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HeU 2w AL X R RO (Soft X-ray absorption spectroscopy , sXAS)'!"™' B X B4R &k S161E%
(X-ray emission spectroscopy, XES) " F1 8 X 528 4R A M 80T )G % (Resonant inelastic soft X-ray
scattering, RIXS) """ Jrr | sXAS J28 oo fiff I i i 1% 22 AT 98 1 X R A 5 s fB 24 HE F (Core level
electron) Uk 2 PR RERMTIT YR G a5, EIFREADS RGEAL TIUE S, 25 A Tt aed, wlick i 74k
TARGES, BRTERE LT, FREL @A BEOR a8 SO0 TR AR L. 12
SEBR I L R, sXAS A PRIEREE S 10 nm (9.8 HL T/ 4 (Total electron yield, TEY )BEUHIFR
TR EE K 100~200 nm 19 5256 36740 ( Total fluorescence yield, TFY ) PIFE . XES J&i8 12 F1) F & %€ 58 &
) XOGHRFRE LS RER FL TR RIS BER (B B T IR B D R G , D R TR S, =
AL TFRELR , BEJSAEBUR SRR U S R, S8 TS RE 2R AR A /R IRl Ot
TR R . HARAR SPE RIS A FE T LA R M 25« (1) 5 sXAS R RE2RABL, 1 P RE 5 328 2 ml 3
ARG TR BEOE T IO BIOR L 62, e A REEAL TR A, 18 RIXS 1 72 i SURERR A o ] 24
(Intermediate state) , HHPAT 28 7O TN RE , BB HL AL TR di 8 485 s (2) 3k BB UL (Decay ) it
PERRE S OG-, BRI US B SO PRI RE R A . B 3FOGIEHE TS REHOETE (Core
level spectroscopy ) , #BHAT AP BUK | (b2 MU DL S BB SO . X B2 AT DL el &
Ol CH NP 2p 2, AR I 42 JE (Co™ 2, Mn™ %) Fel2 ) Ni™45) [ 3d 25 . X AR E I fiE
S S R A 2 X S ZRO T BN ST FRL AR 2 R BRI o A L ROR S S B T A,

sXAS Fl XES St AT RN 28 K BRGNS I B A i 48 A8 DA K S P S 0A5 8., 7Es g1, Wittt
LK BB BT 19 BET 45 F B W H H A2 PR RE , AN IE I 345 . sXAS D) K XES S xS aak
R AL B BB L T FE AR PR I BT MR O A (1) HAT JC R BURAE : A [RIJC R A% L A
BORIR], 55712 5 R SUE TR EAE I, ARDTER S RERBE R & A . BRitkZ b, 1
s R, Sl R RSN TR USR5, XSRS RE R RN . PRI sXAS DA K
XES 'G5 a] DR G s 81  5 H ih eEARBTRL P S AU R AT RAE . (2) W LA e 2 e 1~ F v
A AR Rk LA 27 e i R A S B L T2 (T TM-3d F1 O-2p 285) « FESE 1 0 I 2 75 B A P (R A B E R ]
sXAS DL e XES AT L 1 2p-3d BRI i 42 JB 1 3 2, 1l JE A 8 1% 3d HAZXT N T SIFEE . Ak,
sXAS A K XES AT DL i) 15-2p BRIE M 48000 2p &5 . (H R TR EFE B IR, sXASEIE AR HiE 5
(Ground state) FF A o $8 25 %5 FEAH EL XS 1, PR R 7E XAS (B, 2828 (Final state) {7 FE BB ZS 7,
sXAS i 2332 B 23 FOBUN HBE I, 1175 sXASTEIE 5 B AR G 9 8 B BEAAAE 22 57 . AN[F] T sXAS,
XES 23528 7T b a8, 28 7CUN AN 2520 XES (35 IE . XES 63T DL B3 5 180 S 8%
JEATE RN . BRIZAb, FESEBR O G et B b, SEiE i IE 52 8 WSO 4 52 0 T i A= S
U Mn-L sXAS TFY {55 & AR I T 20U B D6 T, X 202 th TERR EAL & 1) sXAS I
REFEHT, Mn B9 1 PG FRES IEAAOL T O BNz b, HSFDEF AT AARSEH L O LSS REZ L IR ik
BEIE , X FPILGBFR A H WSROV (Self-absorption effect) ™. i Mn A1 O X H3 8 6 F %00 1) 5Tk
SERMI, F WM 23 0 Mn (4 TEY S = s il

