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B ool olaAdA Y L 1AL EV AE3te & AHol Ha e,
A A v)E] 7 2 Al (oF 50%)= xHASHE Zlo] Al THA o]
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Al TAE AT = Ut
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Hbd o] Mn o]9] 742 Co o9 1/50 AL = AHsta, Az &40

Gy wiEel 7EA Al SHelA w9 F ol FHS JFXITh[9] T FA
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o] FX1w7] wiol FEolAE= Mn o] &0l wFohA Hrh[17-20]

2LiMn,04 + 4H* —  3A-MnO, + Mn** + 2Li* + 2H,0  (2)
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2.1. A7 88t

[

g 24

2.1.1. A5 4 AR A=

=~

2 AFelA AFESE LiMn,O, = e 22 A RS AA s
o] F T} LiMn,0, B2 &E2 (active material) 2 AF2-3}91 37, Super PE A=

o] AEANZE FANAFY] 93 w©iaA THA  (conducting agent), PVdF
(polyvinylidenefluoride) & A= EHE9 HAHAYS =571 fsk vy
(binder)= &gttt GEH, EAA, BlIEIE 90: 5: 52 AFH|= E3}sh
%], NMP (N-methyl pyrrolidone)oll 2115 #AF AJA &3 &2l (slurry)E Al
z3tet o] &£2iglE Al H A (current collector)$]oll A 3HA EFA]7]

5 120CE FAEHE 1AF QEAA 12417 ol AXAA FES AAS

mg/em’ . ® AsHA FAste] AT A=kl wk BT £ olE WEE
AT e A= BAI JAA L AAAE FEA7] A8 A5 =
d & SE7] (roll-press)E o] &3te] Al TS 80%7F H wWizbA
A ATk

N

A71ger 54 2AE S8l Fig 19 2 FHe] 2032-type] R0 A
(coin cel)E AFE-gch 79 HA = cell body <HEel Z5 = (working

electrode) 2} 2] B} (separator), ‘ol = (counter electrode)s A= A3
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ot S o3 el PP (polypropylene)$t PE (polyethylene) %25
2 PP/PE/PP film= ARE-Flth ARESE Ml A2 1.0 M LiPFs 0]

X
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filled glove boxolA Ha = o] A=A A 247} FEy F7)d HEHE= A

il
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& wolEqrk BE AXE Y F, 25T
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Figure 1. The image of 2032- type coin cell.
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2.1.3. 12 1y A3

12 B AL LiMn0, AA & A% 49 (calendar life)S <13}
71 SlefiA ABE e A 8 542 A AlelE 1 (cycle life)¥}
A% 1 (calendar life)o. & #2]d 4 Sl=dl, Alo]E o] FTHAS A
Bgtol wet WA= A9 78 F WstE dUekde Zolebd A%
W 54 oM AAE BAAS BTl B %] A BFEFS
SR

LiMn,0,9] 11& A% 1S geldtr] Ya] ¢4 AL formation step=
Aste] AAE F2A AE (fully charged state)® FHSQlth 54 A
3¢l AAE Arfilled glove box® &7 #7|¢2] A= 9, o]
UA Fafste] LiMnO, 4=k 33tk o] 3ld S5 dAZF A
& (1.0 M LiPFs in EC : EMC = 3 : 7 (vol. %))} 37 PP 472 NALGENE
bottle (Thermo scientific)ol] 2o B3 A& samples #|2stsic) o] B3t
sample W&o &3 F7|7F Sol7b= Ae WASH7] 918l NALGENE
bottle®] =W HZE Ho]X (Teflon Tape)e} IeFZE (PARAFILM)S A}
goto] W& FTh Bk sample] AAARI FEE Fig 20014 & o+ St
o] B samples 60CE FA¥H+= F2xol ol 1 Bt AFS 11ys}
Atk 1y Aol ghgd F X samples TthA Arfilled glove box® &7

E5p7h e gFanks sl o] =S MEL L foildh x3eked
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NALGENE bottle

1/

electrolyte
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Figure 2. Schematic diagram of storage sample for high temperature storage test.
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2.2. B4 H3} 4

2.2.1. JH +x 3 24

2 AFo = 229 UF 7% (bulk structure)E LiMn,O, YA o Z
FE 1 um =2 1 o)e ZolE 7H b oo r Aot oju 1
& Hye] mE LiMnO, =9 WHF Fx WstE A7) fl@iA XRD
(X-ray diffraction) 2} XAS (X-ray absorption spectroscopy)2] 71715 += &3}
tt. XRD =7 o= Cu-Ka radiation source (1.5406 A)S A}&3}3 0w
DMAX2500-PC (Rigaku Co.)& &3l 32 sjels At moA EAst=
XRD #{E ] W& gRlsty] fAsirs 4 7ol @ 4 & XRD #4
A7t AdgEojop vt webd FHAS e W Iy Y
qrekE] o 1ol W LiMn,O, =2l XRD HE WSS A2 oA &
A} Fig 32> A2 T wE LiMn,0, &F=-2] in-situ XRD datac]t}. 7] &
A0 2 LiMnyO,i= Fd3me] space groups 7FA|i=tl Li ©]<©°] 8a site, Mn ©]
2o°] 16d site, O ©]°] 32e siteol] x5}, AX} A4 (lattice constant, a)=
8.215 Ao]t}.[45] LiMn,0, &= o] FH g ule} 8asiteo] 13 Li o]
2|7} o] FojA a1, AAF A A A @rh[45] Fig 39014 2 theta ko]
19° o =A== main peak LiMn,0,9 (1,1,1) phaseE YeER =], in-
situ A= 7F k3] W AH (SOC 0)oll A ¢+dd] FHE e (SOC 100)
2 4= o] peake]l HAF 117t (high angle) 0.7 o] F3l= S Helt o]

