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ABSTRACT

Cation-disordered Li-excess oxides/oxyfluorides have opened the door for designing alternative, high en-
ergy cathodes. However, achieving long cycle life and high rate capability represents a major challenge for
disordered rocksalt cathodes (DRX). Herein, we develop Li;Mn3;,Cry;40,F (LMCOF) DRX materials through
a distinct redox mechanochemical method. The LMCOF contains trivalent Cr3* and Mn3*, which allows
for simultaneously accessing stable Mn/Cr dual redox at a narrow voltage window acceptable for con-
ventional carbonate electrolytes. Coupled with the mitigated and reversible oxygen chemical changes, the
LMCOF delivers high capacity, rate capability, as well as long cycle life upon extensive 1,000 cycles at
various current densities. The multiscale synchrotron and neutron scattering, spectroscopic, and imaging
analyses demonstrate that the capacity originates from the Mn/Cr dual redox with minimal contribution
from oxygen redox, and that the good cycle life is attributed to the stable global crystal structure and

Li ion battery

local oxygen chemical environment.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The recent progress of disordered rocksalt chemistry has un-
locked a vast chemical space for designing high capacity cathode
materials, such as LizNi]/3RU2/3O3 [] ]' Li]']sNi0.45Ti0_3MOO_1O]V85F0']5
[2], LigzMoy;30; [3], LijasNbgasMngsO; [4], Lij3Nbo3V40> [5],
and Liq171Mng343V04860> [6] Li-excess disordered rocksalt oxides,
and their fluorinated variants [6-11]. These materials can easily de-
liver material-level specific capacity and energy above 230 mAh
g1 and 700 Wh Kg~1, respectively, which are at the upper bound
of conventional stoichiometric layered oxide cathodes. The perco-
lation theory, proposed to explain the electrochemical properties
of these disordered rocksalt (DRX) cathode materials, suggests that
the Li-excess environments in DRX enable efficient Li ion transport
in three-dimensional (3D) percolating pathways [12-14]. 10% Li ex-
cess is a minimal prerequisite to form percolation networks to en-
sure efficient Li* migration in 3D channels [12,15]. Many DRX ma-
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terials usually have high-valent transition metals (TMs) as charge
compensators, such as Ti*t, Zr*t, Nb>*, V>, and Mob*t, which
are redox inactive species and are difficult to be reduced or oxi-
dized during electrochemical cycling [16-23]. Thus, the high-valent
charge compensators inevitably reduce the redox active TM con-
tent in DRX compounds [19,24]. Therefore, one key aspect for de-
signing DRX materials is to maximize the redox active TM content
and thus its contribution to the overall capacity, without relying
much on the anionic redox activity.

Another key aspect for developing DRX materials is to improve
cycle life, which represents a critical step towards their large-scale
applications. To date, almost all the reported DRX materials are
hindered by the inferior cycling stability [25]. For example, Li, VO, F
can deliver a high specific capacity of over 400 mAh g~! and a spe-
cific energy of 1080 Wh kg1 at C/60 and 1.3-4.1 V vs Li/Li* [26].
Li4Mn,05 can provide 355 mAh g~! specific capacity and 953 Wh
kg1 specific energy at 25 mA g and 1.2-4.8 V vs Li/Lit [27].
However, the capacity retention for Li;VO,F and Li4Mn, 05 are only
70.4% after 8 cycles and 60% after 13 cycles, respectively [26,27].
Most recently, Li;Mngg;Nbg330,F and Li;Mng5TipsO,F were re-
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ported to provide specific capacity over 300 mAh g—1 at 20 mA g~!
and 1.5-5.0 V vs Li/Li". However, their capacity retention is about
60% after 25 cycles [13]. Li;;MnggNbg,019Fg; showed a 92.4% ca-
pacity retention after 20 cycles at 10 mA g~! and 1.5-4.8 V vs
Li/Lit. Therefore, these pioneering studies have laid the founda-
tion for expanding the chemical space of DRX materials, but the
cycle life upon extensive cycling needs further investigation [24].
Recent experimental and theoretical studies indicate that the infe-
rior stability of DRX materials results from the deterioration of the
3D percolating network, possibly caused by irreversible oxygen re-
dox and release, TM dissolution, and phase separation [28-31]. In
Li-rich DRX oxides, O 2p orbitals in the Li-O-Li configuration can-
not hybridize with TM d orbitals due to the large energy separa-
tion, thus the orphaned unhybridized O 2p states are susceptible to
oxidation [32]. The oxygen loss can shrink the oxygen framework,
accelerate the migration of under-coordinated TM ions, and create
cation-densified surface to undermine Li ion kinetics and degrade
the cycling performance [32-34]|. Therefore, one may reduce the
reliance on oxygen redox and focus on maximizing the TM redox
activity to utilize the high capacity characteristics of DRX cathodes
without compromising cycle life.

Herein, we design lithium manganese chromium oxyfluoride
(LizMn34Cry40,F, designated as LMCOF) containing trivalent Cr3+
and Mn3* as dual redox species, which exhibits high specific ca-
pacity and energy, as well as good cycle life. We demonstrate,
through a suite of synchrotron and neutron scattering, spectro-
scopic and imaging characterizations, that the good battery perfor-
mance is attributed to the following factors: (i) the unique TM re-
dox reactions during mechanosynthesis yield intermediate-valent
Cr3t+ and Mn3* cations, which allows for accessing dual TM re-
dox and reducing oxygen activity, (ii) the local TM and O chemical
environments are stable and reversible, and (iii) the bulk crystal
structure is stable and no phase separation is observed after 1000
cycles. Our mechanistic study enables us to propose strategies for
enlarging the chemical design space of dual redox DRX materi-
als and thus to establish new guidelines for developing cation-
disordered cathodes.

