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Earth-abundant cathode materials are urgently needed to enable scaling

of the Li-ion industry to multiply terawatt hours of annual production,
necessitating reconsideration of how good cathode materials can be
obtained. Irreversible transition metal migration and phase transformations
inLi-ion cathodes are typically believed to be detrimental because they may
trigger voltage hysteresis, poor kinetics and capacity degradation. Here

we challenge this conventional consensus by reporting an unusual phase
transformation from disordered Li- and Mn-rich rock salts to anew phase
(named 6), which displays partial spinel-like ordering with short coherence
length and exhibits high energy density and rate capability. Unlike other
Mn-based cathodes, the § phase exhibits almost no voltage fade upon
cycling. We identify the driving force and kinetics of this in situ cathode
formation and establish design guidelines for Li- and Mn-rich compositions
that combine high energy density, high rate capability and good cyclability,
thereby enabling Mn-based energy storage.

As the prime energy storage technology, Li-ion batteries have expe-
rienced arapid growth in demand, which strains supplies of minerals
necessary for the technology, with nickel and cobalt being of particular
concern.By 2035, the annual production of Li-ion batteries is expected
toreachmultiple terawatt hours (TWh), requiring several million tons of
redox-active transition metals (TMs) to produce cathode materials. The
only TMs produced in large enough quantities to satisfy this demand
withoutanotablepriceincreaseareTi, Cr, Mn, Fe and Cu. The low volt-
age of Tiand Cu prevents their use as cathode active redox couples. The
Fe*'/Fe* redox couple has too low a voltage in close-packed oxides to
achieve reasonable energy density, though it canbe raised in polyanion

materials such as LiFePO, at the expense of energy density. While Cris
avery attractive redox couple, the toxicity of Cr® has led to hesitation
inits use for Li-ion batteries. This leaves Mn as the most viable redox
coupleforinexpensive and earth-abundant Li-intercalation cathodes.
Indeed, LiMn,0, spinels were used in early batteries for electric vehicles
(EVs) but suffered from rather low energy density and stability prob-
lems'*.Intoday’s EV batteries, Mnis used as aninactive elementinthe
Li(Ni,Mn,Co)0, (NMC)-type cathodes, thoughin Li-rich NMCs, its redox
can be partially activated upon oxygen loss in the first few cycles® ™.
The challenge with Mn-based intercalation cathodesis therelative
mobility of both the Mn* and Mn**ion (through disproportionation)

'Department of Materials Science and Engineering, University of California Berkeley, Berkeley, CA, USA. ?Materials Sciences Division, Lawrence

Berkeley National Laboratory, Berkeley, CA, USA. *Department of Chemistry and Biochemistry, Florida State University, Tallahassee, FL, USA. *“Materials
Department, University of California Santa Barbara, Santa Barbara, CA, USA. *Materials Research Laboratory, University of California Santa Barbara,

Santa Barbara, CA, USA. °Physical and Computational Sciences Directorate, Pacific Northwest National Laboratory, Richland, WA, USA. "Environmental
Molecular Sciences Laboratory, Pacific Northwest National Laboratory, Richland, WA, USA. ®Department of Materials Science and Engineering, University
of Utah, Salt Lake City, UT, USA. °The Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, CA, USA. °School of Chemical Sciences,

University of Chinese Academy of Sciences, Beijing, China. "These authors contributed equally: Zijian Cai, Bin Ouyang.

gceder@berkeley.edu

e-mail: zylun@ucas.ac.cn;

Nature Energy | Volume 9 | January 2024 | 27-36

27


http://www.nature.com/natureenergy
https://doi.org/10.1038/s41560-023-01375-9
http://orcid.org/0000-0002-4908-3180
http://orcid.org/0000-0003-0254-8339
http://orcid.org/0000-0002-9137-917X
http://orcid.org/0000-0001-5684-8420
http://orcid.org/0000-0003-3559-6863
http://orcid.org/0000-0002-8391-1381
http://orcid.org/0000-0002-5420-7571
http://orcid.org/0000-0003-0666-8063
http://orcid.org/0000-0003-3327-0958
http://orcid.org/0000-0002-3611-1162
http://orcid.org/0000-0002-0186-6864
http://orcid.org/0000-0001-9275-3605
http://crossmark.crossref.org/dialog/?doi=10.1038/s41560-023-01375-9&domain=pdf
mailto:zylun@ucas.ac.cn
mailto:gceder@berkeley.edu

Article

https://doi.org/10.1038/s41560-023-01375-9

inaclosed-packed oxygen lattice, making the design of well-ordered
compounds challenging as they rapidly transform during cycling.
Indeed, both layered LiMnO, and orthorhombic LiMnO, transform
to a spinel structure within just a few charge/discharge cycles™ .
Some Li-excess disordered rock salts (DRX) were also reported to
transform towards spinel order upon cycling® . Spinel LiMn,0, is
the only ordered Mn compound that does not undergo structural
changes upon cycling, but its theoretical capacity of 296 mAh g™
is not practically accessible because of the detrimental collective
two-phase reaction at -3V (ref. 1). More recently, partially (dis)
ordered Li-Mn-O-F spinels with cation over-stoichiometry (Fig. 1a)
have demonstrated ultrahigh energy and power density by removing
the two-phase region***. Ina perfectly ordered spinel LiMn,0,, Liand
Mnoccupy the 8atetrahedral and 16d octahedral sites, respectively.
Synthesis through ball milling can create 16¢/16d disorder with partial
occupancy of the otherwise empty 16c site, which has been shown to
be essential to transform the 3 Vtwo-phase region between LiMn,0,
and Li,Mn,0, into asolid solution®* and thereby enhance the capacity,
rate capability and stability of the spinel. While this work has dem-
onstrated an opportunity for creating a high-capacity Mn-based
material, ball milling synthesis is not suitable to produce cathode
materials at scale.

