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ABSTRACT: Layered NaNFgMn,O, cathode (NFM) is of Ts/eTere
great interest in sodium ion batteries because of its high theo ﬁ@fe"géhége’aﬁ’ﬁv‘,,ta@
capacity and utilization of abundant, low-cost, environme#tallys/e/8/6/8/8/2/ * Feas
friendly raw materials. Nevertheless, there remaingiémsu ""’;;%%%%%’gﬂ/"" G
understanding on the concurrent local environment evolution in = ————

Electrochemical Cycling

each transition metal (TM) that largelyuiences the reversibility of NaNi,Fe,Mn,0,

of the cathode materials upon cycling. In this work, we investigate———_——

the reversibility of TM ions in layered NFMs with varying&z/ ;fc zfgm
contents and potential windows. Utiliengitisynchrotron X-ray/ /e/e/s/s/s/6/a/
tion Highly Reversible
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absorption near-edge spectroscopy and extended X-ray ab
ne structure of precycled samples, the valence and bon

evolution of the TMs are elucidated. It is found that Mn is

electrochemically inactive, as indicated by the inaignchange of Mn valence and the ®Inbonding distance. Fe is

electrochemically inactive after tis¢ ve cycles. The Ni redox couple contributes most of the charge compensation for NFMs. Ni

redox is quite reversible in the cathodes with less Fe content. However, the Ni redox couple cdravisesigngibility with a

high Fe content of 0.8. The electrochemical reversibility of the NFM cathode becomes increasingly enhanced with the decrea

either Fe content or with lower upper charge qdtential.

KEYWORDS:layered transition-metal oxide cathode, reversibility, local environment evolution, X-ray absorption spectroscop)
sodium ion battery

1. INTRODUCTION substitution of nickel and manganese ions is particularly

Large-scale energy storage systems (ESSs) have bec8 gctive. Kim et al. reported Naiffia sMn,;;0, cycled

: : e ithin a voltage window of 140 V? The cathode exhibited
extremely important for the penetration and utilization oan average voltage of 2.75 V, a moderate capacity of 100 mA h

intermittent renewable energy sources for the electrical grid$. ; : 1 5
: for 150 cycles, and a capacity of 94 mA"fatgl C:
Among dierent types of ESSs, rechargeable battery tecm%ébuuchi etyal. investigateg thgue'amce of va';?ous Fe

ogy is attractive because of its high round-tdjeecy, long . . -
cycle life, and low maintenantgéthium ion batteries (LIBS) cogt%nés g]sa gﬁg‘?ﬁﬂg&% é X{%;ﬁé?gs\%hdec"?gc?e'&éa

have dominated the rechargeable battery market for decaqole Zarly with the increase of Fe corft o Nio Mno O
é i@ Nip Mno O,

However, surging demand for LIBs in the automotive electr] owed increased electrochemical performance, delivering 130
vehicle market amid limited and geographically constrain A h g reversible capacity in a voltage range o836

lt'rt]g'rl:erqsrg':irfleﬁsﬁé\ézstg?ji\%;ger};\’/ﬁgg; gggehiTEIergigr 'eanwhile, Yuan et al. conducted a study on a similar system,
9 P gnly Fe(NigMno; ,O, wherex = 0, 0.1,0.2, 0.3, 0.4, and 1.

rechargeable battery.technologies paseql on abundant reSQe cathode with Fe = 0.2 showed a reversible capacity of 125
ces. Among all candidates, the sodium ion battery, manuf )

. 1 ; !
tured with low cost and abundant raw materials, is promisirir(‘:A h g after 30 cycles and a high capacity of 86 mié g

because of similar chemistry and technology a$ LIBs. R C rate within a potential window of 2 V Wang et al.
terms of cathode materials for sodium ion batteries, layersa

O3-type -NaFeQ is of great interest because of its highReceived: August 1, 2020

theoretical capacity and utilization of abundant, low-costccepted: October 14, 2020

environmentally friendly raw matefidlbe electrochemical

performance of NaFg@an be signcantly improved through

substitution of Fe ions by other transition metals (fMs).

