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considered as the promising candidate 
cathodes for the next-generation LIBs 
because of its high reversible capacity, 
and the low cost compared with LiCoO2 
and NMC.[4] As the parent material of 
Li-rich cathodes, Li2MnO3 has attracted 
much attention due to the low cost, the 
environmental friendliness, and the high 
theoretical capacity (≈460 mA h g−1). Nev-
ertheless, it suffers from low practical 
capacity, and poor cyclic stability.[4a] The 
root cause can be ascribed to the inevitable 
oxygen evolution during the first charge, 
which results into the irreversible oxygen 
redox,[5] and severe structural degradation 
from layered to spinel phase due to TM 
migration (top panel of Scheme  1A).[5–6] 
Therefore, enhancing the stability of lay-
ered anionic framework is the crucial way 
toward high-performance Li—Mn–O lay-
ered oxide cathodes.

Up to now, multiple strategies have 
been demonstrated effective in improving the performance 
of Li-rich layered oxide cathodes, including surface modifica-
tion using oxide materials (TiO2, Co3O4, and NiO) and reduced 
graphene oxide (rGO),[7] element doping by cations (Mg, Al, 
Ti, V, Ni, Cr, etc.) and anions (P and F),[8] and nanostructure 
design such as nanowire, nanobelts, nanoplates, etc.[9] Among 
these strategies, F doping has been widely used and exhibited 
great advantages in improving the electrochemical perfor-
mance of Li-rich layered oxide cathodes and beyond (Tables S1 
and S2, Supporting Information). Dong et  al. reported that F 
substitution could improve the conductivity of Li+/electron by 
weakening LiO bonds and inducing more Mn3+ and oxygen 
vacancies.[8i] Lun et  al. demonstrated that F doping not only 
reduced irreversible oxygen redox and oxygen loss, but also 
diminished the Mn3+-induced Jahn–Teller distortion to improve 
the capacity retention.[10] As we know, MnF bond has a 
stronger bond dissociation energy (423  kJ mol−1) than MnO 
bond (402  kJ mol−1).[11] Thus strong MnF bond can inhibit 
Mn migration in TM layers, then suppress the formation of 
molecular O2, and increase the stability of the oxygen frame-
work (lower panel of Scheme  1A). To make full advantage of 
F substitution, high F doping content is necessary. However, 
due to the limited fluorine solubility into oxides, the traditional 
high-temperature calcination can only dope F content below 
3% in the layered oxides (Scheme  1B). Further increasing the 

Lithium-excess manganese layered oxide Li2MnO3, attracts much attention 
as a cathode in Li-ion batteries, due to the low cost and the ultrahigh theo-
retical capacity (≈460 mA h g−1). However, it delivers a low reversible practical 
capacity (<200 mA h g−1) due to the irreversible oxygen redox at high poten-
tials (>4.5 V). Herein, heavy fluorination (9.5%) is successfully implemented 
in the layered anionic framework of a Li–Mn–O–F (LMOF) cathode through 
a unique ion-exchange route. F substitution with O stabilizes the layered 
anionic framework, completely inhibits the O2 evolution during the first cycle, 
and greatly enhances the reversibility of oxygen redox, delivering an ultrahigh 
reversible capacity of 389 mA h g−1, which is 85% of the theoretical capacity 
of Li2MnO3. Moreover, it also induces a thin spinel shell coherently forming 
on the particle surface, which greatly improves the surface structure stability, 
making LMOF exhibit a superior cycling stability (a capacity retention of 
91.8% after 120 cycles at 50 mA g−1) and excellent rate capability. These find-
ings stress the importance of stabilizing the anionic framework in developing 
high-performance low-cost cathodes for next-generation Li-ion batteries.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smll.202103499.