RIXS Y35 sXAS LA L BAT LU LS (1) FEf—MECRRERAL B, RIXSHKE sXAS A HA %
Pt 20 o R ST RB S A A, DR RIXS $24I T— /N3 & S Re & 7 1] BB 4 B 15 L
IXTE sXAS G R S8 4 BRI 1Y, B B SR S XM A i S B B 48 T H b b b ) A AR S BAT
AU 5 (2) sXAS Y TCR UL IFA—E B I {5 580k B EH R [E—JT R, 1 Mn/O
WSOV, 184 RIXS 4 K% (mRIXS) 15 21 A8 523K 43 2% 96 (Inverse super partial fluorescence yield,
iPFY ) i i AAR Gyl fige o 15 MR 0200, 5 | J A PO iy 28 it >, 61 RIXS D ) iPFY 1 FH o
JEHEFSRER . (3) Rl XL BB RAEHT , mRIXS JA4e e B RE 1t [l N RAEFR AL T — 18
FOZERE , DI FT LA SE 20 3 AIF 5 4 i WOK RE 1t T BHLRCAE sXAS PRI rh A [ AL 2225 . AR i A
R IO /N S S R Y L CHNTE 1~2 eV 2Z 0], 745 21 5 56 18 B AR Ay i 2788 3 2 't 7™ i (Super
partial fluorescence yield, sPFY). S50 SXAS A AT HIAE, sPFY SZFR_F 2278 5 sXAS 46 [R5
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Fig. 1 Quantitative definition of TM oxidation states of Mn in Li,MnO,(A)"", Fe in LiFePO,(B)*,
and Ni in LiNi, ;Mn, ,0,(C)”* battery electrodes at different electrochemical stages
(A) Copyright 2021, Elsevier; (B) Copyright 2012, American Chemical Society; (C) Copyright 2015, American Chemical Society.

2.2 mRIXSX FidiE£BEREFENERRNAHFR

5 sXASHHE, mRIXS Y il A Uk se i T i SheFReE i, vl DRI 78545
K, T TS0 ) U 4 B8 E AL S (40 Mn* il Fe ) i R AE . Firouzi 25 i 3 mRIXS RALHE T
Na, ,Mn[Mn(CN),]-2. 1H,0 Hfb2% Jz b B H Mn M &S 0 AEAE (B 2) . FA7E 1928 4F, Manchot 287 5 12
L FLOAE A AT REAEAE M, (H2— B LRI ARBEALHE XPS LUK sXAS 76 N AL G AE T Bk 52
2 AT DL, Mn® 5 Mn* () sXAS it HAE 643. 5 eV EAETERES 225 . S aUEEA XS F 2, Mn*
5 Mo 1 mRIXS JEEAFAEE BRI 225 . 78 mRIXS T rb, K A BE(Low-spin) i) Mn* R G HAEAE
1EH M 2GR IEAAAAE R d-d 0k (LI 48 3d BB Z A1 30R) . M I SE AU B T mRIXS S
TEAEFRAE S0 4R AL S A S AT, TRt A SRR B Ak 2 R G 1 0 Ze P e R P AE 42
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Fig.2 Spectra contrast between a discharged and charged anode based on a Prussian Blue
Analogue material of Na, ,,Mn[Mn(CN)]*
Copyright 2018, Springer Nature.
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Mo FHUEMAEE, 0-2p B FATEAS S SRR JE RN il s B oCH S MEN . BIER
I EE AR A Ak P B O-2p 25 R PR B 5 T SRR IR s R i S . HRT, A O B B 1 AR i s b AT 9
FEARH TR T RETE (XPS) LLRATH B (X G AT S . A LU AT A . iR ER
TF-BAESRM 0-2p i F 8T, FAEE 25 ARy a . b, 3l 5 XPSERMGEEE (U L9k, H e 2|
R O0-2pfFE, XPSIE S AR MG Y i ss . WEERENE, EITRES 5 & 1A il 5 b
BF, 38R R A B AL AT EORE B KRR A e i AR R a4 BRI BRAG{E .
3.1 sXASXERIBAEFENIERER MR

