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Abstract

LiNig.6C00.2Mny 20, cathode material has been extensively studied by scientific researchers owing
to its high specific capacity, but there are still problems such as poor rate performance, poor in-
terface stability, and poor structural stability, which severely restrict its further development. In
response to these problems, this article explores the influence of the co-doping amount of Na* and
Br- on the material properties, and the structure and electrochemical properties were characte-
rized and analyzed by using X-ray diffraction (XRD), XRD refinement, AC impedance (EIS), cyclic
voltammetry (CV), and galvanostatic charge-discharge measurements. The results show that ap-
propriate Na+ and Br- co-doping can improve the electrochemical properties of the materials.
When the doping amount is 1%, the sample has more excellent structural stability and electro-
chemical performance. Its capacity at 5 C is as high as 178.2 mAh/g. The capacity retention is still
86.0% and the voltage attenuation is minimal after 50 cycles at 1 C.
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1. 5]

LiNi,CoyMny..,O, = G IEM AL B LiCoO, 7E 3b A7 B HEAT Ni JuEF Mn (1945 4%, LA Ni F1 Mn >R36
RE Co MK = JCIERRA R, XA RHE S Tt RE LRSS LiCoO, tERE, B NIHWMET
LiCo0,. LiNiO,. LiMnO, (I A [1] [2] [3]. e Co e HAE = U IEMAT R PR e T Sl R, 7SR
AR AERES Co* Al Co™ AL TR N, TRt BEAE SR AL O 28 4] Ni JCRAE = IERA R
FEPEIR A EIRAEE, BT NI BB ERECR, TR ORI S A FR[5]. Mn TR AR A H
fe2EiE T, EEEME R E LR, Mn SR REEE, 78— TR L nT DURD AR AR & 1 AR [6]

HErmis E XA =T E S MEA LiNigsCopsMngs0s+ LiNigsCoooMngs0s+ LiNigsCoo2Mng,0;-+
LiNiggC001Mng10,. LiNiggC0o1Mno 0, BT iy, (HHAEMFREEZE, WA BN wZ], ek
A B HENE . LiNig3C003Mno 0, BARE . HHSFE8UIK, A E WA EIK[7]. LiNigsC0o,Mno 0, H
B MR e v, ISR T MIER G F et T S A RNIESR, LiNigsCog,Mng,0,
TEARAA R BT A B A S S 2 AL (8] AR AR A B AG. St E A i AR e 2=
#1297 Kt —BRRE[9] [10]. &FxbiX—BUR, VF2 0T E B AR5 Aok S R M RE[11] . ARAH
5 2% DR A A2 SO DR PR 38 A A L T I 5 SR G M R I B, 48 S S I8 HOR S, dhmi B2 sid k)
(I 2R T [12] 0 PRI AR AR 2 SO NI LS5 1 (1 B2 1, ARAE 5 4% 77 K AR B T RIS A & 1
B2%, WIEBIALEARF AT LA Li A3 4480 TM G1GE I &R A0 B 4. FHES 1B 4 £ 5 M
Sk BB 14 BH 5 7 (R VR i 17 31 SO AR AR 1, B I 58 4 B T AR ORI BH S 7R3 K Li 2 1)
[EHE, $m s T e s 2 [13]. Chen S8/ & Na #B7E LiNiyCoysMnyg0, 8407, BARY KA
() T (D PR, B AR B Ak 2 v e A g i e PE[14]. IS TN 4% EE 2384k Mn-O. Ni-O. Co-O
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FEERFRE T, HAlRE W 7542 F M Cl B4, G-H. Kim 224 F $37E LiNiyzCoysMny30; )
A, Bem T AR R E I, (ER A ER R R LA LR TF[15]. Bk, ATEART R T HE T
BT AL RS 2R 17 ORSCE M B PERE .

