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What is the synthetic carbon!

Origin of Structural Units And Crystalline Defects

Heat treatment

Organic materials > Carbon
Basic structural units > Micro domain 4~ 6nm
2 ~10 nm Orientation Coagulation
Rearrangement Partial melt fusion
v

Domain Modified Structures

Gas |
o Carbon or carbonaceous materials—

Liquid

Solid — Varieties of structural unit

;

Heat treatment
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W2 ik Heat treatment of organic materials

RT 100°C 200°C 300°C 400°C 500°C 600°C 700°C 800°C 900°C 1000°
I I I I I I I I I

Organic Aromatic organic Carbonaceous
materials materials materials
I T —— I —
AH Reactions

Removals of water and VMs

Dissociation and removals of light organics

Dissociation and polymerization of organics

Polycondensation of organics, dealkylation

Coking

ol+ [+ [+ [+ |+

Dehydration and dehydrogenation, CO removal

® | + | Removal of sp3 bridged bonds

P lel®o|ole

@ | +? | Completion of polycondensation of intra-cluster units (Dehydrogenation),
Removal of alkyl groups, Removal of ultramicroporosity




W2 kg Heat treatment of organic materials

Carbon materials Graphite materials

1000°C  1200°C 1600°C 2400°C  2800°C  3000°C
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AH Reactions

D~@ | - ? | Start of linkage with inter-clusters

-3 | -2 Linkage with inter-clusters, Removal of edge phase, almost removal of
" | microporosity
@@ - |7
@6 | - Construction of 3D structure maintaining domain structure, Complete removal

of micro-porosity

6-®| -2 Completion of graphitic structure with removal of domain structure, HOPG
" | forming temperature
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Heat treatment Phase of reaction Gas Chemical and Molecular
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Phase of reaction

Structural units

Applications
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Carbonaceous Advanced Carbon Materials for Energy Saving, Storing,

resources Side products And Environmental Protections and Improvements

Effective conversion and utilization of fossil fuels and their residues

Petroleum ol
Catalyst Li-ion battery Purification
= Separator Na-S battery Water conversion
Syngas
Bipolar Plate Air battery NO;, PO, removal
. EDLC for EV, FV AC, ACF for DeSOx,
Structural Materials DeNOx, deVOCs
> COG For IGCC, IGFC
COG AC, ACF for
Structural Materials . ick-
_ H-storing Bombe Sick-house gases
For Atomic Reactor
Tar CO, separation &
Concentration
: Carbon Fibers Methane storage
Biomass Char
Synthetic Carbon
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(a) Basic Structure of

(C) Graphitic structure

(b) Turbostratic structure

(high crystallinity)

(low crystallinity)
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Microdomain
Domain
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Non-grap hitizable

Isotropic coke & ’

" .}*‘f

Carb®n from phenol resin

Feature

* Non-graphitizable

« Ball shaped domain
 Domain = Micro-domain

Graphitizable

Anisotropic coke

Feature

» Graphitizable

» Linear shaped domain

« Domain > Micro-domain

Domain of NGC has similar size and shape of micro—domain, whereas GC does larger
and much linear shaped domain than that of NGC
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What is the synthetic carbon!

Origin of Structural Units And Crystalline Defects

Heat treatment

Organic materials > Carbon
Basic structural units > Micro domain 4~ 6nm
2 ~10 nm Orientation Coagulation
Rearrangement Partial melt fusion
v

Domain Modified Structures

Gas |
o Carbon or carbonaceous materials—

Liquid

Solid — Varieties of structural unit

;

Heat treatment
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I. Mochida, et al., TANSO, 215, 274-284 (2004).
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Scheme. Proposed Models for the Pore Structure of Activated
Carbons Based on the Microdomain Component

REENELLSIZTONT
1. FAHAZXHELD
2. FmESEIHISEIE

3. WMADERED

A L= onEEREA
wRG B REREREL =,
ri97 i3

small pore size |.':IQL
(Below 1 nm)
»

Uppermost 3
surface

'
Micropores with
small pore size

Mesopores
({Inter-particle pores)

Fiber Axis

(Below 1 nm)

Fig. STM images of (a) OG5A, (c)OG7A, (e)OG10A, and (g) OG20A

Pitch-based activated carbon fiber
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N. Shiratori, et al., Langmuir, 22, 7631-7637 (2009)
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« & ERZFRIL (Liquid phase carbonization): EiEZER IS FEIL. RFBILRICHREF THE
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O—IXBL IR K BB E DR KRBT, BERATRAT7ILEOE S R FMHECHFDOEREY

FEREICISASN TS, COEH, 7ILAVER, AVF, ERERIELEY. BRIEVMFOMN
KFEFEAHFDHON TS,

-JEfR K ZBIHE S (Non—dehydrogenative condensation) : 3 F =D /NSNS OEE R,
MBERIGIZE S TEERINDCEIZKYRFILEEEZDEMNTESLN, COME, KEEZR
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quinoling

AICh + IRD === H+AICHOH)
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isoquineline

Catalytic condensation of NCh ¢ B0 == HAICHOW
aromatic hydrocarbon (CIC, 2 SO seuicrions

with HF/BF,
@/\+ HCN + BRAICIHOH § or @\ + NHs + HAICL(08 T
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Scheme of catalytic polymerization of
quinoline and isoquinoline with AICI;
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1. ZIRFBEEDESF: 50002l LD S IRFERMENERE
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3. RFRMMABAE Y FLEEDABRESRILREYTFIE, EVFORTRERERS
EBRERERODNEE - BERSDREZTIAIHHS.

