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In-situ X-ray diffraction studies of abused
LiMny04-LiNiy3Co1sMny 30, composite cathode materials

in Li-ion batteries

Kim, Hae Sik

Major of Materials Science and Engineering, Pukyoung National University,

Busan, Korea

Abstract

Recently, the lithium ion batteries have been investigated intensively and
widely used in energy devices and storage systems. For the lithium ion
battery applications, LiMn,O4 spinel have been investigated as one of the
promising material for conventional cathode due to its low cost, low toxicity,
fast kinetics and remarkable safety properties. . The.new-layered
LiNiy;3Co13Mny 30, cathode material is-another good candidate due to its low
cost, high specific capacity, and good thermal stability properties. There are
many reports about thermal properties of LiMn,O, and LiNi;;3Co1/3Mny30,
cathode material using various techniques such as differential scanning
calorimetry (DSC), thermogravimetry/differential thermal analysis (TG/DTA),
accelerated rate calorimetry (ARC), and micro-calorimetry. However, not
much information on the structural changes of over-charged or
over-discharged LiMnyO4 and LiNiy3Co13Mn; 30, cathode has been reported. In
the case of LiNij;3Co13Mny30, cathode materials, at over-charged states
(highly delithiated), the reduction of Ni*" releases oxygen that can accelerate

severe thermal runaway by reacting with the electrolyte before leading to



catastrophic failure of the battery. In this paper, the results of the structural
change

studies of the over-charged or over-discharged LiMn,O, - LiNi;;3C01,3Mn;,30,
composite cathode during cycling using in situ synchrotron based XRD
technique are reported. These results provide valuable guidance for the
structural change behavior and different contributions of each individual
component. Additionally, helpful information in redesigning and optimizing the

LiMn,O4 and LiNiy;3Co1sMn; 30, composite cathode will be provided for Li-ion

battery research.

_iv_



List of Figures

Fig.1 Comparison of the energy densities of various secondary batteries.

Fig.2 Schematic diagram of intercalation/deintercalation reaction of the

lithium ion battery.

Fig.3 Fabrication of 2032 coin cell.

Fig.4 Pohang Accelerator Laboratory beam status.

Fig.5 Schematic .diagram of in-situ XRD procedure.

Fig.6 equipments of Time resolved X-ray diffraction and Quartz capillary.
Fig.7 Time resolved X-ray diffraction technique.

Fig.8 in-situ XRD pattern and over-charge cutve of LiMn,O,.

Fig.9 in-situ XRD pattern and over-charge curve of Li(Nij;sMn;3C013)O,.

Fig.10  in-situ XRD  pattern and  over-charge  curve  of

LiMn,04-Li(Niy;sMny,3C013)0, 7:3 composite.

Fig.10.1  in-situ XRD  pattern and  over-charge curve  of
LiMn,O,4-Li(Niy,sMn;;3Co13)0, 7:3 composite(2theta 15.5-21.5).

Fig.11  in-situ XRD  pattern  and  over-charge  curve  of
LiMn,O,4-Li(Ni;,3Mn;;3C013)02 3:7 composite.

-V -



Fig.12 in-situ XRD pattern and over-discharge curve of LiMnyOs.

Fig.13 in-situ XRD pattern and over-discharge curve of Li(Nij;sMny;3C01/3)Oo.

Fig.14  in-situ XRD  pattern and  over-discharge

LiMn204-Li(Ni1/3Mn1/3C01/3)02 7:3 composite.

Fig.15 in-situ XRD  pattern and  over-discharge

LiMn204-Li(Ni1/3Mn1/3C01/3)02 3:7 composite.

Fig.16 Over discharge LiMn,O, lattice parameter of LiMn,Os.

Fig.17 Over discharge LiMny04 lattice
LiMn,O4-Li(Nij,3sMn;5C01/3)0; 7:3 composite.

Fig.18 Over discharge LiMnyOy4 lattice
LiMn,O4-Li(Niy,3Mny3Co13)0, 3:7“composite.

Fig.19 Over discharge Tetragonal lattice parameter-of LiMnyO,.

Fig.20 Over discharge Tetragonal lattice
LiMn,O4-Li(Niy,sMny3Co13)02 3:7 composite.

