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Co-Free and Ni-Minimized Li- and Mn-Rich Layered
Cathodes With Suppressed Structural Disordering for
High-Performance and Cost-Effective LIBs

Jinho Ahn, Hyunjin Jang, Hobin Ahn, Hyunji Kweon, Seyeop Oh, Sunha Hwang,

Myeong Hwan Lee, Jihyun Hong,* and Jongsoon Kim*

The demand for high-performance and cost-effective lithium-ion

batteries (LIBs) calls for cathodes with high energy density, structural

stability, and reduced reliance on costly Co and Ni. Here, a Co-free and
Ni-minimized (<10 mol%) Li- and Mn-rich layered oxide cathode is presented,
Li; ,Mg, 1 Niy ;Mn, O,, engineered to balance performance and cost. Low-cost
Mg?+ substitution can stabilizes the lattice and mitigates voltage decay.
However, together with Ni minimization, it suppresses the initial oxygen redox,
lowering first-cycle capacity and energy density. Importantly, high-voltage
activation during the initial cycle successfully triggers the latent oxygen redox,
and remarkably, enables full capacity recovery in subsequent cycles. This
pre-activation not only restores performance but also mitigates voltage decay
and structural degradation over prolonged cycling. The Li; ;Mg ;Niy;Mn, ;O,
delivers a discharge capacity of ~276.6 mAh g~ and an energy density of
~902.2 Wh kg™, with ~93.4% capacity retention after 100 cycles. Operando
X-ray diffraction reveals a minimal c-axis variation (~0.13%) and provides
evidence of suppressed structural disorder following pre-activation. Supported
by electrochemical measurements, structural analysis, and first-principles cal-
culations, these findings unlock a pathway toward cost-effective, high-energy
layered cathodes with stable cycling performance for next-generation LIBs.

layered oxides (NCM, Li[Ni,Co,Mn,]O,;
x> 0.8, x + y + z = 1) are widely used
owing to their high energy density and
capacity,[* ! but their heavy reliance on
costly transition metals (TMs, Ni, and Co)
raises concerns for large-scale deploy-
ment as raw-material costs increasingly
dominate the total production cost.l’! As
an alternative, Li- and Mn-rich layered
oxides (LMROs, Li;, , TM, O,) leverage
abundant, low-cost Mn and deliver capac-
ities exceeding 250 mAh g=1,[#°] enabled
by the combined contributions of cationic
and anionic redox. Structurally, excess Li
in the TM layers induces in-plane Li/TM
ordering and Li-O-Li configurations that
activate oxygen redox,!®11] whereas the
large energy separation between Li 1sand
O 2p leaves unhybridized oxygen states
near the Fermi level (Ej), thereby facili-
tating reversible anionic redox reactions.

Despite these advantages, the practi-
cal implementation of LMROs still faces
serious challenges. When charged to
high voltages to fully activate the oxy-
gen redox process, these materials often

1. Introduction

Lithium-ion batteries (LIBs) offer high energy density and long
cycle life for applications ranging from electric vehicles to large-
scale energy storage systems,!'-3] thereby motivating intensive ef-
forts toward developing high-capacity cathode materials. Ni-rich

undergo severe structural degradation, including TM migration,
cation disordering, and oxygen release.'>!3] These irreversible
changes leads to gradual voltage decay upon prolonged cycling
and a pronounced deterioration in cycling stability.

To mitigate these issues, compositional optimization has
focused on increasing the fraction of Li[TM]O,-like domains

J. Ahn, H. Jang, H. Ahn, H. Kweon, S. Oh, S. Hwang, J. Kim
Department of Energy Science

Sungkyunkwan University

Suwon 16419, Republic of Korea

E-mail: jongsoonkim@skku.edu

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/aenm.202505121
© 2025 The Author(s). Advanced Energy Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial License, which permits
use, distribution and reproduction in any medium, provided the original
work is properly cited and is not used for commercial purposes.

DOI: 10.1002/aenm.202505121

Adyv. Energy Mater. 2026, 16, €05121 e05121 (1 Of14)

J. Ahn, H. Jang, H. Ahn, H. Kweon, S. Oh, S. Hwang, J. Kim
SKKU Institute of Energy Science and Technology
Sungkyunkwan University

Suwon 16419, Republic of Korea

M. H. Lee

Advanced Energy Materials Research Center

Korea Research Institute of Chemical Technology (KRICT)
141, Gajeongro, Yuseong, Daejeon 34114, Republic of Korea
J. Hong

Department of Battery Engineering

Graduate Institute of Ferrous & Eco Materials Technology (GIFT)
Pohang University of Science and Technology

Pohang 37673, Republic of Korea

E-mail: jhong@postech.ac.kr

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH


http://www.advenergymat.de
mailto:jongsoonkim@skku.edu
https://doi.org/10.1002/aenm.202505121
http://creativecommons.org/licenses/by-nc/4.0/
mailto:jhong@postech.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1002%2Faenm.202505121&domain=pdf&date_stamp=2025-11-10

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

while reducing Li,MnO,-like domains to promote reversible TM
redox,["*15] thereby alleviating the irreversible structural degra-
dation originating from oxidized oxygen species in Li,MnO;-
like domains. However, enlarging the Li[TM]O,-like domains in-
evitably increases the fraction of expensive TMs. Consequently,
various LMRO compositions have been developed to maximize
the Ni and Co contents, often exceeding a total of 0.25 mol per for-
mula unit as exemplified by Li; ,Ni; 15Co,;3Mn5,0,.17] This
approach is commonly adopted in studies where considerable
amounts of Co ions (> 0.1 mol) are introduced to enhance re-
dox kinetics and cycling stability, particularly when the Ni content
exceeds 0.25 mol or when the combined Ni and Co contents sur-
pass that threshold. The presence of Co in LMRO compositions
has been reported to enhance redox kinetics and electronic con-
ductivity, which is commonly attributed to the favorable energy
alignment between Co 3d and O 2p orbitals, facilitating orbital
hybridization during anionic redox.[18-20]

However, increasing the content of Ni and Co inevitably raises
the material cost and compromises the cost-effectiveness of LM-
ROs. LMROs containing substantial Ni and Co (Ni + Co >
0.25 mol) often fall short in both cost and performance, as
their high contents of Ni and Co undermines the cost advan-
tage, while their electrochemical performance remains inferior
to that of Ni-rich NCM cathodes due to limited access to oxy-
gen redox.?!'22] This dual limitation hinders the practical viabil-
ity of LMROs despite their theoretical advantages. To overcome
this challenge, there is a pressing need to develop Co-free, Ni-
minimized (<0.1 mol Ni) LMRO cathodes that retain high capac-
ity and reversibility while significantly reducing the material cost.
Despite this need, prior efforts to reduce Ni and Co have explored
a wide range of compositions but have not overcome the accom-
panying losses in performance and structural stability.[?*2* Fur-
thermore, proposed solutions—such as suppressing gas evolu-
tion via surface modification'®! and enhancing structural stabil-
ity by adopting an O2-type stacking order!?®)—further complicate
implementation. This study aims to address this gap by propos-
ing a new compositional design strategy that maximizes electro-
chemical performance without relying on expensive TMs.