4. ITICHAHREREBRISAI—BEZHHAL TS

5. UL RLLEICHENIE, BERT DREEILREASH, BERSZIHSED. R
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o ZFAMEYTF (Isotropic pitch) : MEEFERILEMEERNETHRRR, BHRADI—IL
EvF, F72LoD L5 EEYMLERSNT-EVYFIX, 2 FFEEDFOERA(SAZ)N
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MR <EHIK (Needle like) ZE2ELTULV=Z&ITHXE
95. Al8No. 13—V RBHBHNETLIT LO—
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FEEETHRAICHEENHS. BEMEEHERICEK
% CER Ak HE KBRS (Fibrous texture) Z7RL,

ANEHEICE TRRAAAMEEENICRE _ o= ‘ "
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£ (1990)p.231. )
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Raw pitch  Nucleation Growth of Growth &
of MCMB MCMB Merging of MCMBs
- Mesophase

Low Heating temperature High
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Short Heating time Long
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Models of mesophase constituent
molecules

Naphthalene Pitch

FOC-DO C9 alkyihenzens
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.omuc«w ety lnaphihinlene

EE 2

inthirene

methyl-Naphthalene
Pitch

dimethyl-Naphthalene Pitch

"

Typical mesogen units in various
mesophase pitches

(Mochida et al. Carbon 1990, 28, TOF-MS spectra of synthetic
311) mesophase pitches
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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)



Crude 0Oil

Carbon Industry — Chain Industry

Green Petroleum Coke

Fuel

(Fuel Grade)

(Calcmable Grade)

Green Petroleum Coke Caldner

Calcined Coke
Needle Coke

1

Ispg'opic Coke ‘

Pet Coke Dept. Formed

Specialty C+G dept. » in 2011

Aluminum Related » Formed
Carbon Dept.

? Invested
]
=
=]

t in 2013

Power Generation
and Cement

Technology
LiB Anode, Silicon
 Pulling, etc.

Metallur |cal Coke

Coke Oven

Coking Coal

Coal Tar

Carbon Black Feedstock |

Graphite Electrode

—»-volm

—.,__U_SI_) 4 |
“11.68> .Carbon Black

— 2




®-3 K FOLRE

A Ho% Rfbes | BEmd | il | &5 JCHETHT Yk
(C) | (wt% BI | QU | C H N S
AR | S 170F 36.3 1.185| 25| 0 |[91.8 598 (066 | 1.8 | 35
Al | BEUH 92 33:7 1.246 | 325 | 551920 ]| 565 (0.1 1.0 37
Al | Meka—2 ZH| 215 60.0 125 | 560| 215|850 (595 1.01795] 33
ARZI(AML—=F) ]| 67 50.5 129 {161 39(919 |47 [14 |03 | 36
Apc | BEH 86 55.1 131 | 312 51928 (45 |14 |02 | 36
8o ¥ AREBOBREHEOSM
maiting point solidification ot Optical texture __ Abbreviation _ Size (mm)
w 701 SR : Isotrop I =
v — VA W R —
g g 601 o 8 g“.héb Spherical unit
3 formation of 5 % ot 2 s 8ty %a ultrafine mozaic umf <05
_g disc-like molecules / _‘:' S sop a &%, ard very fine mozaic ~ Mvf 05~1.0
> : g § L s & fine mozaic Mf 10~25
& & 901 i » medium mozaic Mm 2.5~50
c > 4 coarse mozaic m 0100
w 5 o , small domain hs‘D 5:)0~60
50 80 100 120 140 160 180 200 dornain D >60
Softening Point (T) Elongated unit
Severity of reaction (time & temp.) (OBRFEY » 7, ABBRE » 7, © ABRFBIKD) clogated mozaic E:" ;z‘;"'g
Rl 3
B-2 WECRKGOFIELBRSTOWE, FTHSTRoZE B-6 £HE v FoRLsEREREOMEMM Mlow domain ? =60




®-1 Ea—7 AR

HMRs| R4 | REKE TR (wt%)
" = (wt%) | (wt%)| (em?)] ¢ | H [ N | S Rl G
ARV ¥as—a—22 82 [ 008 | 139 [935] 34 [ 1.6 |048 | T 4P | 27
RilR=—FlVa-272 76 | 005 | 139 |938 |33 | 1.1 |073 |74Vt | 27
BHRABREI—-2 2 106 | 008 | 138 (89032 |11 |57 |74V | 27
ABRBKTI—7 A 161 | 122 | 135 92042 | 1.3 |036 — 27
ARFBI—Z R 78 | 011 | 141 |946| 28 |08 |029 |F4-F+ | 27
®;»-2 -2 20K
R | K7 | KK CTE®
o= (wt%) | (w1%) | (g/em’) | (X10-9/K) "

