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Abstract 19 

Layered Li-rich Mn-based (LRM) oxides are promising cathode materials for next-20 

generation high-energy batteries. However, their commercialization is hindered by 21 

intrinsic structural issues and subsequent degradation processes. In order to address the 22 

degradation mechanisms, we use operando neutron diffraction and scanning 23 

transmission electron microscopy to follow the microstructural degeneration of the 24 

LRM oxides in a prepared full cell with a graphite anode. The methods enable both 25 

real-time phase analysis and structural evolution mapping across a wide field of view. 26 

The LRM oxide is observed to initially have a partially-ordered Li2MnO3-like structure 27 

with multiple planar defects. It transitions from an ordered monoclinic phase to a 28 

disordered rhombohedral phase as a result of irreversible Li ion migration and transition 29 

metal rearrangement during cycling. Especially after first fully charged, the interlayer 30 

(001) twining-like structures and local intralayer frustrations formed. Over cycling, the 31 

intralayer frustrations further develop into pore-like microstructures along the {012} 32 

twinning boundary in the bulk of the particles, which contributes significantly to 33 

performance reduction. The results clarify the link between microstructure degradation 34 

and performance loss and provide valuable insights into the optimization of high-35 

performance cathodes. 36 

Introduction 37 

The stability of the primary framework structure of an intercalation compound 38 

profoundly influences the reversibility of its structural evolution during ion insertion 39 

and extraction.1-4 Practical applications of layered cathode materials for Li-ion batteries, 40 

such as Li-rich Mn-based (LRM) cathodes, require heightened stability of their 41 

transition metal (TM) layer framework due to the exceptional number of intercalated 42 

ions that they can accommodate.5-7 Although LRM cathode materials have an 43 

impressive energy density of ~900 Wh kg-1 due to their high working voltage and 44 

substantial ion intercalation and deintercalation capacity,8,9 anion oxidation,10,11 oxygen 45 

release,12,13 irreversible damage from ion intercalation5,14,15 and complex interface 46 

reactions induced by a high cutoff voltage16,17 pose severe challenges for practical 47 



3 

 

applications of LRM cathodes. Despite numerous studies on surface modification 48 

strategies to mitigate oxygen release, voltage decay remains a significant issue.18-20 49 

Studies of the failure mechanisms of LRM cathodes must focus on both interface 50 

structure and bulk structure. By employing high-precision resonant inelastic X-ray 51 

scattering and 17O solid-state nuclear magnetic resonance techniques, House et al. 52 

found that O2 can form in a typical Li1.2Ni0.13Co0.13Mn0.54O2 cathode and stay in the 53 

lattice during charging.21 Density functional theory calculations showed that TM layer 54 

rearrangement during Li deintercalation creates vacancy clusters and alters the charge 55 

compensation mechanism during discharge, contributing to voltage decay. Similar O 56 

vacancy migration behavior has been observed in Li1.18Mn0.53Ni0.21Co0.08O2 layered 57 

cathodes using scanning transmission soft X-ray microscopy and X-ray electron layer 58 

diffraction imaging. 22 However, these studies focused on O electronic structure and did 59 

not track TM movement. Unfortunately, current research often relies on assumptions 60 

and inferences obtained from LRM cathode microstructures examined under specific 61 

conditions that do not reflect operational environments. 23-25 The lack of systematic 62 

research on failure structures in LRM cathodes means that the structural evolution of 63 

LRM cathodes over their full lifecycles remains elusive. 64 

In order to elucidate the true structural evolution of LRM cathode materials, the present 65 

study combines operando neutron diffraction, which has high sensitivity to both light 66 

elements and adjoining TMs, with four-dimensional scanning transmission electron 67 

microscopy (4D-STEM), phase analysis and atomic-resolution aberration-corrected 68 

electron microscopy, which provide complementary information about long and short-69 

range structure. Such a multiscale approach reveals the initial lattice structure, TM 70 

rearrangement, phase and structure evolution, defect growth and structural failure. 71 

Results 72 

Structure of the pristine LRM cathode 73 

The failure mechanism of a representative LRM cathode material of nominal 74 
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composition Li1.2Ni0.13Co0.13Mn0.54O2 was studied during an electrochemical process. 75 

A protective spinel layer was introduced onto the surface of the LRM oxide during 76 

synthesis, as shown in Supplementary Fig. 1a, b, to ensure consistent electrochemical 77 

performance in a pouch cell. The morphology of the untreated LRM oxide (u-LRM) 78 

was shown in Supplementary Fig. 1c, d. Supplementary Fig. 2 shows that the 79 

electrochemical performance u-LRM cathode and synthesized LRM, which indicate 80 

that u-LRM exhibits a significantly lower initial Coulombic efficiency (ICE) compared 81 

to the surface-reconstructed sample (85% vs. 91%), suggesting a higher extent of 82 

irreversible oxygen redox reactions in the u-LRM. The results also show distinctive 83 

electrochemical characteristics in half-cell assessments, such as a characteristic O redox 84 

plateau during the initial charge cycle, voltage hysteresis during discharge and 85 

subsequent cycle-induced voltage decay.26 86 

Neutron powder diffraction (NPD) and Rietveld refinement reveal that the pristine 87 

LRM oxide comprises 97.27% of an O3' phase (space group: 𝐶2/𝑚), and 2.73% of a 88 

spinel phase (denoted S, space group: 𝐹𝑑3̅𝑚 ) (Fig. 1a). Comprehensive structural 89 

information is provided in Supplementary Table 1. Additionally, the residual negative 90 

scattering signal observed at the tetrahedral sites in the Fourier difference map 91 

(Supplementary Fig. 3) of the O3' phase from the neutron diffraction pattern indicates 92 

Li+ occupation at tetrahedral sites, aligning with spinel structure features and 93 

corroborating the existence of spinel phase in LRM. 4D-STEM analysis was performed 94 

to determine the phase distribution in an entire LRM particle. The technique involves 95 

recording convergent beam electron diffraction patterns in a two-dimensional grid of 96 

electron probe positions. Data processing can be used to provide information about 97 

material properties, including phase, orientation, strain and electromagnetic field 98 

distribution.27 The representative 4D-STEM results in Fig. 1b show a core/shell 99 

distribution of phases. The core (interior) and shell consist of O3' and S phases, 100 

respectively, as expected from synthesis. High-angle annular dark-field (HAADF) 101 

STEM results confirm that the core/shell interface lies along [010]O3'/[110]S, with the 102 

spinel shell varying in thickness from 2 to 5 nm (Supplementary Fig. 1). O-K edge 103 



5 

 

electron energy-loss spectroscopy (EELS) shows an increase in pre-edge peak intensity 104 

from the shell to the interior (Supplementary Fig. 4a and b), suggesting a change in 105 

local O environment28. The Mn-L2,3 edge shows a reduced Mn oxidation state in the 106 

shell, as evidenced by an increase in L3/L2 ratio (Supplementary Fig. 4c and d)29, in 107 

agreement with the presence of a spinel layer. 108 

Supplementary Fig. 5 shows an O3' phase orientation map, which highlights the 109 

presence of structural domains in the LMR oxide.30,31 The domains are also revealed in 110 

the high-resolution HAADF-STEM shown in Fig. 1d. The bright–bright–dark contrast 111 

corresponds to TM–TM–Li ordering, which is characteristic of the O3' phase (see the 112 

inset to Fig. 1d). Three types of stacking of 'bright–bright–dark' contrast along [001]O3' 113 

form structural domains that are denoted A (green), B (blue) and C (pink). More details 114 

could be found in Supplementary Fig. 5a-c. Additional disordered structures visible in 115 

Figure 1e shows a diagrammatic representation of the types of structural domains in the 116 

