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Zero-strain Mn-rich layered cathode for 
sustainable and high-energy next-generation 
batteries
 

Geon-Tae Park    1, Nam-Yung Park    1, Ji-Hyun Ryu1, Sung-June Sohn1, 
Tae-Yeon Yu1, Myoung-Chan Kim1, Sourav Baiju2,3, Payam Kaghazchi    2,3, 
Chong S. Yoon    4,5   & Yang-Kook Sun    1,5 

The increasing demand for high-energy Li-ion batteries for the 
electrification of personal transportation may lead to uncertainty in 
the global supply of raw materials (Co and Ni). Here we propose a novel 
Mn-rich composition, which has a quasi-ordered structure with previously 
unobserved two intermixed cation-ordering sequences. The partially 
ordered structure stabilizes the delithiated cathode at a high cut-off voltage, 
offering strain-free characteristics, with structural variations along both 
the a and c axes limited to approximately 1%. Consequently, the cathode can 
operate at 4.6 V while delivering a reversible capacity comparable to that of 
Ni-rich Li(Ni0.8Co0.1Mn0.1)O2. Moreover, a high capacity is maintained during 
long-term and high-voltage cycling in full cells with exceptional thermal 
safety. The high-performance Mn-rich layered cathodes characterized by 
quasi-ordered crystal structure can potentially relieve supply uncertainty 
resulting from the rising demand for Ni in the battery industry and 
environmental concerns associated with the extraction of Ni from its ores.

Global sales of electric vehicles (EVs) continue to increase, mainly 
driven by government subsidies, rising fossil fuel prices and the race 
to zero emissions1. Government mandates requiring that 50% of new 
vehicles be electric by 2030 in the United States, 100% by 2035 in the 
European Union and 40% by 2030 in China will inevitably place pressure 
on the raw material supply chain for Li-ion batteries (LIBs)2. According 
to the International Energy Agency, global demand for LIBs is projected 
to reach 3,500 GWh by 2030 (a tenfold increase from 2022)3. To allevi-
ate future shortages and price increases of critical raw materials, LIB 
chemistry must be reengineered, especially that of the cathode, which 
is the most expensive and resource-intensive component4,5.

Supply uncertainty and price fluctuations of Co have inspired the 
development of Co-free layered cathodes6–9. The global reserves of Ni 
(95 million metric tons (ref. 10)) are much larger than those of Co (11 

million metric tons (ref. 11)) and more evenly distributed geographi-
cally. The early adoption of LiCoO2 in LIBs has been replaced by Ni-rich 
compositions to increase the battery energy density. However, the 
use of Li[NixCoyMn1−x−y]O2 (NCM) and Li[NixCoyAl1−x−y]O2 (NCA) lay-
ered cathodes with Ni contents of >80% is predicted to increase the 
demand for Ni from the battery industry from 7% in 2021 to 41% by 2040  
(ref. 12). In addition, Ni mining practices cause environmental prob-
lems, including groundwater contamination resulting from the storage 
and deep-sea disposal of tailings13. Hence, in addition to eliminating Co 
from the cathode, the Ni content should be reduced. Co-free layered 
oxide cathode containing multiple metal elements, Li[Ni0.8Mn0.13Ti0.02M
g0.02Nb0.01Mo0.02]O2, was recently proposed14,15. However, the synthesis 
and production of compositionally complex cathodes remains a chal-
lenge. The sustainable production of layered cathodes for LIBs requires 
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structure is not a localized phenomenon but extends several hundreds 
of nanometres. In addition, identical SAED patterns were observed in 
many primary particles, suggesting that the quasi-ordered structure 
is prevalent and occurs on a microscopic scale (Supplementary Fig. 5a). 
The magnified image and line scan along an atomic column in region 
A show contrast consistent with a series of triplets (…TLL–TLL–TLL…) 
and the distance between two atomic columns (0.14 nm) corresponds 
to the interplanar distance of the (1 ̄10) plane (Fig. 1f). An atomic col-
umn in region B, which is adjacent to region A, exhibits reverse contrast 
corresponding to …LTT–LTT–LTT… triplets. The TEM contrast in the 
Li layer suggests the formation of a similar quasi-ordered structure 
by Ni2+ ions that migrated to the Li layer. The atomic layers are well 
aligned without any stacking faults, indicating that the streaks of SAED 
originate from the LTT and TLL triplets. Thus, the QO-NCM45 cathode 
has an ordered nanoscale structure in which the TM layer is composed 
of repeating LTT and TLL triplets. A decrease in the Mn–Me and Ni–Me 
coordination intensity from extended X-ray absorption fine structure 
(EXAFS) in QO-NCM45 provides further evidence for the presence of 
a quasi-ordered structure in QO-NCM45 (Supplementary Figs. 6a,b). 
The structure diagram of the QO-NCM45 viewed along the different 
directions is shown in Supplementary Fig. 5b. Because the Li–Mn–Mn 
atomic arrangements in QO-NCM45 are discontinuous, the structure 
is different from that of the Li2MnO3 nanodomain with a continuously 
repeating Li2MnO3 unit cell. The TEM, soft X-ray absorption spectros-
copy (sXAS), Raman and XRD analyses complement each other by 
providing information from the surface to the bulk of the material, 
demonstrating that Li2MnO3 does not exist in QO-NCM45 (Supple-
mentary Figs. 6c–e). The quasi-ordered structure is completely dif-
ferent from the long-range cation ordering in Li[Ni0.5Mn0.5]O2, which 
involves the formation of a √3ahex × √3ahex× chex superlattice26. Such 
a quasi-ordered structure has not been reported previously, which 
renders QO-NCM and Co-free QO-NM cathodes a new breed of layered 
oxide cathode. The formation of quasi-ordered structures apparently 
occurs in a narrow range of Mn fractions, as the partial ordering disap-
pears when the Mn fraction reaches 30% in NCM50 (Supplementary 
Fig. 7). The keys to developing the quasi-ordered crystal structure in 
the Mn-rich cathodes are their unique precursor microstructure fea-
turing rod-like primary particles and the high Mn-to-Co ratio. To the 
best of our knowledge, no previous studies have designed or reported 
rod-shaped primary particles in Mn-rich hydroxide precursors and 
cathode materials. During calcination, the aligned fine primary par-
ticles composed of stacked TM layers aggregate and this leads to the 
ordered intermixing of cations, forming quasi-ordered crystal struc-
ture in the final product. However, if the primary particles are ran-
domly oriented, the aggregation of TM layer stacks with different 
orientations results in thick and bulky primary particles with randomly 
intermixed cations. Because the activation energy for interdiffusion 
of Mn is substantially lower than that of Co, the cathodes with high 
Mn-to-Co ratios are invulnerable to the high temperature sintering, 
maintaining the aligned rod-like primary particles, forming a 
quasi-ordered crystal structure27.

