Stabilization of Multi-Cationic Redox Chemistry in Polyanionic Cathode by Increasing Entropy
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Abstract

Polyaannds have large compositional flexibility, which creates a growing interest
in explori operty limits of electrode materials of rechargeable batteries. The
realization of multi-sodium storage in the polyanionic electrodes can significantly improve

H
capacity oMterials, but it often causes irreversible capacity loss and crystal phase

evolution,fespecidlly under high-voltage operation, which remain important challenges for

C

their appligati erein, we show that the multi-sodium storage in the polyanionic cathode
can be enﬂd stabilized by increasing the entropy of the polyanionic host structure.
The result@anionic Nas 4Fep.4Mng 4V.4Cro4Tip4(PO4); cathode exhibits multi-cationic
redox pro chieve high capacity with good reversibility under the high voltage of 4.5
V (vs. Na/Na ). Exploring the underlying mechanism through operando characterizations, a
stable trig se with reduced volume change during the multi-sodium storage process is

disclos sides, the enhanced performance of the HE material also derives from the

synergi ect of the diverse TM species with suitable molarity. These results reveal the

effectiveness of high-entropy concept in expediting high-performance polyanionic cathodes

[

discovery!
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The quick-emerging paradigm of renewable energy development and use of rechargeable

Li-ion batteries on a large scale are being challenged by the scarcity of lithium sources and

is an attra igi due to the low cost, abundant and environmentally friendly sodium

uneven geoﬁical distribution. " In this context, sodium-ion batteries (SIBs) technology

resources.g oreover, it can be easily and rapidly replicated from Li-ion battery technologies

regarding Qal and commercial processes. ) Major obstacles of using SIBs technology
for real app ns include the low capacity and unsatisfactory electrochemical stability,
which are@ig8ctly determined by the properties of cathodes in SIBs. Through comparative

studies, sodium Sgperionic conductor (NASICON) materials have received considerable

interests du 3D open framework, compositional diversity, and exceptional Na-ion
10

mobilities cently, researchers incorporate high-valent redox centers into NASICON
materials multiple Na-ions transfer and high capacities of cathodes, for example
Naz;V ] Na4VMn0,5Feo,5(PO4)3,[12] and Na4MnV(PO4)3[13’ 4 ete. Nevertheless, the
multi-Na-io rcalation/deintercalation process, which is key to improve capacity of
NASI materials, causes a series of issues, including large volume change, high-capacity

irreversibility, and even irreversible crystal phase evolution (monoclinic — rhombohedral)

under higi@ operation (>3.8 V vs. Na/Na").!"> ' These issues greatly degrade cycling

stability of ulti redox reaction and plague the implementation of NASICON cathodes in

practical ¢

S —

High-entr alloys have stimulated increasing interest ever since the report of the first

example in 20 ostly ascribed to their high strength and ductility paired with high fracture
toughness; e resistance, and creep resistance.!'’ " The evolved HE oxides (HEO), '*
21-23]

dichalcogenides, **! hexacyanometalates, ! etc. also demonstrate unique properties
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for various applications including catalysis and energy storage. For instance, an O3-type

HEO Wio,uCuo,lego,leeo,15C00,15Mn0,1Ti0,ISnO,1Sb0,0402 was reported as a

cathode SIBs.m] Different from traditional O3-type cathodes, which suffer from

complo® pl@ses@nsitions and poor capacity retention, the HEO exhibited highly reversible

03°-P3 plﬁsition and outstanding cycling stability. It is suggested that the high

entropy ef’ help to accommodate local changes and stabilize crystal structure of the
materials.WASICON structure have a large compositional flexibility and can
incorporate man;ctive transition-metal (TM) species, such as V, Mn, Cr, Fe, Ti, etc. If the

HE conce@ in NASICON cathodes, one would expect that increasing the number of

TM specie enable multiple redox reactions by preventing the degradation of structure.
As a proo ept, here, we develop a novel HE NASICON material

Nas 4Fep4 X Cro4Tip4(PO4); (HE-NASICON) following the Boltzmann and Gibbs
interpr tropy. The structure details of the designed HE materials and the role of

each redoXactive center in the HE-NASICON are revealed by a series of HE composition

g

design. W@at the structural degradation of NASICON cathodes within a wide
operation ange can be effectively suppressed by using five TM species with equal

molarity, o substantial improvements in capacity and rate capability. Specifically, a

remarkabljpacity of 161.3 mA h g (1.5 ~ 4.5 V vs. Na/Na") with robust structure

stability can be efabled by the reversible multi-Na-ions intercalation/deintercalation process.

