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Tailoring planar strain for robust structural
stability in high-entropylayered sodium
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High-entropy oxides have expanded the potential for high-performance
Na-ion battery cathodes due to their vast compositional space and
entropy-driven stabilization. However, arational design approach

for optimizing their compositionis still lacking. Here, we develop

an O3-type oxide cathode composed of all-3d transition metals,

NaNi,;Cu, Fe,,Mn,;Tiy;0, (NCFMT), which exhibits improved reversible
specific capacity and exceptional cycling stability. Replacing Ti** with
Sn*ions (NaNi;Cu,;Feq,Mn,;Sn,;0,; NCFMS) results in poor structural
reversibility and diminished cycling stability. Our investigations suggest
that the structural integrity of the layered cathode is affected by the
compatibility of constituent elements within the transition metal layers
(TMO,). InNCFMS, planar straininduced by metal-ion displacement triggers
elemental segregation and crack formation during repeated cycling. In
contrast, NCFMT demonstrates a robust structural framework for stable Na*
storage due toits high mechanochemical compatibility among constituent
elements. This understanding provides insights for designing outstanding
layered high-entropy cathode materials.

Na-ion batteries (NIBs) are an attractive technology for stationary
energy storage because of their low production cost and material
abundance’. The success of NIBs relies heavily on the development of
remarkable cathode compounds. Among various candidates, layered
transition metal (TM) oxide cathodes (Na,TMO,) have attracted exten-
sive interest from both academic and industrial sectors*” because of
their high theoretical specific capacity and advantages in large-scale
manufacturing. However, most layered oxide materials face challenges
suchassevere structural degradation or low practical reversible specific

capacity during cycling. Addressing these issuesis crucial for the wide-
spread application of NIBs.

During cyclingin 03-type Na,TMO,, the extraction of Na*increases
O-O electrostatic repulsion, causing expansion and subsequent con-
traction of the cspacing. This triggers astructural transformation from
03toP3andeventually to OP2(01)°. At the same time, the oxidation of
active TMions contracts TMO,octahedron structure units, decreasing
the lattice parameter a/b (ref. 7). The accumulation of local displace-
mentofanionicand cationic species, along with changesin TM-O bond
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Fig.1| Atomicstructure difference between NCFMT and NCFMS. a, XRD patterns
of NCFMT and NCFMS. a.u., arbitrary units. b, € calculated using Williamson-Hall
analysis. The anisotropic strain distribution in the NCFMS material was evaluated by
using independent fits to hkl reflections relative to reflections primarily within the
abplane (dashed line) or between the ab planes (dotted line). ¢, Structural model of

N 051%
of displacement

03 phase and schematic showing the correlation between strain distribution and
ionic displacement for NCFMT and NCFMS viewed perpendicular and parallel to
the TMO, layers. d, Atomic EDS mapping of element distributions in the NCFMS and
NCFMT, including the corresponding HAADF-STEM image of the lattice structure
along the[110] zone axes.

lengths, raise stress levels and induce planar gliding or chemical bond
breaking. These processesresultin microcracks, oxygenlossandcation
migration® 2. To enhance the durability of Na-ion layered cathodes, it is
crucial to construct robust and flexible TM oxide slabs (TMO,), which
serve as a structural framework facilitating both Na*-migration and
electron-diffusion pathways.

High-entropy oxide cathode materials”™°, consisting of five to
nine metalions at the TMsitein asolid-solution phase, offer excellent
electrochemical performances with high energy density, rate capabil-
ity and capacity retention. Moreover, theirimproved thermal stability
addresses long-standing safety concerns in battery technology™'"*%,
The superior properties stem from high configurational entropy,
local disorder and a synergy effect among individual elements, which
contribute to the structural stabilization during Na* (de)intercala-
tion. Despite these advantages, research on high-entropy oxide
materialsisstillinitsinfancy, and no design rules have been system-
atically established for creating optimal compositions suitable for

13-16

commercial success. In particular, when reducing configurational
entropy from an ultrahigh to a moderate value to balance entropy
increase and capacity utilization, severe lattice distortion or strain
may occur due to the prominent mismatches in ionic mass, size
and bond state’**. Recent studies reveal that lattice distortion in
high-entropy systems affects physicochemical characteristics, yield-
ing distinct properties' .. For example, distorted lattices scatter
heat-carrying phonons, lowering the lattice thermal conductivity of
n-type PbSe-based high-entropy material. Additionally, lattice dis-
tortion strengthens electron scattering and reduces the conductivity
of Bi,Ti;0,,-based medium-entropy films®. However, the influence
of lattice distortion on the structural integrity of alayered cathode
with reversible cationic redox remains unexplored. Therefore, devel-
oping a design strategy to effectively tailor lattice distortion while
maximizing entropy-dominated phase stabilization is crucial for
promoting the development of outstanding layered high-entropy
cathode materials.
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Fig. 2 |Superior electrochemical performance of NCFMT over NCFMS.

a, The charge-discharge profiles at 0.1 C (here 1 Cis defined as140 mA g™) during
thefirst cycle in half cells. b, Rate capability at rates ranging from 0.1Cto 5 C.

The shading shows the s.d. calculated from at least three cells. ¢, Comparison

Cycle number

of therate capabilities of the NCFMT cathode with previously reported 03-
type cathodes for NIBs performed in the same voltage range. d, The cycling
performance at room temperature. e, High-temperature cycling performance
at45°C.