The structural changes of QO-NCM45 during charge closely follow 
those of Li2MnO3 than to those of Li[Ni0.5Mn0.5]O2 (ref. 28). Upon charg-
ing to 4.4 V (71% Li extracted), the [100] zone SAED pattern shows that 
the layered structure transforms into a cation-ordered structure with 
an extra series of superlattice peaks, as previously observed for 
Zr-doped LiNiO2 (ref. 29). Furthermore, the [1 ̄10] zone SAED pattern 
contains spots corresponding to the [211] zone of a disordered spinel 
structure in addition to the faint streaks observed in the uncharged 
state (Fig. 1g). A high-resolution TEM image of the spinel region shows 
that the atomic ordering changes to LT–LT–LT… doublets with an 
atomic spacing of 0.14 nm as Ni ions migrate into the Li layer (Supple-
mentary Fig. 8a). Figure 1h illustrates the atomic arrangements of the 
layered, spinel and cation-ordered structures observed in charged 
QO-NCM45. When further charged to 4.6 V (90% Li extracted), the extra 

a major paradigm shift in cathode chemistry16. Compared with Ni, Mn is 
cheaper, less toxic and environmentally benign; thus, Mn-rich layered 
cathodes are a logical alternative to Ni-rich layered cathodes17,18. Despite 
its potential as a cathode for LIBs, LiMnO2 cannot be used owing to syn-
thesis difficulties caused by thermodynamic instability, the Jahn–Teller 
distortion of Mn3+ ions and Mn dissolution19,20.

In this study, we investigated Mn-rich layered cathodes synthe-
sized using a conventional co-precipitation method. In the proposed 
Mn-rich layered cathodes, Mn exists primarily as Mn4+, thereby avoid-
ing lattice-destabilizing Jahn–Teller distortion, and forms a network 
of quasi-ordered nanoscale domains, in which Li+ and transition 
metal (TM) ions alternate in a 1:2 ratio (LTTLTT or TLLTLL, where L is Li  
excess and T is TM excess). Notably, the proposed Mn-rich layered 
cathodes exhibit strain-free properties, outstanding thermal safety 
and long-term cycling stability at high cut-off voltages and elevated 
temperatures.

Quasi-ordered crystal structure
The chemical compositions of the conventional and quasi-ordered 
Mn-rich NCM cathodes (denoted as NCMx and QO-NCMx, wherein x 
corresponds to Ni ratio) are listed in Supplementary Table 1. The prep-
aration of layered NCM cathodes with Mn fractions greater than 30% 
via co-precipitation is not trivial. Dense and spherical QO-NCM45 pre-
cursor particles with radially oriented rod-like primary particles were 
synthesized by carefully controlling the pH to 10.2 at 30 °C during 
co-precipitation (Supplementary Figs. 1a,b). The shell region of the 
QO-NCM45 cathode particles is tightly packed with primary particles 
that are elongated and radially aligned (Supplementary Figs. 1c–f). In 
comparison, the commercial NCM50 is comprised of relatively thick 
and equiaxed grains that are irregularly oriented. The X-ray diffraction 
(XRD) data reveal that the QO-NCM45 cathode has a layered structure 
in the R ̄3m space group and no impurity peaks related to Li2MnO3 (Sup-
plementary Fig. 2). Similarly, other Mn-rich QO-NCM and QO-NM cath-
odes are free of Li2MnO3. The calculated lattice parameters indicate 
that QO-NCM45 has a slightly larger unit cell volume with considerably 
higher Li+/Ni2+ cation mixing than NCM50 (Supplementary Table 2). 
The X-ray photoelectron spectroscopy (XPS) spectra and X-ray absorp-
tion near-edge structure (XANES) results indicate that substantial 
fractions of both Ni2+ and Mn4+ are required to maintain charge neutral-
ity (Supplementary Figs. 3 and 4). The formation of Mn4+ (0.54 Å) in 
QO-NCM45 produced Ni2+ (0.69 Å) to maintain charge neutrality, 
thereby increasing the overall change in ionic radius and the degree of 
Li+/Ni2+ mixing21–24.

The selected area electron diffraction (SAED) pattern of a 
QO-NCM45 primary particle along the [100] zone is identical to that 
of a layered structure (Fig. 1a). However, upon rotating this crystal 30° 
along the layered plane, the [1 ̄10] pattern exhibits additional peaks 
and streaks parallel to the [001] direction that are absent from the 
calculated [1 ̄10] diffraction pattern (Figs. 1b,c). The extra peaks (yellow 
circles, Fig. 1b) are equally spaced at one-third the distance of the (1 ̄10) 
diffraction spot. The [1 ̄10] zone is nearly identical to the [010]mono zone 
of Li2MnO3 with stacking faults25. When the Mn layer of Li2MnO3 is 
projected along the [100]hex//[100]mono direction, each atomic column 
contains 2/3Mn, such that the Li2MnO3 and LiTMO2 structures are 
indistinguishable (Fig. 1d). However, when projected along the 
[1 ̄10]hex//[010]mono direction, superlattice formation by the repeating 
Li–Mn–Mn sequence can be distinguished. Comparison with Li2MnO3 
suggests that the presence of Li2MnO3 pockets can explain the SAED 
patterns of QO-NCM45. However, a high-resolution [1 ̄10] zone trans-
mission electron microscopy (TEM) image of QO-NCM45 does not 
support this assignment. Equally spaced streaks remain after Fourier 
transform of the imaged region (20 nm × 20 nm), indicating that the 
SAED pattern does not originate from a two-phase mixture but from 
atomic ordering (Fig. 1e). Note that the SAED aperture covers an area 
as large as 125 nm in diameter, indicating that the ordered crystal 
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Fig. 1 | Crystal structure features of the Mn-rich QO-NCM45 cathode. a,b, [100] 
(a) and [1 ̄10] (b) zone SAED patterns of QO-NCM45. Additional electron 
diffraction spots distinct from those originating from the normal layered 
structure are marked in yellow. c, Simulated [1 ̄10] zone electron diffraction 
pattern of a layered R ̄3m structure. d, Schematic illustration of the atomic 
arrangement in Li2MnO3 viewed along the [100] and [1 ̄10] directions. e, Fourier 
transform (FT) of a 20 nm × 20 nm region of QO-NCM45. f, High-angle annular 
dark-field TEM images and contrast line scans along atomic columns from 

