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| 1. General Introduction
Li-ion battery

Charge —¢€° - € « Discharge
Electrolyte

Cathode Charge Anode
e

g

(| Discharge

Schematic diagram of Li-ion battery
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| 1. General Introduction
Performances required for practical applications

High Power
g owe Li-ion batteries consist of

High Capacity Cathode, Anode,
. Electrolyte, Separator,
Long Life :> Charge Collector, etc.

Low Cost Cfatﬂodke material is one
of the key components

Safety that decide such
performances
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| 1. General Introduction :

A promising cathode material

LiNig 4C0p 15Al00505 Saaigy

as a substitute for LiCoO, 5 m

High Power Li— GGG
High Capacity . ﬂ'

Low Cost 000
Longi Llfe m

Stabilization produced by

substituting Co and Al for Ni sites. .ﬂx

No phase transition during W

charge/discharge (R3m).
Structure of Li, ,NijsC0, 15Aly 50,

7‘-— TOYOTA CENTRAL R&D LABS., INC.

| 1. General Introduction

Remaining problems -Battery deterioration-

Capacity fading
Impedance rise
during charge/discharge cycles
storage at high temperatures

What is the main source of the deterioration of batteries?

|

Cathode material (Y. Itou et al., J. Power Sources, 146, 39 (2005))

g

Extensive characterizations of cathode materials are required.
SEM, TEM, XPS, XRD, ICP, ..., ..., ..., XAFS
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| 2. Surface-sensitive XAFS Study on LiNiygC0g;5Al050, \

Introduction

The deterioration at the near-surface region of
cathode particles...considered to be a main source of
the capacity fade and impedance rise.

:

The electronic and structural changes accompanied by
battery deterioration have been investigated using Ni
and Co K-edge X-ray absorption spectroscopy in the
surface-sensitive conversion electron yield mode and
the bulk-sensitive transmission mode.
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| 2. Surface-sensitive XAFS Study on LiNiggC0415Al5,050;

Cathode sheets removed from 18650-type cells which exhibit
various levels of capacity fading.

" Capacityt
Cell t N
ell condition I 9
Fresh: One charge/discharge cycle 160.0

Cycle test : 1000 charge/discharge cycles 1226
at 60 °C* '

Aging test: Stored at 60 °C for a year™ 125.0

FIB-SIM image of

a cathode particle. “Constant current mode, 2 mA cm-2 between 4.1 V and 3.0 V

**Storage in air with the voltage held at 4.1 V (charged state)
TDischarge capacity obtained at 0.20 mA cm2, (3.2V cut-off)

FIB-SIM image of a cathode sheet.
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2. Surface-sensitive XAFS Study on LiNiygC0g Al 050,

XAFS in conversion electron yield mode

Polyimide film
—l——‘ Electrons emitted from

- 1kvV

\ a sample surface (KLL
He+e — He' +2e- Auger electrons) are

\ [ / 8- Sample multiplied through the

—— cascade ionization

reactions with He

atoms.

Probing depth...?90 nm

Sighal (S.L.M. Schroeder et al., Surf. Sci.
Lett, 324, 371(1995))

Schematic diagram of a conversion electron
yield XAFS (CEY-XAFS) detector.

X-ray

Carbon

" He gas
electrode —

7L TOYOTA CENTRAL R&D LABS., INC.

| 2. surface-sensitive XAFS Study on LiNiygC0y 1Al 005

1.6 Ni K-edge ~1.6] Co K-edge

)

-

N
L

=

N
L

Trans. (x=0.07)
—— Trans. (x=0.68)
CEY (x=0.07)
© CEY (x=0.68)

7
,:>‘,' — Trans. (x=0.07)

Trans. (x=0.68)
/ CEY (x=0.07)
et / © CEY (x=0.68)
8330 8340 8350 8360 7710 7720 7730 7740
Photon Energy (eV) Photon Energy (eV)

Representative normalized XANES spectra for Li;,  Ni,sCo, ,5Al, osO, obtained in transmission XAFS
(Trans.) and conversion electron yield XAFS (CEY).

