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0. A3 a4+

2.1 171838 AIAH
2.1.1 717138 AdAE ] oI} 54

A713}st A A E] (electrochemical capacitor, EC)+= A A E 9] &
stfoltt, [28 2-1]o] AZAIHS Fol WE Lrkdd F/E HE
t}.30)

Capacitors
: \ \
Electrochemical Electrolytic Nonelectrolytic
capacitors — Aluminum - Dielectric
— Tantalum =Film
— Ceramic
— Variable
I Pseudocapacitors Hybrid
EDLC
« Activated carbon Redox-asymmetric
« Aerogel . « Pb/PLO. — AC Battery/capacitor
« Carbon nanostructures RN RIERS o Ni(OH) ol Combinations
. Graphene Composite electrodes . MnO, —ZAC
* Graphite/Li — AC
* Li,Ti;0,,— AC
Redox polymer Redox metal oxide Soluble redox
+ Polyaniline . Ruoz‘ IrO? Huox,xﬂzo + Fe(CN), 4_fFe(CN) 3-
+ Polythiophene & 00304 g 3‘5 » 8
* Polypyrole -V vHivo™
i * MnO,, V,05, FeO,

[ 2-1] ASAEY F7 e duby £57.

31) Beguin. F., et al. (2013). “Supercapacitors: materials, Systems, and Applications’,
"Wiley—VCH;, .



3 AIWAIE (supercapacitor) == 2E# A3 AJE (ultracapacitor)}
AE =l ECe A53 Asd Ato] o] Aol Hdake] F2bol e ¥4
¥ A28} o]FZ (electric double layer)] @714 ol A S A HFet=
A7])3}st o]F% HIWAIE (electric double layer capacitor, EDLC)32)9} &&
Aol WA dojrh= wE Abst / g whE-S o] &5k FTHA QD oAt
A A 2 (pseudocapacitance) S Tsh= oA ﬂffﬂ/\] B (pseudocapacitor
),33) 1e]al 22 A ol ARXE G A5 g g ot AR A ASE
slo]B 2= I AIE] (hybridcapacitor)34)35) & R F el odlUA] A% &

A& Mgt |

EDLCE 7l—f—ﬂ AdkAQl AAIH Ho} D538 =2 Ad &9F& 22
A= 2wl A, sfo] BB = ﬂJMEM Aol Uo7 A7HA= 79 A
A e 2EZ AFAH g2 T §lo] A8 HSlar, AA7EA A

7138t AAH FAME 7P iAo R de] ARSH I §lths6)
1879\d Helmoholtz37 ol ol&l] &z Ao} 19103 Gouys3®), 19134
Chapman39), 1924 Stern4®) 18] 31 19473 Grahame4Do]| <] t]<S A

32) Qu, D., et al. (1998). “Studies of activated carbons used in double—layer capacitors”.
Tournal of Power Sourcesy , 74(1): 99—107.

33) Sarangapani, S., et al. (1996). “materials for electrochemical capacitors theoretical and
experimental constraints”. Tournal of the Electrochemical Society; , 143(11): 3791—3799.

34) Plitz, 1., et al. (2006). “The design of alternative nonaqueous high power chemistries’.
TApplied Physics A; , 82(4): 615—626.

35) Amatucci, G. G., et al. (2001). “An asymmetric hybrid nonaqueous energy storage cell”.
[Tournal of the Electrochemical Society; , 148(8): A930—A939.

36) Zhong, C., et al. (2015). “A review of electrolyte materials and compositions for
electrochemical supercapacitors”. "Chemical Society Reviews; , 44(21): 7484—7539.

37) Helmholtz, H. V. (1879). “Studien wiber electrische Grenzschichten”. TAnnalen der Physi
ky , 243(7), 337—382.

38) Guoy, G. (1910). “Constitution of the electric charge at the surface of an electrolyte”.
Mournal de physiquey , 9(4): 457—468.

39) Chapman, D. L. (1913). “A contribution to the theory of electrocapillarity”.
"Philosophical magazine; , 25(6): 475—481.

40) Stern, O. (1924). “Zur theorie der elektrolytischen doppelschicht”. ™erichte der
Bunsengesellschaft fiir physikalische Chemiey , 30(21-22): 508—516.

41) Grahame, D. C. (1947). “The electrical double layer and the theory of electrocapillarity”.
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[Chemical reviews; , 41(3): 441-501.

42) Simon, P., et al. (2008). “materials for electrochemical capacitors”. ™ature materials; ,
7(11): 845—854.
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(5 2-1]0] YEhde a4

2.1.2 EDLC?] #%5 g

HiE 2] ¢} EDLC Atolo] 54 Apol= F oluA| A= o Z&E4<l
& dele] Aol ufoltt LIBY 4% [LH 2-3]493} o] H<te] Q171+
FHl A T o] M H = st & &
oxide) 25 A3 ¢te = glF o9 d =H2] (deintercalation) 7} ¢
Aetar, dafjg Fote] L whEe] 2lF ol 5% JHE (dRkHor 1
g}3}o] B Graphite) ¢t = 4F9] (intercalation)©] o] Fo| x| H, WA EH+= &
ool 1= kA o] podukSo] o)y} 46)
HiE gl o] o]k T4 2 A g2 Feldle] (faraday) W&ol whek A
2249 3heh4 Wst = 4kst AEe WEE ThAd o= AR} o]l 9
FHAolr, LIB A ¢ EE A= Hsh= A=< olFd o T34

A% A714 B4 BASe] A3 gl rai}:s— Olc7l§}ﬁ‘r.47>

I

Kl

oA Fxol A 59 Ao FAASA FEH o] g Fol &3t o)
25o] 22t Ar)H oz uile] S 2 AF0R o Bete] W HEH
[e) - o

43) Burke, A. F., et al. (1995). “material characteristics and the performance of electrochemical
capacitors for electric/hybrid vehicle applications”. "materials Research Society Symposium
Proceedings; , 393: 375—395.

44) Pandolfo, A. G., et al. (2006). “Carbon properties and their role in supercapacitors”.
MTournal of power sourcesy , 157(1): 11—-27.

45) Hannan, M. A., et al. (2017). op. cit., p.779.

46) Wakihara, M. (2001). “Recent developments in lithium ion batteries”. Tmaterials Science
and Engineering: R: Reports; , 33(4): 109—134.

47) Conway, B. E. (1999). “Electrochemical Supercapacitors: Scientific Fundamentals and
Technological Applications”. Kluwer Academic/Plenum Publishers, New York.

48) Zhong, C., et al. (2015). op. cit., p.7487—7488.

49) Saleem, A. M., et al. (2016). “Performance enhancement of carbon nanomaterials for
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[2¥ 2-3] LIBY &5 .

ohAl el e el A o] & Abold] WAe] o] 52 Fuksks Hel
of sgol @ oA AY Ao dFe] AF BA T2 ol AR
A4 & 5 Qe e, EDLCE A5} o] & Aolo] A9 o5

2 vl dlo] (non—faraday) 2ol 2|3t o
Ao Afolel AWel A BAo] oW AakE AgEThsD

supercapacitors”. [Journal of Nanomaterials; , 2016: 1—17.

50) Simon, P., et al. (2014). “Where do batteries end and supercapacitors begin?”. Science; ,
343(6176): 1210—1211.

51) Wang, H., et al. (2007). “From symmetric AC/AC to asymmetric AC/graphite, a progress
in electrochemical capacitors”. Tournal of power sources; , 169(2): 375—380.
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[2¥ 2-4] EDLCY A% 94.

[3£ 2—2]+= EDLCS} vlE 2] e] 25 ol oek 2ol &S nlalste] 1}
Bl Ao t}.52)53)

52) Miller, J. R., et al. (2008). “Electrochemical capacitors for energy management”. Science
magaziney , 321(5889): 651—652.

53) Miller, J. R., et al. (2008). “Fundamentals of electrochemical capacitor design and
operation”.  "Electrochemical Society Interface; , 17(1): 31—-32.
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S-= (Negative electrode)

Eg+C" + e e% Eg//CT
Discharge
(2-2)

ZA ¥k-§ (Overall reaction)

E+E +CtA™ % Ef//A- + E7//CT (2-3)
) ) Discharge )

o7l M, Ese T4 A= (B4 849, /= 7 A5 32l 5450
Sl st Y A7) olF%, T Cof ATk Fol L} SolLg 77
FEsAT. A (2-1D)3 (2-2)0M 9k Zol, T AN AAp= o F 3=
2 Solo] FFel A S0 AR, ojsh FAl] Fol T} Folee 13
Aol A FelHo] A= FHO R o] &gt W Agole AAe &=l
A FFow o)etm o] 2EE UG WA Halo) £o= HElrb |
O A3 BHe] NP = ¢ A= AW At dee dEAH, o
(sal)®] =9} Walole] AEE Eak TR 7oA A Fad AL
A7) olF5 Wut o9 Fot Ao As} AAFTHE A3t WA
(2=3)oll A &} o] FH k= <t dafj o] Al CTA7F Anldke Ao
o} weba] EDLCS] ) U4 W sl 7haak o] Lol o5 4%

2 4o A (2-4)9F o] xdT = )
E= —oac,FV (2—4)

NN A B A A%, aE AR 9o FE (S0 w9 1)
99 A 9 mob), F= Wejdle] 4 (96,484 C/mol), o= HlEH]

2+ (nonunit constant)e]il 1Rt} Zc} o] AE Zxo] A7 HUYL o

HR

0%,

_16_



=1 (bulk) A eiol A Abebxl GO B&e HERATSY
7] olzsel teh A &% (O 4] (2—-5)5556) 3} o] 48k = glo

W, A% Ashe) We) wjmee AZlA ok 10 ~ 20 ph/ano] )5

Fo A aEa As A= xHAelt

Aol o] F=3k 5= o] Ak A= mHel 454, el A
1ol -gshs Ak dste] mEo] o] oA HA g H = 7] olF S
A= Aol st o5 Avld o8] AT, 15 s el

o 2 ol

10 ~ 20 ui/ene] 7] o]FF &% 2,000 m/g L9 =& H|EH
S 7ML Qe ST R wE X A5E /P e, A5 s Bl g

(specific capacitance)& 2l (2—6)60) 2] Htj} ¢F 400 F/go] Axtx o]t}

54) Zheng, J. P., et al. (1997). “The limitations of energy density for electrochemical
capacitors”.  TJournal of the Electrochemical Society; , 144(6): 2026—2031.

55) Scaduto, G., et al. (2014). “The effect of hydration layers on the anodic growth and on
the dielectric properties of Al203 for electrolytic capacitors”. Thin Solid Filmsy; , 550:
128—134.

56) Conway, B. E., et al. (1997). “The role and utilization of pseudocapacitance for energy
storage by supercapacitors”. fJournal of Power Sourcesy , 66(1—2): 1—14.

57) Zhang, Y., et al. (2009). “Progress of electrochemical capacitor electrode materials: A
review”. nternational journal of hydrogen energy; , 34(11): 4889—4899.

58) Conway, B. E., et al. (1951). “The dielectric constant of the solution in the diffuse and
Helmholtz double layers at a charged interface in aqueous solution”. fTransactions of the
Faraday Societyy , 47: 756—766.

59) Kotz, R., et al. (2000). “Principles and applications of electrochemical capacitors”.
TElectrochimica Actay , 45(15—16): 2483—2498.
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el Aol o] o] &o] SR 71F A7l wheh wHel A 5E
Foll Algo] A7)7] WEel A AN AL oF 40 Ffg AEo]ToD

C, = CpA, (2-6)

=2

A7l A G A= stue] Bl &%, G A7) olFs &%, A+ Yl
™ & (specific surface area)©|t}.

oyt A= F M= FAAH AE AMAH AA &5 CGE =9
Ad &% GO 559 Ad §F G2 FHHE 57 AE s22A 4
(2—7)3} 7T}.62)63)

1 1 1
o co'c

a

(2-7)

T G o= GoTal pERYE 4 (2-7)2 4 (2-8)0] Hr64

C==C (2-8)

S Aol mebd Ao AFe T ok B3 AA §e AT sht &
2ol Ato| Bz o] 24 A W I A 5T FA §FE 100

F/g o2 ALtdd

60) Beck, F., et al. (2001). “Fluorine—free binders for carbon black based electrochemical
supercapacitors”.  TJournal of applied electrochemistry; , 31(5): 517—521.

61) mayer, S. T., et al. (1993). “The Aerocapacitor: An Electrochemical Double-Layer Energy-
Storage Device”. Tournal of the Electrochemical Societyy , 140(2), 446—451.

62) Frackowiak, E., et al. (2001). “Carbon materials for the electrochemical storage of energy
in capacitors”. Carbon; , 39(6): 937—950.

63) Zhang, J., et al. (2012). “On the configuration of supercapacitors for maximizing
electrochemical performance”. "ChemSusChem; , 5(5): 818—841.

64) Winter, M., et al. (2004). “What Are Batteries, Fuel Cells, and Supercapacitors?”.
"Chemical reviewsy , 104: 4245—4269.
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[2¥ 2-5] A5 A3 Exst A9 ¥k () HA A, (b) T4 Al
(27 2-5]9] (a)ok Zo] 2 F-2HE At A77F §l= el dafel
el Fd3sHAl Fol &3 Folo] EaxE o] A= WA el FE 5ol

A= 27 AE Otk okaL, [ 2-5] (b))} o] o] F-25F Fstol

O:

S AE Ao A A= A (2-10) 8 =] HF A Y =
Zo) A% A9e Ao e o 20, V) Ak

V:(Do—q)ozo (2—9)

V = (Do + @1 - ((Do - (Dg) = 2@1 (2—10)

o1 FHH ASHEESE A9l 8] A H= EDLCS] AA U]
A(E)E Askd Qo A Vel §9 4 2-1D= A 8% & gk

E=—QV (2-11)

ORI

714 Q = CV olmzsn, 4 (2-11)& thA] AFe] B4 §23} Hgre)
#4914 (2-12)3 o] thAl el 5 Qrhsnes)

66) Chu, A., et al. (2002). “Comparison of commercial supercapacitors and high—power
lithium—ion batteries for power—assist applications in hybrid electric vehicles: I. Initial
characterization”. Tournal of power sources; , 112(1): 236—246.

