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Abstract 

Co- and Ni-free disordered rocksalt (DRX) cathodes utilize oxygen redox to increase the energy density of lithium-

ion batteries (LIBs), but it is challenging to achieve good cycle life at high voltages > 4.5 V (vs. Li/Li+). Here we 

report a new family of Li-excess Mn-rich cathodes that integrates rocksalt- and polyanion-type structures. Guided by 

design rules of cation filling and ordering, bulk incorporation of polyanion groups into the rocksalt lattice has been 

demonstrated. The integration bridges the two most important families of LIB cathodes, i.e., layered/spinel and 

phosphate oxides. This dramatically enhances the cycling stability of DRX cathodes with 4.8 V upper cutoff voltage, 

and enables high energy densities above 1100 Wh kg−1 and  > 70% retention over 100 cycles. This bridging opens a 

vast compositional space for the development of battery cathodes that use only earth-abundant elements such as Mn 

and Fe. 

 

Introduction 

Rapid growth of electricity storage capabilities with lithium-ion batteries (LIBs) is required to realize a sustainable 

energy infrastructure1. In terms of resources, Co is ~5´ the price of Li on a molar basis2,3, and Ni is ~2´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 storage4. Disordered rocksalt (DRX) cathodes5,6 are attractive for being 

potentially Co/Ni-free, while having high energy densities (approaching 1100 Wh kg−1 7). On the other hand, to reach 

high energy densities (> 900 Wh kg−1), high upper cutoff voltages (e.g., 4.8 V vs. Li/Li+ for DRX7-11) are required 

for cathodes, which means highly delithiated states with most of the Li+-hosting sites vacant. This often triggers the 

participation of oxygen anion redox and eventually irreversible oxygen loss, as delithiation lowers the Fermi level 

towards or dropping below the top of the oxygen 2p band, especially at the surface and interfaces6,12-14. A heavy usage 

of hybrid anion- and cation-redox (HACR) with more exotic oxygen valence Oα− (0 < α < 2) challenges the cycling 

stability of the cathode since Oα− tends to be more mobile, leading to percolating lattice oxygen diffusion to the 

reactive surface, extensive side reactions with the electrolyte, and finally structural and chemical instability at the 

surface and in the bulk15-19. These are critical issues for DRX6,20 and other high-energy-density cathodes16,21. 

LIB cathodes are mainly constructed on face-centered cubic (FCC) oxygen or lower-symmetry polyanion 

framework (HCP oxygen for LFP, the most useful polyanion cathode). The former may also have cation ordering in 

the parent rocksalt structure, which includes high-energy-density cathodes of LiCoO2, Ni-rich layered cathodes, and 

Li-/Mn-rich layered cathodes22,23. (Spinel and DRX cathodes are also rocksalt structure derivatives with FCC oxygen 

sublattice.) They have high theoretical capacity > 270 mAh g−1
, and extensive research has been conducted to improve 
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their high-voltage stability. The latter is exemplified by LiFePO4, with exceptional structural, electrochemical, and 

thermal stability, yet limited by the low theoretical capacity (170 mAh g−1) and low energy density at the cathode 

level24-26. Marriage between the two families may offer synergistically improved energy density and stability. 

However, few reports27 of their integration testify to the incompatibility between rocksalt and polyanion structures. 

This work seeks to resolve the above conundrum with the invention of integrated rocksalt-polyanion cathodes. 

These new compositions originate from DRX chemistry, and a major effort here is to improve the cycling stability 

under high upper cutoff voltage. We successfully produced a family of Li-excess Co/Ni-free disordered rocksalt-

polyanionic spinel (DRXPS) cathodes, with a general chemical formula of Li2+u–vM2–u[XO4]xO4(1–x). Here M denotes 

transition metals such as Mn and Fe, XO4 denotes polyanion groups such as PO4, BO4, SiO4, and SO4, 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 spinel 

diffraction pattern). Remarkable improvements of the cycling stability over reported DRX cathodes have been 

achieved in Li1.67Mn1.5P0.17O4, Li1.67Mn1.5B0.17O4, Li1.67Mn1.25Fe0.25P0.17O4, and four more compositions, all 

belonging to the DRXPS family. The new DRXPS cathodes have high capacities (> 350 mAh g−1), high energy 

densities (> 1100 Wh kg−1), stable cycling (> 70% energy density retention after 100 cycles), good rate performance, 

and a highly tunable compositional space. The general design principles and experimental efforts presented here offer 

new avenues for the future development of Co,Ni-free cathodes. 

