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Molecular structures of graphite
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Characteristics of carbons

@ Thermal stability

@ High thermal and electric conductivities
SWNT, Diamond : 4000 W/mK, K-11
carbon fiber: 1100 W/mK

@ Small heat expansion

@ High thermal shock properties

@ High chemical stability

@ Abrasion and lubricant properties

@ High mechanical properties
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Carbon is key element for Batteries !!
@Li-ion @Dry Battery

[Cheap]
" [Easy Available]

(+) : LiCoO2 (+) : MnO2

(-) : Carbon(Graphite) (-) 1 Zn

Conductor :Carbon Conductor :Carbon
@Ni-MH

[High power]
[Total balance]

(+) : (Ni-Co )(OH),

(-) : Mm(Ni-Mn-Al-Co)s 2394
substrate:Nickel and Carbon




Applications and necessity of Li-ion battery

Energy storage system in smart grid

Factories
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Energy density of various rechargeable

Power source of electric vehicles

Electric motor
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J.M. Tarascon, M. Armand, Nature 414 (2001) 359.

Li-ion battery is paid much attention as
power sources of ESS and electric
vehicles in a variety of rechargeable
batteries.

ICE : Internal combustiof engine, ESS : Energy storage system
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Global market and requirements of Li-ion battery

Global market of Li-ion battery in ESS

{Revenuein Millions of U.5. Dollars)
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Carbon Electrode for Li-ion Battery

« Graphite electrode is currently established.
» Low cost with cheaper natural graphite
» Limited capacity less than 372 mAh/g
» Limited power density

Larger power density for hybrid vehicle
=» Glassy carbon with small crystalline unit (Low Cond.)
Thinner carbon nanofiber

)
Larger capacity

=>» Glassy carbon with large inner surface
||‘ Si or Sn family (Large volumetric change at Ch/Disc)
= Functional nano-composites




Roles of Carbon for Anode of Li-ion Batteries

e Anodic Electrode to Hold Reduced Li-ion
Intercalation —> Graphite

Surface Electron Transfer into Sealed Void
—> Carbon

 Electron Conductive Material
Anodic Carbon and Cathodes Material
e Expansion Moderation

Holding and Release of lon Is Accompanied with
Volumetric Charge

Larger Capacity per Volume - Larger
Expansion
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Li Li—Li*+e” —293.31 kJ/mol ~3.045V - 520 kJ/mol
K K—+K*+e~ ~283.27 kJ/mol —- 2925 V 419 kJ/mol
Ca Ca—Ca**+2e” —553.58 kJ/mol — 2866 V 590 kJ/mol
Na Na—Na*+e~ —261.9 kJ/mol - 2714V 496 kJ/mol
Mg Mg—Mg**+2e~ —454.8 kJ/mol - 2363 V 738 kJ/mol
Al Al—AP*+3e~ | —485 kJ/mol - 1.662 V 578 kJ/mol
Zn Zn—Zn**+2e~ | —147.06 kJ/mol - 0.763 V 806 kJ/mol
Fe Fe—~Fe®*+2e” —78.9 kJ/mol - 044 V 759 kJ/mol
H H—H*'+e" 0 kJ/mol oV 1,312 kJ/mol
Cu | Cu—Cu®*+2e” 65.49 kJ/mol 0.337 V 745 kJ/mol
Ag Ag—Ag*+e” 77.1 kJ/mol 0.7991 V 731 kJ/mol
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Li-1on Battery Road

High

capacity

lonic liquid (IL) Li polymer battery
Sulfur ) 1
Solvent free Li-ion Si/lC

conducting membrane composite
. Sn, '

.g. PEO/LICF

(g O/;C 3503 Metal 4 Sb

Fluorine

oxide
$*  (SnO)
Hard
Battery carbon
Road L|FePO4 _/
LTO G d
Graphlte Interface i Composite (Li,TisOy,) 0]0)
(Electrode- L0 B (eg.SWC, EEE— — =
: i TO (TiO,,
Electric E'ec""“;e) \ SilC) ot cyclability
Vehicle Coating on \
carbon Ny
- SN
\ Hard N\
~ carbon ~ ~ Carbon
~ 2 4 Nano- coated
Ak Hard ~ ~ structure LiFePO,
carbon N\ ,
~~ J Composite
.
Low « J. Thomas, Nat. Mater. 2 (2003) 705.
Electrolyte cost * J.-M. Tarascon, Nature 414 (2001) 359.

