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One of the bottlenecks for achieving the high energy den-
sity of Li-ion batteries is the low attainable cathode energy. 
Currently, the most commonly used cathode materials, such 

as LiMn2O4-based high-voltage spinel and LiFePO4-based olivine, 
are nearly at their theoretical capacities. In contrast, for cathodes 
based on layered lithium transition metal oxides (LTMO), only 
slightly more than half of the theoretical capacities have been uti-
lized, indicating significant potential for further increasing their 
capacities1–3. With the recent discovery of oxygen redox activity in 
Li-excess LTMOs4–7, we now realize it might be feasible to access a 
higher fraction of Li in LTMOs to achieve higher reversible capacity 
via high-voltage cycling3,8,9. However, increasing the battery cycling 
voltage usually aggravates cathode–electrolyte interfacial reactions 
and leads to severe capacity and voltage fading10–13. The interfacial 
reaction typically leads to the formation of a Li-ion-blocking solid 
electrolyte interphase layer10, consumption of liquid electrolyte10, 
surface corrosion and dissolution of the LTMO cathode10,14 and 
surface phase transformation15–18. These surface-related changes are 
developed after only a few cycles and are propagated very slowly 
during subsequent cycles8,19,20, therefore failing to account for the 
observed continuous capacity and voltage fading, especially follow-
ing the triggering of the anionic redox process when cathodes are 
cycled at high charging cutoff voltages21. The lack of understanding 
of the consequences of triggering an anionic redox is considered 
to be a major challenge for increasing the capacity of this class of 
cathode materials22,23.

In this Article we describe evolution of an LTMO cathode lat-
tice during battery cycling at a high charging cutoff voltage as the 
anionic redox process is triggered. We used focused ion beam (FIB) 
liftout techniques (Supplementary Fig. 1) to prepare cross-sectional 
transmission electron microscopy (TEM) specimens to capture the 
surfaces and interiors of LTMO cathode particles as battery cycling 
proceeded. The images show that nanovoid formation and lattice 

transformation start from the particle surface and gradually propa-
gate towards the centre as the battery is cycled. Computational 
simulations show that triggering anionic redox processes leads to 
lowering of both the formation energy of oxygen vacancies and the 
diffusion barrier of oxidized oxide ions, therefore facilitating inward 
migration of oxygen vacancies. Our work highlights that, although 
oxygen anions offer the opportunity to access extra capacity during 
high-voltage cycling in LTMO cathodes, they also lead to the trig-
gering of a degradation mechanism that is believed to play a signifi-
cant role during prolonged battery cycling.

Formation of nanovoids in bulk lattice of cathode
The electrochemical performance of a Li1.2Mn0.6Ni0.2O2