 

Materials design 

Our task is to design high-capacity oxide cathodes with excess Li, anion redox activity, bulk polyanion incorporation 

and good electrochemical stability. Starting from the high-capacity FCC oxygen framework, three-dimensionally 

connected spinel structure M2O4 (Figure 1a, Li is not shown for simplicity) provides the best hybridization between 

transition metal (M) d and oxygen 2p orbitals under the constrained Li/M ratio of 1. (Each oxygen is coordinated with 

one tetrahedral Li and three octahedral M.) Further raising the Li/M ratio above 1 (i.e., replacing some M in Figure 

1a by Li) increases the theoretical capacity and anion redox is simultaneously activated with underbonded oxygen 

(Figure 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 to the surface28. We aim to 

shut down the labile oxygen percolation by incorporating some polyanion groups in the Li-excess lattice (Figure 1c) 

and utilizing the strong X-O covalent bonds to mitigate oxygen instability. 

 Practical realization of the above is challenging and comes to the same incompatibility issue between rocksalt 
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and polyanion structures discussed above. The main reasons are two-fold. First, the cations in polyanion cathodes are 

not close-packed. The octahedral sites face-shared with XO4 tetrahedral need to be empty24. 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-O distances (characterizing the tetrahedral size) than the ones in 

rocksalt-structure cathodes. For example, the true tetrahedra size calculated from the P-O bond length in polyanion 

olivine cathode LiFePO4
29,30 is 12–15% smaller than that in rocksalt-structure cathodes31-34 (Figure 1d). This would 

result in large lattice distortion and thus, difficulty in making a solid-solution phase between XO4 polyanions and 

“normal O” anions. 

 We proposed the following solution to the two problems above. For the first one, cation deficiency is clearly the 

best approach. Specifically, we were inspired by the polyhedral occupation rules in spinel cathodes: octahedra at 16d 

sites are fully occupied, and octahedra at 16c sites (face-shared with tetrahedra at 8a sites) are empty. So spinel-like 

cation ordering is preferred. For the second one, typical high-temperature solid-state synthesis would not work, and 

we resort to lower-temperature mechano-chemical synthesis. Without going into the detailed derivations of the 

optimal values of stoichiometry (u, v, and x) in Supplementary Note S1, we show in the following sections that the 

above simple design rules are powerful enough to guide the synthesis of the DRXPS cathode series. 

 

Fig. 1 | Design of DRXPS cathodes. a, Structure of M2O4. b, Structure of M2–uO4. c, Structure of M2–u[XO4]xO4(1–x). d, 
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Comparison of crystallographic tetrahedra size for polyanion olivine and rocksalt-type cathodes. LMO: LiMn2O4, LNMO: 

LiNi0.5Mn1.5O4, LCO: LiCoO2, NCM111: LiNi1/3Co1/3Mn1/3O2, LNO: LiNiO2.  

 

Structure and morphology of prototype Li1.67Mn1.5P0.17O4 

A prototype DRXPS cathode Li1.67Mn1.5P0.17O4 was synthesized by a one-pot mechanochemical method. The 

obtained sample has a composition close to the designed stoichiometry (shown by inductively coupled plasma mass 

spectrometry, ICP-MS, data in Supplementary Table S1). Its X-ray diffraction (XRD) pattern (Figure 2a) matches 

with a single-phase cubic spinel structure (a=b=c, α=β=γ=90o, Supplementary Figure S1). Rietveld refinement 

yields a lattice constant a = 8.1527 Å (Supplementary Figure S1 and Supplementary Table S2), which is slightly 

smaller than those of spinel cathodes (8.246 Å for LiMn2O4 and 8.172 Å for LiNi0.5Mn1.5O4). For more structural 

information, we conducted pair distribution function (PDF) analysis on Li1.67Mn1.5P0.17O4 (Figure 2b), and compared 

with references of LiMn2O4 and LiFePO4 (Supplementary Figure S2). First-nearest-neighbor P-O pair at 1.549 Å 

was observed, which is slightly longer than the P-O pair in the PO4 group of LiFePO4 (1.520 Å). First-nearest-

neighbor Mn-O pair at 1.893 Å and Mn-Mn pair 2.858 Å were observed, which are slightly shorter than the 

corresponding ones in LiMn2O4 (1.903 Å for Mn-O and 2.887 Å for Mn-Mn). These elastic straining effects are 

consistent with our materials design (tensile strained for XO4 compared to LiFePO4 and compressive strained for 