Results and discussion

This article is protected by copyright. All rights reserved.



All HE-NASICON materials with different concentration of TM species were successfully
synthesized using a general sol-gel method on the basis of the molar configuration entropy
(A4S = -R(2 Xaltaxi) carion-site » X: represents the mole fraction of TM species in the cation
sites).!!”! & the common (low-entropy) NASICON cathodes with single/double
redox cgn@HE-NASICON material is designed to locate five different TM species (Fe,
Mn, V, Ti48r) agthe cation sites of the crystal lattice with equal atomic concentration, as
schematicgtrated in Figure 1a. X-ray diffraction (XRD) and Rietveld refinement
(Figure lwmat the HE-NASICON adopts a trigonal crystal phase with space group of
R-3c¢, and Tattice parameters were determined to be a=b=8.7158 A, ¢ =21.7979 A,
V=1434.05 ¢ more refined parameters in Table S2). All data confirm the formation of
single-ph CON compound with no observable impurity peaks regardless of the
compleximcomposition. We used a crystal configuration to understand the detailed

structu -NASICON. As depicted in Figure Ic, the five TMs (Fe, Mn, V, Ti, Cr)

occupy the o ra site of /2¢ with equal molarity, and the TMOg octahedra and PO4
tetrahedra are corner-shared to construct the 3D framework structure. The vibrations of
TM-O boids in TMOg octahedra and P-O bonds in PO, tetrahedra were observed by Fourier
transform j (FT-IR) spectrum (Figure S1). Besides, the peaks in the regions of 500 ~

1200 cm™ 1 a typical vibration fingerprint of NASICON structure. ***"!

Sphericaliberray' n-corrected transmission electron microscope (ACTEM) equipped with

energy dinpectrometer (EDS) was applied to investigate the detailed structural

characteri the distribution of the multiple elements in the HE materials (Figure 2a-d).
Both T ure 2a) and Scanning electron microscopy (SEM) (Figure S2) analysis reveal
that the as-synthesized materials display the polyhedral shaped particles with a

micrometer-scale size distribution. A clear carbon/crystal lattice interface can be identified by
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high-resolution TEM analysis, demonstrating a typical carbon coating structure (Figure 2b).
In addition, thermogravimetry (TG, Figure S3) reveals that the carbon amount in the
HE-NASII! ompound is ca. 6.78%, which derives from the pyrolysis of organic species
in the raw urther TEM and fast Fourier transform (FFT) analysis of the crystal

. H
lattice (Flgre 2c¢ and 2d) reveals that the (006), (012), (02-2), and (01-4) facets belong to a
typical Nm crystal, which is consistent with the Rietveld refinement result. The EDS

a

mapping ental analysis of a representative particle of the as-synthesized

>

HE-NASI onstrates equal atomic ratio of the TM species (Figure 2e and Figure S4)

and uniform distfbution of all the elements in the particle (Figure 2f).

U

Having cafifirmed the phase purity and crystal structure details of the HE-NASICON

fi

material, urn to investigate the valence states of the TM species in the

d

HE-NASI terial because they were found to be the primary factors in determining the

redox pr ring sodiation/desodiation process. Survey spectrum of the X-ray

M

photoe troscopy (XPS) confirms the existence of Na, P, O, Fe, Mn, V, Ti, and Cr

in the HE-NASICON (Figure 2g). The detailed spectra of each TM species are also probed to

[

analyze their chemical states (Figure 2h-1). The characteristic peaks of Fe 2p spectra that

located at M 2V (Fe 2ps;) and 724.18 eV (Fe 2p; ) correspond to Fe’' species; while the

peaks at 7§#5. (Fe 2ps),) and 727.28 eV (Fe 2p1) correspond to Fe®* species and the

