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Abstract 

 

The invention of the lithium-ion battery has revolutionized the passenger 

transportation field in recent years, and it has emerged as one of the state-of-the-art 

solutions to address greenhouse gases emission and air pollution issues. Layered oxide 

lithium-ion battery cathode materials have become commercially successful in the past few 

decades due to their high energy density, high power density, long cycle life, and low cost. 

Yet, with the increasing demand for battery performance, it is crucial to understand the 

material fading mechanisms further to improve layered oxide materialsô performance. A 

heterogeneous redox reaction is a dominant fading mechanism, which limits the utilization 

percentage of a battery materialsô redox capability and leads to adverse effects such as 

detrimental interfacial reactions, lattice oxygen release, and chemomechanical breakdown. 

Crystallographic defects, such as dislocations and grain boundaries, are rich in battery 

materials. These crystallographic defects change the local lithium-ion diffusivity and have 

a dramatic effect on the redox reactions. To date, there is still a knowledge gap on how 

various crystallographic defects affect electrochemistry at the microscopic scale. Herein, 

we adopted synchrotron-based diffraction, imaging, and spectroscopic techniques to 

systematically study the correlation between crystallographic defects and redox 



 

chemistries in the nanodomain. Our studies shed light on design principles of next-

generation battery materials. 

In Chapter 1, we first provide a comprehensive background introduction on the 

battery chemistry at various length scales. We then introduce the heterogeneous redox 

reactions in layered oxide cathode materials, including a discussion on the impacts of 

heterogeneous redox reactions. Finally, we present the different categories of 

crystallographic defects in layered oxide materials and how these crystallographic defects 

affect electrochemical performance.  

In Chapter 2, we use LiCoO2, a representative layered oxide cathode material, as 

the material platform to quantify the categories and densities of various crystallographic 

defects. We then focus on geometrically necessary dislocations as they represent a major 

class of crystallographic defects in LiCoO2. Combining synchrotron-based X-ray 

fluorescence mapping, micro-diffraction, and spectroscopic techniques, we reveal that 

geometrically necessary dislocations can facilitate the charging reactions in LiCoO2 grains. 

Our study illustrates that the heterogeneous redox chemistries can be potentially mitigated 

by precisely controlling the defects. 

In Chapter 3, we systematically investigated how grain boundaries affect redox 

reactions. We reveal that grain boundaries can guide redox reactions in LiNixMnyCo1-x-yO2 

(NMC) materials. Specifically, NMC materials with radially aligned grains have a more 

uniform charge distribution, less stress mismatch, and better cycling performance. NMC 

materials with randomly orientated grains have a more heterogeneous redox reaction. 

These heterogeneous redox reactions are related to the lattice strain mismatch and worse 



 

cycling performance. Our study emphasizes the importance of tuning grain orientations to 

achieve improved performance. 

Chapter 4 systematically investigated how the grain boundaries and 

crystallographic orientations affect the thermal stability of layered oxide cathode materials. 

Combining diffraction, spectroscopic, and imaging techniques, we reveal that a cathode 

materialsô microstructure plays a significant role in determining the lattice oxygen release 

behavior and, therefore, determines cathode materialsô thermal stability. Our study 

provides a fundamental understanding of how the grain boundaries and crystallographic 

orientations can be tuned to develop better cathode materials for the next-generation Li-

ion batteries.  

Chapter 5 summarizes the contributions of our work and provides our perspective 

on future research directions.  
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General audience abstract 

 

Lithium-ion battery technology has revolutionized the portable electronic device 

and electric vehicle markets in recent years. Yet, the performance of current lithium-ion 

batteries still cannot satisfy customer demands. To further improve battery performance, 

we need a deeper understanding of why battery materials degrade over long-term cycling. 

One of the fading mechanisms in lithium-ion batteries is heterogeneous redox reactions, 

i.e., charge or discharge reactions do not proceed at the same pace at different locations in 

the electrode materials. Herein, we utilize layered oxide cathode materials as an example 

to systematically investigate how crystallographic defects in the cathode materials lead to 

heterogeneous redox reactions. Our study indicates that crystallographic defects, such as 

geometrically necessary dislocations, contribute positively to the charging reaction of the 

cathode materials. We also unveil that the grain crystallographic orientations of the primary 

particles affect the redox reactions directly. By aligning the single grains in the radial 

direction, the volumetric-change-induced stress can be effectively mitigated to ensure 

prolonged cycling performance. Our study also points out that the single grain orientations 

are related to the thermal stability of the battery materials. To summarize, our studies 

provide new insights into the heterogeneous redox reactions in battery materials and offer 

critical material design criteria to improve battery performance further. 
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1. Introduction  

Greenhouse gas (GHG) emission has caused approximately 1.0 °C of global 

warming since pre-industrial times. The dramatic increase of Earthôs mean temperature has 

led to severe melting of glaciers and loss of ice from the Antarctica ice sheets. Researchers 

project that by 2100, the sea level would increase by 40-75 cm compared to today, 

representing a catastrophic risk for coastal zones. It is now a consensus that human 

activities need to reduce GHG emissions to contain global warming to be lower than 2 °C 

or 1.5 °C above pre-industrial levels.1 To date, a majority of policymakers across countries 

have committed carbon neutrality by 2050.2 To reduce GHG emissions, harvesting energy 

from sustainable resources and shifting from gasoline-powered vehicles to electric vehicles 

(EVs)3 are of prime importance. To achieve these two goals, it is crucial to develop grid-

scale energy storage systems and EVs4. A promising energy storage candidate for grids 

and EVs is alkali metal ion batteries (e.g., lithium-ion batteries, LIBs).  

LIBs have been widely used in portable electronics because of their high energy 

density, high power density, superior safety features, and long cycle life5. In recent years, 

the substantially decreased cost of LIBs, from $1,191/kWh to $137/kWh in the past 

decade,6 ensured its huge success in the EV market. More importantly, the EV market is 

still at its early stage. Researchers project that 66 million EVs will be manufactured in 

2040, representing a drastic increase from the annual production of 3.1 million EVs in 2020 

(Figure 1).7 Such a multi-trillion-dollar market requires state-of-the-art batteries. However, 

the contemporary LIBs cannot satisfy the increasing performance requirements of modern 

portable electronics, EVs, and grid-scale energy storage systems. We have witnessed the 

impressive progress in integrated circuits (ICs) in the past 50 years, which has almost 

followed Mooreôs law8 that the number of transistors per square inch doubles every 18 



 2 

months. More transistors mean faster processing capability and consequently more energy 

consumption. However, the performance of the power provider (LIBs) is lagging far 

behind. We also witnessed the exciting progress in harvesting different forms of sustainable 

energy, such as wind energy9,10, solar energy11,12, hydropower energy13, biomass 

energy14,15, and marine energy16. Nevertheless, the aforementioned sustainable energy 

resources have the same intrinsic drawbacks: intermittency and unpredictable fluctuations. 

Integrating those fluctuating green energy is a huge challenge to the modern grid17. Storing 

renewable energy is therefore vital for practical applications18.  

 

Figure 1. Global passenger electric vehivle sales forcast. Source: Bloomberg New Energy 

Finance Long-Term Electric Vehicle Outlook 2021.7 Reproduced from ref. 7 with 

permission. Copyright 2021 BloombergNEF. 
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1.1. Li thium-ion battery chemistry  

 

The working principle of a LIB is shown in Figure 2.  A typical LIB cell mainly 

has four key components: cathode electrode, anode electrode, electrolyte, and separator. 

Both cathode and anode can insert Li ions at various potentials. The cathode electrode is 

usually composed of active materials (e.g., LiCoO2, a representative layered oxide cathode 

material), polymeric binders, and conductive additives such as carbon black. The anode 

electrode is usually composed of active materials (e.g., graphite) and polymeric binders. 

The electrolyte can conduct Li ions between the cathode and anode, while the separator 

can avoid the direct contact of cathode and anode. In a charging process, Li ions can 

deintercalate from the cathode and diffuse to the anode through the electrolyte. Meanwhile, 

electrons shuttle from the cathode to the anode through the external circuit to compensate 

for the charge. The discharge process is a reversed process of the charge process, where 

electrons flowing in the external circuit are collected to power a device. 
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Figure 2. A schematic illustration of the LIB working principle.19 Reproduced from ref. 

19 with permission. Copyright 2013 American Chemical Society. 