67) Conway, B. E. (1991). “Transition from “supercapacitor’ to “battery’ behavior in
electrochemical energy storage”. [ournal of the Electrochemical Society; , 138(6):
1539—1548.

68) Burke, A. (2000). “Ultracapacitors: why, how, and where is the technology”. Tournal of
power sources; , 91(1): 37—-50.
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EDLCE HAA =4 AR5 = L5702 10704 0]tk 10704 6] &-F1]
B OHZ $EE 99.70 % o]0 Ak AA A|E A fAFHE dREHE S5
= 99.90 ~ 99.95 % W9 ¢t E0]ox o] A|Fo] AFEE L Q).
[ 2-5] &¢Fv]F 7 92 ¢ € &%
33 E(%)
—16— % 0 _g_ E
JiIs=3) .
Si Fe Cu Mn Mg Zn Al
1N99 - 10.004 - - - - 199.99
2 3l
A ATH
1N90 - 0.03 - - - - 199.90
1070 | 0.20 | 0.25 | 0.04 | 0.03 | 0.03 | 0.04 | 99.70 EDLC
1060 | 0.25 | 0.35 | 0.05 | 0.03 | 0.03 | 0.05 | 99.60 A
. . . . . . . A E
1050 | 0.25 | 0.40 | 0.05 | 0.05 | 0.05 | 0.05 | 99.50 ‘HHEM/
3 AHIMNAIH
1235 0.65 0.05 | 0.05 | 0.05 | 0.10 | 99.35
Hl E 2]
1100 1.0 3852 0.05 - 0.10 | 99.00
0.05 | 1.0 3 i & 2]/
3003 | 0.60 | 0.70 | T i 0.10 | 98.00 s A E]
A AFEF A A= AT HE] AAIHE dFuE AE SoAE
B3 T%7F99.70% ©]/32] A% Atk 28 o] A9 AA dFrE o=
= 99.70 ~ 99.80 % HY =AM EDLCEO = ALE-H+= Ay &2 &3
0.02 ~ 0.03 % HYoll zFo]7} YA = LA|vt, AA| o] 5o A7] g8tz A2
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2.3 7] A A &FvF JAAY &5 43} (anodic oxidation)
As

LIB, EDLC 53 2 7] e} A 5olAM dafol g & o] FaL
UE A= Alolel Sl H3kE o9 FH=E Agsty] £13 wj7iA =A ¢
A&S S

o] dafle &= Fr7] &ufel 1 Qholl gafHo] = A (&
A)oZ FAE o, AE 2k WS ol A A AElE EAE W
A wE g8 Adafoe] dwrAl HA e A v 2T

(1) 9=re A7) At d714 dAA @ o]9 ddo] A4 & &+ 3
a1, A7F WA (self—discharge)o] HAE §A=E 4 AU}

(2) W& #7388 & (electrochemical window) @ =3} &=9] 2Hs
A = ol A Hdafote] Fafjrp TASEA] ggofof Fht)

(3) 718} 74 AsEH] B4 (inert) @ A3lA|, JAA, 7Aool st
o4 whg-o] §lojof gt

(4) A714, 71AA e dA0= 7FEg o5 2o tisia & - of
gk},

(5) 743 AEEsel &4 s}# olofof gt}

LIBE Aajdozm= Jukx o7 JlE Yol E (carbonate) Al 7] &
E5 IANEFEXAHO]E (lithium hexafluorophosphate, LiPFs) 92 &
A7 Aol AREE=H|, AAl= MRV EA &rf FolA e F= o el 7}
HUY]o]E (ethlene carbonate, EC), tlol¥ Z}H H|o|E (diethyl carbonate,
DEC), tiH ¥ 7}H U]o]E (dimethyl carbonate, DMC), o|ElHE F}H Y|o]|E
(ethylmethyl carbonate)”7} AR&FI T} 74)75)

i)

73) Xu, K. (2004). “Nonagqueous liquid electrolytes for lithium—based rechargeable batteries”.
IChemical reviews; , 104(10): 4303—4418.

74) Balakrishnan, P. G., et al. (2006). “Safety mechanisms in lithium—ion batteries”. TJournal
of Power Sources; , 155(2): 401—414.

75) Ding, M. S., et al. (2001). “Change of conductivity with salt content, solvent composition,
and temperature for electrolytes of LiPFs in ethylene carbonate—ethyl methyl carbonate”.
TTournal of the Electrochemical Society; , 148(10): A1196—A1204.
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EDLC-& Al 42 ofefjo] vl 74A] 7] A1 87 AMekS RESA] Aok 3
th76) 12l o] 2] gk @ AFE LIBllA Wtk o 1 ASHY] Wil AHE 7h
=3k A °H o UH_I__ ;(ﬂ?;]—?ﬁo]]:]» 77)

(1) $3% ©7] =% @ EDLCY W A T4 W
(cycling) & 8= &< At 73} (voltage drop) 2 Q13+ ol U #] £=248 714
7] wtol M7 AErr frafoF gk

(2) 7573k A7) stsh4| kA  EDLCY Huf #& d<)
af skl o3 #-5-57] wWiell A&k A=l st
A9 WHE Zrorof ok

2
>~
>
o
lu
W)

(3) =& ol5% &% 1 EDLCY &% =59 &=l vl st w2l
Ab&3h= =9 EH‘EPO% 2 olsT &%S UEdof gt

(4) 52 2 Hel -EZ*,O%E -25 ~ 60 C, 18] 7134
ol —40 ~ 85 Co &% ¥

Aol a7 A (1) ~ (3)%01 QAR
EDLCE Asjeho =z PC =
ammonium  salt)S %z‘sﬂ/\]ﬂ %QH% Algsie, 1

AA

TEABF4/PCe TEABF4/ACNo] @A} 7} dnbd o=

ToAME 53

2.3.1 LIBE Ao R o] 5ol w2 dFvlw JdAe F= sk A

5

LIB7F AW (+) Ao 2l F tin] 4 V AR & [gto] FAHE=

76) Ue, M. (2007). “Chemical capacitors and quaternary ammonium salts”. Electrochemistr
vy, 75(8): 565—572.

77) Ue, M., et al. (1994). “Electrochemical properties of organic liquid electrolytes based on
quaternary onium salts for electrical double-layer capacitors”. MJournal of the
Electrochemical Societyy , 141(11): 2989—2996.

78) Ue, M. (1994). “Conductivities and ion association of quaternary ammonium
tetrafluoroborates in propylene carbonate”. Electrochimica Actay , 39(13): 2083—2087.

79) Ruch, P. W., et al. (2010). “A comparison of the aging of electrochemical double layer
capacitors with acetonitrile and propylene carbonate—based electrolytes at elevated voltages”.
TElectrochimica Actay , 55(7): 2352—2357.
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B 27 ofefel A HE Aol 80 LIBE T JHAAZA ALEE &
& dFnFe FA 2 v 22 TAE of7Igit AA, = e
FEwst =4, dFrE uA Fo =2 Q13 A4 A S7E A, da
N o] Eefd EFulE FAEE e A o H 2=lg A
of S7k UlA, &3lE AT o] 29 oA Fdd FA Folvh aEa
ol LAl A= wjEele] = AbolF dool s & ¥
= Ao dEA rhsh wEbs o H 3 LAlE VN sh] 917 LIBE A e
o W dFuEel dristetA kst Agel i B A7 lofsktt

1112 =93k 219 ECeF DMCE 1112 &393 4 2
S AN oz dto] FF 34T A28 (3—electrode system)S 143 &
11004 (5% 99.0 %)t 11454 (£1%= 99.456 %) &FnHe] 54 545
ZAFEA T

1 A3, PCDECE &M= sk Aol A Ate]Fo] solds &7
mro] 2 I E W (pit density) 7} S7FsH3l o™, ECDMCE &= 3
= A Aol M= PCDECE &2 b= def oA B 54 v E d5n
7Y A F49ue AS (L9 2-7]3 #Zo] FAF A A4 (Scanning
Electron Microscope, SEM)< &3l €<l

Tk [19 2-8]3 o] A73er v 3% (Electrochemical
impedance spectroscopy, EIS) #241& F&] Alo]lE AE A ZAAH
ECDMCE &mz at= s de] PC:DECE &wi=E st 3o Hr} v
A% (pitting resistance, Ry)©] B S7] ol 240l B th= A=
¢l s T.82)

i

Jot o

80) Kawakita, J., et al. (2000). “Anodic oxidation behaviour of aluminium in propylene
carbonate”. TJournal of power sources; , 90(2): 182—187.

81) Zhang, S. S., et al. (2002). “Aluminum corrosion in electrolyte of Li—ion battery’.
Tournal of Power Sources; , 109(2): 458—464.

82) Braithwaite, J. W., et al. (1999). “Corrosion of lithiumrion battery current collectors”.
MTournal of the electrochemical societyy , 146(2): 448—456.
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[28 2-7] F 7HA O& Az Alo]E F9 &FrjE Y SEM: (a) Al
o]Z #, (b) PC:DECE &viZ A3 AU 690 Alo)E F, (o)
EC:DMCE &"Z AL&3 AsY ff 150 Alo)E F.

Yang A7 152> PCE ¥&9 &2 A&3ta 7l 99 /& &
" 2B ZRe2WEdrdon = [lithium
bis(trifluoromethylsulfonyl)imide, Li(CF3S0,),N], H|AE g ZFo 2 m|gd L
M E] = [lithium bis(trifluoromethylsulfonyl)methide, Li(CF3S03)sC], &
EYZF o ZHerd EY|olE (lithium trifluoromethanesulfonate, LiCF5SOs),
LiPFs, & HEZEF 2R o|E (lithium tertrafluoroborate, LiBF,), 7L
23l 2l #F 28 o] E (lithium perchlorate, LiClOy) & 7h7F th2A] & A
gl ol A FEHE 57 (scratched) 51w 215 o8 At—d7FH

(cyclic voltammetry, CV)< 53 A3} 3L, LiIN(CF3S03)s, LIC(CF3S04)s,
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LiCF3S0s, 18]aL LiClI0sE fFo2 x&ste dal deola e Azhs 724
o] WABFAX Rt LiPFs¢} LiBF, = ??3 o= sk el ol Boat
o] o] BAlo] oA u= AL Holstglt)es)

(a) 6105 T L LB LI I | LN I I

Es

| \l

Imag Impedance (ohms)
w
o

o 110° 210° 310° 410° 510° 610°
Real Impedance (ohms)

(b) 1'2 106 LN ) i =0 Ve L T
% 110° :_.m -
3k < a1
£ s f / -/ 7 :
8 610° \\ ‘ i
S F [ ~ / |
R ol B o

% 410 A
14 [ ! a
A § /e
§ E\J% e / ]
0 _l L1l L l\l\l-1 T - Ll 1 1l Ll 1 1 1 I-

0 100 200 300 400 500
LEO cycles

[29 2-8] F 7IA] t& A3 I &¢F v EIS ¥4 Z3: (a) PC:DECS}
EC:DMC A Ay <¢ZujE9 Nyquist % (b) PC:DECS EC:DMC A
AN dFujEo] A AEH R0l PIXE Alo]lE &3

83) Yang, H., et al. (2000). “Aluminum corrosion in lithium batteries an investigation using
the electrochemical quartz crystal microbalance”. Tournal of The Electrochemical Societ
vy , 147(12): 4399—4407.
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Morita ATF18S ECS DMCE 1:1% =33 &uj <to| LiPFs,
Li(CF3SO2)oN (LiTFSD), Z18]a 2§ HEHEFLRdHExdo|n=
[lithium bis(perfluoroethylsulfonyl)imide, Li(C2F5S02).N (LiBFTI) & 7}
do = 3H= daldol A 99.999 %o TEE e dFvFe 5 B
AES ZAE

[2% 2-9]¢F &2 CVE @5 4 UL, LiPFg > LiBFTI > LiTFSI¢]
TAE Al EH?fP Aol A7t vhe Ao ZALH oW, o] wpe}
Zuo] b S LiPF, 98 X3Ha Ad|do] /b S48 Ao F9lH
At} LiPFsE EZ35Hs dal) oA = &Fvs mHo] AlF; =& H]3}8H%
274 (non—stoichiometric)?l AlI-O-F 3}E=2 7AAE Houo g tolx A
T LITFSIE 2313k dafl olde dFuge 33 sl RoutA s &
Qe exok7] witolekar skt

o2

(A) LiPFg

(C) Li(CoF5S0,)oN .

i
Jos ma [(\j//’
L 1 1 1 1 J L 1 1 1 1 J
10 20 30 40 50 6.0 10 20 30 40 50 60
E/V vs LiLi* E/V vs LilLi+

[28 2-9] 1IMY LiX& ¥3%3 1:1 EC+DMC € oA <¢Fr)F29
cyclic voltammetry: (a) X = LiPFs, (b) X = Li(CF3S03):N (¢) X =
Li(C3F5S03)3N.

