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Direct observation of oxygen-anion redox reaction in Li-rich positive
electrode materials
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For the next-generation lithium-ion batteries, lithium-rich layered oxides, which exhibit high capacity
owing to the contribution of redox reaction by oxygen anions in addition to metal cations as charge
compensation during lithium desorption and insertion, have been expected as one of the high-capacity
cathode materials. The redox reaction of oxygen anions should be considered in relation to the electronic
state of metal cations that form mixed electron orbitals. In this study, the electronic states of metal cations
and oxygen anions were analyzed by soft X-ray absorption spectroscopy for lithium-rich cathode materials
that were charge-discharge cycled using a concentrated electrolyte. The oxidation behavior of oxygen anions
was observed at the charged state, and it became clear that oxygen anions contribute to charge compensation
during charge-discharge in the lithium desorption and absorption reaction in the concentrated electrolyte.
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RHERD Y F U LA A v ZREMO @A R ERMEE LT F U 2aafRERER 2 ER S
TW5H[1, 2], FxiE, Li2MnO3<°Li2MnO3-LiMeO2 (Me=Ni, Co, Mn)#& &4 EHZBS L CTHRXHR 2 v
T2 XU 45 61 (X-ray absorption spectroscopy, XAS) (2 XL ¥ 3d&ER 4B L & B EKUROBIE 21T
W, Lif A OBBEHEAICB W CRB A T4 v EMET =4 U NEMMEICFES L TRY ., £om
KT =F v DEBBAT A LTSI LIZEFHUEZ T 5 2 & TEED LA 4 2 OB EEH ARG
DEMAMAEIFTE L TWD Z & 2 liE L72[3-5], 16k D EIRER LY IEMAT EILIMeO2 Tl LiA A
O BEE A S BATHEIXSE D T4 v ORGECISIC L > TRASNTE 7, L, Z&
DOLiA A ORBHFAZ BFEL TW5 U F 7 AEERERBR D ERIZIB W TX, SEMTORE
BATH b, BET =4 OBGETCKICOFGNREH CE 2L b, IoT, mAREEMM
BEOFIEBIRICB W CIRE T =4 v DEFPEOPRNEE L 25, BROFEEDIREBZIIRR
HOBBNOEEEZ T HI L END, BMKICICHBIT HBET =4 OF 52/t L CllET
D2 ENEELV, XERIETE T4t E(X-ray photoelectron spectroscopy, XPS) Xk v | E&{b# A 4 0Z D
Felblz X DB L BER (L A A 2 (022 VN AERRT 5 Z 37— 7 X 0 i ST\ 5 [6],
L L7eid b REBUE 2508 T15ThH 2 XPS Tl MERE ORISR D B2 i< 2T 5729,
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AMAERBUCHGTOMET =4 OETHEEEBIET L2 L IIRECTH D, FREDOKIES
D FHD> B IZLIE R EABM B O @A ERMEEZH T2 2 L IXTERN, £ 2T, IBSERORLL 53
DD HTETXASHIE A ATRE/2BL23 L UBL1LIZ T, XAS AL FLIEHTIC X 0 BBEAL SRR T %
5#5%%7 o OEFPIEENEZBE LT, AFZETIX, VFULAE R (74 m A)LR=)L)

I K (LiIFSA) # AW TREEMRIE Z W0 U T 7 NERREIRER LY O B mfiE A =X
A%i(ﬁi@ﬁiﬁi%ézob\f%? L7,

EBR
) T 7 A A B EF0.4L12MnO3—0.6LiNi12Mn1202 & 0.3Li2Mn0O3—0.7LiNi13Co13Mn13021 3 [& #H 5 it
WCTERLL 7=, B on7-iEWmE 2 AW CaAlEMmZ (R L, EARE 5.5 mol/L LiFSA: DMC (1:1.1
molar ratio) = W CLi& @ 2 Al & L= A ERLL 7=, 50CIZTH v F4 7 EN2.0~4.8 V vs Li/Li+
THRREZIT T, E‘Eﬁﬁtﬁ?&ﬁ)?lv%ﬁ 0—7R w7 ARNICTHRA L., BmREE S, BIE AR
BHIRKIER BRI - X E AT 2% i, O@Kfﬂﬂlﬁ#‘ﬁ&tﬁ/fi)ﬁ(m Co, & Mn)D LIRS D
XASHITE % LA ﬁajiq'—SRJZ/& @BL 2 & BL-111Z THBSy ¥ U & (partial electron yield, PEY) EoCE
IV & (partial electron yield, TEY). # ?ﬁj‘nllﬂi(partlal fluorescence yield, PFY), K ONM§i545 4 YUY
# (inverse partial fluorescence yield, IPFY)O)?EIJfE%— Rz TIT o 72,