+ Bragg's Lawell we} Az} Ae7F HAasta e gvlgit =, Fig 39

)

in-situ XRD data:= LiMn,0, &F=2] 4o w2 W3ls = vrdsta Qlom,
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o] 3= 7|Eo R Hlushd 1o BR¥g d=59 socs 7x Wk A
TE g ¢ otk 12 Byg HAs A2 XRD HES A7) fldEA
539 LiMn,O, A=S Arfilled glove box QFoll A 33t olw] A= Ew
of 443 o & F AUe LiPFs 95 AlA3SH7] $18 DMC &5 A

A4 A= ARs o] F A4S Be windowel 2 H, AE Elo]=

o
ot
>
bt
30
rr
ok
N
o
1o
X
I
ftlo

(KAPTON Tape)E ©]&3te] o] ol %
ol it

XAS 41 oAl XRD9} Hls=dk o w YT XAS SHS XF
7F57] A9-4¢] Pohang Light Source (PLS)E ©]-83F31 2™, ring current:=
120~170 mA at 2.5 GeVolt}l. XAS & A] vl E24 9] 7]F0] =
of that Z7go] A=} o], sample?] absorptionS =743l7] Aol pure
Mn metal foil (Ek = 6539 eV)<= ©]-23}9] energy calibrationS %133 5131 tF.[46]
Fig 4ol 4] thekgt Mn Abst= 9l @h3ds] 30 LiMn,O, 5ol M
edge XANES (X-ray absorption near edge structure) spectras 2}Q1gh
3] Mn 4FsHE (MnO, Mn,0s, MnOy)ell Tl gt absorption spectraE &3l Mn o]
o Abstrrth 2004 4® FUEErel wEl Wsk= 6540 eV P C] pre-edge

absorptions ##d 4= Qlt}. o] pre-edge absorption 1s — 3d2| orbital

rlr

transitione WFYP 3= 2O = Mn o] AbgrE 2 R et peako = &

fl

B A UTh[47] ©] Mn AtsHE 9 kEdE LiMn,O, =12 absorption spectra
o} 12 BH¥S AR A9 spectrag H]wste] LA HAsE =4 %Q)
Ui -2 Wo] W Mn o] 9] Atstr WEE gl a2 Biks 3l

gk A= XAS SAS el B A=5 Arfilled glove box® ©] 5 A

-18 -



71 5, A=F AAAE A ASe] LiMn,O, FEATHS 3539t XRD &

3to] sample?] ©]%F W A Fof AT = Q= ¥V HFS HAH

o,
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A : Be window

# :LMO
# & A
# # A
SOC0 | A . LB A b\ A B Q u
I A 5 A
i Iy W . A
A A M A A N
{ I N U A A h
I\ A
i : :t:ﬁ : e}
: A A\ " A A
=5
] P P | A y A
® A P T A A _
3 S T raar | :
> SOC 100 x | = A 2l
7 A A M
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Figure 3. in-situ XRD patterns obtain from LiMn,O, electrode in LiMn,O, /Li half-cell

during the initial charge/discharge cycle.



fully ¢harged LiMn,0,

Nomalized absorbance
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Figure 4. Mn K-edge XANES spectra of MnO, Mn,0;, MnO, and fully charged

(de-lithiated) LiMn,O4 electrode.
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2.2.2. 34 "4 7z W3} £4

& drolM =

e
i)
1o
=5

™ w Al G2 (near surface structure)E LiMn,0; ¢
b gHoRHE F4 ~ F9 nm zlo]f gAor st olnf 1
Bye] wE LiMnO, ¥ ®W WA 3z WskE A5 siA
Raman spectroscopys F=2 &5t 5 AgtEe] oIk Raman
spectroscopy 2] optical depthi= 30 ~ 100 nm 7 =] 7] uwjZoll, near surface % <
o] BAo tpakalA o]g¥ a1 vk %3 IR (Infra-Red) inactive symmetric

operation®] -2 X-EHo thal Raman active?l 7Z-$-7F @] wjiof, IRY} A5

tz
®
)
o
il
>
oo
o
o
o
i)
oo

==

=7} wj$- Atk 53] Li ion battery?] F=
BAlo] AL3 AL Li ione Arel/gale] wE local disorder o]t
coordination %! cation ordering®] W 3slel| W7E7] wiio] ¥A FF FE
WA} A of g -85} [48]

Raman spectroscopy %1+ LabRam HR (Jobin-Yvon Co.) spectrometerE A}-&
g o, 514.5 nm2] wavelength (green color)E 7}A|+= Ar-ion lasergE ©]-&3}o]
=4S WA} olw Laser ZE power: 0.62 mwolth EE signal>
multichannel charge-coupled device (CCD) UIHEI S %3 dod, =4 24
TEE S 140K o]at= YZHAI7l H ARg-skgih

Raman spectroscopy 4] A] a2oro] W3lE Felslr] 3 7|+
o] ex-
situ Raman spectra®|t}. 53] Wd® (SOC 0) A3 LiMn,0,& v

spectrume A A 07 AT} Fig 5+ 2 T4 W LiMn,0, &F

1

S

2 570 2] Raman active modesE 7}71t}.[49, 50]
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F(Lan204) = Alg + Eg + 3F2g (7)

o] Fo A 625 cm™ 2] wavenumberell YERLFE Ay peake] 71 - intensity

=
=

N

Xt o] Ay, modei= octahedral MnOs groupellAl Mn-O2] symmetric
stretching vibrationES 2] 3+t}[49] Fig 52 SOC 0 sampleo| % 625 cm®
wavenumberell 71 & intensity®] A, peaks EHQlsh 4= Qi) Wbl €473
7% (SOC 100) spinel LiMn,O,+= T3 £ 4712 Raman active modes=