* B. Scrosati, J. Power Sources 195 (2010) 2419.
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Ch./Dis. Principle of Li-ion 2nd Batteries

Anodic Materials for Li-ion 2"d Batteries

Discharge Carbon Si alloys Li alloys
— Th ical
. Charge posive Ca;i:ﬁ;'ﬁjg) 372 (LiCy) 4200 (Li, ,Si) 3860
lecirode slectrode
o oGO8 —T,J Eg;%nt Commercialized Developing Developing
Li* Wi v Va7l i Low Cost
“T_::M ® o Merit Good Cycle Life High Capacity High Capacity
e J_J Good Chemical Stability
E:Er:: colector Li* a :J;En?:::llzu::-c High Volume Strong Reaction
SrAAASE 8 _T De-merit Low Rate Capability Expansion = Bad Cycle &
Lit % .-&J = Bad Cycle Thermal Stability
LI WV VL WP & 3
Li* "" 8 Materials Graphite, Soft/Hard carbon - -
¢ M’—p%_u Sanyo, Matsushita, STC,
Li+ (En?nd!u§1i|:g User A&T Battery, Shin-Kobe, GS, _ _
clectrolyte Moli, Mitsubishi, Sony, SDD,
Hitachi Maxcel, LG Chem.
Characteristics and materials of 2"d Batteries Ref. KISTL Materials for 2¢ Batteries (2004/06)
Ni-Cd Ni-MH Li-ion Li polymer
Cathodic material NiOOH NiOOH LiMO2 LiMO2
Anodic material Cd MH Carbon Carbon
Electrolyte KOH/H20 KOH/H20 LiX/Organic Solution LiX/Polymer electrolyte
Operating voltage(V) 1.2 1.2 3.6 3.6
Cycle 1000 1000 1200 1000
Self discharge rate (%/month) - 20~25 <10 <10
Environmental pollutant Yes Yes No No
Per weight (Wh/kg) - 65 120 100
Energy density
Per volume (Wh/L) 160 240 280 220
Manufacturing company Sanyo, Toshiba -ll\-/éastﬁi%sahlta' Sanyo, E/(IDar][Zhgﬁpch' Valence, Ultralife




Charger

Cathode Separator Anode

OOOQ@\ |

LI+ . ) ’
|+
838983
. Electrolyte
[5) @}

38506
8@%%%8@

' L|+
Charge

Dlscharge

Graphite

Cathode : LiCo0O, « Co0O, + Li* + 2e
Anode : Cy+Li*+e < LIC,
Overall : LiCoO,+ C; < Co0, + LIC;
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Precursor

Advantages

Disadvantages

Natural / Artificial graphite

Low discharge capacity (372 mAh/g)

I Low discharge potential (= 0.2V
Graphlte MCMB, Needle cokes . | Igf i ( ) Poor rate performance
ong cycle life
(over 2800°C) /g I High cost
Soft Carbon wmcwmB High discharge potential (= 1.0V)

Graphitizable carbon
(600~800°C)

Meso phase pitch

Green cokes

High capacity (700~1000mAh/qg)
Low cost

High irreversible capacity

Poor cycle stability

Hard Carbon
Non-graphitizable

carbon
(1000~1400°C)

Thermosetting polymer
Glassy carbon, Coal
Organic material

Stabilized isotropic pitch

High capacity (400~700mAh/qg)
High rate performance
Low discharge potential (= 0.1V)