–Li half-cell 
is shown in Fig. 1a,b, demonstrating the typical capacity decay and 
voltage fading phenomenon that occurs during prolonged cycling. 
In addition to surface-related degradation mechanisms, we clearly 
observed bulk structural degradation, which is featured by the nucle-
ation and growth of nanovoids in the bulk lattice during the battery 
cycling, as representatively revealed by cross-sectional scanning 
TEM high-angle annular dark-field (STEM-HAADF) observations 
on the Li1.2Mn0.6Ni0.2O2 electrodes with different cycle numbers at a 
high charge cutoff voltage of 4.8 V (Fig. 1c–f). As shown in Fig. 1c,d, 
the pristine sample, after FIB slicing, always shows uniform contrast 
across the entire grain, which corresponds to a well-defined layered 
structure. In sharp contrast, after 300 cycles the sample shows many 
black dots within the bulk lattice (Fig. 1e). High-resolution STEM-
HAADF imaging reveals that the bulk lattice transformed into 
a spinel-like structure (Fig. 1f). Coupling STEM-HAADF imag-
ing and quantitative energy-dispersive X-ray spectroscopy (EDS) 
analysis, we confirmed that the black dots are actually nanovoids 
because STEM-HAADF is a mass-sensitive imaging technique and 
EDS mapping (Fig. 1g and Supplementary Fig. 2) shows that the 
black dots have the same composition as the surrounding material. 
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Fig. 1 | electrochemical performance and structural degradation. The pristine sample shows a uniform and well-defined layered lattice structure. After  
300 cycles, nanovoids formed in the interior of the grains as revealed by the black contrasted region, and the lattice is transformed into a spinel-like structure.  
a, Specific capacity as a function of cycle number, revealing capacity fading of the cell using Li1.2Ni0.2Mn0.6O2 as the cathode and Li metal as the anode with a high 
cutoff voltage of 4.8 V. b, Charge–discharge profiles of the Li1.2Ni0.2Mn0.6O2 cathode in a half-cell configuration at different cycle numbers, revealing the voltage and 
capacity fading. c,d, STEM-HAADF images of pristine Li1.2Ni0.2Mn0.6O2 at low and high magnifications (the region marked by a blue rectangle in c is magnified and 
shown in d), indicating a well-defined layer structure as illustrated by the inset in d. e,f, STEM-HAADF images of a Li1.2Ni0.2Mn0.6O2 cathode after 300 cycles at low 
and high magnifications (the region marked by a blue rectangle in e is magnified and shown in f), revealing the formation of nanovoids, shown as dark contrasted 
spots (indicated by red arrows in e), and the lattice transforming to a spinel-like structure (f) as illustrated in the inset in f. g, STEM-HAADF image and EDS 
elemental maps of Mn, Ni and O, showing no elemental segregation or conglomeration within or around the nanovoids (the red arrow in g indicates a nanovoid).
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Electron energy loss spectroscopy (EELS) analysis performed on 
the same region (Fig. 1g) indicated that the dark contrasted region 
shows no Li enrichment. In addition, the EELS thickness map 
shown in Supplementary Fig. 3 indicates that the dark contrasted 
region results from mass loss or nanovoid formation. Images from 
samples (Supplementary Fig. 4) without FIB milling show features 
similar to those in the corresponding FIB prepared specimens  
(Fig. 1c–g), thus excluding the possibility that the nanovoid forma-
tion and phase transition observed in the cycled samples are due  
to FIB ion beam damage.

Visualizing nanovoids with 3D reconstruction
Three-dimensional (3D) tomographic imaging confirms that the 
nanovoids are within the grain bulk and quantitatively reveals their 
spatial distribution. We prepared a needle-shaped TEM specimen 
of a Li1.2Mn0.6Ni0.2O2 electrode that had been cycled 300 times at 
a high charging cutoff voltage of 4.8 V (Supplementary Fig. 5). By 
collecting a tilting series of STEM-HAADF images ranging from 
−76° to +78°, we built a 3D tomograph of this grain (Fig. 2a–c). 
Fragmentation analysis of the tomography data allowed direct visu-
alization of the spatial distribution of the nanovoids in 3D, as shown 
in Fig. 2d. The 3D volume rendering (Supplementary Video 1) and 
slicing yielded a visualization of the 3D structure and distribution of 
the nanovoids. The cross-sectional slices shown in Fig. 2e,f illustrate 
the nanovoids within the grain, which is further illustrated by the 
iso-surface plotting of the needle surface shown in Supplementary 
Video 2. We estimated the nanovoid volume ratio to be 24% for this 
needle, indicating substantial mass loss and lattice reconstruction 
during cycling.

Inward propagation of the nanovoid-populated zone
Through systematic observations of the Li1.2Mn0.6Ni0.2O2 electrodes 
with different cycle numbers, we found that the bulk degradation 
associated with nanovoid formation is initiated from the particle 
surface and progressively propagates into the bulk lattice as cycling 
proceeds. This is shown in Fig. 3, which shows the degradation layer 
thickness gradually increasing as the cycling number increases. In 
contrast to the pristine state, after five cycles we observe an obvi-
ous change in the particle surface region, where the black dots  
have formed within a surface layer that is a few nanometres thick  
(Fig. 3a,b), yet the grain bulk region still retains its original structure. 
These features are supported by the images shown in Supplementary 
Fig. 6. After 45 cycles, STEM-HAADF images show the degradation 
layer becoming much thicker (Fig. 3c,d). Furthermore, the density 
of the nanovoids gradually increases from the surface to the bulk. 
High-resolution lattice images (Fig. 3d and Supplementary Fig. 7)  
from the degradation layer show that the layered structure is  
heavily disordered due to cation interlayer mixing. After 200 cycles, 
the thickness of the surface degradation layer further increases  

