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Transition-metal (TM) layered oxides have emerged as the primary cathode
choice for sodium-ion batteries (SIBs) due to their high energy density and
sustainable chemistry using non-critical elements. However, their anisotropic
lattice strain and stress accumulation during (de)sodiation lead to severe
structural degradation, yet an intrinsic strain-depressant approach remains
elusive. Herein, we propose entropy regulation with zero Li/Co usage to
mitigate harmful lattice displacements and enhance the electrochemical per-
formance of sodium layered cathodes. Our findings demonstrate that high
entropy design effectively inhibits TMO¢ octahedra distortions upon cycling,
as evidenced by hard X-ray absorption spectroscopy, greatly reducing near-
surface structural deconstruction and interface side reactions. Furthermore,
multicationic interactions driven by configurational entropy thermo-
dynamically mitigate the formation of oxygen defects and strengthen ligand-
to-metal coordination. The complementarity inherent in charge compensation
within complex systems is unveiled and the restrained lattice parameters
deviations without interior volume residuals are successfully achieved. As a
result, the multicationic cathode exhibits improved cycling stability and Na*
diffusion kinetics in both half and full cells. The cathode chemistries outlined
here broaden the prospects for lattice engineering to alleviate bulk fatigue and
open up the possibility to develop an economically viable layered oxides with
long durability.

Sodium layered oxide cathodes, primarily categorized into P2 and O3
type structural configurations, have been extensively investigated as
cathode materials for sodium-ion batteries (SIBs), the most promising
and sustainable alternative to lithium-ion batteries. O3-type layered
cathodes, referred as Na,TMO, (generally with x>0.8), enable a sub-
stantial Na-ion (Na*) storage within their lattice structure, resulting in a
high initial capacity and energy density. However, as conventional
intercalation layered oxides, they are inevitably subject to lattice strain

and stress during the removal and insertion of Na* in and out of the
host framework’. This strain primarily stems from the variation in the
ionic radius of redox transition metals (TM) and the Coulomb repul-
sion of oxygen. The former causes a contraction of the transition
metal-oxygen octahedron (TMOg) and a reduction in the lattice para-
meter a(b), while the latter alters electrostatic interactions (0-O and O-
Na-0), leading to significant changes of c-spacing of the lattice, parti-
cularly in the high-voltage region where the c-spacing is rapidly
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collapsed. These anisotropic lattice displacements collectively build
up lattice strain, followed by irreversible phase transitions and
mechanical degradation in form of microcracks. Despite concerted
efforts devoted to mitigating structural degradations, a direct
approach to alleviate the continuous accumulation of lattice strain
remains elusive.

To address aforementioned issues, the paradigm of configurational
entropy regulation emerges as a noteworthy strategy, which reduces the
reliance on critical elements and enhances the electrochemical perfor-
mance of layered cathodes of SIBs. The entropy infusion could increase
the solid solubility of the heterogeneous metals within the structure,
mitigating the charge ordering and complex structure evolution of
layered cathodes’. Specifically, contrasting with conventional binary/
ternary oxides, which commonly suffer from complex phase transitions
and poor capacity retention, the high-entropy O3-type layered oxide
cathodes exhibit smooth structure evolutions with smaller lattice
parameter changes, which fortify structure stability and suppress irre-
versible defects of layered cathodes’. However, the current high entropy
designs often incorporate costly elements like Li or Co, such as
Nag gLio1Nio.4Fe0.2Mng 44Tio.04ME0.0201.9F0.1 and
NaNi0.]2CUO.legoluFteScoO.lsMno.lTiO.lsnoblst.(MOz, due to their abil-
ity to stabilize adjacent oxygen layers and enhance electronic
conductivity*”. Consequently, there is a growing consensus to reduce or
eliminate the use of Li and Co in cathode materials without compro-
mising performance®®. Nevertheless, this endeavor faces formidable
challenges due to a lack of understanding of the interaction between
each element’s contribution to capacity and degradation during cycling.

In this work, we conduct a comparative analysis of zero-Li/Co O3-
type layered oxides, highlighting the pivotal role of configuration
entropy in enhancing cycling stability and mitigating anisotropic lat-
tice displacements. A high configuration entropy leads to disorderly
distributed TMO¢ octahedra within TMO, slabs, fostering multi-
cationic interactions that alleviate lattice strain and prevent structural
degradation. We observe a smooth 03-P3-03’-03 phase transition with
reduced volume variations and excellent reversibility. Additionally, the
highly stable local coordination environment of TM-O octahedra with
mitigated oxygen release is confirmed by both experimental and
computational characterizations. As a result, the multicationic zero-Li/
Co high entropy cathode exhibits a great cycling stability of 94.8%
capacity retention after 100 cycles at 1C (120mAg™) and 83.5%
capacity retention after 500 cycles at 5 C (600 mA g™) within the vol-
tage range of 2.0 -4.15V. It also achieves the improved rate perfor-
mance of 124.2 and 84.3mAhg'at0.1C (12mAg") and10C (1.2A g™,
respectively. Prototype sodium-ion full cells deliver a specific capacity
of ~111.7 mAh g™ at 0.5 C (60 mA g™), with a high capacity retention of
84.9% after 300 cycles, manifesting the bright prospects for practical
applications. The strategic implementation of multicationic interac-
tions broadens the perspectives for achieving a highly stable crystal
structure and demonstrates the potential for the development of
economically feasible layered oxides cathode without compromising
the electrochemical prowess.

