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1. Supplementary Figures 

 
Supplementary Figure 1. Illustration of atomic structure of Li2MnO3. Li2MnO3 has a monoclinic 

lattice (space group of C2/m) in which Li+ and Mn4+ ions reside in the octahedral sites of a cubic close 

packed oxygen lattice. The structure consists of alternating Li layers and Li/Mn (in a 1/2 ratio) layers 

along the [001] direction and can be denoted as Li[Li1/3Mn2/3]O2. The stacking of the Li[Li1/3Mn2/3]O2 

layers is ABC1 in the structure free of planar defects.  

 



 
Supplementary Figure 2. The stacking of the honey-comb Li1/3Mn2/3 layers in Li2MnO3 and the 

origin of honey-comb layer stacking faults. (a) One honey-comb layer with purple circles, green 

circles, and blue crosses stand for Mn ions, Li ions, and metal sites to realize close-packing between 

layers, respectively. (b) The single way to add the second honey-comb layer. (c) Two basic stacking 

sequences: original stacking (ABC1) as in Li2MnO3 (space group: C2/m) and stacking fault (ABC2, 

space group: P3112) with corresponding Mn patterns as observed from [100] and [110] directions.  
 



 
Supplementary Figure 3. Delithiation convex hull of Li2MnO3 with original stacking 
order (ABC1) and stacking fault (ABC2). 
 



  

 
Supplementary Figure 4. The plot of calculated (001) d-spacing of delithiated Li2MnO3. 
The d-spacing is gradually increased when the x is smaller than ~0.75. It is decreased afterward 
when more lithium ions have been extracted.  



 
 
Supplementary Figure 5. The evolution of (001) stacking fault with fault vector of 
b/6[110] in delithiation observed by in-situ TEM. The time clasped HREM images showing 
the change of the (001) lattice plane stacking along with the delithiation process. Scale bar: 
5nm. 



 
Supplementary Figure 6. A dissociated dislocation with Burgers vector of c/2[001] formed 

dynamically in delithiation.  The time clasped HREM images (from 0 to 86 second) 

showing the formation of the dislocation along with the delithiation. The atomic models of a 

pre-delithiated Li2MnO3 and a delithiated Li2MnO3 with the dislocation are shown as inserts. 

Scale bar: 2nm. 
 



 
Supplementary Figure 7. The time clasped HREM images corresponding to 
generation of the c/2[001] dislocation formed dynamically in delithiation. Scale 
bar: 2nm. 



  

 
Supplementary Figure 8. The time clasped HREM images corresponding to generation of the 
c/2[001] dislocation formed dynamically in delithiation. The defect cuts the large Li2MnO3 
crystal into small ones. The density of the defects increased along with the delithiation process.  
Scale bar: 5nm. 
 



  

 
Supplementary Figure 9. The dynamic climbing of c/2[001] dislocation in delithiation. (a)-
(h) time clasped HREM images of the evolution of c/2[001] dislocations in Li2MnO3 during 
delithiation. (i)-(p) The corresponding Fourier filtered images of (a)-(h), showing only the (001) 
lattice plane fringes. Scale bar: 5nm. 



3. Supplementary Notes  

3.1. Stacking ordering 

Li2MnO3, which can also be written as Li[Li1/3Mn2/3]O2, adopts a layered structure 

constituted by alternative “lithium” (Li) layers and “transition metal” (Li1/3Mn2/3) layers 

(Supplementary Figure 1). In the “transition metal” layer, Li and Mn ions arranged in a “honey 

comb” scheme with a ratio of 1:2 (Supplementary Figure 2a). Different stacking ordering of the 

transition metal (Li1/3Mn2/3) layers then can introduce distinct crystal symmetries to the system. 

As shown in the Supplementary Figure 2b, the addition of the second “transition metal” layer 

will inevitably generate an AB stacking to achieve a “close-packed” array. Yet there are two 

possibilities for the addition of the third layer, which are ABA and ABC orderings, 

corresponding to two basic stacking sequences: C2/m (ABC1) and P3112 (ABC2). More 

complex stacking orderings (e.g. C2/c)1 therefore can be achieved by the combination of these 

two basic sequences. Here in this study, we thus start with these two basic stacking sequences to 

investigate the stacking ordering evolution during the delithiation process. The Non-equilibrium 

Phase Search (NEPS) method2,3 was applied by exploring the symmetrically distinct Li/vacancy 

configurations on Li sites of Li2MnO3 with these two basic sequences as a function of Li 

concentration (Li/vacancy ratios). The method proceeds as follows: (i) Create supercells of 

Li2MnO3 with two basic stacking sequences: original C2/m (ABC1) and stacking fault P3112 