regions A and B of QO-NCM45. g, [100] (left) and [1 ̄10] (right) zone SAED patterns 
of QO-NCM45 after charging to 4.4 V. Additional electron diffraction spots 
distinct from those originating from the normal layered R ̄3m structure are 
marked with blue arrows and green circles. h, Schematic illustrations of the 
atomic arrangements of layered, spinel and cation-ordered structures. i, [100] 
(left) and [1 ̄10] (right) zone SAED patterns of QO-NCM45 after charging to 4.6 V. 
j,k, [1 ̄10] zone SAED patterns of QO-NCM45 after discharging to 2.7 V (j) and 100 
cycles (k). SAEDs are obtained with an aperture size of 125 nm in diameter.
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spots in both the [100] and [1 ̄10] zones became fainter owing to trans-
formation into a spinel structure (Fig. 1i). However, unlike Li2MnO3, in 
which the phase transitions during the first charge are irreversible (ref. 
30), the partially ordered structure of QO-NCM45 can be regenerated 
as Ni ions reversibly migrate back to the TM layer. The SAEDs of 
QO-NCM45 obtained at various state of charge and depth of discharge 
demonstrate the reversible phase transition of QO-NCM45 (Fig. 1j and 
Supplementary Figs. 8b,c). Such reversible migration of Ni between 
the Li and TM layers has been observed in Li[Ni0.5Mn0.5]O2 (ref. 31). The 
presence of LTT and TLL triplets in QO-NCM45 after cycles at 4.6 V 
demonstrates the excellent structural durability of the quasi-ordered 
structure and distinguishes the structure from the Li-rich cathodes 
featuring Li2MnO3 (Fig. 1k and Supplementary Figs. 8d–h).

Strain-free properties
The partial ordering of the QO-NCM cathodes helps stabilize the del-
ithiated structure. The charging curves during the in situ XRD analyses 
and the corresponding diffraction peaks are shown in Supplementary 
Fig. 9. Similar to other layered cathodes, the c-axis lattice parameter 
of the QO-NCM45 cathode initially expands (Δc/c0 = +1.3% at ~4.23 V), 
whereas the a-axis lattice parameter decreases continuously (Supple-
mentary Fig. 10). At 4.23 V, the c-axis lattice begins to contract, reach-
ing Δc/cmax of −0.6% at 4.5 V and −0.9% at 4.6 V. In the fully charged state 
at 4.6 V, the change in the c-axis lattice parameter (Δc/c0) is nearly zero 
(0.36%) (Fig. 2a). In addition, the QO-NCM50 and Co-free QO-NM60 
show similar extent of lattice parameter variation. The appearance 
of a single (003) XRD reflection peak in QO-NCM45 (Supplementary 
Fig. 9), as opposed to the splitting of peaks typically observed in struc-
turally heterogeneous, single-crystalline NCM cathodes, indicates 
the absence of structural heterogeneity32. In addition, the ex situ TEM 
results of QO-NCM45 further support that the structural evolution is 
homogeneous within the cathode particle (Supplementary Figs. 11–13).  
Thus, Mn-rich QO-NCM and QO-NM cathodes are ‘strain-free’ cath-
odes. The observed strain-free feature during delithiation not only 
minimizes the mechanical stress on the cathode during charging 
but is also important in solid-state batteries in which the lattice con-
traction of Ni-rich layered cathodes often causes contact loss with 
the solid electrolyte33,34. In comparison, NCM50, NCM60, NCM80, 
NCM90 and LNO cathodes exhibited maximum contraction of the 
c axis during charging at 4.6 V (Δc/cmax = −3.3%, −3.7%, −4.4%, −6.6% 
and –8.0%, respectively; Supplementary Table 3). Lattice contraction 
adversely affects the mechanical stability of layered cathodes, largely 
because of its abruptness and anisotropy35–38. The anisotropy ratio 
((∆a/a0)/(∆c/c0)) was determined to estimate the extent of abrupt 
anisotropic straining of the lattice during delithiation (Fig. 2b). The 
anisotropy ratio of ultra-Ni-rich LNO sharply decreases and then 

suddenly increases near 4.2 V, which coincides with the detrimental 
H2 → H3 phase transition38. The change in anisotropy ratio broadens 
with decreasing Ni content, as the H2 → H3 phase transition is delayed 
at low Ni contents. In comparison, the anisotropy ratio of QO-NCM45, 
QO-NCM50 and Co-free QO-NM60 remains nearly constant up to 4.5 V 
and only begins to tail off at 4.6 V, confirming the strain-free extraction 
of Li+ from the lattice. By constructing quasi-ordered crystal struc-
tures, the anisotropicity of lattice variation during electrochemical 
(de)lithiation is exceedingly suppressed. Previous reports have shown 
novel crystal structures with structural stabilization effects36,39–41. For 
example, Lu presented a strain-retardant coherent perovskite phase 
via La doping in NCM80 (ref. 36). Tarascon demonstrated a composite 
of LiNiO2-rich and LixMyOz-rich, where M = W and Mo, phases in Li1+y 
Ni(3-5y)/3M2y/3O2 cathode with epitaxial stabilization effects40,41. Com-
pared to the previous reports, the proposed quasi-ordered structure 
can be observed in several QO-NCM and Co-free NM compositions 
without additional doping.