n ERTIR, sXAS DA K XES 7] LA B HERI 25 K R () T IS LA SR 4 A . WOk BB i 7E 525~
550 eV 3 [l N Y O-K sXAS Y63 i) O, L F 3k 2 0, FUE SRR 0, A I SE R . WARESETO
W eids (11580 eV) 1Y O-K XES il 114 O, FL T3k 2 A RE R (ELERER) J5 , Ml 0, 28 R ¥k 1
FEOR BRI O, H PR ASME R . sXAS(TFY #X) L e XES M#E IR EE#E7E 100 nm AL, 7] LR A AH
AMHETA. 0-KsXAST &8 12 b T4 B 7 ith T o3 S5

WK 3R, W EFTF 252 L0, Li,CO, LA K Li,0,H 0-K sXAS TFY Yl 5256 5 (5248 ) DL &
PSSR (B2 ™. 0-K sXASlL A O, [0 O, [ — B BRAE, BEPRMEHIM & 0, A 6. el
B, BT sXAS I R, 8N TE s B EAATER 2, TER GRS FAATEas B+,
I sXAS B SZIE R I A S RSN ST E B XN . SHEICEMEL, 0, L2/ 2R i
WAEF, O-K sXAS it /b 32 51 15500 T g
(Excitonic effect) [ 521, RE W% B 4T Hb )2 hf
KW O, LBERME®EE. HTAERL
B BRI A K o S AL B rp AR T AR R PR AN
[, =ik i I 58 A [R] W SRR 0
Li,0, 0-K sXAS Jt: 1% i9 &b F 530~532 eV 1Y
W SR A ISR VR T O, HE FBRAT 1) AT 50K
o (O—O)FRIE R HLIE , JEad ER 07 3L A1 1Y

Intensity (a.u.)
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B SEERAE . Li,CO, O-K sXAS il ip b F Photon Energy (eV)
534 eV HY AR B CRFAE I XS W O, HL T 15 Fig. 3 Experimental(solid line) and calculated(dotted line) O K -
' (C=0){LiB Z [ ERT, /& COTEH Y edge sXAS of Li,0, Li,CO, and Li,0,"

#%E"ﬁ%%ﬁ[ . LIZO 0-K sXAS ﬁ%ijg |:':| % 1 /I\ Copyright 2018, American Chemical Society.
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BT PR AR WA X6 10 T Li—O 8 . {EAS T AU, Li,0, sXAS T A BT b Li,CO, A1 Li,O (AT 2K 3.5 eV
AT, UL BT O—O0 B AFETE, Li,0, i 54k I 22 HE Li,CO, PA K Li,0 i Al Il . i — 26 XT e,
A I Li,0 WOSCRAE W B O, FL -1 E W ) S BB S 8l T — 55 (535 eV) , AR5 A #f J3 T LAfiR
FAHEE T LL,CO, B C=0 3 (O 2+ 5 CIL5E) |, LIS +5508 =19 Li,0 M Li A 2 i F %3 0
b, AR O A HE R A HL A R (07), AN O, 128 7 Bk i BE M AE R L (75 sXAS Sk ] = RE i
3.