Although various TMs have been studied as the dbpants,
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investigated commercial Nagd¥ie 5Mn; 30, cathode materi-  R3m) is obtainedEx situsynchrotron X-ray absorption near

als® The synthesis process was scaled up by using hydroxatige spectroscopy (XANES) and extended X-ray absorption

coprecipitation followed by solid state reaction, and thene structure (EXAFS) are conducted in precycled samples to

cathode exhibited a capacity of 125 mA'taigl C% The elucidate the evolution of the TM valence state and local

electrochemical performance at various operating temperatupesding structure. The electrochemical reversibility of the

was also evaluafeloreover, a soft packed large-scale 1 Arcathode becomes increasingly enhanced with the decrease of

battery with NaNj;Fg;3Mn,;;30, as the cathode and hard either Fe content or with lower upper cygotential.

carbon as the anode was prepared and maintained 0.73 Ah

after 500 cycles at 18Qn addition to the electrochemical 2. EXPERIMENTAL SECTION

perfor.mance, the evqlution of the crystallographic structure, 1 Synthesis. The nominal NaNiFe,sMn,s0, (NFM

was investigated. Xie et al. conducted operando X-rgy ) NaNi e Mng,0, (NFM Fag, and NaNj Fe Mng O

di raction (XRD) on the NakgNi;;3Mn;,30, cathode with (NFM Fg) g cathodes were synthesized by the solid-state réaction.

the voltage window of 24.3 V and discovered a highly For each cathode, an aqueous solution with the desired stoichiometric

reversible phase transformation path, R3303-P3-03, amount of nickel sulfate, iron sulfate, and manganese sulfate was

during the charge and discharge prgcessl added into a solution of sodium oxalate under stirring. The
Although the electrochemical performance and the phaSgPrecipitation solution was continuously stirred for 3 h @ 70

transition in the layered cathodes have been widely studied, fig?": The product wasitered, washed, and dried. The dried

| | uti FTM i in t f val d bondi récursor powder and sodium carbonate were manually grinded with
ocal evolution 0 lons In terms of valence and bonding e ratio of 2:1.05 to compensate the Na loss as vapor at high

structure is seldom explored. TMs play a saptirole in  temperaturés.The mixed powder was pressed into pellets and
layered cathode materials in terms of charge compensatigficined at 85T for 12 h in air. It was then cooled down and stored
average potential, air stability, and structural stability. Firai,a glove box.

TMs serve as redox couples to account for the capacity in the2.2. Materials Characterization. The composition in each
electrodes through charge compensation mech@hiior cathode was determined by IG5 (iCAP 6000 Radial, Thermo
example, Ri/Ni** redox couple can contribute twice the Fisher Scientt Inc.). The morphology of the samples was examined
capacity of the Baret couple in theory because of two- by scanning electron microscopy (SEM, Sirion 200, FEI Company).

electron transfer of XiNi** over one-electron transfer of )T(geD(:(gggll(jt'\rﬂL:ﬁtg;egog;‘ \E\Zteh ﬁgfégglznztre;ggsﬁ;vﬂe:dletsirinéned by
Fe/Fe*'. Second, the electrode potential is dependent on thE) from 5 to 128 with a step of 0.0And scan rate of G/Bnin. The

valence state, ionic radius, electronegativity, and the logglterns were analyzed by the general structure analysis system
environment of the cations in electrode materials oflﬁferestpackagé? The cycled electrodes tested with X-ray absorption

The more energy released when electrons are inserted into Blkctroscopy (XAS) were immediately disassembled and washed
orbitals, or the more the energy consumed when electrons avigh dimethyl carbonate in a glove box onee precycles were

promoted from TM orbitals, the higher the electrode potentialnished. Then, they were carefully sealed using the Kapton tape to
of the electrode materi&dsThird. the air stability of layered avoid contact with air. XAS was conducted at the Advanced Photon

P ; e Source at Argonne National Lab at beamline 12-BM. XANES data
cathodes can be sigrantly improved by TM substitution. were collected inuorescent mode and analyzed by the Athena

Water molecules in air can easily incorporate into the Na lay bgram using the IFEFFIT packdgehe reference spectra of Ni,

of layered cathodes, leading to expansion of interlayer spaciig,and Mn foil were collected simultaneously with each sample for
formation of impure phases, and consequently, electrodgergy calibration and data alignment. The normalized EXAFS
instability in ait” It has been reported that the substitution of spectra were converted from energy to wave vector k and then
Cu ions achieves high air/moisture stabififyYao et al. weighted by, The crystallographic information for EXAESg is
reported the substitution of Cu can decrease the interlay®uilt up by the results of Rietvetting of XRD.

distance to prevent the insertion of water molééuuastly, .2..3. Electrochemlstry.AII laminated electrodes were p.repared by.
the structural stability of the electrode is signily mixing 80% active materials, 10% super carbon C45 (Timcal America