N

portion is about 39.4%.** %) For Mn 2p, the peaks located at 741.28 ¢V (Mn 2p3) and

t

753.28 e\n 1) indicate the 2+ oxidation state of Mn.B% 3 The peaks at 516.78 and

523.28 ¢ 2p spectrum can be indexed to the V" species.!'* ** The Ti also show

mixed .@ the Fe does. Specifically, the Ti 2ps,, and Ti 2p;,, peaks at 458.88 eV and
464.78 eV should be assigned to the Ti*" species, while the peaks at 460.28 eV and 466.08
eV imply the Ti*" species. The Ti*" is around 33.8%.1*** For the Cr 2p spectrum, it shows

This article is protected by copyright. All rights reserved.



two main peaks at 577.98 eV (Cr 2ps/;) and 587.58 eV (Cr 2p;2), respectively, which can be
ascribed to the Cr’" species. ' The overall charge state of TM species was calculated to be

5.62, whict ﬁ ry close to the ideal value of 5.60 in the Naj 4Fep4Mng 4V4Crg4Tig4(POy)s.

After cgnfigaiaggihe successful synthesis of HE-NASICON, electrochemical performance of
the materihlen investigated. The HE-NASICON half-cells were operated in the voltage
range between 1.8 and 4.5 V (vs. Na'/Na). The typical NASICON Na;V,(PO,); material with
single T nd multi-redox reaction was also studied for comparison. As shown in
Figure 3a -NASICON can deliver a reversible capacity reaching 161.3 mA h g at
0.1C( Gﬁlﬁ g'l). The capacity is higher than that of Na;V,(PO,)s, which displays a

discharge !apacity of 156.5 mA h g based on the redox of V>*/V*" at 3.4 V and V**/V*" at

SC

1.53 V. Fr harge/discharge profiles, it can be seen that redox voltages of the
HE-NASI also improved, which is important to improve energy density of the
material. ofiles exhibit a multi-steps pattern, indicating consecutive redox reactions of
multip jes in the HE-NASICON materials.”””! Four pairs of redox potentials at

1.69/1.53 'V, 2.25/2.21 V, 3.41/3.40 V, and 4.08/4.08 V are found in the dQ/dV plot. The
redox peas*acorrespond to the V**/V? " Ti® +/Ti4+, V3+/V4+, and V¥'/v>* redox,
respectivete, redox potential of Mn*"/Mn’" (~3.5 V) and Mn’"/Mn*" (~4.0 V) are
close to V, d V¥ /V°*. Therefore, TM species that participate the redox reactions in
the HE—NaSICOi] need further investigation (discussed later). The small gaps between the
oxidation ction potential of each redox pair indicate highly reversible Na-ions
storage pr ith good electrode kinetics. As shown in Figure 3c, at the current density of
0.1, 0.<2;5, 10, and 20 C, the HE-NASICON exhibits a discharge capacity of 163.0,
138.3,116.2, 106.4,99.4, 87.7, 76.1, and 58.8 mA h g'l, respectively. When the current
returns to 0.5 C from the high-rate of 20 C, the discharge capacity can achieve 109 mA h g'l,
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implying good reversibility for flexible Na-ions storage. Although Na3;V,(PO4); possesses

outstanding high-rate capability above 10 C, the discharge capacity of HE-NASICON is

higher 5 C. For multi-Na-ions storage within a wide voltage window, cyclability
is a key is meds exhibited in Figure 3d, cycling stability of the Na3;V,(POy); is less
satlsfactors, showing greatly fluctuated efficiency. While cycling stability of the
HE-NASIG®ONag, significantly enhanced, with a capacity retention of 93.0% after 100 cycles
at0.5C. F increasing the current rate to 5 C, a capacity retention of 85.3% after 1000

cycles car@achieved (Figure 3e). Comparing to some other reported NASICON

materials (one TM redox center), cycling stability of the HE-NASICON is also good,

with arout&% capacity decay of per cycle (Figure S5).

