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Table 1.1. Comparison of Various Positive Electrode Materials

LiCOOZ LiMn204 LiFEP04
Voltage
4.0 4.1 3.5
(V vs. Li/Li*)
Electric
conductivity 102 10 108 (very low)
(S/cm)
Rate
Mild Good Poor
capability
Li* diffusion
2-dimensional 3-dimensional 1-dimensional
path
Specific
capacity 130 ~ 140 120~ 130 160~ 170
(mAh/g)
Thermal
Mild Good Best
stability
Layered Spinel Olivine
Structure




Table 1.2. Comparison of Various Negative Electrode Materials [16]

Li Graphite LisTisO12 Si Sn MoO;
Lithiated
Li LIC5 LI4TI5012 |_I445I L|44Sn L|20
Phase
Theoretical
capacity 3862 372 175 4200 994 874
(mAh/g)
Volume
100 12 1 300 300 100
change (%)
Potential (V
0 0.05 1.5 0.4 0.5 0.8
vs. Li/Li*)
9
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Table 1.3. Comparison of Various Solvent Materials for Lithium ion

Battery [17]

Solvent Structure M. Wt T,/"C Ty"C nicP 3 Dipole T/°C  digem™,25°C
5°C 25°C  Moment/debye
EC [:°\ a8 364 248 1.90, 29.78 4.61 160 1.321
o 40°C)
PC ° 102 -48.8 242 253 64.92 4.81 132 1.200
RS
BC 116 -53 240 32 53
¥BL Q—u 86 -43.5 204 1.73 39 423 97 1.199
TVL C0)=0 100 =31 208 2.0 34 4.29 81 1.057
NMO | 101 15 270 25 78 4.52 110 1.17
e
DMC 0 4.6 91 0.59 3107 076 18 1.063
~ o (20°C)
DEC 9 118 -74.3* 126 0.75 2.805 0.96 31 0.969
e
EMC /\/?\’/ 104 -53 110 0.65 2958 0.89 1.006
EA -1 -84 77 0.45 6.02 -3 0.902
P

MB \/ﬁ\/ 102 -84 102 0.6 11 0.898
P
EB NT\o/\ 116 93 120 0.71 19 0.878

10



Table 1.4. Properties of Salt Materials for Lithium ion Battery [18]

LiPFs LiClO, LiBF,4 LiAsF¢
No HF
High Li*
Advantages High solubility Good Anodic Thermally stable
conductivity
stability
Moisture problem
Disadvantages Thermally Explosive Moisture problem Toxic
unstable
11

= A £ &
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Table 1.5. The required Properties for the Separator for Lithium ion

Batteries [19]

Parameter Requirement

Chemical and electrochemical  Stable for a long period of time
stabilities

Wettability Wet out quickly and completely
Mechanical property >1000 kg cm ™' (98.06 MPa)
Thickness 20-25 um

Pore size <1 um

Porosity 40-60%

Permeability (Gurley) <0.025 s um’ '

Dimensional stability No curl up and lay flat

Thermal stability <5% shrinkage after 60 min at 90 °C
Shutdown Effectively shut down the battery at

elevated temperatures

12
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250

Figure 1.1. The comparison of the various types of battery in terms of

specific power and specific energy: The lithium ion battery is the one of

the advanced energy storage media by exhibiting the high power and

capacity. Excerpted from the website of Battery University.
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Figure 1.2. The schematic diagram of the principle of how lithium ion

battery works.[20]
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. | Li,Mng3sNig:0;
= 44 LiMno,
5 LisV2(PO,) =3
A ET=-1LiFePO, S
2 34 Lo 3
2 ®
I bis: 'S
*GC'J‘ 5 TiS, Lo
o
Q. LiTis0;;
R o T
~1 LiTis, Graphite
0 T T T v T T
0 100 200 300 400
Capacity (mAh/g)

Figure 1.3. The electrochemical

stability window of the typical

electrolytes are depicted. The working voltage and the capacity of the

various electrode materials are also demonstrated.[21]
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1.3. LiNipsMn; 504 (LNMO) %&¥=2] E4

LNMO+= WAl spinel 7%¢ A= &% LiMn:0Os (LMO)°l Nis
BEAOZ H7M(doping) ¢ A= =Ao|t}y. ¥7F*(space group)<> Fa3m,

P4332 59 -+ 7FA7F A

deetAl= LiNiosMnis04-5 2F & 5 vk Fe3me %EF Zh+= LNMO+=
= - WA A] AYHeE (voltage plateaw) 7} 270 YEbY A, o5& ZHzF 4 V
9 4.7V vs, Li/Litel &gt

4.7 V ovs. LI/LITY & AFe-5 Nig Abstgrt ®iglelhs o=
adH A oM 4] 5 Vel Fdhe 2 AR 7€ 4 Vi LiCoO: 59
Aol vl duA] HEgE 34T 5 dvkes FHS Zteth

4 Vvs. Li/Li"e] sgste= A9E et Mno] Abstgrt wigtets Fito] v
(Mn* <=> Mn'") Mn®'¢] HEHE A/t Mn’ o EAZ A= 29

AAFAEA (electric conductivity)©] P43329] %5 zF:= LNMOeo| 13|

ofN

o} & Zerh22] AT AwHow

gEHo] o Srsjrhs g

e
o

Mn®*= Jahn—Teller distortion®] <3+ Mno £=& Z#3sl7] wEoj

o}, Fe3mo FxE& Z&

A714Q1 AtolE Bl 3ol =9 F

32

LNMOS$= "2, P43329] %2 Zt= LNMO¥ Mnd Nio] Azt U #
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dEd ow, 4% FEAFS LiNipsMnisOs  (LNMO)©]7]e Mn<
abslpzh WskskA] ok, Nie] Abshpnt Wstoh webs F - WHAl 4V ovs.
Li/Litel|Ae] Ag et et gtk 33krel o 3 - 34d As
4 FHEAO] zo]i= Table 1.6 Figure 1.4°] YeRlon, & 33kt
XRD A#EZ 2ol Figure 1.5°] YER AT

