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Abstract:@—ion batteries are commonly regarded as a promising candidate in

large-s

rgy storage. Layered iron/manganese oxide cathodes receive extensive
attenti e element abundance and large theoretical capacity. However, these
materials Wndergo obvious degradation of electrochemical performance due to the
tendency @ssolution and Fe migration during continuous sodium release and uptake.
Herein, w@propose a strategy of anion-cation synergetic redox to suppress the structural
deterioMated from overusing the electrochemical activity of transition-metal ions,
and realiz ed lattice strain as well as superior electrochemical performance

simultﬁesults show that the Nag gLig,Feg2Mng O, (NLFM) electrode is highly

resistant to the erosion of moisture which is distinct from the traditional Mn/Fe-based
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electrodes. Moreover, the NLFM electrode demonstrates solid solution behavior without

phase tering cycles. The ultra-small volume change of 0.85% is ascribed to the

negligibleQ dissolution and invisible transition-metal migration. The high-stable
H I

layered st ssures superior reversible capacity of ~165 mAh g™', excellent rate

[

capabilityand spléndid capacity retention of over 98.3 % with 100 cycles. Our findings

SC

deepen th@lunflerstanding of the synergy between anion and cation redox and provide new

insights to desig;he high-stable layered cathode for sodium-ion batteries.

Introducm

Sodiumgefbatteries (SIBs) have caused extensive concern due to the promising
application in large-scale energy storage over recent years.!'! Layered oxide cathodes have

L

been most icd as a cathode for SIBs, and manganese/iron-based ones based on the

abundant materials and high theoretical capacity are increasingly attracting the attention.*”

For the% energy storage devices, their cost-effective characteristic ensures the

layered M -Dased oxides potentially competitive with LiCoO,, namely the system most

widely {ion batteries. However, some key issues remain to be solved:!'*'*! (1) The

Mn-based layerc@ oxides usually suffer from the manganese dissolution due to overexploiting
This article is protected by copyright. All rights reserved.
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the manganese activity; (2) Fe-ion migration from TM (transition-metal) slabs to Na layers

are inclMur in Fe-containing layered oxides, blocking the Na-ion continuous

(de)interc@ (3) These Mn/Fe layered oxides are unstable when exposed to the

I I
moisture Masing the cost of material storage and transportation. In addition, the

. D-1
materials.

irreversib@uransitions also restrict the electrochemical performance of the

Herein,Jose a strategy of synergetic anion-cation redox via Li substitution in
layered M@ed cathodes, NaysFe;3Mn; 30, (hereafter denoted as NFM), to overcome
the above @ies. It is shown that the obtained Nay gLip,Feo>Mng O, (hereafter denoted
as NL§M least three improvements owing to Li substitution. Firstly, NLFM
displa e structural stability after exposing in the air for one month, and even
soaking iWr one week. While a new phase appears obviously in NFM after storing in

both air a Besides, oxygen redox process is activated to offer improved specific

capacit£videnced by the results of density functional theory (DFT) calculations, soft
X-ray aMpectroscopy (sXAS), and X-ray photo-electron spectroscopy (XPS).
FurthermoJetrimental phase transition of NFM is dramatically suppressed in NLFM,
which tes to fast Na' transporting and better cycling performance. The negligible Mn

dissolution, invisible Fe migration and lattice strain are confirmed as well. As a result, NLFM
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demonstrates an enhanced electrochemical performance, represented by high reversible

capacitMnAh ¢!, improved capacity retention (98.3 % after 100 cycles at 200 mA

') and rait restorability. These superiorities promote NLFM a promising
g y

I I
electrode Mm-ion batteries applied in sustainable and large-scale energy storage.

In NLFQbstitution in the transition-metal slabs generates the possibility of anionic

S

[16-19

redox, simM@f t&the typical Na-rich, Li-rich and analogous materials. 11t is noted that

U

anionic re vior is generally considered as a handicap for structural stability,

1

aggravati transition and energy deficiency. However, in our research, anionic redox

d

plays a leadi in the structural stability of NLFM. The charge compensation of oxygen

preven om overexploiting, which abates severe Mn dissolution. Besides, the

interac n the oxidized oxygen protects the crystal structure from phase transition,

[

resulting 1 ligible volume change of 0.85% during cycling. Briefly, the synergy

between a cation redox is pivot in NLFM. We hope our results could offer better

understanding of this synergy effect and provide new considerations for designing cathodes

g

with hi

I

ensity as well as stability.

U

DFT calculatigas were firstly considered to better understand the anionic redox process in

NLFM. ity of states (DOS) calculations of NFM was performed based on DFT, as

A

shown in Figure 1a. (See details of the methods and the structure models in Figure S1-3).
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The peak of DOS in NLFM appears above the Fermi energy, which is different from NFM.