O3' phase, which are in agreement with the observations. 117 

 118 

Fig. 1∣Initial structure of the LRM material. (a) NPD and Rietveld refinement analysis of 119 

pristine LRM powder. The inset sector plot shows the phase fraction distribution. (b) 4D-STEM 120 

results. Left to right: Virtual bright-field image, phase map and orientation map of a pristine 121 

LRM nanoparticle. Purple regions in the phase map denote the O3' phase, blue regions the 122 
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spinel phase and green regions amorphous C domains. (c) Low-magnification HAADF-STEM 123 

image of a pristine LRM particle. (d) High-resolution HAADF-STEM image of the marked 124 

area in (c), showing the atomic arrangement in the pristine LRM cathode, which exhibits 125 

structural domains in the O3' phase. The areas marked A (green), B (blue) and C (pink) 126 

correspond to domains projected along [110], [1̅ 00] and [11̅ 0], respectively. (e) Schematic 127 

diagram of the O3' phase, showing different types of structural domains. 128 

Phase evolution upon charge/discharge cycling 129 

The structural evolution of the LRM oxide, which involves phase transitions, Li and 130 

TM ion migration and the release of O, poses severe challenges for conventional 131 

characterization methods. Whereas significant efforts have been made to study 132 

miniaturized coin half cells, the true conditions in a pouch cell are more complex, 133 

especially in an operational environment. Neutron diffraction offers sensitivity to light 134 

elements and the ability to distinguish elements with similar atomic numbers and 135 

different phases. The setup of the operando neutron diffraction experimental device 136 

used here is shown schematically in Supplementary Fig. 6a. In this configuration, 137 

incident neutrons interact with a pouch cell during a charge/discharge process and 138 

scattered neutrons are captured by annular detectors. A well-designed graphite || LRM 139 

pouch cell was prepared with 16 electrode layers and a gasbag (Supplementary Fig. 6b). 140 

The lattice parameters of the uncharged LRM oxide in the pouch cell are similar to 141 

those in the pristine powder (Supplementary Fig. 7 and Table 2), confirming that there 142 

is negligible influence from cell assembly and activation.  143 

Figure 2a shows initial charge/discharge curves and two-dimensional plots of the 144 

evolution of neutron diffraction patterns as a function of time. The peaks marked by 145 

arrows are reflections from the LRM cathode. The pouch cell underwent a formation 146 

process before cycling (Supplementary Fig. 8). Then it was initially charged to 4.5 V at 147 

a current of 500 mA (1C ≈ 4000 mA), followed by a constant voltage charge at 4.5 V. 148 

It was then discharged to 2.5 V at a current of 500 mA. Despite some overlap of the 149 

reflections, in particular in the low-d region, most of the reflections from the cathode 150 
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and anode can be distinguished (Supplementary Fig. 9). Neutron diffraction patterns 151 

recorded from the pouch cell in the uncharged and fully-charged (4.5 V) states were 152 

analyzed to understand the transformations of the cathode material during the 153 

charge/discharge processes. Refined patterns for the two states are shown in 154 

Supplementary Fig. 10. The refinement considered layered structures of the O3' phase, 155 

the O3 phase (space group: 𝑅3̅𝑚) and the spinel structure. The goodness of fit confirms 156 

the precision of the calculated lattice structure of the LRM oxide. 157 

Figure 2b shows the variation in phase fraction during the first cycle. During charging, 158 

the dominant O3' phase decreases gradually and almost completely transforms to the 159 

O3 phase at 4.5 V, as confirmed using phase mapping and atomic-resolution STEM 160 

(Supplementary Fig. 11). This transition is in agreement with previous findings.32 161 

However, the reverse transition is limited, with only half of the O3 phase returning to 162 

the O3' phase after discharging. We also observed this phenomenon in HAADF-STEM 163 

image of the cathode at 2.5 V (Supplementary Fig. 12). This limited reversibility results 164 

from the evolution of the LRM cathode during the first cycle and associated alterations 165 

in lattice structure. The proportion of the S phase also increases (Fig. 2b). The width of 166 

the S shell is approximately 5-10 nm in a fully charged particle, as shown in 167 

Supplementary Fig. 11b. The reduced intensity of the pre-edge peak in O K-edge 168 

spectra (Supplementary Fig. 13a and b) suggests that O vacancies accumulate in the 169 

S structure, in agreement with previous studies.33,34 170 

Figure 2c shows the variation in dintra-layer and dinter-layer in the O3' and O3 phases with 171 

cycling time. As Li ions are extracted from the Li slabs, the shielding effect of 172 

electrostatic repulsion between adjacent TMO2 slabs diminishes, increasing dinter-layer 173 

during charging. At the same time, dintra-layer contracts as a result of a reduction in ionic 174 

radius of the TM ions (most likely Ni and Co; see Supplementary Fig. 13c and d), which 175 

are oxidized to higher valence states. Above 4.4 V, the triggered O redox reaction partly 176 

counteracts the shielding effect, decelerating the variations in dinter-layer and dintra-layer.35 177 

The increase in dinter-layer at the beginning of the discharge process may be attributed to 178 
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sluggish diffusion kinetics in the pouch cell for LRM materials, which also affects 179 

variations in dintra-layer. The smaller changes in dinter-layer and dintra-layer during discharge 180 

can be explained by O reduction. 181 

In order to obtain further insight into the irreversibility of the structural evolution of the 182 

LRM cathode from the neutron diffraction data (see Fig. 2d), the degree of honeycomb 183 

Li@TM6 ordering (DoO) in the TMO2 slab of the O3' phase is defined as follows: 184 

𝐷𝑜𝑂 (Li@TM6)185 

=
𝑂𝑐𝑐. (Li, 2𝑏)

𝑂𝑐𝑐. (Li, 2𝑏) + 2𝑂𝑐𝑐. (Li, 4𝑔)
186 

× 100%.                       (1) 187 

Figure 2e shows a fully-ordered Li@TM6 superstructure in the O3' phase, in which only 188 

Li and only TM occupy 2b and 4g Wyckoff sites, respectively, i.e., 189 

DoO (Li@TM6) = 100%. This situation corresponds to the as-synthesized LRM in the 190 

pristine state. The degree of cation disordering (DoD) in the LiO2 slab in the O3' phase 191 

is defined by the percentage of TM ions that migrate to 4h sites, as follows: 192 

𝐷𝑜𝐷 (LiO2) =
2𝑂𝑐𝑐. (TM, 4ℎ)

2𝑂𝑐𝑐. (TM, 4ℎ) + 2𝑂𝑐𝑐. (TM, 4𝑔) + 𝑂𝑐𝑐. (TM, 2𝑏)
× 100%.   (2) 193 

During charging, DoD (LiO2) increases gradually, while DoO (Li@TM6) remains 194 

almost constant, suggesting that TM ions migrate from the TMO2 to the Li slabs. When 195 

DoD (LiO2) reaches ~1% (at 4.5 h), DoO (Li@TM6) starts to decrease, suggesting that 196 

Li–TM reorganization takes place in the TMO2 slabs. After charging to 4.5 V and 197 

during the entire discharging process, DoO (Li@TM6) remains at ~50%, demonstrating 198 

a reduced degree of Li@TM6 ordering (e.g., 4g site: TM0.75Li0.25–Li0.5TM0.5) in the 199 

