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Li-ion batteries
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Li-ion batteries

100 Cell housing
Usl
25 o8 3 /‘ 13.9
—_ ~ : Electrolyte 4.8|
£ 80 8.2 74.9 Anode 14.3
g 8.5
ﬁ 60 — |Separator 17.5
[y
'y
S 40 -
W
8 Cathode 49.5
= 20 -
O
0 { ' ' { ' ' Material
& & &
SRR G

doi: 10.1038/s41560-019-0513-0

100

Cell housing )
35.4 -80 =

;

-60 w
E]a:;-lmlﬂe‘lﬁ.q o
D
Anode 106 | ,0 =
Separator 5.2 §
=
Cathode 326 -20 —

o

0

Material



Materials for LIBs
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Cathode materials for LIBs
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Key characteristics of cathode materials

Formula Specific energy density, Specific capacity, Advantages Disadvantages
Wh/kg mAh/g
LiMn,O, (LMO) 405 100 Low cost Low energy density
LiCoO, (LCO) 610 150 Moderate stability High cost
LiFePO, (LFP) 515 150 High power density Low energy density
High stability
LiNi; 5Mn, 5Co, /50, 600 160 High stability Low energy density
(NMC111)
LiNi, {Mn,,Co, 5,0, 685 180 Relatively high energy Relatively low
(NMC622) density stability
LiNi, sMn, ,Co, 0, 760 200 High energy density Relatively low
(NMC811) Low cost stability
1000 250 High energy density Not commercialized
Li-rich NMC Low cost Slow kinetics

Voltage fade



Thermal stability, °C

Cathode materials
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Crystal structures of currently used cathode materials
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Crystal structure of layered oxides

a~ag/\N2=2.9A, c~ag2\3 = 14.2A
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Various types of packings in layered oxides

P2

Xl, where

“X” is a capital Latin letter denoting the
coordination environment of the alkali
metal A (O — octahedral, T — tetrahedral,
P — prismatic),

“1” is a value equal to the number of
MO, layers per one return period along

directions of layer alternation.

10.1016/0378-4363(80)90214-4
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Crystal structure of layered oxides
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“cationic potential”

O, - Dy
D ation = D
0]

— n.
where @, = > w; T_l
i

and represents the weighted
average ionic potential of TMs

w; is the content of TM, having
charge number n; and radius r;

represents the weighted
average ionic potential of A
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Crystal structure of layered oxides during charge/discharge
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Crystal structure of layered oxides during charge/discharge
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Crystal structure of layered oxides during charge/discharge
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Degradation of layered oxides during charge/discharge
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Microcracks and oxygen release are
critical for NMC cathode failure
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Cation migration and oxygen release in layered oxides during charge/discharge
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Modification of layered oxides
; NMCB11 Periodic Table of the Elements
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Modification of layered oxides
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Synthesis of layered oxides

Inhomogeneous TM distribution
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Synthesis of layered oxides

preparation of the hydroxide precursor

NiSO, — NaOH —
MnSO, —T coprecipitation — ﬁi?iﬁ:g& — drying
Co50, — NH,OH 4
Ni,Co Mn,,  (OH),
L

solid state synthesis to Li-NMC

LiOH / Li,cO, —3

mixing —> calcination — grinding & classifying

¥

LiNi,Co,Mn,,,O,

SEM image of NMC cathode
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Co-precipitation

Crystal Agglomerates Dissolution and
hucleus :erySta"'Zt'E The scheme of co-precipitation of
P 2 the hydroxide precursor TM(OH):
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Defects in layered oxides

1. The anti-site disorder of Li and TM

(exchange Ni < Li, r(Ni2*) = 0.69 A, r(Li*) = 0.76 A):

Ni%; + Li) = Liy; + Nij;

2. Excess Ni in Li positions (low p(O,)):

Vi + Niy; + 05 = Nij; +Vy; + V'~ +1/20,
3. Excess Li in Ni positions (high p(O,)):

Nij; + 2Lics) + 05 > Liy; + Niy; + Liji + 205

LiCoO,
NMC111
NMC532
NMC622
NMC811
NMC952525

LiNiO,

A

\ 4

A

\ 4

air

oxygen

Kroger-Wink notation X4,

X — element symbol for an atom, V
for vacancy;

Y — type of the site occupied by X:
(i for an interstitial, element symbol
for site normally occupied by this
element);

Z — charge relative to the normal
lon charge on the site

' negative relative charge

* positive relative charge

X zero relative charge (x is often
omitted)
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Defects in layered oxides

HAADF-STEM Integrated Disordering
images intensities distribution maps
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Modification strategies

Primary particle engineering

Surface coating

Future NCM?90/Si-C

= NCM9O/Li
Today > 350 Wh kg~
M > 800 Wh L~
> 800 km
NCM811/C
~280 Wh kg™’
| ~700 Wh L
t' j ~500 km

27



Single crystal layered oxides

Spherical-like agglomerates

Single crystal
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Single crystal layered oxides

Decreasing O chemical potential
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Single crystal layered oxides
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Microstructure organization of layered oxides

Material after prolonged
. Pristine material cycling
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Crystal structure of Li-rich layered oxides
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Electrochemical performance of Li-rich layered oxides

2D layered oxide 2D Li-rich layered oxide
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Negative side of Li-rich NMC

Drawbacks:

1. Slow kinetics

2. Voltage hysteresis

3. Voltage fade

4. Irreversible oxygen oxidation (gaseous O, evolution)
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