High-voltage cycling performances
The first charge–discharge curves of the QO-NCM45 and Li-rich 
Li[Li0.13Ni0.30Mn0.57]O2 cathodes differ significantly. During the first 
charge, Li[Li0.13Ni0.30Mn0.57]O2 exhibits an extended plateau at 4.5 V with 
a Coulombic efficiency of only ~83% (Fig. 3a). In contrast, QO-NCM45 
exhibits a barely discernible shoulder at 4.48 V with a Coulombic effi-
ciency of 93% while producing a discharge capacity of 224.7 mAh g−1 
at 0.1 C. The differential capacity curve of QO-NCM45 calculated from 
the first charge–discharge curves (cycled from 3.0 V to 4.8 V at 0.1 C) 
shows a broad oxidation peak during the first charge, unlike the sharp, 
nearly discontinuous peak observed for Li[Li0.13Ni0.30Mn0.57]O2 (Fig. 3b) 
(refs. 42,43). The different charge profiles of QO-NCM45 are indicative 
of the different structural features and, hence, different structural 
formation mechanisms of QO-NCM45. Notably, the QO-NCM45 cath-
ode achieves outstanding cycling stability and energy efficiency at 
high potentials and elevated temperatures (Supplementary Fig. 14). 
The cathode delivers discharge capacities of 205.9 mAh g−1 at 1 C, 
while maintaining 97.4% of the initial capacity after 100 cycles at 4.6 V 
and 45 °C (Fig. 3c). Commercial NCM50 and Li[Li0.13Ni0.30Mn0.57]O2 
retain only 86.4% and 87.9% of their initial capacities, respectively, 
after 100 cycles (Fig. 3c). On the basis of the sXAS results, the charge 
compensation mechanism of the QO-NCM45 is different from that 
of the Li[Li0.13Ni0.30Mn0.57]O2 but similar to that of the layered NCM50 
(Supplementary Figs. 15a–c). Li[Li0.13Ni0.30Mn0.57]O2 undergoes oxy-
gen anionic redox at approximately 4.5 V, but that of QO-NCM45 and 
NCM50 is at 4.7 V. Additionally, the reversible changes observed in the 
Ni K-edge XANES spectra of QO-NCM45 during cycling suggest that 
the cation redox is highly reversible (Supplementary Figs. 15d–o). This 
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demonstrates that unlike Li-rich cathodes that deliver high capacity 
through anionic redox, QO-NCM45 operates through cation redox. 
The Mn-rich QO-NCM and Co-free QO-NM cathodes with different 
chemical compositions also exhibit excellent cycling stability at 4.6 V, 
delivering capacity retention of 97.4%, 96.1% and 95.2% after 100 cycles 
for the QO-NCM40, QO-NCM50 and Co-free QO-NM60, respectively 
(Supplementary Fig. 16a–c). In addition, the excellent cycling perfor-
mance of the QO-NCM cathodes is not limited to the specific electrolyte 
composition or the fluoroethylene carbonate (FEC) amounts (Sup-
plementary Figs. 16d,e). Though the low-temperature performance 
of the QO-NCM45 is relatively inferior to that of the NCM50 due to 
the lower Co content (Supplementary Figs. 17c,d), we believe that sev-
eral engineering approaches, such as particle size modification and 
carbon coating or electrolyte modification, that have improved the 
low-temperature performance of LiFePO4 can be similarly applied to 
further improve the low-temperature performance of QO-NCM45.

Ni-rich NCM90, NCM80 and NCM60 were tested at various cut-off 
potentials, but their cycling performance remained inferior to that of 
QO-NCM45 at 4.6 V (Supplementary Figs. 18a–c). Extraction of large 
amounts of Li+ from the host structure typically leads to structural 
collapse, which compromises the electrochemical performance in 
Ni-rich cathodes. However, the strain-free nature of QO-NCM45 enables 
stable cycling at high voltages. Despite the cycling stabilities of 
QO-NCM45 at 3.0–4.6 V and commercial LiFePO4 at 2.5–3.9 V being 
similar, QO-NCM45 provides a 40–65% higher energy density (Sup-
plementary Fig. 18d,e). Therefore, the QO-NCM45 cathode represents 
a new breed of layered cathode that can deliver a higher energy density 
(879 Wh kg−1cathode) than NCM80 at 4.6 V with improved capacity reten-
tion (Fig. 3d). In addition, the QO-NCM45 cathode contains 35% less Ni 
than NCM80, which reduces the material cost and supply risk owing 
to the abundance of natural Mn sources.

To demonstrate the feasibility of the proposed Mn-rich QO-NCM45 
cathode for practical applications, a full cell was constructed with a 
graphite anode. The long-term cycling data at 1 C and 45 °C show that 

this cathode retains 85.5% of the initial capacity after 1,000 cycles in 
the voltage range of 3.0–4.4 V (versus graphite) (Fig. 3e). This cycling 
performance, which meets the guaranteed battery life threshold of EV 
manufacturers ( ~ 80% of the initial capacity at the end of service life), 
is equivalent to a battery life of approximately 20 years for an EV sub-
jected to full charging weekly. The outstanding cycling performance 
of the quasi-ordered structure is also demonstrated in a full cell with 
Mn-rich QO-NCM50 and Co-free QO-NM60 cathode which retains 
81.8% and 88.2% of their initial capacity after 1,000 and 500 cycles, 
respectively. Under the same cycling conditions, commercial NCM50 
retains only 46.7% of its initial capacity. Impressively, during long-term 
cycling, the full cells with QO-NCM and QO-NM cathodes outperform 
those with Ni-rich cathodes (NCM60, NCM80 and NCM90) cycled at 
3.0–4.2 V, which is the typical cycling condition for LIBs (Fig. 3e and 
Supplementary Fig. 18f). The Mn-rich QO-NCM45 is a state-of-the-art 
cathode that surpasses previously reported layered NCM cathodes in 
terms of specific capacity and cycling stability at high voltages (Sup-
plementary Fig. 19 and Supplementary Tables 4 and 5). In addition, 
unlike the Li[Li0.13Ni0.30Mn0.57]O2 cathodes44–47, QO-NCM45 shows a 
stable nominal voltage during long-term cycling (Supplementary 
Figs. 20a–c). Increasing the cut-off voltage to 4.5 V (versus graphite) 
further validated the long-term cycling stability of QO-NCM45; how-
ever, extended cycling at 4.5 V was hindered by the instability of the 
ethylene carbonate-based electrolyte48 (Supplementary Figs. 20d,e).

Li+/Ni2+ cation mixing is believed to hinder Li+ migration and thus 
deteriorate the rate capability of Ni-rich layered cathodes49. To investi-
gate the Li+ migration energy barrier of QO-NCM45, the Nudged Elastic 
Band (NEB) method with density functional theory (DFT) calculation 
was used. The NEB results reveal that the quasi-ordered structure has 
Li+ migration energy barrier of approximately 1.33 eV (Supplementary 
Fig. 21). This value is higher than the energy barriers calculated for the 
O3-layered ( ~ 0.65 eV) and spinel ( ~ 0.22 eV) phases. The presence of 
TM cations within the Li layers in the quasi-ordered structure retards Li+ 
migration, resulting in a higher Li+ migration energy barrier compared 
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Fig. 3 | Electrochemical performances of the Mn-rich QO-NCM and QO-NM 
cathodes. a,b, Initial charge–discharge curves (a) and differential capacity 
profiles (b) of NCM50, QO-NCM45 and Li[Li0.13Ni0.30Mn0.57]O2. c, Electrochemical 
cycling performance of NCM50, QO-NCM45 and Li[Li0.13Ni0.30Mn0.57]O2 at 
3.0–4.6 V (versus Li/Li+) and 45 °C. d, Electrochemical performance comparison 
of QO-NCM45 and conventional Li[NixCoyMn1−x−y]O2 (x = 0.5, 0.6, 0.8 and 0.9) 
cathodes. Grey grid line indicates capacity retention of 95% after 100 cycles. 

