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Summary 

High-entropy (HE) ceramics, by analogy with high-entropy metallic alloys, are an emerging class 

of solid solutions composed of a large number of species. These materials offer the benefit of large 

compositional flexibility and can be used in a wide variety of applications, including 

thermoelectrics, catalysts, superionic conductors and battery electrodes. We show in this paper 

that the HE-concept can lead to very significant improvements in performance in battery cathodes. 

Among lithium (Li)-ion cathodes, cation-disordered rocksalt (DRX)-type materials are an ideal 

platform within which to design HE materials because of their demonstrated chemical flexibility. 

By comparing a group of DRX cathodes containing two, four or six transition metal (TM) species, 

we show that short-range order (SRO) systematically decreases while energy density and rate 

capability systematically increase as more TM cation species are mixed together, even though the 

total metal content remains fixed. A DRX cathode with six TM species achieves 307 mAh g−1 (955 

Wh kg−1) at a low rate (20 mA g−1), and retains more than 170 mAh g−1 when cycling at a high 

rate of 2,000 mA g−1. To facilitate further design in this HE DRX space, we also present a 

compatibility analysis of twenty-three different TM ions, and successfully synthesize a phase-pure 

HE DRX compound containing twelve TM species, as a proof-of-concept. 
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Main 

Emerging in the field of metallic alloys 1,2 is the concept of high-entropy (HE) materials, which 

combine multiple principal elements to create new single-phase materials 3,4. Over the past few 

years, the ‘HE strategy’ has been applied across various fields, including thermoelectricity 5, 

catalysis 6, superionic conductivity 7 and energy storage 8,9,10. The large configurational entropy is 

believed to enhance the simultaneous solubility of a large number of components, which can then 

be selected to optimize target properties. In recent studies on the atomic-scale structure of HE 

compounds, including (V0.2Nb0.2Ta0.2Mo0.2W0.2)C 11 and (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O12, a uniform 

distribution of different transition metals (TMs) was observed, indicating the capability of 

suppressing cation short-range order (SRO) by mixing together a large number of TM species.  

The concept of HE in lithium (Li)-ion electrode materials, if successfully implemented, can be 

highly attractive as it facilitates the simultaneous optimization of multiple properties.  In addition, 

compositional flexibility would alleviate the industry’s reliance on any single critical metal source. 

The recently-developed cation-disordered rocksalt (DRX) cathodes 13-15, in which Li migrates 

through a percolating network of 0-TM clusters without TM coordination around the activated 

state, are ideal targets for such HE designs. In DRX cathodes, significant SRO has been observed, 

which directly degrades long-range Li transport 16-19. Monte Carlo simulations16 have shown that 

the presence of SRO in DRX cathodes generally leads to reduced Li percolation, when compared 

to that of a random arrangement of metal species. In addition, DRX structures have a large 

compositional flexibility and can incorporate many TM species20. If the HE concept works in DRX 

cathodes, one would expect that increasing the number of TM species in them will improve Li 

transport properties by preventing the formation of a single dominant SRO type. Such SRO 

reduction should result in improved capacity and rate capability. 
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Here, to evaluate our HE DRX design strategy, three prototype compositions with an increasing 

number of TM species are investigated, as shown in Figure 1a. All three compositions include 30% 

Li excess (i.e., Li1.3 per formula unit) to ensure good Li transport without severely compromising 

the TM redox capacity, and 15% oxygen substituted by fluorine to increase the TM redox reservoir 

21,22. The Mn3+–Ti4+ combination16 was used as baseline, with the Li1.3Mn3+0.4Ti0.3O1.7F0.3 

composition referred to as TM2 hereafter. Mn2+, Nb5+, Co2+, and Cr3+ were sequentially 

incorporated to form Li1.3Mn2+0.2Mn3+0.2Ti0.1Nb0.2O1.7F0.3 and 

Li1.3Mn2+0.1Co2+0.1Mn3+0.1Cr3+0.1Ti0.1Nb0.2O1.7F0.3, which contain four and six TM species and are 

therefore referred to as TM4 and TM6, respectively. We find indeed that while these compounds 

retain the same long-range order (LRO), the SRO becomes sequentially more suppressed as the 

number of TMs increases, leading to significant improvements in energy density and rate 

capability. This success motivated us to investigate the compatibility of different TM species to 

facilitate future experimental realizations of high-energy-density HE DRX cathodes. As further 

proof of the synthetic accessibility of HE DRX compounds, we successfully synthesized a phase-

pure DRX composed of twelve TM species in similar concentrations. 

 

Results 

Structural characterization  

All three compounds with different numbers of TM species were successfully synthesized using a 

traditional solid-state method. Scanning electron microscopy (SEM) analysis reveals that the 

particle size of the as-synthesized materials reaches approximately 5–10 µm (upper panel of Figure 

1b, Figure S1) and can be reduced to 200–500 nm (lower panel of Figure 1b, Figure S1) by shaker 

milling with carbon during electrode fabrication. Synchrotron X-ray diffraction (XRD) patterns 
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(Figure 1c) and time-of-flight (TOF) neutron diffraction patterns (Figure S2) confirm the 

formation of single-phase DRX compounds with no observable impurity peaks. Elemental analysis 

confirms that the metal ratios in the as-synthesized materials are close to the target compositions, 

as shown in Table S1. Rietveld refinement yields lattice constants of 4.1918, 4.2286, and 4.2544 

Å for TM2, TM4, and TM6, respectively. Scanning transmission electron microscope 

(STEM)/Energy-dispersive spectroscopy (EDS) was applied to investigate the distribution of the 

multiple elements in the materials. Figure 1d presents the STEM/EDS mapping of a representative 

particle of the as-synthesized TM6, showing that the different TMs and F are uniformly distributed 

within the particle. 19F and 7Li solid-state Nuclear Magnetic Resonance (ssNMR) measurements 

were further conducted to demonstrate the bulk F incorporation and to detect possible impurities 

(Figure S3, Supplementary Note 1).  

The cation SRO in the three materials was evaluated using TEM electron diffraction, as shown in 

Figure 1e–1g. The round Bragg diffraction spots can be indexed to the Fm-3m space group and 

originate from the average rocksalt lattice. The square-like diffuse scattering patterns are attributed 

to SRO. 16,23,24 The intensity of the diffuse scattering, which qualitatively correlates with the 

strength of the SRO, was integrated within the dashed rectangular regions and compared across 

the three compounds. The results, displayed to the right of the electron diffraction patterns, clearly 

indicate that increasing the number of TM species from two to six suppresses the SRO in the DRX 

structures, as evidenced by the reduced intensity of the SRO pattern in the electron diffraction 

patterns. The experimental observation of the reduction in SRO from TM2 to TM6 is further 

corroborated computationally, as presented in Figure S6 and Supplementary Note 3. 

 

Electrochemical performance 
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The electrochemical performance of the three materials was evaluated using galvanostatic cycling. 

When cycled between 1.5 and 4.7 V at a rate of 20 mA g−1, TM2 delivers a capacity (specific 

energy) of 220 mAh g−1 (704 Wh kg−1), as shown in Figure 2a. With more TM species in the DRX 

structure, TM4 delivers 269 mAh g−1 (849 Wh kg−1) (Figure 2b), which further increases to 307 

mAh g−1 (955 Wh kg−1) for TM6 (Figure 2c). An extensive set of additional compositions 

containing subsets of the six TMs in the TM6 were synthesized and characterized (shown in Figure 

S5 and Supplementary Note 2), corroborating the overall trend that a larger number of TM species, 

rather than the incorporation of any specific TM, leads to a higher capacity. Galvanostatic 

intermittent titration (GITT) measurements (shown in Figure S4a) were also performed, indicating 

that the polarization is greatly reduced as the number of TM species in the DRX structure increases. 

The results support our design strategy of reducing SRO to improve Li transport, increase capacity, 

and reduce polarization.  

The benefits of increasing the TM variety are further corroborated by rate performance tests on the 

three materials, as shown in Figure 2d–2f. For TM2, the discharge capacity decreases from 220 

mAh g−1 when cycled at 20 mA g–1 to 58 mAh g−1 at 2000 mA g−1, corresponding to a 74% capacity 

loss at the high rate. For a similar rate increase, the fraction of capacity loss is reduced to 58% for 

TM4 and to 45% for TM6. The rate capability of the TM6 compound is remarkable, with a 

discharge capacity of more than 170 mAh g−1 delivered at the very high cycling rate of 2,000 mA 

g−1, corresponding to a 7 min (dis)charge process. 

 

Redox mechanism 

The redox behavior in the three materials was elucidated by combining hard X-ray absorption 

spectroscopy (hXAS) to capture the TM electronic states, and soft X-ray resonant inelastic X-ray 
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scattering (RIXS) for the oxygen state. The TM redox behavior in TM6 was studied using in-situ 

hXAS, with experimental details provided in the methods section. The X-ray near-edge structure 

(XANES) spectra of the pristine, top-of-charge, and end-of-discharge states at the Cr, Mn, and Co 

K-edge XAS are presented in Figure 3a–3c, respectively. Representative oxide references are also 

shown to facilitate the data interpretation. The oxidation states of Cr are estimated from the pre-

edge intensity 25, and those of Mn and Co are estimated from the energy of the rising edge 26. It 

can be estimated from Figure 3a that approximately 70% of Cr3+ is oxidized to Cr6+ at the top of 

charge, which contributes ~65 mAh g−1 capacity. As observed in Figure 3b, the Mn K-edge shifts 

to a higher energy and approaches that of MnO2 (Mn4+) when charged to 4.7 V.  Full oxidation of 

Mn should contribute ~90 mAh g−1 capacity. The Co K-edge only shifts up close to that of the 

Co3O4 reference at the top-of-charge state which suggests the oxidation of Co2+ to approximately 

Co8/3+, equivalent to ~20 mAh g−1 capacity contribution. Upon discharge, all three metal K-edges 

shift back to their initial energy positions, indicating good reversibility of the metal redox. The 

Co2+/Co3+ and Cr3+/Cr6+ redox processes are both only partially utilized, along with the full 

utilization of the Mn2+/Mn4+ redox, leading to approximately 175 mAh g−1 of the overall capacity 

being contributed by the TM redox during the first cycle. Results and analysis of the TM redox 

behavior at other states of charge are presented in Figures S7-S8 and Supplementary Note 4. 