 

1.1.1. Layered cathode materials  

Many different categories of cathode materials have been proposed in the past 

three decades20. Among the cathode materials, layered cathode materials (LCMs)21,22 are 

considered as one class of the most promising cathodes due to their high energy density, 

high power density, and good cycling stability. LCMs, e.g., LiCoO2 (LCO), has a layered 

structure with Rσm space group. Figure 3 shows that in the LCO crystal structure23, Li, Co, 

and O atoms occupy 3a, 3b, and 6c sites, respectively. Li and Co atoms alternately occupy 

the octahedral sites formed by O atoms. During the charge process (delithiation), Li ions 

would de-intercalate from the cathode and migrate to the anode. On the contrary, during 

the discharge process (lithiation), Li ions would migrate from the anode to cathode side 

and intercalate into the crystal structure. 
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Figure 3. Schematic showing the crystal structure of LiCoO2 and Li0.25CoO2
24. The red, 

blue, and purple spheres are O, Co, and Li atoms. Co and O atoms form CoO6 octahedral, 

while Li and O atoms form LiO6 octahedral.23 Reproduced from ref. 24 with permission. 

Copyright International Journal of Electrochemical Science. 

 

1.1.2. Battery electrochemistry at various length scales 

A detailed explanation of the battery electrochemistry at various length scales is 

shown in Figure 4. It should be noted that redox reactions do not happen homogeneously 

in LIBs, ranging from the atomic level to particle level and battery electrode level. Such 

heterogeneous redox reactions negatively affect the battery performance as it does not fully 

utilize the redox capability of the electrode materials and leads to faster material 

degradation, which will be discussed in detail later. To further improve the performance of 

LIBs, the heterogeneity of redox reactions should be mitigated. Here we want to point out 

that this work mainly focuses on the heterogeneous redox reactions at the cathode particle 

level. Readers are referred to this review paper25 for more information about the 

heterogeneous redox reactions at the electrode level. 
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Figure 4. Battery electrochemistry spanning various length scales, i.e., from atomic scale 

to battery pack level: (a) atomic level23, (b-c) nm level26, (d) µm level26, (e-f) mm level27, 

and (g-h) cm level. (a) is reproduced from ref. 24 with permission. Copyright International 

Journal of Electrochemical Science. (b-d) are reproduced from ref. 26 with permission. 

Copyright 2020, Springer Nature. (e-f) are reproduced from ref. 27 with permission. 

Copyright 2019, Wiley. 
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1.2. Heterogeneous redox reactions 

As mentioned earlier, current work focuses on heterogeneous redox reactions at the 

particle level. An example of the heterogeneous redox reactions at the particle level is 

shown in Figure 5.28 Li1īxNi1/3Co1/3Mn1/3O2 cathode particles under four different states are 

included in this example: pristine cathode particles (pristine), pristine cathode particles in 

the electrode form (xelectrode=0), cathode particles in the electrode form with 30% delithiated 

(xelectrode=0.30), and cathode particles in the electrode form with 60% delithiated 

(xelectrode=0.60). The Li ion concentration is quantified through transmission X-ray 

microscopy, which can characterize the Ni K-edge energy in the local domain. Note that 

Ni K-edge energy is correlated to the local Li ion concentration: high Ni K-edge energy 

means low Li ion concentration in the local domain. It is obvious that the Li ion distribution 

at the cathode particle level is heterogeneous when the cathode particles are partially 

delithiated (30% or 60%). Such a heterogeneous charge distribution can cause several 

negative impacts, which will be discussed shortly. 

Figure 5. Heterogeneous redox reactions at single particle level. The color represents the 
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concentration of Li ions in the local domain, with red represents relatively high Li ion 

concentration and green represents relatively low Li ion concentration.28 Reproduced from 

ref. 28 with permission. Copyright 2016, Wiley. 

 

1.2.1. Lattice parameter evolution 

During the electrochemical cycling processes, the lattice structure of LCMs 

experiences periodic changes29,30,31,32, which leads to micro-strain accumulation33 and 

subsequent crack formation. The in situ synchrotron X-ray diffraction (XRD) patterns of 

LiNi 0.6Mn0.2Co0.2O2 (NMC622) material in Figure 6 (a) show that the peak positions 

changed periodically and had high reversibility. The corresponding lattice parameters and 

unit cell volumes are shown in Figure 6 (b) and (c), respectively. For H1 phase, the a, b, 

and c lattice parameters showed negligible changes. For H2 phase, as Li ions de-

intercalated from the structure, the c lattice parameter first increased while a/b lattice 

parameter decreased. With more Li ions removed from the lattice (cut-off voltage higher 

than 4.2 V), the c axis contracted dramatically while a/b lattice parameter increased 

slightly. The calculated unit volumes are shown in Figure 6 (c), and the volume change is 

about 4%, which proves that the bulk crystal structure is stable during electrochemical 

cycling processes. However, in the vicinity of the particle surface, after the removal of 

surface Li ions, transition metal ions could move to those vacant Li sites, which results in 

the phase transformation from layered (Rσm) to spinel (Fdσm) and/or rock-salt (Fmσm) 

phase.34,35,36 The phase transformation process produce strains that can promote the 

formation of cracks. Other examples, such as LCO, also prove that phase transformation 

under high cut-off voltage accounts for structural instability and crack formation.37 To 
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conclude, evolution of the crystal structure is one of the primary reasons for crack 

formation. 

 

Figure 6. (a) In situ synchrotron XRD patterns of NMC622 (cycled at C/10 between 2.5-

4.7 V) showing the periodic changes of crystal structure. The evolution of (b) a and c-axis 

parameters and (c) the unit cell volume change of NMC as a function of charge/discharge 

depth during the first cycle.29 Reproduced from ref. 29 with permission. Copyright 2018, 

Chixia Tian et al. 
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1.2.2. Chemomechanical breakdown of LCMs 

The formation of intragranular and intergranular cracks is inevitable in most 

LCMs, and their occurrence commonly accompanies decreased electrochemical 

performance. Four main negative impacts are included in this review (Figure 7): poor 

electronic conductivity, loss of active material, more severe cathodeïelectrolyte side 

reactions, and dissolution of transition metals. The four main negative effects are not 

independent of each other, and the electrochemical performances of LIBs are compromised 

by the synergistic effect of the four negative impacts.  

 

Figure 7. Schematic representation of the four negative impacts induced by intragranular 

and intergranular cracks. The irregular yellow regions stand for primary particles and the 

red lines stand for grain boundaries. Primary particles have random orientations, and they 

are packed tightly to form the secondary particle. The green stripes inside the primary 
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particles are intragranular cracks, while the green gaps between primary particles are 

intergranular cracks.38 Reproduced from ref. 38 with permission. Copyright 2018, Royal 

Society of Chemistry. 

1.2.2.1. Poor electronic conductivity 

During the charging process, electrons in the cathode material move across 

primary cathode particles and then travel to the anode through the external circuit. 

Intergranular cracks in cathode particles can lead to the detachment of the active material 

from the nearby active material, conductive carbon black, and current collector, which is 

responsible for the inferior electronic conductivity. The reduced electronic conductivity 

leads to a dramatic increment of Rct (charge-transfer kinetic resistance), which is 

considered as an important factor for significant capacity drop.39,40,41  

The inferior electronic conductivity can further lead to state-of-charge (SOC) 

heterogeneity in individual particles. SOC heterogeneity means the non-uniform oxidation 

state distribution of a transition metal (e.g., Ni)42, which accounts for accelerated crack 

formation43,44. Liquid electrolyte is a good Li ion conductor but not an electron conductor, 

while the solid cathode particles can conduct both electrons and Li ions. This means Li 

ions can diffuse through the cathode and electrolyte, while electrons can only be conducted 

through the solid cathode. Before cracking, the Li ions and electrons at the same spot share 

the same geometrically optimal pathway (Figure 8 (a) green lines). Therefore, there is no 

path length differences between the Li ions and electrons at the same physical site. On the 

contrary, cracking and electrolyte infiltration induces the path length difference between 

the Li ions and electrons. During the charging process, the Li ions diffuse to the surface of 

the solid cathode, and then be conducted through the liquid electrolyte, which possesses 

higher Li ion conductivity than the solid cathode. When the electrolyte penetrates the 
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cracked cathode particles, it reduces the path length of Li ions that are inside the particles 

(Figure 8 (a) blue lines). Meanwhile, the cracks generally increase the path length of 

electrons. Cracks are physical barriers to electrons, which means the electrons need to 

detour and travel a longer distance to reach the surface (Figure 8 (a) red lines). The path 

length difference between the electrons and Li ions at different spots can be calculated, and 

the result is shown in Figure 8 (b). Intergranular cracks lead to different degrees of path 

length difference based on the geometry of cracks and electrolyte infiltration effect. 