ARV ¥as—a—-2X]| 1l 035 | 207 3.1 28

RiGRk=—Fra-s2 0.6 - 2.12 1.1 28

Bigk=—Fra-s2 05 | 020 | 208 12 28

Bitifk=—Fnra-22 02 | oto | 212 1.1 28

BRARARYVa-I R 0.3 0.2 2.00 3 30

BRR=—=Fra=2 R 0.3 009 | 211 1.2 31

*) BRI
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EOLCTDTTE D #T, 13C-NMRE LU TOF-Mass 4T

Elemental analyses 13C NMR analyses
Aromatic (%)
Raw C H N S : )
material  (wt%) (wt%) H/C (wt%)  (wt%) Aliphatic (%)
Car1,3 Car1,2 fa
Car3/Car2

EO 9230 741 096 000 0.14 CH; CH, Caman CHar Cas C% Can

EO 90 102 64 193 97 178 376 026 0.74

CT 9258 596 077 084 062 or 4 406 19 13 243 21 587 041 086

EO MC;-30 v'CT has more heterogeneous atomic compounds
w
Mw200 than EO
v'fa: 0.86

v'"Mw: 200~500 (300~400)

.‘L LJI\ h m “ " h \L ‘L " L
] 1
0 100 200 300 400 500 600
Molecular Weight (m/z)

TOF-MS of CT

e

¥, KYUSHU UNIVERSITY




GC-AEDZHW-EODE#H %

o Attt GC-AED
2 v EO: 90% of 1~2 six membered rings
31000- — EO
K] — Many Alkyl Naphthalene
2 800
5
% 600 -
2
Q 400 -
S 200 Model compounds of EO
1 MBWl | |
0 2 4 6 8 10 12 14
Retention Time (min)
Molecular compositions of raw materials
Ring number EO MW:210 MW:182
1-Ring 46.7
2—-Ring 43.9
3-Ring 5.5 OO
4-Ring 3.9
9-Ring 0.4 MW:184 MW:128
>5-Ring 0.0

W, KYUSHU UNIVERSITY



GC-AEDZFHWL\V-CTOEH S %

& b b b &
\/(\ ‘1,/(\ AN 8 O -f*’/(\ GC_ AED

1200
£ 10001 —— NCO v' CT: 2~4 six membered rings
o
2 800F I v' Almost 2 and 3 membered rings
g 600 -
[}]
o 400( ‘ Model compounds of CT
L
% 200 |

WANNE.

0 2 4 6 8 10 12 14
Retention Time (min)

Ring compositions of CT

Ring number NCO CT

1-Ring 46.7 0.0 OO

2-Ring 43.9 31.3 O “

3-Ring 2.5 27.3 O MW:340
4—R!ng 3.9 22.2 MW:366 OO

5-Ring 0.4 5.2

>5-Ring 0.0 4.0 O OO

W, KYUSHU UNIVERSITY



2-MN @) Bromination—dehydrobromination & Iits

Process NMR analysis

2—Methly
naphthalene A CH
(2-MN) l e

Halogenation
(Br2:the same amount with2—MN)

Bromo—methyl naphthalene

@30~ 180°C Br
_ _ Ar—-CH,
[ Bromination of ] Br \
2-MN | S
M
1-bromo—2—-methyl naphthalene
ﬁ Aging
@320°C Ar-CH,

2—Methylnaphthalene \
[ Pitch ] ‘
SOA® S5 7 eo s 137 1

Chemical Shift(ppm)

W, KYUSHU UNIVERSITY



SRLEEYFORFRESFEE

TOF-MS °C NMR
Dimer hﬁ‘?{i% Aromatic Aliphatic
282 AN pitch fa
I;5A0fER intensity C1 CZ C3 C4 C5
Mass range
Tri 10 ~ 1000 MN10 1557 1819 5840 | 515| 2.70 0.92
rimer Measurement Mode
420 Spiral type
MN15 1492 1830 5898 | 570 | 2.10 0.92
Teg;g"er MN20 16.33 1823 57.18 | 6.28 | 1.98 0.92
JM\ 695 833 973 2MN 909 18.18 63.63 | 0.00 | 9.09 0.91
L M Jk k A C,: 132.5-149.2ppm, substituted carbon
! ! ! ! ! ! ! C,: 129.5-132.5 ppm, outer quaternary carbon
200 300 400 500 600 700 800 900 1000

Molecular Weight (m/z)