A TM redox capacity that is much smaller than the observed reversible capacity, suggests the 

participation of oxygen redox, which is a phenomenon that often arises in Li-rich cathode materials. 

27,28 We therefore performed high-efficiency mapping of O-K RIXS to detect any changes of the 

oxygen electronic states. Previous studies have established that O-K RIXS mapping can 

circumvent the limitation of conventional O-K XAS and therefore serves as the tool-of-choice for 

detecting lattice oxygen redox29. Particularly, a feature at the excitation energy of ~531 eV and 
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emission energy of ~524 eV is found to be a fingerprint of oxidized oxygen in a range of battery 

electrodes29,30. Indeed, comparing the O-K RIXS maps from pristine and top-of-charge of TM6 

(Figure 3d,3e) clearly reveals the characteristic oxidized oxygen feature at 4.7 V (red arrow in 

Figure 3e), indicating some oxygen oxidation upon charge. RIXS cuts at the characteristic 531 eV 

excitation energy at three states of charge (pristine, charged and discharged) during the first cycle 

are provided in Figure 3f. The strong feature of oxidized oxygen (dashed line) appears at 4.7 V 

and disappears when fully discharged, indicating reversible oxygen oxidation and reduction 

processes.  

The redox mechanisms in TM2 and TM4 were studied by similar methods (Figure S10–S12, 

Supplementary Note 5), confirming that Mn is mostly oxidized to Mn4+ in both materials, 

contributing approximately 140 mAh g−1 (TM2) and 180 mAh g−1 (TM4) to the overall capacity. 

The remainder of the capacity in both materials is provided by oxygen redox, as suggested by 

additional O-K RIXS results (Figure S11). These observations indicate that there is no significant 

difference in the redox behavior of the three materials, further confirming that an increased 

theoretical TM redox capacity is not the main reason for the improved capacities when increasing 

the number of TM species from TM2 to TM4/TM6. 

 

Discussion 

Given that DRX materials have generally suffered from low rate capability 15,16 , the high rates that 

can be achieved with the TM6 compound are remarkable.  The rate capability and capacity in DRX 

materials seems to be largely connected to the percolation of 0-TM channels, the connection of 

tetrahedral units on which no TM is present15,16. While for fully random cation systems, 

percolation theory predicts 0-TM percolation to be prevalent for the 0.3Li excess used in our 
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compounds, SRO (i.e. deviations from the random state) has been shown to reduce percolation in 

a very significant way 16 ,19,31.  In particular, SRO of the γ–LiFeO2–type which exhibits a preference 

for tetrahedral units with 2 Li and 2 TM are electrostatically favored but have a destructive effect 

on 0-TM percolation.14 The prevalence of this SRO type is remarkable given γ–LiFeO2–type LRO 

is not that common.32 This may be because in long-ranged ordered structures, elastic energy 

contributions, originating from the size difference of the ions, are very important and often select 

the a–NaFeO2–type layered structure.33 Without such long-range interactions, γ–LiFeO2–type 

SRO becomes prevalent in the disordered state, leading to degradation of Li transport.14  For this 

reason, the ability to reduce or eliminate cation SRO is an important design insight.  Our strategy 

to minimize SRO by the use of many different TM species, all in similar concentration, was 

inspired by the recent observations of nearly-random cation distribution in several metal and oxide 

HE compounds11,12. As our work shows, this strategy also works in DRX oxides: by increasing the 

number of TM species, the intensity of SRO is significantly reduced, as evidenced by the TEM 

electron diffraction results shown in Figure 1e–g. Consistent with our understanding of percolation 

theory, this then also improves capacity and rate performance (Figure 2).  

To understand how broad the opportunity space is of possible HE-DRX compounds, we use ab-

initio methods to evaluate which metals and valence states may coexist in a DRX compound.  We 

approached this by estimating the mixing temperature of potential DRX compounds from the 

calculated energy difference between a structure with pseudo-random cations and the competing 

phases in the convex hull, as described in the Methods section. The mixing temperature is 

considered a qualitative measure of the synthetic accessibility, with a lower mixing temperature 

indicating better synthesizability, as it requires less thermal energy to mix the metal ions.   Twenty-

three cations were considered, i.e., Mn2+, Fe2+, Co2+, Ni2+, Mg2+, Zn2+, Cr3+, V3+, Mn3+, Fe3+, Co3+, 
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Ni3+, Ga3+, Al3+, Ti4+, Zr4+, Mn4+, V4+, Sn4+, Mo4+, Nb5+, V5+, and Sb5+. All possible combinations 

of these elements that fall into our five prototype compositions (Li1.3 and F0.3 per f.u., see Methods 

section) were considered, yielding 7965 distinct compounds. Compounds containing 2 or 3 TM 

species are defined as low-entropy DRX (LE DRX), while those with at least 4 TM species are 

defined as high-entropy DRX (HE DRX). The resulting probability distribution of the mixing 

temperature is plotted in Figure 4a. In addition, the boxplots in the top panel show the most likely 

range of mixing temperature for both LE and HE DRX materials.  Given the approximations (DFT, 

quasi-random structure for the random state, and approximate entropy model), this temperature 

should not be taken as quantitative, but we expect qualitative differences between compound 

groups to be well represented. The approximate mixing temperatures of HE DRX compounds are 

generally more than 500K lower than those of LE DRXs. In other words, when synthesized at the 

same temperature, HE DRXs will be structurally more random. 

Our data set also enables us to identify chemistries that are particularly well suited to create 

accessible low-SRO DRX compounds. The periodic table in Figure 4b shows (with color scale) 

the median mixing temperature of the systems that contain the given element.  In the LE DRX, Ti 

and Mo enhance disorder, consistent with their presence in many DRX compositions15,20. For HE 

DRX, the chemical variation of the mixing temperature is considerably less, consistent with the 

idea that it is the extra entropy from the high number of elements that lowers the mixing 

temperature, rather than chemical specificity.  This can be clearly observed for elements such as 

Mg2+, Cr3+, and Sb5+, which are subject to forming secondary phases in LE DRXs but are more 

likely to be incorporated in HE DRXs.  

In Figure 4c we compare the redox compatibility and chemical compatibility of TM ion pairs. 

Cation pairs that are not redox-compatible, i.e. they were found to transfer charge between them 
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when present together, are greyed out. For example, when Mn3+ and V3+ coexist in a DRX 

compound, charge transfer occurs, oxidizing V3+ to V5+ while reducing Mn3+ to Mn2+, which is 

consistent with a previous finding that V4+/V5+ oxidation occurs prior to Mn2+/Mn3+ oxidation upon 

charge in a Mn2+–V4+-based DRX cathode 34. The full map of charge-transfer and potential redox 

reactions between various TM pairs is presented in Figure S18. The chemical compatibility is 

quantified by the median mixing temperature of the compounds that contain both elements. The 

compatibility of different TM pairs is shown on a normalized scale between 0 (highly compatible) 

and 1 (not compatible) in Figure 4c. The scale is derived from the mixing temperatures as 𝑇 −

𝑇#$%)/(𝑇#)* − 𝑇#$%) , in which 𝑇#)*  and 𝑇#$%  are the maximum and minimum mixing 

temperatures among all the TM pairs. Almost all the redox-active species, except Cr3+, demonstrate 

good chemical compatibility when redox compatibility is satisfied. Species such as Mg2+, Zn2+, 

Ga3+, Al3+, Sn4+ are less compatible with the other TMs and their concentrations should be kept 

low. Following these guidelines, a HE DRX compound containing twelve TM species each at 

similar concentration was designed (Figure 4d) and successfully prepared using a traditional solid-

state method. The XRD pattern (Figure 4d middle panel) confirms the phase purity without 

observable impurities, and the TEM–EDS mapping (Figure 4d lower panel) also indicates a 

homogeneous distribution of all the elements. We note that although it shows reasonable capacity 

(Figure S14), the TM12 compound is not optimized for electrochemical performance but as a 

demonstration that DRX materials containing such a high number of TM components can be 

synthesized.  

While mixing a large number of TM ions can serve as a general strategy to suppress SRO and 

improve Li transport in DRXs, enough TM redox capacity needs to be maintained to achieve good 

electrochemical performance. There can be a trade-off between “high-entropy” and “high energy-
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density” because incorporating more TM species would dilute the concentration of each TM, 

especially the redox-active TMs. Thus, the mixing of various redox-active TMs is a good strategy 

to frustrate SRO without diluting the TM redox capacity. The incorporation of double-redox 

centers, such as Mn2+ (Mn2+ / Mn4+), V3+ (V3+ / V5+), and Mo4+ (Mo4+ / Mo6+) is especially 

beneficial because they provide high electron capacities and are compatible with each other in their 

low oxidation states. Cr3+ offers a three-electron redox (Cr3+ / Cr6+) with a high voltage, however 

it tends to form competing layered phases, which limits the solubility of Cr3+ in a DRX compound 

(Supplementary Note 6). Note that because of their overlap with oxygen oxidation, Fe2+, Co2+ and 

Ni2+ are regarded as one-electron redox centers in DRXs as demonstrated before35,36, although 

their oxidation to a +4 state may be achieved in other structures26,37. High-valent d0 TM species, 

such as Ti4+, Nb5+, demonstrate low mixing temperatures and are well compatible with most of the 

redox-active TMs, and thus can be used as charge compensators to further increase the TM redox 

capacity. 

In addition, several practical issues are worth noting regarding the potential engineering and 

commercialization of HE DRX cathodes. DRX cathodes often exhibit larger voltage hysteresis 

(Supplementary Figure S4b) than conventional layered ones, such as Li-stoichiometric NMC (Ni, 

Co, Mn) oxides, the precise origin of which is so far unclear. Furthermore, while the bulk DRX 

lattice remains intact and robust upon cycling (Figure S15), which may further be enhanced by the 

entropy-stabilization effect12 in HE DRXs, cathode-electrolyte interfacial reactions (Figure S16), 

might still occur and result in capacity degradation upon cycling. For example, TM6 shows slightly 

worse capacity retention (around 76% retained after 20 cycles) than that of TM2 (84% after 20 

cycles) and TM4 (80% after 20 cycles). This can presumably be attributed to the larger degree of 
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cathode-electrolyte interfacial side-reactions in TM6, as indicated by a higher amount of CO2 

evolution observed in the DEMS tests (Figure S12, S13).   

