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this objective, cathode materials must 
be improved further to achieve a longer 
operation lifetime, lower production cost, 
better safety, and environmental friend-
liness. Attributed to low cost, resource 
abundance, and high specific capacity  
(>250 mAh  g−1), cobalt-free Li-rich lay-
ered 3d-transition-metal (TM) oxides have 
attracted widespread attention as a class 
of promising cathode materials to com-
pete with the current commercial coun-
terparts.[3,4] In terms of crystal structure, 
Li-rich oxides can be thought of an ordered 
rock-salt derivative (LiTMO2, R3̅m), in 
which octahedrally coordinated TM and Li 
cations preferably form alternating layers 
linked by the interlayer oxygen, and sup-
plemented by a superlattice (Li2MnO3, 
C2/m, also written as 3/2 (Li(Li1/3Mn2/3)
O2)) formed by substituting 1/3 TM cat-
ions with Li in TM layer (Figure  1a).[5] 
The unique structure allows the anionic 
(O2−→(O2)n−, 1 ≤ n  < 3) redox processes 
in Li-rich cathodes, which are responsible 
for the excessive capacity contribution 
compared to normal layered oxides.[5–7] 
Nonetheless, the anionic redox reaction 

inevitably leads to O–O dimerization and oxygen release to 
some degree,[8,9] which expedites the activation of lower-voltage 
Mn3+/Mn4+ redox couple during cycling.[10] Meanwhile, the 
migration of partial TM cations into the Li layers leads to the 
generation of the TMLi-VTM antisite cation-vacancy defects,[11–17] 

Li-rich materials are among the most promising cathode materials for lithium-
ion batteries thanks to their high specific capacity. However, they exhibit poor 
structural stability, resulting in low initial Coulombic efficiency and limited 
cycle stability. Herein, a long-neglected Li-deficient state is realized for a 
Co-free lithium-rich cathode through a facile calcination medium-induced sur-
face-corrosion (CMISC) strategy for alleviating the aforementioned drawbacks. 
The as-constructed Li-deficient lithium-rich cathode of Li1.2-σMn0.6Ni0.2O2 
(d-LMNO) exhibits an enhanced capacity of 272 mAh g−1, improved initial 
efficiency of 84.5%, and cycle stability with 82.0% retention over 200 cycles. 
In addition, multiple in situ and ex situ investigations confirm the appropriate 
lithium depletion regulated 3d-transition metal interlayered disorder, resulting 
in excellent structural reversibility of d-LMNO. Also, theory simulations sug-
gest that the crystal structure with Li-defects has lower energy and Li-diffusion 
energy barrier when the coordination interlayer 3d-metal has more Ni closer 
to the diffused Li, meaning less interlayered disorder. And the migration of Li 
close to the vacancy is dominated by a tetrahedral site hopping path in the 
presence of additional vacancies around the Li vacancy, which has a low migra-
tion energy barrier. Moreover, similar results achieved in Co-containing Li-rich 
cathodes further demonstrate the universality of this simple CMISC strategy, 
exhibiting great potential for performance improvement and applicability.
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1. Introduction

Developing high-performance lithium battery technology is 
 crucial for the advancements in various applications ranging 
from consumer electronics to electric vehicles.[1,2] To attain 
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which is a direct factor of the voltage fading.[7,18] Additionally, 
this interlayer TM disorder eventually causes Li site energies 
to be perturbed during the lithiation/delithiation process[15,19–21] 
and lowers the redox potential of Li-rich cathodes,[22] resulting 
in low initial efficiency, serious voltage hysteresis, sluggish 
kinetics, and irreversible structural phase change, which are the 
main issues plaguing the present generation of Li-rich cathode 
materials.[4,6,12,16,23]

So far, several methodologies have already been reported to 
inhibit lattice oxygen escape and cation migration. For example, 
great efforts have been devoted to experimental and theo-
retical investigations into heteroatom-doped Li-rich cathodes, 
and some appropriate TM cation dopants (3d [Mn], 4d [Ru, 
Nb], 5d [Ir, Os, and Ta] metal elements) have been systemati-
cally explored and screened, such as Li2Ru1−ySnyO3, β-Li2IrO3, 
and Ta-doped Li1.3Nb0.3Mn0.4O2.[5,11,24–27] Further, anion-cation 
co-doping, combining high-valence cations and partial replace-
ment of oxygen with fluorine, was applied for introducing 
reversible Mn2+/Mn4+ redox couple to avoid excessive activation 
of oxygen and maintain structural integrity.[1] Strategies like 
surface coatings and surface polyanion modification have also 
been evidenced as effective methods.[10,28] Furthermore, some 
other solutions including tuning local symmetry,[8] forming 
Li2ZrO3 slabs into Li2MnO3 domains tensioning the metal-
oxygen link,[29] and introducing non-topotactic reactions have 
also been proposed to fundamentally inhibit lattice oxygen 
escape and cation migration.[30] Recently, it is reported that 
the driving force for voltage fade is the lattice displacement/
strain that is induced by heterogeneous composite structures 
(LiTMO2 and Li2MnO3).[31] So far, most of the methods listed 
above focus on the lattice oxygen escape aiming to relieve 
voltage fading, improve rate capability, and enhance cycle sta-
bility. However, the irreversible lattice oxygen release is also to 
blame for the low initial Coulombic efficiency. Hence, simple 
methods and novel concepts are still required to improve the 