Inthis Article, weimplement astrategy thatincorporates the high
mobility of Mn and the intrinsic stability of the spinel-like ordering to
create high energy density earth-abundant cathode materials. Our
approachis to start from a high-Mn-content DRX and let it transform
by electrochemical cyclinginto a partially disordered spinel-like phase
with short coherence length (termed the § phase). Immobile Ti*" ions
areadded to prevent the formation of complete and long-range spinel
ordertherebyretainingsolid-solution behaviour over the large capacity
range. Unlike Li-rich, Mn-richNMC cathodes (LMR-NMCs) and LiMnO,,
which show voltage decay'®", the DRX to § phase transformation
produces no observable voltage fade because of the formation of the
additional -4-V plateau-like feature, characteristic of spinel-type order-
ing. A high capacity (specific energy) of 288.6 mAh g™ (826 Whkg™)
is reached after transformation, with only 83 mV voltage drop when
cycledbetween1.5and 5 Vfor100 cycles. Cyclinginthe narrower volt-
age window of 2-4.8 V leads to an average voltage increase of 37 mV
after 100 cycles. The advantage of creating a partially disordered struc-
ture is not only applicable to DRX compounds but is also potentially
applicable to LMR-NMCs.

We study the formation of the high-capacity é-structure in
Li;.,Mn,_5,Ti, O, (x=0.05, 0.1 and 0.15), which contain only inexpen-
sive Mn and Ti as TMs. We find that increasing the Mn content leads
to more rapid formation of the 6 phase upon cycling. Evaluating the
kinetics of TM migration and the thermodynamic driving forces, we
show that the formation of the § phase is universal for Mn-rich DRX
compounds. Finally, we propose various design strategies to enable
the transformation to the 6 phase and explain why its unique partial
orderingleads to a high-capacity cathode material.

Electrochemistry of a series of Mn-based DRX
compounds

We synthesized a series of DRX compounds with different Li excess
and Mn content (but identical Mn valence) via a solid-state method.
The Mn content is systematically decreased from Li; osMng gsTio 0,
(L5M85) to Li; ,oMn,;Tiy,0, (L1IOM70) and further to Li; ;sMng 55 Tig 30,
(L15M55). The theoretical capacity based on Li content and Mn*#*
redox are calculated and shown in Supplementary Table 1. X-ray
diffraction (XRD) patterns, presented in Fig. 1b, show that all three
samples form a pure DRX phase with small amount of Li,CO, impu-
rity (5.5%, 5.6% and 4.0% for LSM85, LIOM70 and L15MS55, respec-
tively; Supplementary Tables 2-4). Scanning transmission electron
microscopy (STEM) and energy-dispersive X-ray spectroscopy (EDS)
results onarepresentative LSM85 sample are presented in Fig. 1f and

confirm a homogeneous distribution of Mn, Ti and O. The diffrac-
tion spots in the selected area electron diffraction (SAED) pattern
(Fig. 1g) can be indexed to the Fm-3m space group of the rock salt
lattice. The square-like diffuse scatteringis the result of short-range
cation order, as documented in other DRX compounds?. The
as-synthesized materials were shaker milled with carbon for electrode
fabrication. Scanning electron microscopy (SEM) to characterize the
particle morphology after the milling process is shown for LSM85
(Fig.1c),L10M70 (Fig.1d) and L15M55 (Fig. 1e) and confirms a primary
particle size of 200-600 nm in all three samples.

The electrochemical performance of the three compounds was
evaluated using galvanostatic cycling between2and 4.8 Vat20 mAh g™,
As shown in Fig. 2a, the initial charge (discharge) capacity increases
with the amount of Li excess from 220 mAh g™ (138 mAh g™*) for LSM85
to0 270 mAh g™ (156 mAh g™) for LIOM70 and further to 314 mAh g™
(206 mAh g™) for L15SMS55. Due to the lack of long-range cation order in
DRX, Li-iontransportrelies on the statistical percolation of low-barrier
0-TM tetrahedra, where no TMs face share with the tetrahedral sites?.
Ahigher Licontentgenerallyleadstoabetter O-TM percolation network
and, thus, to a higher capacity, which is consistent with the electro-
chemical performance of the three DRX compounds.

The voltage curves are similar for all three compounds in the ini-
tial cycle but become very different upon cycling, as shownin Fig. 2a,
while the redox mechanism remains similar at the firstand 20th cycle
(Supplementary Notes1and 2). After 20 cycles, the dQ/dV curve (inset
in Fig. 2a) shows that two plateau-like features can be observed in
L5M85. These two additional features are weaker in LIOM70 and are
absent in LISMS55. To compare the structural evolution that is respon-
sible for these changesin the voltage profile, ex situ synchrotron XRD
was performed on cathode films of L5M85, LIOM70 and L15M55 dis-
charged to 3.5V at the 20th cycle, as shown in Fig. 2b. In addition to
the rock salt peaks, L5M85 shows broad, yet strong additional peaks
marked by asterisks in Fig. 2b. These peaks indicate the formation of a
lower symmetry environment. Withincreasing Li content (decreasing
Mn content) from L5M85 to L15M55, the additional diffraction peaks
become weaker. Detailed structural characterization of the structure
formed upon cycling will be presented in the next section, but based
onthevoltage profiles and XRD patterns, itis clear thatalow Liexcess
level and high-Mn content promote the structural change from DRX
to anew phase with lower symmetry.