NFM pmmonductor-like properties and NLFM presents metallic-semiconductor

properties&uctures are complex and the path of Na migration has many

I I
possibilitimenergy barriers of all the Na migration paths in NFM and NLFM (with three

preferenti@res named NLFM_1, NLFM 2, NLFM 3) were calculated in the CAVD
(crystal stwnalysis by voronoi decomposition)+BVSE (bond valence site energy)
method,”*” as sthn in Figure 1b. The energy barrier of NFM is 0.494~1.027 eV, which is

larger than!:E.210~O.766 eV of NLFM. Thus, NLFM is inferred to have a larger Na diffusion

than NFl\/m

The

culations of oxygen atoms and the crystal orbital Hamilton population
(COH or both half Na-extract NFM (denoted as NFM-half) and NLFM-half were
performewn DFT, as shown in Figure 1c—d. Note that all the local atomic

environmgen atoms is same in NFM-half, which are surrounded by Na, Fe and Mn
atoms (defloted as O,). In contrast, there are two different configurations for oxygen atoms in

NLFMMed as Oy (surrounded by Na, Fe and Mn atoms with a different Fe/Mn ratio

compared md O, (surrounded by Na, Li and Mn atoms). The total DOS of the oxygen

atoms ¢ 4@ n in Figure 1a. The DOS of the oxygen atoms surrounded by Na, Fe and Mn,

This article is protected by copyright. All rights reserved.
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in NFM-half are different from that of O in NLFM especially between 1 and —1 eV, where Li

ions arewxygen atom.

It has. been regorted before that an isolated O 2p orbital is present along the direction where
oxygen is %bonded with two Li atoms (Li—O-Li configuration).*) In NLFM-half, O,
atoms are 1 ilar environment (Na—O-Li configuration). This result indicates that the
labile electf®fis #om the O ion in NLFM-half likely originate from this particular Na—O—Li

configurats provide possibilities for oxygen to participate the anionic redox for charge

CompensaC

COHP monding/antibonding states as an efficient and reliable tool to extract the

chemical-bonE information. Figure 4b shows that both positive and negative COHP of

O-TM (transition metal) exist in NFM-half and NLFM-half. The bonding and anti-bonding
interactiorhc-/ln 1s much stronger than O,-Mn and Oy-Mn, indicating an enhanced O-Mn

interactiorQl doping. Thus, the O near Li can be easier to participate in the anionic

redox gﬁreover, Table 1 shows the minimum distance between adjacent oxygen

atoms in %f and NLFM-half.
The loca re changes of NFM-half, NLFM-half, and the surrounding environment of
O atom upon ¢ ing are displayed in Figure S4. O, in NFM-half and O, in NLFM-half are
This article is protected by copyright. All rights reserved.
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both only bonded to Fe, Mn, and Na atoms, while O, in NLFM is also bonded to Li atom in

addition Na atoms. The COHP analysis (Figure 1d) indicates that both the

anti-bondiQding strength under the Fermi level between Mn and O, are larger than

H I
those bet\w and Oa/Ob, which is consistent with the shorter distance between Mn and

O.. After @/ith Li atoms, the local environment of O atoms is changed. In NLFM-half,
the Mn—Oanth (~1.885 A) is shorter than Mn-O, (~1.945 A) in NFM-half. But the
Mn-Oy, bond len;n (~2.010A) is longer than Mn-O, (~1.945 A) in NFM-half. Compared with
the transit@l in NFM, Li ions in NLFM can provide fewer electrons. When Li atoms
replace trmmetal atoms, more electrons in Mn atoms likely are activated and the Bader
charge imNFLM-half is smaller than NFM-half. As shown in Table 1, it is obvious
that th nce between adjacent oxygen atoms decreases after Li substitution, consistent

well with ghe result of COHP.**

Furthe Bader Charges (Figure S4) represent the charge transfer of each atom.

The charé of O, in NLFM-half is —0.985e, less negative than that of O, in NFM-half and O,
in NLFMhown in Table 2, which may be attributed to the Na-O-Li configuration in
NLFM-h;ar effect has been reported for Li-rich material with Li-O-Li configuration,

which the charge of oxygen atoms and gives rise to the anionic redox process.!'”**!

During the extraction of sodium ions, the transition metal has more positive charges

This article is protected by copyright. All rights reserved.
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compared with Li, therefore the Bader charge of O, is more negative than that of O, and O,

after eXMw charges of Oy and O, are close to each other). Based on these findings,

oxygen atQ easily oxidized after Li substitution.
|

The th'ns of NFM and NLFM are displayed in Figure 2. Le Bail fits for
calculatinngstal structures were employed by utilizing General Structure Analysis
System/Emlt Graphical User Interface (GSAS/EXPGUI).** **! The diagrams of the
crystal P2:1 03 type structures (defined by Delmas®®) inserted in Figure 2a and 2b
are obtainG‘ISTA software.!?”! The discrepancies between the two structures are clearly

exhibited.fiNa @ occupy two different triangular prismatic sites surrounding by AA and BB

oxygen in P2 type structure. In contrast, Na ions locate the center of three different
octahe nding by AC, BA and CB oxygen slabs in O3 type structure. The peaks of

