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Li[Niy35C09sMny;]O, for Lithium Ion Battery
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Abstract: Precursor [NiggsCopMngy](OH), with continuous concentration gradient change of metal elements were
prepared by a continuous crystallization method. The new gradient composite Cathode material Li[NiggsCogpsMng ]
0, was synthesized by sintering the mixture of as-prepared precursor and LiOH -H,O in O,. X-ray diffraction
results indicated a low degree of cationic miscibility and a better layered structure. Scanning electronic
microscopy showed the gradient material had a perfect spherical morphology. Particle size distribution was
relatively concentrated in 11.5~12 wm. The line scan test of elements on the cross section area of coating shell
showed that the main elements of the materials changed gradiently. From the center to the outer surface, the
content of nickel became lower, while that of cobalt and manganese were higher. The initial discharge capacity
was 204.3 mAh-g™ at 0.1C rate between 2.8 and 4.3 V. At 1C rate, its capacity was 185.3 mAh-g™ and retained
164.7 mAh-¢g™ (89.17%) after 100 cycles. When cycled at 55 °C, the capacity of 1C rate was 202.7 mAh-¢™ and
retained 85.84% after 100 cycles, indicating good electrochemical capacity and cycling stability.
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1142 /TR | R A= = - %535 %

B BRIE ORI B4 I O BLAL AR LEBOE T ek BT PR U R, A AT e iR o 7 v A9 PR B A9 4k
AR /N I 3d R BTBESS 5 o — BRI AR

AR, HUBEDR 3 10T Fhy T SRR U AH T Rl 5 22 s 5EOf 1 K 4 J2 BB B BR Bl B 0 R I I MOk B AR T
B RATR T IR T R AR TRRMAH A WK EMIT R R ER, ZEER T NiCo,
by, RIS AR R RS S AR R BR M =M OTER IS B0, W38 BRAR T 1] A Bk 3]

Zpky X1, 8688, 188m 8645

Pl 2 B B2 BT 3K AR [Nig g5ConosMngor(OH), 7EAN A ACRAG KR (19 SEM
Fig.2 SEM images of gradient precursor [NiggsCogeMngg|(OH), at different magnifications

B -
N 18,080 1 s JJ

S . 4 >

T e - s

B3 B Li[NiggsCooosMngor |0, FEAS R R AT 5T 79 SEM &
Fig.3 SEM images of gradient Li[NiggConsMng]O; at different magnifications



7

1143

AN B Rk AR RN B A A R OR R B
ST ORL R THT R A R AR T RN A Y
XS RPN I8, WA AR Y I 2K
Z— B R AR R UE AR Y R A L TR Y
B HE = AR AR PR TR RE
23 BETZMERE

T R BE Li[NigssConosMngg] 0, JE T8 7Y i) £ 3k
RARRE, HRLE T2 Mt ook Rl g A
A 2SR, ASEE B AT BE s R R A X
R A 2EYERE RS2 DU AL b L B el T2
fiff Ak 2= SE MR R IR B BT HE

& 5 Sk HIF 3K A& [NiggsCoosMnogr] (OH), 5 LiOH -
HO RA WP &Y I 2 A 1:1.05)8 TG/DTA
(FAF BT -2 A BT i) IR L DTA il 228 003 I
JEE S B N 1T 40 SR B KOR i 2 A ak AR, ek R

100 — 20

0s 1295% 1°

I 91.22°C [T, 410

,‘.\ 2 “ra

24 . s 2
< 0f g
= 1° E
= o =]
CEN A 5 5
S [}
g J 4{-10 2
80} 1538% | g
802.79 C] > §
=

Y
S

75}
425

S

70 'l 1 il 'l L
0 200 400 600 800
Temperature / “C

[NigssCoposMnogr)(OH), 55 LiOH - H,0 T & W11

TG/DTA Hh£k &l

Fig.5 TG/DTA curves of the mixture of [NiggsCogosMngg;](OH),
and LiOH-H,O

-30
1000

K5

Element content intensity / a.u.

