379. Effect of elevated temperature on the formation and growth of these dark contrast 

regions are described below. Moreover, rock salt and spinel phase formation can clearly be 

observed from atomic resolution HAADF images in different regions of the particle. Figure 22D 

corresponds to the filtered HAADF image, showing the formation of rock salt structure at the 

surface of the sample. FFT (inset) can be indexed as a [111] zone axis of the rock salt (Fm3̅m) 

structure. However, by moving towards the core of the sample, the formed spinel phase can be 

observed. Figure 22E corresponds to the [112] zone axis of spinel LiCoO2 (Fd3̅m). Based on these 

atomic resolution observations, areas within ca. 20 nm distance from the surface have transferred 

to spinel structure (Fd3̅m). By moving to the core of the particle (Figure 22F), we can find areas 

where layered, and spinel structures co-exist in one image. To have a better demonstration of co-

existence of both phases, the image is shown in the format of a reconstructed color-coded image. 

Accordingly, red marked spots correspond to the (111̅) and (022̅) lattice plane of spinel phase 

(Fd3̅m), and green marked spots correspond to the (100) and (010) lattice planes of layered phase 

(R3̅m). To correlate the observed phase transitions with oxygen release from the sample, we 

performed EELS line scan perpendicular to the surface of the sample while keeping the 
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temperature constant at 300 °C. As it can be seen in Figure 22G, both oxygen K-edge, and Co L3, 

L2 edges undergo major changes moving across the sample, meaning that the oxidation state of 

cobalt totally changes across the particle. Analyzing the Co L-edges, it can be seen that the energy 

difference (ΔΕ) of cobalt L-edges is changing from about 15.18 eV (Co2+) to about 14.44 eV 

(Co2.8+) by moving 60 nm towards the core of the particle (Figure 22H). The results indicate that 

cobalt’s valence is increasing gradually from the surface to core, meaning that oxygen is mostly 

released from the surface where rock salt and spinel structures are formed. Based on our EELS 

analysis performed at 450 °C (shown in Supplementary Information, Figure 25), this reaction front 

propagates about 60 nm toward the core, meaning that oxygen evolution and surface degradation 

is continuing from the surface. To summarize, based on the atomic resolution imaging and 

diffraction pattern observations, we observe that the spinel structure forms around Li0.45CoO2 

particles at elevated temperatures. The oxygen then leaves the structure from the surface of this 

newly formed spinel type LiCoO2, forming LixCo1-xO rock salt structure with less oxygen content 

compared to spinel and layered LiCoO2. The rock salt structure forms a very thin layer around this 

oxygen deficient spinel structure.  
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Figure 22. (a) HAADF low-mag image from a Li0.45CoO2 particle (scale bar is 1 µm). (b) HAADF 

atomic resolution image from the same particle showing that the layered structure is well preserved 

after de-lithiation (scale bar is 1 nm in all atomic resolution images). Inset FFT corresponds to the 

[001] zone axis of the layered (R3̅m) phase. (c) HAADF low-mag image from a Li0.45CoO2 particle 

heated to 300 °C (scale bar is 50 nm). Void formation and thermal degradation resulting from 

oxygen release can be observed. (d) Filtered HAADF atomic resolution image corresponding to 

[111] zone axis of rock salt structure captured from the surface of the sample (as marked in Figure 

3c) with FFT inset. (e) Filtered HAADF atomic resolution image of the marked area in panel c. 

The corresponding FFT image (inset) can be indexed as the [112] zone axis of the spinel structure. 

(f) Reconstructed color coded image obtained from the marked area in panel c. (g) EELS results 

from a line scan performed perpendicular to the surface of the sample at 300 °C. Results are shown 

as a function of distance (10, 20, 30, 40, 50, 60 nm) from the edge of LiCoO2 particle. (h) Energy 

difference of Co L3, L2 edges (∆E) as a function of position.  
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According to our STEM observations, dark-contrast areas (voids) form on LixCoO2 particles by 

increasing the temperature. These voids can be observed at about 200 °C, and by increasing the 

temperature their frequency and size grow. Formation of these voids can be attributed to oxygen 

release and migration of Co species to the adjacent areas for nucleation and growth of the spinel 

phase, and as the oxygen release is noted to happen on the side facets, void concentration is higher 

around the surface of particles. As can be seen in Figure 23, even at 400 °C, there is not a significant 

number of voids in the core of the particle compared to the high concentration of voids along the 

surface of the sample, distinguished by the white line in 400 °C. This observation also emphasizes 

the inhomogeneous and surface-controlled oxygen release from LixCoO2 particles. To evaluate the 

effect of temperature on the growth of the so-called voids we performed EELS mapping on the 

indicated void that first appeared at 200 °C and was grown by reaching to 400 °C. We obtained 

the EELS maps from the zero loss peak (ZLP) section of our spectra to be able to measure the 

relative thickness and diameter spontaneously as a function of temperature. ZLP spectrum images, 

shown as inset figures in HAADF images at 200 and 400 °C show that, rather than void formation 

(with throughout holes in the core), we are dealing with local thickness reduction in our samples. 

So, by obtaining HAADF images (where a number of atomic columns that interact with the beam 

controls the signal intensity), we observe dark contrast in our images. ZLP thickness measurements 

show that at 200 °C, the relative thickness of the core of the void is 0.43 compared to 0.53 for 

adjacent areas. This thickness reduces to 0.37 at 400 °C but does not reach to zero, meaning that 

we have a reduction in thickness in the observed dark contrast spot for ~18 % and ~ 30% at 200 

and 400 °C respectively. The diameter of this thinned area also increases from about 2 nm to more 

than 5 nm under heating from 200 to 400 °C. 
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Figure 23. STEM images show a Li0.45CoO2 particle that is heated gradually to 400 °C (scale bars 

are 100 nm for HAADF images and 5 nm for inset ZLP spectrum images). At 100 °C, particle 

surface is smooth, while by increasing the temperature, dark contrast spots form mostly around the 

surface of the particle. ZLP spectrum images show that at 200 °C, the relative thickness of the core 

of the void is 0.43 compared to 0.53 for adjacent areas. The relative thickness reduces to 0.37 at 

400 °C. The diameter of this thinned area also increases from about 2 nm to more than 5 nm under 

heating from 200 to 400 °C. Looking at the particle at 400 °C, there is a distinct difference in the 

concentration of the dark contrast spots between the surface and the core, which confirms our main 

conclusion that the oxygen release is facet-dependent and inhomogeneous. 

Overall, in-situ TEM results suggest that the local thermal degradation is occurring at the 

surface of Li0.45CoO2 samples. Overall, in-situ TEM results suggest that the local thermal 

degradation is occurring at the surface of Li0.45CoO2 samples. Based on our STEM/EELS 

observations thermal decomposition of LixCoO2 is an inhomogeneous reaction that occurs locally 

at the surface of each particle. Therefore, suggesting a chemical reaction equation, may bury some 
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of the details of this phenomena, but to convey our observation, in brief, we propose the following 

two-step decomposition reaction: 

 

LixCoO2 (layered) ⟶ LixCoO2 (layered) + LixCo3-xO4 (spinel) + εO2 ⟶               

LixCoO2 (layered) + LixCo3-xO4 (spinel) + LixCo1-xO (rock-salt) + δO2 

where ε and δ values depend on the surface fraction and particle morphology. 

4.5. Ab-initio Molecular Dynamics (done by Prof. Balbuena and Dr. Soto at Texas A&M 

University) 

To understand the underlying reasons that cause the so-called inhomogeneous oxygen 

release, we performed AIMD simulations on Li0.45CoO2 samples at elevated temperatures (Figure 

24). Indeed, surface phenomena may affect the electrochemical performance of the cathode380,381. 

Using calorimetric techniques, Maram et al.380. determined surface energies of LiCoO2 in the 

[001], [104] and [012] planes, which agree very well with DFT calculated values by Ceder et al.37.  

It was demonstrated that the missing Co-O bonds in the [104] and [012] planes result in a 

significantly lower surface energy due to the Co ions becoming arranged in square pyramidal 

(intermediate spin) and pseudotetrahedral (high spin) configurations. Thus, the [104] surface 

energies are much lower than those of the [001] planes, and although the majority of the LiCoO2 

surface is presumably composed of [001] planes, experimental evidence suggests that the edges 

are dominated by the [104] and [012] planes381. Three low-energy facets of the layered structure 

of LiCoO2 were considered. Each facet was simulated at pristine and de-lithiated conditions to 

resemble the experimental conditions, at 300 and 400 °C. The results show that oxygen evolution 

behavior depends on the structure of the exposed facets. For instance, the [001] facet is more stable 

≥ 250 °C  ≥ 100 °C 

(10) 
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in both pristine and de-lithiated conditions at 300 and 400 °C than the higher Miller index facets 

(i.e. [012] and [104]), and there is no oxygen evolution from the structure at time spans of about 

2000 fs (Figure 24A). Whereas, the release of O2 species can be observed at the [012] and [104] 

facets at 300 and 400 °C in time spans starting from 400-900 fs (Figure 24A and B). The reason 

behind such structure-dependence is that O2 evolution from the [012] and [104] facets proceeds 

due to the presence of under-coordinated O atoms in these Li0.45CoO2 structures (see 

Supplementary Information, Figure 28-Figure 30). Those atoms that are usually coordinated to 

one Co and one Li atom, under de-lithiation become coordinated to only one Co.  Under these 

conditions, two neighbor O under-coordinated atoms can become bonded and eventually evolve 

as O2. The O-O distance oscillates during the detachment until it finally stabilizes. The changes in 

the Co-O coordination are clearly observed from radial distribution functions (see Supplementary 

Information, Figure 31). This can fully explain the surface degradation phenomena that were 

observed in the TEM experiments. Noticeably, all the TEM experiments were performed on LCO 

particles in [001] zone axis which is the stable surface, and degradation which start from the higher 

Miller indices such as [012] and [104] side facets appear on the surface of particles. Accordingly. 

Figure 24D is designed to summarize the experimental and simulation results. An in-depth 

discussion on the AIMD experimental methods are presented in the Chapter 4.7. 
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Figure 24. Snapshots of the LiCoO2 surface slabs taken at various times when subjected to a 

temperature of 400oC. (a) The [001] Li0.45CoO2 surface slab after 2000 fs. (b)  Side view of the 

[012] Li0.45CoO2 surface slab after 400 fs where the evolution of an O2 species is observed. (c) 

Configuration of the [104] Li0.45CoO2 surface slab, after 800 fs of simulation time, where the 

evolution of an O2 species is observed. Green, blue, and red spheres denote Li, Co, and O atoms, 

respectively. (d) Schematic illustration of LixCoO2 degradation mechanism. Evidently, low energy 

[001] facet is stable at elevated temperatures, while oxygen evolves from side facets and causes 

phase transitions to occur at the surface of the particle. 

4.6. Summary and Conclusion 

In summary, our in-situ TEM results of the thermal degradation of LixCoO2 suggest that 

layered (R3̅m) LixCoO2 (x < 1) transfers to spinel (Fd3̅m) and rock salt structure when exposed to 

high temperatures. Based on our dark field TEM imaging and atomic resolution observations, these 

phase transitions start from the facets of the crystals and propagate towards the core. Utilizing the 



84 
 

EELS technique, we revealed the correlation between the observed phase transitions and oxygen 

loss from the facets of particles. We found that the cobalt valence state substantially changes 

moving from the interior to the surface, which means that oxygen release is just occurring at the 

surface while the core remains intact. AIMD simulations explain the underlying mechanisms of 

the surface degradation of de-lithiated LixCoO2, showing that oxygen release and thermal 

decomposition behavior depend on the structure of the exposed facets. Accordingly, the [001] facet 

is more stable while release of oxygen species can be observed in very short time spans from the 

[012] and [104] facets. These findings explain the local phase transitions and oxygen release that 

occurs from the surface of LiCoO2 particles. Tailoring the morphology of LiCoO2 is shown to be 

achievable37. Therefore, we believe that the optimization of stable LiCoO2 facets can eventually 

improve the overall safety of the Li-ion battery systems. 
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4.7. Supplementary Information 

 

Figure 25. EELS results from a line scan performed perpendicular to the surface of the sample at 

450 °C. Results are shown as a function of distance (20, 40, 60, 80, 100, 120 nm) from the edge 

of the LiCoO2 particle. Apparently, both oxygen K-edge and Co L3, L2 edges have major changes 

by moving from the edge to the core of the sample. 
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Figure 26. (a) SEM image of the pristine LiCoO2 with dynamic light scattering (DLS) 

measurement inset (scale bar 10µm). (b) SEM image of Li0.45CoO2 sample with DLS measurement 

inset. Particle size distribution and morphology are not affected (scale bar 10µm). (c) High 

magnification image of a pristine LiCoO2 particle showing the layered structure (scale bar 1µm). 

(d) high magnification image from a Li0.45CoO2 particle showing the preserved layered structure 

(scale bar 1µm). 
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Figure 27. (a) Atomic resolution HAADF image from [360] zone axis (side view). Obviously, Li+ 

transport channels are not occupied with a heavy ion such as potassium, and the sample is 

completely retaining its original layered structure. (b) EELS map sum spectrum from the area 

indicated in the inset figure. As Can be seen, potassium L-edge (295 eV) is not showing up in the 

spectrum, and only oxygen K-edge can be identified. (c) High-resolution EDS map results and (d) 

EDS map sum spectrum, from the Li0.45CoO2 sample to evaluate K ion exchange. As can be seen, 

no potassium is detected in the EDS spectrum (no peak at 3.312 KeV for potassium Kα). 

Ab initio molecular dynamics methods (Done by Professor Balbuena’s group at Texas A&M 

University) 
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Figure 28. Side views of (a) [001] Li0.45CoO2 surface slab, (b) [012] Li0.45CoO2 surface slab and 

(c) [104] Li0.45CoO2 surface slab. A vacuum space normal to the surface is added to avoid 

interactions with a periodic image in this direction. Green, blue, and red spheres denote Li, Co, 

and O atoms, respectively. 
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Figure 29. Steps for O2 formation on the [012] facet. Images 1, 2, 3, 4, show snapshots of side 

views of the [012] facet at various simulation times.  At 1, two undercoordinated O atoms are 

initially 2.38 Å apart, but immediately they associate becoming 2.18 Å apart after 20 fs (a line is 

shown connecting these two atoms). At 2, after 40 fs, the O-O distance is reduced to 1.85 Å. At 3, 

after 60 fs, the O-O distance reduces to 1.11 Å, and both O atoms are dissociated from the Co 

atoms (evolving as O2),  At 4, after 80 fs, the O-O distance is 1.49 Å and the O2 (with an elongated 

bond distance with respect to gas phase) remains dissociated from the Co atoms. Green, blue, and 

red spheres denote Li, Co, and O atoms, respectively. 
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Figure 30. Steps for O2 formation on the [104] facet. Images 1, 2, 3, 4, show snapshots of side 

views of the [104] facet at various simulation times.  At 1, after 275 fs two undercoordinated O 

atoms associate and form a bond with distance 1.32 Å (a line is shown connecting these two 

atoms). At 2, after 275 fs, 1 O atom is still bonded to the Co atom (1.95 Å), and the O-O bond 

elongates to 1.65 Å. At 3, at 325 fs, the O-O distance reduces to 1.15 Å, and both O atoms are 

dissociated from Co atoms and evolve as O2 (Co-O distance > 1.95 Å)  At 4, the O-O distance 

elongates to 1.4 Å and O2 moves farther away from the surface. Green, blue, and red spheres 

denote Li, Co, and O atoms, respectively. 

Slab surface models were constructed from the layered crystal structure reported by Takahashi et 

al. 361 to study the stability of LiCoO2. Three pristine (LiCoO2) and de-lithiated (Li0.45CoO2) 

surface models were considered (Figure 28): [012] LixCoO2; [014] LixCoO2; [001] LixCoO2 (x = 

1, 0.45). All the surface models were O-terminated when Li atoms were removed from the surface 

sites to create the Li045CoO2 structures, and the vacuum space normal to the surface was set to 
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guarantee a separation between the periodic images. The bottom-most atoms were fixed to their 

lattice site, and the atoms in the top layers were allowed to relax. 

Here, ab-initio molecular dynamics (AIMD) simulations were employed to study the evolution of 

the systems at 400 oC. Within AIMD, the forces acting on the atoms are obtained through electronic 

structure calculations. These electronic structure calculations are performed using the plane-wave 

projector-augmented wave method 362,363 with a kinetic energy cutoff of 400 eV, and the k-point 

mesh is set to gamma point using the Vienna Ab-Initio Simulation Package (VASP)364–367. In this 

work, the exchange-correlation contribution to the total energy is implemented through the use of 

the GGA-PBE approximation to the exchange and correlation functional 368.  

Spin-polarized calculations were performed for all investigated surface slabs. The DFT+U 

method introduced by Dudarev et al. 369 is applied to take into account the on-site Coulomb 

interaction of 3d electrons with the U value set to 4.91 eV for pristine (LiCoO2) surfaces and 4.5 

eV for de-lithiated (Li0.45CoO2) surfaces 150,370. Tritium masses were used for hydrogen to set the 

time step at 1.0 femtoseconds, and the temperature was maintained using the Nosé-Hoover 

thermostat 371 with configurations belonging to the canonical (N, V, T) ensemble. To study the 

stability of the structures, we evaluated the Li-Co radial distribution function (RDF) for each 

surface slab.  

Discussion 

Using AIMD simulations, instabilities of the [012] and [104] facets are revealed for the Li0.45CoO2 

models.  At 400 oC no oxygen species desorbs from the [001] surface for the LiCoO2 models. 

Similarly, at 300 oC and when the temperature was increased to 400 oC, no oxygen species desorbs 

from the Li0.45CoO2 [001] surfaces as well. On the other hand, Li loss (Li0.45
 CoO2) destabilizes 

the higher Miller index facets [012] and [104].  When the [012] Li0.45CoO2 surface slab is subjected 
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to 300 oC, an O2 species forms and desorbs into the vacuum and the O-O distance evaluated at 900 

fs is 1.33 Å, which is slightly longer than the gas phase bond length, 1.21 Å. The Bader charge 

analysis shows a total charge of -0.012 |e|; therefore, it is an almost neutral molecule. RDF plots 

depicting the Co-O interactions (Figure 31) are used to characterize the stability of the facets. The 

Co-O RDF for the [012] model at 300 oC shows a broadening of the 1st peak when compared to 

the initial model, with a maximum at 1.875 Å. This broadening is a consequence of the O atoms 

becoming separated from the crystal surface.  

 

 

Figure 31. Co-O RDF plots (a)for [012] Li0.45CoO2  at 300 oC , (b) for [104] Li0.45CoO2  at 300 

oC (c) for [012] Li0.45CoO2  at 400 oC  and (d) for [104] Li0.45CoO2  at 400 oC . 