[28 2-10]C Z}7] b & d& £33 dsjd oA A Ao =Y
(potential cycling) ¥ &¢FvlH HAA e wHo| gk XA FAA &3

-
h=]
(X—ray photoelectron spectroscopy, XPS)2] Al2p A~FEHo|t}, [19H



2—10]el A ¢} 7Fo] LiPFs} LITFSIol ofaff ¥ 42t 247} vh=A Yekst
=, (@A = [FI/IALS] 244] ol &A1 Yebston, o] 32 LiPF,s 3
Hol Al &Fu3o] A FEo] AlFs7F T45-8F o2 A s v
el xRt (b))l [FI/[AIS 248 ghol A SHE wgkom, oA

LiTFSI 3ol A= e dFugo] Jdii Wl =Fo] Holglthe
A& on|gth. (c)= LITFSIO LiPFeE E3A171 A fell A Agd &5
woll tialx] @2 dxp 2Adnlo]m, LITFSI=RF A 2% ¢
Fl/[ALle] Z27430] gho] ¥ =] velwtth olelgh A3+ LITFSIS} LiPFeE

—

EFAI A Ao wEH SFuEe kol AlF7F TH oz do
A AL, LITFSIel LiPFeE H7teke Aol &Fnwe d7]sheh4 F-2lol gk
A S NAAH T 3 s
LiPFg LiTFSI LiTFSI+LiPFg [7:3]
Alzp A|2P Algp

A:O Al Metal Al Metal
L

5 £
)
8 80 75 70 g @& 8 75 70 g ° 80 75 70 g5 °
Binding Energy (V) o i Binding Energy (eV) Binding Energy (eV)
- ® [FI/A] N | sw/A] 40 o FI/ Al
L A [FI/[0] A [F/[0] r A [F]/[0]
o 3.0l hay m [0]/[A]) o 3.0} | (0)/[AN 030} m 0]/ [A]
s it W g | g
220k .| g20 c20}
S | - 2 I _“*'*i-ﬁ--n-*** .—g I
< 1.0} '-I—._-_._'_ <1.0-._$ 10t g R
L L L
0 A " " R R 0 " " " L 2 0 " " s N L
0 10 20 30 0 10 20 30 0 10 20 30
Sputtering time / min Sputtering time / min Sputtering time / min

[28 2—-10] 1IMY] LiX StllA Alo]Ed & &FujE FAA | digt XPS
29 EH: X = LiPF,, LiTFSI, LiPFs + LiTFSI [7:3].

Zhang@} Jow+ EC/DME &3 &wljo] =51 9] el wef 4kshd 9l

84) Morita, M., et al. (2002). “Anodic behavior of aluminum in organic solutions with
different electrolytic salts for lithium ion batteries”. TElectrochimica Actay , 47(17):
2787—2793.
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of tjgt &dFwFe okdAdo] LiCF;SO; < LiIN(CF3S0s), < LiClOy <
LiPFs < LiBF, 0% Z7l8tiar sglon], HEFon—1-Feix
Q. g}ol = [perfluoro—1—butanesulfonyl fluoride (C,FoSO.F)]¢}
fluorideE 7t A9 &Fr59 3® A9 (pitting potential, E,) &
A = AL 2o = A -] 2 st Ao dFulE FAL A
T fivkar &Falvt.es)

1 BFell, ARERE B B o] Tl wEp dafdel A dFrEe]
7181814 kg Ade] PepxlthE 19 19951 Kanamura,86) 1997 Choes?)
9} Krause,3®) 2000 Wang89 ¥} Plichta,%) 20011 Zhang,9) 20021
Kanamura,92) 20033 Morita,93) 20043 Song,9) 200733} 2008 Peng
,95)96) 20091 Nadherna,?”) 20101 Mun9)3} markovsky,?9) 20123 Ch
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85) Zhang, S. S., et al. (2002). op. cit., p.458—464.

86) Kanamura, K., et al. (1995). “Electrochemical oxidation of propylene carbonate (containing
various salts) on aluminium electrodes”. TJournal of power sources; , 57(1—2): 119—123.

87) Choe, H. S., et al. (1997). “Characterization of some polyacrylonitrile—based electrolytes”.
IChemistry of materialsy , 9(1): 369—379.

88) Krause, L. J., et al. (1997). “Corrosion of aluminum at high voltages in non—aqueous
electrolytes containing perfluoroalkylsulfonyl imides; new lithium salts for lithium—ion cells”.
MTournal of power sources; , 68(2): 320—325.

89) Wang, X., et al. (2000). “Inhibition of anodic corrosion of aluminum cathode current
collector on recharging in lithium imide electrolytes”. TElectrochimica Actay , 45(17):
2677—2684.

90) Plichta, E. J., et al. (2000). “A low—temperature electrolyte for lithium and lithium—ion
batteries”. TJournal of Power Sources; , 88(2): 192—196.

91) Zhang, S., et al. (2001). “Self—discharge of Li/LixMn204 batteries in relation to corrosion
of aluminum cathode substrates”. Tournal of power sources; , 102(1—2): 16—20.

92) Kanamura, K., et al. (2002). “Electrochemical Behavior of Al Current Collector of
Rechargeable Lithium Batteries in Propylene Carbonate with LiCF3SOs, Li(CF3S02)2N, or
Li(C4F9S0O2) (CF3S02)N”.  [Journal of The Electrochemical Society; , 149(2): A185—A194.

93) Morita, M., et al. (2003). “Anodic behavior of aluminum current collector in LiTFSI
solutions with different solvent compositions”. TJournal of power sources; , 119: 784—788.

94) Song, S. W., et al. (2004). “Effect on aluminum corrosion of LiBF4 addition into lithium
imide electrolyte; a study using the EQCM’. TElectrochimica Actay , 49(9—10):
1483—1490.

95) Peng, C., et al. (2007). “Anodic behavior of Al current collector in
1—alkyl—3—methylimidazolium bis[ (trifluoromethyl)sulfonyl]amide ionic liquid electrolytes”.
TTournal of Power Sources; , 173(1): 510—517.
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96) Peng, C., et al. (2008). “Investigation of the anodic behavior of Al current collector in
room temperature ionic liquid electrolytes”. "Electrochimica Actay , 53(14): 4764—4772.

97) Nadherna, M., et al. (2009). “Electrochemical behavior of Li2FeSiO4 with ionic liquids at
elevated temperature”. TJournal of the Electrochemical Society; , 156(7): A619—A626.

98) Mun, J., et al. (2010). “Linear—sweep thermammetry study on corrosion behavior of Al
current collector in ionic liquid solvent”. Electrochemical and Solid—State Letters; , 13(8):
A109—A111.

99) markovsky, B., et al. (2010). “On the electrochemical behavior of aluminum electrodes in
nonaqueous electrolyte solutions of lithium salts”. Journal of The Electrochemical Societ
vy , 157(4): A423—A429.

100) Cho, E., Mun, et al. (2012). “Corrosion/passivation of aluminum current collector in bis
(fluorosulfonyl) imide—based ionic liquid for lithium—ion batteries”. [Electrochemistry
Communications; , 22: 1—3.

101) matsumoto, K., et al. (2013). “Suppression of aluminum corrosion by using high
concentration LiTFSI electrolyte”. TJournal of Power Sources; , 231: 234—238.

102) Kihnel, R. S., et al. (2014). “Comparison of the anodic behavior of aluminum current
collectors in imide—based ionic liquids and consequences on the stability of high voltage
supercapacitors”. Tournal of Power Sources; , 249: 163—171.
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103) Iwakura, C., et al. (1997). op. cit., p.302.
104) Yang, H., et al. (2000). op. cit., p.16—20.
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0.1 f
g
H 20 9
N = 005 |
N
0 " 1
0 0.05 0.1
Z' 1 kQ
0 1
0 20 40
Z'| kO

[2¥8 2-17] 1M LiClO4, 1:1 EC/DMC Aoy L4Fu|H<e] EIS 18 =:
(a) AAEE A &1 FHS FoUlo] AFA 9E 39 JHE e &F
&, (b) 4807T, 24h &< €A 3t AAEE AA T &Fv]F.
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il ol A ol A2

A5

KeN
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Hr

o

1
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S

Z]

]

1212 %3}

-
*

%

S
vl

St (polarization

o

Z] O
o

Aol A EISE =A
z}-o]

Pk
=

kel

5493 T}.105)

S

R8s

7] Sl A 480TC, 24417t F<t E=

T gkl

ol o

1=
o I
1= O

[e)

F 1M LiClO,, 1:1 EC/DMC

R8s

b

kel

°©

=

of o

73

24 2o e R vEpdr) o]

-
— A
(e}

P

T

-

U2 39, Zhang A+ 1E
u

2] (pitting corrosion)

A A 2

G [29 2-17].

[e)

2l

potential)©] =olA 45 ¥ 9] 217 (semicircle's diameter)

3L

shoirhe

2

B
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a+51 T} 106)

S

Aol e}t

e =

el
=

]

A

105) Zhang, S., et al. (2001). op. cit., p.16—20.
106) Zhang, S. S., et al. (2002). op. cit., p.302.




2.4 EDLC A% €39 ¢

EDLC+ %7] 223 (early failure)¥ v} 3127 (wear out failure)2] A&
ARl F 7K 9] A BEE TMAA vk 7] A R AlZRGA B
a8 Fo| A A7AQ AALE T T2 dHAY, me 27] 1 BE
A

b B4

3
DgEE ARl uheh w2 Fagoh vhE 2 Bee f83 9918 o

|

(1) WH =l o3k Al Ao]~ 7HH; (cell case opening); A3 &%
s Azl whel F7beke A UlRe] 7ha ¢ ubal o] gt o] ARl 3
Alell Egshd A Alo]2 Bl AV Hole & e WY
relief valve) F-E=9A 7i=HA EDLCS ZwW 3|u

(2) AA 8% 20% o 74 A7|sts4 A ]%%] &<t 7Hgg &4
gho] W o] 29 A

(3) 57F4E A3 (Equivalent Series Resistance, ESR)9] 100% |74 5
7h AAA #19] A5 HRA o] A 2ol o3 eFajA|H o] 2] 7H&
}\ég] 7}

et Wl H (pressure

Err

P

oo} 7o wA mEo] Y<¢lo] ¥i= EDLCY Als 3= il Alo]&
d (cycle life) & FFA1717] f18ke], 2221 A5 d3f Ul gk Bt
A EE ATEo] o] gk}

2.4.1 EDLCE #3&jo 2 gAdEte] I3

shal PCo| #713}8h2] ok Ado] #3lk ol LIB #-ofoll A
Aol sttt 12yt EDLCE dafeiQl PCH Al 45 FEF A
2 bl Ak A= A9 AT Hahn 44 152 EDLCE

107) Gualous, H., et al. (2012). “Calendar and cycling ageing of activated carbon
supercapacitor for automotive application”. ™icroelectronics Reliability; , 52(9—10):
2477—2481.
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& ofal kS ARESte] [19 2-18]9 22 4

spectrometry )& A A Zsk & [19 2—-19]¢F o] 0 ~ 3.5V HYZE CV
= AR o] B Hol e 7hAE AAREe R AR B4 (mass
spectrometer, MS)E o] &3lo] A3t 2 A3}, Al U Fo A whE5E o
Ue+= 8 72+ 24 (hydrogen, Hy), =3 (propene, CH3;CHCH,),

a1

28]ar o] 2k} EkA (carbon dioxide, COy) %= 24 & it}

Electrical Insulation

bl
2
g PE Sealing
o
—_
° Gas Inlet
} —2 | ouatz
w0 Window
s — ;
0 Sealing
g Electrolyte Outlet T Ring
°
Counter Working
Electrode Electrode
Electrolyte
Electrolyte Inlet — -'C_'é?lné"o";y
—
Screw

[2¥ 2—18] Cyclic voltammetryE AAeH= B¢ A EHE /1A B4 S 9
3 A Fx

(scan rate)E 0.5 WV/s= 3}3S W= [ 2—-20]9F Zo] A
oA 7} WA 223 ANE (m/z = 41)7F A& AL 71 &
H ASE= 2.6 Volde] Al Aol A=HAT A At 0.7
VE ZE v 2.6 V, & A 2.6 VE ZF diH] 1.5 Vo] &5 AF 1Y
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0.4
/
0.3 15
£ 024 P /J
<
E 0.1 -1 ; —"'*—-i:.‘;g;// /’
~ S e e n /
2 00 /
-0.1 _
0 1 2 3
4 _.-—-”’fsr_gs?rj
> —— _ﬁ'ﬂr‘#
= 3
e~
1 LI
0 1 2 3
Cell Voltage | V

[Z238 2-19] 9): 1M TEABF/PCE As|Fo=Z 3+ EDLC A cyclic
voltammogram (2 cycles). Scan rate: 0.1 mV/s. o}&: 1ol A-83}= vI&
A (half—cell) A<t

H, A% (m/z = 2)& 54249 EDLC &5 At 2.7 V o]Ae] A
)l 3.4 Vel 7] A=o] HAaL, o= 2l ] 1.1 Vol <
A 55 A=A 2lF iy 2.0 Volr}, s Aol e &
20ppm W] FFo]7] wfjto] o] Ao Hy WAL Haffel i
F o, g He & Z2ga/Es HE 9 =
¥ #57] 1E (surface functional group)] YWkAQl 319 22 of AR

o
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m/z =41

_—

=
X

i

\\?
EIw 2]
SS)

cell current

=1
:

it

Cell Voltage I V

[Z238 2-20] R HA Alo]E9 CV (AL o} FAlol online mass
spectroscopydll g3 AZH AA 7}~ A3, Scan rate: 0.5 mV/s.

CO: A= (m/z = 44)= 2.7 Vo A HAstollA AZHAS. o] A2 dF

thH] 4.3 Vo &= A= dhell sidstar, PCo| Absl £a dho s By
of = w & dAH
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m'z = 41

100 pA /

. P—

Cell Voltage !/ V

[Z238 2-21] R HA Ao]E9 CV (AY o} FAlol online mass
spectroscopydll g3 AZH AA 7}~ A3, Scan rate: 0.1 mV/s.