mR, BXY, &%

112 0.4Li,MnO3—0.6LiNiy2Mn1202 D Mn & Ni @ L ¥ & O O K i XAS A7 k)L % 77, Pristine
TIE, MnO2 & LiE— 27 N—EHLTEY, Mn*ThHdH EE 2B 5, 643.1eV D Ll A A o E—
7 L 6406eV D Lyt 7 E—2 Z1LT6534eV IZ Lyt —2 Zx LTz, 1A 7 LVFEEIRFET
AR MAVEERBIE SN2 b, MM Thb EB x5, 1 A 7 /VHETIE L i
DAA L E—ZEMET L, Y7 E— 78RN L7, Ly — 2 13K Photon energy ~3 7
F L7z, ZAUE Mn OFITLERIEBL TS, 10 & 50 Y1 7 VHCEIRREIZ L VBT L TV 5828
Bl STz, Nilx 1 %1 7 L FEIRRE T A Photon energy v 7 b L, 1 Y%A 7V CIK Photon
energy (227 b LTEY , FHEIZLE D Ni @ redox (2 L 2 EMMEEZRL TS, ZHSITHNEEE
fi#% 1 mol/l LiPFe, EC/IDEC (2351} 5 BATMHE A 1 =X A ERIBRDFERTH D, [7]

O K ¥ PFY &— FOWIHIZ 1 YA 7 VFHEISENT 7 FLTEY NIl LEKLTVWD O
2p HLUE DB FIREZ KL T\ 5, X 1(HIZ 0 Kl XAS A7 LD T Lxy PV ARY hLEIR
Lto 1 %A 7 VFEEREHZ pristine (2%} L CHEDR TR 72> TE Y, Z D photon energy fE23” i

R b#)(02)2” LB EM(0)” A A DE—7 L —HLTWDHI LD, Li 44 OBBEKED
ek 7 =4 > OLRIL (207 — (0222 L > TEMME I N TND Z LR IS, BOK i
TEY &— KD XAS A7 FUid pristine & WA 7 AV ETIZR > T0WDH 2 END, BREYA 7L
Kiof%W%ﬁ IEME S II R DB L > TEDNLTWAH EE X LD,

2 KO 312 0.3LizMn0O3—0.7LiNi13C013Mn1302 D Mn, Co & Ni @ L i & OV O K i XAS AL
Z ]\/V%%Tol‘ﬁ‘/l) 7 VI Ni & CoD Lﬁ#‘ﬁz’p}ﬁ Tm Photon energy 1|~ /% % T1{X Photon energy
fil~>7 FLTHEY, Ni & Co DELIRITLSUNT K HEMAMEL R L TWVWD, Mn L 55D TEY
E— NI, 52 A 7 VHEBEHIAL Photon energy /\°/7 FLTWe, ZAUEIBRFEXIEO AR Z R
L TN5, O KUgAXRY MUIT Yoy PE—27 & 534eV 0 bifE L7 1 — K30 R THEAR S
NTWD, %HFILO IsHED D Mn 4sp & O 2p HliE DOIRFCIRIE~DER Tk T 5, 534 eV Bl E
DT a— RN REMRY FULIL > TE= X —lI /7hbho_@ﬁ%IXW¥—A®y

7 ME Me-O fEAHEBEO M L BIE L TR0 | Ni L Co @ redox I & 5 EffiifE 2 KL TV 5,
S IIRESEE AR 1 mol/l LiPFe, EC/DEC (231} 2 B il A H =X A LRBEDFERTH -7, [8]

%] 3(c)iZ Kﬁwmsx&ﬁFwwfVi/?xmﬁbw%rbto7Vi//%Li Mn 3d #lLiE &
O 2p B DIRFCIRIE~ DB KL LT 5,1 YA 7 L FEEREHE pristine (2t L THREED R 72
> Tk, photon energy fE23EERLA(02)> & BERILM(O) A A DE—2 L —FHLTWNWHI &
O, Li A4 ORBESOSNERFET =F > OBELEISIZ L > TEMME I TND Z LRSI,
BlO K 4 TEY E— KD XAS A7 FUid pristine &3 A 7 W% TldRe> T D Z &b | Bl
HICTEME L TR 2 5BbmcBbRL TS EE XD,
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Figure 1. XAS spectra of 0.4Li,MnO3—0.6LiNi12Mn1,0, for (a) Mn L-edge TEY mode, (b) Ni L-edge
TEY mode, (c) Ni L-edge PFY mode, (d) O K-edge TEY mode, (e) O K-edge PFY mode, and (f) O K-pre
edge PFY mode measured at BL2.
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Figure 2. XAS spectra of 0.3Li2MnO3—0.7LiNiy2C012Mn120, for (a) Mn L-edge TEY mode, (b) Mn
L-edge PFY mode, (c) Co L-edge TEY mode, (d) Co L-edge PFY mode, (e) Ni L-edge TEY mode, and (f)
Ni L-edge PFY mode measured at BL11.
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Figure 3. XAS spectra of 0.3Li2MnOs—0.7LiNi12C012Mn120> for (a) O K-edge TEY mode, (b) O K-edge
PFY mode, and (c) O K-pre edge PFY mode measured at BL11.



