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Abstract: Owing to advantages of high specific capacity, low cost and environmental friendliness, high-nickel ternary
layered oxide cathode materials have received much attention and have been extensively studied over the past ten years.
However, its further application is hindered by its structural instability during the cycling, thermal instability and poor
storage properties. In order to provide references to tackle the problems that high nickel ternary layered oxide cathode
materials faces, the degradation mechanisms of high-nickel ternary layered oxide cathode materials during cycling was
summarized and discussed in this review. The degradation mechanisms are categorized as two major factors. One is ther-
modynamic factors including cation disorder as well as surface reactions, and the other is kinetic factors comprising of
micro-cracks formation as well as rearrangement of conductive materials. The modification strategies corresponding to
the major mechanisms and the research focusing on initial irreversible capacity loss are also briefly introduced.
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Fig. 3 Schematic representation of the inter-slab space
(a) In the Li,Ni,..O, system, the oxidation of the Ni*" ions during the
cycling induces a local collapse of the inter-slab space which makes
lithium diffusion and re-intercalation difficult; (b) The LiNi;,MgO,
system, the electrochemically inactive Mg?* ions do not hinder lithium
diffusion since their size is very close to that of the Li" ion
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(a) Virgin cell; (b) Cathode from the cell which lost 34% of power

PR A . G 5 W) T RS T R — i 3 38 ST 1
W2 Sy, B — UOBURL 5 AR A R R Ak ok,
LG BURAS 2 78 o R, JF HLRERE 45 2K FH
P AR A KL o NCA MEHESRIR G 5 i) i AR
TG, RN T NCM R, 3% —J7 [ IR
R ARE .
2 ERBAETRIE

Sasaki 2V F|l XRD. H1 T A& 451 2 1% (EELS)
H XS SMBORS 41 25 44 175 (XANES)BF 7T T NCA #4
BHE 3.0~4.1V BRI, AFREE T20T. 60°C.
70°C. 80CHEFL 500 K JE KITEREAEf . XRD &R
TR, PEIET G AR R S R B A IR AR AL
EELS 1 XANES [F4f 5145 R4 BH =l 76 34 )5 A4k}
HHAAEARIS TR NI 3 A (B MR =4, BER
S L PR AN S AT AME, BRI AS B8 A A4 k)
PROEZY I AR VR TE NI B T S A AT 2
(&8 FER I, VF ST A3 AN AT 3 25 6 0 SE B AN 1] 3
RRIEARY) S, XAE—CFEE E UG A O
P AT, 28Rk T TR Ni
TP BRI, ARERE NPT Rk
T B A RO T AR ()2 NQO AH, T4
FEWEPE NPT RESK B T8 NiO,, 1Y — ¥k
TEPE NS RPN OARTE 2 .t T AR PE Ni BT A

E, FEBRM P03k R rp AT e 4 f B A A I et PO
T I 437 B F L RE R A0 2V (STEM-
EELS)# 7T K I, NCA 7£ 70°C NEFE 500 ¥ A6 )ik
(1928 NiO AH 3= B rp 43 A1 L ARHRIORE (1) 2 11 A il 7
Ab o S8 E R R IR NIO AR (1) T B2 75 5 3 I
S - T S N 1 T a2 = = B N | M T I
Nij(Co )0 & 5 KA, H NiOg J\ AR 2 28
NiO A, B L3R Ni—O #1454 w8 b,
XRD FFE I X NCA A4 BF il AsoE Pk
ORI, 70 IR A K ARk 4 440 11 2 A RS AR 1) 77 2
HA R GEM, WA A S AR N XA A
DI R . 7o kb F3AoBk s, NCA &5 ffae 1
B, KRAEMTE . T XANES #il EXAFS
WEFCRIN, A Sl I e 8 AT B % )%
&, PRSI 6 8 Wi B B A AR B ) 2%,
WKl 8 fion. J4h, Ni B G HEE A A7, 1
Co WA T 5GIE e S A7 AH, Tk 21 2R A2,
IR 78 NCA M BHEAT AL XRD FlRAT
TEM 23 #r 0, =0 T AR )Z 1A 1) SMEK IR RS
J7EmAH S A AR SR A AL . MR E T, R
i A AH T AR SR, R, S5 3R AR 17 2% A A AH
DX s A K U B T 31 400°C LA BN, K2 ER A KL
TORLH L AR B T2 A T3 A, Tk B A ) A ) 3R
T AR AL R, B 2 BT B R 2 R A Bk AR AR P A2
() Az R, S R T A A A )2 SR A IR e AR
MM SRR E MR EUR) R A 4, Jiid XRD.
7261 (Raman  spectra) R HL I N JiR 1~ 2 FUBE
(CSAFM)RFFT AR, il T 255 1 25985 SEI i
B TR e R DY
AR R A IE A BHE R RS N AAAE
(1) 4 R AR A NG I, 75 ol N RIS SN e . Bl
HRIS BN, AHAR 1) A2 T 25 T b vl e, AR R