In this study, we explored the Li, ,Mg,Ni;,_.Mn, O, compo-
sitions to develop Co-free and Ni-minimized LMRO cathodes,
since Mg?* is a low-cost element with an ionic radius compara-
ble to that of Ni**. Moreover, Mg?* exhibits a strong preference
for octahedral coordination, which can suppress structural dis-
tortions associated with the oxygen redox process.[?-¢] However,
increasing the Mg?* content in the Li, ,Mg,Ni,,  Mn, O, com-
position enhanced cycle stability but resulted in a considerable
decrease in the available capacity. For the Ni-minimized target
composition, Li; ,Mg, Ni;; Mn,, ;O, (LMNM-0.1Ni), the first dis-
charge capacity reached only 77.8% of that of Li, ,Ni,,Mn, O,
(LNM-0.2Ni). The reduction in Ni content not only limits the
cationic redox contribution but also suppresses the oxygen redox
activity, as the decreased electronic conductivity and weakened
orbital interactions hinder effective oxygen activation at high
voltages.[?731 Consequently, Li deintercalation from LMNM-
0.1Ni during the initial charge becomes restricted compared with
LNM-0.2Nj, leading to a significant capacity loss.

To address this, we employed a constant-voltage (CV) charging
protocol at 4.7 V during the initial formation step to activate the
anionic redox and promote additional Li extraction. As a result,
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the reversible capacity of LMNM-0.1Ni increased significantly to
276.6 mAh g~'. Remarkably, despite the harsh delithiation con-
ditions, its cycling stability was well maintained, with 93.4% ca-
pacity retention over 100 cycles—superior to the 63.2% retention
observed for LNM-0.2Ni under the identical conditions.

The electrochemical stabilization of LMNM-0.1Ni is closely
linked to its improved structural stability. Notably, operando X-
ray diffraction (XRD) revealed a minimal lattice distortion (c-axis
variation of #0.13%) and an exceptional preservation of Li/TM or-
dering during cycling, as evidenced by the sustained superlattice
reflections—unlike that in LNM-0.2Ni, where these features dete-
riorate rapidly. This enhanced structural stability, which is rarely
observed in LMROs, was further supported by synchrotron-based
X-ray absorption spectroscopy (XAS) analysis. Moreover, density
functional theory (DFT) calculations confirmed that suppressing
both local structural changes and cascade TM migration into Li
layers contributes significantly to the observed long-term stabil-
ity. These results collectively underscore the feasibility of devel-
oping Co-free and Ni-minimized (<0.1 mol Ni) LMROs as struc-
turally stable and high-energy cathodes without relying on expen-
sive TMs.

2. Results and Discussion

2.1. Effect of Ni-Minimization on the Electrochemical Behavior of
Co-Free LMROs

To realize high-performance and cost-effective Co-free LMRO
cathodes through Ni-minimization, we prepared various
Li, ,Mg, Ni,, .Mn;,O, compositions (x = 0, 0.025, 0.05,
0.1) using the identical solid-state method, as detailed in the Ex-
perimental Section. The XRD patterns of all samples are shown
in Figure S1 (Supporting Information). All compositions—
Li; ,Nig,Mny O, (LNM-0.2Ni),  Li; ;Mg 55N 17,5 Mn, O,
(LMNM-0.175Ni),  Li; ,Mgy 4sNig;sMny O,  (LMNM-0.15Ni)
and Li, ,Mg,;Niy;Mn, O, (LMNM-0.1Ni)— exhibited the same
layered crystal structure composed of the R3m Li[TM]O,-type
phase and the monoclinic C2/m Li,MnO;-type phase. The char-
acteristic super-structure reflections in the 26 range of 20-32°
indicate the presence of a honeycomb-like in-plane cation or-
dering of LiM, (M = Mn, Ni, and Mg) within the structure,®?
and their intensity and shape remained unchanged with the
introduction of Mg. Given that these super-structure reflections
are highly sensitive to Li/M ordering, the Mg atoms are likely
not segregated in the structure to form Mg-rich regions. No no-
ticeable impurities or second phases were detected in the XRD
patterns, indicating the successful preparation of all samples.

These results are consistent with the expected site compati-
bility between Ni** and Mg?*, attributed to their similar oxida-
tion states and ionic radii (Mg?*: 0.72 A / Ni**: 0.69 A), which al-
lows Mg-substitution without inducing significant structural dis-
tortion. Moreover, scanning electron microscopy (SEM) images
revealed that all samples exhibit a comparable morphology and
particle size (Figure S2, Supporting Information).

For the Ni-minimized LMNM-0.1Ni, Rietveld refinements
were performed on its XRD pattern (Figure 1a), yielding lattice
parameters for the R3m phase (@ = b = 2.8612(2) A and ¢ =
14.2331(8) A) and the C2/m phase (a = 5.0393(1) A, b = 8.4473(3)
A, and ¢ = 4.9800(1) A), respectively. The refined structural
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Figure 1. a) Rietveld refinement of XRD pattern, and b) HR-TEM image with corresponding FFT (left) and TEM-EDS mapping (right) of LMNM-0.1Ni.
c) Comparison of initial charge/discharge curves in the voltage range of 2.0-4.7 V (versus Li*/Li) at current density of 20 mA g~'. Comparison of
d) discharge capacity retentions and e) discharge voltage retentions over 100 cycles at current density of 200 mA g~". Calculated pDOS of Mn 3d, Ni 3d,
and O 2p orbitals for f) Li,NM-0.2Ni and g) Li, MNM-0.1Ni (0 <x < 1.2).
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parameters of LMNM-0.1Ni, including atomic coordinates, occu-
pancy, and isotropic temperature factors (B,,), are summarized
in Table S1 and S2 (Supporting Information). The refinement
results indicate that Mg ions preferentially occupy the TM sites
rather than the Li sites. This site preference was further corrob-
orated by DFT calculations. As shown in Figure S3 (Supporting
Information), the relative site energies for different Mg positions
in the LMNM-0.1Ni structure demonstrate that Mg incorporation
into the TM sites is thermodynamically more favorable than into
the Li sites.