: . : . Inc.), and 10% poly(vinylidenaoride), and then, the slurry was
in uenced by the TMs via Jafrller distortion or TM ) .
migrationl.S Ni®* Mré*, and F& are ions with strong Jahn screen-printed by a compact tape casting coater (MTI Corp) on an

. : I C luminum current collector. The electrodes were punched into discs
Teller eect that increases the electronic localization a”a/ith a loading density 02.7 mg cn?. The half-cells were prepared

decreases sodium ion wion:® Furthermore, it has been with the cathode, glasber separators (Fisher Scienti and a
proposed that the migration of Fe ions from octahedral sites $adium counter electrode (Sigma-Aldrich) in an electrolyte of 1 M
the TM layer to tetrahedral sites in the sodium layer may led¢hPF (Alfa Aesar) in propylene carbonate (BASF). The coin cells
to detrimental structural and capacity fade in the layeredere cycled on an Arbin battery tester with the potential window of
cathode&!® Although TM ions have massiveugmce on 2.0 4.0 and 2.04.3 V. The cycle life and voltage keratud_les were
layered cathode materials in various aspects, to the best of gpducted at the current rate of 50 and 12 mArgspectively.
knowledge, concurrent evolution of the local environment in

each TM ion within NalfrgMn,O, cathodes has not been 3. RESULTS AND DISCUSSION

investigated. ICP MS analysis corms the composition of NFNFg 5,

Here, we investigate a NgRNe&, Mnyg9, O, system, NFM Fey 5, and NFM Fey; g to be
wherex = 1/3, 0.5, and 0.8, systematically to elucidate th@&ay g.dNig 348 33dMNo 3002 Na 06N 2566 490MNG 2405,
simultaneous evolution of the local environment of each TMnd Na g;Nig 1156 .70MnNg gof,, respectively, which is
ion (Ni, Fe, and Mn) in various cation compositions andconsistent with the expected stoichiometry within acceptable
di erent charge cutgotentials (i.e., 4.0 vs 4.3 V). The molar error. The morphologies of the samples are characterized by
ratio of Na and TM ions is camed by inductively coupled SEM (Figure SBupporting InformatipnAll samples exhibit
plasma mass spectroscopy (IIB). The crystal structures a mixture of microscale particles adas with uniform size.
of all samples are determined by XRD and Rietvedhrent The powder XRD patterns of NFMe,;;, NFM Feg,; and
where an O3-type layeredNaFeQ structure (space group: NFM Fg gare shown in Figure S2upporting Informatidn

B https://dx.doi.org/10.1021/acsami.0c13850
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Figure 1.(a) Rate study and (b) cycle life shown in charge capacity ofARéFMNFM Fe 5 and NFM Fe, g samples.

All samples can be indexed to the space [gBoupith the - One peak pair locates in the low-voltage range 8079)

