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Mn BIEEE. TN, Hestaegrs, il
3T A K HUBE R (1 IE A AR, (H R Jahn-teller 2%
i3 v AR S B LiMNn,O, BB B 48 F1 A
SEMEE 2250 L HAE IR 55 CAMETFEZ. AMIF
HB2 . WE. B4 TS WE. B 2 4= R
TREE AR e M, AT A W] Jahn-teller RR |
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BEAIR LiMn,O, FUBR AR BB LE 25 . Kim 2512k
] A v B R {111} 5 1 AN b 5 {1003 & {1103 4 1
BT S T AR R 0 B LiMngO, AR, oA {110} 5 1 2%
MRER AL, Mn 7 HEF %0, BORFE D T Mn
I RE, F2OE SRS M . {10031 {110} & [ B 1] 5
RepAE LiMn,O, H LiTs 79 #osE —2, nrign
Lit9 B A Rl i S o228, ok, i 2 ik
LiMn,O, A4} BE T DL B A ER A i, ST 488 im e 4k 27 1)
RERMERERIG R . B A HRIE 1) £ 5 5 2 TH A
LiMn,O, B} 35 B2 R AR ARV . KGR T2 E %
B8 4 AT 2 1) ik 28,

TEASIG B B, R JVER R P, A
fi [ R R 2= 11229300k & LiAg 0gNlig.03MINy 9O, BT %
T A £ B - FB IE AR R, DA L i AL S I R
TEAHBE T T AR AR S5 1 L TSR Ak 2 1 R 5
HAEARFERE R TN HAT T RBEKE e, Hdidn
WA BB T B R B RS LR SR T LB )
e

[l

1 % I

B #r 4l Li,COs. MnCO5. Ni(CH3C00), 4H,0.
Al(OH)(CH3COO0), [El1£, 4% LiAlyogNixMny g5.404(x=0,
0.03)fb it &b, FREUFERME TEREEGEH, FH AR
LR & 5% R FT I R A REL, DUE & CBE A L, Bk
PB4 8~10 h J&, T3 2 MBS, HU5 g
WA E TR, FFBON 500 C 5 34 i ok AR
] AR e S SRR 1 h, A NS WTBE, FEAE 650 C K
REBe 6 h, 133771 LiAlgesMny 904 Al LiAlgesNio oz
Mn; ggOys 73l #51C 4 LAMO 1 LANMO.

K JH1 4 |5 Bruker 24 7] D8 ADVANCE % XRD 1% 4>
HTRE S I 0 AH L RROR AR 5 4, AR5 4R AR
CuKa, LYEHIE 40kV, L{EHLJL 40 mA, FiiE =R
49min, FAMAE 20 4 1070 L XRD ¥k 70 #r
FEMBOPIAR . S5 dn B, FEIFEREM IS S H, RA
2 [ FEI /2% NOVA NANOSEM 450 %37 % 434
BE(SEM) 2 BT AR S I O S5/ TE 3 . [RIIE, RFH BB i
T X RIS A (EDS) SRR S I RS HEAT 40 BT R
FH X 548 5% B 7 BE % (XPS, PHI5000 Versaprobe-11, H
A ULVAC-PHI) 73 HTFE i i R T e F ARS8 o = 1040
A, FEANS0W, HIEAN 15KV, FIH XPSPEAK #
i, RRAE S AT LS, AR 40 A U 1) U T AR T A
HEH M MR B R AR S &, R Mn
PP RIRAN S SR R & 55 B R R G A
ICP-OES (Radial 2£ [¥ Thermo 23 &) )l & £ i oh 28 L 4
R MR T .