Inthis work, we compare two O3-type layered high-entropy oxides:
NaNi, ;Cu, Feo ,Mn, ;Tig;0, (NCFMT), with only 3d TMs in TMO, slabs,
and NaNi, ;Cu,;Fe,,Mny;Sny;0, (NCFMS), which replaces Tiwith Snin
TMO, slabs. Both materials exhibit uniform element distributions in
their pristine states, but NCFMS exhibits planar strain due tolattice dis-
tortion caused by mismatches of ionic size, mass and valence-electron
configuration. The inherited strain in TMO, slabs and accumulated
lattice strain during repeated TM redox facilitate thermodynamically
favourable metal-ion migration. This leads to elemental segregation
and crack formation (metal-ion dissolution) in theinterior and surface
of NCFMS cathode particles, respectively, as confirmed by combined
aberration-corrected high-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM) with energy-dispersive X-ray
spectroscopy (EDS) analysis. By contrast, NCFMT, with better mecha-
nochemical compatibility among 3d TMs, does not exhibit the degra-
dationmechanisms observed in NCFMS, resultinginimproved cycling
stability in both half-cell and full-cell batteries. This work highlights the
importance of elemental selection for designing high-performance
layered high-entropy cathode materials.

Planar strain driven by constituent element
variations

Both NCFMT and NCFMS were carefully synthesized through aconven-
tional solid-state method. The compositions of cathode material were
verified by inductively coupled plasma-atomic emission spectroscopy,
asshowninSupplementary Table 1. X-ray diffraction (XRD) patterns of
the two compounds were collected, asshown in Fig. 1a. The diffraction
peaks of the two XRD patterns can be wellidentified asan O3-type lay-
ered structure with an R-3m symmetry. However, there are noticeable
differencesintheir peak shapes. NCFMS exhibits an obvious anisotropic
diffraction peak broadening, with larger full-width at half-maximum
in peaks with more a-b axis character (larger angle to the (003) plane)
when compared withthe (00/) diffraction peaks. Thisindicates severe
lattice distortion or strain within the long-range ordering ab plane due
to the mismatch of ion size, mass and valence-electron configuration.
In contrast, NCFMT has extremely sharp diffraction peaks. Scanning
electron microscopy images show that both cathodes have anelliptical

ball-shaped grain morphology with an average size of approximately
2-3 pum (Supplementary Fig.1), ruling out crystallite size effects on XRD
peak broadening. A typical Williamson-Hall analysis was conducted to
gainmoreinsights (Fig. 1b)**. The calculation details of lattice strain
are presented in Methods and Supplementary Tables 2 and 3. For the
NCFMS sample, the lattice strain is higher within the ab plane (0.51%)
thanbetween the ab planes (0.15% along the caxis), indicating stronger
interactions between TM ions than between TM ions and Na“, thus
leading to enhanced cation displacements from high-symmetry sites
(Fig.1c).In contrast, NCFMT has an overall lattice strain of only 0.01%,
indicating a well arranged atomic configuration with minimal ionic
displacement (Fig. 1c).

Rietveld refinement of XRD patterns (Supplementary Fig. 2
and Supplementary Tables 4 and 5) revealed slightly higher lattice
parameters for NCFMS (a=b=3.01A, c=16.02 A) than for NCFMT
(@a=b=299A, c=15.99 A) due to the larger cation radius of Sn**
(0.69 A) than of Ti** (0.61 A). The corresponding interlayer distance
of TMO, slabs d(_1y-o) increases from2.18 At02.31A (Supplementary
Table 6), further confirming the local elemental interactionin NCFMS
sample. The striking difference between the large (Sn** 44" configu-
ration) and small (Mn** 3d® configuration) components within the
same TMO, slab of NCFMS leads to TMO, octahedron expansion and
contraction, respectively, both of which can generate lattice distor-
tion or strain. Despite the variance in theionic radii of the elementsin
NCFMT, the expansion caused by large divalentions and contraction
caused by smalltetravalentionsin the first row of TMsin the Periodic
Table would offset each other through the formation of ion pairs/
clusters, such as Ni-Mn, Cu-Ti, Ni-Fe-Mn and so on. These features
would result in a more compatible atomic configuration, reducing
lattice distortion/strain (Supplementary Fig. 3 and Supplementary
Discussion1).

The cross-sectional HAADF-STEM images (Fig. 1d) show thatboth
materials have a well defined layered structure consisting of stacked
Na and TM layers, devoid of any stacking faults that could potentially
lead to diffraction peak broadening®?. The atomic-resolution EDS
mapping confirms the uniform and random distribution of all five
elements within each sample beneath the projected atomic columns.

