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AT DL S/ () v P s i, (B AR ™ B 1 PR B IR HERTR 22 1 3 D122 R — R TR B AT S 0 s T8 240K
W&, 7F Lij oNig 13Feq 13Mng 5,05 (LNFMO) H148 A Mo JTE, #i %8 722 [HFE, S Lit Y 1% 42 L 1 T8 58 (% il
T Lit Bl i, ARSI T HE TIREE, R0 T EBRE. 835 T, Mo 845 1Y & #LA R
T RO A L AL A MR AR, A 0.2 C HLI N R B 209.48 mAh/g BURILAR A LL A B 1 C T RIRIAR
JiH B 25/ M 137.02 mAh/g #2755 % 165.15 mAh/g; fE¥F 300 K5, 34 117.49 mAh/g R LA &, IR
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SUIA: BT, BRI, IERRERL, B TR
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ail%

1 5

A s A B FFL i (Li-ion batteries, LIBs) J™
N HTERS B & AR b, (B4R G2 R
4B IEM AR LITMO, (TM= Ni, Co, Mn 5 Al)
HABARARE =% 5, Joikw e mb b we oK, 1
& HEIREAEY) (Li-rich Mn-based layered oxides,
LRLO) N H &t 200 mAh /g, EIA ZIRIE
WA B 15 12 5 B R A2 20
% aLi,MnOy-(1-2)LiTMO, (0< z< 1, TM = M,
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TR AT, R TR 2R
() R R IR e /0 ) E R sk, ()52 4 T ™
RS R R, R R T S AN ] A
FEVRORTHL PRI AR, AS AT 3 ) SRR ORI 25 1) Lit™
BBl J1 2 AT e f e 13517 Sl 3t SRk 8 4%, R
VR 2 R B A5 A SR A BB m IR 3R R)
145 2% R TR SR S8 e R iz, i, Fe st
B2 M2+, AP+, Zet Rl TR T N2 B8 7 Mt
V4 (TM) L8 1) B 2 6 s B8 I ) 2 3
& REAR T BHES IO P IR EE 121 B2 e Z BN
SRS R 5 IE S, AR T m AR e T,
T AR AR SRR AR TERRAT R 5 R0 1
B IC RN S FE AT +4 O, MR ELE Ll
il 2223 =N B B 24 LIAES: Ni b e Li 2507
MIE R, fEE Litiyy Sk, I iprse R0, [ H]
Nbo*, Ta, Mo+ Hl WO4E i B IL R B I IE
AT RHH R TN STTRIBAIERARL 2427, 5]
A5 AP R 14 5 T AR AR b A1 i it A% 4R 1Y
Rk, S et tese v, I sE it s o v fe.

FTF I, BAVEFH Mo 15 A =M 4545,
FEHXTEHAIRL Li; oNi 15F g 15Mng 5,05 (LNFMO)
PEIARE MR RZ . RIS Mo 9 & itk 0.5% B
I B B b A PERE . MoS Y4B 24 RE A AL
T BH B IR HE, P RALZ EEE, O Lt & R
PEAE G A, FRAC LitAo Y BRE &, B Lty
PHL S Sy TR T RS AT 3 A A A
/3 TR S0 P A A AT T T - v e i A T
(cathode—electrolyte interface, CEI) JEJE, #f—2F
FaE TR SR 254 . 2 i Ak 2 MR aE I 2 1
7E 0.5 C By HLIL % B &2 50 5 LNFMO Fl
LNFMO-Mo (il B H 25 543 51 8 147 mAh/g Al
165 mAh/g, FHEFRRRM 76.06% HEE5 5] 84.05%;
1 C MR N G b2k 165.15 mAh/g,
PEHR 300 G A5A 117.49 mAh/g BT LA
X b F R Y I R R 1.66 mV. JEERMERE
AR Hs il 25, £ Mo #82% LNFMO
A BELAEARMEDL AL LIBs H iz i H.

2.1 #HRIER

LiLQNio.13Mn0‘54F60.1302(LNFMO) 5 Li1.2(Nio‘13
Fe0.13Mn0154)0_995M00.00502(LNFMO—M0) i HLIEAR

oA M P S R s B T . 1 e 2 R (4
FE S 98%) . To/KFTEEIR (4l 99.5%) Thedrrh,
TN ZEB 77K 50 mL, HiFE B RETE. YN
I TRAE (Ll 99%, 1 3%, LIKME = i
TR ) . SRR (ZERE R 99.9%) . WS ERER (4
FEN 99.99%) . LIRS (BEFE N 99%) . FHIR B (46
FEh 99%), 43 BN AGEAR i R 50 T &K I
W pH EZE M. B IR G RNAZE 80 C i
SERFE 6 h, FRR AR LG B AL st .
BRI A RHEAR ) 190 °C B 1. Bl BT
5], B A EAER R, BT Db 400 C T
B 4 h, 900 C HEEE 20 h 5 ok BUHRE B R ST
R 2= N T 2R (H,0 < 0.01x10°9,
0, < 0.01x10°9).