 

Outlook for HE DRX cathodes 

The concept of HE compounds has become increasingly important in materials science, because 

of its wide applicability to various fields and its ability to enlarge the design space for functional 

materials. The outstanding chemical flexibility of the DRX compounds makes them an ideal 

platform to exercise this opportunity and create cathode materials that combine high energy density 

and high rate capability.  As demonstrated in this work, the cathode compound composed of six 

different TM species achieves capacity >300 mAh g−1 with energy density >950 Wh kg−1 at 20 

mA g−1, which is approximately 40% larger than the capacity of the low-entropy TM2 compound. 

In addition, the incorporation of a large number of TM species reduces the extent of SRO in the 

DRX lattice and dramatically improves Li transport. TM6 exhibits excellent rate capability, 

retaining a discharge capacity of >170 mAh g−1 when cycled at a very high rate of 2 A g−1. This 

allows a complete (dis)charge within 7 min, with a gravimetric capacity delivered comparable to 

that of LiCoO2. 

We believe that the combination of chemical flexibility of DRX materials, and the ability to 

improve Li-transport by creating more random configurations with a high number of metal 

components, as demonstrated in this paper, creates a potentially vast space of interesting new 

cathode compounds. To navigate this space, our thermodynamic analyses of the compatibility 

between various TM pairs reveal two important guidelines (i.e. redox compatibility and chemical 

compatibility) when designing HE DRX cathodes. From the perspective of compositional design, 

a Li-excess level of 1.2-1.3 per f.u. is typically suggested, which is expected to provide a 
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reasonable amount of percolating Li without too much limiting the TM redox capacity. 

Fluorination can be applied to further increase the TM redox reservoir, which is beneficial for 

cycle life. When mixing many species to suppress the unfavorable SRO, prioritizing the use of 

redox-active TMs is preferred for a large TM capacity. TM ions capable of multi-electron redox 

and with good chemical compatibility, such as Mn2+, and V3+, are highly preferred, while a small 

amount of the less-soluble Cr3+ is also beneficial for its high-voltage three-electron redox process. 

Fe2+ (to provide Fe2+ / Fe3+ redox capacity) may also be a good redox center, with a low mixing 

temperature and high natural abundance. For non-redox-active species, high-valence metal ions, 

such as Ti4+ and Nb5+, can be used as charge compensators to enable a larger TM redox reservoir. 

Additional factors, such as the concentration of each TM component within a fixed HE chemical 

space, or even the synthesis condition (Figure S20, Supplementary Note 7) are also expected to 

affect the configurational entropy, the degree of SRO, and thus the electrochemical performance. 

Further exploration of advanced HE DRX cathodes is likely to lead to even more improved cathode 

materials. We would also call for investigations on the capacity fading mechanism in DRX 

cathodes, such as the effect of electrolyte breakdown at the high voltage cutoff typically used for 

DRX materials. New electrolyte strategies or surface protection are expected to enhance the cycle 

life of the HE DRX cathodes. In addition, optimization of the rate capability, as presented in this 

work and other 38 may allow for larger particle sizes to be used which would reduce surface 

reactivity. 

 

Methods 

Synthesis    
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All the DRX oxyfluoride compounds were synthesized using a traditional solid-state method. 

Li2CO3 (Alfa Aesar, ACS, 99% min), MnO (Stream Chemicals Inc., 99%), CoCO3 (Alfa Aesar, 

99.5%), Mn2O3 (Alfa Aesar, 99.9%), Cr2O3 (Sigma-Aldrich, 98%), TiO2 (Alfa Aesar, 99.9%), 

Nb2O5 (Sigma-Aldrich, 99.99%), and LiF (Alfa Aesar, 99.99%) were used as precursors. For 

TM12, additional precursors of Fe2O3 (Aldrich, nano-powder), Ga2O3 (Alfa Aesar, 99.999%), 

Zr(OH)4 (Aldrich, 97%), Sb2O5 (Alfa Aesar, 99.998%), Ta2O5 (Aldrich, 99.99%), and MgF2 

(Sigma-Aldrich, 99.9%) were used. All the precursors were stoichiometrically mixed in ethanol 

(except that around 10% more Li2CO3 and 5% more CoCO3 were added to compensate for possible 

loss during synthesis) with a Retsch PM 400 planetary ball mill at a rate of 180 rpm for 12 h. The 

precursors were then dried in an oven at 70°C overnight and pelletized. The precursor pellets were 

pre-heated at 600°C for 3 h followed by sintering at 1000°C under an argon atmosphere, except 

for TM2, MCN, and MCT, which were sintered at 1050°C. The duration of sintering was 6 h. The 

pellets were then fast cooled in an argon atmosphere, transferred to a glovebox, and ground into 

powders. 

Electrochemistry     

All the cathode films were composed of the active materials, Super C65 (Timcal), and 

polytetrafluoroethylene (PTFE, DuPont, Teflon 8A) at a weight ratio of 70:20:10. To make the 

cathode films, 280 mg of the as-synthesized active materials and 80 mg of Super C65 were mixed 

and shaker-milled for 90 min in an argon atmosphere using a SPEX 800M mixer/mill, and PTFE 

was later added and manually mixed with the shaker-milled mixture for 40 min. The components 

were then rolled into thin films inside a glovebox. Commercial 1 M LiPF6 in ethylene carbonate 

(EC) and dimethyl carbonate (DMC) solution (1:1 volume ratio) was used as the electrolyte. A 

glass microfiber filter (Whatman) was used as the separator. FMC Li metal foil was used as the 
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anode. Coin cells were assembled inside the glovebox and tested on an Arbin battery test 

instrument at room temperature. The loading density of the films was approximately 3–4 mg cm−2 

based on the active materials. For the rate-capability tests, a smaller loading density of 

approximately 2.5 mg cm−2 based on the active materials was used. The specific capacities were 

calculated based on the weight of active materials (70%) in the cathode films. For the GITT 

measurements, each step in the voltage profiles corresponds to a galvanostatic charge/discharge of 

10 mAh g–1 at a rate of 20 mA g–1 followed by a 6-h relaxation step. 

Characterization     

Synchrotron XRD patterns of the as-synthesized compounds were obtained at Beamline 28-ID-2 

at Brookhaven National Lab. Lab XRD patterns were obtained using a Rigaku Miniflex 600 or a 

Bruker D8 ADVANCE diffractometer (Cu source) in the 2q range of 15°–85°. Rietveld refinement 

was performed using PANalytical X’pert HighScore Plus software. Elemental analysis was 

performed using direct current plasma emission spectroscopy (PerkinElmer Optima 5300 DV 

Optical Emission Spectrometer) for lithium, titanium, chromium, manganese, cobalt, and niobium. 

The fluorine content was measured using a Cole-Parmer PB-2750414 fluoride ion-selective 

electrode. SEM images were collected using a Zeiss Gemini Ultra-55 analytical field-emission 

SEM at the Molecular Foundry at Lawrence Berkeley National Lab (LBNL). Scanning 

transmission electron microscopy (STEM)/EDS/electron diffraction (ED) measurements were 

performed on a JEM-2010F and Titan X microscopes at the Molecular Foundry at LBNL. To 

compare the intensity of EDs, the same acquisition time was used and all the particles examined 

are similar in size. Neutron powder diffraction analysis was performed using the Nanoscale 

Ordered Materials Diffractometer (NOMAD) at the Spallation Neutron Source at Oak Ridge 
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National Laboratory. The samples for the neutron diffraction experiment were prepared using 7Li-

enriched precursors (7LiF and 7Li2CO3). The refinement was performed using TOPAS software. 

Solid-state nuclear magnetic resonance (NMR) spectroscopy      

Solid-state nuclear magnetic resonance (ssNMR) data were collected on the TM2, TM4, and TM6 

pristine powders using a Bruker Advance 300 MHz (7.05 T) wide-bore NMR spectrometer with 

Larmor frequencies of 282.40 and 116.64 MHz at room temperature. The data were obtained at 

60-kHz magic-angle spinning (MAS) using a 1.3-mm double-resonance HX probe. 19F and 7Li 

NMR data were referenced against lithium fluoride (LiF, δ(19F) = −204 ppm and δ(7Li) = −1 ppm). 

Lineshape analysis was performed using the Bruker Topspin software and SOLA lineshape 

simulation package. 

The resonant frequency range of 19F nuclei in TM2, TM4, and TM6 was larger than the excitation 

bandwidth of the RF pulse used in the NMR experiment. To obtain the full spectrum, eleven spin 

echo spectra were collected for TM2 and nine spin echo spectra were collected for TM4 and TM6. 

These spectra were obtained using frequency steps of 140 ppm (739.5 kHz) from −759 to 361 ppm, 

where the step size was slightly less than the excitation bandwidth of the RF pulse. Individual sub-

spectra were processed using a zero-order phase correction and then added to give an overall sum 

spectrum in absorption mode that required no further phase correction. This method — termed 

‘frequency stepping’ 39,40, ‘spin echo mapping’ 41, or ‘VOCS’ 42 (variable offset cumulative 

spectrum) — uniformly excites the broad 19F signals by providing a large excitation bandwidth. 

Individual 19F spin echo spectra were collected using a 90° RF pulse of 5.2 µs and a 180° RF pulse 

of 10.4 µs at 100 W, with a recycle delay of 30 ms. For reference, a spin echo spectrum was 

collected on LiF using similar RF pulses but with a recycle delay of 30 s. A 19F spectrum obtained 
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on the empty probe using acquisition parameters similar to those used for the 19F spectra collected 

on the DRX samples showed no significant background signal.  

7Li spin echo spectra of all the samples were obtained using a 90° radiofrequency (RF) pulse of 

0.7 µs and a 180° RF pulse of 1.4 µs at 100 W. A recycle delay of 30 s was used for LiF, and a 

recycle delay of 0.5 s was used for all the DRX samples. Additional spin echo spectra were 

acquired with a recycle delay of 3 s for TM4 and TM6 to capture the entire 7Li diamagnetic signal 

for quantification purposes; this was unnecessary for TM2, as 7Li spin lattice relaxation was much 

faster for this compound. 