Nature Energy


http://www.nature.com/natureenergy

Article

https://doi.org/10.1038/s41560-024-01616-5

b
20 A 420
A
-
A [}
u
..
15 - Y 15
]
)
n
= s 2 1 =
° RS 3 3
2o zz e
= A =
= & 2
-
1 .
Il « s
5 y Y]
v\ i
AVA
A
\\ J “ 3 1o
o N - ©00), MY 100, @f2),, | (9. L
4 8 2 45 16 7 32 34 36 38 42 44 46 52 54 56 58 160 185 17.0
Voltage (V) 26 (°) c lattice (A)
b Fy
S H20
L} AA
I
g
<
- 415
| 1
L ¢
|
— 3 = 0
3 $ Z2 5
0] [ O O 410 g
€ B z z o
[ % A =
!
b
]
45
i
~
&
i A
i
L“lo
Il Il
2.9 3.0
a lattice (A)
C
~ 15} = f
3 |
> N
S 10 - - .
s o —
5 — NCFMT-P — NCFMT-P FeO - — NCFMT-P
= — NCFMT-C4.0 — NCFMT-C4.0 — NCFMT-C4.0
g 05 NCFMT-D2.0 NCFMT-D2.0 i NCFMT-D2.0
S — NCFMs-P — NCFMs-P — NCFMs-P
— NCFMS-C4.0 — NCFMS-C4.0 — NCFMS-C4.0
i s NCFMS-D2.0 - NCFMS-D2.0 NCFMS-D2.0
0 | | | | | | | s | | |
8,340 8,350 8,360 8980 8990 9,000 9,010 7,110 7120 7130 7,140
Energy (eV) Energy (eV) Energy (eV)

Fig. 3| Structural characterizations of the NCFMS and NCFMT cathodes. a,b, In situ XRD patterns of NCFMS (a) and NCFMT (b) during first charge and discharge.
¢, X-ray absorption near-edge structure of Ni K, CuK and Fe K edges of NCFMS and NCFMT during first charge and discharge.

Moreover, no evidence of element aggregation is observed (Supple-
mentary Fig.4), indicating a perfect local compositional homogeneity.

Electrochemical performance

To reveal the impact of the lattice strain on the electrochemical
performance, we constructed half cells with NCFMT and NCFMS as
cathodes and conducted all tests at room temperature. Theinitial gal-
vanostatic charge and discharge profiles of NCFMS and NCFMT within
2.0-4.0V (Fig. 2a) show that NCFMT has a higher reversible capacity
(141.5 mAh g™*) than does NCFMS (129.5 mAh g!), probably due to the
smaller molar mass of Ti when compared with Sn. Meanwhile, NCFMT
exhibits asuperiorinitial Coulombicefficiency of 95%, much better than
that of 88% for the NCFMS, suggesting the outstanding reversibility and
fewer side-reactions of the NCFMT cathode. Normalized rate capability
comparison (Fig. 2b) reveals that strain-free NCFMT not only delivers

higher discharge specific capacities at all rate currents, but also shows
muchimproved normalized capacity retentions when compared with
NCFMS. For example, at a5 Crate current, NCFMT achieves a specific
discharge specific capacity of 120 mAh g with 86% capacity retention,
evidently higher than the 76 mAh g™ and 59% in NCFMS, also surpassing
previously reported 03-type cathodes (Fig. 2¢)">*?, Galvanostatic
intermittent titration technique measurements in Supplementary
Fig. 5 show that NCFMT exhibits smaller voltage polarization than
NCFMS, and the Na* transport in the NCFMT electrode is nearly twice
as fast as in the NCFMS electrode, indicating efficient redox kinetics
andionictransport channels owingto the stable structural framework.
Furthermore, strain-free NCFMT also demonstrates remarkable cycling
performance, retaining 85% capacity after 500 cycles at 1 Crate cur-
rent (Fig. 2d), while NCFMS retains only 64% capacity under the same
conditions. We further assessed the high-temperature cycling stability
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of NCFMT and NCFMS by conducting 1 C-1 Ccharge-discharge cycling
at 45 °C. NCFMT exhibits stable performance, delivering a discharge
specific capacity of 106 mAh g with 80% capacity retention after 500
cycles (Fig. 2e), By contrast, NCFMS fails rapidly within 100 cycles.
When charged to a higher voltage, the NCFMT cathode also exhibits
much better reversible specific capacity and cycling stability when
compared with NCFMS (Supplementary Fig. 6). The superior cycling
performance of NCFMT is attributed to the high compatibility of its
all-3d TM components in TMO, slabs, which results in reduced lat-
tice strain. This probably mitigates the collective mechanochemical
degradation caused by factors such as Jahn-Teller distortion, inho-
mogeneous desodiation and anisotropic lattice parameter evolution
during Na* (de)intercalation®'®">*°, This degradation mechanism will
be clearly demonstrated in the following sections.

Structural evolution and redox mechanism

The cycle stability of O3-type layered oxides is potentially linked to
their structural evolution. To investigate the impact of lattice strain
differences onstructural properties, in situ XRD experiments were first
performed on NCFMT and NCFMS cathodes. The two cathodes experi-
ence similar reversible structural transformations, which go through
03-P3-03 phases (Fig. 3a,b). During Na* deintercalation, the (003)
peaks shift to lower angles in low-voltage regions due to oxygen plane
repulsion, suggesting expansion of the c lattice parameter. The (101)
and (012) peaks shift to higher angles as active TM oxidation causes a
reduction ofthe TM-Obond and acontraction of the a/b lattice param-
eter. Note that a Na-deficient hexagonal O3’ phase appears before the
P3 phasetransition during charging, avoiding the undesired monoclinic
0’3 phase. The P3 to O3 transition is smoother during discharging,
consistent with our previous study". Furthermore, lattice parame-
ter variations in the two electrodes are quite consistent. In addition,
exsitu X-ray absorption near-edge structure and Fourier-transformed
extended X-ray absorption fine structure of the TM were also used to
investigate the electronic structural and local structural changes in
NCFMT and NCFMS electrodes during the electrochemical process,
andtheresultsare presented in Fig. 3c and Supplementary Fig. 7. These
results do notreveal any differencesin redox mechanismor the degree
of redox couples’ participation between the two electrodes. Thus, the
reason for the distinct capacity degradation behaviours of the two
cathodes remains elusive.