The capacity evolution (Fig. 2c) of the compounds upon cycling
is closely linked to their structural change. For LSM8S, the discharge
capacity increases by more than 50% over the first 20 cycles (from
138 mAh g to 211 mAh g™). LIOM70 also experiences a capacity
increase but at a much slower rate, with the maximum capacity of
202 mAh g obtained at the 44th cycle. In contrast, L15M55 shows
continuous capacity decay from the first cycle. We note that although
the structural change leads to an increase in capacity, other factors,
suchaselectrolyte decomposition or Mn dissolution (Supplementary
Fig.1), could degrade performance, and the overall capacity evolution
upon cycling isa complex competition between these factors.

L5M8S5 exhibits excellent voltage retention despite the struc-
tural change that occurs upon cycling, as shown in Fig. 2d, in sharp
contrast with many previously reported Mn-rich cathodes®*'. The
average discharge voltage increases from 3.128 V to 3.191V during
the first 40 cycles when cycled between 2 and 4.8V (Fig. 2d).
After 100 cycles, L5MS8S5 still retains a discharge voltage of 3.165V,
which is 37 mV higher than its initial value and only 26 mV lower
than its maximum value at cycle 41. Even when cycled over a very
wide voltage window, 1.5-5V, the average voltage decreases fromiits
maximum of 2.889 Vt02.806 V at the100th cycle, with adecay of only
83 mV. These small voltage changes are not necessarily related to the
material but may reflect a polarization increase due to electrolyte
breakdown, which has been well documented for DRX compounds
cycling to high voltage®*. The polarization growth is evidenced
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Fig.1| Characterization of the as-synthesized L5M85, L10M70 and L15M55.
a, The partially disordered spinel phase as an intermediate between the DRX and
fully ordered spinel structures. b, XRD patterns of L5M85, LIOM70 and L15M55,
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profile Rfactor (R,,,) are shown in the figure. c-e, SEM images of L5M85 (c),
L10M70 (d) and L15M55 (e) after shaker milling with carbon (scale bar =500 nm).
f, STEM image and EDS mapping of the elements O, Mn and Tiin as-synthesized
L5M8S5 (scare bar =500 nm). g, SAED pattern of as-synthesized LSM85.

by the increasing difference between the average charge and dis-
charge voltages, eventhough the mean value of them remains stable
(Supplementary Fig. 2).

Electrochemical and structural characterization
of LSMS85

When cyclingbetween1.5and 4.8 V, the initial capacity of LSM85 grows
from172 mAh g (specific energy 0f 499 Wh kg™) t0 270 mAh g (spe-
cificenergy of 777 Wh kg™) after 20 cycles (Fig. 3a). The voltage profile
isflattened near-4 Vand 3 V, whichwe attribute to the Li*insertion into
8asites and16csites. The low voltage capacity near 1.7 Vis attributed to
insertioninto 8asites that face share with filled octahedral sites®*. We
found that this capacity increaseis also accompanied by anincreasein
rate performance. Supplementary Fig. 3 shows acomparison of the rate
performance of LSM85 during the first and 20th cycle. While pristine
L5M85 delivers only 52 mAh g when cycled at 500 mA g* (32.3 % of
thatat20 mA g™), after 20 cycles, 130 mAh g'is obtained on discharge
at500 mA g ' (48.7 % of thatat 20 mA g ™).

Galvanostatic measurements within other voltage windows were
also performed for L5M85 (Fig.3b). When cycling between1.5and 5V,
288.6 mAh g'is achieved at the 23rd cycle, with 85% of this capacity
retained at cycle 100. The most stable cycling was achieved when
cycling between 2 and 4.8 V. A capacity of 200 mAh g™ is retained at
the 100th cycle, which is 91.6% of the highest capacity (218.1 mAh g™)
recorded at the cycle 41.

Using exsitu XRD, we observed that the structure gradually evolves
uponcycling (Supplementary Fig. 4). Rietveld refinement of synchro-
tron XRD data collected after the 20th cycle of LSM85 was used to
better understand the structure of the in situ formed new phase and
itsrelation to performance (Fig. 3c). A single-phase spinel model with
Fd-3m space group was used as a starting point for the refinement.
Partial occupancy on both the 16c and 16d sites by TMs was allowed in
therefinement, yielding a TM occupancy of 0.90 and 0.05 for 16d and
16¢, respectively, confirming the partial disordering in the § phase
(Supplementary Table 5). Selective peak broadening was applied to
Bragg peaks with an odd [index when performing Rietveld refine-
ment®. These peaks, associated with the in situ formed spinel-like
environment, appear broader than the rock salt peaks and fit to a
5.7 nmcoherence length for the § ordering, considerably smaller than
thefitted crystallite size of 86 nm. Consistent with recently published
theory”, we believe that the specific structural features are key to the
material’s performance. To evaluate the impact of Mn/Ti content on
thelevel of cation disorderin the 6 phase after 20 cycles, we performed
Rietveld refinement on XRD patterns of LIOMn70 and L15M55 collected
after the 20th cycle using the same protocol as used for L5M85. The
results are shown in Supplementary Tables 6 and 7. With decreasing
Mn content, the16c occupancy increases from 0.05to0 0.17 for LIOM70
and further to 0.30 for L15M55, which indicates an increasing cation
disorder and decreasing spinel-type ordering. The in situ XRD data
at the 20th cycle indicates that the cycled L5M8S5 lithiates through a
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Fig. 2| Electrochemical performance and structural characterization of
L5Mn85,L10M70 and L15M55. a, Voltage profiles of LSM85, L10M70 and L15M55
for the first and the 20th cycles when cycled between2 and 4.8 Vat20 mAh g™,
The inset shows the differential capacity (dQ/dV) curves of L5M85, L1OM70 and