Coulombic efficiency in the first cycle, which closely correlates 
to the subsequent structural stability, but has been overlooked 
for a long time.

Recent research suggests that the primary determinant to 
activate the lattice oxygen is not the TM migration itself, but 
the resulting trapping of TM ions in the Li layers,[23] and the 
TM-deficient environment near oxygen also plays a critical role 
in activating the lattice oxygen in Li-rich layered materials.[32–35] 
Moreover, researchers recently proposed a Li-gradient construc-
tion method to eliminate O2 release.[3] Typically, it is noted that 
the O2 from the O-redox likely gets trapped in the bulk and 
some are lost from the surface.[21] These findings are critical 
and inspire us to modify the TM-deficient environment and 
further stabilize lattice oxygen by constructing a Li-deficient 
environment around the O on the surface of Li-rich layered 
materials. However, few simple strategies have been proposed 
to approach the problem from the perspective of surface Li-
defects. Furthermore, introducing the Li-defects into low-cost 
cobalt-free Li-rich cathodes, to some extent, would assist in the 
prevention of excessive oxygen release and structure collapse 
during the activation in the first cycle, thereby improving initial 
efficiency and subsequent cyclic stability.

To address this, we present a general and simple strategy for 
creating surface lithium defects in cobalt-free Li-rich cathodes 
with greatly enhanced initial efficiency and stability through 
the calcination medium-induced surface-corrosion (CMISC) 
method. The achieved Li-rich material Li1.2-σMn0.6Ni0.2O2 in 
the appropriate Li-defect state (denoted as d-LMNO) achieved 
an improved initial efficiency of 84.5%, and an enhanced dis-
charge capacity of 272 mAh  g−1 in the first cycle compared to 
the pristine materials (64.1%, 243 mAh g−1), and it could even 
give out more than 82.0% capacity retention after 200 cycles, 
much exceeding the counterparts with normal Li content 
(Li1.2Ni0.2Mn0.6O2, denoted as n-LMNO). Furthermore, multiple 
in situ and ex situ characterizations combined with synchrotron 

Figure 1. Crystal structures and characterizations of d-LMNO and n-LMNO. a) A possible configuration for n-LMNO with a layered R3 ̅m and monoclinic 
C2/m symmetry, and a honeycomb ordering within the TM cation layer. b) Crystal structure of Li layer for d-LMNO. c) HRTEM images and FFT (inset) 
of the selected area of i,ii) n-LMNO and iii,iv) d-LMNO. d) Rietveld refinement of XRD patterns for d-LMNO.
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X-ray absorption spectroscopy (XAS) were performed to further 
reveal structural evolution and information on the local atomic 
structure during the first charge and discharge process. These 
techniques comprehensively verify the appropriate lithium 
depletion regulated 3d-transition metal interlayered disorder, 
resulting in excellent reversibility and structural stability of d-
LMNO. In addition, the density functional theoretical (DFT) 
simulation indicates that the crystal structure with Li-defects 
has lower energy and Li-diffusion energy barrier when the coor-
dination interlayer 3d-metal has more Ni closest to the diffused 
Li, meaning less interlayered disorder. And the migration of the 
Li close to the vacancy is dominated by a tetrahedral site hop-
ping path in the presence of additional vacancies around the Li 
vacancy, which has a low migration energy barrier. Finally, the 
simple construction strategy of the Li-defects was also applied 
in cobalt-containing Li-rich materials (d-LMNCO) to obtain 
enhanced performance and consistent structural transforma-
tion, which further confirmed the universality and great poten-
tial of the CMISC method in constructing high-performance 
Li-rich cathodes.