2. Methods
2.1. Materials synthesis

To synthesize LMCOF, a stoichiometric amount MnO (Sigma
Aldrich, 99%, 10.125 mmol), CrO3 (Alfa Aesar, 99%, 3.375 mmol),
LiF (Alfa Aesar, 98%, 13.5 mmol), and Li, O (Aldrich, 97%, 8.4 mmol)
were dispersed in Ar-filled ZrO, jars (50 mL). We added 10% ex-
cess Li;O to compensate the possible loss during synthesis. The to-
tal amount of precursors was about 1.8 g. For ball milling, we use
ten 10 mm-diameter and twenty five 5 mm-diameter ZrO, balls as
the grinding media. The ZrO, jars were sealed using parafilm and
then covered by duct tape to ensure good sealing and no air leak-
age during ball milling. All the procedures were carried out in an
Ar-filled glove box. The ZrO, jars were transferred out of the glove
box and ball-milled for 45 min with a rotation frequency of 38 Hz
followed by a 10-min interval. The operation was repeated for 70
cycles to ensure the effective ball-milling time reaching 52 h. For
synthesizing LMNOF and LMMOF, the same procedures were used
and Nb,05 and MoO3; were used instead of CrOs. The synthesized
products were stored in the glove box for further utilization and
characterization.

2.2. Phase structure, morphology and composition characterizations

The lab X-ray diffraction (XRD) was performed on a PANalyti-
cal X-ray diffractometer with Cu source at a scan rate of 2°/min.
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Synchrotron XRD was performed at the beam line 11-3 of Stan-
ford Synchrotron Radiation Lightsource (SSRL) with a wavelength
of 0.976 A. The electrode samples were sealed between two Kapton
tapes. LaBg sample was placed in the same location as the other
samples and was used to calibrate the diffraction configuration.
2D MAR345 diffraction images were converted to 1D diffraction
patterns based on the calibration parameters obtained from the
LaBg diffraction pattern. The morphology of the powder and elec-
trode was evaluated with scanning electron microscopy (SEM, FEI
Quanta 600 FEG) and scanning transmission electron microscopy
(STEM, JEM-ARM200F), equipped with an energy dispersive X-ray
(EDX) detector. The inductively coupled plasma (ICP) instrument is
a Spectro ARCOS SOP (side-on or radial view of the plasma inter-
face) made by Spectro Analytical Instruments, Inc. X-ray total scat-
tering experiments were carried out at the X-ray powder diffrac-
tion (XPD) beamline (28-ID-2) at the National Synchrotron Light
Source II (NSLS-II, Brookhaven National Laboratory, USA), with a
photon wavelength of 0.185794 A. The diffraction patterns col-
lected from the two-dimensional detector were radially integrated
using Fit2D. The pair distribution functions, G(r), were extracted
using PDFgetX3. Neutron total scattering data were collected at the
Nanoscale-Ordered Materials Diffractometer (NOMAD) beamline at
the Spallation Neutron Source (SNS) at Oak Ridge National Labora-
tory [35]. For the current experiment, about 0.3 g powder sample
was loaded into a 3 mm quartz capillary. Four 30 min scans were
collected for each powder sample and then summed together to
improve statistics. The detectors were calibrated using scattering
from a diamond powder standard prior to the measurements. Neu-
tron powder diffraction data were normalized against a vanadium
rod, the background (empty quartz capillary) was subtracted, and
the total scattering structure factor S(Q) data were transformed to
pair distribution function data G(r) using the specific IDL codes de-
veloped for the NOMAD instrument with the Q range of 0.2 to 25
A1,

2.3. Operando and ex situ hard X-ray absorption spectroscopy (XAS)
characterizations

Operando hard XAS measurements at the Mn and Cr K-edge
were carried out at beamline 20-BM-B in the Advanced Photon
Source (APS) at Argonne National Laboratory. For preparing the
battery, we punched holes on the coin cell parts with a diameter
of 2 mm and on the spacer with a diameter of 5 mm. The de-
tailed description for assembling battery can be found in the later
electrochemical measurement section. The holes on the two sides
of the battery were sealed by Kapton tapes. Two aluminum wires
were welded to each side of the battery. The battery was fixed on
a homemade holder, connected to the electrochemical workstation,
and cycled at current density of 100 mA g~'. All measurements
were performed in the transmission mode at room temperature
using a Si(111) fixed-exit, double-crystal monochromator. The ex
situ hard XAS was measured in the transmission mode at beamline
20-ID of the Advanced Photon Source at Argonne National Labora-
tory. The charged/discharged electrode films were sealed in Kapton
tapes in an Ar-filled glove box. Energy calibration of each spec-
trum was made by aligning the first derivative maximum of ref-
erence Mn, Cr, Nb and Mo X-ray absorption near edge structure
(XANES) spectra collected simultaneously from the metal foils in
the reference channel. To determine the valence states of the tran-
sition metals at different states of charge, we selected the nearly
linear portion of the rising edge for integration and defined the
integrated average intensity as the K-edge [36,37]. Similar method
was used to determine the K-edge position of the references of Mn
and Cr and confirmed that the calculated K-edge values were in
a linear relationship with the valence state. Here we use LaCrOs
[38], CrO, [39] and CaCrgsFey503 [40], where Cr cations are oc-
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tahedrally coordinated, as Cr3*, Cr%*, and Cr>*references, respec-
tively, for quantifying the Cr valence state in the LMCOF. Similarly,
MnO, Mn,05; and MnO, are used as Mn2t, Mn3+, and Mn** ref-
erences for Mn in the LMCOF. The calculated K-edges at different
states of charge were then compared with the reference K-edges.
The valence states can be determined based on the K-edge position
shift relative to the references, and the corresponding capacity can
also be obtained according to the calculated valence states using
coulometry. We utilized the Fortran-based HAMA code to do the
Morlet wavelet transforms (MWT) of k? weighted extended X-ray
absorption fine structure (EXAFS) spectra [41,42]. For appropriate
resolution in R- and k-space, we found a wavelet parameter com-
bination of k = 3 and o = 2 well suited to discriminate atomic
contributions in the Fourier transforms of Mn and Cr K-edge EX-
AFS spectra.