Ex-situ and operando hard X-ray absorption spectroscopy (XAS)     

X-ray absorption spectroscopy (XAS) spectra were acquired in transmission mode at beamline 20-

BM-B at the Advanced Photon Source. The incident beam energy was selected using a Si (111) 

monochromator. The energy calibration was performed by simultaneously measuring the spectra 

of an appropriate metal foil. Harmonic rejection was accomplished using a Rh-coated mirror. All 

the ex-situ samples were electrode films composed of active materials, Super C65, and PTFE in a 

weight ratio of 70:20:10, and the loading density (based on the active materials) was determined 

using Hephaestus software. They were assembled as coin cells, charged to the designated 

capacities, and then disassembled and washed with DMC in a glovebox (except for the pristine 

materials). Additional spectra of reference standards were also measured to facilitate interpretation. 

Operando hard XAS spectra of TM6 at the Cr, Mn, and Co K-edges were measured using a 

modified coin-cell setup within the voltage window of 1.5–4.7 V at a cycling rate of 16 mA g−1. 

The cell was held at the top of charge for 30 min before discharging. The loading density (based 

on the active material) was approximately 10 mg cm−3. The raw data were processed 

(normalization and energy calibration) using Athena software.43 
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Resonant inelastic X-ray scattering (RIXS) 

O-K RIXS maps were obtained at beamline 8.0.1 at the iRIXS endstation at the Advanced Light 

Source. The cathode samples were mounted on a 1-inch copper sample holder and transferred from 

an argon glovebox into the ultrahigh vacuum main chamber using a sealed sample transfer kit. The 

beam slit size was set to 40/40, and the samples were continuously moved within a small region 

relative to the focused beam position to minimize photo damage. The photon energy was calibrated 

using the first peak of the standard TiO2 as 531 eV. The emission spectra at each excitation energy 

were collected for 90 s. The RIXS map was generated from the emission spectra at different 

excitation energies using an Igor code written by the Yang group. The emission energy was 

calibrated based on the elastic peak line on the RIXS map. Key samples such as the pristine, fully 

charged, and fully discharged were measured multiple times, each with fresh sample preparation.  

Differential electrochemical mass spectrometer (DEMS) measurement       

The custom-built differential electrochemical mass spectrometry (DEMS) instrument, cell 

geometry, and instrument operation are described in previous publications44-46. The 

electrochemical cells used with the DEMS device were prepared in a glove box using a modified 

Swagelok design, and the cathode film was composed of the active materials, carbon black, and 

PTFE in a weight ratio of 70:20:10, with a loading density of ~10 mg cm−2 (based on the active 

materials). The electrolyte, separators, and anodes used were identical to those used for the coin-

cell tests in this study. The assembled cells were charged at 20 mA g−1 (except for the multi-cycle 

test, which used a rate of C/10) under a static head of positive argon pressure (approximately 1.2 

bar) at room temperature after being appropriately attached to the DEMS instrument. The 

accumulated gas in the cell was purged by 500 µL of pulsed argon gas every 10 minutes. The 

swept-out gas was subsequently sent into Mass-Spectrometry chamber for analysis. Calibration of 
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the mass spectrometry at various partial pressure of O2, CO2, or H2 in argon was conducted for 

quantification. CO evolution was estimated by the method described in the previous publication 

47. Mass-spectrometer signals of POF3 fragments (m/z 104 and m/z 85) were used to monitor POF3 

release. 

Density functional theory calculations 

First-principles density functional theory (DFT) calculations were performed to obtain an accurate 

description of the structural energies and oxidation states of the different cathode materials. All 

the calculations were performed using the projector-augmented wave (PAW) method48 as 

implemented in the Vienna Ab initio Simulation Package (VASP)49. A rotationally averaged 

Hubbard U correction50,51 was used to correct the self-interaction error in oxides containing Co, 

Cr, Fe, Mn, Mo, Ni, and V. The U parameters were obtained from a previously reported calibration 

to oxide formation energies51. For all the calculations, a reciprocal space discretization of 25 k-

points per Å−1 was applied, and the convergence criteria were set as 10−6 eV for electronic loops 

and 0.02 eV Å−1 for ionic loops. 

Special quasi-random structure and mixing temperature calculation 

Special quasi-random structures (SQSs) are periodic structures whose atomic distributions are 

selected such that the cluster correlations approach the expected value in a random atomic 

arrangement as closely as possible for a given structure size52. Given this feature, SQSs are an 

appropriate choice to investigate the properties of rocksalt materials with full disorder. In the alloy 

community, for example, SQSs have been successfully used to evaluate mixing enthalpies53 and 

to model the electronic structure of random alloys54. Our previous studies on DRXs using SQS 

structures also indicate that these structures can be effective tools for quantifying the phase 

stability55, electronic structure20, and voltage curves56,57. To model the random cation distribution 
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of the fully disordered rocksalt materials, we generated SQS structures for all three prototype 

compositions, i.e., 𝐿𝑖-./(𝑀))1.2/3(𝑀4)1./23𝑂-.6𝐹1./, 𝐿𝑖-./(𝑀))1.883(𝑀4)1.8/3(𝑀9)1.-23(𝑀9)1.8:3𝑂-.6𝐹1./, and 

𝐿𝑖-./(𝑀))1.-83(𝑀4)1.-83(𝑀9)1.-/3(𝑀;)1.-/3(𝑀<)1.-23(𝑀=)1.8:3𝑂-.6𝐹1./ , as well as two additional 

compositions containing three TMs and five TMs, respectively, i.e., 

𝐿𝑖-./(𝑀))1./83(𝑀4)1.-/3(𝑀9)1./:3𝑂-.6𝐹1./  and 𝐿𝑖-./(𝑀))1.-83(𝑀4)1.-83(𝑀9)1.8/3(𝑀;)1.-23(𝑀<)1.8:3𝑂-.6𝐹1./ . 

With the energetics calculated from DFT, the mixing temperature of DRX materials was estimated 

using the equation 

𝑇#$*$%> =
𝐸ABCC

𝑘4(0.65𝑙𝑛0.65 + 0.15𝑙𝑛0.15 + 0.85𝑙𝑛0.85 + ∑ 𝑥O𝑙𝑛𝑥OO ). 

Ehull is the energy above the convex hull per cation in the phase diagram constructed with all phases 

in the relevant chemical space available in an internal database containing phases from the ICSD 

as well as some compounds generated using data-mined substitution rules.58 The variable 𝑥O 

refers to the atomic fraction of metal per cation site. The DRXs with only two or three TMs are 

grouped into LE DRXs, whereas those containing more than three TMs are classified as HE DRXs. 

The mixing temperature of a specific DRX composition is calculated as its energy above the 

convex hull divided by the maximum configurational entropy it gains upon disordering. A 

complete list of all competing phases generated by our phase diagram analysis is provided in 

Supplementary Table 2.  

Cluster expansion, Monte Carlo simulation, SRO and percolation analysis 

A cluster expansion model has been constructed to describe the energetics of the complete 

configurational space of Li+-Mn2+-Co2+-Mn3+-Cr3+-Ti4+-Nb5+-O2--F-. In such a cluster expansion, 

the configurational energy dependence is captured by an expansion into different cluster functions, 

which can be formulated as 59,60: 
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𝐸 = ∑ 𝐽$
QR-𝜎$

QR-
$,QR- + ∑ 𝐽$U

QR-QR8𝜎$
QR-𝜎U

QR8
$,U,QR-,QR8 + ∑ 𝐽$UV

QR-QR8QR/𝜎$
QR-𝜎U

QR8𝜎V
QR/

$,U,V,QR-,QR8,QR/ ……          

Here, corresponds to the occupancy of a certain site(s) with a certain species sp and J refers to 

the effective cluster interactions (ECIs). 

In HE-DRX material, a cation site can be occupied by Li and six other types of metals while the 

anion sites can be occupied by either O2- or F-. For each system, pair interactions up to 7.1 Å, 

triplet interactions up to 4.0 Å, and quadruplet interactions up to 4.0 Å based on a rocksalt lattice 

with a cubic lattice parameter a = 3.0 Å were included in the cluster-expansion formulism. The 

ECIs were fitted to DFT energies of sampled structures using a L1-regularized least-squares 

regression approach61, with the regularization parameters selected to minimize cross-validation 

error 17,19,34,61-63. The DFT results of 6154 structures are applied to fit the cluster expansion, which 

end up with a cluster expansion model that has root-mean-squared error of 7.62 meV/atom. 

With the constructed cluster expansion, we then perform Monte Carlo simulation at 1273K for 

three experimental compositions, i.e., TM2, TM4 and TM6. For each composition, percolation 

analysis 14,19 and Warren-Cowley SRO parameter 64 calculations are performed on 10000 MC 

structures. 
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Figure 1 | Design and structural characterization of the as-synthesized materials. a. Prototype 

composition design of DRX cathodes with different numbers of TMs. b. SEM images of as-
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synthesized (upper panel) TM6 and TM6 shaker-milled with carbon black (lower panel). c. 

Synchrotron XRD patterns and refined lattice constants of the as-synthesized materials at 

λ=0.18208 Å. d. TEM/EDS mapping of elemental distribution in a particle cluster of as-

synthesized TM6 (Scale bar: 300nm). TEM ED patterns collected on as-synthesized e. TM2, f. 

TM4, and g. TM6 along the [100] zone axis. The round spots, which originate from the LRO in 

the materials, are indexed to the Fm-3m space group. The square-like diffuse scattering patterns 

are attributed to the SRO. Quantifications of the SRO pattern intensity by integrating the counts 

within the dashed rectangular regions are displayed next to the ED patterns.  
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Figure 2 | Electrochemical performance of the three compounds. Voltage profiles and capacity 

retention of a. TM2, b. TM4, and c. TM6 within the voltage window of 1.5–4.7 V at 20 mA g−1 

and room temperature. Rate capability of d. TM2, e. TM4, and f. TM6: the first-cycle voltage 

profiles of all three compounds when cycled between 1.5 and 4.7 V at 20, 50, 200, 500, and 2,000 

mA g−1. 