VRl B dh . S HUR B ORI R e R 2 )
(PVDF)LLA 8:1:1 Byl s bbfp], FRELT 3 HIKR B G
ININIE B A N-F R e B, 35 5148 ) 2
WK, R E TA7 R ABREN EIKEE 15 min RS 152
Bl KBS RSN B, BT 80 CHUAH T4
3h, HHMENEEW . &EVIK @16 mm B IE
W R Ch4s @ 88 A /R X B b o FELAE R A 1 mol/L LiPFe

(EC) (BRI £ )% lig): EMC(BRIR H 2.1i8): DMC(BRR —
HER), AL 1101, 78 Ar SURFEMH B H K
CR2032 sl ina . KA CT2001A % Land
R G (BB & v B BR A 1) 1E 47 1H H U 7 iR
PEREM, CHI604D A Ak 2% T ARk (H il RIS A
PR 2 w0 ) AT 918 A AR 2 K B 22 i BRI A

2 HREHMH

2.1 XRD. SEM E XPS 4> #f

K 1 5 LANMO 1 LAMO F£ 5 ) XRD K%, 2
ANFE ST A AT S S A B LiMn, Oy 1 b AE 1
(JCPDS, No0.35-0782)—%(, V1§ Fd3m =[] #f, ATE
32e (&, EWABIICELE /MK 16d A7 i, AT
DUTH /4 8a fir A1, B AI-Ni 45 4% oot J5 R AR JL 2
AR GBI, PR R AT . ATLAE L, B4k
Ni & 1 J5 LANMO F¥f it 1 (400) #7506 v 755 £ FE I % »
DR LR . A S EER L TR, LAMO FE 5 0 5
R H #N 0.8238 nm, 1 LANMO ¥ 5 (1 5 4% & $is
/N, 9 0.8229 nm, FKH AI-Ni X35 4% 5] 2R A 1Y
LiMn,O, R4 A% U4« XN, — 5 NiZ &7
BN A G )\ TR B, S T R s P Al
Mn*" 88 F & B K, Mn™ B &8N, Mn* B
FARNT MR, SR T AR RS, 18 R
HHOR N, B —J51H , Ni-O RS KT Mn-O g,
MR AR LiMn,Oy Mtk . thsh, MK
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A
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Fig.1 XRD patterns of LANMO and LAMO samples
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1 LR LA, LANMO FFE & 17 5 U6 ) U6 i 5 5 55 |
IRBIFEEE TR &S A, W AN B
PEm TP LANMO HI4h itk . IWE LiEnTE H, 78
LANMO F 5 Hr, BR(111) & A7 4 4k, (311). (400)
F1(440) T AT HHIESEE HE LAMO FESIIRTS 2, &
B (311). (400)71(440) % i HH B EEA A4 KB,

2a fi1 2b 73 52 LANMO Il LAMO [¥) SEM
i NEIR T AT, Al BB 98 5 A B LiMn, O, it LAMO
(R kL [ 5 0 R P B, ROORE B JER A AN T I, UKL K
B, kit 250~300 nm. HES Al {3 B
4 Ni J5, LANMO Sk 8 RAF, 0. W5
W, BRI N BT, v 200~300 nm, H LANMO /)N
Fitt LAMO (122, X2 T NiZ i A3t T & 0
TER, WONBURLARR 8%, IFAE— R BE B T
KL AR . WBRRIESE , 2 DRI 2R i A 2
LiMn,O, 1 4% #E J\ T 1 Jf % 131229300 g 2e,
LANMO 4 K 73 UKL 25 04 B4 22 TR, T LAMO it
KA 53 R 2 THIAA o 5 s 22 THI AR SR oy THI FFD o, T B 17
AR AR J\ T T o 75 A TR g T B e B, L 2
M 2a A1 2b H R 2 AE A S UL ) JBCK ] 2¢ F1 2d
FERTIE A MU SRR 1 TE 5. LANMO B i JI0RL L
I B AR VG T R, 4 K 4 Bk 38 2 A
{111}, {100} FN{110} 1 ff B i 22 Thi A4, & fm PR AT,

SROURE PR L L1 ot T ) TR AR B K, {10031 {1103 i 1 1) 1D
FREL/IN G 1T LAMO # i p R D3y TE ok B B A
A {111} {100} FA{1103 &% [HI I HURE , K8 43 FIORE PR320
BT, IR, RA B SEMR. fEE 11
XRD fi7 50 s i A7 2 LiMn, O, (400)F11(440) ¢ Th HL
If1) 5 B 22 THD AR A {100} M1 {110} 45 T B 1f1) 58 4% — B,