7}z,

A @ A A-Mn0y)2 % tetrahedral oA Li ©]&o] whA L3k
7] W] Li-O 7Fe] motion¥} #Al ¥ Fpy mode’t dtub FFAskAl Tk A-
MnO,°] Raman spectracl 4] = 7} 7+$t Raman active vibration<> A;y mode©] t}.
3lA " Fig 52 SOC 100 sample2 ®.A o] peako] WEl}FE= 9%+ 590 cm*
o] wavenumberz= ¢ AFE] (SOC 0)9] LiMn, 0,8 Ay modeell Bl3l low
wavenumber G .= shift FaS AT = Aok oW o] Ay peak= -
MnO,°ll A 2] MnOs octahedra®] stretching modeol] A} 7]<1 &t} [49, 51]

Fig 59 ex-situ Raman spectras 7]=Co % 1 H¥ A ASH= near
surface 919 W3tE At 1L BES AZ LiMnO, FE2S Ar-
filled glove box ¢tollA 3<=3 ¥ DMC &S Abgaia Zdo] EAs=
LiPFs 932 A3}tk ©] % Raman spectroscopy =742 913l 1 mm F719]

crystal quartz windowell =& F-2A1713, AE Ho|ZE AEst] F7]s}
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Figure 5. ex-situ Raman spectra for the LiMn,O,samples of different state-of-

charge (SOC).
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B AT AEiE ¢F Buel Y Fuhe ST ud e g

I Bttt 540 B QIh[32, 44, 52] wEbA #E AFeA = 1W
vl u} (surface film) 9915 YA THOZHE & nm o|38}e] ofF gk &

o7 AAL} oluy 1& HI wE LiMn,O, ¥=9 %W U WH3IIE

_I

A7) 9184 XPS (X-ray photoelectron spectroscopy)E &2 43131t

5 oy (kinetic energy)E =75t ME mwWel EAshs A A%
oA (binding energy)E jAtaiul= el S o] §-Th[32] ol AT oy
A= =4nth 143 ks 7HA 3 flerg HHe| EAskes 94 T E
Mol 7hsstrh R ATk ofwd 3her Ao o] FaL Slke] w4
g oolydAel W3zl BAsH] wiEel 22 daolAM WEE AAAA R
O #F oldAel= shift7h @AASA €k o] shiftdl oA o] ApolE wiE
o= I AaTt oud 38 AeE fAskaL A A ¢ dn 53]
el wj-g- WIZEek (surface-sensitive) 4] 717]0]7] wjitol I ute] A3t
= =49 3oty dds dotdi= dl ofF FEsttar & 4 Q1th[33, 53]

- ATl A4 XPS data:= ultra-high vacuum multipurpose surface analysis system
(Sigma probe, Thermo, UK)& ©]-&-3alo] =3 =gl m, o] ultra-high vacuum->
10™ mbar ©]3}2] & 1S ow|stth s+ photoelectron 150 W (15
KV, 10 mA) Z=71°] Al Ka (1486.6 eV) anode=F-E AN o™, X-ray2] spot size
= 400 um®o]t}. B E datai= constant-analyzer-energy modeS 3 =4 w0

™, 30eVe passenergy ¥ 0.1eVstepe] %71 A 3T}
- 26 -



XPS sample®] A|ZS & 1 BES AZ LiMn,0, A4S Arfilled
glove box <tellA 3]=&k ¥, DMC &vi& AFE-allA Al a3t o]& F el
LS = Qe 7] E:s AlosiF7] 918, IWAKI VIAL (ASAHI GLASS
Co)ell A=< wWol Xps S4s 1A Xps A= 47| 2l
Avantage programs AME3 A peak fittingS XSS, ©o]5 wIEO R
LiMn,O, 47+ 3¥el A8 duke] 318h4] A4S gRlstqith. o|u peak
fitting at71 913l AF&sF 72+ Aol A3 oA references Table 1¢] 72
S+ Th. XPS datas fittingsl 7] el charging effecte]] tjdt RS2 Cl1s 4

9] hydrocarbon (C-C, C-H) bond®] A3t X & 284.8 eVE 117 3| 53U T}.[54]
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Table 1. Peak assignment for the XPS spectra.

Binding energy

Elements Assignments References
(eV)
Hydrocarbon (C-C and C-H) 284.8
C-0 286.1
0-C-OorC=0 287.6

C1ls [33, 34, 55]
0O-C=0 289.0
Li,CO, 290.3
CF, (PVdF) 290.9
LiF 685.1

F1s LixPF,O, or Al(OH),Fs.« 686.6 [33, 34, 56]
CF, (PVdF) 687.9
Mn-O 530.0
Al,O, 531.2
0O-C=0 or Li,CO3 532.1

O1s [33, 34, 57]
Al(OH),F3.« 532.9
0-C=0 533.5
Li.PF,0, 534.8
AlL,O; 74.6

Al 2p [33, 58]
Al(OH),F3.« 76.1
-28 -



3.1.1. A8 ¥y

B A A A X 2L 211 oA aoist g
FTdstth 2ol o= Mg oo = #H 83} LiMnO, AlE (Mitsui
Co)s EAZ AFgste] F7H4Ql W, 9 Fx2Ql T4 TS FHas)

S AL (25C) 2 12 (60T) Al

ll
I
oX,
M
i
o
Ao
:o{:r
>
I
«
H
5
N
N

S 2032-type FSl HAAEZ AHEIE AAY FAL AAFAASL (CCev)
W o= o] Fojxla, WS [ (CC) HHS AHEHTh olw dst W

= 30~43V o], A7 Ux= 50 mAg! (0.5C rate)o] T}

sample?] tieFd el 7/l 25 Fig 204 &<l

m%
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39,
ui
=
ry
12
e
=2
~
>
ofo
&