NaFeQ structure. Rietveld mement is conducted to extract and the other at the high-voltage range (.15 V). In
detailed crystal structure information of the samples. Therms of structural evolution, the pairs at the low and high
re nement results are summarized in TableS8aporting  voltages can be related to the phase transition betwded O3
Informatiof. The details of Rietveld rement can be found and P3 O3, respectively’. The sloping prde between the
in Table S2 $upporting InformatipnThe lattice constarat two plateaus is associated with the smdidtion reaction
andc (Figure S3Supporting Informatidrincrease with the  within the P3 phasé.The rst cycle charge capacity of Fel/
increase of Fe content, suggesting the formation of a soBd® 4.3 is 226 mA h ¢ consistent with the theoretical
solution of Ni- and Mn-substitutedNaFeQ, consistent with  capacity (240 mA h § calculated based on the charge
previous studiés. compensation of NiNi** and Fé&/Fe*" redox pairs. The
The rate capability and cycle life study of NFdjs, voltage prde and €/dV plot of the Fel/2 4 sample are
NFM Fe s and NFM Feg g samples are evaluated in the shown inFigure 2,d, respectively. There is only one apparent
potential windows of 2.8.0 and 2.04.3 V Figure ). Fel/ plateau in the discharge voltage lpr@~igure 2), which
324, Fe0= 4, and Fe02 4 represent the cathode samples corresponds to the peak at 2.75 V in ¥ plot (Figure
cycled with a potential window of 24® V, while Fel/  2d). This is attributed to the structural transition from O3 to
324.3, FeOR 4.3, and Fe08 4.3 represent samples cycled P3/° Note that there is a small onset peak at the end of the
in a potential window of 2.8.3 V. In general, both cycle life charge process (4.0 V) in tl@dV plot, suggesting the phase
and rate capability of the samples improve with either a loweansition to 03'° The Fe1/32 4 sample delivers 138 mA h
upper charge cutgotential window (2.04.0 V) or less Fe g ! capacity in the rst charge, slightly smaller than the
content. Under the same TM composition, cycling in theheoretical capacity of 161 mA h igased on the RfyNi**
higher upper cutgotential window (2.04.3 V) o ers higher  redox. The voltage pte and €/dV plot of the Fe0& 4
specic capacity during therst few cycles. However, the sample are shown kigure 2.,f, respectively. There is a
capacity quickly fades and eventually drops to a lower capac#guction peak at 3.20 V and an oxidation peak at 3.35 V in the
than that of the samples cycled in a window o#20V. dQ/dV plot (Figure §. The redox peaks at 3.20 and 3.35 V of
Within the same potential window, both cycle life and ratéhe Fe0.8 4 samﬁple are consistent with the plateau of the
capability of NFMFe; show slightly higher capacity than NaFeQ cathode® It is concluded that both NFNFe;
that of NFM Fe, s and signicantly higher capacity than that samples with dérent potential windows show a similar O3
of NFM Fe, g All samples show limitext-cycle Coulombic  P3 phase transition. When the cuwtoltage increases from 4
e ciency (CE), possibly besauof irreversible phase to 4.3 V, the P303 phase transition gets activated. It is
transition to distorted O3phase or cathode electrolyte noted that there is a small voltage jump in rbtecharge of
interphase formation at high poteffialln addition, the  the electrodes. The voltage spike in the initial cycle is possibly
CE follows the trend that both a lower upper cptential associated with surface activation, where the surface impedance
window and less Fe content can signitly improve therst needs to be overconfé? It is possible that the samples had

cycle CE. some Na precursor residues left at the surface, which caused
In order to separately investigate theeteof the potential  the spike.
window and TM composition on the reversibility, FBU3, Ex situisynchrotron XAS is conducted to investigate the local

Fel/32 4, and Fe02 4 samples are selected, where Fel/chemical and structural environment of TMs at various states
324.3 and Fel/2 4 have the same TM composition, and of charge (SOCs) such as SOC_0%, SOC_33.3%,
Fel/32 4 and Fe0& 4 have the same potential window. The SOC_66.7%, and SOC_100%. The voltages related to the
voltage prdes of Fel/2 4.3, Fel/2 4, and Fe0& 4 in specic SOC in each sample are showridare 3All of the

the rst, second, andth cycle and the correspondiG@cv samples were preconditioned with four formation cycles before
plots are shown iRigure 2 The Fel/32 4.3 sample shows the measurements. THéh-cycle voltage prie with selected

two plateaus in the voltage peaFigure a) and two pairs of ex situFel/32 4.3, Fel/2 4, and Fe02 4 samples at
corresponding redox peaks in t@d® plot (Figure B). di erent SOCs are shownFHigure & c, respectively. Fel/

C https://dx.doi.org/10.1021/acsami.0c13850
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Figure 2(a,c,e) Voltage pries and (b,d,f)@dV plots of (a,b) Fe1/2 4.3, (c,d) Fel/2 4, and (e,f) Fe08 4 samples cycled at 12 mA g

32 4.3 and Fel/2 4 are selected to explore the reversibilitybecause of the evolution of the local envirorfritérithe

in di erent potential windows. In addition, FEA/® and edge position afx situMn K-edge spectra does not have a

Fe082 4 are used for investigation of TM compositiecte clear shift to the high or low energy region during the charging
K-edge XANES spectra of Mrigure 4 c), Ni (Figure or discharging process, indicating the electrochemically

4d f), and Fe Figure 4§ i) ions of Fel/32 4.3 (Figure inactive feature of Mhions. Moreover, the valence of Mn

4a,d,g), Fel/2 4 (Figure b,eh), and Fe(B4 (Figure  ions can be determined by the intensity of the préZtge.