2. Results and Discussion

2.1. Structural Characterization of d-LMNO

The crystal structures of the as-prepared Li-rich materials pos-
sess a layered R3̅m and monoclinic C2/m symmetry, and the 
schematic diagrams of d-LMNO with appropriate Li-defects 
were shown in Figure  1a,b. To elucidate the morphology and 
crystal structure of d-LMNO and n-LMNO, high-resolution 
transmission electron microscopy (HRTEM) was examined. It 
is revealed that the primary particle morphology of n-LMNO 
is closer to spheroid, while the d-LMNO particles are primarily 
polyhedron-shaped with better crystallinity (Figure  1c). Fast 
Fourier transform (FFT) of the selected area and lattice stripes 
with a crystal plane spacing of 4.73 or 4.74 Å can be observed in 
Figure 1c. It is indicated that layered structures are successfully 
formed in both n-LMNO and d-LMNO.

Further, by using inductively coupled plasma optical emis-
sion spectrometry (ICP-OES) measurement to quantify the 
lithium defects, it is calculated that the lithium content in d-
LMNO is equivalent to 94% of that in n-LMNO (Table S1, Sup-
porting Information), indicating a lithium depletion of 6%. 
Thus, it is validated that the d-LMNO obtained through the 
CMISC method is in a Li-defect state (Figure  1b). Secondly, a 
significant change from X-ray diffraction (XRD) patterns is 
observed in the quartz boat, while that from the ceramic boat 
does not show any change after calcination (Figure S1, Sup-
porting Information). It is speculated that the Li-defects are 
caused by corrosion resistance difference towards as-prepared 
Li-rich cathodes between ceramic boat and quartz boat during 
the calcination, in which the Li at the surface of n-LMNO is 
possibly consumed by corroding quartz calcination medium 
to form Li-containing oxides.[36,37] Furthermore, no Si elements 
are detected for both n-LMNO and d-LMNO (Figure S2, Sup-
porting Information), manifesting that this CMISC technique 
can avoid the introduction of Si-containing oxides, particularly 
from SiO2-based quartz calcination medium for d-LMNO. In 

short, it is proved that the CMISC strategy is effective to create 
Li defects without destroying the samples. Also, it is confirmed 
from electron paramagnetic resonance (EPR) that d-LMNO 
possesses a higher signal, which may arise from the presence 
of more magnetic clusters near Li defects in d-LMNO with a 
smaller lithium-ion binding, thereby leading to a stronger mag-
netic interaction (Figure S3, Supporting Information).

To explore if the lithium depletion during calcination results 
in the structural change of Li-rich cathode materials, XRD pat-
terns are refined through the conventional Rietveld method. 
Notably, both n-LMNO and d-LMNO exhibit similar peaks, 
which are indexed to C2/m and R3 ̅m phases (Figure  1d, and 
Figure S4, Supporting Information). Nevertheless, the C2/m 
phase of d-LMNO possesses larger structure parameters and 
slightly expands cell volume of 201.148 Å3 compared to n-LMNO 
(200.393 Å3), which is expected to be beneficial for Li-ion diffu-
sion during the charge and discharge process.[38] In comparison, 
no obvious difference is observed in the R3 ̅m phase (Table S2,  
Supporting Information).

2.2. Electrochemical Performance of d-LMNO

To confirm the effect of lithium depletion on the perfor-
mance of the Li-rich cathode, the electrochemical proper-
ties of n-LMNO and d-LMNO were systemically evaluated. 
From Figure 2a, it is observed that d-LMNO delivers a specific 
capacity of 272 mAh g−1 and an initial Coulombic efficiency of 
84.5% under the current density of 0.1 C (25  mA g−1) within 
2.0–4.8  V, much higher than that of n-LMNO (243 mAh  g−1, 
64.1%). As mentioned earlier, the low initial efficiency of n-
LMNO is attributed to the anionic oxidation accompanied by 
irreversible oxygen release and TM migration to Li+ sites. In 
contrast, d-LMNO displays a lower charge capacity contribution 
from anion oxidation which is clear from the weaker oxidation 
peak of d-LMNO at ≈4.5  V than n-LMNO (Figure  2b). Cyclic 
voltammetry (CV) curves certainly illustrate the activation pro-
cess. As shown in Figure S5, Supporting Information, the CV 
curves of n-LMNO shows a weak peak at ≈3.94 V and a strong 
peak at ≈4.7 V in the initial positive scan, corresponding to the 
oxidation of Ni2+→Ni3+/Ni4+ and O2−→On−, respectively. It is 
consistent with the charge-discharge profiles with the lower 
capacity contribution from Ni2+→Ni3+/Ni4+ (Figure 2a) and the 
initial dQ/dV curves with more oxygen release (Figure 2b). In 
the negative scan, the broad peak above 3.78 V corresponds to 
the reduction of Ni4+. Besides, the partial reduction of Mn4+ is 
accompanied by the conversion from (O2)n− to O2− (1 < n < 3) at 
≈3.26 V due to the voltage hysteresis from anionic redox reac-
tions.[15] By comparison, the d-LMNO exhibits a weaker oxida-
tion peak at ≈4.7  V in the first charge process and more Ni4+ 
reduction to Ni2+ above 3.78 V during discharging, representing 
less O2 release and superior reversibility due to the Li-defect 
structure of d-LMNO.

