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Abstract

In recent years, lithium-ion batteries (LIBs) have been playing an increasingly important role in
daily life. Here, the degradation mechanism of layered transition metal oxide LiNi.5C00.2Mno 30
(NCM523) single crystal particles was comprehensively investigated by atomic analysis and
sphere-difference corrected scanning transmission electron microscopy (STEM) and electron
energy loss spectroscopy (EELS) simulations. Structural transitions near the material surface are
the basis for a wide range of functional mechanisms including catalysis, memory and energy sto-
rage. In the layered oxide cathode of lithium-ion batteries, we observed that the rock salt phase
transition starts near the surface rather than at the very surface. Combining scanning transmis-
sion electron microscopy imaging at the atomic level with electron energy loss spectroscopy, we
find that the reconstructed near-surface layer, characterized by discrete patches of layered and
spinel-like structures, nevertheless contains a large number of 2-valent metal atoms, and our re-
sults provide fundamental insights into the atomic-scale mechanism of the structural transition in
layered cathodes.
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R AAGRENE, B AT O s B RE T B (B AR A R 2 — . LiNipsCopaMny30, (NCM523)1E N
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MRz —[3]. SRTT, XFZERA R G s 2 — 2V 6 R (TM) T 1T O 8 288 S 07 s rp, T P 25
TFRHE, TEERM IR KA RS I & 7R A 0 LS BUR AR, WEARSEHI(R3m 25 A1) 242 4
AR(Fd3m 2 (A1 BF)EA EhAH( Fm3m 2 AR 2540 . B A 3R AN AT DAFE SR & oo TR B, T HLIE wT B
b 78 AR PR AN R R o 1 2 T E A I AR A D e 3 B2 R AN ) 72 5 3 DR el e M e 22 1)
JRR 22— o BRI 2 [ B A (1) J5 1 ROBE RS IR, ANAURT DA - o) v 3 L o) () AR B, T FL B2 0K
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AR TR, (SRR AR, RIFE R A B S ARG, T AE A B BROR XIS A
JRAREEH o BRAE I ANR R B A5, A2 RRIIAR IR B ARG, AR & Z IR iR dl A IR &S
IR BOIRAS o BEAR TR B HEAT , S5 e AR08 0 TR0 IR G54 B0 St A IR S5 4 1 2 ER 5 M I B 42
TEAS %, WEOE R PR AEIR A, #O R I R S5 A B AR AR R

e PSR LA ANV ] 2% NCMBITRE(0.1 ROKE 1 SICR)TE BT IR GURURE AL A . B A 60 3% (K [ b
I T RI 0L T 2 18] AU F3 ANIR IS iy A 254 ) 55 2 45 e S AR s AL, 2 S0 TEI R [4] [5]. RVE L
RL 7] DUIEE G (M 5RE0,  AEE AT THEAE A 31 1F) 2 I H AR BOR AR AR AR A, ANTITF5 7 UKL F) P 8 5 80
A rgBH 6] [7]. BEAh, FERFAREET, HE T EmEMARBTER S AR SR S T,
I BHT AR, AnRH B T 0 PP AR A E 818 9. — Rk, SRR SR R 5 BUM A8 1) 802 L AT U
NMC 5 [ AR AL A FZ R A[10] [11]. BRAh, X EeARA M 2 S B0 Li EBIAR MR L 11 15 . X283
PERR 2 7 U BT S R, AN TSR A MLECTEL R R . BRI, TR T BIRR LR BRIRLAH(CED), 33K
PHPTRIESE N, I PO IS T B R REFEAR[12].