= 0.1 0V/sE S we] 23= [29 2-21]13 @A} 7]E4
’:E F 0.5 nV/s¥ wjo} fASE BG5S Bt 229 4§
=]

0.9 Ve A A<t (2 F ] 2.5 VoA Aa7} A ZE o] e A2t
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7V (EF ¥l 1.5 VoA g @A o] 459 Fse] Bl
T ooiEr Hed A (A A 2.7 VdlA B 5 glglon

T2 v AR BE5S Btk CO, AlEs A A 2.9 Vel A A
% ck scan)< dh= &9 HUAE HEAY ©
A H Ao MS Az o] HojA| Abololl A (delay)e] 3171 uﬂ‘ﬂz—o]t}.

Li Li
o O . €L |0, + HC—CH=CH
L] 2 3 3 2
(3)5 0 e C;)—L/ o |
H,C H,C — O&Li* —
e N O
T |
ke H,C—CH=CH,

[2¥ 2-22] A<t BlFH 2#l9o)E (graphite) EHA PCY 3K A
1B

0 0
o)Lo -e” 0 )ko
>_/ +

H,C H,C

[28 2-23] PCY Ats}tel dig 7153 F7HA.

u

==

Al

Aok £ BA Ass Fete] Za2Ae [0 2-22]ed A9 To
7

Ao, Ho= flolA d5dd
Tolsla 9= SAere] mu ) 29] At
7]

—_1

)
o o o

| &

N

HLo 2
]_

Oft
38

Aoz olsd —’F A



T}.108)

Azais 9 15 S 7124 A =2ntE 1Y (gas chromatograpy, GC)S A}
§3ked IM TEABF/ACNS AMsldo= sta, 2.5 Vol [ghe <17hek AH)
oA A= d3t IS sk s HEH = 7AE B4 HdEE Ut
2291 T/ WE (methane), o & (ethane), 4F4 (oxigen, O2), Hy, ¥AS}
Et4~ (carbon monoxide, CO)9} CO,%loH, o5 F CO9 CO,&= vFRIT
el el v o] AFE Flo] opdzketar FA ekl 109)

lo

Carbon/Al
electrodes

Headspace
filled with N,

Inner absorption
vessel filled with
CH,CN

Electrolyte
[Et,N]BF , in CH,CN

[Z27 2-24] 70 CollM AT 43 & AP w3 &7,

Kurzweil 9+ 1FS EDLC €3l & #4317 Hste 1M
TEABF/ACNS Aoz ste] [ 2—24]9F 7Fo] ulo]ek (vial)Qrel] A

108) Hahn, M., et al. (2005). “Gas evolution in activated carbon/propylene carbonate based
double—layer capacitors”. Electrochemistry Communications; , 7(9): 925—930.

109) Azais, P., et al. (2007). “Causes of supercapacitors ageing in organic electrolyte”.
TTournal of power sourcesy , 171(2): 1046—1053.
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o s e vk 2 A2 70CelA 500 AR EQF FEe WAE S

715e WL e 7EEE AF sk L RS T A 2}

217] (Gas chromatograph—Mass spectrometer, GC—MS)Z ©]-&3}o] &4
PR 21 A3 AE9 725 CO.9F o'l (ethene, CH,CHy), AFA, 18]
TSI e Al 49 GEEAY cxZwk AlA RS (Hoffman
elimination)ell ¢k A oln, CO= 3l N3} /g etate] vhgof o 44
Ao 2 AjFetdnt. 12l Hyo A5+ =9 7] Eafol oAy, = &
A Eeke] =39 23} (fluorination, Simons process)ol &3] 2 4= Ao}

A ka} 9} 110)

Me ol JJ

ol

K

K

Activated
carbon
electrode

Electrolyte

- -

[29 2-25] 7} 2A Agol AL8d H-3 A9 F=x,

110) Kurzweil, P., et al. (2008). “Electrochemical stability of organic electrolytes in
supercapacitors: Spectroscopy and gas analysis of decomposition products”. TJournal of
Power Sourcesy , 176(2): 555—567.
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Ishimoto ¥4+ 1#+ 1M TEABF/PCE AN o= sto [17 2-25]%
e H-8 AR ¢33 558 27 Eelsle]l AFS Ageki L, 60 Col
A 50 AIZF Bk 4.0 VO ALS 7FEE AEjell A ZHzhe] el sk

g mRF] sbe ARvtETYgY R BAGA,

(a)

(b)

Ethylene H: CcO
6.5% 0.2% 5.6%

[23 2-26] <ol A7HE H-F AolA ASd A= d 7129 F79} 4|

& () 45, 2832 (b) 5.

a2 A3, F=ollA BAEE 7hae CO%F CORaL, &=l BdE=
7hs Hy, 224, o"d, CO, 18]aL CO= A= en, 159 v
Al [29 2-26]3F 2okeh. el LA CO% CO= daf s} 24
g Ewel Wer] skl A7)k Absl wkgel o gk Ao, 5ol A
LA CO, COyob A PCO A7]516h4 ghel wkgol o3k Zlolal, H,
= AF FEe] A7y g, odile TEMATS] Z32x8E A7) 1kgof
o8 frm® Ao= AlQraginh iy

111) Ishimoto, S., et al. (2009). “Degradation responses of activated—carbon—based EDLCs for
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Chiba ¥4+ 1% 1M spirobipyrrolidinium tetrafluoroborate
(SBPBF,)/ ethyl isopropyl sulfone (EiPS)E A&l o5 sto] gfrjd|o|E &
(laminate type) EDLCE A &+ek & 50 CollA 3.5 ~ 4.0 Vo] A2 50 A
b ES A7 F 2R kA E Vs ARvEIYY R E4 8T

2.0

0.5%
28 %\ 49%
Nl

= 1.5
..g Propane < 0.1 %
‘é" O H;
8 [ Propane
=T+
B 1.0
= H co,
4 Propane < 0.1 % | co
0.5
0.0 L J

4.0
Vohagc (V)

[23 2-27] A71E Akl w2} ST 7129 F7 R &

AsH 7tse 7 R 2 [29 2-27]9 yEhdllen, CO9 COx= A

higher voltage operation and their factors”. Tournal of the Electrochemical Society; |,
156(7): A563—A571.
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%
12
I
e
o,
uu?
=5
=
1o
)

57 2wdke] A7)shetA 4bst whgol ofsf Ly E
ZlolaL, olwf &= H0% Ao &o]<l BF, 9 wk-g-3taL, iz HF
S AT FFelA 0, EAol glgol E1H A7 Wiel H07F 54
of Het 0,5 At A7wal w2 ofyw, webx] F=o] A& vEl
= olfre Aald Fol ¢l BFF 7HE ZalH o] HFE Adshr] miol
50l A718S JEhilE olfE OH ¢ H'7F H.0R5-¥ W& 317
wo 7 Azatqivh A HFO A= A9 SEIE 4 A171=H A
wal, AR AlR9 H, Je)2 &5u]

Ho= 2 9 #7]shshy ghel ghgome A sn, o ghe

1

O

-

o
N,
R
i‘—";
)
r]I
olo
ol
o
=)
N
)
o
et}
rlo

o0
o2

2.4.2 EDLCE &Fnlg HAA <E3}

EDLCHIA 2%ul% PaA7 dsisls 492 2487 sk

A THS SEMOZ ZASIE  [28 2-28], 72 23 d=2nE JAA= A
sl A<l LiPFgoll A 5% HF o 522l 57t &Fngs F2AA 79,
2ldl (poly

ol &= A=l AREE Mgl ZYEFe=3t Hd
vinylidene difluoride, PVdF) 2] ¥] %4 &
Aoz Argsglrt.113)

Kurzweil 917 ZF2 1M TEABF/ACNS Asdoz 3slo] njo]d
(vial)Qboll A=3 Hafel& vk 25 2}-%-aL 70CollA 500 AIZF &2

,‘_?L
HAE ot ASe 28] 43Rl § 2 Fo dFnlE A wue

112) Chiba, K., et al. (2011). “Electrolyte systems for high withstand voltage and durability I.
Linear sulfones for electric double—layer capacitors”. [Journal of The Electrochemical
Societyy , 158(8): A872—A882.

113) Zhang, X., et al. (2005). “Corrosion of aluminum current collectors in lithium—ion
batteries with electrolytes containing LiPFs". Tournal of The Electrochemical Society; |,
152(11): B448—B454.
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H| &) AJZFE o]z} o] 2 A7 A7)
Spectrometer, TOF=SIMS)=Z #413}3lth [1¥ 2-29].

Aot dFulE BW dddE AlY A& 9ol = AIF,T, AIF,[AIOF],",
AIF,AIF3(AIOF),” % AIF,0(AIOF), ¢ #& ZFemdFuyolE
(fluoroaluminate) ¢} ZF 2. 224 &dFu|y|o]E (fluorooxy aluminate) &3+
A7F EARA L, T A HEo] A 9 AIF/O 28 2H
o &7t 71 At Al vYEbsk o, dRkA o ® AbstekFulg el A T

tq’
= [ALOs]L,OH™ A&+ AFHA skt

(Time of Flight Secondary Ion Mass

@ A

1

[28 2-28] &9 EH|2E7 B A YojlA o] A3d L JAA
¢] W SEM AHA.

o] A¥t= 7HE ¥ offjo] &Fvw JAATE et ow

4 (fluoride)oll oaf &2 W3ttt = = -

(aluminum fluoride)©] &5 2 %4 (fluoroborone) 3}3&H U} 1] <H4 3}
Dal =t ek S ofgol e A SFvE JA

FHAOEA 7Hse §aH ALO; FOE FHH 9S Ao

N
tllo
i)
=°.L;
N
£



Myung 947+ 15& 1 M LiPF6E o & 3tar 1:1 EC/DMCE &)
2 3 A Ao dFuE (99.9 %) 2 AFow i WES U A=

1 HFx AF0=2 3t 39-% (pouch) AS A|Ze & 5V vs. Li/LiT 744
23 5S40 ColA AASAT, B Ao B A& walalo] 1 <
of Sl FvlE JAAe WS TOF-SIMS® #41aqiv} [239 2-30].
g”;’; 8 cH AlCH llllllllll Efb o o F o
B l 5o
gwo %‘I-O,L ‘
ool 5 1:1 Lol Iwé . 25| mossiu % ool 5 10 et 1 ‘zﬁ‘ o
gxof T ! T CHMN CHN _ K NFO  BF, 2IF !
g 304 Electrolyte salt g
% 10} ERE
”|| ll‘l\ il LI n LWLl 3;2 A
50 60 5 70 0 % 100 110 massiu

ENW T AIF (AFO) AlF;Alj)
E].U o Al AL
:51.0 | ' A
8 ootlld ulsu” ‘ weol [ z'wl 728 240 Iw‘.aw

x;; AUFIC Custers

£ Al Al
ngg A I I ' Al
§ 63l 30 b T R Y lmassu”
e[
T 15

10 [ el Al ALl

Il
-] TR O G AT e
: 550 600 650 massi

[2¥ 2-29] €39 ¢FuE FAA FdHo| Ak TOF-SIMS 2¥EH

TOF—SIMS A3 =27H, &¢Fug JAA 2 F49 F-5H Abshate]
Aol Al-0 % Al-F 402 745 dom, AIFT/AI0" Y] v &o] ¥&
FE AIFS] FsH ARstgo] AR Aow dopsifitt. A~HEH
(sputtering) AlZFel] whe} AIFT Y] Z=7F A=} 748k, A0S AHEHEY A
Zhol S7hgtell whet efgh obxlom, o] AbdE Al-F 3he (ofrhi= AlF;)
7} Al-0 3}8HE (olntx AlLOs)o] Al ol Fise] vuto 2 A &3t
A& A8k lolehal shdA dFrla JAAe] FWo] ¥-53) woj7k=
g obefo] whgA o2 M3t

114) Kurzweil, P., et al. (2008). op. cit., p.565.
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Al,O, + 2HF - 2AIOF + H,0 (2-13)

2AIOF + 2HF ~ Al,OF, + H,0 (2-14)
ALOF, + 2HF ~ 2AIF, + H,0 (2-15)
20000
25 1500 AF*
32 aAlo* 45.98
O @ 10000 i
58 42 .98
L |
. i M I |
40 4z 44 45 48
. 20000
25 d 45.98
S s 15000
3&
2E
38
2 so00
) | Lo o
40 42 44 45 46
. 20000
g 1°
§§ 19000 4598
1]
E 8 10000
B2
S 5000
0 | L L " i
40 42 a4 46 48
~ 0000 {7 508
= 8000
e
gE o0
(&0
T3 4000 42.98
29 2000 1
= o ! A l e
40 4z 44 a8 48
10000
m%‘ 8000 4 9
32 6000 45.98
0 m
gg o 42,98
= o 2000 il I l
0 H | | |
40 4 44 4 48

m/z

[Z2¥ 2-30] &5 A% 3 g3t ¢Fvjg JAA FH ik TOF-SIMS
2HEY,
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ol5 A& AlF; 5 o] th2 AFEelA XPSel o8 <l # 2
A ALO; AFstE SO 2HE FX29 As oulsts Zolgkal st glrh.115)
Bittner 7 152 1M TEABF,/ACNS d3j o= 3 EDLCE Al
T st A 2% 21 ol A 7 Al (cycle life test)S A A8

L, 15 AlE Fafste] dFrE A EHe XPSE FA 5T [

2-31]. 98 Al A &FvE A Fol tigk Al2p I A7F 725 eV
( " W) et 75.5 eV (&Fr]F SAe] =, aluminum oxide) oA €21
He=d Hleke] 9 AE § dFuE JAAAY sEd g Al2p vAE
72.8 eV (71w WE) ek 78.2 eVoll A FRAE A 2 A A= &
AR 979 YA = AlF; = 25223} 4515 (fluorinated aluminum)

oe}, 4 (2-16)°] WHE RF Fo| FRH AR oA AW,

=

210

160 i —> /h

-

&

/

Binding Energy / ev

Al

[2% 2-31] €357 A F &FvF JAAS XPS Al2pel] g 2 E

=3
.