MO6 compared to LiMn2O4). The effect smears at longer distances, e.g., second-nearest-neighbor Mn-O distances 

(3.418 Å) are similar in Li1.67Mn1.5P0.17O4 and LiMn2O4. Raman spectroscopy measurement (Supplementary Figure 

S3) was conducted for local structure analysis. The Raman peak at ~940 cm−1 can be assigned to the A1g mode of 

PO4
35, the peak at ~600 cm−1 can be assigned to the symmetric stretching mode of MnO6

36,37, and the peaks at 420 – 

490 cm−1 can be assigned to the symmetric stretching modes of LiO4 and LiO6
36. These Raman features support 

tetrahedral occupation of P, octahedral occupation of Mn, and mixed tetrahedral/octahedral occupations of Li. 

Scanning electron microscopy (SEM) image in Figure 2c shows that Li1.67Mn1.5P0.17O4 has a particle size of 

~200 nm. Elemental dispersive spectroscopy (EDS) mapping (Figure 2d) shows a uniform distribution of Mn, P, and 

O. Transmission electron microscopy (TEM) image in Figure 2e shows that the particles in Figure 2c are 

polycrystalline, consisting of 5-10 nm “primary” particles which are crystalline. A characteristic lattice spacing d = 

4.69 Å can be identified, corresponding to the (111) plane of the spinel structure. The selected area electron diffraction 

(SAED) pattern (inset of Figure 2e) further confirms the polycrystallinity, with diffraction rings corresponding to the 

(111), (311), (400), (511) and (440) peaks. Figure 2f shows the electron energy loss spectroscopy (EELS) mapping 

of a Li1.67Mn1.5P0.17O4 primary particle, with uniform Mn, P, and O distributions, in support of bulk incorporation of 
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P in the lattice. (Additional support from energy dispersive X‐ray spectroscopy, EDS, is shown in Supplementary 

Figure S4.) 

With the above information, we constructed the structural model (Figure 2g). Per chemical formula 

Li1.67Mn1.5P0.17O4, 4 O at 32e sites forms the FCC anion framework, 1.5 Mn occupy 3/4 of the 16d cation octahedral 

sites, and 0.17 P occupy 1/6 of the 8a cation tetrahedral sites. As 16d 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 16c sites. Therefore, 

using □ to denote cation vacancy (i.e., unoccupied tetrahedral/octahedral sites), we can write the structural model as 

(P0.17Lit□0.83−t)8a(Li1.17−t□0.83+t)16c(Li0.5Mn1.5)16d(O4)32e. The calculated XRD pattern from the constructed structure 

(black solid curve in Figure 2a) matches well with the experimental one, and it is close to the refined structure 

(Supplementary Table S2). The proposed structural model is further supported by high-angle annular dark field 

scanning transmission electron microscopy (HAADF-STEM) image in Figure 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 Mn1 sites and darker at Mn2 sites; schematics shown in the inset of Figure 2h) is also a 

characteristic feature of the spinel structure38,39. Further analysis using a least absolute shrinkage and selection 

operator (LASSO) filter (see Methods) was applied to obtain Figure 2i. In addition to 16d site signals, some 

intensities are present at 8a sites (see top-left and bottom-right insets of Figure 2i). These 8a site signals are attributed 

to P only, as Li has no contrast under the HAADF mode and it is difficult for Mn to enter tetrahedral sites. 
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Fig. 2 | Design and structural characterization of Li1.67Mn1.5P0.17O4. a, XRD patterns of Li1.67Mn1.5P0.17O4 (black open 

circles are experimental and black solid line is calculated). b, Pair distribution function of Li1.67Mn1.5P0.17O4. c, SEM image 

of Li1.67Mn1.5P0.17O4. Scale bar, 200 nm. d, STEM-EDS mapping of Li1.67Mn1.5P0.17O4. Scale bar, 100 nm. e, TEM image 

of Li1.67Mn1.5P0.17O4. Scale bar, 5 nm. Inset: SAED pattern. Scale bar, 2 nm–1. f, STEM-EELS mapping of Mn, P and O 

performed on a single crystal grain close to a zone axis. Scale bar, 2 nm. g, Structural model of Li1.67Mn1.5P0.17O4. h, 

HAADF-STEM image of Li1.67Mn1.5P0.17O4. Scale bar, 1 nm. i, Filtered image of (h). Scale bar, 1 nm.  