O3' phase (see Fig. 2d). Disorder between Li and TM in the TMO2 and Li slabs most 200 

likely accounts for the irreversible transition from the O3' phase to the O3 phase. The 201 

increase in DoD (LiO2) occurs after the formation of O vacancies: 202 

 O vacancy = O vacancy(O3')×frac.(O3')+O vacancy(O3)×frac.(O3).           (3) 203 
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This behavior can be understood by the fact that O vacancies effectively lower the 204 

energy barrier associated with TM migration. The slight decrease in O vacancies during 205 

the discharge process suggests O reduction, as reported in the literature.35 Similar 206 

results with regard to O variation are obtained from soft X-ray absorption spectroscopy, 207 

as shown in Supplementary Fig. 14. 208 

 209 

Fig. 2 ∣ Structural evolution of the LRM cathode during the first cycle. (a) First 210 

charge/discharge curves of a graphite || LRM pouch cell and corresponding surface contour plot 211 

recorded using operando neutron diffraction. Contributions of LRM are marked by arrows.  212 

(b) Phase fraction evolution during the first cycle. Purple: O3'; yellow: O3; blue: spinel. 213 

(c) Values of dinter-layer and dintra-layer for the O3' and O3 phases in the LRM cathode obtained 214 

from Rietveld refinement as a function of cycling time. (In the hexagonal crystal system, 215 

(0 0 3)𝑜3  is equivalent to (0 0 1)𝑜3  in the monoclinic system. Therefore, dinter-layer 216 

corresponds to d(0 0 3)𝑜3
 and d(0 0 1)𝑜3′

. Similarly, (1 0 0)𝑜3, (0 1 0)𝑜3 and (11̅ 0)𝑜3 217 

are equivalent to (1 3 1/3̅̅ ̅̅ ̅)𝑜3′, (1̅ 3 1/3)𝑜3′ and  (2 0 2/3̅̅ ̅̅ ̅)𝑜3′, respectively. Therefore, 218 

dintra-layer corresponds to [d(1 0 0)𝑜3
+ d(0 1 0)𝑜3

+ d(1 1̅ 0)𝑜3
] / 3  in the O3 phase and to 219 

[d(1 3  1/3̅̅ ̅̅ ̅)𝑜3′
+ d(1̅ 3 1/3)𝑜3′

+  d(2 0  2/3̅̅ ̅̅ ̅)𝑜3′
] / 3 in the O3' phase. (d) Calculated ratio of 220 

DoO (Li@TM6), DoD (LiO2) and O vacancy plotted as a function of cycling time. 221 

(e) Schematic diagram of the Li@TM6 superstructure in the O3' phase, in which Li and TM at 222 
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the TMO2 slabs occupy 2b and 4g Wyckoff sites, respectively. 223 

After 100 cycles (see Supplementary Fig. 15a), the LRM cathode comprises 72.02% of 224 

the O3 phase and 27.98% of the S phase (see Supplementary Fig. 15b and 225 

Supplementary Table 3), with no O3' phase detected after cycling. The thicker S shell 226 

(Supplementary Fig. 16a) results from the O3'→O3→S phase transition, which is 227 

associated with irreversible Li loss and an accumulation of O vacancies (Supplementary 228 

Fig. 14). Atomic-resolution STEM imaging along <210>O3 (parallel to the O3' direction 229 

in Fig. 1d) reveals a completely disordered Li–TM arrangement (Supplementary 230 

Fig. 16b), without the characteristic O3' bright–bright–dark pattern that was present in 231 

the pristine sample. 232 

Twinning-like structure evolution upon charge/discharge cycling 233 

<210>O3 projections allow structural phases and domains associated with Li@TM6 234 

ordering to be identified using STEM techniques (refer to Supplementary Fig. 5a – 5d). 235 

In order to further study microstructures associated with the TM stacking layers, we 236 

focus on <100>O3 projections, along which Li and TM atoms line up (see 237 

Supplementary Fig. 5f and 5g). Figure 3 shows 4D-STEM orientation mapping of the 238 

microstructural evolution of LRM cathode particles upon cycling. Despite nanoscale 239 

intergrowth of O3' phase domains associated with Li@TM6 ordering (Fig. 1), the 240 

pristine sample has a single-crystal-like microstructure (Fig. 3a). After a first charge to 241 

4.5 V, a twinning-like microstructure is observed (Fig. 3b). The corresponding 242 

diffraction patterns are similar to those in Fig. 3c recorded from LRM particles after 243 

100 cycles. The twinning structure generally develops further. The particles contain 244 

different orientations internally, with a significant fraction terminating in the particle, 245 

rather than extending across it. The results show that defects such as dislocations and 246 

stacking faults form primarily towards the end of the cycle. Diffraction patterns 247 

extracted from two areas (right part of Fig. 3c) have mirror symmetry, which is 248 

consistent with twin-like structures in the purple and yellow regions. As the resolution 249 

of the 4D-STEM technique was ~2 nm, finer structures could not be resolved.  250 
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 251 

Fig. 3∣LRM structure evolution viewed along the <100>O3 projection. (a-c) In-plane 252 

orientation mapping of (a) a pristine particle, (b) a particle after a first charge to 4.5 V and (c) 253 

a particle after 100 cycles. The diffraction patterns were obtained from the purple and yellow 254 

areas in (c), which have mirror symmetry. The corresponding diffraction patterns of yellow and 255 

purple areas in (b) are familiar with those in (c). Note that in the pristine state, the particle is 256 

dominated by O3' phase, its orientation relationship with O3 is given in Supplementary Fig. 5. 257 

Figures 4a, b shows low-magnification and magnified HAADF-STEM images of an 258 

LRM nanoparticle as it was initially charged to 4.5 V. The (acute) angles between the 259 

TM stacking layers vary, forming twinning-like structures (marked in blue and orange). 260 

The angles in neighboring variants are ~79° and ~83°. Regions of O1-type structure, 261 

which are identified by a 90°angle between the TM stacking layers (marked in green), 262 

typically have widths of below 2 nm (Supplementary Fig. 17a), which is beyond the 263 

present orientation mapping detection limit. Such structures have also been observed in 264 

delithiation Ni-rich cathodes.36 In comparison with an O1-type structure, twinning-like 265 

structures present greater challenges for Li+ accommodation in layer-structured Li-ion 266 

battery materials, hindering reversible Li+ intercalation.36 267 

Atomic-resolution detail from the area outlined in cyan in Fig. 4b was analyzed 268 

quantitatively. Image noise was removed using a nonlinear algorithm and atomic 269 

positions were measured using 2D Gaussian fitting.37 The ratio m/n between the two 270 

diagonals in each unit cell was determined based on the measured positions for tracing 271 

the structural variations. The result is shown in Fig. 4c. Two types of microstructures 272 
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are highlighted: 1) A twinning-like structure (region I) and an O1/O3 boundary (region 273 

II), forming coherent interlayer microstructures with an (001)O3 habit plane. This 274 

twinning is called intralayer coherent twinning (refer to Supplementary Fig. 18). The 275 

m/n ratio in region I is ~0.85 and ~1.15 for the blue and magenta variant, respectively; 276 

2) Local structural frustrations in regions III and IV, which are indicative of intralayer 277 

microstructures and can be traced by extending the blue and magenta twinning variants 278 

in the magnified images (see the double-headed arrows). In this type of twinning 279 

structure, the {012}O3 twinning boundary (TB) is incoherent (so-called intralayer 280 

incoherent twinning). In the same layer, transitional interfaces that form a quasi-281 

twinned structure are not continuous. When adjacent twinning variants meet at TB, 282 

structural frustration forms, as illustrated in Supplementary Fig. 18. Similar structures 283 

were previously observed in a Ni-rich cathode.36 The presence of intralayer frustration 284 

is indicative of nanoscale charge heterogeneity in fully-charged particles. More similar 285 

structures were observed, as shown in Supplementary Fig. 17. And mapping of 286 

interlayer spacings (Supplementary Fig. 17b) shows an uneven lattice distribution after 287 

charging, indicating a non-uniform delithiation process, with expansion and contraction 288 

of the interlayers. Strain measurement using geometric phase analysis reveals 289 

significant strain accumulation in the vicinity of a frustrated interface (Supplementary 290 