B, 9 IR TR NCM523 HRROHLEE,  JATTREOH] 5 B B O R B T HEAT R, DA
FEM DUORGERITES . PRS0 TR T, FRRR I AR 5 0, BE— 20X RO AT i
B, oM EMEERIE R T RERE S, JF BART SR IE TN SEE T 5, XSEH
LR IZ KRR

2. LW

R NCMS23 (1l 4. LL NCM523 A, A s NBEM, 1M LiPF, N HARFREFIAR N 1:1:1
PIBRIR IR ER(EC) AR — W IR(DMC) FIBR R £ BR(EMC)) il £ R HLit, £ 3.0 V 2 4.2 V KIJEREI A LA 1
C ERMIARFERILT 50%, B NBIMRA M. 25, BN AT DMC #FIFE~S 3
NI JE B0, DL BR A R SR T AL AR B 2h o I 0K S AR R AR B AR F AR bR
25, BRI ERZ N N-F IR 2-ME g e B (NMP) Y, L2 BREORL 2 [R] (1) K5 4> PVDF Ah4h 7], B it
ITEL TR TR, 19 2IFRMRH K.

HAL SRR BT B KR T 5K L 1:10 I E LIRS, JEAEm] & it aihiske 15 04,
AT pH fHA2 <116, @B pH {H, WIRCRBUKPeE M. ST, HistEmkl. Zps
i FI(PVDE, R M) LL 8:1:1 MR IR A 5], FISEHIFF TR . X SR AR K 08
E N-H L0 e i (NMPYH , CRFFRERE 5 /NI DL b, TR ST 2R o B o0 BRI RIRTEARTE b, 7E 120°C
TEA T 12 /NS, IETEPIR AR B AR LN 3~4 mgrem 2o XAEPER R 25 B/PVDF BB AE 2 s
RGP ERN, &B8 R N . B E CAPCHEM /A& SE(LBC435A50), HA &% IM LiPF6
A/ B VC (BRIE ZH518) IR N3, AT EC/EMC/DEC = 1:1:1v%. 1£ 293 + 2 K 7L FIG FE ) =
AR LAND #0CHE XS B Ak 22t REREAT T VPl . AEIX I T AR, dih T B EVu R 2.8 V 31 435 Vv, #H

WAE1C=150mAg".
3. BRSMETL

EHIE 1 ATEN, 7E3.0 V 2 42V IEREIN LA | C R IGH BAEEACT 50% 1 3T 73 15 2 (8 R E 3
By 1 2t B B I A 2R v . U BT LB O T, R HAE 1 C AR REIREF 62.7
mAh-g™', [CNHIBEER 41.8% (FEIRAEE 1C=150mAg ).

TSR NCMS23 PRI TIOM 25t Ak 222055, 64T 1 i Ml BERA R I 3% HAADF-STEM 4 il
EDS 73#t. Wil 2(a), & 2(0)FiR, MESRE EA SAHM AL, FEA LR EI R I B RER T
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Figure 1. Rate performance of degraded NCM523
B 1. k3 NCM523 MfE R

Figure 2. HAADF-STEM images of the degraded NCM523. (a) HAADF-SETM of surface; (b)
EDS image of surface; (c) HAADF-STEM image of near-surface; (d) HAADF-STEM images
of two single crystal particle gap; (e) EDS images of two single-crystal particle gap

2. 5% NCM523 B9 HAADF-STEM [Elf%.(a) 3 E HAADF-SETM;(b) <M EDS [&;
(c) IE3RME HAADF-STEM [Efg; (d) M#RMALEBE HAADF-STEM Elf%; (o) M4
B EAALERR EDS Elf%

3 MR BRI C 1s F1F 1s (1) XPS 1% M 3(a) AT ENREfR ) NCM523 1) C 1s i n] 43 A 1Y
AN, 45X R C-C/C-H (284.8 eV). C-O (286.1 V). C=0 (288.9 ¢V)Hl PVDF/ROCO, Li (290.6 eV), %*
B CEL FAELE Li,COs FIE WLy« He4h, & 3(b)d F 1s SoR7E CEL f4E LiF, 7 — Mg X HIEHR 5
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Figure 3. XPS spectra of the surface of the degraded material. XPS spectra of (a) C Is and (b) F 1s
B 3. KRHMRIREH XPS . (a) C 1s F(b) F 1s B XPS i&
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Figure 4. (a) HAADF-STEM images of the degraded NCM523; (b)~(e) EELS spectra of O-K, Ni-L, Mn-L, and Co-L
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Figure 5. Ni, Co and Mn L;/L, ratios within the surface to bulk phase
of the degraded NCM523
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