2.2 HthA%E

PR L 8:1:1 HUIG PR BT | T H )R P
(Super P) FZ42 5] R w7 £ M5 (PVDF) 7Eid
T N-F L bR (NMP) HiR-A 5], B HE
ST TERCR B SR TR R b, 76 80 °C S XUME
FE LT A HLA T, FECA 120 °C H.25 BEAR At
#5 12 h, B TRAYIEN T, #UIoh 68 8 /-, Him
BHEZH 1 mg/em?. RN 1.0 mol/L #Y LiPFg
VW, VEF N EC Il DMC TR AR (R 1
3:7). LI R A XA . Celgard 2500 28 745 14 F
R AL T 2032 R4 1 3. ] Neware JUia0{X 7E
2.0—4.8 'V 11 HL 70 Rl P A4 1 i 5 8 H O B
(RN 1 C = 200 mA /g) FOIH HL 3 16 &
AR (GITT) &

2.3 SCOIGRAE

AR S IARSE R R 2SR Cu #8 (M=1.5418 A)
HIAR X AL (XRD, Bruker D8 Advance)
HEATFRAE, ByARFE ARl 10°—80°, JffHiH
GSAS-IT XTI EE AT Rietveld 51&. JE5
f7 ) XRD XA SR FEH . BIRFEH E 45V,
4.8 V5 E 2.0 V UFRE T RE, REFM
FER 10°—50°. APEHZRTEIE SR A L Wi
5% (SEM, Gemini 300, ZEISS) Flif &} B, T b i3
(TEM, JEM-F200, JEOL) #H73RAE. R X 1t
HLTRERSY (XPS, ESCALAB XI+, Thermo Fisher)
FIAFLEME S &, ERA R TR WAl
PR N 3 FE SR F LAk 2 TAE S, (CHIG60E, iR
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) 1E 2.0—4.8 V I EJLEIN LA 0.1 mV /s B4
THCRH TR (CV) .

3 #X5it%w

A S
%f LNFMO 5 LNFMO-Mo iF #% #1 ¥} 3 47
XRD i, 255040 1(a), (d) iR, Rietveld K5
B, LNFMO 5 LNFMO-Mo i A f7 g4

3.1

B, HE T a-NaFeO, B R-3m 2s[HlRZRELL
P25 20°—30°2Z [a] Y 8 & A% 17T 59 0 J T B )
C2/m 7S (B, M LA T4 )82, Mo
HRJa A g P, (006)/(012) 1 (108)/(110) £iT
SPPUGE ) 3 2LV T, SR IIAE S 45 e R, RBIA i
ARG

TE R-3m &5H 1) )2 RE AW, Li S 3a iz
H, TM di#E 30 i, O fdiffi 6¢ 8. N2t (B 72F
£ (0.69 A) Al Lit 1242 (0.76 A) 7€ Li-TM-O

(@) | LNMFO Ryp = 4.209%
o Obs R-3m )
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= $ —~ a=4.972 A
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. S ;
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=]
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[N | (|} e o | e w nmn y\
v et —
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Rietveld &9 LNFMO (a) Fl LNFMO-Mo (d) XRD [&li#; 4 LNFMO (b) 1 LNFMO-Mo (e) # SEM [&; i LNFMO

(c) Al LNFMO-Mo (f) B9 TEM & & JZ 1 ; LNFMO-Mo (g) #1fi KRR JC & /9 EDS 431 [&l
Fig. 1. Rietveld refined XRD patterns of samples LNFMO (a) and LNFMO-Mo (d); SEM images of samples LNFMO (b) and
LNFMO-Mo (e); TEM images and layer spacing of samples LNFMO (c) and LNFMO-Mo (f); EDS images of distributions of differ-

