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Abstract: 

Defects and their interactions in crystalline solids often underpin material properties and 

functionality1 as they are decisive for stability1–5, result in enhanced diffusion6, and act as 

a reservoir of vacancies7. Recently, lithium-rich layered oxides have emerged among the 

leading candidates for the next-generation energy storage cathode material, delivering 50 

% excess capacity over commercially used compounds. Oxygen-redox reactions are 

believed to be responsible for the excess capacity8, however, voltage fading has 

prevented commercialization of these new materials. Despite extensive research the 

understanding of the mechanisms underpinning oxygen-redox reactions and voltage fade 

remain incomplete. Here, using operando three-dimensional Bragg coherent diffractive 

imaging2,9, we directly observe nucleation of a mobile dislocation network in 

nanoparticles of lithium-rich layered oxide material. Surprisingly, we find that 

dislocations form more readily in the lithium-rich layered oxide material as compared 

with a conventional layered oxide material, suggesting a link between the defects and the 
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anomalously high capacity in lithium-rich layered oxides. The formation of a network of 

partial dislocations dramatically alters the local lithium environment and contributes to 

the voltage fade. Based on our findings we design and demonstrate a method to recover 

the original high voltage functionality. Our findings reveal that the voltage fade in 

lithium-rich layered oxides is reversible and call for new paradigms for improved design 

of oxygen-redox active materials. 

 

The lithium-rich layered oxide (LRLO) compounds are among the most promising 

positive electrode materials for next-generation batteries. They exhibit high capacities of 

>300 mAhg-1 due to the unconventional participation of the oxygen anion redox in the 

charge compensation mechanism10–15, suggested by localization of 2p O electrons14,15 or 

by formation of Li2O16 or of O-O peroxide dimers during operation17. The LRLO 

material is a composite of a classical layered oxide LiTMO2 (with R3̅m space group, TM 

stands for Ni, Mn, Co) and Li2TMO3 (with C2/m space group). The local composition of 

cations and their associated interaction turns out to be crucial for voltage stability and 

lithium diffusion capabilities12,18,19. Various stacking sequences of the transition metal 

(TM) layers have been identified (stacking faults)18,20. X-ray and neutron scattering 

measurements revealed that the layer spacing (c lattice parameter) expands during charge 

from 14.25 Å to about 14.40 Å with simultaneous contraction of the a-b plane20, resulting 

in significant volume changes and cracking of secondary particles upon the initial charge 

to 4.5 V21. Indeed, the formation of cracks and stress-induced damage in secondary 

particles has been identified in other layered oxides and is believed to be a leading cause 

of degradation and debilitating electrochemical performance3,22,23. The tens of microns 

large secondary particles are agglomerates of much smaller (sub micron) single 

crystalline primary particles and such morphologies are introduced to improve the 

volumetric energy density of the cathode (see Supplementary Fig. S1).  

 

Despite their fundamental importance, the understanding of structural evolution during 

charge in the primary particles remains challenging. Particularly the nature of crystal 

defects, which are expected to occur with Burgers vectors parallel to the layers during 

operation3,4, remains elusive due to the difficulty in capturing their operando formation 
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and dynamics2,24. Here we directly capture the nucleation of a dislocation network in 

primary nanoparticles of the high capacity LRLO material Li1.2Ni0.133Mn0.533Co0.133O2 

during electrochemical charge (lithium extraction) (see Fig. 1). By using the in situ Bragg 

coherent diffractive imaging (BCDI) technique2, we map the 3D displacement field inside 

primary battery particles during battery operation (see Supplementary Information and 

Figs. S2 and S3). Dislocations give rise to singularities in the displacement field, which 

are easily recognizable even in the presence of noise25. We find that while the pristine 

nanoparticle shows no such singularities in the present geometry (see Fig. 1), when 

charged to a voltage of 4.3 V versus (vs.) Li+ it contains two dislocations in the bulk of 

the nanoparticle, revealing the formation of dislocations in bulk during charge. The 

dislocation density increases upon subsequent charge, and a dislocation network emerges 

at 4.4 V vs. Li+. We identify the crystal imperfections as line defects with the Burgers 

vector having a component along the c-axis direction, perpendicular to the layers, 

resembling Frank’s partial dislocations1. 