High-resolution transmission electron microscopy (HR-TEM)
analysis revealed that the interlayer spacing of LMNM-0.1Ni was
~1.42 nm, which is consistent with the (003) d-spacing value ob-
tained from the Rietveld refinement (Figure 1b). The fast Fourier
transform (FFT) image of the corresponding region confirmed
the presence of the (003) and (101) planes of the hexagonal phase,
indicating that the LMNM-0.1Ni consists of single-crystalline lay-
ered structures. Furthermore, TEM-based elemental mapping
conducted via energy-dispersive X-ray spectroscopy (EDS) veri-
fied the homogeneous distribution of Ni, Mg, and Mn within the
LMNM-0.1Ni particles, with their relative atomic ratios estimated
to be approximately 0.1: 0.1: 0.6, in good agreement with the
target composition. Inductively coupled plasma atomic emission
spectroscopy (ICP-AES) results also showed consistency with the
EDS-derived values, further validating the intended stoichiom-
etry of LMNM-0.1Ni (Table S3, Supporting Information). The
scanning transmission electron microscopy high-angle annular
dark-field (STEM-HAADF) image of LMNM-0.1Ni exhibited uni-
form contrast without distinct regions, supporting a homoge-
neous intra-particle compositional distribution (Figure S4, Sup-
porting Information).

To clarify the origin of the capacity decrease upon Ni minimiza-
tion, we investigated the evolution of both cationic and anionic re-
dox activity through combined experimental and computational
analyses. As shown in Figure 1c, we compared the electrochemi-
cal performance of LNM-0.2Ni, LMNM-0.175Ni, LMNM-0.15Nij,
and LMNM-0.1Ni. According to the initial charge-discharge pro-
files measured within the voltage range of 2.0-4.7 V (versus
Li*/Li) at a current density of 20 mA g~!, a gradual decrease in
capacity was observed with decreasing Ni content. While LNM-
0.2Ni delivered an initial discharge capacity of ~246.6 mAh g™,
LMNM-0.1Ni exhibited a reduced capacity of #191.8 mAh g~! un-
der identical conditions. In particular, the initial charge profile
of LMNM-0.1Ni showed a significantly shortened high-voltage
plateau (~4.5 V), indicating a suppressed oxygen redox activity
compared to LNM-0.2Ni. This suppression is not solely attributed
to the reduced cationic redox contribution from Ni but also re-
flects an intrinsically sluggish oxygen redox kinetics.

Although Ni minimization resulted in a noticeable reduction
in specific capacity and energy density, other electrochemical
properties showed substantial improvement. Notably, the initial
coulombic efficiency increased from ~66% to ~75%, indicating
that Mg incorporation effectively suppressed irreversible anionic
reactions during the first cycle. Most importantly, the cycling sta-
bility was significantly enhanced with Ni minimization and Mg
substitution: LMNM-0.1Ni retained about 97% of its initial ca-
pacity after 100 cycles at 200 mA g=! in the voltage range of
2.0-4.7 V, far outperforming LNM-0.2Ni under identical condi-
tions (Figure 1d; Figure S5, Supporting Information). In addi-
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tion to the enhanced capacity retention, voltage decay—typically
observed during long-term cycling of LMRO cathodes—was sub-
stantially mitigated in LMNM-0.1Ni, reflecting an improved sta-
bility of the average discharge voltage (Figure 1e).

These improvements are closely associated with the structural
stabilization effect of Mg?*, whose fixed valence state ensures that
the Mg—O bonds remain chemically inert during electrochem-
ical cycling. This bonding stability effectively suppress local lat-
tice distortions and contributes to the maintenance of the layered
framework even under high-voltage oxygen redox conditions. De-
spite the trade-off in capacity, these results demonstrate that the
strategic incorporation of Mg into a Co-free and Ni-minimized
LMRO framework yields notable gains in reversibility, voltage sta-
bility, and long-term durability—offering a promising pathway
toward high-performance and low-cost cathodes for LIBs.

To elucidate the suppressed oxygen redox activity, we com-
pared the ionic and electronic conduction characteristics of
LMNM-0.1Ni and LNM-0.2Ni at the onset of the oxygen redox.
To simulate the Ni** oxidation state that initiates anionic redox,
we employed the Li; (Mg, ,Ni;;Mn,,0, (Li; ,MNM-0.1Ni) and
Liy¢Niy,Mn, O, (Liy sNM-0.2Ni) compositions for DFT calcula-
tions using the nudged elastic band (NEB) method. As shown
in Figure S6 (Supporting Information), the calculations verified
that Li; J)MNM-0.1Ni exhibits a higher Li* migration barrier com-
pared with Li,  NM-0.2Ni. These results indicate that the reduced
ionic conductivity in LMNM-0.1Ni collectively hinders oxygen re-
dox kinetics, thereby limiting reversible Li* de/intercalation and
ultimately causing a more pronounced capacity loss.

In particular, a comparison of the band gap evolution based on
the projected density of state (pDOS) analysis supports the dif-
ferences in electron-transfer kinetics between LMNM-0.1Ni and
LNM-0.2Ni (Figure 1f,g).3*3*] The pDOS was calculated using the
Heyd-Scuseria—Ernzerhof (HSE06) hybrid functional for more
accurate prediction of the anionic redox reaction.®>) The pDOS
for pristine state of both materials indicate that LNM-0.2Ni ex-
hibits a narrower band gap of 1.96 eV, while LMNM-0.1Ni shows
a wider band gap of 2.23 eV due to weakened orbital hybridiza-
tion. This trend was maintained in the partially delithiated state,
where the Ni?* /Ni** oxidation was completed, yielding the band
gaps of 1.21 eV and 1.75 eV, respectively. Interestingly, at the fully
delithiated state, this tendency was reversed. LiyMNM-0.1Ni ex-
hibits a significantly lower band gap of 1.32 eV compared with
1.59 eV for Li,NM-0.2Ni. Thus, these pDOS results suggest that
the enhanced structural stability induced by Mg-incorporation
may initially hinder charge transport, thereby suppressing elec-
trochemical activity in the early states. However, once the anionic
redox is activated, the structurally reinforced framework exhibits
improved electronic conductivity, suggesting the necessity of em-
ploying electrochemical protocols to overcome the initial kinetic
limitations of LMNM-0.1Ni.

2.2. Recovery of Oxygen Redox Activity and Enhanced Energy
Density via Pre-Activation of Ni-Minimized
Li, ,Nig;Mg,.,Mn (O, (LMNM-0.1Ni)

In the Ni-minimized LMNM-0.1Ni composition, the initial dis-

charge capacity was significantly lower than that of LNM-0.2Ni.
This is primarily attributed to insufficient Li* deintercalation
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during the initial charge, stemming from sluggish oxygen redox
kinetics. The reduced Ni content not only limited the cationic re-
dox contribution but also weakened both the electronic and or-
bital interactions required to support the anionic redox at high
voltages, resulting in suppressed participation of oxygen and a
lower overall capacity.