Low cost

Large irreversible capacity

18



HTT < Resistance Li content < d-spacing HTT < Capacity

o<
T8 ° 1000
~ o° -~ —=—— Some hard corbons.
o o -
® i — Most soft carbons.
Ref.) Phys. Rev., 85, %3.6 | e o 600
g No 4, 609-620 (1952) . 2100%C 3 Ref.) Science, 270, 590 (1995)
o er.) Science, y
2 2 | £ 500
D 0354 o o £
) A o GRAPHITE — 400
m m P -'. ° 3‘
©
E 34 1 Ref.) Phys. Rev. B, g 200 R ag®
% 42, 6424-6432 (1990) o
3 © o I 1 1 !
1000 1500 2000 2500
HTT (}\w 38 oz 04 08 08 1.0 500
x in Li Cg Heat treatment temperature (°C)
Structural mechanism of carbon Charge-Discharge Profile
Ref.) Report of Kyushu Univ.
Ref.) Proc. R. Soc. A209 (1951) 196-218 12 (1) (1998) 45-57 il 1.8 Soft carbon
154 Graphite (600°C)
'S
= 124
@
2 0.94
=
© Hard carbon
E 0.6 (1000°C)
o
o

0.3 1

0.0 1

Soft Carbon _ Hard Carbon Glassy_/Carbon e
Franklin model Mochida model Capacity (mAh g°)

o
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Larger Capacity : Energy Density
Larger Rate : Power Density
Safety : Stable Forms of Reduced Alkaline lon
Lowest Unusable lon
—> Complete Electrode Material
Carbon Is Always A Key Material.



Potential (V)

Typical Properties of Synthetic Graphites

Natural
MGC-graphite Graphite
03 _Middle \ (PHF)
0.é8 MGC-graphite \\4/\1 MAG
822 - Coarse IV
0.22 | MGC-graphite W Natura.ll
0.2 - Fine Graphite
| g (SPR)
0.18 { }
0.16 R
0.14 ——
0.12 — —=
0.1 /o~ ——
0.08
0.06 //
0.04
0.02
0
0 90 100 150 200 250 300 350 400

Discharge Capacity (mAh/g)



Graphite&Graphene
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Lithium lon Battery,

Lithium ion insertion sites of carbon

cluster

soft carbon / \\

Electrode

hard carbon

void




Graphite® &t T4

(a) A i —

(c)
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— carbon layer

LiC LiC, - stage 1
: A type of superlattice

LiC,, - stage 2

LiC,q - stage 3



Potential vs. Li/Li" /V
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Voltammetric behavior of grpahite

68 D, Aurbach et al. | Electrochimica Acta 45 (1999) 67-86
0.15F v=4puV/s
i = A _ Cg + 0.083Li" + 0.083e ===Ligg:Cs Diluted stage [ Li Cs. x<0.083
i -~ 2 T
\ J/_ [ | Diluted stage ILigg3Cs +0.083e™ + 0.083Li* ==Li sCs stage IV
« -010f | a
E \ ’l | | Cathodic peak "s" )
: ﬂ'llck . Electrode AEp A/2/my ﬁEpfm'u' Stage VI Lig1ssCs + 0.056e + 0.056Li" ===Lig22:Cs Stage I
/ . Thick 28 59
thin ) Thin 18 39 | Stage I Lip2Cs+0.278¢™ +0.278Li" ==LipsCs Stage II
u1tra1h|ﬁ""f Ve Uitrathin 10 29
035k ! | Stage T LigsCs +0.5¢" + 0.5 Li* ==LiCs Stage I
I+I I+IT Im,Ix ! I -+diiuted phase I
- LiCyp+Li —» 2LiCg 4LiCz7+5Li| 3LiCag+Li LiCyz +Li—= 2LiC3s
—=9LiCyz |—=4LiCo7
-UEO‘ i 1 l 1 1 1
0.0 0.1 0.2 0.3

E/V (vs. Li/Li*)

Fig. 1. Typical voltammetric behavior of graphite electrodes at a veryv slow scan rate, v=4 pV/s in EC-DMC [:3/LiAsF; solution.
(Graphite flakes, KS-6, Timcal). Ultrathin, thin and thick electrodes correspond to submicraonic (0.16 mg/cny’, see preparation pro-
cedure in Refs. [5,9]), 10 microns (3.3 mg/cm?), and 140 pm (12 mg/cm?), respectively. The current for the thin and ultrathin elec-
trodes was normalized with that of the thick electrodes according to their mass ratios in order to have the 3 CV on the same scale.
The electrode area was 2.4 cm® for the thin and the ultrathin, and =0.2 cm® for the thick electrode.