1. Introduction

Lithium-ion batteries (LIBs) have been widely applied in 3C 
electronic products, electric vehicles, and the massive-scale 
energy storage systems.[1] In the past few decades, tremen-
dous efforts had been devoted studying high energy density 
cathode materials,[2] such as layered LiCoO2 (≈150  mA h g−1), 
LiNixMnyCo1−x−yO2 (NMC, ≈200 mA h g−1) and Li-rich cathode 
materials xLi2MnO3·yLiTMO2 (TM = Mn, Co, Ni, etc.; 
≈250  mA h g−1).[3] Especially, Li-rich cathode materials are 
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F content would induce the phase transformation from the 
layered oxides to the spinel phase even rock salt phase, which 
possess the lower capacity or much poor cycling stability and 
rate capacity. By means of mechanical milling, a higher F con-
tent, even >30%, can be implemented in the rock-salt oxides 
(Table S2, Supporting Information).[12] To the best of our knowl-
edge, there is no route reported to implement heavy F substitu-
tion in layered oxides.

In this study, a cathode material Li0.87Mn0.80O1.81F0.19 (LMOF)  
with heavy F doping (9.5%) was synthesized through a unique 
ion exchange method. Such a heavy F substitution not only 
greatly enhances the reversibility of anionic redox in the bulk 
structure, but also stabilizes the surface structure by inducing 
the formation of a uniform spinel shell on the particle  
surface. This material showed ultra-high discharge capacity 
(389  mA h g−1), the reduced average voltage decay (<2  mV  
per cycle) and superior cycle stability (91.8% after 120 cycles at 
50 mA g−1). These findings provide new routes to develop high 
performance layered oxide cathodes for Li-ion batteries through 
high concentration anionic substitution.

2. Results and Discussion

LMOF sample was prepared from a Na-containing precursor 
NLMOF using Li/Na-ion exchange method (see details in the 
Experimental Section in the Supporting Information). X-ray 
diffraction (XRD) patterns of NLMOF and LMOF were taken 

to examine the crystalline structures (Figure 1A,B). The phase 
analysis reveals that, NLMOF is a composite consisting of three 
components, including P3-type Na-containing layered oxide  
(S. G. R3m),

Li2MnO3 (S. G. C2/m) and NaF. Rietveld refinement deduces 
their weight ratios as 81.26%, 8.18%, and 10.57%, respectively. 
So high content of NaF indicates that, there is a little amount of 
F entering the lattice of layered oxides during the synthesis of 
NLMOF. After ion-exchange, LMOF is composed of two phases, 
layered phase (S. G. R-3m) and spinel phase (S. G. Fd-3m). The 
corresponding weight percentage were 86.56% and 13.44%, 
respectively. The detailed refinement results were deposited 
in Tables S3 and S4 in the Supporting Information. F 1s XPS 
spectrum presents two peaks related with different F local envi-
ronments near to LiF and MnF bonds, respectively, further 
confirming the successful F substitution in LMOF (Figure S1, 
Supporting Information).[13] Mn3+ takes up ≈ 31% of total Mn 
amount, and the average valence state of Mn can be deduced as 
+3.69 (Figure S2, Supporting Information). Further combining 
with the elemental composition (Table S5, Supporting Infor-
mation), the chemical formula of LMOF can be determined as 
Li0.87Mn0.80O1.81F0.19, highlighting the high F content of 9.5%. It 
indicates that, most of F substitution mainly occurred during 
the Li+/Na+ ion-exchange process.

The local structure of LMOF was investigated by the high-
resolution transmission electron microscopy (HRTEM). 
HRTEM images for the near-surface region and the bulk 
were shown in Figure 1C; Figure S3, Supporting Information, 

Scheme 1.  A) Schematic diagram of the design route for the Li–Mn–O–F layered cathode material with the low cost, high capacity and good stability. 
B) An overview of F doping oxide cathode materials for LIBs synthesized by the calcination method.
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respectively. The corresponding fast Fourier transform (FFT) 
map for the region marked by the green square demonstrates 
a typical spinel phase at the outmost surface. The layered (003) 
lattice fringe and the corresponding FFT map for the region 
marked by the blue square exhibit a layered main phase com-
positing with a little spinel phase, confirming a spinel shell 
coherently forming with the layered phase. The bulk of the 
LMOF particle presents a typical layered structure (Figure S3, 
Supporting Information), which is similar to that of Li2MnO3 
(Figure S4, Supporting Information). The interlayer spacing of 

LMOF is 4.87 Å, a little larger than that of Li2MnO3 (4.83 Å), 
which is consistent with the shift of the corresponding peak 
to the lower angle for LMOF than that of Li2MnO3 (Figure S5, 
Supporting Information), hinting the larger Li+ slab and thus 
the better diffusion capability for LMOF. Such layered/spinel 
biphasic microstructure is in accordance with the results of 
XRD refinement. It may be ascribed to the heavy fluorination, 
since the previous reports indicated that, F substitution with a 
high content can induce the generation of spinel Li4Mn5O12.