2.4. RIXS and soft XAS characterizations

Resonant inelastic X-ray scattering (RIXS) measurements were
carried out at beamline 10-1 at the SSRL using transition edge
sensor (TES) spectrometer, which is the leading detector technol-
ogy for nuclear materials analysis, sub-mm and mm-wave astro-
physics, and X-ray experiments. The TES spectrometer consists of
a 240-channel energy-dispersive detector array facing the sample-
X-ray interaction point at 90° with regards to the incoming X-ray
beam. The distance between the interaction point and the TES de-
tector array was 5 cm. To achieve higher energy resolution of the
TES than in a normal operation mode, only a subset of the detec-
tor array (64 pixels) was employed during the O K-edge RIXS mea-
surements, and each O K-edge was scanned at least 10 times to
get signal with good resolution. The energy measured by the TES
was calibrated through separate measurements of a reference sam-
ple consisting of C, N, O, and various transition metal oxides with
known emission energies. Sample exposure to the air was mini-
mized using N,-filled glove bags during the sample mounting, and
the samples were measured under ultra-high vacuum (UHV) cham-
ber. No sign of radiation damage was observed in the RIXS mea-
surements based on no noticeable change in the measured spectral
shape between consecutive scans.

Soft XAS measurements were performed on the 31-pole wig-
gler beamline 10-1 at SSRL using a ring current of 350 mA and a
1000 L mm~! spherical grating monochromator with 20 pm en-
trance and exit slits, providing ~101" pH s~! at 0.2 eV resolu-
tion in a 1 mm? beam spot. The electrodes were harvested from
a conventional coin cell and was dried before measurements in
the ultra-high vacuum environment. The samples were mounted
on an aluminum sample holder with double-sided carbon tape
in an Ar-filled glove box and transferred to the UHV chamber
and measured at room temperature using fluorescence yield (FY)
mode. All spectra were normalized by the current from freshly
evaporated gold on a fine grid positioned upstream of the main
chamber.

2.5. X-ray fluorescence mapping (XFM) characterization

XFM were performed at the microprobe hard X-ray 2-ID-D
beamline at the APS. The samples are raster-scanned by a sub-
micrometer focused X-ray beam with 10 keV photon energy. The
fluorescent X-rays are detected by a single element Si-drift Vortex
detector. The schematic of the experimental setup can be found in
[43]. The raw data is processed and quantified by MAPS. All im-
ages presented in this work covers a 100 pm x 100 pm area with
0.5 pm x 0.5 pm pixel size.
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2.6. Electrochemical measurements

For preparing the cathode, 280 mg active material and 80 mg
carbon black were ball-milled in Ar-filled ZrO, jars at 30 Hz for 3 h
with ten 10 mm-diameter and twenty five 5 mm-diameter ZrO,
balls as the grinding media. Then, polytetrafluoroethylene (PTFE,
10%) was added in a mortar as the binder and the weight ra-
tio of active material, carbon black and PTFE is 7:2:1. The mix-
ture was grinded for 30 min before being rolled into thin film.
The thin film was overturned for several times to make it more
evenly and more elastic. The cathode was then cut into disks of
6 mm in diameter, with an active mass loading of 3-4 mg/cm?.
All of the procedures were performed in an Ar-filled glove box.
To assemble a cell for battery testing, 1 M LiPFg in 3:7 wt ratio
of ethylene carbonate/ethyl methyl carbonate with 2 wt.% vinylene
carbonate (EC/EMC = 3:7, VC 2%) solution, glass microfiber (What-
man® GF/D) and Li metal foil were used as the electrolyte, separa-
tor and anode, respectively. Coin cells (CR2032) were assembled in
an Ar-filled glove box and tested on a Wuhan Land battery testing
system at 22 °C. For the galvanostatic intermittent titration tech-
nique (GITT) measurements, the cell was charged/discharged at a
current density of 50mA g~! for 60 min, followed by relaxation for
5h to reach a quasi-equilibrium state. Such process is repeated un-
til the charging/discharging cutoff voltage was reached. For prepar-
ing prelithiated anodes, firstly, oxygen-enriched lignin-derived car-
bon membranes (OLCM) were fabricated by electrospinning lignin-
based resin solution, carbonization and oxidation. Then, the ob-
tained OLCM was directly cut into disk (10 mm diameter) as the
host to accommodate Li metal. The coin cells (CR2032) were as-
sembled in an Ar-filled glove box using Li foils as counter/reference
electrodes, glass microfiber (Whatman® GF/D) as separators, OLCM
as working electrodes. The cells were cycled at 0-1.0 V vs Li/Li*
and 0.2 mA cm~2 for 5 cycles for activation. Then 4.71 mAh cm—2
metallic Li was plated onto the electrode at a constant current of
1.0 mA cm~2 (Fig. S1). Actually, the loading mass of the metal-
lic Li that can participate in the electrochemical reaction is much
less than 4.71 mAh cm~2 due to the reaction between Li and elec-
trolyte forming non-metallic Li compounds during battery cycling.
The prelithiated anodes were retrieved by disassembling the coin
cell in an Ar-filled glove box. The full cells were assembled using
the LMCOF cathodes and the prelithiated anodes with the same
procedure as assembling half cells. The specific capacity was cal-
culated on the loading of the active material in the cathode.