Visualizing elemental segregation and its impact

To understand the distinct degradation mechanisms, we further
characterized the microstructural evolution of NCFMT and NCFMS
samples after 500 charge-discharge cycles within 2.0-4.0 V using
STEM. A cross-sectional view (Fig. 4a) shows that cycled NCFMS has
a damaged surface with numerous dislocations®*, cracks along the
(003) lattice fringes and a severe Na*-TM intermixing rock-salt phase
(Fig. 4b), potentially reducing reversible Na* intercalation and caus-
ing electrochemical degradation. In addition, several bright columns
withinthe cathode particle are observed (Fig. 4¢), attributed toSnion
segregationin TMO, slabs due to higher Zcontrast in HAADF images.
The HAADF-STEM image line profile (inset of Fig. 4c) shows that the
layered structure was well maintained near bright Sn-rich columns,
but the d spacing among these columns expanded (from d=0.54 nm
tod=0.61 nm), suggesting unoccupied Na-ionsites andincreased 0-O
repulsion. Furthermore, slight lattice glidingamong Sn-rich columnsis
observed (greenlineinFig.4c), indicating a decreased energy barrier
forinterlayer glide due to reduced residual Na* content and increased
TM-TM distance mismatch in Sn-rich features. The close-to-atomic
EDS map analysis (Fig. 4d) further confirms Sn enrichment in bright
columns and a mixture of the other four TM ions in Sn-poor columns,
contrasting with the uniform elemental distribution in the pristine
sample. Ahomogeneous O distributionindicates the well maintained
cubic oxygen close packing. We also observe an attenuated Na signal

between Sn-rich columns, suggesting that the removal of active redox
couplesfromthe Sn-rich columns hinders Na*intercalation and causes
severe structural degradation, which can be considered as another
important factor leading to the electrochemical decay. A similar Mg
segregation phenomenon was observedinaP2-Na, (;Ni; ,;Mn, ;Mg,,0,
cathode during repeated cycling at higher charging cutoff voltage,
while Mg segregation occurs within the Na layers, which could act as
robust pillars to mitigate the occurrence of cracks in the structure®.
The Snsegregationin theinterior of NCFMS single-crystal particlesis
probably aresult of TM migration over extended cycling, achieved by
simultaneous diffusion of all five elements, which will be discussed in
more detail later.

The corresponding geometric phase analysis®~* of an area with
bothSn-richand Sn-poor columns (Fig. 4e) revealed the distinct strain
distribution between the two domains. Localized lattice strain exhibits
tensile stressalong the Sn-rich layer, stretching the (003) lattice plane,
whichwillintroduce compressive stress inthe Sn-poor area, compress-
ing the lattice. This deteriorates Na* transport properties, explaining
the inferior rate capability of the NCFMS cathode. Additionally, such
metastable structure with severe stress fields can cause local rupture of
atomic planes during electrochemical cycling. Significantintragranu-
lar fractures are indeed observed in another more degraded particle
(Supplementary Fig. 8), causing deactivation of Na* storage sites,
loss of electrode electron conduction and exposure of new surfaces
to the electrolyte®'®*>*®, This explains the severe structural degrada-
tion in the surface region contacting the electrolyte. These findings
were consistently observed across randomly selected NCFMS parti-
cles (Supplementary Figs. 9-11). Focused ion beam (FIB) sectioning
facilitated the detection of elemental segregation and intragranular
microcracks within the particles, as these signals are often buried in
theinterior. Identical characterizations on NCFMT particles show no
structural damage (Fig. 4f-h) or elemental segregation (Supplemen-
tary Figs.12,13) after 500 cycles. This demonstrates substantial chemi-
cal and structural compatibility among the five first-row 3d TMs in a
high-entropy configuration, which maximizes structural stabilization.

The structural evolution was further examined by ex situ XRD
(Supplementary Fig.14), which was consistent with the STEM analysis.
After 500 cycles, the (00/) diffraction peaks in NCFMS show anintense
broadening similar to the (hk0) peak broadeningin the pristine NCFMS,
indicating multiple detrimental phase transitions (Sn-rich and Sn-poor
regions) accompanying severe stress accumulation. In contrast, the
integral diffraction peaks in NCFMT only show a slight broadening
after prolonged cycling, indicating suppressed structural evolution.

33,34

Strain-induced mechanochemical degradation
mechanisms

The inhomogeneous element distribution in the TMO, layers of the
cycled NCFMS cathode indicates progressive aggregation of not
only Sn but also the other four elements with repeated cycling. This
occurs despite the low cutoffvoltage of 4.0 V,implying that metal-ion
migration happens in an integrated face-centred cubic oxygen lat-
tice without substantial oxygen vacancy formation. This differs from
the conventional understanding that TM migration in layered oxides
is usually accompanied by oxygen ligand release or vacancy forma-
tion®”*®, Here we believe that the localized TMOq discrepancy (distortion
and displacement) in the TMO, layers plays an overwhelming role in
triggering the metal-ion migration in NCFMS, which spontaneously
adjusts TMrearrangement and leads to elemental segregation during
prolonged cycling.