SR 2, ST AR B O, S Y
In situ TR-XRD with MS Fd3m
R3 Fm3m
. e
B\ -
- cating - _ In .\Irru monikoTing
C'fuu:\\! cathode “ET;I:.::;D:,‘x::m"
®. - - |
3 A ® o |
0 ®) : i\ |
0. relense h I!)H- - !1_‘1-u - El.ll'l - j:.:ﬂ_ - -_;ilin
: Temperature

Bl 8 5B XRD FUTCEI 4 b & o i ] )
Fig. 8 Schematic of the results from in situ TR-XRD with MS

analysis®”



52 W F A, AR AR S IURIREA D IE AR A R R LB (S 119

FRHE T AR A RORAS, JRARGT ARG E gy,
TR PTEL, il AR O 7 R
L B ¢ T Ul B B S 20

3 EUHERETER

X NCA (1T UK 78 50 L8 B I 72 AT JU A
XRD 5t W], NCA 7615 K 7o Hi ik F2 ot & A
R1 AHE] R2 A A o] 300 A AR o b AH A8 K 2R A
0<x<0.5(Li;—,NiggCo0.15Alo 0sO02) ALK FE Bl N« FLrh,
RIS A& S ERE 22, R2 MU, BTUAE IRFEH R
PLH S S A A T G o AR AR R RE R 32 B T
FE R B R e DR (SOC), MR T 4.1 V
N, JESRAE IR R I W R R R T s R TR
ST IR, 70 HUIE 88 /N 1% 0 MEAT 56 4 70 fL R
SEMCRT B R2 RS, 55— UCOGERII LA S 0 77
XBEAT, AT BBUAKEY, BTk, xtF NCA #1k
M, ISR A ] R ik 25K 3 T R1
F R2 (AT AR, AR IR R T NCA #EH
MIREALRRRE . KT NCM APk, 7R DA S .

4 BHESRE

A A o B AT I3 1 e 2 S LTt TR AR A
Z -, FBRREIREAY ERA RSB Tz R
o HZ, HAAEMALEWITE K THRI S
ik, SO IR AFAERCR M BOREE 22, W& 9 PR . i
L0 R AR SRR A TE AR AL ) R S YR L B P AT
FURBL, MR R =0 2R A IR AR
BREMIME RIS, JFHRSEE A SRR IR
WP IER A FLA R NCA FFEFE I NCM AR I 1)
o) 2 AT AV = AN J7 I 2 Pl R v
Ni/Li JRHE, P AANAR N, JETT5 A I g N AR 25
R MPRLR I L 25 ORI AR R S R R OB =
re AT N ADBH SR AR M 22 RR T AL
BKo HETA L, BONAT I 5 10 2 24T P
—IEICHRBIR, WIMgHIF A&, W] A A9 08 g
e R L 7 LR AR AR AR By R
M, R I R R B s K HL 5, B
O 2 T (1 S S AN ORI PR, 5 TR
T 78 J ST B T R IR, LLRIE LiT 4L A
SZBLAG . fEARR IR, AT/ 8 AR P AR AT e
B AR EE MR, W FeUE st /8 B ]
TR R ARE AT T . 4R, X PiE
AFAEVE 2 ) Lty ZEEAT IR AN ST ZEARCK R
JEE iy 53 FL L PR PR RE, AN EERRUE BAORE IR 8 S 4

C Lithium cO\i[‘.\.‘!l/\Ml.ll ‘}A \. : l"'

5 R ) pBefore cycle, & o . Hg:.i

B i A ‘?.é:ﬁ
. P g

sl

T SEllayer

Allter cvele

.R,Tm. . . Fm‘:nl e

by -

5 = S Lithium  «Oxygen ©Metal- L RGN
High temperature IS | Room temperature
., A
S .-;‘m*s}gcn
¥ eSCpe |

K9 m &R RE ) EA R 2 B ol L R i
Fig. 9 Schematic of capacity fading mechanism of
high-nickel layered cathode materials

B BSGE HARASRE IR e, I E kG 7% S8 AN
BEA G AR UL RS ). BT, AR R )R
AREEA AR )2 N I 77 AR R

Bust: RTERE IR S T ZIegs T AR B,
B2k

[1] LIU W, OH P, LIU X E, Nickel-Rich layered lithium transi-
tion-metal oxide for high-energy lithium-ion batteries. Angewandte
Chemie International Edition, 2015, 54: 4440-4457.