Cycle number

L15M55 for the 20th cycle. The squares in green highlight the formation of the
3-Vand 4-V capacity regions. b, Synchrotron XRD patterns for ex situ samples
discharged to 3.5 V during the 20th cycle. ¢,d, Capacity retention (c) and average
voltage retention (d) of LSM85, LI0OM70 and L15M55 over the first 100 cycles.

solid-solutionreactioninboththe 4-V and 3-Vregions (Supplementary
Fig.5). This finding indicates that the combination of a small amount
of cation disorder and a small coherence length of spinel-like order-
ing can suppress most or all of the two-phase reaction during cycling.

Because of the low sensitivity of X-rays to Li, we also used
solid-state nuclear magnetic resonance (sSNMR) spectroscopy to
probe the evolution of ’Li local environment upon cycling. We char-
acterized ex situ samples extracted at the top of the charge on both
the first and 20th cycle. The top of charge was used as those samples
exhibit a similar average Mn valence (as confirmed by X-ray absorp-
tionspectroscopy (XAS) measurement shownin Supplementary Figs.
6-8) so that the impact of the Mn valence state on the ’Li chemical
shift could be minimized. Isotropic ’Li spectra obtained using the
projected magic-angle turning phase-adjusted sideband separation
(pj-MATPASS) pulse sequence are compared in Fig. 3d. The broad “Li
ssNMR resonance centred around 600 ppm results from the overlap
of closely spaced and paramagnetically broadened signals due to
a distribution of local "Li environments in the bulk cathode. On the
other hand, the sharp signal at about O ppm corresponds to diamag-
netic Li-containing impurity phases (LiF, Li,CO, and/or Li,O/LiOH),
either originating from the synthesis (Supplementary Fig.9) or formed
upon electrolyte decomposition during cycling. The evolution of
the full width at half maximum (FWHM) of the broad paramagnetic
resonance s related to the distribution of ’Lilocal environments in the
cathode, whereby asmaller FWHM indicates amore ordered structure

(reductioninthe number oflocal environments). The FWHM of the res-
onance obtained for the 20th charged sample is 410 ppm, smaller than
that of the resonance obtained for the first charged sample (460 ppm).
Thissuggests a narrower distribution of Li environmentsin the cathode
upon cycling, supporting the formation of partially ordered environ-
ment from the cation-disordered lattice. The resonances observed in
our exsitu cathodesamples arestill alot broader than those obtained
for ordered LiMn,0, (line width <100 ppm)*® and LiTi,Mn,_O, spinel
compounds (line width up to 300 ppm for the x = 0.8 composition)?,
suggesting that overall, a fairly disordered structure is maintained.
Although XRD and ssNMR provide bulk-sensitive information on
the TM site occupancy and Lilocal environment, they do not provide
muchinformation as to how the new environmentisaccommodatedin
the cycled material. To gain further insights into the microstructure of
the cycled L5M85 cathode, atomically resolved high angle annular dark
field (HAADF) images were obtained on the ex situ sample collected
at 3.5V during the 20th discharge, as shown in Fig. 3e. The HAADF
image taken along the [110] zone axis clearly indicates the presence of
spinel-like environments (Fig. 3g) withboth16d and 16c sites partially
occupied by heavy cations (Ti or Mn) but with a very short coherence
length (-5 nm). A more disordered environment (Fig. 3f) can also be
observedinFig.3e.Suchvariationsinlocal order are typical for partially
disordered materials with small domain sizes****® or for disordered
materials with strong SRO*. Because the new local environment that
forms upon cycling of LSM85 exhibits certain spinel-like features but
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Fig.3|Electrochemical performance and structural characterization of
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4.8 Vforthe first 20 cycles at room temperature. The black curve is the first
cycle. From the second to 20th cycles, the colour gradually changes from green
tored. b, Capacity retention of LSM85 over the first 100 cycles when cycled in
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X-ray diffraction for LSM85 discharged to 3.5 V at the 20th cycle. d, "Li solid-state
NMR spectra collected on ex situ samples charged to 4.8 V during the first and
20th cycles. e, STEM HAADF image of an ex situ cycled LSM85 sample discharged
to3.5Vduring the20th cycle. Scale bar =1 nm. f, Magnified region of e, where a
more disordered TM ordering is observed. Scale bar =1 nm. g, Magnified region
of'e, where amore partially spinel-like ordering is observed. Scale bar =1 nm.

isclearly notanordered spinel phase (no two-phase 3-V plateau, exist-
ence of 16¢/16d disorder, local fluctuations in order), we refer to this
new structure as § for short.

