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ABSTRACT: Li-excess cation-disordered rocksalt (DRX) is considered a promising
cathode for lithium-ion batteries owing to its high-energy densities. However, short-
range cation ordering (SRCO) commonly arises in DRX cathodes due to local
electrostatic interactions and size similarities among cations, resulting in Li-trapping
and sluggish Li-transport. Here, we propose that the SRCO suppression in the DRX
system can be achieved without complex high-entropy composition by simulta-
neously tuning electrostatic interactions and the cationic size effect. The
incorporation of Ti4+ into Li−Nb/Mn DRX, being lower-valent and smaller than
Nb5+, weakens high-valence-driven interactions and increases the ionic size mismatch
with Li+, thereby promoting Li/TM mixing and energetically disfavoring the SRCO
formation. Thus, a low-entropy DRX, Li1.2Nb0.15Mn0.55Ti0.1O2 (LNM-0.1Ti) exhibits
significantly enhanced Li+ transport, reduced voltage hysteresis, and improved
structural stability compared to Li1.2Nb0.2Mn0.6O2 (LNM) due to disruption of
SRCO. LNM-0.1Ti delivers a high capacity of ∼327 mAh g−1 and an energy density of ∼1026 Wh kg−1, outperforming LNM (∼274
mAh g−1, ∼837 Wh kg−1). Notably, the higher-Ti composition, Li1.2Nb0.1Mn0.5Ti0.2O2, exhibits reduced rate capability and energy
density compared with LNM-0.1Ti, underscoring the importance of compositional balance in optimizing low-entropy DRX
performance. These findings highlight a practical strategy for the development of high-performance DRX cathodes.
KEYWORDS: cation-disordered rocksalt cathodes, low-entropy, cation-ordering, electrostatic interactions, size-mismatch

As global warming continues to raise environmental concerns,
the need for renewable energy sources and efficient methods of
energy storage and use has become increasingly important.1−4

Lithium-ion batteries (LIBs) have become the dominant energy
storage technology for portable electronics and electric vehicles,
due to their high energy density, superior power capability, and
long cycle life.5−9 Enhancing the energy density of cathode
materials is essential and is a key requirement for next-
generation LIBs.10,11 One promising strategy is to exploit both
cationic transition-metal (TM) redox and anionic oxygen redox
reactions in Li-excess cathodematerials with the general formula
of Li1+x[TM]1−xO2. Among them, Li-rich layered oxides can
deliver a specific capacity exceeding 250 mAh g−1 through
oxygen redox reactions associated with Li−O−Li local
configurations.12−14 These configurations induce labile oxygen
states located above the TM 3d orbitals.15,16 However, despite
their high energy density, these materials suffer from structural
degradation during cycling�such as TM migration into Li
layers and irreversible oxygen loss�caused by the thermody-
namic instability of oxidized oxygen species, ultimately leading
to poor electrochemical performance.17−19

Recently, Li-excess cation-disordered rocksalt (DRX) has
emerged as promising cathode materials for high-energy
LIBs.20−22 In DRX structures, TMs and Li ions occupy the

same crystallographic sites, resulting in a homogeneous cation-
disordered framework. This configuration imparts high
structural stability, suppressing structural deformation and O2
gas evolution even during prolonged cycling�unlike Li-rich
layered oxides.20,23 DRX materials do not require long-range
layered ordering, offering broad compositional flexibility such as
the use of Co/Ni-free and earth-abundant chemistries while
maintaining a rocksalt-derived framework. In addition, because
the cation sublattice is already disordered, DRX cathodes can be
less sensitive to additional cation rearrangement during
cycling.20,24 However, the lack of long-range cationic ordering
hinders the formation of continuous Li+ transport pathways,
thereby limiting the rate capability and practical viability of DRX
cathodes. Efficient Li+ transport in DRX materials relies on the
presence and connectivity of numerous 0-TM percolating
networks, in which Li+ migrates through tetrahedral sites that do
not share faces with TM-centered octahedra.25,26 Moreover, the

Received: December 17, 2025
Revised: March 13, 2026
Accepted: March 13, 2026
Published: March 24, 2026

Articlewww.acsnano.org

© 2026 American Chemical Society
10556

https://doi.org/10.1021/acsnano.5c22044
ACS Nano 2026, 20, 10556−10569

D
ow

nl
oa

de
d 

vi
a 

SU
N

G
K

Y
U

N
K

W
A

N
 U

N
IV

 o
n 

A
pr

il 
10

, 2
02

6 
at

 0
2:

58
:1

8 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinho+Ahn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bonyoung+Ku"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hyunji+Kweon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hoseok+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hobin+Ahn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Myungeun+Choi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Myeong+Hwan+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Myeong+Hwan+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Moonsu+Yoon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junghyun+Choi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jihyun+Hong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jongsoon+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.5c22044&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c22044?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c22044?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c22044?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c22044?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c22044?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/20/13?ref=pdf
https://pubs.acs.org/toc/ancac3/20/13?ref=pdf
https://pubs.acs.org/toc/ancac3/20/13?ref=pdf
https://pubs.acs.org/toc/ancac3/20/13?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.5c22044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf


Figure 1. (a) Crystal structure of Li-excess DRX cathode material. (b) XRD patterns and Rietveld refinement results of bare LNM (Rp = 5.70%, RI =
7.21%, RF = 1.07%, and χ2 = 1.34%) and bare LNM-0.1Ti (Rp = 9.58%, RI = 7.04%, RF = 1.56%, and χ2 = 1.58%). (c) TEM-EDS elemental mapping of
LNM-0.1Ti (atomic ratio of Nb:Mn:Ti = ∼0.15:∼0.55:∼0.10). (d) Mn K-edge XANES spectra of pristine LNM and LNM-0.1Ti. SAED patterns
along the [100] zone axis for (e) LNM and (f) LNM-0.1Ti. The diffuse scattering intensity highlighted with red dots in the SAED pattern is shown on
the right.
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redox activity is dominated by the Mn3+/Mn4+ couple, but the
presence of Jahn−Teller active Mn3+ can induce anisotropic
distortion of MnO6 octahedra, introducing local strain and
disrupting Li-percolation networks.27 Therefore, precise control
over local atomic arrangements is critical to improving the
electrochemical reaction kinetics and stability.