NFM are mwell to a hexagonal phase with P6;/mmc space group, except a small peak

near 34° lts from impurity. The peaks of NLFM can be assigned to the

incorpora!d phases combining both P2 type and O3 type structure, coinciding well with the

hexagowspace group: P63/mmc) and rhombohedral lattice (space group: R-3m). The
P2 type aere structures are isostructural with Nay7;MnO, o5 (JCPDS: 27-0751) and
a-NaF DS: 20-1115). The lattice parameters for NFM are a = b =2.934 A, c = 11.21

A. For NLFM, the calculated lattice parameters of P2 part are refined asa =b=2.884 A, c =

This article is protected by copyright. All rights reserved.
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11.04 A, and O3 part are fitted for a =b =2.92 A, ¢ = 16.43 A. Moreover, there are small

peaks aMhich belong to the superlattice peaks originating from the ordered

arrangemQ Li and transition metals.!**>"

I I
It is wi rted that Mn/Fe-based layered cathodes are mostly sensitive to air. To
contrast th ity against ambient air, the two materials were exposed to air for one month.

The compmf XRD patterns is shown in Figure 2¢ (full range patterns are shown in
Figure 853 shows unchanged pattern even after exposing to air one month. The peaks
located beﬁéo and 17° are assigned as (002) for P2 type and (003) for O3 type,

respectivm, however, shows an additional peak near (002) peak, marked by *.

MoreoveE peak has a slight shift to the lower angle, indicating the enlarged interlayer
spacing. le, the broadening peak width and decreased peak intensity also evidence
the structlwbility of NFM against air. Note that CO, component in the atmosphere may
attack NFuse the structure breaking of NFM.!"* Further, the materials were soaked
in dei0r£vwater for a long time of one week followed by drying at 60° (right side of Figure

2¢). Sim material exposed to air, the XRD pattern of water-soaked NLFM coincides

well with ane one. Regarding to NFM, the structural degeneration is more serious,

represe 'fcﬁ a new obvious broad peak near 15°. The whole pattern is different from the

pristine one, indicating the structure has been destroyed by the extraction of Na and insertion

This article is protected by copyright. All rights reserved.

10



WILEY-VCH

of water between the layers. Moreover, the SEM (scanning electron microscopy) images of

NFM aMVith pristine and water-soaked samples are shown in Figure S6 for

comparis&’[, new small particles appear on the layered blocks after soaking in

I I
water, cormme emergence of new phase. By contrast, both pristine and water-soaked

samples she@w lay€red morphologies for NLFM, consistent well with the XRD patterns. The

C

results dew that NLFM has excellent stability against both ambient air (CO; etc.) and

water, as shown !s the schematic diagram in Figure 2d.

The difm in electrochemical performances between NLFM and NFM are shown in
Figure 3. @al charge-discharge profile of NFM and NLFM is performed (Figure 3a
and 3by§iljanostatic model and potential window of 1.5 V — 4.5 V under the current
densit ~!. The first charge curve can be divided into two parts, separated by the
vertical dwmh representing the capacity based on Fe’"/Fe*" (Figure 3a). The specific
capacity o @ st charge process is 181.1 mAh g, corresponding to 0.65 Na” per formula
extractingrﬂe lattice. Note that Mn*" cannot be oxidized to a higher valence in an

octahedeent.[3 " The capacity based on cationic redox process (active Fe’”) is only

55 mAh g:sponding to 0.2 Na', which means the excess capacity (beyond cationic

redox i is likely derived from anionic redox process. Moreover, Li substitution

conceives the possibility of anionic redox and the corresponding plateau near 4 V is

This article is protected by copyright. All rights reserved.
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analogous to the typical Li-rich cathodes.”” The results are consistent well with the DFT

calcula‘wls of the charge compensation mechanism will be discussed further in the

next part. Quat the valences of TMs and structures will affect the electrochemical
H I

performa i-substituted Fe and/or Mn based layered cathodes.”**¥ As for NFM in

F

Figure 3b$he fizst charge capacity is lower than the theoretical capacity based on Fe*"/Fe*".

C

Itis ObViOw'le first discharge capacity is larger than the charge process, which is

Cl

reasonable becaufe NFM is a Na-deficient material and Mn can be reduced during the

discharge @rocess. The remarkable comparison of derived dQ/dV profiles is shown in Figure

S7. There peaks during the charge process in NFM, indicating the oxidation process

all

of Fe ansition which will be discussed in the following part. As for NLFM, one

M

extra p ars at a high potential which is similar with Li,MnOs-based Li-rich

materials, 2 coinciding well with DFT results. The lower potentials marked by dotted

f

rectangle g @ ts Mn redox process. It is notable that Mn redox peak in NFM is relatively

strong co ith Fe redox peak. This indicates an intense participation of Mn redox in

N

charge compensation, which is adverse to structural stability.