Fig. 19).38 In subsequent cycles, such frustrated structures may be prone to strain 291 

relaxation, leading to structural failure. 292 

The atomic structures in the LRM cathode after 100 electrochemical cycles are shown 293 

in Fig 4d-g. Both interlayer and intralayer microstructures have developed further. 294 

Similarly to Fig. 4b, the interlayer microstructures maintain their coherence between 295 

neighboring twinning variants, while the intralayer interfaces expand in the {012}O3 296 

habit planes. The density of intralayer interfaces (Supplementary Fig. 20, 297 

Supplementary Table 4) is ~5 per particle. Strikingly, pore-like structures form at the 298 

{012}O3 twinning interface due to the expansion of local intralayer frustrations, leading 299 

to lattice bending and reduced atomic connectivity, as revealed in Fig. 4e, f. The Fast 300 

Fourier Transform (FFT) of the high-resolution image reveals a twinning-like structure 301 



13 

 

(Fig. 4g). The formed pore-like interface microstructures, which resembling trenches, 302 

are believed to block Li+ diffusion during charge-discharge operations, reducing Li 303 

delithiation-lithiation and resulting in fading of battery capacity with cycling. 304 

Additionally, the EELS and EDS measurements were conducted in the defect and 305 

normal area. The spectrum in Supplementary Fig. 21 showed that the Mn concentration 306 

in the defect region is lower than that in the normal region, and valance of Mn in defect 307 

region is Mn3+, while it is Mn3.5+ in the normal region. These results revealed the 308 

dissolution and migration of Mn in the defect area during cycling, which is consistent 309 

with the results from the neutron diffraction. 310 

 311 

Fig. 4∣LRM structure after cycling. (a) Atomic-resolution image of a representative region 312 

viewed along <100>O3, showing changes to angles for the cathode charged to 4.5 V. (b) The 313 

unit-cell-by-unit-cell microstructural changes corresponding to the cyan area in (a), defined by 314 
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the ratio m/n, where m and n are diagonal distance of the unit cell. (c) Magnified versions of 315 

areas Ⅰ-Ⅳ in (b). (d)  HAADF-STEM image showing an overview of a representative particle 316 

after 100 cycles. The interlayer and intralayer twinning boundaries are marked by green and 317 

orange arrows. (e) Atomic-resolution image of the area marked in (d), showing the interlayer 318 

(001) coherent twinning boundary and intralayer {012} incoherent twinning boundaries. The 319 

inset shows an FFT of (e), which confirms the presence of a twinning-like structure (see 320 

Supplementary Fig.18). (f) High-resolution image of the area marked in (e), showing pore-like 321 

microstructures resulted from the intralayer twinning mediated frustration. The twinning 322 

variants are indicated by the white and pink frames. 323 

Discussion 324 

Based on our experimental observations, the phase evolution of LRM cathodes is shown 325 

schematically in Fig. 5a. During charging, as Li ions are extracted from the Li layer, Li 326 

ions in the TM layer also migrate to the Li layer. At high voltage, anion oxidation drives 327 

rearrangement in the TM layer, which contains Li vacancies, leading to the formation 328 

of O clusters that facilitate oxidation of O2- into O2.21 This is an irreversible redox 329 

pathway for O, resulting in voltage hysteresis during discharge. Therefore, minimizing 330 

or preventing the rearrangement of TM ions within the TM-layers can effectively 331 

address the issue of voltage hysteresis during electrochemical processes. In the context 332 

of Li-Mn-based sodium-ion cathodes, optimizing the ordered superlattice of Li and TM 333 

within the TM-layers has proven to be an effective strategy for suppressing TM 334 

rearrangement, thereby reducing voltage hysteresis.21 As Li ions are reinserted into the 335 

Li layer during discharge, some of them migrate back into the TM layer. However, as a 336 

result of the mixed distribution in the TM layer, the ordered structure of the O3' phase 337 

is disrupted, resulting in partial transformation of the O3' phase into the O3 phase. This 338 

transformation proceeds irreversibly during continued cycling, reducing the cell 339 

capacity. Nevertheless, this phase transition may not be the primary reason for 340 

performance degradation, as cathodes with pure S or O3 phases still have some 341 

capacity.14 Instead, expansion of the intralayer microstructures is most likely to be 342 

responsible for electrochemical performance decay. 343 
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As shown in Fig. 5b, a large number of TM and O vacancies form in the TM layer, 344 

together with irreversible migration of Li and the release of O. Lithium, transition metal, 345 

and oxygen vacancies may result in localized vacancy loops, 39 which develop into the 346 

observed defects extending over the whole nanoparticle. According to the previous 347 

report, the dislocations formed more readily in Li-rich cathode as compared with a 348 

classical layered oxide. 39 Similarly, we posit that interlayer slips of TM layers occur 349 

during electrochemical cycling, forming two types of twinning-like structures, one is 350 

interlayer coherent twinning, and the other one is intralayer incoherent twinning, and 351 

O1/O3 boundaries. The structural frustration forms when these twinning variants meet 352 

at the twinning boundary. As cycling progresses, the interlayer twinning-like structures 353 

maintain their coherence between neighboring twinning variants, while the intralayer 354 

TBs expand in the {012}O3 habit planes. More prominent frustration is evidenced by 355 

the formation of local pore-like microstructures (or trenches) at the {012}O3 TBs, as 356 

shown in Figure 4 and Supplementary Fig. 22. The formation of pore-like interface 357 

microstructures reduces atomic connectivity and hinders Li+ diffusion from the bulk to 358 

the surface. We proposed that TM ions irreversible migration plays an important role 359 

for the structure and performance failure in LRM oxides. Introducing pinning TMs 360 

above central Li+ sites in the Li@TM6 honeycomb superstructure might be an effective 361 

approach to stabilize Li+ within the TM layer and prevent interlayer migration, thereby 362 

achieving low voltage and capacity fade.7 363 

Surface reconstruction is also a crucial factor for material failure.40 Our work considers 364 

surface effects by modifying the particle surfaces with a spinel layer to reduce O release 365 

and to minimize the generation of side reactions during cycling. Although the surface 366 

spinel phase thickens during extended cycling, it does not prevent material failure due 367 

to changes in inner bulk structure and degradation in material performance results 368 

primarily from intrinsic structural changes. Our findings suggest that coating or surface 369 

modification methods may help to inhibit surface degradation, but are likely to be 370 

insufficient to prevent capacity fade because nanoscale defect formation can proceed 371 

from the particle interior. Modification of the bulk structure, for example by anchoring 372 
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TM ions in the TM layer to suppress their inter-/intra-layer migration, should be 373 

considered to stabilize the structures of Li-rich cathodes for improved electrochemical 374 

performance. The above discussion further guided the optimization of Li-rich oxide 375 

cathodes, which was provided in Supplementary Fig. 23.  376 

 377 

Fig. 5∣Evolution process of nanoscale defects and TM migration. (a) Schematic diagram of 378 

phase evolution. (b) Schematic diagram of the correlation between defects and TM migration. 379 