■ RESULTS AND DISCUSSION

SRCO Suppression Strategy

The recent studies have revealed that the presence of [Li3Fe3]-
like short-range cationic ordering (SRCO) within the DRX
structure causes Li ions to become trapped by surrounding TMs,
thereby reducing the connectivity of Li+ transport pathways and
leading to limited power capability.28−30 Although high-entropy
strategies involving four or more cation species and multiple
anion types have been proposed to suppress SRCO, these
systems can face difficulties in achieving compositional
uniformity at the particle level and often involve complex
synthetic processes.

In conventional Li−Nb/Mn DRX systems, SRCO originates
from a strong local preference for charge neutrality between
high-valence Nb5+ (d0) and Li+ cations.31 The resulting SRCO is
further modulated by a moderate ionic size mismatch (Nb5+:
0.64 Å, Mn3+: 0.65 Å, Li+: 0.76 Å), while Jahn−Teller distortion
of Mn3+ induces spatial strain that can reinforce specific site
preferences of certain cations. Accordingly, we hypothesized
that simultaneous control of electrostatic interactions (charge
effect) and cationic size effect would enable disruption of SRCO
even in low-entropy compositions, without relying on multi-
cation high-entropy designs. This interpretation is consistent
with prior reports that SRCO in Li-excess DRX is governed by
the coupled roles of charge effects and ionic-size mismatch,
which together balance local ordering versus cation mixing;
tuning these factors can promote more homogeneous Li/TM
mixing, reduce local strain, and destabilize SRCO.31,32 The
incorporation of Ti4+ (0.61 Å), which has a smaller ionic radius
and lower charge than Nb5+, selectively rebalances these
contributions: (i) it reduces the fraction of high-valence Nb5+

and thus weakens the electrostatic driving force, and (ii) it
increases the size mismatch with Li+, facilitating Li/TM mixing
to relieve local strain. This mixing can destabilize the formation
of ordered cation arrangements, making the suppression of
SRCO energetically favorable, even in a low-entropy DRX
system. The coupled roles of the charge effect and cation-size
mismatch in destabilizing SRCO are schematically summarized
in Figure S1 (Supporting Information).

In this work, transmission electron microscopy (TEM)
analysis clearly revealed that the low-entropy DRX composition
Li1.2Nb0.15Mn0.55Ti0.1O2 (LNM-0.1Ti) exhibited disrupted
SRCO, in contrast to its conventional counterpart
Li1.2Nb0.2Mn0.6O2 (LNM). Especially, intensity mapping
analysis based on scanning transmission electron microscopy
high-angle annular dark-field (STEM-HAADF) data directly
confirmed minimized Li-trapping and extended Li-transport
pathways in LNM-0.1Ti, which contribute to enhanced power
capability.

At a current density of 17.5 mA g−1, LNM-0.1Ti delivers a
high reversible capacity of ∼327 mAh g−1 and an energy density
of ∼1026 Wh kg−1, outperforming LNM (∼274 mAh g−1, ∼837
Wh kg−1). Notably, the performance gap widens at high current
densities. Even at 700mA g−1, LNM-0.1Ti maintains ∼220mAh
g−1 and ∼606 Wh kg−1, whereas LNM exhibits ∼118 mAh g−1

and ∼301 Wh kg−1. LNM-0.1Ti also retains ∼71% of its initial
capacity after 100 cycles compared to ∼51% for LNM,
highlighting the importance of SRCO disruption in achieving
long-term cycling stability. Particularly, increasing the Ti
content to 0.2 mol in Li1.2Nb0.2Mn0.5Ti0.2O2 (LNM-0.2Ti)
leads to a noticeable decrease in rate capability and energy
density, underscoring the importance of maintaining composi-
tional balance for enhanced electrochemical performance in
low-entropy DRX cathodes. Operando X-ray diffraction (XRD)
and first-principles calculations consistently showed that LNM-
0.1Ti undergoes more stable structural evolution during
charge−discharge compared to LNM. This enhanced structural
reversibility is attributed to the suppression of SRCO, which in
turn supports improved electrochemical performance.

To prepare LNM-0.1Ti and LNM, we used a conventional
solid-state synthesis method. To enhance the electrical
conductivity, the powders were ball-milled with conductive
carbon. Detailed synthesis procedures are provided in the
Experimental Section. As shown in Figure 1a, the low-entropy
composition LNM-0.1Ti adopts a typical Li-excess DRX-type
crystal structure, in which TM ions randomly occupy the 4a
lattice sites and oxygen ions exclusively occupy the 4b sites. XRD
patterns (Figure 1b) confirm that both LNM-0.1Ti and LNM
have identical long-range atomic arrangements (cubic Fm3̅m,
space group number 225), with negligible impurity phases. In
addition, the broad feature around 2θ ≈20° can be interpreted as
a low-angle diffuse scattering component commonly observed in
DRX materials, rather than a diffraction peak from a separate
crystalline impurity phase.20,33,34 Rietveld refinement reveals
that LNM-0.1Ti has a slightly smaller lattice parameter (a =
4.17738(4) Å) compared to LNM (a = 4.18838(6) Å),
indicating successful incorporation of Ti ions into the crystal
lattice forming a solid-solution phase (Tables S1 and S2,
Supporting Information). The refinement quality is supported
by low R-factors (Rp = 9.58%, RI = 7.04%, RF = 1.56%, and χ2 =
1.58%). The similarity in peak intensity and full width at half-
maximum (fwhm) between LNM and LNM-0.1Ti (Figure S2,
Supporting Information) suggests comparable crystallite sizes
and microstrain. SEM analysis further verifies that LNM-0.1Ti
and LNM exhibit similar particle morphology and size
distributions (Figure S3, Supporting Information).