 

Electrochemistry and redox mechanism of Li1.67Mn1.5P0.17O4 

We first evaluated the electrochemical performance of Li1.67Mn1.5P0.17O4 in coin-type half cells between 1.5 – 4.8 V 

vs. Li/Li+ at room temperature. Figure 3a shows the galvanostatic charge-discharge curves of the first two cycles at 

20 mA g–1, with high discharge capacities of ~365 mAh g−1 and high discharge energy densities of ~1120 Wh kg–1. 

Converting the capacity to stoichiometry, we estimated a high Li usage of 1.63 Li removal (out of 1.67 Li) per formula 
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unit (Figure 3b) in the first charge. Since Mn in Li1.67Mn1.5P0.17O4 has an average valence of +3.67 (slightly lower 

Mn average valence may be possible depending on synthesis conditions) and Mn3+/Mn4+ can only charge-compensate 

for 0.5 Li removal, we expect active participation of anion redox O2−/Oα− (0 < α < 2). During the first discharge, 2.23 

Li was inserted into the structure, ending with an over-lithiated composition of Li2.27Mn1.5P0.17O4. The over-lithiation 

should be charge-compensated by Mn reduction. The second cycle shows a similar discharge curve to the first one, 

indicating good reversibility. 

 To better understand the redox mechanism, we performed ex situ hard X-ray absorption spectroscopy. Figure 

3c shows the Mn K-edge X-ray absorption near-edge structure (XANES) for Li1.67Mn1.5P0.17O4 at different states of 

charge (marked on the voltage profiles in Supplementary Figure S5b). Since the near-edge structure depends on 

both the oxidation state and the bonding environment40, we analyzed Mn valence by comparing with reference spectra 

(Supplementary Fig. S5a). For the first two cycles, all Mn K-edge spectra stay higher in energy than the Mn2O3 

(Mn3+) reference, and shift to higher energy (Mn oxidation) during charge and to lower energy (Mn reduction) during 

discharge, indicating active participation of reversible Mn3+/4+ redox couple. For charge in the first (Pristine to 1Ch-

4.8V) and second cycle (1DCh-1.5V to 2Ch-4.8V), capacities of 269 and 384 mAh g–1 are observed (corresponding 

to Mn valence changes of +1.09 and +1.56), respectively. Meanwhile, Mn K-edges for both charge half-cycles shift 

from between the Mn2O3 (Mn3+) and MnO2 (Mn4+) reference spectra to close to MnO2 (Mn4+). Such a one-electron 

TM redox cannot account for the high reversible capacity by itself. For discharge to 3.5 V vs. Li/Li+ (1Ch-4.8V to 

1DCh-3.5V and 2Ch-4.8V to 2DCh-3.5V), a capacity of ~96 mAh g–1 (corresponding to a 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 vs. Li/Li+ and discharge to 3.5 V vs. Li/Li+ for 

the initial two cycles. Capacities below 3.5 V vs. Li/Li+ should be solely contributed by the Mn3+/4+ redox couple 

since the Mn K-edges lie between the Mn2O3 (Mn3+) and MnO2 (Mn4+) spectra, and the shifts roughly match the 

expected Mn valence change (converted from the observed capacity). 

 The rate performance of Li1.67Mn1.5P0.17O4 was tested from 20 mA g–1 to 1000 mA g–1 (~5.5 C calculated from 

the charging time). Capacity retentions of 75% and 51% were observed when the galvanostatic current density 

increased from 20 mA g–1 to 200 mA g–1 and 1000 mA g–1, respectively (Figure 3d). The cycling performance of 

Li1.67Mn1.5P0.17O4 was tested at 50 mA g–1 between 1.5 – 4.8 V vs. Li/Li+, after two formation cycles at 20 mA g–1. 