The effects of Li-depletion can also be seen in the kinetics of 
d-LMNO and n-LMNO. The galvanostatic intermittent titration 
technique (GITT) was employed to estimate the Li+ diffusion 
coefficient (DLi

+) in the charge-discharge process (Figure S6, 
Supporting Information). As shown in Figure 2c, DLi

+ exhibits 
higher values before charging to 4.5  V, corresponding to fast 
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kinetics of the cationic Ni2+/Ni4+ redox reactions. Relatively, 
lower DLi

+ observed at high voltage (> 4.5 V) reflects the slug-
gish kinetics of anionic O2−/(O2)n− redox process compared 
to cationic Ni2+/Ni4+ redox in the charging process for both d-
LMNO and n-LMNO.[39] Meanwhile, the DLi

+ of d-LMNO during 
charging is slightly higher than that of n-LMNO, suggestive of 
the positive effect of lithium defects on Li ion diffusion. During 
the discharge process, the DLi

+ of d-LMNO is also higher than 
that of n-LMNO at the voltage above 3.4  V. While further dis-
charging to 3.3  V, a different phenomenon is observed, in 
which the DLi

+ of n-LMNO progressively declines and the one 
of d-LMNO rapidly increases, implying more obvious (O2)n−/
O2− lagging reduction in the n-LMNO (Figure  2d). It is vali-
dated that lithium defects in d-LMNO may mitigate the impact 
of (O2)n−/O2− reduction compared to n-LMNO. To characterize 
the electrochemical behavior after pre-activation, the n-LMNO 
and d-LMNO electrodes cycled ten times are further tested by 
performing every cycle from 2.0 V to a series of different cutoff 

voltages (from 3.4 to 4.8 V). Specifically, according to redox reac-
tions from different elements, the corresponding dQ/dV curves 
are divided into three voltage ranges: i) low potential region 
(2.0–3.4 V), corresponding to capacity contribution mainly from 
the redox reaction of Mn3+/Mn4+; ii) medium potential region 
(3.4–4.2  V), corresponding to the contribution mainly from 
the redox reaction of Ni2+/Ni4+; and iii) high potential region 
(4.2–4.8 V), corresponding to capacity contribution mainly from 
the redox reaction of O2−/(O2)n−.[39,40] Especially, it is notable 
that the charging capacity above 4.2 V could just be recovered 
partially during discharging, which was caused by the lagging 
O2−/(O2)n- reduction reaction, while the remaining oxygen is 
reduced below ≈3.3  V for n-LMNO (Figure S7a, Supporting 
Information) and ≈3.4  V for d-LMNO (Figure  2e), as well as 
the more remaining oxygen reduced for n-LMNO, suggesting 
a more serious voltage hysteresis for n-LMNO. Further, the 
pre-activated n-LMNO and d-LMNO electrodes were also meas-
ured in the case that the discharge voltage window decreased 

Figure 2. Electrochemical performance and kinetic behavior of d-LMNO and n-LMNO. a) The charge-discharge curve in the first cycle of d-LMNO and 
n-LMNO at 0.1 C, and b) their corresponding differential capacity (dQ/dV) plot. c,d) GITT measurements in the first cycle and the corresponding DLi

+ 
for c) charge and d) discharge process. e) Voltage profiles (inset) and corresponding dQ/dV curves of d-LMNO tested from 3.4 V to gradually increased 
charging window until 4.8 V. f) Voltage profiles (inset) and corresponding dQ/dV curves of d-LMNO tested from 4.8 V to gradually declined to discharge 
window until 2.0 V. Redox reactions from different elements in d-LMNO are distinguished with different colors in (e) and (f). g) The rate capability of 
d-LMNO and n-LMNO. h) The cycling performance of d-LMNO was obtained at 1 C.
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 successively to 2.0 V (starting from 4.8 V per scan). As shown 
in Figure 2f and Figure S7b, Supporting Information, when the 
discharge voltage is lower than 3.4 V, there still exists a part of 
oxygen being oxidized during charging, consistent with the hys-
teresis phenomenon in Figure 2e. Apparently, compared with d-
LMNO, n-LMNO displays a sluggish Mn oxidation peak below 
3.4  V, indicating that it possibly suffers from a reduction of 
Mn4+ to Mn3+ during the activation process. Thus more Mn4+/
Mn3+ redox species contribute to the capacity in the charging 
process for subsequent cycles for n-LMNO, caused by more 
TM migration and oxygen release due to severe lattice strain 
for crystal structures and different electrochemical activities of 
LiTMO2 and Li2MnO3.[31]