Results

Strain-depressant cathode structural properties

A group of layered oxide cathodes was fabricated through a simple and
scalable high-temperature solid-state reaction. The configuration
entropy was regulated by substituting trivalent Fe** in
NaNig 35sMng3sFep 30, with divalent Cu?* and tetravalent Ti**/Sn** to
form zero-Li/Co NaNig 35Mng35CusFeq 3.4 Ti, SN, 05 (x=0, 0.03, 0.04,
0.05, 0.06, and 0.07, denoted as NFM, CFTS3, CFTS4, CFTSS, CFTS6,
and CFTS7, respectively) layered oxides, in which Cu?* is attempted to
compensate for the loss of capacity resulted from the dilution of Fe*
content, and Ti*"/Sn*" is applied to stabilize the structural integrity
associated with the high bonding energy of Ti-O and Sn-O. The
synthesis process is detailed in the Method section. The chemical

compositions were determined by an inductively coupled plasma
optical emission spectrometer (ICP-OES). Supplementary Table 1
shows the compositions of the as-prepared samples align with the
targeted composition. Thus, theoretical configurational entropy (Scony)
values of the systems with the expected composition and elemental
valence are calculated to be 1.10, 1.42, 1.47, 1.49, 1.50, and 1.46 R per
unit cell for the NFM, CFTS3, CFTS4, CFTSS, CFTS6, and CFTS7 cath-
odes based on the definition of Sc,,/". The detailed calculation process
is described in Methods. Among these compositions, CFTS5 and
CFTS6 cathodes exhibit the highest entropy values. Furthermore, DFT
calculations confirm that the formation energy of alio-/iso-valent
cations located in the TM layer is consistently lower than that in the Na
layer, suggesting that Cu, Ti, and Sn atoms are preferentially doped
into TM layers (Fig. 1c and Supplementary Fig. 1). The generation of
oxygen defects disrupts the inherent symmetry of the crystalline
structure. A higher formation energy of oxygen vacancies in CFTS5
indicates that oxygen is difficult to escape from the crystal lattice,
concurrently mitigating the perturbations in lattice stresses (Fig. 1d).
After entropy modulation, the band center of O 2p orbitals is moved to
the depth energy level compared with their counterparts (Fig. le),
revealing the strengthened TM-O bonding interactions and stabilized
crystal structures. For diffusion dynamics, more Na* migration path-
ways are discerned in CFTS5 when viewed parallel to the ab-plane,
compared to NFM (Fig. 1f). This enhancement is further substantiated
by the reduced Na" migration energy (Fig. 1g), where CFTSS has a lower
Na" migration energy barrier of 1.59 eV in contrast to NFM (1.99 eV). In-
depth charge density analysis (Fig. 1h and Supplementary Fig. 2a)
reveals that the electrons around oxygen are overall more biased
towards the interior of TMO; slabs in CFTSS5, primarily induced by the
presence of Ti and Sn, which reduces electrostatic attraction between
the negatively oxygen and the positively sodium, ultimately creating a
more conducive environment for Na* transport. Moreover, Fig. li
shows the band gap of NFM is about 1.09 eV, higher than that of CFTS5
(0.71eV) after Cu, Ti, and Sn co-substitution, implying that it is harder
for electrons to be excited from the valence band to the conduction
band in NFM, leading to lower intrinsic carrier concentration and
conductivity. The pDOS results of different atomic orbits and actual
colors of as-obtained layered oxide powders (Supplementary
Fig. 2b, c) also provide additional support for this claim.

The structure of as-prepared samples is measured by XRD (Fig. 1b
and Supplementary Fig. 3), confirming that all six cathodes show an
0O3-type a-NaFeO, structure with rhombohedral R-3 m space group.
Rietveld refinement (Supplementary Tables 2-7) shows that Cu*", Ti*,
and Sn* cations are successfully introduced into the TM layers,
occupying the octahedral 3b Wyckoff sites. Notably, the co-
substitution of Cu, Ti, and Sn atoms results in an initial expansion of
c-lattice parameter followed by a contraction because of the alteration
in the electrostatic interactions with adjacent oxygen layers, induced
by the diversity in ionic sizes and electronic properties (Supplemen-
tary Fig. 4a). More specifically, the interlayer distance of d(o.na-0) iS
calculated as 3.23, 3.23, 3.25, 3.28, 3.29, and 3.26 A for NFM, CFTS3,
CFTS4, CFTS5, CFTS6, and CFTS7, respectively. The large O-Na-O
interlayer distance of CFTS5 and CFTS6 with high entropy values
typically provides favorable diffusion pathways for Na-ions transport.
Moreover, the Cu, Ti, and Sn co-substituted samples exhibit irregular
plate-shaped particles with a lateral size of 5-10 um. In contrast, the
control NFM displays smaller particles with a diameter of 1-3 pm and a
smoother surface. This suggests that the introduction of Cu, Ti, and Sn
promotes the growth of single-crystal particles during the calcination
process (Fig. 2a and Supplementary Figs. 5-9). High-resolution trans-
mission electron microscope (HRTEM) was employed to examine the
structure of CFTS5 (Fig. 2b and Supplementary Figs. 10). The inter-
planar distance between adjacent lattice fringes in the HRTEM image is
5.26 A, in good agreement with the d-spacing value of the (003) plane
calculated through the Bragg formula, which, together with the
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selected area electron diffraction (SAED) images, provides convincing
evidence for the layered structure of CFTSS. The energy-dispersive
spectroscopy (EDS) mappings show that all elements are uniformly
distributed with the slight clustering near the surface (Fig. 2c and
Supplementary Figs. 5-9). The time-of-flight secondary ion mass
spectrometry (TOF-SIMS) measurement with depth profiles (Fig. 2d
and Supplementary Fig. 4b) clearly reveal that the Ni signal is con-
verged in the outer layers and relatively low in the inner layers, and
other metal signals are predominantly distributed in the inner layers,
with uniform O signal distribution from the top surface to bulk.
Moreover, the impact of Cu, Ti, and Sn co-substitution on the valence
states of TM cations (Ni, Fe, and Mn) was appraised through XAS and
X-ray Photoelectron Spectroscopy (XPS) spectra. Initially, the intro-
duced Cu, Ti, and Sn ions exhibit valence states of +2, +4, and +4,
respectively, as examined from the XAS and XPS results (Fig. 2e~h and
Supplementary Figs. 11a, b). For CFTSS5, a slight shift to low energy is
induced in the valence states of Ni**, Fe*", and Mn*" with the presence
of Cu®, Ti*, and Sn*. Overall, these results provide evidence that

multicationic zero-Li/Co layered oxide cathodes with six transition-
metal cations disordered distribution in TMO, slabs have been suc-
cessfully prepared (Fig. 1a).