0 100 200 300 400
1

2

3

4

5

Cycle number
1 4 7 10 13 16 19

0
100
200
300
400

220 mAh g-1

704 Wh kg-1Vo
lta

ge
 v

s.
 L

i+  / 
Li

 (V
)

Specific capacity (mAh g-1)

TM2  1.5 - 4.7 V 20 mA g-1

5 1
C

ap
ac

ity
 (m

Ah
 g
-1
)

 Charge
 Discharge

0 100 200 300 400
1

2

3

4

5

Cycle number
1 4 7 10 13 16 19

0
100
200
300
400

269 mAh g-1

849 Wh kg-1Vo
lta

ge
 v

s.
 L

i+  / 
Li

 (V
)

Specific capacity (mAh g-1)

TM4  1.5 - 4.7 V 20 mA g-1

5  1

C
ap

ac
ity

 (m
Ah

 g
-1
)

 Charge
 Discharge

0 100 200 300 400
1

2

3

4

5

Cycle number
1 4 7 10 13 16 19

0
100
200
300
400

307 mAh g-1

955 Wh kg-1Vo
lta

ge
 v

s.
 L

i+  / 
Li

 (V
)

Specific capacity (mAh g-1)

TM6  1.5 - 4.7 V 20 mA g-1

5   1

C
ap

ac
ity

 (m
Ah

 g
-1
)

 Charge
 Discharge

b.

c.

a.

0 100 200 300 400
1

2

3

4

5

Vo
lta

ge
 v

s.
 L

i+  / 
Li

 (V
)

Specific capacity (mAh g-1)

TM6   1.5 - 4.7 V

0 100 200 300 400
1

2

3

4

5

Vo
lta

ge
 v

s.
 L

i+  / 
Li

 (V
)

Specific capacity (mAh g-1)

TM4   1.5 - 4.7 V

0 100 200 300 400
1

2

3

4

5

Vo
lta

ge
 v

s.
 L

i+  / 
Li

 (V
)

 20 mA g-1

 50 mA g-1

 200 mA g-1

 500 mA g-1

 2 A g-1

Specific capacity (mAh g-1)

TM2   1.5 - 4.7 V

e.

f.

d.



 26 

 
 

Figure 3 | Redox mechanism of TM6. XANES spectra in pristine, top-of-charge (4.7 V c), and 

end-of-discharge (1.5 V dc) state from first cycle at a. Cr K-edge, b. Mn K-edge, and c. Co K-

edge acquired from operando XAS measurement. O-K RIXS map of TM6 in d. pristine and e. top-

of-charge state (4.7 V). The red arrow marks the oxidized oxygen feature. f. O-K RIXS spectra 

collected at an excitation energy of 531 eV (marked by the dashed lines in 3d. and 3e.) in pristine, 

top-of-charge (4.7 V c), and end-of-discharge (1.5 V dc) state from first cycle. The dashed line 

marks the oxidized oxygen feature.  
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Figure 4 | Compatibility of metals in HE DRX cathodes. a. Probability distribution of mixing 

temperature for LE and HE DRX cathodes. The box chart plot on the top shows the median and 

interquartile range of mixing temperatures for LE and HE DRXs. b. Periodic-table-type heat map 

of mixing temperatures of different elements in LE and HE DRXs. The elements colored grey were 

not included in the calculations. c.  Normalized compatibility of different TM species in DRX 

compounds. The color bar from green to red indicates increasing incompatibility. See text for 

details on the normalized quantity plotted. Grey fields are redox incompatible couples. White 

square are TM couples that were not included in our compositions. d. Demonstration of a HE DRX 
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containing 12 TM species (TM12). The XRD pattern confirms the phase purity and the TEM–EDS 

mapping shows the uniform distribution of different elements. (Scale bar: 400nm) 

 

 

Data availability 

Source data for the figures are provided with the paper. All relevant data within the article are 

available from the corresponding author upon reasonable request.  
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Figure S1 | SEM images of as-synthesized a. TM2 and b. TM4 and shaker-milled c. TM2 and 

d. TM4 with carbon black. 
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Figure S2 | Neutron diffraction patterns of as-synthesized materials. a. Bank 2 and b. Bank 3 

neutron diffraction patterns of the as-synthesized TM2, TM4, and TM6 compounds. 
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Figure S3 | ssNMR spectra obtained on the as-synthesized materials. a. 19F ssNMR spectra 

obtained by summing over multiple spin echo sub-spectra acquired at different excitation 

frequencies to ensure homogeneous excitation of the broad lineshape. The spectra were scaled 

according to the amount of sample in the rotor and number of scans. For comparison, a 19F spin 

echo spectrum collected on LiF powder is overlaid. b. 7Li spin echo NMR spectra of the as-

synthesized materials. For comparison, the 7Li spin echo spectrum collected on LiF powder is 

overlaid. Spinning sidebands of the sharp, diamagnetic 7Li signals (e.g., LiF, Li2O, Li2CO3) are 

indicated with asterisks. 

 

Supplementary Note 1: NMR spectra of as-synthesized DRXs 
19F NMR measurements were conducted to confirm the bulk incorporation of F into the DRX 

lattice rather than the formation of a separate LiF impurity phase, as shown in Figure S3a. The 19F 

NMR spectra collected on the as-synthesized DRX materials differ significantly from the sharp 

spectrum obtained on the LiF reference. Generally speaking, strong paramagnetic interactions 

between unpaired d electrons on the TM ions (Mn2+, Co2+, Mn3+, and Cr3+ in this case) and F 

nuclei lead to a shift of the 19F resonant frequency away from that of the diamagnetic LiF at −204 

ppm and significant spectral broadening. Hence, the broad 19F spectra obtained on the as-

synthesized DRX cathodes indicate bulk incorporation of F into the paramagnetic cathodes, as 

well as a distribution of resonant frequencies due to the formation of a range of local F 

environments in the disordered lattice. As discussed in previous work	1,2, when F ions are directly 

bonded to TM ions with unpaired d electrons, very strong paramagnetic interactions are generated, 

which result in signals that are too broad and/or decay too quickly to be observed. As a result, 

quantitative information on the distribution of the different F coordination environments 
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(paramagnetic vs. diamagnetic) cannot be obtained from the integration of the 19F spectra. We 

also note that these spectra were acquired using a short recycle delay of 30 ms to maximize the 

signal-to-noise ratio, but which may not allow the 19F NMR signal from diamagnetic sites in the 

sample to fully return to equilibrium between successive scans and may lead to a reduced apparent 
19F NMR signal from these environments. However, our previous 19F ssNMR work on related 

DRX cathodes indicates that most of the diamagnetic 19F signal is observed under such 

experimental conditions. Hence, the presence of a very low intensity diamagnetic signal in the 

spectra collected on TM2, TM4 and TM6 samples suggests that the majority of F ions are 

incorporated in the DRX phase. 

The 7Li spin echo NMR spectra collected on the three as-synthesized compounds and the LiF 

powder are presented in Figure S3b. Integration of the sharp signal at approximately 0 ppm in 

each of the spectra indicates that the fraction of Li present in diamagnetic environments (e.g., in 

LiF, Li2O, or Li2CO3 impurity phases) is less than 10%, 19%, and 11% (+/− 5%) in TM2, TM4, 

and TM6, respectively. This integration was performed on quantitative 7Li spectra collected using 

optimized recycle delays of 0.5 s for TM2 and 3 s for TM4/TM6.  We note that the intensity of 

the diamagnetic 7Li signal gives the upper limits for the amount of impurity phases present in the 

samples because this signal could also be due to the formation of diamagnetic Li-rich (TM-poor) 

domains within the disordered oxide matrix 3. Hence, both impurity particles and structurally-

integrated diamagnetic domains arising from local segregation of cations in our compounds can, 

in theory, give rise to diamagnetic 7Li environments. The absence of additional signals in our XRD 

and neutron scattering patterns suggests that the amount of impurities in the as-synthesized 

materials, if any, is small. 
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Figure S4 | Voltage profiles of TM2, TM4, and TM6 from GITT tests. Each step in the GITT 

voltage profiles corresponds to a galvanostatic charge/discharge of 10 mAh g–1 at a rate of 20 mA 

g–1 followed by a 6-h relaxation step. a. First-cycle voltage profiles of TM2, TM4 and TM6. The 

overpotentials at each step between 100 mAh g−1 charged states and the top-of-charge states are 

calculated and plotted as green dots in the figures. b. Second-cycle voltage profiles of TM2, TM4, 

and TM6 by GITT tests. The green dots mark the quasi-equilibrium voltage at each step. The 

average voltages after relaxation are calculated and noted in the figure. TM2 and TM4 show similar 

voltage hysteresis of 0.32V and 0.33V, respectively, while TM6 presents a slightly larger voltage 

hysteresis of 0.40V. We attribute the slightly larger voltage hysteresis in TM6 to the non-

symmetric Cr3+/Cr6+ oxidation and reduction processes, as discussed in Supplementary Note 4. 

This phenomenon, induced by Cr6+ migration, was also observed in many other Cr-containing 

cathodes. 4,5 
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Figure S5 | Evaluations on the entropic effect. XRD patterns of a. TM2-Mn2+Nb, TM2-Mn3+Nb; 

d. TM4-Co, TM5; and g. MCN, MCT. Voltage profiles and capacity retention of b. TM2-Mn2+Nb, 

c. TM2-Mn3+Nb, e. TM4-Co, f. TM5, h. MCN and i. MCT within the voltage window of 1.5–4.7 

V at 20 mA g−1 and room temperature. 
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Supplementary Note 2: Evaluation of the entropic effect on the 

capacity improvement from TM2 to TM4 and TM6 
To further prove that the superior performance of TM6 is due to an entropic effect rather than a 

specific TM specie, we synthesized and characterized as many “low-entropy” compounds with the 

same elements as possible. What we have tried to do is to separate the effect of the different 

transition metals as much as possible by evaluating them in compounds with less components (so 

that they do not have the benefit of the high entropy). 