{

The ratSnance 1s naturally displayed between the two materials (Figure S8). The

curren 4‘-@ of the initial 10 cycles is 20 mA g™', followed by the subsequent current

densities of 50, 100, 200, and 500 mA g for every 10 cycles. The first discharge capacities

This article is protected by copyright. All rights reserved.
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for NLFM at each current density are 165, 128, 108, 89, and 64 mAh gfl, respectively. In
contrasws for NFM are 154, 106, 81, 51, and 19 mAh gfl, respectively. Apparently,

NLFM pOQressive rates performance and a superior recovery capability when the
I I

large currWty returns to a small one (136 mAh g™ for NLEM and 103 mAh g for
NFM whe@remt density recovers to 20 mA g '). The corresponding charge-discharge
curves arﬂWn Figure 3¢ and Figure S9. At high current density of 200 mA g™, the
discharge capaci;s of initial cycles for the two materials are comparable while the cycling
stability sﬁite remarkable disparity (Figure 3d and Figure S10). The electrodes were
tested witMurrent density in the first cycle for their activation, followed by a high
curren i 00 mA g '. The capacity of NLFM and NFM after 100 cycles are 109.6
mAh gg mAh g™! with the capacity retention of 98.34 % and 11.97 %, respectively.
The coulo&efﬁciency of NLFM is almost larger than 99.0 % with a stable tendency
compared@ gradually decreased behavior in NFM. The results demonstrate NLFM has

the imprrochemical performance compared with NFM in the applied current

density. élionic ,:dox here, exhibits a positive effect on the electrochemical performances.

As is wan, the kinetics takes a prominent role in the electrochemical performance.

To exp{dynamic difference between the two materials, GITT (galvanostatic

intermittent titration technique) was performed for one cycle with the potential window of 1.5

This article is protected by copyright. All rights reserved.
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V — 4.5V (Figure S11). The cells were conducted with the current density of 10 mA g™' for 1

h folloMrest to approach the quasi-equilibrium potential (circle dot line). This

procedureQed until the end of the cycle. Na" diffusion coefficient (Dng+) therefore
H I

can be de(wm Fick’s second law of diffusion. Details about the equation and calculations
were intro@ our previous work!"® and also shown in Figure S12. The calculated Dy,
of NLFM h f#nges from 107 to 107'% cm® 5™, is superior to that of NFM ranging from
10%to 107" cmil. Bounded by the potential of 4.0 V, the charging process can be divided
into two pEThe value of Dy, for both NLFM and NFM is approximate in the initial part
before 4.0monstrating a similar oxidized process. During the second part beyond 4.0 V,

a plate accompanied by the slower kinetics. However, the plateau is different

betwee materials. For NLFM, this plateau is related to the anionic redox process,
while the !ateau of NFM reflects the phase transition. It is apparent that the phase transition
in NFM w@ kinetics impairs the rate capability, in according with Figure S9. Note that
unlike r kinetics at the high-potential plateau in typical Li-rich materials, the
corresponi'ng a’)' nic redox process is accelerated and the kinetics is improved due to Li

substitution in NIBFM, benefitting from the limited oxygen loss and stable structure (without

detected ransition), which will be discussed below.

This article is protected by copyright. All rights reserved.
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To investigate the structural evolution of the two materials, in-situ and ex-situ XRD were

perform e 4a shows the in-situ XRD color-filled patterns for the first cycle of NLFM

accompanQorresponding charge-discharge curve. The whole range of XRD patterns
H
is displaywure S13. The symbol * represents the impurity from the in-situ model,

which is c@ by comparing the different states of XRD patterns, as shown in Figure

S14. The @O, k firstly shifts to a lower angle, indicating the evolutions of ¢ axis

HES

resulting from th@extraction of Na". The tendency persists until charging to ~ 4.0 V,

consistent@vith the result of sodium ion diffusion coefficient. Then (002) shifts back to a

N

higher anm charging to higher voltage. The two inverse behaviors during charge
proces with the in-situ XRD results of Li; ;Nig>,Mng ¢O,, which also indicates
oxyge | The (002) peak returns to its original position after the discharge process,

demonstras'ng good reversibility. Moreover, the in-situ XRD patterns for the second cycle are
also displ@ igure S15. Similarly, NLFM exhibits remarkable structural stability, more
importerut phase transition. In contrast, NFM shows an additional peak after the

chargin% qocesg' ocating at ~ 18° (Figure S16). The new peak indicates the phase transition

from P2 to O2 ori phase, which is common in P2 type materials.

Mor&8 vlﬁ e volume evolutions of two electrodes during the first cycle are compared in

Figure 4b, calculated from a and c lattice (Figure S17) after refining the cell parameters. The

This article is protected by copyright. All rights reserved.
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key potential points are selected based on their corresponding dQ/dV curves. Obviously,

NFM sMﬂuous volume changes, with a value of 7.9% during charge and 10.4%

during dis& reduplicative volume change deteriorates the structural stability and
H I

further resMapacity fade. In contrast, NLFM exhibits only 0.85% volume change
during cy@h is far less than that of NFM, profiting from Li substitution. Actually, the
distance ow slabs in NFM expands during charge because of the increasing repulsion

from the extractidh of Na'. The structure cannot maintain P2-type stacking with slight Na",

U

inducing tlie phase transition for stability. On the contrary, the distance of oxygen slabs will

f

not increa nably in NLFM stemming from the oxidation of oxygen, which decreases

d

the repilsi tabilizes the structure.l'” The two-phase transition behavior well explains
the pla round 4.0 V in the first cycle for NFM in Figure 3b and dQ/dV curves (Figure
S7), Whicgemonstrate that phase transition in NFM induces the sluggish kinetics and

eventual f; @ the electrochemical performance, corresponding to the GITT results. On

the contra owns the structural stability and reversibility without phase transition,

1

leading tomts sup@rior electrochemical behavior. It is noted that the oxygen redox usually

:

leads to gaseous @xygen loss, damaging the stability of the structure. To confirm the oxygen

Y

evolutio M, differential electrochemical mass spectrometry (DEMS) was applied.