Fig.21 Time resolved X-ray diffraction of
LiMn,O4-Li(Niy,sMny3Co13)02 7:3 composite.

Fig.22 Time resolved X-ray diffraction of
LiMn,O4-Li(Niy,sMny3Co13)02 3:7 composite.

_Vi_

curve  of
curve  of
parameter of
parameter of
parameter of

over-charged

over-charged



Fig.23 Time resolved X-ray diffraction of over-discharged
LiMnyO4-Li(NiysMny3Co13)0, 7:3 composite.

Fig.24 Time resolved X-ray diffraction of over-disharged
LiMnyO4-Li(NiysMny3C013)0, 3:7 composite.

- vii -



Se, 293 84 A5A A 5oz As) ol TE WAL &% ol
A3k Agol FHT Ytk £F PFolAA] ARE $EEopRE
A AHEY, PHEV, EV) 2 A& ARES)] ot A7A5AE 712 Y7

B AEe] Ml $5F Aush AL WIba s $7 Aol
o

o2
i
>.

:24:‘

1o

ol

£3] LiMn042] 735 Atid ez Cooll vls] =3l Spinel +x2] <
EHE FxAoE Hu AW Aot EF »E &5 FELAE
LiNiysMni3C015)0.7F o™ Cod HlES & Exl AAHo|H Cort 7Hx
A3 F LiCoOyoll Hlsl X874 ZHolm Ho} £& o]&8&ZFS 7Hth

B2 AFo A=, LiCoO,E  tiA3st= ¥= &EZQ  LiMnO,%k
Li(Ni1/3Mn1/3Co01/3)02¢] #}5d 2 #d dejolA Y A7, 7+x4 <84
S &olrR7] 93}y in situ X-ray diffraction system 2 Time resolved X-ray
diffraction  system<S A% R ow A& Yo, LiMn,0, %}
LiNiysMni3C010028] Z+7] o8& HIEE 4190 45 =42 FAA Y 454 9

_’]_



A Aee e AV A, F2A HHAAS HAE & Btk =3 LiMn,Oy
2} LiNiysMny5C015)028] &3 Aol A LiMnyO49F LitNiysMny3C01/5022]  H] &0l
2 ZolHE 7 ST




2. o124 WA
2.1 2lEolAAA

2.1.1 B EolAAA ] A}
AA7E A= F 1Y 873 o] AT A HA=
YA He GARAAAA, A FHo] Jhed o]aAHA R o) WolH,
& st ZEdste]l o Ve o® AsstA @ Aol 7t & ot
£3] 7]&0] 220]d Ni-MH ©o]2d ], Ni-Cd o3 Aol ulsf Lig A&
22X 71E A el ofF oAl Hl, Ni-MH o=k =] o] nlsf of A A
T £ FFHHer A £ 3TVFeE A5 sl =3 HF
olAA A= H o) oHAEES STk ls HEAAY Ni-MH o] 2hzd A] o]
Hlal Ag T oF 10%4 NHA W=7t #FES| bt Urh
YJEolAAA = F=HAH Ni-Cd oz A 8] 7fakA 7] 1800d iR &
A =8 19509t el A7E 7] AlAste] @A o] =Xith. Bl Eolxbd A 9 A
o] =2 olfE+= Lio] 7Ixha7d H gAY A2 A7Uide]l HuA
P 7t gEo] 7 EEIA A L(-3.04V vs SHE)S} Aol =
AT 2= A& & AF2 D A G o]&8eFo] 3860mAh/g 0 & & 9
Uz Ax o $I3ZEHE FE5& wolgtth[2-5]
Z7]o WEE YEolAHA = AlA H2= ke Moli EnergyAH7F MoS;
FFEEAS 7|2 sto] gEolAHAE M sty 508 AHEH g
=59 FAd(dendrite) g ol ol g Wi TeF Bl kel e A £A4
A= g5t A3 stHohle] 13T 1991 SonyAkal Al LiCoO,E <=2
EA2 Agsla §AE SIFEEIE AMES gFolaxAVE AL 2 A43)
o A&ste olF ZIFARE FAA FFEEL 3 A7 Bwel 1Y 5
I JYTh[7.8] A= B EOIAA Byl ol nEA A AS AEEE
FoleZg MR 9 Liojl2tal Juizoz 3 Mgololy Naoleg A&
bt gol A A, AFolAAA Tl e A7 = M k9]

uls
rok
2:3
™
>
ofo

rok

_3_



Gravimetric Energy Density (Whikg)

150 2

: 00 :
e

Fig.1 Comparison of the energy densities o ious secondary batteries.