Enhanced electrochemical performances with multicationic
interactions

The initial galvanostatic charge/discharge (GCD) profiles at 0.1C
(12mAg™) in the voltage range of 2.0-4.15V (Supplementary Fig. 12)
show that the specific discharge capacity is recorded as 160.9, 131.1,
131.4, 122.2, 116.9, and 119.2 mAh g™ for NFM, CFTS3, CFTS4, CFTSS,
CFTS6, and CFTS7 with the initial Coulombic efficiency (CE) of 90.7%,
87.8%, 93.9%, 96.8%, 96.7%, and 95.9%, respectively. The difference is
that NFM exhibits a short voltage plateau above 4.1V. The dramatic
volumetric strain may be elicited at the high-voltage plateaus, mainly
caused by the in-plane TMOq distorted and increased repulsion
between adjacent TMO, slabs upon Na* deep extraction, which is
detrimental for the structural stability during long-term cycling.
However, the plateau is absent after Cu, Ti, and Sn substitution. To
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further estimate the percentage of O- and P-type phases, the discharge
curves of the remaining five compositions were compared and ana-
lyzed (Supplementary Fig. 13). The slope in the discharge curve is
recognized as the characteristics of the P-type phase and the plateau
represents the O-type phase’. From the discharge profiles, the main
capacities disparity of all cathodes lies with capacity contribution of
the O-type phase. Furthermore, it is noted that even in the case of the
same cation co-substitution, the configurational entropy alteration has
an impact on the stability of electrochemical properties (Fig. 3a and
Supplementary Fig. 14a). Specifically, a cycling durability of only 65.7%
capacity retention at 1C (120 mA g™) after 100 cycles is achieved for
NFM cathodes, albeit with the highest initial capacity of 131.5mAh g™
The cycling reliability in CFTS3 cathodes is effectively improved to
80.0% after 100 cycles through the incorporation of Cu, Ti, and Sn
cations, while the initial capacity is decreased abruptly to 96.9 mAh g™.
When further adjusting the cation fraction to alter the configurational
entropy, capacity retention of 94.8% and 95.8% after 100 cycles is
exhibited by CFTS5 and CFTS6 cathodes, compared to 87.5% and
94.2% for CFTS4 and CFTS7 cathodes, respectively, revealing the
structural integrity is improved with the entropy increase. The energy
density of all species was converted (Fig. 3c), indicating that CFTS5

cathodes have the highest energy density after about 20 cycles.
Compared to CFTSS5, the slightly reduced capacity and energy density
of CFTS6 with the maximum entropy are likely related to the sub-
stitution of more reactive cations (Fe**) with inactive cations (Ti** and
Sn*"). Therefore, CFTS5 cathodes with the sub-highest entropy were
chosen as the focal point of our experimental investigations. It is
involved with a trade-off of sacrificing tiny cyclic stability in exchange
for achieving higher capacity and energy density. Long-term cycles at
high current densities were also carried out to validate the heightened
structural durability of CFTSS5 cathodes with multicationic interac-
tions. The comparative cycling behavior of all zero-Li/Co layered oxide
cathodes was examined after an initial activation of 3 cycles at 0.1C
(12mAg?). After 200 cycles at 2C (240mAg™), CFTS5 samples
maintain a high capacity throughout the entire cycle life (Supple-
mentary Fig. 14b). Even after 500 cycles at 5 C (600 mA g™), a capacity
of 83.5% is still retained in CFTSS cathodes (Fig. 3b). The notable high
capacity retention can be traced to the multicationic effect, which is
derived from the disordered deployment of transition metals on the
same lattice sites, yileding more activated sites, less local strain accu-
mulation, and hence improved intraparticle stability'. In contrast, the
relatively inferior cycling stability of NFM, despite its high initial
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discharge capacity, is attributable to the structural destabilization after
Na* extraction and volumetric strain-induced intergranular micro-
cracks upon cycling.

To comprehend the (de)intercalation behavior of Na* and the
polarization degree of redox pairs, the cyclic voltammetry (CV) curves
for the initial cycle were recorded at a sweep rate of 0.1mVs™. The
primary oxidation/reduction peaks, located at -3.17/2.83V, can be
attributed to redox couples of Ni?*/Ni** within CFTS5 cathodes. No
other redox peak is visible, well consistent with the observations in
many O3-type phase layered oxides (Supplementary Fig. 15a)". Yet, an
extra pair of redox peaks is exhibited in NFM cathodes, occurring at
around 4.15/3.85V, corresponding to the oxygen redox reaction. This
result suggests that the onset of oxygen redox at high voltages is
effectively delayed through multicationic interactions, thereby miti-
gating structural distortions to some extent due to the oxygen loss’.
Additionally, the minimal polarization potential (0.34 V) between the
Ni?*/Ni** redox pairs in CFTS5 stands as the lowest energy barrier for
reaction and the swiftest Na* migration among all the zero-Li/Co