C,: 115-129.5 ppm, unsubstituted carbon

C,: 22-53 ppm, methylene carbon(methylene bridge)
Cs: 22-11 ppm, methyl carbon(CH,)

fa: carbon aromaticity

BHRE. REMOIEFEEIE, 1990, p60
Diaz C, Blanco CG. Energy & Fuels, 17,(2003) 907

W, KYUSHU UNIVERSITY



SRLEEYTFORRHES FIEE

Dimer Tetramer

282 ‘ % i| 558 OO
T ;E/ (T 12
(T 1T o

Pentamer Hexamer Heggae’mer

¥, KYUSHU UNIVERSITY



2FLURBICELESHE

CH,Br CHjy»
e Methyl (:-Brclnvage> PO'VCOMG"S‘!"O: 8 o + (n-1)HBr
D D -
(Methylene bridged piich)

CH;

# Aromatic C-Br cleava Extreme high polycondens)a(hon temperature needed
o

~Bre
1

CH,
Br,
Bromination

W, KYUSHU UNIVERSITY



Dehydrobromination/polycondensation DR ® (a) Scheme of
dehydrobromination/polycondensation: (b) Isothermal dehydrobromination kinetic
curves; (c) Arrhenius plots of Ink and 1/T for the thermal dehydrobromination of M—Br.

(a)

\f_,_v\ Brz Heat treatment \
o~ 0 - \
Selectwea’tt% /_.\ 200 c~270°C /. 5. 4 ‘P
. R P8,
@_ ’ - @
\ : / “
Methy! brominated 1-MNP HBr o /-
1-MNP
( (C) Oligomeric 1-MNP
7
30} ,
| & )
__ 25}
a2 - I
¥ 20} 5t
R | sl
= 15 c 4} °
2 10l |
g 10 : al
e |
b 2 =
o I 2 & A 4 & 2 2 2 2 2 1
0 300 600 900 1200 1500 1800 1.8 1.9 2.0 2.1
t (min) 1000/T

¥, KYUSHU UNIVERSITY
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Characteristics of needle coke

49

Needle coke + Binder pitch
Impregnation pitch

Graphite electrode

Prerequisite of Needle Coke

1. Low CTE
2. Low Puffing
3. High Strength of Grains

4. Good Wettabllity
=

How to achieve above properties ?

W, KYUSHU UNIVERSITY



Manufacturing Graphite Electrode

1. Raw Material

VW Uthze two types of
needie cobus, which e
made from Petrofeun and
Piich, Newcle cokes e
stosed Dy sach gran sae
whw crshing.

v

Noodle cokes and bnder-
PiCh e g nd kneaded
at 2 high tempecature

v

3. Extruding

The paste, which & cocled
down 1o o speciic
tevgoratune, is pressed out
of the extrucieg machne

v

Tha process of carbonaing
e tanxder plch. Groon
clectodes ane baked o 4
e of
aporoximatety Y0OT

v

5. Pitch impregnation

Proh s mposgnated e Bo
Dakod slectrodes for
darmicaton Ths process
Imgroves the strength and
rewstivity of De dectrodes.

Coton is orystaiiced 10
“Graphia” in Uy process
Beciodes pre heated up 1o
Spgreaimately 3000C

h J

Graphfized sloctodes e
roctioed 1o the Pols ard
Ngpie at s stage

¥

9. Inspection

Weght, fength, properties of
QCh PIOCe i Muisused By
Appeanance and thead
PROACN WY a0 Carviuly
inspected ot this s1a0e

v

CuakSed eRchooes wo
packed and shpped

Electroda grades ae

swecied dcoondng ¥
Customers’ operatng

conditions.

W, KYUSHU UNIVERSITY



RINBEBORE

Anthracite

Silos

Crushing

nIwnIRy

arinding

Binder
Pitch

l Screening

Storage bins
7 |

Classified
Fractions

Weighing

¥, KYUSHU UNIVERSITY

Mixing

RLLIE RIS

Forming

5]

23l

Pitch
Impregnation; o °

[y

Finished
product

Graphitization

Machining
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FAERMOBETE(ZXREH)

¥/ KYUSHU UNIVERSITY



Flow of coal tar related materials

Binder pitch for Al electrode

Coke for Al electrode

Low or middle performance carbon
fiber

Impregnation pitch for steel electrode
and isotropic graphite

Binder for Isotropic graphite

Mesofication

¥, KYUSHU UNIVERSITY

Binder pitch for steel electrode

Needle coke for steel electrode

|Distillation Distillation
Coal tar EE— Soft pitch >
v Coking
Regular or Mosaic |
coke
Distillation N
—
> Soft pitch
! >
Purified soft pitch
]
Delayed —>»  Needle coke >
coking
Mesofication = MCMB >
Distillation = Isotropic pitch — fr——
Hydrogenation | o Mesophase pitch p——>

Anodic graphite for Li-ion battery

Coating pitch for anodic carbons of Li-
ion battery

High performance carbon fiber
40




FEEmERAVE=A—RH—I)L
Rk o A9797 CAGE h)y
i
iR — | BF A4
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=43 EvF=-F I i
| ——Fha-92 |
1-HR4E | 3N | BiBE T ——
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Flow of coal tar related materials

|Distillation Distillation
Coal tar re— Soft pitch > Binder pitch for Al electrode
W Coking
Regular or Mosaic | ey Coke for Al electrode
coke
Distillation : Low or middle p.erformance carbon
fiber
: Impregnation pitch for steel electrode
and isotropic graphite
> Soft pitch
¢ Ql removal —_— Binder for Isotropic graphite
Purified soft pitch
e Binder pitch for steel electrode

Delayed Needle coke > Needle coke for steel electrode
coking
Mesofication | MCMB > Anodic graphite for Li-ion battery

Coating pitch for anodic carbons of Li-

Distillation Isotropic pitch — |jr—— .
-> HED ion battery

Hydrogenation . 2 :
. . %
Mesofication -» Mesophase pitch High performance carbon fiber i




o6 Preparation of carbons

What is the most important for carbon manufacturing?