TEM equipped with EDS elemental mapping (Figure 1c)
reveals homogeneous distributions of Nb, Mn, and Ti within
LNM-0.1Ti particles (∼500 nm in diameter). Elemental ratios
from TEM-EDS (Nb:Mn:Ti = ∼0.15:0.55:0.1) are consistent
with ICP-AES results (Table S3, Supporting Information).
Synchrotron-based X-ray absorption near-edge structure
(XANES) analysis confirms the predominance of Mn3+ ions in
both LNM-0.1Ti and LNM (Figure 1d), indicating that the
Mn3+/Mn4+ redox reaction can occur in both cathodes. The
oxidation states of Nb5+ and Ti4+ in LNM-0.1Ti are also verified
by XANES (Figure S4, Supporting Information).

While both materials exhibit similar long-range structures,
SAED analysis reveals distinct differences in local ordering over
a broader spatial region. The SAED pattern of LNM (Figure 1e)
displays ring-like diffuse scattering superimposed on the primary
rocksalt reflections of the (200) and (020) planes along the
[100] zone axis, as highlighted with the intensity histogram in
the right panel. These diffuse scattering features are indicative of
SRCO between Li and TM ions, consistent with previous
reports on Li-excess DRX materials.31,35 In contrast, the low-
entropy LNM-0.1Ti exhibits a well-defined, single-crystal-like
diffraction pattern without ring features (Figure 1f) suggesting

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.5c22044
ACS Nano 2026, 20, 10556−10569

10558

https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c22044/suppl_file/nn5c22044_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c22044/suppl_file/nn5c22044_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c22044/suppl_file/nn5c22044_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c22044/suppl_file/nn5c22044_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c22044/suppl_file/nn5c22044_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c22044/suppl_file/nn5c22044_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c22044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 2. (a−c) STEM-HAADF image of LNM, the corresponding FFT pattern along the [001] zone axis, and inverse FFT imagemasked with diffuse
scattering regions associated with SRCO. (d−f) STEM-HAADF image of LNM-0.1Ti, the corresponding FFT pattern along the [001] zone axis, and
inverse FFT image masked using the same regions as in (c). (g,h) Magnified STEM-HAADF images and FFT patterns for the selected areas in LNM
and LNM-0.1Ti, respectively (indicated as region 1 to 3; each square area includes 7 × 7 atoms). (i,j) Intensity color mapping based on STEM-
HAADF images of LNM and LNM-0.1Ti, respectively. A schematic diagram illustrating the influence of SRCO on Li+ transport is shown on the right.
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Figure 3. First charge/discharge curves of (a) LNM and (b) LNM-0.1Ti in the voltage range of 1.5−4.8 V (vs Li+/Li) at a current density of 17.5 mA
g−1. Charge/discharge curves of (c) LNM and (d) LNM-0.1Ti in the voltage range of 1.5−4.8 V at various discharge current densities with a fixed
charge current density of 17.5 mA g−1. Comparison of (e) energy density and (f) average discharge voltage between LNM, LNM-0.1Ti, and LNM-
0.2Ti at various current densities. (g) Cycling performance of LNM and LNM-0.1Ti over 100 cycles at 175 mA g−1.
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that 0.1 mol of Ti-substitution into LNM-0.1Ti effectively
disrupts SRCO and induces a more randomized cationic
distribution. The observed disruption of SRCO, as expected,
became achievable in low-entropy compositions by simulta-
neously modulating the charge effect and cationic size effect.31

The incorporation of Ti4+ (0.61 Å), which has a smaller ionic
radius and lower charge than Nb5+, promotes Li/TM mixing to
alleviate electrostatic interactions and local lattice strain, thereby
rendering SRCO formation energetically unfavorable.
Atomic-Scale SRCO Suppression and Li Percolation

To investigate the local atomic ordering and confirm the
disruption of SRCO in LNM-0.1Ti, we conducted STEM-
HAADF analysis as a high-resolution local visualization
complementary to the SAED results. As shown in Figure 2a,
LNM exhibits a cubic crystal structure typical of Li-excess DRX
cathodes. In this STEM-HAADF analysis, the TM intensity
refers to the relative column brightness and is not element-
resolved among Nb, Mn, and Ti. Because the STEM-HAADF
intensity is affected not only by atomic number but also by
projection along the viewing direction, specimen thickness, and
zone-axis alignment, it cannot quantitatively separate the
contributions of different TM species in this system.
Accordingly, the intensity contrast is used to distinguish TM-
rich versus Li-rich columns and to discuss the spatial distribution
of local motifs relevant to Li percolation rather than to quantify
local enrichment of a specific TM element. Fast Fourier
transform (FFT) analysis of the corresponding region (Figure
2b) reveals diffuse scattering features, consistent with the SAED
result and indicative of SRCO. This SRCO resembles the
[Li3Fe3] superlattice structure observed in cubic LiFeO2

35−37

where Li+ and Fe3+ ions alternate in a 3:3 ratio within six
octahedral sites (Figure S5, Supporting Information). Inverse
FFT analysis of the diffuse scattering patterns further confirms
the widespread presence of such locally ordered domains in the
LNM (Figure 2c).