3. Results and discussion
3.1. Synthesis and characterization of Li;Mn3,,Cry,4,0,F

We synthesized LMCOF by mixing a stoichiometric amount of
Li;O, MnO, CrO; and LiF, followed by a mechanochemical ball
milling process (see Experimental Methods). Nb and Mo are pop-
ular TMs in reported DRX materials [3,5,13], and they are in the
vicinity of Cr in the periodic table. Thus, we also synthesized
Li;Mn,/3Nby30,F (LMNOF) and Li;Mn3z;4Mo4,4,0,F (LMMOF) as ref-
erences to illustrate the distinct electrochemical properties of LM-
COF. Synchrotron XRD (Figs. 1a and S2) and neutron diffraction
(Fig. S3, Table S1) show that all the oxyfluorides form the typical
disordered rocksalt structure with a Fmm space group, in which
O/F anions form a cubic close-packed framework and Li/TM cations
occupy the octahedral sites therein (Fig. S4). Inductively coupled
plasma mass spectrometry (ICP-MS) confirms that the Li/TM sto-
ichiometry is close to the designed Li;Mn3j4Cry;40,F (Table S2).
X-ray and neutron pair distribution function (PDF) analyses, pow-
erful techniques for providing insights into the nanoscale crystal
structure, are used to investigate the atomic structure of the LM-
COF in different length scales (Fig. 1b, Table S1), and compared
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Fig. 1. (a) Synchrotron XRD pattern of the LMCOF, where the X-ray wavelength is calibrated to Cu K,. (b) Least square refinement of a complete cation disordered model
using X-ray PDF data: raw experimental data (black), refined model (red), and difference curve (blue). (c¢) HRTEM image containing amorphous and crystalline areas. (d)
HRTEM image and FFT pattern (inset) of a crystalline nanodomain in the LMCOF particles. (e) Scanning transmission electron microscopy (STEM) -EDS elemental mapping of
Mn, Cr, O, and F in the LMCOF, where all constituting elements are present in the same particle (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.).

with the other two products (Figs. S5 and S6). Generally, almost
all the X-ray PDF peaks for the three products can be well fitted in
the long r range of 10-30 A, suggesting the consistency with the
average cation disordered rocksalt structure (Fig. S5a). However, in
the short r range (0.5-10 A) especially for the two peaks standing
at 1.6 and 3.1 A (Fig. S5b), the average cation disordered model
cannot adequately describe the observed structure features. The fit
for LMCOF is noticeably better than the fits for LMMOF and LM-
NOF. The refined residual (Ry) value of LMCOF (25.77%) is smaller
than those of LMNOF (35.97%) and LMMOF (39.44%), indicating
that LMCOF likely possess more disordered structure (Fig. S5). This
has been further confirmed by the small box refinement results
of LMCOF and LMMOF using the neutron PDF data (Fig. S6). The
more disordered structure in the LMCOF can be ascribed to two
factors: (i) the charge difference between Li* and trivalent cations
(Cr3+ and Mn3*) is smaller than that between Li* and high valent
cations of Nb>* in LMNOF and Mo®t in LMMOF, indicating lower
Coulombic force driving Cr3*/Mn3* to minimize the electrostatic
energy (Note: the presence of Cr3*/Mn3+ cations will be discussed
in the next section); (ii) Mn3* (high spin d*) is a strong Jahn-
Teller distortion cation, demonstrating LMCOF has stronger Jahn-
Teller distortion of Mn3+-octahedra [44-46]. The combination of
these two driving forces may result in more disordered patterns
in LMCOF. The highly disordered structure was reported to benefit
the structural stability and immutability of Lit local environment
upon (de)lithiation [25]. Thus, it is anticipated that LMCOF may ex-
hibit more stable crystal structure upon electrochemical cycling.
SEM, TEM and high resolution TEM (HRTEM) images show
that the LMCOF polycrystalline particles are in the range of 100-
200 nm, consisting of 8-15 nm crystalline nanodomains (Fig. S7).
Moreover, a considerable amorphous structure can be observed in
the HRTEM image (Figs. 1c and S7c-d), indicating that the LM-
COF are composed of crystalline and amorphous nanodomains.
The exposed facet and crystallographic characteristics of LMCOF
are revealed by the HRTEM image and the corresponding fast
Fourier transform (FFT, inset in Fig. 1d). The energy dispersive
spectroscopy (EDS) elemental mapping confirms that Mn, Cr, O,
and F are co-present in the bulk phase, both in crystalline and

amorphous areas (Fig. 1e). In summary, the microstructural char-
acterization implies that the LMCOF contains a notable proportion
of amorphous nanodomains and displays a low crystallinity and
a high degree of disorder, which is different from many reported,
high-crystalline DRX materials [12,14,17].