(Fig. 3e,f). Because of the increasing thickness of this degrada-
tion layer, smaller particles will be fully degraded, as supported by 
the observation that the nanovoids occur throughout the whole  
particle, as shown in Fig. 3e.

Concurrent with nanovoid formation and lattice stuctural trans-
formation is the simultaneous loss of oxygen and Li, as revealed by 
quantitative EDS and qualitative EELS analyses. The STEM-HAADF 
image of Li1.2Mn0.6Ni0.2O2 cathode particles after 200 cycles in Fig. 4a 
shows the degraded layer with nanovoids. EDS quantification of the 
O/Mn ratio along the dashed purple arrow in Fig. 4a is shown in 
Fig. 4b, demonstrating that the O/Mn ratio is ~2.5 at the outermost 
surface layer and gradually increases to 3.3 at the inner undegraded 
region, indicating ~24% oxygen loss at the outermost surface layer. 
Figure 4c compares the intensities of oxygen from the degradation 
layer (blue area, Fig. 4a) and the inner undegraded region (red area, 
Fig. 4a), normalized using the Mn signal intensity; this shows that 
the oxygen concentration in the degraded region is lower than that 
in the pristine region. Such chemical composition changes induced 
by electrochemical cycling are further confirmed after 300 cycles; 
in fact, as shown in Fig. 4d, the entire grain has been degraded 
after 300 cycles. By collecting EELS spectra from the whole grain, 
as shown in Fig. 4e, the low-loss EELS shows that the Li K-edge is 
significantly lower than that from pristine sample, indicating irre-
versible loss of Li during cycling, which contributes to cell capacity 
fading. Furthermore, the depressed oxygen peak shown in Fig. 4f 
indicates the loss of oxygen, which is further corroborated by EDS 
analysis (Supplementary Fig. 8), indicating an ~20% oxygen loss for 
the whole particle after 300 cycles. This finding is consistent with 
phase transformation from the monoclinic C2/m (Li1.2M0.8O2) to the 
defective spinel structure (LixM2O4) as extended cycling occurs10. 
Mn reduction is also shown in Fig. 4f, in which the Mn L3/L2 ratio 
increases significantly after 300 cycles. The structural and chemical 
evolution observed on the Li1.2Mn0.6Ni0.2O2 cathode particles is also 
seen on Li1.2Ni0.13Co0.13Mn0.54O2 after 100 cycles at a high charging 
cutoff voltage of 4.7 V (Supplementary Fig. 9); this confirms that 
nanovoid formation and lattice transformation are general degrada-
tion mechanisms for the Li-rich LTMO.