Moreover, Li-depletion plays a positive role in boosting the 
rate capability and cycle stability of d-LMNO (Figure  2g), out-
putting a specific capacity as high as 150 mAh  g−1 at 5 C and 
more favorable retention than n-LMNO after 130 cycles at 0.3 C 
(Figure 2g). When the current density further increases to 1 C, 
d-LMNO could still maintain more than 82.0% initial capacity 
after 200 cycles (Figure 2h), exceeding 67.2% of n-LMNO after 
200 cycles (Figure S8, Supporting Information). Further, the 
superior cycling performance is also demonstrated in the full 
cell based on graphite as the anode, presenting a high capacity 
retention of 83.4% after 200 cycles at 2 C (Figure S9, Supporting 
Information).

2.3. The First Cycle Reversibility Analysis of Structural Change 
for d-LMNO

To elucidate the structural stability difference of d-LMNO and 
n-LMNO, the in situ XRD measurements were performed to 
investigate the first cycle between 2.0–4.8  V. And the contour 
plots of the diffraction intensity for the peaks from (003), (101), 
(012), (104), and (107) crystal planes are represented by the 
color depth. From Figure 3a, it is notable that nearly all peaks 
in n-LMNO witness a great shift after discharging to 2.0  V, 
suggesting that the structure may have been rearranged. By 
contrast, in d-LMNO these peaks are well restored to the ini-
tial position after the first charge-discharge cycle (Figure  3b), 
indicating better structural reversibility. As reported previ-
ously, a higher initial efficiency during cycling points to benign 
changes in lattice parameters of excellent electrode materials. 
Further, the conducted ex situ XRD pattern analysis can more 
comprehensively reveal the long-range structural evolution of d-
LMNO and n-LMNO during the first charge-discharge process. 
As expected, the adjacent peaks of (018)/(110) show a clear split, 
suggesting a typical layered structure of Li-rich materials.[41,42] 
In addition, the (018) peak of these two cathodes gradually dis-
appears when charging to 4.8  V. And it appears again when 
discharging to 4.0  V for d-LMNO, yet which is observed until 
3.6  V for n-LMNO, further indicating better reversibility of d-
LMNO (Figure S10, Supporting Information). This is also con-
sistent with the in situ XRD measurements. Similar results 
are also obtained by ex situ Raman spectra of n-LMNO and 
d-LMNO. From Figure 3c,d, it is deduced that the A1g peak of 
n-LMNO and d-LMNO shifts to a higher wavenumber in the 
process of charging to 4.8  V. However, the A1g peak could be 
well restored to the initial position after discharging to 2.0  V 

only in the d-LMNO, suggestive of superior structural revers-
ibility of d-LMNO. Moreover, well-recovered Raman intensity 
contour images of d-LMNO also prove the preferred structural 
reversibility compared to n-LMNO (Figure 3e,f). Based on the 
observation of structure evolution during the initial cycle, such 
superior structural reversibility of d-LMNO effectively avoids 
structural degradation, resulting in favorable long-term cycling 
stability.