The [104] facet of Li0.45CoO2 shows a similar behavior at 300 oC, where an O2 species forms and 

desorbs into the vacuum. The O-O bond length evaluated at 650 fs is approximately 1.44 Å. The 

Bader charge analysis for this molecule is -0.06 |e|; therefore, it is also a neutral intermediate that 
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is a precursor to an O2 molecule. The Co-O RDF plot for this system also shows a broadened first 

peak with a maximum at approximately 1.875 Å. However, the 2nd  peak is flattened, and the 3rd 

peak is invariant, reflecting variations in the location of the O atoms that are in the process of 

forming the O2 molecule.  For these models the average Bader charge of the constituent elements 

is as follows: +0.65 |e| and +0.63 |e| for Li in the [012] and [104] facets respectively; +1.01 |e| and 

+1.16 |e| for Co in the [012] and [104] facets respectively; and -0.65|e| and -0.72 |e| for O in the 

[012] and [104] facets, respectively.  

We also ran the surface models at 400 oC to detect if additional reactions may be present.  

Two O2 species with slightly different O-O bond length elongations appear as precursors of O2 

evolution at the Li0.45CoO2 [012] surface. At 400 fs one of the species has already desorbed from 

the [012] surface with a 1.46 Å O-O bond bearing a -0.231 |e| total Bader charge. Meanwhile, an 

O2 molecule with a 1.35 Å bond distance and a -0.034 |e| Bader charge remains closer to the 

surface. The formation of this O2 species causes a distortion in the facet as can be seen from the 

RDF plot where the 2nd and third peaks are flattened while the 1st peak is broadened. The average 

Bader charge remained similar to the values obtained at 300 oC: +0.66 |e| for Li, +1.08 |e| for Co 

and -0.69 |e| for O atoms. Similarly, an O2 species is also generated from the [104] facet of the 

Li0.45CoO2 surface slab. The O-O bond distance is approximately 1.46 Å and bears a -0.026 |e| 

Bader charge, denoting a precursor to a neutral molecule with a slightly elongated bond distance. 

The average Bader charges in the crystal at 400 oC are: +0.61 |e| for Li, +1.13 |e| for Co, and -0.71 

|e| for O atoms. The evolution of the O2 species causes a local distortion at the surface, substantially 

moving a Co atom from its lattice site, which results in the broadening of the 1st maxima and 

complete flattening of the 2nd peak. On average, the Bader charge of the top Co atoms is +1.29 |e| 

while that of the bottom Co atoms is +0.81 |e|.  
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Chapter 5: Anti-oxygen Leaking LiCoO2 

(Previously published as Sharifi-asl, S.; Soto, F. A.; Foroozan, T.; Asadi, M.; Yuan, Y.; 

Deivanayagam, R.; Rojaee, R.; Song, B.; Bi, X.; Amine, K.; et al. Anti-Oxygen Leaking LiCoO 

2. Adv. Funct. Mater. 2019, 1901110. Reproduced with permission2. Copyright 2012, Wiley-

VCH.) 

 

5.1. Introduction 

From the early adoption of Li-ion battery systems in portable electronics, thermal runaway 

incidents have always been a major concern343,382. However, despite the great progress in 

improving the electrochemical properties of Li-ion batteries, their safety aspects have not advanced 

significantly, as many still confront thermal runaway incidents in the Li-ion battery containing 

devices68,109. Integration of the Li-ion batteries into the electric vehicle and large-scale 

transportation systems further stresses the importance of the Li-ion battery thermal stability and 

safety issues383–385. Thus, efforts are underway to better understand the thermal runaway events. 

In general, thermal runaway is the outcome of a chain of reactions that take root from a slight 

temperature rise caused by overcharge, fast cycling or high ambient temperature112,386. Under these 

circumstances, cell temperature rises and causes the decomposition of the organic electrolyte, 

releasing flammable gases. Subsequently, oxide-based cathodes such as LiCoO2 will decompose 

and lose their lattice oxygen. The released oxygen can ignite the flammable gases, which are heated 

beyond their flash point, leading to the thermal runaway103,123,387. 

Considering the importance of the layered oxide cathode materials in the 

commercialization of the lithium-ion batteries, various experimental studies using in-situ X-ray 

diffraction/absorption spectroscopy62,98,161,206,349, thermal analysis73,151,152,347,348,354, in-situ 

transmission electron microscopy (TEM)99,136,175 and computational efforts 140,158 were carried out 

to characterize and understand the oxygen-release phenomenon and the thermal degradation 
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mechanisms in these materials. Overall, it is understood that the extraction of Li-ions from the 

cathode unit cell results in the formation of under-coordinated oxygen atoms, which destabilizes 

the structure140. At elevated temperatures these under-coordinated oxygens break the bonds with 

the transition metals and form O2 molecules leaving the host structure. As a result, the layered 

structure will rearrange to form the spinel and the rocksalt phases that contain less oxygen in their 

unit cell136. It has been shown that the extent of oxygen-release is dependent on the surface fraction 

of the particles152. 

In addition to safety aspects, there has been a strong thrust in improving the cycling stability 

and Li-intercalation kinetics of LiCoO2. In this context, synthesis of high surface area structures 

such as nanorod arrays388 or porous nanosheet 3D structures388 of LiCoO2 have been carried out to 

achieve fast intercalation kinetics and flexible Li-ion batteries. However, since many degradation 

mechanisms including the parasitic oxygen release reaction, are surface and sub-surface 

originated1,389–391, various approaches such as coating281,296,297,305,316,392, surface passivation328,393, 

synthesis of core-shell structures278–280 and chemical gradient compositions261 have been pursued 

for improving the cyclability and stability of cathode materials. For instance, it has been shown 

that coating the LiCoO2 cathodes with Al, F based material that forms a Li-Co-Al-F-O solid 

solution beneath the surface can improve the structural stability of LCO when operating at 4.6 V. 

Similarly, AlPO4 coating on LiCoO2 has shown to effectively prevent the oxygen release reaction 

and inhibit the over-charge induced thermal runaway reaction13. However, large thickness of 

surface coatings that can potentially increase the charge transfer resistance, the presence of 

porosities that can allow for O2 release, decomposition and instability of the coating material285, 

uniformity issue associated with deposition techniques and high cost of deposition methods, slow 

down the inclusion of this approaches into the industry. 
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In order to improve the thermal stability of the cathodes and simultaneously maintain the 

electrochemical properties, the surface coating of cathodes should meet a number of requirements; 

(1) it should be impermeable to the oxygen gas but allow for the Li-ion transfer, (2) have high 

electronic conductivity, (3) remain stable in contact with the electrolyte, and (4) be scalable and 

cost effective394. In this regard, atomically-thin graphene and its derivatives such as reduced 

graphene oxide (rGO) appear to be good candidates since it has been shown that graphene and 

rGO are impermeable to various gases specially oxygen395–400. Reduced graphene-oxide has shown 

a great potential in the gas barrier applications401. Also, the rGO membranes are leak-tight against 

various gasses such as He, N2 and O2
402 since the transfer of gas molecules through the rGO layers 

cannot happen in out-of-plane direction and can only occur through the gaps between the 

individual rGO sheets and through the interlayer spacings. Therefore, by reduction of GO to rGO 

and reduction of interlayer distance from 10 Å to 4 Å, the diffusivity of molecules can be 

effectively decreased403. In another study, the layer by layer deposition of few layer rGO through 

electrostatic bond formation (similar to our case) is shown to decrease the oxygen transfer rate 

(OTR) of poly(ethylene terephthalate) substrates by 95%404. In another work, rGO/polyimide films 

prepared by in-situ polymerization showed to decrease the OTR by 93% compared to pure PI 

films405. Therefore, our goal was set to utilize the gas barrier properties of rGO to inhibit the release 

of O2 in the thermal decomposition reaction of LiCoO2. A conformal thin coating of rGO that does 

not compromise the ionic transport was achieved and O2 release phenomenon was characterized 

under high voltage and high temperature conditions. Reduced graphene oxide also benefits from a 

number of other properties such as superior electronic and ionic conductivity406–408, high 

mechanical flexibility409 and stability in long electrochemical cycling410. Herein, we demonstrate 

coating of individual LiCoO2 cathode particles with reduced graphene oxide to suppress the 
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oxygen-release from the layered oxide cathodes under high temperature and harsh electrochemical 

cycling. Using a broad range of electrochemical measurements and materials characterization 

techniques, such as high voltage cycling, DEMS measurements, in-situ heating TEM and thermal 

analysis, we demonstrated that rGO-coating can successfully mitigate the oxygen release and 

improve the structural stability of LiCoO2.  

5.2. Experimental 

Sample preparation. In the present study, commercially available LiCoO2 (Sigma-Aldrich) sample 

was used as the baseline sample. Graphene coating was carried out using commercially available 

aqueous dispersed monolayer graphene-oxide (Graphenea). The method of graphene coating is 

described in previous publications. In brief, for achieving graphene-coating on individual particles, 

surface charge modification should be carried out on LiCoO2 sample. To do so, LiCoO2 (1g) was 

dispersed in methanol (100 ml) and sonicated. Then aminopropyltrimethoxysilane (1 ml) was 

added to the solution and stirred for 24 hours. The sample was then vacuum filtered and washed 

several times with methanol to obtain the positive surface charged LiCoO2. Graphene-coated 

LiCoO2 particles then can be obtained as a result of attractive electrostatic force between positively 

charged LiCoO2 and negatively charged graphene oxide nano-sheets. At this step, surface charged 

LiCoO2 and graphene oxide nano sheets are redispersed in methanol with the concentration of 

10mg/ml and water dispersed graphene-oxide nano-sheets are added dropwise to the solution. As 

the self-assembly takes place, graphene-coated LiCoO2 precipitate. Finally, hydrazine (1ml per 

100 ml of cathode solution) was added dropwise to the solution to reduce the GO layer to rGO to 

enhance the conductivity of the coating layer. The sample is then vacuum filtered to obtain the 

graphene-coated LiCoO2 particles. Noteworthy, the cost of such process is calculated to be 

approximately $0.48/gr of LiCoO2 in laboratory scale, from which only 3.3% is for consumed GO 
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material and the rest relates to the cost of surface charge modification and hydrazine treatment that 

can be reduced in industrial scale. 

SEM imaging. SEM was carried out using a Carl–Zeiss electron microscope integrated into a Raith 

e-LiNE plus electron-beam lithography system. The acceleration voltage was set at 10 kV, and 

aperture size of 30 µm was used. 

Raman spectroscopy. Raman results were obtained from a Renishaw inVia Reflex Raman system 

equipped with a green 532nm/50mW diode-pumped solid-state laser. Spectroscopy was performed 

using a 50x objective lens. Dwell time, and laser strength were set to 100 s and 5% to obtain the 

best signal to noise ratio and avoid the laser-induced damage in the samples. 

XPS. X-ray photoelectron spectroscopy was carried out using a Kratos AXIS-165 XPS system, 

equipped with a monochromatic Al Kα source (1,486.7 eV). Survey spectra were collected with a 

pass energy of 80 eV, step size of 1 eV and dwell time of 200 ms. High-resolution regional spectra 

were collected with a pass energy of 20 eV, step size of 0.1 eV and dwell time of 1000 ms. 

Electrochemical Cycling. Coin-type cells composed of LiCoO2/Li half cells, glass fiber separator 

and 1M LiPF6 in EC/DMC = 1:1 electrolyte were fabricated for electrochemical tests. LiCoO2 

laminates with the composition of 80 wt% of active material, 10 wt% of carbon black and 10 wt% 

of poly(vinylidene fluoride were mixed with N-methylpyrrolidone and casted on Al foils, then 

dried at 80 °C in vacuum. 

DEMS. The DEMS experimental setup was consisted of an MTI potentiostat, a mass spectrometer 

(Hiden Analytical) and a Swagelok type cell with the air outlet on the cathode side. The cell was 

composed of LiCoO2 and Graphene coated- LiCoO2 samples coated on aluminum mesh as the 

cathode, 0.5 mm stainless steel spacer, 0.25 mm thick lithium chip, a 0.26 mm thick glassy fiber 
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separator, and 1M LiPF6 in EC:DMC electrolyte (30 μL). To measure the evolution of oxygen 

during charging experiment, the cell and DEMS capillary was purged with Argon to remove any 

impurities before the experiment. 

In-situ heating STEM/EELS characterization: After electrochemical cycling, the coin cells were 

disassembled, and the cathode laminates were submerged into dimethylcarbonate for 1 hour then 

rinsed with fresh dimethylcarbonate and dried under vacuum overnight. The laminates then were 

scratched, and the obtained powder was dispersed in methanol, sonicated and drop casted onto 

lacy carbon grid and loaded into the microscope with minimum exposure to air. Gatan double tilt 

heating stage was utilized for in-situ heating experiments. Samples were subjected to high 

temperatures ranging from 25 to 450 °C with a heating rate of 10 °C·min‒1, before collecting data 

we kept the samples at the desired temperature for 15 minutes to ensure holder stability and 

temperature uniformity. STEM/EELS investigations were performed using JEOL JEM-

ARM200CF STEM equipped with a cold field emission gun with 0.78 Å spatial resolution and a 

Gatan Enfina EELS system. A 22 mrad probe convergence angle was used to perform STEM 

imaging. HAADF detector with 90 mrad inner-detector angle was utilized to obtain Z-contrast 

atomic-resolution images. Spectroscopy was done with 0.1 eV/channel dispersion and with a 2 

mm detector aperture. Full-width half maximum of zero loss peak was measured 0.6 eV which 

determines the energy resolution of the obtained spectra. 

DSC. TA Instruments Q2000 DSC systems were utilized to perform the thermal analysis 

experiments. To capture the heat flow from the exothermic reaction between flammable gases 

(from the decomposition of electrolyte) and the evolved oxygen (from the charged LiCoO2), the 

hermetically sealed aluminum containers were utilized. Bare and graphene-coated LiCoO2 samples 

were cycled twice and then charged to 4.2 V. Then the cells were opened in Argonne filled 
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atmosphere, and the cathode foils were sealed in the aluminum container without drying or 

removing the electrolyte. DSC experiments were performed in the range of 25-350 °C with the 

heating rate of 2 °C/min. 

5.3. Graphene-coating of Individual LiCoO2 Particles 

Figure 32A is a schematic representation of the coating procedure. Figure 32B shows the SEM 

images from several individual LiCoO2 particles coated with graphene layers. Figure 32C presents 

high magnification SEM images from the indicated areas to better illustrate the graphene-coating 

of individual LiCoO2 particles. The presence of the ultra-thin graphene can be identified from the 

graphene wrinkles at the surface of the particles. 
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Figure 32. Illustration of graphene-coating method and the confirmation of graphene coverage on 

the surface of cathode particles. (A) Schematic illustration of the coating process. The surface of 

LiCoO2 particles is charged positively to facilitate the self-assembly with negatively charged 

graphene oxide nano-flakes. The resulting material will be individual graphene-coated LiCoO2 

particles. (B) SEM images from several individual LiCoO2 particles after graphene-coating (scale 

bars are 2 μm). (C) High-magnification SEM images from the areas indicated in Panel B. Graphene 

wrinkles can be clearly observed on the surface of LiCoO2 particles (Scale bars are 500 nm). 

5.4. Graphene-coating Characterization (SEM, Raman, XPS and HRTEM) 

Further characterization of the graphene-coating LiCoO2 sample was carried out utilizing 

high-resolution transmission electron microscopy (HRTEM), electron diffraction analysis, Raman 
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and XPS spectroscopy. From the HRTEM image shown in Figure 33A, a ~2nm layer of rGO 

consist of 3-5 layers can be seen on the surface of the LiCoO2 particle. Additional TEM images to 

confirm the uniformity of coating thickness are demonstrated in Supporting Information Figure 

39. Intensity profile (inset) from the rGO coating illustrates the presence of 4 rGO layers, each 

~0.41 nm thick. It should be noted that thickness of the mono layer GO and rGO is reported to be 

1.1 ± 0.1 and  0.5 ± 0.2 nm respectively411,412. Therefore, it can be concluded that reduction of 

initial GO layers is achieved by the hydrazine treatment. Also, electron diffraction pattern (shown 

at the bottom right inset) suggests that the original layered (R3𝑚̅) structure of LiCoO2 is 

maintained after the graphene-coating process. Figure 33B, presents the Raman results from the 

bare and the graphene-coating sample and illustrates the presence of reduced graphene oxide peaks 

without affecting the bonding properties of LiCoO2 particles. Raman results were obtained which 

shows Raman active Eg and A1g modes generated from oxygen vibrations in R3̅𝑚 LiCoO2 at 482 

and 596 cm-1 respectively31. Reduced graphene oxide D peak and G peak generated from sp2 

carbon lattice can be observed at 1345 and 1595 cm-1 respectively with (ID/IG)= 1.71406. X-ray 

photoelectron spectroscopy (XPS) is also performed on graphene-coated LiCoO2 samples to 

confirm the reduction of GO layers to rGO through the hydrazine treatment. As can be seen from 

Figure 33C, the proportion of oxide groups in the C1s peak is small and shows that GO is 

successfully reduced to rGO. 

The Li-ion diffusion mechanism through the rGO coating is shown to be highly dependent on the 

defect sites. It is demonstrated that only divacancies and higher order defects have achievable 

diffusion barrier for Li transfer18,19. In addition, the grain boundaries have been found as low 

energy sites for Li adsorption and diffusion20.  So it can be concluded that an ultrathin rGO layer 
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with plenty of defects, low range structural order and oxygen functional groups can enable Li-ion 

conduction when coated on electrode materials21. 

 

Figure 33. Characterization of graphene-coated LiCoO2 samples. (A) High-resolution TEM image 

of a graphene-coated LiCoO2 particle and the corresponding diffraction pattern shown in the inset. 

Diffraction pattern shows that LiCoO2 has retained its original layered structure after the graphene-

coating process. The intensity profile is shown in the inset from the red-colored rectangular shows 

that the rGO coating consists of 3-5 layers of rGO each about 0.41 nm thick and the overall coating 

thickness is below 2 nm (scale bar is 10 nm). (B) Raman spectrum from the bare and the graphene-

coated LiCoO2 sample. Raman active Eg and A1g modes generated from oxygen vibrations in 

R3𝑚̅ LiCoO2 can be observed at 482 and 596 cm-1 respectively. Reduced graphene oxide D peak 

and G peak generated from sp2 carbon lattice can be observed at 1345 and 1595 cm-1, respectively 

with (ID/IG)=1.71. (C) High resolution XPS scan from C 1s, minimal fraction of carbon bonding 

with O and N confirms the reduction of GO coting to rGO. 