Distance / pm
Kl 4 FL&JEITCENTEBE Li[NipsCooosMnog]0, TORL EL A2 J7 1] (1 28 4546 70 2 43 A

Fig.4 Line scan element distribution of the main metal element along the diameter of the gradient Li[NiggsCoppsMnggr]O,

R 12.95% , 53l WG AE A RIS Y 3o F R B R
15.38%, iX 2 il B A DTA 248 30 1 W #4
W AF 80.16 CRF I 32 B & il T R 3Rk A i i 7K 3 4%
R R A 43 SN T WA G, TE 287.81 CAE
A, TR AR IR T R AR B B R K A
[NiossConosMnoor | (OH), B 73 i B B, 4o il A il 331 4 Ak
Yt 2 . N TG v LUE H, MR E KT
550 CIREEARNKE N 600 CH U T 12, i
L I A RS E AN PO A, DR 550 CAFE S 52 5
) T AR B | R BE KT 700 CHY MR EAE & R Li
[NigssCooosMnoor]0, FIBELE IR L | JFH5 58 T HARM be
G5 A ST R s SRR R R s e, AR RS
T,

Kl 6 N A A Be 45 R BT W A& R
Li[NiggsC0oosMno]O, 9 FC L HLAE IR &, I A5 0
1C, B X[E] 2 2.8~4.3 V, #EFI 4 J& B T I i) &
FCAE N 1.05, WEFT7R 700,750 F1 800 CHt ke ifit
T A A RE T R H Bl 2 B 4 R 175.7 ,186.3
M1204.7 mAh-g™', BBBERIE N 800 CHY il 7% (144 %}
P4 E A FEL L 5 ke i, FHL e R AR PR E MR AN
700 F1 750 CHE il £ 09 B L ;700 °CHil # 19 B 8
B4 E U TR L 2 LA, I B M R #R 4T, 100 1R
a5 25 R R 82.69% ., 750 CHil % 0 M4 Ak ey
U L FE 25 AT 800 CHF I 45 kL, B H: 77k
HUOE IR e, B2 100 IR AR FR R 90.76%
1M 800 °C il & () B4 BHIE ¥R 100 IR % & - 15 % h
74.20%, VA 143 B vl DA B B AT A R i F Ak
FE A AN B IR KRR (0 R | W4 T B ) T e, A
PS5 R AR A5 T e 8 G ) T PERE 1y 4R | (HREE
o 2 S EGEAE LM E N R B e, AR



1144 xHl

%535 %

220
200 F

120l 82.69%  74.20%

Capacity / (mAh-g™)

" " 1 " 1 " L " 1
0 20 40 60 80 100
Cycle number

6  AIFEBESE I EE N BB Li[NiggsCoposMnog]0, 7 1C
[ O el
Fig.6  Cycle performance of gradient Li[NiggsC0osMngg]O,

at different sintering temperatures at 1C rate

feeE e s 22 Rt SE g bR 750 CAHE RS2 56 1Y)
PR

R 48 B T W R 22 e Tk A A = ot
MR AL R RE R B TR E AR, i
st FAORE AR A AR K — 843, DALk, B 4 ) 2 )
JoT ) et b AR S R N B AR — N E SR,
7 g ASTa) R0 46 J8 B 4 o 1 & LU (EL(1.00,1.03
1.05 1 1.10) 1 5 19 Li[NiggsCoosMng ] O, TEA A1 AL 1Y
TR, B PR 7E 1C RGN | HE
7 1.00.1.03 . 1.05 Al 1.10 A RFE UL L 25 1 43

220
200

Capacity / (mAh-g™)

0 " 1

" 1 " 1 1 1 " 1
0 10 20 30 40 50
Cycle number

7 AE LCAHR T AR & Ja B 1 o 9 i LA Y
F M B2 MR Li[NiggsCoosMngr]O, FIEER
PERE

Fig.7 Cycle performance of gradient Li[NiggsCogsMngg]O,
with different molar radios of Li and metal ions at