e, Long-term cycling performance of pouch-type full cells featuring graphite 
anodes and conventional NCM50 or QO-NCM45 or QO-NCM50 or Co-free 
QO-NM60 cathodes in the voltage range of 3.0–4.4 V (versus graphite). For 
comparison, data are also shown for full cells with conventional NCM cathodes 
(NCM60, NCM80 and NCM90) cycled in the voltage range of 3.0–4.2 V (versus 
graphite).
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to the O3-layered structure. Note that the Li-rich cathode exhibited a 
significant change in energy efficiency when evaluated under different 
overpotential conditions (0.1 C at 45 °C and 0.02 C at 60 °C), whereas 
QO-NCM45 showed only minimal variation (Supplementary Fig. 22). 
This suggests that the low energy efficiency of Li-rich cathodes is 
primarily due to a substantial increase in overpotential caused by the 
presence of Li2MnO3 and the subsequent O redox reaction. In contrast, 
QO-NCM45 is relatively unaffected by overpotential. Therefore, the 
slightly lower energy efficiency of QO-NCM45 compared to layered 
NCM50 is probably attributed to a higher Li+ migration energy barrier 
caused by the formation of LTT and TLL atomic arrangements. Among 
the cathodes, Li-rich Li[Li0.13Ni0.30Mn0.57]O2 showed the worst rate per-
formance (Supplementary Fig. 14f). Whereas the rate performance of 
QO-NCM45 is inferior to that of NCM50, the reduction is less severe 
relative to the magnitude of the increase in the Li+ migration energy 
barrier. This can be attributed to the development of a spinel struc-
ture in QO-NCM45 at the highly delithiated state (4.4–4.6 V), which 
facilitates Li+ migration.

Post-mortem analyses
The strain-free feature, resulting from the partially ordered structure, 
allows the QO-NCM45 cathode to avoid mechanical damage during 
cycling (Supplementary Figs. 23a,b). In general, the intensity of the 
XRD peak during the cycling of NCM cathodes decreases as cycling 
progresses due to the accumulation of irreversible damage to the cath-
ode50. The operando XRD pattern after long-term and high-voltage 
cycling of the full cell demonstrates the electrochemical reversibility 
of QO-NCM45, whereas a discontinuous and significantly decayed 
phase transition peak is observed for the NCM50 cathode (Figs. 4a,b). 
The cross-sectional scanning electron microscopy (SEM) images of 
the cycled QO-NCM45 cathode confirm that the cathode particles 
remain mechanically intact and maintain their initial spherical shape 

after cycling (Figs. 4c,d and Supplementary Figs. 23c–f). Despite 
cycling at 4.4 V (versus graphite) for long-term cycles, QO-NCM45 
remains nearly free of microcracks, which is remarkable consider-
ing that layered cathodes tend to deteriorate faster at elevated  
voltages and temperatures51,52. In comparison, the cycled NCM50 cath-
ode particles exhibit near pulverization. The 7Li distribution within 
the charged cathode particles (4.4 V versus graphite) was mapped  
using 7Li time-of-flight secondary ion mass spectrometry (ToF-SIMS) 
(the 55Mn maps are shown as a reference in Supplementary Figs. 23g–j). 
Despite being fully charged, NCM50 still contains many grains with 
high 7Li concentrations. The coexistence of Li-poor and Li-rich regions, 
an indication of electrochemically dead regions53, accounts for the 
capacity loss of NCM50 (Fig. 4e). However, the relatively homogene-
ous and low concentration of 7Li in cycled QO-NCM45 indicate that the 
high structural durability and unique microstructure of this cathode 
contribute to spatially uniform delithiation (Fig. 4f).

Thermal safety and chemical stability
A Mn-rich surface can improve the thermal stability of layered cath-
odes. Differential scanning calorimetry (DSC) measurements indicate 
that the thermal stability of the QO-NCM45 cathode is significantly 
enhanced compared with that of the commercial layered cathodes 
(NCM50, NCM80 and NCM90) (Fig. 5a). The charged commercial 
cathodes undergo violent exothermic reaction around 180–240 °C, 
releasing copious amount of heat (3,192; 2,431; 1,893 and 2,011 J g−1 for 
NCM90 charged to 4.3 V, NCM80 charged to 4.3 V, NCM50 charged to 
4.5 V and NCM50 charged to 4.6 V, respectively). The observed sharp 
rise in temperature leads to rapid thermal propagation which is diffi-
cult to suppress by the thermal management system54–57. In compari-
son, the onset of the exothermic reaction for the QO-NCM45 cathode 
charged to 4.6 V is delayed by 15.9 °C; moreover, the released heat is 
only a fraction (35%) of that for the NCM50 cathode. The relatively 
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Fig. 4 | Structural durability of Mn-rich QO-NCM45 upon long-term cycling. 
a,b, Operando XRD contour plots in the 2θ range corresponding to the (003) 
reflection for full cells with NCM50 (a) and QO-NCM45 (b) cathodes after 750 
cycles in the voltage range of 3.0–4.4 V (versus graphite). c,d, Greyscale inverted 
cross-sectional SEM images of NCM50 (c) and QO-NCM45 (d) after 1,500 cycles in 

full cells cycled in the voltage range of 3.0–4.4 V (versus graphite). e,f, ToF-SIMS 
cross-sectional 7Li maps of NCM50 (e) and QO-NCM45 (f) cathodes charged 
to 4.4 V (versus graphite) after recovery from full cells after 1,500 cycles in the 
voltage range of 3.0–4.4 V (versus graphite).
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low, broad exothermic peak effectively eliminates the danger of the 
rapid thermal propagation. The accelerating rate calorimetry (ARC) 
experiment was also conducted. In ARC results, T1, T2 and T3 indicate the 
onset temperature of a battery self-heating, the starting temperature 
of uncontrollable thermal runaway and the maximum cell temperature 
during thermal runaway reactions, respectively. As shown in Fig. 5b, the 
tested full cells show nearly identical heat–wait–seek profiles, indicat-
ing that the adiabatic condition was well maintained during the ARC 
experiment (Supplementary Fig. 24). The use of quasi-ordered cathodes 
featuring high Mn contents ( ≥ 40%) helped to alleviate the self-heating 
of batteries; the T1 for NCM90, NCM50, QO-NM60 and QO-NCM45 is 
119.4, 125.7, 139.6 and 147.4 °C, respectively. In addition, the onset of 
thermal runaway reaction in a full cell featuring QO-NCM45 is delayed 
by more than 25 °C than that of a full cell featuring NCM50; the T2 for 
NCM90, NCM50, QO-NM60 and QO-NCM45 is 199.5, 204.1, 213.3 and 
234.6 °C, respectively. The delay of T2 indicates the high structural 
stability of the quasi-ordered crystal structure, as the heat generation 
by oxygen release from cathode material is the major heat source at 
this stage. Differential temperature profiles versus the temperature of 
the pouch cells clearly demonstrate that the rate of temperature rise is 
markedly alleviated in full cells featuring Mn-rich quasi-ordered cath-
odes (Fig. 5c). The T3 for NCM90, NCM50, QO-NM60 and QO-NCM45 is 
313.8, 433.9, 279.7 and 301.9 °C, respectively. Furthermore, because the 
Mn-rich surface of QO-NCM45 is relatively inert and contains negligible 
amounts of residual lithium (2,900 ppm), oxidative decomposition of 
the electrolyte and gas evolution can be alleviated (Fig. 5d and Supple-
mentary Fig. 25). After 45 d of storage-swelling experiments, the pouch 
seals released gas in the following amounts: NCM90 (1.62 ml gA.M.

