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Co-and Ni-free disordered rocksalt cathodes utilize oxygen redox to
increase the energy density of lithium-ion batteries, but it is challenging
toachieve good cyclelife at high voltages >4.5V (versus Li/Li*). Here we
report afamily of Li-excess Mn-rich cathodes that integrates rocksalt- and
polyanion-type structures. Following design rules for cation filling and
ordering, we demonstrate the bulk incorporation of polyanion groups
into the rocksalt lattice. This integration bridges the two primary families
of lithium-ion battery cathodes—layered/spinel and phosphate oxides—
dramatically enhancing the cycling stability of disordered rocksalt cathodes
with 4.8 Vupper cut-off voltage. The cathode exhibits high gravimetric
energy densities above 1,100 Wh kg™ and >70% retention over 100 cycles.
This study opens up abroad compositional space for developing battery
cathodes using earth-abundant elements such as Mn and Fe.

Rapid growth of electricity storage capabilities with lithium-ion bat-
teries (LIBs) is required to realize a sustainable energy infrastructure’.
In terms of resources, Co is -5x the price of Li on a molar basis??, and
Niis ~2x (ref. 3); thus, we would run into Co or Ni crises before Li. For
advanced LIB cathodes, eliminating Co and Ni usage would greatly
improve the scalability of electricity storage®. Disordered rocksalt
(DRX) cathodes®® are attractive for being potentially Co- and Ni-free,
while having high energy densities (approaching 1,100 Wh kg™ (ref. 7)).
Ontheother hand, toreach high energy densities (>900 Wh kg™), high
upper cut-off voltages (for example, 4.8 V versus Li/Li* for DRX"™)
arerequired for cathodes, which means highly delithiated states with
most of the Li*-hosting sites vacant. This often triggers the participa-
tion of oxygen anion redox and eventually irreversible oxygen loss, as
delithiation lowers the Fermilevel towards or dropping below the top
of the oxygen 2p band, especially at the surface and interfaces®* ™.
A heavy usage of hybrid anion- and cation-redox with more exotic
oxygen valence O* (0 < a < 2) challenges the cycling stability of the

cathode since O* tends to be more mobile, leading to percolating lat-
tice oxygen diffusion to the reactive surface, extensive side reactions
with the electrolyte and finally structural and chemical instability at
the surface and in the bulk™™. These are critical issues for DRX**° and
other high-energy-density cathodes'**..

LIB cathodes are mainly constructed on face-centred cubic
(FCC) oxygen or lower-symmetry polyanion framework (hexagonal
close-packed, HCP, oxygen for LiFePO,, the most useful polyanion
cathode). The former has cation ordering in the parent rocksalt struc-
ture, which includes high-energy-density cathodes of LiCoO,, Ni-rich
layered cathodes and Li-/Mn-rich layered cathodes**** (spinel and DRX
cathodesarealsorocksaltstructure derivatives with FCC oxygen sublat-
tice). They have high theoretical capacities >270 mAh g™, and extensive
research has been conducted to improve their high-voltage stability.
Thelatteris exemplified by LiFePO,, with exceptional structural, elec-
trochemical and thermal stability, yet limited by the low theoretical
capacity (170 mAh g™) and low energy density at the cathode level** ¢,
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Fig.1|Design of DRXPS cathodes. a, The structure of M,0,. b, The structure of M,_,0,. ¢, The structure of M,_,[X0,],0,,-,. d, Comparison of crystallographic
tetrahedrassize for polyanion olivine and rocksalt-type cathodes. LMO, LiMn,0,; LNMO, LiNi, sMn, 50,; LCO, LiCoO,; NCM111, LiNi,;C0,,5Mn,50,; LNO, LiNiO,.

Marriage between the two families may offer synergisticallyimproved
energy density and stability. However, few reports” of their integra-
tion testify to the incompatibility between rocksalt and polyanion
structures.

This work seeks to resolve the above conundrum with the inven-
tion of integrated rocksalt-polyanion cathodes. These compositions
originate from DRX chemistries, and a major effort hereis toimprove the
cycling stability under high upper cut-off voltages (required to deliver
high capacity and energy density). We successfully produced a family of
Li-excess Co-and Ni-free disordered rocksalt-polyanionic spinel (DRXPS)
cathodes, withageneral chemical formula of Liy,,, ,M,_,[XO,],0,-,. Here,
M denotes transition metals such as Mn and Fe, XO, denotes polyanion
groups such as PO,, SiO, and SO,, and u, v and x describe the designed
stoichiometries. This family of compounds is called DRXPS because
they are designed on a parent DRX structure and have bulk polyanion
incorporation and spinel-type cation ordering (that gives a spinel dif-
fraction pattern). Remarkable improvements of the cycling stability
over reported DRX cathodes have been achieved in Li; (;Mn, sP,,0,,
Li; (;Mn, sB,,0,, Li, .;Mn, ,sFe, ,sP, 1,0, and four more compositions, all
belonging to the DRXPS family. The DRXPS cathodes have high capacities
(>350 mAh g™), high energy densities (>1,100 Wh kg™), stable cycling
(>70%energy density retention over 100 cycles), good rate performance
and ahighly tunable compositional space. The general design principles
and experimental efforts presented here offer avenues for the future
development of Co- and Ni-free cathodes.

Materials design

Our taskis to design high-capacity oxide cathodes with excess Li, anion
redoxactivity, bulk polyanionincorporation and good electrochemi-
cal stability. Starting from the high-capacity FCC oxygen framework, a
three-dimensionally connected spinel structure M,0, (Fig. 1a, Liis not
shown for simplicity) provides the best hybridization between transi-
tion metal (M) d and oxygen 2p orbitals under the constrained Li/M
molar ratio of 1 (each oxygenis coordinated with one tetrahedral Liand
three octahedral M). Further raising the Li/M molar ratio above 1 (that
is, replacing some M in Fig. 1a by Li) increases the theoretical capac-
ity, and anion redox is simultaneously activated with underbonded

oxygen (Fig. 1b). These underbonded oxygen can be oxidized upon
charging to high voltages and may eventually leave the lattice in the
form of outgassing if a percolative kinetic pathway exists from the bulk
tothe surface®. We aim to shut down the labile oxygen percolation by
incorporating some polyanion groupsinto the Li-excess lattice (Fig.1c),
utilizing the strong X-0 covalent bonds to mitigate oxygen instability.

Practical realization of the above is challenging and comes to the
same incompatibility issue between rocksalt and polyanion struc-
tures discussed above. The main reasons are twofold. First, the cati-
onsinpolyanion cathodes are not close-packed. The octahedral sites
face-shared with XO, tetrahedra need to be empty?*. This conflicts
with cation-filling rules in layered and DRX cathodes (the octahedral
sites are fully occupied). Second, X-O covalent bonds are short and
strong, which results in much shorter O-0 distances (characterizing
the tetrahedral size) than the onesin rocksalt-structure cathodes. For
example, the true tetrahedrasize calculated from the P-Obond length
inthe polyanion olivine cathode LiFePO, (refs. 29,30) is 12-15% smaller
thanthatin rocksalt-structure cathodes®>* (Fig. 1d). This would result
inlarge lattice distortion and, thus, difficulty in making asolid-solution
phase between XO, polyanions and ‘normal O’ anions.

We propose the following solution to the two problems mentioned
above. For the first one, cation deficiency is an effective approach.
Specifically, we were inspired by the polyhedral occupation rules in
spinel cathodes: octahedra at 16d sites are fully occupied, and octa-
hedra at 16c sites (face-shared with tetrahedra at 8a sites) are empty.
Sospinel-like cation ordering is preferred. For the second one, typical
high-temperature solid-state synthesis would not work, and we resort
to lower-temperature mechanochemical synthesis. Without goinginto
the detailed derivations of the optimal values of stoichiometry (u, vand
x) inSupplementary Note 1, we show in the following sections that the
above simple design rules are powerful enough to guide the synthesis
of the DRXPS cathode series.