1C rate

54 166.9 .184.1 .187.2 Fi1 197.9 mAh-g™', Al FIFf %
e AR AN TR, RORRAY BRI L AR L AE AN
W38 0 156 I — 2 SRR A A T AR 80K A R
T HE A R R TOROR M ERPERE 75 AR 25
PR AR 2 B A AR 3G i 5 3 A R S
B A R 0 S SRR, Ik 2 BRI s B ik R Y
B, ZEGE A B vh 5 WK SR TR 19 A i T
FNURAE T LA A 23 15 L RE W) 50 YRR PR 45 SR
FAE R 1.00 B4R e 25 o Je G, e He 49 1
L E 2 B AT 5 ik BN & B i T R Y
A R 1.03 BRORHT H Ak 22 M e B A
24 FHEBEHIEBEEENZME

LG 2L T Li[NiggsConosMnoer]0, 73 £ 2.8~
4.5 2.8~4.3 LI} 3.0~4.2 V [ HL R B P 089 20 1
Aediat, MK 8 hEEE th MEHE 3.0~4.2 V I IK
L LA R AR, 0 170.3 mAh g™, 24 HL TR 0 F
2.8~43 V, BHUGKHE AR ME] 184.7 mAh-g,
MBHTE 2.8~4.5 V I YOI A L A i e i, 7Tk
202.7 mAh-g™t, HIULET UL | B HL R A S AR
FAR R E W N 3.0~4.2.2.8~4.3 F12.8~4.5 V
125 B R AR ICN 92.30% .89.17%F1 82.88% ., iX
S IRy 50 F F R T e B T 220 L B R R A 25
il 22 (R AR5 O S B, AR A A AR s A e
N IR N A RN T S i N i
I v (4 48 L Pl Fs 2 ol P A B0 S s N, R T A%
i 3k i rh s B BEAS | B R i ey |
PR T AV AR FE A 1Y 2.8~4.3 V 1Y HL R Y [H]
VB Ak 2% 5 42 f R L

220
200 [ORGy 89.17% 82.88%
wﬂﬂ"“““«Q«um«(
180 G
m"'ﬁﬁlllllIlll'||||||||u||r||u||||
~ 160
[l 0,
%n Ll 92.3%
S10F 5 9gasv
2100 —&-28~43V
5]
—E3.0~4.2
§ sok 3.0 A%
O
60
40
20
0 ;i I " 1 ' I " L " I
0 20 40 60 80 100

Cycle number
8 MHIE Li[NiggsCooosMnpgr]O, FE AN R HL JE X ] [ 97§ 21
P fig
Fig.8 Cycle performance of gradient Li[NiggsCogMne]O,

in different voltage ranges at 1C rate



7

2R A5 o 4 M S LS O AR A B L[N gsCogosMngr] O, 114 11 45 1145

2.5 EAFEMERENK

&1 9 Sy A6 B FN 46 AH Li[NigssCooosMnogr]0, FH X
Fo i 2 R RV R 2.8~43 V., 4B
FERRH B R AR 89.8% , L H B HL
3.81 V,Li[NiggsCooosMnoer]0, B K AL L LE 45 £ = ik
204.0 mAh-g™, BEAK T 4lAH B4R B YOI L 25
(206.4 mAh-g™), MR RIE AR ST
M B3 AN ECEE &, AT DL 580 B 1 H vl itk
ARG A G DG A B2 1 AR U
i AR R T B 25 F Al A B, WoR kN B R
TR A AL A PR RR R B

4.5

42F °

e
N=)
T

@
[=)}
T

Voltage / V

Gradient Li[Ni, ,.Co, . Mn, .10,

0.85~ 20,08

w
w
T

--===--- Homogeneous Li[Ni,,Co  .Mn, .10,

=
(=4
T

2T = 5072060 80 100 120 140 160 180 200 220
Capacity / (mAh-g™)
B9 AL Li[NipgsCoposMnog]O, 7E 0.1C £ R T
RS G