350 400




SEEEERE
AAE g53 AUAZE A71HQ dUARZ 7 A wgko] Theste{of g
oh =G HAL oAb A 2 A9 AAE e AdME FFH S50l
A7 RS MEHOFZ FY7bs T oo e FRE JHA ok ) o
213k Wh32 S 559 MRt sfiA dojubAl FHaL o] 2 st HA
o] o]FdAFo] R o] & o] &3t Zlo] A & A eltt olF
AME ST L 2T AT ol ol22 Ard(ntercalation) =
(deintercalation)7} &-o] aof 3t Ha|dL F AJEALold] o] WIS 3t
MEAZAY S & dojok stk FF F FF2 AAIL

de HAAE 78 & 5 don gEoldA Ay FFARd 55459
3}82) 4 9] (chemical pontentia)®] =}o] &

AYE B YA FFAREE g Fol2d Mn, Co, Ni, Feats}

Do
p_n
Do
AL}
il

ol

o

oI35t FIF AL o] FATh olEF WSS fgHel RAEE Figl o U
e

2.1.3 gl FolaAdA g &4

gEolaAe] EHow AT uA WEs} For] Ni-CdaA oA
dehbs sme anst gtk =3 b3S 543F SR 3 Asls o
A3t "ol A e HEIAAAY A Agle Wt A AY Fe
Wol EART. kAo WA ol Ao M} HL5rF S5

AAet @ 5 9ok



RN TR
Fig.2 Schematic diagram of int rcalatlon reaction of the

lithium ion battery.



2.2 gEolAAA 9 T4

o

bl

oy
Hlo

ar

—_—

o

=i
=

Al (current collector)

S E

Gl

o

2.2.1 ¥=&E=4
FIHEH

fo]= o] 9]

= A

=

TFZA o7 van der waals

Kol
| .

AAo FIHEL o

=

<l
yal

=1

# oF

o

g

4) ARz \7}

&%

=] o]

2}

sy 2 FEdo] JAARRH 2

=]
T

=3 A AR

=

™ 3k, 44,

o}-o}3]

o)
5

BIEES EE

Ak YA

W7k Folok

X

6 Y= &

+

AE =
248 e F38

..AO

&k

W
M

x Ao =2 layered7-x2| LiCoO; ¢

L
) B

=4=

;:-l,

=

]

]

o] spinel 7+%¢] LiMn,Oq

o

dq= = =

=
=

Z LiFePO, 5% dZ& 4 Uth[10-15]



222 ==8=4

D AP I 4§40} FotoRe,
baabe) o)) golshorarh.

6) &9l FFF AF ¥ 5 e PEolLol Bopok T
o o5 BEAE 2lEF50] 3860mANgE oUH D= ZwelA s}

B S8 muols 2SR E(-304V vs SHE)Z ¢ Yot 2E 74

S
oY
N
Y
b
b
A
Hir

O

2.2.3 A4
A3l d(electrolyte)2 o2& HAGst= /A ZA, dutd o2 = S} Ho
2 FAE Ut izl HAQ A QA A A o]

Z wol 2xolal un &yt Fristg=oly aEAket o] 1Al Af A

i)
ol
H
re
-
ul
»
o
fru
L

_8_



Hu2 gEoIARHA N F2 AEE= A FR457F o FEES
A T ¢ A= B4t ol =BlEA EC(ethylene carbonate), PC(propylene
carbonate)s3 AX= AAS 2Zr= DMC(dimethyl carbonate), EMC(ethyl
methly carbonate), DEC(diethyl carbonate) 5¢ 7|84l EFELS A&
AT A7) HPE= o=+ F2 LiCIO,, LiBFs, LiAsFs, LiPFs S©] Al&
HH exel FRo)| ozt EBHAI LiPFS7F F2 ALgE 1 Quh[16] ohFdh
fr71&m el =25 545 Table 1. o JeRHAS