1997 LiNixM2-x04 (0=x<0.5)7} A& A58 olHdE 1% AR (solid
state method)o] A4 &olA wZel LNMOS T4 Wrloe=
AHEEIlOY E=E A (impurity phase)?l LiNiOy9 44+ A&
AL o] wEeo] LNMO2 o]28&%o] 147 mAh/gele =738t 1 C
71% 9 120 mAh/ge] &3ytel A EaArh[23] o]F EF-A(sol-
geD®Hel 2k LNMO @ 4o qAURe]l dEen 1 C 7%+ 130
mAh/g °]49 &% 4 5 A HAh[24] o= AW LiCo0:9]

S nA ety Ay doks sk @95 #E LiCoOEH oF 20%

Aadct g LNMO A=S AEHow F - 9de "3y A SEIZ}

¢

A&How AYHM ot HF oled MAYHoR 4R §3o 4N

P

oH

=

.

St 12ofA LNMO =5 - -Wd & AS Ao Hld Afol&

f ,



Abglol 93t &52 (LNMO) % A A A (current collector) 2] A zro] o] x| +=
AI[25] HolF&2] SFolth[26] AR H= FEA ¥ FJAAel 4o
zojdl o] WEalA AWEA 29kom D. Lu et ale AT Aol

Azto] ol o] WA 2rTh[26] webd LNMOS i ApolZ
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Table 1.6. Comparison of Two Types of LNMO [27]

Structure

Disordered

Electrode LNMO
Space group Fs3m P4 332
Stoichiometry Non—stoichiometric Stoichiometric
Voltage plateau 40V &4.7V 4.7V
Rate capability Better Acceptable
Electric conductivity Higher Lower
® Liga) o Li(ea)
& Mn (16d) ;) ::r:?m
Ooe) O o240

& o)

&

Ordered

@O L 630,
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Capacity / mAh g

Figure 1.4. The typical charge/discharge curves of LNMO (Fg3m) and

LNMO (P4332) at 10th, 30th, 50th cycles at 30C. (a) LNMO (F¢3m), at

C/7 rate; (b) LNMO (Fq3m), 3C rate; (c) LNMO (P4332), C/7 rate; and (d)

LNMO (P4332), 3C rate [28]
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Figure 1.5. Rietveld refinement profiles of XRD data for (a) LiNiosMn1.504-

s and (b) LiNipsMn; 504 are demonstrated. [28]
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1.4. £AY=(SED

2L

AL TR Wl Qlo] kAo w FEE 5= Qe WS ztet)
o= Al (Electrolyte stability window)©o]g} 3tth, dubd o7 HAaf g
0.8 ~ 4.3 V vs. Li/Li"e WHYE zt=v), WS Figure 1.39] E, of

T A W7 olurt FAY sho}

1o

electrolyte®l] #l@sich whel A=+
o] HOZE Hojpd AN Byt dojubA ok gE ol xFA A o A

A 5 AFo] 43 H3l oF 0.05~0.2 Vo vs. Li/LiT9 w2

dlo

—_L
=

1o

o

g
1
2,

| welloll ok SEI g4do] Ui, o= <l

-

&5 71

S,
:(I>l:4
i
1o
ot
rjg

P

7] Hav 2 TARY. wEbA o]ef 2 u7Fe S (irreversible

oo
off

capacity) & Zo°]iA} W& <AF7F WAk whde] g A 4V
9] LiCoO27F 443 = 3th LiCo022 A% A9 25 W7t Ao
W olo] 7)ol &Fol H|3] AH oz A Ho] kA Aolrt. upiA Ao R
= SEIx= @ ArEHduh AT HE 5 VY 4= Edo] &3
Aggel  wEr kT EddA Al Arskwsirt A4s AR
O 7593 F=9] SEI gt &3] A5 FAt [21]

o]

r)
o

5 Vel &= (LNMO, LiCoPO4) ¢ -7 53] T F7]o a2

AFsHE-& (oxidative  decomposition) 7F dojuyb=d], o] Al Li'r}
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H7bd A o7 awE® I A3 SEF A FHe] AAEol A
ZF - Wo] 7bsskA "t ol9k & SEI= Figure 1.69] SEI9] RALEE

g SFWh ollel ¥=e] ¥Welk: SEIF 9dow #EF ole&s

Asione] Raol % mrIHQ §F BT Fol7] I WAL
AT Aol A wAelN Easy] Aol AAA Bl A2

AWeA 9e & gom sl Bal] 9@ F71H SEIY 4YL

it
rlo
™
il
Ao
L)
offt
i)
1o
=
=2
>,

AAE 4 Avk. o W, HIHAS] Z8 A
Qb A olofof st sk Frolofof gttt

==°l SlelA= VC (Vinylene Carbonate) [29], VEC (Vinyl Ethylene
Carbonate) [30], FEC (Fluoroethylene Carbonate) [31], LiBOB (Lithium

