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Summary 

Layered Li(Ni1-x-yCoxMny)O2 (NCM, with Ni ≥ 0.8) cathode materials are essential to achieve 

high energy densities in the next generation of lithium-ion batteries. This increased 

performance comes at the expense of stability. To extend the materials’ lifetime, it is necessary 

to understand the role that crystal defects play in the degradation during electrochemical 

cycling. In this study, NCM851005 (85% Ni) is investigated in the pristine state and after 100 

and 200 cycles using scanning transmission electron microscopy (STEM), with the focus being 

on the defects in the material. The formation of antiphase boundaries (APB) from a dislocation 

in a pristine sample is proven. After 100 cycles, the APBs’ length and width are enlarged 

compared to the pristine state. After 200 cycles, APBs further evolve into an intragranular rock 

salt-like phase, distorting the nearby layered structure. It is suggested that the behavior of APBs 

plays a critical role in determining the performance of this cathode material with prolonged 

electrochemical cycling. These findings will help to understand better the role of dislocations 

and antiphase boundaries with electrochemical cycling, and the role of dopants may then be 

explored to avoid them. 
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Introduction 

The successful commercialization of lithium-ion batteries (LIBs) has relied on layered oxide 

cathode active materials (CAMs), such as LiCoO2 (LCO).1 They have not only revolutionized 

the consumer electronics industry but also made electric vehicles possible. Especially for 

automotive applications, the original LCO cathode material has been replaced mainly by solid 

solution CAMs, Li(Ni1-x-yCoxMny)O2 (NCM)2 and Li(Ni1-x-yCoxAly)O2 (NCA),3  due to the high 

costs and environmental issues related to cobalt.4,5 Replacing cobalt completely with nickel 

and using LiNiO2 (LNO) would be ideal for reducing the cost while simultaneously achieving 

a high energy density. However, significant difficulties lie in the stoichiometric synthesis of 

LNO (i.e. in controlling the Li/Ni ratio) and in its instability at high states of charge.6–10 

Partially substituting nickel with cobalt, manganese, and aluminium has shown promising 

results and led to the successful development of CAMs like Li(Ni0.33Co0.33Mn0.33)O2 

(NCM111), Li(Ni0.5Co0.3Mn0.2)O2 (NCM532), or Li(Ni0.6Co0.2Mn0.2)O2 (NCM622).11 Ni-rich 

NCM cathode materials (with ≥ 80% Ni content) are intensively studied,12 as higher specific 

capacities (for a given cut-off voltage) are expected compared to NCM containing less Ni.13–15 

To date, structure-related limitations (e.g., phase transformations) plague their life cycle. These 

issues need to be better understood and mitigated to utilize their full potential. 

Several degradation mechanisms have already been reported, including transition-metal (TM) 

dissolution,16–19 surface oxygen-loss and rock salt-like phase formation,20–23 secondary particle 

fracture,24,25, and intragranular cracking.26–28 Recently, the adverse effects of intragranular 

nanopores on the surrounding microstructure have been pointed out.29 To suppress some of the 

degradation phenomena mentioned, various mitigation concepts are employed, such as 

coatings on primary30 and secondary particles,31,32 doping,33–35 design of gradient and core-

shell materials,36,37, and adding additives to the electrolyte.38 

The typical morphology of commercial CAMs comprises primary crystallites of about 100 nm 

in size, agglomerated into larger secondary particles of nearly spherical shape (5 - 20 μm 

diameter). The crystal structure of a typical primary particle is far from ideal. Several 

microstructural features like open surfaces,39 coherent and incoherent grain boundaries,39,40 

dislocations,41 stacking faults,42 intragranular nanopores,29 and cracks26 have been observed. 