Having com that the high capacity and long-term cyclic performance arise from the

benefits o ing the TM variety, it remains unclear why the HE-NASICON can
maintain ructural stability than the one/two redox-centered cathode. Identifying the
phase i the cathode is key to understand this type of reinforced behavior in the

HE-NASICON structure. Previous studies using operando XRD have shown that Na-ions
insertion/deinsertion in the Mn-V binary cathode structure gives rise to large lattice
distortion. @ the present study, the effects of TM variety on the crystal lattice during
sodiation/ ion process of the HE-NASICON cathode were studied using both
operando ﬁigur’4a,b) and regular XRD measurements (Figure 4c), and the diffractions

patterns elled using full pattern analysis by Rietveld refinement as well as by line
n

profile a able S3).

Analyst eaks reflection and positions of the full spectra and induvial operando XRD
peaks in the voltage range from 1.5 V to 4.5 V (vs. Na'/Na) showed that the diffraction peaks

at around 13.9°, 19.8°, 20.2°, 23.6°, and 24.2° refer to (10-2), (104), (110), (113), and (202)
This article is protected by copyright. All rights reserved.



reflection, respectively, and the full desodiation process can be divided into 3 regions (Figure
4b). The peaks variation in the 2-theta range of 23.1~24.7° has been highlighted (Figure
3a-i,ii) top t the reaction process. In region I (1.5-2.5 V vs. Na'/Na), the (113) and (202)
reﬂectionantiﬁed clearly. No significant variation has been observed, indicating a
gentle sz)l'mon reaction process in this voltage range. As Na-ions continued to extract
and enteredgfromyregion I to IT (2.5-3.7 V vs. Na'/Na), a clear phase transition has been
detected. mseen that the intensity of (113) gradually reduced and finally vanished in
region II, indhg the left-shifted (202) peaks with enhanced intensity. Apparently, this

diffraction peakSyariation is associated with the continuous Na content changes in the

US

cathode hos with the valence states of TM species and local coordination environment.
(29431 Ero iy 11 to region I11 (3.7-4.5 V vs. Na'/Na), a clear vanishment of (202) and

appearancg o w peak has been observed, indicating a two-phase transition when entering

d

the hig gion. Normally, in this high voltage window, unfavorable crystal distortion
usually appe the conventional binary phase (Mn-V based host), which substantially
cause mechanical damage of the cathode host.!">'! Interestingly, an iso-symmetric reaction
pattern cafilbe evidenced with the three distinct regions, corresponding to the operando XRD
peak rever@when fully discharged. The peaks shifting and intensity changes should be
only ascribe attice expanding/shrinking and slight local environmental rearrangement

during so -ion extraction/insertion.*®) Compared to the binary phase, this reversible

h

[

sodiatio 1on process occurs because the synchronized effects of the multi redox

centers of the HEANASICON prevents the irreversible lattice distortion in high voltage range.

Gl

This hypothesigsi® further accessed by investigating the crystal phase of the HE-NASICON

electrode (Figure S6, details of the Rietveld refinement results are listed in Table

A

S4). The fully charged electrode can also be indexed to a trigonal R-3c phase, which is the

same as the electrode at 1.5 V (Figure 4c). Such a reaction mechanism is also similar to that
This article is protected by copyright. All rights reserved.



of LiFePOy, which results in FePOy via a two-phase reaction while the two endmembers

show the same space group (Pnma), and it is suggested to benefit stability of the electrode

[37, 38]

because 0! ii ielatively small changes in lattice structure compared to the materials with

endmemb ent crystal phases.

H I
Note that

]

n patterns cannot explain the microstructure integrity between sodiation
and desod@ocess. Herein, ACTEM/FFT analysis of the fresh electrode before (Figure
4d), fully (Figure 4¢) and discharged electrodes (Figure S7) were conducted. FFT
patterns of the €ftctrodes can be identified to a trigonal phase along zone-axis of [42-1]. A
lattice spacin; 0;.647 nm and 0.613 nm is measured for the electrodes at 1.5 V and 4.5V,
respectiveﬂiecreased spacing confirms the shrinkage of the electrode lattice during
desodiation irocess. When the electrode was fully discharged from 4.5 V to 1.5 V, the lattice

spacing 1 0.644 nm (Figure S7), confirming reversible lattice variation in the stable

HE-N crystal structure. As shown in Figure 4{-h, lattice parameter changes of the

HE-N during the reaction are reversible.