To address this limitation, we applied a constant-
current/constant-voltage (CC-CV) charging protocol designed to
promote further Li deintercalation and to re-activate the latent
redox processes. Given that Mg-substitution enhances structural
stability and suppresses TM-migration into the Li-layers, we sup-
posed that LMNM-0.1Ni would tolerate high-voltage activation
without irreversible degradation. Accordingly, a constant voltage
of 4.7 V was applied at the end of the first charge, and the hold
time was systematically extended to evaluate the effect of this
pre-activation process (Figure 2a). Based on the initial dQ/dV
profiles (Figure S7, Supporting Information), we set the upper
cut-off at 4.7 V—slightly above the anionic reaction shoulder
(~4.59 V) of LMNM-0.1Ni—to ensure sufficient activation.
Because LNM-0.2Ni had already extracted ~1.18 Li per formula
unit at 4.7 V, higher voltages would mainly induce side reactions,
thus maintaining a constant voltage of 4.7 V enabled a valid
comparison between LMNM-0.1Ni and LNM-0.2Ni.

Rather than causing performance degradation, this high-
voltage activation resulted in a steady increase in discharge ca-
pacity. The specific capacity and energy density of LMNM-0.1Ni
increased from approximately 191.8 mAh g~! and 653.4 Wh kg~!
to 276.6 mAh g=! and 902.2 Wh kg™!, respectively. When com-
paring the activation conditions, charging to 4.7 V yielded higher
post-activation capacity and energy density than charging to 4.6 V
(insufficient Li* extraction driving force) or to 4.8 V (enhanced
side reactions), identifying 4.7 V as the optimal condition (Figure
S8, Supporting Information). Consistent with these improve-
ments, electrochemical impedance spectroscopy (EIS) revealed
a reduced charge-transfer resistance (R) for the pre-activated
LMNM-0.1Ni (2130 Q) compared with that of LNM-0.2Ni (=152
Q). These results indicate that reactivating latent anionic redox
can effectively overcomes the initial kinetic limitations on the ba-
sis of its reinforced structural stability (Figure S9, Supporting In-
formation). Furthermore, the pre-activation exerted a beneficial
influence on rate performance, enabling higher capacities even
at increased current densities (Figure 2b). Most importantly, the
enhanced capacity did not come at the expense of long-term sta-
bility. After 100 cycles at 200 mA g', the pre-activated LMNM-
0.1Ni retained 93.4% of its initial capacity, in sharp contrast to
that of LNM-0.2Ni, which showed 63.2% retention under identi-
cal conditions (Figure 2¢; Figure S10, Supporting Information).

In addition to its capacity retention, LMNM-0.1Ni also exhib-
ited a markedly improved voltage stability during cycling. As
shown in Figure 2d, the average discharge voltage of LMNM-
0.1Ni remained nearly constant throughout 100 cycles, whereas
LNM-0.2Ni exhibited a continuous decline with prolonged cy-
cling. This suppression of voltage decay is attributed to the en-
hanced structural robustness of LMNM-0.1Ni, which preserves
the layered framework and mitigates TM migration, typically as-
sociated with high-voltage redox reactions. Such a stable voltage
profile not only contributes to higher energy output per cycle but
also reflects the intrinsic reversibility of its electrochemical pro-
cesses (Figure 2e,f).
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The improved voltage retention of LMNM-0.1Ni was further
supported by a differential capacity (dQ/dV) analysis (Figure 2g).
LMNM-0.1Ni maintained sharp and well-defined dQ/dV features
even after 100 cycles. The peaks retained their original shapes and
positions relatively well, indicating suppressed growth of overpo-
tential and enhanced redox reversibility. In contrast, LNM-0.2Ni
showed the emergence of a redox peak at ~2.9 V, attributed to
the activation of the Mn**/Mn** redox couple. This observation
indicates the gradual formation of a spinel-like phase, caused by
severe in-plane and out-of-plane TM cation migration. These re-
sults provide additional evidence through Mg substitution and Ni
minimization effectively mitigates voltage decay and preserves a
stable cycling behavior during extended operation.

In addition to these electrochemical benefits, Figure 2h and
Figure S11 (Supporting Information) demonstrates that LMNM-
0.1Ni achieves an energy density comparable to that of previously
reported LMRO compositions containing a high total concen-
tration of TMs (Co + Ni > 0.20 mol), while significantly lower-
ing the use of expensive elements.36-*0 This clearly illustrates
the economic advantage of Ni-minimization in terms of energy
density-per-cost comparison. Furthermore, when compared to a
widely adopted material and Li-free cathode, LMNM-0.1Ni ex-
hibits higher energy density. This result underscores the strong
practical competitiveness of LMNM-0.1Ni as a next-generation
cathode material capable of delivering both high energy and cost-
effectiveness in LIBs.

To assess the practicality of LMNM-0.1Ni in LIBs, we com-
pared the cycle performance of LMNM-0.1Ni and LNM-0.2Ni full
cells paired with graphite anodes. After pre-activation at 20 mA
g1, the cells were cycled for 200 cycles at 200 mA g=! within the
voltage range of 4.6-1.9 V (Figure S12, Supporting Information).
Under these conditions, the LMNM-0.1Ni||graphite full cell re-
tained ~83% of its initial capacity after 200 cycles, whereas the
LNM-0.2Ni||graphite full cell retained only ~27%. These results
indicate that LMNM-0.1Ni can deliver more stable electrochemi-
cal behavior than LNM-0.2Ni even after pre-activation process at
commercial levels.

2.3. Structural Origin of the Stable Cycling Performance in
Pre-Activated Li, ,Niy ; Mg, ,Mn, O, (LMNM-0.1Ni)

Despite the significantly increased capacity and energy den-
sity achieved through the pre-activation process, LMNM-0.1Ni
maintained excellent long-term cycling stability. To investigate
the origin of this structural stability, operando XRD measure-
ments were conducted during the initial charge—discharge pro-
cess. The results clearly revealed that LMNM-0.1Ni undergoes
minimal structural distortion during Li* de/intercalation, indi-
cating that the crystal framework remains highly stable even un-
der intensified oxygen redox conditions during the pre-activation
process. These results suggest that the improved electrochemi-
cal reversibility of LMNM-0.1Ni is closely linked to its intrinsic
structural robustness, which effectively suppresses the disorder-
ing processes typically triggered by oxygen redox in conventional
LMRO cathodes.