A A2 1.0 M LiPFs €°] =oFl+= EC:EMC =3:7 (vol. ratio) &< o]H, B
I A= I 10 mle] dejdE AR FTE By A AbgE A2 A
204 3 Alo]= 9] formation step= &3 H, ¢k FHE AE] (SOC

100)Z vHEo] Fdoh ojul 12 wy A WERE B 7k A
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Figure 6. The specific charge (de-lithiation) capacity delivered by LiMn,0O,4/Li half-
cell at room temperature (25°C) and elevated temperature (60C). Current density =

50 mAg™.
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Figure 7. The room temperature (25C) charge (de-lithiation) capacity delivered by
the LiMn,O, electrodes stored at 60°C in electrolyte without Li foil. The storage

time is indicated in the inset. Current density = 50 mA g™.
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Figure 8. The room temperature (25C) galvanostatic charge/discharge voltage
profiles of the LiMn,O,/Li half-cells after storage at 60°C for different period of

time. Note an abrupt increase in electrode polarization after 14 days of storage

without Li foil. Current density = 50 mA g™.
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Figure 9. The rate-dependent room temperature (25C) de-lithiation capacity

delivered by the most seriously degraded LiMn,O, electrode (the one stored for 14

days without Li foil). The current density is indicated in the inset.
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Figure 10. The XRD data obtained from the stored LiMn,O, electrodes. The

storage time is indicated in the inset.

-40 -



2.0 A

1.5

1.0 A

Nomalized absorbance

0.5 +

14 days

Before storage

6500

T

6550

T

6600
Energe / eV

6650

6700

Figure 11. The XANES data obtained from the stored LiMn,O, electrodes. The

storage time is indicated in the inset.
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Figure 12. FE-SEM images of the LiMn,O, electrode surfaces after storage (a);
for 2 days without Li, (b); for 11 days without Li, and (c); for 14 days without
Li.
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Figure 13. Nyquist plot obtained from LiMn,O, electrodes stored at 60C in

electrolyte without Li foil. The storage time is indicated in the inset. Impedance is

measured at 4.3V (versus Li*/Li).
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Figure 14. FE-SEM images of the LiMn,O, electrode surfaces after storage
for 14 days (a); with Li foil, (b); without Li.
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by the LiMn,0, electrodes stored at 60°C in electrolyte without Li foil. The

storage time is indicated in the inset. Current density = 50 mA g™.
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Figure 16. Schematic description for the mechanisms of surface film formation
during high temperature storage: (a) stored with Li foil, (b) stored without Li

foil.

-50 -

2% M & T 8t

el SEOCRIL MATIOMNAL LMWVERSTY



.
FstAQl

olg1dt Mn ]9 AHH dAdS

o

g
Hkt} Fig 172 % AHE] (SOC 100)2] LiMn,0, A =3} Li foil Ao A

R

L

g
M
1%
S

1

N
o] 11¥, 144 7F B3 LiMn,O, A= 2 Lifoil Ao A= kA 3047F B
B3 LiMn,0, A =Fol th3t Raman spectra®] th. Fig 50l 4] A 3t vl9} o] ¢
¥ LiMn0, & 590 cm™ 2] wavenumber & 9ol M Ay modeS YERE 71
& 57 peaks 7Hva ®HaEo] QIth[49] HAE Fig 179 ¢5¥
LiMn,0, A= Al 590 cm™el A 7} & peake] YeElta Qo 22U Li

foil $lo] oA 1197 S 233 F o= o] 500 cm™® g EA

il

peak 2.T}F 650 cm™2] wavenumberoll 4] ©] £ peako] #EH T} Fig 52 Raman
spectras A B W A9 FFO LiMn04ss BE 9 AbskoA 650 cm™
of 54 peaks 7HAA &i=th wEbA 650 cmtol peake] F7FE UER=

HAS 7L HI Fo] LiMn0O, YA T & FFRE A= EAo)

Ir

1

A ENSS ougtt) ojw] 650 cm™o] 54 Raman peak> 7}A|= ISt E

o

o] o]

rlo
i

AN E A7} rock-salt +32] Mn AMsE =S Mn,0; 72
Gl 7P F 549 peaks 7HA AL lE& A 5 3ASITH[49] Fig 18
Mnz0,4, Mn,03, MnO, (Aldrich Chem. Co.)ell tf ¥+ Raman spectrac]t}. o] & %2t¥
B A9 LiMn,0,7F obd o] Mn AFSFE-S 650 cm™e] wavenumber
AN 7HE & 57 peaks WERHIL Stk =, Li foil i A= glo] 1147
B3 LiMn,0, A4 650 cm™2] Raman peake] I A YEhE o] f= 1
2 B Fo LiMn,O, Y=k 9ol o]y & Mn Abst=o] A A7
wEe)th o= Fig 16 ()2 e HWAUST Zo] §EFF Mn o]20]

LiMn,O, A o Mn AHstE Jej2 Az H%52 ou|si),

-571 -



A A3 Qo] 14907 BT LiMnO, A A w Alzko] 1ol
of web HES Aol Zbelr] wiEe] oled Mn ol & AAZ

o] B8 AstA wAEA Pk 21 A3 Raman spectrumol A A2 #

[10“{_1‘

Mn AF3}Eo] ot 650 cm™e] 54 peako] 11 B A=W ¢ 34 &
29 31, LiMn,O, QAFe] 153 590 cm?te] EA] peakS 719 UEA b=
ok ke Lifoil o) A58 37 R#st Aol Fig 16 (2)°] 2 #A
yFel wel LiMn,0, &= o ze] Adz dido] Ao wAsHA] o
thoolgfgt ol f=E s HI Alzro] 30U7HA ZHolAHtE Fig 179
Raman spectrumel] = #1512k ¥ Mn Ats}Eo] thgk 650 cm™e] 54 peako] =
Al deEbgA] 9k=th A2 4 02 Raman spectra 42 %8l Fig 162 A A 2
A AT, LiMnO, YA B Mn o]&o] Mn AtslE FEE A