ARFERFGT Na Fl Br (1935 J0 MR S5/ PERE I REMA, 244 Na B2%1E Li £, Br B447E O fiL, B 9T
NFEB SR 0%, 1%, 2%, 3%, 437 NCM-a, NCM-b, LNCM-c, NCM-d SK3&7R) % #1845 1) F LAk
Sk BRI o

2. SKEEERSY
2.1 SERFRRMEZRMARMNL S
ST (N BRI S 1. % 2 TR,

Table 1. The main instruments of the experiment

1 WA EENEE

P& RS A=
H A DZF-6020 %! LRI PR A 7 BRIT R
612 P $X2-10-13 % Kbl R s d )
FECHRAL Land4.0 I A A IR A
X BHERATIRAX D/Max-2000 %4 HA Rigaku 2
G MR (3 CHI660B L R PR A A

Table 2. The main drugs of the experiment

F2 LHWMFEDM

ETTER S 2kl RS A=K
NaBr 99.5% 262.85
—IKE A A Tk 41.96 254 ]
dd AR - b B AL T
N- FH I ik i e AR - KEERK
B - - R H R
&) Celgard 2400 - AEEN AR
AR LB 315 - Ep SIS Sy p
PVDF CERTIEEY 3

2.2. IERFRAEHI=

B 5 g 385 H T E 21145 1R Nig sC0o 2Mng o(HO), HIF SR A TSN FEh FEAFF oA o, 5 35 FEG AP o e o ) o
BUMA 1%0) NaBr, 7840818 30 min, FiLL LiOH-H,0 %[ Li id & 5% i A SRk, 8% 30 min, %
A B 4% 5°C/min BT 2] 450°C Tik% 5 h, %45 FHil 2] 850°C ke 12 h, £33 1% Na i1 Br 3L[A]
BRI IERARL,  LEFER 77 s & 174575 0%, 2%F1 3% 1) IERR AT KL

2.3. AR AR F RN E b AV 2R

R 5 B2 bR SR RURE 45 71 (PVDF) F4 HE 8:1:1 (1 EL B35 S1IR A, 1 Dinid & N-F J-2-
ML % e A (NMIP) T 5 SRDRE AR R IR S5 R SROBRHS SR AR FE AR 0 L TRON 120°C YIRS 12 /it
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BT o (8 U)K IR RH R ELAR N 12 mm (A, B 1 RS 05 1) 47 3 2000 2.7 mg-em 2,
EARBR TR TFER S, DU HERE R A A e, @8 6k, RN FLIE (Celgard
2500) BRI 2% 2025 AU FIHL, HUEBR K K HEE R A A R A A 4/~ 1) LB-302 B K1 M
LiPFg, IR 2.9 15 (EC): R — HER(DMC) = 1:1), 4% 5¢ B FIVBUE 4130 st B 25 HL(EMSK 110, IR
BB, $E 10 MG, S0 T Ak IR

2.4, EWFRRARIER EMDHFE

KR X BHEATHMC(XRD, Bruker AXS D8 Advance) /s AFEMMIAT . f#H Cu Ka 48, KN
0.02°, #FBHfIAIIAIRE M 0.03's, - HAIFEMHEIT XRD F51& .

KGRI BLA B A= (1) CT-4008 HLb I RGUEEAT IE R 78 i Ik, M 25°C, 1B K
(I RS R LR X A 2.7~4.4 Vo AR SCHE 1 C BRI A 200 mA-g ™,

KH LifgfRAE CHIG60E HfL 2 TAE TR R Z(CV)IE, WK% A 25 C=iR, &N 05
mV-s™, HEX A 2.7~4.6 V.

KA Lifg A CHIG60E HI Ak 2% TAE 347 HiAk 2= BRBT(EIS) M, WlA7E 1 mHz 2 100 kHz BAi#3E
WikT, B 5 mV.