Fig.9 First charge-discharge curves of gradient and

homogeneous Li[NiggsCoppsMnyer]O, at 0.1C rate

B 10 /8 T7E 25 CHIE T, BRI 244 Li
[NigssCoosMnoor]0, £ 2.8~4.3 'V 78 HL 3 Bl 9 19 £
FrEfe  NEI AT LUE | Y IABEIR A R 25 °CR 6
JERRHE 0.1C.0.2C,0.5C  1C 2C 1Y HL A% 5T 1
BT U2 A 43 3K 3 209.4,200.4,190.0,182.9 Al
172.4 mAh-g™!, &b BORAGH R 5 & 111 0.1C B
3 RE A £ 200.6 mAh-g LA Iy 4 RHE 0.1C
0.2C.0.5C . 1C .2C it M f% 2% F /] 43 50 ik %) 211.2,
198.4 .184.7 .177.6 #1180 mAh-g™, @7 th 1 # 4 11)
AT MERE . S B KAE RS R M 0.1C J5
R Z AT EHIRE A # 192.7 mAh-g' L b EG KA
G BINE RGOS, BRI AR IR AR =
BT H A i UM BHE & R A RO S B
JEE A DR F b 2 B L T A R ) 2 i /b LR
R4,

B 118 25 CHABE T, B E Li[NigssCoosMnog]O,
1 2.8~4.3 V FSEIHLIEE N ,0.1C 1€ F1 2C 45 3

220

200
o
g 180
2 160
g
&
© 140k —O— Gradient Li[Ni, . Co, ,Mn, .10,

—&— Homogeneous Li[Ni Co,  Mn, .10,
120
L Il 2 Il A Il A Il
0 5 10 15 20 25 30

Cycle number

10 BBJE 5 40 Li[NigssCopesMnge]O, A9 17 2R 1 fiE
Rate performance of gradient and homogeneous
Li[NiggsCopsMno7]0,

90.24%

Capacity / (mAh-g™!)

0 ' 20 ' 40 60 ' 80 . 100
Cycle number
B B Li[Ni(].xscoo.osMnom]Oz TEAR [E] {%;%:‘F EioD QN
T P4 PE R
Fig.11

Discharge cycle performance of gradient

Li[NiggsCogsMny7]O, at different rates

THPEARE , FEEE T 0.1C . 1C fl 2C BFFR T
IR EE 2 1 43 ) AT IR 204.3.185.3.174.4 mAh-
g, 100 IG5 73 545 F 184.1 .164.7 .156.8 mAh-
o AR5 90.24% 89.17% .89.9% .,
K12 A= 25 CCRER 55 CHEET BRI
4 HH Li [NiggsCooosMnr]O, T 2.8~4.3 'V 785 HiL 3 [H]
WL 1C f55R R BER AT Zext LL I, 7E 25 CHREE R,
B BE A BETE 1C A5 R T I 8 O b 2 & AT ik
184.7 mAh-g™, 100 G G5 A 164.6 mAh-g, %
AR FER N 89.17% , 1H IR ¥ 4 T 4l A A1 kL
Li[Nigs5C000sMno ] Oo( B KL HL FE 25 5 4 185.7 mAh -
o', JEFR 100 K5 M 155 mAh-g,83.47% M 75 i
ey, FERIR 55 CHEE T, 1C AL A i
ik 202.7 mAh-g™, 100 W AEF 5 5 AT 35 174 mAh -



1146 M

e

2 e 55 35 &

n
¥

g AR RN 85.84% 16 PR RUR Y 4 T 4l AH B4
BCE O L2 B 201.2 mAh-g” FEES 100 K
162.6 mAh-g™,80.82% H) 25 AR FER) = AR
A LTE R A AN 10 R IR B R SR o
F T AR RRIR 2548, A 4R 3 P R ) 4 4k