ent elements on the surface of LNFMO-Mo (g).
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ZEMy R, 25 5 KA Li/Ni R HE. Li(k T™)
7E (003) fb T ¥4 44, 1 Li, TM (8] & 4345 76
(104) fhTE I, 8 XRD HH{HE R (003)/(104) WY
U A Li/Ni IRHFREE 28290, 78 XRD j5% &,
LNFMO-Mo B Liggz) 104y B9 5 1.571 $2 55 3]
1.637, Ni2t 5 4f% 3a {7 B Liti e Bl iy 5.72% T %
£ 1.02%, KW PHE FIRARM R T R, 1Ah, fff
F GSAS-IT & 5 125 R 32 B Mo B 4% )5 2k
R-3m AR H BN o = 2.867 A, ¢ = 14.279 AP"
KA a=2869 A, c=14.283 A. #ZAME AT LLiE
it /3 AT, BIL, AR 3B 24 5 M k)
FRAR ] BE 2 5010 4.759 AFN 4.761 A. Ak, TEM
WELF Mo B4k R-3m 23 [B1H#E (003) /1 1 5
K& 8075 58 [RIREZR I Mo #8269k 1 41 )2 1] ..
DA 238 SR 3 B A 8 B 2 () B T Ay T P
JI e B LT SE A A, A R T R R AR M g
SEEFREE.

T HEFE Mo A A5 Has2m, XF LNFMO
5 LNFMO-Mo 1EM A RHEFT SEM I, 255
Kl 1(b), (e) Frzx. PIFPEE S AR AR 5 IE 5 oK
ZS . 2524 200—300 nm, Mo 5 2% 5 FUFE i [ B
MG L, RS PEESF. 18] 1(g) i LNFMO-Mo
i) X SR AEIE (EDS). EDS 455358 Ni, Mn, Fe,
O, Mo JCEFERRL /3 i 1%5].

3.2 HEiLFIERE

1 T it Mo % LNFMO LAk 22 PERE 4 50,
X i) A A RHZHE T2 H ML, JFAE 2.0—4.8 VI
H Y L Z (R & 5, A PR R 2% (CV)
PL 0.1 mV /s AFIH R X P RP A R ZEAG PR i
(A B AR SR R T4 B, PRI ARE & AR AT 3 R
Rz an &l 2(a), (b) B, 5 —k 70 it 2
LT 2SRRI BB 1 D IETE 42 VS,
J& NiZt/Nitt5 Felt /Fe il A Ak, 5 2 Mg F
4.6 V, IHAF Li,MnO4 2143 A AT 38 B Ak 24 15 4k,
[ B FEREE Li,0 MU H 5 MnO, BITE AL, FERT LR
R R, 3.8 VAR IR SR X B Nitt/Ni2t
1 Fe't/Fet, 3.3 V Ab il W] X3 i Mn*/Mn?+ )
W AES 2. 3 IR R h &b, JLT- A Ak
FA JR 0 0 AH BT B, UE P AR LA R AR nl
PR, HASERE AR, 76 LNFMO %5 1 R 255 3 I1E
Wi 2, 3.3 V 24 g 1a 22 R 3, TE R
T A AAR S A A, 11 LNFMO-Mo Hizié JL-F-

BAD, RUTE M AEF Mo IYBAMH T4
ARRTE R, BHLLE T AR ] 38 A AR i & A

PR BHE 0.2 C LS BE T 0 IR 78 50
2 il 2(c) Frs. PIASFE S ER 2R3 AR 78
B Hh 2k, T HLE (OCV) B 4.5 V F{51#HX 35
145 VUL ERKAES XK. 18T 4.5 V AT
RIXILE LiITMO, 453 LitpBiHA ¢, i Fel+
1 NiZH4r W48 AL K Fe+ il Nit+, LNFMO-Mo 7F
4.5 V R A BARHX S K. e 2 4.5 V EKF
HIHFETF LiyMnOs 4150 Litpg i, 505 T4
A FIAS ] 33 B SRS AT O X L 1 IR AT A A T
Z5 i, LNFMO-Mo B8 [ 45 it LNFMO 1
200.26 mAh/g $E= 2 209.48 mAh /g, WIRFELRL
K (ICE) . H1 62.99% 2 = & 63.68%, X J& T
Mo Il T BHES FIRHE, 3958 T 08 4% 19 A ki
JEIE .

R T RAIE Mo X2 [BIEEY R A2, FEANFfY
T % LNFMO 5 LNFMO-Mo 8 14 fE 2k 47 il
. WARESTE 0.2, 0.5, 1, 2 F1 5 C IR RFEE
MR 2(d) Bz, LNFMO s R L2 43
1 193.07, 145.57, 119.44, 99.48, 71.01 mAh/g,
MRS LNFMO-Mo By K, M 25 543
B4 203.31, 159.09, 136.48, 118.00, 84.18 mAh/g.
TEAH F R R A 245 K 5 NMEH, IKE 2 0.2 C
J& , LNFMO-Mo 154 175.06 mAh /g {5 H, b 25
i, 1 LNFMO {0 162.77 mAh/g.