 

The in situ BCDI technique allows us to directly image the interior of a nanoparticle 

during lithium extraction (battery charge) operando (see Fig. 2). In the beginning of the 

charge at 4.0 V, we observe a continuous displacement field. At 4.2 V the displacement 

field has changed only slightly, an expected structural response of the nanoparticle to 

delithiation20. When charged to 4.3 V, before the voltage plateau that signifies oxygen 

evolution16, the displacement field is qualitatively different and shows two singularities 

characteristic of dislocations. The discontinuity in the displacement field around a 

singularity is the projection of the Burgers vector along the scattering vector q003, which 

matches the thickness of a single TM or lithium layer (see Fig. 1 for a schematic). Further 

charging to 4.4 V vs. Li+ induces additional dislocations, while the two edge dislocations 

present at 4.3 V move slightly. By analyzing the dislocation type in various particles 

during lithium extraction, we find the presence of edge, screw, and mixed dislocations. 

We are unable to perform BCDI at voltages higher than 4.4 V possibly due to growing 

disorder in the structure; however, further broadening of the Bragg diffraction suggests 

continued formation of dislocations (see Figs. S4, S5). 
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The strain field distribution yields further insights into the physical and electrochemical 

processes underpinning the formation of dislocations (see Fig. 2b). The strain 

inhomogeneity in the slice shown increases between 4.0 V and 4.2 V and the strain is 

larger towards the bottom left edge of the particle, suggesting elevated delithiation. At 4.3 

V a plastic deformation occurs via nucleation of two dislocations in bulk. Around these 

dislocations, the strain is compressive (reduced lattice spacing d) on the right and tensile 

on the left, revealing extra half-planes inserted from the right in agreement with the 

displacement field analysis (see schematic in Fig. 1). Modeling of strain profiles indicates 

that most of the dislocations are mixed c and a-b dislocations (see Supplementary 

Information and Fig. S6). We have conducted measurements on two different 

nanoparticles, and both of them show the formation of multiple dislocations during 

charge (see Fig. S7). 

 

To have a direct comparison between LRLO and currently commercialized layered 

oxides, we have conducted operando BCDI on a classical layered oxide material 

(LiNi0.80Co0.15Al0.05O2, “NCA”) (see Fig. 3). Strikingly, although we find that 

dislocations form in the classical material as well, their number is significantly less than 

in LRLO (in a different NCA nanoparticle no dislocations formed during delithiation to 

4.8 V). In the nanoparticle of the classical material a single dislocation forms at 4.2 V; 

however, no new dislocations appear above 4.2 V. We calculate the partial strain energy 

in the (001) direction via Ep,001 = 12 Y ∫ 𝜀001(𝑥)2𝑑𝑥, where Y is Young’s modulus26, 𝜀001(𝑥) is the measured strain shown in Figs. 2b and 3b, 𝑥 is the spatial coordinate, and 

we integrate over the particle volume. The strain energy for LRLO materials grows 

monotonically up to 4.4 V, while it peaks at 4.2 V for NCA and reduces upon further 

lithium extraction. The strain calculations shown in Fig. 4 are in excellent agreement with 

Williamson-Hall analysis of powder diffraction data, which shows a gradual increase in 

the microstrain during charge from 4.0 V to 4.5 V for LRLO and a peak at 4.3 V for NCA 