[2] YUAN RONG-ZHONG, QU MEI-ZHEN, YU ZUO-LONG.
Thermal stability of nickel-based lithium transition metal oxides as
the cathode materials for lithium-ion batteries. Journal of Inor-
ganic Materials, 2003, 18(5): 973-979.

[3] LI XL, KANG F Y, SHEN W C, ef al. Improvement of structural
stability and electrochemical activity of a cathode material Li-
Niy7C0030, by chlorine doping. Electrochimica Acta, 2007, 53(4):
1761-1765.

[4] WOO S W, MYUNG S T, BANG H, ef al. Improvement of elec-
trochemical and thermal properties of LiNijsCoy;Mng 0, positive
electrode materials by multiple metal (Al, Mg) substitution. Elec-
trochimica Acta, 2009, 54(15): 3851-3856.

[5] MUTO S, TATSUMI K, KOJIMA'Y, et al. Effect of Mg-doping on
the degradation of LiNiO,-based cathode materials by combined
spectroscopic methods. Journal of Power Sources, 2012, 205:
449-455.

[6] LIU W M, HU G R, DU K, et al. Surface coating of Li-
Ni5C0g.15Al0s0, with LiCoO, by a molten salt method. Surface
and Coating Technology, 2013, 216: 267-272.

[71 XIONG X H, WANG Z X, YAN G C, et al. Role of V,0s coating
on LiNiO,-based materials for lithium ion battery. Journal of
Power Sources, 2014, 245: 183—-193.

[8] HUANG B, LI X H, WANG Z X, et al. Enhanced electrochemical



120

F LM R 3

i EURPE

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

performance in LiNij5Cog15Alp0sO, cathode material: Resulting
from Mn-surface-modification using a facile oxidizing—coating
method. Materials Letters, 2014, 115: 49-52.

XIA SHU-BIAO, ZHANG YING-JIE, DONG PENG, et al. CeO,
surface modification to improve cycle and storage performance on
lithium ion battery cathode material LiNigsCoq15AlgosO,. Chin.
Journal of Inorganic Chemistry, 2014, 30(3): 529-535.

JU S H, KANG I S, LEE Y S, et al. Improvement of the cycling
performance of LiNijsCoy>Mn,,0, cathode active materials by a
dual-conductive polymer coating. ACS Applied Materials and In-
terfaces, 2014, 6(4): 2546-2552.

LEE S H, YOON C S, KHALIL A, et al. Improvement of
long-term cycling performance of Li(NiysCog15Alges)O2 by AlF;
coating . Journal of Power Sources, 2013, 234: 201-207.

YANG H Z, LIU P X, CHEN Q L, ef al. Fabrication and character-
istics of high-capacity LiNipsCog5Aly0sO, with monodisperse
yolk-shell spherical precursors by a facile method . RSC Advances,
2014, 4: 35522-35527.

WU N T, WU H, YUAN W, et al. Facile synthesis of
one-dimensional LiNij3Coq5Alp0s0, microrods as advanced ca-
thode materials for lithium ion batteries. Journal of Materials
Chemistry A, 2015, 3: 13648—13652.

YE NAI-QING, LIU CHANG-JIU, SHEN SHANG-YUE. Draw-
backs and improve ways of LINiO, as a cathode material for lith-
ium ion batteries. Journal of Inorganic Materials, 2004, 19(6):
1217-1224.

LIN F, DENNIS N, LI Y Y, et al. Metal segregation in hierarchi-
cally structured cathode materials for high-energy lithium batteries.
Nature Energy, 2016, 1: 15004.

MAKIMURA Y, ZHENG S J, IKUHARA Y C, et al. Microstruc-
tural observation of LiNiysCoy15Aly 50, after charge and discharge
by scanning transmission electron microscopy. Journal of The
Electrochemical Society, 2012, 159(7): A1070-A1073.

CHO Y H, OH P, CHO J. A new type of protective surface layer for
high-capacity Ni-based cathode materials: nanoscaled surface pil-
laring layer. Nano Letters, 2013, 13: 1145-1152.

KIMHJ,KIM M G, JEONG HY, et al. A new coating method for
alleviating surface degradation of LiNip¢Co09,Mn,,0, cathode ma-
terial: nanoscale surface treatment of primary particles. Nano Let-
ters, 2015, 15: 2111-2119.