In contrast, the STEM-HAADF image of LNM-0.1Ti�a
DRX composition with deliberately low configurational
entropy�shows no evidence of SRCO (Figure 2d). FFT and
inverse FFT analyses (Figure 2e,f) reveal a more homogeneous
diffraction pattern without characteristic diffuse scattering.
Magnified views of selected regions (Figure 2g,h) highlight
the presence of diagonally aligned, low-intensity atomic
columns�characteristic of Li-rich configurations�in LNM,
while such features are rarely observed in LNM-0.1Ti,
supporting the notion that limiting the diversity of TM species
and maintaining aMn-dominant composition can suppress local
cation ordering. This observation is consistent with the
hypothesis that a low configurational entropy mitigates SRCO
by reducing the probability of specific cation−cation preferences
that drive short-range order.

In DRX structures, Li+ ions migrate between octahedral sites
through intermediate tetrahedral sites, which are coordinated by
varying numbers of TM ions, ranging from 4-TM to 0-TM
configurations (Figure S6, Supporting Information). Li+ trans-
port is most favorable through 0-TM and 1-TM environments
due to reduced electrostatic repulsion.28,35,38 In LNM, the
[Li3Fe3]-like SRCO likely forms 3-TM and 2-TM config-
urations, increasing the transport barrier and thereby increasing
the tortuosity of the Li+ percolating pathways. In contrast, LNM-
0.1Ti, owing to its disrupted SRCO and cationic randomness,
exhibits a higher fraction of 0-TM and 1-TM configuration

environments, facilitating Li+ transport and enhancing the
electrochemical reaction kinetics.

To further visualize the spatial distribution of SRCO in LNM
and LNM-0.1Ti, wemapped the STEM-HAADF intensity of the
regions in Figure 2a,d. All STEM-HAADF images were acquired
under identical conditions from thin regions with careful zone-
axis alignment to minimize thickness and orientation effects, and
the intensity maps are discussed in terms of relative variations
within the same region. The intensity value at each interpolated
point was calculated by applying arithmetic averaging of the
surrounding atomic intensities, and the resulting continuous
midpoints were connected to generate a two-dimensional
intensity map, while the corresponding as-collected 22 × 22
maps are provided for reference (LNM in Figure S7 and LNM-
0.1Ti in Figure S8, Supporting Information). As shown in Figure
2i, LNM exhibits frequent Li-rich clusters�low-intensity Li
columns surrounded by high-intensity TM columns�corre-
sponding to [Li3Fe3]-like SRCO. These clusters may trap Li+
ions and obstruct its transport by forming high-TM coordina-
tion environments surrounding the possible percolation net-
works. In contrast, the low-entropy LNM-0.1Ti displays a more
spatially randomized and homogeneous distribution of Li and
TM atoms, forming a percolation-friendly environment with
minimal local trapping (Figure 2j).

Additionally, interatomic distance analysis (Figure S9,
Supporting Information) reveals that LNM-0.1Ti exhibits
uniform bond lengths (∼2.1 Å), while LNM shows locally
contracted bonds (∼1.7 Å) near Li-rich regions. This result
indicates that the Jahn−Teller distortion of Mn3+ is significantly
suppressed in LNM-0.1Ti, further contributing to its enhanced
structural stability and Li+ mobility.
Enhanced Kinetics and Durability of Low-Entropy
LNM-0.1Ti

The electrochemical performance of LNM-0.1Ti, a low-entropy
DRX cathode with disrupted SRCO, was evaluated and
compared to that of LNM. As shown in Figure 3a,b, LNM-
0.1Ti exhibits a specific capacity of ∼327 mAh g−1 at a current
density of 17.5 mA g−1 within the voltage range of 1.5−4.8 V (vs
Li+/Li), exceeding that of LNM (∼274 mAh g−1). Notably,
LNM-0.1Ti exhibits an initial Coulombic efficiency above 99%,
while LNM shows an initial Coulombic efficiency of
approximately 90%, indicating improved reversibility. This
enhancement is attributable to the disruption of SRCO, which
facilitates more favorable Li+ transport kinetics in low-entropy
LNM-0.1Ti.

Rate capability measurements made under various current
densities (Figures 3c,d and S10, Supporting Information) show
that LNM-0.1Ti consistently outperforms LNM. Even at a high
current density of 700 mA g−1, LNM-0.1Ti maintains a
discharge capacity of ∼220 mAh g−1, higher than ∼118 mAh
g−1 for LNM. In addition to higher capacity, LNM-0.1Ti also
exhibits greater average discharge voltage and energy density
across all rates (Figure 3e,f). At 700 mA g−1, the voltage and
energy density gaps between LNM-0.1Ti and LNM reach ∼0.2
V and ∼305 Wh kg−1, respectively. Notably, further increasing
the Ti content to 0.2 mol (LNM-0.2Ti) results in a significant
decline in rate performance despite maintaining a similar DRX
structure (Figure S11, Supporting Information). This contrast
highlights that the superior performance of LNM-0.1Ti arises
not merely from Ti incorporation but from precise composi-
tional tuning that balances cation disorder and Li+ transport.
Electrochemical impedance spectroscopy (EIS) further sup-
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ports these findings. As shown in Figure S12 in the Supporting
Information, the fitted charge transfer resistance (Rct) of LNM-
0.1Ti in the pristine state is ∼78.8 Ω, significantly lower than
that of LNM (∼103 Ω). These EIS spectra were measured in Li-
metal half cells (two-electrode configuration); thus, the spectra
and fitted parameters represent effective cell-level values that can
include contributions from the Li metal and electrolyte.
Accordingly, the lower Rct is interpreted as a comparative
indication of improved overall interfacial and charge-transfer
kinetics under identical testing conditions, consistent with its
reduced SRCO discussed above. Supporting these kinetic
indicators, galvanostatic intermittent titration technique
(GITT) measurements show a higher Li+ diffusivity for LNM-
0.1Ti (∼4.59 × 10−10 cm2 s−1) than for LNM (∼2.82 × 10−10

cm2 s−1) (Figure S13, Supporting Information). Because the
GITT-derived diffusivity in porous composite electrodes
depends on the assumed active area, the geometric electrode
area was used for S. Therefore, the reportedDLi+ values represent
apparent diffusivities intended for a qualitative comparison
between samples tested under identical conditions. Further
details of the GITT analysis are provided in the Supporting
Information. These results underscore the advantage of using a
compositionally simplified, low-entropy approach in DRX
cathodes to achieve more efficient Li+ transport and reduced
overpotentials at high current densities, thereby improving both
the power and energy performance.