(see Supplementary Fig. S5). The agreement between the strain measurements in single 

nanoparticles in operando BCDI and bulk powder diffraction data confirms that the 

particles shown in Figs. 2 and 3 are representative of the ensembles.  
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We attribute the origin of dislocation formation in LRLO to the limited lithium ion 

diffusion at high voltages, which drops from D=10-14cm2/s at 4.0 V below D=10-15cm2/s 

at 4.4 V Ref.27. Using Fick’s law 〈𝑥2〉 = 4Dτ, where τ is the diffusion time, we 

determine an average travel distance of lithium ions to be √〈𝑥2〉~40 nm in 1 hour, which 

is an order of magnitude smaller than the size of the nanoparticles. Lithium extraction 

during charge coupled with slow diffusion will result in lithium-depleted regions at the 

particle boundary. We argue that in LRLO the dislocations form as a result of strain 

concentrators due to the volume difference between regions with low and high lithium 

concentrations. In the classical layered oxide materials, the diffusion rate is higher and 

the ductility is lower28, which results in the dramatic difference between the rates of 

dislocation formation in the LRLO and classical layered materials. By tracking the 

location of two dislocations that formed at 4.3 V in LRLO (see arrows in Fig. 2), we 

estimate the speed of dislocations to be on the order of 10 nm/h. This speed is 

comparable with lithium mobility, indicating ionic diffusion as the dominant reason for 

dislocation motion. 

 

By measuring the length of dislocations in single nanoparticles, we directly calculate the 

dislocation density to be 1x1010 cm-2 in LRLO at 4.4 V (note that in NCA the density is 

approximately one order of magnitude smaller, see left inset in Fig. 4). At such a high 

value, we anticipate a sizable impact on the material’s performance, particularly on 

voltage fade and oxygen activity. The nucleation of line defects dramatically modifies the 

local lithium environment, which we show is crucial in determining the voltage. The 

formation of partial dislocation perturbs the superstructure stacking sequence1, and we 

directly confirm the decline of the superstructure peak in in situ x-ray diffraction starting 

at 4.3 V (see right inset in Fig. 4). Even if the dislocation disappears by moving out of the 

particle or by annihilation with other dislocations, the superstructure is unlikely to 

recover once a dislocation has formed. During the subsequent cycling, the superstructure 

gradually disappears, and the material becomes partially disordered. The highly cycled 

material is trapped in a metastable state with energetically unfavorable local lithium 

environment. Based on the mechanistic description above we design a path to re-order the 
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superstructure by high-temperature annealing (>150 °C). The superstructure recovery 

(see Fig. 5b) is decisive in restoring the original voltage profile (see Figs. 5a and 5c).  

 

The experimental observation of significantly higher rate of dislocation formation in 

LRLO as compared with classical materials resonates with the anomalous anionic activity 

in LRLO. The current understanding of the anionic activity in LRLO materials includes 

three processes, 1: reversible oxidation of O2- to O-, 2: further partially reversible 

oxidation to O, and 3: irreversible release of O2 gas from the bulk material to the surface8. 

Steps 2 and 3 require elevated oxygen mobility in bulk. While enhanced ‘pipe’ diffusion 

occurs along dislocations6, recent theoretical works suggest a slower transport of oxygen 

along dislocations due to cation charge accumulation at the defect site29; oxygen mobility 

due to thermal fluctuations is predicted to be negligible at room temperature. However, 

an external electrical current leads to reversible accumulation or depletion of oxygen 

vacancies at dislocations in SrTiO3 single crystals as well as epitaxial thin films7. 

Similarly, we posit that during charge the lithium and electron extraction activates the 

emergent dislocation network in LRLO for the transport of O- and O. The dislocation-

mediated oxygen mobility also likely assists the re-intercalation of lithium ions into the 

transition metal layer30.  
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Figures: 

 

Figure 1: Formation of a dislocation network during charge. Isosurface representations of a 