LANMO 7 5 I (400) F1 (440) i I Y B A0 28 KA 3k 1
B 22 T AR {1003 AT {110} 5 T T 1. Rk, B& AL-Ni
B2k U R E AR A SRR S M AL, B 2 TR LANMO
HLAR AR — D7 TH B A /N Mn iR EcE 2 1) LIt
BTy HOBIE s 53— 5 TN R BURL A B IR T

BT OL B B AR DL R N T UKL R ) 4 f i
L, WE7R LANMO #EHE B8 47 (1) AL 2 £ 26 1 B AR

75 £y (131229301

%1 LANMO %1 LAMO # R M RS
Table 1 Lattice parameters of LANMO and LAMO samples

Lattice Cell FWHM Position

Sample  constant,  constant, (400) (400)
a/nm v/inm® peak/(9  peak/(9

LANMO  0.8229 0.5572 0.190 43.972
LAMO 0.8238 0.5591 0.233 43.929

K2 LANMO Hl LAMO ] SEM TES K LiMnoOg b )\ T A AR 1L 25 447 1&]
Fig.2 SEM morphologies of LANMO (a, ¢) and LAMO (b, d); model structure diagram of LiMn,O, standard octahedral ()
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KH XPS W43 B AR 2 1T o 3 4 A48 24k o0
KA. B 3a 2 LANMO KES Y XPS 4tk &, &
A C15(286.06 eV). 015(528.11 eV). Mn2py/,(654.07
eV). Mn 2p5(642.08 eV). Ni 2p3,(854.49 eV). Ni 2p
(872.10 eV)F1 Al 2p(73.9 eV)IHF1EIE . UESE LANMO
FESHBR T Mn. O JGESL, IEAFAE Niv Al JLE, 1M
B TRBEAE 19 Li 1s (<55 eV)I&PI 5 Mn 3p E &,
Ni 2ps;, (854.49 eV) A1 Ni 2p1;, (872.10 eV) {5 5 & Xt B7
Ni**, FrLA7E LANMO #dhrf Ni 45 b2
NiZ*B49, Al 2p(73.9 eV) I AEIE R I Al (1135 22 B0
+3. AT HE B Mn® AT Mn* 2 8] Mn f(SF B4
7, % LANMO I Mn 2pgp W44, Mn A1 Mn* A%}
JBE IR 43 M43 5 43.7%1 56.3%, LK 3b, Mn )F
A BRI AE 3.50 1 IN% 3.56. 4 SCHR[35]4KiE, 4
Mn* 1 Mn* B 7R W B R B r=[Mn™)
[Mn**1=1.18 i, Jahn-Teller W4z G5 34 &40 )
LANMO 4§ Mn*™/Mn® [ r #5008 1.29, #5 Ni-Al
HBAE RANH T4 LiMn,O,4 ) Jahn-Teller m545,
23 T AR IE R R E PR R g T T B T R
T, KM ICP-OES fUIE | LANMO H i v i) <5
TR EE, 4% LiMNEAl MY R K EE N
1.001:1.889:0.029:0.081, 5 15 i1 LiAlgog Nig.isMny 80O,
b2 s — 5.

2.2 EALFEMERES I

P 4a /2 25 ‘CHI 1 C 5%, HLJE 3.0~4.5V &4 F,
2 AN FE S R PP A it 2% o B 4a R ET S, LANMO
I EA T A L 25 8 110.6 mAh gt & T LAMO (X
105.0 mAh g™, JH 1000 R KAEH G A RMHEFE N
70%, T LAMO 1% /9 66%, 1 T Ding®?41 Mukherjee!®!
LA RO NI-ALE 28 UM d A 2 LiMn O FAR AL B
M RE, BEAKT Ni-Mg 2% 5P LiNio0sMgo.0sMn1 6204