olg]sk Mn o] & A #Alo] LiMn0,0 1L B Aol ojush

o2
0%k

o]
= VA=A dotry] ffdl XPSE ARGste] E™ du A digh &

1%
ftlo

AT BE XPS datal] peak fitting 7] Table 1o A2 o] It} Fig
195 F 709 reference 23 112 X3 LiMn,0, Aol thdk O 1s orbital
gl XPs dataoltt. oA ¢hds] T A2 LiMn,O, (-MnOy) =3}
Mn,O; powder®] XPS dataE 112 H¥ Aol BAJo] tf)3t reference= Al
At A &EFH LiMn,Os (A-Mn0,) 2 O 1s spectrume U233} 28 470 9]
peak ©. % fitting ¥t} 535 eVS binding energyoll $1X3}= peakS # &4 Q]
LiPFs 93¢ #al2 <&l 9=+ LiPFRO, Adiel o& yelvdA #ch =

Sk 533 ~ 534 eV2] O 1s photoelectron> R-CH,0CO,-Li 3}%& 2] -CO, 7%

-52 -



o Al feisl™, 532 eVe] peak> Li,CO; 3}3t=2] -CO; 72= <lal vehdt
t}. 97|14 Cc¥ 0o® o]Fojz R-CH,0CO,-Lit} Li,CO; &3r&ES #afa
Bz o AAEHE FAREo|H, o= yuS A AEoRE duA

2At}[34, 63] 530 eVl YEFLF= O 1s photoelectron A-Mn0,2] A} F+2=

o] FiL 3= Mn-O A2 RY T Hrt[64]

I HIS AR LiMn,O, =2 XPS datai= depth profilings 53l zlo]
WY 24 WstE EA4sith ol fl@l Arion beame ARE-Sto] R
EA5t s B4 94 AIZF FF etching 3 | XPS spectrum= A% © ™, Fig
19¢) 7}7}¢] etching A1ZHS 3EAISEITE WA Li foil g A= glo] 1147

12 B3 LiMn,0, A2 XPS spectrumoll 4] uppermost £ o1& Ay

B, 532 ~534eV FGolA A &3l AbEol gk peako]l AA #HEH L

Ao 530 eVelA Mn-O Aol &5k peak:= ¥HFT F Stk o7]A

uppermost 3 FFolvk AL 7Y wEE 4 o9& oln|stH, etching AlZE
0]

o] 029 A-5olt) 119 B3 A=A 530 eV Mn-O A3 peak> etching
)
’_1

o
>
=
ol
o0
2
<
N
N,
Ny
B
rlr
o,
o
ftlo

HIT} o= Ar ion beam
etchingell ¢34 LiMn,0, =+ WS 93 9 99 AE (F= dsid
el akE)ol AAF AAET] wiigel] vw Aol 7HE A " LiMn0, E=
ol eJFo =euA ¥Hol yEhs et

ey 119 By A9 uppermost A olo] EAEE Mn-O peak?)

o

Zldo] TR = g5 @A 7] g5k I ol Fig 199 reference
XPS spectracll A &1 4= Sl%ol, LiMn0,8 AA 7 2E ©lFal U= O

A4 & Mn AFSHE (Mn,05)8 AAF %25 o]F& 0 949 binding

-53-



energy’} EF 530 evVZ wl$ FAFSHZ] wlFolth ARt <A Raman
spectroscopy A4S T3l 11¥3F 12 R3S LiMn,O, A wde= Al
At weEbA 11
d Bt §izke] Ede| EAEHE Mn-0 AdS AAZ E@ Mn AFsHE oA
Tl Fe 7hsAel O Ava & QUth

149 B A= XPS spectrum> 119 B3 A3 Ads] g 245S

o] &k
- =

A8 Mn AsHEo] T EAUTE AFIS

+

ol

Heltk 94 uppermost T G4 532 ~ 533 eVe] Ml 3l AbE]
gt peake] 7HE A #FEEHT vkeE AL A FARE 540t 1
P 119 By A3 g2 149 23 Aol 530 eve] MnO AT

peako] A3 vER}A] 9=t} Fig 179 Raman spectrum 4104 149 W
A=0] 2o E AAAE Mn AbslEo] v EAsithE AMES Ele
ATt 287 wFo] XPS| uppermost EH Fovt Mn-O A peako]

JEA @ ol frmi 149 Wi AFo] ANHE Mn AR B ¥

oe Mn2p 92 XPSdataS M) a) Bk

Fig 202 A 7H9] reference =23 11Y, 1494 72 H 73 LiMn,O, 2=
th sk Mn 2p orbital &3 2] XPS data®|t}. -4 reference datag! A-MnO,, Mn,Os,
MnF,ol ™3t XPS spectrums H|waj K. gktl A-Mn0,2] Mn-O Aol tjst
binding energy:= 643.2 eVE Mn,0;9] 641.9 eV ®U} ¥ & #S zt=th 1
ol fr= A-MnOy& 733k Mn o] AFgtyE 491 REH, Mn0:= 3719

Mn o] 0% olFol A9tk ol Mn o] &9 MBIt EE5E 0 o] &3

-54 -



kA Adretr] wEo ©] £ binding energyS 7HA Al ©tk. 2# ] MnF,2
3% Mn o]2¢] Abstrh 29lel &8kl 644.0 evVel 7Hd £ binding
energyE 7Hlth o= Mn o]2¥ F o] 28] A3 A=V O o] A
Bop B4 7Fety] wEolvh.[64, 65]

olF nlgo R 14% R A= XPS spectraE H]w | EH uppermost %
™ g (etching time = 0, 20 sec)®] Mn 2p peake] Aoz Yi 9
(etching time = 500, 1200 sec)$] Mn 2p peak®.TF I binding energyll 4] YERL AL
St} olu uppermost 3£ <] Mn 2p peak®] binding energy= MnF,2] 1