LRLO particle measured in operando during charge. At a charge state of 4.0 V vs Li+ no 

dislocations are observed in the particle. At 4.3 V two edge dislocations have formed during 

lithium extraction (shown by dotted lines in the particle) and at 4.4 V a dislocation network 

emerges (colors are used to represent different dislocations). The direction of the scattering vector 

q003 is indicated and the size of the particle is around 300x300x500 nm3. The dislocations have a 

component of the Burgers vector along the q003 vector and a schematic of the dislocation is shown 

at the bottom.  
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Figure 2: In situ evolution of a LRLO nanoparticle during electrochemical charge. a The 

changes in the displacement field along q003 in a plane through the nanoparticle during charge (the 

plane is shown in Fig. S2). The voltage vs. Li+ is indicated at the top. Two edge dislocations are 

identified as singularities of the displacement field and are indicated at 4.3 V vs. Li+ (see 

schematic in Fig. 1). Additional dislocations emerge at 4.4 V vs. Li+. b The strain along the (001) 

direction (perpendicular to the layers) inside of the nanoparticle calculated from the 3D 

displacement fields in a. The strain is shown around the average lattice constant indicated at the 

top. White arrows in b indicate the positions of the edge dislocations at 4.3 V vs. Li+. 
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Figure 3: In situ evolution of a NCA nanoparticle during charge. The displacement field a 

and strain b along the (001) direction (perpendicular to the layers) of a single NCA particle 

captured in situ during charge. The voltages and average lattice constants are indicated.  
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Figure 4: Strain energy landscape of single particles of layered oxides. Partial strain energy Ep,001 for two LRLO particles shown in Figs. 1,2 (red triangles) and Fig. S7 (magenta triangles), 

and a NCA particle shown in Fig. 3 (blue circles). The left inset shows the operando evolution of 

the dislocation density 0 for the same particles. The right inset shows the evolution of the 

superstructure peak intensity during the first charge measured in situ using x-ray diffraction from 

a large number of particles. 
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Figure 5: A path to restore the voltage in the lithium-rich oxide material. a Charge-discharge 

voltage curves of Li-rich layered cathode with Li-metal as anode for the voltage range of 2.0-4.6 

V vs. Li+/Li: the first cycle (black lines), 50th cycle (red lines), and the cycle after heat treatment 

(blue lines) are shown (the sequence of measurements is indicated by arrows). b The evolution of 

the superstructure peak intensity in the pristine state (black symbols), after 50 cycles (red 

symbols), and after the heat treatment (blue symbols). c The average discharge voltage for the 

first 50 cycles (black to red symbols) and after the heat treatment (blue symbol). The discharge 

voltage is recovered after the treatment.  
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Supplementary Information 
Supplementary Figures 

 

Figure S1: Scanning electron microscopy image of the pristine LRLO material. The 

primary particles (sub micron single crystallites) are agglomerated to larger secondary 

particles to improve the volumetric energy density. 
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Figure S2: Experimental description. Schematic of the experimental arrangement (top, 

the slice through the 3D volume of the particle shown in Fig. 2 is indicated) and the 

sample holder with the in situ coin cell used in both experiments (bottom). 

 

Figure S3: Electrochemical performance. a Specific capacity of the in situ LRLO cell 

measured simultaneously with the x-ray imaging data shown in Figs. 2 and S7. b Specific 

capacity of the in situ NCA cell measured simultaneously with the x-ray imaging data 

shown in Fig. 3. 
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Figure S4: Diffraction data collected for the particle shown in Fig. 1 and 2 of the main 

text. The voltage and the average lattice parameter are indicated. The average lattice 

parameter was determined from the center of mass of the 3D reciprocal space data around 

the Bragg peak. The top row shows images as seen on the detector during the 

measurement, the whole pattern is 0.027 Å-1 X 0.027 Å-1 in size. The second row and 

third rows show two different orthogonal views of the 3D diffraction pattern collected 

during the rocking series. The scattering vector is approximately vertical (top), out of 

plane (middle), horizontal (bottom).  
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Figure S5: Comparison of microstrain changes for different states of charge of 

LRLO and NCA samples determined from the Williamson-Hall analysis of the 

Bragg peak widths from conventional x-ray diffraction experiments on a large 

number of particles. The data for LRLO (a) was measured in situ, while NCA (b) was 

measured ex situ. 