A

This article is protected by copyright. All rights reserved.
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Results show that the oxygen loss is very limited in NLFM in the first cycle and cannot be

detecteMuent cycles (details in Figure S18).

Then.,tl%ischarge mechanism of the cathodes was investigated by XPS and
sXAS. ths of NLFM show the evolutions for redox states of O and Mn (Figure 4c).
When chaQ4.5 V, the electrode shows a new peak located at ~ 531 eV, representing
the oxidizmﬁn which is well consistent with other works.®*** The results coincide with
that of in-:) patterns. Additionally, it is noted that, after discharging the electrodes to
15V, Mn@rum of NLFM propagates a small peak at ~ 640.6 eV, which is assigned as

Mn** (the@f NFM is compared in Figure S19). Furthermore, inductive coupled

plasma ion spectroscopic analyzer (ICP) for the electrolyte was performed to measure

the Mnf solved from NLFM and NFM electrodes, after 100 cycles. Results (Figure
4d) demorsigte that the concentration of dissolved Mn in NFM is greater eight times over
than that i@. It implies that overexploitation of Mn in NFM generates more serious Mn
dissolu@l weakens the structural stability. By contrast, this overexploitation is

inhibiteHI by the charge compensation of anionic redox (Figure 4e) which realize a

trade-off Eanionic redox and cationic redox. Anionic redox acts as a key factor to

balancdf arge compensation, and avoid the loss of active material as well as structural

distortion.

This article is protected by copyright. All rights reserved.
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In addition, the capacity contribution of three electrochemically active elements (O, Mn,
Fe) is aMed. Figure 5a exhibits the XPS results of Ols spectra over cycling (Mn2p

and Fe2p Qn Figure S20 and S21, respectively) for charged (4.5 V) and discharged

I I
(1.5V) chtrodes. The cells were tested under 10 mA g for the first cycle and then

200 mA g@osequent cycles. Until the aimed cycle, the current density was returned to
10 mA gwted that O™, Mn*"*", and Fe*" exist whether in charge or discharge process
(Figure 5b), whi; mean only partial element delivers electrochemical activity. The capacity
contributi@ee elements is estimated based on the active part (shaded area in Figure 5b)
with the rmwn in Figure 5c (details in Supporting Information). Manganese dominates
the capgei ibution in the initial cycles, followed by oxygen. The evolution tends to
equilibg@®T after 20 cycles, where the contribution of iron can be neglectable while Mn and
O display @glmost equal capacity contribution. To deeply investigate the valence evolution of
Mn, the e were further etched (to 300 nm) and tested using XPS, with the results
shown r2 All the electrodes mainly contain Mn®" and Mn*" states with limited
Mn*" 1t s?uld g noted that Ar" etching will induce the reduction of manganese to a certain

degree, with genSation of Mn*". The results show the sustainably reversible capacity

contributi anionic redox and stable chemical environment of interface, preventing Mn

from overexploitation and improving the stability of NLFM electrodes.

This article is protected by copyright. All rights reserved.
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The sXAS for O K-edge of both NFM and NLFM were employed to further investigate the

anionicWFigure S23). Here we focus our attention on the pre-edge features because

of the Val&aﬁon about the valence change of transition metals and oxygen holes.

The peak from “P” (pristine) to “C1” (charge to 60 mAh g '), demonstrating the

oxidation @f trangftion metal. The oxidation process generates more holes in 2p-3d hybrid

SCI

states, leading/thgipeak to increase.®” Additionally, as shown in previous works about Li-rich

materials, the pedk near 531 eV can be assigned to O-hole creation in the non-bonding O 2p

4

[40, 4

states. Thus, the integrated pre-edge peak intensity ranging between 528 — 532 eV is

fi

reasonabl ered to reveal the information of oxygen oxidation.” * The integrated

d

pre-ed mtensity exhibits visualized results of different states of electrodes about the
oxyge istribution corresponding to the anionic redox (Figure S23c, S23d). Compared
with the pgistine state, the integrated intensity increases ~ 17 % for NFM after charging (C2),
which is f@ the value of ~ 80 % for NLFM, confirming the high active anionic redox

process r[”] The result consists well with that of electrochemical performance,

suppressei Rhas’ransition in in-situ XRD and the variation of elemental valence from XPS.

To reveD‘uctural evolution of the cycled cathodes STEM with HADDF model was

utilized 4@ ight-dots in Figure 6a and 6¢ correspond the TM-ions (Fe and Mn),

accompanied by corresponding fast Fourier transform for NFM and NLFM, respectively. The

This article is protected by copyright. All rights reserved.
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arrangement of TMs in NFM is fluctuant together with the formation of massive vacancies.