« Specific properties of target material.
ex) Carbon fiber

» Tensile strength: impurity, surface property, molecular orientation
» Modulus: molecular orientation, graphitization degree

» Elongation property: selection of raw material, heat treatment temperat
ure

» Thermal conductivity: graphitization degree

« How to achieve such properties?
ex) Carbon fiber

> Tensile strength: low impurity, amorphous surface property, high
molecular orientation

» Modulus: high molecular orientation, high graphitization degree

> Elongation property: precursor control, low temperature heat treatment
» Thermal conductivity: high graphitization degree
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FimtREM DOREICEITHRA b

High performance pitch based carbon fibers: less than 50

PPM
Capacitor : less than 500 ppm

High performance needle coke : 500 ppm
Carbon medicines: less than 300 ppm?
Carbon anode for LIB: less than 100 ppm

¥, KYUSHU UNIVERSITY
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Purification of raw and precursor materials

Advanced functional carbons always require higher than certain level
of purification.

Kinds of impurities are very dependent to the target materials.
- In the case of needle coke: Sulfur and nitrogen compounds
are important impurities.

The purification of functional carbons almost rely on the purity of ra
w and precursor materials.

The optimized purification method is very dependent to the raw mat
erials, size of manufacturing and production cost.

- Pitch-epoxy : Centrifugation method
- Needle coke : Solvent-non solvent method
- FCC-DO: High temperature centrifugation (several times)

To find out the optimized purification method of raw or precursor ma
terials is most important key technology in the functional carbon pro
ductions.



29

Method

Principle

Advantage

Disadvantage

@ Filtering
(Heat, Solvent)

Decreasing viscosity by
heating or solution
Mesh filtering of QI

Only QI Removal
No heavy fraction
removal

Large equipment X

@ Centrifuging
(Heat, Solvent)

Decreasing viscosity by
heating or solution
Centrifugal condensing of Ql

Only QI Removal
No heavy fraction
removal

Large equipment X

@ Solvent - Mixing of miscible solvents Low broductivit

Precipitation Precipitation removal of Ql P y
Mixing of non-miscible . .

@ Non-solvent solvents Large equipment Heavy fraction

Precipitation OK removal

Precipitation removal of Ql

* ltis relatively easy to remove Ql in lab scale.
* Ql removal in the industrial scale

> Very difficult to remove finely dispersed QI from large amount of viscous liquid

» Only success in Japan

Japan several ten thousands ~ hundreds tons/year scale




Stationary method

Experimental procedure

0 100

Aliphatic Solvent
(wt %)

Aromatic Solvent < 4 >
(Wt %) | | |

15min, 80°C l stirring treatment

D.
PITCH ZONE

o

100

0  Coal Tar and / or Coal Tar Pitch 100 .~ 10~60min 80°C or )
(wt %) ' Room Temoerature (RT) staticnary

Heavy oil precipitation

The case using the general solvent(unit : wt %)

Sample Toluene n-Hexane Temperature ,
A Coal Tar 50 50 0 80°C (— RT) f : 0 : : : :
B sl il i 54 80°C (= RT) | 40min, 80°C l Filtration by Quinoline
C Coal Tar 36 36 18 80°C (— RT) ?
D Coal Tar 32 32 36 80°C (— RT) !
E  Coal Tar 28 40 32 80°C (— RT) Ql removal
F Coal Tar 9 81 10 80°C (— RT)
G Coal Tar 7 67 26 80°C (— RT)




Ql removal from CT

Solvent-Non-solvent method

Y
N~
N
N~
Ql o o o ‘ ¢ ’ o
CTJ:?.?} \0. .o :' o ° *
N~ N~

(1)CT is dissolved into solvent

(2)Ql is precipitated by the addition of non-
solvent

(3) Pitch phased precipitate is removed.

N
N—

-

Solid — liquid separation by
decantation *Time &
Temperature

61



Phases of precipitate (Ql+?)