Table 1. Physical properties of electrolytic solvents

aof ] Doner | Acceptor Eox’
SA(°C) | v]&EC) A (cP) | Number | Number (V vs.
(2Fo1) e e
(DN) (AN) Li/Li+)
EC 39 248 89.6 1.86 16.4 & 6.2
PC -49.2 241.7 64.4 288 15.1 18.3 6.6
DMC 0.5 90 = 0.59 = - 6.7
DEC -43 126.8 2.8 0.75 = ! 6.7
EMC 155 108 2.9 0.65 = ¥ 6.7
DME -58 84.7 7.2 0.46 24.0 = 5.1
GBL -42 206 Ll 1.75 2 o 8.2
THF -108.5 65 7:3 0.46 20.0 8.0 5.2
DOL -95 78 6.8 0.58 # - 5.2
DEE -116.2 34.6 4.3 0.22 19.2 3.9 -
MF -99 31.5 85 0.33 N - 5.4
MP -88 79 6.2 0.43 - - 6.4
S -28.9 287.3 42.5 9.87 14.8 19.3 -
DMSO 18.4 189 46.5 1.99 29.8 19.3 -
AN -45.7 81.8 38 0.35 14.1 18.9 -
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3. A3y

31 A= A=

3.1.1 LiMn,O,8a= 2 Li(NiysMny3C0120, A= A=

2 AyoAe AA A& H A+ LiMn Oy R LiNiysMny 5C0150.9 |3

A 2 A7) A AL S AP As AA A8l PFst AlH

Ha Y= AAR] LiMn,Os2F BAFS] LiNiysMnisC0150; F=EEHDS Ao
&

stk 9 7 FEEEEe A AVIAEA B AHA ok AR

LiMnyO42} Li(NiysMn;5C0130:2] F=EEA 2 B M7 AEEE FgA7]7]
Aot =R YAHsuper-pE H7tet A olFEHEE EAUTH AFAR
+=(PVDF - polyvinylidene fluoride [5w%.in NMP(1-methyl-2-pyrrolinone)S A}
ottt Azxd S EAA a2 AgAY H&S 9056:59 whE 4]
1, n&aukr]l(Homogenizen) ol Al 5000rpme] &%= ZshAl wwtAA &E335t
Atk LA E3E 228 Drblade o2 Al foilol] 300 zmujele] 74
casting 3tal ZFLEo|A BT SE=Z 4AZF HAXsIUL) olgA Ax

ATe 71 FA9 80%FFC2  rolling pressE o) &3te] ¢t
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3.1.2 LiMnyO4-Li(NiysMny;3C019)0, EAA A A=

spinel FFE 7MA=  LiMnOFs  EEZAIF layered7ERE 7HR
LiNiysMny;3C010, ¥F=52=4d9 FAA= 4 7271 7 A =S SAlol
THAAA GFESHAA te] ATAEA B AHAGGA A Fo] AHE-H
3 ATh[17-18] LiMnyO4-LiNijsMny5C01502.8 A AIe] Al Z=  LiMn, 042
LiNiysMny;3C0150,9] @4 Hl ol @& zto]E dotr 7] 9l 7:3 B 3:79] H
E2 oA ELY Yo E4HAIA 08 EFEAT. ddsHA £E Ede

80C o IFeEolA 2At Az & EEd3 =4 A (super-p), AFA(PVDF

w

- polyvinylidene fluoride [5w% in NMP(1-methyl-2-pyrrolinone)E& 90:5:52] w%
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At o] % LiMnOs 2 LilNiysMnysC015)0:2] @Y FFEEde A5 Al

o FdsA AT

B

3.2 A7) 35ty 54 49

321 AA =4

AA 2HE ol Uge d=59 EHdo = ol&F -100C o]t 4 0.3%
vkl Dry roomollA] 213 st Th A AJol] 2xol= Ha|FAZ & EC(elthylene
carbonate), EMC(ethylmethylcarbonate), DMC(dimethyl carbonate)”} 1:1:1 %
JH|2 FA" T Ligez 1Mo LiPF67} 37la AL Az ALg
Atk &= o 2= 99.9% Li foilel current collector® Cu ‘meshE H3HAIZ)
238 AR, EEue 2 P.P(poly-propylene) &S A&t A
A= Coin type®] CR20322 A&} sttt AA] =y 742 Fig.3ol #AA3] U
B AT
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_ Cloin t}‘pa cell case