Moreover, the difference in the diffusion time of Li ions and electrons lead to charge 

heterogeneity at the secondary particle level. The electrons in the cathode particle need to 

move to the surface during the charging process, and after crack formation (Figure 8 (c)), 

different regions of the surface have different electron traffic because of the electron detour 

effect (Figure 8 (d)). Recently, Tian et al observed charge heterogeneity for NMC622 

particles after electrochemical delithiation (Figure 8 (e))42. The inhomogeneous Ni 

oxidation states were partially due to the disruption of electronic wiring and subsequent 

particle isolation.  
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Figure 8. (a-b) Simulation of the electrolyte infiltration effect. (a) Schematic representation 

of the diffusion pathways for: electrons and Li ions before the crack formation (green 

lines), electrons after crack formation (red lines), and Li ions after crack formation (blue 

lines). The gray domains are cathode materials, the void regions between cathode materials 

are intergranular cracks, and the cyan background is the liquid electrolyte. (b) Color map 

showing the path length difference between Li ions and electrons induced by cracking and 

electrolyte infiltration. The path length difference is calculated by subtracting the path 

length of Li ions from that of electrons at the same spot. Blue represents a small difference, 

and red means a large difference. (c) 3D rendering of the NMC622 particle that has been 

cycled for 50 times at 10 C. (d) Traffic load (the number of electrons passing through a 

specific surface area) map of the particle in (c).43 (e) Color mapping of Ni oxidation state 
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heterogeneity of electrochemically charged NMC622 electrode, where blue represents low 

oxidation state and red indicates high oxidation state.42 (a-d) are reproduced from ref. 43 

with permission. Copyright 2018, Elsevier. (e) is reproduced from ref. 42 with permission. 

Copyright 2018, Elsevier. 

 

1.2.2.2. Loss of active material 

Disconnection in LCMs, induced by intergranular cracks, can lead to an etched 

surface after cycling (Figure 9 (a) and (b)), and part of the etched surface will further 

separate from the bulk region and form fragmented pieces (Figure 9 (c)). The fragmented 

pieces are ñdead regionsò of the cathode for two reasons. One is that once the fragmented 

pieces detach from the bulk region, the electrons in fragmented pieces cannot reach the 

surrounding conductive matrices. The fragmented pieces thus cannot contribute to the 

electrochemical reaction anymore. The other reason is that Mn ions in the fragmented 

pieces are permanently reduced from Mn4+ to Mn2+, most likely in the forms of redox 

inactive rock-salt phases. Electron energy loss spectroscopy (EELS) spectra (Figure 9 (c), 

(d), and (e)) indeed show that Mn ions in the fragmented pieces were Mn2+, while the Mn 

ions in bulk were Mn4+. The ñdead regionsò cannot intercalate or de-intercalate Li ions 

anymore, which is partially responsible for capacity fading. 
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Figure 9. (a-c) Etched surface of Li[Li0.2Ni0.2Mn0.6]O2 cathode after cycling. (a) Overview 

image of the surface after cycling. (b) Zoomed-in image of the white rectangle region in 

(a). (c) Overview image of fragmented pieces and cycled bulk of the cathode. (d-f) EELS 

results of cycled bulk (blue) and fragmented pieces (red): (d) O K, Mn L, and Ni L edges, 

(e) Mn L edge, and (f) Mn M and Li K edges.45 Reproduced from ref. 45 with permission. 

Copyright 2013, American Chemical Society. 

 

1.2.2.3. Accelerated cathodeïelectrolyte side reactions 

Secondary particles of LCMs are designed to have spherical morphology to 

reduce their specific surface area. Intergranular cracks can produce fresh surfaces and 

expose the formerly intact grain boundaries to the liquid electrolyte. The fresh surfaces can 

react with the liquid electrolyte and form more surface reconstruction layers. Surface 

reconstruction layers are electrochemically inactive with relatively inferior ion 
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conductivity, which partially accounts for the resistance buildup and capacity fading in 

LIBs39,46.  Surface reconstruction involves the structural change from a Rσm layered 

structure to a Fmσm rock-salt (Figure 10), and it has been intensively observed for 

LCMs47,48,34,49, including stoichiometric layered materials and Li/Mn-rich layered oxides. 

The degraded surface layer form instantly after the cathode particles are soaked in liquid 

electrolyte, and its thickness can increase after cycling. This proves that the surface 

reconstruction process involves both cathodeïelectrolyte reactivity and electrochemical 

activation.47 Moreover, the surface reconstruction predominantly occurs along the Li-

diffusion direction, and examples include LiNi0.4Mn0.4Co0.2O2 (NMC442) (Figure 10 (a))47 

and Li/Mn-rich layered oxides (Figure 10 (b))48. The surface reconstruction is mainly 

induced by lattice oxygen release and the preferential migration of Mn and Ni ions 34. It 

was observed that the removal of Li ions accompanies with the loss of lattice oxygen ions 

at the surface. As a result, some surface transition metal ions only coordinate with five 

oxygen ions, and the destabilized transition metals will then move to the empty Li sites and 

form the rock-salt structure. When Mn ions migrate to the bulk, the Mn-to-Ni ratio increase 

from the surface to the bulk, as shown in Figure 10 (c)34.  
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Figure 10. (a) Observation of surface reconstruction layers of NMC442 particles (after 1 

cycle, 2.0-4.7 V) with annular dark-field scanning transmission electron microscopy 

(ADF-STEM). The scale bar is 2 nm.47 (b) The surface reconstruction layers in cycled 

Li/Mn-rich Li[Ni 1/5Li 1/5Mn3/5]O2.
48 (c) The surface reconstruction layers, chemical maps, 

and evolution of the Mn and Ni atomic concentration in Li/Mn-rich 

Li 1.2Mn0.61Ni0.18Mg0.01O2 (after 50 cycles under C/2).34 (a) is reproduced from ref. 47 with 

permission. Copyright 2014, Springer Nature. (b) is reproduced from ref. 48 with 



 18 

permission. Copyright 2011, Royal Society of Chemistry. (c) is reproduced from ref. 34 

with permission. Copyright 2013, American Chemical Society. 

 

1.2.2.4. Dissolution of transition metals 

The dissolution of transition metals, such as Ni, Co, and Mn, is more severe after 

chemomechanical breakdown. Among the three aforementioned transition metals, the 

dissolution of Mn ions was reported to be the easiest50,51 and it can occur through two 

possible mechanisms. The first mechanism is the Mn3+ disproportion reaction according to 

the 2Mn3+Ÿ Mn2+ + Mn4+ route52,53. The second mechanism is the HF attack on 

cathode54,55. LiPF6, a common component of the liquid electrolyte, decomposes easily as 

LiPF6 Ÿ LiF + PF5. With trace of water, PF5 can further decompose as PF5 + H2O Ÿ 2HF 

+ POF3
55. HF can then react with the cathode, leading to the dissolution of transition metals. 

Moreover, H2O is another product from the cathodeïHF reaction, and H2O promotes the 

decomposition of PF5 and produces more HF, which makes the transition metal dissolution 

reaction auto-catalytic56. The dissolution of Mn ions has two main negative impacts. Mn 

ions dissolved in the electrolyte can re-deposit on the cathode surface57, which induces a 

resistive layer for electrons and Li ions. The dissolved Mn ions can also migrate to the 

anode surface through the electrolyte58 and interrupt the solid-electrolyte-interface (SEI) 

layer59. Transition metals deposited on the anode work as catalysts for the decomposition 

of SEI components, which leads to the formation of an inactive layer on the anode surface 

and cracks in the SEI layer59. The decomposition of (CH2OCO2Li)2 (one of the SEI 

components) promotes the formation of Li 2CO3, which can react with LiPF6 to produce 

LiF and CO2
60. Moreover, the decomposition of (CH2OCO2Li)2 can induce some cracks in 
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the SEI, and the cracks contribute to more SEI formation. As a result, the dissolution of 

transition metals interrupts the SEI layer and induces more SEI formation, which leads to 

decreased electrochemical performance. 

The dissolution of Co ions is widely observed in Co-containing cathode 

materials61,37, though it is not dominant. Moreover, the dissolution of Ni ions from the 

surface usually accompanies the surface transformation from layered structure to spinel 

and/or rock-salt structure. Although the dissolution of Ni is not dominant, it can be 

accelerated by high Ni-content, high cut-off voltage, and elevated temperature62. An 

example is that the degree of Ni dissolution in LiNi0.9Mn0.05Co0.05O2 is an order of 

magnitude higher than that in NMC62263. Interestingly, the dissolution of Co and Mn ions 

is also more severe in high Ni-content samples. Even though the Co and Mn concentration 

in LiNi 0.9Mn0.05Co0.05O2 is only one-fourth of that in NMC62263, the dissolution of Co and 

Mn ions are much more obvious in the former. The possible reason is that 

LiNi 0.9Mn0.05Co0.05O2 has more cracks, which provide channels for electrolyte infiltration 

and induce more cathodeïelectrolyte reactions.     