layered oxides (Supplementary Fig. 15b). It is noteworthy to mention
that the electron delocalization around reactive TM elements can be
increased by Ti*, owing to the substantial disparity in Fermi levels
between Ti*' and the reactive cations, begetting the elevation in
valence states; parallelly, Sn*" with filled d'° configuration, which
abstains from participating in the orbital hybridization within the
TMO, layer, thereby enhancing the electron density around oxygen
and bringing the heightened potentials during the reactive TM redox
reaction'*"*. However, this underlying principle is not reflected with the
escalation of Ti** and Sn** content in the intricate multicationic system
relying on the redox peak and average discharge voltage of NFM,
CFTS3, CFTS4, CFTSS5, CFTS6, and CFTS7 (Supplementary Fig. 15¢, d),
which reinforces the notion that the “cocktail effect” of high-entropy
materials imparts upon them singular and distinctive electrochemical
properties. The rate performance was then evaluated by comparing
the discharge capacities at current rates ranging from 0.1C (1I2mAg™)
to 10 C (1.2 A g™ (Fig. 3d). NFM cathodes show a rapid capacity decay
during the cycling at 0.1C (12mAg™), which is further exacerbated
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with the increased current rates. Conversely, the rate capability is
greatly improved in other zero-Li/Co layered oxides, owing to the
synergistic effects of Cu, Ti, and Sn. Particularly, CFTS5 and CFTS6
cathodes with a high configurational entropy deliver the enhanced rate
capability at 10 C (1.2 A g), respectively equal to 67.9% and 64.6% of its
reversible capacity at 0.1C (1.2 A g™"), compared to NFM (39.7%), CFTS3
(20.1%), CFTS4 (44.6%), and CFTS7 (62.8%). The reversible specific
capacities of CFTS5 are 124.2, 121.8, 118.2, 114.5, 109.3, 98.0, and
84.3mAhg™ at current rates of 0.1 (I2mAg™), 0.2 24mAg?), 0.5
(60mAg?), 1.0 1I20mAg™), 2.0 240mAg™), 5.0 (600mAg™), and
10 C (1.2A g™, respectively. Moreover, the discharge capacity can be
restored back to 122.3 mAh g™ when the current rate decreases to 0.1 C
(12mAg™), exhibiting excellent capacity recoverability (Supplemen-
tary Fig. 16). The galvanostatic intermittent titration technique (GITT)
during the second cycle was performed at a rate of 0.1C (1I2mAg™)
(Supplementary Fig. 17a-e). Upon scrutinizing the GITT voltage
response profiles within the voltage range of 2.0-4.15V, the curve of
multicationic CFTSS5 displays a low overpotential, which is a definitive
hallmark of solid-solution behavior. This behavior is responsible for
the faster kinetics in comparison to NFM, CFTS3, and CFTS4, agreeing
well with the in situ XRD results discussed later. The Na*" diffusion
coefficient (Dna+), calculated according to the detailed parameters in
Methods and Supplementary Table 8, indicates an increased Na-ion
mobility in CFTSS5, with diffusion coefficients ranging from 9 x10™ to
8x107° cm’s™!, whereas NFM shows diffusion coefficients in the range
of 4 x10™ to 5 x 107 throughout the charge/discharge process (Fig. 3e
and Supplementary Fig. 17f). Furthermore, the CV curve fits and
internal/interface impedance results also illustrate the swift Na* dif-
fusion kinetics of CFTS5, in good agreement with the GITT results
(Fig. 3e and Supplementary Figs. 18, 19). Therefore, the targeted
modulation of localized electrons and the improved band structure
serve to respectively broaden the pathways for Na* transport within
alkali metal layers and accelerate electron transfer, together enhancing
the rate performance.

To demonstrate the practical utility value of multicationic CFTS5
for SIBs, it is essential to perform comprehensive evaluations of full-
cell devices (inset in Fig. 3g). It should be noted that, to offset the full-
cell capacity loss due to large Na* consumption for the formation of a
solid—electrolyte interface (SEI) film on the anode surface, a pre-
sodiation strategy was implemented on the HC electrode prior to
assembling the full cell (Supplementary Fig. 20). The same trend of
CFTSS5 cathodes is exhibited in the typical GCD profiles of HC||CFTS5
at 0.1C (12 mA g™), with the exception of an overall downward shift in
the curve owing to the relatively high potential of HC anode versus Na
metals (Fig. 3f). Moreover, a discharge capacity of 118.0 mAhg™
(based on the cathode mass) is attained within the voltage range of
1.7-4.05V by the full cell, with an initial CE of 95.6%, equating to a
specific energy of 258.8 Whkg™ (based on the cathode and anode
mass). A specific capacity of about 111.7 mAh gt at 0.5C (60 mA g?) is
delivered by the HC||CFTS5 full cell, maintaining a high capacity
retention of 84.9%, even after 300 cycles (Fig. 3g). The rate perfor-
mances of the full cell, tested from 0.1C 12mAg?) to 10C (1.2Ag™)
(Fig. 3h), illustrate the delivered discharge capacity remains
65.9 mAh g™ at a high rate of 10 C (1.2Ag™), corresponding to about
56.2% of its reversible capacity at 0.1C (12mAg™). The inset displays
the discharge curves at various rates, unequivocally confirming its
excellent high-rate capability. These full-cell configurations are suffi-
cient to affirm that multicationic CFTS5 cathodes hold promise for
future industrial applications.

Local coordination stability

The diminution of the local TM-O bond lengths during the desodiation
processes, coupled with the decrease of Na content within the lattice
structure, results in the built-up of lattice strain, which serves as a
trigger for the phase transition’. In this regard, in situ XRD of the first

