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ABSTRACT

Cation-disordered rocksalt (DRX) oxides are a promising new class of high-energy-density
cathode materials for next-generation Li-ion batteries. However, their capacity fade during cycling
presents a major challenge. Partial fluorine (F) substitution into oxygen (O) lattice appears to be
an effective strategy for improving the cycling stability, but the underlying atomistic mechanism
remains elusive. Here, using a combination of advanced transmission electron microscopy-based
imaging and spectroscopy techniques, we probe the structural and chemical evolutions upon
cycling of Mn-based DRX cathodes with an increasing F content (Li-Mn-Nb-O-Fy, x = 0, 0.05,
0.2). We reveal atomic origin behind the beneficial effect of high-level fluorination for enhancing
surface stability of DRX. We discover that, due to the reduced O redox activity while with
increasing F concentration, F in the DRX lattice mitigates the formation of O deficient surface
layer upon cycling. For low F-substituted DRX, the O loss near the surface results in the formation
of an amorphous cathode-electrolyte interphase layer and nanoscale voids after extended cycling.
Increased F concentration in DRX lattice minimizes both O loss and the interfacial reactions
between DRX and liquid electrolyte, enhancing surface stability of DRX. Our results provide

guidance on development of next-generation cathode materials through anion substitution.



1. Introduction

With the fast advancement of energy storage technology based on Li-ion batteries (LIBS),
the development of cobalt (Co) and nickel (Ni)-free cathode materials to replace the current nickel-
manganese-cobalt (NMC)-based layered cathode materials becomes increasingly important for
resolving the Co and Ni resource issue and meeting the rapidly growing demands of clean
energy.[!] Among various candidates, cation-disordered rocksalts (DRX) have recently emerged as
a new class of high-energy-density cathode materials that do not rely on Co or Ni and can be
synthesized from a broad range of transition metals (TMs), particularly those earth-abundant ones,
e.g., iron (Fe), manganese (Mn), and titanium (Ti).[?! Intense research of DRX cathode materials
over the past years has created a large number of novel DRX oxides, including
Li1.211M00.467Cr0.302,%! Li12Mno4Tio.402,F! Li1.3Mno.4Nbo 302,14 Li12Mno.sNbo 202,
Li1.25MnosNbo.2sO02,[%! LiFeosVos502,l" Li1.2sNbo.25V0502,1¥ and Liz.2Mno2VosO2.%. In these DRX
oxide cathodes, a Li-excess chemical composition is necessary to facilitate a three-dimensional
(3D) Li percolation network for facile Li-ion transport in the DRX lattice.[?* 1% Such Li-excess
composition constrains the content of redox-active TM in the DRX compound and also enables
oxygen (O) redox during the electrochemical process.**! The O redox is much less reversible
compared to TM redox, and a high level of O redox activity in the DRX oxides usually triggers
significant O loss from the crystal lattice, and consequently, severe capacity fade after cycling.[*
11121 By using fluorine anion (F°) substitution for oxygen anion (0%), fluorination can increase the
amount of low-valence redox-active TM without sacrificing Li content in the DRX compound.[2
Correspondingly, the increased TM redox capacity accommodated upon fluorination reduces the
capacity reliability on O redox and thus mitigates irreversible O loss.[?® 5 9 128 131 Dye to the
presence of local TM-poor, Li-rich environments in the DRX lattice that are highly favorable for
F- 13141 substantial levels of fluorine (F) substitution have been achieved in various DRX
materials, such as Li2VO2F,M™  Li12Mno7Nbo1018F02,PM%*  Liz2Mno7sNboosO1.7F03,1!
Li1.2Mno.625Nbo.17501 325F 0,675, Li2Mn2:3Nby/302F, %] Li1.2Tio2Mno601.8F0.2,1*8 and
Li2MoO2F.[*1 In general, fluorination has been demonstrated as a very effective route for

improving the cycling stability in all these fluorinated DRX (F-DRX) cathodes.