To further assess the structural robustness of LNM-0.1Ti,
cycling stability tests were performed (Figure 3g). After 100
cycles, LNM-0.1Ti retained approximately 71% of its initial
capacity, while LNM retained only ∼51%, confirming that
SRCO disruption in the low-entropy composition leads to
enhanced structural integrity and long-term durability. In some
Mn-rich DRX cathodes, the formation of spinel-like domains
during cycling has been reported to be associated with an
increased capacity contribution in the high-voltage region.39

However, both LNM and LNM-0.1Ti do not show a clear
tendency for such spinel-like plateau components to newly
appear or progressively grow as cycling proceeds, as evidenced
by their voltage profiles at the first, 10th, 20th, and 50th cycles
shown in Figures S14 and S15 in the Supporting Information.
These observations indicate that under the present composition
and cycling conditions, the electrochemical performance
enhancement observed for LNM-0.1Ti is not accompanied by
signatures of a spinel-like δ-phase transformation. LNM-0.2Ti,
with higher Ti content, also exhibited a capacity retention of
∼72% under the same conditions, comparable to that of LNM-
0.1Ti (Figure S11, Supporting Information). To benchmark its
performance, we compared LNM-0.1Ti with other reported
oxide-based Li-excess DRX cathodes.31,40−46 As shown in Figure
4a,b, LNM-0.1Ti exhibits superior rate capability and energy
density, demonstrating that compositionally driven SRCO
disruption through a low-entropy design is an effective strategy
for improving both the structural and electrochemical perform-
ance in DRX systems.
Suppressed Phase Separation Enables Reversible Oxygen
Redox

Using operando XRD analysis, we compared the structural
evolutions of LNM and LNM-0.1Ti during electrochemical
cycling. As shown in Figure 5a, the LNM undergoes an
irreversible phase transition during the initial charge. The (200)
diffraction peak near 43° shifts to higher angles due to lattice
contraction upon Li+ extraction. Notably, peak splitting

associated with the (200) and (220) planes emerges at the
end of the Mn3+/Mn4+ oxidation, indicating a phase separation
behavior.

This two-phase-like transition is attributed to the cooperative
Jahn−Teller distortion ofMn3+/Mn4+,47−49 which leads to rapid
contraction of Mn−O bonds. The presence of SRCO, as
previously confirmed by SAED, further amplifies this distortion,
accelerating the structural transformation. These changes cause
spatially inhomogeneous reactions, inducing additional over-
potentials and impeding oxygen redox kinetics. Consequently,
the LNM suffers from low initial Coulombic efficiency and
limited power capability.

During discharge, the separated (220) peaks in the LNM do
not fully recover, indicating irreversible structural changes. In
contrast, LNM-0.1Ti exhibits a single-phase solid-solution
reaction throughout both charge and discharge processes
(Figure 5b), despite undergoing the same Mn3+/Mn4+ and
O2−/O1− redox reactions as LNM. This indicates that Ti-
substitution suppresses Jahn−Teller distortion and stabilizes the
structural evolution, thus enabling improved oxygen redox
activity. Ex situ XRD analysis during the initial cycle further
reveals that phase separation persists in LNM even after Li
reinsertion (Figure S16, Supporting Information). This differ-
ence in structural reversibility is thermodynamic in nature,
induced by Ti incorporation rather than kinetics.

The initial charge profiles of the two materials reflect these
structural differences. While LNM exhibits a plateau between
Mn and O redox reactions, LNM-0.1Ti displays a smoother

Figure 4. (a) Ragone plot comparing LNM-0.1Ti with previously
reported Li-excess DRX cathode materials. (b) Comparison of the
electrochemical properties of LNM-0.1Ti with other Li-excess DRX
cathodes reported in previous studies.31,40−46
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Figure 5. Comparison of operando XRD patterns, with a magnified view of (a) LNM and (b) LNM-0.1Ti during the initial charge/discharge in the
voltage range of 1.5−4.8 V (vs Li+/Li) at a current density of 35 mA g−1. Lattice parameter changes calculated through Rietveld refinement of operando
XRD results for (c) LNM and (d) LNM-0.1Ti. Counted TM−O bond populations in (e) LixNM and (f) LixNM-0.1Ti (0.6 ≤ x≤ 1.2). (g) Structural
stability of themodeled Li0NM and Li0NM-0.1Ti configurations evaluated by AIMD simulations at 500 and 1000 K, confirming the formation of O−O
species due to oxidized oxygen instability in the lattice (highlighted with yellow circles). AIMD simulations were performed using the fully delithiated
Li0NM and Li0NM-0.1Ti structures.
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Figure 6. (a) Initial charge/discharge curves of LNM-0.1Ti withmarked cutoff voltage points corresponding to ex situ analysis samples. Ex situ analysis
of LNM-0.1Ti: (b) O K-edge sXAS spectra with a magnified view of the pre-edge region (right panel). (c) Mn, (d) Nb, and (e) Ti K-edge XANES
spectra. (f) pDOS for Ti 3d, Mn 3d, and O 2p orbitals in LixNM-0.1Ti (0 ≤ x ≤ 1.2). (g) Visualized pDOS for Ti 3d, Mn 3d, and O 2p orbitals in
Li0.65NM-0.1Ti and Li0NM-0.1Ti: electron density (yellow) and hole density (blue).
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voltage curve (Figure 3a,b), suggesting a more homogeneous
reaction pathway. Rietveld refinement of operando XRD data
confirms that both materials exhibit a similar lattice contraction
(∼1.8%) during the initial charge. However, during subsequent
cycles, the a-axis lattice parameter of LNM-0.1Ti changes by
only ∼0.5% compared to ∼0.7% in LNM (Figure 5c,d),
reflecting enhanced structural reversibility in LNM-0.1Ti. This
trend is further supported by ex situ XRD after prolonged
cycling, where LNM-0.1Ti retains higher peak intensities than
LNM (Figure S17, Supporting Information).