Bis (oxalate) Borate) [32] &2 H7FA7F Adal|do] s 7] o] Ao

WA gaRs o] AT WS Witk o SEIE A FrHe

[e)
A

FARANG W B §F 470 49 Aow wuH

3
o

LNMO <=9 739, 2% A7t 4.7 V vs. L/LITZ w$ =7] wf&of
A= xHelA e AbshitalE 93 ¢ vy mepx] A% HIMAE
As| A Hrpstor, 3 FAAl H7EAS] AtsES|7F dojuw Abst

HEo] A3 mwg dol dalolel F7bHel HelE uheth LiBOB[33],

23



TMSB (Tris trimethyl silyl borate) [34], TMSP (Tris trimethyl silyl
Phosphite) [35], TMSP (Tris trimethyl Silyl Phosphate), LiDFOB (Lithium
Difluoro Oxalato Borate) [36], FEC[37], thiophene[38] ¢ FH7HAI7}
1AL FFEA F FAo AFE Vo E Sk AoE HaEo| Qi
ol H/MA= A= EWS K (passivation)dh=dH, ol gEoIE&

FA7)E A2 B9 Fd dsdoze dx As ol dsdol

4
N
K
>,
e
n
rlr
o
=
N
2
i

olt}. Figure 1.7¢ = H7FAIe} A&l o 2

1.4.3. Querceting] A
Quercetin A}l A o gy E A 5+ flavonoid @] AdE0 7
SHakshA (antioxidant) 2412 2Hg-S stoh, =, AAE UEzod= AT

s

S
<

=42 F2 gYZ(radical) T EAY HAAE dEs WS

tlo

gFomA o gt Al7l= 5= Zen[39] Quercetin®]

Y

acid) @l PFs9} Wk$-&lo] PF;9  7b3el (hydrolysis) ®HHSS  xjehsk
Ve 2o lvkar Az

Flavonoid?® 7]¥ F% 4 Quercetin® %= Figure 1.8¢] e}
Figure 1.8¢ (b)& X, Quercetine hydroxy#g7] (-OH)E B 189

39l @ 4wl ghaol, A mEelt 59 @ 79l ghao] C melel: 3wle] Za
2 4



o] o
P

ftlo

< 4 Sl
Quercetine Z7|ststx o=z AkslE A9 Axy W C 1E+s

Hl7td A o7 AstyEw | B 118]E catechol ZHg7]o)A quinone ZH&7|%

(L
-OL
rlr
>\l

102 A v} [40] Figure 1.9 Quercetin®] E ¥ zlaf ol of

ArigtetA el HE AbstEs AVt or dEde AA oka, A=

o
i

X F&REo  Asfde EASE=  Quercetin® F7FHSl AF

)
S
N
39
~
)
i
o
it

o|th. [40] std, 7} A Q1 Quercetin® 4bsl 2}
19 peakel thsAl = Figure 1.100] YeRASITE

2012 Quercetino] A& Aol A2 A Li // LiCoO: AA2] ZF - ¥
7ol AolA 35041274 o FAEJT Bi HA[41]
sHARE e dddel ok Avo]l WAl HoA ggton
Quercetin® EC 7|Rbe] 7] GmjellA o] A3t AFel tsirde dexd wprt
Stk ©hRb Quercetin® HF AtstEo] AV|EEAow A4S HERA
dEvheE S & W, Quercetin 7|8 SEIZF H7HAIZE §le 71+ AsiA
7IRES]  SEIR G QbgZoloja Hdafjfe] Fallo] od &7 HEHE £

LiCo0s9] 98 &Ad] =20] ¥9e Aoz Azt
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Graghite Litdn, 0, Li ion Mn ion

Figure 1.6. The demonstration of SEI: SEI covers the surface of each

electrodes. SEI acts as a passivation layer.
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— Additives oxidation

F

Q 0 P . o-o . --'F . ;_{

Li* Iﬂ:s ﬁ B Li O\H/O

L e T
Oxidative electrolyte
decomposition
o
PN )
o ©

. 1 1 1 1 e« U/ o707

3.0 34 3.8 4.3  Voltage (vs. Li/Li*)

Figure 1.7. Schematic diagram of the oxidation potential of the electrolyte

and various additives are demonstrated.
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Figure 1.8. The structure of (a) general flavonoid and (b) Quercetin
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E/Vvs. Ag/ AgCl

Figure 1.9. Cyclic voltammogram of 10> M Quercetin in pH 3.5 (- )
acetate buffer, pH 5.5(---) phosphate buffer, pH 7.7 (=) phosphate buffer.

Scan rate was 100 mV - s ![41]
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Figure 1.10. The proposed electrochemical oxidation mechanism of

Quercetin: Two electrons involve in the oxidation of Quercetin and it is

reversible. [41]

30
A& gk



off

B AT A%HQ F-wpdel WE LNMO 43¢ &

7lﬂ.

g

5]

[¢]

Az de FEE Eol7l sl 2% Querceting sl o
A=e] Hiks a8 5 deAE FstuA skt Quercetin®] F4ks}
gl o PF:9 2§ oA Bl A5 mWo SEI ¥4l odH. ol
f8ke Quercetin®] =opgli= Ael 95 Li// LNMO Wb Aol ARE-3FoiTt,
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Gopr gttt T, FE-SEMe ©o]&sto] F - Wxlo] & LNMO =
FHE A3 sl Aols Felstua 3tk EIS 9 XPS, FE-SEM
9 TAs EdE LNMO d=eAe] dolwd &=o] <7d# w XRD,
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A 2R

|

2.1. A=9 A|Z(Electrode preparation)

LNMO (LG Chem. |4 ®5) =% (active material, powder form)-&
A=0= Axsh7] flete] b9 34 AR