Anionic redox-mediated vacancy formation and injection
The formation of nanovoids and propagation of the nanovoid 
populated zone from the surface towards the centre of the particle 
indicates injection of vacancies from the particle surface into the 
bulk lattice during battery cycling. Two sources of vacancies can 
be introduced during electrochemical cycling: Li vacancies and 
oxygen vacancies. The reversible creation and refilling of Li vacan-
cies via cationic redox in the bulk lattice constitutes the operating 
principle of Li-ion batteries. Oxygen vacancy generation is realized 
by oxygen gas evolution and cathode–electrolyte interfacial side 
reactions, which usually requires a high charge cutoff voltage, typi-
cally above 4.5 V for most LTMOs24–27. The loss of oxygen, which is 
similar to the de-intercalation process of Li from the cathode par-
ticle, is governed by the oxygen vacancy diffusion rate. However, 
O2−-mediated oxygen vacancy diffusion has a very high activa-
tion energy (1.5 eV)23,28, indicating that injection of oxygen vacan-
cies through the outward diffusion of O2− is energetically possible 
but kinetically prohibitive. It is thus believed that only the surface 
region contains a high concentration of oxygen vacancies and the 
oxygen vacancy injection rate from surface to bulk should be very 
low. Therefore, LTMO cathode degradation is intuitively believed to 
be dominated by surface degradation, while bulk degradation has 
been overlooked. However, our experimental observations indicate 
that the mobility of an oxygen vacancy is not as sluggish as it was 
supposed to be. Therefore, we propose that oxygen vacancy injec-
tion is not mediated by O2− but by oxidized oxide ions (indicating 
an oxide ion is oxidized from valence −2 to form species (O2)n−  
(n = 1, 2, 3). A theoretical calculation indicates that the energy  
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Fig. 2 | 3D tomography reconstruction showing the spatial distribution 
of nanovoids The needle-shaped specimen was prepared from a 
Li1.2Mn0.6Ni0.2O2 cathode after 300 cycles at a high cutoff voltage of 4.8 V, 
revealing many nanovoids present within the grain interior. a–c, Surface pits 
resulting from exposure of interior voids when the sample was sectioned. 
d, Visualization of nanovoid distribution within the grain (the white dots 
represent nanovoids). e,f, An x–y ortho slice (e) and an x–z ortho slice  
(f) through the 3D reconstruction, visualizing the nanovoid from different 
directions. The nanovoids show as black contrasts in e and f.
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barrier for O1− diffusion can be as low as 0.9 eV (ref. 23), which  
suggests that if oxidized oxide ions (O2)n− ubiquitously exist in the 
Li-excess LTMO, the oxygen vacancy diffusion efficiency can be 
significantly enhanced. Therefore, injection of oxygen vacancies 
into the interior of the particle is mediated by the outward diffusion 
of oxidized oxide ions (O2)n−, which is consistent with the fact that 
nanovoid formation is directly associated with a high cutoff voltage 
at which the O2− can be oxidized29 and is further supported by first-
principles calculations. To show the valence changes of both Ni and 
O atoms during the charging process, the density of state (DOS) and 
the corresponding empty states in the DOS induced by removing  
Li atoms are shown in Fig. 5. Figure 5a shows that, when charging the 
cathode to extract two Li ions, only nickel (Ni) is oxidized to higher 
valence states, which corresponds to the operation of the cation 
redox mechanism. Cation redox will terminate when all the Ni ions 
are oxidized to a 4+ valence state, and further removal of Li ions will 
trigger the anion redox reaction. According to the configuration of 
a Li15Ni2Mn7O24 supercell (Supplementary Fig. 10), the cation redox 
can only enable the removal of three Li ions, beyond which anion 
redox will take over. As shown in Fig. 5b, an oxidized oxide ion, 
namely an oxygen hole, is formed when four Li ions are removed. 
Figure 5c shows the Ni electronic spin density and corresponding 
Ni–O octahedron configurations when Ni is at different valence 
state. We also calculated the formation energy of an oxygen vacancy 
(VO) versus Li vacancy (VLi). As shown in Fig. 5d, the VO formation 
energy is sharply reduced once anion redox is triggered, meaning 
that an oxygen hole can promote oxygen vacancy formation.

Accompanying anion-induced vacancy injection is cation migra-
tion, which is a short-range process facilitated by oxygen vacancies 
and reduced valence state. Cation mobility shows a dependence on 
the species of the cation. Of Ni, Co and Mn, Ni is the most mobile 
species for migrating to the Li layer, followed by Co and Mn30,31. 
Migration of Ni, Co and Mn into the Li layer will lead to the layer 
to disordered phase transformation. Previous calculations indicate 
that the migration energy barrier of Ni in the Li layer is very low32, 
so, once Ni ions migrate from the transition metal layer into the Li 

layer, they will very possibly migrate out of the bulk lattice, leading 
to the loss of Ni10,33; this is consistently supported by the depressed 
Ni peak shown in Fig. 4c after prolonged cycling. The observed 
nanovoid formation is a synergetic effect of anion migration  
and cation redistribution. Accordingly, stabilizing both the anions 
and cations can effectively suppress unwanted nanovoid formation.