KONDO H, TAKEUCHI Y, SASAKI T, et al. Effects of
Mg-substitution in Li(Ni,Co,Al)O, positive electrode materials on
the crystal structure and battery performance. Journal of Power
Sources. 2007, 174(2): 1131-1136.

SATHIYAMOORTHI R, SHAKKTHIVEL P, RAMALAKSHMI S,
et al. Influence of Mg doping on the performance of LiNiO, matrix

ceramic nanoparticles in high-voltage lithium-ion cells. Journal of

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

Power Sources. 2007, 171(2): 922-927.

HUANG B, LI X, WANG Z, et al. Synthesis of Mg-doped Li-
NigsCo0¢.15Alg0s0, oxide and its electrochemical behavior in
high-voltage lithium-ion batteries. Ceramics International, 2014,
40: 13223-13230.

POUILLERIE C, CROGUENNEC L, BIENSAN P, ef al. Synthesis
and characterization of new LiNi;-,Mg,0, positive electrode mate-
rials for lithium-ion batteries. Journal of The Electrochemical So-
ciety, 2000, 147: 2061-2067.

WU F, TIAN J, SU Y F, et al. Effect of Ni*" content on lith-
ium/nickel disorder for Ni-rich cathode materials. ACS Appl. Mater:
Interfaces, 2015, 7: 7702-7708.

CHEN Z Z, YUAN X J, WEN M S, et al. Preparation of Li-
Nig50C00.15Aly 05O, cathode material via Li-rich method. Energy
Storage Science and Technology, 2014, 3(6): 620-623.

BI Y J, YANG W C, DU R, et al. Correlation of oxygen
non-stoichiometry to the instabilities and electrochemical per-
formance of LiNipsCop;Mng 0, utilized in lithium ion battery.
Journal of Power Sources, 2015, 283: 211-218.

LI X, XIE Z W, LIU W J, et al. Effects of fluorine doping on
structure, surface chemistry, and electrochemical performance of
LiNigCo0y.15Al.050,. Electrochimica Acta, 2015, 174: 1122-1130.
ZHUANG G R V, CHEN G Y, SHIM J, et al. Li,COs in Li-
Ni5C00.15Al0050, cathodes and its effects on capacity and power.
Journal of Power Sources, 2004, 134(2): 293-297.

LIU W M, HU G R, DU K, ef al. Enhanced storage property of
LiNipsCo¢.15Alp0s0, coated with LiCoO,. Journal of Power
Sources, 2013, 230: 201-206.

ZHU L, LIU Y, WU W Y, et al. Surface fluorinated Li-
Nig5Co0015Alo0sO, as a positive electrode material for lithium ion
batteries. Journal of Materials Chemistry 4,2015, 3: 15156-15162.
XIONG X H, WANG Z X, YUE P, et al. Washing effects on elec-
trochemical performance and storage characteristics of Li-
NipsC0¢1Mng 0, as cathode material for lithium-ion batteries.
Journal of Power Sources, 2013, 222: 318-325.

ZHENG X B, LI X H, WANG Z X, et al. Investigation and im-
provement on the electrochemical performance and storage char-
acteristics of LiNiO,-based materials for lithium ion battery. Elec-
trochimica Acta, 2016, 191: 832.

BIY J, WANG T, LIU M, et al. Stability of Li,CO; in cathode of
lithium ion battery and its influence on electrochemical perform-
ance. RSC Advances, 2016, 6: 19233-19237.

DOKKO K, NISHIZAWA M, HORIKOSHI S, et al. In situ obser-
vation of LiNiO, single-particle fracture during Li-ion extraction
and insertion. Electrochemical and Solid-State Letters, 2000, 3(3):
125-127.

ROBERT R, BUNZLI C, BERG E J, et al. Activation mechanism



%2

Ll M, %

R AR =0 RAR A IE A R S S Rl 2 (R F 5 B e

121

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

of LiNigC0q.15Aly0s0,: surface and bulk operando electrochemical,
differential electrochemical mass spectrometry, and X ray diffrac-
tion analyses. Chemistry of Materials, 2015, 27: 526-536.

ITOU Y, UKYO Y. Performance of LiNiCoO, materials for ad-
vanced lithium-ion batteries. Journal of Power Sources, 2005,
146(1/2): 39-44.

ZHENG S J, HUANG R, MAKIMURA Y, et al. Microstructural
changes in LiNipsCog15Alo 05O, positive electrode material during
the first cycle. Journal of The Electrochemical Society, 2011,
158(4): A357-A362.