2.4. Local Atomic Structure Analysis

According to the redox reactions from cation and anion, the 
charge-discharge profile in the first cycle (Figure 4a) is divided 
into three regions: i) the sloping region <4.5 V in the charging 
process is vest in the oxidation of Ni species; ii) the plateau 
region above 4.5  V in charge process is assigned to the oxi-
dation of O2−; and (iii) the discharge profile corresponds to 
the reduction of TM and O species.[21,43] To further probe the 
structural stability of the modified d-LMNO, more ex situ char-
acterizations were carried out on the cathode materials at the 
different voltages marked in Figure 4a. First, ex situ Ni K-edge 
XAS spectra demonstrate the electrical stability of the sof-
tened structure caused by Li defects, responsible for improved 
reversibility. In general, the “white line” absorption features in 
the region near 8351  eV can be attributed to the pure dipole-
allowed 1s→4p transition and the shoulder peak near which 
is attributed to the electronic dipole-allowed 1s→4p transi-
tion accompanied by ligand-to-metal charge transfer. The shift 
in edge energy is usually a result of changes in the valence 
state of the absorbing atoms.[44,45] In Figure  4b, the Ni K-edge 
gradually shifts to higher energy, while the intensity of the 
“white line” absorption peak is reduced at a charging voltage 
of 4.36  V, induced by the oxidation from Ni2+ to Ni4+. When 
further charging to 4.8 from 4.36 V, it is noted that the “white 
line” absorption peak remains constant, whereas the Ni K-edge 
absorption shifts slightly to lower energy, similar to the trend 
observed in ex situ XAS results in several previous works.[46–48] 
This phenomenon is related to the reduction of a small frac-
tion of Ni4+, which is most likely caused by reduced coupling of 
Ni with oxygen, accompanied by oxidization of oxygen species 
in the vicinity.[48,49] In contrast, the absorption edge of n-LMNO 
does not coincide with the pristine state when discharged 
to 2.0  V (Figure S11, Supporting Information), whereas they 
overlap exactly in d-LMNO (Figure 4b). It is illustrated that Ni 
possibly migrates from the stiff NiO6 octahedron sites to the 
Li-ion layer where it gets stuck during the charging-discharging 
process for n-LMNO, causing irreversible changes in the local 
structure. In sharp contrast, the variation in the absorption 
edge of the d-LMNO is highly flexible, manifesting that the Ni 
ions prefer to stabilize in the NiO6 octahedral structure, thereby 
relieving the voltage fading to some extent.

The reversibility of structural change is also demonstrated by 
the EPR spectra at different lithiated states (Figure 4c). During 
the synthesis process of cathode materials, the partial Ni2+ ions 
in the metal layer inevitably migrate to the Li layer, resulting 
in Li/Ni mixing to some content. Consequently, three magnetic 
interactions including a linear Ni2+–O2−–Ni2+ (eg-2p-eg) antifer-
romagnetic (AF) super-exchange interaction mediated by oxygen 
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atoms, a linear Ni2+–O2−–Mn4+ (eg-2p-t2g) ferromagnetic (FM) 
interaction, and a 90° Ni2+–O2−–Mn4+ interlayer connection 
are observed.[50–52] During the charging process, it is accepted 
that Ni2+ sites associated with 180° magnetic exchanges in the 
TM layer are oxidized more rapidly than other Ni2+ sites,[51] and 
the magnetic exchange from Ni2+ within the Li layer decreases 
due to the oxidation of Ni2+ (S = 1) to Ni4+ (S = 0) through Ni3+ 
(S = 1/2),[50,51] resulting in the destruction of magnetic clusters 
and reduced EPR signal in both cathodes at 4.8 V. In terms of 
charge interaction, the oxidation of the remaining Ni2+ in the Li 
layer of d-LMNO becomes easier than that in n-LMNO owing to 
its larger lithium-ion binding, which decreases the interaction 
of Ni2+ magnetic clusters and produces a weaker EPR signal 
for d-LMNO at a fully charged state. With discharge to 2 V, the 

Ni4+ is reduced to Ni2+ and magnetic clusters around Ni2+ ions 
in the Li layer are partially restored, including the linear Ni2+–
O2−–Ni2+ AF super-exchange interaction, linear Ni2+–O2−–Mn4+ 
FM interaction, and Ni2+–O2−–Mn4+ interlayer connection same 
as the original compound, thus restoring the EPR signal. How-
ever, it is mentioned that the EPR signal after discharging to 
2.0 V is obviously lower than the pristine state, as explained by 
Mn species. In fact, e− is first absorbed by (O2)n− with the dis-
charge voltage above 3.0  V and then Mn4+ is further reduced 
to Mn3+ (non-EPR activity) by Mn-O spin coupling, resulting 
in a reduced EPR signal, as confirmed by in situ and ex situ 
EPR studies.[53,54] As a result, the nearly invariable EPR signals 
of n-LMNO after discharging to 2.0  V compared to charging 
to 4.8 V might be attributed to opposing actions of Ni and Mn 

Figure 3. Characterization of structural reversibility in the first cycle of d-LMNO and n-LMNO. a,b) In situ XRD patterns of a) n-LMNO and  
b) d-LMNO. c,d) Ex situ Raman spectra of c) n-LMNO and d) d-LMNO during the first charge–discharge process in carefully designed voltage, and  
the corresponding contour images for e) n-LMNO and f) d-LMNO.
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as mentioned above. In addition, it is further speculated that 
more Mn4+ in n-LMNO is likely reduced to Mn3+ considering 
its weaker EPR signal at 2.0 V than d-LMNO, which is also sup-
ported by the observation of a more obvious Mn3+/Mn4+ redox 
peak in the subsequent dQ/dV curves for n-LMNO (Figure 2e,f, 
and Figure S7, Supporting Information). Therefore, it is sug-
gested that the reduction of Mn4+ to Mn3+ is responsible for the 
O2 release and TM migration, thus inducing a relatively serious 
voltage fading.