 

 

Figure S6: Microscopic model of the displacement field and strain around a 

dislocation. a Schematic of an edge dislocation with extra half plane parallel to the layers 

and the corresponding displacement field b and strain field c. d Strain field around a 

dislocation in NCA from Fig. 3 (4.2 V). e A schematic of an edge dislocation with the 

extra half plane building an angle with the layers and the corresponding displacement 

field f and strain g. h  Strain field around a dislocation in LRLO from Fig. 2 (4.3 V). i 

The geometry of the possible orientation of the extra half plane {403} in LRLO is 

indicated by semitransparent blue plane through the center of the image. 
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Figure S7: In situ evolution of a second LRLO nanoparticle during charge. a The 

changes in the displacement field along the (001) direction in a plane through the 

nanoparticle during charge. The voltage vs. Li+ is indicated at the top. Edge dislocations 

emerge at 4.4 V vs. Li+. A screw dislocation is present in this nanoparticle in the pristine 

state and through the charge. b The strain along the (001) direction inside of the 

nanoparticle calculated from the 3D displacement fields in a. The strain is shown around 

the average lattice constant indicated at the top. 

 

Figure S8: Diffraction data collected for the particle whose microstrain is shown in Fig. 

4 in the main text by magenta symbols. The reconstructions are shown in Fig. S7. The 

voltage and the average lattice parameter determined from the center of the diffraction 

peak are indicated. The top row shows images as seen on the detector during the 

measurement, the whole pattern is 0.027 Å-1 X 0.027 Å-1 in size. The second row and 
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third rows show two different orthogonal views of the 3D diffraction pattern collected 

during the rocking series. The scattering vector is approximately vertical (top), out of 

plane (middle), horizontal (bottom).  

 

Figure S9: Diffraction data collected for the NCA particle shown in Fig. 3 in the main 

text. The top row shows images as seen on the detector, the whole pattern is 0.038 Å-1 X 

0.038 Å-1 in size. The second row and third rows show two different orthogonal views of 

the 3D diffraction pattern collected during the rocking series. The scattering vector is 

approximately vertical (top), out of plane (middle), horizontal (bottom).  

 

Figure S10: Phase retrieval transfer function (PRTF). a PRTF for the reconstructions 

shown in Fig. 2 of the main text. b PRTF for the particle shown in Fig. S7. 
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Figure S11: Comparison between two different reconstructions of the same rocking 

scan. Note that although the results from reconstruction procedures initiated from 

different random starts differ slightly, which is reflected in the PRTF resolution of about 

100 nm, the positions of the dislocations are consistent between different reconstructions 

to a much better resolution (within a pixel, i.e. 7.75 nm).  
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Experimental details 

The design of the in situ cells is described elsewhere  [1,2]. The batteries were mounted 

on sample holders manufactured using a 3D printer (see Fig. S2). The electrode was 

prepared with 80 % of active material 10 % binder and 10 % carbon black. The cells were 

charged to a 4.1 V and discharged to 3.5 V three times, which improved the stability and 

electrochemical response of the nanoparticles. Charging to these low voltages is 

completely reversible. The experiments on lithium-rich layered oxides (LRLO) were 

conducted at 34 ID beamline of the Advanced Photon Source (Argonne National 

Laboratory, ANL, USA). A photon energy of 9 keV and a sample-to-detector distance of 

60 cm were used in the experiments. The experiments on NCA were conducted at P10 

beamline of PETRA III (Deutsches Elektronen Synchrotron, DESY, Germany) with a 

photon energy of 9.6 keV and a sample-to-detector distance of 182 cm. Timepix (34ID) 

or Lambda (P10) 2D detectors were used both with a pixel size of 55 µm x 55 µm. Figure 

S3 shows the electrochemical profiles measured simultaneously with the x-ray data on 

the in situ cell. Figures S4, S8, S9 show slices through typical x-ray diffraction profiles. 