A Ax&, o]= 14U pLoA HAI LiMn,0, YA FHeF md

22 AP Fig 2l E ##E o Stk Fig 212> B A LiMn,0,
=3 Li foil Aol A= glo] 2olA 2<d, 114, 14 B a3 LiMn,0, W=
o tf$t Mn 2p orbital &<} 2] XPS data©|th. X.= data:= uppermost 3%
e YERYSITE olwlE 149 ®F W= Mn 2p peak?to] -2 binding
energyoll Al #ZHT = 144 B AT FHolF wHvo] MnF,= Hoigl
Th= AR S oA &1 5 Qi
o] A¥E utgro g 3l Fig192] 149 By A= EWol|A Mn-O AEo]
UebA] s AN E fJA Aol Thestith Al £ox &EF Mn o
20| 2tskE FEHE LiMn,0, YA Ede] A& et F7FAQl s
Fal MnF,E W] wiEe] 149 B3 H=C] uppermost
¥ g Ads Mn-0 o] obd Mn-F7F EAEHA "ok ol st dAl

sl ok 2 whEA(1)S BElE 5 oAth[3T]

-55-



MnxOy + PF5 ad POF3 or POZFZ + Man (11)

rlo

oluf 149 RT3t LiMn,O, YA EHo] MnF, =o] ATt AHA

ol

2

=

A71getA o w g F ouE ZH=Th MnFis LiF9E 2ol Li iond
WA Z AT A= EEE LA A7) wlEolth[36, 37, 66] wEkA
LiMn,O, 9A+E] WOl MnF2 9ofls 49 3 d9 Aol A4 F7}
shA ot ok Adr)Est A AREHEHE L foil Aol A5 glo] 1497
HSE LiMn,0, A=2] 1 EH3F Al 5%t A= AF Srtete AR
&= g F Ak oW d= A3 SUEE] P Q]lo] v A g

S7teh= impedance 4 AdE wig oz @ o, A xWe] AYH=
=

ofshr7l= F2 delolgt= 4

o

MnF, 38t EZo] 12 ¥y 51

WE < ol

-56 -



30 days storage
with Li foil

14 days storage
without Li foil

Intensity (cnt)

11 days storage
without Li foil

Fully charged
LiMn,0,

493

589

651

651

589

300 400

500

600 700

Raman shift (cm™)

800

Figure 17. Raman spectra of fully charged LiMn,O, electrode and LiMn,O,

electrodes stored at 60C in electrolyte with/without Li foil. The storage condition

is indicated in the inset.
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Figure 18. Raman spectra of MnO,, Mn,0O3; and Mn;O, powder
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Figure 19. The depth-profiling O, XPS data obtained from the stored LMO
electrodes. The spectra for two references are shown at the top. The etching time is

shown in the inset.
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Figure 20. The depth-profiling Mn,, XPS data obtained from the stored LMO
electrodes. The spectra for three references are shown at the top. The etching time

is shown in the inset. The magnified spectrum for 0 s is given in the inset.
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Figure 21. The Mny, XPS data obtained from the stored LMO electrodes. The

storage condition is indicated in the inset. The etching time is O sec.

-61 -

= Y



U3 2 LiMnO, =5 112 Adfidel] Bad 3, dajd Ealz <l

(Mn ion dissolution) &7Jo] #HAstA H

=o] §l= A-Fol= Mn ©]&°] LiMn,O, ¥= Z£C % olgste] A w9
Mn 2F3}E FHEl2 -2 (re-deposition)Eth A2 © Mn AHsHES W3
A BaE Qs ¥ PFs & HF9} whgsto] A el MnFE 73
Al ol AAE MnFe 9 AdS Al TVRAA HEXCR

LiMn,O, A2 £ polarization ot 1 A3 & HES AR

o
Jo
ki

ol

LiMn,O, AA= HHY S71= s &F =3t d4S A4 doh s 2
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highly resistive

particle

Figure 22. Schematic description for the mechanism of re-deposition of manganese

species on spinel LiMn,O, particle.
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70
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Figure 23. The discharge (lithiation) capacity retention delivered by Li/un-doped

LMO and Li/Al-doped LMO cell at an high temperature (60 C).
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Figure 24. The room temperature (25C) galvanostatic charge/discharge voltage
profiles obtained from two Li/LMO cells: (a) before storage and (b) after storage
for 14 days at 60 C. Current density = 20 mA g *. Voltage cutoff = 3.0 ~4.3 V (vs.
Li/Li").
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Differential Capacity / mAh (gV)" ’Q-J“
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b)

Differential Capacity / mAh (gV)'1

Figure 25. The differential capacity (dQ/dV) plots derived from the discharge
voltage profiles in Fig. 24: (a) before storage and (b) after storage for 14 days at

60C. The impedance data obtained from two LMO electrodes after the storage
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protecting effect
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Figure 26. Schematic description for the failure mechanism of un-doped LiMn,O,

and Al-doped LiMn,O, particle.
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Figure 27. (a) The room temperature (25C) galvanostatic charge/discharge
voltage profiles of the Li/LiMn,O, cells after storage for 14 days at elevated
temperature (60°C). Current density = 2 mA g . Voltage cutoff = 3.0~4.3 V (vs.