Nanovoid formation via condensation of injected vacancies 
involves hopping of both cations and anions in the lattice, conse-
quently leading to the following irreversible structural and chemical 
changes. First, development of a stable VLi–VO cluster, and eventu-
ally the formation of nanovoids, will cause irreversible Li site loss 
through void sweeping of Li vacancy sites. Second, oxygen vacan-
cies will lead to the reduction of transition metal cations, facilitating 
their migration to the Li layer and therefore structure transfor-
mation within the grain interior34,35. The irreversible migration of 
transition metal to the Li layer has been suggested to be one of the 
main reasons for voltage fade36–39. Finally, redox oxygen species play 
conflicting roles. On the one hand, oxygen anions can act as redox 
species to facilitate high capacity in a Li-excess LTMO cathode6,7,40. 
On the other hand, the oxidized oxide ion lowers both the forma-
tion energy and diffusion barrier of oxygen vacancies in the lattice, 
which can significantly enhance oxygen vacancy injection, thus 
aggravating the bulk lattice degradation of Li-excess LTMO cath-
odes, as we have shown.

Our study highlights that the surface and bulk degradations 
are governed by different mechanisms, and each evolves in very 
different ways during prolonged cycles; however, they also corre-
late. Surface degradation is kinetically favoured at the beginning, 
so it plays a dominant role in the first few cycles. After forming 
a densified surface layer, surface degradation becomes insignifi-
cant and bulk degradation turns into the dominant degradation 
mechanism. Therefore, bulk degradation matters more in terms 
of long-term cycle stability, especially if a high charging voltage 
is applied. This electrochemically driven vacancy injection and 
condensation process is a general degradation mechanism for all 
cathode materials.
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Fig. 3 | Spatial and temporal evolution of structural degradation from the surface into the bulk STEM-HAADF images of the Li1.2Mn0.6Ni0.2O2 cathode 
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free of nanovoids within the bulk lattice.
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Note that oxygen vacancies can only be introduced into the bulk 
lattice via inward diffusion of surface oxygen vacancies. Thus, to con-
trol the degradation related to vacancy injection, suppressing surface 
vacancy generation and blocking the oxygen vacancy inward diffusion 
path are the two critical approaches. Essentially, the approaches have 
been verified by (1) introducing a cavity band adjacent to the particle 
surface to effectively mitigate oxygen evolution41 and (2) doping the 
surface to strongly bond oxygen, thus enhancing the cycling stability 
of the capacity and voltage42. Furthermore, our observations of oxygen 
vacancy injection explain that Mn and Co will gradually transform 
from inactive to active redox species upon cycling43, which is a process 
that contributes to voltage decay but preserves capacity retention.