In a previous work based on electrochemical measurements and X-ray absorption

spectroscopy (XAS), it was proposed that cycling-induced performance degradation in a



Li1.3Nbo.3Mno4O2 DRX cathode is likely due to densification of TMs near the surface and thus
reduced quality of the local Li percolation network.[*?® Furthermore, using scanning transmission
electron microscopy (STEM), we previously discovered that in a Li12TiosMno4O2 DRX cathode,
extensive cycling results in a high level of structural degradation including amorphization and void
formation at the particle surface, which impedes Li transport and causes fast capacity loss; while
in a highly fluorinated Li12Tio2MnosO18Fo2 DRX cathode, the cycling-induced surface
degradation is much less prominent, and the cycling stability is greatly improved.[*¥l These
previous studies indicate that the chemical and structural stability near the surface of DRX cathode
materials plays a critical role in determining the cycling performance. However, a detailed
understanding of the cycling-induced chemical reconstruction and TM oxidation states evolution
associated with the structural evolution near the surface of the DRX cathodes remains elusive.
Particularly, the formation of cathode-electrolyte interface (CEI) layer at the surface of DRX
cathode has not been directly observed in previous studies, and the effects of fluorination on CEI

layers remains elusive.

Here, using a combination of STEM, high-resolution transmission electron microscopy
(HRTEM), energy-dispersive X-ray spectroscopy (EDS), and electron energy loss spectroscopy
(EELS) techniques, we systematically investigated nanoscale structure, chemistry, and valence
changes after cycling of a series of Mn-based DRX cathodes, Li1.2Mno.e+x2Nbo.2-x202.0-xFx
(LMNOFy, x = 0, 0.05, and 0.2). We show that, for the LMNOF cathodes with no or low F
concentration (x = 0 and 0.05, which are denoted as LMNOFo and LMNOF 05, respectively), the
repeated charging and discharging processes lead to a degraded surface that has two sublayers — a
nanoscale amorphous CEI layer on the outmost surface and an O deficient layer at the inner
surface, as well as void formation resulted from severe elemental loss at the subsurface region, all
of which degrade the Li transport properties. In contrast, for the LMNOF cathodes with a high F
concentration (x = 0.2, denoted as LMNOFy»), the crystal structure and chemical distribution near
the surface is well preserved after cycling with almost no amorphous CEI layer or void structures
formed, which ensures facile Li transport. These results not only advance the fundamental
understanding of the beneficial effects of increasing the F concentration in the DRX lattice for
mitigating cycling induced surface structural degradation, but also provide useful insights into the

design of novel cathode materials with improved cycling stability.



2. Results and Discussion

2.1 Electrochemical Properties

LMNOFx cathode materials were synthesized using a solid-state synthesis route as
described in our previous work.[*®! The phase-pure cubic disordered rocksalt structures with a
Fm3m symmetry were confirmed by the XRD patterns collected on the bulk powder samples
(Figure S1, Supporting Information). The stoichiometries were close to the target chemical
compositions measured by inductively coupled plasma (ICP) spectroscopy and F ion selective
electrode measurements (ISE) (Table S1, Supporting Information). Before the electrochemical
tests, the as-synthesized powders were blended with carbon additives via a mechanochemical
process. The resulting particles are mostly within a few hundreds of nanometers to a few microns
in size, as shown by the TEM images (Figure S2, Supporting Information). The cation (Mn and
Nb) and anion (O and F) elements are uniformly distributed at the particle level in all the pristine
particles as confirmed by the STEM images and corresponding EDS elemental maps (Figure S3-
S5, Supporting Information). Following the cycling process, the sizes and morphologies of the
particles did not change obviously (Figure S2, Supporting Information), and the elemental
distribution remained uniform at the particle level (Figure S3-S5, Supporting Information).

Electrochemical performance evaluation shows reduced O redox activity with increasing
F substitution in the LMNOFy system, as shown by the voltage and the corresponding dQ/dV
profiles where reduced voltage plateau and the oxidation peak intensity were observed at the high
voltage region at about 4.5 V in high-F DRX (Figure S6a,b, Supporting Information). In LMNOF,,
large O redox contribution was observed initially, however, it faded quickly over cycling, clearly
shown in Figure 1a,b. Although a small amount of F substitution in LMNOFg 05 reduced the O
redox participation to some extent, the irreversibility remained (Figurelc,d). As a result, the
capacity retentions for LMNOFo and LMNOFo s were about 84% and 91% after 30 cycles,
respectively (Figure S6c, Supporting Information). By increasing F content considerably, O redox
peak nearly disappeared and better reversibility was achieved on LMNOFo 2 (Figure 1e,f). Because

of the considerably reduced O redox contribution, the capacity is lower than those of LMNOFo