Li/Li*). (b) The differential capacity plots derived from galvanostatic

charge/discharge voltage profiles shown in Fig. 27(a).
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(anodic stability)S Z Al A AT B o] th[82, 83] Wk LiPFg
AS AR A9 Al FJAA F24 (corrosion) A2 AL dojupx] =
t}.[83]

, Al-doped LMO A} x¥e] EA3= Al &S £33 Ho3ld Al
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o] F 1s spectras Ay X ™ Al-doped LMO A=2 686.6 eV oA peak
intensity”} ©] =4 YEYaL Qlt} 686.6 eVE binding energyE 7FAl = F 3}

52 LiPF,0, =2 Al(OH)Fs,°]T}. ©lu] Al-doped LMO Z=rollqt Al 315t

-81-



T} Fig 31 (c)¢] O 1s spectra®l| A &= peak fitting 235 v} S 2 Al-doped LMO
A= mHo ALO9 AI(OH)Fa 7t F7H8 oz EA s

[e)
A
ltt #7148 02 Fig 31 (d)2] Al 2p spectra &JA] EH e Al 3}gtEo]

!

ol

ALOs9t AI(OH)F3 2 o] Fo]A Qitks Z1E st o] Qcokshd,
A2 BykE A% Al-doped LMO §1AFe] Erelli= AlLO;9F Al(OH),Fax8l 7

FE= TAE Al SeE veto] AddE

-82-



Al-doped LMO

100 95 90 85 80 75

Binding Energy / eV

Figure 28. The depth-profiling Mn 3s and Al 2p XPS data obtained from the Al-

doped LMO electrode after the storage. The etching time is shown in the inset.
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Figure 29. The Al 2p XPS spectra obtained from the Al-doped LMO electrode

before and after the storage. Etching time =0s.

-84 -



Un-doped LMO

Mn 3s Al 2p

100 95 90 85 80 75

Binding Energy / eV

Figure 30. The depth-profiling Mn 3s and Al 2p XPS data obtained from the un-

doped LMO electrode after the storage. The etching time is shown in the inset.
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Figure 31. The C 1s, F 1s, O 1s, and Al 2p XPS spectra obtained from the un-

doped and Al-doped LMO electrodes after the storage. Etching time =0 s.

- 86 -



__._—mo

B

Aol 11 #A7)3

Z

3.2.5. Al 33E AA

Foj7) jup

Al-doped LMO &} EWol Al,0s2+ Al(OH)Fs, 2 HeE=Z o]

o] A

AN
=

F (Fig 25) ©]5 o7]°llA

ks
R,

Al-doped LMO d=2] #dSto] A F7F

< /e 42 4eA olvh[es] webd 1wk Fel Al-doped

3}

A

del A4HE Al SEEe F2o du A

Ay
ar

LMO J#F

il Al-doped LMO+ 112 X

ol 3

7 =2

=
<]

&

v A

o ol

o] Al-doped LMOS] 11

Elas|

2~ 9]

oo
==

oh B UE ATEA Al 3

9 LiMn,0, YA %ol 58 (coating)Sh ¢ il

o}

]

o

<
T

ojiy

i

K17} o] Fo] A Qlth[33, 56, 86-88] olu Al 3}3t

-
L.

e

< (12, 13, 14 =3l

"

U= HF scavenging

S

=
o

7V 2 ol

EE R

Al 71t} [89]

)

To
=
N

ﬂ
ar

(12)

A|203 +2HF — A|202F2 + HZO

(13)

Aleze +2HF — A|20F4 + HZO

(14)

A|20F4 +2HF — 2A|F3 + Hzo

-87-



M AT Ajefq Ao EASE HF= 1294 LiMn,O, YAE
3}

&A3te] Mn o] &

o [e) o A= 0

=
et HRE 94 W MR, A4S 521407 59 F7bdel s

O

o= #olsty] ool LiMnO,8 11 H3F Fgoel] Al TS &

rlr

EAo|th[17-19, 30] whebd Al stgtEo] Halde] HF $%5 EoF<
scavenging 282 dlE A9 12 Aol A MAE F Aok AA

ICP-AES 4o A Al-doped LMO+= un-doped LMO XU} Mn ©]2 &Z&0]
A A=, ol Al ghtE 99l &%k HF scavenging £ E & 5 Sl

o} =, Al-doped LMO®] & H¥ A5o] 38 o]f= Y=} el A

rlr
2
o
o

Al FeE muto] HF 93t LiMn,O, &4 E3EE dols
737 wEolth
AA MAUSS okt o3 2t Al-doped LMO =& 112 73|

Aol HEPPS W, Mn oS £57 Yo £ B Al 0|29 APE 75
% o

29 A WAYSS Fig322 Schematic description® 2 2] 313

o

-88 -



Mn2+,

Surface film formation
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Figure 32. Schematic description for the mechanism of re-deposition of
aluminum species after dissolution to improve high temperature performances

of spinel LiMn,0,.
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Figure 33. FE-SEM images of the (a) bare LiMn,0, powder and (b) zeolite
attached LiMn,O, powder.
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Figure 34. The discharge (lithiation) capacity retention delivered by bare

LMO/Li and zeolite attached LMO/Li cell at an high temperature (60C).
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Figure 35. The room temperature (25C) galvanostatic charge/discharge voltage
profiles obtained from 3™ cycle in formation step. Current density = 2 mA g .

Voltage cutoff = 3.0~4.3 V (vs. Li/Li").
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Figure 36. The room temperature (25C) galvanostatic charge/discharge voltage
profiles obtained from four Li/LMO cells after storage for 14 days at 60C: (a) SOC
0, (b) SOC 30, (c) SOC 70 and (d) SOC 100 sample. Current density = 20 mA g".
Voltage cutoff = 3.0~4.3 V (vs. Li/Li").
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Figure 37. The room temperature (25°C) galvanostatic charge/discharge voltage

profiles obtained from four Li/LMO cells after storage for 600 hours at 60C.