Structure and morphology of prototype

Li; ;Mn, 5Py 1,0,

A prototype DRXPS cathode Li, (;Mn, sP, ,0, was synthesized by
a one-pot mechanochemical method. The obtained sample has a
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Fig. 2| Structural characterization of Li, ;;Mn, (P, ;0,. a, XRD patterns of

Li; ,;Mn, 5P, 1,0,. Open black circles are experimental, and solid black line is
calculated. b, PDF of Li, ;;Mn, 5P, 1,0,. G(r) = 41tr(p(r) - p,), where p(r) is the

local atomic number density at distance r from a reference atom, and p,, is the
average atomic density of the material. ¢, SEM image of Li, ;;Mn, 5P, ;,O,. Scale
bar,200 nm. d, STEM-EDS mapping of Li, ;;Mn, sP, ;O,. Scale bar,100 nm.e, TEM
image of Li; ,;Mn, 5P, ,0,. Scale bar, 5 nm. Inset: SAED pattern. Scale bar,2nm™.,

f, STEM-EELS mapping of Mn, P and O, performed on a single-crystal grain close

—(440)
(

e (511)
( — (400)
o

to azoneaxis, as indicated by the yellow dashed box. Note that the EELS signal
of Pis very weak due to the small atomic ratio of P in the composition; thus, the
datasupports but does not prove the uniform spatial distribution of P. Scale
bars, 2 nm. g, Structural model of Li, ;;Mn, 5P ;,0,. h, HAADF-STEM image of

Li; (;Mn, 5P, ,0,. Inset: Atomic positions with alternating intensities at 16d sites,
characteristic of aspinel structure. Scale bar, 1 nm. i, Filtered image of h. Insets:
16d and 8asite signals. Scale bar, 1 nm.

composition close to the designed stoichiometry (shown by the induc-
tively coupled plasmamass spectrometry (ICP-MS) datain Supplemen-
tary Table1). Its X-ray diffraction (XRD) pattern (Fig. 2a) matches with
asingle-phase cubicspinelstructure (a=b=c,a ==y =90° Supple-
mentary Fig.1). Rietveld refinement yields a lattice constant a = 8.1527 A
(Supplementary Fig.1and Supplementary Table 2), which is slightly
smaller than those of spinel cathodes (8.246 A for LiMn,0,and 8.172 A
for LiNiy sMn;, ;0,). Neutron powder diffraction measurement (Supple-
mentary Fig.2) and refinement (Supplementary Table 3) were further
conducted on Li, ;;Mn, sP, 0, for better sensitivity on Li sites, which
shows consistent results with XRD measurements. For more structural
information, we conducted pair distribution function (PDF) analysis
onLi, ;Mn, sP,,0, (Fig. 2b) and compared with references of LiMn,0,,
andLiFePO, (Supplementary Fig.3). First-nearest-neighbour P-O pair
at 1.549 A was observed, which is slightly longer than the P-O pair in
the PO, group of LiFePO, (1.520 A). First-nearest-neighbour Mn-0 pair
at 1.893 A and Mn-Mn pair 2.858 A were observed, which are slightly
shorter thanthe corresponding onesin LiMn,0, (1.903 A for Mn-O and
2.887 Afor Mn-Mn). These elastic straining effects are consistent with
our materials design (tensile strained for XO, compared with LiFePO,
and compressive strained for MO, compared with LiMn,0,). The effect
smears at longer distances, for example, second-nearest-neighbour

Mn-O distances (3.418 A) are similar in Li, ;,Mn, sP,,,0, and LiMn,0,.
Raman spectroscopy measurement (Supplementary Fig. 4) was con-
ducted forlocal structure analysis. The Raman peak at -940 cm™ can be
assigned to the A;, mode of PO, (ref. 35), the peak at -600 cm™ can be
assigned to the symmetric stretching mode of MnO (refs. 36,37) and
the peaks at 420-490 cm™ can be assigned to the symmetric stretch-
ing modes of LiO, and LiO, (ref. 36). These Raman features support
tetrahedral occupation of P, octahedral occupation of Mn and mixed
tetrahedral/octahedral occupations of Li.

The scanning electron microscopy (SEM) image in Fig. 2c shows
that Li, .;Mn, sP, 0, has an average size of ~150 nm for the agglomer-
ates (seesize distributionin Supplementary Fig. 5). Energy dispersive
spectroscopy mapping inscanning transmission electron microscopy
(STEM-EDS) (Fig. 2d) shows a uniform distribution of Mn, P and O.
The transmission electron microscopy (TEM) image in Fig. 2e shows
that the particles in Fig. 2c are polycrystalline, consisting of 5-10 nm
‘primary’ particlesthat are crystalline. A characteristic lattice spacing
d=4.70 A can be identified, corresponding to the (111) plane of the
spinel structure. The selected areaelectron diffraction (SAED) pattern
(Fig. 2e, inset) further confirms the polycrystallinity, with diffraction
rings corresponding to the (111), (311), (400), (511) and (440) peaks.
Figure 2fshows the electron energy loss spectroscopy (EELS) mapping
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Fig.3|Electrochemistry and redox mechanism of Li, ;;Mn, ;P, ,,0,. a, Voltage
profiles of Li, (;Mn, sP, 1,0, in the initial two formation cycles between 1.5 and

4.8 VversusLi/Li*at 20 mA g™. b, Capacity from a converted to Li content n.

The theoretical capacity is marked by the dashed lines under two assumptions:
ifLitetrahedral occupationis not allowed (dashed green line); if Li tetrahedral
occupation is allowed (dashed blue line). ¢, Mn K-edge XANES spectra of

Li, (;Mn, 5P, 1,0, in the first two cycles. d, Rate performance test of Li; ;;Mn, ;P ;,0,
at 20, 50,200,500 and 1,000 mA g™ (the same cell was used). Inset: Voltage

Cycle number

profiles of the first discharge cycle at 20, 50,200,500 and 1,000 mA g .

e, Discharge capacity (top) and average discharge voltage (bottom) retention

of Li ,;Mn, 5P, 1,0, Li; ;Mn; sNb, 1,0, and Li; o;Mn, (s0,in 100 cycles between 1.5
and 4.8 Vversus Li/Li* at 50 mA g™, following the two initial formation cycles at
20 mA g ! (notshown). f, Voltage profiles of (Li; ;;Mn, sP,;,0,ILi) pouch cell at the
1st, 10th and 50th cycle between 1.5 and 4.8 V versus Li/Li* at 50 mA g (following
two formation cycles at 20 mA g™). g, Discharge capacity (top) and average
discharge voltage (bottom) retention of the pouch cell during 50 mA g™ cycling.

ofalLi, ,;Mn, P, ,0, primary particle, with uniformMn, Pand O distribu-
tions thatsupportthebulkincorporationof Pin thelattice (additional
evidence from STEM-EDS is shown in Supplementary Fig. 6).

With the above information, we constructed the structural model
(Fig. 2g). Per chemical formula Li, ;;Mn, sP,;,0,,4 O at 32e sites form the
FCC anion framework, 1.5 Mn occupy 3/4 of the 16d cation octahedral
sitesand 0.17 Poccupy 1/6 of the 8a cation tetrahedral sites. As16d sites
should be fully occupied in spinel structure, the remaining 1/4 should
be occupied by 0.5 Li. This leaves 1.17 Li that occupy either 8a or 16¢
sites. Therefore, using 7' to denote cation vacancy (thatis, unoccupied
tetrahedral/octahedral sites), we can express the structural model as
(Po.17Li o s3-0)8a(Liv1-Jo.s+0)16e(LiosMNy 5)164(O4) 32e- The calculated XRD
pattern from the constructed structure (Fig. 2a, solid black curve)
matches well with the experimental one, and it is close to the refined
structure (Supplementary Table 2). The proposed structural model is
further supported by high-angle annular dark-field scanning transmis-
sionelectron microscopy (HAADF-STEM) image in Fig.2h. Spinel-type
cation ordering with Mn atoms at 16d octahedral sites, viewed along
the [110] zone axis, is clearly shown. The alternating intensities at 16d
sites (brighter at Mnlsites and darker at Mn2 sites; schematics shown

in the inset of Fig. 2h) are also a characteristic feature of the spinel
structure®*, Further analysis using a least absolute shrinkage and
selection operator (LASSO) filter (Methods) was applied to obtain
Fig. 2i. In addition to 16d site signals, some intensities are present at
8asites (see top-left and bottom-right insets of Fig. 2i). These 8a site
signals are possibly attributed to P, as Li has almost no contrast under
the HAADF mode and itis difficult for Mn to enter tetrahedral sites.

Electrochemistry and redox mechanism of

Li; ;;Mn, sPo 1,0,

Wefirst evaluated the electrochemical performance of Li, (;Mn, P, ;O,
in coin-type half cells between 1.5 and 4.8 V versus Li/Li* at room tem-
perature. Figure 3a shows the galvanostatic charge-discharge curves
of the first two cycles at 20 mA g™, with high discharge capacities of
~-365 mAh g™ and high discharge energy densities of -1,120 Wh kg™.
Convertingthe capacity to stoichiometry, we estimated a high Li usage
of 1.63 Li removal (out of 1.67 Li) per formula unit (Fig. 3b) in the first
charge. Since Mn in Li, (;Mn, 5P, ;0, has an average valence of +3.67
(aslightly lower Mn average valence may be possible depending on
synthesis conditions) and Mn**/Mn*" can only charge-compensate
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Fig. 4 |Structure and performance of diverse compositions of DRXPS.

a, XRD patterns of Li, ;;Mn, ., PO, (x=0,0.13,0.2, 0.23). b, Voltage profiles

of the initial two formation cycles of Li; ;;Mn, ¢, PO, (x=0, 0.13,0.2and 0.23)
between1.5and 4.8 Vversus Li/Li* at 20 mA g™’. ¢, Discharge capacity retention of
Li; ,;Mn, ¢, PO, (x=0,0.13,0.17,0.2 and 0.23) in the first 100 cycles, between 1.5
and 4.8 Vversus Li/Li" at 50 mA g™, after two formation cycles at 20 mA g™ (not
shown).d, XRD patterns of Li, ;;Mn, ,sFe, »sP, 1,0, and Li, (;Mn, sX, ;0, (X =B, Si, S).

e, Voltage profiles of the initial two formation cycles of Li, .;Mn, ,sFe, ,sPo 1,04 and
Li,,;Mn, X, ,0, (X=B, Si,S) between 1.5and 4.8 V versus Li/Li*at20 mA g ™.

f, Discharge capacity retention of Li, .;Mn, ,sFe, ,sPo 1,0, and Li; (;Mn, X, 1,0,
(X=B,Si,S) inthe first 100 cycles, between 1.5and 4.8 Vversus Li/Li*at 50 mA g™,
after two formation cycles at 20 mA g (not shown). Data for Li; (;Mn, sP,,0, and
Li; ,;Mn, (;O, are also shown for reference.

for 0.5 Li removal, we expect active participation of anion redox
0%/0% (0 < a<2).Duringthefirst discharge, 2.23 Liwas inserted into
the structure, ending with an over-lithiated composition of Li, ,,Mn, 5
P,,0,. The over-lithiation should be charge-compensated by Mn reduc-
tion. The second cycle shows asimilar discharge curveto thefirst one,
indicating good reversibility.