Design and Its Thermal Change
of Aromatic Stacking

6.0
i (a)
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2.0 ‘& >
() %I‘El\u
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0 100 200 300 400 500

Molecular Models Temp. ( 'C)

Spider Wedge Stacking of mesophase pitch Melt-XRD analysis

(Zimmer et al. Advances in Liquid Crystal, New York, Change in Lc of mesophase pitch at higher temperature; (a)
1982, 5) methylnaphthalene-derived pitch; (b) petroleum-derived

mesophase pitch; (c); coal tar derived-mesophase pitch; (d)
naphthalene-derived mesophase pitch; (e) anthracene-
derived mesophase pitch

(Korai et al. Carbon, 1992, 30, 1019)
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Heat treatment Phase of reaction Gas Chemical and Molecular
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Franklin’s Models of Carbon Structures

Domain
Cluster
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o _ _ .. Microdomain "
(a) Non-Graphitizing (Isotopic) (b) Partially Graphitizing (c) Graphitizing
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Nanoscopic Structure of
Mesophase Pitch Based Carbon Fiber

Problem: Low Compressive Strength > Restriction of CFRP Application

Factor: Size and Distribution of Micro-domain

a8n

3 T | m
irm F4 " 18KV X100, 084

“8,0080 168mm

Pleat Structure > Homogeneous /Small > Increasing Compressive Strength

X 0.200 pw/div
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Molecular alignment theories of MCMB (Old Theories)

(a) Brooks-Taylor Type

lpm G8OBABST PkV XZ0B.,0008 ipm G88BBS

Optical Micrograph of Pl SEM Photograph of PI SEM Photograph of Pl
of AR pitch derived MCMB of AR pitch derived MCMB of AR pitch derived MCMB



TEM Images of Hongye Anthracites Heat
Treg&e;g@'t rloueratu r

Bedded layers of
small sheets

600 - 950 °C :
1050 - 1400 °C :
Partial stacking
forms voids
among stacking
clusters

Graphitization
progresses




Structure of Activated Carbon

@ Surface Area, Pore: Depth Volume
Surface Structure
Surface Chemistry
Based and Edge Plane, Substituents
Hetero atoms in Hexagon

® Carbon Structure of Wall
Nano, Micro, Macro Structure of Carbon Wall
-Graphitization Extent
-Domain Structure
- Density, Reactivity (Activated Surface)
Precursor : Structure and Reactivity




Franklin’s Models of Carbon Structures

(a) Non-Graphitizing (Isotopic)
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(b) Partially Graphitizing

Cluster

Microdomain
Domain

(c) Graphitizing



Structural Models of Glassy Carbon
Heated at High Temperature

La: Crystallite size
tallite thickness

Le: Cﬁ Sh?”m. hi del
Jenkins-Kawamura model iraisni mode




Structural Hierarchy in Mesophase Pitch

IR, NMR, -
Indirectly
observed

Carbon sheets :

structural units

{

-4

XRD Analysi
(d002' Lc' La)
Indirectly
observed

S

—

-

_—

[

Nano
Technology

1

HR-SEM, HR-TEM
STM, AFM

&

Nano, meso, micro-
structures

W
\

}

SEM, Optic
microscope

1

Naked Eye ---

Spherical,
Fibrous,
Flaky-shaped
Carbonaceous
materials



MCMB

Lot AE(mAh/g, 0~1.5V) Dcap. I e
(0~0.5V) (0.5V/1.5V)(%)
ley 2cy 3cy
ch 1497 440 368
600°C
ELER dis 396 342 321 124 38.5
(%) 26.5 77.6 87.2
ch 393 308 303
1200°C )
g dis 303 299 294 197 67.1
(%) 77.2 96.9 97.1
ch 359 295 289
1400°C )
B dis 291 288 284 198 69.7
(%) 81.1 97.6 98.3
ch 227 198 194
2000°C .
B dis 196 193 191 159 83.0
(%) 86.1 97.6 98.4
ch 298 262 259
2400°C )
B dis 258 258 256 238 93.2
(%) 86.6 98.5 98.8
2800°C
B ch 426 364 360 344 96.5