After 100 cycles, it has a capacity retention of 72% (upper panel of Figure 3e), an average discharge voltage 

maintained at > 3 V vs. Li/Li+ (minimal voltage decay of < 7.4 mV per cycle, lower panel of Figure 3e), and a 

discharge energy retention of 71% (Supplementary Figure S6). For comparison, we tested the cycling performance 
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of similarly synthesized polyanion-free Li1.67Mn1.5Nb0.17O4 and Li1.93Mn1.65O4 as control groups (Supplementary 

Figure S7; both have spinel-like structures, and an average Mn valence of +3.67, similar to Li1.67Mn1.5P0.17O4). 

Shown in Figure 3e, Li1.67Mn1.5Nb0.17O4/Li1.93Mn1.65O4 show faster degradations with 45%/27% capacity retention, 

and 44%/25% energy density retention after 100 cycles under the same testing conditions. Remarkably, 

Li1.67Mn1.5P0.17O4 have suppressed gas evolution (in situ differential electrochemical mass spectrometry, DEMS, in 

Supplementary Figure S8), Mn dissolution in the electrolyte (Supplementary Figure S9a), and Mn deposition on 

the anode (Supplementary Figure S9b) compared to Li1.67Mn1.5Nb0.17O4, all indicating stability enhancement in the 

former composition. (More detailed comparisons between Li1.67Mn1.5P0.17O4 and Li1.67Mn1.5Nb0.17O4 are provided in 

Supplementary Note S2.) The high-voltage cycling stability of Li1.67Mn1.5P0.17O4 is much superior over the DRX 

cathodes reported in the literature (see comparison in Supplementary Table S3 and Supplementary Figure S10). 

Lastly, to evaluate the electrochemical performance of Li1.67Mn1.5P0.17O4 under more practically relevant conditions, 

we assembled Li1.67Mn1.5P0.17O4|Li metal anode pouch cells. A good capacity retention of 74% and stable discharge 

voltage around 3.11 V (Figure 3g, with no voltage decay) have been achieved over 50 cycles at 50 mA g–1 between 

1.5 – 4.8 V.  
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Fig. 3 | Electrochemistry and redox mechanism of Li1.67Mn1.5P0.17O4. a, Voltage profiles of Li1.67Mn1.5P0.17O4 in 

the initial two formation cycles between 1.5 – 4.8 V vs. Li/Li+ at 20 mA g–1. b, Capacity from (a) converted to Li 

content n. The theoretical capacity is marked by the dashed lines under two assumptions: if Li tetrahedral occupation is 

not allowed (green dashed line); if Li tetrahedral occupation is allowed (blue dashed line). c, Mn K-edge XANES spectra 

of Li1.67Mn1.5P0.17O4 in the first two cycles. d, Rate performance test of Li1.67Mn1.5P0.17O4 under at 20, 50, 200, 500 and 

1000 mA g–1 (the same cell was used). Inset: Voltage profiles of the first cycle at 20, 50, 200, 500 and 1000 mA g–1. e, 

Discharge capacity (top) and average discharge voltage (bottom) retention of Li1.67Mn1.5P0.17O4, Li1.67Mn1.5Nb0.17O4 and 

Li1.93Mn1.65O4 in 100 cycles between 1.5 – 4.8 V vs. Li/Li+ at 50 mA g–1, following the two initial formation cycles at 20 

mA g–1 (not shown). f, Voltage profiles of (Li1.67Mn1.5P0.17O4 | Li) pouch cell at the 1st, 10th and 50th cycle between 1.5 – 

4.8 V vs. Li/Li+ at 50 mA g–1 (following two formation cycles at 20 mA g–1). g, Discharge capacity (top) and average 

discharge voltage (bottom) retention of the pouch cell during 50 mA g–1 cycling. 
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Exploring compositional space of DRXPS 

The DRXPS family has a rich chemistry. To demonstrate, we show the following examples within the general formula 

Li2+u–vM2–u[XO4]xO4(1–x). We first varied the P content in Li1.67Mn1.67−xPxO4 (0 ≤ x ≤ 0.5, Supplementary Figure 

S11a). The XRD patterns of the four synthesized compounds are shown in Figure 4a (more examples in 

Supplementary Figure S11a). Phase-pure spinel structure readily forms at x ≤ 0.27, while the impurity phase begins 

to form at x ≥ 0.33 (from unreacted MnO2 precursor). To evaluate the electrochemical performance, we cycled 