In summary, a combination of STEM and operando neutron diffraction techniques has 380 

been used to reveal the relationship between microstructure and performance in LMR 381 

cathodes across different length scales. Synthesized pristine LRM particles are shown 382 

to comprise a solid solution, with Li@TM6 ordering based on C2/m symmetry (O3' type) 383 

surrounded by a thin spinel shell. It transitions from an ordered monoclinic phase to a 384 

disordered rhombohedral phase as a result of irreversible Li ion migration and transition 385 

metal rearrangement during cycling. During initial cycling, the irreversible extraction 386 

of Li ions from transition metal layers leads to the formation of the interlayer (001) 387 

twinning-like structures and local intralayer frustrations formed in the material. During 388 

subsequent extended cycles, the intralayer frustrations further develop into pore-like 389 

structure along {012} twinning boundary in the bulk of the particles with the continuous 390 

loss of Li ions and the migration of transition metal ions in the layers. These defects 391 

obstruct channels for Li-ion transport in the layers, causing a deterioration in material 392 
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performance. These observations provide a perspective on material failure mechanisms 393 

in layered high-energy cathodes and emphasize the importance of intrinsic modification 394 

methods for stabilizing their internal structures beyond surface modification. 395 

Methods 396 

Material synthesis 397 

The cathode precursor Mn2/3Co1/6Ni1/6CO3 was synthesized by a co-precipitation 398 

method. First, 2.0 mol/L MnSO4·4H2O (Aladdin, 99.9%), NiSO4·6H2O (Aladdin, 399 

99.9%) and CoSO4·7H2O (Aladdin, 99.9%) solutions were stirred in the reactor. 400 

Meanwhile, 2.0 mol/L Na2CO3 (Aladdin, 99.9%) and NH4OH solution (Aladdin, 500 401 

mg/L) were added to the reactor separately. The stirring temperature was kept at 60 °C 402 

at a fixed pH value of 7.8. The precursor powders were obtained after washing several 403 

times with deionized water and dried in vacuum at 80 °C for 12 h. The precursor was 404 

then well ground with Li2CO3 (Aladdin, 99.9%) (5% excess). Subsequently, the 405 

obtained mixture was transferred to a furnace, calcined at 480 °C for 5 h and heated to 406 

850 °C for 12 h in air. The untreated Li1.2Mn0.54Ni0.13Co0.13O2 (u-LRM) was obtained. 407 

Then the synthesized LRM with a thin spinel-layer product was obtained after re-408 

sintering for 3 h at a heating speed of 2℃ min from room temperature to 400℃ in an 409 

Ar atmosphere. The synthesized samples were stored in an Ar-filled glovebox 410 

(Mikrouna Super 1220) with O2 and H2O contents of below 0.01 ppm. 411 

Half-cell preparation 412 

The synthesized u-LRM or LRM material, which served as the active material for the 413 

half-cell cathode, was mixed with acetylene black (C45 Conductive Carbon Black, 414 

TIMCAL) and poly-(vinylidene fluoride) (PVDF) (Aladdin, K30) in the ratio 8:1:1 415 

(wt%) in N-methyl-2-pyrrolidone (NMP) (Aladdin, 99.5%) solvent to form a 416 

homogeneous slurry. This slurry was uniformly coated on a 40-μm-thick aluminum foil 417 

and dried in an oven at 80 °C for 2 h. The preliminarily dried electrode sheet was cut 418 

into circular pieces of diameter 12 mm, ensuring a loading of active material per single 419 
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sheet of at least 2 mg cm-2. These electrode sheets were placed in a vacuum oven at 420 

110 °C for 12 h to remove the solvents and any residual moisture. The dried electrode 421 

sheets were stored in an Ar-filled glovebox (Mikrouna Super 1220) with O2 and H2O 422 

contents of below 0.01 ppm. The anode of the half-cell utilized a pure Li metal foil 423 

(16 mm diameter, 0.6 mm thickness, 99.9% purity) and a polypropylene separator (25 424 

μm, Celgard 2500). The electrolyte utilized was 1 M LiPF6 dissolved in a mixed 425 

solution of 1,1,2,2-tetrafluoroethyl-2′,2′,2′-trifluoroethyl, methyl (2,2,2-trifluoroethyl) 426 

carbonate and fluoroethylene carbonate (2:6:2, wt%). The assembly of coin-type half-427 

cells (2032) was performed in the same glovebox. 428 

Pouch cell preparation 429 

The LRM cathode material was dispersed homogeneously in NMP with acetylene black 430 

and PVDF in a precise ratio of 9:0.5:0.5 (wt%) to form a well-mixed slurry. This slurry 431 

was coated onto Al foil (145 mm × 75 mm). The graphite anode material was dissolved 432 

in NMP, incorporating acetylene black and PVDF in the same ratio, to generate a slurry 433 

that was coated onto Cu foil (145 mm × 75 mm). The capacity of anode exceeded that 434 

of the LRM cathode. Pouch cell assembly was carried out meticulously in a glovebox, 435 

including integration of the cathode, anode, separator and electrolyte. In order to 436 

enhance loading of the active materials and to optimize the neutron diffraction patterns, 437 

the cathode and anode materials were coated uniformly on both sides of the Al foil and 438 

Cu foil. The resulting cell configuration comprised 16 pieces of dual-sided LRM 439 

cathode and graphite anode. A Celgard separator was used to alternate coverage of the 440 

anode and cathode on each side. The electrolyte utilized was the same as for the half 441 

cell. The assembly of pouch cell was performed in the same glovebox. 442 

Electrochemical tests 443 

Half cell: Cyclic voltammetry (CV) measurements were conducted using an 444 

OCTOSTAT200 electrochemical workstation (IVIUM Instrument) in the voltage range 445 

2 - 4.8 V versus Li+/Li at room temperature with a scan rate of 0.1 mV s-1. Galvanostatic 446 

charge/discharge (GCD) tests were carried out on a Landt Instruments battery cycler at 447 
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specific current densities (1 C = 250 mA g−1) in the voltage window 2.0 - 4.8 V versus 448 

Li+/Li at 30 °C. 449 

Pouch cell: The pouch cell was designed with a standard capacity of 4 Ah. Initially, the 450 

as-prepared pouch cell underwent a formation process, charging to 4.5 V at increasing 451 

currents of 250 mA, 500 mA and 1000 mA, in order to ensure complete electrolyte 452 

infiltration into the cathode, anode and separator of the pouch cell. Subsequently, the 453 

activated pouch cell was used for operando neutron diffraction experiments. The final 454 

analysis of the failed LRM structure was conducted based on the pouch cell after 455 

100 cycles at 4000 mA in the voltage range 2.5 - 4.5 V. 456 

Neutron powder diffraction and operando neutron diffraction 457 

Neutron powder diffraction experiments were carried out on the Time-of-Flight (TOF) 458 

diffractometer Multi-Physics Instrument (MPI) of the China Spallation Neutron Source 459 

(CSNS). Charge and discharge tests of the pouch cell were conducted using a battery 460 

cycler (Landt Instruments) with a constant current of 400 mA for the first cycle. TOF 461 

neutron diffraction data for in operando pouch cell analysis were acquired on the 462 

General Purpose Powder Diffractometer (GPPD) at the CSNS in Dongguan, China. An 463 

incident neutron beam with a wavelength band ranging from 0.1 to 4.9 Å was used. 464 

Real-time neutron diffraction data were collected while the pouch cell underwent 465 

charge and discharge processes. The crystal structures of the electrodes were 466 

determined through Rietveld refinement using the FullProf program. 467 

HAADF and 4D-STEM data collection 468 

In order to prepare samples for transmission electron microscopy, the electrodes were 469 

washed after cycling using dimethyl carbonate and dried in an Ar-filled glovebox. Both 470 

the pristine cathodes and the cathodes after cycling were ultrasonicated in ethanol for 471 