[8i] 
Such a spinel shell with a 3D Li+ diffusion tunnels can improve 

Figure 1.  Structure analysis of NLMOF and LMOF. XRD pattern and Rietveld refinement result of A) NLMOF and B) LMOF. C) HRTEM image of LMOF 
at the near-surface region and the selected-area FFT patterns. The scale bars in HRTEM image and FFT maps are 10 nm and 10 1/nm, respectively. 
D) 19F solid-state MAS (30 kHz) NMR spectra for as-prepared NMOF and LMOF, as well as the reference compounds LiF, NaF, and MnF2. The spin-
ning sidebands are marked by the stars. The vertical dashed lines are used to mark the resonances for LiF, NaF, and MnF2, respectively. E) Schematic 
illustration of the ion-exchange process, including Li+/Na+ exchange and F/O exchange.
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the Li+ diffusion ability at the surface. Furthermore, layered 
phase and spinel phase are coherently integrated at atomic 
scale, which can enhance the mechanical stability of surface 
structure, and avoid the falling off of the shell due to the lattice 
mismatch. HRTEM energy dispersive spectroscopy (EDS) map-
ping (Figure S6, Supporting Information) further confirms the 
homogeneous bulk substitution of F throughout the entire par-
ticle. To further examine the local structrue of F in LMOF, 19F 
solid-state magic angle spin (MAS) nuclear magnetic resonance 
(NMR) spectra were acquired. As shown in Figure  1D, The 
resonance for NLMOF is located at −224 ppm, consistent with 
that of NaF. The result is in accordance with XRD refinement 
result, further confirming, F species in NLMOF exist in the 
form of the impurity NaF, not entering the layered lattice. As 
for LMOF, there is a broad peak centering around −120 ppm, 
which is basically consistent with the signal of MnF2. It arises 
from the strong paramagnetic interactions between F nuclei 
and the nearby Mn cations with unpaired d electrons.[10,14] We 
can conclude, F ions are integrated in the bulk lattice of LMOF 
in the form of MnF bonding. The broadening of 19F signal in 
LMOF compared with that in MnF2 may be due to multiple F 
local environments caused by layered/spinel composite struc-
ture or the difference at the surface and in the bulk. In addi-
tion, the absence of the sharp diamagnetic signal (−204  ppm) 
indicates that no LiF impurity is present in LMOF.

Based on the detailed structural analysis, the mechanism 
for the heavy fluorination through the ion-exchange route can 
be proposed (Figure 1E). In the precursor NLMOF, only a little 
amount of F enters the layered lattice, and most of F still exists 
in the form of NaF. During the ion-exchange process, Li ions 
completely replace Na ions, which induces the phase transition 
from P3 phase to O3 phase. In the meanwhile, lots of F enter 
into the anionic lattice to replace O anions. It should be related 
with the existence form of F species during the ion-exchange 
process. The phase diagram of LiF/LiNO3 (Figure S7, Sup-
porting Information) indicates that, LiF would be in the form 
of the molten state when the mole ratio of LiNO3/(LiF+ LiNO3) 
exceeds 0.95. NaF has similar chemical properties with LiF. In 
the real synthesis process, the practical mole ratio of LiNO3/
(NaF+LiNO3) is above 0.95. Thus most of F ions exist in the 
form of molten state, making F ions enter into the anionic  
lattice to replace O anion easily.