First, we compare the performance of the TM4 (Li1.3Mn2+0.2Mn3+0.2Ti0.1Nb0.2O1.7F0.3) in the 

manuscript with that of binary DRXs containing subgroups of the four TMs. We synthesized two 

new binaries, Li1.3Mn2+0.367Nb0.333O1.7F0.3 (TM2-Mn2+Nb), Li1.3Mn3+0.55Nb0.15O1.7F0.3 (TM2-

Mn3+Nb), as shown in Figure S5 a-c. Along with the TM2 (Li1.3Mn3+0.4Ti0.3O1.7F0.3) reported in 

the draft, these four compounds share the same prototype composition “Li1.3TM0.7O1.7F0.3” and 

were synthesized using the same solid state method. We note that another binary compound 

Li1.3Mn2+0.2Ti0.5O1.7F0.3 cannot be obtained as pure phase as the product contains a second phase 

of LiF. Between them, the three binaries cover all the elements present in the quaternary. All of 

the binary compounds, including TM2 (220 mAh g–1, Figure 2a), TM2-Mn2+Nb (236 mAh g–1, 

Figure S5b), and TM2-Mn3+Nb (247 mAh g–1, Figure S5c) exhibit a smaller capacity than that 

delivered by TM4 (269 mAh g–1, Figure 2b). This confirms that mixing different TM species and 

hence a high configurational entropy brings out better electrochemical performance. 

We then evaluate the roles of Co2+ and Cr3+, the two species included in TM6 but not in TM4.  

For Co2+, we compare two new compositions, which are Li1.3Co2+0.2Mn3+0.2Ti0.1Nb0.2O1.7F0.3 

(TM4-Co) and Li1.3Co2+0.1Mn2+0.1Mn3+0.2Ti0.1Nb0.2O1.7F0.3 (TM5) as shown in Figure S5d-f, with 

TM4 from the main text (Li1.3Mn2+0.2Mn3+0.2Ti0.1Nb0.2O1.7F0.3). The higher-entropic TM5 has 

superior capacity (288 mAh g–1, Figure S5f), as compared to the two “end members”, TM4 (269 

mAh g–1, Figure 2b) and TM4-Co (250 mAh g–1, Figure S5e), indicating that Co2+ on its own does 

not account for the improved capacity.  

For Cr3+, we evaluate two new Cr-containing ternary compounds (Figure S5 g-i). The Cr3+ 

concentration (0.1 per f.u.) in these two ternaries is the same as that in the TM6 compound. We 

did not pick binary compounds as comparison because the low solubility of Cr3+ in DRXs prevents 

us from getting phase-pure Cr-based binary DRX compounds using the same synthesis method by 
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which our other compounds are made (as discussed in Supplementary Note 6). When comparing 

Li1.3Mn2+0.3Cr3+0.1Nb0.3O1.7F0.3 (MCN), Li1.3Mn3+0.3Cr3+0.1Ti0.3O1.7F0.3 (MCT) and 

Li1.3Mn2+0.1Co2+0.1Mn3+0.1Cr3+0.1Ti0.1Nb0.2O1.7F0.3 (TM6 in the main text), TM6 shows a much 

larger capacity (307 mAh g–1, Figure 2c) than either MCN (244 mAh g–1, Figure S5h) or MCT 

(243 mAh g–1, Figure S5i), suggesting that Cr3+ alone does not account for the improved capacity 

either.  

We believe that this series of experiments confirms that the improvement in capacity in going from 

TM2, to TM4 and TM6 cannot be attributed to any direct or indirect effect of a specific TM (e.g. 

electronic structure or size) but only by the synergy of having them all together, which is what the 

entropic effect is. 
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Figure S6 | Computational analyses of the SRO and Li percolation of the three compounds. 

a. Calculated Warren-Cowley SRO parameter (plotted in absolute value); b. Fraction of 0-TM 

tetrahedral units in the three compounds, and the value of random limit (infinite temperature) is 

marked by the grey dashed line. c. Amount of 0-TM-connected Li (percolating Li) per f.u. and 

comparison with random limit in the three compounds. All parameters are derived from Monte 

Carlo structures simulated at 1273K for TM2, TM4 and TM6. It can be clearly observed that the 

Warren-Cowley SRO parameter approaches zero (random limit, no SRO) as number of TM 

increases from TM2 to TM6. In consequence, the fraction of 0-TM units and the percolating Li 

amount increase from TM2 to TM6 monotonically.  

Supplementary Note 3: Computational analysis of SRO and 

macroscopic Li percolation 
We constructed a cluster expansion and combined that with Monte Carlo (MC) simulations to 

model SRO of DRX to the best accuracy we can achieve at this stage. We also run percolation 

analysis and evaluated the Cowley-Warren SRO parameters 6 using a cluster expansion constructed 

in the Li+-Mn2+-Mn3+-Ti4+-Nb5+-Co2+-Cr3+-O2--F- compositional space, with all the details listed 

in the methodology part. The MC and SRO analysis on TM2, TM4 and TM6 compounds (Figure 

S6) clearly show that the Warren Cowley SRO parameters get closer to zero (fully random) when 

the number of components increases (Figure S6a), indicating the mitigation of SRO. As a 

consequence, the fraction of 0-TM units and the total amount of percolating Li increases 

monotonically as number of TM species goes up, as shown in Figure S6b and S6c, respectively. 

Both results are consistent with our experimental observations. 
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Figure S7 | TM redox behavior of TM6. XANES spectra at different states of charge from the 

first cycle at a. Cr K-edge, b. Mn K-edge, and c. Co K-edge acquired by operando XAS 

measurements. d. Voltage profile obtained from operando XAS measurement cycling at a rate of 

16 mA g−1 and evolution of the oxidation states of the redox-active TMs, Cr, Mn, and Co, at 

0

1

5990 6000 6010 6020
0

1

CrO2

CrO3

Cr2O3

N
or

m
al

iz
ed

 a
bs

or
ba

nc
e

Charge Cr K-edge

Energy (eV)

Discharge

Pristine

0

1

7710 7720 7730 7740
0

1

NC(III)M333

CoO

Co3O4

N
or

m
al

iz
ed

 a
bs

or
ba

nc
e

Charge Co K-edge

Energy (eV)

Discharge

Pristine

0

1

6540 6550 6560 6570
0

1

MnO2

MnO

Mn2O3

N
or

m
al

iz
ed

 a
bs

or
ba

nc
e

Charge Mn K-edge

Energy (eV)

Discharge

Pristine

0 50 100 150 200 250 300

1

2

3

4

5

0.2

0.4

0.6

6546

6549

6552

0 50 100 150 200 250 300
7715

7717

7719

Specific capacity (mAh g-1)

Specific capacity (mAh g-1)
Vo

lta
ge

 (V
)

 Charge
 Discharge

 Charge
 Discharge

N
or

m
. P

re
-e

dg
e 

In
te

ns
ity

 (a
.u

.)

Cr

Mn

Es
t. 

Ed
ge

 P
os

iti
on

(e
V)

Co

a. b.

c. d.



 12 

different states of charge from the first cycle. The in-situ cell was held at the top of charge for 30 

min before discharging to obtain spectra at various edges. The oxidation state of Cr is estimated 

based on the normalized pre-edge intensity, whereas the oxidation states of Mn and Co are 

estimated by edge positions E(0.5) and E(0.4), respectively. 

 

 

 

 

 
Figure S8 | Titanium (Ti) and Niobium (Nb) K-edge XANES spectra of TM6. Ex-situ a. Ti 

and b. Nb K-edge XANES spectra obtained from hXAS at pristine, top-of-charge (4.7 V), and 

end-of-discharge (1.5 V) states. TiO2 and Nb2O5 references are also presented. The edge positions 

for both Ti and Nb remain unchanged at different states of charge and are close to that of the fully 

oxidized standards, indicating that Ti and Nb remain Ti4+ and Nb5+ and are redox inactive upon 

cycling. 
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Figure S9 | Oxygen redox behavior of TM6. a. Voltage profile of the first cycle with seven states 

(red circles) selected for RIXS experiment, which are pristine; charged to 100 mAh g−1, 210 mAh 

g−1, and 4.7 V; charged to 4.7 V followed by discharging to 130 mAh g−1, 240 mAh g−1, and 1.5 

V. b. RIXS spectra collected at the excitation energy of 531 eV. The dashed line denotes the 

position of the characteristic oxygen-oxidation feature, which is at ~524 eV emission energy. The 

emergence of the high intensity peak here indicates oxidized lattice oxygen; upon discharging, the 

intensity drops back to that of the pristine state, indicating a fairly reversible oxygen redox reaction. 
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Supplementary Note 4: Redox mechanism of TM6 
The stepwise redox behavior of different TM redox centers in TM6 was probed by operando hXAS 

measurement. The XANES spectra at the Cr, Mn, and Co K-edges are shown in Figure S7a–c. The 

valences of Cr were estimated by the pre-edge intensity, whereas those of Mn and Co were 

estimated from the K-edge energies. The estimated evolution of the oxidation state of various 

redox-active TMs upon electrochemical cycling is shown in Figure S7d. During charging, Mn is 

oxidized first from Mn2+ to Mn3+ and further towards Mn4+. The Co2+/Co3+ oxidation occurs after 

50 mAh g−1 and strongly overlaps with the Mn oxidation. The Cr3+/Cr6+ oxidation starts after 

charging to more than 120 mAh g−1 and continues until the top of charge. At the top of charge, the 

percentage of Mn2+/Mn4+ oxidation is estimated to be nearly 100%, whereas that of Cr3+/Cr6+ 

oxidation and Co2+/Co3+ oxidation are ~70% and ~67%, respectively. Upon discharge, all three 

metal K-edges shift back to their initial energy positions, indicating good reversibility of the metal 

redox. In total, the TM redox contributes ~175 mAh g−1 to the total capacity. Notably, during 

discharge, the order of reduction reactions does not exactly reverse that during charge. At the 

beginning of discharge, no obvious metal reduction is observed until the discharge capacity 

reaches ~40 mAh g−1, when the Co3+/Co2+ reduction begins. Mn and Cr reduction processes start 

almost simultaneously after the discharge capacity reaches ~120 mAh g−1 and are highly 

overlapped. Toward the end of discharge, the capacity is mainly from Mn3+/Mn2+ reduction. 