 

 

 

 

 

 

 

 



 20 

1.3. Crystallographic defects in LCMs 

The interruption of periodic arrangements of atoms in crystalline materials is 

ubiquitous, which leads to the formation of various atomic-scale defects (Figure 11g). 

These defects can be categorized based on their dimensions: zero-dimensional defects (0D 

defects, Figure 11 a-c), one-dimensional defects (1D defects, Figure 11 d-f), two-

dimensional defects (2D defects, Figure 11 h-o), and three-dimensional defects (3D 

defects, Figure 11p). Atomic-scale defects can alter the strain field in battery materials and 

affect battery materialsô mechanical properties. We will first explain the various categories 

of crystallographic defects in battery materials, and then discuss how each crystallographic 

defect affects battery materialsô electrochemical performance. 

 

1.3.1. Categories of crystallographic defects 

 

1.3.1.1. 0D defects 

0D defects, including anti-site defects (Figure 11a), oxygen vacancies (OVs, Figure 

11b) and dopants (Figure 11c), may induce nanoscale strain fields to battery materials in 

similar patterns: anti-site defects involve the position exchange of various atoms, 

destroying the periodic arrangement of atoms; oxygen vacancies (OVs) refer to the loss of 

oxygen atoms from the lattice; dopants are purposely incorporated into the lattice, 

substituting the original atoms and leading to a disrupted arrangement of atoms. These 0D 

defects are either generated in the material synthesis process due to thermodynamic and 

kinetic limitations or generated during the battery cycling process.  

During the material synthesis process, atoms of similar sizes can exchange their 

positions, e.g., Li and Ni position exchange has been widely observed in layered oxide 
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materials64ï66. In addition to the intrinsic anti-site defects, various atoms can also exchange 

their sites during the electrochemical cycling process, e.g., Ni goes to the Li site under a 

high delithiation state, leading to more anti-site defects in battery materials. As a matter of 

fact, a tremendous amount of efforts have been made to restrict anti-site defect formations 

in battery materials since they are mainly unfavorable for ionic diffusion.67,68 Under a high 

state of charge or thermal abuse condition, the oxygen ions may not be stable and can 

escape from the lattice in the format of oxygen gas.69 OVs directly contribute to the crack 

formation and growth in battery materials - the oxygen release induces local phase 

transformations, which leads to local stress mismatch and, subsequently, the initiation and 

propagation of cracks in battery materials.70ï72 Dopants are usually purposely introduced 

into a perfect lattice, which can cause lattice deformation and electronic structure change,73 

altering the mechanical and electronic properties of battery materials. By optimizing the 

dopant species, contents, and distributions, the crack formation (so-called 

chemomechanical breakdown) can be effectively mitigated.  

 

1.3.1.2. 1D defects 

Dislocations are ubiquitous in battery materials (Figure 11 d-f). They are either 

formed in the material synthesis process or generated during the battery cycling process. 

Readers interested in the dislocation formation process under battery cycling conditions 

can refer to these papers. It is believed that dislocations are both detrimental and favorable 

for battery materials.74ï76 On the one hand, dislocations facilitate crack formation in battery 

materials. Dislocations result in a mismatch of the stress field in the vicinity of dislocation 

tips,70 which leads to crack formation.74,77,78 Dislocation gliding can also lead to oxygen 

release from the lattice,79 which is another significant contributor to the crack formation in 
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battery materials.80 These crack formations lead to degraded battery performance.81 On the 

other hand, dislocations can decohere the various phases in battery materials and relieve 

the strain to limit chemomechanical breakdown.82 Dislocations-induced stress can also 

promote Li-ion diffusion in battery materials, potentially achieving higher capacity at a 

lower cell voltage.83 

 

 

 

1.3.1.3. 2D defects 

Common 2D defects in batteries are stacking faults (Figure 11 j-k), antiphase 

boundaries (Figure 11 l-m), and twin boundaries (Figure 11 n-o). Stacking faults are a 

common defect type in battery materials, which damages some material systems but 

enhances battery performance in other cases.79,84ï87 Tarascon and coworkers found that 

stacking faults are related to oxygen release in the Li2Ir1ïySnyO3 layered oxide system. The 

oxygen release can then lead to voltage fade and chemomechanical breakdown.84 Yet, in a 

similar material system (Li2MnO3), Li et al. showed that the low mobility of stacking faults 

only minimally contribute to the oxygen release.79 Some studies suggest that stacking faults 

may increase the energy state of the materials, which can lower the activation energy of Li 

diffusion to allow Li extraction at a lower potential.87 To date, a detailed understanding of 

the stacking fault in battery materials is still missing.  

Grain boundaries, including antiphase boundaries and twin boundaries, play an 

essential role during the phase transformation process and affect the chemomechanical 

properties of battery materials.88 Although experimentally investigating the grain 

boundaries can be challenging, some computational works suggest that grain boundaries 
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can decrease battery voltage and impede Li-ion diffusion.89,90 Furthermore, the ion 

transport across grain boundaries results in a compositional heterogeneity among grains. 

The various extent of volume change of the different grains directly leads to the crack 

formation along grain boundaries. 73,91 

 

1.3.1.4. 3D defects 

Nano-voids are widely observed in battery materials.74,77 They are usually 

generated by the agglomeration of vacancies during material synthesis processes (Figure 

11p). Many researchers believe that nano-voids can work as a buffer to accommodate the 

volume change of battery materials under charging/discharging operations. However, 

nano-voids may mitigate crack formations at the price of a reduced volumetric energy 

density.  
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Figure 11. Mechanisms of chemomechanical degradation at the atomic-scale. Atomic-

scale crystallographic defects of various length scales are summarized in (g). (a-c) zero-

dimensional (0D) crystallographic defects;66,92,93 (d-f) One-dimensional (1D) 

crystallographic defects;74 (h-o) Two-dimensional (2D) crystallographic defects;79,88,89 (p) 

Three-dimensional (3D) crystallographic defects74. (a) is reproduced from ref. 66 with 

permission. Copyright 2019, American Chemical Society. (b) is reproduced from ref. 92 

with permission. Copyright 2014, Elsevier. (c) is reproduced from ref. 93 with permission. 

Copyright 2020, Wiley. (d-f, o) are reproduced from ref. 74 with permission. Copyright 

2017, Spinger Nature. (h-k) are reproduced from ref. 79 with permission. Copyright 2019, 
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Spinger Nature. (l-m) are reproduced from ref. 88 with permission. Copyright 2020, Wiley. 

(n-o) are reproduced from ref. 89 with permission. Copyright 2012, Wiley.  

 

1.3.2. Impact of crystallographic defects on electrochemical performance   

Anti-site defects can directly change the chemical environment of the defective 

region, impeding ion diffusion and negatively affecting battery performance in most 

cases.66ï68,94 The impeded ion diffusion can be attributed to two reasons: 1) anti-site defects 

act as barriers in ion diffusion pathways94; 2) anti-site defects cause shrinkage of lattice 

parameters, increasing ionic diffusion energy barriers95. OVs are intrinsic defects in many 

battery materials, and their presence can dramatically affect the chemical and mechanical 

properties of battery materials. Under high state-of-charge or thermal abuse conditions, the 

condensation of OVs can directly lead to crack formations (Figure 12a). These crack 

formations can plague battery performance by having more side reactions between the 

newly generated electrode surface and the electrolyte, leading to resistance build-up, gas 

evolution, and irreversible capacity fading. 

Moreover, OVs also contribute to many undesired phase transformations (Figure 

12b-c), which generate redox-inactive phases and cause an irreversible capacity fading in 

batteries. To avoid these unfavorable phase transformations, many researchers have 

proposed foreign element doping solutions. For example, LiCoO2, a widely used cathode 

material with low volumetric energy density, has a detrimental phase change (O3 phase to 

H1-3 phase, Figure 12f) at high voltage. Further pushing LiCoO2ôs performance by 

increase the upper cut-off voltage is not realistic because of the poor structural stability at 

high delithiated states. Hong et al. reported that trace amounts of Ti (~ 0.1 wt %) doping 

leads to lattice deformations such as d-spacing change, Y-twisting, and Z-bending (Figure 
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12d-e). These lattice deformations cause lattice strains in the doped LiCoO2, which 

positively contribute to the lattice robustness and suppress the detrimental phase change 

(Figure 12g)73,96. This improved structural stability enables stable cycling LiCoO2 with an 

upper cut-off voltage of 4.6 V, dramatically enhancing the volumetric density of this 

material. 