DFT calculations based on stable low-energy reference
configurations further support our interpretation that Jahn−
Teller distortion associated with Mn3+ is mitigated in LNM-
0.1Ti, as revealed by a comparative analysis of the Mn−O bond-
length distributions. As shown in Figure 5e,f, the Mn−O bond
lengths in LNM exhibit clear separation into two distinct ranges
(two long bonds (≥2.4 Å) and four short bonds (≤2.2 Å)),
consistent with Jahn−Teller distortion of Mn3+O6 octahedra. A
more detailed comparison of Mn−O bond length distributions
further highlights the effect of Ti-substitution. As shown in
Figure 5e, the as-prepared LNMexhibits a bimodalMn−Obond
distribution, indicating strong Jahn−Teller distortion. In
contrast, LNM-0.1Ti shows a narrower, more uniform
distribution of Mn−O bond lengths, consistent with a reduced
local distortion. These trends are in agreement with the STEM
interatomic distance analysis (Figure S9, Supporting Informa-
tion).

Interestingly, upon full oxidation of Mn4+ (i.e., in
Li0.6Nb0.2Mn0.6O2), the Mn−O bonds in LNM remain
significantly split, while those in Li0.65Nb0.15Mn0.55Ti0.1O2
remain nearly uniform (Figure 5f). A similar trend is observed
at the fully delithiated (Li0) state after oxygen redox, with
residual splitting in LNM but a largely homogeneous
distribution in LNM-0.1Ti (Figure S18, Supporting Informa-
tion). This suggests that even under highly oxidized conditions,
the LNM-0.1Ti structure resists local lattice distortion. These
findings demonstrate that disruption of SRCO mitigates abrupt
local structural changes, suppresses phase separation, and
thereby stabilizes the lattice during charge/discharge. This
structural stabilization enables the superior electrochemical
performance observed in LNM-0.1Ti.

AIMD simulations further demonstrate the structural robust-
ness of LNM-0.1Ti. After full delithiation, Li0Nb0.2Mn0.6O2
shows severe lattice degradation and molecular O2 evolution
after 20 ps at 500 K. In contrast, fully Li+-deintercalated
Li0Nb0.15Mn0.55Ti0.1O2 maintains structural integrity under the
same conditions and remains stable even at 1000 K (Figure 5g).
Collectively, these results demonstrate that disruption of short-
range cation ordering and suppression of Mn3+-induced Jahn−
Teller distortion in LNM-0.1Ti enhance lattice stability during
cycling, which in turn improves the reversibility of oxygen redox
reactions. Moreover, the improved oxygen/lattice stability
under highly oxidized conditions can also help limit sustained
electrolyte oxidation at high voltage by facilitating effective early
stage surface passivation, consistent with the unusually high first-
cycle Coulombic efficiency observed for LNM-0.1Ti. This
structural robustness underlies the superior electrochemical
performance of LNM-0.1Ti, including higher energy density,
improved rate capability, and prolonged cycle life.
Enhanced Oxygen Redox Activity in LNM-0.1Ti

To elucidate the redox mechanism in LNM-0.1Ti, ex situ sXAS
was performed in TFYmode, providing a probing depth of ∼200

nm. Electrodes were harvested in various charge/discharge
states at 17.5 mA g−1 (Figure 6a). In the O K-edge spectra of
LixNb0.15Mn0.55Ti0.1O2 (LixNM-0.1Ti) (Figure 6b), a shift of the
pre-edge peak to lower energy in the half-charged state reflects
increased Mn-oxidation number and hole formation on
hybridized TM 3d−O 2p orbitals. At the fully charged state,
an increased intensity near 530.5 eV was observed, suggesting
the formation of oxidized oxygen species, indicating the
activation of an anionic redox reaction.12,50−52

To monitor the changes in the TM valence states, we
performed XANES spectroscopy. As shown in Figure 6c, theMn
K-edge shifts to higher energy during charging, confirming the
oxidation of Mn3+ to Mn4+. In contrast, negligible changes were
observed in the Nb and Ti K-edges (Figure 6d,e), confirming
that these d0 ions are electrochemically inactive. These results
demonstrate that charge compensation in LNM-0.1Ti proceeds
via sequential Mn and O redox reactions.

To further understand the role of SRCO in tuning redox
behavior, we compared the redox activity of LNM-0.1Ti with
that of LNM using XAS. As shown in Figure S19 in the
Supporting Information, both materials undergo sequential Mn
and O redox reactions during Li+ (de)intercalation. However, in
the fully charged state, the intensity of the oxidized oxygen
species (∼530.5 eV) in the K-edge spectra is more pronounced
in LNM-0.1Ti than in LNM (Figure S20, Supporting
Information), indicating stronger participation of oxidized
oxygen species. This enhanced anionic redox activity in LNM-
0.1Ti is attributed to the suppression of SRCO, which likely
facilitates a more homogeneous and reversible redox environ-
ment.