Current density = 2 mA g *. Voltage cutoff = 3.0~4.3 V (vs. Li/Li*). The SOC of

each LiMn,O, electrodes are shown in the inset.
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Figure 38. The XRD data obtained from the LiMn,0, electrodes after storage for

14 days at 60 C. The SOC of each LiMn,0, electrodes are shown in the inset.
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Figure 39. FE-SEM images of the LiMn,O, electrode surfaces after storage for 14
days at 60C: (a) SOC 0, (b) SOC 30, (c) SOC 70 and (d) SOC 100 sample.
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Figure 40. Atomic concentration of C, O, F and Mn in surface films, which are

derived from the depth-profiling XPS spectra, obtained from the LiMn,O, electrodes
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at formation step. The SOC of each LiMn,O, electrodes are shown in the inset.
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Figure 41. Atomic concentration of organic and inorganic components in surface

films, which are derived from the depth-profiling XPS spectra, obtained from the

LiMn,O, electrodes at formation step.
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Figure 42. The C 1s, O 1s and F 1s XPS spectra obtained from the LiMn,O,
electrodes at formation step. Etching time = 0 s. The SOC of each LiMn,O,

electrodes are shown in the inset.
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Figure 43. Atomic concentration of C, O, F and Mn in surface films, which are
derived from the depth-profiling XPS spectra, obtained from the LiMn,O,
electrodes after storage for 14 days at 60 C. The SOC of each LiMn,0, electrodes

are shown in the inset.
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surface films, which are derived from the depth-profiling XPS spectra, obtained

from the LiMn,0, electrodes after storage for 14 days at 60C.
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Figure 45. The C 1s, O 1s and F 1s XPS spectra obtained from the LiMn,O,4

electrodes after storage for 14 days at 60 C. Etching time = 0 s. The SOC of each

LiMn,O, electrodes are shown in the inset.
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Abstract

The effect of compositional changes in surface films on the
positive electrode performances of spinel-structured lithium

manganese oxide (LiMn,0,)

Daesoo Kim
School of Chemical and Biological Engineering
The Graduate School

Seoul National University

Recently, lithium-ion secondary battery is positioned as a power sources for portable
electronic devices such as mobile phone, notebook computer and power tools. The
application range is being expanded gradually to plug-in hybrid electric vehicles
(PHEVs) and electric vehicles (EVs). The spinel-structured lithium manganese oxide
(LiMn,Q,) is the promising positive electrode materials for the power source of these
new vehicles due to the advantages of low cost, non-toxicity and high power
characteristic. Unfortunately, the intrinsic shortcomings of the poor cycle and storage
performance at high temperature are still obstacles for the actual application. The
dissolution of manganese ion into electrolyte, local structural instability, increase of
cell resistance by electrochemical oxidation of electrolyte, and the Jahn-Teller

distortion have been proposed for the reasons of capacity fading at high temperature,
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but the exact failure mechanism has not been completely clarified. In this works, the
effects of compositional changes in surface film on the electrochemical performances
of spinel LiMn,O, are studied. This approach offers some new perspectives to
understanding the failure mechanism of spinel LiMn,O, at high temperature.

At first, re-deposition of manganese compounds on the LiMn,O, electrode surface
and its impacts on the electrochemical performances at high temperature are studied by
storage experiments. During the storage with Li foil, the dissolved Mn ion was plated
on the Li foil surface. When stored without Li foil, in contrast, the dissolved Mn ion
are re-deposited on the LiMn,O, positive electrode surface to form the manganese
oxide. This re-deposited manganese oxide reacts with the electrolyte to form MnF, film
on electrode surface. The MnF, film on the positive electrode surface is highly resistive
to lead a cell polarization. Because of this MnF, formation, the cell fabricated with the
LiMn,O, positive electrode stored without Li foil shows serious capacity fading after
storage at high temperature.

Secondly, the effects of doped aluminum ion to the composition changes in surface
film of the LiMn,O, are studied by a comparative study between the un-doped and Al-
doped LiMn,0,4. Upon storage at the high temperature, the doped Al ion dissolves into
electrolyte and re-deposits on the surface of LiMn,O, electrode. The X-ray
photoelectron spectroscopy study indicates that re-deposited Al compounds in the
surface film are composed of aluminum oxide and fluoride such as Al,O; and
Al(OH),F.« species, which are known as scavenger for HF in electrolyte. The Mn ion
dissolution from Al-doped LiMn,O, is greatly suppressed by the scavenging
mechanism of Al,O; and AI(OH),Fs;, species. Due to the specific surface film
generated by doped Al ions, Al-doped LiMn,0O, exhibits improved storage performance

at high temperature.
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Lastly, the influences of SOC (state of charge) on the chemical composition of the
surface film and its impacts on the electrochemical performances at high temperature
are investigated by using the X-ray photoelectron spectroscopy analysis. The high SOC
LiMn,O, electrode exhibits better storage performance at high temperature than low
SOC samples. This characteristic phenomenon is explained as follows. During the high
temperature storage, LiF abundant surface film is generated on the low SOC LiMn,0,
electrode. On the surface of high SOC LiMn,O, electrode, in contrast, LiF deficient
and organic abundant surface film is generated. It is confirm that LiF film is highly
resistive for the electron and ion conduction to lead a cell polarization. Because of this,
low SOC LiMn,0, electrode shows serious capacity fading after storage. On the other
hand, organic abundant surface film on high SOC LiMn,0O, electrode exhibits low

resistance and completely covers the electrode surface to improve storage performance.

Keyword: Lithium-ion secondary batteries, spinel-structured lithium manganese oxide
(LiMn,Q,), failure mechanism, surface film, re-deposition, Al ion doping, state of

charge (SOC), XPS
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