5.5. Electrochemical Cycling and Impedance Spectroscopy 

The electrochemical performance of the graphene-coated LiCoO2 under high voltage cycling 

condition (voltage window of 3.3 - 4.8 V at 0.5 C rate) was evaluated and compared with the bare 

sample. Figure 34A and Figure 34B show the first four charge/discharge curves of the samples. 

Both samples show the first charge capacity of about 250 mAhg-1 that is typically observed in 

LiCoO2 samples63. The hexagonal to monoclinic phase transition in the capacity range of ~135 

mAhg-1 is evidenced by the change of the plateaus at 4.2 V in both samples. Also, two plateaus 
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corresponding to the formation of H1-3 and O1 phases can be clearly observed at > 4.5 V in the 

curve of bare LiCoO2. O1 is the hexagonal form of rhombohedral O3 LixCoO2 and H1-3 is 

considered as the transition structure with a hybrid rhombohedral/ hexagonal phase43,417. The 

origin of these phase transformations are suggested to be the glide of partial dislocations formed 

as a result of excessive extraction of Li ions, which eventually provide a path for cation mixing 

and formation of spinel phase13,19,57. By running the derivative (dQ/dV), two plateaus observed in 

at >4.5 V in the voltage profile of the bare sample will transform into two sharp peaks 

corresponding to the inflection point within each plateau (Figure 34D). In the second cycle, the 

second plateau is disappeared which correspond to irreversibility of the ascribed phase transition29, 

and the intensity of the first peak has decreased leading to gradual disappearance in the next cycles, 

as evident from the voltage profile. However, the graphene coated sample is showing a very 

different behavior. As can be seen from Figure 34B, there is only one plateau at >4.5V in the 

voltage profile of the graphene coated sample for the initial charge. The derivate (dQ/dV )curve 

shown in Figure 34E shows that there is only one peak at the 4.5-4.8 voltage window that can be 

due to suppressed O1 phase formation, as a result of lower delithiation extent in the coated sample, 

or higher structural stability achieved by the coating. The second possibility is that both plateaus 

are merged to each other due to lower kinetics of delithiation in the first cycle from the graphene 

coated cathode particles.  This is suggested because of the higher voltage plateau at the initial 

stages of charging that occurs at over 4.1 V and decreases to lower values for the next cycles. 

 Also, it is suggested that partial reduction and dissolution of Co at the surface of particles due to 

direct contact of the cathode surface with the electrolyte is another degradation mechanism, which 

results in capacity loss and failure of the LiCoO2 cathode45,52. However, the coating of cathode 

particles will put a barrier in the contact of cathode particles and the electrolyte and possibly 
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hinders the Co dissolution. Nevertheless, the cationic migration leading to partial phase transition 

that occurs throughout the particles thickness will occur in the graphene-coated sample regardless 

of the surface condition. Hence, we observed capacity/voltage fade in smaller extents compared to 

the bare sample. Noteworthy, a higher over-potential in the voltage profile of the graphene-coated 

sample at the first cycle can be observed. Most probably, this corresponds to the required energy 

for the Li-ion pathway formation in the coating rGO layers at the first cycle. To confirm that the 

graphene-coating is effectively suppressing the oxygen-release from the cathode structure, we 

performed in-situ differential electrochemical mass spectrometry (DEMS) experiment on the bare 

and the graphene-coated LiCoO2 samples (Figure 34C). The DEMS experimental setup was 

consisted of an MTI potentiostat, a mass spectrometer (Hiden Analytical) and a Swagelok type 

cell with the air outlet on the cathode side. The cell was composed of LiCoO2 and Graphene coated- 

LiCoO2 samples coated on aluminum mesh as the cathode, 0.5 mm stainless steel spacer, 0.25 mm 

thick lithium chip, a 0.26 mm thick glassy fiber separator, and 1M LiPF6 in EC:DMC electrolyte 

(30 μL). To measure the evolution of oxygen during charging experiment, the cell and DEMS 

capillary was purged with Argon to remove any impurities before the experiment and the 

experiment was conducted during the linear sweep voltammetry measurement in the potential 

window of 3-5.0 V. The results from the cell containing the bare LiCoO2 cathode shows the 

evolution of O2 at ~ 4.7 V418 while the results from the graphene-coated LiCoO2 cathode exhibited 

almost no O2 evolution throughout the experiment. These results confirm that the graphene-coating 

completely suppresses the evolution of oxygen during high voltage charging.  
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Figure 34. high-voltage cycling stability evaluation of graphene-coated LiCoO2 samples. (A) 

Voltage profile of bare LiCoO2 cycled at 3.3-4.8 V. (B) Voltage profile of the graphene-coated 

LiCoO2 cycled at 3.3-4.8 V. (C) Differential electrochemical mass spectroscopy (DEMS) results 

from the bare and the graphene-coated LiCoO2 during cyclic voltammetry (CV) experiment in the 

potential window of 4-5.2 V vs Li/Li+.(D) dQ/dV profile for the intial two charge cycles of bare 

LiCoO2. (E) dQ/dV profile for the intial two charge cycles of the graphene coated LiCoO2. 

Additionally, electrochemical cycling experiments in lower cut-off voltage were performed to 

evaluate the effect of graphene-coating on the cycling stability of LiCoO2 cathodes under 

equilibrium conditions, where the organic electrolytes are stable and various degradation 

mechanisms that activate as a result of excessive Li-removal from the cathodes (e.g. slab sliding, 

cationic migration and structural transformation to H1-3 and O1 phases) do not occur6,13,19. As can 

be seen from Figure 35A, the bare and the graphene-coated LiCoO2 cathodes have been cycled for 

200 cycles in the voltage limit of 3.0 - 4.2 V with the current rate of C/10 for the initial formation 

cycle, followed by 1C current rate for the rest of the experiment. Cycling results demonstrate 

superior capacity retention for the graphene-coated sample. While the capacity retention of the 
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bare LiCoO2 is ~55% after 200 cycles277, the graphene-coated sample has retained about 85.9% of 

its initial capacity. This enhancement can be attributed to the prevention of direct contact between 

the electrolyte and the cathode surface, which protects the cathodes against detrimental interface 

reactions such as HF attack and Co dissolution419–422. Furthermore, the electrochemical impedance 

spectroscopy (EIS) analysis was performed to evaluate the effect of graphene-coating on the 

electrode resistance. The EIS spectra were acquired after the 1st charge (Figure 35B) and the 20th
 

charge (Figure 35C) from the bare and the graphene-coated samples. The EIS spectra from charged 

LiCoO2 exhibits an initial intercept, two semicircles and a 45° inclined line at various frequency 

regions. The first intercept of the Nyquist plot, Rs represents the internal resistance related to the 

electrolyte resistance and cell connections. The first semi-circle (high frequency) represents the 

resistance from the surface film (RSF). This surface film can be either the solid electrolyte interface 

(SEI) or the rGO coating or a combination of both. Formation of a SEI on the surface of bare-

LiCoO2 as a surface film during the first charge has been well-documented in the 

literature421,423,424. Prior reports have shown that the SEI is predominantly composed of Li2CO3 

and LiOR424, where R-groups correspond to the organic species from the electrolyte. Although this 

surface film is known to protect the electrode from further side reactions, it is not stable and can 

decompose rapidly at high voltage or high temperature423. The decomposition and reformation of 

such surface film can result in electrolyte consumption, cathode surface phase transition and 

increase in the resistance421,424. The second semicircle at middle frequency describes the lithium-

intercalation process, which is also known as charge transfer at electrode/electrolyte interface 

(RCT). Here the very low frequency regime is attributed to the diffusion-controlled behavior and is 

shown as an inclined line with ca. 45º angle (Warburg phase)420. Since Nyquist plot is considering 

Rreal and Rimaginary for X- and Y-axis respectively, it does not have enough resolution to resolve the 
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two different time-constants at some frequency levels. This is the main reason that in both graphene 

coated LiCoO2 and bare LiCoO2 samples, RSF gets coupled to RCT and forms a larger semi-circle. 

However, we can distinguish the different resistive behaviors upon running the Zsim for modeling 

the electrical circuit of the batteries. Zsim takes into account the precise frequencies assigned for 

each specific resistance and models the equivalent circuit420. The equivalent electrical circuit 

model for all EIS spectra is shown as inset in the Figure 35C.  Table 1 summarizes the resistance 

values for the components of each spectrum based on the fitted model. The EIS spectra obtained 

after 1st charge demonstrates a large resistance in the graphene-coated LiCoO2. This behavior is 

correlated to two reasons; (1) limited Li-ion pathways in the out of plane direction of pristine rGO 

coating layer425, (2) improved electronic conductivity of rGO coating due to electrochemical 

reduction during repeated cycling426,427. After 20 cycles and full charge to 4.2 V, the EIS spectra 

from the graphene-coated sample shows a remarkable decrease in both RSF and RCT. Specifically, 

RSF and RCT have reduced from 231.6 Ω and 64.1 Ω at first charge to 15.3 Ω and 9.5 Ω after 20th 

charge. The reduction of the surface film resistance can be attributed to the cumulative reduction 

of rGO during electrochemical cycling 428–430, which results in improved conductivity of the solid 

electrolyte interface after initial cycles. In addition, the reduction of RCT can be attributed to the 

formation of Li-ion transfer pathways in the rGO layers during the initial cycles, where repeated 

Li transfer causes defect formation and further lowers the measured resistance425. In contrast, the 

EIS results from the bare LiCoO2 after the 1st and the 20th charge show that there is an increase 

both in RSF (from 17.3 Ω to 21.1 Ω) and RCT (from 6.1 Ω to 14.0 Ω) during cycling. The increase 

in RSF can be explained by the instability and degradation of the surface film due to the cathode 

surface degradation and Co dissolution, and increase in RCT can be attributed to the surface phase 

transitions. Overall, based on the EIS results it can be concluded that the graphene-coating process 
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does not increase the cell resistance and alleviates the surface degradation of cathode particles by 

providing a protective coating on the cathode particles surface, thus decreasing the charge transfer 

and solid/surface film resistance. To further evaluate the technological implication of this research, 

structural and morphological studies of rGO-coated cathode subsequent to prolonged 

electrochemical cycling in full cells should be carried out in future. 

 

Figure 35. Electrochemical cycling and impedance spectroscopy results. (A) Half-cell cycling test 

performed on the bare and the graphene-coated LiCoO2. (B) Electrochemical impedance spectra 

from bare and graphene-coated samples after first full charge, and (C) electrochemical impedance 

spectra after 20 cycles and full charge. The equivalent circuit is shown in inset (C).  

Table 1. Resistance parameters fitted from EIS spectra 

Cycle  bare LCO  GLCO 

  Rs (Ω) RSF (Ω) RCT (Ω)  Rs (Ω) RSF (Ω) RCT (Ω) 

1st 
 

2.85 17.3 6.1 
 

1.45 231.6 64.1 

20th  3.29 21.1 14.0  2.57 15.3 9.5 
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5.6. In-situ Heating STEM/EELS Analysis and Thermal Analysis 

To test the structural stability of the samples under thermal abusive conditions, we performed in-

situ heating TEM experiments on the bare and the graphene-coated LixCoO2 samples. It is known 

that the pristine LiCoO2 is thermally stable and oxygen-release occurs after de-lithiation due to the 

formation of under-coordinated oxygen atoms1. Therefore, the bare and the graphene-coated 

samples were cycled three times and charged to 4.2 V to obtain Li0.5CoO2
431. Figure 36A 

demonstrates SEM images from the graphene-coated Li0.5CoO2 particles after electrochemical 

cycling, and evidently, the rGO layer is well maintained on the surface of the particles. Charged 

cathode particles were extracted and loaded into the Gatan heating holder to perform the in-situ 

heating STEM/EELS experiments. In these experiments, samples were heated to 300 °C 

incrementally at 50 °C steps. Based on our previous report1, Li0.5CoO2 is thermally unstable and 

starts to release oxygen when heated to above 100 °C. This oxygen-release, which results in the 

reduction of cobalt, can be quantified by analyzing the Co L edges in the EELS signal. To quantify 

the Co valence state based on the EELS results, we have performed EELS calibration experiments 

which are explained in our previous work1. Specifically, by measuring the cobalt L3, L2 edges ΔE 

value as a function of temperature and acquisition position, we can quantify the cobalt valence 

state at each point in our samples and effectively compare the bare and the graphene-coated 

LixCoO2 structural stability at high temperatures. Figure 36B shows a HAADF image from the 

surface of the graphene-coated Li0.5CoO2 particle, where a thin layer of graphene can be observed. 

It should be noted that, oxygen-release and reduction of cobalt start from the surface areas of 

LixCoO2
1. Hence, by performing TEM experiments on the LixCoO2 particles, the oxygen-release 
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is initially detected at the surface which by increasing the temperature propagates towards the core 

areas. Therefore, to understand the role of the graphene-coating on the oxygen-release, we 

performed the in-situ heating EELS experiments as a function of temperature and beam position. 

Figure 36C illustrates the EELS results obtained from the outmost ~5 nm of the surface of 

particles. As can be seen from the analyzed results based on cobalt L3, L2 edges ΔE value in Figure 

36D, Co valence change at the surface of the particle is effectively delayed by the presence of 

graphene layer. The reduction of Co from 3+ to 2.6+ that occurs at ~ 100 °C in bare Li0.5CoO2, is 

postponed to higher than 200 °C for the graphene-coated sample. Also, further reduction of Co 

species to 2+ which is observed between 200-300 °C does not occur in the graphene-coated sample 

up to 300 °C. It should be noted that lower signal to noise ratio in the spectra from the graphene-

coated samples is due to shorter acquisition time to avoid electron beam damage to the graphene 

layer. Furthermore, we performed EELS line scanning at each temperature to track the extent of 

oxygen-release from the cathode particles. To compare the degradation extent in both samples, we 

considered the valence of 2.6+ as the degradation threshold and measured the degradation extent 

accordingly as a function of length in the bare and graphene-coated samples at each temperature. 

Accordingly, by reaching to 100 °C, reduction of cobalt and oxygen-release occurs in a layer of 

10 nm at the surface of the bare Li0.5CoO2 particles. However, the graphene-coated sample shows 

higher thermal stability, and the reduction of cobalt can be seen in < 5nm from the surface of the 

sample after increasing the temperature to higher than 150 °C. When the temperature reaches 300 

°C, the thickness of this damaged layer reaches to 50 nm in the bare Li0.5CoO2, while it is only 

about 10 nm for the graphene-coated sample. These observations can be explained in two ways: 

(1) graphene-coating does not allow the formation and release of O2 molecules since oxygen 

species bond with carbon atoms from the rGO layer, and breaking such bonds has a high barrier 
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energy. (2) If O2 is formed, graphene layer inhibits the release of O2, which results in a O2 rich 

atmosphere underneath the rGO layer that hinders the further O2 release from the surface of the 

cathodes. This hypothesis is supported by the recent work from Karki et al.432, where inhibiting 

the O2 release from the layered oxide cathodes was achieved in O2-rich atmosphere. Their 

environmental controlled in-situ heating STEM/EELS results suggest that in O2 atmosphere 

oxygen release and reduction of transition metals in the layered oxide cathode framework is 

significantly delayed and thus the structure is more stabilized. Although, applying O2 gas to a Li-

ion battery for mitigating the thermal runway is not a sensible approach, their study supports our 

hypothesis and confirms the discussed mechanism. 

 

Figure 36. Thermal stability evaluation of graphene-coated LixCoO2 sample. (A) SEM images 

from de-lithiated (charged) Li0.5CoO2 sample (scale bars are 1 µm). (B) Low magnification STEM 
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image at 300 °C showing the presence of graphene coating (scale bar is 100 nm). (C) EELS 

analysis results from in-situ heating experiments. Reduction of cobalt at high temperatures is 

delayed by the presence of graphene coating. (D) EELS line scan analysis results demonstrate the 

thickness of the layer with reduced cobalt species and released oxygen. At 100 °C, no valence 

change could be observed at the surface of the sample. At 200 °C, the thickness of the degraded 

layer is measured to be less than 10 nm compared to the bare sample. (E)  DSC results from the 

bare and graphene-coated Li0.5CoO2.  

In addition, the oxygen-release and thermal decomposition is accompanied by structural 

degradation and phase transformations from original layered structure to spinel and rocksalt 

phases. Through dark filed TEM imaging and atomic resolution STEM analysis, it has been 

identified that such phase transformations result in evolution of distinct spinel/rocksalt grains on 

the subsurface and shell of the layered cathode particles respectively1. Therefore, visualization of 

the effect of graphene-coating on the structural stability of the Li0.5CoO2 particles is also possible. 

Supplemental Movie 1, taken in the ronchigram mode from a graphene-coated Li0.5CoO2 

illustrates the effect of graphene-coating on the structural stability of the cathode. In the 

Ronchigram mode, Kikuchi patterns that are the indication of crystal structure and its zone axis 

with respect to the electron beam will also show up. Here we demonstrate an interesting case, 

which is a particle with a discontinuity in the graphene coating. Due to the discontinuity in the 

coating layer of the shown individual particle, the effect of graphene-coating on the structural 

stability can be comprehended from this movie. Snapshots of this movie are shown in Figure 37. 

In the area with the presence of the graphene coating strong contrast from the Kikuchi pattern 

confirms that the layered crystal structure is maintained at 300 °C (Figure 37B). However, by 

looking at the area where graphene layers have been discontinued, this pattern cannot be observed 

which implies that the original layered structure is collapsed and disordered-spinel and rocksalt 

phases in small distinct grains are formed on the bare side of Li0.5CoO2 particle surface (Figure 
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37C). The evidence of phase transformation from layered structure to spinel and rocksalt phases 

can be found here1. It should be noted that acquisition of diffraction patterns that requires high 

dose exposure of the electron beam on the sample and the graphene layer, can generate knock-on 

damage in the graphene layer and diminishes its effectiveness in suppressing the O2 release. 

Therefore, ronchigram movie is presented to illustrate the effect of graphene-coating on the 

structural stability of the Li0.5CoO2 cathode. To further investigate the significance of oxygen 

evolution in the partially-coated LiCoO2 particles, we performed EELS line scans on areas 

indicated in Figure 37A at 300 °C. The line scans are obtained perpendicular to the surface of the 

sample on the top 60 nm distance from the surface with 10 nm step size (Figure 37D). Results are 

analyzed based on the energy difference between Co L3 and L2 edges. By plotting the results from 

each point as a function of ∆E, it can be observed that Co species in areas with graphene-coverage 

are reduced from 3+ to 2+ only in the top 10 nm layer and the Co species in underneath areas 

maintain their valence state (Figure 37E). In contrast, the reduction of Co species in the non-coated 

areas grew for 50 nm underneath of the surface. It should be noted that these numbers represent 

the lateral distance of the analyzed points from the surface of the specific particle and do not 

correspond to the thickness or the cross section of particles.  
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Figure 37. Snapshot from TEM movie of a partially coated LixCoO2 at 300 °C with corresponding 

EELS results. (A) Snapshot from the lower magnification showing an area with partial graphene 

coating. (B) Snapshot from the graphene-covered area shows the Kikuchi pattern confirming the 

preserved layered structure in this area. (C) Snapshot of the area without graphene-coverage shows 

the typical LixCoO2 structural degradation at elevated temperatures. (D) EELS line scan results 

obtained at 300 °C from the areas indicated in the panel A. (E) Energy difference of Co L3 and L2 

edges (ΔE) as a function of distance from the surface. 