Conclusions
Our cross-sectional STEM observations and 3D tomography recon-
structions offer a unique opportunity for understanding bulk lat-
tice degradation of LTMO cathodes. This bulk degradation involves 
nanovoid formation and lattice structure transformation, which are 
consequences of electrochemically driven oxygen vacancy formation 
at particle surfaces and subsequent injection into the bulk lattice and 
a condensation process, which is sharply contrasted with the case of 
a thermally driven process. Although an anionic redox reaction cou-
pled with a cationic redox reaction has been demonstrated to be a new 
route for developing a high-capacity cathode, excitation of anionic 
redox-induced lattice instability as revealed in this work indicates  
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the conflicting roles of oxygen redox activity during high voltage 
cycling. The progressive surface-to-bulk degradation indicates that 
the suppression of oxygen vacancy generation at the particle sur-
face is the key factor for curtailing subsequent injection of vacancies 
and, therefore, to achieving better cycling stability of LTMO cathode 
materials. The findings presented in this Article provide insight into 
the anionic redox mechanism in a Li-rich layered cathode and will 
stimulate new thoughts for designing better cathodes with a combi-
nation of both cationic and anionic redox processes.
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Methods
Material synthesis and electrochemical test. We used a co-precipitation method 
to synthesize Li1.2Mn0.6Ni0.2O2. A molten-salt method was used to synthesize 
Li1.2Ni0.13Co0.13Mn0.54O2 (ref. 44). Electrochemical performance was evaluated 
in coin-type cells. The cathode electrodes were prepared by coating a slurry 
containing 80% active mass, 10% Super P and 10% poly(vinylidene fluoride)  
binder onto an aluminium foil current collector. Coin-type cells were assembled 
with the as-prepared composite cathode, metallic Li foil as the counter-electrode 
and reference electrodes, Celgard K1640 monolayer polyethylene membrane as  
the separator, and 1 M Li hexafluorophosphate (LiPF6) dissolved in ethyl carbonate 
and dimethyl carbonate (1:2 in volume) as the electrolyte in an argon-filled 
MBraun glovebox. All cathode materials were cycled at 0.1 C (1 C = 200 mA g−1).

TEM specimen preparation and characterization. FIB/scanning electron 
microscopy (SEM) imaging and TEM specimen preparation were conducted on 
an FEI Helios Dual-Beam FIB operating at 2–30 kV. We used a standard liftout 
procedure to directly prepare thin-section TEM specimens from each electrode 
foil. First, a 1.2-μm-thick Pt layer (200 nm electron-beam deposition followed 
by 1 μm ion-beam deposition) was deposited on a region to avoid Ga ion beam 
damage in the subsequent liftout and thinning process. After liftout, the specimen 
was thinned to 200 nm using a 30 kV Ga ion beam. Then, a 2 kV final polishing was 
performed to remove any surface damage until electron transparency at 5 kV SEM 
imaging was achieved. After the 2 kV Ga ion polish, the surface-damaged layer 
was less than 1 nm. The needle sample was prepared using FIB-based liftout and 
annular milling, a procedure that is very similar to that used to prepare samples 
for atom probe tomography45. The annular milling of Li1.2Mn0.6Ni0.2O2 was initially 
performed at an acceleration voltage of 30 kV. At the the end of annular milling, 
the Ga acceleration voltage was reduced to 2 kV to eliminate any Ga implantation 
damage on the top surface of the needle.

The FIB-prepared LTMO samples were examined using an FEI Titan80-300  
S/TEM microscope at 300 kV. The microscope was equipped with a probe spherical 
aberration corrector that enabled sub-ångstrom imaging using STEM-HAADF 
detectors. For STEM-HAADF imaging, the inner and outer collection angles of 
the annular dark-field detector were set at 55 and 220 mrad, respectively. STEM-
EDS and STEM-EELS were performed on a probe aberration-corrected JEOL 
JEM-ARM200CF at 200 kV. STEM-EELS data were collected in dual-EESL mode 
to obtain both zero-loss spectra and core-loss spectra. Core-loss EELS spectra 
were calibrated by corresponding zero-loss EELS spectra before further analysis 
using a Digital Micrograph (Version 2.11, Gatan). STEM-HAADF images for 3D 
tomography were collected every 2° from −76° to +78°. 3D reconstruction was 
performed using Inspect 3D version 3.0 and was visualized using Amira 5.4.2.