115) Myung, S. T., et al. (2009). “Electrochemical behavior of current collectors for lithium
batteries in non—aqueous alkyl carbonate solution and surface analysis by ToF—SIMS”.
TElectrochimica Actay , 55(1): 288—297.
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6HF + Al,O, - 2AIF, + 3H,0 (2-16)

olgfst dFulE HAA FHIAA FAHH AI-F 28
A vkg] (delamination)2] <lo] =

(equivalent series resistance, ESR)¢] 3

116) Bittner, A. M., et al. (2012). “Ageing of electrochemical double layer capacitors”.
TTournal of Power Sources; , 203: 262—273.
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Aol F-g4AQ s v 4 9lal, 99.9 % o dFHE YAl thE &
wo] FvlES EDLCE FAARA S AME-S a1efsty] §lsir= EDLCE
Asf N el 252 F= 23t Aol B3 A7F =] Ao sjia g
4 Qlth. 2o wel, EDLCE deff oz 7 AFE¥+= 1M TEABF,/ACN
WellAd 54 (52, &%, WHdsheol 47 v& dFuasol et &= Akst
Aol #e AF4E HAAsGIT

4.1 A8 B9

411 A8 A=

=92 mol1, &FuF =%7F 2+ 99.9 %, 99.4 %, 98.0 %2 9
etched aluminum foil, ©]3} ol A ¥H) 3} 99.9 %<} 99.4

B
=)
N
fols
o M2

zt= dF1n)g ¥4 (aluminum plain foil, ©]3} Y8 S Korea
JCCEE-E AFEUtt. 99.9 %2 =52 zh= o Jute 485 += EDLCE
HAA o™ (o]sF 99.9 % Al foﬂ), X2 99.4 %SF 98.0 %9l ol Aue &
dFuE A3 AHAEHY & o Jutolt} (o]t 27t 99.4 % Al foil,
98.0 % Al foil). [3 4—1]2 01:‘5—0 stetd & Aoy, =7t Td g dt
¥ oo Fuke se v AR Fdsith

IM TEABF,7} 2350 9l % %7} 10 ppm ©]3He] ACN &<
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4.1.2 ¥4te] o3 (Etching)

99.4 % w=9 YErES 60 C FASUYER 89 (10 g/L) koA 18%
T AU F FHER AAFA, 80l 4% A2 AYNEE WE
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T4 g8 A2 g vk S8 AP g BF vk o E 2y 5
o 255 AR, A712dA 300C, 1057F ARste] 2107

[E 4-1] |39} 35 H& 4.

AEH] (wt. %)

|2 Al &%
(wt. %)
Fe Cu Si Mn
- % 999 < < 0.03 < 0.003 < 0.025 —
Al foil
99.4 %

Al foil 994 < < 0.12 ] 0.20 ~ 0.30 | < 0.10 < 0.01

5.0 % 98.0 < < 0.70 | 0.05 ~ 0.20 < 0.20 < 1.20
Al foil
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[e) =
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N o 71
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4=2]°l st
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Voltage (V)

- - | | |  Time (min)
Forming(@) : 10min Forming(2) : 10min
Power off : 1min

[Z23 4-1] AR Azt mE A A7k 7 34 2L

[¥ 4-3] shdute] B4 € 354,

o] & Wdet (Vi) £ (fF/ei) | Al &= (wt. %)
Al foil—0Vf 0 210
Al foil—1Vf 1 140 99.4
Al foil—3Vf 3 110

4.1.4 Cyclic votammetry¥} Chronoamperometry
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2HE A|~H (multichannel potentiostatic-galvanostatic system, VSP—300,

Biologic Science Instrument)S AFE3Fo] o] Fo] A
CV A3 3d5 Axgoz HAAsign. 3d5 A28 S8 FAF
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4.2 A9 2%
4.2.1 Cyclic voltammetry

e wE dFuE JAA B 54% Ake] flske], 1M
TEABF,/ACN 3 <} el = e ol Adute Cve A5
itk ol whe ol guke] Agt-dF =442 [ 4-3]e yEbith A W
A w-= AFo]E (polarization cycle)$l [Z18 4-3]2] (a)ollA ol HutE2] <
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117) Davis, G. D., et al. (1991). “Passive Film Structure of Supersaturated Al-Mo Alloys”.
MTournal of the Electrochemical Society; , 138(11): 3194—3199.

118) Davis, J. R. (1993). “Aluminum and aluminum alloys”. ASM international.

119) Li, F., et al. (1998). “On the growth of highly ordered pores in anodized aluminum
oxide”. Chemistry of materialsy; , 10(9): 2470—2480.
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3.5 7 (a)

Current (mAm?)
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(b)

Current (mAm2)

3.5

(©)

1.5 A

Current (mA )

05 2 4 6
Potential (V vs. Li/Li")

—98.0% Al foil —99.4% Al foil —99.9% Al foil

r
8

[28 4-3] £S5 Alo]Ed w2} 7|5 E ¢=d BE AAREY AG-AF

ZA: (a) 1% cycle, (b) 2™ cycle, 283 (¢) 3™ cycle.
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ZA: (a) 1% cycle, (b) 2™ cycle, 283 (¢) 3™ cycle.
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Current (mAm2)

Current (mAm2)

Current (mA cm-2)

-0.5 4 6 8 10
Potential (V vs. Li/Li+)

—Al foil-0Vf —Al foil-1Vf —Al foil-3Vf

[2% 4-5] &5 Alo]E¢ we 7|58 WAL b2 sputEe AY-AF
ZA: (a) 1% cycle, (b) 2™ cycle, 283 (¢) 3™ cycle.
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(corrosion potential, E..), ¥21 #5F (corrosion current, I.,), ~L2]3L
/S B} A= (anodic/cathodic Tafel constant): o] ZFAEZ HE
ok 25 A (R,) 2 2 (14)oA 9 o] Stern-Geary WA 212002
By 285U

A
e ¥ b do gi

AE B, X3,
AT 2303Im,,(ﬁa+ﬂ,,) (14)
A7 A, AE/AI = = A9 7]L7] = 54 = R.o|B=, 24
(14)= 2 (15)¢}F #Zo] R =4 oAl xdd 4 ok
B,(V) < B.(V)
B2 = 55mr anG, 1) (15)

corr

120) Stern, M., et al. (1957). “Electrochemical polarization I. A theoretical analysis of the
shape of polarization curves”. [Journal of the electrochemical societyy , 104(1): 56—63.
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Ba &F B. & A7 Abste}l 3 B A otk B Fdo R FH
Aoy zl shdurEe] B2 gel|H (parameter)© [3E 4—4]°] Q°F= Ut} Al
foil—0VIY R,= 2.364x10°Q, 183l Al foil—1V{$} Al foil—3V{e] R=
6.151x10'Q¥ 1.797x10°Qe. 2  zZ}z} AtEFwo], At ulzf
sturEe] &5 Ade] E9si vt2tks Aol gelE k. Al foil-3Vie]
= A3lo] 7P Eekom, Al foil-0ViZF 7P @S Ao ® vEhykEd,

Aol Fohe AL &FulEe FAY Aol wig F A Y=
nlola, wEpA] 3Vie] lHeks ZEE dFvlyw xwe| FEEHus
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4
ox, 2 I 4

o o 1o

o

- 12
- 10 I,
ol
-
X 8 3
&
>
N 6 =
=
- 4 £
e
P
- 2
¥ T Ty r—rery « {
0.000001 0.0001 0.01 1
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(2% 4-6] R WA B3 AJol2 F JAGe] WE Tafel T4,
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[% 4-4] 34859 R AR B3 AJo]Z F Tafel M 02 FE Qo]
2 54 s

T Eord V. | LodAcm™? | B/V dec™? | B/V dec™ RJ/Q
Al foil—0Vf | 3.14450 | 3.12x107° 0.254 0.512 2.365x10"
Al foil—1Vf | 2.94273 | 1.08x107° 0.270 0.352 6.151x10*
Al foil—3Vf | 2.67672 | 0.36x107° 0.249 0.367 1.797x10°

4.2.2 Chronoamperometry

AR OE 5 9 UHsHs 2te SR aEdAA dojuvte Feld ol
Hgoriy AHE AFE AR TR HFEY] St CA A4S
ettt [2¥ 4-7]2 1M TEABF/ACN & Yol Al thest &dFn)&
59 CA Z23do|t},

99.9 % Al foil®] A AlRbel wheps] A &2 0= shealditt. 99.9 %

Al foil®] #HF HF+ 0.023 mA=Z SAHRAaL, 98.0 % Al foil & 99.4 %

d

Al foilell Hl3f FHAQl BES HAFATE 98.0 % Al foil B 99.4 % Al
foile] ZAS-ol= A 017} & ok gA| 7k 71| FF A o7 = H g7} uE A o
BAE R oH, o] F o= Y tgHow AL

217t %
2 et Al s Aol
A7) Fso] WA= EHgst BG5S BT 99.4 % Al foil¥ 98.0 %
Al foiloll A Ho]= o]# 3 ALA ] AF e &Fvge FsuH g4
2 mlyje} AAH Aoz FHEHo] H o] .

dFuFe ey g dAk MEr) vfe- wt] wiiel, el
FEEHo] FAs W Akl skl whgo] AdE o] T ool FA My
AL A7F EH (self healing) 7} 2 8ko] d539] 7Ha7F vepdth a2y 58
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gog Qe A& AFR7F AL T2A4 Ha, P48 F5H
o AA G Arsi7h WwAsEy] wEel AR vl S
e A2 dFulg A Agt dA 3 =17}
HhEof o]3l o™ 121)122)123)124)125)126) 1M TEABF,/ACN A3 1)

2

Ot
il

]
skA | 53t 99.4 9 o]l Wt 2=y

dFulg o FAdH WAt uelaA ZH7] o ]

STt 99.4 % Al foil (3 24 A AISHA] @2 o o 2 A

1o
X
P o
o
oX,
fllo
T

Al foil=0Vf
o} 2938 2)3} 99.4 % Al foilol 27] ThE WAYS a2 34 ¢S
skl AZeE Al foil=1VE 2 Al foil=3VIe] Al7tel] w2 HF LS 4

ek zte] & H T

99.4% Al foile] A|ZF=A5F XA A= HAF/FZE (current oscillations)©]
w9~ A5k Al YEREAIRE 99.4% Al foil®] 3ol o8] WFgte] Holxl Al
foil—1VE H Al foil=3V{e] A 7t=AF FHoAM= AW A7 5] Atz
pe zkgu%, 53] Al foil =3V{e] AF—AIZE F4E 99.9% Al foil 7} FAFSHA

hekd] org el 25E Btk o] A ACN Aol A A7) 5hst o
2 2T A o el 34 A Sote] el F-aH Abs)
e FAANA WA =olAl HH, Ak ol Eto] ZhA AL I A 7] 8ke)

121) Hoar, T. P., Mears, D. C., and Rothwell, G. P. (1965). “The relationships between
anodic passivity, brightening and pitting”. "Corrosion Sciencey , 5(4): 279—289.

122) Sato, N. (1982). “Anodic breakdown of passive films on metals”. Journal of the
"Electrochemical Society; , 129(2): 255—260.

123) Thompson, G. E., et al. (1983). “Corrosion: aqueous processes and passive films’.
MTreatise on materials science and technology Scully JC; , 23, 205—329.

124) Szklarska—Smialowska, Z. (1999). “Pitting corrosion of aluminum”. Corrosion science; ,
41(9): 1743—-1767.

125) Masuda, H., et al. (2001). “Self—repair of ordered pattern of nanometer dimensions
based on self—compensation properties of anodic porous alumina’. FApplied Physics Letter
sy, 78(6): 826—828.

126) Chen, J., Yao, M., et al. (2016). “Electromechanical breakdown of barrier—type
anodized aluminum oxide thin films under high electric field conditions”. Journal of
Electronic Materialsy , 45(2): 892—898.
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Current (mA cm?)

Current (mA )

0 10 20
Time (h)

~98.0% Al foil —99.4% Al foil —99.9% Al foil
—Alfoil-1Vf  —Alfoil-3Vf

[2¥ 4-7] Q7FA < 3.5 VOlA] 1M TEABFJ/ACN A s theksl ¢HFn)

59 chronoamperometry profile: (a) A chronoamperometry profile,

(b) 0.4 mAcm™? AF ¥ o]l A9 chronoamperometry profile.
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“Aging and failure mode of electrochemical double layer

(2010).
capacitors during accelerated constant load tests”.