As shown in Figure 3a,b, LNM-0.2Ni undergoes a series of
irreversible phase transitions during the first cycle. The (003)
reflection near 20 = 18° gradually shifts toward lower angles
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Figure 2. a) Initial charge/discharge profiles of LMNM-0.1Ni under various constant-voltage cut-off conditions at 4.7 V. b) Rate performance of LMNM-
0.1Ni evaluated at various discharge current densities after initial pre-activation. Comparison of c) capacity retention and d) discharge voltages retention
over 100 cycles at 200 mA g~ between LNM-0.2Ni and LMNM-0.1Ni after pre-activation. Normalized discharge profiles over 50 cycles for e) LNM-0.2Ni
and f) pre-activated LMNM-0.1Ni. g) Comparison of dQ/dV discharge profiles of LNM-0.2Ni and LMNM-0.1Ni over 50 cycles. h) Comparison of energy
densities and material costs of LMNM-0.1Ni with other reported cathode materials.[36-3°]

Adv. Energy Mater. 2026, 16, €05121 e05121 (6 of 14) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

85U8017 SUOWILLOD 8A1IE81D) 3|qeot dde auy Ag peuob a1 Sapiie YO ‘8sh JO 'S8l 10j AreiqT 8UIUO A8]IM UO (SUORIPUOD-PUe-SUBILO" A3 1M AeIq 1 Ul |UO//Sdny) SUORIPUOD pue swie | 84} 885 *[9202/10/82] U0 Ariqiauluo A8|im ‘AisBAIUN temyunAxBuns Ad TZTS0SZ0Z WUSe/ZO0T 0T/I0P/LI00™A8 | 1M A el 1 Ul |uo"peoueADe//Sty ol pepeoiumod ‘Z ‘9202 ‘0r89rTIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANgED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

a  Operando XRD of LNM-0.2Ni b
B 20) & (11
{ (003) (020) & (110) — (107) -, m# (020) & (110)
7| 500 - o
Destroyed | 2
super-structure |2 a0l S
[z P
/ \E/ 77777777777777777777777777 3
/ > 300F Charge %
9 ‘o
% 8 200 %
z S -
7 100 b a8
oL— il
2 3 4 5 17 18 19 20 21 22
Voltage (V) 26 (Deg.) 20 (Deg.)
C Operando XRD of LMNM-0.1Ni d
A7 (003) — (020) & (110 (003) (020) & (110)
4 ‘1‘ (110) (107) 600 Discharge
{ Retained | )
7 super-structure | < 500 3
| o %
< 400f N g7
, £ Constant g
,ﬁ 2 300} Voltage 3
! § +., EERW 3
Z Q c
E S 200 - Charge g
/ 100 ©
. p ]
2 3 4 5 17 18 19 20 21 22
Voltage (V) 20 (Deg.) 20 (Deg.)
e STEM-HAADF of

pristine state After initial cycle

. Layered

Be523

=
N
<
=
Z
3

f STEM-HAADF of 2nm
pristine state

I
2nm

After pre-activation cycle

Layered + Cation migration

After 10 cycle

2nm

2nm 2nm

Figure 3. a) Operando XRD and b) magnified 2D contour map of LNM-0.2Ni during the first cycle, overlaid with the voltage profile. c) Operando XRD
and d) magnified 2D contour map of LMNM-0.1Ni during the first cycle, overlaid with the voltage profile. ) STEM-HAADF images of LNM-0.2Ni in the
pristine state, after initial cycle, and after 10 cycles. Nano-pore formation within particles is highlighted by yellow dotted circles. f) STEM-HAADF images

of LMNM-0.1Ni in the pristine state, after pre-activation cycle, and after 10 cycles.
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during charging, reflecting c-axis expansion due to Li* extraction
via Ni**/Ni** redox. A sharp intensity drop is observed around
the high-voltage plateau (~4.5 V), followed by a sudden peak
shift toward higher angles near the end of charge, indicating
abrupt lattice contraction caused by slab gliding from O3 to O1-
type. Concurrently, the super-lattice reflection associated with in-
plane Li/TM ordering, typically located between 20-22°, disap-
pears during charging. This indicates the onset of structural dis-
ordering driven by TM migration into Li-layers, a characteristic
degradation pathway in the LRMO cathodes.

In contrast, LMNM-0.1Ni exhibits significantly enhanced
structural reversibility under identical conditions (Figure 3c,d).
The (003) peak shows only slight 26 shifts (Ac: #0.13%) during
charge and discharge, and its intensity remains nearly constant,
indicating no discernible phase transition. Most notably, the su-
perlattice peaks associated with Li/TM honeycomb ordering are
retained throughout the first cycle, even after the forced delithi-
ation imposed by the pre-activation process. This suggests that
Mg-substitution effectively suppresses TM migration, thereby
stabilizing the cation arrangement within the TM layer and pre-
serving structural integrity during oxygen redox.

Quantitatively, the variation in c-lattice parameter for LMNM-
0.1Ni during cycling was within 1% (~0.13%), indicating min-
imal volume change despite the high degree of Li extraction
(Figure S13, Supporting Information). In contrast, LNM-0.2Ni
showed significantly greater c-axis variation (~0.31%), highlight-
ing the intrinsic structural instability of the higher-Ni compo-
sition. These findings further support the conclusion that the
stable cycling behavior of LMNM-0.1Ni originates from its re-
sistance to oxygen redox-induced phase transitions and cation
disordering.

The enhanced structural durability of LMNM-0.1Ni was
also confirmed by ex situ XRD measurements after pro-
longed cycling. As shown in Figure S14 (Supporting Infor-
mation), the major diffraction peaks—(003), (104), and the
super-structure reflections—of LMNM-0.1Ni were well pre-
served even after repeated cycling, whereas those of LNM-
0.2Ni showed clear signs of peak broadening and intensity
loss. Moreover, ICP-AES elemental analysis after cycling de-
tected no significant decrease in the TM concentration of
LMNM-0.1Ni (Table S3, Supporting Information). This compar-
ative analysis further confirms that LMNM-0.1Ni retains its lay-
ered structure and long-range ordering more effectively than
LNM-0.2Ni.

To further clarify the differences in structural evolution dur-
ing cycling, STEM-HAADF imaging was conducted to observe
atomic-scale structural changes. As shown in Figure 3e, the
pristine LNM-0.2Ni exhibits a well-ordered layered structure, al-
though some cation mixing between Ni?* and Li* is evident from
partial intensity within the Li-layers. Upon repeated cycling, ex-
tensive TM migration occurs, resulting in irreversible structural
degradation into spinel-like and ultimately rocksalt-like phases.
These transitions are accompanied by the collapse of layer order-
ing and the loss of clear crystallographic separation between the
Li and TM layers, as confirmed by inverse FFT analysis (Figure
S15, Supporting Information). In addition, localized nanoscale
pore formation is observed, likely caused by lattice oxygen re-
lease. The progressive loss of structural integrity in LNM-0.2Ni
is consistent with the operando XRD results and accounts for the
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capacity fading and voltage decay observed during electrochemi-
cal cycling.