and LMNOF 05 in the initial cycle, yet, it is much stable over cycling. It should be pointed out, for
the initial cycle, when cycling DRX cathodes to 4.8 V, processes involving Mn redox, O redox,
O release and side reactions with the electrolyte all contribute to the 1% cycle charge capacity. We
observed that all the three cathodes have similar 1% cycle charge capacities (Figure 1). Upon
discharge, the main capacity contributors are considered to be Mn redox and O redox. We observed
that LMNOFo 2 has much less 1% cycle discharge capacity compared to the other two cathodes of
less F or F-free (Figure 1 and Figure S6c, Supporting Information). The reduced 1% cycle discharge
capacity of the LMNOF.» cathode is the major reason for its pronounced capacity discrepancy of
the charge and discharge capacities in the 1% cycle. This appears to be caused by the effect of
fluorination, as it has been shown that fluorination may reduce the amount of Li atoms in the Li-

percolation network of the DRX lattice and thus reduce the capacity.*
2.2. Atomic Level Structural and Chemical Evolution Upon Cycling

To explore the cycling-induced atomic structure evolution near the cathode surface,
HRTEM images were collected for the pristine and cycled LMNOF particles, which are shown in
Figure 2a and b, respectively. While the surface structure of the pristine LMNOF particle is mostly
crystalline, an amorphous layer of ~5 nm is observed at the particle surface after the extensive
cycling, indicating cycling-induced surface structural degradation. The formation of amorphous
surface layers has been observed at different local regions in different cycled LMNOF, particles
(Figure S7, Supporting Information). Along with this finding, the cycling-induced chemical
changes were examined through the EDS linescan measured profiles of atomic-percentage
compositions from the surface to the bulk in the pristine and the cycled LMNOF particles (Figure
2c,d). In addition to measuring Mn, Nb, and O, which are the dominating elements of the LMNOFo
cathode, F and P were also concurrently measured, because they are indicators for the formation
of surface CEI layers such as LixPOyF..[?"! The measurements show that non-uniform elemental
distribution is generally restricted to the surface or near-surface regions for both the pristine and
cycled LMNOFy particles. In the pristine LMNOFo particle (Figure 2c), while the Nb distribution
is mostly uniform from the bulk to the surface, there is a thin (3 nm) O-deficient and Mn-rich
surface layer. Similarly, O-deficient surface layers in pristine DRX cathodes have also been

observed in our previous study of Li-Mn-Ti-O DRX cathodes,*® indicating that the surface O loss



might be a common phenomenon during the preparation of DRX cathode materials, where high

calcination temperature and inert atmosphere are involved.

In the cycled LMNOFo particle, the chemical distribution near the surface is more
complicated (Figure 2d). In particular, the O-deficient surface area in the cycled particle is much
thicker (12 nm) compared to that (3 nm) in the pristine particle, and this surface area can be further
divided into two layers: (1) a 5-nm-thick outmost surface layer (OSL) and (2) a 7-nm-thick inner
surface layer (ISL) (Figure 2d). Compared to the bulk composition of the cycled particle, the OSL
shows dramatically reduced concentration of TMs, but greatly increased concentration of F and P.
Therefore, it is considered as a CEI layer generated during the cycling. This CEl-related OSL
corresponding to the region (1) in Figure 2b is largely amorphous in nature, as confirmed by the
fast Fourie transform (FFT) pattern of the local region. In the ISL, there are only slightly increased
F and P concentrations, with no obvious difference in TM concentration as compared to the bulk.
This ISL corresponding to the region (2) in Figure 2b is mostly in the form of crystalline DRX
structures, and thus should be regarded as an O-deficient surface layer in the cycled DRX particle.
The F and P enrichment at the cathode surface could partially be a result of the decomposition of
the electrolyte and its side reaction with the cathode materials. The thickness of the O-deficient
ISL in the cycled particle (7 nm) is larger than that in the pristine particle (3 nm), which is believed
to be caused by irreversible O release at the surface during the cycling process, as observed in