923—-928.

et al.
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Reference Electrode & Z T & (Current Collecting Rod) ( SUS316 )

Septa holder ( $US316 ) 2 71

Septa ( PTFE/Butyl ) 2 74
Cell Cap ( SUS316 )

O-Ring ( Butyl ) No.2

O-Ring ( Perfluoro ) No.3
0-Ring { Perfluoro ) No 4
Reference Electrode Holder

(SUS316)
Tube fitting straight type with male connector

/ (AH=2HE ) 470
a

REFOR Sl B Eg-)
Separator ¥ o] O0|=&
A= Guide ( Peek )

HI @ x 0| =g

Block ( SUS304/316 ) 8 7

O-Ring ( Perfluoro ) No.1

O-Ring ( Butyl ) No.2

US304 ) 127

s .
HILET (sUs36) 271 e -
O-Ring ( Butyl ) No2 - ' '
EHET (1) (SUS316) - 1)
O-Ring ( Perfluoro ) No.l

0] o
Bolt with Sleeve ( SUS304) 122 L Y
Cell Body ( PEEK ) Separator & Gasket ( Butyl ) s =g
U (Current Collecting Plate (2 Spsr;;\s%l(;kgf) o ~
(SUS316 ) ( )

[2¥ 5-1] 7k& &4 A9 Wi 74,

[2¥ 5-2] AA 7t& B4 AA"H 74,
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7k A A W A [2F 5113 2o AR 7k A A 2H
o e (27 5-219k ek WA bz BA AsEe shs Ba oA
WAl 78 7hs B AR 54 7] (AC7-S, EC Frontier) 2 2 4 =5

Sda, Askel Sl7be WEAE el esHE - guhesEE Asd
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(multichannel potentiostatic-galvanostatic system, VSP—300, Biologic
Science Instrument)S ARE-3Fo] A3 T}
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5.2 Ad A

5.2.1 &Frlg JHdA &3}

5.2.1.1 &g JHA =24 Ast

EDLCH 5w gxlAe] &3t HA = ofsisty] flsted, a2 -3} H
2E Fol 9= Es A4S vl 500 ARE i skl A8 alei FAA
BAELOES

[2¥ 5-5] 2 F3} H2E 7337 A7 & & I¢E JAA £HY
2D 2 3D AR (X2774): (a) HZE AA A, (b) 500 A+ A3} F.
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IA -3} 500 A7 A3t & [Z19H 5-6]

o ol A 1

W o] 44 o &

27
o

48 AcE JAA 2H9
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[2¥ 5-6] I F3} H2E 73 A7t w

2D ¥ 3D AR (X2774): (a) 1000 A+ A3 &, (b) 1500 A7+ A F,

GIE

, HHZE7F 1000 A1 7F A3}
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[2% 5-8] [2¥ 5-7] © Al tg 2D R 3D WA A (X2774).
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x104
s, (a)
7 1 o
6 -
=z 37
@]
4 -
~ =
3 - . 2 N
Qo ] w
S - L
1 - < L___——v‘l"“‘u‘r_‘
0 L] L] L] L] L] L] L]
1400 1200 1000 800 600 400 200 0
Binding Energy(eV)
O
0 L] L] L] L] L] L] L]
1400 1200 1000 800 600 400 200 0
Binding Energy(eV)
[2¥ 5-9] 22 73 H2E AA AF9 4§ 1= JAA S &4 XPS
A 29 EY: (2) 7 4 AAA, (b) 72 FAA.

- 102 -



= I

4
A

- 103 -

ﬂﬂ Hu X0

< o 2 - . :

W om S| & s : s :

By > S 3 ,1QM54 —_

~ J <t [©)] S R = ® e k

S22 - = " w2 N0 iy ™

[aze) ‘Lvo/l il O w X - :
© ® T w Lfﬁ%ﬂﬁy % JEEn
<32 > s 2 X o = N o — <
e 2l o | g o = X ow L = e

m = s a S =) S W2 T B il

%Lu & 2 < = = =y R e —_

B o= o o~ o P P g E E
: 2 ﬁ £ — w i iy % o O S =
gmt : - m % _ En_ 0 _.ﬂ M N2 Wﬁ — w
N S T RSO R B ST % - = :

E E.E A.._ «® ™R % Pl = ~

35 ! = B ul_ 55 L o) %

JXH_ - ; ‘DF % N NI fr m_ LC N m =
e S o ﬂ © o X % o o © ) ] :
T W T B o S | 3 ﬂHTMM_mRMM - 4
ol = o m — < % % [ l, W e ﬁ - z

Lﬂ g s 2 < N = ww © wm x > : :
b H = o anop O @ i = ) . 2.
4+ | ‘a | [} » I3 a m.ﬁ ‘_umU i )
S oo 5 o | i < g © A %ﬂ5 50

o ™. NO l < o % m™ o =5 X N 7

m_uDWri N 3| 3 ’ %AM@H \ X
TR — =S < = 5 :

N - o X oD wE S : |
oo WA _ 1Lﬂmﬂ&ﬂ ) %
N @ = T Te) XK= ® % T e W

il 5 22 - e _JW_ T D~ b P> o i

— [a— T X i ; i - :

£ g _ o il . F Lﬁ o R N o <

= N _ o L T
g — F w7 ol e
o) o = =




100 A (a)
2 80 -
e
=
g 60 - —Al2p.Isl
g Cls.Is1
£ —O01s.s1
o 40 4
P —Al2p.Is2
E P2p.sl
-« 20 4
——
0 -%
0 36 72 108 144 180
Sputter depth (nm)
100 - (b)
é 80 -
_E — AR2p.Is1
=
£ Cls.ls1
5 —O01s.Is1
5 —Al2p.Is2
o P2p.sl
E —F1s.ls1
-
0 36 72 108 144 180
Sputter depth (nm)

[Z2¥ 5-10] "] 2] 2 72 FAAe W XPS Zo] 29 (depth
profile): (a) ¥ 2 JAA, (b) F4] FJAA.

XPS €A} ~FEGoX HAEH AAE 7zt tste] A4S wmHoelx
HE 13 @ 4.5 nm A Zo] Wako g Sol7bHA 180 nm 7FA 159 &

& RSk (£ 5-20% v $43 34 gase] Xps 2o L2d

=



(depth profile)©]

it

A2 TN E W

)

}

9
pl

=

hyA

2 Ak A v Eola, [ 5-10]
o o

XPS Zlo]

1t

2

9 ¢

(depth profile)el] thgk HAH¢] %

o

N
TH
ol

)
ox

B!

—_
fife)

puze)

el

27

Ale] 27.05 %, O7} 46.22 %= A =] o]

Z+7F Al#F 0%

& HAEHA Foken

AR

dA7) o A= 45.00 %S A
%]

Al2p.lslo]

1

s

el

" HES HER

Aoz el XPS

H
=
=T

o)

9 EHol A

TAHE B AP} 28.71 %, O7F 5.22 %= A= o] 7}
L

<] &}

1
s

el

71 W3} glo] v
oA HYES Koy o

1
s

ol 4

oA | A3}
ok

=1

v

=<

=

oA vl B3} 24 A AA ] zfo] 7k
PN

)
=
E

[eZ]

3

<
T

)
=
=

]

=

o

H

23}

[e)

=

=

2] 01s9]
)

%

il
| 2=

ok 22y 01s9]
ol M = Sgk

oFro
o 2k

3
-

2407} ke

sl XPS Zlo

A HojsFo] Al2p.ls19]
36 nm A% 7HA] A8 A

=

°©

o/\]_
A

A At Aolg wld, u
7t 4]

g]I:

H

TH

- 105 -

[FI/[Al]S] 2=73n]7} ok Al-Fe] gej= W

[01/[AI]9] 24 u] 7} SolAm] &Fnl¥r o] Al-09] Fe)z

FA S

S

g

glo] <



SZ;’! 53;6 5?;4 5?;3 52’;1 52’;0 SZIS
Binding Energy(eV)
[28 5-11] 7] 2] JHA 9 Olsel tig XPSe] 3D € 2D 2 EH: 9
3D, o} 2D.

- 106 -



)
@)
—
w
[»
14,
[
juits)
rlo
S
d
4

[2¥ 5-11]* AE HAA el FA AA oF 532.4
eVl AR E 2zt shte] 9371 #dFEQ e, v FA FAA ] U

£
T
EnZZZE
—0.0nm = T
—4.5nm
—9.0nm
—18nm
—81nm ‘_.* \!
ey IR
180nm A m

78 71 96 Y1y 4 73 72 71 70
Binding Energy(eV)

[2¥ 5-12] 7] 32 JAA 9 Al2po] gk XPSe] 3D & 2D AHEY: 9
3D, o}# 2D.

[23 5-12]0lA] Al2p ~FEH S 72.8 eV} 75.2 eV A A 2}z 5
N HA2E BeJFa 9o, F g3 FoA W A% oA £l Ha=

.

- 107 -



AT W FFo)a, w2 A dyA £ Fa= Al-09 A% FH
E o] Fa 9= Ale] A oluA] v Aot} e AgolUX £ ¥Ade= ®
ol A Wi-& Sojd5 AlekA groy, dFula vEs vYehge w3 2
T oollvA %o vae 288 WA WHE Eoddss X7 g5 Al
AE Aoz Yehgth olgd AxEe v F4 JHAe] ¥ue A=
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130) Kanamura, K., et al. (2002). op. cit., p.A185—A194.

131) Strohmeier, B. R. (1989). “Surface characterization of aluminum foil annealed in the
presence of ammonium fluoborate”. TApplied surface sciencey , 40(3): 249—263.

132) Lopez, S., et al. (1998). “Acid-Base Properties of Passive Films on Aluminum II. An X-
Ray Photoelectron Spectroscopy and X-Ray Absorption Near Edge Structure Study’.
Tournal of the Electrochemical Society; , 145(3): 829—834.
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133) Ocal, C., et al. (1985). “An ISS—XPS study on the oxidation of Al (111); identification
of stoichiometric and reduced oxide surfaces”. [Surface Science; , 157(1): 233—243.

134) Pashutski, A., et al. (1989). “Low temperature XPS and AES studies of O2 adsorption
on Al (100)”. Surface Science; , 208(3): L91-L97.

135) Textor, M., et al. (1983). “A photo—electron and secondary ion mass spectrometric study
of the chemical composition of thermal oxide layers on technically pure aluminium’.
[Corrosion Sciencey , 23(1): 41—-53.
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136) Kalantary, M. R., et al. (1992). “A model for the mechanism of nickel fluoride cold
sealing of anodized aluminium”. ournal of applied electrochemistry; , 22(3): 268—276.

137) Bittner, A. M., et al. (2012). op. cit., p.272.
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138) Strohmeier, B. R. (1989). op. cit., p.258—259.




pet et

°©

EEE

°©

gjob o] A

= izl = =" ~ & B
F n o ) wm ~ ok
.C w__f = o 0 d%
~ o B m X )
— ) A
N o A g X R
7 H 7o Waw ®E
™ W m NE R |
= N~ o o M OE ox
X <] do X o =
ﬂ ~ dl - “w 03 ~ R
= AN —~ X _:rl ) O:._ ]
= Z.L ZT._ o HA .
o % o op O Mo o
ol B A
N i Joom R
7 ™ L
A I
= . o 4 o A - l
== ) 00 o0 ]
LT nr olo ~
— do oV oy =
B = ROA M D
o oy o o M m =) M_U_H o M
3 l
s T P NgHIw
— M_H - L
z 2 ) M % %0 P -
3 £ t S I
ol ‘% o W oR xR R N3 G
v o @ H ok N A - =
5 R A NN
oo BT oo R
— e o R
- QT i 2o W ~
T T T T — il Q_O o _— ‘mﬂ —_— X
I N ~o ojn o oo o R’ my
-+ n S - ) 0 T 1 oy o X o
o SEsE LT IR
w) se3 pas[oa o A ° o I- N o
(fm) 3 pasjorq N = 0 < Al T R

116 -



J) = A
]_

Z
<]

&

2 34
<

A

te] Azhe Aee 3t

S|

4) Ale o kel 3= HA

7}

1
s

o
<

A e Zh g vAE

M Negative

W Positive

(Jux) se3 pasjoA]

150 200 250 300
Time (hrs)

100

50

Fedt AFo2 A%d 7tx 4 4

A

HAAAE

[2¥ 5-19] A&F A=

o) Azt BE A Fhx S

Ea

A

—_L
=

E5 7t

e Ao Azd

=
=

24 A b w49 Al o

KeN
1=

F2=o] 2 FS 145 ml,

3k 7

2 Az A el A

o

4.32 mlZ2 AL+

9] FFe

R8s

sk 7}

oA EA

o

o)

s

WA A Al o

Ea

1] 7}

Al A
-

117 -



—_L
=
=

alr

A &=l A
300

2kl 3.00 ml

2ol 4.32 ml o}

o
A el 4
¢}

250
¢}

=

]

Bl
9

Ea

o2 AZg st Y
9]

Ea

o
=

g 7}

-

Aol 14 e 7hx

200
Y
g 7}

}

al
=
A

s

Aol Axtel s

bouo) o

7hmo] ke o 1.04 ml,
=

=13

s}
st 7

R8s

150
Time (hrs)

AE AHE

4

S
<l

]

H

of A T
, O] 7k WHAYRFe] Afol

pzs

100

—_L
=

A A Aol A

W =

3.00 ml & AAr=E AT}

4

=
&

[e}
1215 AFE-3E =l A

-

o
50

]

4 Fhx ey,
% nen

o
£
%

R

]

W Negative
H Positive

&
=
L
£

o

=

b 7}~

°

9]

Ea

b 7}2-9] ofo] el A Ay

A
O~
8% nen

F 7
35 1
g EE

°

T

(Jox) se3 paAjoA]

<
of A T

<

R8s

g8 Ao AsE A oA 2A

o) Azl

-
=

2k 7k €

S

o A T

)

al

%]\

7w ays

o

1=

7p2me] 2 &= 2.37 ml,

ol .

hyA

}

9
pl

F 1

0]
118 -

R8s

B4 o] 7hs wy AF Avt] o
AFoz AAE A ol A wA

3 Ao yepdt,



= 26.72 2 27t S om, ol A MG 7hae] o} S|

AR 7k F2 R A Wl AR o) SR 29.09 ml = ARk

= [29 5-18]oly [2¥ 5-19]°l4 vebd aise
= RARAAEE Tk B Foleh A Ba HAARE 90ARHEE &
ol A A 7kaFe] FASH SrbetHA A HAAES] Tk A
Az HE gAe Holhs RHS BT
Aeie o S HAAZ AREE Aol A ARk 7k F3EQl 29.09
s 48 1EE GAAS AFES AT BAF shxo] S 432 nl
st ulaate] of 6.79)0] o] & W W53 o W Folud, olel @ b2 Ay
o] Aol 91o) thE AT 1wl Ao} gol HHE STl A WA
2ol % Ao vheh
5
W Negative
4 B Positive
=
E
&
s 3
=
W
-
= 2
-
=
1
0 -
0 50 100 150 200 250 300