4c.f,i) samples are shown Higure 4 The rst strong The negligible change of the pre-edge intensity ex thitu

absorption is related to the shake-down process from tihdn samples comms that tetravalent Mn ions prevail during

ligand-to-metal charge transfer (LMEF¥}. The primary  the Na (de)insertion.

absorption corresponds to the electric dipole-allowed tran-In terms of Ni K-edge spectra, the pristine NF#},; and

sition from 1s to a 4p orbitaf” NFM Feg g samples closely resemble the standard NiO
Because the Mn K-edge position of pristine Nk dFel sample, indicating the existence &f Whs. The spectrum

NFM Fe 5 samples is close to that of the standard ,MnO of a standard NiOOH is also provided for the referenc of Ni

instead of MyD,, the valence of Mn ions in both samples isions. The shift of the Ni edge can be quantitatively estimated

assigned as tetravalent. Within each F24/3, Fel/2 4, by the energy of thast in ection point &y, as shown in

and Fe0& 4 sample, the shape of Mn K-edge spectra changBigure S5 $upporting InformatipA’™*® The voltage versus

D https://dx.doi.org/10.1021/acsami.0c13850
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Figure 3 Fifth cycle voltage piles of (a) Fel/2 4.3, (b) Fel/32 4, and (c) Fe0& 4 with the selected SOCs during cycling. The black squares
and red triangles represent the voltage states during the charge and discharge process, respectively.

Eoni plots of Fel/2 4.3, Fel/32 4 and Fe0& 4 are shown  charging and discharging process, suggesting that Fe ions are
in Figure @ c, respectively. In Fel234 and Fel/2 4.3 barely electrochemically active after precycle activation
samples, thé,; value gradually increases and decreasgsocesses. Xie et al. reported &fifed* redox couple in the
during charge and discharge process, suggesting the oxidaitiitial cycle of NaNgFe sMn,;30, by XANES when charged

and reduction of Ni ions, respectively. Moreovertige  above 4 V.The absence of thet&e** redox couple after
value at each charge/discharge step is similar to each othertiAd activation process demonstrates the irreversible electro-
of above show a good reversibility gf BEamples at dérent chemical behavior of Fe ions. Lee et al. reported instability of
potential windows during the cycling process. As for thihe Fé7Fe* redox couple in-NaFeQ, where more than
Fe082 4 sample, the oxidation state of Ni ions drasticall20% of F& species that were generated in the desodiated
increases from 3.4 to 4.0 V during the charge process, andNi, ,FeQ, electrode were spontaneously reduced back to Fe
gradually decreases during the discharge process. It sugghst®ig open circuit storage of the charged-calhis

that the Ni redox couple is active and contributes to thénstability of F& may limit the sensitivity of the XANES
specic capacity. However, teof Niions does not returnto  measurement to detect thé¢*Hermed during cycling. As a

the pristine state during discharge and a large irreversiblsult, Fe may be slightly more active than the XANES results
behavior is observed during discharge, particularly at the lewould suggest. The samples were measured immediately after
voltages. Because the Ni redox couple is quite reversible in thaching the desired state of charge to minimize duis e
Fel/32 4 sampleKigure B) and because both FePg and Additionally, the strong hybridization of bonding betwéén Fe
Fel/32 4 samples are cycled with the same potential windowand oxygen ligands could suppress the shift of the Fe K-edge
the irreversibility of the nickel redox couple in the Zd08 XANES spectra upon oxidation fron?*Re Fe*2° 33

sample is possibly a result of the increase in Fe compositidimerefore, the irreversible speatapacity possibly results
Therefore, the Fe(B4 sample shows limited electrochemicalfrom the irreversible ¥4e** redox couple after cycles for all
performance in terms of cycle life and rate capabitityrd NFM layered cathodes.

1). We conductedx sSittEXAFS to examine the local structural
As for Fe K-edge XANES spechig\re ¢ i), the shape  evolution of each TM with dirent operating potential
and edge position of pristine NFRg,;; and NFM Feg) g windows and TM composition. The Fourier-transformed

strongly resemble the standargDEspectra, suggesting that magnitudes of Mn, Ni, and Fe EXAFS spectra of Fel/
trivalent Fe ions are present. For each sample, the edg§® 4.3 (Figure @&,d,g), Fel/2 4 (Figure ®&,e,h), and
positions of all curves at various voltages hardly shift during the082 4 (Figure 6,f,i) samples are shownFigure 6 The
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Figure 4 XANES K-edge spectra of ¢aMn, (d f) Ni, and (g i) Fe ions of (a,d,g) Fe1/34.3, (b,e,h) Fel/2 4, and (c,f,i) Fe08 4 sample.
The data are collected at various voltages détfingycle corresponding fagure 3

rst intense peak at a low radial distance is related to the TMand Nf* O distance in octahedral coordination to be 2.07

O rst coordination shell, and the second one is related tand 1.90 A, respectivélyiherefore, the oxidation state of Ni