(ABC2) which contains 8 Li+ ions, 4 Mn4+ ions, and 6 O2- ions. (ii) Generate all symmetrically 

distinct configurations for both two stacking sequences using Enum (Enum is the name of an 

algorithm/code for enumerating/generating all derivative superstructures for arbitrary parent 

structures and for any number of atom types) for a series of compositions Li2-x�xMnO3 (0 < x < 

2, � denoting vacancy). (iii) Sample the total energies of all configurations using DFT with 



settings described in Section below. (iv) For the specific composition, formation energies of the 

configurations corresponding to the two stacking sequences are calculated according to 

following reaction: Li2MnO3 → xLi + Li2-x�xMnO3. (v) Track the stacking fault evolution by 

checking the structures of the lowest energy configurations during delithiation (Supplementary 

Figure 3).  

As shown in Supplementary Figure 3, in the intact Li2MnO3 and initial delithiation 

period (Li2-xMnO3, 0 < x < 0.75), lowest energy configurations from both stacking sequences 

show extremely close formation energies, indicating the co-existence of those basic stacking 

sequences and also their combinations as observed in many previous studies.4,5 The Li removal 

occurs primarily via extracting the Li from the “lithium” layer. In the subsequent delithiation 

period (Li2-xMnO3, 0.75 < x < 1.5), there is a stacking sequence transition from original (ABC1) 

to stacking fault (ABC2) and then back to the original (ABC1). In this stage, Li ions start to be 

removed from the “transition metal” layers along with the “lithium” layers. In the final 

delithiation period (Li2-xMnO3, 1.5 < x < 2.0), the original ABC1 stacking sequence is predicted 

to be dominant. The “lithium” layers are depleted followed by the completion of the delithiation. 

The calculated voltages (Fig.2g) exhibit two steps with the first one corresponding to the pure Li 

removal and matches the 4.5-5.0 V slope as observed in the experimental charge.6 A higher 

voltage around 5.13 V (Fig.2g) is predicted to be necessary to enable the oxygen extraction, 

which is higher than what observed in the experimental test and suggests the contribution of 

other mechanisms as discussed in the following Section.  

The oxygen releasing is also monitored by evaluating the O0 vacancy formation energy as 

a function of Li removal with a lower ∆EVac
Form implying more facile O extractions and a negative 

∆EVac
Form implying the spontaneous oxygen releasing. As shown in Fig. 4a, the oxygen vacancy 



formation energy keeps decreasing during the Li removal. However, the oxygen vacancy 

formation energy stays positive in a wide Li concentration range (0.0 < x < 1.5) and the Li 

removal is charge compensated by the partial oxygen oxidation (O2- → O1-). The spontaneous 

oxygen releasing (O2(1)- → O0) only occurs after a large amount of Li ions have been extracted 

from the system, i.e. the final delithiation period (Li2-xMnO3, x > 1.5). It is noteworthy that, the 

spontaneous oxygen releasing occurs at the same time then the depletion of the “lithium” layers, 

which can be explained by the electrostatically unfavored direct confrontment of oxygen ions 

and the significantly shortened O-O distance from 3.2 Å to 1.5 Å and 2.2 Å (Fig.4c) after the 

complete Li extraction between oxygen layers.  

3.2 c/2[001] dislocation 

To study the energetic impact of the c/2[001] dislocation, as formed during the 

delithiation process, we built supercells with the dislocations for selected compositions during 

the delithiation Li2-xMnO3 (x = 0, 1, 2) which contains 32 Li+ ions, 16 Mn4+ ions and 48 O2- ions 

(x = 0). The dislocations are introduced through shifting the atom positions of half of the ions 

by1/2[001] in the c direction from the original configurations as identified above. We first access 

the tendency of the c/2[001] dislocation formation during the delithiation by calculating the 

energy difference between the configurations with and without c/2[001] dislocation introduced. 

As shown in Fig.4b, the energy difference decreases from 0.39 eV/atom (x = 0) to 0.06 eV/atom 

(x = 1), and becomes negative at x = 2. In reality, Li depletion is localized (e.g. areas on the 

particle surface) which can facilitate the formations of the c/2 dislocation. Oxygen vacancy 

formation energies are also calculated in systems with c/2[001] dislocation introduced in order to 

estimate the impact of dislocations on the oxygen releasing. As shown in Fig.4a, oxygen vacancy 

formation energies are greatly decreased in the systems with c/2[001] dislocation compared to 



the original systems for all the selected compositions (Li2-xMnO3, x = 0, 1, 2), respectively. And 

the spontaneous oxygen releasing is brought forward to around x = 1, compared to x > 1.5 for the 

system without c/2[001] dislocation. As discussed in the previous Section, the spontaneous 

oxygen releasing can be understood as the results of the electrostatically unfavored distance 