Time (hrs)

(2% 5-21] A¢E S$4Ue JAAR A4S AFo2 A% 7h2 24
A9 A7kl BE T4 Fhx B,



2 AgE AFOR AE A el A TS el Fe FF L
7 ZAE o, PN AR ] P oA
WG Ah0) B FA A WA TR b5 FRE 559 nl 2 A

35 - 6 1 cPDDaDwdmmﬂ,.,ﬂm.5.59rm‘l
- = 29.09m]
30 - ER #oo“ o 4.32m
P ST
E: I o
= 25 - & 29 P - DD
» W &
Eﬁ 20 - 0 o
0 S0 10 150 200 250 300 o
E Time (hrs) o
= (=)
'._d 15 5 (o]
-
=

0 50 100 150 200 250 300
Time (hrs)

“(@) =(b) °(c) °(d)

[29 5-22] Z7] b& &FvE JAAE AL A5z Azd 7t £
A Ae] Azt & AR 7t ST (2) FE LeE JAH-A, (b) ALF

TE JAA, (o Ak A9, 281 () Ak sdtoly A€ 2
HEZE AT dFerS JAAZ AT AFY 7t dAZFES A U
A AFEY 7t SAFE v2d A

s fHAA = ARSI A=l AR Thse] TRl 5.59
h o

AFdute HHAR AREE AFelM BT Thie] T

- 120 -



of &% Tl S T T o T
T B o T o ORI RR e e pAERE®
T T oW oo Mo N w TN Fr ke
o U R I R = T on T BT
o M Laﬂ%%&%%%g Y # gE T oMb
= o o| ~ . e < X ) = o= 0 (B o)
%o = ) Y Mo o ny o) X ! A & Mo el = _uroE i o Nl =r
A do W MW_ o & G A = Moo W HM,_ " % X0
SN %ﬂ ﬂAF u_ N T K Z0 = ZT ﬂmo #u ,ﬁ ,mﬁ M_M B} Wluﬂ 0 mmo =
Mo %@u%,w_wl@maﬁ%% TN A 7%%1%5
RpT T &P YTET o N o 2 ax A
ReoRe o AT N B A G T o= RN
s X T oF B ® R X 99 Doy T )
O#E .ﬁ o ~— = ™N z:v _Jlmﬂ - &o oV =o %) = = ©°
Ao RO N R T il H 5 % —_ ~ 2N o R ~
IO g LT < T T oo R T
v sl ; W T oo B2 T T 5 NI R
S R (N AR o do o U nr W o . .
o o= e T oo i o = = Jp T
1H 5 xR og N, rol o) X cininy
5 Jﬂ . _&l — E Lt — oo l o T = =g 1
GACA N KK e XE o) = ) =0 oo 3o =
eF e ABmArRLE L TD o o o TP aly
. N = = JvAl_-_ ,ul < X <0 1_/r J#I o o _ui N
0 — G (ap] =0 AM — -~
ﬂ_w” v 0 . - Ot Z#.O A ,_I!.” — —_ ~3 iw_ 0
M ﬂE ,Hl - E_ J 1U_,_W EE l, <f 7, A ﬁ_.: 1_OI OMU A 1_OI q_m:_ AT._ 1__/I Mﬂ_l < 3
) el N I
SE MRz oRUTESSL LT HE B g F ~
T o ey Pl B S I o W sy N % R =
9 o ﬁamﬂﬂ%iﬂﬂoxxﬂ o P T o oo, E oM 5
E o) ﬂW i o = &L Ly <z__| _.i o= w&o Hl ~ 3 Og
=45 bR 2L ENN LR EIONCINE qoar w2 9
~ ) wm P o o= do N e ars 0 <] o o o -
5 D T NS M do S X 4 ~3 X ﬂw M b H o ~ =0 i N w
=T = mﬂmo[mrw.ﬂm%i>u|m|wu,ﬁ R ST R
7 —_— )AO L.E . oy 'l i ‘_l_lﬂ f JvAl
2 » 0 CE gy x EBw =y B s R g2 P a
s oS EE . 0 T 5" Jan ,ul Lo T =) ,MO o g = ,% O,W ,U,IA n_lqéu 2 X »AE o oH
S T TR e T T M e T A ﬁ ww wﬂ N oo o o
T om oW B o

- 121 -



[2¥ 5—-23] A&
Ao kA @Ay A3

3D AR

=]
=

H 2D

FAA =

k=)
.

(X555): (a) 49 A, (b) 43

JoH

Ea

Atk et 7}

gl

7 =AY
2 5-24]

E7F ¥

o 54 3]

)g—

(¢}

JElO
ofo
0
o

N

]

(b)ell M= -4

9]

1

[

,_ﬂo

1
B

g
0
xr
TH

- 122 -



AEE Bok AUl F4e7) Aol AY T 48 new YA ¥
W A9 Fo) Avk ol Qe ¥Ue 2774 vl g2 Sujaje] R4 wEe) X

[2¥ 5-24] ATE o AeS JAAANZE AL AFo 2 AZH 7t B2
Ao 7t 9 AY AF ek o Adke] W 2D 2 3D A (X555):
() A% A, (b)) 48 F.

7}~

i

A A9 Fo] A8 e gdAe] 2774 wfE 19 ARIQL [2F
Z

[e)
5-25]9] (a)ollA SHE F24 3EQ] £2 Zlo|= 77} ] 78.0 me} 6.9

- 123 -



o7} Hd 4.6 m= SAH=E

7

W #e

PE—
— L
o AL

5—25] (b)elA

H 2D ¥ 3D AR

FAA9 =

= L
FH =

o}
=2

k=)
T

[2¥ 5-25] 71~ &4 4¥
(X2774): (a) 2& 1E= JAAA, (b) A= o=

°F 17.3 gl FFolA F8 9.9 mel FJ7HA] °F 5.7 mm ~ 12.1 me] F7

~ 124 -



03-May-18

18H6 T um

- 125 -



e

2

1
s

o [ 5-26] (b) @ 20 A

=y

ol
AL

ok 5.7 tm ~ 12.1 um

1
s

ol 4

o

el AsE o e

1
s

| A

e

BE ] 712E WANIIAT A

A Thee] MATS AA

p=—Ne}
YA

—

EEEEDRBERR

d1 7}

<Ja= S A=1 i1k

S

2 oJv)

QRERE

1

I

b-g-o] EDLC A wif 7k 2 te] 4

H
R

Ao Holn,

1
s

gl

o
=

5

(o= ]
=

ol 43t & 7k A WAYS

A %

dFE Hx

0:2.3

5.2.1.2001 4 A

o
=

&

7 718k [O1/TAL] ]

3}
f=lo] glem, EDLC A ol A s

Al(OH) ;7%

T
T

vH WEg3} AlLO;

Aleg'XHin

23

T
7=

A 7 A0 Fee] 5 shuin

1
s

5 At o uha gl
th AI-F @eel HEe Asivie] muh o

t}.139)

Methyl difluoroacetate inhibits corrosion of aluminum

139) Kawamura, T., et al. (2005). *
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Aol A5 ALOsyH:0+= ALOsel x7/le] = +27F Eol9l+ I H
£ oJvste &401 ol FabstdFuEg A e Al R E
T T8 4k e] v &S v A o2 A YERYolA = § qES A
ojtt. dl& E°l =1 & 74
AIO(OH)ol™, o)w &FwujgFa ¢4 28]al 2hAhe] vl Z42F 204 1 28
A ALOsyH,09 7 94E
Aly,03-3H,00] A1 o] AL 2702] AI(OH)3& F &3 oW, oju] LdFnF
I i g Aae] HE Z47E 261 624 ALOy3H,09 7 daEe
v 9} x| gt}
Al-F %HM o] A ARl FFE] Akstute] AL ofFfel] AEEo] e
of wet PAFE Aolrh WA AFo R vhEojx] 7] W E 4F
A (17)3 22 Al-0 9] F5H
Abaluls FAE A7 EA Sk Qr).1400141)142)

_EL

24l + 3H,0 - Al,O; + 6H" + 6e~ (16)

Al + 3H,0 - Al(OH), + 3H" + 3¢~ (17)

Al=0 e F-gH stee] g4= o e LFrw
1

o
Aol g d7lshekA whg-2 4 (18) Z1elal 4 (19)9 go] F+ ¢
o] 1=
= =

-1 pul
WAl FER e 5 ATk Shn] e e ol

_I

cathode current collector for lithium ion cells”. Electrochemical and Solid—State Letters; ,
8(9): A459—A463.

140) Pyun, S. L, et al. (1995). “Effects of electrolyte composition and applied potential on the
repassivation kinetics of pure aluminium”. Electrochimica Actay , 40(12): 1863—1869.

141) Wood, G. C., et al. (1996). “A model for the incorporation of electrolyte species into
anodic alumina”. ®Journal of the Electrochemical Societyy , 143(1): 74—83.

142) Roberge, P. R. (2008). “Corrosion Engineering”. New York, NY, USA:: McGraw—Hill.

143) Diard, J. P., et al. (1998). “Copper electrodissolution in 1 M HCIl at low current
densities. I. General steady—state study”. "Electrochimica Actay , 43(16—17): 2469—2483.

144) GaSparac, R., et al. (2000). “In situ and ex situ studies of imidazole and its derivatives
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Ao A (18)3F o] L34 7] A 23l 146)147) S0] L0 X9}
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(T
olo rlo

rob

Al - AP+ 3e” (18)
APT + X7 - AIX*T or ALX, and AlX, (19)

EDLCU ] &Fr FJdAe] A5 Ao A7t A7b=™A 24 (20) ~
(22)9F o] Hejefo= A}%% TEABFH 7HE8 (hydrolysis) & &3 A
A B2 A o] nf9- 733l B354 (Hydrogen fluoride, HF)oll ¢]8f H-2] ut
6] WA E T} 148)149)150)151)

T

BF; + H,0 - BF,+ HF+ OH~ (20)
BF, + HF - HBF, (21)
HBF, + H,O -~ HBF,(OH) + HF (22)

HF S AAs=E dojA HYo 392 tefsieh 94, AC W9 ¢}

G ATl A= BojAY] A o A=l e, T3 ACN A

as copper corrosion inhibitors. II. AC impedance, XPS, and SIMS studies”. Tournal of
The Electrochemical Societyy , 147(3): 991—998.

145) Zhang, S. S., et al. (2002). op. cit., p.461.
146) Kawakita, J., et al. (2000). op. cit., p.186—187.
147) Wang, X., et al. (2000). op. cit., p.2679.

148) Kalantary, M. R., et al. (1992). op. cit., p.273.
149) Kurzweil, P., et al. (2008). op. cit., p.564.
150) Zhang, X., et al. (2005). op. cit., p.B454.

151) Lux, S. F., et al. (2012). “The mechanism of HF formation in LiPF6 based organic
carbonate electrolytes”. Electrochemistry Communicationsy , 14(1): 47—-50.
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4 (23)% ol 1% ot

At ACN
S e ACRED

A7 H e 23907 283 41 9
H 28| =2t (Bronsted acid, pKa = 25)2.2A] z}7}
9CH,CN - CH,CNH" + CH,CN~ (23)

oAl A (24)9) o] ACNORRE H'E )37 b= BF, 2]zl

A BF, =] AFshugol ) 159

BF,- + CH,CN - CH,CN + H" + BF, (24)
A AR = A (25)F o] R 2ok HT e FFot)15d)
F~ + H,O" - HF+ H,0 (25)
nprleo 2 ] MAl= [O29 5-27]3 22 ¥k JAE Holn, vhE-2
(26)2} #o] og@ A A (ethylene elimination, Hoffmann elimination)®l 2]
3 Hto] Folth.155)
TEA™ + Y - (GH),N+ H,C=CH, + HY (26)
S AHd sk A

)| ko A HF= 42 Fwo
AAAG F4 ee A (27) ~ (29)9) o] Aot}

152) Bittner, A. M., et al. (2012). op. cit., p.272

153) Tourillon, G., et al. (1979). “Electrochemical formation of thin polyacetonitrile films on a

pt surface: Pmt, ir, xps and sims analyses and study of formation mechanism”. Journal
i , 100(1—2): 247—-262.

of Electroanalytical Chemistry and Interfacial Electrochemistryy

154) Mozalev, A., et al. (2001). op. cit., p.303
155) Kurzweil, P., et al. (2008). op. cit., p.564.
- 129 -



156)157)158)159)

[1¥8 5-27] Hoffmann elimination®l] &3 TEA*Y™ &3] ¥k%.

Al,O; + 2HF - 2AIOF + H,O (27)
Al(OH), + HF - AlOF + 2H,0 (28)
AIOF + 2HF -~ AlF, + H,0 (29)

WA HF7F AlLOs B+ AlL(OH);$F ®bg-3to] AIOF$F 2H,0E5 /4 A7
3L, thA] HFSF AIOF7) wh&-38le] HE2 o7 AlF;¢F H.02 A A 7T, o
ol A= HO07F A ol A st Hy 7h2ol vA= % FA S
T ATh Ak gi7] A A= ALOsS FAE 4nm A Eo]7] o
woll, o714 whA e = H 0= 18k Hoo A4 7 e s Alitste] B
otz e} o] 0.0074 mlel E-x}&ic},

1) Ao AFEE Al FdAe WA 1.7 em X 1.7 cm X 3.141593 =

156) Kanamura, K., et al. (2002). op. cit., p.A189—A191.

157) Kanamura, K., et al. (2002). “Electrochemical Characteristics of LiNi0.5Mnl1.504
Cathodes with Ti or Al Current Collectors”. Tournal of the Electrochemical Societys ,
149(3): A339—A345.