Phase changes of precipitates

CT Wash oil | Kerocene | Precipitate

w% w% w% w%
1 10 80 10 =
2 10 60 30 -
3 10 40 50 38.7
4 10 20 70 455
5 20 60 20 37.2
6 20 41 39 40.2
7 20 20 60 24.8
8 30 60 10 -
9 40 40 20 -
10 40 20 40 17.1 PITCH 20
11 50 40 10 - 7

; 05

12 60 20 20 T
OILY - = *No solid precipitate, difficult to separate

SLURRY ---Easy to separate but large amount of
precipitate

CRYSTAL ---Difficult to separate
\pmﬁ—smmﬂmrmm. = ipitate, ate

62



Adjustment of removal conditions

Changes of precipitate amounts of CT under various conditions

CT Wash oil Kerocene Precipitate ( QI (%) 0.0
) 30 26 44 Q) 23.6 2.15
® 30 24 46 % 23.6 2.16
©) 30 22 48 10.36  2.35
@ 30 18 52 @ 11.5 2.64
® 30 16 54 ® 18.2 2.54
® 30 14 56 ® 30.1 2.50

Easiness of decatation

_________________________ N
: . : o/ X-0
Kind of solvent, Mixing ratio /{\
Temperature, and time 10 PITCH ZON .
0.0 0.5 1.0 |
CT

63



Understanding raw and precursor materials
- To select and design the target functional carbons, full
understanding of raw and precursor materials are

necessary.
* It is not still enough to understand the molecular

__structures of raw and precursor materials.

* It is strongly required that the novel analytical method to
analyze the detailed molecular structures of raw and

precursor materials.
« TOF-MASS, GC-GC (2D), GC-AED, etc.

* It is also strongly required that the novel analytical
method to analyze the detailed impurity structures of raw
and precursor materials.

« Chelated structures of Ni and V in DO materials, etc.

64
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Properties of high performance binder matrials

Property Required level
Softening point
(Ring & Ball method) (°C) 80 -110
Density (25 °C) 1.28 — 1.32
Coking value (%) 55-65
Benzene Insoluble (%) 30 - 35
Quinoline Insoluble (%) 10 -16
C/H (Atomic ratio) 1.70 — 1.85
Temperature appearing 150 — 180

500 cP (°C)




°Some properties of binder and impregnation
pitches

100% -

100 +
80%
80 I 80 B
60% - PI 60- 604 P
s 5 =
THFI-PS -E w0 -E %0
40% 1 = TI-THFS
= HI-TS 20 20
20% -
= HS
0 T T T T T 1 o T T T T T 1
100 200 300 400 500 600 100 200 300 400 500 600
0% Temperature (°C) Temperature (°C)

Solvent solubilitiesof impregnation and

Binder pitches TGA profiles of binder and impregnation pitches

* Black line: Pristine, Red line: HI-TS fraction of IP and BP

| ﬂ
r| ] f I
.'1 ' 1l ,, | P
Yo e L’ -
0 5 10 15 20 0 5 10 15 50
Retertion Time [ min) Retantion Tirme [min)

HPLC analyses of binder and impregnation pitches
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Novel method for quantitation of aromaticity

Standard

HPLC ana|ysis
atell

Phenanthrene

Anthracene

Naphthalen Pyren

e e

Benzene /\Perylen
[ T T T T T T T ,e T \
0 2 4 6 8 10

Retention Time

B : Benzene ( 1ring, Retention Time : 3.18min)

N : Naphthalene ( 2 ring, Retention Time : 3.84min)
P : Phenanthrene (3 ring, Retention Time : 4.77min)
A : Anthracene ( 3 ring, Retention Time : 5.03min)
Py : Pyrene ( 4 ring, Retention Time : 5.72min)

Pe :Perylene( 5 ring, Retention Time : 7.87min)

materials

| GC-AED analysis

1lring 2ring 3ringd ring  Over 5ring

A

e

3 < N £ < 35 < N
» <« » —r <« » >

Naphthalen OQ‘
O

P

eyren O‘O
Anthacene Perylen OO
IS

0 100 200 300 400 500 600 700

Temperature (°C)

N : Naphthalene ( Temperature : 194.8°C)
A : Anthracene ( Temperature : 289.0°C)
Py : Pyrene ( Temperature : 329.3°C)

Pe : Perylene ( Temperature : 407.6°C)




> Analyses of CT

HPLC ana|ysis

BN PAPy Pe

|GC-AED an]alysis
N APyPel

TI-THFS (\ if

HI-TS M :

0 100 200 300 400 500 600 700

Temterature (°C)

2 4 6 8 10 12 14
Retention Time (min)

EEREEEEWREE %) FERRaAE AL 6)

1IR 2IR 3IR 437 SIRLLE

IR 2IR K} 43%  SIRLLE

HsS 59 74 11 59 20 18 i i I
HETS 34 000 25 14 30 53

HHS 34 °6 36 26 22 %2 qpgyes 24 001 30 57 27 65
TS 9 77 20 4 21 20 s L
THFS 95 39 24 20 23 30

HS: almost 3 membered rings

. HS: 2 - 4 membered rings
HI-TS: over 3 membered rings

TI-THFS: Over 4 membered rings



69 HPLC analyses of CTP

CTP350°C 20Torr 1H
CTP350°C 20Torr 2H
CTP350°C 20Torr 4H

r T T T 1

0 5 10 15 20
Retention Time (min)