On the bag of these operando measurements and microscale observation, the following

hypothesis posed regarding the microstructure and the corresponding multi-Na-ions
in this HE-NASICON material: the reaction mechanism of the

storage m
multi-N£sstorage process in the HE-NASICON was plotted in Figure 5a. The pristine
HE-NWiCh contains 3.4 Na, was initially discharged to obtain a Na-rich phase
Na3.4+X(Femo4Tio.4Cr@,4)(PO4)3 (HEN-Naj3 4+x). The refined x value is determined to
0.743 for the matgrial at 1.5 V (Table S3). In the pristine HE-NASICON structure, Na-ions
locate ¢Na2 sites. The extra inserted sodium-ions in HE-Nay4 143 partially enters into
the Nal stie, increasing the occupancy factor of Nal from 0.539 to 0.705. While other

inserted sodium-ions settle in a new Na3 site (36f). It has been reported that the coulombic

This article is protected by copyright. All rights reserved.



repulsion, which is caused by simultaneous occupation of neighboring Nal and Na2 sites,

[39

would lead Na ions to Na3 site.*”! The fully charged Na-deficient phase is determined to be

Naj »s1(Feo :ﬁ 4V0.4Ti94Cr4)(PO4); (HEN-Na, »51), where the Na' ions at Na3 site are fully

extracted The number of Na ions participate in energy storage is then calculated
to be 2.892 verifying a multi-Na-ions storage reaction as anticipated. The quantitative
difference Qverall volume change of the NASICON materials,'' " ' **% symmarized in

Figure 5b, ell recognized in the previous reports. In fact, mechanistic variations of the

S

electrodes en suggested as major cause for phase inhomogeneity during

charge/dischargéyprocess of the common binary-phase NASICON materials, such as

t

NasMnV (P a3MnTi(POy)3, and NasMnCr(POy)s, etc. Note that, it is only 4.07% in the

[

HE-NASI terial.

d

To test an e the mechanistic postulates summarized above, we have carried out the

long-te at high current for the HE-NASICON material. After 1000 cycles at 5 C, the

crystal the HE-NASICON material maintains consistently (Figure S8) as
demonstrated by the XRD measurement. The robust microstructure of carbon coated trigonal
NASICOIhafter long cycling was also evidenced by the HRTEM characterization

(Figure S§ @i ermore, EDS shows that the atomic ratio of the 3d-transition-metals is

consistx stoichiometric of the HE-NASICON (Figure S10), and all the elemental
compo niformly distributed in the material (Figure 5c¢), indicating no phase
segregatio ycling.

The high entropystrategy is suggested to present multi-functions to improve the
electro | properties of NASICON material, as illustrated in Figure 5d. The HE effect
can help increase the solid solubility of different elements in one phase, and strain effect in

NASICON materials, which is caused by the rich accommodated atoms with different sizes,
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leading to an intense lattice strain field that suppresses the large phase transition and lattice
variation. [") As a result, unfavorable crystal phase transition is suppressed in the high

entropy matesial even when it was charged to the high voltage of 4.5 V.

Considering the geometric and crystallographic characteristics of the HE-NASICON

B ot
material, twmg measurements were conducted to elucidate the origin of the highly
reversible@a-ions storage, together with its linkage with the role of each TM species in
the HE strmjiven the composition-dependent HE-NASICON structure, it is attempting
to connect Iti-Na-ions storage to a kinetic-controlled process that becomes faster with
diverse TM-based/redox centers. To access this hypothesis, the specific valence states of each
increased ies in the HE-NASICON structure need to be understood in the context of

homogeneous composition distribution before and after charging process. The valence states

ofthe T in the pristine, fully discharged and charged electrodes were analyzed by

the ex- 0 determine the electrochemically active species during the multi-Na-ions
storag n (Figure 6a). For Fe 2ps;; and Mn 2p;),, their profiles present no significant
changes between pristine and fully discharged electrodes, indicating that Fe and Mn do not

participatheaction during the initial discharge process. While when the electrode was

fully charge giintensity of Fe*" (711.75 eV) decreases and Fe’" (715.21 eV) increases

