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Fig.1 Layered structure of NCM material (white circle for oxygen at position 6c, white ball for TM at position 3a and black

ball for Li" at position 3b) (a) and Crystal structure of LiNi;sMn;,;Co;,;0, (Red and green balls are oxygen and lithium atoms,

respectively, and octahedron represents MOg unit)!'*! (b)
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Fig. 2 Schematics diagram showing morphological and interfacial changes of polycrystalline and single crystalline cathode

during electrode pressing process and electrochemical cycling!'!

3 R[EIZK IR S ] BT 75 2 5 NCM622 BT SRIA ) SEM 14: (a) 6h; (b)8h; (c) 10h; (d) 12 h; (e) 14 h; (f) 18 h*”
Fig. 3 SEM images of precursors of single-crystal LiNij4Coy,Mng,0, for different hydrothermal reaction time: (a) 6 h; (b) 8
h; (¢) 10 h; (d) 12 h; (e) 14 h; (f) 18 hP”
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Table 1 Influence of precursors in preparation of each

single crysta]?’ "

Single Pr_ecursor Plane Single crystal

crystal size/pm size/pm
NMC 622 8-10 (003)(104) 200
NMC 333 4-6 (003)(111)  3.4+1.55
NMC 532 10-15 (104) 2381

T2 A IR R AR A R et

Table 2 Parameters in process of preparing each single

crystal®' %
Single Temperature/ .
crystal C n(Li)/n(TM)  Atmosphere
NMC 622 940 1.05 0,
NMC 532 970 1.20 0,51
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900 °C, 0 h; (b3) 900 °C, 1 h; (b4) 900 °C, 3 h; (b5) 900 °C, 7 h; (b6) 900 C, 10 h"*”
Fig. 4 Formation process of NMC 622 single crystal particles: (a) In-situ XRD patterns; (b) SEM images of NMC622 during
sintering, (b1) 550 °C; (b2) 900 C, 0 h; (b3) 900 C, 1 h; (b4) 900 C, 3 h; (b5) 900 C, 7 h; (b6) 900 C, 10 h®”
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Fig. 5 Growth process of single crystal NMCS811 under different fluxes: (a) Schematic of crystal growth of NCM with KCl (up)
and NaCl (down) fluxes; (b) SEM images of NCM synthesized with KCl as flux at 800 “C (KCl, 800 C); (¢) KCI, 900 C; (d)
KCl, 1000 C; (f) NaCl, 800 C; (g) NaCl, 900 ‘C; (h) NaCl, 1000 “C. Images of (b) commercial NCM523 and (f) hydroxide

.. . 38
coprecipitate used as a precursor are also presented for a comparison'**
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Fig. 6 SEM images of single crystal NCM synthesized with Na,SO, as flux (a); XRD patterns of single crystal

corresponding to (a) (b); SEM images of single crystal NCM synthesized with Li,SO, as flux (c); SEM images of single

crystal NCM synthesized with Na,CO; as flux (d)m]
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Table 3 Influence of flux selection in preparation of single

crystals
Single crystal ~ Flux Slnilzee/c:ymstal atsnlllz)t:;?egre
NMC 622  Li,SO, 2 0,°"
NMC 811 NaCl 2 0o,
NMC 333 Na,SO, 3.4+1.5 0,""
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Fig. 7 Cycling stability of single-crystalline NMC76 in full cells within different electrochemical windows (al)—(a3) ( The
top grayish lines and solid black lines represent coulombic efficiencies and discharge capacities at different cycles of the cells,
respectively)*”; Corresponding charge and discharge curves of single-crystalline NMC76 (b1)—(b3) “; SEM images
corresponding to ((al)—(a3)) after 200 cycles(cl)—(c3) “*; Slippage STEM image of single-crystalline NMC76 at 4.4 V for
200 cycles(d) **; Plane map of single-crystal NMC622 (e) "
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Fig. 8 Morphologies and structure of single crystal NMC76: (a) SEM images of single crystal NMC76 after 200 cycles; (b)
Cross-sectional bright field STEM images after 200 cycles; (c) Bright field STEM images of internal sections; (d)
HaADF-STEM images around section area; (¢) Taxiing area SAED; (g) SEM image of single crystal NMC76; (h) SEM image
of single crystal NMC76 discharging to 2.7 V; (i), (j) STEM images of single crystal NMC76 at 4.4 V charging state (120
cycles at 2.7 to 4.4 V); (k), (I) STEM image of single crystal NMC76 in discharge state (circulating 120 times at 2.7 to 4.4 V,

Red arrow indicates sliding marks inside single crystal)**
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Fig. 9 SEM images of studied samples after 10, 30, 60 and 200 cycles at different cut-off voltages*”
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Research progress on formation and failure mechanism of
monocrystalline Ni-Mn-Co ternary cathode materials

CHEN Wei-xiao', GAO Peng', ZHANG Shan', WANG Shan', HU Hui-li', ZHU Yong-ming"*

(1. Department of Applied Chemistry, Harbin Institute of Technology, Weihai 264209, China;
2. Songshan Lake Materials Laboratory, Dongguan 523808, China)

Abstract: Single crystal cathode materials have become one of the most promising materials due to their high
cycling and high pressure density. Single crystal material is an improvement on secondary spherical
particles. Understanding the formation and cycling mechanism of single crystal has a good guiding role in the
preparation of single crystal. In this paper, the structural characteristics of single crystal materials were firstly
analyzed. Both single crystal oxides and spherical secondary particle oxides have layered structures. Then, the
stability mechanism of single crystal was described. Single crystal has no internal grain boundary and there is no
intercrystal breakage during the cycle. In this paper, the formation and cyclic failure mechanism of single crystal
cathode materials were summarized. In addition, the formation mechanism of dissolution and recrystallization of
the secondary particle precursor disintegrating and the primary particle gradually growing into the single crystal
particle during the synthesis process of the single crystal cathode material was emphasized. When the cutoff
voltage is less than 4.3 V, the slippage is reversible and there are slippage traces after multiple charging and
discharging. When the cutoff voltage is greater than 4.3 V, the intragranular fracture occurs after several cycles and
the battery performance deteriorates.
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