TM TM bonding®* Quantitative tting of allex SitEXAFS  jons is determined as divalent. Moreover, th® Nistances

spectra is conducted (Table S8,Supporting Informatipn  of Fe1/32 4.3, Fel/3 4, and Fe08 4 samples at the fully

and the plots of TMO radial distance versus voltage arecharged state are 1.92, 1.94, and 1.92 A, respectively, all of

shown inFigure 7where 7a to 7i correspond to 6a to 6i in \yhich are close to the*NiO distance of 1.90 A, suggesting

Figure Grespectively. The MO distance in pristine NFM the activation of the RiiNi** redox couple. The NO

Fai; and NFM Fe g samples is4 1.89 A. Shiraishi et al. jistance of Fe1/3 4.3, Fel/2 4, and Fe0@ 4 samples

report.ed .the radial d'St’g‘”CG of *MiO in the ocfcahedral decreases during the charging process because of the oxidation

coordination to be 1.88%Aand the theoretical distance of of Ni ions Eigure @ c) and the shrinkage of tadattice

Mn** O calculated from the ionic radii is 1.9% Bhus, it is gure Kag ) .
rgarameteras Na ions are extraét@liring the discharging

believed that the Mn ions in all of pristine samples a ) .
tetravalent with octahedral coordination, in agreement with tHEOCESS, the ND distance in both NFMa,; samples

XANES resultsf{gure 4 c). The Mn O distance at various reversibly increases back to the fully discharged position (2.0
SOCs barely changes during Maertion/extraction, which V). AS for the discharging process of the Ee0Sample, the.
suggests that the local environment of Mn ions stays unalter®i, O distance irreversibly decreases when the voltage is less
The Ni O distance of the pristine NF¥e,; sample is than 3.1 V, resulting in the irreversibility in the low voltage
2.06 A, which is smaller than that of the NFijgsample at ~ region. Moreover, the ND distance at 2.0 V keeps declining
2.08 A. The larger NO distance in the NFMFg g sample  with cycles compared to that of the pristine sample, consistent
corresponds to the expansion of the unit &elporting  with the evolution of the Ni oxidation stefteg(re §). The
Information Table S1). Abraham et al. reported tHé K irreversibility of the Fe@4 sample in the low potential

F https://dx.doi.org/10.1021/acsami.0c13850
ACS Appl. Mater. Interfac¥XXX, XXX, XX¥XXX


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c13850/suppl_file/am0c13850_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c13850/suppl_file/am0c13850_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c13850/suppl_file/am0c13850_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c13850?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c13850?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c13850?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c13850?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c13850?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

8347

8346

8345

8344

8343

Energy (eV)

8342

8341

8340

8347

8346

8345

8344

Energy (eV)

8343

8342

8341

8340

8347

8346

8345

8344

Energy (eV)

8343

8342

8341

8340

Figure 5., vs voltage plots based on Ni K-edge XANES spectra (%Cr?

—=— Charge a

|- -a- - Discharge

5 /u
A== " |

i .’/

- - —A’
“ Pristine
_Fe1l3 2-4.3V

20 22 24 26 2.8 3.0 32 3.4 36 3.8 4.0 42 4.4
Voltage (V, vs. Na/Na*)

| Fe1/3 2-4.0V

20 22 24 26 2.8 3.0 32 3.4 36 3.8 4.0 42 4.4
Voltage (V, vs. Na/Na*)

 Fe08 2-4.0V

20 22 24 26 2.8 3.0 32 3.4 36 3.8 4.0 42 4.4
Voltage (V, vs. Na/Na*)

(a) Fel/32 4.3, (b) Fel/32 4, and (c) Fe02 4 samples.