two cycles was conducted (Fig. 4a, b and Supplementary Fig. 21). For
the multicationic CFTSS, upon the initial Na* extraction, the (003) and
(006) peaks were shifted towards lower angles, while conversely, the
(101), (012) and (104) peaks undergo a precise reversal, which is indi-
cative of the expansion along the c-axis coupled with the contraction
along the a-axis. As further Na“ is released, a 03-P3 biphasic reaction
occurs, followed by a solid-solution reaction of P3 phase up to the
charging potential of 4.15 V. A lower 03-P3 structural transition voltage
in CFTS5 (3.05 V) compared to NFM (3.14 V) results in a longer P-phase
region for CFTS5, which contributes to the improvement of Na*
transport. Upon the Na' reinsertion till around 2.8V, the P3-type is
retained. Then it is turned into a nascent O3’ phase, sharing the same
rhombohedral structure akin to the pristine O3 structure. With further
Na' reinsertion, the crystal structure is recovered back to the pristine
03-type phase, corroborated by the ex-situ XRD pattern observed after
one cycle (Supplementary Fig. 22a, b). In the following second cycle,
multicationic CFTSS once again undergoes an 03-P3-03’-O3 evolution,
consistent with the first cycle, demonstrating the reversibility of
structural transition. However, for NFM, a clear decrease in the inten-
sity of the (003) and (104) peaks upon charging to 4.15 V, indicating the
existence of a newly emerged OP2 phase, analogous to the structural
transition in NaNig 4Feo,Mng,0, (Supplementary Fig. 22¢)”. Upon
discharge to 2.0V, a rapid decline in the intensity of the (003) peak of
03 phase suggests a disruption in the long-range structural ordering,
leading to the diminished structural reversibility (Supplementary
Fig. 22d). The phase transitions of CFTS3, CFTS4, CFTS6, and CFTS7, as
reflected by in situ XRD measurements, are similar to those of CFTSS5.
(Supplementary Figs. 23-26). However, CFTS5 and CFTS6 cathodes,
with the sub-highest and highest entropy values, respectively, are
shown to exhibit the sub-smallest and smallest angle shifts of the (003)
peak among all layered species, further highlighting the positive effect
of entropy in mitigating volume variations. Furthermore, the lattice
parameters (a and c) of NFM and CFTSS cathodes at different charge/
discharge states were further extracted from the in situ XRD patterns
(Fig. 4c, d). Note that, for multicationic CFTS5, the maximum deviation
of a-spacing and c-spacing during the initial cycle is only 3.0% and 5.5%,
respectively, which is lower than that of NFM (3.6% and 6.3%). And
upon discharge to 2.0 V, NFM still retains a 2.1% and 1.3% deviation in
the a-spacing and c-spacing, respectively, while there is almost zero for
CFTSS5. The excellent structural reversibility and minor lattice para-
meter change of CFTS5 are beneficial from the multicationic interac-
tion effect, which would further decrease the stress accumulation,
resulting in suppressing the volume variations and reducing the in-
plane disturbances, accounting for the high stability during long-term
cycling.

Ex situ XAS spectra were systematically performed at various
stages to unravel the alterations in valence states of TM™ and the
underlying charge compensation mechanism upon Na® (de)inter-
calation process in multicationic CFTSS. The X-ray absorption near-
edge structure (XANES) at the Mn, Ni, and Fe K-edges of CFTSS5 is
depicted in Fig. 4e, g, h, alongside the corresponding Fourier trans-
formed X-ray absorption fine structure (EXAFS) spectra (Fig. 4f, i, j).
In the initial charge up to 4.15 V, a subtle chemical shift of Mn K-edges
is visible during the Na" extraction (Fig. 4e). Nonetheless, few Mn
ions are engaged in the charge compensation process, since the
shape of Mn K-edge spectra is sensitive to the local environment of
Mn center (Fig. 4f), a phenomenon consistent with previous
reports'®. As for the absorption edge of Ni and Fe K-edges is right-
shifted, suggesting the oxidation of Ni** and Fe** to higher valence
states, which is demonstrated by the shortened interatomic dis-
tances within the first TM-O coordination shell. Concurrently, in the
second TM-TM coordination shell, the interatomic distances of Ni
and Fe K-edges were decreased upon charging, aligning with the
contraction of TMO, slabs with reduced parameters (Fig. 4g-j).
However, lower changes of Ni-O coordination distances in CFTS5
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Fig. 4 | Structure and oxygen evolution. Contour plots of in situ XRD patterns and
the corresponding crystal parameters evolution of (a, ¢) NFM, and (b, d) CFTSS
cathodes. Charge compensation mechanism in CFTSS5 cathodes. Ex-situ XANES
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spectra and the corresponding EXAFS spectra at the (e, f) Mn, (g, i) Ni, and (h, j) Fe
K-edges of CFTSS at different charge/discharge states. DEMS data during the initial
cycle of (k) NFM and (I) CFTSS5 cathodes (active mass loading of -10 mgcm™).

(0.30 A) attest to milder structural stresses relative to NFM (0.34 A)
(Fig. 4i and Supplementary Fig. 29¢). Upon discharge to 2.0 V, Ni and
Fe K-edges are nearly fully restored back to that of the pristine. The
Ni and Fe K-edges in NFM follow a similar behavior (Supplementary
Fig. 29). However, when charged to 4.15V, a notable distinction
arises, where Ni in NFM is oxidized to a higher valence state, from
Ni*%* to Ni*#*, in contrast to CFTS5, from Ni*** to Ni*%*, Conversely,

a lesser degree of charge transfer is exhibited in NFM with regard to
Fe, from Fe*'* to Fe****, as opposed to CFTSS from Fe** to Fe3**,
which are quantified utilizing the half-height method according to
the half-edge energy at the Ni and Fe K-edges (Supplementary
Figs. 27-29)". These differences suggest that the continued oxida-
tion of Ni is impeded, and the charge compensation of Fe is facili-
tated through the entropy strategy. The complementarity inherent in
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charge compensation within CFTS5 manifests as an outcome of a
myriad of synergistic effects among various TM cations. It is note-
worthy that the absorption edge of Cu K-edges is also right-shifted
towards higher energy levels, indicating Cu*" also participates in
redox to compensate for some capacity lost by reactive Fe dilution
(Supplementary Fig. 30). Structural degradation is ordinarily asso-
ciated with the intricate dynamics of lattice oxygen'. To further
check the oxygen evolution in response to the applied voltage, dif-
ferential electrochemical mass spectrometry (DEMS) was also
implemented to monitor the initial Na* (de)intercalation process
(Fig. 4k, ). It is worth noting that the lattice oxygen loss of cathode,
assisting in the oxidation of the electrolyte, culminates in the emis-
sion of CO, as a resultant byproduct®**. Evidently, the formation of
CO, is postponed for CFTSS in comparison to NFM, illustrating the
multicationic stabilization effect in the crystal structure effectively
mitigates adverse side reactions and surficial oxygen defects.
Furthermore, to substantiate the multicationic interactions on the
local coordination environments, XAS spectra of CFTS5 and NFM after
100 cycles were captured (Fig. 5a-c). XANES reveals that the Ni and Mn
K-edges of cycled CFTS5 is nearly overlapped with those of the pristine
sample; by contrast, the Ni K-edge in cycled NFM is shifted towards
higher energy and the Mn K-edge in cycled NFM is moved towards
lower energy, suggesting some of the interior volumes and residual
stresses within NFM cannot be fully reduced (Fig. 5a, b). EXAFS shows
negligible shifts and intensity reduction of both TM-O and TM-TM
interatomic peaks in cycled CFTSS, reflecting stable local coordination
environments during long-term cycles. Furthermore, alterations in the
distortions of the Fe coordination structure may lead to the evolution