Besides XAS and EPR characterizations, ex situ XPS meas-
urements were also performed to probe the states of oxygen 
species in d-LMNO and n-LMNO during the first charge and 
discharge process (Figure 4e,f). The main peaks observed near 
≈529.5, ≈530.5, and ≈531.5 to 534  eV in the O 1s spectra are 
attributed to O2−, (O2)n− (n  < 2), and various organic oxygen 
compounds generated by the decomposition of carbonate sol-
vent, respectively. During the charging process, a similar trend 
is observed in both n-LMNO and d-LMNO that (O2)n− species 
gradually increased with the rise of voltage. During the dis-
charge process, the O2− species appear prominently until 2.9 V 
for n-LMNO, while it restores immediately at 4.0  V for the d-
LMNO (Figure 4d), again proving the sluggish anionic oxygen 
reduction in n-LMNO compared with d-LMNO. The O 1s XPS 
spectra further declare the superior reversibility for Li-defect 
structure, constituting a prerequisite for the long-term cycle for 
d-LMNO. Besides, it is observed that, although the locations of 
the peak in the Mn 2p XPS spectra scarcely change, the fitted 
curves after discharging to 2.0 V in the first cycle further dem-
onstrate that more Mn3+ is formed for n-LMNO in comparison 

with d-LMNO (Figure S12, Supporting Information). This fur-
ther explains the more capacity contribution from Mn3+/Mn4+ 
redox reactions in the dQ/dV curves for n-LMNO. Further, it is 
observed from the Ni 2p XPS spectrum that the peak change 
is not visible when charged to 4.8 V, while the peak of Ni 2p3/2 
gradually emerges after discharging to 2.0 V for both n-LMNO 
and d-LMNO. Differently, the Ni 2p3/2 peak appears when the d-
LMNO is discharged to 4.0 V, whereas it appears obtusely when 
discharged to 2.0  V (Figure S13, Supporting Information), 
demonstrative of superior reversibility of d-LMNO.

2.5. Structural Mechanism Interpretation

As clearly shown in Figure  5a, it is obtained from the DFT 
simulation that the crystal structure of d-LMNO shows lower 
energy when the closest coordination TM layer has more Ni 
surrounding the Li-defect site. And the energy barrier gives 
out a maximum value of −0.04 eV in the case that the four Ni 
coordination within the TM interlayer closest to the lithium-ion 
with Li defects compared with one Ni coordination (Figure 5a). 
In addition, it presents a lower energy barrier when lithium 
ions migrate to the lithium site where the closest coordination 
TM in the metal layer has more Ni coordination. Clearly, the 
Li-diffusion energy is the lowest in path 3, where the coordina-
tion TM closest to the diffused lithium-ion is four Ni coordina-
tion (Figure  5b). Also, the effect of two possible Li+ diffusion 
paths of oxygen dumbbell hopping (ODH) and tetrahedral site 
hopping (TSH),[55] that is, Li-ions diffusing from one  octahedral 