 

In addition, bulk scale characterization of the thermal stability of the cathode sample has 

been carried out by DSC experiments. TA Instruments Q2000 DSC systems were utilized to 

perform the thermal analysis experiments. To capture the heat flow from the exothermic reaction 
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between flammable gases (from the decomposition of electrolyte) and the evolved oxygen (from 

the charged LiCoO2), the hermetically sealed aluminum containers were utilized. Bare and 

graphene-coated LiCoO2 samples were cycled twice and then charged to 4.2 V. Then the cells 

were opened in Argonne filled atmosphere, and the cathode foils were sealed in the aluminum 

container without drying or removing the electrolyte. DSC experiments were performed in the 

range of 25-350 °C with the heating rate of 2 °C/min. Figure 36E corresponds to the DSC results 

from the bare and graphene-coated cathode that have been charged to 4.2 V after two 

charge/discharge cycles. The sharp exothermic peak, which can be seen around 210 °C in the DSC 

curve from the bare Li0.5CoO2 is the result of highly exothermic reaction between the flammable 

gases evolving from the electrolyte and the released oxygen from the cathode. It should be noted 

that, the DSC results were performed in the hermetically sealed containers to keep the released 

flammable gases and oxygen inside to complete the reaction. Interestingly, the results from the 

graphene-coated Li0.5CoO2 shows a significant reduction in the extent of this exothermic reaction 

and almost no exothermic event can be recorded from this sample, which means that oxygen 

evolution is extensively hindered due to the graphene-coating process. The reason for observing a 

slight endothermic peak is that, a small amount of O2 release is still taking place on the graphene-

coated surfaces (as demonstrated in Figure 36D). However, the graphene layer does not allow for 

the interaction of the released oxygen with the decomposed electrolyte and acts as an impermeable 

membrane. The released oxygen remains under the graphene layer and form an oxygen rich 

environment on the cathode surface, which mitigates the further release of oxygen433. The 

experiments were performed on more samples to ensure the reproducibility.   
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5.7. Computational Modeling of rGO/LCO structure (Done by Professor Balbuena’s group 

at Texas A&M University) 

To explain the experimental observations and to understand how the graphene coating could 

prevent/delay the release of oxygen from the cathodes surface, comprehensive computational 

modeling, utilizing density functional theory (DFT) and ab-initio molecular dynamics (AIMD) 

were carried out. Using such complementary modeling techniques, we studied the effect of 

graphene coating on the activation/barrier energy of the O2 release reaction as well the dynamics 

of the rGO/LCO surface interactions at the atomic scale. The details of the DFT model 

configuration are discussed in the Supporting Information. Before proceeding to compute the 

reaction energies and activation barriers for O2 formation in presence of rGO coating, we carried 

out cNEB calculations to obtain activation energies for O2 formation in the bare (012) and (104) 

facets of Li0.5CoO2. Here, the reaction energy is defined as the energy of the product minus the 

energy of the reactant. Meanwhile, the activation energy is defined as the energy difference 

between the ground state energy and the transition state. It is important to note that zero-point 

energies are not included for the calculation of these electronic energies. Based on our previous 

study, side facets are more prone to oxygen release compared to the top (001) facet1. Therefore, 

side facets such as (012) and (104) that are prone to oxygen release are chosen for the modeling in 

this research. Optimized structures are used as the initial state structures for cNEB calculations. 

For final state structures, one Ocathode atom was removed from the Co-Ocathode bond and located 

near an adjacent Ocathode atom to recombine as an O2 molecule with an O-O bond length of 1.25 Å. 

Our results indicate that the motion of a surface Ocathode atom to recombine as an O2 molecule with 

a nearest-neighbor O atom occurs by a jump of approximately 2.82 Å. The reaction energies at the 

(012) and (104) facets are -1.61 eV and -1.72 eV, respectively. These energies are highly exergonic 

indicating that both facets are expected to undergo O2 formation under non-equilibrium conditions. 
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The cNEB calculations show that the O2 formation at the bare (012) and (104) facets need to 

overcome the activation energies of Eactivation = 0.14 eV and 0.23 eV, respectively (Figure 38A). 

The Arrhenius equation κ = ν ∗ 𝑒
𝐸𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛

𝑘𝑇 with a prefactor of  ν = 1013 s-1 yields that the time to see 

an O2 formation event at 400 °C at the (012) and (104) facets are very close and have an average 

of 3.20 picoseconds. This evolution time is in the same order of magnitude of events observed in 

AIMD simulations that will be discussed later on.  

Next, we calculated the O2 formation energy barrier at the facets in the presence of a rGO 

coating material. As discussed in the Supporting Information, the undercoordinated Ocathode atoms 

form chemical bonds with C atoms from the graphene layer. Following the procedure described in 

the previous section, which is inducing O2 formation through breaking the Co-Ocathode bonds at the 

rGO-coated facet, we observed that the Ocathode atom is rejoining the C atom from rGO layer. In 

other words, the simulations show that no O2 formation can be observed in presence of a fully 

covered rGO coating. This is because complete coordination of oxygen atoms by bonding with the 

C atoms from the rGO layer. As another condition, we assume that the rGO material is not covering 

the complete surface and there are uncovered domains in the rGO coating layer such as defect 

sites. We considered that the first O atoms are bonded to the C atom from the graphene layer and 

the second O atoms are in the defective area and are undercoordinated. Our calculation 

demonstrates that formation of an O2 molecule at the (104) facet under the described circumstances 

yields a reaction energy of Ereaction = -0.88 eV and an activation energy barrier of Eactivation = 2.77 

eV. According to the Arrhenius equation, such reaction will take more than 16600 hours to happen 

at 400 °C, which is kinetically unfeasible. So it can be concluded that, while the bare surfaces are 

expected to undergo O2 evolution within the first few picoseconds, the rGO coating material forms 

a stable interface with the side facets due to its chemisorption via C-Ocathode bond formation, 
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leading to higher reaction energies and activation barriers of the O2 formation at non-equilibrium 

conditions. Figure 38A and Figure 38B demonstrate O2 formation Energy profile based on DFT 

calculation for the bare and the rGO coated (104) slabs together with the snapshots of the initial 

state (IS), transition state (TS) and final state (FS). 

Moreover, AIMD simulations were performed to better understand the interaction of the 

rGO-coating layer with the LixCoO2 species at the elevated temperature. Figure 38C shows the 

AIMD results from the bare (012) facet of Li0.5CoO2 before and after temperature elevation, where 

rapid release of O2 molecule can be observed after 400 fs. It should be noted that it is very well 

known that the DFT PBE exchange-correlation functional overestimates O2 atomization 

energies434, which may lead to the extremely rapid release of O2. Hence, we applied PBE+vdW+U 

(U-J correction of 4.75 eV only applied to the Co atoms), and we also tested alternative approaches 

using the revised PBE (revPBE)+vdW+U and plain PBE methods to maximize the accuracy of our 

results. We checked the evolution of the bare and rGO-coated (012) Li0.5CoO2 by AIMD 

simulations starting from the revPBE+vdW+U (see the Supporting Information for further 

clarification). Results from rGO interaction with the Li0.5CoO2 side slab (Figure 38D) indicate that, 

at 400 °C, the rGO layer moves closer to the Li0.5CoO2 surface slab and C atoms from the rGO 

layer form bonds with the under-coordinated O atoms found at the surface. The C-O bond 

formation takes place within the first 500 fs of the simulation time. Therefore, the formation of the 

C-O bonds prevents the formation of O2 molecules. After 4 ps of the simulation time, our 

simulations of the rGO/Li0.5CoO2 (012) interface indicates some O2 evolution, which is a 

significant delay compared to the O2 formation in the span of 500 fs in the bare sample1. This is in 

accordance with the experimental results that show a reduction of Co species at the surface of the 

graphene-coated Li0.5CoO2 with a delay and to lower extent compared to the bare sample. Overall, 
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by studying the dynamics of the rGO/LixCoO2 interfaces at 400 °C we conclude that the graphene-

coating improves the structural stability of the facets by two mechanisms; (1) graphene-coating 

does not allow the formation and release of O2 molecules since oxygen species bond with carbon 

atoms from the rGO layer. (2) If O2 is formed in the defective sites of rGO coating, graphene layer 

inhibits the release of O2, which results in a O2 rich atmosphere underneath the rGO layer that 

hinders the further O2 release from the surface of the cathodes432. Noteworthy, authors 

acknowledge that the trajectory times in AIMD modeling are in the span of pico-seconds and may 

not capture all the possible reaction in a certain system. Therefore, we performed both DFT and 

AIMD modeling to compensate such fundamental shortcomings of each modeling approach and 

obtain the most reliable and accurate understanding.   
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Figure 38. O2 formation energy profile based on DFT calculations and AIMD modeling results. 

(A) Energy profile for O2 formation for the bare Li0.5CoO2. (B) Energy profile for O2 formation 

for the rGO coated Li0.5CoO2. Snapshots of the initial state (IS), transition state (TS) and final state 

(FS) structures are also shown. Green spheres represent Ocathode atoms forming the O2 molecule. 

(C) AIMD results from the bare Li0.5CoO2 (012) slab at 25 °C and 400 °C after 400 fs. (D) AIMD 

results from the rGO coated Li0.5CoO2 (012) slab at 25 °C and 400 °C after 4,320 fs. 

5.8. Summary and Conclusion 

In summary, this work proposes graphene-coating of LiCoO2 to suppress the oxygen-

release from oxide-based cathodes. Our electrochemical cycling and in-situ DEMS results show 

that graphene-coating impedes the degradation of LiCoO2 under high cut-off voltage cycling. In-
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situ TEM/EELS technique and thermal analysis show that the reduction of Co species and oxygen-

release is effectively suppressed with the presence of graphene layer. The mitigation of oxygen 

release by graphene-coating has been explained in two ways: (1) bonding between the oxygen 

atoms from the cathode surface with carbon atoms from the rGO coating increases the energy 

barrier for O2 formation and (2) the impermeable graphene layer hinders the release of any formed 

O2, thus results in a O2 rich atmosphere underneath the rGO layer that hinders the further O2 

formation from the surface of the cathodes. Overall, we believe these results pave the roadmap for 

the design of thermally-stable oxide cathodes enabled by two-dimensional materials. Such 

realization is critical for safe, high voltage cathodes. Another advantage of our approach is its 

economic viability since our graphene-coating technique is simple, effective, and scalable for 

large-scale applications.  
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5.9. Supplementary Information 

 

 

Figure 39. Additional TEM images from various rGO-coated LCO particles that demonstrate the 

uniformity of the coating and acceptable homogeneity of coating thickness among various 

particles. 

DFT Simulations Details. RPBE and Co Oxidation State. (Done by Professor Balbuena’s group 

at Texas A&M University) 

Our DFT model consists of a rGO ribbon having the top atoms saturated with H atoms while at 

the bottom C sites are able to interact with the oxide surface. The final stable structures obtained 

after geometry optimization are shown in Figure 40. The rGO coating material chemisorbs at LCO 

facets. The simulations show that the rGO coating material chemisorbs to the particles surface with 

C atoms bonding to under-coordinated Ocathode atoms (where Ocathode atoms are under-coordinated 

atoms interacting with the rGO coating material). To avoid an excessive computational cost, we 

reduced the height of the rGO coating material and only considered a fragment from the rGO 

coating material connected to the (104) facet for our cNEB calculations. Optimization of the rGO-

coated (104) slab shows that the interface bonding occurs via C-Ocathode bonds with a C-Ocathode 

bond length of approximately 1.66 Å. The optimized configuration shows that the Ocathode atoms 
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interact with the Co atoms at approximately 2.11 Å, which results in an elongation of the bonding 

compared to the initial Co-Ocathode bond length of approximately 1.66 Å. 

 

Figure 40. The front view of the optimized rGO-coated (104) slab. Selected C-Ocathode bonds are 

circled in black. Color code: Red, blue and gray spheres represent O, Co and C atoms; respectively. 

The DFT PBE exchange-correlation functional overestimates O2 atomization energies434. We 

checked the atomization energy with the RPBE functional by Hammer et al.435 using the 

following equation:   

Ea = 2*EO – EO2.                       (1) 

Here, Ea, EO, and EO2 represent the atomization energy, energy of a single O and energy of an 

oxygen molecule. An O atom was placed in the middle of a 15 Å cube to perform a single point 

energy calculation. The O2 molecule was placed inside of a simulation box with the following 

dimensions: a = 8.480 Å, b = 14.945 Å and c = 16.750 Å. The dimensions of the box are similar 

to the ones used in the AIMD simulations. According to the values in Table 2, the error in 

calculating the atomization energy of O2 is 0.95 eV and 0.56 eV for PBE and RPBE, respectively. 

Compared to the experimental value, the error is smaller for the RPBE functionals. Thus, the use 

of RPBE substantially weakens the Ocathode-Ocathode bond. 

1.24 Å
1.30 Å

1.32 Å

a) b)
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Table 2. Calculated O2 atomization energy with DFT PBE and RPBE functionals. 

Theory level Atomization Energy (eV) 

PBE 6.07 

RPBE 5.68 

 

Furthermore, we followed a similar procedure presented by Aykol et al.436 to determine the effect 

of +U on the magnetic moment of the outermost Co atoms of the (104) Li0.4CoO2 slab. Aykol et 

al.436 reported a sharp metal-insulator transition (MIT) and magnetic moment transition for the 

LiCoO2 cell. Here, we show in Figure 41 a magnetic moment versus U plot where a slight change 

in the magnetic moment values is noticeable at U = 2.5 eV. Thus, we followed a procedure as 

reported by Aurbach, Majors, and co-workers437 to calculate the oxidation state of the outermost 

Co atoms in the coated (104) Li0.4CoO2 slab at U = 2.5 eV. We assign the oxidation state by 

calculating the number of unpaired electrons based on the local magnetic moment using the spin-

only formula: 

𝜇 = √n(n + 2)          (2) 

Where μ is the local magnetic moment (in Bohr Magneton units) and n is the number of unpaired 

electrons. From Figure 41, the magnetic moments calculated with the RPBE functional and a U = 

2.5 eV correction lead to zero unpaired electrons, that when taking into consideration the  3d74s1 

configuration for the valence electrons of Co provided by the projector-augmented-wave (PAW) 

potentials362,363, results in a majority of Co atoms at the  low-spin (LS) Co2+ oxidation state. 
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Figure 41. The magnetic moment for outermost Co atoms in the (104) Li0.44CoO2 slab as a function 

of U. 

AIMD simulations. Ab-initio molecular dynamics (AIMD) simulations of the rGO/LixCoO2 

interfaces at 400 °C are carried out to investigate the case where rGO layer has a distance with the 

LCO facets and thus is not forming direct C-O bonding to the surface. The results show that the 

graphene-coating improves the structural stability of the facets by (1) preventing and delaying O2 

formation and (2) trapping the formed O2. Our previous observation showed that in the bare 

LixCoO2 particles, the under-coordinated Ocathode atoms rapidly join to form O2 molecules in (012) 

and (104) facets. Regarding the observed formation of O2 in the AIMD simulations, it is extremely 

well known that the DFT PBE exchange-correlation functional overestimates O2 atomization 

energies434 which may lead to the following interpretation: the rapid release of O2 is due to the 

large overestimate of the O2 formation energy. To confirm that this is not the case in our models, 

we ran AIMD simulations of the thermally unstable LixCoO2 facets and rGO-coated LixCoO2 using 

two different combinations of functionals and van der Waals (vdW) corrections: 1) plain PBE, and 

2) the revised PBE (revPBE)+vdW+U. Moreover, we want to highlight that the atomization energy 

of O2 is only one of the important components leading to O2 release. In this case, the dynamics of 

the surface and the interaction of the coating layer with the surface are additional very important 

aspects of Ocathode-Ocathode recombination and O2 evolution. Therefore, to illustrate the significance 
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of rGO the coating on the O2 formation in comparison with the PBE functionals, rGO layer was 

displaced in this model to be further away from the cathode surface to avoid the C-O bond 

formation (Figure 42).  

 

Figure 42. (A) Snapshot of the structure of the coated (012) Li0.4CoO2 slab layer at 879 fs of 

simulation time using the PBE functional without +U and vdW corrections. (B) Snapshot of the 

structure of the coated (012) Li0.4CoO2 slab at 159 fs of simulation time using the revPBE+vdW+U 

functional. (C) Snapshot of the structure of the bare (012) Li0.5CoO2 slab at 667 fs of simulation 

time using the revPBE+vdW+U functional. Color code: Green, blue, red, and brown spheres 

represent Li, Co, O, and C atoms, respectively. 

Panel A in Figure S5 shows the configuration of the system after 879 fs of simulation time using 

the PBE functional. Here, two under-coordinated Ocathode atoms (labeled O53 and O52 in Figure 

42) move closer at a distance of 1.53 Å, yet no desorption takes place at this time. The second test 

with the revPBE+vdW+U functional results in a rapid O2 formation and release (see panel B in 

Figure 42). The release of O2 (atoms labeled O51 and O50 in Figure S5) takes place within 160 fs 

of simulation time. This confirms that even by using revised PBE (revPBE)+vdW+U that reduces 

the overestimation of O2 atomization energy, O2 formation and release occurs in a shorter duration 

of time. Moreover, as seen in panel B of Figure 42), other O2 molecules are already formed at the 

cathode’s surface (one O2 formed by the atoms labeled O41 and O49 and the other O2 formed by 

atoms labeled O38 and O44). The evolved O2 has an elongated bond length of 1.28 Å. Panel C in 

A B C



128 
 

Figure 42 shows that in the absence of a barrier, the evolved O2 moves farther away from the 

surface. Incidentally, these simulations show that O2 molecules can be formed underneath the rGO 

layer. The O2 formed at the surface and evolved O2 are found to be in the triplet state (ground 

state). This was done by checking the magnetic moment of the O atoms at the end of the AIMD 

simulation run. To be clear, the singlet oxygen (excited state) is associated with a magnetic 

moment equal to zero. 