&

obviouming that the Fe*"/Fe’" redox reaction was activated in the charge process
of the HE*= N. The Mn 2ps, was found to shift to higher binding energy and two

main peakﬁ% eV (Mn’") and 643.38 eV (Mn*") appeared when fully charged,

indicating Mn”" was oxidated to a Mn>"/Mn*" mixed state.!*”! Different from Fe and
Mn, V re active during the initial discharge process, as evidenced by the clear

intensity increaS®f V2" (515.31 eV) and Ti’* (458.98 eV) species in V 2ps; and Ti 2ps)

peaks, respectively.[** * The Ti*" was found recover back to Ti*" (460.38 eV) in the fully

This article is protected by copyright. All rights reserved.



charged sample, while the V" was oxidated to V°* (518.11 eV) and V** (516.99 eV),

implying that the V undergoes continuous redox reactions.*% " Cr 2pss2 is the only TM

speciesht has no changes during the whole reaction. The XPS results verify the
m centers and multi-redox reactions in the HE-NASICON material,

multi acti

N —
which is i!accordance with the multi voltage platforms of the charge/discharge profiles.

For quant@nﬁrmation of our multi-Na-ions storage based on the HE-NASICON
structure, sened other five compositions with doubled concentration of Fe, Mn, V, Ti,
and Cr (n(m;N—Fe, HEN-Mn, HEN-V, HEN-T1, HEN-Cr, respectively). All the
samples showedie same crystal phase as the HE-NASICON (Figure S11). EDS mapping
demonstrﬂlhe atomic ratios of the elements are close to their theoretical values and
the elements are homogeneously distributed, indicating successful synthesis of the diverse
HE matermjre S12-16). Carbon content of the materials were determined by TG
(Figur and were ruled out when counting their sodium storage capacities. Galvanostatic
charge/di ge profiles of the samples at 0.1 C are presented in Figure S18. The discharge
capacity of HEN-Fe, HEN-Mn, HEN-V, HEN-Ti, and HEN-Cr is 153.2, 144.0, 150.8, 140.7,

and 153.0&1, respectively. All the discharge curves show multiple terraces. To analyze

capacity ons in different voltage regions, the profiles are divided into 5 regions
highlightedgwitimdifferent colors, as demonstrated in Figure 6b. Larger capacity contributions
in the I& regions of 3.5 ~4.0 V and 4.0 ~ 4.5 V are found in HEN-Mn and
HEN-Cr, ﬂg that Mn and Cr are beneficial to achieve high voltage properties of the

material (I ). Rate performance and cycling capability of the materials are exhibited
in Figu d Figure S19. For HEN-Fe, although it has relatively large capacity at 0.1 C,
its rate performafe is poor, with only 49.9 mA h g at 20 C. The HEN-Mn shows the worst

rate capability, which is probably because of the relatively sluggish electrode kinetics as

This article is protected by copyright. All rights reserved.



many Mn-based materials reported.'™ > In the contrast, the HEN-Ti possess the highest
capacity of 62.81 mA h g at 20 C, regardless the relatively low capacity at 0.1 C. Besides,
HEN-Ti a|s onstrates the best cycling performance, with a remarkable capacity retention
0f 90.92% cycles at 5 C (Figure 6¢). While the capacity of HEN-Cr decays very

N o . . .
fast. Therﬁre, the TM species in the HEN series show different features affecting the
materials gof capacity, voltage, rate capability, and cycling stability. Roughly, Fe

shows a hi ox activity to help contribute a large capacity; Mn can lead to an increased

voltage dWedox of Mn*"/Mn*"; V possesses a multi-redox feature to ensure the high

capacity OEhodes; Cr is key to enhance the capacity in the high voltage regions and

rate perfotﬁ is of great significance to increase cycling stability. It is the synergistic

effect of ies with suitable molarity and HE composition finally leads to the

high-permeE-NASICON material,

Concl

A high-en NASICON structure Nasz 4Feg4Mng 4V 4Cr4Tio4(PO4)3, material was
successfu esized through a facile sol-gel method. The HE-NASICON is found to
possess multi-redox reactions due to the diverse TMs species and overcome the stability and
reversibilifipi of general polyanion type cathode materials. In-situ XRD analysis shows
that crymof the HE-NASICON during the multi-Na storage reaction is stable, and the

volume change igsmall. It is suggested that the high entropy effect can help to stabilize the

dJ

host frame NASICON structure, thus leading to the enhanced cyclability. By

comparing of HE-NASICON cathodes containing different contents of TM species,

A

we further demonstrate the advanced electrochemical performance of HE-NASICON also
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derives from the synergistic effect of the various transition metals with equal molarity. The

high entropy strategy on NASICON opens a new opportunity to design advanced polyanion