Data qualities of two different modes are identical.
=> Quantitative comparison is possible.
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| 2. Surface-sensitive XAFS Study on LiNiggC0q15Al5,050;

Comparison of the edge positions of XANES spectra

. ) 7721
Ni K-edge Co K-edge
8342 e A=
o
) &7720
E 8341 ° %
g ] . - . E 8, o ¢ . %
° A Trans. CEY
u A & ® o Fresh « A
4 A Cycletest 77194
m O Aging test
8340 T | T T T 1
0.0 02 04 0.6 0.8 0.0 0.2 0.4 0.6 0.8
xin Li_Ni,.Co, Al O, x in Li,,Ni,,Co, ,Al, O,

The edge energy measured at the half-step height of XANES spectra for Ni and Co in Li,.,NiysC0, ,5Aly 450,

Ni...oxidizes upon charging, and exhibits different behaviors
depending on the cell condition and the probing mode.
Co... hardly changes upon charging. Slight reductions after
the tests.
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| 2. surface-sensitive XAFS Study on LiNiy5C0g15Al 0505

Quadratic relationship between formal Ni valence and

the edge shift of XANES spectra.
(AN. Mansour et al., J. Electrochem. Soc., 146, 2799 (1999))

o
1 1

49 :
31 é ”
@ | : Edge position
o4 :
z° I ; Il
S 5 Average Ni valence
L : :
T T

T
3
Formal Ni Valence
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| 2. Surface-sensitive XAFS Study on LiNiggC0q15Al5,050;

] —e— Fresh (Trans.)

4.0 4 Cycle test (T )ﬁaﬁ(ccg\\(())
4 e te: rans. i 1ch
| CEY) Fresh cell...Ni OXIdIZ_eS from
38 3+ to 4+ upon charging.
% 1 Lis-xNigsC0%015A1% 5072, model No difference between bulk
S 3 (Trans.) and surffice (CEY).
5 Tested Cells...Ni valences
e 3, are lower than that for the
g fresh cell prominently at the
L3 surface. The slopes of the
] lines for the surface are
30 more gradual, implying the
] presence of the Ni atoms
28] that do not oxidize upon
' charging.
x in Li, Ni,,Co, Al O,
Approxim{ate lines obtained by least-squares fits to ,
average Ni valences. 71_ TOYOTA CENTRAL R&D LABS., INC.
| 2. surface-sensitive XAFS Study on LiNigC0g15Al5050;
Bond distance
(VAN Ni-O Co-0
LLe{ 2 1.92
g 8 LI "
£ o0l 0] 8 The bond distances
g ]ans cev . for the tested cells
“ 1.88 : 2 f;reﬁg test ¢ g 188+ > I h
5 o are longer than
ARanasARRasARRRRRS AMRARRARRSRARARARS those for the fresh
2.86 oA Ni-M 2.864 Co-M ce"
< ol I => The presence of
£ ° divalent Ni atoms.
B 2821 oA 2.82
o ® ;g 8 =] SE
2.804 2.804
0.0 0?2 014 OTG 0t8 0.0 OTZ 0?4 016 0'.8

x in Li,,Ni,,Co, ;Al,O,

Variations of structural parameters obtained by the fitting to
the first two peaks of the Ni and Co K-edge FTs.

b

xin Li Ni;.Co, .Al, O,
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2. Surface-sensitive XAFS Study on LiNiygC0g Al 050,

A possible mechanism of battery deterioration

Fresh cell Deteriorated cell

Surface Oxygen Surface

Charge
=

\‘ Charge
Buk— » = q ‘ = .

Ni valence Cycle test

Aging test @ =

Cathode particle

Growth of NiO-like surface layer including inactive Ni atoms
—> may reduce electronic and ionic conductivities.

=> a possible main cause of capacity fading and impedance rise.