Potential (V) vs. Li/Li"
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Ch-Dis Profile & SEM image

P revigus situely of SOt Carbon

Graphite has a limitation at capacity and power density, such reason
enforced to develop other carbon materials like soft carbon and hard carbon
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Voltage (V)
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Intensity
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MCMB

d002 (A) Lc002 (nm)

AsS cast 3.4945 3.1
600°C

AT 3.5138 3.1
1200°C

0 4L JER 3.5278 4.1
1400°C

AN IE 3.4876 6.8
2000°C

B 34280 S
2400°C

AN IE 3.3887 53.70
ZEIRE 3.3628 122.0

24




MCMB

600°C 2 AL 12
1200°C 2040 12 - o
1400CHAL 32

- v
2000°C #4018
2000 CH AL
%mt%gﬁﬂu———ﬂﬂ/JNL,,_ﬂwau

100 50 0 —50

150

ppm (7Li)



abundance

1
AN AITAAANF.. 1IN

Li-NMR of Various Carbons
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Discharging EVS Profiles of NC E Series
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Discharging EVS Profiles of natural and synthetic graphites
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Potential vs. Li/Li" / V
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Potential vs. Li/Li* / V
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'Li NMR MAS of MNIP 1000: fully-lithiated. RT

Four Li's

I. 0 ppm (Ionic): Electrolyte, decompositiol
product, etc.
II. 6 ppm (Ionic): Site III (ultra-micropores
ITI. 12 ppm (Ionic):
Site II (carbonaceous interlayers)
IV. 82 ppm (Semi-metallic):
Site I

I I I |
} * T * T * T * 1

200 100 0 -100 -200
Chemical Shift vs. LiCl / ppm
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Differential capacity*10° / mC (mV g)*

T T T T T T

= Observed —
B C — Fitted 8500C
|
\

IZ*lO'SmC(ng)'l 1

0.00 0.05 0.10 0.15 0.20 0.25 0.30

Potential vs. Li/lLi" / V



Roles of Carbon for Anode of Li-ion Batteries
Anodic Electrode to Hold Reduced Li-ion

Intercalation - Graphite

Surface Electron Transfer into Sealed Void
—> Hard or Low Temperature
Calcined Carbon

Electron Conductive Material
Anodic Carbon and Cathode Material
Expansion Moderator
Holding and Release of lon Is Accompanied with
Volumetric Charge
Larger Capacity per Volume - Larger Expansion
Moderation and Control of SEl
Irreversible Charge - Surface Coating, Composite
Structure
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Li-NMR of Charged Li-ion in Heat Treated MCMB
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Potential (V)
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Discharge Profiles of Typical Graphites
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Charge/Discharge Profiles of Synthetic Graphite

(MAG; Hitachi Chemical Co.)

‘0.10, Half Cell Test, LiPF6 1M, EC+DECI

—1cy —2cy —3cy

16 —

— ———— —

0 50 100 150 200 250 300 350 400
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Tvnical Granhites :
Natural Graphites Synthetic Graphites

SEI 30kV X5000 1gm  WD7.9mm 30kV X2500 10pgm WD 82mm

. Cheap o « Good 1t cycle efficiency & Cycle Life
* High graphitization degree « Relatively high graphitization degree
* Large Irreversible Capacity « Poor Rate Capability

* Relatively poor Cycle Life

+ Poor Rate Capability (MAG; Hitachi Chemical Co.)