Tobetter understand the redox mechanism, we performed ex situ
hard X-ray absorption spectroscopy. Figure 3¢ shows the Mn K-edge
X-ray absorption near-edge structure (XANES) for Li, ;;Mn, P, ;,0,
at different states of charge (marked on the voltage profiles in Sup-
plementary Fig. 7b). Since the near-edge structure depends on both
the oxidation state and the bonding environment*’, we analysed Mn
valence by comparing with reference spectra (Supplementary Fig. 7a).
For thefirst two cycles, allMn K-edge spectrastay higherinenergy than
the Mn,0, (Mn**) reference and shift to higher energy (Mn oxidation)
during charge and to lower energy (Mn reduction) during discharge,
indicating active participation of reversible Mn*”** redox couple. For
chargeinthefirst (pristine to 1Ch-4.8V) and second cycle (IDCh-1.5V to
2Ch-4.8V), capacities 0of 269 and 384 mAh g™ are observed (correspond-
ingtoMn valence changes of +1.09 and +1.56), respectively. Meanwhile,
Mn K edges for both charge half-cycles shift from between the Mn,0,
(Mn*) and MnO, (Mn*") reference spectrato close to MnO, (Mn*"). This
one-electron TM redox cannot account for the high reversible capacity
byitself. For dischargeto 3.5 VversusLi/Li* (1Ch-4.8Vto1DCh-3.5V and
2Ch-4.8Vto2DCh-3.5V), a capacity of -96 mAh g™ (correspondingtoa
Mn valence change of -0.39) are observed for both cycles, while the Mn
K edges for both only experience minor downshifts. Therefore, active
oxygen redox should also be involved during charge to 4.8 V versus
Li/Li* and discharge to 3.5V versus Li/Li* for the initial two cycles.
Capacitiesbelow 3.5 Vversus Li/Li* should be solely contributed by the
Mn>**#* redox couple since the Mn K edges lie between the Mn,0, (Mn>*)
and MnO, (Mn*") spectra, and the shifts roughly match the expected Mn
valence change (converted from the observed capacity). Towards the
end of discharge, the average Mnvalence stayed above +3, as shown by

the extraexsitu measurements onthe MnK edge performedinthe low
voltage region (<2.5 VversusLi/Li*) (Supplementary Fig. 8). This means
that the population of Mn*, prone to dissolution in the electrolyte, is
lowin the cathode.

Therate performance of Li; ;Mn, P, ;,0, was tested from20 mA g™*
t0 1,000 mA g (5.5 C calculated from the charging time). Capacity
retentions of 75% and 51% were observed when the galvanostatic cur-
rentdensity increased from20 mAg™'to200 mAg'and1,000mA g™,
respectively (Fig. 3d and Supplementary Fig. 9). Galvanostatic inter-
mittenttitration technique (GITT) measurement was performedin the
first discharge cycle for Li, (;Mn, sP,;0, and polyanion-free reference
sample Li, o;Mn, (s0, (Supplementary Fig. 10a). The former shows an
average non-Ohmicloss of only 90 mV per titration step (Supplemen-
tary Fig. 10b). The calculated Li diffusivities are in the range of -10™*
to 107 cm? s (Supplementary Fig. 10c), which are higher than the
commonly reported values (107 to 10™ cm?s™) for DRX cathodes™.
This shows facile Li* diffusion kinetics for the cation-deficient spinel
structure of DRXPS. Comparing the non-Ohmic losses with Li; ;Mn; (sO,
(Supplementary Fig.10b), we found that the addition of polyanions in
DRXPS does not harm Li* diffusion kinetics. The cycling performance
of Li; ;Mn, sP,;0, was tested at 50 mA g between1.5and 4.8 V versus
Li/Li*, after two formation cycles at20 mA g ™. After 100 cycles, it hasa
capacity retention of 72% (Fig. 3e, top), an average discharge voltage
maintained at >3 V versus Li/Li* (minimal voltage decay of <0.74 mV
per cycle; Fig. 3e, bottom) and a discharge energy retention of 71%
(Supplementary Fig. 11). For comparison, we tested the cycling per-
formance of the similarly synthesized polyanion-free Li, ;;Mn, sNb, ;O,
and Li, 4;Mn, (,0, as control groups (Supplementary Fig.12; both have
spinel-like structures, and an average Mn valence of +3.67, similar to
Li; ;MnysPo1,0,). Liy ;M sNby 1,0,/Li1sMny 50, show faster degra-
dations with 45%/27% capacity retention (Fig. 3e, top) and 44%/25%
energy density retention (Supplementary Fig. 11) after 100 cycles
under the same testing conditions. dQ/dVanalysis for Li, (;Mn, sP, ;0.
and Li; o;Mn, (sO, (Supplementary Fig.13) provides better visualization
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of the improved oxygen redox reversibility at high voltages (>4.2V
versus Li/Li") for Li, (;Mn, sP,,0,. Remarkably, Li, ;Mn, ;P,;;0, have
suppressed gas evolution (in situ differential electrochemical mass
spectrometry, DEMS, in Supplementary Fig. 14), Mn dissolution in
the electrolyte (Supplementary Fig. 15a) and Mn deposition on the
anode (Supplementary Fig. 15b) compared with Li, ;;Mn, sNb,,0,, all
indicating stability enhancement in the former composition (more
detailed comparisons between Li, (;Mn, sP, ;;0, and Li, ;;Mn, ;Nb, ;,0,
areprovidedinSupplementary Note 2). The high-voltage cycling stabil-
ity of Li, ;Mn, 5P, ;,0,is also superior over the DRX cathodes reported
intheliterature (see comparison in Supplementary Table 4 and Supple-
mentary Fig.16). Lastly, to evaluate the electrochemical performance
of Li; (;Mn, sP,,,0, under more practically relevant conditions, we
assembledLi, ,;Mn, P, ;0,|Li metalanode pouch cells. Agood capacity
retention of 74% and stable discharge voltage around 3.11 V (Fig. 3f,g,
with no voltage decay) have been achieved over 50 cyclesat 50 mA g™
between 1.5 and 4.8 V versus Li/Li*. In addition, we fabricated thicker
electrodes with higher active material weight ratio and achieved good
cycling stability when the active material mass loading isincreased to
5-10 mg cm™ (Supplementary Fig.17).

Exploring compositional space of DRXPS
The DRXPS family has a rich chemistry. To demonstrate, we show the
following examples within the general formula Li,,,-,M,_,[X0,1,04¢-y-
We first varied the P content in Li; (;Mn, ¢,_,P, O, (0 <x < 0.5). The XRD
patterns of the four synthesized compounds are shown in Fig. 4a (more
examplesinSupplementary Fig.18a). Phase-pure spinel structure read-
ilyformsatx < 0.27, while theimpurity phase begins toformatx > 0.33
(fromunreacted MnO, precursor). To evaluate the electrochemical per-
formance, we cycled Li; ;Mn, ¢,_.P,O,at 50 mA g ' between1.5and 4.8 V
versus Li/Li*, after two formation cycles at 20 mA g™. Figure 4b shows
the voltage profiles of the four selected compositionsin theinitial two
formation cycles. AsshowninFig. 4c and Supplementary Fig.18b, PO,
incorporationdrasticallyimproves the cycling stability over the P-free
Li; (;Mn, ,,0,. For better quantifications, we compared the discharge
energy density at the 25th cycle at 50 mA g (Supplementary Fig. 18c)
andbenchmarked against 730 Wh kg reported byJietal.” for DRX and
related cathodes. We found that the relation between x and cycling
performance resembles that of a volcano plot (also true at the 100th
cycle; Supplementary Fig. 18d), and 0.13 < x < 0.23 offers stabilized
energy density of 867-890 Wh kg™ at the 25th cycle. The experimentally
observed volcano plot behaviour and x range are quantitatively con-
sistent with analytical derivations (0.159 < x < 0.222 in Supplementary
Note 1) based on our stated design principles. A detailed study of the
compositionswithvaryinguandvis provided in Supplementary Note 3.
We next practiced Mn-Fe substitution. Fe is another
redox-active and earth-abundant element that attracts continuous
interest. Li, (;Mn, ,sFeq,sP 1,0, was synthesized mechanochemi-
cally. The XRD pattern shows a single-phase cubic spinel structure
(Fig.4d;a=b=c=8.129 A, a=B=y=90°). Under SEM, we confirmed
that Li; ;;Mn, ,sFeg,sPo1,0, consisted of polycrystalline particles
(-200 nm; Supplementary Fig. 19a) with uniform elemental distribu-
tions (EDS mappingin Supplementary Fig.19b) and fine primary nano
particles (TEMin Supplementary Fig.19c; a characteristic lattice spac-
ing of 4.69 A, corresponding to the (111) peak of the spinel structure,
and SAED in the inset of Supplementary Fig.19c showing polycrystal-
line diffraction rings that also match the phase). The electrochemical
performance of Li; ;;Mn, ,sFe, ,sP,,0, was tested between1.5and 4.8 V
versus Li/Li* atroom temperature. In the first cycle at 20 mA g™ (Fig. 4e),
it shows a discharge capacity of 327 mAh g™ and a discharge energy
density of 978 Wh kg™, which are slightly lower than the correspond-
ing values for Li; ;;Mn, ;P ;;0,. Li, ;Mn, ,sFe, 5Py 1,0, sShows exceptional
cycling performance, with 72% capacity retention (Fig. 4f) and 67%
energy density retention (Supplementary Fig.20b) over 100 cycles at
50 mA g™. The substitution was extended to a higher Fe ratio to produce