Regarding the role of the barrier with the revPBE functional, the snapshots that are shown in 

Figure 43 indicate that O2 formation is delayed in the rGO-coated (012) Li0.5CoO2 slab. These 

results are in accordance with the experiments and with the PBE+vdW+U/AIMD simulations. 

Specifically, panel C in Figure 43 shows that the O2 formation in the bare sample starts within the 

first 60 fs and a second O2 molecule forms at approximately 200 fs. On the other hand, panel D in 

Figure 43 shows that the first O2 molecule forms at approximately 100 fs while a second O2 

molecule forms after 400 fs of simulation time. More importantly, the O2 molecules stay close to 

the surface when the surface is coated. 

It should be noted that, DFT functionals contain errors in the O2 atomization energy that question 

the accuracy of the interpreted AIMD results. Currently, this error for revPBE+U+vdW functionals 

is about 0.5 eV which is a considerable error for an oxygen-related redox event such as 

superoxide/peroxide formation and oxygen release in the thermal degradation event of oxide 

cathodes. Therefore, achieving high accuracy in the utilized DFT functionals is a highly important 

goal that should be followed to carry out reliable AIMD simulation of oxygen-related redox events 

in future. 
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Figure 43. RevPBE/AIMD simulation results of the bare (012) Li0.5CoO2 slab (panels A and C) 

and graphene-coated (012) Li0.5CoO2 slab (panels B and D). (A) Snapshot of the structure of the 

bare (012) Li0.5CoO2 slab layer at 667 fs. (B) Snapshot of the structure of the graphene-coated 

(012) Li0.5CoO2 slab at 239 fs. Red spheres circled in red represent the evolved O2 molecule. (C) 

Time evolution of O-O distances for two O2 molecules for the bare (012) Li0.5CoO2 slab. (D) Time 

evolution of O-O distances for two O2 molecules for the graphene-coated (012) Li0.5CoO2 slab. 

Color code: Green, blue, red, and brown spheres represent Li, Co, O, and C atoms, respectively. 
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Chapter 6: Revealing the Atomic Structure of Grain Boundaries in Li-rich Cathode 

Materials  

(Previously published as Sharifi-asl, S.; Yurkiv, V.; Gutierrez, A.; Cheng, M.; Croy, J.; 

Balasubramanian, M.; Mashayek, F.; Shahbazian-Yassar, R. Revealing Grain Boundary Induced 

Degradation Mechanisms in Li-Rich Cathode Materials. Nano Letters. 2020, 20 (2), Reproduced 

with permission3. Copyright 2017, American Chemical Society) 

6.1. Introduction 

Layered, LiTMO2-type cathode-oxides are the dominant positive electrodes in commercial Li-ion 

battery (LIB) technologies. Such materials have been aggressively developed and are now nearing 

the point of intrinsic limitation, thereby hindering further advancements11. Li-rich, LMR-NMC 

cathodes, that can deliver capacities between 250 – 300 mAhg-1, are considered promising options 

for the next generation of LIBs438,439. However, the practical application of Li-rich materials has 

been challenging due to several phenomena that are unique to these oxides; namely, voltage fade, 

hysteresis, and impedance at low states of charge (SOC)440–445. The mechanisms behind these 

phenomena are unique to these oxides because of the complexity of their local structures and recent 

works have made progress with respect to understanding in this regard442,446,447.  However, as with 

all cathode-oxides, macroscopic phenomena can also play a critical role in performance. For 

example, cracking and disintegration of secondary macro-particles, which are agglomerates of 

primary cathode grains, have been correlated with severe capacity degradation448. It has been 

demonstrated that the lithiation/de-lithiation process induces contraction/expansion of the crystal 

structure, which leads to large strain in the primary particles and promotes the disintegration and 

cracking of secondary particles449. In addition, surface degradation such as layered-to-spinel-to-

disordered rock-salt transformations, as well as transition metal migration/dissolution, have been 

observed in virtually all conventional, layered oxides57,161,450–452.  
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In LMR-NMC cathodes, it has been shown that even a small concentration of local defects can 

greatly influence the macroscopic electrochemical properties of cathode electrodes453,454. 

However, to what extend the atomic-scale structure can affect properties such as particle 

cracking/disintegration, in complex LMR-NMC-based particles, is not well-understood. Recent 

work, using operando X-ray tomography, has reported that charging LMR-NMCs induces a high 

extent of defects, consistent with previous findings, which is not observed in conventional cathodes 

such as Li(NixCoyAl1-x-y)O2 (NCA)197. In that work the authors hypothesize that the lower Young’s 

modulus of the Li-rich materials197 is the underlying cause for defect formation/activity, although 

an atomic-scale analysis that explains such results is still lacking. Furthermore, though the pristine 

structure of LMR-NMCs has been the subject of extensive study and debate87,88,189,197,455–460, the 

atomic arrangement of the phase boundaries in these structures, and how those boundaries change 

during cycling, have not been thoroughly investigated. 

Herein, we have used aberration corrected-scanning transmission electron microscopy 

(AC-STEM) to investigate the atomic structure and chemistry of a Li-rich, layered-layered-spinel 

material before and after electrochemical cycling. Our findings directly indicate that the primary 

cathode particles are composed of distinct, randomly oriented nano-grains of hexagonal LiTMO2 

and monoclinic Li2TMO3 structures (TM=Co, Ni, and Mn). Hence, high concentrations of 

phase/grain boundaries were detected in the structure of these cathodes. Based on the geometrical 

phase analysis (GPA) such phase boundaries are highly strained, which can cause cracking and 

disintegration of particles during repeated electrochemical cycling. In addition, chemical analysis, 

through electron dispersive spectroscopy (EDS) and electron energy loss spectroscopy (EELS), 

suggests a uniform composition across the boundaries in the pristine samples. However, Mn 

depletion and Ni enrichment were detected in the boundaries of cycled samples. Additionally, 
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crack initiation was observed in the phase boundaries after extended cycling, which implies that 

grain/phase boundaries play a detrimental role in the structural stability of the Li-rich cathode 

materials. Finally, density function theory (DFT) investigations were conducted in order to better 

understand the underlying reasons for composition variation of the grain boundaries.  

6.2. Experimental  

Synthesis of cathode particles - A co-precipitation process was used to synthesize Ni-Mn-Co 

(NMC) carbonates precursors using 4L continuously-stirred-tank-reactor (CSTR). An initial 

volume of 3L DI water was used. The CSTR was sealed and N2 was flowed to remove air and 

avoid oxidation of the product. Stock solutions of ammonium hydroxide (0.05 M NH4OH), sodium 

carbonate (2M Na2CO3) and NMC sulfate (2M NMC-SO4) were pumped into the tank to allow for 

a 6 hr residence time. The reaction was stopped after 24 hr (4 residence times) and the product was 

filtered, washed then dried overnight at 110°C. The NMC-carbonate was then mixed with the 

appropriate amount of lithium carbonate and fired at 900°C (2°C/min) for 20 hours. The “parent” 

LMR-NMC material for this work is based on the following composition: 

0.25Li2MnO3•0.75LiMO2 or Li1.25Mn0.53Ni0.28Co0.19Ox, where the Li/TM = 1.25. In order to 

integrate a spinel-type component into the composite material used in this work, less lithium was 

used to achieve a Li/TM < 1.25. The composition achieved for the baseline cathode in this work 

was Li1.18Mn0.53Ni0.28Co0.19Ox, where the Li/TM = 1.18, suggesting a spinel component of ~ 6%.  

Electrochemical characterization – Slurries containing the baseline cathode material, 

polyvinylidene fluoride (PVDF) and C45 carbon (84:8:8) were cast on aluminum foil and dried 

overnight. The electrodes were calendared to 80% of the original thickness before use in cells. The 

active material loading was 8 mg/cm2. Celgard polypropylene and graphite-based electrodes were 
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used as the separator and anode, respectively, for coin cell testing. The electrolyte was 1.2 M LiPF6 

dissolved in ethylene carbonate / ethyl methyl carbonate (EC:EMC - 3:7 by weight).  

The cycling protocol used consists of an activation cycle between 4.5 – 2.0 V (vs. graphite) at C/10 

followed by continuous cycling between 4.4 – 2.5 V (C/2). Further details of the cycling protocol 

can be found elsewhere461. The capacity delivered during the 1st cycle activation between 4.5 – 2.0 

V was ~ 215 mAh/g (not shown). In the current work, the capacity dropped to ~ 190 mAh/g upon 

limiting the voltage window to 4.4 – 2.5 V (~ C/2) in subsequent cycles. 

Scanning electron microscope imaging – The morphologies of the material were investigated by 

scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy using a Hitachi S-

4700-II microscope in the Electron Microscopy Center, Argonne National Laboratory.  

X-ray Diffraction – High-energy synchrotron X-ray diffraction measurements were carried out on 

the LMR-NMC cathode powder at 11-BM at the Advanced Photon Source at Argonne National 

Lab (λ = 0.414561 Å). 

Transmission electron microscopy. Cathode samples were scratched from the Al current collector, 

sonicated in IPA and drop casted onto lacy carbon grids, dried and loaded on double tilt TEM 

holder. Scanning transmission electron microscopy and electron energy loss spectroscopy were 

performed using JEOL JEM-ARM200CF STEM equipped with a cold field emission gun with 

0.78 Å spatial resolution and a Gatan Quantom EELS detector. A 22 mrad probe convergence 

angle was used to perform STEM imaging. HAADF detector with 90 mrad inner-detector angle 

was utilized to obtain Z-contrast atomic resolution images. LAADF detector with 45 mrad inner-

detector angle was utilized to obtain defect-sensitive images. The color-coded images were 

restructured from the atomic resolution images using Gatan Microscopy Suit (GMS3) software, in 

which diffraction spot from each grain were masked to generate reconstructed atomic image by 



134 
 

inverted FFT function. Then images from various phase were combined to form the color-coded 

reconstructed images. EELS was carried out with 0.5 eV/channel dispersion on a 2048 channel 

EELS detector using a 5 mm detector aperture. Full-width half maximum of zero loss peak was 

measured 0.6 eV which determines the energy resolution of the obtained spectra. EELS map 

acquisitions were carried out by 5 Å pixel size and 0.2 s dwell time on a 7×7 nm area. Electron 

dispersive spectroscopy (EDS) was carried out using an Oxford X-max 100TLE windowless SDD 

X-ray detector.  

Density Functional Theory calculations: DFT calculations462 were performed using the Vienna Ab 

Initio Simulations Package (VASP)367 code employing the generalized-gradient approximation 

(GGA)463 using the PBE (Perdew, Burke, and Ernzerhof)464 functional to account for the exchange-

correlation effects. In addition, to account for the Coulombic repulsion between localized electrons 

in transition metals (Ni, Mn and Co), the DFT+U schema is used. The Hubbard parameters (U‒J) 

for Ni, Mn and Co are set as 6.7, 4.2 and 5.96, respectively.465 For systems with an even number 

of electrons non spin-polarized calculations, and for systems with an odd number of electrons 

unrestricted spin-polarized calculations, are performed. The migration paths and barriers are 

determined using the linear nudged-elastic-band method as implemented in VASP code.  

For all calculations, a cutoff energy of 500 eV is used. The further increase of cutoff energy to 550 

eV led to the change of the total energy of less than 0.02 eV. All structural optimizations are carried 

out until the forces, acting on atoms, are below 0.01 eV/Å. The criteria for energy change is set to 

0.1 eV. 

 The LiNixMnxCoxO2 (NMC) computational slab is created from the LiCoO2 (LCO) unit 

cell, by repeating it three times through a and b vectors (Figure S3) and randomly substituting Co 

atoms by the appropriate amount of Ni and Mn atoms. The final NMC slab has 108 atoms and the 
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lattice constants a = b = 8.45 Å and c = 14.05 Å ( =  = 900,  = 1200). For all the calculations a 

k-point mesh of 4 × 4 × 2 is used. In order to ensure that the slab size is chosen properly and 

represents the properties of the macroscopic crystal structure, the Li diffusion energetics is 

calculated for two different slab sizes. The first slab is 108 atoms as described above and the second 

one is 192 atoms configuration. In the case of 192 atoms, the Li diffusion barrier has changed less 

than 1 % comparing to the slab with 108 atoms. Thus, in order to perform computationally effective 

calculations, the slab with 108 atoms is used. 

6.3. Li-rich Cathode Characterization (Done by Dr. Croy’s Group at Argonne National 

Laboratory) 

The morphology and structure of Li- and Mn-rich, layered-layered, xLi2MnO3•(1-x)LiTMO2 

(TM=Ni, Mn, Co) (LMR-NMC)  specimens were characterized by scanning electron microscopy 

(SEM) and X-ray diffraction (XRD). The SEM imaging, which was done using a Hitachi S-4700-

II microscope in the Electron Microscopy Center at Argonne National Laboratory, demonstrated 

the spherically shaped secondary particles (Figure 44A) in the range of ~ 15 micron in size (Figure 

44B). Each secondary particle is made up of smaller nanometer sized primary particles (Figure 

44C). High-energy synchrotron X-ray diffraction measurements were carried out on the LMR-

NMC cathode powder at 11-BM at the Advanced Photon Source at Argonne National Lab (λ = 

0.414561 Å) that confirmed the presence of both R-3m and C2/m as shown in Figure 44D. The 

LMR-NMC cathode was cycled against graphite anode in a full-cell configuration. Figure 44E is 

a representative example of the cycle life performance of LMR-NMC cathodes, when tested 

against graphite anodes. The capacity delivered during the 1st cycle activation between 4.6 – 2.0 

V was ~ 215 mAh/g (not shown). In the current work, the capacity dropped to ~ 190 mAh/g upon 

limiting the voltage window to 4.4 – 2.5 V (~ C/2) in subsequent cycles. The electrochemical 
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cycling results demonstrated that the capacity fades quickly, reaching the end of life (~ 150 mAh/g 

which is 80% of capacity delivered during 2nd cycle) near the 35th cycle (Figure 44E). It is known 

that one of the main capacity degradation mechanisms is the dissolution of manganese from the 

cathode and subsequent deposition on the anode, which exacerbates the trapping of lithium on the 

anode and causing the capacity fade466. However, since such degradation mechanisms have been 

also observed in the conventional layered NMC cathodes, the current work is intended to 

investigate the additional degradation mechanism that account for faster capacity degradation 

observed in LMR-NMC cathode structures.  

 

 
Figure 44. (a-c) Low to high-magnification SEM images (d) high-energy X-ray diffraction (e) 

representative cycle life for unoptimized LMR-NMC//graphite cells. The cycling protocol details 

are shown in the figure. 
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6.4. STEM Atomic Resolution Imaging and Strain Analysis of the Grain/Phase Boundaries 

in Primary Particles 

Figure 45A and B demonstrates low-magnification HAADF images from the primary LMR-NMC 

particles. The uniform contrast denotes to the even thickness of the particles, which enables STEM 

imaging from the surface as well as core areas of each sample. Figure 45C and D demonstrates 

atomic resolution HAADF images from the surface of the pristine and the cycled sample (after 

100 cycles). Clearly, the migration of transition metals to Li-octahedral sites has been promoted 

during the cycling, causing the thickening of the surface reconstruction spinel/rock-salt layer from 

< 1nm to ca. 3 nm from the pristine sample to the cycled sample. However, surface reconstruction 

has been observed in many studies on the conventional layered oxide cathodes63,119–121. Therefore, 

such relatively small fraction of change in the surface cannot fully explain the rapid capacity 

degradation observed in Li-rich cathodes (Figure 44). Therefore, further analysis was carried by 

atomic investigation of the bulk structure of the pristine and cycled samples. 
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Figure 45. (a, b) Low magnification HAADF images, demonstrating the morphology of primary 

cathode grains. Atomic resolution HAADF images from the edge of (c) a pristine cathode particle 

and (d) a cycled cathode particle, showing a 1 nm and 3 nm thick SRL layer on the surface. 

By examining the pristine cathode samples, it was realized that the primary particles are 

composed of layered-structured grains with varied orientations with respect to each other (Figure 

46A, B). The corresponding fast Fourier transformed (FFT) images are shown in Figure 46C, D. 

Based on the FFT analysis, it can be concluded that the two intersecting grains correspond to [010] 

and [3̅10] projections of the monoclinic Li2MO3 phase and the [100] projection of the hexagonal 

LiMO2 phase, respectively. In addition to FFT analysis, the interlayer distances of the layered 

structures in Figure 46C are quantified through line profile measurements and the results are 
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demonstrated in Figure 46E. The yellow and red profiles correspond to the monoclinic and the 

hexagonal phases, respectively. It can be observed that the interlayer distances of the monoclinic-

labeled structure are ca. 0.2 Å larger, which is in accordance with the atomic models. Although 

such projections from the monoclinic and hexagonal phases have a very close atomic configuration 

and interlayer distances, such small variations can be quantified through sub-angstrom AC-STEM 

imaging. In addition, chemical composition analysis using EDS and EELS was carried out as a 

complimentary technique to verify the co-existence of monoclinic Li2MO3 and hexagonal LiMO2 

phases. Figure 46F demonstrates an EDS line scan collected across a grain boundary between 

Li2MO3 and LiMO2 grains. In spite of a very small variation in the transition metal signals, a 

considerable reduction in O signal intensity can be observed by moving from the Li2MO3 grain to 

the LiMO2 grain. 
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Figure 46. (a-d) Atomic resolution HAADF images and the corresponding FFT patterns from the 

core of an LMR-NMC particle showing a boundary between two layered phases. FFT analysis 

reveals that the observed layered phases shown in panels (a) and (c) correspond to the [010] and 

[3̅10] projections of the monoclinic Li2MO3 phase and the [100] projection of the hexagonal 

LiMO2 phase respectively. (e) Line profile analysis from the interlayer distances observed in (a). 

Yellow and red profiles correspond to the monoclinic and the hexagonal phase respectively. The 

plot illustrates a 0.2 Å increase in the interlayer distance in the monoclinic-labeled phase compared 

to the hexagonal phase, which is in accordance with the atomic models shown above. (f) The EDS 

line scan taken across a LiMO2/Li2MnO3 grain boundary. 

Further investigation of the grain boundaries in the pristine cathode particles were carried 

out by defect-sensitive LAADF and atomic resolution imaging. Large inner collection angle of the 

HAADF detector eliminates the diffraction contrast and only detects only the electron that are 

scattered by the thermal diffuse scattering mechanism which is highly dependent on the Z number 

of atomic columns29. However, by reducing the detector inner angle, the Z-dependence of the 

contrast decreases and the image contrast will be influenced by the coherent diffraction contrast 
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formed by Braggs reflections30. Therefore, the contrast in an LAADF image is similar to the dark-

field TEM images. The reason for observing defects in LAADF images is suggested to be “de-

channeling” effect of electrons from crystalline defects and strained areas29,31.Figure 47A 

demonstrates a low-magnification LAADF image from a pristine particle. The high contrast lines, 

indicated with red arrows, correspond to defects in the structure. Considering the 50 nm width of 

the image, the presence of four line-defects demonstrates a high concentration of defects in this 

particle. Atomic resolution imaging reveals that the bright elongated lines in the LAADF 

correspond to an increased interlayer distance in the layered structure of the sample (Figure 47B). 