Surface Oxygen Euunctional Groups of AC
\/

This structure is representative of an activated
carbon with a crystallite width of 15 A and an cle-
mental analysis (by weight) of 87.5% C, 11.325 0, 1.
2% H, ® represents an unpaired ¢ electron: ® %
represents an “in-plane ¢ pair” with % being a
localized « electron, (Radovie)



SEM & TEM Images of PCNF Series

Ref.) S. Lim, et al.. J. Phys. Chem. B 108 (5), 1533 — 1536 (2004)
’ p-CNF-G-NA-G £ 3

JJllllllUlJllJlll UUU

According to the graphitization degree,

we found some difference at edge plane by TEM analysis



Basic study of solid electrolyte
interphase (SEI)

Characteristics of SEI

» Reduction of electrolyte components on
anodes on initial charge

—> Irreversible capacity loss

—> Decrease of first-cycle coulombic efficiency

» Passage of Li-ion migration, but high
electronic resistivity

»Essential to determine the electrochemical
properties and safety of Li-ion battery

< Schematic model of SEI formed on anodes >

= Li20

= LiF

= Li2C03

= Polyolefins

= Semicarbonotes

Mmoo @ »

E. Peled et al., J. Electrochem. Soc. 144 (1997) L208

cnb

Previous researches on SEI

< Cross section
> Focused on SEI of HOPG >

formation behavior of
cross section of HOPG
However, the cross
section of HOPG was
composed of edge
planes and basal

planes. *T. Kim et al., Langmuir
22 (2006) 9086.

Necessary to prepare well-defined edge and
basal surfaces

/St&dy on SEI formation behavior on
well-defined edge and basal surfaces
prepared by carbon nanofibers as a

70

model material.




Chap.2 Solid electrolyte interphase formation
behavior of well-defined carbon surfaces

for Li-ion battery systems

v’ Objectives
» To track the SEI formation behavior on well-defined edge and basal
surfaces of platelet carbon nanofibers (PCNF) by TEM and to study the
effects of its boron-doped surfaces on SEI formation

v' Contents
= Preparation of PCNF with well-defined edge and basal surfaces as a
model material
= Effect of edge and basal surfaces on the SEI formation
= Effect of boron doping on the SEI formation



Preparation of PCNFs with well-
defined surfaces

PCNF-G : Basal PCNF-G-NA : Edge

«2800°C, 10 min == « 10 wt.% HNO, =—i=
@ « 155°C, 28 h —
— —
= =
=) —
» Fe catalyst ) - J \ y
*COH,=41 —]——
(total 2 L/min) —=, PCNF-B-G : Basal PCNF-B-G-NA : Edge
«640°C.4h ——,
5 . | « Ball-mill of PCNF §: « 10 wt.% HNO, ==
with boric acid * 155°C, 28 h 05—
Q (5 wt% boron) =) ==
« 2800°C, 10 min ——
==
\_ J & J

PCNF : Platelet carbon nanofibers
* S, Lim et al., J. Phys. Chem. B 108 (2004) 1533.
72



TEM images of PCNFs with well-
defined surfaces

PCNF-G : Basal PCNF-G-NA : Edge

—
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PCNF : Edge
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Potential/V vs. Li/Li*

Effect of edge and basal surfaces on the
SEI formation

dQ/dV (mAh/gV)

< First cycle > < Second cycle >
3.5 3.5
1st cycle 2nd cycle
3.01 —— PCNF . 309 —— PCNF
—— PCNF-G " —— PCNF-G
2.5 —— PCNF-B-G § 291 —— PCNF-B-G
2.0- 5 20-
15. Irreversible capacity Z 15l Irreversible capacity
10 (mAh/g) ?g 10] (mAh/g)
0.5 PCNF (Edge) : 281 S 051 PCNF (Edge) : 41
0'0 MY PCNF-G(Basal) : 219 S 0'0 PCNF-G (Basal) : 28
051 . . . PCNF-B-G (Basal) : 139 051 . __ PCNF-B-G(Basal) : 19
0 200 400 600 800 0 200 400 600 800
Capacity (mAh/g) Capacity (mAh/g)
2000 2000
1st cycle 2nd cycle
15007 PCNF 15007 —— PCNF
1000 —— PCNF-G —~ 1000 - —— PCNF-G
500 ] +__ —— PCNF-B-G 5 500 ] —— PCNF-B-G
e
0+ < 0-
-500 4 \E/ -500
-1000 A 5 -1000 A
-1500 A o % -1500 A
-2000 A poNFG -2000 A M
-2500 e L 2s00 40—
00 02 04 06 08 10 12 14 00 02 04 06 08 10 12 14
Potential/V vs. Li/Li" Potential/V vs. Li/Li"

Electrolyte: 1 M LiCIO, in EC/DEC (1:1 vol%), Binder : PVDF 74



Effect of edge and basal surfaces on the

PCNF : Edge

=
)
c
Re]
S 604 PCNF
c —=— Lithium
8 —e— Carbon
g 40+ —4A— Oxygen
o —w— Chlorine
o —&— Fluorine

20 1
£
i)
< 0 : . .