15 min and dispersed on Cu TEM grids for characterization. The electrodes were then 472 

ultrasonicated in ethanol and dispersed on the Cu TEM grids. 473 

Electron microscopy techniques, including HAADF imaging and EELS, were 474 
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performed at 200 kV on an FEl Titan G2 ChemiSTEM 80-200 transmission electron 475 

microscope equipped with a high-brightness field emission gun and a probe spherical 476 

aberration (Cs) correction system. Atomic-resolution HAADF-STEM images were 477 

acquired in STEM mode using a high-angle annular dark-field detector. The 478 

convergence semi-angle for HAADF imaging was ~25 mrad, while the collection semi-479 

angle was ~70-200 mrad. EEL spectra were acquired in STEM mode. The convergence 480 

semi-angle was the same as for HAADF imaging.  481 

4D-STEM experiments were conducted on a Tescan Tensor precession-assisted 4D-482 

STEM microscope, which can perform near-real-time analysis and processing of 4D-483 

STEM data, using a convergence semi-angle of 1.5 mrad, a beam current of 200 pA, a 484 

probe size of 1.5 nm. a diffraction size of 124.5 mrad and a precession angle of 0.8°. 485 

The electron probe was raster-scanned across NPs using a 2 nm step size. A diffraction 486 

pattern was recorded at each probe position using a high-performance hybrid-pixel 487 

direct electron diffraction camera (Dectris Quadro) with 512 × 512 physical pixels 488 

using 4-fold binning (128 × 128 pixels) and an exposure time of 3 ms for each pixel. 489 

Synchrotron soft X-ray absorption spectroscopy 490 

After the pouch cells had been charged and discharged to the target states, they were 491 

disassembled in the Ar-filled glovebox. The cathode components were extracted, 492 

subjected to thorough cleaning with a dimethyl carbonate (DMC) solution and dried. O 493 

K-edge absorption spectra were recorded meticulously from various LRM states in the 494 

RGBL beamline station at BESSY-II, Germany in fluorescence yield (FY) mode. 495 

Data Availability 496 

Data that support the findings of this study are available from the corresponding author 497 

on request. 498 
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Figure Captions 643 

Fig. 1∣Initial structure of the LRM material. (a) NPD and Rietveld refinement analysis of 644 

pristine LRM powder. The inset sector plot shows the phase fraction distribution. (b) 4D-STEM 645 

results. Left to right: Virtual bright-field image, phase map and orientation map of a pristine 646 

LRM nanoparticle. Purple regions in the phase map denote the O3' phase, blue regions the 647 

spinel phase and green regions amorphous C domains. (c) Low-magnification HAADF-STEM 648 

image of a pristine LRM particle. (d) High-resolution HAADF-STEM image of the marked 649 

area in (c), showing the atomic arrangement in the pristine LRM cathode, which exhibits 650 

structural domains in the O3' phase. The areas marked A (green), B (blue) and C (pink) 651 

correspond to domains projected along [110], [1̅ 00] and [11̅ 0], respectively. (e) Schematic 652 

diagram of the O3' phase, showing different types of structural domains. 653 
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Fig. 2 ∣ Structural evolution of the LRM cathode during the first cycle. (a) First 654 

charge/discharge curves of an graphite || LRM pouch cell and corresponding surface contour 655 

plot recorded using operando neutron diffraction. Contributions of LRM are marked by arrows.  656 

(b) Phase fraction evolution during the first cycle. Purple: O3'; yellow: O3; blue: spinel. 657 

(c) Values of dinter-layer and dintra-layer for the O3' and O3 phases in the LRM cathode obtained 658 

from Rietveld refinement as a function of cycling time. (In the hexagonal crystal system, 659 

(0 0 3)𝑜3  is equivalent to (0 0 1)𝑜3  in the monoclinic system. Therefore, dinter-layer 660 

corresponds to d(0 0 3)𝑜3
 and d(0 0 1)𝑜3′

. Similarly, (1 0 0)𝑜3, (0 1 0)𝑜3 and (11̅ 0)𝑜3 661 

are equivalent to (1 3 1/3̅̅ ̅̅ ̅)𝑜3′, (1̅ 3 1/3)𝑜3′ and  (2 0 2/3̅̅ ̅̅ ̅)𝑜3′, respectively. Therefore, 662 

dintra-layer corresponds to [d(1 0 0)𝑜3
+ d(0 1 0)𝑜3

+ d(1 1̅ 0)𝑜3
] / 3  in the O3 phase and to 663 

[d(1 3  1/3̅̅ ̅̅ ̅)𝑜3′
+ d(1̅ 3 1/3)𝑜3′

+  d(2 0  2/3̅̅ ̅̅ ̅)𝑜3′
] / 3 in the O3' phase. (d) Calculated ratio of 664 

DoO (Li@TM6), DoD (LiO2) and O vacancy plotted as a function of cycling time. 665 

(e) Schematic diagram of the Li@TM6 superstructure in the O3' phase, in which Li and TM at 666 

the TMO2 slabs occupy 2b and 4g Wyckoff sites, respectively. 667 

Fig. 3∣LRM structure evolution viewed along the <100>O3 projection. (a-c) In-plane 668 

orientation mapping of (a) a pristine particle, (b) a particle after a first charge to 4.5 V and (c) 669 

a particle after 100 cycles. The diffraction patterns were obtained from the purple and yellow 670 

areas in (c), which have mirror symmetry. The corresponding diffraction patterns of yellow and 671 

purple areas in (b) are familiar with those in (c). Note that in the pristine state, the particle is 672 

dominated by O3' phase, its orientation relationship with O3 is given in Supplementary Fig. 5. 673 

Fig. 4∣LRM structure after cycling. (a) Atomic-resolution image of a representative region 674 

viewed along <100>O3, showing changes to angles for the cathode charged to 4.5 V. (b) The 675 

unit-cell-by-unit-cell microstructural changes corresponding to the cyan area in (a), defined by 676 

the ratio m/n, where m and n are diagonal distance of the unit cell. (c) Magnified versions of 677 

areas Ⅰ-Ⅳ in (b). (d)  HAADF-STEM image showing an overview of a representative particle 678 

after 100 cycles. The interlayer and intralayer twinning boundaries are marked by green and 679 

orange arrows. (e) Atomic-resolution image of the area marked in (d), showing the interlayer 680 
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(001) coherent twinning boundary and intralayer {012} incoherent twinning boundaries. The 681 

inset shows an FFT of (e), which confirms the presence of a twinning-like structure (see 682 

Supplementary Fig.18). (f) High-resolution image of the area marked in (e), showing pore-like 683 

microstructures resulted from the intralayer twinning mediated frustration. The twinning 684 

variants are indicated by the white and pink frames. 685 

Fig. 5∣Evolution process of nanoscale defects and TM migration. (a) Schematic diagram of 686 

phase evolution. (b) Schematic diagram of the correlation between defects and TM migration. 687 
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Supplementary Figure 1. (a) Low-magnification HAADF-STEM image of a pristine 

LRM nanoparticle. (b) Atomic-resolution HAADF-STEM image of the marked area in 

(a), showing a core/shell (O3'/spinel) configuration. The orientation relationship 

between the spinel (S) shell and O3' core is [110]S || [010]O3', (11�1)S || (001)O3'. (c, d) 

The morphology and the atomic-resolution HAADF-STEM image of the untreated 

LRM (u-LRM) nanoparticle. 

  



 
Supplementary Figure 2. Electrochemical LRM performance in a half cell. 

(a) Initial galvanostatic charge discharge (GCD) curve of the synthesized LRM and u-

LRM during the first cycle within 2-4.8 V. (b) Rate performance of the synthesized 

LRM and u-LRM at various rates. (c) Long-term cycling retention and average voltage 

of the synthesized LRM and u-LRM at a rate of 0.5C (1C = 250 mA g-1). (d) Long-term 

cycling retention of the synthesized LRM and u-LRM at a rate of 1C.  



 

Supplementary Figure 3. Fourier difference map between observed data and O3' 

phase based on NPD result of LRM. Negative signal isosurface has been overlaid with 

a structural schematic of the O3 phase. 