 

X-ray data collection and reconstruction procedure 

In all experiments rocking scans, ~1° wide with 30-60 points were collected. During the 

analysis, various reconstruction procedures were tested, including combinations of ER 

alternating with HIO, RAAR, or DM [3,4]. The diffraction data was cropped (APS data) 

or binned (PETRA III data) to 128x128 pixels before running reconstructions. The 

number of iterations was varied between 410-2000. All attempts resulted in very similar 

reconstructions. In this work we used an average of 10 results, each being an average of 

25 reconstructions retrieved in a guided procedure developed in [5] (5 generations, 50 

population). The reconstructions were run using a GPU optimized code on multiple 

GeForce Titan Black graphics cards.  

 

Identifying the defect network 

The dislocations were identified using the method presented in  [5]. The dislocation 

density was calculated by dividing the integrated dislocation length of the network by the 

volume of the nanoparticle. Although the resolution defined by the phase retrieval 
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transfer function is about 100 nm, the positions of the dislocations are resolved to a much 

higher precision (see Figs. S10 and S11), possibly because the core of the dislocation is 

determined by the long-range displacement field. 

 

Model calculations within the isotropic elastic model 

The displacement and strain fields around dislocations provide unique access to the local 

elastic properties of the material as well as the exact nature of dislocations  [7,8]. We 

have used the isotropic model to calculate the displacement field around an edge 

dislocation [7] 

 

 

 

where ux and uy are the displacements perpendicular and parallel to the extra plane, 

respectively, b is the modulus of the Burgers vector,  is the Poisson ratio (assumed 0.3 

here [9]). The strain was calculated as the derivative of the displacement field along the q 

vector, uq. For a Burgers vector parallel to q, uq=ux, and the resulting displacement and 

strain are shown in Fig. S6a-c, which is in reasonable agreement with the measurements 

in NCA (see Fig. S6d). The displacement and strain field in LRLO is not well reproduced 

with this model calculation (see Fig. S6h), and we identify the {403} planes (see Fig. 

S6i) as likely candidates to form the half plane dislocations, as in this plane oxygen 

vacancies are more likely to develop [10]. This plane has an angle of 52 ° with the layers. 

Fig. S6e-h shows the corresponding displacement field, which agrees qualitatively with 

the measurements in LRLO. 

 

Microstrain and superstructure analysis 

The miscrostrain was analyzed by examining line broadening observed in the synchrotron 

X-ray diffraction (SXRD) patterns, which were collected at the Advanced Photon Source 

at Argonne National Laboratory. The wavelength of the x-ray source was 0.11165 Å for 

LRLO and 0.414215 Å for NCA samples. The data for LRLO was measured in situ, 
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while NCA was measured ex situ. Williamson−Hall analysis of all peaks that exhibit the 

best linear fitting was carried out for a quantification of microstrain changes during initial 

charging process [6]. The instrumental broadening was corrected based on the standard 

sample CeO2 using the following equation: 

                           ,                   (1)                                                                    

where FWHM is measured full width at half maximum of each peak; FW(s) and FW(I) are 

the calculated full-widths for the sample and instrument, respectively; D is the 

deconvolution parameter which is set to be 1.5 for all the analysis. The sample 

broadening is ascribed to particle size and microstrain based on the Williamson–Hall 

method by the following equation: 

                       ,           (2) 

where K is the crystallite shape factor and was assumed to be 0.9; θ is the diffraction 

angle; and λ is the x-ray wavelength of the source. The microstrain is extracted from the 

slope of the plot of FW(s) cos(θ) versus 4 sin(θ). For LRLO sample, the microstrain 

gradually increases until 4.5 V and keeps increasing even more rapidly after 4.5 V (see 

Fig. S5a). The maximum microstrain for NCA sample occurs around 4.3 V and the 

microstrain reduces upon further charging (see Fig. S5b). 

The superstructure peak was analyzed in the data used for the Williamson-Hall analysis. 

The superstructure peak height was determined as the peak intensity after background 

subtraction and normalization (see right inset in Fig. 4). 
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