In contrast, LMNM-0.1Ni retains a stable layered framework
even after pre-activation and prolonged cycling. As shown in
Figure 3f, the pristine LMNM-0.1Ni also displays a typical layered
cation arrangement. Although partial cation migration into the Li
layers is observed during the high-voltage pre-activation process,
the overall layered structure remains intact without significant
phase transformation. Even after extended cycling, no clear evi-
dence of spinel or rocksalt phase formation is detected, and the
Li/TM layered distinction is well maintained. These observations
confirm that Mg substitution effectively inhibits TM migration
and structural collapse, even in the presence of activated anionic
redox processes.

Overall, the operando XRD and STEM-HAADF results to-
gether reinforce the conclusion that the pre-activation strategy in
LMNM-0.1Ni enables oxygen redox activation while preserving
structural integrity. The suppressed phase transitions, absence
of oxygen-induced damage, and retention of layered ordering all
contribute to the outstanding long-term electrochemical perfor-
mance of LMNM-0.1Ni.

2.4. Origin of Suppressed Continuous Cation Migration in
Ni-Minimized Li, ,Ni, Mg, ,Mn, ;O, (LMNM-0.1Ni)

To elucidate the origin of the remarkable structural stability ob-
served in LMNM-0.1Ni following high-voltage pre-activation, we
conducted DFT calculations to examine the thermodynamics of
continuous TM migration. Figure S16 (Supporting Information)
presents the typical migration pathway of a TM cation from
the initial octahedral site in the TM-layer, through a tetrahe-
dral intermediate, to an adjacent octahedral site in the Li-layer.
To evaluate the energetics of this migration process, we mod-
eled fully Li* deintercalated LijNi,,Mn, O, (Li,NM-0.2Ni) and
LiyNi, Mg, Mn, O, (LiyMNM-0.1Ni) structures, and normal-
ized the site energies of each migration step relative to the initial
configuration.

As shown in Figure 4a, Ni migration in LiyNM-0.2Ni induces
local decoordination of oxygen and severe distortion of surround-
ing TMO, octahedra, resulting in the formation of a short 0=0
dimer with a bond length of approximately 1.47 A. Oxidized oxy-
gen species have a strong driving force to dimerize via O—O cova-
lent bonding, which promotes molecular O, evolution and trig-
gers structural collapse. Subsequent Mn migration further short-
ens the dimer bond length to approximately 1.30 A and exacer-
bates local distortion. Importantly, the calculated site energies
indicate that each successive migration step lowers the system
energy (Figure 4b), confirming that cation migration becomes in-
creasingly favorable as it proceeds. This thermodynamic trend is
a key characteristic of structural degradation in in general LMRO
cathodes.

In contrast, the Li,MNM-0.1Ni structure shows strong re-
sistance to TM cation migration. Although initial Ni migra-
tion is not thermodynamically favorable, it may be triggered
under specific conditions such as the constant voltage activa-
tion process. However, in the Mg-substituted structure, subse-
quent TM migration becomes increasingly unfavorable, thereby
suppressing continuous migration and retaining structural
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ordering. This behavior is attributed to the structural rigidity
of MgO, octahedra, which effectively suppresses O=0O dimer
formation and lattice distortion.[?®! The consistently increasing
site energies along the migration pathway indicate that signifi-
cant energy input is required to initiate structural degradation.
These results support that, even under forced Li* extraction dur-
ing pre-activation, Li,MNM-0.1Ni maintains a robust framework
that resists cascade-type cation migration, ultimately contribut-
ing to the stable cycling performance of LMNM-0.1Ni after the
pre-activation process.

To obtain deeper insight into the origin of enhanced struc-
tural stability, we compared the evolution of M—O bond lengths
during Li* extraction and subsequent cation migration in LNM-
0.2Ni and LMNM-0.1Ni. As shown in Figure 4c,d, both structures
exhibit a same M—O bond distribution in fully Li* intercalated
state, owing to the chemical similarity between Ni** and Mg?*.
However, upon full delithiation, the contraction of Ni—O and
Mn—O bonds is suppressed in LiyMg, ,Ni,;Mn, O, (LiMNM-
0.1Ni) compared to Li,Ni,,Mn,,O, (Li,NM-0.2Ni), due to the
rigid Mg-O bonds and the bulky MgO, octahedra. Notably, the
divergence between two systems becomes more pronounced af-
ter cation migration. As observed in Figure 4a above, the migra-
tion of cations in LiyNM-0.2Ni induces severe distortion near the
vacant sites, where shortened Mn=0 double bonds (<1.8 A) and
elongated Ni—O bonds (>2.1 A) are formed due to the decoordi-
nation of oxygen. This rearrangement is thermodynamically fa-
vorable because it stabilizes oxidized oxygen by forming O=0
dimers via covalent bonding between adjacent oxygen species.
The associated oxygen decoordination propagates and promotes
further cation migration into vacant sites, accelerating struc-
tural degradation. In contrast, LiyMNM-0.1Ni retains the original
M—O bond distribution even after cation migration, thereby sup-
pressing the progression of continuous structural degradation.

The enhanced structural stability of LMNM-0.1Ni was further
confirmed through ab initio molecular dynamics (AIMD) sim-
ulations. At 750 K for 20 ps, the Li,NM-0.2Ni structure experi-
enced extensive lattice distortion and spontaneous O, evolution
(Figure S17, Supporting Information). By contrast, the Li,MNM-
0.1Ni structure maintained its crystalline order under identical
conditions without any sign of O, release (Figure S18, Support-
ing Information). These findings suggest that the pre-activation
strategy employed for LMNM-0.1Ni can effectively utilize latent
anionic redox during the initial cycle to enhance the electrochem-
ical performance. Although partial structural rearrangement oc-
curs, the reinforced structural stability ensures that such changes
do not compromise long-term performance.

2.5. Reaction Mechanism and Pre-Activation-Induced Oxygen
Redox in Ni-Minimized Li, ,Niy, Mg, ;Mn, O, (LMNM-0.1Ni)

The redox reaction in LNM-0.2Ni and LMNM-0.INi during
Li* de/intercalation was confirmed through pDOS calculations.
Figure S19 (Supporting Information) shows the pDOS of Ni 34,
Mn 3d and O 2p orbitals in Li Niy,Mn, O, (Li,NM-0.2Ni) and
Li Mg, ,Ni, ;Mn, O, (Li, MNM-0.1Ni) with various Li contents
(0 < x < 1.2). Since both materials share identical Ni**/Ni*" and
0%~ /0~ redox couples during Li* de/intercalation, they exhibit
comparable variations in the pDOS. The dominant electron den-
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sities of Ni 3d orbitals near E, indicate that Ni**/Ni** oxidation is
occurred during Li* extraction from fully Li* intercalated struc-
ture. In the LijyNM-0.2Ni and Li, \MNM-0.1Ni structure, the O
2p orbitals exhibited the highest electron density near the Ef,
suggesting the presence of non-bonding oxygen states conducive
to 0%~ /0!~ oxidation. In the fully delithiated structure, signif-
icant hole densities attributed to oxidized oxygen species were
observed above the E;. The electron and hole densities that high-
lighted in Li; ;,MNM-0.1Ni and Li,MNM-0.1Ni were visualized to
confirm the anionic redox reaction at atomic level. The occupied
electron density (yellow) around oxygen in Li; J)MNM-0.1Ni and
the emergence hole density (blue) in LiyMNM-0.1Ni suggest the
participation of oxygen in the electrochemical reaction.