In addition, SEM images were recorded to check the mor-
phology of NLMOF, LMOF and Li2MnO3 (Figure S8, Supporting 
Information). Similar prism-shape single crystal particles  
with the size of 1–10 µm are observed for NLMOF and LMOF. 
It indicates that, the ion-exchange process has little influence 
on the particle morphology. The high-magnification SEM 
image along the side face of the particle (Figure S8D, Sup-
porting Information) exhibits the lamellar stacking way for 
LMOF, which agrees well with the growth habit of the typical 
layered structure.

The electrochemical performance of LMOF was systemically 
tested in the half cells using Li foils as anodes. The charge/
discharge curves at a current density of 10 mA g−1 in 1.5–4.8 V 
are displayed in Figure 2A. LMOF can deliver an ultrahigh ini-
tial capacity of 389  mA h g−1, 85% of the theoretical capacity 
(≈460 mA h g−1) of Li2MnO3. By comparison, Li2MnO3 delivers a 
much lower discharge capacity of 134 mA h g−1 in the first cycle 

(Figure S9, Supporting Information). The initial Coulombic 
efficiency is over 100% (≈160%) owing to Li-deficient character 
of LMOF. And the initial charge capacity of 225 mA h g−1 nearly 
matches the theoretical value (≈280  mA h g−1) deduced from 
the chemical formula Li0.87Mn0.80O1.81F0.19. The capacity contrib-
uted by the spinel component can be estimated as 30 mA h g−1 
during the first charge (Figure S10, Supporting Information), 
about 13% of the first charge capacity, consistent with the 
refinement result above. To analyze the detailed redox reactions 
during the charge/discharge, the corresponding dQ/dV curves 
are shown in Figure  2B. According to the peak positions, the 
charge/discharge curves can be divided into three sections, the 
region below 2.4 V, the redox peaks at around 3.05 V (marked 
by the cyan shade), and the region above 3.9 V (marked by the 
purple shade). The former two regions come from Mn3+/Mn4+ 
couple. The third region belongs to oxygen redox. During the 
first charge, a sharp peak appeared at 4.64  V. It evolves to a 
broad peak in 3.9–4.8 V in the subsequent cycles, which steadily 
occurs until the tenth cycle, indicating the good reversibility of 
oxygen redox.

As shown in Figure  2D, LMOF achieves superior rate per-
formance at different current densities. The discharge capaci-
ties are 386, 323, 280, 235, 176, 135, and 98  mA h g−1 at 20, 
50, 100, 200, 500, 1000, 2000 mA g−1, respectively (Figure S11, 
Supporting Information). Such good rate capability might 
benefit from the 3D Li+ diffusion channels in the spinel shell. 
The cycling stability was also evaluated at 10 and 50  mA g−1 
(Figure  2C,E). Surprisingly, LMOF has a good capacity reten-
tion of 93.7%, and a low voltage fading of about 0.121  V after 
30 cycles at 10  mA g−1. Accordingly, a very high energy den-
sity up to 1150 W h kg−1 with good reversibility is achieved 
(Figure S12, Supporting Information), which is higher than 
traditional Li-rich layered cathode materials (≈900 W h kg−1). 
When cycled at a higher current of 50  mA g−1, LMOF also 
delivers a large capacity retention of 91.8% and a low voltage 
decay of 0.221  V after 120 cycles (Figure  2E), while Li2MnO3 
only delivers a capacity of 124  mA h g−1 with the retention of 
57.9% (Figure S13, Supporting Information). To our knowledge, 
integrating the high discharge capacity and the good cycling sta-
bility, LMOF exhibits the best performance among all reported 
F-doping oxide cathode materials for LIBs (Tables S1 and S2, 
Supporting Information).

Such excellent electrochemical performance can be ascribed 
to the high-proportion F substitution of O. When charging to 
high potentials (>4.0  V), the presence of strong MnF bond 
can greatly prohibit Mn migration to adjacent Li vacancies and 
hence the formation of molecular O2 on deep charge, which 
can stabilize the layered lattice structure by suppressing irre-
versible oxygen loss and the formation of spinel-like phase 
(Scheme  1A). When cycling at low potentials (<3.0  V), the 
F−/O2− mixed anions can break the electronic symmetry around 
Mn3+ to reduce the Jahn–Teller distortion, and enhancing the 
cycling stability.[10] Additionally, the surface spinel shell plays an 
important role in protecting electrode from attacking by acidic 
species and alleviating Mn dissolution.