These can be present in the pristine state or, more often, develop during electrochemical cycling 

(i.e., after repeated (de-)lithiation cycles). Their characterization is essential for understanding 

the behavior of primary particles upon battery operation. Usually, a primary particle is not a 

single crystal but rather is divided into subdomains separated by coherent grain boundaries 

(CGBs).43 Two types of CGBs have been identified to date in NCM cathode materials in the 

literature, namely, twin boundaries (TBs)39 and antiphase boundaries (APBs).40 The presence 

of TBs and their role in favoring the rock salt-like phase formation has already been discussed 

in some detail.39,40 APBs are formed when the TM layers of a layered domain on one side are 

in contact with the Li layers of a layered domain on the other side.40 Strictly speaking, these 

are not full antiphase boundaries as reported in the literature on alloys, but rather are cationic 

antiphase boundaries, i.e., they comprise two cations switching their positions, while the 

anionic sublattice is not affected.44 Here, we will call them APBs for simplicity. Figure 1 shows 

schematic models of the APB and the TB, respectively. We note that APBs represent a 
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frequently occurring microstructural feature in layered NCM cathode materials, as they have 

been shown to exist in various layered CAMs but haven’t been addressed explicitly yet.43,45,46 

They especially occur in electrochemically cycled samples. Although their formation 

energies,40 stability at higher temperatures47 and ability to facilitate the Li transport have 

already been discussed,48–50 several crucial points – especially regarding battery operation - 

like their formation mechanism, evolution, and effect on the microstructure with prolonged 

cycling remain elusive. Hence, unlike these other studies, the present study has direct impact 

on the understanding of deterioration mechanisms during device operation. 

 

In this study, we used aberration-corrected scanning transmission electron microscopy (AC-

STEM)51,52 to explore the microstructure of primary particles in a large field-of-view, as well 

as at atomic resolution. We focus on dislocations and APBs leading to defect phase formation 

in Li1+x(Ni0.85Co0.1Mn0.05)1-xO2 (NCM851005). Figure S1(a) shows the charge-discharge curves 

for the 100th and 200th cycles. An overview image of secondary particles and a typical TEM 

sample preparation procedure for secondary particles are shown in Figures S1(b-d). We firstly 

discuss dislocations and APBs in the pristine sample. Then, we show their evolution after the 

CAM has been cycled 100 times, followed by the effect of APBs in the formation of an 

intragranular rock salt-like phase in samples after 200 cycles. All results presented in this study 

are statistically relevant in a sense that all data shown is representative for several grains 

observed in different samples investigated. Our observations together with published 

studies,40,43,45–47 proove that APBs are an important defect, which is general to layered CAMs.  

 
Figure 1: Simplified models of (a) an antiphase boundary and (b) a twin boundary. Lithium 

and transition metal (TM) atomic positions are shown by green and blue circles, respectively. 

Oxygen atomic positions are omitted. The dashed gray lines highlight boundaries in separating 

two crystal domains, ‘A’ on the left from ‘B’ on the right. 

Results and discussion 

Formation of APBs 

Figure 2(a) shows a low-magnification high angle-annular dark-field (HAADF) image of a 

primary particle. Some intragranular nanopores are exemplarily marked with black arrows. 

Figure 2(b) is a high-resolution HAADF image of the region indicated by the black square in 

Figure 2(a). It shows the atomic-resolution image of a nanopore region. Figure 2(c) is the 

average background subtraction filtered (ABSF) image of Figure 2(b). Such filtering enhances 
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the contrast from the atomic positions.40,53,54 The area marked with the green-dashed lines 

denotes an APB. The region highlighted by the purple square in Figure 2(c) is shown in Figure 

2(d) to elucidate the formation mechanism of the APB. The corresponding inverse fast Fourier 

transform (IFFT) images using the 003, 00-3 and 006, 00-6 reflections and the 0-11 and 01-1 

reflections are shown in Figure 2(e) and Figure 2(f), respectively (see also FFT in Figure 

S2.1(a)). The yellow-dotted line in Figure 2(e) marks the extra (003) plane, indicating the 

presence of an edge dislocation. Dislocations are common in pristine layered cathode 

materials.42 Furthermore, Li et al.40 calculated the energetic difference between the crystal 

structure of NCM76 with and without APB by Density Functional Theory as (only) 57 

meV/atom, showing that APBs are not unlikely to exist in the pristine layered structure. The 

red-dotted circles in the upper half of Figure 2(f) highlight two extra-half (0-11) planes in 

opposite directions, a few nanometers apart from each other near the initiation point of the 

APB. Another pair of directionally opposite extra-half (0-11) planes can be seen in the bottom 

half of the image, further apart from each other, close to the position where the APB terminates. 