BB FR 2 73.7%0, L LANMO FI LAMO #E & ()
RO 26 18] 4b R E 2 ANEE AR AE 4.0~4.1V
F13.9~4.0V #H 2 N BRI BT &, X2 LT T
T JBE /87 3k R Hp 1 R 25 SR R R B T R, 4 il X L
MnO,/LigsMn,O4 F1 LigsMn,0,/LiMn,0, ) 2 AN FHAZ,
RUER APHI NiZ B 45 A MRS AR LiMn,O,
(R AT 2542, T B AR 1 R PR, R 5
C & FXFE S BEAT T KAEH WL, WKl 4c, K
LANMO H1 LAMO #4618 F EL 28 5 73 il 96.0 Al
94.4 mAh g, JE¥F 1000 Ko & B AR RF R0 74.1%
F1163.9% . M L3k 45 F 1) %0, LANMO HLAR#4 L E LAMO
HAEHEHFRERERMKER Fa, HS 1 C 534
H, 5 C i 5 1 25 B (R 3 0 S 1 o 0229300 33 [y
25 1, Ni-AlL W F 3545, APTHTNIZ B AR 5 4 B LiMn,O,
doMn®, {345 Mn®™ RS RN, R A R
Mn P24k A4 M+3.50 38 I #+3.56, A i T
Jahn-Teller Z45; 2% 2, BT LANMO #1EHL LAMO
HEZ R RN, BIE 3 2 89{111}. {110}41{100}
n i, AV BEREAR Mn Vfg, T EIE I T LT R R
OB EHCR, MR T AR A0S 2 A5 a3,
% 3, LANMO #HRHERLEE LAMO $iki/N, #/NFik:
BE Rl 4 A0 LT RN B AL A% B R, R TR R T 5
SR RO, 25 S80I 7 MR £ R R BT, 58 4,
Al-O BF1 Ni-O B 1) S REH KT Mn-O 8, Al H S A% 45
Wb, FaoE TRARGEH, BN TR M
WAk, FTLL LANMO Sk 45tk LAMO BEfaE, Mifi
it T RPRHI HAL S P BRI EE AL BE SR LAMO
WA ELF A ERRFR, RS Al f£— e E
AR E A A T LiMn,O, 18 A4 45 4, 410 1
Jahn-Teller 28, (HIL AN AI-Ni = 7645 24 b [7) 2508 %
FL A S MR e MR TR K

Intensity/a.u.

1200 1000 800 600 400 200
Binding Energy/eV

0 648 646 644 642 640 638

Mn**content: 43.7%

Mn**content: 56.3%

Mn4+

Binding Energy/eV

Bl3 LANMO [ XPS 4=l & & Mn 2ps, & &
Fig.3 XPS full spectrum (a) and Mn 2pz2 XPS spectra (b) of LANMO
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120
110 fo ¢
%, 100 \ LAMNO 70%
‘é 90 |
> 8or LAMO 66%
g 70
§ 60
L 50
'S 40+ o
% 30 25°C,1C
200 200 400 600 800 1000
Cycle Number
46F b] 100} c
4.4 7., 90F
42 f‘é gol LANMO 74.1%
i TR
s> & L LAMO 63.9%
£ & 60
> 3.6 8
34 o %0f
32 ‘g 401
30 & 3ol 25°C,5C
2.8 1 1 1 1 1 1 1 20 1 1 1 1
0 20 40 60 80 100 120 140 0 200 400 600 800 1000
Specific Capacity/mAh-g* Cycle Number
120
i, d| 120
< sof <
s g 80
£ ol LAMO 58.0% >
§ g 60r
S 40t 5
& O 40t
3 b=
§=3 20 + 55°C,1C é 20+ ——LAMO
. & ——LANMO
0 50 100 150 200 %590 "20 ~30 40 50 60 70

Cycle Number

Cycle Number

4 LANMO Fil LAMO [ e {21 A8
Fig.4 Electrochemical performance of LANMO and LAMO: (a) cycling performance curves at 1 C; (b) initial charge/discharge profiles at 1 C;

(c) cycling performance curves at 5 C and 25 °C; (d) cycling performance curves at 1 C and 55 °C; (e) rate capability from 0.5 Cto 10 C

M 55 C il F IR M RE R 4d FTLLE H, 7
1 CHf LAMO 1 LANMO #4780 e 2% 543 4 109.6
mAh g fil 114.2 mAh g, f§ T 25 C I 7SR L 25
BT EEE S LY EoR R R E®A, 200
WAER G LAMO fR¥:3%1Y 58.0%, iii LANMO 11H
71.7%. [FUk, Ni-Al L4505 GeA 208 S BH S 5
RYEREFIEIA FF . & de & LAMO Fl LANMO fi5 3% E
RElE. Il de FTLAE H, BEERS M 0.5 C #2553 10 C,
2 MNRERRIBCR LE A B IR T, X RNE
AT, LI BOd 2R 7 H R ) 52 380 R 1 = AR R
WAL AT AL ZE AR AL TS, LANMO 5 i L& R Bf
g, G5B RMERE, KU LANMO #EHL LA