3. BRE5VE

K 1 & Br fl Na' 3L A5 24 Bl & i IEA A KL . NCM-a. NCM-b. NCM-c. NCM-d 535 3R 7R 15241
N 0% 1%, 2%. 3%. il Jade Kr R AT, DULFE S EE o-NaFeO, 2514, R-3m ZE[HH. BAKER
B Ho At 22 B (I AEAE . AT U 206 EL 3R 2 1) (003) W4 AN (104) W T RF AR 0%, 1 H., 7€ 38° LA K 66° B il a]
LA B 9 2 11 (006)/(012) £ (018)/(110) ¥ ZHL U (1) B ZLREAIE, UL T & UIIAE S & & K B R IFIK 2R 251
[16] [17]. % 3 2L MM S HLE R, WRATLAFH, cfa lWEKT 4.899, KA BIIFEMHEAH
B8 (2R AE . B HH5E XRD ATt R (003)/(104) 4 [ LA, NCM-a, NCM-b, NCM-c, NCM-d 4L
FEa ) RAES 708 1181 1.25, 1.24, 1.20, HH B =dmPtE > 1.2, mRSBRANEMP R
9118, —fcKUl, RE > 12 RWHBEFAHFHERL, RME < 1.2 MRS FIRELEECK[18]. X
LEZE IR W] Na™f1 Br 3543 %3 A3 LiNiogCoo2Mng 20, IEARALELH, M FELA S B HEA A RL JE RS
MR E BB A . 9B A RT 1%0, RAEAWMBEER/D, KU 1%M3 R EX T 4501 o8 R E ir,
SEA R Tk AR B R HE[19]
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Figure 1. XRD patterns with different doped amounts
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Table 3. Lattice constants of different doped samples
3. TEERENRBESRER

FE a(A) c(A) cla R (loos/1100)
NCM-a 2.86441 14.20362 4.9587 117
NCM-b 2.86449 14.20457 4.9588 1.25
NCM-c 2.86467 14.20412 4.9584 1.24
NCM-d 2.86481 14.20469 4.9583 1.20

N T BE—DRIT Na' Ml Br LB 40 MR 2 5 7 FE 1Y)

Mg, FATR R AT T RS2,

2 fim. BATRME® Li 595 3afs, %48 Niv CoflMn Je&R HE 3b i E, O 5 6cfi, 5241 Na
i 3afr, Brih#E6ciiE. FEIBERWME 4R, Rwp WHLEVN, R B4 RECVEE, 2RER,
NCM-a, NCM-b, NCM-c, NCM-d PUZLEE S Ni** i Li A7 f ELfE 5 58 4.37%, 2.77%, 2.9%, 3.16%,
XX Na"f1 Br 34528 LR A9/ T RS 7 1R, 1 XRD 75 B 46 R EECKIRFF— B 45 3,
WURE B AR IR SR A S 416 B Ak 22 1% BE[20]
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Figure 2. Refinement diagram of different doping amounts of Na* and Br™: (a) NCM-a; (b)
NCM-b; (c) NCM-c; (d) NCM-d
2. Na*#l Br FEIHS L2045 E: (a) NCM-a; (b) NCM-b; (c) NCM-c; (d) NCM-d

Table 4. Refinement results for different doping amounts

Fz 4 TEHEZEBIESER
Atom site X y z NCM-a NCM-b NCM-c NCM-d
Lil 3a 0 0 0 0.9563 0.9623 0.9510 0.9384
Ni2 3a 0 0 0 0.0437 0.0277 0.0290 0.0316
Nil 3b 0 0 0.5 0.5563 0.5723 0.5710 0.5684
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Continued
Col 3b 0 0 05 0.2 0.2 0.2 02
Mn1 3b 0 0 05 0.2 0.2 0.2 02
Nal 3a 0 0 0 0 0.01 0.02 0.03
02 6c 0 0 0.2411(1) 2 1.99 1.98 1.97
RBvl;llp 6c 0 0 0.2411(1) 6.7%% 5?62;; 5(.)7%%@ 6(.)63;)

Kl 3(a) 15 3(c) I T — A RIFHIZIREM, T HIHES 7 208 Li-O-TM-O-Li #1520, Reigih
WG 2L 4R (5 3b AL B, Li 548 3a ML E . (HEHT NP LiEammil, wadidfiEd, 45
SR E A S S Li67[21], WE 3()Fiw. K 3(d)42 Na'fl Br B4 E 5w 2 R PR T 23 H
Na* 54 7 1Bt Li A7 Li B8 PR, R — R Bikb T NPT A8 3 Lithr s 3R [22]. A,
Na'$5 4¢ 0] LAFE— @R /8 FRRPH S iR HE, R e RSB mas R —.