7L TOYOTA CENTRAL R&D LABS., INC.

| 2. surface-sensitive XAFS Study on LiNi gC0p15Al0,050, \

After the cycling and aging tests

The amount of divalent Ni atoms increased prominently at
the surface.

Electrochemically inactive Ni atoms were created.
The bond distances (Ni-O, Ni-M, Co-0 and Co-M) increased.

These electronic and structural changes which occur
prominently at the surface of cathode particles are probably
main causes of capacity fade and impedance rise.

Our combined probing method using both CEY and
transmission XAFS can be a powerful tool to evaluate the
state of cathode materials.

7‘-— TOYOTA CENTRAL R&D LABS., INC.
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3. Effect of Mg doping on Electrochemical and Structural Properties of LiNiy75C0g15Ak 0sM8g0s0>

Introduction

Capacity fading can be suppressed by Mg?* substitution
for Ni sites. Mgo.05

What is the mechanism of this suppression?

W Fresh
W After 1000 cycles at 20 °C

170

Capacity (mAh/g)
e
n w £ u f=23
s & &8 & 3

-
=
15}

-
o
15}

Without Mg addition With Mg additon
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I 3. Effect of Mg doping on Electrachemical and Structural Properties of LiNig7;C0q15Alk 0sM8g,050,

Comparison of the edge positions of Ni K-edge XANES

8343 8343
w/o Mg Mg-doped
L -
0 A =
3 s
3 8342 - 8342 G
5 s o
& 8
s a
v} O i ——————— L s )
A Trans. CEY Trans. CEY
8341 e o Fesh [ 83414 e |
& A A Cycled | ® O Cycld | |
0.0 0.2 04 0.6 08 00 0.2 0.4 0.6 08
x in Li, Ni, o, Al .0, X in Li,,Ni;,cC0y,6Al, cMg, O,

The edge energy measured at the half-step height of Ni K-edge XANES spectra.

Ni oxidation states are increased by Mg-doping.
The loss of Mg at the surface?
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I 3. Effect of Mg doping on Electrochemical and Structural Properties of LiNiy75C0g.15Ak 0sM8g0s0>

Average Ni valences estimated using the edge positions

4.0

3.8
8 a6 Mg-doped cell...
5™ The ranges of Ni valence
> .
Z 34 cha_mge_ upon cha_rglng
%32 maintain the original
2 value after the cycle

w
o

Trans. CEY
—e——O— w/o Mg, Fresh
~— - wlo Mg, Cycled
Mg-doped, Fresh
—=&——(— Mg-doped, Cycled
2-6|"'|"'|"'|"'|
0.0 0.2 0.4 0.6 0.8

tests.
2.8

Approximate lines obtained by least-squares fits to
average Ni valences.
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3. Effect of Mg doping on Electrochemical and Structural Properties of LiNiy75C0g15Ak 0sM8g0s0>

A possible mechanism of the suppression of capacity fading

Mg-undoped Mg-doped
Inactive domain Nizt Mg?* NP2+
°
.v '/o‘ p .\0.: ° i..
e 0% ® o ® g0
, y o. . ° .. e
®  Cathodeparticle  °© ® o ° ° %

Local structural stabilization around Mg?* ions.

=> The growth of inactive NiO-like domains can be
suppressed.
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I 3. Effect of Mg doping on Eleirochemical and Structural Properties of LiNig75C0y15Al,0sM35,050, \

Effects of Mg doping

The Ni valence is increased by the Mg #* substitution for
Ni sites.

The surface-averaged Ni valence for the fresh cell is
lower than the bulk-averaged one, implying the loss of
Mg?* ions at the surface.

After the cycling test, the reductions of Ni atoms are
observed especially at the surface. However, the ranges
of Ni valence change upon charging maintain the original
value, indicating that the creation of electrochemically
inactive Ni atoms can be suppressed by Mg substitution.

7‘-— TOYOTA CENTRAL R&D LABS., INC.

12