While Me in a perfect order for NLFM. Figure 6b and 6e show the enlarged images

selected ir&le of Figure 6a and 6d, respectively, with the extracted intensity profile.
H I

The intenwle shows obvious difference, represented by a gradually decreased intensity
in NFM a@:ivalent height in NLFM. It is noted that there are increasing signals
between w in Figure 6b labeled by white arrows, indicating cation migration. The
™ Vacan@ation migration coincide well with the ICP results of Mn dissolution. In
contrast, t@no perceptible deficiencies for NLFM, demonstrating negligible Fe
migrationm&ssolution. Moreover, corresponding geometric phase analysis (GPA)
pattern ble difference between two cathodes (Figure 6¢ and 6f), indicating lattice
stress 1 rodes, which shows apparently heterogeneity for NFM and uniformity for

NLFM. Tg unbalanced lattice stress existed in NFM easily induces phase transition, which

correspon@ith the in/ex-situ XRD results.

In sumaﬂe report a layered oxide NagsLig,Fey,MngsO, (NLFM) with anion-cation
synergeWo realize reduced lattice strain and splendid electrochemical performance.
Long-tern':nal stability during continuous sodium extraction and intercalation is
achiev s prominent stability against moist air, solid solution behavior with 0.85%

volumetric change as well as the negligible manganese dissolution and iron migration. Our
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work will take a step forward to understand anionic redox chemistry and pave the way for

designiMable cathode materials contributing to high-performance sodium-ion

batteries. Q

I I
SupportiMmation

Supporting Infor@ation is available from the Wiley Online Library or from the author.

€

Acknowl ts

dnusS

This w ncially supported by the National Natural Science Foundation of China

(Nos. 2005274), the Natural Science Foundation of Jiangsu Province, China (No.

BK20211§66), the Shenzhen Science and Technology Innovation Committee (Nos.
RCYX2014524165 ,JCYJ20210324123002008 and 2021Szvup055), and the Open

Fund omdong Provincial Key Laboratory of Advanced Energy Storage Materials

(No. aew. The authors are very grateful to Prof. Ping He and Mr. Chuanchao Sheng

for the DEMS tes

This article is protected by copyright. All rights reserved.

21



WILEY-VCH

Received: ((will be filled in by the editorial staff))
Revised: ((will be filled in by the editorial staff))
Published online: ((will be filled in by the editorial staff))

Author Manuscript

This article is protected by copyright. All rights reserved.

22



WILEY-VCH

References

[1] uo, Q. Li, P. Liu, M. Chen, H. Zhou, Nat. Commun. 2017, 8, 135.

[2] i, H. Yoshida, S. Komaba, Electrochemistry 2012, 80, 716.

pt

o

[3] omaba, C. Takei, T. Nakayama, A. Ogata, N. Yabuuchi, Electrochem. Commun.

2010, /2, .

[4]

Environ.

. Yu, P. Liu, Y. Ren, T. Zhang, M. Chen, M. Ishida, H. Zhou, Energy
1. , 8, 1237.

SC

[5] i a, S. Miyazaki, M. Koizumi, J. Solid State Chem. 1986, 62, 35.

U

[6] A. Caballero, L. Hernan, J. Morales, L. Sanchez, J. S. Pena, M. Aranda, J. Mater.
Chem. 2002, 12, 1142.

[

[7]
3, 165.

s, J.-J. Braconnier, C. Fouassier, P. Hagenmuller, Solid State lonics 1981,

(©

[8]

Usui,

uchi, M. Kajiyama, J. Iwatate, H. Nishikawa, S. Hitomi, R. Okuyama, R.
a, S. Komaba, Nat. Mater. 2012, 11, 512.

¥

[9] S. Guo, P. Liu, Y. Sun, K. Zhu, J. Yi, M. Chen, M. Ishida, H. Zhou, Angew. Chem.
Int. Ed. 2 11701.

F

[10] .Sun, J. Yi, K. Zhu, P. Liu, Y. Zhu, G. Zhu, M. Chen, M. Ishida, H. Zhou,
Npg Asia Mater. 2016, 8, €266.

no

[11] chi, S. Komaba, Sci. Technol. Adv. Mater. 2014, 15, 043501.

{

[12] Xu, J. Wu, E. Hu, Q. Li, J. Zhang, Y. Wang, E. Stavitski, L. Jiang, X. Rong, X.

Yu, J. Mater. ChSn. A 2018, 6,20795.

[13] P ng, Y. You, Y. X. Yin, Y. S. Wang, L. J. Wan, L. Gu, Y. G. Guo, Angew.
Chem. In 016, 55, 7445.

[14] V. Duffort, E. Talaie, R. Black, L. F. Nazar, Chem. Mater. 2015, 27, 2515.

This article is protected by copyright. All rights reserved.

23



WILEY-VCH

[15] S. H. Guo, Y. Sun, P. Liu, J. Yi, P. He, X. Y. Zhang, Y. B. Zhu, R. Senga, K.
Suenaga, M. W. Chen, H. S. Zhou, Sci. Bull. 2018, 63, 376.