Figures S2.1(b,c) depict the εxx and εyy strain components extracted by geometric phase analysis 

(GPA) from Figure 2(d). The yellow and red arrows denote the same positions as in Figure 

2(f). The marked points show dislocation cores. It is known that an APB in a layered compound 

is formed by partially translating the TM layer by a 1/6[211] lattice vector.40 Since the [211] 

lattice vector lies on the (0-11) plane (see also Figure S2.1(d)), tracking distortions of 0-11 and 

01-1 reflections from the FFT makes the shift along these planes visible. The layered NCM 

cathode has an ordered crystal structure with alternating layers of TM- and Li along the [001] 

direction. The extra-half (003) plane (in other words, an edge dislocation) disturbs the stacking 

sequence. Further movement of the dislocations through the lattice breaks up the layered 

ordering along the [001] direction (i.e., across (003) slip planes). This causes the formation of 

pairs of coupled Shockley partial dislocations. Figures 3(a,b) show a model of an edge 

dislocation.26 The movement of an edge dislocation through the crystal takes place by partially 

translating TM layers by 1/6[211], i.e. this is the Burgers vector of the Shockley partial 

dislocation. This movement of an edge dislocation together with partial translation of TM 

layers produces an APB, as shown in Figure 3(d) (see also the video in the Supplementary 

Information). In Figures 2(b-d) and 3(d), however, the edge dislocation has not been fully 

consumed by the APB, as the dislocation is still present and has not passed through the crystal 

completely. In an ordered material, when the dislocation is partially through the crystal and has 

not reached the surface of the crystal, APB and dislocation are present together (see also the 

video in the Supplementary Information).55 Taken together, the results indicate that an edge 

dislocation’s movement across the (003) plane can lead to the formation of APBs in this 

material. Since the dislocation and APB are present together in the pristine NCM851005 

sample, we believe that the formation of the dislocation and its movement are likely to have 

occurred already during the synthesis process.  

The present study is the first experimental observation of APB initiation from a dislocation in 

a pristine NCM cathode material. Li et al.40 predicted that APBs could also form during 

electrochemical cycling at an early stage of delithiation at regions where lithium depletion is 

likely to occur. Such areas are dislocations, particle surfaces, and grain boundaries. 

Interestingly, we observed that the regions in and around nanopores usually contain a high 
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defect density, including dislocations, APBs, and lattice distortions. Hence, they might 

facilitate APB formation, as dislocations are shown to exist in the nanopore region, as indicated 

in Figure 2(b). Nevertheless, defects can also be found in the bulk structure of a primary particle 

(refer to Figures S2.2(a-d)).   
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Figure 2: HAADF images of the pristine NCM851005 CAM. (a) Low-magnification image of 

a primary particle. (b) High-resolution image of the area marked with a black square in (a). (c) 

ABSF-filtered image of (b) with enhanced crystalline contrast. The dashed green lines enclose 

an APB. (d) Enlarged view of the region highlighted by the purple square in (c). Green-dashed 

lines mark the same regions as in (c). (e,f) IFFT images from 003/00-3 and 006/00-6 reflections, 

as well as 0-11 and 01-1 reflections (see also Figure S2.1(a)). The blue lines show (003) and 

(0-11) planes, respectively. The solid yellow lines show (003) planes at the edge dislocation in 

(e). The dotted yellow line shows an extra-half (003) plane. The solid and dashed red lines are 

used for eye guidance only, indicating two contacting (003) planes from two crystal domains 

at the APB. The red arrows and dotted red circles show extra-half (0-11) planes in (f). The 

yellow arrow (with the dot) points towards the position of the core of the edge dislocation along 

the (003) plane. The brown arrow highlights the [211] lattice direction in [100] projection (see 

also Figure S2.1(d)). Scale bars are 100 nm, 10 nm, and 5 nm in (a), (b,c), and (d), respectively. 
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Figure 3: (a) A model of dislocation in NCM CAM adapted from ref.26 Oxygen ions are 

omitted for clarity. (b) The same model as shown in (a) but without lithium ions. Note that both 

oxygen and lithium ions are omitted to make the model comparable to the HAADF images 

shown in Figures 2(b-d). (c) The potential first step when an edge dislocation moves through 

the crystal across the layered (003) planes. The movement is accompanied by a partial 

translation of TM layers by 1/6[211] lattice vector. (d) APB formation as the edge dislocation 

moves further through the crystal. The APB and dislocation are present together because the 

dislocation is not consumed completely (see also the video in the Supplementary Information).  