TESEPRI sXAS PLJ XES I fE i, A OGS 5 B AR RV Y O-K sXAS Y6158 48
JEIE T R BE RN T 535 eV (31 BT AF U4 (Pre-edge feature ) B3R B LU 3 TE 19784k . 763 ARSR A K
AR O-K sXASHGIET, WK BER 531 eV A I BUIRISCRFIE NS, WE7R T 2 5 D18 U Ahd Ji S g A
ISCRFIE A5 F 30 R0 X3 . LS, e XA TR AR RS R O-K sXAS TSR 40 40 B CR [l 4k 72 10— 1k
ZJE AIEAS BN [FPRAS T 12y 22 7% ), 15048 2 5 I SR S5 S iy el A b s A 77 o A AL R 1)
Zhe. WERR R, R I AR SR A AR A A TR I AR S R e AR
FEIHTUE X IRAL F 3= T A7, XT3RSk (A 40 0 AT AN g R BRAFAE W E 1k 55 0 FS 14 RE A 2 i 1 L OE A 4
Z 518 F A AL RN RRFIEE . e AR A U R M A R 1 ) 2 AR DA Ak A R 2 AL AR
NREA R AL E LN 2. L, sXAS SRS 1 SRR AE 1 BT (3 % REVE RN, B4
Z 5 e E A i SO, B RFAE I 5 1 U 4 T 5 AR A A AL R DA X 3 Tk

0-K sXAS i i ) 24 AL RFE IR TV, B O, Z I AR BLAE T, O-K sXAS GIE SR AL T 7EAH W] i) e
HRJE FLHIARNE TMs S0 AT HE. 0-K sXAS 1T 1s-2p AT ISR 5 R S EER, BI O-K sXAS AU
KRER N 0,50, Z ML AEERE R 22 . e XPS AT o] LIAAT, AN [A I 4 s e 0, 14 & fg
FERZEVO Bl N RE R EACAH R . [RIE, o T ad i 4 s S A h SR ez ERIR IS E 2 G & a1k
i, O-K sXAS i #2577 4 F 0, Bl , %5 78800 (Core hole effect) X O-K sXAS TS 52458/
I O-K sXAS i (1) 31 BT RRIE UG 5 2o % 4 4801 1 119 ety JES LR X 1o P DA AN [R) g 3o 0 4 i i 1
[F]—RE RV .

B 4 (A) K9 A 45 4 1Y B #% #1 B LiNig Mn, ,Ti, ;0,, LiNi, Mn, ,0,, Li, ;Ni, ;Mn, ,Ti, ;0,,
Li, \Ni, ;Mn, ,0,, Li,Mn,0, LA & Li,Ti,0,, B O-K sXAS Yeif &, ml WL, bR e b 2 AT A R B9 2R ff A1 454
AR A A v R i A7 R R FERE S LigNi, M, ,Ti, 0, PA & LigNi, ;Mn, (0, B G35 o il
FTWE A7 T 528. 6 eV AL, XF W T Nit-0 1 Ze b FF AE 0% 5 Li, (Ni, Mn, ,Ti, ,0, LL & Li, Ni, ;Mn, 0, f4 7 fij 1
£ T 528. 68 eV Ab, X T Ni*-0 B4 AEI4 3 LiMn,0, I3 BTl T 529. 5 eV &b, %F 3 T Mn**-0 (¥

(A) T T T T (B) E
’/\/\\ ----------- Liv/Lio
/8 \
Nivt AN N _
N Ui gMin, Tio,0,
/ e
wo A K S
~ AN LioNipsMn, . O, — | Ti*3d
3 N\ Nlosbn,;0, 2200
A V4 P
2 e o5 e
3 | N e DO
2 /> LigsNigsMn, ,Ti, 50,
g o.5Nig sMN; . Tio 0,
3 N~
% ————— Mn*3d
< e A - 0.9ev
b3 _ -
Lip sNig sMn, 0,
3
2 0.08eV ::, 35
Mn‘;/ A S
S LigMn,0,
= P E E
/ N Y-
i+ ) : 7 i
| | L, laTis0s [ « S S, o1s
526 528 530 532 534
Photon Energy (eV) Dos