Energy E ci. 2018, 71, 299.

[16] ; . 0. S. Guo, K. Zhu, P. Liu, X. Li, K. Jiang, C.-J. Sun, M. Chen, H. Zhou,

[17] -)‘EQiaO, S. Guo, Z. Xu, H. Zhu, X. Zhang, Y. Yuan, P. He, M. Ishida, H.
Zhou, Ad\» 12018, 30, 1705197.

[18] )@Qiao, S. Guo, K. Jiang, M. Ishida, H. Zhou, Adv. Mater. 2019, 31,
1807825.

[19] E. Hu, Y. Lu, F. Meng, C. Zhao, X. Wang, Q. Zhang, X. Yu, L. Gu, Y.-S.
Hu, H. Li, X. Huahg, X.-Q. Yang, C. Delmas, L. Chen, Joule 2019, 3, 503.
[20] e, P.H.Mi, A.J. Ye, S. T. Chi, Y. Jiao, L. W. Zhang, B. W. Pu, Z. Y. Zou, W.

Q. Zhang,"™WF. eev, S. Adams, J. T. Zhao, S. Q. Shi, Acta Mater. 2021, 203, 116490.

[21] @, J. Lee, A. Urban, R. Malik, S. Kang, G. Ceder, Nat. Chem. 2016, 8, 692.

. E. Gent, P. Xiao, K. Lim, D.-H. Seo, J. Wu, P. M. Csernica, C. J.
Takacs, D nd, C.-J. Sun, K. H. Stone, D. Passarello, W. Yang, D. Prendergast, G.
oney, W. C. Chueh, Nat. Mater. 2019, 18, 256.

[23] \SOkubo, A. Yamada, ACS Appl. Mater. Interfaces 2017, 9, 36463.

[24] A@on, R. B. Von Dreele, Los Alamos National Laboratory Report LAUR
1994, 86.

[25] ﬁy, J. Appl. Crystallogr. 2001, 34, 210.

[26] MS, C. Fouassier, P. Hagenmuller, Physica B+C 1980, 99, 81.

[27] @\a, F. Izumi, J. Appl. Crystallogr. 2011, 44, 1272.

[28] ng, B. Key, Y. S. Meng, C. P. Grey, Chem. Mater. 2009, 21, 2733.

[29] B. Xu, C*R. Fell, M. Chi, Y. S. Meng, Energy Environ. Sci. 2011, 4, 2223.

This article is protected by copyright. All rights reserved.

24



WILEY-VCH

[30] M. M. Thackeray, C. S. Johnson, J. T. Vaughey, N. Li, S. A. Hackney, J. Mater.
Chem. 2005, 15, 2257.

[31] J. C. Eames, S. M. Wood, A. Whiteside, M. Saiful Islam, Phys. Chem. Chem.
Phys. 201 259.

[32] - myrong, M. Holzapfel, P. Novak, C. S. Johnson, S. H. Kang, M. M.
Thackeray™=PE@®Bruce, J. Am. Chem. Soc. 2006, 128, 8694.

[33] C@W Y. Huang, Y. W. Li, M. J. Zhang, K. Q. Nie, J. O. Wang, W. G. Zhao,
R. Qi, C. Jm B. Li, H. C. Yi, F. Pan, Nano Energy 2021, 90, 106504.

[34] S. Mariyappan, G. Rousse, A. V. Morozov, B. Porcheron, R. Dedryvere, J.
P. Wu, W. L. Yaag, L. T. Zhang, M. Chakir, M. Avdeev, M. Deschamps, Y. S. Yu, J.
Cabana, ﬁblet, A. M. Abakumov, J. M. Tarascon, Nat. Mater. 2021, 20, 353.

[35] n, J. Kim, C. Lefief, N. Li, J. Vaughey, M. Thackeray, Electrochem.

Commun. m 1085.

[36] la, A. M. Abakumov, M. Saubanere, D. Foix, E. J. Berg, G. Rousse, M. L.
Doublet, D. au, P. Novak, G. Van Tendeloo, R. Dominko, J. M. Tarascon, Science
2015,

[37] \g Sathiya, A. M. Abakumov, D. Foix, G. Rousse, K. Ramesha, M. Saubanere, M.

L. Doublct=H® in, C. P. Laisa, A. S. Prakash, D. Gonbeau, G. VanTendeloo, J. M.
Tarascon,ter. 2015, /4, 230.

[38] iya, G. Rousse, K. Ramesha, C. P. Laisa, H. Vezin, M. T. Sougrati, M. L.
Doubl i . Gonbeau, W. Walker, A. S. Prakash, M. Ben Hassine, L. Dupont, J. M.

Tarasther. 2013, 12, 827.

[39] N. Yabulichi, M. Takeuchi, M. Nakayama, H. Shiiba, M. Ogawa, K. Nakayama, T.
Ohta, D. Endo, 1, 0Ozaki, T. Inamasu, K. Sato, S. Komaba, Proc. Natl. Acad. Sci. 2015, 112,

7650. <
[40] K. Luo, M. R. Roberts, R. Hao, N. Guerrini, D. M. Pickup, Y.-S. Liu, K. Edstrom, J.