 

Evolution of APBs during electrochemical cycling 

APBs have been shown to extend with electrochemical cycling.40 However, their effect on the 

microstructure of a primary particle with prolonged cycling is not clear. Figure 4(a) is a low-

magnification HAADF image of primary particles after electrochemical cycling of the sample 

(100 cycles). It becomes increasingly challenging to bring the whole field-of-view of a primary 

particle simultaneously in the zone axis because of severe lattice distortions in the cycled 

material.56 Figure 4(b) is a high-resolution HAADF image of the area highlighted by the red 

square in Figure 4(a). The green-dashed lines mark the APB passing through the nanopores’ 

facet-intersection across the layered planes. The terms “length” and “width” (used hereafter) 

define the size of the APB across and along (003) planes, respectively, as shown in Figure 4(b). 

In contrast to the pristine material, in which the APB extends to only a few TM layers across 

the (003) planes, here the APBs have increased in length considerably. The length increment 

is attributed to further movement of partial dislocations with the Burgers vector 1/6[211].40 

Figure 4(b) demonstrates that the width of the APB has also enlarged significantly as compared 

to the one shown for the pristine sample (referred to as “broadened APB” hereafter). At the 
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APB, TM layers (along the (003) planes) from the left domain penetrate deeper laterally into 

the Li ion layers of the domain on the right (and vice versa). This is likely to happen during 

cycling in particular, because Li is extracted from the Li layers leaving vacant sites where Ni 

can easily diffuse. The computational studies conducted by Lee et al.57 for APBs in LCO led 

to the conclusion that the lithium ion vacancies segregate near APBs during delithiation. Even 

though no analogous results have yet been reported for Ni-rich layered oxide CAMs, to the 

best of our knowledge, the conclusions from Lee et al.57 can likely be extrapolated to Ni-rich 

NCMs due to their isostructural nature with LCO. One may then expect the nickel cations to 

migrate to the space left in the lithium layers at APBs, ultimately resulting in nickel segregation 

(rock salt-like formation) after prolonged lithium (de-)intercalation. It is important to note that 

the width of the APB is not constant but varies along its length. So, using the term width, we 

refer to the maximum width along the length of the APB. APBs’ lengths and widths might vary 

depending on the surrounding microstructure, like the presence of free surfaces and grain 

boundaries and intragranular defects like nanopores, intragranular cracks, dislocations, TBs, 

and defective phases.  

 

In the lower-left of Figure 4(b), an FFT of the area highlighted by the blue square is shown, 

containing reflections forbidden in the rhombohedral symmetry. At first glance, they may 

appear to be related to a spinel-like structure. The blue oval marks the extra order of reflections 

in the FFT compared to the layered phase (see Figure S2.1(a)). The two FFTs in Figure S3.1(a) 

also show similar structures. Interestingly, however, these FFTs seem to match qualitatively 

the diffraction patterns of nickel-excess phases of the type Ni0.25NiO2 (referred to as β-phase) 

and Ni0.5NiO2 (referred to as γ-phase), as suggested by Xiao et al. and recently proven 

experimentally.58,59 The authors showed that these Ni-rich phases, in which Ni replaces Li, 

exist next to the surface-densified NiO-like (rock salt) phase in samples of LiNiO2 and 

LiNi0.8Al0.2O2 that underwent a single cycle. Here, we corroborate their findings by proving 

that the same phases in NCM samples cycled many times under realistic conditions (also shown 

later in the paper). Since the diffraction patterns of the β- and γ-NixNiO2 phases are similar, it 

is difficult to discern between these two phases completely with FFTs only.58,59 Because β and 

γ are transition phases between layered and cubic nickel oxide phases, we suggest that their 

existence also indicates that a broad APB behaves analogously to a rock salt-like region 

because of the considerable fraction of TM ions entering the Li layers.  