To explore the thermodynamic/kinetic origins of elemental seg-
regation and metal-ion migration, density functional theory (DFT)
and bond-valence (BV) calculations were performed. We first focus
on the ground-state energies of pristine 0O3-NCFMT/NCFMS and
charged P3-NCFMT/NCFMS with either uniformly distributed (Sn/
Ti-unsegregated) or agglomerated (Sn/Ti-segregated) Sn/Ti ions
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Fig. 4 |Structural characterizations of the cycled NCFMS and NCFMT

cathodes. a, Cross-sectional low magnification ADF-STEM image of NCFMS
after 500 cycles. b,c, HAADF-STEM images of cycled NCFMS in a. Substantial
dislocations are identified in the cycled NCFMS cathode. d, EDS mapping of

Distalyc‘e

regioncina. e, Strain state of the element-segregated region obtained by
geometric phase analysis. f, Cross-sectional low magnification ADF-STEM image
of NCFMT after 500 cycles. g,h, HAADF-STEM images of cycled NCFMT inf.

on the basis of DFT calculations. In the calculations for O3-NCFMT/
NCFMS, Sn/Ti-unsegregated structures were created by randomly
and uniformly placing metal ions into TMO, slabs, while for the Sn/
Ti-segregated structures Sn/Tiionsin the same layer cluster together
to form dimers (Supplementary Fig. 15). To model the discharged
P3 structures, the TM distributions arranged in O3 structures were
retained and multiple in-plane Na/vacancy orderings were introduced
in the NaO, slab with approximately 0.56 Na ions removed accord-
ing to the electrochemistry results. The resulting relative energies
in Fig. 5a identify that both O3- and P3-type Sn-containing samples
exhibited an energy reduction when transitioning from a homogene-
ous elemental distribution to Snaggregation. In particular, an energy
change of -19.1 meV per atom was found in P3 structures, suggesting a
strong energetic driving force for formation of Sn-segregated layered
structure in the desodiated state. In addition, we can also infer that
the pristine O3-NCFMS material with uniform elemental distribu-
tion as identified by STEM-EDS was metastable (5.4 meV higher than
Sn-segregated sample), although it could reach the thermodynamic
equilibrium state at the synthesis temperature due to the entropy
stabilization effect (AG = AH - T AS). This reinforces the conclusion
that lattice distortion/strain exists within the ab plane of NCFMS when

it returns to the ambient temperature due to the chemical incompat-
ibility of the Snion with the other four constituent elements. In sharp
contrast, Ti-containing samples with homogeneous element distribu-
tions were the lowest in energy when compared with the Ti-segregated
configurations regardless of O3 or P3 structure (Fig. 5b), guaranteeing
better reversibility of the electrode reaction.

During the charging process, redox-active TMs such as Ni**, Cu*
and Fe*" undergo oxidation reaction; for example, Ni** transforms
to Ni**. This, along with the structure evolution from O3 to P3 phase,
shortens the Ni-O bonding length, suggesting that ligand oxygen
ions are dragged towards active Ni**, thus causing oxygen displace-
ment (Fig. 5¢). In fact, when the Ni*" is mainly second-coordinated by
redox-inactive TM (especially the Sn**), the oxygen displacement will
be suppressed due to the stabilization effect of chemically stiff Sn-O
bonds or SnO,octahedron units, which will resultinundercoordinated
Ni**. Considering the intrinsic lattice strain in the TMO, slabs, it ismore
favourable for Ni** to move to triangular prism sites in the Na layer
through a shared triangle®. The alternative route to the tetrahedral
sites in the TMO, layers is unfavourable due to strong face-sharing
electrostatic interactions. Furthermore, severe lattice microstrain in
excessively extended TMO, slabs of the NCFMS cathode may facilitate
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Fig.5|Snsegregationin the interior of NCFMS single-crystal particles.

a,b, Calculated total energies for 03/P3-Na,,_,Ni,Fe;Mn(Sn,Os, and O3/P3-
Na,,_Ni,Fe;Mn,Ti;Os, with and without elemental segregation from DFT. Insets:
corresponding crystal structures. ¢, lllustration of Sn migration and Sn-Sn dimer

formationin P3-NCFMS. d, Activation energy of Ni, Mn, Fe, Sn and Ti for multiple
configurations, and the pathways connecting Sn and Tiions. The pathways
connecting Ni, Feand Mnions are very similar to those connecting Sn and Tiions,
hence they are not shown.