(b) Delithiated state

4. oS

Figure 3. Schematic diagram with well R-3m layered structure; (a) NCM;
(c) NaBr-NCM Schematic diagram of the transition metal in the lithium site
at completely lost lithium; (b) NCM; (d) NaBr-NCM

3. BREM REFH R-3m 544[E]; (a) NCM; (c) NaBr-NCM Fe£ 4%k 58
RETHESRBESEMNMRERE; (b) NCM; (d) NaBr-NCM

4(a) AAN[A] Na™ 1 Br 45 2% & 1) LiNio 6C0o.2Mng 20, A it ) & ¢ 70 8 Fi B, Wk Fi s (19 LA 2.7~4.4
V. WEIFTLLEH, PUAHFES(NCM-a, NCM-b, NCM-c, NCM-d)[I& k78 HL45 &4 iy 244.3 mAh/g,
251.8 mAh/g, 245.7 mAh/g, 246.2 mAh/g, L& OB LA & 53 708 196.3 mAh/g, 213 mAh/g, 204.8 mAh/g,
196.8 mAh/g, XS IR ZEC AL 80.42%, 84.58%, 83.19%, 80.13%. AR, 154%kE N I E YRIEH
RRETARBRN, HATeERZ Naf Br 52 5k 7P 7R HE, B A =iG kL
Wz, MmiEs 7RIS DO A E[23]. (HEMEBRENNZ, MRS RBORE RSB AR 1%1)
L BTG, R 1% B REERIENBAE.
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Figure 4. (a) First charge and discharge diagram of different doped samples; (b) Rate per-
formance of different doped samples

E 4. (@) TRIBHRHERIERFTHEE; (b) TEHERFFRANERERE

Table 5. Rate performance results of different doped samples
F 5. FEHEHEMPIBERMERER

i AEE RO A B (mAR-g™)
01C 02C 05C 1C 3C 5C
NCM-a 201.3 199.7 197.2 190.5 175.3 164.8
NCM-b 213 209.8 204.9 201.8 190 178.2
NCM-c 205.7 201.3 200.8 197.6 181.5 167.5
NCM-d 204.8 201.4 191.4 186.7 173.7 163

Kl 4(b) /& AN [F) Na™ 1 Br 453 5 &) LiNio6C0o.,Mno .0, F it (A5 Z M RE L, I VG A 2.7~4.4 V.
M 4(b)F13% 5 FTLAE H, NCM-a BEfi7E0.1C, 02C, 05C, 1C, 3 C K& 5 C HHIE Il 7 &5 5
5 201.3 mAh/g, 199.7 mAh/g, 197.2 mAh/g, 190.5 mAh/g, 175.3 mAh/g f1 164.8 mAh/g, &% /M Zx%f M
T 0.1 C W E 4 Ebsr BN 99.2%, 97.9%, 94.6%, 87.1%, 81.9%. NCM-b ¥:5:7£0.1C, 0.2C, 05C,
1C,3C [ 5C WK IR E 274 213 mAh/g, 209.8 mAh/g, 204.9 mAh/g, 201.8 mAh/g, 190 mAh/g,
178.2 mAh/g, BEANFIZFMIELT 0.1 C I (I H 43t A 98.5%, 96.2%, 94.7%, 89.2%, 83.7%. NCM-c £
7£0.1C,0.2C,05C,1C, 3C }¢5C BB XKIBHEE &5 %5 205.7 mAh/g, 201.3 mAh/g, 200.8 mAh/g,
197.6 mAh/g, 181.5mAh/g, 167.5 mAh/g, &AJZAHELT 0.1 C I E 7 Hh 97.9%, 97.6%, 96.1%,
88.2%), 81.4%. iff NCM-d ¥4 7£ 0.1 C,0.2C,0.5C,1 C,3 C K 5 C IF I 1 Vil FiL 25 43 551 204.1 mAh/g,
201.4 mAh/g, 191.4 mAh/g, 186.7 mAh/g, 173.7 mAh/g, 163 mAh/g, HEANHIZRAIELT 0.1 C I IH 4t
4 98.7%, 93.8%, 91.5%, 85.1%, 79.9%. it X &AMERBURE R K ERF BRI, AHEEH, Na
A Br 3L [F5 2% 1%MIFE i R ILH SR KR 2 ERE, 528 2%, 3%MIFE Sl t7E — & =il XAk M RE
BT, XATRERILB R RY I TEZMEEE, BICT Li SRR ESR 2, TENTE T
f&Hi[24].