Li, .;MnFe, sP,,,0, and with some Ni to produce Li; (;Mn, ;3Nij ;P ;0,.
The spinel phase has been identified for all these compositions (Sup-
plementary Fig.20a). Their cycling performances are compared with
Li, ¢;Mn, 5P, 0, and Li; (;Mn, ,sFe, ,sPy 1,0, in Supplementary Fig. 20b.
Discharge energy densities of 610-825 Wh kg™ were obtained at the
25th cycle (Supplementary Fig. 20c), which demonstrates highly tun-
able transition metal chemistries in DRXPS.

We lastly studied different polyanion groups. In addition to the
valence +5 P, we synthesized Li, ;;Mn, ;X,,,0, withX=+3B,+4 Siand +6 S.
These non-metallicelementsall form strong covalentbonds with oxygen
and canadoptatetrahedral occupancy (that is, forming XO, groups). As
shownbythe XRD patternsinFig.4d, phase-pure spinel structures have
been identified for Li, .;Mn, sB,,0, and Li, (;Mn, ;Si, ;;0,, while minor
impurity peaks matchingMnO, (precursor) exists in Li; ;;Mn, S, ,0,in
addition to the mainspinel phase. Microscopy characterizationsin Sup-
plementary Fig.19d-fof aselected composition, Li; .;Mn, B, ;0,, showa
polycrystalline particle morphology with ultrafine primary ones that are
well crystalized. The electrochemical performance of Li, ;Mn, sX, 0,
was tested between 1.5 and 4.8 V versus Li/Li* at room temperature.
Figure 4e shows the galvanostatic charge-discharge curves of the
first two cycles at 20 mA g™ for Li; ;Mn, B, 1,0,, Li, ,;Mn, sSi, 0, and
Li; (;Mn, sS,,0,. Among the three compositions, Li; ;;Mn, ;B,;,0, hasthe
highest discharge capacity of ~360 mAh g™ and the highest discharge
energy density of 1,070 Wh kg™, which are comparable with the cor-
responding values of Li; ;;Mn, sP, ;0. When cycled at a higher rate of
50 mA g, good cycling stability can be identified and the discharge
capacity (Fig. 4f) and energy density (Supplementary Fig. 21) at the 25th
cycle (after two formation cycles) follows the rank of Li, (;Mn, sP,,0,
> Li; ;Mny sBo,1704 > Liy 6;MNy 5S0 17,04 > Liy ;Mn; sSio 170, Remarkably, all
these compositions show greatimprovements over the polyanion-free
compositions (for example, Li, ;;Mn, sNb, ;;0, and Li; 5;Mn, (s0,). There-
fore, we conclude that the integrated rocksalt-polyanion structure
presentedinthis Articleis ageneralmethodology toimprove the stabil-
ity of high-energy-density oxide cathodes, especially DRX cathodes.

Conclusions

We demonstrated apromising family of Co- and Ni-free DRXPS cathodes
with stabilized high hybrid anion- and cation-redox capacities and
energy densities. It overcomes the key bottleneck of poor high-voltage
cyclability for the development of DRX cathodes and their derivatives.
Despite the encouraging results, there remain issues to be addressed
to enable the practical use of DRXPS cathodes. First, the ratio of the
active materials in the composite cathode needs to be increased to
>90 wt%, while the ratio of the conductive carbon needs to be sub-
stantially lowered for better practicality (for example, increase volu-
metric energy density, calculated in Supplementary Table 5). This can
be resolved with a thin layer of uniform carbon coating, as is the case
for LiFePO,, which can improve the long-range electron percolation
in the composite electrode. Second, the cycling stability needs to be
further improved to allow for >500-1,000 deep charge-discharge
cycles. This can be resolved by applying coatings, minor lattice dop-
ing, concentration-gradient design, and advanced electrolytes and
electrolyte additives. With the above issues addressed, scalable syn-
thesis methods (Supplementary Note 4) should be developed, and
DRXPS cathodes should be evaluated in practical full cells (supported
by pre-lithiation technologies for the first-cycle overlithiation). We
look forward to rapid progress in developing Co- and Ni-free DRXPS
cathodes, and their practical applications in sustainable energy.

Methods

Synthesis

All compositions were synthesized using a one-pot room-temperature
mechanochemical synthesis method. Li,O, Mn,0,, MnO,, Li,PO,, Fe,0;,
B,0,,Li,SO,andSiO, (all from Sigma-Aldrich, 99% purity) precursors were
directly mixed using the Fritsch Pulverisette 7 Premium Line planetary
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ball mill, according to stoichiometry (for example, Li; ;;Mn, 5P, ,0, = 0.58
Li,O +0.25Mn,0; + MnO, + 0.17 Li;PO,). Precursor powders with a total
weight of around 5 g were put into an 80 ml stainless-steel jar, with 25
10-mm-diameter stainless steel balls (the powder-to-ball weight ratio
of was 1:20) and mixed in air at room temperature under 800 rpm for
5h.Noadditional heat treatment was involved.

Materials characterizations

ICP-MSwas conducted on Agilent 730. Inductively coupled plasma opti-
cal emission spectroscopy (ICP-OES) was conducted on Agilent 5100
VDV. High resolution X-ray diffraction data were collected at Beamline
11-BM, Argonne National Laboratory, in the 26 range of 0.5-50° with
astep size of 0.001°, counting time of 0.1 s per step, and awavelength
of 1=0.458961 A at 295 K and A = 0.458956 A at 100 K. Fine-ground
polycrystalline powders wereloaded into a $0.8 mm Kapton capillary
for installation on a magnetic sample base used by the beamline sam-
ple changer. The sample was spun continuously at 5,600 rpm during
data collection. X-ray PDF measurements were completed at room
temperature at the 11-ID beamline at the Advanced Photon Source,
Argonne National Laboratory, using a General Electric amorphous
Si two-dimensional detector. The sample to detect or distance was
fixed at 117.13 mm, and synchrotron X-rays with the wavelength of
0.2127 Awere utilized witha 0.2 mm x 0.2 mmbeamssize. All other XRD
measurements were conducted onan Aeris Research Edition X-ray dif*-
fractometer using a Cu target under 40 kV and 15 mA, in the 26 range
of 15-80°. Time-of-flight neutron diffraction was conducted at Multi
Physics Instrument in China Spallation Neutron Source, operating at
160 kW beam power with 25 Hz repetition rate. About 3 g of powder
was putintoV can, and the measurement time was about 3 h. The dif-
fraction dataset was analysed using GSAS Il. Raman spectroscopy was
conducted on WITec alpha300 R Raman microscope. Laser wavelength
of 532 nm was applied with a power of 5 mW, a grating of 300 g mm™
and a spectral resolution of 0.1cm™ to acquire the Raman data. Each
spectrum was collected with five scans and 10 s integration for each
scan. SEM was conducted on a Zeiss Merlin high-resolution scanning
electron microscope. TEM, SAED and EDS were conducted on a JEOL
2010F transmission electron microscope with an acceleration voltage
of 200 kV. Ex situ XANES measurement was conducted at the 7-BM
beamline at the National Synchrotron Light Source Il, Brookhaven
National Laboratory, and at the BL17B1beamline of the Shanghai Syn-
chrotron Radiation Facility (SSRF), at a typical energy of the storage
ring of 3.5 GeV under the ‘top-up’ mode with a constant current of
210 mA. HAADF-STEM and EELS mapping were performed using the
TEAM I transmission electron microscope at the National Center for
Electron Microscopy, Lawrence Berkeley National Laboratory. This
microscope is double aberration-corrected and operates at 300 keV,
with a convergence angle of 30 mrad and a beam current of 70 pA. A
LASSO filter with thickness effect removal and aturbo colormap were
applied tothe HAADF-STEM image for better visualization of site occu-
pations. The EELS mapping was acquired using a Gatan GIF Continuum
K3 System. During the EELS measurement, the aperture size is 5 mm,
yielding an EELS collection semi angle of 150 mrad, the dispersion is
0.18 eV Ch'and the step size is 0.0996 nm. The grain selected for EELS
measurement is close to a zone axis such that some lattice fringes can
be seen. HAADF-STEM with EDS was performed using Thermo Fisher
Scientific Themis Z G3 aberration-corrected scanning transmission
electron microscope at MIT.Nano, operated at 200 kV withabeam cur-
rent of 30-40 pA and 19 mrad convergence angle. EDS was collected
with a100 pA beam current on Super-X EDS detectors. X-ray fluores-
cence (XRF) was performed on a Bruker Tracer-Ill SD Portable XRF.