 

Figure 12. The role of one-dimensional atomic defects on the diffusivity and reactivity of 

the active materials. Oxygen vacancies in battery materials can induce (a) intragranular 

crack formation70 and (b-c) phase transformations71. Doping induced (d-e) lattice 

deformation73 can mitigate the detrimental phase transformation (f-g) in layered oxides 

battery materials at high voltage71. (a) is reproduced from ref. 70 with permission. 

Copyright 2018, American Chemical Society. (b-c) are reproduced from ref. 71 with 

permission. Copyright 2019, Wiley. (d-e) are reproduced from ref. 73 with permission. 

Copyright 2020, Elsevier. (f-g) are reproduced from ref. 96 with permission. Copyright 

2019, Springer Nature.  
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Dislocations are usually detrimental to battery performance for two main reasons. 

First, dislocations cause harmful phase transformations. The newly generated phases are 

usually redox inactive, which decrease battery capacity substantially. Moreover, the new 

phases may decrease electronic and ionic conductivities, further impairing battery 

performance.74,77,78 Second, dislocation-aided crack formations (Figure 13 a-b) generate 

fresh surfaces for undesired electrode-electrolyte interfacial reactions, considerably 

increasing battery resistance and plaguing battery performance.74,77ï79 Although 

dislocations are primarily detrimental to long-term cycling performance, a few studies 

show that we can potentially use dislocations to guide or even promote redox reactions in 

battery materials. Multiple studies show that dislocations likely act as nucleation points for 

redox reactions in battery materials, e.g., in spinel75 and layered oxides.76 It is also found 

that layered oxide single grains with high dislocation densities tend to have a deeper 

charging reaction than perfect grains with fewer lattice distortions (Figure 13 c-f). Such 

discoveries suggest that engineering the dislocation density and distributions may modify 

the redox reaction in battery materials for enhanced battery performance. 

Ion diffusion along grain boundaries is inevitable in polycrystalline battery 

materials (Figure 13 a), yet, our understanding of the ion diffusion process remains elusive. 

Ion transport along grain boundaries may cause inhomogeneous state-of-charge 

distributions (Figure 13b), which has been experimentally observed in many 

polycrystalline battery material systems (Figure 13d).26,44 Strain induced by heterogeneous 

state-of-charge distributions may lead to crack formation, as predicted (Figure 13c) and 

experimentally observed26 in various polycrystalline materials. These crack formations are 

usually detrimental to battery performance. 
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Figure 13. (a) Voltage-dependent intragranular crack formation in battery materials.74 (b) 

Schemes showing the dislocation-assisted crack incubation and propagation processes.74 

(c-f) High geometrically necessary dislocation density facilitates redox reactions in battery 

materials at the early charging stage.83 (g) Illustration of ion diffusions along grain 

boundaries.91 (h) Li ion concentration and (i) crack formations induced by the ion 

diffusions along grain boundaries.91 (j) State-of-charge distributions of a cathode particle, 

where red represents less charged domains and green represents more charged domains.44 

(a-b) are reproduced from ref. 74 with permission. Copyright 2017, Spinger Nature. (c-f) 

are reproduced from ref. 83 with permission. Copyright 2020, Wiley. (g-i) are reproduced 

from ref. 91 with permission. Copyright 2020, Elsevier. (j) is reproduced from ref. 44 with 

permission. Copyright 2017, Spinger Nature. 
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To date, there is still a lack of understanding between the crystallographic defects 

and the heterogeneous charge distribution in cathode particles. This work will focus on the 

correlation between crystallographic defects and charge distribution. 
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2.1. Abstract 

Crystallographic defects exist in many redox active energy materials, e.g., battery 

and catalyst materials, which significantly alter their chemical properties for energy storage 

and conversion. However, there is lack of quantitative understanding of the 

interrelationship between crystallographic defects and redox reactions. Herein, 

crystallographic defects, such as geometrically necessary dislocations, are reported to 

influence the redox reactions in battery particles through single-particle, multimodal, in 

situ synchrotron measurements. Through Laue X-ray microdiffraction, many 

crystallographic defects are spatially identified and statistically quantified from a large 

quantity of diffraction patterns in many layered oxide particles, including geometrically 

necessary dislocations, tilt boundaries, and mixed defects. The in situ and ex situ 

measurements, combining microdiffraction and X-ray spectroscopic imaging, reveal that 

LiCoO2 particles with a higher concentration of geometrically necessary dislocations 

provide deeper charging reactions, indicating that dislocations may facilitate redox 

reactions in layered oxides. The present study illustrates that a precise control of 

crystallographic defects and their distribution can potentially promote and homogenize 

redox reactions in battery materials. 
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2.2. Introduction  

Heterogeneous redox reactions have been widely observed in various battery 

electrode materials.[1ï6] They diminish the utilization percentage of battery materialsô redox 

capabilities, leading to inferior energy density and poor stability.[7] Although extensive 

efforts have been devoted to improve charge homogeneity, the fundamental understanding 

of the origin of heterogeneous redox reactions remains highly elusive. While some studies 

have shown that the heterogeneous redox reaction is attributed to external factors, such as 

cycling rate and cycle number,[4,8] other studies have suggested that the heterogeneous 

redox reaction is an intrinsic property of battery materials.[6,9] For example, Doeff and 

coworkers observed a high degree of charge heterogeneity in LiNi0.6Mn0.2Co0.2O2 particles 

even after a chemical delithiation in a homogeneous liquid environment.[6] Moreover, the 

ion (de)intercalation in most battery materials can only take place in specific 

crystallographic orientations,[10] thus crystallographic defects can contribute to 

heterogeneous redox reactions due to the perturbation of the ion channels. For example, 

the corner truncation in spinel LiNi0.5Mn1.5O4 single grains offers facile Li ion transport 

and kinetic advantages for phase nucleation and propagation, which may account for 

heterogeneous redox reactions.[3] In addition, dislocations play significant roles in 

determining the phase nucleation and propagation in LiNi0.5Mn1.5O4 and layered 

oxides.[11,12] These studies have suggested that crystallographic defects are crucial in 

governing redox reactions in battery materials. 

LiCoO2 represents one of the most prominent battery materials and its commercial 

success has impacted the development of nearly all cathode materials. However, LiCoO2 

also experiences heterogeneous redox reactions in single grains, which has impeded the 

further improvement of energy density and cycle life. Several studies have shown that 
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LiCoO2 has point defects and planar defects,[13,14] which may affect Li ion diffusion thus 

creating charge heterogeneity. Improving the utilization of LiCoO2 particles by mitigating 

the charge heterogeneity is a practical way to improve capacity and stability. To achieve 

this, understanding the relationship between crystallographic defects and charge 

heterogeneity is the ñfoundation stoneò. More importantly, elaborate studies, preferably 

under in situ conditions, are urgently needed to reveal how crystallographic defects can 

affect the redox reactions of electrode particles. 

In this work, we use LiCoO2 single-grain particles as a platform to investigate the 

spatially-resolved relationship between crystallographic defects and charge heterogeneity 

in layered oxides. Several categories of crystallographic defects are first identified using 

synchrotron-based Laue X-ray microdiffraction (LXMD).[15ï17] From the LXMD data, 

important information such as peak position, shape, size, and splitting, are extracted to 

quantify local crystallographic defects with good spatial resolution.[15] We then focus on 

unraveling how geometrically necessary dislocations (GNDs), one of the most prevailing 

crystallographic defects, impact the local redox reactions in LiCoO2 particles by combining 

LXMD and micro X-ray absorption near edge spectra (micro-XANES).[18] We find that 

high concentrations of GNDs may promote the delithiation reaction. Moreover, we observe 

that the effect of GNDs does not exhibit a point-to-point correlation to the charging 

reactions based on the in situ delithiation experiment. Our findings suggest that through an 

optimized control of the GND density and distribution, the charge heterogeneity can 

potentially be mitigated in layered oxides. 
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2.3.  Results 

 

2.3.1. Ubiquitous Crystallographic Defects in Most LiCoO2 Particles 

 

Figure 1. Illu stration of the multi-modal experiment setup and a summary of the 

crystallographic defect scenarios in LiCoO2 particles. (a) Illustration of the experiment 

setup at Advanced Photon Source, 34-ID-E. A focused X-ray is used to obtain spatially 

resolved Laue diffraction patterns, Co-KŬ fluorescence mapping, and Co K-edge X-ray 

absorption near edge spectra with a step size of 500 nm. The incident X-ray beam, 

diffraction detector, and fluorescence detector are parallel to the horizontal plane. The 

sample is 45ę to the horizontal plane. (b) Percentage of each defect type based on the 

analysis of 37 particles (over 10,000 diffraction patterns in total). (c-k) Representative Laue 

diffraction patterns of five different types of defects (collected from multiple particles). (c) 

Diffraction peak of a defect-free region in a LiCoO2 particle. (d-e) Diffraction peaks of 
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regions with GNDs. (f-g) Diffraction peaks of a region with tilt boundary. (h-i) Diffraction 

peaks of a region with mixed defects of tilt boundary and GNDs. (j) Diffraction peaks of 

another region with mixed defects of tilt boundaries and GNDs. (k) Diffraction peaks of a 

region with stacking tilt boundaries. The size of one pixel on the area detector corresponds 

to ~0.02° in diffraction angle. 