158) Morita, M., et al. (2002). op. cit., p.2790.
159) Myung, S. T., et al. (2009). op. cit., p.291—294.
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9.0792 cnf

2) ALO; =9 ¥3 : 90792 o X 4 nm (0.0000004 cm) =
0.0000036317 cnf

1) ALO; Z9] ¢ : 0.0000036317 cn X 3.1 g/er = 0.000011258 g.

2) AlbOs9 mol 5 : 0.000011258 g + 102 g = 0.00000011037 mol.

3) AlLOzolAd Yo = H,09 mol 4= @ 0.00000011037 mol X 3 =
0.00000033111 mol.

4) AAREE Hyol 53 : 0.00000033111 mol X 22.4 L = 0.0000074
L = 0.0074 ml.

F AAA 9o Al-F =2 A=
Aspgel AR M EER BANE FHstol
2 sk 5 stgE e 5 (o Al(OF), B+ AlO
ol =]t} 160)161)162)
Ao 74 vhE 5 AHE 2L (29 5-28] ()9 7}
—28] (b)9] dlol==2& =2 A3} (hydrohalogenation)ol 23}
H| =X o}l Eolr] = (acetamide) @t 19 %A 5o BAA| 1T} 163)
ojgh e AelE YA Aot WAUZS] B A7 Ao e A
Y A5 Aypelr 2 2 Xt} 164)165)166)167)168)169)

o
i)
o
4
1
=
N,
R

160) Strohmeier, B. R. (1989). op. cit., p.259.
161) Krause, L. J., et al. (1997). op. cit., p.324.

162) Tachibana, K., et al. (2001). “Passivity of aluminum in organic electrolytes for lithium
batteries (1) film growing mechanism”. Electrochemistry; , 69(9): 670—680.

163) Kurzweil, P., et al. (2008). op. cit., p.558.
164) Kalantary, M. R., et al. (1992). op. cit., p.268—276.

165) Mozalev, A., et al. (2001). “The voltage-time behaviour for porous anodizing of
aluminium in a fluoride—containing oxalic acid electrolyte”. 'Electrochemistry
communications; , 3(6): 299—305.

166) Cho, E., Mun, et al. (2012). op. cit., p.1-3.

167) Myung, S. T., et al. (2011). “Electrochemical behavior and passivation of current
collectors in lithium—ion batteries”. Tournal of Materials Chemistry; , 21(27): 9891—9911.

168) Tateishi, K., et al. (2012). “Formation of Al203 Film and AIF3 Containing Al203 Film
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ol
o
=
rir
ofl
puj

by an Anodic Polarization of Aluminum in Ionic Liquids”. Electrochemistry; , 80(8):
556—560.

169) Peng, C., et al. (2008). op. cit., p.4764—4772.

170) Diggle, J. W., et al. (1969). “Anodic oxide films on aluminum”. ™Chemical Reviews; ,
69(3): 365—405.

171) Habazaki, H., et al. (2014). “The effects of film thickness and incorporated anions on
pitting corrosion of aluminum with barrier—type oxide films formed in neutral borate and
phosphate electrolytes”. Journal of solid state electrochemistry; , 18(2): 369—376.
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At 4 03 A 3Dl
WA WSO B HF7E A oe]

S3ke] AIF,E FAFEA H, /b8 A4A71A S, H
oA HEE ol el Fi 4 (31)3h o] Agol Qlrbel ejel Al Akss]
3o 28 F APTSE wEste] AIF,E B4 S 2E 23} 22 wgel
Aol F8 wgo, 8 E 1 ol waste] EDLCE] SFelA H,
=2 QFAIA| 71T}, 172)173)174)

241 + 6HF - 2AIF, + 3Hy (30)
a3 gp B AlF, (31)

3#, EDLC A9 &
o 2 AP WAYSS [

gt W79 Aol 2

ok

Z A5 FFolA WA 7 s b2 TR
5—29]° UEtlith. ACe| W= A E
¥ 2Alo] = (cyclic peroxide), 7FE2E-2
(carboxyl anhydride), ﬂ-EE‘é (carbonyl), ©lElZ (ether), 7}I=
(carboxyl), & (lactone) 53} S IF7]E0] SA|8}aL175)176) Ao A
o] Q17puH okl«] AC 9ol Q= thekst S57153 Ao Alolol A
s} # whgo] TAYgi) 7E2EA 7] (carboxyl group) ¥ 2 574
o3l CO., 12]aL SlEl 2 (ether) T3 &2 57| &8 CO 7h=7F B4
Hm, o] F FF TtaTt F=olA AP EE TR0 TR 17D178)179)
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& oz Moo
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172) Morita, M., et al. (2002). op. cit., p.2790.
173) Chiba, K., et al. op. cit., p.A870—A881.
174) Lee, M. S., et al. (2018). op. cit., p.16.

175) Rodriguez—Reinoso, F., et al. (1998). “Textural and chemical characterization of
microporous carbons”. TAdvances in colloid and interface sciencey , 76: 271—294.

176) Marsh, H., et al. (2006). “Activated carbon”. Elsevier.
177) Wang, X., et al. (2000). op. cit., p.2680.
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[ 5-29] ACSH Aa) o Aolo} wkgol S FFolA ARHE h2e) B
Fo A4 WAYZE 2 ACY EW Bvlol 95 FAUD B BE (A
L £0l2): () g A AC EWS) 7] e, (b) AajA3 AC Aol 7}
% s A2, (o) ¥ T AC ¥Y 2 A4 Fha,

178) Ishimoto, S., et al. (2009). op. cit., p.A567.
179) Chiba, K., et al. p.A872—A882.
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o]¢} o] TEABF,Z do &3l ACNS &mj2 3= A S ALE-3H
EDLColA A4 7 7t29 /& = HE JEotd S04 Hy, &
o A= CO9 CO, 7h7h A 4= ot 7]E tiF-we] A3 AFE9
M= A WelA AR 7S FollA é?ﬁ%
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A E Hyol vgo] WA= 65.3 %o~ Q
7h A aglolglom AAHE ZHzE 1.96 ml9f 26.72 mlEA A W F
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o A !
s gl SRwonE AAE Hel F AN 4w & g Ak,
1 mgd =
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Img®] =& °F 1.244 nl 9] Hy& DA T1180) wheha] AlFo] dmfj= A
s} 1 Lol ghrEo] e 19 el 4 10 ppm WHelolaL, 712 #
A Aol ARggE Aa 1.1 ml el 0.011 mge] o] FF= 7] o
woll, 5.5.50014 7k A Ao ARgE 7 A A el EAske
°] molF+= 0.6111x107° mol® AR 4= Qo wheha] o] Fo] Fof 9]
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180) Kurzweil, P., et al. (2008). op. cit., p.564—565.
181) Ishimoto, S., et al. (2009). op. cit., p.A565.
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Atolo A HA wbE-S o] wf AAE = HoE W2 (30)0l o3 wb
dFnFol guto] AR A Ao] Bldatar, & Ao Ao
4%¥ EDLC oA A E 7k 24 Aol A Hy7t 7H8 ol dEE 3t
v AT 180183 s E 1 A ek Aol b d 5
21 (30)°ll A1 AlZF Hp 9] WhE &5 )& 20 30]aL, 7k A Ag e A}

=
X JAAe A7 A FAE 0.0484 g, AP F o] 1Y

1) AAE Ale] 9 1 0.0484 g — 0.0460 g = 0.0024 g.

2) AAE Al® mol 4 : 0.0024 g = 27 g = 0.00008889 mol.

3) AAR Az WES3 Hyol mol 4= @ 0.00008889 mol X 1.5 =
0.0001333 mol.

4) AAE Hyo ¥3 @ 0.0001333 mol X 22.4 L = 0.0029867 L =
2.987 ml.

A 3g mwm PAA Ths A AP FHE &F Y 7129

2, o] BH R ANE 3t A A o

BAE W0 s wee Al Aol FH AuuAst S5 9lvh
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182) Hahn, M., et al. (2005). op. cit., p.925—930.

183) Kim, J., et al. (2016). “Nondisruptive In Situ Raman Analysis for Gas Evolution in
Commercial Supercapacitor Cells”. T™Electrochimica Actay , 219, 447—452.
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Zh Ale] FAZF 4.7 im ~ 12,1 pm 7FEFo] Whg-shof A7) wjtol thEf
o] 7o) Htl 8.4 mm HE7} vEE-ke] A A H AL TR RE F o] 9f nk-g-5}
ol A5 = Hool F9 & obeliek o] AtsiA =W 25.63 ml=2 A& H

e

1) Aol AH&H Al
9.0792 ot

2) AA" Al FAA B3 : 9.0792 eif X< 8.4 m (0.00084 cm) =
0.0076265 o

1) AA" Ale] ¢ : 0.0076265 o X 2.7 g/ = 0.020592 g.

2) AAE Al9 mol 4 : 0.020592 g = 27 g = 0.00076265 mol.

3) AA" AlZF WES3 Hyol mol 4= @ 0.00076265 mol X 1.5 =
0.001143975 mol.

4) BA¥E Hye 3 : 0.001143975 mol X 22.4 L = 0.02563 L =
25.63 ml.

R

Ao WA 1.7 em X 1.7 em X 3.141593 =

Qo] At e AA AeE o Fure] s vy AFA SAHE S
B The] FRl 26.72 mlg} ZAVE Aoz Ve A L% o Fuke] S
AN AREE 7Fmo) 9w AlRF AFgH o g whSsle] AAEE Hyeba 23
- 3l
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g BEE Absbebe ALz o g gaguts axs gk Al dgtol
3.6 Voldom 7)ol 7helA A HH FsH) Akstute] Agto] wAE}Y|
Al 2HEETE185) Qb A M) whel o] FgE) Abstet 7 1.3 nm 3 7Ee}7]
AsiM= 1 Vel dste] sttt 5, F- 8 Askre] #7417k 1.3 nm<l 73

184) Tateishi, K., et al. (2013). “Anodization Behavior of Aluminum in Ionic Liquids with a
Small Amount of Water”. TElectrochemistry; , 81(6): 440—447.

185) Suresh, P., et al. (2002). “Electrochemical behaviour of aluminium in non—aqueous
electrolytes over a wide potential range”. Tournal of power sources; , 110(1): 11—18.
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G- oF 1 Vo] HSto] Abste Apooll QI7FHM whe] Aol Azt = Ao,
oA A e Al A A, o] AL A (32)9F 2ol 1 mmF o= &
AbatA =W 769,231 Vo H= tids] & 1 gko] akghul Aol Q17bE =
Zo] .

0 —~
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=

[1% 5-33]2 ¥l Agto] WA x| FgH tstto] wyv= g
Bl FE e Abstete] uhy] Edojn), Hg e Abstutel bk 7] E7} el
A =
electrostriction) Aol WA ekaL, o] Hdeff Aol of3iA l‘?‘%"‘/ﬂ }@r‘g}"ﬂ
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Metal Passive layer Electrolyte
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P — Py = [ele—1)E"/87 — 7/L (33)

A7l P7E Al S ol ARt thrIsh PE Wl Ao AAl Fs e Abshdt

o ZFel A= gelo] "k e REE) Asute] FA8, B F5E sty
Wi A7) A, L2 Fsd abstete] A, v Fou sy Sk A

o}'io

N} e] AHoAe FH A o]t} 186)187)

Metal Passive layer Electrolyte
€ AT
?)? crack P
%
Al-O Al-F electrostriction
€ B —
slip P
b
= Electric-field (E)
5
=]
a ¥
Film thickness Distance

[Z7 5-33] Ad & A& F=d FFH A3y 93 =4,
5.2.4 Ak &FvE fAAe driststy A JHAd

faFo] 110 gF/cm?e]lal $£%= 99.9 %<l A&

al
EDLC A (o]3} 7|5 Ay} &3 110 pF/cm?o]al o] 3 Virf ﬂﬁé

186) Kato, M. (1984). “Influence of Anion on the Breakdown Voltage of Barrier—Type Anodic
Oxide Film on Aluminum”. . Metal Finishing Soc. Japany , 35(10): 475—479.

187) Tachibana, K., et al. (2001). op. cit., p.673.
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ABSTRACT

Electrochemical characteristics analysis and
performance improvement of Al current collector
in EDLC electrolyte
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A removal method of the active material on electrodes for the
purpose of analyzing deterioration of aluminum current collectors for
EDLC was established, and electrochemical properties of various types of
aluminum were investigated in 1M TEABF,/ACN, an organic electrolyte
for EDLC. As a result, the higher the purity, the lower the capacitance,
and the higher the withstand voltage, the electrochemical stability of the
aluminum showed be to higher. Through the gas generation experiment,
the prediction that the difference in the gas production amount in the
cell due to the difference of the electrochemical stability of aluminum was
proved to be valid. As a result of the experiment, the difference in the
amount of gas production was confirmed in the order of the low purity

etched foil > the low purity formed foil > the high purity current
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collector > low capacitance high purity current collector.

The surface of the current collector was analyzed by XPS to study the
mechanism of the corrosion of the aluminum current collector by the
electrolyte, and formation of the passivation film in the form of Al-F on
the aluminum surface due to the corrosion reaction of F~ was observed.
The amount of the aluminum current collector reacted with the
electrolytic solution was calculated through the gas generation experiment,
and the amount of the H, gas that can be produced by the reaction was
calculated stoichiometrically. As a result, gas generation mechanism was
newly established as one of the failure modes in EDLC by revealing that
the corrosion reaction caused by the aluminum current collector in the
electrolyte is directly related to the generation of Hs gas at the cathode.
Based on the above experimental results, high temperature load test of
the EDLC cell using the low purity but electrochemically stabilized
modified foil as the current collector was performed. Result verified the
electrochemical stability of the cell was improved as well, and thus,
established a method of using low cost low purity etched foil as a

current collector for EDLC.
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