Electrochemical measurements

All electrodes for electrochemical testing were prepared by mixing
70 wt% active material, 20 wt% conductive carbon (Timcal Super
C65) and 10 wt% polyvinylidene fluoride (Sigma-Aldrich) using

N-methyl-2-pyrrolidone (Sigma-Aldrich) as the solvent to formaslurry,
which was then casted onto an aluminium foil using a 250-um-gap
doctor blade. The loading of the electrode films was 2-3mgcm™ A
polypropylene (Celgard 2400) membrane was used as the separator,
and 1.2 M LiPF, dissolved in ethylene carbonate:ethyl methyl carbon-
ate =30:70 wt% solution (Gotion) was used as the electrolyte. Li metal
foil was used as the counter and reference electrode. Coin-type cells
(CR2032) were assembled in an argon-filled glove box (MBraun). Elec-
trochemical testing of the coin cells was conducted onalLandt CT2001A
battery tester (Wuhan Lanhe Electronics) and a Neware battery tester
(BTS-9000) at room temperature. Galvanostatic cycling was performed
between1.5and 4.8 VversusLi/Li* at 20 mA g for the initial two forma-
tion cycles, and then at 50 mA g onwards. The rate performance test
was performed between 1.5 and 4.8 V versus Li/Li* at 20, 50, 200, 500
and 1,000 mA g™ for five cycles each, on the same coin cell for each
composition. GITT measurements were performed between 1.5 and
4.8 VversusLi/Li*, with20 mA g current pulse for 20 min, followed by
a2 hrelaxation step. For pouch cells, cathode film with active material
loading of 2.5 mg cm™and dimension of 3 cm x 4 cm was used, paired
with Li metal foil. The electrolyte, separator and galvanostatic cycling
test conditions were the same as coin cells. For XANES measurement,
electrode samples were prepared by disassembling coin cells that were
charged/discharged to aspecific voltage, and thenrinsed with dimethyl
ether for 2 min. For ICP-OES measurement, electrolyte samples were
prepared by disassembling coin cells after a certain number of cycles
and chargedto4.8 VversusLi/Li*,and then soaking the cycled cathode
filmin fresh electrolyte for 10 days at room temperature. For ex situ
and XRF measurements, cathode and anode films (lithium metal disc)
were obtained by disassembling coin cells after a certain number of
cycles and discharged to 3 V versus Li/Li*, and then rinsed with dime-
thyl ether for 2 min. In situ DEMS experiments were carried out using
acommercial mass spectrometer (Linglu Instruments, Shanghai). The
DEMS cell was assembled with a Swagelok-type cell, where the diameter
and mass loading of the electrode disc were 16 mm and 10 mg cm™,
respectively. The assembled cell was connected to the gas path of the
mass spectrometer (Pfeiffer, OminiStar GSD 320). The total carrier gas
(Ar) was 3 ml min™, and the flow was 3 ml min™ through the Swagelok
cell. The cell was continuously ventilated for 6 h until the baseline was
stable and then charged to 4.8 V versus Li/Li* at a current density of
15mAg™, and held at 4.8 V versus Li/Li* for 4 h.

Data availability

Theauthors declare that all data supporting the findings of this study
areavailable within the Article and its Supplementary Information files.
Source data are provided with this paper.
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Supplementary Note 1 | Design principles on materials and stoichiometry.

The chemistry Lio+,—.M>-,[ XO4]:O4(1-x) for high capacity/energy density, bulk polyanion (XO4 group, X =P, Si, S, B)
incorporation and stabilized lattice oxygen for synthesizable DRXPS cathodes were designed with the following
considerations:

1. Cation filling: With an FCC oxygen framework, we assume octahedral site occupancy for M, tetrahedral or
octahedral site occupancy for Li, and tetrahedral site occupancy for X (this holds for P, Si and S, and is a simplification
for B as it may also form trigonal planar BO3').

2.  Spinel-type transition metal ordering: A spinel-type M ordering (Supplementary Figure 22a) is preferred to
fully utilize M 3d - O 2p hybridization to stabilize the oxygen framework and to provide 3-dimensional (3D) channels
for Li* diffusion®. This can be realized in a spinel structure with LiMOs stoichiometry, a rocksalt structure with
Lif16iM[164102 stoichiometry, or their composites.

3. Cation deficiency: To successfully incorporate polyanions into the lattice, the four octahedral sites face-shared
with an XOy tetrahedron should be empty (Supplementary Figure 22b). Thus, in synthesis, one should make sure
that 4x <4 — (2+u—v) — (2—u) or xmax = v/4 for a given v. In charging, v increases (vmax = 2+u), and in discharging, v
decreases but there is always a lower bound: vmin= 4x for a given x.

4. O stabilization: Oxide ions can be classified into stable bonded oxygen (Og) and labile underbonded oxygen
(Oug). Og is considered as O bonded to three M cations in an octahedral complex (O-3M) or O belonging to the
polyanion group (O-X, regardless of the number of M neighbors), and Ous are O-2M, O-1M or O-O0M
(Supplementary Figure 23). For effective stabilization of HACR cathodes without long-range O diffusion/loss, Ous
needs to be non-percolating in the anion sublattice. The percolation threshold for an 3D FCC lattice is 0.2>*, and thus
the Oug ratio should be below 20% (or Og ratio > 80%).

5. MJO ratio, m: To enable high capacity and energy density, there should be sufficient high-symmetry lattice sites
for full lithiation (Figure 1b). Assuming that anion redox is active and the neighboring octahedral sites of an XO4
tetrahedron can be electrochemically lithiated, the theoretical capacity of Lis+,.M>4[XO4]xO4(1—y) is limited by the M
content only, as a maximum of (2+u) Li can be inserted. For layered cathodes LiMO, (M = Ni/Co/Mn, u = 0), the
theoretical capacity is around 280 mAh g, with vmin = 0. To reach higher capacities, one needs u > 0 (also reduces

molecular weight per formula unit). However, increasing u sacrifices the stability of the M-O framework with less
Os (only considering O-3M for Og and O-2M for Oy, then Og ratio = 6m—2, where m = ZTTu for cathodes without

polyanion solid solution, black line in Supplementary Figure 24). The Og ratio is only 0.4 for the stoichiometry,
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Li12Mo 303, of conventional Li-rich layered cathodes, which might explain their performance decay. Increasing u also
increases the average M valence. For as-synthesized cathodes, Mn and Fe typically have a valence no more than +4
and +3, respectively, beyond which it is too oxidizing to be stable in air. These give an upper bound for u.

6. X/O ratio: The motivation for polyanion solid solution is to stabilize lattice oxygen and increase high voltage

cyclability. As X strongly binds to its four first-nearest O via covalent bond, forming the XO4 polyanion group in M-

u[XO4]:04(1-v), the effective M/O ratio, m = 42__—41;, is larger compared to the polyanion-free M>_,O4 withm = iju’

meaning a more robust structure with fewer labile Oyg (Figure 1c¢). For effective stabilization with Oyg ratio kept
below 0.2, a lower bound for x should exist, which is estimated in the following two limiting cases. (i) Without
considering P-Li interactions and assuming evenly spaced Li and M at 16d sites and X at 8a sites, Oug should only
consist of O-2M, and Og consists of O-3M and O-X. Let p be the population of a certain O configuration per formula
unit Lizty-vM>-u[XO4]xOs(1—x), then we have po_zy = (6m — 2)(4 — 4x) and po_x = 4x, and po, = Po-3m +
Po—x = 4(1 — 0.2) is required for stability. Solving for x we obtain xmini = 0.5u — 0.067. In reality, we may have
certain amounts of O-1M or O-0M if Li/M short-range ordering (SRO) is considered, since the polyanion element
with high positive valence prefers Li* over Mn®>"** in its proximity to minimize electrostatic repulsion. This makes
Po—3m > (6m — 2)(4 — 4x) and thus a lower Xmin;. (i1) Assuming strong SRO between X and Li, i.e., all u 16d Li
octahedra are corner-shared with X tetrahedra (assuming the total number of 16d octahedra corner-shared with X
tetrahedra, 12x, is greater than u, which is likely the case), then pg_gy = 0 and po_1y = u/2. Since pg_1y +
Po—2m + Po—3m =4 —4x and po_1y + 2P0-2m + 3P0o-3m = 6M, we can solve pg_zp = 4 + 8x — 5.5u. Also, we
have po_x = 4x and po, = Po-3m + Po-x = 4(1 — 0.2). Solving for x we obtain Xminii = 0.458u — 0.067. The true
Xmin should lie between these two minima. Note that due to minor cation disorder between Mn at 16d and 16c¢ sites
(~7% Mn at 16¢ sites for Lij¢7Mnj sPo.1704 from Supplementary Table 2), there is a small possibility of Li-O-Li
configuration in O-3M’ complexes with Mn at 16c¢ site (Supplementary Figure 23, bottom left), which can also lead

M Mn[16c]

to labile oxygen states. If we set f'to be the fraction of Mn at 16c sites (f = , n is the number of

NMn([16c] T Mn[16d]
moles). We denote the revised parameters with * (prime symbol). The effective M/O ratioisthenm’ =m - (1 — f) =