LNMO: Super P (A%A] ¥&2%): PVdF (Polyvinylidene difluoride) #®}¢lH
= 90: 5: 5 (Wt.%) 8] H]&o] HEF AFst thg o] EAES U5 419
&8 (slurry) Fel® wHE3lth o] o], PVAFE *°]7] 913 NMPE &=

AgeT. BEeld &

A1)

2]

rlr

or2n)y U (current collector) el doctor

blade 7]&S o] &3] 7443 F7(8 ym) Z I =3I}

KU
i,

g L

Z

MO =& (LNMO composite electrode) o] 53l NMP=

geol7] 93] 120°C ¢ QLEA 2087 AxsIgow, LNMO FEA I

1
u

g XY (current collector) 2] H=F& A4 W=7 fs F+ Ak
S (pressing) 3= H8& AR 1 thy AT 24E 0.95 em®9] WAL
ZHe Ao ® A &, 1247 B9 120 C I EA x5t

HE53E= NMPES 243 Al AT o] ygoz wEojx A< (composite

N

electrode) o= FHa A o2 ToHZA (1 cm® % 2.7 mgvE2 LNMO7}
H

et 9

32

o} AxE A2+ 2AT= Figure 2.1 YR QT
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2.2. A3 A A|Z (Fabrication of the electrolyte)
Ao AFEE 7]F=A8] N (Blank) S 1.3M LiPFs in EC: DEC = 3: 7

(vol.%) 2] =FAS 2= ZAO % PanaxetecolA T3t th. Quercetin

flo

(Sigma—aldrich)> ¥x 9 AA7d Qo] AajNe 715 At Quercetin®]

Ft
rlr
N

|5 AsjAe] A tiu] 22k 0.05 wt.%, 0.075 wt.%, 0.1 wt.%=
AR O™ Querceting FH7Fet Aa|Ne AHSHA wHF(stirring) 819

2477 BAsto] wdstA Al el == = QU7 SF3lth Table 2.1 2}

2.3. Quercetin® 43} A& (Oxidation of Quercetin)

LiPFs A& X§st= EC 7|9ke] Adsfe} wfellx Quercetin®] A3} 7-&=
sfebal7] siatol Li // LNMOS] W& 818 P45 o] M504 LSV
(Linear Sweep Voltammetry) 2 &eof o] &3}t & A = 3VelA 5

Vvs. Li/LiTe detolA 0.1 mV/s FAEER FAF 519t}
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Asle Y& Fig 2.29 EAEE zk= CR2032 1749 =<4 (coin—

cel) S FH3lo] & - WA 7] (cycler, Wonatech)E o] &3] & - W E4

ftlo

e
o

Aetger. Asjdo] AAX e 2AdA AMAEEZ(fully—wet) b7

ste] A2 AFE FH 24A79] G7IAE Fo] LA mASHT)

_L/

At W e (cut—off voltage) &= 3.5~ 4.9 VE A3kt
AtolE x7] @AClA = 0.1 CellA formation #HdE S3l A= EHo

FHI 9 (SED2 AAsk= dAE AR, 1 9]

T
(@)
A\l
O
2
>
A}
»~
>
s
al
10,

pre—cycle I}4& Fall A=52 @S Hodh AlolE SAS S5

AP 1CY AFelA olFoxon 5o + e AX 48 sl

1 C2 A7 (constant current) o|A] dSto] 4.9 Vol =8k wj7tA] Fd

2. 4.9 V vs. L/Li"2 A$E 143 A(constant voltage) & B2+

A8 A717F 0.1 Coll mestes S5 A& o A7 $ 4 (trickle
charge)

AR Tdol ¥ A% 1 C AF= Aste]l 35 V vs. Li/Li'7HA] "old

f7hA] e skt AFdEsE 1 C = 130 mA/gs 7o =

Al 24 A9 2= A2 9 60T F o]y A24= 100

Abo) Z 714 12 (607TC) 2] ZH A= 804 E7HA] 23 3FS T}
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2.5. 112 &4 (Degradation)

a0 A AAE A7 7Uzr BAsEA Hto]l Algbel wel
oA W3lel=A #&stelth o] AAs 98 d&olA formation A 2
pre—cycle ©A12 F - HHE& Hdsto] SEIE FA 8T

Pre—cycle @A 7} B¢ 3o= 0.25 Co AFolA 4.9 V vs. Li/Li"7H#

FAsE g 743 60 C 9

to
rie
=2
X
s
i
k]

AlZbe] e A<t (open

circuit voltage) @] 7+A AL el vy dA7} 9 £ 35V v

2

LI/LI7HA A=s WAAZ o5 1 Co HAFE SAelE F - WHds

#ske]  Quercetino] Awiy AZPRA 9l A=9 HILE HolFsAE

Alol Zo] By AA+= EIS (Electrochemical Impedance Spectroscopy)
A S B3 2 MHz ~ 0.01 Hz8 S5 W19 HelA 430
ol o w Hafje] A 9l Aedd A SEI A% & Skt