−1 at 
4.3 V), NCM80 (1.18 ml gA.M.

−1 at 4.3 V), NCM50 (1.43 ml gA.M.
−1 at 4.5 V) 

and QO-NCM45 (0.93 ml gA.M.
−1 at 4.5 V), demonstrating significantly 

reduced gas evolution in the QO-NCM45. Because the pouch seals for 

storage-swelling experiment do not contain a separator or anode, the 
evolved gas can be directly related to the stability of cathode materi-
als. In addition, because of the negligible amount of residual lithium, 
the QO-NCM45 cathode does not require a washing process, which 
will further reduce manufacturing costs. Owing to the chemically 
stable Mn-rich surface of QO-NCM45, TM dissolution is significantly 
decreased during storage in a highly delithiated state in the electrolyte 
solution, suggesting that this cathode can also aid in maintaining the 
structural durability of the graphite anode (Supplementary Fig. 26). 
The large surface area of QO-NCM45 resulted in a relatively thicker 
cathode–electrolyte interphase than that of NCM50 during short-term 
cycles (Supplementary Fig. 27a,b). However, due to the high concen-
tration of Mn4+ on the QO-NCM45 surface, the cathode–electrolyte 
decomposition reactions are largely alleviated during long-term and 
high-voltage cycling (Supplementary Fig. 27c). The sustainable devel-
opment of cathode materials should take into account both the raw 
elements that make up the materials and the recycling aspects after 
their use. Conventionally, the recycling yield target for Mn is not as 
high as for expensive elements (Li, Ni and Co) due to the low material 
price and abundant resources58,59. If Mn recycling technology is further 
developed together with the use of Mn-rich cathodes, a more sustain-
able battery circulation cycle will be possible.

Conclusions
QO-NCM45 represents a new type of Mn-rich layered NCM cathode with 
a quasi-ordered crystal structure and two different cation-ordering 
sequences. This quasi-ordered structure minimizes the lattice strain in 
the charged state and stabilizes the delithiated structure at high cut-off 
voltages. The strain-free properties of QO-NCM45 allows this cathode to 
be cycled up to 4.6 V and deliver a reversible capacity comparable to that 
of NCM80. Because Mn is lighter than Ni, the high capacity and operating 

165 180 195 210 225 240 255 270 285 300
0

20

40

60

80

100

120

4.5 V charged
NCM50: 1,893 J g–1

QO-NM60: 624 J g–1

QO-NCM45: 481 J g–1

4.3 V charged
NCM90: 3,192 J g–1

NCM80: 2,431 J g–1

4.6 V charged
NCM50: 2,011 J g–1

QO-NCM45: 705 J g–1

H
ea

t f
lo

w
 (W

 g
–1

)

Temperature (°C)

Scan rate: 5 °C min–1a

c d

b

0

1

2

3

4

5

Te
m

pe
ra

tu
re

 (°
C

)

0 200 400 600 800 1,000 1,200 1,400
0

100

200

300

400

500

Full cell charged to 4.2 V
NCM90

Full cell charged to 4.4 V
NCM50
QO-NM60
QO-NCM45

Voltage (V)

Time (min)

0 5 10 15 20 25 30 35 40 45

6.5

7.0

7.5

8.0

8.5

9.0 Cathodes charged to 4.3 V (versus Li/Li+)
NCM80
NCM90

Cathodes charged to 4.5 V (versus Li/Li+)
NCM50
QO-NCM45Vo

lu
m

e 
of

 p
ou

ch
 s

ea
l (

m
l g

A.
M

.–1
)

Storage time (d)
160 180 200 220 240

0

20

40

60

80

100

120

140 Full cell charged to 4.2 V
NCM90

Full cell charged to 4.4 V
NCM50
QO-NM60
QO-NCM45

dT
/d

t (
ºC

 m
in

–1
)

Temperature (°C)
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at 60 °C. For the storage-swelling experiments, NCM50 and QO-NCM45 were 
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voltage of QO-NCM45 increase the power and energy densities of LIBs. 
The QO-NCM45 cathode can maintain its capacity during long-term 
cycling at 4.4 V (versus graphite) and 45 °C and shows exceptional ther-
mal safety, which demonstrates its feasibility for practical applications. 
In addition to these enhanced performance characteristics, the Mn-rich 
nature of the QO-NCM45 layered cathode can relieve the supply uncer-
tainty arising from the growing demand for Ni in the battery industry 
and environmental concerns associated with the extraction of Ni from 
its ores. The Mn-rich QO-NCM and QO-NM cathodes represent a step 
towards the sustainable production and use of safe LIBs.

Methods
Synthesis of QO-NCM and QO-NM cathode materials
The Mn-rich [NixCo1−x−yMny](OH)2 (cathode active material precursor) 
was synthesized via a co-precipitation reaction in a batch-type reactor 
(17 l). First, a 2 M aqueous metal solution was prepared using 
NiSO4·6H2O (Samchun Chemical, 98.5%), CoSO4·7H2O (Daejung Chemi-
cal, 98%) and MnSO4·H2O (Daejung Chemical, 98%) at a Ni:Co:Mn molar 
ratio of x:1−x−y:y. The aqueous metal solution, 4.0 M aqueous NaOH 
(Samchun Chemicals) and 10.5 M aqueous NH4OH ( Junsei Chemical) 
were continuously fed into a reactor containing NaOH, NH4OH and 
deionized water. The pH range for co-precipitation was optimized 
according to the transition metal ratios. During the synthesis of 
[Ni0.45Co0.1Mn0.45](OH)2, [Ni0.4Co0.1Mn0.5](OH)2, [Ni0.5Co0.1Mn0.4](OH)2 
and [Ni0.6Mn0.4](OH)2, the pH was kept at 10.2, 10.0, 10.4 and 10.5 at 
30 °C, respectively. The reactor was continuously purged with N2(g) 
during the synthesis process. After synthesis, the precipitates were 
washed with deionized water to remove NH3-, SO4

2−- and Na-associated 
residues. To ensure complete dehydration, the washed precursors were 
filtered and subsequently dried in a vacuum oven at 110 °C for 10 h.