220
)
200 [ et 85.84%
_ 180 Bisass,,
;0 160 Y Yyl “n"”;:-‘::.
z 89.17% N
E Lot 83.47%
%‘ 120 —@— Gradient Li[Ni,,Co, ,Mn, . 10,, 55°C
§ | —O— Homogeneous Li[Nij(,Co, ,,Mn, .]O,, 55°C 1C
© ook —A— Gradient Li[Ni, ,,Co,,,Mn, .0, 25 C
—A— Homogeneous Li[Ni ,.Co, ,Mn, 10, 25°C
80
60
1 1 1 1
0 20 40 60 80 100

Cycle number

B 12 R E TS FTAGAR Li[NigwConosMnor]Os
T 1C 55T I8 B fe

Fig.12  Discharge cycle performance of gradient and
homogeneous Li[NiggsCosMnger]O; for different

temperatures at 1C rate

50
5000
4000
40}
3000
5 2000
30
a 1000
N
20
10
—@— Gradient Li[Ni Co, , ,Mn, 10,
—O— Homogeneous Li[Nij,.Co,,,Mn, 10,
O 1 1 1 1 1
0 10 20 30 40 50 60
Z'1Q
(©
Rs Rsl' Zw
J\/\A_I_;m/\ VAVAVANES
CPE

-Z2"1Q

BT, AR RN FE AR 2 BT 1
T OL, DT AR 7000 F o R o 7 A 1 A Y )
13 BB G 10 28 1% BRI,

B v B 1Y) 38 BV O R TR R —
LR LAY ] 13 J& BB B R4l A Li[NigssCooos
Mnir]O, TETE FRHTFT 100 WA PRI 79 H Ak 2= B 3t 1A
T KX o7 ) A5 Ak R B R R R e e A e g [
XoF 7 ) SR R R 7 P b b R R T R o B A B
BU(R) . HHAm 3] e 451 A > (5] DU) Xof 1o P, A 5 P AR AR 1)
L fr 55 A2 BHL(R.) o R, 2 FLAR IR R R | Z, 240 B 7
FL B T P AR TP R B S BT, CPE 2 AR o | il
RN I SIE S — A  NE AT LA B
JEE R 40 A A4 RBHIE PR AT B R, 5 5 R 46.36 F 47.53
Q,WFHZEARK, BEETE 1CA5FE TG ER O n
F] 100 Wi, AT LABA B #b & 2 P& R, B9¥E I, 44
XM R R, {E (406.69 Q) B = TR B AR
(363.73 Q) iX A AJ g A2 PR A A BE AR R ik 45 )
PR R R TR S AN, WD TR BORTR R R A
M) — ZRAVRERIR N, EFRARET, Akt
Nit 8t /b | DT A JHG 3 e 8 190 o PR A J 10 B0 rp
AT LSRR A — AR E 45

160

140 p
120
100 |
80
60
40F
20k —@— Gradient Li[Ni ,,Co,  ,Mn, 10,
£ —0— Homogeneous Li[NiCo, Mn, 10,
O L A A A L ' A A A
0 50 100 150 200 250 300 350 400 450 500 550
Z'1Q
(d
R, R R, Z,
. fv;tl_/\/\/L
CPE1 CPE2

(a, c) before cycle, (b, d) after 100 cycles at 1C
B 13 BB EEFAEEAH Li[NigssCooosMnge]O, E"](a, b) Nyquist Hh £k K, d) PO E S G E]

Fig.13
3 & it

T o AR 4 R VR B L, SR 3 S
S5 A R R R 4 R 0T 3R R R S AR AL I T

(a, b) Nyquist plots and (c, d) corresponding equivalent circuit diagrams of gradient and homogeneous Li[NiggsCopMngg]O,

IKAA[NigssCooosMnogr](OH),, 5 LiOH-H,0 1R, 8
of e AR AR R AR AR A M OB L
[NigssCoposMnoor]0,. 45 AR W] 4RI 1 T 3 1 B
JEAR AL A T4 Y 2R S5 R FE B4 R EE 750 °C



7

2R A5 o 4 M S LS O AR A B L[N gsCogosMngr] O, 114 11 45 1147

B AR 4 8 B T ) R A (Y 1.03 iR fE e
GiAMET 1C R AT R T R E KR LA RN
185.3 mAh-g™, fE¥F 100 KJ5 , 756 164.7 mAh-g™,
TR RIE 89.17% KB T B U W A5 Rk RE Ay
TRAERE A A B — AR B 7 it E AR A R SR

SE k.