Rietveld refinement processes: 

1. Calibration with Uncharged Neutron Diffraction: 

A high-intensity neutron diffraction spectrum of the uncharged pouch cell was 

collected over an extended period of 60 minutes (compared to 30 minutes for each 

operando pattern). This allowed us to accurately determine the crystal structures of the 

electrochemically inactive Al and Cu current collectors. The structural parameters of 

these collectors were fixed, with only the 'scale' parameter adjusted to account for 

intensity variations due to differences in neutron beam flux. 

2. Peak Shape Parameters: 

Using the high-quality initial spectrum, peak shape factors for each compound 

involved in the operando processes were established and subsequently held constant 

during refinement. 

3. Graphitic Anode Compounds: 

The specific interplanar spacings of lithium-carbon compounds on the anode side 

(e.g., graphite, LiC6, and LiC12) remain unaffected by lithium intercalation or 

deintercalation. Therefore, lattice parameters for these phases were fixed based on the 

initial spectrum. Furthermore, the specific anode components could be clearly 

distinguished through diffraction peaks in the high d-value region. 



4. Exclusion of Transition Metal Segregation in LRM Phases: 

Based on STEM characterization results and to simplify the discussion, we did not 

consider elemental segregation of transition metals across the three LRM phases during 

refinement. 

These adjustments led to a significantly improved goodness of fit across the full 

spectrum, thereby enhancing the reliability of the Rietveld refinement results and 

supporting a more accurate interpretation of the cathode’s structural evolution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Supplementary Figure 4. (a) Annular dark-field STEM image of a pristine particle 

and (b, c) electron energy-loss spectra recorded at the (b) O-K and (c) Mn-L2,3 edges 

from the marked area in (a). (d) Mn L3/L2 ratio calculated from (c). The dashed lines 

mark Mn valences of +3.5 and +4.0.[1] 
  



 
Supplementary Figure 5. Simulated diffraction patterns and corresponding atomic 

projections for O3', O3 and spinel (S), showing the orientation relationships among the 

three phases. (a-c) O3' [110], [1�00] and [11�0] showing three configurations associated 

with TM-Li ordering. (d) O3 <210> projection showing TM-Li disordering. (f) O3 [310] 

(or [3�10]/ [01�0]), along which all patterns are identical and TM-Li ordering becomes 

invisible. (g) O3 <100> showing the same patterns as (f). (e, h) Spinel <112> and <101> 

projections.  



 
Supplementary Figure 6. (a) Schematic diagram of the operando neutron diffraction 

setup for the graphite || LRM  pouch cell. (b) Photograph of an graphite || LRM pouch 

cell. 

  



 

Supplementary Figure 7. Design parameters of graphite || LRM pouch cell used in 

this work. 



 
Supplementary Figure 8. The electrochemical curve of formation process in pouch 
cell. 
 
 
 
 
 
 
 
 



 
Supplementary Figure 9. The stacked plot of the operando neutron diffraction. The 
red arrow indexes the cathode, while the white arrow indexes the anode. 
  



 

Supplementary Figure 10. (a, b) Refined neutron diffraction patterns recorded from 

the pouch cell (a) before and (b) after the first charge to 4.5 V. Bragg peak positions for 

the different phases, i.e., different components in the pouch cell, are marked by short 

vertical bars in (a) and (b). 

  



 

Supplementary Figure 11. Phase distribution in the cathode after first fully 

charged condition. (a) Phase mapping of the cathode after first fully charged along O3 

[210] zone axis. (b) High-resolution HAADF-STEM image of the cathode after first 

fully charged, showing that only a small fraction of the O3' phase has remained, in 

agreement with the neutron diffraction results.  



 
Supplementary Figure 12. (a) HAADF-STEM image showing an overview of a 

representative particle after first discharged to 2.5 V condition. (b, c) Atomic-resolution 

image of the area marked in (a), the O3 domains and the spinel phase are indicated by 

orange and yellow, respectively. 
  



 

Supplementary Figure 13. (a) Annular dark-field STEM image and (b) O-K and 

(c) Mn-L2,3 EELS fine structures recorded from the surface to the interior of a fully-

charged LRM particle. (d) Mn L3/L2 ratio determined from (c), showing that the Mn 

valence does not change significantly after the first full charge. 

  



 

Supplementary Figure 14. (a) Normalized LRM O K-edge soft X-ray absorption 

spectra (sXAS) and (b) Integrated intensity between 525 and 535 eV for different 

charge/discharge states in the first cycle and after 100 cycles recorded in fluorescence 

yield mode. 

  

Peaks a and c reflect O 2p-Mn 3d t2g and O 2p-Mn 3d eg orbital hybridization, 

respectively. Peak b emerged at high voltage (C-4.5 V), indicating O oxidation. The 

broadened peak d originates from the hybrid O 2p-Mn 4sp state. The integrated 

intensities from 525 to 535 eV reflect variations in O vacancies (holes). From OCV to 

C-4.3 V, the integrated intensities increase due to oxidation of TM atoms, which results 

in more empty orbitals. More O vacancies are generated on charging to 4.5 V. The 

integrated intensity decreases after discharging to 2.0 V, but remains higher than for 

OCV, implying O irreversibility during battery cycling. After 100 cycles (under OCV), 

the integrated intensity increases significantly, suggesting the formation of a large 

number of O vacancies and empty TM orbitals. This behavior is linked to the formation 

of a surface spinel structure. 

  



 

Supplementary Figure 15. (a) Long-term cycling retention of the pouch cell at a 

current of 4 A and at 2.0 – 4.5 V. (b) NPD and Rietveld refinement analysis of the LRM 

after 100 cycles. The inset sector plot shows the phase fraction distribution. 



 

Supplementary Figure 16. (a) Phase mapping of the cathode after 100 cycles along 

O3 <210> zone axis. (b) High-resolution HAADF-STEM image showing that the 

atomic arrangement is disordered and no O3' phase is left after 100 cycles. 

 

 

 

 

 

 

 

 

 

 

  



 

Supplementary Figure 17. (a) Atomic-resolution HAADF-STEM image of a cathode 

LRM particle charged to 4.5 V. (b) Simulated lattice value map of the area in Fig. 3d. 

 

 

 



 

Supplementary Figure 18. Schematic illustration of two types of twinning 

configurations. Twin 1: [001]O3 twin axis with twinning plane of (001)O3, and Twin 2: 

[001]O3 twin with twinning habit plane of {012}O3. The simulated electron diffraction 

is calculated based on kinematical electron diffraction theory. 

 
  



 
Supplementary Figure 19. (b) Horizontal εxx and (c) vertical εyy strain distributions 

obtained by applying geometrical phase analysis to the HAADF-STEM image shown 

in (a). The color scale spans strains of -20% (blue) to +20% (red). 

  



 

Supplementary Figure 20. Defects in the cathode material after 100 cycles. 

  



 
Supplementary Figure 21. (a) The overview HAADF-STEM image of LRM cathode 

after 100 cycles. (b) The EDS spectra showing the Mn, Co and Ni K edges from the 

specified region in (a). Decreased Mn concentration can be observed at the defect area. 

(c) The EELS spectra showing the Mn L edges of the selected area in (a), indicating the 

valence change of Mn in defect region. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Supplementary Figure 22. Images showing the defect formation process. 

  



 

Supplementary Figure 23. (a) XRD patterns of Na0.6Li0.2Mn0.8O2 with a ribbon-type 

Li-Mn superlattice (denoted as LM-ribbon) and the ion-exchanged sample obtained via 

the molten salt method (denoted as LM-MS). (b) Low-magnification HAADF-STEM 

image of LM-MS. (c) High-resolution HAADF-STEM image of the marked region in 

(b), illustrating the atomic arrangement in the pristine LM-MS cathode, which features 

both honeycomb-type and ribbon-type structural domains. (d) Initial GCD curve of the 

synthesized LM-MS during the first cycle in the voltage range of 2–4.8 V. (e) Long-

term average voltage retention of the synthesized LRM and LM-MS at a rate of 0.5C 

(1C = 250 mA g−1). (f) HAADF-STEM image of LM-MS after 60 cycles at 0.5C. 