many other DRX oxides.[ 122 18l

The cycling-induced chemical evolution in the LMNOF, cathode particles was further
investigated by STEM imaging and EELS mapping. STEM high-angle annular dark-field
(HAADF) images and corresponding EELS maps of the O K, Mn L, and Li K edges for the pristine
and cycled LMNOF, particles are shown in Figure 3a and b, respectively. For the pristine LMNOFo
(Figure 3a), the observed intensity distribution in the STEM HAADF image and EELS maps
indicate that the cations and anions are mostly uniformly distributed in the particle except for a
small amount of Li loss near the particle surface. In comparison, for the cycled LMNOFy, a high
density of black-dot-like nanoregions are observed in the STEM HAADF image (Figure 3b). The
corresponding EELS elemental maps show that these black-dot-like nanoregions should be void
structures with local material loss, similar to those previously observed in Li-rich layered?!! and

disordered™®! rocksalt structured cathodes. In those cathodes, it is believed that the O redox activity



during the electrochemical cycling facilitates the O migration from the bulk lattice towards surface,
while O vacancies are injected to the surface and penetrated into the bulk.[* 2% |t should be also
noted that voids are often seen to be formed in layer-structured NMC cathodes during the
cycling,?? the origin of which has been recently identified as a consequence of cycling-induced
accumulation of intrinsically existing vacancies dispersed in the bulk of the cathode.[?®l In the
present case of the LMNOFy cathode, we believe that the mechanism of surface O vacancy
injection should operate to boost the void formation due to the high-level of O redox participation
from the initial cycling (Figure 1a,b). Loss of a significant amount of Li is observed at the voids
and at local nanoregions near the voids (Figure 3b), which should deteriorate Li transport from the

surface area to the bulk, leading to the capacity drop upon cycling.
2.3. Electronic Structure and Spatial Distribution of Oxygen

EELS mapping can also directly visualize the distribution of Mn oxidation states near the
surface, as the reduction of the Mn valence can be reflected by the shift of the Mn Lz peak to lower
energies.’?! The mapped energy shifts (AE) of the Mn Ls peaks near the surface for the pristine
and cycled LMNOFq particles, with respect to the energy position measured in the bulk areas
(where AE is defined as 0 eV), are shown in Figure 3c,d, respectively. In the pristine LMNOF
particle (Figure 3c), while the average Mn oxidation state remains trivalent in the bulk powder, a
distinct energy shift of the Mn Lz peaks (AE =-1.94 eV) is observed within a thin surface layer (~
5 nm), indicating that the reduction of Mn valence is inherently present at the surface that is O
deficient. On the other hand, in the cycled LMNOFy particle (Figure 3d), there is a much stronger
gradient distribution for the energy shifts of the Mn Lz peaks from the bulk to the surface (AE = -
1.84 eV), indicating that the Mn valence reduction penetrates much deeper area (up to 35 nm).
Since the Mn valence reduction can compensate for O loss, such observed cycling-induced
changes of the Mn valence distribution indeed suggest that O loss is severe after cycling consistent
with the EDS results (Figure 2c,d).

Comparable characterization and analysis were also performed on the LMNOFo05 and
LMNOFo ;> cathode particles. In general, the pristine and cycled LMNOF o5 particles (Figure 4 and
Figure 5) show remarkably similar characteristics as compared to those pristine and cycled

LMNOF, particles (Figure 2 and Figure 3), respectively. These characteristics include ¢) crystalline



surface structures in the pristine LMNOFo.05 particle, and an about 5-nm-thick amorphous surface
layer in the cycled one, as shown by the HRTEM images in Figure 4a,b; ii) a 3-nm-thick surface
layer that is O-deficient and Mn-rich in the pristine particle, and a dual-surface-layer structure in
the cycled one: (1) a 5-nm-thick CEI OSL layer with reduced concentration of TMs but increased
concentration of F and P, followed by (2) a 7-nm-thick O-deficient ISL, as revealed by the STEM
EDS linescan profiles in Figure 4c,d; iii) uniform elemental distribution in the pristine particle,
and formation of nanoscale voids in the cycled one, as shown by the STEM HAADF images and
corresponding EELS maps in Figure 5a,b; and iv) a thin surface layer showing Mn valence
reduction (AE = -0.87 eV) in the pristine particle, and a much deeper region showing gradient
distribution of Mn valences from the surface to the bulk (AE = -1.71 eV) in the cycled one, as
revealed by the maps of the Mn L3 peak energy shifts in Figure 5c¢,d. Compared to the cycled
LMNOF, particle (Figure 3b), the loss of Mn, O, and Li in the cycled LMNOFo o5 particle (Figure
5b) appears to be less severe, indicating that a small amount of F substitution of O in the DRX
lattice is beneficial to the structural stability, although it is insufficient to fully prevent the

elemental loss during the electrochemical cycling (Figure 5b).