{
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Figure 1.%

hase of HE-NASICON. (a) Schematic illustration of the transition-metals

(TMs) dis in NASICON structure. The grey and red balls represent P and O atoms,
respectl e balls with other colors represent different types of TMs. (b) Rietveld
refine of the HE-NASICON material. (c) Schematic illustration of the crystal

structure (i HE-NASICON.
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Figure 2. hhemical properties of the HE-NASICON. (a) TEM image, (b)

high-resolM (HR-TEM) image, (c) enlarged HR-TEM with clear atomic lattice and

(d) the cofsponged FFT pattern of the HE-NASICON material. () Atomic ratio and (f)

distribuw, Mn, V, Ti, Cr, Na, O, and P elements in the HE-NASICON particle. (g)

XPS survey spesm, 1m of the HE-NASICON. (h) Fe 2p, (i) Mn 2p, (j) V 2p, (k) Ti 2p, and (1)

Cr2p C(PS spectra of HE-NASICON.
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Figure @hemical performances of the HE-NASICON and Na3V,(POy); cathode

based OMIOX reaction. (a) Typical charge/discharge profiles of the cathodes in the

full Voltagmv of 1.5-4.5 V at 0.1 C. (b) Corresponded dQ/dV plot of the

HE-N cathode. (c) Rate performance from 0.1 to 20 C. The inset is the corresponded

discharge curves 0f the HE-NASICON at different rates. (d) Cycling performance of the
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HE-NASICON and Na3;V,(POy4)sat 0.5 C. (e) Long cycling stability of the HE-NASICON at
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Figure 4. iihara?rization of the reaction process of HE-NASICON cathode. (a) Contour
map of in-gl) pattern of the HE-NASICON electrode in the voltage range between 1.5
and 4.5 V (vs. Nag/Na). The i and ii areas highlight peaks variation in the 2-theta range of
23.1~24. The corresponded charge/discharge curves of the cell operated at current

density of 25 mA g . (c) XRD pattern of the electrode at 1.5 V. (d) Lattice structure of the
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electrode at 1.5 V. (d-1) The HR-TEM and (d-2) the corresponded FFT pattern. (d-3)

IntegratMtensities collected from e-1. (e) Lattice structure of the electrode at 4.5 V.

(e-1) The nd (e-2) the corresponded FFT pattern. (e-3) Integrated pixel intensities

collectéd filgmmi®M (f) The variation of cell parameters of a, (g) c, (h) V.
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Figure@n mechanism of the HE-NASICON. (a) Comparison of some typical

NASICON materials that reported in terms of volume changes when conducing two-sodium
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and/or multi-sodium storage reactions. ['"* ' 3*%] (b) Schematic illustration of the crystal

structurm of HE-NASICON during the multi-sodium storage reaction. (c) The

elementalages of the HE-NASICON electrode after 1000 cycles at 5 C. (d)

Schemtighill@st@tion of the reaction features of the high entropy NASICON material.
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Figure 6. t of the various transition-metals. (a) XPS of the Fe 2ps/, Mn 2p3, V 2ps)2,

Ti 2p35, Cr 2p3., that collected from the pristine electrode, fully discharged electrode (1.5 V),
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and fully charged electrode (4.5 V) of HE-NASICON. (b) Demonstration of the colors

highligWy contribution of voltage regions of 1.5 ~ 2.0 V (dark green), 2.0 ~ 3.0

V(green), (light green), 3.5 ~4.0 V (yellow) and 4.0 ~4.5 V (red) in

HE-NASI@@NIE) Capacity contribution of the various high entropy NASICON materials at

0.1C.(d) @wformance and (e) cycling stability of the high entropy NASICON materials

92,
—

at5 C.
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