R T kAR Lit e S T sl
2% 5 LNFMO-Mo [ 0] 386 25 5 of s, i FH 0 L 3
[E) 3 R FE AR (GITT) X P AP A ka7 I 3k, 2
[l 2(e), (f) Fron, TEid ¥ 4 8 S AL X 3 LNFMO-
Mo 7R H 55 i 1 21 B 797 1l R 2L Dy =2.60%
10 cm?/s, M LNFMO 1D+ =9.57x10 M cm?/s.
e ARR R X3, o F @A 00T L Lithk T™
LR R R R A o aa o NI U U P TR b o
BELWT T LAy HomiE, ff Litid sish J1 2R K.
I X 38 T LNFMO-Mo 5 & /) Dy 54 4.24 %
10 em?/s, 1fif LNFMO PH 7™ 5 {9 BH 2 IR HEf 3
BRI, Dy FEACH 7.87x10 1 cm?/s.

h T HEIE Mo XK AEA M RE 2, 7 0.2,
0.5 Fll 1 C I HL IR E B N o3 AT KA R I 4n
Kl 2(g) B, 7E 0.2 C IR T3 50 IKJ5, LN-
FMO F LNFMO-Mo W 7585351 147 mAh/g
F1 165 mAh/g, 25w RN 76.57% Fl 79.00%.
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LNFMO LisMnOg (a) LNFMO-Mo LisMnOg (b)
0.4F — 1st activation’\ 0.4F — 1st activation\|
< — 2nd Ni2+ /Nid+ < 2nd Ni2+ /Nid+
z 3rd Fed+ /Fed+ z 3rd Fed+ /Fed+
E 0.2 E 0.2 “
g Mn?+/Mn4+ g Mn?+/Mn*+ ’
E \ = =} N N
S ol =z © of =
- —
\>—/‘ = BL/ —~—
Growth of spinel component Slight growth of spinel component
—0.2 L L L L L L L —0.2 L 1 L L L L L
2.0 2.5 3.0 3.5 4.0 4.5 5.0 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Potential/V Potential/V
o 5.0
| (c)
@ 200Q 02C
& 0!
i
< z Hor
> 150 S
B~ &0
3 £
Q (e}
8 > 3.0f
5 .
< 100 |
=t
.g — LNFMO 2.0-48V,
Q. -0— LNFMO-Mo —— LNFMO-Mo 0.2 C
n 50 L L L 2.0% L L
10 20 30 0 100 200 300
Cycle number Specific capacity/(mAh-g—1)
5.0 —2 5.0 -2
LNFMO (e) LNFMO-Mo ()
—4 —4
40} 1 T 40} 1 T
> 6 & > 6 &
) ¥ ) Max(Dp+): 2.60X10-10 (cm? g
& Max(Dp;+): 9.57x10=11 (cm?/s) _g & & ax(Drs+): 2. (cm?/s) _g &
£ 3.0F |Min(Dy+): 7.87x 1074 (cm?/s) 1 E = 3.0 | Min(Dyie): 4.24X1071 (em?/s) - E
> 000900 %o, —10 w = 9000090 °°°°°09 —10 w
° 900, S ° ° 2
o
L 1 —12 L 002,000 1 —-12
2.0 59° uane 2.0 0%
L L L L L L —14 L L L L L L —14
0 100 200 300 400 500 0 100 200 300 400 500
Specific capacity/(mAh-g—1) Specific capacity/(mAh-g—1)
—~ 250 —~ 200
| (g) ! (h)
80 80
< 143.6 A o
j 200 Lo, 165 mAh/g, = %, 143.6 mAﬁh/h?
g R 79.00% é 150
~ ~
ey 2
7 150} g
§ 147 mAh/g, § 122.0 mAh/g,
8 76.57% g 100} 76.06%
2 100 | 2
B o LNFMO 2.0-4.8 V, P o LNFMO 2.0-4.8 V,
a o LNFMO-Mo 0.2 C a o LNFMO-Mo 0.5 C
n 5 L . . . . n 5 A . . . .
0 10 20 30 40 50 0 10 20 30 40 50
Cycle number Cycle number
? 200
B ‘ B
= § 134.77 mAh/g, 17 40 A /e
\E/ 150 ’—> 81.60% 1 17-;1f i‘iéh/w
E Q . 0
G 100 - : )
g 3 109.24 mAh/g, 96.76 mAh/g,
g : 79.73% 70.62%
50
& o LNFMO ;
E; o LNFMO-Mo ; 2.0-48V,1C
Q. 0 1 1 1 1 1
w0 0 50 100 150 200 250 300