Li1.67Mn1.67−xPxO4 at 50 mA g–1 between 1.5 – 4.8 V vs. Li/Li+, after two formation cycles at 20 mA g–1. Figure 4b 

shows the voltage profiles of the four selected compositions in the initial two formation cycles. As shown in Figure 

4c and Supplementary Figure S11b, PO4 incorporation drastically improves the cycling stability over P-free 

Li1.67Mn1.67O4. For better quantifications, we compared the discharge energy density at the 25th cycle at 50 mA g–1 

(Supplementary Figure S11c) and benchmarked against 730 Wh kg–1 reported by Ji et al.7 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, see Supplementary Figure S11d), and 0.13 ≤ x ≤ 0.23 offers stabilized energy density of 867-890 

Wh kg–1 at the 25th cycle. The experimentally observed volcano plot behavior and x range are quantitatively consistent 

with analytical derivations (0.159 ≤ x ≤ 0.222 in Supplementary Note S1) based on our stated design principles. (A 

detailed study of the compositions with varying u and v is provided in Supplementary Note S3.) 

We next practiced Mn-Fe substitution. Fe is another redox-active and earth-abundant element that attracts 

continuous interest. Li1.67Mn1.25Fe0.25P0.17O4 was synthesized mechanochemically. The XRD pattern shows a single-

phase cubic spinel structure (Figure 4d, a=b=c=8.129 Å, α=β=γ=90o). Under SEM, we confirmed that 

Li1.67Mn1.25Fe0.25P0.17O4 consisted of polycrystalline particles (~200 nm, Supplementary Figure S12a) with uniform 

elemental distributions (EDS mapping in Supplementary Figure S12b), and fine primary nano particles (TEM in 

Supplementary Figure S12c; a characteristic lattice spacing of 4.69 Å, corresponding to the (111) peak of the spinel 

structure, and SAED in the inset of Supplementary Figure S12c showing polycrystalline diffraction rings that also 

match the phase). The electrochemical performance of Li1.67Mn1.25Fe0.25P0.17O4 was tested between 1.5 – 4.8 V vs. 

Li/Li+ at room temperature. In the first cycle at 20 mA g–1 (Figure 4e), it shows a discharge capacity of 327 mAh g−1 

and a discharge energy density of 978 Wh kg–1, which are slightly lower than the corresponding values for 

Li1.67Mn1.5P0.17O4. Li1.67Mn1.25Fe0.25P0.17O4 shows exceptional cycling performance, with 72% capacity retention 

(Figure 4f) and 67% energy density retention (Supplementary Figure S13b) over 100 cycles at 50 mA g–1. The 

substitution was extended to a higher Fe ratio to produce Li1.67MnFe0.5P0.17O4 and with some Ni to produce 

Li1.67Mn1.33Ni0.17P0.17O4. Spinel phase has been identified for all these compositions (Supplementary Figure S13a). 
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Their cycling performances are compared with Li1.67Mn1.5P0.17O4 and Li1.67Mn1.25Fe0.25P0.17O4 in Supplementary 

Figure S13b. Discharge energy densities of 610-825 Wh kg−1 were obtained at the 25th cycle (Supplementary Figure 

S13c), which demonstrates highly tunable TM chemistries in DRXPS. 

 We lastly studied different polyanion groups. In addition to valence +5 P, we mechanochemically synthesized 

Li1.67Mn1.5X0.17O4 with X = +3 B, +4 Si, and +6 S. These non-metallic elements all form strong covalent bonds with 

oxygen and adopt tetrahedral occupancy (i.e., forming XO4 groups). As shown by the XRD patterns in Figure 4d, 

phase-pure spinel structures have been identified for Li1.67Mn1.5B0.17O4 and Li1.67Mn1.5Si0.17O4, while minor impurity 

peaks matching MnO2 (precursor) exists in Li1.67Mn1.5S0.17O4 in addition to the main spinel phase. Microscopy 

characterizations in Supplementary Figure S12d-f of a selected composition, Li1.67Mn1.5B0.17O4, show a 

polycrystalline particle morphology with ultrafine primary ones that are well crystalized. The electrochemical 

performance of Li1.67Mn1.5X0.17O4 was tested between 1.5 – 4.8 V vs. Li/Li+ at room temperature. Figure 4e shows 

the galvanostatic charge-discharge curves of the first two cycles at 20 mA g–1 for Li1.67Mn1.5B0.17O4, 