of pre-edge peak. The enhanced intensity of the pre-edge peak at the
Fe K-edges in cycled NFM shows an increased lattice distortion
(Fig. 5¢), resulting in irreversible migration of Fe ions, while the dis-
tortion in CFTSS5 is diminished, indicative of the alleviation of localized
strains®. To further unveil the local structural stability of multicationic
CFTS5, the contour plots of Ni K-edge wavelet-transformed (WT)
EXAFS spectra were generated (Fig. 5d, e). Two distinct scattering
peaks located at around (6.3A7, 1.6A) and (7.7A7, 2.6 A) can be
assigned to the features of Ni-O and Ni-TM coordination shells,
respectively. In case of the NFM, the Ni-O and Ni-TM features exhibit a
dramatical alteration in shape after long-term cycling, indicating lat-
tice shrinkage and generation of defects. In contrast, a negligible
change in the Ni-O and Ni-TM features is exhibited in the multi-
cationic CFTSS5, confirming multicationic interactions contribute to
the establishment of a highly stable local coordination environment
within the crystal structure, thereby reducing overall anisotropic lat-
tice strain.

Thermal stability and postmortem analysis

Directly, the atomic-scale structure evolution was captured by means
of STEM-HAADF/ABF and the corresponding fast Fourier transform
(FFT) patterns to unravel extraordinary structural stability derived
from multicationic effect (Fig. 6a, b and Supplementary Fig. 31). After
100 cycles, the surface layered structure (region II) in NFM is clearly
disrupted by the severe Na’/TM intermixing rock-salt structure (Fd -
3m) (region 1), epitaxially growing on the particle edges along the
(003) plane, up to ~ 10 nm in length. Additionally, a serious cationic
irreversible migration from TMO; slabs to NaO, slabs is also observed
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geometrical phase analysis (GPA). e Ex-situ DSC profile. Ex-situ XRD patterns of (f)
NFM and (g) CFTSS5 cathodes. h XPS spectra of C 1s. (i) TOF-SIMS 3D images of
cycled electrodes.

in the near-surface region in NFM. Contrastingly, for multicationic
CFTSS, a faint trace of the rock-salt phase, spanning only -3 nm near
the surface, is detected, and cationic irreversible migration is almost
absent. The cross-sectional SEM analysis, along with the correspond-
ing EDS line profiles, is further performed to confirm the stabilizing
effect of entropy on the near-surface structure (Supplementary
Fig. 32). Strain analyzes (Fig. 6¢c, d) of the cycled particles reveal that

CFTSS5 remains minimal defects and strain primarily concentrated on
the surface, but nearly free in bulk; by contrast, NFM shows the for-
mation of extensive dislocations extending from the interior outward.
Furthermore, several microcracks, derived from strong stress cumu-
lations, are observed in NFM particles, whereas no cracks for CFTS5
particles, maintaining a robust single-crystal morphology as shown by
SEM images (Supplementary Fig. 33). These apparent differences in
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structural integrity serve as concrete evidence affirming the alleviated
internal strain within CFTSS. To evaluate the impact of the entropy
regulation strategy on the thermal runaway behavior, DSC tests were
performed on NFM and CFTS5 cathodes after charging to 4.15V
(soaking in fresh electrolyte) (Fig. 6e)>. The exothermic peak located
at 279.1°C in the case of NFM is closely associated with the electrolyte
oxidation and decomposition on the surface of the active cathode
materials, yet the triggering temperature is clearly delayed for CFTS5
cathodes (300.8 °C). The enthalpy quantification related to the exo-
thermic peaks of CFTSS cathodes is 500.7 ] g%, much lower than that of
NFM cathodes (626.4]g™). These results provide compelling con-
firmation of the substantial enhancement in thermal stability achieved
through the implementation of the rational entropy regulation. To
demonstrate the cycling robustness, the structures of pristine and
post-cycling electrodes were carefully compared through ex-situ XRD
measurements (Fig. 6f, g). Notably, NFM undergoes a pernicious
transformation in structural configuration, changing from O-type
phase to P-type phase after 100 cycles, as substantiated by the
appearance of a diffraction peak at 26 = 15.8°. Moreover, a deviation is
discerned in the (003) peak of the O3 phase, shifting towards a lower
angle, while the converse alteration is noted in the (104) peak, sug-
gesting an expansion along the c-axis and a simultaneous contraction
along the a-axis. Severe strain accumulation (=39.1%) is further mir-
rored by the increase of the full width at half maximum (FWHM) of the
peaks within the cycled NFM particles based on a typical
Williamson-Hall analysis (Methods and Supplementary Table 9, 10).
Comparatively, untraceable shifts and minimal strain accumulation
(=15.7%) are exhibited in the diffraction patterns of CFTS5, even after
100 cycles, attesting to the enduring structural configuration attrib-
uted to the multicationic stabilization mechanisms. The multicationic
interactions on the cathode-electrolyte interface (CEI) formation was
examined through a comparative analysis of XPS spectra for post-
cycling electrodes (Fig. 6h). The C 1s spectrum is deconvoluted into
four distinct peaks: one at 284.8 eV, representing C-C/C=C moieties
within the conductive carbon matrix; another at 286.3 eV, indicative of
C-0/C-H functional groups; a third at 288.7 eV, denoting the presence
of carbonate species; and a fourth at 290.9 eV, corresponding to C-F
derived from the PVDF binder on the cathode surface**. A careful
comparative assessment of the XPS spectra unveils that upon the
rational introduction of Cu, Ti, and Sn, a noticeable reduction occursin
the area of C-O/C-H and carbonate species under the curve, which is
associated with the electrolyte decomposition. The diminished area
pertaining to C-O/C-H and carbonate peaks points towards the sup-
pression of both interfacial parasitic reactions and electrolyte degra-
dation at the cathode surface when multiple cations are integrated into
the lattice structure, ultimately yielding a reduced CEl thickness.
Intuitively, time-of-flight secondary-ion mass spectrometry (TOF-
SIMS) analysis on the cycled cathodes was performed to visualize
chemical evolution at the electrolyte-cathode interphase (Fig. 6i)>.
More discernible signals are detected in NFM, including metal fluori-
nated species (specifically, NiF5~, FeF3", MnF3~ and NaF,") formed as the
reaction byproducts arising from the interplay of metal ions with
hydrofluoric acid (HF), the electrolyte component (C,HO"), as well as
the residual sodium species (NaO") left upon the cathode surface”. The
formation of the aforementioned metal fluorides not only catalyzes
the cathode surface erosion and irreversible electroactive TM ions loss
but also poses an impediment to the efficient Na* transport across the
thick CEl, ultimately leading to a serious deterioration in electro-
chemical performance.