 
Initially, a Na0.6Li0.2Mn0.8O2 cathode with a ribbon-type Li-Mn superlattice (denoted 

as LM-ribbon) was synthesized. Subsequently, a Li-rich oxide cathode with a partially 

preserved ribbon-type Li-Mn superlattice (denoted as LM-MS) was obtained via a 

molten salt substitution method, as shown in Supplementary Fig. 22b, c. This ribbon-

type structure alleviated the intralayer rearrangement of transition metals, significantly 

reducing voltage hysteresis (Supplementary Fig. 22d). Furthermore, it mitigated 

interlayer migration of transition metals to some extent, effectively delaying voltage 

decay (Supplementary Fig. 22e). 



Remarkably, after 60 cycles at 0.5C, the LM-MS cathode retained its transition metal 

layer superlattice without developing pore-like microstructures illustrated in Fig. 4e, f 

(Supplementary Fig. 19f). This indicates a substantial improvement in structural 

stability. 
  



Supplementary Table 1. Proportions of O3' and spinel phase in the pristine cathode 
powder and crystal cell parameters. 
 
O3' (C2/m): 97.27 at% 

Atom Wyckoff x y z Biso (Å2) Occ. 
O 8j 0.251(3) 0.323(3) 0.224(1) 0.437(1) 0.997(2) 
O 4i 0.219(1) 0 0.224(1) 0.437(1) 1 

Mn 4g 0 0.169(2) 0 1.692(1) 0.783(2) 
Li 4g 0 0.169(2) 0 1.692(1) 0.021(2) 
Co 4g 0 0.169(2) 0 1.692(1) 0.194(1) 
Ni 4g 0 0.169(2) 0 1.692(1) 0.001(1) 
Li 2b 0 1/2 0 4.439(6) 0.561(5) 
Ni 2b 0 1/2 0 4.439(6) 0.385(5) 
Mn 2b 0 1/2 0 4.439(6) 0.053(1) 
Co 2b 0 1/2 0 4.439(6) 0.001(1) 
Li 4h 0 0.662(2) 1/2 1.011(2) 0.998(5) 
Ni 4h 0 0.662(2) 1/2 1.011(2) 0.001(1) 
Mn 4h 0 0.662(2) 1/2 1.011(2) 0.001(1) 
Li 2c 0 0 1/2 1.389(4) 0.998(5) 
Ni 2c 0 0 1/2 1.389(4) 0.001(1) 
Mn 2c 0 0 1/2 1.389(4) 0.001(1) 

a = 4.940(1) Å, b = 8.550(1) Å, c = 5.028(1) Å, α = γ =90°, β = 109.333(1)°. 
Spinel: 2.73 at% 

Atom Wyckoff x y z Biso (Å2) Occ. 
O 32e 0.250(2) 0.250(2) 0.250(2) 1.871(7) 1 

Mn 16d 1/2 1/2 1/2 0.569(8) 2/3 
Co 16d 1/2 1/2 1/2 0.569(8) 1/6 
Ni 16d 1/2 1/2 1/2 0.569(8) 1/6 
Li 8a 1/8 1/8 1/8 0.868(5) 1 

a = b = c = 8.067(7) Å, α = β = γ = 90°. 
Rp: 2.19%, Rwp: 2.53%, Rexp: 0.14%. 

  



Supplementary Table 2. Proportions of O3' and spinel phase in the uncharged cathode 
and crystal cell parameters. 
 
O3' (C2/m): 97.16 at% 

Atom Wyckoff x y z Biso (Å2) Occ. 
O 8j 0.256(2) 0.324(5) 0.223(7) 0.252(1) 0.995(1) 
O 4i 0.216(2) 0 0.223(7) 0.252(1) 1 

Mn 4g 0 0.167(1) 0 2.059(2) 0.784(2) 
Li 4g 0 0.167(1) 0 2.059(2) 0.021(2) 
Co 4g 0 0.167(1) 0 2.059(2) 0.194(1) 
Ni 4g 0 0.167(1) 0 2.059(2) 0.001(1) 
Li 2b 0 1/2 0 5.667(6) 0.561(2) 
Ni 2b 0 1/2 0 5.667(6) 0.385(2) 
Mn 2b 0 1/2 0 5.667(6) 0.053(2) 
Co 2b 0 1/2 0 5.667(6) 0.001(1) 
Li 4h 0 0.662(3) 1/2 0.786(5) 0.956(4) 
Ni 4h 0 0.662(3) 1/2 0.786(5) 0.001(1) 
Mn 4h 0 0.662(3) 1/2 0.786(5) 0.001(1) 
Li 2c 0 0 1/2 0.956(4) 0.956(4) 
Ni 2c 0 0 1/2 0.956(4)) 0.001(1) 
Mn 2c 0 0 1/2 0.956(4) 0.001(1) 

a = 4.947(3) Å, b = 8.544(1) Å, c = 5.029(8) Å, α = γ =90°, β = 109.25(3)°. 
Spinel: 2.84 at% 

Atom Wyckoff x y z Biso (Å2) Occ. 
O 32e 0.246(3) 0.246(3) 0.246(3) 0.831(2) 1 

Mn 16d 1/2 1/2 1/2 1.121(3) 2/3 
Co 16d 1/2 1/2 1/2 1.121(3) 1/6 
Ni 16d 1/2 1/2 1/2 1.121(3) 1/6 
Li 8a 1/8 1/8 1/8 0.175(1) 1 

a = b = c = 8.091(2) Å, α = β = γ = 90°. 
Rp: 0.884%, Rwp: 1.09%, Rexp: 0.36%. 

 
  



Supplementary Table 3. Proportions and structural information about O3 and spinel 
phases in the LRM cathode after 100 cycles. 
 
O3 (R-3m): 72.02 at% 

Atom Wyckoff x y z Biso (Å2) Occ. 
O 6c 0 0 0.736(5) 1.467(3) 0.997(9) 
Li 3a 0 0 0 3.603(7) 0.431(3) 
Ni 3a 0 0 0 3.603(7) 0.002(3) 
Ni 3b 0 0 1/2 3.603(7) 0.127(3) 
Li 3b 0 0 1/2 3.600(9) 0.082(3) 
Mn 3b 0 0 1/2 3.600(9) 0.539(1) 
Co 3b 0 0 1/2 3.600(9) 0.130(1) 

a = b = 2.840(8) Å, c = 14.539(2) Å, α = β = 90°, γ = 120°. 
Spinel: 27.98 at% 

Atom Wyckoff x y z Biso (Å2) Occ. 
O 32e 0.233(8) 0.233(8) 0.233(8) 0.213(1) 0.978(6) 

Mn 16d 1/2 1/2 1/2 0.220(2) 2/3 
Co 16d 1/2 1/2 1/2 0.220(2) 1/6 
Ni 16d 1/2 1/2 1/2 0.220(2) 1/6 
Li 8a 1/8 1/8 1/8 0.579(2) 0.728(2) 

a = b = c = 8.173(5) Å, α = β = γ = 90°. 
Rp: 1.32%, Rwp: 1.47%, Rexp: 0.27%. 

  



Supplementary Table 4. Measured defect densities of the samples after 100 cycles. 
 

 Particle 1 Particle 2 Particle 3 Particle 4 Particle 5 
Number of 

defects 6 5 4 4 6 
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