2-u

-2z (1 — /), and we obtain Xmini = 0.5 — 0.067 + (1 — 0.5u) f = Xpyin; + (1 — 0.5u)f and xpy;, 5 = 0.458u —

0.067 + (1 — 0.5u)f = xpinii + (1 — 0.5u)f. This calculation is a bit overshot since there is a small chance that
all three 16c¢ sites adjacent to an oxygen atom are occupied by Mn, which is a stabilized oxygen configuration, and
thus the values should be between x and x’. The limits of x (assuming no cation disorder, i.e., Mn at 16c¢ sites) are

plotted in Supplementary Figure 25a. For studying varying P content, x, in Lii.s7Mn1.67-xPxO4, we plug in u = x +
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0.33 and v = x + 0.67 into the above equations, and obtain Xmin; = 0.2, Xmini = 0.159, and xmax = 0.222. The range
0.159 <x <0.222 is marked on Supplementary Figure 18c-d, matching the best-performing compositions.
7. The previous discussions assumed that Li" can only take octahedral cation sites in DRX. In reality, Li" can also
take tetrahedral sites, represented by # in Liz+y—y+/M2-,[XO4]xO4(1-v). As shown in the following sections, lithiation can
proceed beyond (2+u—vmin) Li towards the end of discharge, indicating tetrahedral occupations of Li at lower voltages
(<2.3 Vs. Li/Li"), and a larger theoretical capacity than only considering octahedral Li occupation (the blue line in
Supplementary Figure 24 is drawn by assuming Vmin—fmax = (vV—)min = X, Which is a reasonable estimate since we
lithiated to v—¢ = 1.38x in Figure 3b). We should distinguish these ¢ tetrahedral sites from the 2+u—v octahedral sites.
Note that # > 0 becomes significant only at low voltages, and thus does not enter the high-voltage O sublattice
discussion much. In Figure 3b, we mark the theoretical capacity with dashed lines under the two assumptions: Li
tetrahedral occupation is not allowed (green dashed line), estimated with (v—f)min = x; Li tetrahedral occupation is
allowed (blue dashed line), estimated with (V—f)min = 4x.

Based on the discussions, we see that polyanion solid solution (blue line in Supplementary Figure 24) grants
larger capacity compared to polyanion-free compositions with the same Og ratio (similar reversibility), and higher

Og ratio (better reversibility) than the polyanion-free composition with similar capacity.
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Supplementary Note 2 | Detailed study of Li;.¢7Mn1.5P¢.1704 stability and comparison with Li;.7Mn1.5Nbo.1704.
We performed additional experiments to study the stability of Liis7MnisPo.170s4 and comparison with
Li1.67Mn; sNbo 1704, which further illustrates the superior stabilizing effects of the polyanion solid-solution strategy.
First, we performed ex situ XRD measurement on the cathode film after cycling (Supplementary Figure 26). Ex
situ XRD data shows that the spinel structure is maintained after 100 cycles, indicating good structural stability.
Second, we performed in situ differential electrochemical mass spectroscopy (DEMS) measurement
(Supplementary Figure 14) on the first charge cycle of the cathodes, which shows much less gas evolution (CO»
and O») for Li; 67Mni sPo.1704. Third, we performed inductively coupled plasma optical emission spectroscopy (ICP-
OES) on the electrolyte soaked with cathode film after cycling (Supplementary Figure 15a), and X-ray fluorescence
(XRF) on the lithium anode after cycling (Supplementary Figure 15b). Both ICP-OES and XRF measurements
reveal that the Lij.¢7Mn; 5Po.1704 cell experiences less Mn dissolution from the cathode than the Li; ¢7Mn; sNbg 1704
cell upon cycling. Lastly, we cycled Lii s7Mni.5Po.1704 under different voltage windows (Supplementary Figure 27)
and observed similar retention rates when we lower the upper cutoff voltage (72% at 4.8 V, 70% at 4.7 V, 69% at 4.6
V, and 70% at 4.4V, all vs. Li/Li" and over 100 cycles) and increase the lower cutoff voltage (72% at 1.5V, 63% at
2.0V, 74% at 2.5 V, all vs. Li/Li" and over 100 cycles). This shows that Lii¢;MnisPo1704 is robust against
degradations under extreme electrochemical conditions. These experiments all point to the significant improvement

to both the bulk structural stability and the surface chemical stability by the introduction of polyanions.
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Supplementary Note 3 | Study of base compositions with varying u and v.

Supplementary Figure 25b shows the projection of x in Supplementary Figure 25a onto its x-y plane, which
reflects different regimes of polyanion stabilization for different base compositions. In the red-colored region where
Xmax < 0, it is impossible to even synthesize phase-pure polyanionic compositions due to the lack of cation deficiency
for the incorporation of polyanion groups. In the yellow-colored region where 0 < Xmax < Xmin, the maximum allowed
polyanion content for phase-pure synthesis is not sufficient to ensure non-percolating labile underbonded oxygen
(Oug). It is desirable to choose a base composition Lio+,—M>,O4 in the blue-colored region with 0 < xmin < Xmax. For
verification, we studied compositions with varying u and v (all synthesized compositions marked in Supplementary
Figure 25b).

We first varied the Li content and thus cation deficiency in Liz s \Mn;5Po.1704 (v=-0.17,0.17, 0.5, 0.83, 1.17)
while fixing the amounts of Mn (z = 0.5) and P (x = 0.17) (Supplementary Figure 28). We found that a high level
of cation deficiency with 0.5 <v <1.17 is critical to the formation of the spinel phase (Supplementary Figure 28a),
while larger v (less cation deficiency) results in rocksalt-type phase and eliminates the spinel-type cation ordering.
We then cycled Lizs,Mn; sPg 1704 between 1.5 — 4.8 V vs. Li/Li* at 50 mA g', after two formation cycles at 20 mA
g!. As shown in Supplementary Figure 28b, while all polyanionic compositions show good cycling stability, the
spinel-phase Liz s-,Mni5Po.1704 (v = 0.5, 0.83, 1.17) leads to higher discharge energy density than the rocksalt ones
(v =-0.17 and 0.17). The 25"-cycle discharge energy densities are in the range of 830-890 Wh kg™! for the spinel
phases (Supplementary Figure 28c), which are higher than the rocksalt ones and the 730 Wh kg™' benchmark. This

proves the importance of the spinel phase and cation deficiency upon synthesis, as proposed in the design principles.

We then varied the effective M/O ratio, m = , in Li117+uMn2-.Po.22-011.04 (1= 0.2, 0.35, 0.5, 0.65, 0.8)

3.12+0.44u
such that the cation deficiency (v = 0.83) and spinel order (molar ratio nri+m/no = 0.79) are fixed (Supplementary
Figure 29). While all compositions exhibit a spinel-like phase (Supplementary Figure 29a), their cycling
performances differ. Compositions with intermediate u (z = 0.35, 0.5 and 0.65, especially u = 0.5) show the best
cycling stability with high initial energy densities. The composition with # = 0.2 shows a lower initial energy density
but good cycling stability, and the composition with © = 0.8 has a slightly larger initial energy density (larger than u
= 0.2 but still smaller than others since Mn valence is > +4 by design for u = 0.8) but the worst cycling stability
(Supplementary Figure 29b). Their 25%-cycle discharge energy densities show a volcano-type relation with respect
to u (Supplementary Figure 29c¢). This justifies the design principle that the M/O ratio should be a compromise

between capacity and structural stability (while ensuring phase-pure synthesis). Generally speaking, to achieve high
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capacity and energy density, an effective M/O ratio down to 0.4 (Supplementary Figure 29¢) can be accepted that
does not sacrifice cycling stability too much. This is between that of layered LiMO, (m = 0.5) and Li-rich Li-MnO3

(m = 0.33).
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Supplementary Note 4 | Towards more scalable mechanochemical synthesis of DRXPS.

Metastable materials such as DRXPS and other common disordered rocksalt cathodes are mostly synthesized
with mechenochemical methods. Since high-energy planetary ball milling is energy-intensive and generally has a
low product yield, making it commercially impractical, we tried synthesizing DRXPS at lower milling speeds. We
performed milling at 400, 300, and 200 rpm for different durations, and found that DRXPS does form at lower milling
speeds, but requires longer milling duration to achieve phase purity. From XRD patterns in Supplementary Figure
30a, we found that the desired phase without obvious impurity phases can be achieved with milling speed as low as
300 rpm if the milling duration is long enough (~60 hours). But there is a lower speed limit: if we further reduce the
milling speed to 200 rpm, the speed at which is more common for simple physical mixing rather than
mechanochemical synthesis, the desired phase cannot be formed even for a very long milling duration. The
electrochemical performance does not change much when low milling speed is used for synthesis (Supplementary
Figure 30b). This shows the feasibility of using a lower milling speed (300 rpm) to synthesize DRXPS cathodes, and
such tolerant mechanochemical synthesis conditions for DRXPS can potentially lead to much higher product yields
and lower costs. A lower milling speed means that larger ball milling jars with larger volumes can be used in planetary
ball mills. For example, a planetary ball mill with a maximum speed of 390 rpm can hold four 10-liter jars, which is
~25X the volume of our benchtop high-energy ball mill with maximum speed of 1100 rpm. DRXPS can be produced
on the kilogram-scale per batch at 300 — 400 rpm in the lab. In addition, other types of mills such as vibration, attrition,
or tumbler mills can be utilized under such milling speeds, and these are typically much larger and more commercially

available than planetary ball mills.
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Supplementary Figure 1 | High-resolution XRD and Rietveld refinement of Lii.s7Mn1.5Po.1704. Refinement is
performed using the GSAS II software. Refined parameters are shown in Supplementary Table 2. Spinel LiMn,O4

and LiNigsMn; 504 are shown as references.
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Supplementary Figure 2 | Neutron powder diffraction and Rietveld refinement of Liis7Mni.5Po.1704.