XF/N e LANMO 7E 10 C 1545 87.4 mAh g™ (I L 2%
EAH 80.2% A EIRFFR(LL 05 C HIRLLAE 109.0
mAh gt it), LAMO 7E 0.5 #1110 C fJ Lb 25584 5 v 110.9
168.6 mAh g™, {REFHRILA 61.8%. 43t 60 KIEH,
M 10 C R E 2] 0.5 C B, LANMO £ 5 Hh 73 50K
105.3 mAh g, X412 3.4%, i LAMO Ff i Lt 25 &k
106.5 mAh g, 11k 4.0%, & LANMO # R AbE /),
FLAT S ) b 2 T
2.3 fBIMAR(CV)5 iR

LA 0.1 mV st HLR T 3.6~4.5 V #E4T CV Il
. M 5a f15b ATLAEH, 2 MERIEHETA 1 C £5
. 1000 RAEAJE I CV HIZEIF 2 STRfiR JRigE, %
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B LiT7EAR A S i NI S R A 25, S
4b FRFIEMLN 2 NMRETFER 2 NMRETF G
. JEHETAT 1000 KIEH 5 LANMO ¥ i [0 FE 3500
WA AR KT LAMO 9, 5 LANMO JiUH Lh 25 8 K
FHFFE, H LANMO 15 58 2R 86 AN KRR 14 58 47 ) S A0k L I
1M LAMO HJUETEECF-2%, R Ni-Al F£45 24 1T LA 2o
P v PR ) AT 3 P R PR I AR AR A, S L AL
VERE .

NTH—ZTHE NI B4)5 BA BRK R
JREE, %F 2 AN S AE AN [l 43458 % 0.02. 0.04. 0.06. 0.10
F0.12mvst, HETEHE 3.6~4.5V NiEAT T CV IR,
M Bc F1 5d 7L, 2 ANFF il U FL IAE B 4 0 A T
AR, W AV TR PR AR B 2 38K, BEH LiTes 19 Hos R
FER A LTy HoE R Enl. AR &, Lty
O ROE T IEAR S 3R, LIty Bos Ak,
PO AT, SRR N TR LT
BTV s AR, LTS T BOE R AT DU
Randles-Savcik 75 F2A0 14

i,=2.69>10°n¥?AD."’Cpo™? (25 C) (1)
Horr, iy RUERIR(A), n 2RI E TR, A
FEHRR IR T A (cm?), Co A& Lit 78 FLAR HP ARk B (3R

WAE N 0.023 78 mol €m™®), v AFHEHE(MV 1), Dy
& LI iR E.

ip A1 oY% B RAFLEESE R, WL 5¢ i 5d #iE. %
Li™ 85 7 I NI 2 3 7 2 s g R . AR 2
LANMO (3 8 2 3 Dy M (ipa2) 79 1.58>10™ cm® s, K
T LAMO ffJ Dy;"fE (ipa2)9.78<L0™ cm?® §7, %45 AR E M
HufRRE T LANMO FE B R APV REFI i 1 A
2.4 ZAEMEIEIS) S HT

I 6a Al 6b 43514 LANMO Fi1 LAMO #£ 1 C 15 % 4/g
HRRGAT 1000 YRIGFF K Nyquist B, 2 ANEE S 0580
A, P 6b 4. P AP 2R AR e R AIX Y L
AN 2 B FARATL X (10 R 2 40 B, A BE AR 3R 2 VAT FLFHL R,
RN AT RS R Re, RHRR IR LiTIESR A [ AR
GERR oS R, 5 Warburg FEHUHEHY. LANMO
MEIRHTJG Ry 205124 104.3 F1126.6 Q, LAMO (1124 115.0
A1150.4 Q. TTLAEH, LANMO B EMEIRA . JG#E
BN Ry H AR B B/, R FITF LIt
AR, BV ERE LY HOER, SiHHEm LTS
TFHBURECE K4 A — 2