WATANABE S, KINOSHIRA M, HASOKAWA T, et al. Capacity
fade of LiAl Nij.,.,C0,0, cathode for lithium-ion batteries during
accelerated calendar and cycle life tests (surface analysis of
LiAlLNi.,Co,0, cathode after cycle tests in restricted depth of
discharge ranges). Journal of Power Sources, 2014, 258: 210-217.
MAKIMURA Y, ZHENG S J, IKUHARA'Y, et al. Microstructural
observation of LiNiysCo15Aly 050, after charge and discharge by
scanning transmission electron microscopy. Journal of The Elec-
trochemical Society, 2012, 159(7): A1070-A1073.

NOH H J, YOUN S, YOON C S, et al. Comparison of the struc-
tural and electrochemical properties of layered Li[Ni,Co,Mn.]O,
(x=1/3, 0.5, 0.6, 0.7, 0.8 and 0.85) cathode material for lithium-ion
batteries. Journal of Power Sources, 2013, 233: 121-130.
OHZUKU T, UEDA A, NAGAYAMA M. Electrochemistry and
structural chemistry of LiNiO, (R-3m) for 4 V secondary lithium
cells. Journal of The Electrochemical Society, 1993, 140: 1862—1870.
YANG X Q, SUN X, MCBREEN 1. Structural changes and ther-
mal stability: In situ X-ray diffraction studies of a new cathode
material LiMgy 125Tig.125Nig 750,. Electrochemical Communications,
2000, 2: 733-737.

SUN Y K, CHEN Z H, NOH H J, et al. Nanostructured
high-energy cathode materials for advanced lithium batteries. Na-
ture Materials, 2012, 11: 942-947.

LEE E J, CHEN Z H, NOH H J, ef al. Development of microstrain
in aged lithium transition metal oxides. Nano Letters, 2014, 14:
4873—-4880.

YANG J, XIA'Y Y. Suppressing the phase transition of the layered
Ni-rich oxide cathode during high-voltage cycling by introducing
low-content Li,MnO;. ACS Applied Materials and Interfaces, 2016,
8(2): 1297-1308.

[43]

[47]

[48]

[49]

[50]

[51]

[53]

[54]

KOSTECKI R, MCLARNON F. Local-probe studies of degrada-
tion of composite LiNip3Coq5Alg0sO, cathodes in high-power Li-
thium-ion cells. Electrochemical and Solid-State Letters, 2004,
7(10): A380-A383.

KOSTECKI R, MCLARNON F. Degradation of LiNipsC020,
cathode surfaces in high-power lithium-ion batteries. Electro-
chemical and Solid-State Letters, 2002, 5(7): A164—A166.
KOSTECKI R, LEI J L, MCLARNON F, et al. Diagnostic evalua-
tion of detrimental phenomena in high-power lithium-ion batteries.
of The 2006, 153(4):
A669-A672.

LEIJ L, MCLARNON F, KOSTECKI R, ef al. In situ Raman mi-

Journal Electrochemical ~ Society,

croscopy of individual LiNiysCog5AlyosO, particles in a Li-ion
battery composite cathode. Journal of Physical Chemistry B, 2005,
109(2): 952-957.

SASAKI T, NONAKA T, OKA H, et al. Capacity-fading mecha-
nisms of LiNiO,-based lithium-ion batteries 1. Analysis by elec-
trochemical and spectroscopic examination. Journal of The
Electrochemical Society, 2009, 156(4): A289-A293.

MUTO S, SASANO Y, TATSUMI K, et al. Capacity-fading me-
chanisms of LiNiO,-based lithium-ion batteries II. Diagnostic
analysis by electron microscopy and spectroscopy. Journal of The
Electrochemical Society, 2009, 156(5): A371-A377.

KOJIMA Y, MUTO S, TATSUMI K, et al. Degradation analysis of
a Ni-based layered positive-electrode active material cycled at ele-
vated temperatures studied by scanning transmission electron mi-
croscopy and electron energy-loss spectroscopy. Journal of Power
Sources, 2011, 196: 7721-7727.

BAK S M, NAM K W, CHANG W Y, et al. Correlating structural
changes and gas evolution during the thermal decomposition of
charged Li,Ni3Coq15Aly 05O, cathode materials. Chemistry of Ma-
terials, 2013, 25: 337-351.

WU L J, NAM K W, WANG X J, et al. Structural origin of over-
charge-induced thermal instability of Ni-containing lay-
ered-cathodes for high-energy-density lithium batteries. Chemistry
of Materials, 2011, 23: 3953-3960.

SHIM J, KOSTECKI R, RICHARDSON T, et al. Electrochemical
analysis for cycle performance and capacity fading of a lithium-ion

battery cycled at elevated temperature. Journal of Power Sources,

2002, 112: 222-230.