100% SOC decreases to 1.97, 1.98, and 1.96 A, respectively.
Yabuuchi et al. investigated th&/Fe** redox couple in the
layered NgFe, Mng 9O, cathode and observed that the Fe
O distances in the pristine and fully charged states attthe
cycle were 2.00 and 1.90 A, respec%ﬂiélyen, the F&/Fe**
redox couple was comed by Mossbauer spectroscoyy.
our case, the minor change in the@®-distance therefore can
be interpreted as the distortion of the local lattice rather than
redox behavior. It is consistent with XANES that Fe is inactive
in the fth cycle. During the discharging process, th® Fe
distance for all samples reversibly returns at 2.0 V, which is
close to that at the pristine state.
Moreover, the plots of TMM radial distance versus
voltage are shownfhigure 8where 8ai correspond to 6a
in Figure Grespectively. The TMM distance of all samples
decreases during the charge process because of the decrease of
the a lattice parameter, which is related to the in-plane
interatomic distané&®* The distance increases during the
discharging process. NFMg 3 samples cycled between both
2 4 and 2 4.3 V demonstrate great reversible evolution of the
TM TM distance. The distance of MM (Figure &,b),
Ni TM (Figure 8,e), and FeTM (Figure §,h) bonds at the
fully discharged state and fully charged state almost overlaps
with the corresponding steps in the discharge process. As for
the Fe0.2 4 sample, however, there is a gap between the
distance at SOC_0% of the charge and discharge process for
Mn TM (Figure 8), Ni TM (Figure 8, and Fe TM
(Figure 8. The Ni TM distance shows the most sigant
gap among all TMTM distances, suggesting the irreversibility
largely results from the Ni redox couple, consistent with the
XANES results.
The cumulative irreversible capacity loss inrgtefour
cycles and thefth cycle charge capacity is compared to the
theoretical capacities based only on tH&\NWt* redox couple
for each voltage window and compositioralrie 1 For all
compositions, the theoretical capacity including both Ni and
Fe redox couples is 24811 mAh/g. Higher content of Fe
and higher upper charge cutoltage in the potential window
result in a greater irreversible extraction of Na inghéour
cycles. The resultinfih cycle charge capacity when compared
to the theoretical capacity based only on tHéNNt* redox
couple suggests that in the NFMgRad Fgs samples, that
the complete oxidation of all?Nto the 4+ oxidation state
could explain almost all of the observed charge capacity. For
NFM-Fg,;, only partial oxidation of Nito an average
oxidation state of 3.6+ is necessary to explain the observed
fth cycle charge capacity. To compensate the irreversible Na
extraction in the NFM-geand Fggsamples, some of the Fe
or Mn must oxidize. Mn is observed to be in the 4+ oxidation
state in the pristine material and is inactive between cycles 1
and 5, so the Bemay oxidize to Eeto provide the
compensation. Given the possibility of side redttions
oxygen redd% contributing to the charge capacity, the upper
bound for the percentage of Fe d&dfter the rst four cycles
n be calculated based on the irreversible Na extraction in
ese cycles. For example, the sampleZ4@&monstrates
21.1 mA h/g of irreversible capacity in tis¢ four cycles and
has a theoretical capacity based only on Fe redox of 120.4 mA

region is demonstrated by both the Ni oxidation state and Nih/g. The ratio of these two values gives the maximum fraction
O distance.

The Fe O distances in pristine NFMg,; and NFM
Fg g Samples are both 2.02 A. After the charging process, tNEM-Fg 3, Fg 5 and Fggin the 2 4 V range, respectively. In

Fe O distance in Fel/324.3, Fel/® 4, and Fe02 4 at

of Fe that may exist as*Favhich is 18% for Fe0.3 4.
Considering each sample, this value;sl8, and 56% for

the 2 4.3 V range, the value is ansR, 52, and 76% for
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Figure 6.Fourier-transformed magnitude of EXAFS spectra (nonphase shift-corrected\of, (@ f) Ni, and (g i) Fe ions of (a,d,g) Fel/
324.3, (b,e,h) Fel/2 4, and (c,f,i) Fe08 4 samples. The data are collected at various voltagesftiudpgle corresponding Eagure 3

NFM-Fg,3, Fg s and Fgg respectively. Lee et al. observedwith electrolyt€ or disproportionation reaction (ZFe

40.2% of Fe as ¥én NaFeQ when charged to 3.6 V. The Fe&*+ Fe*)* may further contribute to the capacity
P2-type NasFe,,Mn,,,0, was observed by Yabuuchi et al. to degradation of the samples with higher Fe content. Addition-
have 20% of Fe as*Fahen charged to 4.5°¥Other than  ally, the low Ni:Fe ratio in the NFMgk@nd Fgg sample

the obvious derences in composition, the relatively highefredquces the stabilizingeet that LMCT between Ni and Fe
percentage of Fecalculated in our Feand Fgg samples  .an have by suppressintjt Fermatior{'

could be explained by the contribution of the three additional 14 gevelop a more complete understanding of the complex

cycles that were undergone and thereint voltage window. — aractions between the Ni. Mn, and Fe ions in 03-type