5(a) 2 PUHFEMAE 2.7~4.4V RN 1 C 5 FREH R, MEIWTLLEH, NCM-a. NCM-b.
NCM-c FI NCM-d PYZHAE s 50 X J5 25 SR FFEE 4174 81.6%, 86.0%, 87.9%, 85.0%, A HIF:AL
TEFEIR 50 GBI RA BN A ERSFR, BRNEMAERFRYRTRBROES . —IHIXZ Na
BIAE Li 0, SUZ T IERARI S, Bb TR TR HE, AR E T MRS . S, BT
Br BRI SAPERT O, Br M/ BEBRRIEAE—EFEE EHR MnOs \HIALERE 22 Mn-O, Ni-O #
Co-O #EIFaE, MMk EIF @ MR IIPER[25]. K 5(b) & AR5 A« B MFEMIEHA 1 7K. 10 K. 20
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Figure 5. (a) Cyclic performance of different doped samples; (b) Voltage decay diagram of
the number of cycles for different doped samples
5. (a) NEHERMRMTERIEREE; (b) TRIBAFRERRBEETRE
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Figure 6. (a) EIS plots of different doped samples; (b) Relationship between Z're and o *?

corresponding to EIS plots

6. (a) TESZHRAISRIEIE; (b) ZRBIAXTRMN Zre 5 o " ZEHXFR

Table 6. Lithium ion diffusion coefficients of different doped samples

6. TEIBRHERMEESTT BERER

T b
NCM-a
NCM-b
NCM-c
NCM-d

R + R (0hm)

112.6
32.9
47.6
89.4

Duis (cm?s™)
312x10"%
1.29x 107"
737x10"%
6.56 x 10°*

N T B35 T RANAB A B3 LiNio 6C0o2Mno 20, IEARAA R 52 Ui BELTURN B 25 5 Y 52
BHPTIE (EIS)AN Z're 5 o Y2 Z AR RS ZU1E] 6 Frn. K 6(a)/ NCM-a. NCM-b. NCM-c F NCM-d
FEALE EIS B, [ 6(b) XM Zre Fl 0 P Z [HIMISE R, # 6 ZFTAFER MM SHAMEE 7 A
K. MK 6(a)f1% 6 FTLAFE HY, NCM-a. NCM-b. NCM-c F1 NCM-d {15 P40 A0 e 7 5 R BEL 30 2 F0 20 3l

Wi, HLAEEE
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N1126Q, 329Q, 47.6Q & 89.4Q, BIRBIEHIFET NCM-b. NCM-c JZ NCM-d [EAIK 1 HLHR FLRH.,
FIT UE S 45 2% Re 8 I D AR AZ IR BT - 4] 6(b) 2 AN [RIRE it R4 B 79 BT, ST 6 K32 6 mI T, NCM-a.
NCM-b. NCM-c FIl NCM-d ¥ 4RSS 73 HLR B0 5108 3.12 x 10 2 em? s, 1.29 x 10 M em? s 1 7.37
x 10 cm? st 656 x 102 em? st, RIS, B4R MRS AR E T A, XK N Nat
BAAE Li 47, $R THERIRIEE, A R AR B 740 AR R s B R 3L 58 2 (8 & 184 [27], L4
FEA T, NCM-b B R KA 74 8RS, R NCM-b 76 K HLIR R 1T DAYE 8514 N R S 4
BERE Z IR AR, [FIR, IXAAFA NCM-b A SR fE .