decrease between the oxygen ions. When introducing the c/2[001] dislocation to the system, an 

interphase is created with the oxygen ions at the interface experience a significant distance 

decrease from 3.2 Å to 1.6 Å (Fig.4d). As a result, oxygen releasing becomes facile without the 

requirement of a large amount of Li removal. And the voltage plateau corresponding to oxygen 

releasing is lowered to be around 5.03 V, well matched what observed during the experimental 

charge of Li2MnO3.6 Furthermore, since the dislocations are observed to be climbing towards the 

surface upon delithiation, the O0 removed from the inside of the particle then can be shipped to 

its surface. Therefore, the c/2[001] dislocation assisted oxygen releasing from Li2MnO3 

proceeds as follows (Fig.2h): (i) Formation of dislocations after a certain amount of Li extraction 

throughout the particle. (ii) O0 vacancies formed at the dislocations with the extracted O0 stayed 

at the interphase. (iii) c/2[001] dislocation climbing with O0 being transported to the surface. (iv) 

O0 atoms gathered together at the surface and form the O2 molecules. 

  



4. Supplementary Methods  

4.1. DFT calculations  

DFT calculations reported in this study were conducted via the Vienna Ab-initio 

Simulation Package (VASP)7–10 with the projector augmented wave (PAW) potentials and the 

Perdew-Becke-Ernzerhof (PBE) approximation was employed to the exchange-correlation 

potential. A plane wave basis with a cutoff energy of 520 eV and 𝚪𝚪-centered k-meshes with a 

density of 8000 k-points per reciprocal atom were used for all calculations. All calculations were 

spin-polarized, with Mn atoms initialized in a high-spin configuration and relaxed to self-

consistency. The DFT + U method introduced by Dudarev et al.11 was used to treat the localized 

3d electrons of Mn with a U value of 3.8, obtained by fitting it to experimental and calculated 

formation enthalpies in a previous study.12 Heyd-Scuseria-Ernzerhof screened hybrid functional 

(HSE06) was used to accurately determine the energies, magnetic and electronic states of Mn 

and O in the delithiated phases with structures relaxed using DFT + U: Li2-xMn2O3 (0 < x < 2). 

 

4.2. Voltage profile calculation 

 Considering a two-phase reaction between LixMnO3 and LiyMnO3: LixMnO3 + (y - x)Li 

➝ LiyMnO3, the average delithiation voltage (versus Li/Li+) is given by the negative of the 

reaction free energy per Li removed, as shown in Eq. (1):13 

𝑉𝑉 = ∆𝐺𝐺f
𝐹𝐹∆𝑁𝑁Li

                                                                (S1) 

where ∆𝐺𝐺f is the (molar) change in free energy of the reaction, ∆𝑁𝑁Li is the amount of Li removed, 

and F is the Faraday constant. ∆𝐺𝐺f can be approximated by the total internal energies from DFT 

calculations neglecting the entropic contributions (0 K): 

∆𝐺𝐺f~∆𝐸𝐸 = 𝐸𝐸�Li𝑦𝑦MnO3� − 𝐸𝐸(Li𝑥𝑥MnO3) − (𝑦𝑦 − 𝑥𝑥)𝐸𝐸(Limetal)               (S2) 



where 𝐸𝐸�Li𝑦𝑦MnO3� and 𝐸𝐸(Li𝑥𝑥MnO3) are the DFT energies at the corresponding compositions.  

 

4.3. Oxygen releasing evaluation 

 Oxygen releasing during the delithiation process of Li2MnO3 is monitored by calculating 

the oxygen vacancy (O0) formation energy as a function of Li removal. The oxygen vacancy 

formation energy can be evaluated as shown in Eq. S3: 

∆EVac
Form = 𝐸𝐸Vac(Li2-xMnO3-δ) − 𝐸𝐸(Li2-xMnO3) − ∑𝑛𝑛µO                      (S3) 

where 𝐸𝐸Vac(Li2-xMnO3-δ) is the energy of a supercell with a single O0 vacancy at a specific Li 

concentration and 𝐸𝐸(Li2-xMnO3) is the energy of a supercell without any defect at the same Li 

concentration. When creating the defect Li2-xMnO3-δ structure, the O0 vacancy was introduced 

into the original Li2-xMnO3  structure by removing the O ion which experiences the largest 

valence variation during the Li removal. The valence variation was evaluated by monitoring the 

O magnetic moment changes following previous studies.14,15 ∑𝑛𝑛µO  is the total chemical 

potential of the oxygen vacancy; µO is the chemical potential of O0 atom and n is the number of 

O0 atom when introducing oxygen vacancy (n = 1). The chemical potential of O0 was fitted16 to 

experiment data from SGTE substance database (SSUB).17  
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