Further increasing the F concentration to a high level in the DRX lattice can improve the
structural stability dramatically, which is confirmed by our characterizations of the LMNOFo
cathode particles (Figure 6 and Figure 7). The HRTEM images show that, unlike the LMNOFg
and LMNOFo0s particles, which developed nanoscale surface amorphous layers after cycling
(Figure 2b,4b, and Figure S7a,b, Supporting Information), the LMNOFo> particle mostly
maintained the crystalline surface structure even after extended cycling (Figure 6b and Figure S7c,
Supporting Information). Correspondingly, STEM EDS linescan measurements in Figure 6c,d
show that the concentration variation (a decrease in TM but an increase in P) in the O deficient
surface layer is strongly suppressed in the cycled LMNOFo> particle. EELS linescan
measurements further confirms that O loss at the particle surface can be greatly mitigated in the
cycled LMNOFo particle (Figure 8). These results suggest that in the LMNOF cathode, the
formation of amorphous surface CEI layers after the cycling is mostly suppressed with largely
reduced O redox activity. Further, the STEM HAADF images and corresponding EELS maps in
Figure 7a,b confirm that the uniform elemental distribution is maintained after the cycling. The
maps of the Mn Ls peak energy shifts in Figure 7c,d show that in both the pristine and cycled
LMNOFo particles the Mn valence reduction mostly occurs at the thin (~ 5 nm) surface layers



corresponding to the local O loss, which is consistent with the EDS measurements (Figure 6c,d).
Most importantly, the well-preserved Li distribution can ensure facile Li-ion diffusion at the
surface of the LMNOF > cathode after cycling. These findings clearly demonstrate the critical role
of high-level fluorination in the DRX cathode for the greatly enhanced structural stability and
chemical homogeneity during cycling. It should be noted that for the practical application, we will
need to further demonstrate the long-term material stability associated with the chemical/structural
changes induced not only by the O redox but also by the Mn redox reversibility at the surface and
in the bulk of the cathode particles. Apparently, such a demonstration of long-term cycling stability

requires further systematic study that is in progress and will be reported in a follow up paper.

To sum up, schematics for the comparison of the cycling-induced structural and chemical
evolutions in the LMNOFo, LMNOFo.05, and LMNOF> cathodes are depicted in Figure 9. By
using fluorine anion (F") substitution for oxygen anion (O%), fluorination can increase the amount
of low-valence redox-active TM without sacrificing Li content in the DRX compound.[® 122 13
Here, the high-F-concentration compound LMNOFo2 has more redox-active Mn than the F-free
compound LMNOF, and low-F-concentration compound LMNOFoes. Upon cycling, charge
compensation in LMNOF ., relies more on Mn redox contribution and less on O redox, and thus
LMNOFo.> has less irreversible O loss. Our observations suggest that the amorphous CEl layer on
the outmost surface and the nanoscale voids dispersed within the subsurface area are correlated to
O redox that largely participates in the cycling process. By efficiently suppressing the O redox
activity through a high level of F substitution, these unfavorable surface degradations detrimental

to the Li transport are strongly mitigated.

3. Conclusion

With a combination of HRTEM, STEM, EDS, and EELS measurements, we show that,
during the electrochemical cycling process, the structural stability of the LMNOFg.» cathode with
high-level fluorination is greatly enhanced as compared with those of the LMNOFoo and
LMNOFo.05 cathodes with zero or low-level fluorination. This is evidenced by the dramatically
diminished amorphous CEI layers on the outmost surface, better preserved crystalline structures
at the inner surface, and less disrupted chemical distributions at the subsurface of the LMNOFo
cathode particles, as compared to those chemical and structural features in the LMNOFq0 and