this process. We note that the empty NiO, octahedron will remain
more spacious due to the loss of Ni-O attraction. Conversely, when
the Sn*'is mainly second-coordinated by redox-active TM, the driving
force of oxygen displacement induced by redox-active TM oxidation
will ultimately dominate and inevitably cause expansion of the SnOg¢
octahedron unit, which consequently destabilizes the original site
andinduces the thermodynamically driven Sn migration. This migra-
tion leads to the contraction of the empty octahedral sites. Upon Na*
intercalation, it is thermodynamically favourable for Sn*" to migrate
to the empty expanded NiO4 octahedral site, leading to formation of
theinterlayer Sn-Sn dimer, whereas Ni** will migrate to the original site
of Sn*" due to asimilarly energetically favourable local environment.
The migration of metal ions along triangular prismsitesinthe Na
layer is believed to be feasible due to the relatively weak electrostatic
repulsion with cations in the TMO, layers. However, thismay lead to a
metastable state because of the size mismatch between metalions and
the spacious prismatic sites within the P3 structure®. This mismatch
provides a rationale for why, where migration has occurred on the
surface of the particles, metalions often preferentially escape and dis-
solveintotheelectrolyte, as evidenced in Supplementary Table 7. This
dissolution phenomenon becomes increasingly thermodynamically
favourable at higher temperatures, consequently accelerating capacity
fade (Fig.2e). Moreover, the formation of localized Sn-Sn dimers and
substantial local environment changes for nearby redox-active TMs
will further aggravate this interchangeable metal-ion migration. Fur-
thermore, we infer that the dynamic migration of nearby redox-inactive
Mn** species is triggered due to the increased localized lattice strain.
As a result, accumulative Sn-rich columns are formed over extended
cycling, inaccordance with the Schelling model (Supplementary Fig. 16
and Supplementary Discussion 2) and previous findings of cation
aggregation in perovskite films*’. In the case of the NCFMT cathode,
metal-ion migrationis suppressed, preventing Ti-rich region formation
and stabilizing the crystal structure. To further reveal the differential
behaviour of metal-ion migrationin NCFMT and NCFMS, we used the
BV method to obtain the possible transportation channels and corre-
sponding activation energies of various metalions. As showninFig. 5d,

the continuous three-dimensional pathways connecting TM ions are
formed between two adjacent TMO, layers by multiple triangular
prism sites in the Na layer. By comparing the activation energies of
multiple metalions, we find that it would cost the minimum energy for
Snions to penetrate the TMO, and NaO, layers, whereas it would cost
the maximumenergy for Tiions to travel throughout the lattice along
these pathways. Therefore, the Sn ions are prone to cluster together
with the lowest energy barrier, leading to Sn enrichment in NCFMS at
desodiated states. The above results demonstrate that the high compat-
ibility of constituent elements (all 3d TM) plays a vital role in securing
better structural reversibility and energy retention for high-entropy
layered oxide cathodes. A spontaneous migration of Ti*' cations from
TMO, layer octahedral sites to Li layer tetrahedral interstices in the
Li,Ru, 5 Tig,50; structure (4d TM dominant matrix)*' can also be well
explained by the compatibility principle.

Mechanochemical compatibility of constituent
elements
Tofurthervalidateourhypothesis,NaNi, ;Mg .Fe, ,Mn,;Tiy;0,(NMFMT),
NaNig;Zn,;Fe, ,Mn,;Tip 0, (NZFMT) and NaNig ;Cu, Feo ,Mng 37,0,
(NCFMZ) cathodes were also examined (Supplementary Figs.17 and 18).
According to the XRD patterns (Supplementary Fig. 17), all materials
had obvious impurity phases besides the O3 structure, such as cubic
MgO (space group Fm-3m, Powder Diffraction File (PDF) 45-946) in
NMFMT, hexagonal ZnO (space group P63mc, PDF 36-1451) in NZFMT
and monoclinicNa,ZrO, (space group A2/a, PDF 35-770) in NCFMZ. This
indicates that Mg?*and Zr** have a poor compatibility with the rest of the
3d TMs owingto differencesin size, mass and valence-electron configu-
ration, leading to elemental aggregation and further phase segregation
early in the synthetic process, which triggers the microstrain release
but reduces configuration entropy. In contrast, a slight ZnO phase
segregationin NZFMT occurs because the zincis four-coordinated by
oxygen in the zincite structure, giving a rising value for the enthalpy
of solution of ZnO into the O3 framework*?, leading to reduced solid
solution. As expected, electrochemical results (Supplementary Fig.19)
show that the NZFMT cathode delivers much better reversible specific
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Fig. 6 | Full-cell performance of NCFMT//HC in different voltage ranges.
a, Charge-discharge profileat 0.1C,0.2 C,0.5C,1C,2 Cand 4 Cwithina voltage
range of 0.5-4.0 V.b, Cycling performance at a current rate of 1 Cand a cutoff

Cycle number

potential of 4.0 V. ¢, Charge-discharge profileat 0.1C,0.2C,0.5C,1C,2Cand4 C
withina voltage range of 0.5-4.15 V. d, Rate capability at cutoff potentials of 4.0
and 4.15 V. Here, specific capacity is calculated on the basis of cathode active mass.

capacity and capacity retention when compared with the other two
cathodes, second only to NCFMT. Thus, these results confirm that
the high compatibility of the isoperiodic elementinlayered cathodes
might play a crucial role in the structural stability during extended
cycling, which can be further applied in various cathode materials.
Furthermore, Supplementary Figs. 20 and 21 show that the prepared
quaternary all-3d TM oxide cathodes, which can be categorized as
medium-entropy oxides with slight lattice strain, delivered inferior
capacity retention. This highlights the feasibility and necessity of the
entropy-dominated phase stabilization effect for enhancing the energy
storage performance of layered cathodes.