As shown in the Figure 47C, the interlayer distance has increased from 4.87 Å in the adjacent area 

to 5.73 Å in the defect line. Based on the FFT pattern analysis shown in Figure 47D, it is concluded 

that the increased interlayer distance corresponds to a grain boundary between [010] and [3̅10] 

projections of the monoclinic structure. Figure 47E demonstrates the color-coded reconstructed 

image based on the FFT pattern, illustrating the presence of various projections of the monoclinic 

phase in this area. Moreover, GPA was carried out on the atomic resolution image in Figure 2b, 

which demonstrates a large strain in the grain boundary (Figure 47F). The observed strain is 

generated as a result of the increased interlayer distance in the grain boundary, which can possibly 

lead to cracking, impedance rise, and capacity fade of the battery during electrochemical cycling.  
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Figure 47. (a) low magnification LAADF image from a pristine cathode particle showing a high 

concentration of elongated defects as indicated by red arrows. (b) Atomic resolution HAADF 

image from a line defect indicated in (a). Based on the (c) line profile measurement and (d) FFT 

analysis, the defect is an elongated interlayer distance where [010] and [3̅10] projections of 

monoclinic Li2MO3 phases are forming a grain boundary. (e) Reconstructed color-coded image 

from the indicated diffraction spots in (d) illustrating the separation of two grains. (f) GPA results 

showing a large strain in the grain boundary as a result of increased interlayer distance.   

A different configuration of grain boundaries is shown in Figure 48A, where dissimilar 

projections of the monoclinic structure are facing each other. Although there is a one-to-one 

correspondence between the atomic layers of [010] and [3̅10] phases, a distinct spinel-type grain 

boundary is formed that is a result of transition metal migration to the Li-octahedral sites. Such 

transition metal migration has occurred in 1-2 unit-cells that are adjacent to the grain boundary. 

Figure 48B demonstrates the corresponding FFT pattern, which is analyzed as a three-phase 



143 
 

structure consisting of [010] and [3̅10] projections of the monoclinic Li2MO3 structure, plus the 

spinel-type interface. A color-coded reconstructed image is shown as an inset in Figure 48A for 

illustration of grain configurations. As can be seen from the GPA shown in Figure 48C, such 

spinel-type grain boundaries are also highly strained and may also act as crack and failure initiation 

points in the cycled material. In addition, chemical analysis has been carried out on the spinel-type 

grain boundary area by EDS, shown in Figure 48D. The results demonstrate that the distribution 

of Mn, Ni and Co is uniform in both surrounding monoclinic grains as well as across the boundary, 

confirming, within detection accuracy, a uniform composition in the monoclinic Li2MO3 phases.   

 

Figure 48. (a) The atomic resolution HAADF image from a pristine cathode particle, showing a 

spinel-type grain boundary. (b) The corresponding FFT image demonstrating the presence of the 
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[010] and [3̅10] projections of the monoclinic Li2MO3 phase and formation of the spinel-type 

structure at the grain boundary as a result of migration of transition metals to the Li-octahedral 

sites. A color-coded reconstruction image based on the diffraction spots indicated in (b) is shown 

as inset in (a) for illustration of the triple phase boundary. (c) GPA, showing a large strain in the 

spinel-type grain boundary. (d) EDS maps of Mn, Ni and Co from the grain boundary confirming 

a uniform composition at the grain boundary.  

6.5. Post Cycling TEM Analysis of the Cathodes and Grain Boundaries 

To understand the role of the identified grain/phase boundaries on electrochemical degradation 

structural stability of the particles, AC-STEM experiments were carried out on the cycled cathode 

particles. Figure 49A demonstrates an LAADF image from a cycled cathode particle with bright 

contrast features that correspond to the identified grain/phase boundaries. Figure 49B is an atomic 

resolution image from the indicated area in the low-magnification image. The analysis of the FFT 

pattern (Figure 49C), demonstrates a spinel-type grain boundary with the same grain configuration 

as was observed in the pristine particle shown in Figure 48. The phase transition at the surface 

regions of the particle can be observed, which is an expected phenomenon in the cycled layered 

oxide cathodes12,157. Additionally, it can be observed that a nano-crack has initiated on the grain 

boundary, which might develop into a more significant crack and initiate disintegration of the 

cathode upon further cycling. The analyzed FFT pattern demonstrates that the spinel-type 

boundary is located between the [010] and [3̅10] projections of the monoclinic Li2MO3 phase, 

similar to the atomic configuration observed in the pristine sample. The color-coded reconstructed 

image, Figure 49D, illustrates the configuration of the identified grains and the spinel-type grain 

boundary. Aside from the layered to spinel/rock-salt phase transformation that can be observed in 

the surface areas of both grains, and transition metal migration to Li sites, stacking fault disorder 

can be detected in the cycled sample. Figure 49E shows an atomic resolution image from the [010] 



145 
 

grain located on the right side of the Figure 49B, demonstrating a disorder in the stacking of the 

layers. The stacking faults, induced by slab sliding during electrochemical cycling, denotes the 

electrochemical activity present in the Li-rich domains. Figure 4f demonstrates EDS map results 

from the indicated spinel-type boundary, which shows localized depletion of Mn and enrichment 

of Ni at the boundary. The localized chemical inhomogeneity in the interface is only observed after 

electrochemical cycling of the particles. The depletion of Mn may be attributed to a preferred 

dissolution of Mn from high energy grain-boundaries that subsequently promotes the diffusion of 

Ni into the Mn/Li vacancies, as discussed below. The increased dissolution of Mn and increased 

Ni migration to the grain boundary can also be the result of cracking of particle surface and 

exposing new surfaces to the electrolyte, which promotes the metal dissolution.  The promoted 

metal dissolution can, in turn, negatively affect cell performance through Mn deposition and Li 

consumption at the graphite anode as well as impedance rise at the now disordered cathode 

surface467,468. In addition, crack formation, exposure of fresh particle surfaces, and eventual 

disintegration of the active materials serve to exacerbate these problems. 
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Figure 49. (a) Low-magnification LAADF image showing a cycled cathode particle. Various 

bright contrast feature can be observed in the particle which can be attributed to previously shown 

grain/phase boundaries. (b) Atomic resolution HAADF image from the indicated area in (a), which 

shows a spinel-type grain boundary that forms a nano-crack at the particle surface. (c) The 

corresponding FFT pattern that is indexed as a three-phase structure consisting [010] and [3̅10] 

projections of the Li2MO3 structure together with the spinel-type boundary, similar to the atomic 

configuration of the pristine sample. (d) Color-coded reconstructed image, based on the indicated 

diffraction spots in (c), illustrating the three-phase structure of the imaged area. (e) Atomic 

resolution image from the [010] projection on the right side of (b), showing a disorder in the 

stacking of the layers. (f) EDS maps obtained from the spinel-type grain boundary showing the 

depletion of Mn and enrichment of Ni in the grain boundary subsequent to the electrochemical 

cycling.  

The increased Ni concentration at the grain boundary has also been confirmed by EELS. 

Figure 50A demonstrates an atomic resolution HAADF image from a grain boundary detected at 

the core of a cycled cathode particle. An EELS map was acquired from the grain boundary and the 
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signal from an equal number of pixels in the spinel-type grain boundary, and the adjacent layered 

areas, were summed and compared as shown in Figure 50B. It can be clearly observed that the 

grain boundary shows a less intense Mn signal. However, the Ni concentration has increased while, 

interestingly the Co content has remained almost the same, consistent with EDS results on a 

different particle (Figure 50B). It should be noted that while the intensity of Ni L3-edge at 851 eV 

has substantially increased at the grain boundary, the L2 edge at 870 eV has a very similar intensity 

in both spectra. This increase in the relative intensity of Ni L3/L2 edges denotes to the reduction of 

valence state and change in the Ni bonding at the interface136. The increased Ni concentration in 

the spinel-type boundaries could also be explained by the preferred migration of Ni cations into 

the Li layers that forms these structures. Preferred migration of Ni ions into Li vacancies has been 

observed in conventional NMC cathodes via electron microscopy and X-ray spectroscopy 51,157,467. 

Moreover, segregation of Ni and Co has been observed at specific facet terminations in the Li-rich 

cathode materials157. However, it is interesting that here we observe such phenomena at complex, 

bulk interfaces within these materials. 
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Figure 50. (a) HAADF atomic resolution image from a grain boundary in bulk structure of a cycled 

LMR-NMC sample. (b) EELS spectra showing the Co and Ni L-edges from the specified area in 

(a). increased Ni concentration can be observed at the grain boundary area. 

The role of grain boundaries in O2 release has also been studied in the cycled sample. As ca be 

seen from the Figure 51, there is not a significant alteration in the fine structure of the oxygen and 

other transition metals obtained from the grain boundary versus the adjacent layered grain. So, it 

can be concluded that there is not any considerable oxygen loss from the detected grain boundaries 

and the chemical composition alteration occurs without a significant loss of oxygen. 
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Figure 51. (a) HAADF atomic resolution image from a grain boundary in bulk structure of a cycled 

LMR-NMC sample. (b) The EELS spectra from the grain boundary and adjacent area. (c) Oxygen 

K-edge, (d) Mn L-edge, (e) Co L-edge and (f) Ni-L edge from the grain boundary and adjacent 

areas as shown in the panel (a).  

6.6. DFT Calculations. (Done by Prof. Yurkiv and Prof. Mashayek at UIC)  

To understand the atomic interactions that promote preferred Ni migration to the grain boundaries 

we have performed complementary DFT calculations. We have studied the favorable pathways for 

Li/M (M = Ni, Mn and Co) exchange in the cathode structure. Several configurations varying Ni, 

Mn and Co position within the simulated slab were considered (Figure 54). Among many possible 

calculated structures, a structure with Ni segregation in the grain boundary revealed to be the most 

stable. In addition, all three transition metal atoms diffusion into Li vacancy are calculated and 

compared (Figure 55 and Figure 56). It was found that diffusion of Ni ions into the Li vacancies 

is the most favorable process compared to Mn and Co (Figure 52). These results explain the 

experimentally observed Ni accumulation in the grain boundaries.  
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Additional calculations have been carried out to uncover the details of Ni migration to the grain 

boundaries and Li vacancies. Figure 52A demonstrates the DFT calculations regarding the Ni 

migration to Li vacancies. Two possible pathways for Ni migration are identified that are regarded 

as Path I and Path II and are illustrated in  Figure 52A. The Path 1 depicts the “direct” exchange 

of Ni/Li vacancy and the Path II corresponds to the “side” exchange. Both pathways start with the 

same atomic configuration (namely; S1 and S2), where the indicated Ni atom diffuses to the Li 

vacancy of the nearest neighbor. This process is energetically favorable by 3.1 eV as shown in  

Figure 52B and C, where the energies of all diffusion pathways are shown. The Li atom diffusion 

into the metal vacancy in S2 configuration could occur from two nearest neighbors. Path I describe 

the Li atom diffusion from the nearest neighbor on the right and Path II shows the Li atom diffusion 

from the nearest neighbor on the left. As such, P.I-S1 and P.II-S1 configurations are formed 

leading to the creation of Li vacancy. Subsequently, the Ni atom from the nearest neighbor to the 

Li vacancy could diffuse into this Li vacancy creating next metal vacancy. This process progresses 

along the bulk structure of NMC, which could potentially create defects or even cracks in the 

electrode. Figure 52B and C show the energetics and the activation barriers for Li and Ni atoms 

diffusion corresponding to Path I and Path II shown in  Figure 52A. The second diffusion process 

S2 to P.1-S1 in Path I and S2 to P.II-S1 in Path II describes Li atom diffusion into the metal 

vacancy from the right and left nearest Li neighbor, correspondingly. The Li atom diffusion in 

Path II is more energetically favorable (h = ‒0.97 eV) with the smaller activation barrier (Eact = 

0.3 eV) than the respective Li atom diffusion of Path I (h = ‒0.38 eV and Eact = 0.7 eV). Due to 

the creation of Li vacancy Ni atom can diffuse into the respective side in both the paths. The 

processes P.I-S1 to P.I-S2 in Path I and P.II-S1 to P.II-S2 in Path II describe this Ni atom diffusion. 

As can be observed in both the paths this process is energetically unfavorable by h = +1.03 eV 
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(Eact = 2.24 eV) in Path I and by h = +1.79 eV (Eact = 2.25 eV) in Path II. However, the consequent 

Li atom diffusion into the metal vacancy is significantly energetically favorable by h = ‒4.92 eV 

in Path I and h = ‒2.27 eV (Eact = 1.31 eV) in Path II. The large difference between the enthalpies 

in Path I and Path II is because in Path I a Li atom is inserted into the metal vacancy, since there 

is no further Li atom in the slab. The corresponding insertion in Path II is shown by P.II-S5 

structure, where the enthalpy difference is h = ‒6.64 eV. 

 

Figure 52.  Two paths (Path I and Path II) of Li/Ni exchange. Path I (upper panel) depicts the 

“direct” (shortest distance) Li/Ni exchange. Path II (lower panel) shows the ‘side” Li/Ni exchange. 

First two slabs on the left are the same for both the paths. (d) and (e) the energetics and the 

migration barriers of Li and Ni atoms for Path I and Path II as obtained in the present DFT 

calculations. 
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6.7. Conclusion and Summary 

Aberration corrected-scanning transmission electron microscopy was performed on the bulk 

structure of Li-rich cathode materials having integrated spinel-type domains. The complex atomic 

structure of grain/phase boundaries that can form in the LMR-NMC cathode materials was 

identified. The presented atomic study, which was enabled by synthesis of thin, electron 

transparent cathode particles, demonstrated the presence of a layered-layered, hexagonal-

monoclinic structure with various possible grain/phase boundary structures, such as spinel 

interfaces. These structures were found to have a dependence on the configuration of the adjacent 

grains, where stacking of two layered grains perpendicular to their layered structure formed grain 

boundaries with increased interlayer distances, whereas staking of grains parallel to their layered 

structures resulted in a spinel-type grain boundary. It was demonstrated that such grain boundaries, 

that are also highly strained, would promote initiation of crack formation. Subsequently, fracture 

and disintegration of the active materials may ensue resulting in loss of performance. Additionally, 

preferred Mn dissolution and Ni-enrichment was observed in the grain boundaries of cycled 

samples, implying an important role of such boundaries in performance degradation mechanisms. 

(Figure 53). The underlying reason for atomic migration of Ni into spinel-type grain boundaries 

was investigated using DFT calculations. Among the various calculated structures, a configuration 

with Ni migration into Li vacancies was revealed to be the most energetically favorable structure, 

correlating well with the experimental observations. This work reveals the complex role between 

composition, synthesis, and structure-property relationships of advanced cathode designs and 

reiterates the important role that local atomic structures can play in defining macroscopic electrode 

properties as well as the need to further understand these materials across various length scales. 
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Figure 53. Schematic illustration of the proposed grain boundary-induced degradation mechanisms 

in Li-rich cathodes. During cycling, the grain boundaries are depleted of Mn and enriched in Ni, 

possibly aiding in crack initiation at the already strained grain boundaries. 

6.8. Supplementary Information 

Figure 54 shows the creation of NMC slab used in the present DFT calculations. We start with the 

LCO unit cell, followed up by the creation of 3x3x1 slab. In the last step Ni and Mn atoms are 

introduced by random substitution of Co atoms. Figure 55 shows the for Mn diffusion into Li 

vacancy side. Figure 56 shows DFT results for Co atom diffusion into Li vacancy side.  
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Figure 54. Left picture – crystal structure of LCO rhombohedral ( R3m ) primitive cell; middle 

picture 3x3x1 LCO slab and right picture 3x3x1 NMC slab used for DFT calculations in this work. 

 

Figure 55. The structure (left) and the barrier (right) of Mn atom diffusion into Li vacancy. 

 

Figure 56. The structure (left) and the barrier (right) of Co atom diffusion into Li vacancy. 

We compare our DFT obtained structures with the TEM images. Figure 57 shows the comparison 

between the structures obtained from Path I and Path II (Figure 52) and the experimentally 

obtained TEM image (right picture). As can be seen in the upper picture comparison, there are 

three Ni atoms occupying Li sides. These Ni atoms are located between the metallic layers of NMC 

structure. In the lower part of the atomic resolution image, which corresponds to the NMC structure 

obtained in Path I, with two aligned Ni atoms in Li sides.  
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Figure 57. Comparison between the DFT calculated structures (left) and the TEM image recorded 

(right). Upper-left picture depicts the result of Path II, where three Ni atoms occupy Li side, 

whereas lower-left picture shows the result of Path I with two Ni atoms into Li side (Figure 50C).  
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Chapter 7: Conclusion and Future Work 

7.1. Conclusion 

The presented PhD thesis sheds light on the degradation phenomena of layered oxide cathode 

materials. Five topics that were directly focused on the degradation behavior of the cathode 

materials were covered in this PhD research including (1) literature review on oxygen release 

originated degradation of cathode materials, (2) in-situ heating TEM study of the thermal 

decomposition of LixCoO2, (3) mitigation of thermal decomposition and oxygen release from 

LixCoO2 by graphene-coating of individual particles, (4) Atomic study of the grain boundaries in 

the composite Li-rich layered oxide cathodes and their contribution to rapid degradation of Li-rich 

cathodes.    

In Chapter 3, a comprehensive literature review has been carried out on the oxygen release 

originated degradation mechanisms of various classes of the cathodes. In this review article we 

summarized the recent progress in understanding the mechanisms of the oxygen release 

phenomena and corelative structural degradations observed in four major groups of cathode 

materials: layered, spinel, olivine and Li-rich cathodes. The methodology of studying the oxygen 

release originated degradation mechanisms, the state-of-the-art understanding of such phenomena 

and the proposed solutions to mitigate the parasitic oxygen release reactions, were the topics that 

were covered in this comprehensive review. 

Next, by identifying the missing pieces of information in understanding the thermal 

decomposition reaction of LixCoO2, a rigorous study by the combination of thermal analysis, 

advanced in-situ TEM technique and computational modeling, was carried out in this research. 