3.2. Structural and electronic evolution of Li;Mns,Cry/,0,F during
redox mechanochemical synthesis

Understanding how the multicomponent precursors are trans-
formed to the LMCOF during mechanochemical synthesis may of-
fer insights into identifying the unique structural and electronic at-
tributes of this new material. We performed hard XAS to analyze
the electronic structures of Cr and Mn in the as-synthesized LM-
COF. The hard XAS spectra show that the as-synthesized LMCOF is
mostly populated with cations close to Cr3* and Mn3* (Fig. 2a),
indicating that Crb+ is reduced and Mn?* is oxidized during ball
milling. Next, we quantitatively calculate the valence states of Cr
and Mn and find that the average valence states of TMs are Cr31+
and Mn2°+ (Fig. 2b-c, the detailed calculation method is discussed
in Experimental Methods). To systematically track the redox pro-
cess between Cr and Mn during mechanosynthesis, we performed
hard XAS and XRD at different stages of ball milling to charac-
terize the chemical and phase transformations from precursors to
LMCOF (Figs. 2d and S8). The Cr pre-edge intensity gradually de-
creases and the K-edge experiences red shift with increasing reac-
tion time, indicating the gradual reduction of Cr®* to lower valence
states. In contrast, Mn K-edge exhibits gradual blue shift upon ball
milling, demonstrating the oxidation of Mn?+ towards higher va-
lence states. The transformation to disordered rocksalt LMCOF is
completed after 48 h of ball milling (Fig. S8). Since both Cr and
Mn are nearly in the trivalent state, we hypothesize that Cr and Mn
are both redox active and that LMCOF has the potential to become
a promising cathode material. The theoretical redox capacity based
on Cr3*+/Crb* and Mn3*/Mn**+ redox couples can reach 329 mAh
g~1. Therefore, we further investigated the battery performance of
LMCOF.
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Fig. 2. (a) The Cr and Mn K-edge hard XAS in the pristine LMCOF, with reference spectra included for comparison (Cr3+: LaCrOs, Cr#*: CrO,, Cr>*: CaCrosFeo503, Cré*: CrOs,
Mn?*: MnO, Mn3*+: Mn,03, Mn**: MnO,.). The Cr3*, Cr** and Cr>* reference spectra were extracted from Ref. [38, 39 and 40], respectively [38-40]. The calculation of (b)
Cr and (c) Mn valence states using the edge energy determined by averaging the linear rising edge of hard XAS spectra, as described in the Experimental Method. (d) The
evolution of Cr and Mn K-edge hard XAS during the redox mechanosynthesis of the LMCOF, where Cr and Mn undergo gradual reduction and oxidation, respectively. The

measurements were all performed at room temperature.

3.3. Electrochemical performance of LiyMn3,Cry,05F

Developing DRX materials with high capacity and energy, long
cycle life, and high rate capability represents a critical path to-
wards promoting their applications. The LMCOF delivers a high
specific discharge capacity of 258 mAh g1, specific energy of
832 Wh Kg~1, and a capacity retention of 57.6% after 500 cycles at
2.0-44 V and 50 mA g~! (Fig. 3a,b). Increasing the current den-
sity to 200, 500 and 1000 mA g1, the batteries deliver small de-
crease of specific capacity and energy, and all the retention per-
formance are well over 60% after 1000 cycles (Figs. 3a-b and S9a-
b), as summarized in Table S3. It is worth noting that the capac-

ity fading mainly occurs in the first 50 cycles, and the retention
performance is much better beyond 50 cycles, with only 0.03% ca-
pacity fading averagely per cycle. The Coulombic and energy ef-
ficiency delivered by the LMCOF are also quite stable at differ-
ent current densities (Fig. S9c,d). We have highlighted the advan-
tages of our materials by directly comparing LMCOF with other re-
ported cathodes (Table S4). The Cr3* in LMCOF is expected to play
a critical role for enhancing the specific capacity, specific energy,
and cycling durability. Therefore, the Cr-containing oxides (DRXs
and other structures) were presented in Table S4 for comparison.
The results demonstrate that the cycle life of LMCOF is promis-
ing as a DRX material. Fig. 3¢ shows the voltage drop and jump
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Experimental Methods. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

of the LMCOF half cells at the beginning/end of charge/discharge
at different current densities, as illustrated in Fig. S10. Particu-
larly, the voltage drop of Vyc-Vyp remains relatively small when
increasing the current density from 20 to 1000 mA g~!. The small
voltage drop at the upper voltage cutoff (Figs.3¢ and S10) reveals
the fairly good stability and rate capability of LMCOF at high cur-
rent densities [1]|. The GITT result (Fig. 3d) shows that the Li*
diffusion coefficient in LMCOF reaches 10-14-10-13 cm?/s, which
is higher than other DRX materials[18] and some layered oxides
[47,48], such as LillzNi0.15C00.an0.5502 (10_17—10_14 cm2/s)[47]
and Li[Li0.23C00.3M1’10.47]OZ (10718—10714 sz/S) [48]

Next we assembled full cells using prelithiated OLCM
(OLCM@Li) as anodes (see Experimental Methods) [49]. When

cycled at 50 and 200 mA g-!, the OLCM@LI||LMCOF full cells de-
liver specific discharge capacity of 257 and 233 mAh g-! (Fig. 3e
and g), specific energy of 859 and 776 Wh kg~! (Fig. 3f), capacity
retention of 67.5% after 270 cycles and 57.9% after 450 cycles
(Figs. 3e and S11a), respectively. The OLCM@LIi||LMCOF full cells
also exhibit reasonably good rate capability (Fig. 3h) and Coulom-
bic efficiency (Fig. S11b). The performance of OLCM@Li||LMCOF
full cells is comparable with the half cells containing bulk Li metal
as the anodes (Fig. 3a-b).