Figure S3.2 shows the low-pass filtered image of Figure 4(b). The significant increase in mass 

thickness contrast observed in Figure 4(b) and Figure S3.2 further reveals the segregation of 

TM ions and the onset of rock salt phase formation. Like nanopores or open interfaces near 

APBs, free space might facilitate its broadening by allowing oxygen release. The broadening 

of an APB adversely affects the diffusion of lithium ions along the (003) planes, decreases the 

local lithium diffusion coefficient, and increases the cathode impedance.   
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Figure 4: HAADF images of the NCM851005 CAM after 100 cycles. (a) Low-magnification 

image of a primary particle. The regions highlighted by the blue rectangle and black square are 

shown in Figures S3.1(a,b). (b) High-resolution HAADF image of the region highlighted by 

the red square in (a). The dashed green lines enclose a broadened APB. The solid and dashed 

red lines are used for eye guidance only, marking two interpenetrating TM layers. The length 

and maximum width of the APB are indicated by green double-headed arrows. On the lower 

left, an FFT of the area indicated by the blue square is shown. The blue ovals in the FFT denote 

a faint extra order of reflections compared to the FFT of the layered phase shown in Figure 

S2.1(a). Scale bars are 100 nm and 5 nm in (a) and (b), respectively. 

 

NCM851005 CAM that underwent 200 cycles has also been investigated to further understand 

the evolution of APBs. Figure 5(a) shows a low-magnification HAADF image of a primary 
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particle. Figure 5(b) shows the atomic-resolution HAADF image of the region highlighted by 

the red square in Figure 5(a). The areas marked with dashed blue and green lines denote 

nanopores and APBs, respectively. The width of the APBs has further increased as compared 

to the sample cycled 100 times. The dashed yellow lines indicate the areas of low mass-

thickness contrast and distorted layered structure around the APBs (see also Figure S4(a)). 

 
Figure 5: HAADF images of the NCM851005 CAM after 200 cycles. (a) Low-magnification 

image of a primary particle. (b) Atomic-resolution image of the region highlighted by the red 

square in (a). Dashed blue, green, and yellow lines enclose nanopores, broadened APBs, and 

low-mass thickness areas, respectively. Orange arrows mark edge dislocations along (003) 

planes. (c) Zoomed-in view of a region around the broadened APB 1 in (b). The area 

highlighted by the black square is shown in Figure S4(b). (d) Zoomed-in view of the region 

around APB 2 in (b). Dashed yellow curves mark low-mass thickness areas in (c,d). Scale bars 

are 50 nm, 10 nm, and 5 nm in (a), (b), and (c,d), respectively. 
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The orange arrows indicate edge dislocations along (003) planes. Figure 5(c) is a high-

magnification (atomic-resolution) image of the region around the broadened APB 1. The APB 

seems significantly denser as compared to the one shown in Figure 4(b). The area marked with 

a black square again shows the β/γ phases (see Figure S4(b,c)). Figure 4(d) shows another 

broadened APB marked 2 in Figure 5(b). APBs 1 and 2 resemble a rock salt-like structure. The 

widening of APBs leads to a significant substitution of positions in the Li ion layers by TM 

ions. The larger width of APBs in the sample after 200 cycles and the associated β- and/or γ-

phase fronts suggest that the local TM substitution is accompanied by oxygen release to satisfy 

the thermodynamic requirement for the formation of reduced nickel oxide phases at the core of 

the broadened APB. The low mass-thickness contrast areas denoted by dashed yellow curves 

around the APBs suggest that the TM ions have moved further towards the broadened APB 

core. In contrast to the broadened APB 1, there is no nanopore present in the vicinity of the 

broadened APB 2. This could explain why APB 2 has not evolved as much as APB 1 since 

there is less room for oxygen release in the nearby regions, thereby corroborating the role of 

nanopores as oxygen sinks and “facilitators” of structural degradation. 