The results presented in Chapter 4 show that LixCoO2 cathode crystals undergo surface originated 

thermal decomposition in which oxygen loss initiates on the surface and propagates to core of the 
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particle in a kinetically controlled reaction. Ab initio molecular dynamics simulations (AIMD) 

results carried out by Dr. Balbuena’s group demonstrated that the reason for such heterogenous 

thermal decomposition reaction is that the oxygen release is highly dependent on the LixCoO2 facet 

orientation. While the [001] facets are stable at 300 °C, oxygen release is observed from the [012] 

and [104] facets, where under-coordinated oxygen atoms from the delithiated structures are able 

to combine and eventually evolve as O2. The novel understanding that emerges from the present 

study provides in-depth insights into the thermal runaway mechanism of Li-ion batteries and can 

assist the design and fabrication of cathode crystals with the most thermally stable facets. 

By understanding the role of surface structure in the thermal decomposition of LixCoO2, 

we proposed a novel surface engineering technique to mitigate the parasitic oxygen release 

reaction. In Chapter 5, we show that atomically thin layer of reduced graphene oxide can suppress 

the oxygen-release from LixCoO2 particles and improve their structural stability significantly. We 

performed electrochemical cycling, differential electrochemical mass spectroscopy (carried out by 

Dr. Salehi-Khojin’s group), differential scanning calorimetry (DSC), and in-situ heating 

transmission electron microscopy to characterize the effectiveness of the graphene-coating on the 

abusive tolerance of LixCoO2. Electrochemical cycling mass spectroscopy results suggest that 

oxygen-release is hindered at high cut-off voltage cycling when the cathode is coated with reduced 

graphene oxide (rGO). Thermal analysis, in-situ heating transmission electron microscopy and 

electron energy loss spectroscopy (TEM/EELS) results show that the reduction of Co species from 

the graphene-coated samples is significantly delayed compared with the case of bare cathode. 

Finally, density functional theory (DFT) and ab-initio molecular dynamics (AIMD) calculations 

(done by Dr. Balbuena’s group) show that the rGO layers could suppress O2 formation more 

effectively due to the strong C-Ocathode bond formation at the interface of rGO/LCO where low 
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coordination oxygens exist. This systematic investigation uncovers a reliable approach for 

hindering the oxygen release reaction and mitigating the thermal instability of battery cathodes. 

Chapter 6 presented our research on identification of composite structure of Li-rich 

cathodes, the atomic structure of the grain boundaries in these nanocomposites and contribution of 

the grain boundaries on rapid degradation process of these cathodes. Aberration corrected scanning 

transmission electron microscopy (AC-STEM) was utilized to study the core atomic structure of 

Li- and Mn-rich, layered-layered, xLi2MnO3•(1-x)LiTMO2 (TM=Ni, Mn, Co) (LMR-NMC)  

materials prior and subsequent to electrochemical cycling. The results demonstrated that the Li-

rich cathode particles are nanocomposites composed of hexagonal LiMO2 and monoclinic Li2MO3 

phases with various possible grain/phase boundary structures, such as spinel interfaces. These 

structures were found to have a dependence on the configuration of the adjacent grains, where 

stacking of two layered grains perpendicular to their layered structure formed grain boundaries 

with increased interlayer distances, whereas staking of grains parallel to their layered structures 

resulted in a spinel-type grain boundary. It was demonstrated that such grain boundaries, that are 

also highly strained, would promote initiation of crack formation. Subsequently, fracture and 

disintegration of the active materials may ensue resulting in loss of performance. Additionally, 

preferred Mn dissolution and Ni-enrichment was observed in the grain boundaries of cycled 

samples, implying an important role of such boundaries in performance degradation mechanisms. 

This work reveals the complex role between composition, synthesis, and structure-property 

relationships of advanced cathode designs and reiterates the important role that local atomic 

structures can play in defining macroscopic electrode properties as well as the need to further 

understand these materials across various length scales.  
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7.2. Future Work 

7.2.1. Investigating the effect of the spinel and the rock-salt surface reconstruction layers 

on the electrochemical properties and structural stability of the layered oxide cathode 

materials 

The electrochemical performance of the layered oxide cathode materials is highly correlated to 

their surface structure49–51. Surface originated phase transitions, namely reconstruction of the 

layered to disordered rock-salt and spinel-like structures is considered as one of the primary issues 

that is observed in almost all the layered oxide cathode either at pristine or cycled state12,157,469. As 

discussed in the Introduction and demonstrated in Figure 3, the layered, spinel and the disordered 

rock-salt phases share the common oxygen fcc framework and the formation of such phase 

reconstruction layers occurs by migration of transition metal to the Li-octahedral sites. Spinel 

phase formation is due to the migration of ¼ of transition metals to Li octahedral sites forming a 

cubic symmetry, however in the disordered rock-salt structure, both cations are intermixed in the 

slabs and do not exhibit a long-range order (Figure 3B)13,14. 
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Figure 58. atomic resolution HAADF images from the surface structure of pristine NMC Samples 

with (A) spinel-like surface reconstruction layer and (B) rock-salt surface reconstruction layer. In 

the digitally magnified inset images, yellow circles correspond to the transition metal octahedral 

sites and blue circles correspond to migrated transition metals.  

Although the occurrence and the atomic mechanisms of such phase transformations are 

heavily studied and are widely accepted in the literature, there are still many ambiguities about 

their role in the battery performance and degradation. For instance, it is suggested that such surface 

layers might act as stabilizers on the cathode surface and protect the interface, similar to the anode 

SEI layer11. However, some works suggest that such electrochemically inactive phases limit the 

Li-ion transfer, cause capacity degradation and can result in voltage polarization of the cell94. In 

addition, it is not totally clear that why the spinel or the rock-salt structures preferably form in 

various imaged particle. For instance, does chemical composition variation affects the preference 

of each phase over the other? Does the phase type have any correlation to the local disruption in 

the chemical composition of the surface? And most importantly, how does rock-salt or spinel phase 

formation affect the electrochemical properties and structural stability of the cathode samples, if 
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their formation can be controlled through synthesis procedure. Therefore, a suggested future work 

to follow up in thesis would be extensive atomic resolution study on the layered oxide cathodes to 

understand the causative, correlative and affective parameters of spinel or rock-salt surface 

reconstruction layers. As can be seen from the Figure 58, such phases can be detected on the 

layered oxide cathodes surfaces. Subsequently, chemical analysis through EDS and EELS 

spectroscopy would be helpful in determining the relationship of the surface phase with chemical 

composition and oxygen stoichiometry. By understanding such governing parameters, cathodes 

with either spinel or rock-salt phase can be synthesized. This is a very challenging step as 

identification of the of the surface layers can only be carried out through atomic resolution STEM 

imaging, because the very small thickness of the surface layer cannot be characterized with any 

other method. However, after successful synthesis of the cathodes with either spinel or rock-salt 

phase structures, various electrochemical tests such as long-term cycling and EIS measurements, 

together with ex-situ characterization techniques such as XRD, XPS and TEM can be utilized to 

understand the effect of the surface reconstruction phase. Additionally, in-situ synchrotron X-ray 

absorption and diffraction methods can also be utilized to acquire a more robust understanding. 

Then, by processing and comparing all the acquired data, a comprehensive understanding on the 

effect of phase structure of cathodes surface will be acquired. The proposed research flow is 

schematically illustrated in Figure 59. 
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Figure 59. The flow chart for the proposed future step on identifying the effect of spinel and rock-

salt reconstruction layers on the electrochemical properties of cathode materials.  

7.2.2. Atomic scale analysis of the layered oxide cathodes dopants distribution and 

correlating the atomic findings to their electrochemical performance. 

Effect of dopants on the electrochemical performance and the structural stability of the cathode 

materials have been widely studied in the recent past. Such studies have been summarized 

thoroughly in the Section 3.1.1 of the Chapter 3. Although, the extent of the improvements 

achieved by using different dopant elements are not quite similar, the variations are typically 

addressed by attributes such as the dopants’ site occupancy, dopants effect on the band gap and 

conductivity of the materials or lattice spacing. However, the distribution of the dopant ions has 

been mostly taken for granted as most researchers believe that the dopants will distribute 

homogenously in the crystal structure of the cathodes. Therefore, agglomeration and clustering of 

the dopant ions that can play a key role in the structural stability and electrochemical properties of 
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the materials were not thoroughly investigated. Interestingly, our recent study on the distribution 

of W dopants in the LiCoO2 structure in collaboration with Dr. Croy’s team at Argonne National 

Laboratory (Discussed in the Appendix) demonstrated that the dopant distribution can be 

inhomogeneous, localized and ordered in the cathode structure. Figure 60 shows an example of a 

W-doped LiCoO2 particle. The z-contrast HAADF image demonstrates that the W dopants do not 

distribute homogeneously in the crystal structure. In fact, it can be observed that the W atoms 

appear as distinct WO2 slabs within the LiCoO2 structure. In other words, dopant W ions have 

been ordered in the structure, forming distinct lines to minimize W-Co bond formation. Through 

crystal strain analysis, it was understood that the interlayer distance has remained unchanged and 

the introduction of the dopant rich layers has not induced any strain in the crystal. In addition to 

Z-contrast imaging, EDS line scan is also performed that is shown as inset in the HAADF image, 

which demonstrates a sudden decrease in the content of Co and a peak in the content of W over 

the high-contrast lines in the HAADF image.  
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Figure 60. Atomic resolution, z-contrast HAADF image from a W-doped LiCoO2 particle. The 

bright layers correspond to W-rich slabs that demonstrate the accumulation of W dopants in 

ordered W layers rather than a random dispersion of the dopant ions.  

Accordingly, a future work dedicated to investigation of the atomic dispersion of dopants in the 

layered oxide cathodes is proposed following this thesis. In this proposed research, various dopants 

can be added to a layered oxide cathode structure such as LiCoO2. Then, atomic resolution imaging 

and chemical analysis can be carried out on the doped sample. The capability of z-contrast STEM 

imaging together with chemical analysis techniques such as EELS and EDS in identification of 

various atomic species with high spatial resolution can be utilized extensively in this research. 

Then based on the homogeneity of the dispersion of dopant species, the doping conditions can be 

modified to improve the dopant dispersion. Electrochemical tests should be carried out at this point 

to understand the correlation of dopant dispersion with the electrochemical properties of the 

cathodes. DFT calculations can also be carried out to better understand the underlying reasons 

governing the dopant dispersion homogeneity in the cathode structure. By carrying out all the 
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proposed experimental and computational efforts, a comprehensive understanding on the effect of 

parameters such as doping concentration, the annealing temperature, the chemical composition of 

the bare cathode and the nature of the dopant ions on the dopant dispersion and electrochemical 

properties of cathodes can be acquired and reported. Such through investigation can have a great 

contribution in identifying the suitable dopant and its optimum concentration in each class of 

cathode materials, which can pave the way for future generation of engineered cathode materials. 

The work follow of this proposed research is shown in the following in the Figure 61.  

 

Figure 61. The flow chart for the proposed future step on studying the effect of dopant dispersion 

in the layered oxide cathodes structure and identifying the optimum doping conditions.  

7.2.3. Cell scale study of the effect of graphene-coating on the thermal/structural stability of 

layered oxide cathodes. 

Following the research presented in the Chapter 5 of this thesis, which demonstrated successful 

mitigation of oxygen release and improved structural properties of LiCoO2 upon graphene-coating 
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at single particle scale, larger cell scale analysis on our modified electrodes is proposed as a future 

step. As such, in-situ synchrotron XRD experiments as well as in-situ calorimetry analysis are 

considered as the future steps to be carried out. In-situ synchrotron XRD (that can be done at ANL 

through user proposal competitions), is capable of both in-situ heating and in-operando cycling 

experiments and the results are representative of the average sample and have a better statistical 

reliability than TEM experiments. High energy synchrotron X-rays are favorable for in-operando 

cycling tests because 1) they are able to penetrate the coin-cells without major diffraction from the 

coin-cell casing and materials, and 2) the spectrum acquisition time is much faster compared to in-

lab XRD experiments. Also, in-situ heating experiments can also be carried out using special 

SXRD setups to compare the thermal stability of the bare and the coated cathode samples. To 

evaluate the possibility of such tests, preliminary in-situ heating SXRD experiment has been 

carried out on the bare LiCoO2 sample. As can be seen from the Figure 62, upon heating the sample 

major changes can be observed in the crystal structure. For instance, the d-spacing of the (003) 

lattice have changed from 4.871 to 4.700 at over 200 °C, which correspond to the phase transitions 

from hexagonal LixCoO2 to spinel Co3O4 phase. Similarly, the (010), (107) and (018) planes of the 

hexagonal phase transforms to (311), (333) and (440) planes of the spinel Co3O4 phase respectively 

and the (012) and (113) spacings of the hexagonal phase vanish during the phase transition. The 

temperature of the phase transition and the extent of phase transitions can be analyzed by 

comparing the results to the coated sample. Also, cathodes that are engineered with other 

mitigating strategies such as alumina coating or doped cathodes that are more extensively studied 

and have well-known properties can be studied using the same experimental procedure and 

compared to the graphene coated samples. 
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Another cell-scale analysis that can be carried out on the graphene-coated sample is the in-situ 

heating/cycling calorimetry experiments. In these experiments a Li-ion battery coin cell is exposed 

to non-equilibrium working conditions such as high voltage cycling or high temperatures and the 

heat flow from the coin cell is recorded using a calorimeter. Therefore, endothermic reactions such 

as cathode decomposition, electrolyte decomposition and separator meltdown and exothermic 

reactions such as reactions between the O2 (released from the cathode) and the decomposed 

electrolyte can be recorded and compared in the graphene-coated and the bare sample. Therefore, 

the distinct endothermic and exothermic peaks that are recorded under abusive battery operation 

can be identified and the extent and onset temperature of such reaction can be compared in the 

coin-cell with bare cathode versus the cell with coated cathodes.  

 

Figure 62. In-situ heating synchrotron XRD results from Li0.5CoO2 sample. The phase 

transformation from layered to spinel/rock-salt phases can be determined using this technique.  
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Appendixes 

Atomic Scale Analysis of the Modified Layered Oxide Cathodes (Collaborative Efforts with 

Argonne National Laboratory) 

Introduction 

The cumulative understandings derived from the extensive research on identifying the degradation 

mechanisms of Li-ion battery cathode materials suggests that surface structure of the cathodes 

plays a dominant role in defining the structural stability and electrochemical properties of the 

cathodes. Additionally, it has been identified that chemical composition and atomic interactions 

within the crystal structure has large implications on the structural stability of the cathodes. 

Therefore, as discussed in Chapter 3.3 coating strategies and chemical composition modifications 

have been vigorously followed to improve the properties of the cathode materials. In this chapter 

our contribution to the collaborative researches on various aspects of Li-ion battery cathode 

materials is presented.  

STEM/EELS Characterization of Ni-rich Surfaces in LCMO Cathodes 

(Used as a Part of the Following Article: Croy, J. R.; Hanlon, D. C. O.; Shari, S.; Murphy, M.; 

Mane, A.; Lee, C.; Trask, S. E.; Shahbazian-yassar, R.; Balasubramanian, M. Insights on the 
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Stabilization of Nickel-Rich Cathode Surfaces: Evidence of Inherent Instabilities in the Presence 

of Conformal Coatings. Chem. Mater. 2019, 31, 3891–3899. Reproduced with permission470. 

Copyright 2019, American Chemical Society.) 

One of the main challenges associated with understanding the behavior and degradation 

mechanism of cathode materials is the complexity of the Li-ion battery degradation, since 

numerous mechanisms and reactions are happening at each electrochemical cell, making the 

deconvolution and isolation of the subject of study nearly impossible. On the other hand, 

environmental sensitivity of the Li-ion battery components, inevitable local variation in the 

behavior of battery materials and rapid kinetics of reactions are other issues associated with 

studying the battery materials, which imply the necessity of in-operando techniques. One of the 

most successfully developed in-operando techniques is synchrotron X-ray absorption 

spectroscopy (XAS) and X-ray diffraction (XRD). These techniques allow for characterization of 

individual battery components during electrochemical cycling under operational circumstances. 

Therefore, the results can reveal many aspects of the battery operation with minimum experimental 

artifacts. However, the results do not contain any spatial information as the X-ray interacts with 

the surface as well as the bulk of materials. To solve this issue, researchers at Argonne National 

Laboratory (ANL) have developed a surface doping technique in which Ni dopants are placed only 

at the top surface areas in Li(MnxCo1-x)O2 structure. During the electrochemical cycling, the 

surface doped Ni-cations will participate in the electrochemical redox reaction and will oxidize 

from 2+ to 4+ during charge and reduce to 2+ again during discharge. The change in the Ni valence 

state can be captured by in-operando XAS analysis. However, if the cathode surface undergoes 

degradation and phase transition, the redox activity will be halted at the surface, which can be 

detected through sequential analysis of XAS results of Ni cations at each cycle. Using such 

innovative materials design, the effectivity of the surface coating can be gauged. By performing 
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the same experimental procedure on the coated particles, the contribution of the coating layers on 

the surface stability of the cathodes can be gauged. Figure 63 schematically illustrates the 

described idea in this research. 

 

Figure 63.  Schematic illustration of the cathodes with surface doping structure and its effect on 

in-operando evaluation of the coatings’ effectiveness. 

We have contributed to this research by identifying the atomic structure of the cathode surface 

after introducing Ni dopant cations, concentration of the dopant in the cathode particles’ surface 

and length of dopant diffusion into the surface through STEM/EELS analysis. Moreover, 

identification of the ALD deposited alumina layers was carried out by STEM/EDS analysis. After 

surface treating the LNMO cathodes with nickel nitrate, heat treatment is carried out to allow for 

Ni diffusion into the surface and formation of Ni-doped surface. Two types of samples have been 



203 
 

synthesized based on the various heat treatment temperatures, at 900 °C and at 600 °C. Both 

samples are characterized using STEM/EELS analysis to evaluate the doping conditions at various 

temperatures. Figure 64 demonstrates the STEM/EELS results from the sample heat treated at 

900°C. Figure 64A shows a morphological image from a particle agglomerate with clean and 

defined crystalline facets.  An EELS line scan is captured from the top 100 nm area of the facet 

that is shown in Figure 64B. As can be seen from the EELS spectra plotted in Figure 64C, a very 

weak Ni signal can be detected at the top 80 nm of the surface, which fades gradually throughout 

the particle thickness. The sum spectrum which is shown at top in black allows for better 

visualization of the Ni L edge, but it does not contain any spatial information. Based on EDS 

analysis, Ni constitutes about 1%wt of this particle agglomerate. 

 

Figure 64. (a) Low-magnification HAADF image of the Ni-900 °C particles. (b) Low-

magnification HAADF image from the surface of a Ni-900 °C particle. (c) EELS map data from 
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the region marked with an arrow in (b). The “sum spectrum” (*, black line at top) is the summation 

of all spectra from the mapped area.  