We further fabricated a full cell based on an NCFMT cathode and
hard carbon (HC) anode, as shownin Fig. 6a, which delivered an energy
density of 269 Wh kg™ (on the basis of the total mass of active materi-
als) at 0.1 C with Coulombic efficiency of 86%, slightly higher than in
our recent report*’. The full cells achieved an impressive long-term
cycling stability during the1 C-1 Ccharge-discharge process (Fig. 6b),
retaining 80% of their initial specific capacity after 682 cycles with
high Coulombicefficiency and aremarkable average energy efficiency
of -91%. To the best of our knowledge, this stability performance is
among the best coin full cells based on O3 layered structure (Sup-
plementary Table 8). In addition, full cells charged to higher cutoff
voltages (4.15 V) at different rates (Fig. 6¢,d, half-cell performance is
showninSupplementary Fig.22) were also characterized to assess the
potential for increasing the system’s energy density, despite showing
aslightly faster capacity decay after a rate test when compared with
those cycled within 4.0 V, which can be further improved through
electrolyte optimization*.

Conclusion

In this work, we reveal the critical role of high compatibility among
constituent elements in securing better structural reversibility and
energy retentionin high-entropy layered cathodes. By comparing two
analogous materials with distinct lattice microstrains, we demonstrate
thatthe notable microstrain observedinthe NCFMS cathodes, primarily
localized in the ab plane, is a result of metal-ion displacement caused
by differencesinatomic size, mass and valence-electron configuration
between Sn*"and other 3d TMions. Our findings reveal a strain-induced
mechanochemical degradation mechanism in the NCFMS cathode,
wherelocal planarstrain along with lattice straininduced by active TM

redox reactions promotes metal-ion migration, leading to Sn segrega-
tion in the bulk and metal-ion dissolution at the surface, ultimately
deactivating cathode particles. In contrast, NCFMT exhibits notably
improved electrochemical performance when compared with NCFMS
and other medium-/high-entropy layered cathodes. Its high energy
density and good cycling stability are attributed to the high mechano-
chemical compatibility of its constituent elements in the TMO, slabs.
Our study underscores the significance of careful elemental selection
increating high-performance high-entropy cathode materials. These
new insights opena promising avenue for the rational optimization of
high-entropy oxide cathode compositions and provide robust design
guidelines for developing long-life layered oxide cathodes for com-
mercial applications in NIBs.

Methods

Synthesis

All of the target cathode materials were synthesized by a routine
solid-state reaction method. The theoretical stoichiometric ratio of
Na,CO; (Alfa, 99.5%), NiO (Aladdin, 99.9%), CuO (Aladdin, 99.9%), MgO
(Aladdin, 99.5%), ZnO (Aladdin, 99.5%), Fe,0; (Aladdin, 99.9%), MnO,
(Aladdin, 98%), TiO, (Aladdin, 99.5%), ZrO, (Aladdin, 98%) and SnO,
(Aladdin, 98%) was mixed carefully inan agate mortar. 2% more Na,CO,
was added to compensate for possible loss in the high-temperature
calcination process. Subsequently all of the mixtures were sintered at
900 °Cfor15 hinamuffle furnace. Finally, the cathode materials were
cooled to 120 °Cslowly in the furnace and transferred to an glovebox
without exposure to air.

Electrochemical characterization

Cathode films were fabricated by mixing 80 wt% active compound,
10 wt% carbon nanotubes and 10 wt% polytetrafluoroethylene inside
aglovebox. The mixtures were rolled to form self-standing films; the
loading mass of the active material was 8-10 mg cm. The anode was
fabricated by spreading a slurry of HC (HiNa) material, acetylene
black and sodium alginate binder (in a weight ratio of 92:4:4) on Al
foil for full cells; the loading mass of anode active materials was kept at
-4 mg cm™ The fabricated electrode films were dried at 120 °C under
vacuum overnight. Finally, they were assembled into CR2032-type
coin cells in an argon-filled glovebox (H,0 and O, of <0.1 ppm). Note
that a carbon-coated Al foil was placed between the cathode film and
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stainless-steel spacer to achieve better electronic conductance. Glass
fibre (Whatman GF/A) served as the separator and Na metal or HC
was utilized as counter- or reference electrode. 1 M NaClO, in pro-
pylene carbonate-ethylene carbonate-dimethyl carbonate (PC/EC/
DMC = 1:1:1by volume) with fluoroethylene carbonate (2% by volume)
was employed as the electrolyte. In full cells, the weight ratio of the
two electrodes was balanced with reference to the charge capacity of
the cathode and the discharge capacity of the anode during the first
cycle in half cells (a margin of error of less than 2%). Galvanostatic
charge-discharge tests of the half cells were conducted on Landt bat-
tery test systems (CT2001A) or Neware battery test systems (CT-4008T)
in voltage ranges of 2.0-4.0/4.1/4.15/4.2/4.3/4.5 V at room tempera-
ture (25°C) or 45 °C. The full cells were tested in the voltage range of
0.5-4.0 Vor 0.5-4.15 V. The galvanostatic intermittent titration tech-
nique was conducted by applying atitration step at 0.1 Cof 20 minand
arelaxationstep of 3 h.

Calculation of Na* diffusion coefficients through galvanostatic
intermittent titration technique results. As the Na* diffusion/trans-
portation in the electrode materials fits Fick’s second law, the appar-
ent Na* diffusion/transportation coefficients (Dy,.) in the one-phase
regions can be evaluated using

4 (mgVy\'(AEs )
Na® = nr( MgS ) (AE,) (7 < L%/D) @

where myisthe mass of the cathode active material, V, represents the
molar volume of the material, M; is the molecular weight of the mate-
rial, Sis the surface area between electrolyte and electrode, AE; is the
difference of the steady-state voltage of the cell during the restand AE,
is the transient voltage difference of the cell during applied current
within time 7. 7is the time duration for which the current is applied,
and L is the diffusion distance of Na* from lattice to liquid electrolyte.