Figures 6(a-c) present a one-to-one (qualitative) comparison of APB evolution from pristine 

material (Figure 2(d)) to samples that were electrochemically cycled for 100 (Figure 4(b)) and 

200 times (Figure 5(c)). We cannot specify at which stage of cycling the specific APBs in 

Figures 6(b,c) formed, but qualitatively a general trend can be deduced from these data. To 

gain further insight, we traced TM layers from two connected crystalline domains with lines 

shown partially in the atomic-resolution images in Figures 6(a-c) and separately in Figures 6(d-

f). TM layers from the left- and right-hand sides are traced with solid and dashed red lines, 

respectively. Compared to Figure 6(a), the TM layers from one layered domain penetrate 

deeper into the Li layer of the other layered domain in Figure 6(b) (and vice versa). The 

interpenetrating TM layers form pairs, with each pair having TM layers from two different 

domains slightly closer to each other. The distance between the TM layers of these pairs is 

larger than the distance between interpenetrating TM layers in each pair (see also Figure S5). 

While interpenetrating TM layers from two different domains can be distinguished in Figure 

6(b), this is different in Figure 6(c) and holds up to only a few TM layers present at the bottom 

(indicated by the blue arrow). At the bottom of Figures 6(c,f), TM layers from the domain on 

the right follow a straight path along the (003) planes. However, the domain on the left shows 

discontinuous TM layers with considerable plane bending. Interestingly, from the position 

indicated by the blue arrow in Figures 6(c,f), the solid yellow lines show bright intensities from 

the atomic positions of lithium ions. From this position, the TM layers from the left layered 

domain, through the APB towards the layered domain on the right, are along the same planes, 

unlike typical interpenetrating TM layers at the broad APB in Figure 6(b). In addition, there 

are also TM ions visible in the Li layers. This indicates that the broadened APB has evolved 

into an intragranular rock salt-like structure that is coherently intergrown with the layered 

structure. The background intensity in Figure 6(c) has changed significantly compared to 

Figure 6(b), also suggesting that a rock salt-like phase has formed (see also low-pass filtered 

image in Figure S4(a)). 
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In summary, we have found APBs to originate from edge dislocations (present in the pristine 

CAM). It is known that electrochemical cycling can induce additional dislocations in the 

microstructure.26,27,60 To prove that APBs form in layered CAMs during charging, we 

investigated material charged to a voltage corresponding to the H2/H3 phase transition. For 

this study we choose LNO secondary particles as the higher the Ni-content the more severe the 

influence of electrochemical cycling (for micrographs of pristine LNO please see Figure S6.1). 

The secondary particles were extracted from the cell and were analyzed using high-resolution 

AC-STEM, as shown in Figure S6.2. The structure at the H2/H3 phase transition appears as a 

wavy-layered structure with a high density of short-length APBs, underlining the generality of 

our findings. We speculate that the formation of new APBs from the electrochemically-induced 

dislocations and their respective growth in length and width can be thought of as a recurring 

process with the increasing number of cycles. Interestingly, Gong et al.61 observed the 

formation of APBs in their in-situ TEM studies on spinel-type LiNi0.5Mn1.5O4 (LNMO) during 

cycling. They found APBs to be detrimental to the structural integrity of the material. They 

also predicted from their calculations that doping spinel-type LNMO with low valance cations 

like Mg2+ might help suppress APB formation in LNMO.  

Ultimately, as proven in our present study, APBs in Ni-rich NCM can transform locally into 

an intragranular rock salt-like phase. We also expect that faster charging rates will further 

promote APB formation. This dynamic behavior makes them particularly interesting and 

relevant for actual electrochemically-induced transformations. While so far it was unclear how 

APB´s growth and widening would affect the CAM performance, here we have shown for the 

first time the potentially severe effect of APBs on the surrounding structure during cycling. 

Other studies, such as the one of Pokle et al.,47 found APBs in NCM to be stable but dynamic 

at elevated temperatures, suggesting that compositional variations (i.e., delithiation) may be 

the leading factors driving APBs´ evolution.  

 

Conclusions 

The formation and evolution of intragranular structural defects in Ni-rich NCM CAMs are 

complex phenomena that require careful investigation. We observed that APBs are present in 

pristine and electrochemically cycled NCM851005, and we showed their formation from 

dislocations in a pristine sample. Over cycling 100 times, APBs grow and widen, creating a 

double stripe-like appearance in high-resolution images. Moreover, APB regions were found 

to be bordered by narrow rock salt-like regions whose IFFT indicates the presence of the 

elusive Ni0.25NiO2 (β) and Ni0.5NiO2 (γ) phases suggested by Xiao et al.58 This broadening 

certainly lowers the lithium diffusivity along the layered planes, as their path can be blocked 

by intergrowing Ni layers. After 200 cycles, APBs evolve into an intragranular rock salt-like 

structure (mostly) coherently intergrown with the surrounding layered phase. The formation of 

the rock salt-like phase is accompanied by oxygen release in the surrounding phase. Overall, 