To verify the redox reaction occurred in LMNM-0.1Ni during
pre-activation process, we performed ex situ synchrotron-based
X-ray absorption near edge structure (XANES) and soft X-ray ab-
sorption spectroscopy (sXAS) analyses. The Ni K-edge XANES
spectra shifted to higher energy during the charging up to 4.4 V
and changed in shape upon further charging and pre-activation
(Figure 5a). Meanwhile, the Mn K-edge XANES spectra exhib-
ited only changes in shape without a significant edge shift dur-
ing the initial charge/discharge (Figure 5b). These results indi-
cate that the initial Li* deintercalation in LMNM-0.1Ni is driven
by the Ni**/Ni** redox couple, while the subsequent O?~/O'~
oxidation at voltage above 4.4 V induces noticeable changes in
the spectral shapes of both Ni and Mn K-edges. Notably, simi-
lar spectral changes were also observed during the pre-activation
step, demonstrating that the capacity originates from forced Li*
extraction, rather than from electrolyte decomposition. More-
over, the full-discharged LMNM-0.1Ni recovered to a structure
closely resembling its original state, with only partial degradation
observed.

In the O K-edge region, the pre-edge peak corresponds to the
unoccupied TM 3d-O 2p hybridized states, and its shift toward
lower energy is attributed to the increased effective charge of Ni
and hole occupancy, as corroborated by the Ni K-edge analysis
(Figure 5c). At the full-charged state of 4.7 V, an increase of in-
tensity around ~530.5 eV was observed, proving the formation
of oxidized oxygen species.!*!] Furthermore, the intensity in the
corresponding region further increased during the pre-activation
process in LMNM-0.1Ni, confirming that oxygen participated in
the redox reaction for the forced Li* deintercalation.

In contrast, the Ni and Mn K-edge XANES spectra of LNM-
0.2Ni showed clear evidence of structural degradation. During
charging, Li* deintercalation proceeds through the same re-
dox couples, Ni**/Ni** and O*7/O'~ but the spectra after dis-
charged failed to recover their original features. The Mn K-
edge spectra shifted to lower energy due to Mn** reduction,
which is attributed to the formation of a rocksalt-like phase in-
duced by TM cation migration. Moreover, the O K-edge sXAS
spectra exhibited pronounced changes in the pre-edge peaks
corresponding to the t, and e, states after the initial cycle,
reflecting atomic rearrangements driven by lattice-oxygen re-
lease. The emergence of a new peak near 533 eV further in-
dicates the formation of hybridized orbital states associated
with Mn?* Jahn-Teller distortion, a characteristic feature of ir-
reversible structural degradation.l*?] Moreover, to evaluate the
ability to stabilize the lattice oxygen, we compared the amounts
of O, and CO, evolved during the initial charge/discharge

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 5. Ex situ analysis of LMNM-0.1Ni: a) Ni K-edge XANES, b) Mn K-edge XANES, and c) O K-edge sXAS spectra. Ex situ analysis of LNM-0.2Ni:
d) Ni K-edge XANES, e) Mn K-edge XANES, and f) O K-edge sXAS spectra. Ex situ Mn K-edge EXAFS spectra of g) LMNM-0.1Ni and h) LNM-0.2Ni.

process of LNM-0.2Ni and LMNM-0.1Ni using in situ differen- These XANES results highlighting the differences in local
tial electrochemical mass spectrometry (DEMS). As shown in  structural evolution between LMNM-0.1Ni and LNM-0.2Ni were
Figure S20 (Supporting Information), both samples exhibited further supported by Fourier transformed extended X-ray absorp-
pronounced CO, evolution attributable to the decomposition of  tion fine structure (EXAFS) analysis (Figure 5g,h). In the pris-
the carbonate-based electrolyte.[**4] Notably, LMNM-0.1Ni dis-  tine state the Mn K-edge EXAFS spectra of both compositions
played negligible O, evolution compared with LNM-0.2Ni, indi-  showed similar peak intensities but clear differences appeared
cating that significant lattice-oxygen release and associated struc-  after initial cycling. No significant change was observed during
tural collapse do not occur even under high-voltage activation  the Ni?*/Ni** redox process whereas a clear peak shift occurred
conditions. during the subsequent O%/O!~ oxidation. In LMNM-0.1Nij,
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a shortening of the Mn—O bond length associated with Li* dein-
tercalation was detected during the pre-activation step together
with partial intensity loss upon discharge followed by recovery
to the original position. In contrast, LNM-0.2Ni showed larger
shifts and distortions indicating that the improved local struc-
tural stability of LMNM-0.1Ni underlies the effectiveness of the
pre-activation strategy.

3. Conclusion

In this study, we proposed a rational design strategy for Co-free
and Ni-minimized (<10 mol%) LMRO cathodes by replacing Ni
with low-cost Mg, which offers both chemical similarity and cost-
effectiveness. The incorporation of Mg into LNM-0.2Ni to form
LMNM-0.1Ni aimed not only to reduce the Ni content but also
to enhance tis structural stability. However, the combined effect
of Ni minimization and Mg substitution weakened the anionic
reaction activity in the initial cycles. This resulted in a low capac-
ity of #191.8 mAh g~! and an energy density of ~653.4 Wh kg™!
compared to the conventional LMRO cathode. To overcome this
limitation, a high-voltage activation process was employed, which
successfully triggered the latent anionic redox activity. Through
electrochemical optimization, LMNM-0.1Ni achieved a fully re-
covered capacity of ~276.6 mAh g=! and an energy density of
~902.2 Wh kg~!, comparable to that of conventional LMROs
with Ni + Co contents > 20%, but at significantly lower cost.
Importantly, LMNM-0.1Ni maintained long-term cycling stabil-
ity with ~93.4% retention and exhibited minimal voltage fad-
ing even after the pre-activation process. Operando XRD and
STEM-HAADF analyses confirmed that the Li/TM ordering was
stably preserved throughout the charge/discharge process, with
a minimal c-axis variation of only ~0.13%, evidencing superior
structural stability. Furthermore, DFT calculations demonstrated
that the strong bonding affinity between Mg and O effectively
suppresses excessive local structural distortions, thereby pre-
serving structural integrity even upon TM migration to the Li-
layers. We believe that our findings provide an effective method
to overcome the key challenges in realizing Co-free and Ni-
minimized LMRO (<10 mol%) cathodes, enabling both high
electrochemical performance and reduced production cost for
next-generation LIBs.