[1] Kang I K, Reddy Y K, Shin Y B, et al. Ceram. Ini., 2018,
44:7808-7813

[2] Maheshwari A, Heck M, Santarelli M. Electrochim. Acta,
2018,273:335-348

[3] Aguilar E N, Ramos S G, Gonzdlez F, et al. Electrochem.
Commun., 2018,96:32-36

[4]LiY, YuH, Hu Y, et al. J. Energy Chem., 2018,27:559-564

[5] Chen K L, Mu D B, Wu B R, et al. Ini. J Miner. Meiall.
Mater., 2017,24(3):342-351

[6] Park S H, Yoon C S, Kang S G, et al. Electrochim. Acta,
2004,49(4):557-563

[7] Park K, Choi B. J. Alloys Compd., 2018,766:470-476

[8] Delmas C, Ménétrier M, Croguennec L, et al. Electrochim.
Acta, 1999,45(1/2):243-253

[9] Kalyani P, Kalaiselvi N, Renganathan N G. J. Power Sources,
2003,123(1):53-60

[10]Rougier A, Gravereau P, Delmas C. J. Electrochem. Soc.,
1996.143(4):1168-1175

[11]Zhong Q M, Sacken V, Lrich U. J. Power Sources, 1995,54
(2):221-223

[12]0hzuku T, Ueda A, Nagayama M, et al. Electrochim. Acta,
1993,38(9):1159-1167

[13]Kim J, Amine K. J. Power Sources, 2002,104:33-39

[14]Deng M M, Tang Z F, Shao Y, et al. J. Alloys Compd., 2018,
762:163-170

[15]Nageswaran S, Keppeler M, Kim S ], et al. J. Power Sources,
2017,346:89-96

[16]Yamamoto Y, Ohtsuka M, Azuma Y, et al. J. Power Sources,
2018,401:263-270

[17]Lee D J, Bruno S, Sun Y K, et al. J. Power Sources, 2011,
196:7742-7746

[18]Seino Y, Ota T, Takada K, et al. J. Power Sources, 2011,196:
6488-6492

[19]Cho Y, Cho J. J. Electrochem. Soc., 2010,157 (6):A625-
A629

[20]Park B C, Kim H B, Bang H. J. et al. Ind. Eng. Chem. Res.,
2008,47:3876-3882

[21]Yoon W S, Chung K Y, McBreen J, et al. Electrochem.
Commun., 2006,8:1257-1262

[22]Deutschen T, Gasser S, Schaller M, et al. J. Energy Storage,
2018,19:113-119

[23]Sun Y K, Myung S T, Kim M H, et al. J. Am. Oil Chem.
Soc., 2005,127(38):13411-13418

[24]1Sun Y K, Myung S T, Shin H S, et al. J. Phys. Chem., 2006,
110:6810-6815

[25]Park B C, Bang H J, Amine K, et al. J Power Sources,
2007,174:658-662

[26]Zhao Y J, Xia D G, Liu Q G. Chin. J. Chem., 2004,22:1148
-1152

[27]Smart M C, Whitacre J F, Ratnakumar B V. J. Power Sources,
2007,168:501-508

[28]van Bommel A, Dahn J R. J. Electrochem. Soc., 2009,156
(5):A362-A365

[29]Sun Y K, Myung S T, Park B C, et al. Nat. Mater., 2009.8:
320-324

[30]Hu G R, Zhang M F, Liang L. W, et al. Electrochim. Acta,
2016,190:264-275

[31]Lee W, Muhammad S, Kim T, et al. Adv. Energy Mater.,
2019,8:1701788

[32]Sun Y K, Kima D H, Junga H G, et al. Electrochim. Acta,
2010,55:8621-8627

[33]Huang Z L, Gao J, He X M. J. Power Sources, 2012,202:
284-290