To prepare the Mn-rich cathode active materials, Mn-rich 
[NixCo1−x−yMny](OH)2 and Li2CO3 ( Junsei Chemical) were homogene-
ously mixed at a Li:(Ni+Co+Mn) molar ratio of 1.01:1. To prepare the 
Li-rich cathode active materials, [Ni0.35Mn0.65](OH)2 and Li2CO3 were 
homogeneously mixed at a Li:(Ni+Mn) molar ratio of 1.32:1. The mixed 
materials were calcined at 920 °C for 10 h in a tube furnace (Lindberg, 
Thermo Fisher) under an O2 atmosphere. The heating and cooling rates 
were 2 °C min−1. Commercial NCM50 (Umicore), NCM60 (EcoPro BM), 
NCM80 (Umicore), LiFePO4 (MTI) and conventional NCM90 cathode 
active materials were used for comparison.

Analytical approach
To determine the chemical compositions of the cathode materials, 
inductively coupled plasma-atomic emission spectrometry (iCAP 
7400DUO, Thermo Fisher Scientific) was utilized. The particle mor-
phology was characterized via SEM (Verios G4 UC, FEI). The samples for 
cross-sectional analysis were prepared by cutting the electrode using 
a cross-sectional polisher (IB-19520CCP, JEOL). The average length, 
width and orientation angle of the primary particles were determined 
using image processing software (ImageJ). To investigate the crystal 
structures of the cathode materials, XRD measurements (Empyrean, 
PANalytical) were carried out using Cu Kα radiation source. XRD data 
were obtained in the 2θ range of 10–130° with a step size of 0.0131°. 
For operando XRD analysis, a pouch-type half-cell was charged at a 
constant C-rate of 0.05 C (9 mA g−1) and measurements were recorded 
every 40 min in transmission mode using an X-ray detector (PIXcel 1D, 
PANalytical). To investigate the structural deterioration of the cath-
odes after electrochemical cycling, operando XRD measurements of 
the cycled full cells were performed during electrochemical charg-
ing at a constant C-rate of 0.05 C. The obtained XRD patterns were 
analysed using a Rietveld refinement programme (FullProf). XPS 
measurements (K-alpha+, Thermo Scientific) were performed using a 
monochromatic Al Kα source at an X-ray power of 12 keV and 6 mA. For 
an investigation of the oxidation states of the cathode constituents, 
the cross-section of the cathode materials was used as a specimen. XPS 

depth profiling was conducted for 100 s with an Ar+ sputter gun at an 
X-ray power of 1 keV. TEM ( JEM ARM200F, JEOL) was used to character-
ize the crystal structures of the cathode materials. X-ray absorption 
spectroscopy (XAS) analysis of the Ni and Mn K-edge was performed 
at the 10 C beamline of the Pohang Accelerator Laboratory (PAL). The 
measurement of X-ray absorption near-edge structure (XANES) and 
extended X-ray absorption fine structure (EXAFS) spectra were gained 
in transmission mode at room temperature. The electrode was covered 
with tightly adhered Kapton film and exposed to incident synchrotron 
X-rays. The film was firmly applied to minimize O2 bubble formation, 
thereby minimizing the interference in the XANES/EXAFS signal. For 
data interpretation, the XAS data were processed using the Athena 
software. sXAS was performed at the 10D HR-PESI beamline of PAL. The 
electrodes used for analysis were fabricated with a weight ratio of active 
material:conducting agent:PVDF = 96:2:2. Raman spectroscopy was 
conducted using a DXR2xi (Thermo Fisher Scientific) equipped with a 
532 nm laser and a beam diameter of approximately 2 μm. The spectra 
were recorded over the range of 50 to 3,500 cm−1. The TEM samples 
were prepared by cutting the cathode materials into thin foils using a 
focused ion beam (FIB; Helios, FEI). To map the spatial distribution of 
7Li, cathode cross-sections were analysed using a plasma focused ion 
beam (PFIB; Helios PFIB G4 CXe, Thermo Fisher Scientific) and ToF-SIMS 
(TofWerk) at 30 kV and 0.1 nA. The thermal stabilities of the cathode 
materials were assessed using DSC (DSC 214 Polyma, Netzsch). For DSC 
analysis, the delithiated cathodes were recovered from the half cells and 
rinsed with a dimethyl carbonate solution. The cathode active material 
was then scratched from the dried electrode. The charged cathode 
powder (7 mg) and electrolyte solution (1 M LiPF6 + ethyl methyl carbon-
ate (EMC):FEC = 3:1 (volume ratio) + 0.05 M lithium difluoro(oxalate)
borate (LiDFOB), 0.5 µl) were assembled in a high-pressure CrNi steel 
crucible and packed with a gold-plated copper seal. DSC measurements 
were carried out by heating the samples from 30 °C to 350 °C at a rate 
of 5 °C min−1. Accelerating rate calorimetry (ARC; BTC-130, H.E.L.) was 
employed to assess the thermal stability of pouch-type full cells. For the 
experiment, pouch-type full cells with different cathodes, for example, 
NCM50, QO-NM60 and QO-NCM45, were charged to 4.4 V (versus graph-
ite). For comparison with a conventional Ni-rich cathode-based full cell, 
a full cell featuring NCM90 was charged to 4.2 V (versus graphite), which 
is the typical cycling condition for conventional LIBs. The components 
of the pouch-type full cells used in ARC experiments were identical to 
those for electrochemical testing, but the cell capacity was increased 
to ~700 mAh to clearly identify the thermal runaway reactions. The ARC 
tests were performed under the adiabatic condition. During the heat–
wait–seek stage, the cells were heated gradually in 5 °C steps and once 
the thermal equilibrium was reached, the system entered the waiting 
period that lasted 20 min without external heating. The temperature 
with the rising rate at 0.04 °C min−1 was selected as T1, which indicates 
the onset of a battery self-heating. T2, which indicates the starting point 
of uncontrollable thermal runaway, was determined when the tempera-
ture rising rate is at 60 °C min−1. The maximum temperature during the 
thermal runaway reactions was indicated as T3. A titration method was 
employed to quantify the residual lithium content on the surface of the 
cathode material. For this analysis, 5 g of the cathode powder and 100 ml 
of deionized water were mixed for 5 min using a magnetic stirring bar 
at 300 rpm. After vacuum filtration, the resulting solution was titrated 
with 0.1 M hydrochloric acid. The concentration of the residual lithium 
compounds was calculated by the following formula, where M is the 
molecular weight and En is the input volume at the nth equivalence point.