Li1.67Mn1.5Si0.17O4, and Li1.67Mn1.5S0.17O4. Among the three compositions, Li1.67Mn1.5B0.17O4 has the highest 

discharge capacity of ~360 mAh g–1 and the highest discharge energy density of ~1070 Wh kg–1, which are 

comparable with the corresponding values of Li1.67Mn1.5P0.17O4. When cycled at a higher rate of 50 mA g–1, good 

cycling stability can be identified and the discharge capacity (Figure 4f) and energy density (Supplementary Figure 

S14) at the 25th cycle (after two formation cycles) follows the rank of Li1.67Mn1.5P0.17O4 > Li1.67Mn1.5B0.17O4 > 

Li1.67Mn1.5S0.17O4 > Li1.67Mn1.5Si0.17O4. Remarkably, all these compositions show great improvements over the 

polyanion-free compositions (e.g., Li1.67Mn1.67Nb0.17O4 and Li1.93Mn1.65O4). Therefore, we conclude that the 

integrated rocksalt-polyanion structure presented in this work is a general methodology to improve the stability of 

high-energy-density oxide cathodes, especially for DRX cathodes. 
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Fig. 4 | Structure and performance of diverse compositions of DRXPS. a, XRD patterns of Li1.67Mn1.67–xPxO4 (x = 0, 

0.13, 0.2, 0.23). b, Voltage profiles of the initial two formation cycles of Li1.67Mn1.67–xPxO4 (x = 0, 0.13, 0.2, 0.23) between 

1.5 – 4.8 V vs. Li/Li+ at 20 mA g–1. c, Discharge capacity of Li1.67Mn1.67–xPxO4 (x = 0, 0.13, 0.17, 0.2, 0.23) in the first 100 

cycles, between 1.5 – 4.8 V vs. Li/Li+ at 50 mA g–1, after two formation cycles at 20 mA g–1 (not shown). d, XRD patterns 

of Li1.67Mn1.25Fe0.25P0.17O4 and Li1.67Mn1.5X0.17O4 (X = B, Si, S). e, Voltage profiles of the initial two formation cycles of 

Li1.67Mn1.25Fe0.25P0.17O4 and Li1.67Mn1.5X0.17O4 (X = B, Si, S) between 1.5 – 4.8 V vs. Li/Li+ at 20 mA g–1. f, Discharge 

capacity of Li1.67Mn1.25Fe0.25P0.17O4 and Li1.67Mn1.5X0.17O4 (X = B, Si, S) in the first 100 cycles, between 1.5 – 4.8 V vs. 

Li/Li+ at 50 mA g–1, after two formation cycles at 20 mA g–1 (not shown). Data for Li1.67Mn1.5P0.17O4 and Li1.67Mn1.67O4 are 

also shown for reference. 

 

Outlook for DRXPS cathodes 

To conclude, we demonstrated a promising family of Co/Ni-free DRXPS cathodes with stabilized high HACR 

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 significantly lowered for better practicality 

(e.g., increase volumetric energy density, calculated in Supplementary Table S4). This can be resolved with a thin 

layer of uniform carbon coating, as is the case for LiFePO4, which can improve the long-range electron percolation 
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in the composite electrode. Second, the cycling stability needs to be further improved to allow for > 500-1000 deep-

charge/discharge cycles. This can be resolved by applying coatings, minor lattice doping, concentration-gradient 

design, and advanced electrolytes and electrolyte additives. With the above issues addressed, scalable synthesis 

methods 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 DRXPS 

Co,Ni-free cathodes and their practical applications in sustainable energy. 

 

Methods 

Synthesis 

All compositions were synthesized using a one-pot low-temperature mechanochemical synthesis method. Li2O, 

Mn2O3, MnO2, Li3PO4, Fe2O3, B2O3, Li2SO4 and SiO2 (all from Sigma-Aldrich, 99% purity) precursors were directly 

mixed using the Fritsch Pulverisette 7 Premium Line planetary ball mill, according to stoichiometry (e.g., 

Li1.67Mn1.5P0.17O4 = 0.58 Li2O + 0.25 Mn2O3 + MnO2 + 0.17 Li3PO4). 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 weight ratio of powders 

to balls was 1:20), and mixed in air under 800 rpm for 5 hours. No additional heat treatment was involved. 