Clearly, there is a voltage hysteresis for the Cr redox, as observed in other Li-ion cathode materials 
4, presumably because Cr6+ migrates to tetrahedral sites during the charge process, making it 

difficult to be reduced during discharge. Nevertheless, the presence of multiple redox centers in 

TM6 mitigates the overall voltage hysteresis. Ti4+ and Nb5+ remain redox inactive during cycling, 

as observed in the ex-situ XANES spectra in Figure S8. 

The lattice oxygen redox processes can be directly detected by the state-of-the-art O-K RIXS 7-18. 

Compared with conventional O-K XAS that is dominated by the TM-O hybridization feature 19， 

RIXS could separate the different signal contributions and distinguish the signature of lattice 

oxygen redox. As discussed in previous O-K RIXS studies, most oxygen redox systems display a 

characteristic oxidized oxygen feature at an excitation energy of ~531 eV with an emission energy 

of ~524 eV in mapping. Therefore, RIXS spectra at the excitation energy of 531 eV can be used 

as a more direct spectral comparison of the evolution of the oxidized oxygen species. As 

demonstrated in Figure S9a, seven ex-situ samples at different states of charge from the first cycle 
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of TM6 were prepared: pristine; charged to 100 mAh g−1, 210 mAh g−1, and 4.7 V; and charged to 

4.7 V followed by discharging to 130 mAh g−1, 240 mAh g−1, and 1.5 V. Their corresponding 

RIXS spectra at the excitation energy of 531 eV are presented in Figure S9b. The intensity of the 

~524 eV (emission energy) signal is directly related to the lattice oxygen redox (marked by the 

grey dashed line). It can be observed that most of the intensity growth occurs between the charged 

to 210 mAh g−1 and the top-of-charge states, though there is a small amount of intensity growth 

before the charged to 210 mAh g−1 state. This observation is consistent with the hXAS finding that 

oxygen oxidation mainly occurs at high voltage, with small contributions in the low-voltage region. 

During discharge to 1.5 V, the intensity of the oxygen redox signal gradually decreases and is 

mostly recovered to that of the pristine state, indicating a good reversibility of the lattice-oxygen 

redox. 
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Figure S10 | TM redox behavior in TM2 and TM4. a. Mn K-edge XANES spectra of TM2 

collected at five different states of charge from the first cycle: pristine; charged to 140 mAh g−1 

and 4.7 V; and charged to 4.7 V followed by discharge to 130 mAh g−1 and 1.5 V. b. Ti XANES 

spectra of TM2 at pristine, top-of-charge (4.7 V), and end-of-discharge (1.5 V) states. c. Mn K-
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edge XANES spectra of TM4 collected at five different states of charge from the first cycle: 

pristine; charged to 190 mAh g−1 and 4.7 V; and charged to 4.7 V followed by discharge to 110 

mAh g−1 and 1.5 V. d. Ti and e. Nb XANES spectra of TM2 at pristine, top-of-charge (4.7 V), and 

end-of-discharge (1.5 V) states. 

 

 

 

 
Figure S11 | RIXS map of a. TM2 and b. TM4 at top-of-charge state (4.7 V). The red arrows mark 

the oxidized oxygen feature. c. RIXS spectra collected at the excitation energy of 531 eV at pristine 

and the top-of-charge state on TM2, TM4, and TM6. The dashed grey line marks the position of 

the oxidized oxygen feature.   
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Figure S12 | Operando DEMS results for a. TM2, b. TM4, and c. TM6. The black solid lines, 

red dots, and blue triangles correspond to the voltage profiles, O2 evolution, and CO2 evolution, 

respectively. The amount of gas evolution is normalized based on the weight of the tested electrode. 

Irreversible oxygen evolution is negligible for all three materials upon cycling.  

0 100 200 300
1

2

3

4

5

Specific capacity (mAh g-1)

0

1

2

3

   O2 1st cyc: <0.01 µmol mg-1

  CO2 1st cyc: 
0.351 µmol mg-1

 Voltage profile
 O2 evolution
 CO2 evolution

TM4, 20 mA g-1, RT

G
as

 e
vo

lu
tio

n 
(µ

m
ol

 g
-1
 m

in
-1
)

Vo
lta

ge
 v

s.
 L

i+ /L
i (

V)
0 100 200 300

1

2

3

4

5

Specific capacity (mAh g-1)

0

1

2

3

   O2 1st cyc: <0.01 µmol mg-1

  CO2 1st cyc: 
0.349 µmol mg-1

 Voltage profile
 O2 evolution
 CO2 evolution

TM2, 20 mA g-1, RT

G
as

 e
vo

lu
tio

n 
(µ

m
ol

 g
-1
 m

in
-1
)

Vo
lta

ge
 v

s.
 L

i+ /L
i (

V)

a.

b.

c.

0 100 200 300
1

2

3

4

5

Specific capacity (mAh g-1)

0

1

2

3

   O2 1st cyc: <0.01 µmol mg-1

  CO2 1st cyc: 
 0.66 µmol mg-1

 Voltage profile
 O2 evolution
 CO2 evolution

TM6, 20 mA g-1, RT
G

as
 e

vo
lu

tio
n 

(µ
m

ol
 g
-1
 m

in
-1
)

Vo
lta

ge
 v

s.
 L

i+ /L
i (

V)



 19 

 

Figure S13 | Operando DEMS results for TM6 upon the first three cycles. The cell was cycled 

between 1.5 and 4.7 V at a rate of C/10, and the voltage profile is shown in the top panel. Gas 

evolution of O2 (MS, m/z=32), CO2 (MS, m/z=44), H2 (MS, m/z=2), CO (MS, m/z=28), and POF3 

(MS, m/z=104 and m/z=85) 20 was measured and plotted in the lower panels. The amount of gas 

evolution is normalized based on the weight of the tested electrode. The evolution of H2, CO2, O2, 

CO and POF3 gas was monitored in-situ upon cycling. Negligible O2 or POF3 evolution is observed 

over the first three cycles, while certain amount of H2, CO2, and CO evolution is detected during 

the first cycle but is barely observable in the following cycles. 
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Supplementary Note 5: Redox mechanisms of TM2 and TM4 and 

comparison of oxygen redox in three materials 
The redox behavior of TM2 and TM4 was investigated by combining ex-situ hXAS and RIXS, 

with hXAS to probe the TM redox behavior (Figure S10) and RIXS to detect lattice-oxygen 

redox(Figure S11). For TM2, the Mn K-edge spectra of the pristine; charged to 140 mAh g−1 

(corresponding to the theoretical Mn3+/Mn4+ redox capacity) and 4.7 V; and charged to 4.7 V 

followed by discharge to 130 mAh g−1 and 1.5 V states are presented in Figure S10a. Upon 

charging to 140 mAh g−1, the Mn K-edge shifts from an energy close to Mn2O3 to that of MnO2, 

indicating Mn3+/Mn4+ oxidation. When further charged to 4.7 V, the Mn K-edge only shifts slightly 

to a higher energy and almost overlaps with that of the MnO2 reference. This result suggests that 

Mn redox contributes little capacity in this region and that most of the capacity originates from 

lattice-oxygen oxidation, as supported by the strong oxygen oxidation signal in the O-K RIXS 

mapping (Figure S11a). Nearly all Mn is oxidized to Mn4+ at the top of charge. During discharge, 

Mn is gradually reduced to Mn3+, with more reduction reactions occurring at low voltage, as 

indicated by the much smaller shift between the top-of-charge and discharged to 130 mAh g−1 

states. At the end of discharge (1.5 V), the Mn K-edge returns to a similar position as that of the 

pristine materials, suggesting the good reversibility of the redox reaction. The shape of the Mn K-

edge changes slightly because of the possible local structural rearrangement upon cycling.21 The 

Ti K-edge position barely changes upon cycling, as observed in Figure S10b, which proves that Ti 

is redox inactive. 

For TM4, Mn K-edge spectra were collected at five different states of charge: pristine; charged to 

190 mAh g−1 (corresponding to the theoretical Mn redox capacity) and 4.7 V; and charged to 4.7 

V followed by discharge to 110 mAh g−1 and 1.5 V, as shown in Figure S10c. When charged to 

190 mAh g−1, the Mn K-edge shifts from an energy in between those of MnO and Mn2O3 to that 

of MnO2 and barely changed upon further charging to 4.7 V. This result suggests that the Mn redox 

dominates at low voltage and that Mn can be fully oxidized to Mn4+, followed by oxygen oxidation 

contributing to the rest of the capacity. A clear lattice-oxygen-oxidation characteristic feature can 

be observed in the O-K RIXS mapping in Figure S11b. Upon discharge, the Mn K-edge reversibly 

shifts back to an energy close to its original position with only a small change in shape. Ti and Nb 

do not participate in the redox process, as observed in Figure S10d–e. 



 21 

In Figure S11c, the O-K RIXS spectra at the excitation energy of 531 eV are compared between 

the pristine state and the top of charge for the TM2, TM4, and TM6 compounds. All three materials 

at the top of charge have significant oxygen oxidation features, as indicated by the grey dashed 

line in the figures. All three materials show negligible oxygen loss, as demonstrated from 

differential electrochemical mass spectrometer (DEMS) measurement, shown in Figure S12-13, 

which indicates good reversibility of oxygen redox.  

Combined with the previous finding that most of the TM redox reactions are active and reversible 

in all three compounds, the oxygen redox behavior studies indicate that it is unlikely that the 

difference in the achieved capacity in the materials originates from a large difference in redox 

behavior. 
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Figure S14 | Electrochemical performance of TM12. Voltage profiles and capacity retention of 

TM12 within the voltage window of 1.5–4.7 V at 20 mA g−1 and room temperature. Note that the 

composition of TM12 is not designed for an optimized electrochemical performance, instead, as a 

demonstration of the excellent structural compatibility of DRX structure. Despite the very diluted 

TM redox capacity (< 0.35 electron per f.u., corresponding to a capacity of <100 mAh g-1) and the 

incorporation of some very heavy metal ions, such as Ta, and Sb, it still shows reasonably good 

specific capacity of 252 mAh g-1. 
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Figure S15 | Investigation of DRX structural stability upon cycling. Ex-situ XRD patterns 

collected on pristine electrodes, top-of-charge electrodes from the 1st cycle, and end-of-discharge 

electrodes from the 20th cycle for a. TM2, b. TM4, and c. TM6. No irreversible structural change 

can be observed in all three materials. The DRX lattice remains intact both at the top of charge and 

after extended cycles, indicating a good bulk structural stability without any major irreversible 

degradation. 
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Figure S16 | Evaluation of the electrolyte-electrode reactivity. Voltage profiles of 1st, 5th, 10th 

and 20th cycles in a. TM2, b. TM4, and c. TM6, plotted in an “accumulated capacity” manner. The 

inset shows the accumulated capacity at the top of charge and the end of discharge in each cycle. 