To investigate the charge compensation mechanism, Mn 
2p and O 1s XPS spectra were collected on the LMOF elec-
trodes at different charge/discharge states during the first two 
cycles (Figure 3A). As shown in Figure S14 in the Supporting 
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Information, the Mn 2p3/2 peak was fitted individually for each 
spectrum, and Mn average valence was plotted as a function of 
the charge/discharge state in Figure 3B. In pristine LMOF, the 
average valence of Mn is +3.69. The lower valence of Mn can 
be ascribed to the introduction of the low-valent F ion. When 
charged to 4.0  V, Mn is oxidized to +3.82. It indicates that, 
the capacity below 4 V mainly comes from the contribution of 

Mn3+/Mn4+ redox couple. When further charged to 4.6 V, partial 
reduction of Mn is observed, which hints the oxygen redox in 
this region.[15] Even further charged to 4.8 V and discharged to 
3.5 V, Mn valence state keeps nearly constant. It signifies that, 
oxygen redox dominates in the voltage region and prevents the 
fully oxidation of Mn to +4 (marked by the purple shade), which 
could be due to more overlap between Mn and O redox induced 

Figure 2.  Excellent electrochemical performance of LMOF. The charge/discharge curves A) and the corresponding dQ/dV curves B) of the first, second, 
fifth, and tenth cycle at a rate of 10 mA g−1. The red arrows are used to indicate the trend of peak changes. C) Plot of the discharge capacity and 
average discharge potential versus cycle number at a rate of 10 mA g−1. D) The rate capacity of LMOF at different current densities varying from 10 to 
2000 mA g−1. E) Plot of the discharge capacity and the average discharge potential versus cycle number at a rate of 50 mA g−1.
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by the F substitution.[14d,16] As the discharge continues below 
3.5  V, Mn cations start to be reduced and fast go down to an 
average valence of +3.26 till 1.5 V. The similar change trend of 
Mn valence can be observed during the second cycle. To fur-
ther confirm the involvement of reversible oxygen redox, O 1s 
spectra were also fitted in Figure  3C. In the pristine sample, 
there is a strong peak at 529.2 eV from lattice oxygen, whereas 
the other peak at 531  eV comes from the electrolyte degrada-
tion. When charged to 4.6  V, a new peak appears at 529.9  eV 
(purple), which can be attributed to the existence of formal O2

2− 
species.[17] The O2

2− peak increases when charged to 4.8 V, and 
gradually decreases when discharged to 3.5 V, eventually disap-
pears when discharged to 3.0 V, which corresponds to the con-
stant Mn valence state in the same voltage region (Figure 3B). 
It indicates that, the oxygen redox activity is important to realize 
the high capacity for LMOF. During the second cycle, the O2

2− 
peak at 529.9  eV reappears at 4.0  V and disappears till 3.0  V, 
further confirming the high reversibility of oxygen redox.

In order to evaluate the influences of heavy fluorination on 
the irreversible side reactions and the oxygen evolution, oper-
ando differential electrochemical mass spectrometry (DEMS) 
measurements were performed on LMOF and Li2MnO3 

during the first cycle (Figure 3D,E). Upon the first charge, a 
mass of O2 release is detected above 4.5 V in Li2MnO3, accom-
panying with much CO2 release above 4.6 V. It indicates the 
irreversible oxygen redox and the serious side reactions with 
the electrolyte. In sharp contrast, there is negligible O2 gas 
and also the decreased CO2 release for LMOF, indicating the 
high reversibility of oxygen redox and the suppressed side 
reactions for LMOF. Since CO2 evolution originates from 
surface carbonate decomposition (e.g., Li2CO3) and the elec-
trolyte oxidized by oxygen radicals at high potentials,[16,18] it 
is rational to see the less CO2 release with highly reversible 
oxygen redox in LMOF. These results prove that heavy fluori-
nation substantially mitigates oxygen loss arising from the 
formation of brisk molecular O2 on the deep charge.[19] The 
less surface side reactions in LMOF than in Li2MnO3 can also 
be partially ascribed to the protection of the spinel shell.