Ideal LiCoO2 has a typical Ŭ-NaFeO2 structure in which the Li ion (de)intercalation 

mostly happens in the directions parallel to the (003) planes. This anisotropic Li ion 

conducting behavior suggests that crystallographic defects, especially those that can 

disturb the Li ion channels, may correlate to their heterogeneous redox reaction behavior. 

Herein, multiple LiCoO2 particles are investigated via LXMD to spatially resolve their 

crystallographic defects. A schematic illustration of the multi-modal experimental setup is 

included in Figure 1 a and Figure S1.[19]  A focused polychromatic X-ray beam, with a 

continuous spectrum from 7 keV to 30 keV, scans over a few regions of interest (ROI) with 

a step size of 500 nm to acquire the local Laue diffraction pattern and Co-KŬ fluorescence 

mapping concurrently. The direct correspondence between Laue diffraction patterns and 

real-space crystal lattice provides an efficient way to visualize crystallographic defects in 

LiCoO2 particles. Moreover, a focused monochromatic X-ray of appropriate energy is used 

to obtain spatially resolved Co K-edge micro-XANES. 

Our results indicate that crystallographic defects are rich in most LiCoO2 particles 

(Figure 1 b): among the 37 particles (over 10,000 diffraction patterns in total) that we 

analyzed, only 17% of the particles are nearly defect-free. The crystallographic defects are 

categorized into four scenarios: GNDs (42%), tilt boundary (25%), GNDs mixed with tilt 

boundary (10%), and stacking tilt boundaries (6%). Defect-free domains have non-
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streaking diffraction peaks (Figure 1 c and Figure S2 d) which can be due to two reasons: 

1) the crystal is defect-free and the Von Laue equation is perfectly satisfied to generate 

small round-shaped diffraction peaks; 2) the local dislocations are paired (statistically 

stored dislocations, SSD), i.e., the streaking of the diffraction peaks in each direction is 

canceled out.[19] On the other hand, the streaking (elongated or broadened) diffraction 

peaks (Figure 1 d, e and Figure S2 e, f) indicate the presence of GNDs in the gauge volume, 

which can reduce the elastic energy of a single crystal and has been widely observed in 

single crystals.[20] Note that although the streaking of diffraction peaks may also arise from 

a gradient of elastic strains in the diffracting volume,[15,21] the strains caused by residual 

stress lead to an uniform change in the d-spacing within single crystals, and therefore will 

not contribute to the streaking caused by GNDs. Moreover, the streaking extent of the 

diffraction peaks has a gradual change in different regions. For example, the streaking 

extent gradually increases from left to right (Figure 1 c, d, e and Figure S2), i.e., position 

1 to 3 defined in Figure S1 b. The spatial change can be further identified in the 

Supplementary Video 1 that is generated by tracking the changes in diffraction patterns of 

a single particle at different regions. 

For regions with a tilt boundary, the Laue diffraction peaks are split (Figure 1 f and 

g). Non-split diffraction peaks of a defect-free region are shown in Figure S3 a-b as a 

reference. The misorientation angle between the split peaks in Figure 1 g is ~0.2ę, meaning 

that the diffracted region has two sets of lattice orientations that slightly differ from each 

other. Such a small difference suggests the existence of a low-angle tilt boundary.[15,20] Tilt 

boundaries may hinder Li ion transport due to the mismatch of Li ion channels, which may 

contribute to the charge heterogeneity in battery materials.[9,22,23] Moreover, tilt boundaries 
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can cause crack formation in battery materials,[24] which can further amplify the degree of 

charge heterogeneity. Further separated diffraction peaks are identified in another LiCoO2 

particle. The misorientation angle difference between the split peaks is much larger, 

roughly 1.0ę (Figure 1 h and i).[25] Non-split diffraction peaks of a defect-free region are 

shown in Figure S3 c-d as a reference. We may assume that the Li ion transport needs to 

overcome a higher energy barrier at the higher-angle tilt boundaries because the Li ion 

channels are more distorted.[22] Moreover, the split diffraction peaks in Figure 1 h and i are 

streaked, revealing the existence of GNDs in both sub-domains. Another defect scenario 

with mixed defects comprised of streaked and split diffraction peaks are also identified 

(Figure 1 j, full diffraction pattern is shown in Figure S4 a), indicating the existence of 

GNDs and tilt boundaries in the gauge volume. Although this defect scenario (Figure 1 j) 

contains similar defect types with the aforementioned one (Figure 1 i), the two split peaks 

in Figure 1 j are not streaked. This indicates that the spatial distribution of GNDs and tilt 

boundaries are different in Figure 1 i and j. Overall, tilt boundaries are common 

crystallographic defects in LiCoO2 single particles.  

For domains with stacking tilt boundaries, one large diffraction peak is comprised 

of multiple close neighboring peaks (Figure 1 k, full diffraction pattern is shown in Figure 

S4 b). As discussed earlier, the crystal orientation mismatch at the tilt boundary can cause 

the splitting of one diffraction peak into two peaks, thus the multiple close neighboring 

peaks result from the multiple tilt boundaries in the gauge volume. These tilt boundaries 

may come from dislocation walls.[20] Moreover, the ñVò shape of the diffraction peaks can 

be explained by that the crystal orientation changes discretely between neighboring layers. 

A direct visualization of the ñstacking tilt boundariesò is shown in Figure S5. Lastly, we 
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want to highlight that the mixed defect scenarios can be spatially resolved using LXMD, 

as shown in Figure S6 and Figure S7, where different regions of LiCoO2 particles are 

characterized.  

The results here reveal the rich profile of crystallographic defects in layered oxide 

single particles, which has never been studied systematically. These results indicate that 

the crystallographic defects in layered oxides are complicated in terms of types and number 

density, which motivate us to further experimentally investigate how crystallographic 

defects influence the local redox reactions. Since GND is the dominant defect type in 

LiCoO2 particles, we focus on revealing the relationship between GNDs and redox 

reactions for the rest of the study. To do this, we screened a large number of LiCoO2 

particles using LXMD and identified the ones with only GNDs for in situ and ex situ charge 

distribution measurements.   
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2.3.2. GNDs Facilitate the Charging Reactions in ex situ chemically delithiated 

LiCoO 2 single particles 

Figure 2. Probing the relationship between GNDs and charge distribution in ex situ 

chemically delithiated LiCoO2 single particles. Four chemically delithiated LiCoO2 

single particles are investigated, where Co-KŬ fluorescence mapping (first column: a, d, g, 

and j), streaking extent (second column, based on the quantitative analysis of LXMD 

pattern: b, e, h, and k), and micro-XANES (third column: c, f, i, and l) are collected. The 

Co-KŬ fluorescence signal, streaking extent, and Co K-edge white line energy are all color 

mapped according to the color bar to the right of each panel, respectively. The dash lines 

in a-l are used to define the boundaries of the studied areas of individual particles. The 
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results of Particle A (a-c), Particle B (d-f), Particle C (g-i), Particle D (j-l) are summarized, 

respectively. Streaking extent (m) and Co K-edge white line energy (n) distributions of the 

four particles. (o) Correlating the average streaking extent with the average Co K-edge 

white line energy. 

As revealed by many studies, dislocation is a common defect in battery 

materials,[11,12,17] which can dramatically affect the material properties. Yet, how 

dislocations can affect the redox reactions in battery materials remains elusive. In this 

work, we tackle this problem by investigating the relationship between dislocation and 

delithiation reaction based on ex situ and in situ chemically delithiated LiCoO2 particles. 