Material characterization

Thestructural features of the as-prepared compounds were firstinves-
tigated by XRD measurement (Bruker-AXS D8 Advance instrument
with Cu Ka X-ray source). The XRD data were fitted and then refined
using FullProf suite software. The elemental compositions of the cath-
ode materials were verified by inductively coupled plasma-atomic
emission spectroscopy (Shimadzu, ICPS-8100). For metal-ion dis-
solution measurements, the cells were disassembled in a glovebox,
and the separators were extracted and soaked in2 mlof2 MHClaque-
ous solution. After ultrasound treatment for half an hour, solutions
were further diluted with deionized water to a final volume of 10 ml.
Finally, the supernatant was used for the inductively coupled plasma-
atomic emission spectroscopy test. Scanning electron microscopy
measurements were conducted using a Hitachi S-4800 (10-15 kV).
Atomic-resolution HAADF-STEM images and EDS mappings were col-
lected on aJEM-ARM200F NEOARM microscope equipped withaJEOL's
EDS detector at an acceleration voltage of 200 kV. To investigate the
bulk structure of the cathode materials, cross-sectional samples were
fabricated through afocused ion beam-scanning electron microscopy
dual-beam system. A homemade Swagelok cell for in situ XRD measure-
ments was assembled with carbon-coated Al foil as the current collector
and X-ray window. X-ray absorption spectroscopy was conducted on
the IW1B beamline of Beijing Synchrotron Radiation Facility. The X-ray
energy for each edge was calibrated by using the corresponding metal
foils. The X-ray absorption spectra were normalized and the back-
ground removed with the program IFEFFIT. The charged/discharged
samples were prepared electrochemically.

Williamson-Hall analysis
Itisknown that the broadening of the diffraction peaksin the sample’s
XRD pattern canbe ascribed to crystallite size and microstrain, which

vary differently as a function of Bragg angle (6) and can be calculated
using the following equation:

e = ———— 2

Bsize LcosO )
sin 6

ﬁstrain =4e cos@ 3)

where B;,. and B, are crystallite size and strain broadening, respec-
tively, Kis a constant depending on crystallite shape (here defined as
0.9), Aisthe wavelength of the X-ray source, L represents the crystallite
size and eis the lattice microstrain. The instrumental broadening can
be corrected by the standard sample of single-crystal silicon using the
following equation:

2 _ 2 2
total — ﬁinstrument + ﬁsamp]e (4)

where B, is the measured full-width at half-maximum of each peak,
Binstrument S the instrumental broadening (here 0.05727°) and B,pc iS
the real sample full-width at half-maximum.

The Williamson-Hall method assumes that S, isasimple sum
of B, and B..in, Using the following equation:

KA +4e sin@
Lcosf cosf’

ﬁsample = ﬁsize + ﬂstrain = %)

Multiplying throughout by cos 8 gives

Bsample €OS 0 = KTA + 4¢esin6. 6)

Therefore, € can be extracted from the slope value of the plot of
Bsample €Os 6 versus 4 sin 6. The XRD patterns were fitted to a Lorentz-
ian distribution function. The calculation details of e are presented in
Supplementary Tables2and 3.

First-principles calculations

Inthis work, we carried out DFT calculations using the Vienna Ab initio
Simulation Package***¢ with the Perdew-Burke-Ernzerhof* general-
ized gradient approximation*®, Hubbard U potential correction was
used to take into account the electronic correlation effects of TM 3d
electronsin Ni (5.2 eV), Fe (4.9 eV), Mn (5.0 eV)* and Ti (4.2 eV)*’ ions.
Inthe DFT calculations, the energy cutoff of 500 eV was employed, and
ions were fully relaxed in the optimization process under the energy
and force convergence criteriaof 10 eVand 0.02 eV A, respectively.
The quasiempirical BV method***was performed to obtain the possible
ionictransportation channels and migration energy barriers of TMions.

For conveniencein the theoretical simulation, two model systems,
03-Nay,Ni,Fe;MnSn,O;, (representing NCFMS) and 03-Na,,Ni;,Fe;Mn-
«Ti,Os, (representing NCFMT), were used to examine the energetics
when TMions are uniformly distributed or agglomerated (mainly Ti/
Sn segregated). We note that the absence of Cu has little impact on
the overall energy of these oxides except for configurational entropy,
due to the similar structural and electronic features of Cu and Ni
ions. Meanwhile, the charged materials P3-Na;,Ni;,Fe;Mn,Sn,0;, and
P3-Na,,Ni;,Fe;MnTi;Os, with seven different in-plane Na ordering/
disordering configurations were modelled.

To calculate the energy change between the model structures with
homogeneous elemental distribution or elemental aggregation, the
O3 structure with the lowest ground-state energy was used as energy
reference (E,), here 03-Na,,Ni,Fe;Mn,Sn,Os, with elemental aggre-
gation and O3-Na,,Ni,,Fe;Mn,Ti O, with homogeneous elemental
distribution, and the relative formation energies of other models were
calculatedas E-E .
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Data availability
The datasupporting the findings of this study are available within the
article and its Supplementary Information files.
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