Refinement is performed using the GSAS II software. Refinement input is taken as the output from XRD refinement.
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Supplementary Figure 3 | Pair distribution function measurement of Lii s7Mni.5Po.1704, LiMn204, and LiFePOs.

Peaks corresponding to atom pairs in Li; 67Mn sPo.1704 are marked.
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Supplementary Figure 4 | Raman measurement of Lij.¢7Mn1.5Po.1704. Peaks are marked by their corresponding

bonds.
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Supplementary Figure 5 | SEM image and particle size distribution of Lii.¢7Mni1.5Po.1704 (ball-milled at 800

rpm for 5 h). a-d, SEM images taken at magnifications of (a) 30,000%, (b) 20,000X%, (c) 10,000, and (d) 5,000x.

e, Particle size distribution analyzed from (b). 100 particles were sampled.
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Supplementary Figure 6 | STEM-EDS mapping of Lii.s7Mn1.5Po.1704. a,b, STEM-EDS mapping of Mn, P and O
performed on a larger region than Figure 2f. ¢, Line profile of Mn, P and O along the arrow indicated in (b). Note
that the profile near the particle edge is affected by thickness effect, and should be disregarded. The profile away

from the particle edge shows homogenous distribution of Mn, P and O.
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Supplementary Figure 7 | Ex situ XANES measurement of Li;.¢7Mni.5Po.1704. a, Mn K-edge XANES spectra of
Li1.67Mn; 5Pg.1704 in the first two cycles, and MnO, Mn,Os3 and MnO; references. b, Points along the voltage profile

for Lij 67Mn; sPg.1704 at which ex situ XANES samples are taken.
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Supplementary Figure 8 | Ex situ XANES measurement of Li;.¢;Mni.sPy.1704 in the low voltage region (<2.5V
vs. Li/Li"). a, Mn K-edge XANES spectra of Lii 67Mn; sP.1704 in the first two cycles, and MnO, Mn,O3; and MnO»

references. b, Points along the voltage profile for Lij.s7Mni.sPo.1704 at which ex situ XANES samples are taken.
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Supplementary Figure 9 | Cycling performance of Lii.¢7Mn1.5Po.1704 at different current densities. a, Discharge
capacity and b, discharge energy density retention when cycled between 1.5 — 4.8 V vs. Li/Li" at 20, 50, 200, 500,

and 1000 mA g', all following two initial formation cycles at 20 mA g' (not shown).
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Supplementary Figure 10 | GITT measurement of Lii.s7Mn1.5Po.1704 and Li1.03Mn1.6504. a, GITT profiles in the

first discharge cycle between 1.5 — 4.8 V vs Li/Li*. A two-hour relaxation follows a 20 mA g current pulse for 20

minutes in every charge/discharge step. b, Ohmic and non-Ohmic losses at each GITT step. ¢, Li" diffusivity values

at each GITT step.
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Supplementary Figure 11 | Discharge energy density retention of Liie;Mni sPo1704, Liis7MnisNbo.1704 and
Li; 93Mn; 6504 in 100 cycles between 1.5 — 4.8 V vs. Li/Li" at 50 mA g™!, following the two initial formation cycles

at 20 mA g! (not shown).
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Supplementary Figure 12 | XRD patterns and cycling performance of different polyanion-free control groups.
a, XRD patterns of Liis7Mn1.5Po.1704, different control groups, and reference spinel LiMn;O4. The number in the
bracket indicates the initial Mn valence of the composition. b,e, Discharge capcity (b) and discharge energy density
(¢) retention of Li; ¢7Mn sPo.1704 and different control groups in 100 cycles between 1.5 — 4.8 V vs. Li/Li" at 50 mA

g, following the two initial formation cycles at 20 mA g' (not shown).
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Supplementary Figure 13 | dQ/dV analysis for Lii.s7Mni15Po.1704 and Lii.o3Mnu.6504. dQ/dV profiles for a,

Li; 67Mn; sPg 1704 and b, Li; 93Mn 6504, cycled between 1.5 — 4.8 V vs. Li/Li* at 20 mA g™' in the initial two cycles,

and at 50 mA g' in subsequent cycles.
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and b, Lij ¢7Mn; sNbg 1704, in the first charge to 4.8 V vs. Li/Li" at 15 mA g', and held at 4.8 V for 4 h.
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Supplementary Figure 15 | ICP-OES and XRF measurement of cycled Liie7Mnis5Po1704 and
Li1.e7Mn1.sNbo.1704 cells. a, ICP-OES measurement of dissolved Mn from cycled cathode film soaked in fresh
electrolyte. b, XRF measurement of deposited Mn on the Li anode disc from cycled cells. The peak at 5.9 keV

corresponds to the Mn Ka peak.
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Supplementary Figure 16 | Cycling performance comparison of Lii¢7Mn1.sPo.1704 with DRX references in

Supplementary Table 4.
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Supplementary Figure 17 | Cycling performance of Lii.7Mn1.5P¢.1704 with higher active material mass loading.
a, Capacity retention. b, Discharge energy density retention. The cells were cycled between 1.5 —4.8 V vs. Li/Li" at
50 mA g, following two initial formation cycles at 20 mA g (not shown). The legend reads: cathode active

material:conductive carbon:PVDF binder weight ratio — doctor blade gap — electrode active material mass loading.
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Supplementary Figure 18 | Structure and cycling of Li;.7Mn1.67-.PxO04 (0 <x < 0.5). a, XRD patterns. b, Discharge
energy density in the first 100 cycles, between 1.5 — 4.8 V vs. Li/Li" at 50 mA g, after two formation cycles at 20
mA g (not shown). ¢, Discharge energy densities taken at the 25" cycle (counted after the two formation cycles).
The red dashed line indicates the benchmark value for comparison. d, Discharge energy densities taken at the 100™
cycle (counted after the two formation cycles). The orange dashed rectangle indicates the predicted optimal range of

x calculated from design (Supplementary Note 1).
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Supplementary Figure 19 | Morphology of Lii.c7Mni.2s5Fe.25P0.1704. and Li1.e7Mn15Bo.1704. a, SEM image of
Lii.67Mnj 25Feo25Po.1704. Scale bar, 200 nm. b, STEM-EDS mapping of Lii s7Mni 25F€0.25P0.1704. Scale bar, 100 nm.
¢, TEM image of Lij ¢7Mn 25Feo25P0.1704. Scale bar, 5 nm. Inset: SAED pattern. Scale bar, 2 nm™'. d, SEM image of
Lii.67Mn; 5Bo.1704. Scale bar, 200 nm. e, STEM-EDS mapping of Li; 67Mn1.5Bo.1704. Scale bar, 100 nm. f, TEM image

of Li; 67Mn 5B.1704. Scale bar, 5 nm. Inset: SAED pattern. Scale bar, 2 nm™'.
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Supplementary Figure 20 | Structure and cycling of Li;.¢7MPy.1704. a, XRD patterns. b, Discharge energy density
in the first 100 cycles, between 1.5 — 4.8 V vs. Li/Li" at 50 mA g, after two formation cycles at 20 mA g! (not

shown). ¢, Discharge energy densities taken at the 25" cycle (counted after the two formation cycles). The red dashed

line indicates the benchmark value for comparison.
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Supplementary Figure 21 | Discharge energy density of Lii.s7Mni2sFeo25Po.1704 and Lii 67Mn1.5X0.1704 (X = B, Si,
S) in the first 100 cycles, between 1.5 — 4.8 V vs. Li/Li" at 50 mA g!, after two formation cycles at 20 mA g™ (not

shown). Data for Lij ¢7Mnj 5sPo.1704 and Lij 67Mn 6704 are also shown for reference.
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Supplementary Figure 22 | a, Spinel-type ordering of transition metal ions. b, Li/Mn occupied octahedra corner-

shared with a polyanion tetrahedron, and empty octahedra face-shared with a polyanion tetrahedron.
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Supplementary Figure 23 | Different oxygen local environments. Bonded oxide ions (O-X and O-3M) and
underbonded oxide ions (O-3M’, O-2M, O-1M and O-0M).
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Supplementary Figure 24 | Bonded O (Og) ratio in stoichiometries with different theoretical lithiation limits 2+u—
(v—f)min. The black line represents polyanion-free compositions, and the blue line represents polyanionic compositions

(with u = 0.5). The red dashed line marks the percolation threshold for underbonded O, above which (< 20 at% Oug)

compositions are considered to have good cycling stability.
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Supplementary Figure 25 | Range of polyanion content, x, in Liz+,—vM2 4[XO4]xO41-x). 2, Xmax and xmin under

different Li and M content. b, Projection of plot in (a) onto the x-y plane, showing different regimes of polyanion

stabilization for different base compositions Liz+,—.M>,O4. Base compositions of Liz 5-,Mn; 5Po.1704 (v=-0.17,0.17,