APBs increase the fraction of the electrochemically inactive rock salt-like phase in the primary 

particle and distort the surrounding structure. Hence, they have an adverse effect on the 

longevity of the CAM. We propose that the role of dopants should be explored to suppress the 

formation of APBs, as has been done for LNMO by Gong et al.61 Similarly, a theoretical study 

might also be conducted to explore possible dopants for Ni-rich layered CAMs (starting from 



 
 

13 
 

Mg for example) to suppress APB formation. Furthermore, a co-doping strategy can also be 

explored in this regard.62   

 

 

 
Figure 6: (a-c) High-resolution HAADF images of APB cores from the pristine NCM851005 

CAM (Figure 2(d)) and from samples after 100 (Figure 4(b)) and 200 (Figure 5(c)) cycles. (d-

f) The corresponding line traces for the TM layers from the left- and right-hand sides of the 

APBs in (a-c) marked with solid and dashed red lines, respectively. The solid yellow lines in 

(c,f) show TM ions in the Li layers. Blue arrows denote the TM layers, after which the rock 

salt-like phase starts to become coherent with the layered phase. After this position, TM ions 

are also present in the TM-layer. Scale bars are 5 nm. 

 

Experimental procedures 

Resource availability 

Lead contact 

a d

b e

c f



 
 

14 
 

Further information and requests for resources should be directed to and will be fulfilled by 

the lead contact, Shamail Ahmed (shamail.ahmed@physik.uni-marburg.de). 

 

Materials availability 

This study did not generate new reagents. 

Data and code availability 

The authors declare that the data supporting the findings are available within the article and 

the supporting information. All other data are available from the lead contact upon reasonable 

request. 

Cathode active material and electrochemical cycling 

Industrial grade NCM851005 CAM with a chemical formula of Li1+x(Ni0.85Co0.1Mn0.05)1-xO2 

was selected for this study. It was tested in full (pouch) cells against a graphite anode with 

LP472 electrolyte and Celgard 2500 polypropylene separator. The cells were cycled in the 

voltage range of 2.8-4.2 V at a rate of 1C. The synthesis method, chemical composition of the 

electrolyte, and cycling procedures applied are detailed elsewhere.63,64  

TEM sample preparation 

The electrodes were sputter-coated with platinum using a Leica EM ACE600 and then 

transferred to a focused-ion beam/scanning electron microscope (FIB/SEM). A JEOL JIB-

4601F FIB-SEM was used for sample preparation. The samples were prepared from pristine 

NCM851005 and material after 100 and 200 cycles. As an example, Figure S1(b) shows the 

secondary particles in a cathode after 100 cycles. A secondary particle was coated with carbon 

and tungsten and then attached to a micromanipulator needle, as shown in Figure S1(c). The 

sample was attached to the TEM grid and thinned down further (see Figure S1(d)). Initial 

thinning was done using a 30 kV Ga-ion beam to roughly about 200 nm thickness. The sample 

was further thinned down to less than 100 nm using a 5 kV Ga-ion beam. Final thinning was 

performed using Ar-ion beams of 900 eV using Fischione NanoMill 1040 to reduce amorphous 

layers. 

Electron microscopy 

Low-magnification and atomic-resolution HAADF imaging were done using a double Cs-

corrected JEOL JEM-2200FS transmission electron microscope (TEM) in STEM mode. The 

operating voltage and convergence angles were 200 kV and 15.07 mrad, respectively. An 

electron beam current of less than 10 pA was used. The inner and outer angles of the annular 

dark-field (ADF) detector were set to 70 and 280 mrad, respectively. All atomic-resolution 

images are shown in <100> zone axis.  

mailto:shamail.ahmed@physik.uni-marburg.de
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ABSF53 filter is applied by using the HRTEM Filter script available for DigitalMicrographTM.65 

GPA analysis66 is done by using the FRWRTools plugin available free for 

DigitalMicrographTM.67 
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