Discussion

Mnis a crucial element for the Li-ion industry as it is abundant, inex-
pensive, is associated with high redox voltage and its charged Mn*'
stateis much more thermally stable than Ni* and Co**. We show in this
work that the high mobility of Mn cations can be used as an advantage
toinsitu create a stable cathode material with high energy density.
Starting from an easily synthesized cation-disordered Li; ;sMn g Tig;0,
(L5M85) compound, transformation to the § structure leads to a capac-
ity of288.6 mAh g with a specific energy of 826 Wh kg™ (Fig. 3b) and
good rate capability (Supplementary Fig. 3b). This transformationinto
ahigh energy cathode materialis accelerated with higher Mn and lower
Ticontentas evidenced from the comparisonbetween Li; osMng g5 Tig 0,
(L5M8S), Li; ;Mn,, Tiy,0, (LIOM70) and Li,;sMny 55 Tig :0, (LISMS55).
Detailed structural characterizations, including synchrotron XRD,

ssNMR and high-resolution STEM analysis, indicate that an environment
withlower symmetry forms that most closely resembles a partially dis-
ordered spinel-type cation ordering with low coherence length. Asthe
structure of the § phase is more ordered than the pristine DRX structure,
the Li site energy distribution is narrower, which is confirmed by Li
ssNMR (Fig.3d). This leads to flattening of the voltage curve, enabling
more capacity to be delivered in the same voltage window. In addi-
tion, the better Li* percolation in the spinel-like § phase improves the
rate performance and increases the capacity®. High-resolution STEM
analysisindicateslocal variationinthe extent of the § phase ordering,
whichislikely closely linked to the non-uniform distribution of various
TM species caused by cation SRO**°**?in the pristine DRX structure.
The 6 phase reflects an optimal trade-off in terms of its degree
of spinel-like local ordering. The presence of local spinel-like order-
ingis beneficial for Li transport asit enhances the 0-TM percolation
network?"?, which we believe accounts for the capacity increase
and rate performance improvement upon cycling (Supplementary
Figs.2and 10). Butthe degree and coherence length of this ordering
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sTip10.0F o, at the firstand 20th cycles.

remains limited so that, unlike in a regular well-ordered spinel, no
detrimental two-phase reaction takes placeat3 V. Itis these structural
features that unlock the full theoretical capacity of Mn-based cath-
odes. Recent work indeed identified that 16c/16d disorder enhances
solid-solution behaviour around 3 V by creating more accessible
environments for Li on tetrahedral and octahedral sites tobe in a
face-sharing configuration® and that new Li migration channels are
created by the disorder®.

In Supplementary Fig. 11, we show that high-Mn content DRX
phasesindeed have adriving force toformspinel-like order but that this
driving force can be moderated by an increase in Ti content (Supple-
mentary Notes 3 and 4). To better understand the kinetics of the DRX to
dstructure change, weinvestigated inmore detail the role of Mnand Ti
mobility. It hasbeen demonstratedin previous work that the tendency
for TM migration is largely controlled by its electronic structure’s.
TM species with a small crystal field stabilization energy difference
between octahedral coordinationand tetrahedral coordination usually
have small migration barriers and are thus prone to migration. Figure
4ashows the escape energy for Mn*", Mn**, Mn**and Ti*" in a Li excess
rock salt configuration, calculated using nudged-elastic band (NEB)
density functional theory, as described in the Methods section. The
migrationassumes the presence of atrivacancy for the TMwith higher
charge state (Mn*,Mn*', Ti*) and a divacancy for Mn?'. For comparison,
the trivacancy-based Mn*" migration is shown, along with the energy
profiles of the other TM migrationin Supplementary Fig.12. Mn*"and
Ti*" show very high escape energies of 1,000 meV or higher, indicating
that they are highly likely to remainimmobile during cycling. However,
reducing Mn* to Mn*  or Mn*" decreases the barrier to ~700 meV and
~400 meV, respectively. Therefore, the Mnions are mainly responsible
for the TM reordering to form the § phase. This is consistent with our
experimental observations that the DRX to § phase transformationis
more pronounced in Mn-rich and Ti-poor compositions.

Whereas the high mobility of Mn promotes the transformation,
it is the immobile cations that determine the final structure of the §
phase and areresponsible forits solid-solution behaviour. In the initial
structure, allthe cationsrandomly occupy the octahedralsites, whichin
spinelnomenclature would correspond to an equal distribution on16¢
and 16dsites (Fd-3m space group). As the material evolves with cycling,
the mobile cations can rearrange towards local 16d order (spinel-like
order), but the remaining immobile cations on the 16¢ sites cannot
rearrange and create the partial disorder that prevents the formation
of complete and long-range spinel order and leads to the very short
coherence length of the spinel-like environments. The lack of coher-
ence between local spinel environments and the partial disorder are
what prevents the collective first-order transition responsible for the
3-Vplateauinorderedspinel. Thus, the role of Ti* asanimmobile cation
iscritical in the formation of the high performance é phase.

The presence of site disorder is reflected in the voltage profile of
the § phase. Thel6csites (normally vacantinspinel) face share with 8a
sites, which are normally occupied by Li*in spinel and are responsible
for their electrochemical activity at -4 V. When the 16¢ sites are occu-
pied due to the partial cation disorder, the face-sharing 8a sites can-
notbe occupied by Li* due to the high energy of such configuration*,
leading to a shortening of the 4-V plateau. Indeed, while an ordered
spinel has the same capacity in both the 4-Vand 3-V plateau, the 6 phase
exhibits higher capacityinthe 3-Vregion thaninthe 4-Vregion (Fig. 2a).
Withincreasing Ti content (for example, compare L1SM55 with L5SM85),
the electrochemical performance after 20 cycles shows less capacity
inthe ~4-Vregion, which lowers energy density. Hence, the Ti content
should be controlled to tune the disorder of the 6 phase and optimize
the electrochemical performance.