4. Experimental Section

Material Preparation: The Li; ,Mg,Niy, ,MnycO, (x =0, 0.025, 0.05,
and 0.1) systems were synthesized with solid-state method. Stoichiomet-
ric amounts of Li,CO; (99%, Alfa aesar), Ni(OH), (99%, Alfa aesa),
Mg(OH), (95%, Samchun), and MnCO; (99.9%, Alfa aesar) were homo-
geneously mixed using a planetary ball-milling machine (Pulverisette 6,
Fritsch) at 500 rpm for 12 h. After ball-milling, the mixed powder was pel-
letized and calcined at 800 °C for 1 h with air gas blowing at 3L min~".

X-Ray Diffraction: XRD data was collected to verify crystal structure
using Malvern PANalytical Empyrean with Mo K, radiation (4 = 0.71 A)
in the 20 range of 5-35° with a step size of 0.016°. Rietveld refinement of
XRD results was performed to obtain detailed structure information using
FullProf software.[43] Operando XRD patterns were obtained at the 3D XRS
beamline at the Pohang Accelerator Laboratory (PAL), South Korea, using
synchrotron radiation (4 = 0.688314 A) with a Mar345 image plate detec-
tor in transmission mode and an X-ray exposure time of 3 s. operando
XRD was performed during first charge/discharge at a current density of
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40 mA g~ in the voltage range of 2.0-4.7 V (versus Li*/Li). All angles in
the XRD data were transformed using Cu K, radiation (A= 1.54 A) for easy
comparison with previous studies.

X-Ray Absorption Spectroscopy: XAS spectra were obtained at beam-
line 7D XAFS at the PAL, South Korea. The collected data was measured
in transmission mode, and reference data were simultaneously collected
using Ni and Mn metal foil. Also, O K-edge sXAS spectra were obtained
in total fluorescence yield (TFY) mode at beamline 4D-PES at PAL. All of
XAS data were normalized using Athena software.[46]

Transmission Electron Microscopy: HR-TEM particle images, atomic-
resolution STEM-HAADF images, and EDS elemental maps were obtained
using a Cs-corrected microscope (FEI, TITAN TM 80-300) operated at
300 keV. The available point resolution was better than 1 A at the oper-
ating accelerating voltage. Each image was recorded by a 4k x 4k CCD
camera (Gatan Oneview 1095).

Differential Electrochemical Mass Spectrometry: The mass spectrom-
etry (HPR-20 R&D, Hiden Analyitical, UK) was used to measure the
amounts of O, and CO, gas evolution during electrochemical test. The
gas flow battery cell (GFBC, PDC TECH) was interfaced with the DEMS
manifold comprising an Ar carrier gas line, a mass-flow controller, in-
let/outlte capillaries. High-purity Ar (99.999%) was used as the carrier at
2 mL min~!. Before measurements, the cell headspace was purged with
Ar to remove residual gases, and the cell was cycled between 2.0-4.7 V at
a current density of 40 mA g~ while continuously recording the O, (m/z
=32) and CO, (m/z = 44) signal.

Electrochemical Characterization: The Li; ,Mg,Nig,_,MnycO, (x=0,
0.02, 0.05, and 0.1) electrode were made by mixing 90 wt% of the active
materials, 5 wt% of Super P conductive carbon, and 5 wt% of polyvinyli-
dene fluoride (PVdF). The N-metyhl-2-pyrolidon (NMP) was used as the
solvent, and slurry was cast on the Al current collector (15 um). The elec-
trodes were dried at 100 °C overnight in a vacuum oven. The active mass
loading of electrode was ~2 mg cm~2. The CR-2032 type coin cell was as-
sembled in an Ar filled glovebox. The electrochemical performance was
evaluated with a half-cell using Li metal as a counter electrode, separa-
tor (Celgard 2400) and 1.2 M LiPFg in ethylene carbonate (EC): dimethyl
carbonate (DMC): ethyl methyl carbonate (EMC) = 2:4:4 (v/v%) as the
electrolyte. An automatic charge/discharge system (WBCS 3000, WonAT-
ech) was used for galvanostatic charge/discharge test. Power capability
of electrodes was tested at various discharge current density (20, 40, 80,
100, 200, 400, and 800 mA g~) in the voltage range of 2.0-4.7 V (versus
Li+/Li).

Full cells were assembled using commercial graphite (Sigma—Aldrich,
powder, < 20 um) as the anode. The graphite anode slurries were prepared
in water with a composition of 90 wt% graphite (active), 4 wt% Super P
(conductive carbon), 3 wt% styrene-butadiene rubber (SBR), and 3 wt%
carboxymethyl cellulose (CMC), and coated on Cu foil current collector.
To reduce the initial irreversibility of graphite, the graphite electrode was
pre-cycled by direct contact with Li metal in 1.2 M LiPFg in ECCEMC:DMC
(volume ratio of 2:4:4) electrolyte. Finally, R2032-type full cells were assem-
bled with the LMNM-0.1Ni / LNM-0.2Ni electrode and pre-cycled graphite
electrode (capacity ratio of negative and positive electrodes of ~1.15) in
an Ar-filled glove box.

Computational Detail: DFT calculations were performed using the Vi-
enna Ab initio Simulation Package (VASP).[*’] Projector-augmented wave
pseudopotentials were used with a plane-wave basis set, as implemented
in VASP.“®] perdew-Burke-Ernzerhof (PBE) parametrization of the general-
ized gradient approximation (GGA) was used for the exchange-correlation
functional.l*’! For the DFT calculations, a 6 x 3 x 3 k-point grid was
used to calculate a 2 x 3 x 1 supercell structure of Li;4Ni;Mn;0,, and
Li14Ni;Mg;Mn;0,,. The GGA+U method was applied to manage the lo-
calization of the d-orbital in Ni and Mn ions, with a U value of 6.0 and
3.9 eV, as used in a former study.l®% A kinetic energy cut-off of 500 eV
was used in all the converged to within 0.03 eV A~1. The Heyd-Scuseria—
Ernzerhof (HSE06) hybrid functional was applied to accurately calculate
the pDOS of Ni, Mn, and O.331 The crystal structures of calculated con-
figuration were drawn using VESTA software.l>]

The ab initio molecular dynamics (AIMD) simulations were per-
formed based on a Nosé—Hoover thermostat, considering the canonical
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ensemble as implemented in VASP.[5233] The projector augmented wave
(PAW) potentials and the atomic mass of each element were from the stan-
dard VASP Iibrary.[54] The simulations were executed at 500 K and 750 K,
during 20 ps, taking 2 fs for each time step per ionic step.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
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