0.5, 0.83, 1.17) and Li;.17+uMno—Po22-0.11.04 (u = 0.2, 0.35, 0.5, 0.65, 0.8), studied in Supplementary Note 3, are

marked.
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Supplementary Figure 26 | Ex situ XRD of pristine Li; 67Mn.5Po.1704 cathode and after 10, 50 and 100 cycles.
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Supplementary Figure 27 | Cycling performance of Lii.s7Mni1.5Po.1704 under different voltage windows. a,b,
Discharge capacity (a) and discharge energy density (b) retention of Lii 67Mn1.5Po.1704 in 100 cycles between different

voltage windows (vs. Li/Li") at 50 mA g™!, following the two initial formation cycles at 20 mA g™! (not shown).
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Supplementary Figure 28 | Structure and cycling of Liz.s-,Mn;sPo.1704 (v =-0.17, 0.17, 0.5, 0.83, 1.17). a, XRD
patterns. Note that the XRD pattern for DRX LiMnO: is calculated from the configuration of a completely random
distribution of Li and Mn in 16¢ and 16d octahedral sites. b, Discharge energy density in the first 100 cycles, between
1.5-4.8 Vvs. Li/Li* at 50 mA g !, after two formation cycles at 20 mA g™! (not shown). ¢, Discharge energy densities
taken at the 25™ cycle (counted after the two formation cycles). The red dashed line indicates the benchmark value

for comparison.
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Supplementary Figure 29 | Structure and cycling of Liy.17+:Mn2_,Po22-0.11.04 (u = 0.2, 0.35, 0.5, 0.65, 0.8). a,
XRD patterns. b, Discharge energy density in the first 100 cycles, between 1.5 — 4.8 V vs. Li/Li* at 50 mA g!, after
two formation cycles at 20 mA g! (not shown). ¢, Discharge energy densities taken at the 25" cycle (counted after
the two formation cycles). The red dashed line indicates the benchmark value for comparison. The effective M/O

ratio, me = (2—u)/(3.12+0.44u), is calculated and labeled.
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Supplementary Figure 30 | Comparison of Liis7Mnis5Po.1704 synthesized under different ball milling

conditions. a, XRD patterns of Li; ¢7Mn.sPo.1704 synthesized at 200, 300, 400, and 800 rpm, under different milling

durations. b, Discharge energy density retention of Lii.s;Mni 5Po.1704 synthesized at 300, 400, and 800 rpm, cycled

between 1.5 — 4.8 V vs. Li/Li" and at 50 mA g! (following two initial formation cycles at 20 mA g').
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Supplementary Table 1 | Elemental molar ratios of selected compositions measured by ICP-MS.

Target cation composition Measured cation composition
Li1.e67Mn1.500Po.167 Li1.667Mn1.478Po.184
Li1.667Mn1.500Bo.167 Li1.667Mn1.424Bo.130

Li1.667Mni1.250Fe0.250Po.167 Lir.es7Mn1.196F€0.248Po.187
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Supplementary Table 2 | Structural parameters of Li1.s7Mn1.5P0.1704 from X-ray diffraction Rietveld refinement.

Li; ¢7Mn5Po.1704  Element Site x y z Occupancy Usso
Space group: Fd3m Li 8a 0.125 0.125 0.125 0.25(3) 0.024(1)
a=8.1527(5) A P 8a 0.125 0.125 0.125 0.17(3) 0.024(1)
R, =5.39% Li 16¢ 0 0 0 0.46(1) 0.084(2)
Rup =6.55% Mn 16¢ 0 0 0 0.05(1) 0.084(2)
v =141 Li 16d 0.25 0.5 0.25 0.25(3) 0.010(1)
* Mn 16d 0.25 0.5 0.25 0.70(3) 0.010(1)
o 32e 0.2616(7)  0.2616(7)  0.2616(7) 0.9965(3)  0.024(1)

* The structure shown in Figure 2g (cubic Fd3m, space group 227) is used as the input model. Initial atomic positions were
allocated based on the stoichiometry Lii.67Mn1.5P0.1704. P atoms were intially evenly distributed in 8a sites, while Mn were
allocated to 16d sites, with the total molar amount fixed. We tried distributing Mn in 8a sites and P in 16d sites, but resulted
in poor R factors. During refinement, we allow Mn in 16¢ and P in 8b sites, as well as variable occupancy ratio and
coordinates of O. Li atoms were allocated last according to the starting model, since they have negligible affect on the
refinement result. The final best-fit model indicates minor Mn in 16c sites and a 0.75% deficiency in O. No additional

impurities were found in the diffraction pattern.
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Supplementary Table 3 | Structural parameters of Lii.s7Mn1.5P0.1704 from neutron powder diffraction Rietveld

refinement.
Li; ¢7Mn; 5Pg 1704 Element Site X v z Occupancy Uiso
Space group: Fd3m Li 8a 0.125 0.125 0.125 0.25 0.37(2)
a=28.1188(1) A P 8a 0.125 0.125 0.125 0.17 0.37(2)
Ry, =5.163% Li 16¢ 0 0 0 0.46 0.036(3)
* Mn 16¢ 0 0 0 0.05 0.036(3)
Li 16d 0.25 0.5 0.25 0.25 0.004(1)
Mn 16d 0.25 0.5 0.25 0.70 0.004(1)
(¢} 32e 0.2625 0.2625 0.2625 0.993 0.009(1)

* The output from XRD refinement in Supplementary Table 2 is used as the input model. Li is allowed to allocate freely

among 8a, 16c, and 16d sites.
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Supplementary Table 4 | Comparison of DRXPS with DRX and other common cathodes reported in the literature.

Ener, Capacit . Current
Structure Composition densgg retgntioz (/(]\:/[O;Iig 2]\(,) I:Zgiir;ll?i%; density Ref
(Whkg D)*  (cycles**) : (mAgh
DRXPS Lir7Mn 5P0.170s 1122 72%(100) 0 1.5-48 50 o
DRX LisMn2Os 953 81% (6) 0 1.2-438 20 5
DRX Li>Mn2;sNbi302F 849 78% (23) 0 1.5-438 20 6
DRX Li1.9Mn1.9502.05F0.95 960 68% (48) 0 2.0-48 22 7
DRX Li1.171Mno.343V0.48601.8F0.2 862 56% (18) 0 1.5-4.8 20 3
DRX Li1 2Mno.6Nbo 202 650 66% (98) 0 1.5-438 100 9
DRX Li76Mn23P1/602 890 69% (21) 0 1.5-4.8 10 10
DRX Li1.25Mno.7501.33F0.67 822 81% (23) 0 1.5-5.0 20 11
pry  aMmeCooCiTiolte s 90 a8) 014 1.5-47 20 12
DRX-spinel Li1.6sMn1.603.7F03 1103 72% (28) 0 1.5-4.38 50 13
Spinel LiMn204 490 60% (98) 0 3.0-43 130 14
Spinel LiNio.sMn1.504 590 98% (98) 0.25 3.5-5.0 118 15
Layered LiCoO2 720 95% (98) 1 3.0-4.45 90 16
Layered LiNii3Co13Mni30: 610 98% (98) 0.67 2.8-43 100 17
Layered LiNio.sC00.1Mno.102 780 81% (98) 0.9 2.8-43 100 17
Layered LiNio.sC00.15Al0.0502 760 90% (98) 0.95 2.8-43 175 18
Layered Li12Ni0.13C00.13Mno.5402 900 68% (98) 0.33 2.0-48 50 19
Olivine LiFePO4 510 97% (98) 0 25-41 30 20
Olivine LiMno.sFe02PO4 650 91% (98) 0 2.7-4.25 30 21

* Refers to the discharge energy density in the first cycle.

** Counted from the 3" cycle (initial two cycles are considered as formation cycles. E.g., 100’ means 100 cycles after the

two formation cycles).
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Supplementary Table 5 | Volumetric energy density calculations of DRXPS and common cathode materials.

Vol.
Theoretical Electrode ST energy VL cnergy e
Material densi densit density density density
ateria ' er;s;‘g;;a ( fz: ;ﬁ};b (Whkg ™, (WhL, (WhL,
= & material)® material)? electrode)*
Li1.67Mni1.5P0.1704 4.00 2.8 1122 4488 2200
LiCoO2 5.12 39 720 3686 2900 (@4.45V)
LiMn:Os4 4.04 32 490 1980 1300
LiFePOs 3.68 23 510 1877 1240

* Calculated by (weight of atoms in unit cell)/(unit cell volume).
b Electrode density of Lii.s7Mni.5Po.1704 was calculated by (weight of electrode)/(electrode area X electrode thickness), and
the electrode thickness was measured by a micrometer (does not include current collector). Data for LiCoOz, LiMn2O4 and

LiFePOs were taken from Table 1 in Supplementary Reference 22.
¢ Taken in the initial discharge cycle.
4 Calculated by (grav. energy density) X (theoretical density).

¢ Vol. energy density of Lij ¢7Mnj.sPo.1704 was calculated by (grav. energy density) X (electrode density) X (weight
ratio of active material in the electrode). Other data were taken from Table 1 in Supplementary Reference 22.
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