Furthermore, we compare the battery performance of LMCOF
with that of other DRX materials, such as LMNOF and LMMOF, un-
der the identical electrochemical conditions. LMCOF exhibits con-
siderably better specific capacity, energy and cycle life than LM-
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MOF and LMNOF (Fig. S12). We also compared the battery per-
formance of LMCOF with other DRXs that contains Mn3* or Cr3+
species (Fig. S13). It is clear that LMCOF displays comparable or
even better specific capacity and cycle life than most of these
DRXs. The highly disordering structure in DRX materials is found
to positively impact the battery performance [14,25]. We also con-
firm that the LMCOF possess a higher degree of disordered struc-
ture than LMNOF and LMMOF (Fig. S5). Another difference be-
tween LMCOF and other DRX materials is that the valence states of
TM species in LMCOF are nearly trivalent (Cr3!*+ and Mn2°+), and
there may be Mn/Cr dual redox during cycling. However, the Nb>+
and Mo®" charge compensators in LMNOF and LMMOF are elec-
trochemically inactive during cycling, as confirmed by hard XAS
shown Fig. $14 and discussed later. Therefore, the higher degree of
disordering structure and Mn/Cr dual redox (more discussion later)
may have enabled the superior performance of LMCOF.

Based on the above results, we propose that the high retention
performance of LMCOF should be attributed to the fact that the
Mn/Cr dual redox species can contribute more redox capacity at
low voltages, thus eliminating the need of oxygen redox that typ-
ically occurs at high voltages [17,28,50]. This should also provide
more stable local chemical coordination environments. In addition,
the structural stability is likely another important contribution. In
the following section, we discuss our operando and ex situ syn-
chrotron analyses to investigate these hypotheses.

3.4. Chemical and structural evolution of LiyMn3,,Cry,05F during
cycling

We performed operando hard XAS to investigate the charge
compensation mechanism of LMCOF upon battery cycling. Corre-
sponding to the sampling points shown in Fig. 4a, both Mn and
Cr K-edge XAS spectra exhibit blue shift during charging, and then
return to the initial position after discharging (Fig. 4b,c), indicat-
ing Mn and Cr are dual redox active species and their redox reac-
tions take place synchronously throughout the cycle. Furthermore,
we calculated the Mn and Cr valence states at each state of charge
(Fig. 4d,e). Based on the coulometry, we then calculated the ca-
pacity contributed by Mn and Cr during cycling (Fig. 4f). The cal-
culated discharge capacity contributed by the Mn/Cr dual redox is
~198 mAh g1, indicating about 21.7% capacity (~ 55 mAh g 1) is
contributed by the oxygen redox. This result is also confirmed by
the ex situ hard XAS of the LMCOF, where the discharge capacity
from oxygen redox is ~ 22.8% (Fig. S15). For comparison, we also
calculated the TM and oxygen redox capacity of LMNOF and LM-
MOF using the same method based on their respective hard XAS
spectra (Fig. $16). We find that the oxygen redox contributed 42.4%
(84 mAh g1) and 59.4% (101 mAh g~!) to the capacity of LM-
NOF and LMMOF, respectively. The percentage of oxygen redox ca-
pacity in LMNOF and LMMOF is much larger than that in LMCOF.
This phenomenon is consistent with the cyclic voltammetry (CV)
results (Fig. S17). CV is a commonly used method to investigate
the degree of oxygen redox involvement [17,28]. The rising feature
around 4.4-4.7 V is often attributed to the environmental change
or the oxidation of 02-, and the continuous decrease in the inten-
sity suggests the irreversibility of the oxygen redox [17,28]. Com-
paring the CV profiles of LMCOF with those of LMNOF and LMMOF
(Fig. S17), the oxygen redox feature (~ 4.4 V) for LMCOF is well
repeated and weaker than those of LMNOF and LMMOF. This sug-
gests that only a trace amount of oxygen redox contributes to the
capacity in the LMCOF and its contribution is reversible. Therefore,
less oxygen redox is triggered in the LMCOF during cycling at 2.0-
4.4 V, which might have benefited the cycle life of this material in
half and full cells.

To further substantiate this interpretation, we performed Mor-
let wavelet transform (MWT) analyses for Mn and Cr based on
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the k2-weighted EXAFS at different states of charge and discharge
(Fig. 4g-1). MWT is a powerful method to qualitatively identify
the local structure and bonding environment of metal complexes
by directly visualizing all the EXAFS contributions at once. It is
also an efficient way for the identification of overlapping contri-
butions in EXAFS signals that come from neighboring atoms with
multiple-scattering [42,51,52]. The two maxima in the MWT im-
age of Mn in pristine LMCOF (Fig. 4g) correspond to the first two
coordination shells of O and TM around Mn atom, as the arrows
marked in Fig. 4g. Upon charging to 4.4 V, the TM-O signal keep
stable, while the TM-TM signal becomes weaker, and some addi-
tional weak TM-TM maxima appeared, marked by the arrows in
Fig. 4h. This should be attributed to the multiple-scattering ef-
fects of neighboring oxidized TM atoms after charging (Fig. 4h)
[42,51,52]. After discharging, the maxima signals return to their
initial states (Fig. 4i). The MWT images of Cr also demonstrate the
well reversibility of Cr coordination environment after discharging
(Fig. 4j-1). The MWT results confirm the dual redox of Mn and Cr,
and also demonstrate the good reversibility of local coordination
environments for O and TMs during cycling.