LiOH = ((E1 − (E2 − E1)) ×
1 l

1,000ml
× 0.1MHCl ×MLiOH) ÷

5 g
100ml

× 50ml
(1)

Li2CO3 = ((E2 − E1) ×
1 l

1,000ml
× 0.1MHCl ×MLi2CO3 ) ÷

5 g
100ml

× 50ml
(2)
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Changes in the volumes of pouch seals were monitored using 
an electronic densimeter (MDS-3000, Alfa Mirage). During the 
storage-swelling experiments, the pouch seals containing delithi-
ated cathodes and fresh electrolyte (1 M LiPF6 + EMC:FEC = 3:1 (volume 
ratio) + 0.05 M LiDFOB) (amount of electrolyte (g) = amount of active 
materials × 3.5) were stored in an oven at 60 °C, and the volume changes 
were regularly monitored. To investigate the extent of TM dissolu-
tion, the cathodes were charged to 4.6 V and stored in 10 ml of fresh 
electrolyte (1 M LiPF6 + EMC:FEC = 3:1 (volume ratio) + 0.05 M LiDFOB) 
in a Teflon bottle filled with Ar gas. After storage in an oven at 60 °C 
for 1, 2 and 4 weeks, the amounts of TM dissolved in the electrolyte 
solution were determined using inductively coupled plasma optical 
emission spectroscopy (iCAP 7000 Series, Thermo Fisher Scientific). 
The extent of surface degradation arising from oxidative decomposi-
tion of the electrolyte was investigated using ToF-SIMS (TOF.SIMS-5, 
ION-TOF) with a Cs+ sputtering gun source (500 eV, 40 nA) in negative 
mode. For the NEB method with DFT calculation, quasi-ordered and 
O3-layered structures were modelled based on 2×2×1 O3-type unit cell, 
whereas the spinel phase was constructed using the structural model 
reported by Gummow et al.60. Energetically favourable arrangements 
of transition metal (TM) and Li+ were identified through extensive 
Coulomb screening using the Supercell code61. Spin-polarized density 
functional theory (DFT) calculations were performed using the projec-
tor augmented-wave method62, as implemented in the Vienna Ab initio 
Simulation Package63–65 The Perdew–Burke–Ernzerhof exchange–cor-
relation functional66 was employed for both geometry and unit cell 
optimization. Climbing Image Nudged Elastic Band calculations67 with 
one intermediate image were also performed using Vienna Ab initio 
Simulation Package, employing the default optimizer. A plane-wave 
energy cut-off of 520 eV was used for all calculations. The Brillouin 
zone was sampled using a 1 × 1 × 1 Γ-centred k-point mesh. Electronic 
and force convergence criteria were set to 10−4 eV and 2 × 10−2 eV Å−1.

Electrochemical tests
To fabricate the electrodes for half- and full-cell tests, the cathode 
active materials, KS-6, Super-P and polyvinylidene fluoride (PVDF) 
were mixed in N-methyl-2-pyrrolidone in a dry room using a mixer (ARE-
310, THINKY). For the half- and full-cell electrodes, the slurry mixtures 
were prepared using active material:KS-6:Super-P:PVDF weight ratios 
of 90:3.3:2.2:4.5 and 94:1.8:1.2:3, respectively. The slurry was coated 
on Al foil (current collector) using a doctor blade to obtain a load-
ing of ~4 mg cm−2 for half-cell electrodes. For the full-cell electrodes, 
the slurry was coated on carbon-coated Al foil to obtain a loading of 
14–16 mg cm−2. After drying in an oven (110 °C) to remove any solvent 
(N-methyl-2-pyrrolidone), the electrodes were roll pressed. The pressed 
electrodes were punched into circles with a 14-mm diameter for the 
half cells and into 3 × 5 cm2 rectangles for the full cell. The half cells 
were assembled in CR2032-type coin cells (Hohsen) using 40-μm-thick 
Li metal (Honjo metal) as the anode, polypropylene/polyethylene/
polypropylene (PP/PE/PP; Celgard 2320, Celgard) as the separator 
and 1 M LiPF6 + EMC:FEC = 3:1 (volume ratio) + 0.05 M LiDFOB as the 
electrolyte. The use of this electrolyte solution enables the cells to be 
tested at high voltages (3.0–4.6 V) by eliminating potential problems 
associated with electrolyte decomposition and dendrite formation. 
The electrochemical performances of the cells were tested using a 
battery-testing system (TOSCAT-3100, TOYO System). The half cells 
were initially charged/discharged by applying constant C-rates of 
0.1 C/0.1 C (18 mA g−1) to obtain the initial capacity and then cycled at 
charging/discharging C-rates of 0.5 C/1 C at 45 °C in the voltage ranges 
of 3.0–4.3, 3.0–4.4, 3.0–4.5 and 3.0–4.6 V (vs Li/Li+). The charge–dis-
charge curves of the cathodes at high voltage are obtained on their first 
cycle, without performing formation cycles at low voltages. The cycling 
temperature of 45 °C was chosen to quickly and easily screen the best 
cathode material at a condition that is typical of EV battery operating 
conditions (25–45 °C). For tests with commercial LiFePO4, the half 

cells were charged and discharged in the voltage range of 2.5–3.9 V. To 
fabricate pouch-type full cells, commercial double-side coated meso-
carbon microbead artificial graphite (3.1 × 5.1 cm2, ENERTECH) was used 
as the anode with the same electrolyte and separator as used in the 
half-cell tests. The areal capacities of the cathodes for the full-cell tests 
were in the range of 2.8–3.0 mAh cm−2. The capacity ratio between the 
negative and positive electrodes (N/P) ranged from 1.15 to 1.2. Full-cell 
tests were cycled at fixed charge and discharge C-rates of 0.8 C and 1 C, 
respectively, within 3.0–4.4 and 3.0–4.5 V (versus graphite). To test the 
rate capabilities, the half cells were discharged at increasing C rates (36 
(0.2 C), 90 (0.5 C), 180 (1 C), 360 (2 C) and 900 (5 C) mA g−1) whereas C 
rate for charging fixed at 36 (0.2 C) mA g−1.

Data availability
All data generated or analysed during this study are included in this 
published article and its Supplementary Information.
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