10



LMNOFo.05 particles. These observations spotlight the critical beneficial role of high-level
fluorination on mitigating the drawbacks of irreversible oxygen redox activity and improving the
structural stability of the DRX cathodes. Our results provide insights to constructive approach of
anion substitution for improving the surface stability of cathode materials. The present study is of
importance for understanding the correlation of the structural and chemical features to the

electrochemical performances of cathode materials.
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Figure 1. Electrochemical performances collected on the LMNOF; (x = 0, 0.05, and 0.2) cathodes.
(a,c,e) voltage profiles and the (b,d,f) corresponding differential capacity versus voltage (dQ/dV)
plots at a higher voltage region during the first 10 cycles for (a,b) LMNOF,, (c,d) LMNOF 05, and
(e,f) LMNOF,. The black and purple lines indicate the 1* and the 10™ cycles, respectively.
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Figure 2. Cycling-induced structural and chemical evolution in LMNOF, cathode particles. (a, b)
HRTEM images of nanoscale surface regions in a pristine particle (a) and a cycled particle (b).
The insets show the fast Fourier transform (FFT) of the local regions highlighted by the yellow
squares. The white arrows mark the linescan directions for the corresponding EDS measurements.
(c, d) EDS linescan measurements showing the changes of the atomic percentage compositions
from the bulk to the surface in the pristine particle (c) and the cycled particle (d).
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Figure 3. Cycling-induced chemical reconstruction and Mn oxidate states evolution in LMNOF
cathode particles. (a, b) STEM HAADF images and corresponding EELS maps of nanoscale
surface regions in a pristine particle (a) and a cycled particle (b). (c, d) Corresponding color maps
of the Mn L; peak energy shift for the pristine particle (c) and the cycled particle (d). The 2D maps
have also been converted to 3D surface plots on the right side. Line profiles for the energy shifts

measured along the direction marked by the black dashed arrows in the 2D maps are plotted at the
bottom.
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Figure 4. Cycling-induced structural and chemical evolution in LMNOF 5 cathode particles. (a,
b) HRTEM images of nanoscale surface regions in a pristine particle (a) and a cycled particle (b).
The insets show the fast Fourier transform (FFT) of the local regions highlighted by the yellow
squares. The white arrows mark the linescan directions for the corresponding EDS measurements.
(c, d) EDS linescan measurements showing the changes of the atomic percentage compositions
from the bulk to the surface in the pristine particle (c) and the cycled particle (d).
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Figure 5. Cycling-induced chemical reconstruction and Mn oxidate states evolution in LMNOFo o5
cathode particles. (a, b) STEM HAADF images and corresponding EELS maps of nanoscale
surface regions in a pristine particle (a) and a cycled particle (b). (c, d) Corresponding color maps
of the Mn L; peak energy shift for the pristine particle (c) and the cycled particle (d). The 2D maps
have also been converted to 3D surface plots on the right side. Line profiles for the energy shifts

measured along the direction marked by the black dashed arrows in the 2D maps are plotted at the
bottom.
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Figure 6. Cycling-induced structural and chemical evolution in LMNOF, > cathode particles. (a,
b) HRTEM images of nanoscale surface regions in a pristine particle (a) and a cycled particle (b).
The insets show the fast Fourier transform (FFT) of the local regions highlighted by the yellow
squares. The white arrows mark the linescan directions for the corresponding EDS measurements.
(c, d) EDS linescan measurements showing the changes of the atomic percentage compositions
from the bulk to the surface in the pristine particle (c) and the cycled particle (d).
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Figure 7. Cycling-induced chemical reconstruction and Mn oxidate states evolution in LMNOF 2
cathode particles. (a, b) STEM HAADF images and corresponding EELS maps of nanoscale
surface regions in a pristine particle (a) and a cycled particle (b). (c, d) Corresponding color maps
of the Mn L3 peak energy shift for the pristine particle (c¢) and the cycled particle (d). The 2D maps
have also been converted to 3D surface plots on the right side. Line profiles for the energy shifts

measured along the direction marked by the black dashed arrows in the 2D maps are plotted at the
bottom.
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O are measured and quantified (the sum of the atomic percentages of Mn and O equals 100%), and
only the O measurement data are plotted here.
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Figure 9. Schematics summarizing the observation of the structural and chemical evolutions in
the LMNOF cathode particles. (a) For the LMNOFy cathodes with zero or low F concentration (x
=0, 0.05), the cycling process leads to the formation of nanoscale amorphous CEI layers on the
surface and void-like nanoregions featuring severe loss of O, Mn and Li at the subsurface, all of
which can be detrimental to the Li transport. (b) For the LMNOFx cathodes with high F
concentration (x = 0.2), the crystalline structure at the cathode surface and the stoichiometric
elemental distribution at the subsurface is mostly well preserved after cycling, which ensures facile

Li transport at the surface.
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