Guo, A. V. Chadwick, L. C. Duda, P. G. Bruce, Nat. Chem. 2016, 8, 684.

This article is protected by copyright. All rights reserved.

25



WILEY-VCH

[41] L. L1, E. Lee, J. W. Freeland, T. T. Fister, M. M. Thackeray, M. K. Chan, J. Phys.
Chem. Lett. 2019, 10, 806.

. K. Papp, R. J. Clément, S. Sallis, D. H. Kwon, T. Shi, W. Yang, B. D.
der, Nat. Commun. 2017, 8, 981.

Author Manuscr

This article is protected by copyright. All rights reserved.

26



WILEY-VCH

+ MFM
1.07 * HLFM_1
[} *  MLFM_2
E 0.8 s HLFM_3
g g | ’ i
: 5 : :
: §0° S R R
z 3 3 i ! I
B EM i
[ '] H I
a 0.2+ .
0 -8 6 -4 2 0 3 4 %9 i 3 3 3 ]
Energy (eV) Structure
C w0 d
Half Na-exiracied 0 in NLEM 4 | Hall Na-exiracled - :
E‘ O i BEFIA o {:I [ B
20 : 24 & "ME @, !
g T i I’t‘l 0’$‘° |
= s I 0 o = —
o b TaH! _|'_ —_ - ¥
dol Al ] =
k-] % IJ':I‘ . o n =
- w a,Mn o Ma b
4 n .
g =20 Oy:Fu 9 Fa k=
O-Me T —_—
6 - o,Mn * o -
b
-‘-l'l T T T T T T T
5 0 5 i0 -1.2 0.8 0.4 0.0 0.4
Enargy (eV] -COHP

A0
Figure i i D; ;;')f oxygen atoms in pristine NFM and different structures of NLFM
Pristine. b Ener5 barriers of Na migration in NFM and NLFM. Computed diffusion paths

and ener es using CAVD+BVSE. ¢ Total DOS of oxygen atoms in NLFM-half and

NFM-half. d boriding information of O-TM for pristine and after extraction of half sodium

This article is protected by copyright. All rights reserved.

27



WILEY-VCH

ions. -COHP <0, =0, and > 0 represent antibonding, nonbonding and bonding, respectively.
Line anMe represent the up spin and down spin respectively. O-TM (Fe, Mn) means

the bondi jon between oxygen atoms with different transition metals.
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for NFM and NLFM after exposing in air for one month and soaking in water for one week. d

[
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b Typical initial charge-discharge cycle of NFM with a potential window of 1.5 — 4.5 V at 10

mA g_lwdischarge curves of NLFM at various current densities. d Cycling

performarQo electrodes at 200 mA gf1 with coulombic efficiency.
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Figure 4. Structure evolution of the cathodes. a In situ XRD color-filled patterns of NLFM
for the Maccompanied by the corresponding charge-discharge curve. b Evolutions of

cell VOIUI‘& and NLFM during the first cycle. The data are obtained after refining
H I

the correszRD patterns. ¢ XPS results of Ols and Mn2p spectra for charged (4.5 V)

¥

and dischdgged (5 V) NLFM electrodes. d Concentration of dissolved metal in two
electrodesw from electrolyte after 100 cycles. e Schematic diagram of dissolved Mn

with cycles

U
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cyclin Iculated details are shown in Supplementary Information.
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(SAED) pattern. b Enlarged HAADF-STEM image obtained from a, with the extracted
intensitM Corresponding geometric phase analysis (GPA) patterns of a. d The

HAADF-Qe of NLFM with the SAED pattern. e Enlarged HAADF-STEM image
H I

obtained ith the extracted intensity profile. f Corresponding geometric phase

E

C

analysis (@PA) patterns of d.
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Table 1. The minimum distance between adjacent oxygen atoms (A)

Materials Distance (A)

AU

NagFelen6O36 2.6132
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Na6LigFe3Mn12036 2.4952

nuscript

Table 2. er Charge of different elements. Mny; represents the Mn atom connected to

d

atom and Mn represents the Mn atom without connecting with Li atom.

M

Samples Bader Charge
Mn Fe O,
Na6Fe&6 1.868 1.809 -1.059
Sa Bader Charge
Li Ml’lLi Mn Fe Oc Ob
NagLis g3Mn12036 0.884 1.861 1.861 1.840 -0.985 -0.971

Aut
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A strategy of anion-cation synergetic redox is proposed to suppress the structural
deterioration of sodium-ion layered Fe/Mn-based cathodes. The electrode is of high
resistanH erosion of moisture which is distinct from the traditional electrodes.
Moreovere demonstrates solid solution behavior without phase transition during
cycles. Thewwitfassiiall volume change of 0.85% is ascribed to the negligible manganese
dissoluﬂo@visible Fe migration. The high-stable layered structure assures superior

reversible and excellent rate capability.

O

Keyword%:dox, high-stable, layered cathode, suppressed phase transition, sodium-ion

battery :
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