Cycle number

2 B LNFMO (a) Fl LNFMO-Mo (b) fif 3 IRIEHR 19 OV £k ; 78 Rl i i 25 B F 945 SRR (0); 0.2 C Ly % B F 40 IR
PEHINZ (d); LNFMO (e) 1 LNFMO-Mo (f) ) GITT HiZ; MiFhAEF 0.2 C (g). 0.5 C (h). 1 C (i) HL 3% B F K AG AR

Fig. 2. CV curves for the first 3 cycles of samples LNFMO (a) and LNFMO-Mo (b); rate performance at different current density
(c); initial cycling curves at 0.2 C current density (d); GITT curves of samples LNFMO (e) and LNFMO-Mo (f); the long-cycle per-
formance of the two samples at 0.2 C (g), 0.5 C (h), and 1 C (i) current density.
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WE 2(h) Fi7R, 78 0.5 C AR FEEF 50 I LN-
FMO #1 LNFMO-Mo i L4580 58 147 mAh/g

1 165 mAh/g

ARl 76.06% F1 84.05%.

1 CHLR FIRKAGHANE 23) fras, f5 ¥R 100 ¥
J& LNFMO 1 LNFMO-Mo i It 25 & 43 % R

109.24 mAh/g

Al 134.77 mAh/g, B EAREFFER RN

79.73% F1 81.60%, TMifEFE 300 U5 () HL 25 2 50 3]
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Fig. 3. XRD spectra of LNFMO (a) and LNFMO-Mo (b) in the pristine, first charge to 4.5 V, 4.8 V, and first discharge to 2.0 V
states and the variation of the g3 /(104) ratio; O 1s XPS spectra of LNFMO (c) and LNFMO-Mo (d) in the pristine, first charge to
4.8 V, and first discharge to 2.0 V states.
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Enhancing reversible capacity and cycling stability of
Lil_zNiO.13F90.13Mn0.5402 by induCing lOW Li/Ni
. . . *
misalignment through Mo doping
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Wang Fang-Wei?3)*  Wu Zhi-Min D1
1) (College of Physics and Electronic Engineering, Chongging Normal University, Chongqing 401331, China)
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3) (Beijing National Laboratory for Condensed Matter Physics, Institute of Physics,
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( Received 21 August 2023; revised manuscript received 25 September 2023 )

Abstract

Li-ion batteries (LIBs) are widely used in mobile devices and electric vehicles, but the traditional layered
transition metal cathode material, LiITMO, (TM=Ni, Co, Mn, or Al), has a low energy density that cannot
satisfy the demand of commercial applications. The Li-rich Mn-based layered oxides (LRLOs) are a strong
competitor to the traditional layered cathode materials for their specific capacity of more than 200 mAh/g. Due
to the high energy density and low cost, Li-rich Mn-based layered oxides (LRLO) have been a promising
candidate cathode for next-generation Li-ion batteries. The anionic redox reaction (ARR) in LRLO destabilizes
the lattice oxygen, leading to voltage degradation and capacity loss. Although iron-substituted cobalt-free Li-
rich materials can achieve less voltage decay, they suffer severe cation disorder and poor kinetics. Here, we
develop a simple and feasible high-valent ion doping strategy by doping Mo into Lij oNij3Feq13Mng 5,0,
(LNFMO), which expands the Li layer spacing and provides a broader channel for Lit transport, thereby
improving the diffusion kinetics of Li*, effectively suppressing the cation disorder, and further stabilizing the
layered structure. As a result, the Mo-doped LRLO exhibits significantly enhanced electrochemical performance,
with an initial reversible capacity of 209.48 mAh/g at 0.2 C, and the initial specific capacity increasing from
137.02 mAh/g to 165.15 mAh/g at 1 C. After 300 cycles, specific capacity remains 117.49 mAh/g for the Mo-
doped cathode, and the voltage decay decreases from 2.09 mV /cycle to 1.66 mV /cycle. The Mo-doped LRLO is
systematically characterized, and the mechanism of cycle stabilization is revealed, which provides an important

reference for designing high performance Li-rich cathode.
Keywords: Li-ion batteries, Li-rich layered oxides, cathode materials, cationic disorder
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