Kl 6¢c 1 6d 359 LANMO Al LAMO 7£ A [7) i fF

After 1000 cycles b
Before cycles LANMO
LAMO
<
1S
=
c
I
S
O
L 1 1 1 1
3.8 4.0 4.2 4.4
i 000f . LAMO 0.0002 F ;
a2
0.4 |- LANMO ! r % 04+ 0.0001 = d
pat < Tpat
F . i § 0.0000 -
< 02r et 0.2} a2 3 o000 et
£ ez -0.0002 L—— e
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g 00 Square Root of Scanning Rate, v2/(V 5%)" 00 Saue oot of Samng Rae, 1)
3 002 mV st 0.02mvV s*
: 1
02+ —0.04mV s 02} : —0.04 mVs1
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04} b i —o12mvst |-04r ——012mvs
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K5 LANMO F1 LAMO EARAEFFAG A 1 C 755 1000 YK HI CV BHZE MAEAFTHE FHI CV HIZRAT iy Al o2 fUZR I & 45 51
Fig.5 Cyclic voltammetric curves of the LANMO and LAMO electrodes before (a) and after (b) 1000 cycles at 1 C; cyclic voltammetric curves

of the LANMO (c) and LAMO (d) electrodes at different scanning rates (the insets in Fig.5¢ and 5d are relationship plots of peak current

(ip) and the square root of scan rate (v"%))
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T Nyquist Bl. 2 MRS BEE IR TR, Ro (EH P
i, @ EIS Bl iH SR A R TE L RE Eoy UIIREH
Wesh F12d R . B, 5 A 3 B0,

ic=RT/(NFRy) 2)

ioc=Aexp(-E./RT) (©)
Hor, i RAZHHIL(A), n A TEREEL, R/
B HH(Q), R 7 8.314 Jmol™K?', T H298.15K, F A
96484.5 C'mol™, A R SRELFMHEEL. BILAR(Q)

160

F3)ATf4: E,=-RkIn10, H i k 2UELMHER, 53]
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Preparation and Electrochemical Performance of Single Crystal Polyhedron
LiAlgggNig03Mny go0O,4 Cathode Material

Guo Yujiao*®, Lu Yao®, Ning Ping", Guo Junming®
(1. Faculty of Environmental Science and Engineering, Kunming University of Science and Technology, Kunming 650500, China)
(2. Eco-environment Monitoring Station of Wuhua Branch, Kunming Eco-environment Bureau, Kunming 650031, China)

(3. School of Chemistry and Environment, Yunnan Minzu University, Kunming 650500, China)

Abstract: The cathode material of single-crystal polyhedral LiAlgosNio.03Mn1.8904 (LANMO) was rapidly synthesized by a solid-phase combustion
method. The exposed surfaces of the single-crystal particles include {111}, {110} and {100} crystal faces. The results show that LANMO material
is a single-phase spinel structure, belonging to the space group Fd3m and exhibits good crystallinity, the particle size is between 200 nm to 300 nm.
The initial discharge specific capacity of LANMO is 110.6 and 96 mAh g™ at 1 C and 5 C, respectively, and the capacity retention rate reaches
more than 70% after 1000 cycles. Under the elevated temperature (55 <C) and the discharge rate of 1 C condition, the LANMO material also has
an initial discharge specific capacity of 114.2 mAh g, showing excellent electrochemical performance. The kinetic performance test shows that
the LANMO sample has a higher Li* ion diffusion coefficient of 1.58x10™ cm? s and a lower apparent activation energy of 23.89 kJ mol™. The
Al-Ni synergistic modification improves the crystal structure stability of single crystal polyhedral spinel LiMn,O4 material, inhibits the Jahn-Teller
effect effectively, reduces Mn dissolution, increases Li* diffusion channels, Li" diffusion rate and electrode reversibility, as well as improves the
rate performance and cycle life.

Key words: LiMn,0s; Ni-Al co-doping; single crystal polyhedron; solid-state combustion method; cathode materials; Jahn-Teller effect
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