The shifts for TM2, TM4 and TM6 after 20 cycles are 56 (from 274 mAh g-1 to 330 mAh g-1), 23 

(from 297 mAh g-1 to 320 mAh g-1) and 41 mAh g–1 (from 341 mAh g-1 to 382 mAh g-1), 

respectively, after 20 cycles. 
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Figure S17 | HE DRX synthesis case study. Failed synthesis of the targeted compositions of a. 

Li1.3Mn2+0.15Mn3+0.25Ti0.05Mo4+0.1Nb0.15O1.7F0.3 and b. Li1.3Co2+0.2Cr3+0.2Ti0.1Nb0.2O1.7 F0.3.  
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Supplementary Note 6: Case study of HE DRX synthesis 
In the design of HE DRX materials, two compatibility issues, redox compatibility and phase 

compatibility, should be considered. Figure S17 shows two failed synthesis attempts of HE DRX 

cathodes due to incompatibility. Figure S17a shows a failed experiment with the target 

composition of Li1.3Mn2+0.15Mn3+0.25Ti0.05Mo4+0.1Nb0.15O1.7F0.3. Several impurity phases were 

detected in the XRD pattern, including two different Li2MoO4 phases and LiF. Here, Mn3+ and 

Mo4+ are redox incompatible, i.e., when they coexist, Mn3+ will be reduced to Mn2+ while Mo4+ is 

oxidized to Mo6+, leading to the synthesis failure. Figure S17b shows another failed experiment 

due to chemical incompatibility with the target composition of Li1.3Co2+0.2Cr3+0.2Ti0.1Nb0.2O1.7F0.3. 

The Cr3+ ion strongly prefers a perfect octahedral coordination environment; therefore, if its 

concentration is larger than the tolerance limit of the DRX structure, a layered LiCrO2 impurity 

starts to appear, resulting in the synthesis failure. These two cases motivated us to study the redox 

compatibility and phase compatibility through computational screening to facilitate the future 

design of HE DRX cathodes. 
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Figure S18 | Redox compatibility analysis of different TM species in a DRX lattice. Red 

regions indicate redox-incompatible pairs in which the elements from the horizontal axis will 

oxidize those from the vertical axis. Green regions indicate redox-incompatible pairs with an 

opposite direction of charge transfer. Yellow regions denote redox-compatible pairs. All the redox-

incompatible TM pairs are colored grey in Figure 4c. 
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Figure S19 | Calculated distribution of mixing temperatures of various metal species in HE 

DRX compounds. 
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Figure S20 | Evaluation of the effect of synthesis condition on the SRO in TM6. a. XRD 

patterns of as-synthesized TM6 and 750 ℃ annealed (10 hours) TM6. Neither impurity peaks 

arising nor obvious peak position shift can be observed after annealing treatment, indicating the 

maintenance of the same LRO. b. STEM/EDS mappings of elemental distribution in a particle of 

750-annealed TM6 (Scale bar: 400nm). The results suggest all the elements are uniformly 

distributed with no phase segregation in the particle. c. ED pattern collected on 750-annealed TM6 

along the [100] zone axis and d. The SRO intensity profiles from as-synthesized TM4, as-

synthesized TM6 and 750-annealed TM6 are compared. The 750-annealed TM6 sample presents 

increased SRO intensity compared to that in as-synthesized TM6, comparable to that in TM4. e. 

Voltage profiles and capacity retention of 750-annealed TM6 within the voltage window of 1.5–

4.7 V at 20 mA g−1 and room temperature. 
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Supplementary Note 7: Evaluation of the effect of synthesis condition 

on the SRO in TM6 
The SRO in DRX is a function of synthesis temperature, and in general SRO tends to decrease 

when increasing the temperature. As a demonstration of this effect, we annealed the as-synthesized 

TM6 at 750 ℃ for 10 hours after the sintering at 1000 ℃ to introduce a certain degree of SRO and 

investigate its influence on the electrochemical performance (Figure S20). Figure S20a shows the 

XRD patterns of the as-synthesized TM6 (from 1000 ℃, bottom, black curve) and the 750℃-re-

annealed TM6 (top, green curve). No impurity peaks or peak shifting shows up in XRD after re-

annealing, suggesting no long-range order change during re-annealing. The EDS mapping (Figure 

S20b) furthermore suggests a homogenous distribution of all the elements indicating no phase 

segregation after the re-annealing treatment. We took TEM electron diffraction (ED) on the re-

annealed TM6 to investigate any change in SRO after the treatment (Figure S20c). The SRO 

intensity profiles of the as-synthesized TM4, the as-synthesized TM6 and the 750℃-re-annealed 

TM6 are compared in Figure S20d. Re-annealing at 750℃ leads to an increased SRO intensity in 

TM6, which is now as high as that observed in the as-synthesized TM4. Consistent with our 

conjecture, relating SRO to a degradation of performance, the electrochemical capacity also 

decreases in the re-annealed TM6 (Figure S20e), accompanying the increased SRO. Specifically, 

the re-annealed TM6 delivers a smaller capacity (specific energy) of 273 mAh g−1 (856 Wh kg−1) 

than that of the as-synthesized TM6 (307 mAh g−1, 955 Wh kg−1). 

As a final note, all the materials presented in the main text were synthesized using the same solid-

state method from between 1000℃ and 1050℃. Therefore, the influence of synthesis conditions 

on SRO in the present study is minimal. 
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Table S1 | Target versus measured atomic ratios of the as-synthesized materials. 

 
 

Note that while the measured metal ratios are close to the target, the detected fluorine contents in all three 

materials are slightly lower than expected. This may originate from several factors: (1) The loss of F-

precursors (i.e. LiF) during high temperature synthesis. However, such loss is expected to be minimal given 

the close-to-expected Li contents in all materials. (2) Partial dissolution of the as-synthesized materials in 

aqueous acids prior to elemental analysis because of the low solubility of oxyfluorides. (3) The generation 

of HF gas which may happen during dissolution, causing F loss before the measurement. (2) and (3) together 

are likely to cause an under-estimation of the F content.  

  

Materials Target atomic ratio
(Li : Mn : Co : Cr : Ti : Nb : F)

Measured ratio
(Li : Mn : Co : Cr : Ti : Nb : F)

TM2

TM4

TM6

1.3 : 0.4 : 0 : 0 : 0.3 : 0 : 0.3

1.3 : 0.4 : 0 : 0 : 0.1 : 0.2 : 0.3

1.3 : 0.2 : 0.1 : 0.1 : 0.1 : 0.2 : 0.3

1.267 : 0.414 : 0 : 0 : 0.302 : 0 : 0.216

1.279 : 0.412 : 0 : 0 : 0.103 : 0.197 : 0.226

1.271 : 0.21 : 0.101 : 0.113 : 0.105 : 0.186 : 0.219
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Table S2 | Competing phases generated by phase diagram analyses. 

Type* Competing phases 

Elemental metals 

and intermetallics  Co Ni Mo Sn Sb CoSn Co3Mo CoSb Ni5Sb2 Ni3Sn Ni3Sn2 Ni3Mo Ni4Mo NiSb ZnNi 

Metal 

Oxides/fluorides 
MgO MgF2 V2O3 MnO FeO Fe3O4 CoO NiO ZnO ZrO2 MoO2 SnO SnO2 Sb2O3 

Li-Metal Oxides 

LiAlO2 LiAl5O8 Li2TiO3 LiVO2 Li3VO4 LiCrO2 Li3CrO4 Li2MnO3 LiMnO2 LiFeO2 

Li2FeO3 LiCoO2 Li2CoO3 LiNiO2 Li2NiO3 LiGaO2 LiGa5O8 Li2ZrO3 Li3NbO4 LiNbO3 

Li2MoO3 Li3MoO4 Li4MoO5 Li2MoO4 Li(MoO2)2 Li2SnO3 Li3SbO4 LiSbO2 Li2Sb4O7 

LiSbO3 

Metal-Metal 

Oxides 

Mg2NiO3 Mg(SbO2)2 Mg4Nb2O9 Mg2TiO4 MgVO3 Mg2SnO4 Mg(GaO2)2 MgAl2O4 

MgCr2O4 Mg(FeO2)2 MgTiO3 Al2FeO4 Al2CoO4 MnAl2O4 Al2ZnO4 Ti(FeO2)2 TiCoO3 

TiNiO3 TiMnO3 TiMn2O4 V(CoO2)2 MnV2O4 MnVO3 VFeO3 Cr2FeO4 Cr2CoO4 

Cr2NiO4 MnCr2O4 ZnCr2O4 Mn(FeO2)2 Mn(SbO2)2 Mn2SnO4 Mn(GaO2)2 MnSnO3 

Fe2CoO4 Fe(SbO2)2 Zn(FeO2)2 Co2SnO4 Ga2CoO4  Ni(SbO2)2 Ga2NiO4 Zn(GaO2)2 

Li-Metal-Metal 

Oxides 

Li3Mg2SbO6 Li2MgSn3O8 Li2Ti3CoO8 Li2Ti3NiO8 Li2Ti3FeO8 Li2Ti3ZnO8 Li2NbV3O8 

Li2V3SnO8 Li2Cr3SbO8 LiCrSnO4 LiMnNbO4 LiMnSbO4 Li2MnSn3O8 Li3Fe4SbO8 

LiNbFeO4 Li2Fe3SbO8 LiFeSbO4 LiCoSbO4 LiNiSbO4 Li2ZnSn3O8 LiGaSnO4 

Competing 

phases with > 2 

metal elements 

Li3MnFeNiO6 

* The term “metal” in table denotes non-Li metal species.  
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