Recently, Chen and coworkers reported that oxygen redox, espe-
cially oxygen release, as well as the structural and chemical degra-
dation should be responsible for the battery performance deterio-
ration [28]. Here we performed synchrotron XRD to investigate the
structural evolution of LMCOF at different states of charge and dis-
charge as well as after long-term cycles. As shown in Fig. S18a,b,
the diffraction peaks exhibit a positive shift of only 26 = 0.3° when
charged to 4.4 V and then shift back to the initial state after dis-
charging to 2.0 V, suggesting a minor change of lattice parameter
and good reversibility of the crystal structure. For the LMNOF, how-
ever, the positive shift range reaches 26 = 0.6° upon charging (Fig.
$18c,d), which is much larger than that of LMCOF. In addition, the
crystal structure of LMCOF remains fairly reversible and no new
phase appear even after the capacity had faded to 60% retention
(about 1000 cycles, Fig. S18e,f). Therefore, the LMCOF is distinct
from many reported DRX materials where secondary phases can
form in a short period of cycling (tens of cycles) [17,28]. It is also
noted that such a good cycle life (60% capacity retention after 1000
cycles) may be adequate for certain practical applications.

Considering the close relationship between oxygen chem-
ical environment and battery stability for long-term cycling
[9,13,17,25,27-31], we investigate how the oxygen chemical envi-
ronment evolves during cycling using synchrotron X-ray core-level
spectroscopy. RIXS, with a probing depth of over 150 nm (i.e., bulk
sensitive for the nanosized LMCOF particles) [53], has been shown
effective in resolving the oxygen chemical environment, including
oxygen redox activity. RIXS works by probing specific X-ray emis-
sion energy at a particular excitation energy [48,53]. Using this
technique, here we identify the reversible oxygen chemical envi-
ronment in the LMCOF. For the pristine LMCOF (Fig. 5a), the O
K-edge RIXS map is composed of two features centered at about
530.5 and 534 eV, respectively [54]. Compared with the pristine
sample, the RIXS maps of the half and fully charged LMCOF exhibit
an increasing intensity at 530.5 eV and a decreasing intensity at
534 eV (Fig. 5a-c), indicating the increasing TM-O covalency upon
charging. This is a typical phenomenon observed in cathode ma-
terials with TMs as the main redox active sites [53-57]. However,
we do not observe the typical feature of peroxo-like species in the
RIXS map of fully charged LMCOF [48,53], demonstrating the oxy-
gen 0% is only weakly oxidized and cannot be oxidized to a higher
valence state, such as 0,2~ or 0, species. In other words, it is plau-
sible that the oxygen redox is weak and its RIXS signal contribu-
tion is overrun by the TM-O covalency signal. After one complete
cycle (Fig. 5e), the critical features of the RIXS map restore, verify-
ing the reversibility of the oxygen chemical environment. The evo-
lution of the oxygen chemical environment in the RIXS maps are
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Fig. 4. (a) The charge-discharge profile of the operando LMCOF half cell at 100 mA g-!, with the sampling points labelled in different colours corresponding to the color
scheme shown in (b) and (c). The operando hard XAS spectra of (b) Mn and (c) Cr in the LMCOF during the initial cycle. The K-edge positions and valence states of (d) Mn
and (e) Cr that are calculated by averaging the linear rising edge of the hard XAS spectra. (f) The calculated contribution of the Mn and Cr redox to the capacity. The Morlet
wavelet transforms of k2-weighted EXAFS spectra of the LMCOF in the first cycle of Mn K-edge at (g) pristine, (h) charged to 4.4 V, (i) discharged to 2.0 V, and Cr K-edge at
(j) pristine, (k) charged to 4.4 V, (1) discharged to 2.0 V. The arrows in (g) indicate the first two coordination shells of O and TM around Mn atom. The arrows in (h) indicate
the newly appeared maxima after charging. The measurements were all performed at room temperature.

consistent with the super-partial fluorescence yield (sPFY) signal
(Fig. 5f). To track the oxygen stability in the LMCOF upon cycling,
we performed soft XAS in the FY mode (probing ~50 nm) on the
LMCOF after 50 cycles (LMCOF-50, Fig. 5g). Interestingly, no no-
ticeable changes can be observed for the O K-edge spectra upon
charging and discharging, indicating that no oxygen redox partici-
pate in the reaction and that only Mn and Cr redox contribute to
the capacity after 50 cycles. It is also likely that the surface un-
dergoes gradual degradation and becomes passivated after 50 cy-
cles, a phenomenon that is widely reported for various oxide cath-
ode materials [25,53-60]. Collectively, the RXIS and soft XAS re-
sults may explain the oxygen reversibility in the LMCOF and the

faster capacity fading in the first 50 cycles than the subsequent
cycles.

Finally, we investigated the capacity fading mechanism at the
first 100 cycles for the LMCOF-based Li-ion batteries. We conjec-
ture that this phenomenon might be related to the TM dissolution.
The hard XAS results (Fig. S20a,b) show that the Cr K-edge posi-
tion keep stable even after 100 cycles. However, the Mn K-edge
spectra display positive shift upon extending cycling, suggesting
the valence state of Mn increased in LMCOF. Then, we performed
XFM to analyze the Cr and Mn deposition on the lithium anode
(Fig. S20c-e), which is highly sensitive to quantitatively evaluate
TMs at the sub-ppm level. The range of the Mn concentration on
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Fig. 5. Oxygen RIXS mapping on the LMCOF electrodes at different states of charge/discharge: (a) pristine, (b) half charged (137 mAh/g, 3.6 V vs. Li/Li*), (c) fully charged
(284 mAh/g, 4.4 V vs. Li/Li*), (d) half discharged (123 mAh/g, 3.2 V vs. Li/Li*), and (e) fully discharged (257 mAh/g, 2.0 V vs. Li/Li*). The current density is 20 mA g-! and
the voltage profile is shown in Fig. S19. (f) The super-partial fluorescence yield (sPFY) signal extracted by vertically integrating the signal across a super-partial range marked
by the dashed frames in (a) for the LMCOF electrode at different states of charge/discharge. The measurements are all performed at room temperature. (g) O K-edge soft XAS
spectra of LMCOF after 50 cycles (LMCOF-50) and then charge/discharge to different voltages.