Next, we analyzed the sample that was heat treated at 600 °C. Figure 65A demonstrates the low 

magnification HAADF image from the surface of sample. Atomic resolution HAADF image 

shown in Figure 65B demonstrates that the sample has retained its original layered structure after 

introducing the Ni dopants. Figure 65C demonstrates the EELS spectra acquired as a function of 

distance from the particle surface. The results show that the Ni dopants have diffused to the top 30 

nm when heat treated at 600 °C. Also based on the higher intensity of the Ni signal in this sample, 

they have a higher concentration at the top surface. Based on the equal concentration of Ni in both 

samples obtained from EDS analysis (1%wt Ni), the significant change in diffusion length of Ni 

dopants denotes to the effect of heat treatment temperature on the diffusion rate of Ni dopants. 

Therefore the 600°C is chosen for in-operando XAS analysis that is discussed in detail in this 

publication470. Finally, the 600 °C sample was coated with an atomically thin alumina layer, to 

investigate the effectiveness of the coating on suppressing or delaying the surface degradation of 

the cathode samples. EDS map analysis was carried out on the surface of the samples to evaluate 

and confirm the uniformity and the thickness of the ALD coating layer (Figure 66).  
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Figure 65. (a) Low-magnification HAADF image from the surface of a Ni-600 °C particle. (b) 

Atomic resolution image and the corresponding FTT (inset) from the surface of a Ni-600 °C 

particle. (c) EELS map data from the region marked with an arrow in (b). The “sum spectrum” (*, 

black line at top) is the summation of all spectra from the mapped area. 

 

 

Figure 66. (a) HAADF image of the surface of a Ni-600 °C electrode coated with Al2O3 via ALD, 

with the Al EDS map shown as inset. (b) EDS map data for Co, O, Ni, and Mn. 
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Atomic Resolution Analysis of the Dispersion of W Dopant in LiCoO2 Structure 

As discussed in Chapter 3.3, introducing dopants in considered as a solution to improve the 

structural stability of layered oxide cathodes. In this research we utilized atomic resolution STEM 

analysis to study the atomic arrangement of W-doped LiCoO2. High angle annular dark field 

imaging (z-contrast imaging technique) that can distinguish between Co and W atoms is utilized 

in our investigation. The sample is composed of LiCoO2 sample that is ALD coated with AlWF 

layers and then heat treated to induce the diffusion of W and Al layers into the structure (Figure 

67).  

 

Figure 67. Schematic depiction of ALD Coating and subsequent heat treatment procedure that was 

utilized to dope the cathode samples. (A) Coating layers of AlWF was deposited through ALD 

process. (B) The Coating is then heat treated to induce the diffusion of coating elements into the 

cathode structure. 

EDS analysis is then carried out on the particles after the thermal treatment of the ALD coated 

cathode particles at 550 °C and 750 °C. The results demonstrate that by heat treating the sample 
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at 550 °C a large concentration of Al and W layers remain on the surface of the particle and W and 

Al signals at the bulk area remain very weak (Figure 68A). However, the sample that is exposed 

to the heat treatment process at 750 °C demonstrates a different structure. In this sample, the 

coating is decomposed, and the W atoms have diffused into the substrate structure while Al is still 

highly concentrated on the substrate (Figure 68B).  

 

Figure 68. Morphological HAADF images and EDS analysis from the AlWF@LCO sample that 

is heat treated at (A) 550 °C and (B) at 750 °C. 
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This sample further investigated with atomic resolution imaging. Interestingly, our results indicate 

that, W atoms prefer to occupy distinct Co layers and form LiWO2 slabs inside the LiCoO2 matrix. 

As shown in Figure 69A the mid-magnification HAADF demonstrates bright-contrast line within 

the structure of LiCoO2. HAADF imaging mode which is known as a z-contrast imaging technique, 

can distinguish between the elements with large variation in atomic number. In this image the 

bright line corresponds to the heavy W atoms while the matrix has a lower contrast corresponding 

to Co. Image Figure 69B demonstrates atomic resolution image where the distinct W slabs are 

resolved. Intensity profile as well as the EDS line scan are shown in the inset of this image which 

confirms the formation of W rich slabs within the structure of LiCoO2 and depicts the heterogenous 

dispersion of the W dopants. 

 

Figure 69. (A) Mid-magnification HAADF image from the AlWF@LCO sample heat treated at 

750 °C. The bright line corresponds to local increase in the average atomic number. (B) atomic 

resolution HAADF image with intensity profile and EDS line maps as insets demonstrating the 

formation of WO2 slabs within the structure of LCO in this structure. 
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In summary, we investigated the atomic diffusion and arrangement of Al and W elements in the 

Li-ion battery cathodes structure. Firstly, we observed that preferred diffusion of W into the 

substrate structure upon heat treating of a coating composed of two metallic ions. Interestingly, 

based on the HAADF z-contrast imaging the diffused ion is not dispersed homogenously in the 

crystal structure and forms distinct slabs within the layered matrix of LiCoO2. These preliminary 

results demonstrate the importance of atomic resolution investigation of doped cathode particles 

to ensure the homogenous distribution of the dopants to improve the effectiveness of such 

structural modification approaches.  

Investigation of the Effect of Composition on the Cationic Migration of NMC Cathodes 

(Used as a Part of the Article: Zhu, J.; Sharifi-Asl, S.; Hong j.; Iddir, H.; Croy, J.; Shahbazian-

Yassar, R.; Chen, G. Atomic-Level Understanding of Surface Reconstruction Based on 

Li[NixMnyCo1-x-y]O2 Single-Crystal Studies, Under Submission) 

One of the most bewildering issues in the research of Li-ion battery cathode materials is the effect 

of chemical composition on the structural stability and electrochemical properties of such 

materials. As discussed in Chapter 3.2, it is known that there is a considerable difference in the 

electrochemical activity and atomic stability of different constituting transition metals in the 

layered oxide cathodes. For instance, it is suggested that Ni and Co are the redox active centers in 

the NMC cathodes, while Mn ions do not participate in the redox reaction and contribute to the 

structural stability of the material during cycling. So, when the NMC cathodes are charged, 

oxidation of Ni2+ to Ni4+ initially compensates for the charge process, followed by Co3+ to Co4+ 

redox reaction. It is known that Mn4+ cations do not participate in the charge compensation process 

and retain their coordination and only contribute to the stability of the cathodes structure. 

Therefore, composition tuning of NMC cathode materials and its effect on the degradation 

mechanism of the cathode particles have been studied by various methods including electron 
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microscopy. In this research, we have contributed to the atomic scale analysis of the single particle 

Li(NixMnyCoz)O2 cathodes with two different compositions namely x:y:z= 3:3:3 & x:y:z= 6:2:2.  

Figure 70 demonstrates the chemical composition analysis carried out using EDS mapping on both 

samples that confirms the chemical composition of the 622 and 333 samples respectively. 

 

Figure 70. EDS maps illustrating the homogeneity and chemical composition of (A) 622 and (B) 

333 particles. 

Next, morphological and atomic resolution imaging was carried out to confirm the 

hexagonal R3m crystal structure in both samples.  As demonstrated in Figure 71 the considerable 

change in the chemical composition of the sample does not induce any change in the particle 

morphology and the atomic structure. Both samples contain ⁓1nm surface reconstruction layer in 

the pristine, uncycled condition.  
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Figure 71. Morphological and atomic resolution STEM images from the (A) uncycled 622 and (B) 

uncycled 333 NMC samples. Despite the large variation in the composition, sample morphology, 

the atomic structure and the thickness of the surface reconstruction layer has remained unchanged 

in both samples.   

The electrochemically cycled samples were also investigated through atomic scale 

imaging. The results demonstrated the 333 sample has a superior structural stability compared to 

the 622 sample. Figure 72 demonstrates atomic resolution HAADF images from (A) 622 and (B) 

333 samples after electrochemical cycling. It can be clearly observed that the thickness of the 

surface reconstruction layer has increased from ⁓ 1nm to ⁓1.5 nm and 3.5 nm for the 333 and 622 

samples respectively. 
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Figure 72. Atomic resolution HAADF images from the surface structure of (A) cycled 622 and (B) 

cycled 333 NMC particles. The results demonstrate that the surface reconstruction layer thickness 

has increased from ⁓ 1nm to ⁓1.5 nm and 3.5 nm for the 333 and 622 samples respectively. 

In addition, atomic resolution imaging was carried out in the bulk areas of the samples. The results 

demonstrate that the extent of cationic migration (i.e. formation of point defects as a result of 

migration of transition metals to Li octahedral sites) is significantly larger in 622 samples. From 

HAADF and ABF images shown in Figure 73A it can be observed that there are many bright atoms 

located in the Li sites (indicated with the arrows) in the 622 sample. On the other hand, there is no 

indication of transition metal migration into the Li octahedral sites in the 333 sample as can be 

observed in the Figure 73B.  
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Figure 73. Atomic resolution ABF images with the corresponding HAADF inset images from the 

bulk structure of (A) cycled 622 and (B) cycled 333 NMC particles. As can be clearly observed, 

the extent of cationic migration is considerably larger in the 622 sample. The arrows indicated the 

Li octahedral sites that are highly occupied by the transition metals based on the high contrast 

resolved in the ABF images.  
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Investigation of the Effect of Electrolyte on the NMC Degradation Mechanism 

(Used as a Part of the Following Article: Tornheim, A.; Sharifi-asl, S.; Garcia, J. C.; Bareño, J.; Iddir, H. 

Effect of Electrolyte Composition on Rock Salt Surface Degradation in NMC Cathodes during High-

Voltage Potentiostatic Holds. Nano Energy 2019, 55 (August 2018), 216–225. Reproduced with 

permission469. Copyright 2019, Elsevier.) 

Surface degradation of Li-ion battery materials that is known to be a significant contributor to cell 

degradation, is controlled and influenced by many parameters including electrochemical cycling 

conditions, particle morphology and composition and the other cell components such as the liquid 

electrolyte. In this research, the effect of electrolyte composition on the surface degradation of 

cathode materials were investigated. We have contributed to this research by atomic resolution 

STEM analysis as well as EELS spectroscopy to analyze the surface structure of NM cathodes 

(Li(NixMnyCoz)O2 with the composition of x:y:z= 5:3:2) that were cycled with three different 

electrolytes. The three electrolytes used in this study were 1) baseline electrolyte (1.2M LiPF6 in 

3:7 EC:EMC) referred to as Gen2. 2) the baseline Gen2 electrolyte with 10wt% tris(2,2,2-

trifluoroethyl)phosphite (TTFP), an additive typically used with high voltage cathodes; and 3) a 

high voltage fluorinated electrolyte called FE-3 (1MLiPF6 in 3:7 DFEC and carbonate HFDEC). 

Cells were exposed to potentiostatic holds at 4.6 V (vs Li/Li+) for 60 hrs to intentionally induce 

rapid degradation. Then STEM/EELS analysis was carried out on the cycled samples to analyze 

and compare the effect of the electrolyte composition.  

Figure 74, Figure 75 and Figure 76 demonstrate STEM/EELS results from the near-surface areas 

of NMC particles cycled with the baseline Gen2, baseline Gen2 + 10% TTFP and the fluorinated 

FE-3 electrolyte, respectively. In each figure, atomic resolution images illustrate areas with local 

rock-salt (𝐹𝑚3̅𝑚) and spinel (𝐹𝑑3̅𝑚) crystal structures together with the original layered (𝑅3̅𝑚) 

structure.  

Figure 74 demonstrate the results obtained from the sample cycled with the baseline Gen2 

electrolyte. Surface and sub-surface areas in the particle shown in Figure 74A are imaged. The 
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atomic structure of the surface areas (Figure 74B) correspond to the spinel phase, while the layered 

structure is retained based on the atomic resolution image shown in panel C. EELS line scan 

perpendicular to particle surface is collected as illustrated in panel A. The spectra are plotted as a 

function of distance to particle surface. Variation in the oxygen fine structure can be clearly 

observed, which correlates with the valence state of transition metals and is associated with the 

structural degradation as discussed in Chapter 4. The EELS quantification is carried out based on 

the oxygen fine structure and is presented below.  

 

Figure 74. HAADF-STEM micrographs (a-c) and EELS scan spectra (d) from an NMC particle 

cycled in Gen2 electrolyte, without additives. (a) Low magnification image of the particle, 50 nm 

scale bar. (b) Atomic resolution image of the surface region indicated in (a), 5 nm scale bar. (c) 
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Atomic resolution image of the deeper region indicated in (a), 5 nm scale bar. (d) Spectra from 

EELS line scan (40 nm range, 5 nm steps) on the area indicated in (a). 

Figure 75 shows the results obtained from the sample cycled with the baseline Gen2+10% 

TTFP electrolyte. The regions close to the surface of the particles shown in Figure 75A shows a 

clear stained contrast that is absent in the bulk of the particle, which is due to local changes of 

density, resulting from oxygen release and structural degradation. The higher magnification image 

(5 nm scale bar) of the surface area shown in Figure 75B shows a hexagonal atomic structure that 

can be indexed either as the {202̅}𝑅𝑆 spots expected in the [111]𝑅𝑆 Z.A., the {12̅0}𝐿 spots of the 

[001]𝐿 Z.A., or the {404̅}𝑆 spots of the [111]𝑆 Z.A.. The spots in the inner hexagon can only be 

indexed as the {202̅}𝑆 spots of the spinel structure; or ½ spinel super reflections on the L or RS 

parent structures. The outer hexagon spots arise from the overall hexagonal arrangement of atomic 

columns described above. Although the phase identification of the degraded particle is complicated 

due to structural similarities, EELS analysis that contains information about the valence state of 

the transition metals can be used as a more reliable technique to better gauge the degradation extent 

of the sample structure. EELS line scan was collected under the same condition as with the 

previous sample and the results are demonstrated in the panel D. 
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Figure 75. Figure 5. HAADF-STEM micrographs (a-c) and EELS scan spectra (d) from an NMC 

particle cycled in Gen2+TTFP electrolyte. (a) Low magnification image of the particle, 50 nm 

scale bar. (b) Atomic resolution image of the surface region, 5 nm scale bar. (c) Atomic resolution 

image of the deeper region indicated in (a), 5 nm scale bar. (d) Spectra from EELS line scan (40 

nm range, 5 nm steps) on the area indicated in (a). 

Figure 76 shows the STEM/EELS results from the NMC sample cycled in the FE-3 

electrolyte. Figure 76A and  Figure 76B show atomic resolution images from the surface and 

subsurface areas from a particle that can be indexed as the [121̅]𝐿 Z.A.  The FFT inset in Figure 

7.5.3B clearly shows {1̅11}𝑆 that is present together with the layered structure. The top left corner 

of the  Figure 76B shows a reconstructed color-coded image for a clear demonstration of dual 

spinel/hexagonal structure of the sample.  The details of color-coded image reconstruction are 
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described in Chapter 4. Figure 76C shows the atomic structure of another particle from the side 

view, along the [110]𝐿 Z.A.. The alternating sequence of TM and Li planes can be clearly observed 

(labeled “Li+ Transport channels” in the image). A surface area of ⁓5 nm thickness is labeled as 

“Cation Disordered Area” in the image, showing the presence of the migrated TM atoms to Li 

sites. The top-right FFT inset that is obtained from the whole field of view, corresponds to the 

hexagonal layered structure. However, the bottom-right FFT inset, obtained from the “Cation 

Disordered Area”, lacks any superspots characteristic of either a layered or spinel structure, and 

can be indexed as a [1̅10]𝑅𝑆 Z.A.. Figure 76D presents the EELS spectra, acquired as a line scan 

perpendicular to particle surface. Compared to the EELS spectra from the previous samples, the 

O-K edge fine structure undergoes smaller changes and the subtle changes are more confined to 

the surface. Figure 77, which plots the difference in energy ΔE between the O-K pre- and main 

peaks as a function of distance to the surface for the particles cycled in the three electrolytes of 

interest.  
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Figure 76. HAADF-STEM micrographs (a-c) and EELS scan spectra (d) from NMC particles 

cycled in FE-3 electrolyte. (a) Atomic resolution image of a surface region, 2 nm scale bar. (b) 

Atomic resolution image of region adjacent to the surface, 5 nm scale bar. (c) Atomic resolution, 

side view of a surface region, 5 nm scale bar. (d) Spectra from EELS line scan (40 nm range, 5 nm 

steps) approaching the surface of the particle. See text for inset details. 

Figure 77 demonstrates the EELS quantification based on the O-K edge. The O-K edges 

consist of a pre-peak and a main peak, with the pre-peak appearing at lower energy loss than the 

main peak. Both pre- and main-peaks are due to transitions between O 1s and two kinds of O 2p 

states; O 2p states hybridized with metal 3d states for the pre peak and O 2p states hybridized with 

metal 4sp states for the main peak. Correspondingly, metal L edges show two peaks, L3 and L2, 
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corresponding to transitions from 2p3/2 and 2p1/2 metal orbitals, respectively, to metal 3d orbitals. 

While all these edges are useful to determine oxidation state of the transition metals, we focus our 

analysis on changes to the O-K edge. Because the the EELS spectrum from multi-metal NMC 

cathodes are complex, quantification of the changes in the valence state of transition metals based 

on the Mn, Ni and Co L edges were not persuaded. In particular, we used the energy difference 

between the pre- and main-peaks of the O-K edge, determined from fitting a Gaussian to each 

peak, as an indication of the local oxidation state of the metals.  

Accordingly, the ΔE values between the pre- and main-peaks of the O-K edge for the 

particles cycled in Gen2 and FE-3 electrolytes is ≃ 11.5 eV at the core regions, which are 

maintained up to a distance of ⁓25 nm from the surface. At this point, the ΔE value of the Gen2-

cycled sample reduces to ≃ 7 eV at 10 nm below the surface, and retains this value up to the 

surface. However, the FE-3 cycled sample shows a more stable electronic structure over the same 

depth range, and the ΔE value decreases only to ≃ 10.5 eV. However, the Gen2 + TTFP cycled 

particle has a lower ΔE ≃ 10.5 eV at the core of the particle that reduces rapidly to ≃ 7 eV at 25 

nm depth all the way to the surface.  As can be seen in Figure 77, this low ΔE region is greatest 

and extends deeper in the sample cycled in Gen2 + 10% TTFP electrolyte than in the sample cycled 

in Gen2 electrolyte. Detailed discussions about the mechanism of various rate of degradation of 

particles cycled with different electrolytes that was identified through STEM/EELS analysis, can 

be found in this publication469.  
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Figure 77. EELS analysis results from NMC samples cycled with various electrolytes. Energy 

difference between the O-K edge and its pre-peak is plotted as a function of distance from the 

surface.   

 

Supplemental Movies: 

 

Supplemental Movie 1: Ronchigram mode TEM recording from a graphene-coated Li0.5CoO2 

particle captured during an in-situ heating experiment at 300°C, which illustrates the effect of 

graphene-coating on the structural stability of the cathode.  
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