 

Materials characterizations 

ICP-MS was conducted on Agilent 730. ICP-OES was conducted on Agilent 5100 VDV. HRXRD data were collected 

at Beamline 11-BM in the 2θ range of 0.5–50° with a step size of 0.001°, counting time of 0.1 s per step, and a 

wavelength of λ = 0.458961 Å at 295 K and λ = 0.458956 Å at 100 K. Fine-ground polycrystalline powders were 

loaded into a ϕ0.8-mm Kapton capillary for installation on a magnetic sample base used by the beamline sample 

changer. The sample was spun continuously at 5600 rpm during data collection. X-ray PDF measurements were 

completed at room temperature at the 11-ID beamline at the APS using a General Electric amorphous Si two-

dimensional (2D) detector. The sample to detect or distance was fixed at 117.13 mm, and synchrotron X-rays with 

the wavelength of 0.2127 Å were utilized with a 0.2 mm×0.2 mm beam size. All other XRD were conducted on an 

Aeris Research Edition X-ray diffractometer using a Cu target under 40 kV and 15 mA, in the 2θ range of 15−80°. 

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 0.1 cm−1 to acquire the Raman 

data. Each spectrum was collected with 5 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 
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transmission electron microscope with an acceleration voltage of 200 kV. Ex situ XANES measurement was 

conducted at the FXI (18-ID) beamline at the National Synchrotron Light Source II, Brookhaven National Laboratory. 

High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) and electron energy loss 

spectroscopy (EELS) mapping were performed using the TEAM-1 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 a turbo colormap were applied to the HAADF-STEM image for better 

visualization of site occupations. The EELS mapping was acquired using a Gatan GIF Continuum K3 System. During 

the EELS measurement, the aperture size is 5mm, 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 (STEM) at MIT.Nano, operated at 200 kV with a beam current of 30-40 pA and 19 

mrad convergence angle. EDS was collected with a 100 pA beam current on Super-X EDS detectors. XRF was 

performed on a Bruker Tracer-III 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 (PVDF, Sigma Aldrich) using N-methyl-2-

pyrrolidone (NMP, Sigma Aldrich) as the solvent to form a slurry, which was then cast onto an aluminum foil using 

a 250 μm-gap doctor blade. The loading of the electrode films was 2-3 mg cm–1. A polypropylene (PP, Celgard 2400) 

membrane was used as the separator. 1.2M LiPF6 dissolved in ethylene carbonate (EC): ethyl methyl carbonate (EMC) 

= 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). Electrochemical testing 

of the coin cells was conducted on a Landt CT2001A battery tester (Wuhan Lanhe Electronics) and a Neware battery 

tester (BTS-9000, Shenzhen, China) at room temperature. Galvanostatic cycling was performed between 1.5 – 4.8 V 

vs. Li/Li+ at 20 mA g–1 for the initial two formation cycles, and then at 50 mA g–1 onwards. The rate performance test 

was performed between 1.5 – 4.8 V vs. Li/Li+ at 20, 50, 200, 500 and 1000 mA g–1 for five cycles each, on the same 

coin cell for each composition. For pouch cells, cathode film with active material loading of 2.5 mg cm–1 and 

dimension of 3 cm × 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 
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disassembling coin cells that were charged/discharged to a specific voltage, and then rinsed with dimethyl ether 

(DME) for two minutes. For ICP-OES measurement, electrolyte samples were prepared by disassembling coin cells 

after a certain number of cycles, and then soak the cycled cathode film in 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 then rinsed with dimethyl ether (DME) for two minutes. 

In situ DEMS experiments were carried out using a commercial mass spectrometer (Linglu Instruments Co., Ltd. 

Shanghai). The DEMS cell was assembled with a Swagelok-type cell, where the diameter and mass-loading of 

electrode disc were 16 mm and 10 mg cm–2, 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–1, and the flow was 3 mL 

min–1 through the Swagelok cell. The cell was continuously ventilated for 6 h until the baseline was stable and then 

charged to 4.8 V vs. Li/Li+ at a current density of 15 mA g–1, and held at 4.8 V vs. Li/Li+ for 4 h. 
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