the anode is 0.5-7.0 ug/cm?2, and the mean value is 3.7 pg/cm?
(67.3 nmol/cm?) after 100 cycles. However, only trace amount of
Cr can be detected after 100 cycles. Therefore, to keep the elec-
troneutrality, the Mn in the lattice of LMCOF would be oxidized
when part of Mn gets dissolved in the electrolyte after cycling.
Moreover, we excluded the potential effect of the anode side by
reassembling the LMCOF (after 20 cycles) with new anodes. The
results (Fig. S21a) show that the reassembled battery could essen-
tially continue the capacity and stability trend compared with the
original ones, suggesting the anode has no major influence on the
capacity degradation of LMCOF in the initial cycles. In addition, the
TEM, HRTEM, and XRD were performed on the LMCOF that has fin-
ished 50 cycles (Fig. S21b). The diffraction peaks become weakly
broader, demonstrating the slightly decreased crystallinity of LM-
COF after initial cycling. However, as confirmed in Fig. S18, the
main cubic structure can keep stable during long-term cycling.

3.5. Discussion

TM cations and Li* randomly occupy the octahedral sites in
DRXs, which have long-range disordered but often short-range or-
dered (SRO) structures, and the Li* transport through the percola-
tion structure of so-called “0-TM” channels during battery cycling.
Traditional strategies, such as doping and coating, have no obvi-
ous effect on enhancing the stability of DRXs [61,62]. The oxygen
redox, especially oxygen loss, has very close relationship with the
stability of DRXs, because it can cause surface densification and

trigger TM dissolution. We propose that combining two or more
TM redox couples in one DRX and tunning the F content should
be an opportunity for improving specific capacity, minimizing an-
ion redox, and enhancing battery stability. This is because different
TM redox couples can be triggered at their corresponding voltages.
The combination of two or more TM redox centers can optimize
the average redox voltage, thus probably reducing or even avoiding
the involvement of oxygen redox especially at high charging volt-
ages. Moreover, moderate F incorporation could reduce the oxygen
redox activity, lower the valence states of TMs, and modulate the
electronic structure of TMs, thus enhancing the theoretical capac-
ity and stability of DRXs. In addition, as shown in this work, in-
active dO TMs is not a prerequisite for forming disordered rocksalt
structure and can be replaced by active TMs, which could increase
the content of redox active TMs and improve theoretical capacity.
Therefore, designing DRX materials with dual or more TM redox
species provides an important avenue to further enhance battery
capacity and retention performance.

We expect to see further optimization by strategically coupling
different redox active species in one material, such as Mn-V, Fe-
Cr and Fe-V systems, which may open a large chemical space for
designing new cathode materials. Therefore, it seems necessary to
first identify the suitable combination of dual redox TM cations.
Our study indicates that two prerequisites may be needed for syn-
thesizing dual redox DRX materials: (i) the charge compensators
(e.g., CrS in CrO; here) have labile d states and become stable in
the synthesized species (e.g., Cr3* with d3 state); (ii) the TM ions
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(such as Mn2*t) have a relatively small redox potential, which is
beneficial for the redox reaction between TM and charge compen-
sators. As in the LMCOF, the Cr3t with a 3d3 state is more stable
than Cr+ with a 3dO state [63,64], facilitating the redox reaction
between Cr+ and Mn?* to form Cr3+/Mn3+dual redox species. In
contrast, the Mo®* (3d°) and Nb>* (3d°) are inactive species with
stable states in the MoO3 and Nb,Os precursors, which cannot be
reduced by Mn?* during mechanosynthesis and thus remain d°
states in LMMOF and LMNOF, respectively [13-15,19-21]. More-
over, Mn?*/Mn3* has a smaller redox potential than some other
TM ions, such as Ni2t/Ni3t* [65-67]. We preliminarily investigate
this speculation in one aspect by designing a synthesis using NiO
and CrOs as precursors. As expected, Ni2* cannot be oxidized dur-
ing mechanosynthesis and no pure DRX phase can be obtained fol-
lowing the same synthesis protocol established in the work (Fig.
§22), indicating no redox reaction takes place between NiZt and
Crb+. Similarly, as shown in Fig. $23, no pure LMCOF DRX phase is
formed when we use Mn,03 and Cr,05 as the precursors. We an-
ticipate that more studies would be needed to further understand
the importance of redox reactions during mechanosynthesis.

4. Conclusion

We have shown that the LMCOF delivered a high specific dis-
charge capacity of 253 mAh g1, a specific energy of 814 Wh kg1,
and a capacity retention of 61.5% after 1000 cycles at 200 mA g~!
and 2.0-4.4 V vs Li/Li*. The trivalent Cr3* in LMCOF, distinct from
redox inactive charge compensators in other DRX materials, ex-
hibits high redox activity with good reversibility during cycling.
Benefiting from the Mn/Cr dual redox, mitigated oxygen redox, re-
versible oxygen chemical environment, and stable crystal structure,
the LMCOF exhibits good battery performance, especially the cycle
life. Our study may represent an important discovery in the DRX
family and may shed light on designing dual redox, chemically and
structurally stable DRX materials without triggering extensive oxy-
gen redox or release.
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