25
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Figure 7. CV curves for different doped samples: (a) NCM-a; (b) NCM-b; (c) NCM-c; (d)
NCM-d

B 7. NEHBZAERE CV #i%k (a) NCM-a; (b) NCM-b; (c) NCM-c; (d) NCM-d

Table 7. Cyclic voltammetry results for different doped samples
1. FEHEFMERVERRRER

Samples Oxidation peaks (V) Reduction peaks (V) Difference value (V)
NCM-a
1st 4.2005 3.5504 0.6501
2nd 3.9868 3.5514 0.4354
3rd 3.9714 3.5549 0.4165
NCM-b
1st 4.1013 3.6045 0.4968
2nd 3.9218 3.6199 0.3019
3rd 3.8951 3.6278 0.2673
NCM-c
1st 41218 3.6024 0.5194
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2nd 3.9334 3.6156 0.3178
3rd 39171 3.6179 0.2992
NCM-d
1st 4.1395 3.5931 0.5464
2nd 3.9525 3.6124 0.3401
3rd 3.9258 3.6199 0.3059

7(a). [ 7(b)s B 7(c)ME 7(d)RRA R ITEIMA 2 B . WA HE N 2.7~4.6 V, HiEEN
05 mV/s, MEIRTLAEH, Xt CV RILHEAEHE U AT R, BARG D FEMAE R, XL
AR TR I T IE AR RE B B 1 i i 2 R NIZINIY AT Co®ICo™ i A S ALIE SR T 512 MR [28]. M
7 AT LA tH, NCM-a. NCM-b. NCM-c 1 NCM-d (1) 55— & St g 043 1l 4 4.2005 V. 4.1013 V 1 4.1218
V 1 4.1395 V, 55— B 38 Sl ot A 3.5504 V. 3.6045 V. 3.6024 V & 3.5931 V. R, 5 NCM-a
(0.6501)AH L, NCM-b (0.4968 V). NCM-c (0.5194 V)F1 NCM-d (0.5464 V)AL IR S 14 2 8] ) ZE 15
BN, I HARSE RS = 2O AR RS . BT, BRI AN R R B A R,
Ak . Na Fl Br 3L45 2% 5 U0 IE SRS 0N ) ZAE R W B 2R Be s A3 R il D A4 B R AL, T HLA4B 2%
1% ISR et o SR AU ANIE SR 06 57 B 22 [) (R0 /N 22 S e R B AR CE AR B8 1 N0 H B[R] Py Pl 3 PR B A, X
5 NCM-b. NCM-c fl NCM-d (MG AR TBOR A B m N R — 8. FIN, S ORI 2R ) (2 5
I, PRIUE T B8R0 A I A B IR

4. #hig

TR AR RS ) %% Na™Fl Br 3L [F]45 2% LiNipeC0o,Mno .0, F i, #5258 71508 0%, 1%. 2%, 3%.
FHEAF T NaH BraL[F4#5 254 LiNiogC00,Mno 0, IEMA EHI S5 K HAL 2R . AZURFHHTEE 52 o
XRD Z5 538, Na' il Br #5445 A U MR AR, AR i AR BUZWE X, 5205 i A B/
1 R {H. XRD F&RH Na"fl Br3L[FES AR T H/NHE FHRAE, KRB 1%008 B A B/
Li/Ni VEHE. Ffb2ErERe R, 1E 4B 44 Na'fl Br s st R AL 22 B, R iB 2% 1% M0k B
B AL R, ERFERMERETTTH, 5 C A EREIA 178.2 mAh/g, & T HARFE M A&, TEHPE
REJ7I, 1C AP 50 G A EIRFFEILAH 86.0%, M H 50 XIEIF G, Na'fl Br:[FE4EB4% 1% MR A5
/NI SR, U B O B U IO PR IR AR e P, 25 SE B AR R IR T, 31X 5 A 3 /M LN TR HEZS R
PRFF— 8. AP R R IE 11K Na™ A Br 48 Ak fe G Roths D MRk FaBE, 52 @l B 1 19 U R 2
FIFES 24 1%MIFE S A BOFRIRCR . CV SRR 1%ILB 24 a B BUNtAL, FHREEER I FE 4
[ A AN BU G A2 S
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