To support these experimental observations with theoretical
investigations, DFT calculations of the pDOS were performed
for LixNM-0.1Ti with varying Li compositions (0 ≤ x≤ 1.2). As
shown in Figure 6f, Mn 3d states dominate the hole densities
right above the Fermi level (EF) in Li0.65NM-0.1Ti, confirming
cationic (Mn3+/Mn4+) redox activity in the early stages of
delithiation from Li1.2NM-0.1Ti to Li0.65NM-0.1Ti. On the
other hand, O 2p states dominate the electron densities near EF.
In fully delithiated Li0NM-0.1Ti, significant O 2p hole states
emerge above EF, indicating that an oxygen redox reaction
occurs during further Li+ deintercalation from Li0.65NM-0.1Ti to
Li0NM-0.1Ti, following the cationic Mn redox reaction. These
features are further visualized in the electron density maps
(Figure 6g), where depletion of electron density (blue) around
the O atoms confirms their role in charge compensation. The
corresponding pDOS and electron-density results for LNM at
the same delithiation states are provided in Figure S21 in the
Supporting Information for direct comparison.

To quantitatively assess the redox sequence, we also
calculated the integrated spin moments of Mn and O ions in
LNM-0.1Ti (Figure S22, Supporting Information). As Li is
extracted from x = 1.2 to x = 0.65, the magnetic moment of Mn
decreases, consistent with Mn3+/Mn4+ oxidation. From x = 0.65
to x = 0, the Mn moment remains stable, while the O moment
increases, confirming that oxygen anions participate in redox
during the later stage of delithiation. Nb and Ti, as expected for
d0 ions, show negligible changes in both pDOS and magnetic
moment, indicating their electrochemical inactivity.

Taken together, these results demonstrate that LNM-0.1Ti
undergoes sequential cationic (Mn3+/Mn4+) and anionic (O2−/
O−) redox reactions. The enhanced anionic redox activity is
enabled by the suppression of SRCO, which creates a
structurally favorable environment for oxygen redox and
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contributes to the high energy density of LNM-0.1Ti. Based on
theMn contents, the maximumMn3+/Mn4+ redox capacities are
∼175 mAh g−1 for LNM and ∼165 mAh g−1 for LNM-0.1Ti.
Given the measured first-charge capacities (312 and 327 mAh
g−1, respectively), the remaining capacities of ∼137 mAh g−1

(≈44%) for LNM and ∼162 mAh g−1 (≈50%) for LNM-0.1Ti
can be attributed to anionic redox, as summarized in Tables S4
and S5 in the Supporting Information.

■ CONCLUSION
In this study, we demonstrated that the suppression of
[Li3TM3]-type SRCO, a key factor limiting the performance
of the DRX cathode, can be achieved without complex high-
entropy composition by simultaneously controlling electrostatic
interactions and the cationic size mismatch effect. In the Li−
Nb/Mn DRX system, the incorporation of Ti4+, which has a
lower charge and smaller ionic radius than Nb5+, promotes
homogeneous Li/TM mixing and successfully hinders the
formation of SRCO.

A low-entropy DRX cathode, LNM-0.1Ti exhibited effective
suppression of SRCO, as confirmed by advanced electron
microscopy techniques including SAED and STEM-HAADF-
based FFT/inverse FFT analysis. The resulting structural
modification minimizes Li-trapping and promotes the extension
of Li-percolation networks, thereby facilitatingmore efficient Li+
transport. As a result, low-entropy LNM-0.1Ti delivers a high
reversible capacity of ∼327 mAh g−1 and energy density of
∼1026 Wh kg−1 at 17.5 mA g−1�representing 119% and 123%
of the corresponding values for LNM. This performance
advantage becomes more pronounced at higher current
densities, underscoring the kinetic benefits of SRCO suppres-
sion. Importantly, increasing the Ti content to 0.2 mol (LNM-
0.2Ti) in the structure led to a deterioration in rate capability,
despite the preservation of a DRX structure. This observation
underscores that the enhanced performance of LNM-0.1Ti
stems not from Ti-substitution alone but from compositional
precision that optimally balances disorder and transport.
Furthermore, LNM-0.1Ti exhibits superior long-term cycling
stability, retaining ∼71% of its initial capacity after 100 cycles
compared to ∼51% for LNM.
Operando XRD revealed that LNM-0.1Ti undergoes a solid-

solution reaction withminimal lattice strain, while LNMexhibits
a two-phase transition accompanied by large structural
distortions and irreversible changes. These findings are
supported by DFT calculations, which confirm that LNM-
0.1Ti delivers reduced Mn3+-induced Jahn−Teller distortions
and enhanced thermodynamic stability under delithiated
conditions compared to that of LNM. DFT and AIMD
simulations further show that LNM-0.1Ti maintains uniform
Mn−O bond lengths and resists structural collapse after
delithiation. Theoretical investigation into the redox mechanism
reveals that LNM-0.1Ti undergoes sequential Mn and O redox
reactions, with stronger oxygen participation than LNM. The
enhanced anionic redox activity is closely linked to the
homogeneous atomic environment enabled by SRCO dis-
ruption. This structure−property relationship is further
corroborated by DFT-based analysis of pDOS and magnetic
moment evolution.

These findings are relevant to a broad range of DRX
chemistries, offering a practical and flexible approach to
designing high-energy, high-power cathodes for next-generation
lithium-based batteries, including both lithium-ion and lithium-
metal system.