We computationally evaluated the theoretical capacity expected
tobedelivered at the 4-V plateau as a function of 16¢ site occupancy,
withthe results shownin Fig. 4b. The simulation demonstrates that
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increasing TM occupancy of 16¢ sites decreases the amount of 8a
sites available for Lioccupation, inline with the decrease in capacity
atthe 4-Vregion seenin Fig. 2a. As the only fully immobile TM spe-
cies within the entire operating voltage range, Ti** plays a critical
role in blocking the system from complete transformation to an
ordered spinel by maintaining a certain level of 16¢ site occupancy.
Asaconsequence, § phases withless Ti are expected to deliver more
capacity at4 Vregion, whichis consistent with the electrochemical
datashownin Fig. 2a.

To further test our hypothesis regarding the effect of immobile Ti*
onthevoltage profile, we synthesized Li, ;Mn s Ti, 0, oF; (LLOM8OF10),
which contains the same Ticontent but different Mn, Liand F content as
L5M85 (Supplementary Note 5). Although the voltage profiles of these
two materials differ in the first cycle, they become nearly identical in
the20thcycle, particularly in the 4-V plateauregion (Fig. 4c). A similar
comparisonbetween Li;;Mng ;5 Tig 150, 65F .05 (LIIOM75F5) and Li; ;sMn,,
Tig150,85F 015 (L1ISM70F15), which both contain 0.15 Ti per formula unit
(f.u.), also shows that the two compositions demonstrate similar volt-
age profilesat the 20th cycle (Supplementary Fig.13d) despite distinct
initial voltage profiles. In contrast, the voltage profiles of LIOM70 and
L15M70F15, which both contain 0.7 Mn per f.u. but have different Ti
content, remain different at the 20th cycle (Supplementary Fig. 13e).
These control experiments are consistent with our understanding of
the formation of the § phase and confirm that the Ti content, rather
thanthe Mn content, decides the structure of the § phase and the shape
of the voltage profile after transformation. One would fully expect
that this result would remain valid for other immobile cations in DRX
compounds, for example, Nb** (refs. 45-47) and evenin layered NMCs.
As LMR-NMC s also show transformation to a spinel-like structure
during cyclingwhen Mnisreduced by irreversible oxygen redox**, the
immobility of Co, Ni and Mn** impede the formation of accessible 8a
sites, thus lowering the average voltage by only presenting 3-V activ-
ity without the 4-V region. Properly adjusting the ratio of immobile
TMs may be a future direction to inhibit voltage decay of LMR-NMCs.
Therefore, although the transformation to a spinel-like structure is
inevitable in most Mn-rich cathodes, the voltage degradation can be
avoided by forminga4-Vregion.

We note that the presence of immobile Ti*" is crucial for suppress-
ing the detrimental two-phase reaction and Mn**-induced collective
Jahn-Teller distortion upon cycling asit perturbs the long-range order-
ing and concomitant collective Li migration behaviour around 3V
(refs. 2-4). As a result, the 6 phase L5M85 demonstrates a pure
solid-solution behaviour upon cycling even though pseudo plateaus
appear (Supplementary Fig. 5). These pseudo plateaus arise from the
partial ordering in the material, which flatten the voltage curve as
compared to a traditional more disordered DRX compound®*%.

We would like to emphasize a trade-off when deciding the Ti con-
tent in the pristine DRX cathodes. Whereas maintaining sufficient Ti
content is vital to retain enough disorder to suppress the two-phase
reactionat3V, reducingitincreases the available 8asitesinthe § phase,
whichleadsto more capacity inthe 4-Vareaandincreases the average
voltage and specificenergy. A Ticontent at or slightly larger than what is
minimally required to suppress the two-phase reaction may be desired
to achieve the highest voltage and specific energy.

Insummary, we have demonstrated that high and stable capacity
canbeachievedin Mn-rich DRX compounds by allowing them to trans-
formto a partially disordered spinel. Tiis used to regulate the driving
force to spinel and control the coherence length over which spinel
ordering occurs. This limited coherence length and the 16¢/16d site
disorder are critical to prevent theinhomogeneous two-phase reaction
thatis detrimental in a well-ordered spinel. This unique § phase has a
high capacity of 288.6 mAh g™ and displays good rate capability. This
performance, combined with the low cost of Mn and Ti-based oxide
precursors, make it an excellent candidate to create abundant and
inexpensive Li-ion energy storage materials.

Conclusions

Designing high-capacity Mn-based cathode materials is critical to
address the resource challenges associated with Li-ion batteries. We
have demonstrated that the group of Mn-rich DRX cathode materials
achieve highreversible capacity and energy without voltage drop dur-
inganinsitu transformation to a ¢ phase with partial spinel-like cation
orderingand short coherence length. Immobile TMs, suchas Ti**, play
animportantroleinregulating the driving force for the transformation
and controlling the structure of the § phase. This transformed material
shows anappealing pathway towards earth-abundant cathode materials
for the Li-ion battery industry. Future improvements may be possible
byreducingtheimmobile cation content toincrease the length of the
4-Vplateau and by replacing Mn with a multi-electron redox centre, for
example, Cr, to increase the theoretical TM redox capacity.