An earlier study has shown that the chemically delithiated samples can represent the 

electrochemically charged samples in terms of the mesoscale state-of-charge 

heterogeneity.[6] The focus of this work is the mesoscale state-of-charge distribution, thus 

studying the chemically delithiated compounds may provide insights into the charging 

processes in practical batteries. In the ex situ chemical delithiation process, LiCoO2 

particles are homogeneously surrounded by a solution-phase oxidant (0.05 M NO2BF4 in 

acetonitrile), which can avoid the non-uniform electrical wiring in an electrochemical 

delithiation process and lead to a more homogeneous delithiation reaction.[6] Inductively 

coupled plasma mass spectrometry (Table S1) confirms that the Li content after the 

chemical delithiation is about 70%, i.e., with a formula close to Li0.7CoO2. A multi-modal 

measurement is carried out on multiple chemically delithiated particles, combining 

spatially-resolved Co-KŬ fluorescence mapping, LXMD patterns, and Co K-edge micro-

XANES. Note that the particles selected for the delithiation study have similar zone-axes 

and exhibit no tilt boundaries or other defects in their diffraction patterns (Figure S8). As 
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discussed earlier, the streaking extent of diffraction peaks are good indicators of the local 

dislocation densities.[26,27] Therefore, a quantitative model, which spatially resolves the 

average size of diffraction peaks (i.e., streaking extent), is developed to describe local GND 

densities. All streaking extent values in this work are normalized by taking the size of a 

defect-free diffraction peak size as ñunit 1ò. A larger streaking extent value represents a 

higher local GND density. A detailed explanation of this quantitative model can be found 

in Figure S9.  

After evaluating the density and spatial distribution of GNDs, it is apparent that 

Particle A is nearly defect-free (Figure 2b), whereas Particle B, C, and D have increasing 

densities of GNDs with various spatial distributions (Figure 2 e, h, and k). Spatially 

resolved micro-XANES mapping is also performed on these particles, where the Co K-

edge white line energy of each Co absorption spectrum is extracted to represent the local 

Co oxidation state.[28] Similar to the streaking extent of the four particles, the Co also has 

increasing white line energies from Particle A to D, meaning that the particles have 

increasing oxidation states (Figure 2 c, f, i, and l). A quantitative analysis based on the 

distributions of streaking extent, Co K-edge white line energy, and their correlation 

suggests that the density of GNDs and Co oxidation state are positively related (Figure 2 

m, n, and o). Such a positive correlation indicates that GNDs may promote chemical 

delithiation reactions. Some former studies have informed us that dislocations serve as the 

nucleation points of redox reactions.[11,12] Therefore, we conjecture that a higher 

concentration of GNDs can promote delithiation reactions in LiCoO2. Moreover, we found 

that the micro-XANES mapping and streaking extent mapping do not exhibit a point-to-
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point correlation. Such a non-local charge effect indicates that GNDs have a complex effect 

on the redox reaction in crystalline materials. 

 

2.3.3. GNDs Facilitate the Charging Reactions in in situ chemically delithiated 

L iCoO2 single particles 

 

Figure 3. Probing the relationship between GNDs and charge distribution in in situ 

chemically delithiated LiCoO2 particles. The streaking extent mapping of three particles 

(Particle 1, 2, and 3) in the pristine state (first column: a, e, and i) and the in situ chemically 

delithiated state (third column: c, g, and k), respectively. The Co K-edge white line energy 

mapping of the three particles (Particle 1, 2, and 3) in the pristine state (second column: b, 

f, and j) and the in situ chemically delithiated state (fourth column: d, h, and l), respectively. 
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The streaking extent and Co K-edge white line energy are color mapped according to the 

color bar to the right of each panel, respectively. The dash lines in all panels are used to 

define the boundaries of the studied areas of individual particles. 

To further investigate how local GNDs affect the charge distribution, the multi-

modal experiment, which spatially resolves crystallographic defects and charge state, is 

applied to pristine and in situ chemically delithiated LiCoO2 particles. In the multi-modal 

experiment, Co-KŬ fluorescence (Figure S10), LXMD pattern, and micro-XANES signals 

are collected on the same particles before and after in situ delithiation. After screening a 

number of LiCoO2 particles, three pristine LiCoO2 particles with similar zone-axes yet 

different GND densities are selected for the in situ study (Figure S11). No other 

crystallographic defect types except GNDs are observed in the selected particles (Figure 

S11). Notably, some particles have dramatic streaking diffraction peaks even in the pristine 

state (Figure S11 e and f), indicating the high concentration of GNDs in the pristine 

LiCoO2. The streaking extent quantitative model, which provides the GND distribution and 

density information, indicates that the three particles in the pristine state have increasing 

densities of GNDs (Figure 3 a, e, and i). Nevertheless, their Co K-edge white line energies 

are similar both in distributions and values (Figure 3 b, f, and j). These selected particles 

provide an appropriate material system for understanding the relationship between GNDs 

and charge distribution under in situ condition as the GND is the only difference. After 

these multi-modal measurements, a precisely controlled in situ chemical delithiation is 

performed on these selected particles. The details of the in situ delithiation reaction are 

included in the Experimental Method section. During the 6-hour in situ chemical 

delithiation reaction, all of the particles have uniform contact with the liquid phase oxidant. 
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Therefore, the charge distribution behaviors are solely related to the material properties 

other than different ionic or electronic conductivities that electrochemically delithiated 

particles might experience.  

After the in situ chemical delithiation reaction, the same three particles are scanned 

for another set of multi-modal measurements (Figure S10). The zone axes of the selected 

particles remain unchanged after the in situ chemical delithiation. The streaking extents of 

the selected particles all increase slightly, indicating either a slight increment of GND 

density or development of small local strain fields due to changes in lattice parameters after 

delithiation, or a combination of both.  Yet spatially, such changes do not have exact point-

to-point correlation in comparison to the pristine LiCoO2 particles (Figure 3, first and third 

column). It is also clear that all the particles have experienced chemical delithiation 

reactions, although to varying degrees (Figure 3, second and fourth column). For example, 

Particle 3, with the highest GND density, has the highest Co oxidation state (Figure 3 l). 

This further confirms that GNDs can promote delithiation reactions. Similar to the ex situ 

chemically delithiated samples (Figure 2), the distribution of Co oxidation state does not 

have a point-to-point spatial correlation with the GND densities in the in situ delithiated 

particles. 
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Figure 4. Quantitative analysis of the GNDs and charge distribution of the pristine 

and in situ chemically delithiated LiCoO2 particles. Streaking extent distribution of 

Particle 1 (a), Particle 2 (b), and Particle 3 (c) in the pristine and in situ chemically 

delithiated states. Co K-edge white line energy distribution of the three in situ chemically 

delithiated particles in the pristine and in situ chemically delithiated states (d). Correlation 

between the average streaking extent and the average Co K-edge white line energy of the 

three particles (e). Three triangles are used to correlate the streaking extent and XANES 

data points. 

The streaking extent and Co K-edge white line energy of the pristine and in situ 

delithiated particles are analyzed quantitatively. The streaking extents of three particles all 

increase slightly after the in situ chemical delithiation reaction (Figure 4 a, b and c). Taking 

Particle 1 as an example, the peak of the streaking extent distribution curve increases from 

0.64 (pristine state) to 1.16 (in situ delithiated state), whereas the overall shape of the 

streaking extent distribution curve does not change significantly (Figure 4 a). It is also 
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evident that the three selected particles have similar Co K-edge white line energy 

distribution in the pristine state (Figure 4 d), indicating the selected particles have very 

similar initial oxidation states. After the in situ chemical delithiation, the Co K-edge white 

line energies are well distinguishable (Figure 4 d). The particle with the highest 

concentration of GNDs (i.e., Particle 3) also has the highest Co oxidation state after the in 

situ delithiation. Note that the in situ chemically delithiated particles all have lower Co K-

edge white line energies than the ex situ chemically delithiated particles, possibly caused 

by the chemical delithiation time: the ex situ chemically delithiation is ~24 h whereas the 

in situ chemical delithiation is ~6 h. Nonetheless, the positive correlation between the 

averaged streaking extent and the averaged Co K-edge white line energy (Figure 4 e) is 

consistent with our ex situ chemically delithiated experiments above and previous 

studies.[11,12]  
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2.4. Conclusion 

In summary, crystallographic defects, including GNDs, tilt boundaries, and mixed 

defects, are spatially resolved in LiCoO2 particles. A positive correlation between GND 

density and charging reactions is observed in both the ex situ and in situ chemical 

delithiation experiments. Our measurements suggest that GNDs may promote the 

delithiation reaction in LiCoO2 particles. The improved delithiation reaction can 

potentially originate from the tensile strain field due to the existence of GNDs.[12,29] It has 

been revealed by several studies that the tensile strain field can enhance the local Li 

diffusion coefficient by orders of magnitude because the Li ion migration activation energy 

is reduced dramatically.[30,31] The enhanced delithiation reaction may be also related to the 

higher electronic conductivity due to the existence of GNDs.[32] We believe that with the 

improved understanding of the spatially resolved relationship between crystallographic 

defects and charge heterogeneity, redox reactions can be more precisely tailored through 

defect engineering in layered oxide electrode materials. Our work also provides a multi-

modal experimental platform for investigating how different crystallographic defects 

govern the redox reactions in other energy materials. 
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2.5. Experimental Section  