Spring
Disk
Li metal
Gasket
LY e ¥
N T . SGPErAtor
SEEEETT e T R
Electrode (Cathode)

i

Fig.3 Fabrication of 2032 coin cell.
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dsted AdstAt. AA= 4.2V-25Ve FHollA %7

3.23 in-situ - X-ray diffraction

2 AFdAeE -3 AT F5E=de FERSE B st x23}
& 7] A4 (Pohang Accelerator Laboratory)2} KISTAFA] H-521]<1 RigakuA}
9] Micro-Max-007THF & Al-&3t3th E87t&E7| AT 4o A= 3.0GeVe] H Ao
3T 9 WA TEETIE A RlEl 1D X=41 Ak XRS KIST-PALE AF-&3}
ATk AFE oA We7f 4~ 16 keVolH SIIIDW S A&ate] a5
St X-Aol FFEHH oA BIS(AEE)S 2 x 1070tk KISTAA =
H7n] el Micro-Max-007HF+= Mo Target& Ab&3tH Hoj o] x| 50kV 25mA
o] AH|Z detectorZ2& R-AXIS IV++7} AFEEH QT in-situ S-W4 X-ray
diffraction A< fIsiA HAE F-4d A7IHA FAlo] XRDE A3
t}. detector 2+ Mar345 image plateE A&3FHth

in-situ F-W# X-ray diffraction® @& A X-Ao] FFEEA Zo}
X-ray pattern< 47| 913t 53] AZE coin cell& AM&3sFAT. in-situ
coin® A& Figboll AAM3 Yet AT HAAE F-HHAZIHA dojA =
2D imageE S3te] 1D XRD #®-& A7] 93 Fit2D Z2I5& o] &3t 20
o -3} FAlo] XRDEZA 3= 2= 5 Fig.50 A3 YeRf A
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a: case of the cell
Al b: cathode

c: separator
d: Teflon seal-ring
e: anode (Li)
f: disc
g: spring
h: hole (X-ray path)
i- Kapton windows

AW W - o
3 MAR345
Image plate
Gamry instrument detector

l

i

o 500 1000 1500 anon 2500 3000

Fig.5 Schematic diagram of in-situ XRD procedure.
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3.2.4 Time resolved X-ray diffraction

Ar&9719] 228 "t~ ¢kolA Doctor blade®2 ¥=&Z&2d RES
o] 9|7 0.5mm<] qurtz capillary tubeo] Asj@ 374 Ho} tubed+
1600C ¢ 2FAEX| 2 sealing 3+ th.

ftilo
!
o
=

Time resolved XRDA &S 8] X-ray diffractiond] #H&7}%5 3 & Az
¥ holderZ A}-g3lth. sealing® qurtz capillary tubeE E<= A|Z¥ holder
of 48 3 ¥ FFEEH €3 A HEEE 98 FFEEES 2
AFE 600C 7hAL 6A1ZEERE 3] 71 st o™ FAl9) XRDESAE S 8k
o olgA Aoz XRD pattern ¢ 6AIZHE <t 85719) scans dS Ao
Iscan@d ¢F 6.8C 9] &%/ £35S 71x XRD datas AUtk Time resolved
X-ray diffraction®] holder 2 capillary tubeol] #3) A= Fig.6 o Yelf ATt
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Quartz capillary

Time-resolved XRD cell Temperature controller

Fig.6 equipments of Time resolved X-ray diffraction and Quartz capillary.
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Image Plate
Detector

%
Products
—
X—rays
Sample

Reactants
Diffraction Pattem

To mass spectrometer

Capillary size: 0.5 =0.7 mm dia.
Beam size: 0.4 X 0.4 mm
Average scan time: within a minute

Temperature range: room T. =~ 600°C e 20 =

Two theta (L = 0.92255 &)

Fig.7 Time resolved X-ray diffraction technique.
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