EIS #4o] £ AA= n&d 290719 28 YA st

LNMO A=<= 7833w, o] d=5 Alx &wiel DMCel 3zt 3o

4

tii

E o

2
S
ol
ol
=
32

+ LiPFs 718k §i& AASATH Mn 2 Ni w52

S W& A5 AN FA FAE Aol 9 &9 s AFLHo=E
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¢tol 7] ¢35ty XRD (X—ray Diffraction, New D8—Advance) ¥ ICP—MS
(Inductively Coupled Plasma Mass—Spectroscopy, ELAN6100) #A1&
Al 8y skai Tt

XRDY 4% 5/min® scan rate®, 10 ~ 809 209 WHSANA A&

g5 A5 ol&stt o] 248 fste] AAHEHNOg): FAFHCD) = 18 3

o] By v&E (aqua regia) & Ax3t th5 353 2F a5 Fole
AAe S AT
SH A= ZHe dAEl A AolE gotrR7] 918k C, O, P, F, Mn¥]

FE-SEM +4 (Field Emission Scanning Electron Microscopy, JEOL,
JSM—-6701F)& A}o]lZ A (pristine) ¥ F(cycled) 2 =Fo] 9 Querceting]
EA 5ol wE LNMO = 3¥we morphology? *folE #2317

S15te] Al

36



Table 2.1. Electrolyte Conditions with Various Quercetin contents. Blank
stands for Quercetin—free System and the Rest of Electrolytes are

Quercetin—containing System with a Gradual Change in Quercetin

Concentration
Electrolyte Li salt Organic solvent Additive
abbreviation (in vol%) (in wt.%)
EC DEC Quercetin
Blank 1.3 M 30 70 -
Q5 LiPFs 0.05
Q7 0.075
Q10 0.1
37



-.oo
o o S

[
O Active Material (LiNiysMn, s0,, 90 wt.%)
Binder (PVdF, 5 wt.%)

@ Conducting agent (Super P, 5 wt.%)

Figure 2.1. Schematic diagram of LNMO composite electrode that is

coated on the aluminum current collector.
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Counter electrode

| Working electrode |

1 Current collector

——p Cap

=» Spacer disk

+ =5 Gasket

\/ PP/PE/PP separator

Liquid organic electrolyte

= Counter electrode: Lithium metal (Alfa aesar)

= Separator: PP/PE/PP (Celgard™ 2325)

. Current collector: Al foil

Figure 2.2. Schematic diagram of 2032—type coin—cell
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A 3%

23 3 BEE

3.1. A=+9] EX (Electrode characterization)

LNMO+= Fa3m Hi= P43329 &3t (space group)< 2=t} Figure
3.1+ & Aol AHEE LNMO 7H(powder) & XRDE ©]&3to 244
& g A3E Ytk Aol AHEE LNMO #E4 7= Fa3m9)
TS e LNMO%E Fd3me LNMO =% =g w3 =elsisirh.
Topas Z2I1#S Eal 424 (lattice parameter) = AAFSFR=H|, 8.17A

o gte VeI ol FaArel @

1S

Al

=

t}.

Figure 3.2¢+= Alx2%¥ A= (LNMO composite electrode) &] ¥ B 5
UERH ST LNMO YAk (particle) & A=A © 4 (Super P)7F 41o] glom
A= 271 D FAelA zel7r Al Ao g Heln

AZE LNMOS %7] 7% (formation cycle) 2 Figure 3.3¢] YeERRA T}

2719 F 9" A%E B 40V vs. Li/LiT 2 4.7 V ps. Li/LiTolA A

)

&5 (voltage plateau) 7} YERES & 4 SQlt}. st ZF & & (coulombic
efficiency)©] 89%=% A FSAEHA=U ol= FTHAY =2 Ao wE
=

Ashele] afzk dojiy] wEo.
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—— LNMO

(111)

(312)
(400)

Intensity (a.u.)
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@
17T 17 "1 "1 7T 717
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=
= 3
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_
o
s o~ @ D ™ oo
o o [Ty] [ap Nt
|
(b)

Figure 3.1. (a) The XRD test result for LNMO powder, Fd3m crystal

structure was shown by comparing with (b) reference data [28]
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Figure 3.2. The surface of as fabricated composite LNMO electrode shows

that it is mixed with conductive carbon. (Super P)

42



Formation cycle

5.1
- NiT* > Ni®
48|
— 45}
= i
=~
= 42t
g 3+ 4+
> 39¢ Mn  ->Mn
g)o L
© 3.6}
=
O -
= C.E.(%)
33} T
3'0 Il 1 " 1 " 1 1
0 30 60 90 120 150
Specific capacity (mAh/g)

Figure 3.3. The charge/discharge behavior of LNMO positive electrode at

the formation cycle

43



3.2. Quercetin®] AF3} A& (Oxidation of Quercetin)

LNMOE 4.7 V vs. Li/LiT9 =& H9ola] ZEslr] wjio] s

a7 AzetAl dojdrr. dafd el e dojutr] dell HIRAI7E WA
FalHo] A= THS H%53}(passivation)dhd FAajAe] FrhAH¢ R E
=<4 4 A Figure 3.4°) F71A1€99 &0 E#=Z o] 2oj= EC

(Ethylene carbonate) ¢} Quercetin® HOMO #t& YeER T Quercetine
ECel| Hls]l HOMO%ol =Z17] wjiol EC7F A3lE7] Heof AtstdE Zo=
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Quercetin
-5.93 eV

Major electrolyte component

a
]

‘i'llllllllllllllllq'

o

N

o ©

/

Ethylene Carbonate
-11.905 &V

*susssmsssmenmme

A ————— -

More oxidative

HOMO energy (V)