0 100 200 300 400

Sputtering time (sec)

SEI formation

PCNF-G : Basal

100

—
o
IR0
— 80
c
L2 PCNF-G
© 60 —&— Lithium
< —e— Carbon
8 404 —A— Oxyg(:;n
S —w— Chlorine
o —&— Fluorine
o
S
o]
L2
<

20 -:
0 T y

0 20 40 60 80 100 120
Sputtering time (sec)

140

Atomic concentration (%)

100

80 -

60 -

40

20~

0

PCNF-B-G
—=— Lithium
—e— Carbon
—A— Oxygen
—w— Chlorine
—4&— Fluorine

0O 20 40 60 80 100 120 140
Sputtering time (sec)

The XPS depth profiles indicated that the SEI of PCNF with edge surfaces was four times
thicker than those of PCNF-G and PCNF-B-G with basal surfaces.
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dQ/dV (mAh/gV)

Effect of boron doping on the SEI
formation

Potential/V vs. Li/Li"

< First cycle > < Second cycle >
3.5 3.5
1st cycle 2nd cycle
3.0 —— PCNF-G-NA . 307 PCNF-G-NA
05 —— PCNF-B-G-NA o 251 — PCNF-B-G-NA
I
2.0 Irreversible capacity (mAh/g) g 2.0 Irreversible capacity (mAh/g)
1.51 PCNF-G-NA (without boron) : 234 |ESSERER PCNF-G-NA (without boron) : 34
101 PCNF-B-G-NA(with boron) : 126 = '] PCNF-B-G-NA (with boron) : 21
0.5 1 _,g 0.5 1
0.0+ O po- ™
'05 T T T T T T T T 1 '05 T T T T T T T T 1
0 200 400 600 800 0 200 400 600 800
Capacity (mAh/g) Capacity (mAh/g)
2000 1st cycle 2000 2nd cycle
1500 - PCNF-G-NA 1500 - —— PCNF-G-NA
10004 —— PCNF-B-G-NA _1000- —— PCNF-B-G-NA
500 Ev 500 J
0 § 0-
-500 E 5001 f
-1000 5 -1000
1500 - S -1500-
-20001 -20001 H |
'2500 T T T T T 4004 1st cycle '2500 - T T T T T T
00 02 04 06 08 1.0 — PONF-GNA | 00 02 04 06 08 10 12 14
Potential/V vs. Li/lLi" 500 — -~ Potential/V vs. Li/Li"
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Effect of boron doping on the SEI
formation

PCNF-G-NA : Edge

PCNF-B-G-NA

) PCNF-G-NA. .

. __100
o o
£ £ 1(b)
= ~ 80+
c [
2 2 PCNF-B-G-NA
T /0l PCNF-G-NA T 604 g
£ 60 e Lithium g 60 —=— Lithium
3 —e— Carbon @ —e— Carbon
2 40 —4— Oxygen 404 —4— Oxygen
8 —w— Chlorine 8 v— Chlorine
o —&— Fluorine o —#— Fluorine
= 204 = 20+
S S
] o
< 9 S ——— < ). %
0O 20 40 60 80 100 120 140 0O 20 40 60 80 100 120 140
Sputtering time (sec) Sputtering time (sec)

The SEI of PCNF-G-NA without boron doping was three times thicker than
that of PCNF-B-G-NA with boron doping.
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Explosion accident of Li-ion battery for
EV (GM) 2012,04,12

....... R ===""  GM Worker Injured After Lithium-lon
&% Battery Explodes