Figure 4. Local atomic structure variation in the electrochemical reaction process. a) The specific voltage in the first cycle and the TM and O redox 
reaction range during the charge and discharge process, the later ex situ characterization is obtained at the marked voltages. b) Ex situ Ni K-edge XAS 
spectra of d-LMNO upon first charging and discharging. c) Ex situ EPR spectra for d-LMNO and n-LMNO. d) The ratio of lattice oxygen (O2−) and 
oxygen species (O2)n− in the oxidized state calculated from XPS results. e,f) O 1s XPS spectra of e) n-LMNO and f) d-LMNO in the different charge/
discharge states.
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site to the next by hopping directly through the oxygen dumb-
bell for ODH or via an intermediate tetrahedral site for TSH 
are simulated (Figure 5c). Further, the influence of the number 
of Li vacancies in the initial structure on Li migration has 
also been declared in Figure  5d. With regard to the Li migra-
tion in the case of one Li removal, when the Li octahedron 
surrounding the removed Li vacancy is occupied by Li-ion, 
the process of surrounding Li to migrate to the Li vacancy is 
dominated by ODH, and the corresponding migration energy 
barrier is high, indicating the slower migration rate in this 
case, which is known as single monovacancy migration. In the 
presence of additional vacancies around a removed Li vacancy, 
migration of the Li close to the vacancy is dominated by TSH, 
which has a low migration energy barrier. In consequence, it 
shows a lower energy barrier for Li migration when the initial 
structure contains some Li vacancies, which is consistent with 
higher Li-ion diffusion coefficients for d-LMNO (Figure  2c,d). 
Additionally, less interlayer Li/Ni disorder can be realized in 
the lithium-defect structure of d-LMNO (Figure S14, Supporting 
Information). Furthermore, it is clearly demonstrated that less 
interlayer Li/Ni disorder is beneficial to the preferred structural 
reversibility by the ex situ EPR and XAS results. Hence, it is 
proposed that d-LMNO with appropriate Li-defects is advanta-
geous for reducing Ni migration from TM layers to Li-layers 
and limiting the interlayer Li/Ni disorder to mitigate voltage 
fading, oxygen release, and structure evolution during the ini-
tial charge process and such excellent structure stability is more 
conducive to the later cycle process.

2.6. Universality Demonstration of this CMISC Strategy for 
Improvement of Cobalt-Containing Li-rich Cathode

To demonstrate the universality of this strategy in creating 
lithium defects and improving electrochemical performance, 

the cobalt-containing lithium-rich cathode materials of both 
Li1.2-σMn0.6Ni0.1Co0.1O2 (d-LMNCO) and Li1.2Mn0.6Ni0.1Co0.1O2 
(n-LMNCO) are synthesized using the similar CMISC strategy 
and conventional method, respectively. As expected, d-LMNCO 
displays an improved first discharge capacity of 273 mAh  g−1 
and an initial Coulombic efficiency of 77.0% at 0.1 C, in com-
parison with n-LMNCO (225.9 mAh g−1 and 66.7%) (Figure 6a). 
Also, d-LMNCO retains a high capacity of 150 mAh g−1 under a 
high current density of 5 C, indicative of favorable rate capability 
(Figure  6b). Moreover, the d-LMNCO offers a higher capacity 
and improved cyclability (180 mAh g−1, 80.2%, Figure 6c) after 
100 cycles than that of n-LMNCO (158.6 mAh g−1, Figure S15, 
Supporting Information) at 1 C. Moreover, the ex situ XRD pat-
terns (Figure  6d,e Figure S16, Supporting Information) and 
Raman measurements (Figure S17, Supporting Information) 
of d-LMNCO and n-LMNCO further verify the enhanced struc-
tural reversibility of d-LMNCO with lithium defects, similar to 
cobalt-free d-LMNO cathodes. In short, it is demonstrated that 
this CMISC strategy could also improve the comprehensive 
performance of the cobalt-containing Li-rich materials, pos-
sessing great universality.

3. Conclusion

In summary, a general long-neglected Li-defect construction 
strategy is demonstrated to alleviate the issues of low ini-
tial Coulombic efficiency and poor cycling stability in Li-rich 
cathode materials. The modified d-LMNO with appropriate Li 
defects achieves significantly improved performance including 
a high specific capacity of 272 mAh  g−1, excellent initial Cou-
lombic efficiency of 84.5%, and 82.0% capacity retention after 
200 cycles, remarkably exceeding the n-LMNO. In addition, 
diverse characterizations and theoretical simulation further con-
firm the appropriate lithium depletion regulated 3d-transition 

Figure 5. Structural models and the diffusion paths of d-LMNO and n-LMNO. a) The calculated energy of three possible structural models for  
Li-deficient Li1.2-σMn0.6Ni0.2O2 (d-LMNO). b) Li-diffusion paths by three kinds of TM orders within TM layers. c) The structural models of Li-diffusion 
along ODH and TSH paths. d) The calculated minimum energy barrier for Li1.2Mn0.6Ni0.2O2 and Li1.2-σMn0.6Ni0.2O2 from DFT based on monovacancy 
and divacancy, respectively.
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metal interlayered disorder, resulting in the excellent structural 
reversibility and diffusion kinetics of d-LMNO. Importantly, this 
CMISC method is highly universal and applicable for gener-
ating Li defects in both cobalt-free and cobalt-containing Li-rich 
cathodes. We believe these results will inspire the researchers 
to reconsider this route for enhancing initial Coulombic effi-
ciency and cycle stability and promote practical applications of 
Li-rich cathode materials in the near future.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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