Fig.4 O-K sXAS pre-edge features of electrochemically cycled spinel materials at different states(A)
and schematic of simplified atomic model of sXAS(B)"”
(A) Solid and dashed lines represent experimental plots and fitted curves, respectively. The Gaussian peaks under each spectrum

represents the fitting peaks corresponding to specific TM states that are color coded. Copyright 2021, Wiley-VCH.
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ZACFRAE U6 5 Li,Ti,0,, 19 31 5T 06 F 530. 7 eV &b, XF R F Ti*-0 B9 22 L FRAF 0 . 75 22 5 A bRk
Li,Ni, sMn, ,Ti, ,0, A & Li Ni ;Mn, ;0,81 5 F- i AL fEd, 371 56k A Nt B iR IR s g, SRR & AR
NI AR I . FhIR B AR R, TR P AR AR, e Seik AR AR G H6AS
FIEE, B AE I Fr 0 TR & Re 6 B 1 VE 4 Jm 1 e R [ B 4(B) 1. ST A2k Ig ) Be s or
BOA Ni<Niv"<Mn"'<Ti*, 7ERR 25 F-ie A B2 FE o HGAR T L A7 2R NP >N >Mn* > Ti™ . FEEAT MR
AT SR AR R, R A A BT Ak () RE 67 e A R Y R A i P A S PR 7 A
3.2 mRIXSXFABFENTEE KRR

mRIXS G AT PLFF O-K sXAS S35 v 1 AN B s i — 25 40 o SOt FRE R i ith 4k, 424t T
— AN R SHREE DT M BB AR (S L. M IX Ay sXAS HERE LR SR HE T 4, mRIXS 0] LAFH K
X 3 B B 1 S A SR S 0] AR AR 0 D R 5l 1 4 5 4R 2 T

B 5250 T 1,0, 582 HL A Li, Ni, ,,Co, sMn, 0, PSS 1 mRIXS YGis . 1o b nf
PIE Vet AR 8 1 (02) R RIS 2 s 1 (L) 4y 2> TS . iR S(A) AT I, BRepkidz 4h,
Li,0, i mRIXS Y63 P /A 7E B4R AR L 525 eV & ST RE R (REARBR ) A FPO A SR ARR AR G D LR AR I
A FRIEIED RS SR RER TGOS, R SHERENE , X T AR AR s s AR . (1
SERFIEWE A JCEE S M BT P 3 AR R AR N . RRAE G D WO RE TR ) A B S T LU N T s A A
0-K sXAS 61411 529~533. 5 eV, 533~536 eV L )2 538 eV LA b (WS RFAEIE (161 3). 3 i mRIXS $H54K
L DA R 75 %% 3 I AT DA E— 25 f B 14,0, mRIXS 52 55 0% 15 L0 2] 19 RIXS FRARWE ™. 781 S AL 40 i 4
o, S SR R A A . SRR AR A 1 e, o O (9 p, Bl p LB LB /i p BB TR K
o/o . W FALBLN T A TE-12~0 eVIERIN, JFHEBE R K (o, m) U w3, Hha 5o 1%
leV. FHEWED K A T (o, 7)) HF IS BEH A N IR R . JE T 7 32 1R 115 FT 153 A9 mRIXS
B ARG B 3 T ARPE DG D, 3 AR S IS R AR A A9 p FLETE B o, R . 3 SRR BRI O
1% 1 529~533. 5 eV RRAEIEXS I T 0—O0 8, BRE T W p FUETE M o, R A . 7E SAL R
mRIXS Y1 a5 P R RARAE D A PRI RRAEDGE A 5 TR B it 529~533. 5 eV (DAL AR ) Fl &
AETE 523. 7 eV (R AL AR )AL, - H A W2 mRIXS YGi iR . IE AN SCHTR, 529~533. 5 eV SRR
WEXT I T o, A HEAS, (HUR R GTRETE 523. 7 eV MURFIENE A 5 & SHRHEVE D BB KRR, HObigItdEk A

Li,0,  Li-Rich NMC 0,
536

534

532

Excitation Energy (eV)

530

520 525 530 520 525 530 520 525 530
Emission Energy (eV)
Fig. 5 Direct comparison of full mRIXS profile of oxidized oxygen states in three systems of
Li,0,(A)™, charged Li-rich Li, ,,Ni, ,,Co, ,Mn, ,0,(B)*" and O,(C)""
(A) Copyright 2018, American Chemical Society; (B) Copyright 2017, Springer Nature; (C) Copyright 2020, American Chemical Society.
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TN TFRIIER, MRET GRS, SR 5ES e, ZRE NNk . FONEEAE, BRME
RETE M SERR BN IR], (HARAEIE A B & ST RE YU B 75 1 48 Ak e AR b e v & B 480 BH i 4
FEARJ5 mRIXS FFAF I B A4 % B BE 3