Methods

Synthesis

Li; 0sMng g5 Tig 0, (LSM85), Li;;Mng ; Tio ,0, (LLOM70), Li; 1sMng 5 Tig 30,
(L15MS55), Li; ,Mng . Tig 05, Li; ;Mg sTig 505 oF o ; (L2OMS0), Li; ,Mng ;T
i0,1015F 01 (L20M70), Li;;Mng 75 Tio 1504 05F .05 (LiILOM7SFS), Liy ;Mno,Ti
10, 0Fo (LiTOM8OF10) and Li; ;sMng 5 Tig 150, s5F o5 (LILSM70F15) were
synthesized by asolid-state synthesis method. Li,CO, (Sigma, 99.99%),
Mn,0; (Alfa Aesar, 99%), TiO, (Alfa Aesar, 99%), MnO, (Alfa Aesar, 99.9%)
and LiF (Alfa Aesar, 99.99%) were used as precursors. Three grams of
precursors, except for Li,CO,, was stoichiometrically addedintoa 50 ml
stainless steeljar with 5 mlethanol and 10 mm stainless steel balls. Ten
percent more Li,CO, wasadded to compensate for possible loss during
synthesis. The precursors were mixed in a Retsch PM200 planetary ball
millatarate of 250 r.p.m. for 12 h. The mixed precursors were dried in
a70°Covenovernight before being grinded with a mortar and pestle
and pelletized into a pellet. The 500 mg pellet was sintered in a tube
furnace at1,100 °C for 20 min under argon gas flow.

Electrochemistry

To make the cathode film, 280 mg of the as-synthesized active materials
and 80 mg Super C65 carbon black (Timcal) were mixed in a zirconia
jar and sealed in an Ar-filled glovebox. The mixture was shaker milled
for1husingaSPEX 8000 M miller. The composite powder was mixed
manually with PTFE (Dupont) in a 9:1 ratio with a mortar and pestle.
The mixed composite was thenrolled into free-standing thin films and
cut with a 5/16-inch-diameter punch. The electrolyte used is1 M LiPF
inethylene carbonate and dimethyl carbonate solution (volume ratio
1:1, Sigma-Aldrich). Glass microfibers (Whatman) were cut witha16 mm
punchand used as separators. Li (FMC) round metalfoil (7/16 inchesin
diameter) was used as anode. After sealing the coin cells (CR2032), they
rested for 6 h before being tested on an Arbin battery cycler at 25 °C.
All cathode films fabrication and coin cell assembly were operated in
an Ar-filled glovebox.

Characterization

Synchrotron XRD patterns were measured at Beamline 2-10of the Stanford
Synchrotron Radiation Lightsource and BeamlineI-11at the DIAMOND
Light Source. The ex situ cathode films were prepared by mixing the
active materials, Super C65 and PVDF in at a weight ratio of 7:2:1. The
cathode filmwas cycled at 20 mA g™ current density, followed by equili-
bratingata certain voltage for 6 h. The cells were then disassembled and
the cathode film was washed with diethyl carbonate (DEC). All the syn-
chrotron refinements were carried out using the TOPAS software pack-
age. A single-phase spinel structure model was used when refining the
XRD patterns of cycled samples. Thereflections with odd /index, which
are generated by the spinel-type cation ordering, show broader peaks
than those with even /index, which are generated by the face centred
cubic cation and anion framework. Therefore, we applied the selective
peakbroadeningto capture the broad peaks with odd /index, as applied
in a previous publication on DRX cathode®. The broadening factor
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applied to the group of selected peaks is directly related to the size of
spinel-like ordering, yielding an estimated coherence length for such
environment (5.7 nm). SEM images were collected using a Zeiss Gemini
Ultra-55 Analytical Field Emission SEM. In situ XRD was conducted ona
Bruker D8 ADVANCE X-ray diffractometer with Mo Ka radiation. Ahome-
made in situ cell with a Be window was cycled at 20 mA g between 1.5
and 4.8 Vusing aMaccor potentiostat. The XRD patterns were collected
inthe 26 ranging from 14°to 29° every 1 h at room temperature.

Transmission electron microscopy

Topreparethe exsitusamples for TEM, 350 mg of the as-synthesized active
materialsand100 mg of Super C65were ballmilled at 250 r.p.m.for6 hina
stainlesssteeljarsealedinan Ar-filled glovebox usingaRetsch PM200 plan-
etary ballmill. The composite was manually mixed with PTFE withamortar
and pestle in aratio of 9:1. The composite was then rolled into cathode
thin film. The electrode films were cycled in coin cells on Arbin battery
cycler at 25 °C to different SOCs and hold at a certain voltage for 6 h to
reachequilibrium. The cycled cathode particles were dispersedinhexane
withultrasonic cell disruptor and dispensed onto TEM lacey carbongrids.
TEMimagingand diffraction were performed onanaberration-corrected
Titan 80-300 scanning/transmission electron microscope (S/TEM)
operated at 300 kV. The electron diffraction patterns were collected
withaselected areadiffraction (SEAD) aperture of 10 pminserted. STEM
HAADF imaging was performed on an aberration-corrected Themis Z
scanning/transmission electron microscope (S/TEM) operated at
300 kV. The convergence semi-angle was 20.6 mrad. Signals for semi-
angles spanning from 68 to 280 mrad were collected for STEM HAADF
imaging. The EDS data were collected using a Super-X detector inside
Themis Z STEM, and analysis was performed using the software ‘velox’,
wherethe overlapped peaks were deconvolved using the stored standard
reference spectraand amultiple linear least- squares fitting method.

Ex situ Mn K-edge X-ray absorption spectroscopy

Ex situ XAS measurements at the Mn and Ti K-edge were performed
inatransmission mode at Beamline 20-BM-B of the Advanced Photon
Source, Argonne National Laboratory. To select the incident beam
energy, a Si (111) monochromator was applied. An Rh-coated mirror
was used to get harmonicrejection. The electrode films were cycledin
coincellstodifferent SOCs and held atacertain voltage for 6 h. The cells
were disassembled inan Ar-filled glovebox, and the films were washed
with DEC. The energy calibration was accomplished by simultaneously
measuring the spectra of Mn and Ti metal foil. Data processing was
carried out by Athena software®.