The samples with a higher fraction of Fe irreversibly oxidizesqiructures further experimentation must be done to
in the rst four cycles show greater instability of their '

remaining capacity from cyclel80, as shown in Figure S4 quantitatively identify fdormation over many cycles. Special
(Supporting Informatiyn The pres:ence of ®ein highly attention to the iruence of oxygen redox and side reactions is

desodiated ONaFeQ may suppress layer gliding associate&eeded_ to separ_ate theseeats from _the .TMTM .
with phase transitions by migrating from 3b sites to face-shaf8ifractions (especially between Fe and Ni), which are evident
tetrahedral 6¢ sites, but the accumulation®Resc sites N the Fe0.2 4 V sample. Experiments designed with these
over many cycles could cause structural disorder which lowgpgsiderations in mind will be the subject of future work.
the discharge potential and blocks sodium reinterciiationMethods for enhancing the reversibility of Fe-rich cathode
The large voltage hysteresis seen itfttheycle for Fe0.83 4 materials such as TM substitution, surface engineering of the
(Figure 8) could suggest such a mechanism is also active &etive material, and electrolyte additives are also of great
the Fg g system. The chemical instability df Bg reaction interest for further reseafch.
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Figure 7.TM O distance versus voltages plots af)(n O, (d f) Ni O, and (gi) Fe O ions of (a,d,g) Fel/2 4.3, (b,e,h) Fel/2 4,
and (c,f,i) FeO2 4 samples. The data are derived from the EXAFS spéairaént

4. CONCLUSIONS contributes the most specicapacity for all three samples.

We prepared NFMFe s, NFM Fe s and NFM Feg to Both Fel/324 and Fel/® 4.3 samples show great

study the reversibility of the TM valence and bonding distantgﬁ;/;:?rb”e'ty g)l::re'}g% }?t?w 2Cg?leatloHr:)v€er?/Z?S?h§rned i;hi fgrarege/
in various cation compositions andedint operation ge p ycle. ! 9

. ; . irreversibility of the Ni redox couple in the F2Ql&ample
pqtentlal windows. Th_ez cry_stalllne structure 01_‘ Nay ith cycles. As for the local TR bonding structure, MO
Ni)FeMn,O, cathodes is investigated by XRD and Rietvel nd Fe O bond distances barely change upon cycling Ni
re nement, where the O3-type layeredaFeQ structure bonding exhibits great reversibility in the Na-
(space groug?3m) is obtained. The electrochemical perform-

. . Ni,sFe;sMn. 30, cathode in both potential windows.
ance, for example, rate capability and cycle life of the sam ever, the NiO bond distance changes irreversibly at

becomes limited with the increase of either Fe content or thge o\ potential region in an Fe-rich cathode, consistent with
upper charge cut@otential. This may be associated with theihe Ni valence evolution. Moreover, the TM distances,
irreversible oxidation of some or most &f teeF¢*, which including Ni TM, Mn TM, and FeTM, in the Na-

can destabilize O3-type matertatssituisynchrotron XANES  Nj, .Fe ,Mn,s0, cathode reversibly expand and contract
and EXAFS of precycled samples are conducted to observeifien cycled in both potential windows. However, in the Fe-
TM valence and bonding evolution. The oxidation state of Mich cathode, the evolution of all TWM distances becomes
ions in all three samples does not undergocaghichange irreversible, particularly for NiM distance. In summary, it is
during the fth charge/discharge processes, suggesting itSund that Mn ions are electrochemically inactive in
electrochemically inactive behavior. Th&/Fed" redox NaNiFeMn,O, cathodes. The Fe redox couple is inactive
couple was observed in the initial cycle in a previous’reporsfter the ve precycle activation processes. The Ni redox
However, it becomes electrochemically inactive afier couple is quite reversible in the NBYMn,O, cathode when
precycle activation processes, suggesting irreversibility of Beecontent is low. However, it shows signt irreversibility
Fe'/Fe* redox couple. As for the Ni redox couple, itwhen Fe content is high (up to 0.8). It suggests that the
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Figure 8.Voltages versus TMM distance plots of (&) Mn TM, (d f)Ni TM, and (g i) Fe TMions of (a,d,g) Fel/2 4.3, (b,e,h) Fel/
324, and (c,f,i) Fe0.8 4 samples. The data are derived from the EXAFS spéajraént

Table 1. Cumulative Irreversible Capacity in First Four ASSOCIATED CONTENT
Cycles and Comparison between the Fifth Cycle Charge *
Capacity and Theoretical Capacities Based Only on the
Ni?*/Ni " Redox Coupl@
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