Figure 3.4. The comparison of HOMO values of Quercetin and EC [35, 42]
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Figure 3.5. The electrochemical behavior of Quercetin in EC based organic
solvent that was observed by LSV method. LNMO electrode was used as
a working electrode, Li electrode was used both as a reference and

counter electrode. (a) Magnified point of view, (b) whole spectra depicted.
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Formation cycle

5.1

Voltage (V vs. Li/Li")

36 Blank Blank C.ZS(BA)
— -~ Qi0 Q0 85
331
N 1 N 1 1 1 1
0 30 60 90 120 150
Specific capacity (mAh/g)

Figure 3.6. The initial behavior of Li // LNMO half cells at RT with and

without 0.1 wt.% of Quercetin additive. The initial coulombic efficiency

was lower than Blank case in the presence of Quercetin.
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3.3.1. &=l & - ¥ 54 371
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A F2 Z3aEES JEHSls Bl & Stk ol Querceting
AFESE A9 T - A" e BHES (side reaction)©] Blankel H]E] ¢
AA dojyt&& veERdY &, Quercetin®] H7he 4§ A3 A

Aol ¥ g olttal & & Sk 53] Q5 B Q79 B¢t FFEEC
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Capacity retention

140 +
— 120 f*
oo
E L
< 100 |
é L
> 80
-
£ |
S 60+
8 r Retention (%)
O 40t Blank Blank  93.4
= —/—Q5
G - Qs 94.3
g 20t Qs Q7 94.1
) I *— Q10 Q10 925
0 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "
10 20 30 40 50 60 70 80 90 100

Cycle number

Figure 3.7. The cycleability test result for up to 100 cycles at room

temperature: there were no big differences between the cells
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Coulombic efficiency
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Figure 3.8. The coulombic efficiency of the cells that contain various

concentration of Quercetin with respect to the number of cycles
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Voltage (V vs. Li/Li")
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Specific capacity (mAh/g)

Figure 3.9. The charge/discharge curves at 1st cycle were demonstrated.
The coulombic efficiency at 1st cycle i1s higher in the presence of

Quercetin than Blank.
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Cycleability
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Figure 3.10. Cycleability test that was performed at 60C was shown. The
capacity retention was about 90% after 80 cycles in the presence of

Quercetin, which is higher than Blank.
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Coulombic efficiency
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Figure 3.11. The coulombic efficiency at each cycles for each cells were
depicted above. All cells initially exhibits the lower coulombic efficiency

than that of room temperature case.
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& (Degradation)
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Self-discharge curve
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Figure 3.12. The self—discharge behavior of the cells: Blank and Q7 were

compared in this experiment.
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Discharge profile after self-discharge
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Figure 3.13. (a) The discharge profiles obtained right after the self—

discharge experiment, (b) The charge—discharge behavior of Blank and

Q7
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3.5. A= ¥ H4] (Surface analysis)

3.5.1 EIS &4 (EIS analysis)

o
o

Figure 3.14 (a)°li= Blank® Q79 80AFelE $9¢ EIS AHE

Sehggleh me Qol7l EIS AWEe] 2 4Re) @S fitingstr] 919

A

AFE-3E 5 7138] 2 (equivalent circuit)+= Figure 3.14 (b)o] YERRI O,
Table 3.1°| fitting A& WER STt Table 3.1 A#eA] Blanke] 739
Aetdd A& [Re) ol 229 Q, HEIT A (Rse) = 273 Q2F2 Q72 Ra?!
195 Q8} ReerQ! 129 Qe v3) & @2 HYehdidlas & + Atk
gdvute] A3 W oAdsbdd A3 ztol= 27t Quercetin ARSHET

#dwo] Qlvkar Azegla, webd SEIS 24 9 A=

ke

EORESE

Aol t@as] $lste] XPS #Ae AWt
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Table 3.1. The EIS fitting result: Q7 exhibited the Lower Charge Transfer

resistance and SEI resistance

Rsol (Q) RSEI (Q) Rct (Q) RSEI + Rct (Q)
Blank 2.0 [4.4%] 229 [1.2%] 273 [9.6%] 502
Q7 4.0 [1.7%] 195 [0.9%] 129 [7.7%] 324

*where bracket [ ] means the error value
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EIS after 80 cycles
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Figure 3.14. (a) The EIS test result — the impedance comparison of each
cells that cycled at 60C. (b) The equivalent circuit that used for fitting

the EIS spectra
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3.5.2 XPS #4 (XPS analysis)

Table 3.1¢ EIS A3 =ZFE Alo]Zo] £ HA]= Quercetin®] A3t
735 SEIS] A& 9 Astdde Aol aA #HaHAe= ¢ T SUth o=
LNMOA =3 Asle] AW, = SEIS ¢HgA AoloA 7]1d Aoz

A= Q1 webd Q73 Blanke A= W A9 Ao]l= ghelstaal XPS

Ak o QA el ool < (sal) 9l LiPFeiz A el A o=
A wbes dovls Ao duA Qv [32, 43, 44]

LiPFs & LiF + PF;