CTP360°C 300Torr 3H
CTP380°C 300Torr 3H
CTP400"C 300Torr 3H

Retention Time (min)

HI-TS s

CTP300°C 300Tomr 3H
- CTP300°C 75Torr 3H
_ CTP300°C 40Torr 3H

=S

5 10 15 20
Retention Time (min)

HI-TS L5y

CTP285°C 40Torr 3H
— CTP294°C 40Tomr 3H

CTP300°C 40Tomr 3H

o




"Adjustment of molecular compositions of BP

100% -

80% -
PI

60% - THFI-PS

= TI-THFS
40% - = HI-TS

mHS — /(4y9’_E‘y9=
20% - == CTP294 40Torr 3H

=== CTP320 40Torr 3H

0%

NAVE— CTP294 CTP320

Fig5.1 MY > FITH1T 2 AW A W - VR IR R 1
(VA v ¥ — ¥ v F, CTP294-40Torr,CTP320-40Torr)

100 -
80
60
= ) T T T T T T T 1
S 10 0 5 10 15 20
E —_— N —EYF . . .
Retention Time (min)
=== CTP294 40Torr 3H
20 = CTP320 40Torr 3H
Fig5.3 Mt FI28BIF D HPLC /o#r
0

100 200 300 400 500 600 (/3 > &' —E v F, CTP294-40Torr, CTP320-40Torr)
Temperature (°C)

Fig5.2 FHELE v F 0 Ny FBHR FICH61T 2 ZKBREER TG /i
(/3 v & —E v F, CTP294-40Torr,CTP320-40Torr)
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Mesophase pitch based high
performance carbon fiber

* Heat treatment temperature: over
2200°C

« Tensile Strength: over 2500MPa

* Young’s Modulus: over 450GPa

* Elongation: less than 0.7%
 Thermal conductivity: over 200 W/imK



Mesophase Pitch

» Intermediate to Metallurgical and Needle Cokes
»Precursor for Carbon Fiber

:> Molecular Recognition
Controlled Syntheses

Nanoscopic Views

» Quantitative Recognition and Identification of
Molecular Assembly
» Structural Hierarchy

:> Further Development : Functionality
and Applications



/3
Preparation of Mesophase Pitch
Raw .
. Before treatment and transferring to mesophase
Material
De-ash — Thermal Polycondensation — Thermal Transferring to
DO :
Mesophase — Mesophase pitch
Coal tar De-ash — Hydrogenation — Thermal Polycondensation
(Mesophase) — Mesophase Pitch
Naphthalene Polycondensa}uon (HF/BF;) — Removal of light Matters —
Mesophase Pitch

Isotropic pitch Formation of Growth of Bulky
mesophase mesophase mesophase



MPCF Production Processes

Mesophase Melt ez Carbonization Graphitization

Increasing Graphitic Units

\ . - 0
— ‘ﬁ ! O
0 | Ho-6
Higher Stren
& 0
Modulus
Higher orientation
Smaller Impurities
Pitch with easy orientation property H igher Modulus
|




Li-ionE| D —4 v &R

Global market of Li-ion battery in ESS Requirements of Li-ion battery as
B {Revenuein MiilionsofU.S.DolIars) power Seu Fees Of ESS and EV
56,000 Source : HIS iSuppli September 2011 6 billion dollar
55,000
54,000
53,000
52,000
51,000

o e | .
High
capacity
Global market of Li-ion battery in EV Requirements
Global Lithium lon Battery Market Revenue Forecast (Millions of U.S. Dollars) Of L i - i on

$60,600 4Ot !

ez | SOUTCe HIS iSuppli August 2011 = Duuop_uollar battery

830,000

§30,000 -

§20.0¢0 +— M l

S10.0C0 — \l ‘

ol B B BN

MWz

W2, KYUSHU UNIVERSITY 75

—


http://4.bp.blogspot.com/-xsUEGxF-87w/TkpCGGLzROI/AAAAAAAACz8/2b0kR-Y58Zw/s1600/2011-08-15_Batteries.jpg

Li-ionEE it FH 48> T{al?

-

accident in Tokyo), 1989

B Resin derived hard carbon was first selected as a safe anode for LIB: SONY, 1991

E Li metal anode: High reducing agent, AlImost kinds of electrolyte would be reduced with Li-ion
and nucleated as dendrite metal crystal = Moli energy (Canada): NTT mobile phone (short-

E Synthetic graphite (1989, Ashahi Kasei, Yoshida) (1993, Panasonic, CgLi, 372 mAh/g) =
Natural Graphite)
- J
Ch./Dis. Principle of Li-ion 2nd Batteries Anodic Materials for Li-ion 2" Batteries
@ Carbon Si alloys Li alloys
Crarge - Theoretical . ,
Neguine _ ®  Poe Cap(mAh/g) | 372 (LG 4200 (Li,S) | 3860
L e '&3311 g:;eent Commercialized Developing Developing
o I7|' e ¥y Low Cost
D A% Merit Good Cycle Life High Capacity High Capacity
3 «,\If\',m "."*.‘{U Good Chemical Stability
o v Ao ?_. UMIPTHm Postive
i v Li ‘/:?? ¥ e pecurmmprr o, High Volume Strong Reaction
e ,ogrcij De-merit Low Rate Capability Expansion = Bad Cycle &
Li “HY J = Bad Cycle Thermal Stability
o @ NN W’
Lt ¥ . Materials Graphite, Soft/Hard carbon
< P
. W Vi Vi %_U Sanyo, Matsushita, STC,
Li+ comduxcting U A&T Battery, Shin-Kobe, GS,
e Lt CoO: sl Moli, Mitsubishi, Sony, SDD,
Hitachi Maxcel, LG Chem.