Calculations. The first-principles structure and energy calculations were 
performed with the Vienna Ab Initio Simulation Package (VASP)46,47. To accurately 
describe the electronic structure, the hybrid Heyd–Scuseria–Ernzerhof (HSE06)48 
functional were used to calculate the energy and electronic structure. The HSE06 
functional gives a good description of electronic properties such as bandgaps, 
formation enthalpies of LiMnO compounds and oxygen hole states49. In our 
calculation, the energy cutoff was set to 500 eV (1 × 1 × 2), and for the k-point,  
the Monkhorst–Pack scheme was used to sample the Brillouin zone. Full geometry 
optimizations were carried out with convergence thresholds of 1 × 10−4 eV and 
5 × 10−3 eV Å−1 for total energy and ionic force, respectively. Both ions and lattices 
were relaxed in the primitive Li15Mn7Ni2O24 structure. Then, the defect structure 
was relaxed with a fixed supercell lattice. The spin polarization was included in  
the calculations, but only the ferromagnetic configuration was considered 
because the effect of different spin configurations on the formation energies is 
negligible50,51. It is well known that van der Waals (vdW) interactions are crucial in 
the determination of the equilibrium configurations in vdW structures, especially 
for LTMOs. Thus, the density functional theory–D3 approach was used to 
determine the effect of the vdW interaction52. In our calculations, the (2 × 2 × 1) 
MnLi2O3 supercell corresponded to Mn8Li16O24. When one Mn atom and one Li 
atom in the layer of the Mn–O octahedral structure are replaced by two Ni atoms, 
it becomes a Li15Mn7Ni2O24 structure.

We first examined the valence states of both Mn and Ni ions in the Li15Mn7Ni2O24 
structure. The partial DOS shows that some states exist above the Fermi level; these 
are mainly contributed by the Ni1 atoms. Thus, the divalent Ni2+ ion of Ni1 was 
oxidized to the trivalent ion, Ni3+. The magnetic moments of Ni1 and Ni2 are 0.82 μB 
and 1.64 μB, which correspond to the electronic configuration of d7 (Ni3+) and d8 
(Ni2+), respectively. The spin density of the Ni1 ion is provided by the dZ

2 orbital, 
while the spin density of the Ni2 ion is provided by the dZ

2 and dx
2-y2 orbitals.

During the charge process, Li ions are gradually released from the 
Li15Mn7Ni2O24. When two Li ions were released, the DOS and the corresponding 
partial charge of DOS in the Mn7Ni2Li13O24 structure indicate that the more-
unoccupied orbitals of Ni atoms appear above the Fermi level. The detailed spin 
density and valence states of Ni1 and Ni2 ions become +4 and +3, respectively.

With further delithiation, all the Ni3+ ions gradually changes into 4+ ions.  
The DOS of Li9Mn7Ni2O24 shows that all of the Ni ions become 4+ ions, meanwhile 
three O holes, indicating an oxygen oxidation O2− → O− + e− with the formation 
of oxygen holes, O−. On further release of Li ions, the oxygen holes increase as the 
number of Li vacancies increase. The magnetic moments of Mn ions are almost 
unchanged as Li ions are released, which indicates that the valence states of all Mn 
ions remain unchanged.

The O− hole state is known to be unstable in the solid state53,54. In bulk Li2MnO3 
metal oxides, the reaction O− + O− → O2

2− has a negative formation enthalpy48. 
The formation energy of oxygen vacancies (VO) was calculated to determine the 
stability of O ions in the LixMn7Ni2O24 structure. The formation energy of VO is 
defined as follows:

= − +E E E u (1)f V Mn OOO 7Ni2Lix 24

where EVO
, ELi Mn Ni Ox 7 2 24

 and uO represents the total energies of the LixMn7Ni2O23 
structure, the LixMn7Ni2O24 structure and the chemical potential of the O atom, 
respectively. When the LixMn7Ni2O24 structures contain O− holes, the formation 
energies of VO are greatly reduced from 4.87 eV for the initial configuration of 
Li15Mn7Ni2O24 to 1.31 eV for Li15Mn7Ni2O24 and Li3Mn7Ni2O24, respectively. Our 
studies of the energy, electronic structures and O− hole states of LixMn7Ni2O24 were 
based on HSE06 hybrid density functional calculations. As Li ions are released 
from the LixMn7Ni2O24 structure, the valence states of Ni ions change from 2+ to 
4+, and then O− appears. The formation energies of VO were greatly reduced due to 
formation of oxidized oxide ions (O−).

Data availability
Data that support the findings of this study are kept at the William R. Wiley 
Environmental Molecular Sciences Laboratory at PNNL and are available  
from the corresponding authors upon request.
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