PFs + H:0 —» POF3 + 2HF

POF; + 2xLi" + 2xe” - Li,PF3-,0 + xLiF

POF; + 3H:0 —» H3PO, + 3HF

Ao W2 AEoA B moA 7M&5E HiE ez dEA gloH

Aol wrgo® WA LiFe A= xHelA gF ol olss e AT
Ags goan W =% (degree of polarization) & 0|7 ®t}.[45]
9] HEg A oA PFs= 4st FolA Ab(Lewis acid)o]7]ell AAE dod &
Adro] A3tk PFs= Asld o] &=AstsE A% H.0(K 20 ppm) 9+
iheetol HFE "HEa, ©714 A" HF= LNMO A= Mn 3 Ni&
th 9] ®ES-(disproportionation) & &3l &&A171= 2oz el vt
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2LiNiosMn150s + 4HF - 3Nio2sMno7502 + 0.25NiFy + 0.75MnFz +
2LiF + 2H:0 [46]
urebr] HE7E Asfdde] wWol EA2e=s A= FH3bh 7kt

AZAL & Q). Aad Yol= Ao SR (H0)o] &Aoo 7 LiPFs2

of st SEIE s 7451341, Al yo
A HF AAE AZAT F$[35] ®& PF:et Agsto]l PFo 38

]?l_

olo

de ok BF A=59 HEE =E 7 e JdowE dHA da o]
735 PFsoll Axbs F7] WlE o= Kl ¥t} [47, 48]

Figure 3.15°+ pristine® XPS A3}E YR Figure 3.169
(@ (b)eli= Z2t Blanket Q79 Al XPS A¥AEZHS YeRfith

Figure 3.179 F 1s A3oA & 4 Q1%, Blankd]
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off
H
N
N
12
w
o
o
R
f

27.7% o Qrel mid o AA Wgkss & ¢ Anh ol A
2ol Akl PF:9t Quercetin®] A&ale] HE7F AAHE 27140 wres
AAH7] wEow Azdr. A5 #EHAM LiFs A¥dow EAsks

BholBg LiF7h B A% A3 BIwst Frkstel dxel dAAa

1o
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(a)

Figure 3.15. XPS spectra of (a) as fabricated LNMO and (b) O;s spectrum
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(c) Cis spectrum, (d) Fis spectrum are depicted.

66

Binding energy (eV)

Rk R

e



(b)
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Figure 3.16. Whole XPS spectra for cycled cells (a) Blank and (b) Q7 are

demonstrated.
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Figure 3.17. F1s peaks of Blank and Q7: the concentration of LiF in Q7 was

lower than Blank which means less resistive SEI nature
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Figure 3.18. O1s peaks of Blank and Q7: the concentration of O—M in Q7
was higher than Blank which means that the less transition metal

dissolution occurred in the presence of Quercetin.
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Figure 3.19. Cis peaks of Blank and Q7: slightly more C=0 and C—0 bonds

were seen in Q7.
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(a)

(b)

Figure 3.20. Py, peaks of Blank and Q7: the higher concentration of P—0O
was observed in the absence of Quercetin which comes from the

hydrolysis of LiPFe.

Blank P Pristine P 2p
2p

y z

"P-O(Li PO F)

144 140 FEREEY) 128

P-F(Li PF )

Binding energy (eV)

1 1 1
140 135 130 125

Binding energy (eV)

Q7P

y z

2p

P-F(LiPF)
P-O(Li PO F )

Area ratio
P-0: 38.2%

140 135 130 125

Binding energy (eV)

71



Blank anp Mm/2

Area ratio
Mn*": 35.0%
Mo,

665 660 655 650 645 640 635 630

Binding energy (eV)

@

Q7 Mn

J Mn,..,

Mn Area ratio
Mn**: 45.7%
Wy s,
665 660 655 650 645 640 635 630

(b) Binding energy (eV)

Figure 3.21. Mng, peaks of (a) Blank and (b) Q7 are depicted: Q7 showed
the higher concentration of Mn®" which means that the less pulverization

of LNMO electrode.
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3.5.3 SEM +4 (SEM analysis)
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(a)

b L ’?5
w ) -:~ BN 100nm

(b)

Figure 3.22. The surface images of LNMO electrodes of (a) Blank, (b) Q7

respectively, after 1 week of storage test.
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3.5.4 XRD #41 (XRD analysis)
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Figure 3.23. The crystallinity of LNMO: the destruction of the crystallinity
was severely took places in the absence of Quercetin. All intensities are

the same scale.
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Figure 3.24. The crystallinity of LNMO: the destruction of the crystallinity

was severely took places in Blank.
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3.5.5 ICP—-MS #4 (ICP—MS analysis)

4.9 V 2 FAE AAE 129 2E(60 T) oA 7 A B

(
-

3} (degradation) A171 th& LNMO ZHE £%5% o] }& Mn Nio ks

dFsk sk7] Slskol AAE d @F =45& geekslth. Table 3.2

rlr

£%%9 Mn 3 Ni 9 & dFH o7 HojFr} Blank & 4%, €% Mn 9

k2 266.5 ppm, Ni & %2 126 ppm 2.2, €55 Mn o <Fo] 135.8 ppm,

Ni ¢l Fo] 126 ppm O.% & Q7 €| Afel ws) £4E & 5 Ak
Quercetin © EAsE A% Al o & fAHN AF Ewel

F4-atee] Aol © 24 U XRD 2 XPS o AReE Axsh
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Table 3.2. The Amount of Transition Metal (Mn, Ni) dissolved from LNMO

Positive Electrode during Storage Time

ICP-MS result
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Schematic figure of the capacity fading

HF PF. ° HF  PFs
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LiF

NI
Figure 3.25. The schematic surface pictures of LNMO that treated both in
the presence and in the absence of Quercetin: Blank pulverized more

severely and SEI was attacked by HF moieties while Q7 was well

passivated and lead less transition metal dissolution.
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ABSTRACT