Ex situ XRD was carried out to investigate the detailed struc-
tural evolution of LMOF during the first cycle. To avoid the 
experimental error, all the patterns were calibrated using the 
main peak of Al current collectors at around 65°. As shown in 
Figure 4A, there is an obvious peak shift to higher angle when 
charging from 4.6 to 4.8  V. It is consistent with the previous 

Figure 3.  Reversible anionic redox by heavy fluorination. A) The charge/discharge curves during the first two cycles of LMOF, and the selected charge/
discharge points to measure the XPS spectra (marked by green spots). Evolution of Mn average valence (B) and O 1s XPS spectra (C) of LMOF at 
selected charge/discharge states in A. Operando DEMS results for Li2MnO3 (D) and LMOF (E) during the first cycle.
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reports, and ascribed to the formation of the lattice O− species, 
which decreases the interlayer repulsion, thus reducing the 
interlayer distance.[20] When discharging to 1.5 V, the main peak 
returns to the primal position before cycling, indicating the 
reversible structure change.

Local structural evolution was furtherly studied by HRTEM 
images and FFT patterns. Figure  4B,C presents HRTEM 

images of LMOF at the particle surface and in the bulk after 
120 cycles, respectively. The outmost surface with the thick-
ness around 20 nm is the rock-salt phase, and the inner sur-
face still preserves the layered/spinel composite structure. 
The bulk maintains the well layered structure, confirmed by 
the clear lattice fringes with d-spacing 5.04 Å. The superfi-
cial rock-salt phase mainly transforms from the initial spinel 

Figure 4.  Enhanced structural stability of LMOF upon cycling. A) Ex situ XRD patterns for LMOF during the first cycle. The left panel shows the cor-
responding charge/discharge profile with the points where XRD patterns were collected. HRTEM images and the selected-region FFT patterns at the 
particle surface (B) and in the bulk (C) of LMOF after 120 cycles. HRTEM images and the selected-region FFT patterns at the particle (D) and in the 
bulk (E) of Li2MnO3 after 120 cycles. The scale bars in HRTEM images and the FFT maps are 5 nm and 10 1/nm, respectively.
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shell, suggesting that, the original spinel shell of LMOF effec-
tively protects the bulk structure upon long-term cycling. In 
contrast, Li2MnO3 sample suffers terrible structural degrada-
tion. The surface completely degrades to the rock-salt phase 
(Figure  4D), and the bulk transforms to the amorphous state 
to a great extent (Figure 4E). The severe structural degradation 
originates from irreversible Mn migration and serious oxygen 
loss at high voltages (Scheme  1A).[6a,19a,21] These comparative 
observations forcefully support that, heavy fluorination effec-
tively stabilizes the layered anionic lattice, and greatly sup-
presses the structure degradation, thus enhancing long-term 
cycling stability by introducing strong MnF bonds and the 
coherent spinel shell.

3. Conclusion

In summary, heavy fluorination up to 9.5 at% was success-
fully implemented in the layered Li–Mn–O system through 
a unique ion-exchange route. F substitution of O improves 
the stability of the layered anionic framework, completely 
inhibits the O2 evolution during the first cycle, and greatly 
enhances the reversibility of oxygen redox, delivering an 
ultrahigh reversible capacity of 389  mA h g−1, 85% of the 
theoretical capacity of Li2MnO3 (≈460  mA h g−1). Moreover, 
heavy fluorination also induces a spinel shell coherently 
forming on the particle surface, which greatly improves the 
surface structure stability and the Li+ diffusivity, making 
LMOF exhibit a superior cycling stability (a capacity reten-
tion of 91.8% after 120 cycles at 50 mA g−1) and a good rate 
capability. These findings stress the importance of stabi-
lizing the layered anionic framework in developing high-
performance low-cost cathodes for next-generation Li-ion 
batteries.
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