 

2.5.1. Materials 

The LiCoO2 was provided by the U.S. Department of Energyôs (DOE) Cell Analysis, 

Modeling and Prototyping Facility, Argonne National Laboratory (ANL). The ex situ 

chemically delithiated LiCoO2 was prepared by mixing the pristine LiCoO2 powder with 

excess amount of the solution-phase oxidant (0.05 M Br2 in acetonitrile) and vigorously 

stirring for 24 h. The delithiated powder was then centrifuged and washed with pure 

acetonitrile for three times. The collected powder was then vacuum dried at 120  for 12 

h. To perform the in situ delithiation reaction, the pristine LiCoO2 powder was first 

dispersed in P123 polymer (Poly(ethylene glycol)-block-poly(propylene glycol)-block-

poly(ethylene glycol)) solution (ethanol as the solvent) and casted on a thin glass plate (20 

mm × 20 mm × 100 µm). After the ethanol was evaporated in air, the glass plate was heated 

at 3  min-1 to 600  and held there for 2 h. Subsequently, the sample was cooled to room 

temperature at 3  min-1. In the in situ delithiation process, 10 µL solution-phase oxidant 

(0.05 M Br2 in acetonitrile) was added dropwise on the fixed LiCoO2 particles. This process 

was repeated every 3 minutes for about 6 h. The 0.05 M NO2BF4 in acetonitrile was 

prepared by dissolving NO2BF4 in acetonitrile directly inside an Argon filled glovebox. 

 

2.5.2. Materials Characterization 

The synchrotron-based LXMD, Co-KŬ fluorescence mapping, and micro-XANES were 

performed at beamline 34-ID-E at Advanced Photon Source, Argonne National 

Laboratory. LiCoO2 particles were sparsely distributed on the glass substrate to ensure that 

only one single crystal intercepts the beam. The selected particles for characterization are 

tens of micrometers away from the neighboring particles. Co-KŬ fluorescence 
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measurement was done with monochromatic light (10 keV) and a Vortex energy-resolved 

X-ray detector to identify the spatial position of LiCoO2 particles. The LXMD patterns 

were collected concurrently with the Co-KŬ fluorescence mapping.  Polychromatic light, 

with a continuous spectrum of 7-30 keV, was used for spatially-resolved Laue diffraction 

measurements with a Perkin-Elmer amorphous silicon flat-panel detector with 2048 × 2048 

pixel matrix and 41 × 41 cm2 total area. The spatial resolution of Co-KŬ fluorescence 

mapping and LXMD pattern are identical (raster step is 500 nm) as they were collected 

concurrently. The length along the beam path detected by the diffraction and fluorescence 

is ~50 ʈm. The Laue diffraction patterns were analyzed with Igor Pro 6 and the LaueGo 

package. The LaueGo package, developed by Jon Tischler et al. (Argonne National 

Laboratory), is used to index the diffraction peaks in this work. The diffraction peak 

indexing results are used to screen out the overlapped single crystals as shown in Figure 

S12. The results in this work, including Co-KŬ fluorescence mapping, LXMD pattern, and 

micro-XANES spectrum are based on the regions only with single crystals. Potential 

radiation damage of the X-ray beam was examined by collecting Laue diffraction patterns 

at a fixed position continuously for 240 frames on layered oxides, from which no variation 

in crystal lattice was identified (Supplementary Video 2).  Subsequently, the micro-

XANES spectrum of each pixel was measured with monochromatic light between 7721 eV 

to 7735 eV with a step of 1 eV. The raster step of micro-XANES was 500 nm. To quantify 

the relative Co valence state, the Co K-edge white line energy was extracted to benchmark 

the relative valence state of Co (a proxy for the local state of charge) via a polynomial 

fitting based on a home-developed Matlab script. Linear interpolation is performed on all 

spectra before the polynomial fitting. The linear interpolation and polynomial fitting are 
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basic functions defined in Matlab. The Co K-edge white line energy was used to generate 

the valence state maps. The scanning electron microscopy (SEM) was performed on a LEO 

(Zeiss) 1550 field-emission with an accelerating voltage of 5 kV. The inductively coupled 

plasma-mass spectrometry was performed on a Thermo Electron X Series instrument. 
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2.9. Supporting Information  

 

 

Figure S1. Explanation of the multi-modal experimental setup. (a) Coarse Co-KŬ 

fluorescence mapping (step size is 1 µm) of several LiCoO2 particles, where Co-KŬ 

intensity is plotted, which is proportional to the LiCoO2 content. (b) Illustration of the 

LXMD scan and fine Co-KŬ fluorescence scan in a 5×5 grid. The focused polychromatic 

beam is about 300 × 300 nm2 FWHM (full width at half maximum) and the spatial step 

size is 500 nm. The scan positions are numbered from 1 to 25 to facilitate the discussion 

of Figure 1 c, d, and e. 
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Figure S2. Laue diffraction patterns of a defect-free region and regions with GNDs. 

(a-c) Micro-diffraction mapping of a particle at three neighboring positions (e.g., position 

1 to 3 in Figure 1b). (d-f) Zoom-in view of the (32ς) peaks in (a-c). The diffraction peak 

size increases from position 1 to 3. The white ovals in d-f are used to guide the 

visualization. 
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Figure S3. Laue diffraction patterns of the defect-free regions. (a-b) The full and zoom-

in diffraction peaks of the defect-free regions where no split peaks are observed. (c-d) The 

full and zoom-in diffraction peaks of the defect-free regions, where peak splitting and peak 

streaking are not observed.  
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Figure S4. Full Laue diffraction patterns of two particles with different defect 

scenarios. (a) The diffraction pattern of a region with tilt boundary and GNDs. (b) The 

diffraction pattern of a region with stacking tilt boundaries. 
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Figure S5. Morphology of the LiCoO2 single grains with stacking layers. (a) Several 

LiCoO2 single grains with stacking layers. (b) Zoom-in view of one stacking grain in (a). 
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Figure S6. Laue diffraction patterns in different regions of a particle. (a-c) Laue 

diffraction patterns at three different positions in a particle. (d-f) Zoom-in view of the 

selected regions in (a-c). All diffraction peaks are indexed using the lattice parameter of 

the LiCoO2. The diffraction peaks become increasingly diffused and distorted from d to f. 
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Figure S7. Laue diffraction patterns in different regions of a particle. (a-c) Laue 

diffraction patterns at three different regions in a particle. Selected diffraction peaks are 

highlighted. The diffraction peaks become increasingly diffused and distorted from a to c. 
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Figure S8. Laue diffraction patterns of the four ex situ chemically delithiated LiCoO2 

particles. The diffraction peaks are indexed as shown in the zoom-in view of each 

diffraction pattern. These four particles have similar zone-axes. The main crystallographic 

defect type is GNDs as the diffraction peaks are only streaked for Particle B, C, and D. No 

other crystallographic defect types are identified in the selected particles. 
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Figure S9. Explanation of the model used for the quantitative analyses of GND 

densities. (a) Schematic illustration of the streaking extent model. The oval shape 

represents a diffraction peak. Length ñxò and ñyò are extracted for each diffraction peak. 

Soval stands for the size of each diffraction peak, and n is the number of diffraction peaks. 

The streaking extent (SE) is the average size of the diffraction peaks, which has a positive 

relationship with the local GND densities. The SE mapping of two separate single grains, 

particle ñiò and ñiiò, are shown in (b) and (c), respectively. The mapping area is a rectangle 

(3 Õm Ĭ 5 Õm) within the particle ñiò and ñiiò. The SE values are normalized by taking the 

size of a defect-free diffraction peak as ñunit 1ò. ñUnit 1ò equals to a round with a radius 

of 3 pixels on the area detector, i.e., with a size of ˊĬ0.06ęĬ0.06ę. The SE values for the 

two sample particles are color mapped, where blue and red stand for low streaking extent 

(low GND density) and high diffusive extent (high GND intensity), respectively. Particle 

ñiò has higher SE values in the center, meaning the high density of the GND in the center. 

On the other hand, particle ñiiò has much smaller SE values, suggesting that particle ñiiò 
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has less GNDs. Only one ñSE hot-spotò region is found at the top left domain of particle 

ñiiò. 

 

Figure S10. Co-KŬ fluorescence mapping of the pristine and in situ chemically 

delithiated particles. The first and second columns are the pristine state and in situ 

chemically delithiated state, respectively. The Co-KŬ fluorescence signals are all color 

mapped, respectively. The dash lines are used to define the particle boundaries for the 

micro-XANES and microdiffraction analyses. 








































































































































































