Discussion

In summary, we demonstrate a strain-depressant strategy via intro-
ducing multicationic interactions into a zero-lithium/cobalt layered
oxide cathode to alleviate the persistent accumulation of lattice strain
during sodium (de)intercalation. Owing to the chemical compatibility,

these alio-/iso-valent cations are disorderly deployed in the octahedral
sites of TMO, slabs. The oxygen stability and volumetric vibrations of
the cathode during operation are improved in response to such mul-
ticationic structure, thereby preventing near-surface structure
deconstruction, interface side reactions, and microcrack formation.
Aided by the complex lattice system, the phase transition of 03-P3-03"-
03 evolution in the multicationic cathode exhibits great reversibility,
and the local octahedral coordination environment remains highly
stable even after 100 cycles within the voltage of 2.0-4.15V. Further-
more, the targeted modulation of localized electrons, coupled with the
large O-Na-O interlayer spacing through the rational entropy regula-
tion, serves to diminish the Na-O bonding energy, broaden the path-
ways for Na" transport within NaO, slabs. Consequently, the
multicationic cathode displays an excellent cycling performance, giv-
ing an improved 94.8% capacity retention over 100 cycles at 1C
(120mAg™) and 83.5% capacity retention over 500 cycles at 5C
(600 mA g), and high-rate capability, delivering 124.2 mAh g at 0.1C
(12mAg™) and 84.3mAhg™ at 10C (1.2Ag™). The full-cells deliver a
discharge capacity of 118.0 mAh g, maintaining an 84.9% capacity
retention over 300 cycles at 0.5C (60 mA g™). The feasible entropy
regulation approach advances the outlook for commercial viability of
safe, low-cost, and long-life sodium-ion battery cathodes.

Methods

Materials synthesis

A series of Li-/Co-free, multicationic O3-structured layered oxides with
the composition NaNig 35Mng 35CusxFep 3.4, T, SN, 05 (x =0, 0.03, 0.04,
0.05, 0.06, and 0.07) were synthesized using a solid-state method. In a
typical synthesis, precise stoichiometric amounts of Na,CO5; (Macklin,
>99.9%, with a 5% excess of sodium), NiO (Aladdin, >99.0%), MnO,
(Aladdin, >99.0%), CuO (Aladdin, 99.9%), Fe,O3 (Macklin, >99.9%),
TiO, (Macklin, >99.8%), and SnO, (Macklin, >99.5%) were mixed
through ball-milling for 12h, utilizing isopropanol (Sinopharm,
>99.7%) as a dispersant at a rotation rate of 400 revolutions per min-
ute. After drying at 60 °C for 6 h, the resultant mixture was pressed
into pellets under a pressure of 10 MPa, followed by calcination for 15h
at 1000 °C in an air atmosphere with a ramping rate of 3 °C per minute.
The final products were allowed to cool naturally to ~150 °C and then
transferred into an argon-filled glove box to prevent exposure to
the air.

Materials characterization

SEM images were collected on a field emission scanning electron
microscopy (FESEM, TESCAN MIRA3 LMU). XRD patterns were recor-
ded on a Rigaku Ultima IV x-ray diffractometer with Cu Ka radiation
(A=1.54059 A). The average chemical compositions were determined
by an inductively coupled plasma optical emission spectrometer (ICP-
OES). TEM images were collected on a Titan G2 60-300 (USA) with an
energy dispersive X-ray spectroscopy (EDS). A transmission electron
microscope (TEM, Talos F200x, America) with energy dispersive X-ray
spectroscopy (EDS) and a FEI Titan Cubed G2 60-300 aberration-
corrected scanning transmission electron microscope (STEM) at
200 kV were used to investigate the detailed microstructure. A spe-
cially designed cell model equipped with a Be window for X-ray
penetration for in situ XRD experiments at 0.2°C (24 mAg™) during
the charge and discharge process. Time-of-flight secondary ion mass
spectrometry (TOF-SIMS, PHI NanoTOFIl) was employed for the
characterization of surficial chemical species. The QAS100 Li instru-
ment coupled with a SWAGELOK-type cell (60 pL electrolyte, active
mass loading of ~10 mgcm™, and Whatman GF/D glass fiber as the
separator) was used to collect the differential electrochemical mass
spectrometry (DEMS) spectra with Ar as the carrier gas at a flow rate of
1mL min™ For all ex-situ characterizations, the cycled electrode sam-
ples in target states were disassembled, rinsed with DMC, dried, and
sealed in the argon-filled glove box at 25°C+2 °C.
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X-ray absorption spectroscopy

XAFS spectra at the Ni, Mn, Cu, and Fe K-edge were recorded at the
BL11B beamline of Shanghai Synchrotron Radiation Facility (SSRF). The
incident photons were monochromatized by a Si(111) double-crystal
monochromator. The energy calibration was performed using a Ni,
Mn, Cu, and Fe reference foil. All the spectra were measured in both
transmission and fluorescence modes using a home-made ionization
chamber filled with Ar.