■ EXPERIMENTAL SECTION

Sample Preparation
The bare Li1.2Nb0.2Mn0.6O2 (LNM), Li1.2Nb0.15Mn0.55Ti0.1O2 (LNM-
0.1Ti), and Li1.2Nb0.1Mn0.5Ti0.2O2 (LNM-0.2Ti) were synthesized with
a conventional solid-state method. Stoichiometric amounts of Li2CO3
(99%, Alfa Aesar), Nb2O5 (99.5%, Samchun), TiO2 (99%, Samchun),
and Mn2O3 (99.5%, Sigma-Aldrich) were used for synthesis. A total 5 g
of precursors and 100 mL of ethyl alcohol anhydrous (99.9%, Duksan)
were uniformly mixed using a planetary high-energy ball-milling
machine (Pulverisette 6, Fritsch) at 300 rpm for 5 h. After wet ball-
milling, the mixture was stirred on a hot plate at 80 °C overnight. And
then, the dried powder was pelletized and calcined at 950 °C for 1 h in
Ar. To enhance electronic conductivity, the resulting bare powder was
ground and mixed with Super P carbon using a high-energy planetary
mill at 300 rpm for 12 h.

Material Characterization
X-ray diffraction (XRD) data was collected to verify the crystal structure
using Malvern PANalytical Empyrean with Mo Kα radiation (λ = 0.71
Å) in the 2θ 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.53 Operando XRD data was
obtained using an in situ XRD battery cell (ISBC)made by PANalytical
with PDC TECH (Korea). Operando XRD was performed during the
first charge/discharge at a current density of 35 mA g−1 in the voltage
range of 1.5−4.8 V (vs Li+/Li). All angles in the XRD pattern were
transformed using Cu Kα radiation (λ = 1.54 Å) for easy comparison
with those in previous studies.

The atomic ratio of elements, such as Li, Nb, Mn, and Ti, was
determined using an inductively coupled plasma emission spectrometer
(ICP-AES; OPTIMA 8300, PerkinElmer).

X-ray absorption spectroscopy (XAS) spectra were obtained at
beamline 10C Nano-XAFS at the Pohang Accelerate Laboratory
(PAL), South Korea. The collected data was measured in transmission
mode, and reference data were simultaneously collected using Mn, Nb,
and Ti metal foil. Also, O K-edge soft XAS (sXAS) spectra were
obtained in total fluorescence yield (TFY)mode at beamline 4D-PES at
PAL. All of the XAS data were normalized using Athena software.54

High-resolution transmission electron microscopy (HR-TEM)
images, d-spacing with selected area electron diffraction (SAED)
patterns, and energy-dispersive X-ray spectroscopy (EDS) mapping
images were collected using field-emission transmission electron
microscopy (FE-TEM: JEM-ARM300F, JEOL Ltd.). Atomic-scale
scanning transmission electron microscopy high-angle annular dark-
field (STEM-HAADF) imaging was performed using a JEM-ARM300F
microscope equipped with a spherical aberration corrector and
operated at an accelerating voltage of 300 kV. An atomic intensity
mapping approach was employed to visualize the relative variation in
atomic contrast and identify the spatial distribution of the Li+ diffusion
path. Intensities of individual atoms were quantified based on STEM-
HAADF images. A 22 × 22 grid of atomic positions was extracted and
digitally expanded to a 704 × 704 pixel to enhance the resolution.

The morphology of the prepared particles was observed by using
field-emission scanning electron microscopy (FE-SEM: JSM-7600,
JEOL Ltd.). A Pt coating was implemented to improve the electronic
conductivity of the prepared samples.

Electrochemical Characterization
The electrodes were prepared with a final composition of 70 wt % of the
actual active material, 20 wt % of Super P conductive carbon, and 10 wt
% of polyvinylidene fluoride (PVdF). N-Methyl-2-pyrrolidone (NMP)
was used as the solvent, and slurry was cast on the Al current collector
(15 μm thickness). The electrodes were dried at 100 °C overnight in a
vacuum oven. The active mass loading of the electrode was ∼2 mg
cm−2. The CR-2032 type coin cell was assembled in an Ar-filled
glovebox. The electrochemical performance was evaluated with a half
cell composed of Li metal as a counter electrode, separator (Celgard
2400), and 1.2 M LiPF6 in ethylene carbonate (EC):dimethyl
carbonate (DMC):ethyl methyl carbonate (EMC) = 2:4:4 (v/v %) as
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the electrolyte. An automatic charge/discharge system (WBCS 3000,
WonATech) was used for the galvanostatic charge/discharge test. The
power capability of electrodes was tested at various discharge current
densities (17.5, 35, 70, 175, 350, and 700 mA g−1) in the voltage range
of 1.5−4.8 V (vs Li+/Li).
Computational Details
All the density functional theory (DFT) calculations were executed
using the Vienna Ab initio Simulation Package (VASP).55 Project-
augmented wave (PAW) pseudopotentials were used with a plane-wave
basis set, as implemented in VASP.56 Perdew−Burke−Ernzerhof (PBE)
parametrization of the generalized gradient approximation (GGA) was
used for the exchange−correlation functional.57 For the DFT
calculations, a 6 × 6 × 3 k-point grid was used to calculate a 2 × 3 ×
1 supercell structure of disordered rocksalt-type Li14Nb2Mn8O24 and
Li13Nb2Ti1Mn7O24. The GGA + U method was applied to manage the
localization of the d-orbital in Mn and Ti ions, with aU value of 3.9 and
2.4 eV, as used in a former study.58 A kinetic energy cutoff of 500 eVwas
used in all the converged to within 0.03 eV Å−1. Cluster-assisted
statistical mechanics (CASM) was applied to generate all the Li+/
vacancy configurations for each composition.59 The crystal structures of
calculated configuration were drawn using VESTA software.60

Ab initio molecular dynamics (AIMD) simulations were carried out
in the canonical (NVT) ensemble using the Nose−́Hoover thermostat,
as implemented in VASP.61,62 The PAWmethod was used with the PBE
exchange−correlation functional. The pseudopotentials for Mn, Ti and
Nb, and O were taken from the standard VASP library.63 Simulations
were performed at 500 and 1000 K for 20 ps with a time step of 4 fs.
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