& 5(B) 4@ A A B A BB Li, )Ni, 5, Coq oMn, 5,0, B mRIXS YGIBE . AT I, 523.7 eV (K4
FR)BURRAEIE B RYEFTH S, H 548 fE I 24ibig E(525 eV, fEALPR ) AAE B 225 . AN
HL LA B B Y RIXS S22, 523. 7 eV AR RIE I G F AL A0 R R S8 AL A I e o7 ) AR Ak, X1 F
A HIAE AR N . HAT, B%A 52T mRIXS ARG B (O BRIS RS . (H mRIXS FFIEIE 5
FE2EAEIR 22 0] R B A SR SR SR B, mRIXS JE A A AR R R A 4R 2 S5 B & AL S A FRARL T
H.. mRIXSHA T B FHER A S 5 B 7 AR 5 FIEA T .

E5(C)H 0,53 F I mRIXS Vi & . 76 O, MBI R rh, FEAAEAE NG, T2l 2 PN /Uil 7
sp A, T 70 FRIE T HEAT N KK (0,,) (073, (00, (77, ) (715, (a73, ) (773, ) FE ar BUEAT A A
R BAEEL T BREAPEEIEZ AN, O, A9 mRIXS Vil P AUAF AR ARG CLIE 5(C) | HRAEIE C X1 T3
R 0,50 F BT AR HL & AR TS & 1Y RIXS 72, 1s AN BES L F 1R BB i 7 BB s
AR S IREE BAS . WL, FHFNE C ZTSH Y Tk B FIEA R S 419 0, 70 T .
XTELIE S(A)FI(C), AT LAA BRI A S RHEIGE C BT A EARTR . SRR R 531 eV (PAsAR) ib, &5t
AETE N 523.7 eV Aidy (R AR ) Ak . 3R 4 SRR W 7E i A AR i AR AR ) R S0 40 1Li,0, 1 0,1, mRIXS O
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Progress of Key Electronic States in Lithium Ion Battery Materials
Probed Through Soft X-ray Spectroscopy’

ZHUO Zengqging, PAN Feng’
(School of Advanced Materials, Peking University Shenzhen Graduate School, Shenzhen 518055, China)

Abstract The formidable challenges for developing high energy/power density, low cost, and safe lithium
ion battery have necessitated employing advanced tools to understand the intrinsic physical and chemical pro-
perties of battery materials. Electronic structure of batteries materials determines the electrochemical perfor-
mance, e.g., the potential and sequence of cationic and anionic redox, the voltage and capacity decay mecha-
nism upon electrochemical cycling. It is crucial to detect and control the electronic state evolution of battery
materials through advanced experimental characterizations. Synchrotron based soft X-ray spectroscopy stands
out as one of the most effective way directly measuring both the occupied and unoccupied states in the vicinity
of Fermi level, which is relevant to battery comprehensive performance. As core level spectroscopies, soft
X-ray spectroscopy provides direct probe of the relevant transition-metal (TM) 3d states and anion p states in
battery materials with elemental, chemical, and orbital sensitivity through excitation from core state to shallow
unoccupied state. Quantitative analysis of TM L-edge and anion K-edge soft X-ray spectroscopy provides
detailed information about local structural effects, valence, and spin states of battery materials. In this work,
we review the soft X-ray spectroscopy of the evolution of electronic state in battery materials. We start with an
overview of the main experimental aspects of soft X-ray spectroscopy. We subsequently discuss both cationic
and anionic redox in battery materials through soft X-ray spectroscopy, which is meaningful in practice for
enhancing the performance of a battery. The recently developed mapping of resonant inelastic X-ray scattering
(mRIXS) is a powerful probe of battery chemistry with superior sensitivity. The mRIXS is demonstrated as a
reliable technique for fingerprinting oxygen redox, and the tool-of-choice to study the fundamental nature of
bulk oxygen states.

Keywords Soft X-ray spectroscopy; Lithium ions battery material; Electronic structure; Cationic redox

reaction; Anionic redox reaction
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