Mapping of resonant inelastic X-ray scattering

Mapping of resonantinelastic X-ray scattering (mRIXS) of O K-edge and
Mn L-edge was measured inthe insitu resonantinelastic X-ray scattering
endstation at Beamline 8.0.1 of the Advanced Light Source™ at Lawrence
Berkeley National Laboratory. Thebeam spotsize isabout 25 x 100 mm?.
Mapping datawere collected by the ultrahigh efficiency modular spec-
trometer”’, with an excitation energy step of 0.2 eV. The resolution of the
excitation energy is 0.35 eV and that of the emission energy is 0.25 eV.
The exsitusamples were electrode films, composed of active materials,
carbonblackand PTFEinaweightratio of 70:20:10. The electrode films
were charged or discharged to a certain state of charge ina coin cell at
20 mA gand held at that voltage for 6 h. The cells were disassembled,
and the films were washed with DEC in an Ar-filled glovebox. Final 2D
maps were achieved viamulti-step data processing including normaliza-
tiontobeam flux and collecting time, integration and combination and
so on, which has been elaborated on in previous work®.

Solid-state nuclear magnetic resonance spectroscopy

’Li ssNMR data collected on L5M85 use a Bruker Biospin wide bore
magnet (B, =2.35T, 100 MHz for 'H), equipped with a DMX 500 MHz
console and acustom-made 1.3 mm X-broadband magic angle spinning

probe tuned to ’Li (38.88 MHz). "Li ssNMR data collected on L20M50
and L20M70 used a Bruker Avance Il magnet (B, = 4.7 T,200 MHz for
'H), equipped with a Bruker 1.3 mm double-resonance probe tuned to
’Li (77.75 MHz).

To limit sample exposure to air and moisture, materials were
packedinzirconiarotorsin an Ar-filled glovebox, and all spectra were
recorded under magic angle spinning at vy = 60 kHz using dry nitrogen.
’LiNMR data were externally referenced against pure lithium fluoride
(LiF, 8('Li) =-1ppm), which was also used for radiofrequency (RF) pulse
calibration. Spectrawere processed using Topsin 3.6.5, and lineshape
analysis was carried out using DMfit software>’.

’Li pj-MATPASS®* pure isotropic spectra were obtained using a90°
RF pulse of 0.43 ps (L5M85) or 0.6 ps (L20M50 and L20M70), averag-
ing 2,000 (L5M85) or 8,000 (L20M50 and L20M70) transients with a
recycle delay of 50 ms (L5M85) or 40 ms (L20M50 and L20M70). A"Li
quantitative NMR spectrum was obtained using a rotor synchronized
spin-echo sequence using 90° and 180° RF pulses of 0.43 and 0.86 ps,
respectively. A total of 256 transients were averaged with a recycle
delay of 1s, which was enough to reach full relaxation of all ’Li signals.

Density functional theory calculations
First-principles density functional theory (DFT) calculations were
performed to obtainanaccurate description of the structural energies
and oxidation states of different cathode materials. All the calculations
were performed using the projector-augmented wave method** as
implemented in the Vienna ab initio Simulation Package®. The meta
generalized gradient approximation (meta-GGA) functional strongly
constrained and appropriately normed (SCAN) hasbeen used to obtain
amoreaccurate description of phase stability® %, For all calculations,
areciprocal space discretization of 25K-points per A was applied, and
the convergence criteria were set as 1076 eV for electronic loops and
0.02 eV A for ionic loops. All calculations were performed with spin
polarization and initialized in a ferromagnetic spin state.
Forgenerating structures withy-LiFeO,-like ordering and spinel-like
ordering, ion substitution was performed onay-LiFeO,and LT-LiCoO2
model. Enumeration is then performed for obtaining the five cation
configurations with the lowest Ewald energy for DFT calculation. The
lowest energy structure at each composition is selected to calculate
the thermodynamic driving force. To make sure we capture the largest
thermodynamic driving force, all energetic difference between struc-
tureswithy-LiFeO,-type ordering (£,) and spinel-type ordering (Es) values
are calculated at spinel composition, for example, cation/anion =3/4.
Thisis achieved by removing 0.5 Li per f.u. from the compound.

Nudged-elastic band calculations

The nudged-elastic band (NEB) method***° was used with DFT to cal-
culate the migration barriers of transition metals from octahedral
sites to neighbouring tetrahedral sites. We used the GGA functional
with a Hubbard U correction of 3.9 eV (refs. 61,62) due to the higher
computing cost of SCAN and converge forces to 0.05 eV A™'. To enforce
Mn valence to 2%, 3" and 4" when calculating Mn migration barriers, a
homogeneous background charge is applied®’. To minimize the num-
ber of additional electrons contributing to the background charge,
calculations are performed on a low-energy rock salt with low Mn
composition (Li;;Ti;sMnOg,).

The migration of the transition metal along the diffusion pathway
is discretized into five images between the initial and final states. For
the transition metals with higher oxidation state (Mn*", Mn**, Ti*"), we
assume migration viaatrivacancy mechanismbecause single vacancy
and divacancy mechanisms would require face sharing of the transi-
tion metal with other cations in the activated state. The Mn?" migra-
tion calculation is performed with both a divacancy and a trivacancy
mechanismduetoitslower charge. Fromaconverged NEB calculation,
the escape energy s calculated as the difference between the maximum
and minimum energies along the migration path.
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Data availability

All data generated and analysed during this study are included in the
published article and its Supplementary Information. Source dataare
provided with this paper.
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