Lithium ion batteries have been widely utilized thanks to its high energy
density. But since the energy demand is continuously increasing, the
development of high—voltage lithium ion battery becomes the hot issue.
To attain the high—voltage, increasing the voltage of the positive electrode
have been proposed. LiNigsMn;504 (LNMO) delivers 4.7 V vs. Li/Li",
which is higher than LiCoOz (4 V vs. Li/Li") and it also shows the capacity
comparable to LiCoO.. But, owing to its high working voltage, electrolyte
decomposition is unavoidable. Electrolyte decomposition results in SEI
layer formation which irreversibly consumes Li". This is one of the main
reasons of the degradation of LNMO. So, alleviating the electrolyte
decomposition during cycle is important. Many attempts have been tried
to increase the stability of the electrolyte, such as designing the solid
electrolyte or doping fluorine atom in carbonate—based electrolyte. But
these kinds of attempts are problematic and expensive.

Adding small amounts of additives (less than either 5 wt.% or 5 vol.%)
to the electrolyte turned out to be effective to enhance the stability of
electrolyte. Typically, the additives (such as LiBOB, LiDFOB, etc.) are

oxidized prior to the oxidation of the electrolyte. The oxidation products
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form the stable SEI on the surface of the electrode and it alleviates the
electrolyte decomposition during cycle.

It is reported that by employing Quercetin, the cycleability of LiCoOs /

Li half cells have ameliorated. The author didn't clearly demonstrated the

reason of the improvement. But it is speculated that Quercetin may be
oxidized prior to the oxidation of the electrolyte that yield SEI on the
surface of LiCoOso.

LNMO typically exhibit the upper cut—off voltage of 4.9 V vs. Li/Li". It
1s clearly far beyond the electrochemical stability window of the typical
electrolyte. So the highly oxidizing atmosphere at the surface of LNMO is
important. It is reported that the cycleability of LNMO fades drastically
when it is cycled at high temperature such as 55°C or 60°C. It is speculated
that the oxidative stress becomes even more severe at high temperature
than at the room temperature owing to the thermal instability of LiPFg
which yield PF5 that is so reactive.

In this experiment, the effect of Quercetin on cycleability of LNMO
positive electrode was investigated for both room temperature and high
temperature cases, respectively. The concentration of Quercetin were set
to be from 0.05 wt.%, 0.075 wt.%, 0.1 wt.%, respectively. At room

temperature, the capacity retention was not ameliorated. But in the
90



presence of Quercetin, the higher coulombic efficiency were shown.

At high temperature, the capacity retention was ameliorated for up to
7% in the presence of Quercetin. This result accords with the tendency
of self—discharge tendency. In self—discharge test, the cells were stored
at 60°C for 7—days. It was proven that the self—discharge was prohibited
in the presence of Quercetin and exhibited the reasonable discharge
capacity of 134 mAh/g even after the self—discharge test.

To investigate such improvements, the surface of LNMO were
investigated by EIS, XRD, XPS and SEM methods. It was proven that
LNMO that cycled in Blank loses its original crystallinity severely owing
to the transition metal dissolution and electrolyte decomposition. But, in
the presence of Quercetin, the degree of such degradation mitigated. In
this experiment, the dissolved amount of transition metals were measured
by ICP—MS method, the amount of dissolved Mn, Ni ions were lower than
Blank. The improvements are mainly attributed to the enhancement of the

quality of SEI layer and less decomposition of PFs salt in the electrolyte.

Keyword: Lithium ion battery, electrolyte additive, polarization.
SEI (Solid Electrolyte Interphase), Positive electrode, Quercetin,

LNMO (LiNiosMni1504), Electrochemical stability window,

91



	제 1 장. 서론 
	1.1. 이차전지의 원리 및 특징 
	1.2. 리튬 이온전지의 구성요소 
	1.2.1. 양극(Positive electrode) 
	1.2.2. 음극(Negative electrode) 
	1.2.3. 전해액(Electrolyte) 
	1.2.4. 분리막(Separator) 

	1.3. LiNi0.5Mn1.5O4 양극의 특성
	1.4. 표면피막(SEI)
	1.4.1. 표면피막 형성
	1.4.2. 표면피막 형성 첨가제
	1.4.3. Quercetin의 특징

	1.5. 연구 목표

	제 2 장. 실험
	2.1. 전극의 제조(Electrode preparation) 
	2.2. 전해액 제조(Electrolyte preparation) 
	2.3. Quercetin의 산화 거동(Oxidation of Quercetin) 
	2.4. 전기화학적 성능 평가(Electrochemical performance) 
	2.5. 고온 퇴화 실험(Degradation)
	2.6. 표면 분석(Surface analysis)

	제 3 장. 결과 및 토론
	3.1. 전극의 특성 확인(Electrode characterization) 
	3.2. Quercetin의 산화 거동(Oxidation of Quercetin) 
	3.3. 전기화학적 성능 평가(Electrochemical performance)
	3.3.1. 상온 사이클(Room temperature)
	3.3.2. 고온 사이클(High temperature)

	3.4. 고온 퇴화 실험(Degradation)
	3.5. 전극 표면 분석(Surface analysis)
	3.5.1. EIS 분석(EIS analysis)
	3.5.2. XPS 분석(XPS analysis)
	3.5.3. FE-SEM 분석(FE-SEM analysis)
	3.5.4. XRD 분석(XRD analysis)
	3.5.5. ICP-MS 분석(ICP-MS analysis)


	제 4 장. 결론
	참고 문헌
	Abstract