Configuration entropy S,
Configuration entropy S, of the as-prepared cathode materials was
calculated based on the equation:

N M
Seonp= — R <Zx,-lnx,-> + (Zxﬂnx,)
i=1 cation—site J=1 anion—site

where x; and x; represent the mole fraction for each element, and R is
the gas constant.

Galvanostatic intermittent titration technique
Na* diffusion coefficients were calculated from the Galvanostatic
intermittent titration technique results based on the equation:

2 2
w1 (W) (a6;) (<o)
where 7 denotes the duration of a constant current pulse (s), mg
represents the mass of the active materials (g), V, stands for the molar
volume of a single unit cell (cm®mol™), My signifies the molecular
weight of the obtained cathode materials (g mol™), S represents the
surface area of the electrolyte/electrode interface (cm?), AE, repre-
sents the steady-state voltage variation at rest, AE, accounts for the
total voltage differential during a constant current pulse, and L

signifies the diffusion distance for Na* ions from the lattice to the
electrolyte.

Williamson-Hall analysis

A typical Williamson-Hall analysis was conducted to gain more
insights of lattice strain. This analysis shows that the broadening of
XRD diffraction peaks in the sample is caused by both crystallite size
and microstrain, which have different dependencies on the Bragg
angle (0). These contributions can be quantified using the following
equation:

Biotal = Bsize * Bstrain = % + g%

Where Bsize, Bstrains aNd Broral refer to the crystallite size, strain, and total
broadening, respectively. K is a constant dependent on crystallite
shape, A is the X-ray wavelength, L represents the crystallite size, and €
is the lattice microstrain. For simplicity, we assume that both size and
strain contribute equally to the overall peak broadening.

DFT calculations

First-principles calculations were conducted employing the Vienna ab
initio simulation program (VASP)?, grounded in the density-functional
theory (DFT) framework and the projector augmented-wave (PAW)
method®. The exchange correlation effects were modeled by gen-
eralized gradient approximation (GGA) method of Perdew-Burke-
Ernzerhof (PBE) introduced into function®”. The Hubbard-type cor-
rection Ugg (Uggr= U+) for the 3d-orbitals in Ni, Mn, Cu, Fe, and Ti ions
was established as 5.3, 3.9, 4.0, 4.9, and 2.4 eV, respectively®. The
plane-wave energy cutoff was set at 500 eV, and convergence was
adjudged achieved when the Hellmann-Feynman forces acting upon

each atom were constrained to be under 0.01eV A™\. Simultaneously,
the total energy convergence was rigorously maintained at up to
10°%eV. The gamma-centered Monkhorst-Pack K-point mesh was
applied to grids of 5x3x1 for the optimization of structure in the
1x2x1 supercells of NFM and CFTS5 cathodes. The deformation
charge density was calculated by subtracting atomic charge density
from total charge density. The density of both spin-up and spin-down
states was included in the projected DOS. The crystal orbital Hamilton
Populations were calculated by using LOBSTER code.

Electrochemical measurements

Each working cathode was crafted through amalgamating 80 wt.%
active materials (480 mg) with 10 wt.% super P (60 mg) and 10 wt.%
polyvinylidene fluoride (PVDF, 60 mg) in N-methylpyrrolidone (NMP,
Sinopharm, >99%) solvent. This slurry was ball milled at 25°C+2°C in
air and artfully laid upon a carbon-coated aluminum foil using an
automatic coating machine and dried at 120°C for 10 h within a
vacuum. The electrodes were cut into disks (14 mm in diameter) using
MSK-T10 Manual Slicer (Shenzhen Kejing Star Technology Co., Ltd)
with the active material loading of 2-3 mg cm™ without the calendering
procedure. The assembly of CR2016 coin-type cells took place within
an argon-filled glove box, where H,O and O, were strictly maintained
below 0.01 ppm. The configuration featured a Na metal (Aladdin,
>99.7%, 16 mm x ~0.5 mm, diameter x thickness)/hard carbon (Kuraray
China Co., Ltd) as counter/reference electrode, a glass fiber membrane
(Whatman, GF/D, 19 mm in diameter) as separator, and about 50 pL
electrolyte (Duoduo Chemical Technology Co., Ltd) consisting of 1M
NaClO, in propylene carbonate (PC, 100 vol%) with 5.0 % fluorinated
ethylene carbonates (FEC). GCD measurements were executed using a
NEWARE Battery test System (CT-4008T-5V50Ma-164, Shenzhen,
China) in voltage ranges of 2.0-4.15V. GITT was employed within the
potential window of 2.0-4.15 V by recurring current pulses for 15 min at
0.1C (12mA g™) followed by a 3 h rest. CV and EIS were recorded by an
Autolab electrochemical workstation (MULTI AUTOLAB M204). For
each electrochemical measurement, three independent cells were
evaluated at least. The data reported herein are derived from a repre-
sentative cell exhibiting median performance, selected to reflect its
typical electrochemical behaviors. Hard carbon anodes were made via
blending the active materials (90 wt.%, 360 mg), Super P (5wt.%,
20 mg), and PVDF (5 wt.%, 20 mg) within a NMP solvent. The resultant
slurry was cast upon a carbon-coated aluminum foil for full cells.
Regarding full cells (HC||CFTSS5), cathode/anode electrodes were
balanced with negative/positive (N/P) ratio of around 1.2 referenced to
the capacity in half cells. After that, the anode electrodes were loaded
into half-cells for 10 cycles within the voltage range of 0.01-3.0V,
terminating at 0.2V in the discharged state to form the stable SEI film
and prevent irreversible capacity loss in the full cell due to SEI forma-
tion. The electrochemical performance of full cells was evaluated in the
voltage range of 1.7-4.05 V. All electrochemical tests were performed
at 25°C =2 °C in air unless otherwise specified.

Data availability

All relevant data supporting our study are provided in the manuscript
and Supplementary Information file. Source data are available from the
corresponding author upon request. Source data are provided with
this paper.
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