B Safety: Li* = Li*
E CgilLi: Low potential similar with Li°

E Carbon material: Chemically and Physically stable, Electrically and thermally conductive




Li-ionTE HEBHM DIEHE LB FRE?

E Graphite: Mainly Li+ intercalation & deintercalation
B Hard carbon: Mainly Li+ insertion & desertion (Doping & dedoping)
B Soft carbon: Mixing of intercalation and doping?

Precursor Advantages Disadvantages
. Natural / Artificial graphite Low discharge capacity (372 mAh/g)
Low discharge potential (= 0.2V
Graphlte MCMB, Needle cokes . | I“_]’f i ( ) Poor rate performance
ong cycle life
(over 2800°C) - gcy High cost
MCMB High discharge potential (= 1.0V
Soft Carbon ) High capacity (700~1000mAh/g) .g ) g P ) { )
Graphitizable carbon Meso phase pitch High irreversible capacity
Low cost -
(600~800°C) Green cokes Poor cycle stability
Hard Carbon  Thermosetting polymer High capacity (400~700mAh/g)
Non-graphitizable Glassy carbon, Coal High rate performance

. . ) . Large irreversible capacity
carbon Organic material Low discharge potential (= 0.1V)

(1000~1400°C) Stabilized isotropic pitch Low cost
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Natural graphite

Needle coke
Regular coke

Purified pitch

Purified pitch
High purity resin
High purity
biomass

Purified pitch

Preparations of anodic carbons of Li—ion battery

Purification

Grinding

Purified NG

Heat treatment

+ pitch & Grinding

+B, Graphitization

Extraction
Heat treatment

MCMBs

Heat treatment

Hard carbon

Heat treatment

Soft carbon

+B, Graphitization

Grinding & Purification

Grinding

AC coated NG

Synthetic
Graphite

SG

Hard carbon

Soft carbon

-

Price of carbon anodes: Almost no room for technical modifications!

$ 3-5Kg

» Natural graphite: $ 3-5/Kg, Synthetic graphite: $ 3-10/Kg
» Hard carbon: $ 3-5 Kg
« Soft carbon:
« Conductive material: $ 10-20/Kg
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Fullerene

Graphene

CNT

CNF

Nano—carbons

Zero dimension
Basal surface
Nano-size

Two dimension
Basal surface
Nano-size

One dimension
Basal surface
Nano-size

One dimension
Various surfaces
and structures
Nano-size

N,/

High price

Very limited application
Mass-production
(Frontier Carbon Tech.)

Somewhat high price
Broad application
Mass-production

Relatively high price
Patent problems
Mass-production
(Showa Denko)
Limited application

Relatively low price
Patent problems
Mass-production
(Mitsubishi Materials)
Limited applications
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Selective Preparation of CNFs N

A 4

Standard CNFs Mass Production of CNF

PCNF, HCNF, TCNF

Accordion CNF Batch process

A 4

Pressurized Process

Target optimized CNFs

CNFs from Waste Gases
Small CNF,

High SA CNF,

High Graphitic CNF
High Dispersable CNF
N-doped CNF

A 4

Structural Modifications

Mesoporous CNFs

A\ 4

Activation
CNF functional composites

Electric oxidation

CNF-Si, SiO, TiSi

CNF-NG. CB Electro—spun CNF
CNF-SiO2, CNF-MgO -
v Indoor polutions

Metal & Metal Oxide Nano—chain Dilute NOX . .
De-metal, De-particulation

Fe304, MoO2 nanochain
SiO2, SiC nanofibers
Pt, PtRu, Pd, Au nanochain
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Structural variety of CNFs

Typical classification of CNF Structure
- graphene ((002) layers) alignment to the fiber axis, TEM observation

MY
i

i

*However, complicated structure is often found.
*The morphological diversity confirmed simply by SEM observation cannot be neglected, considering possibly

their different physical properties.

Various cross sections of CNFs

Polygonal Circle

Different Surface Characteristics 89
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Platelet Herringbone Tubular Accordion
A

< ==

i ?‘,:v.i‘ Y ST S

1 P SR (1) Al R SR N T Y A A e
1) Preparation of various CNFs that are best for the special applications

2)Lower price
3)Proper method for the mass production



\E&3
Control of Graphitic Properties of TCNFs &fé

35 & MnFe37_CO14
ﬁ ® MnFeb5 CO14
o A MnFe73_CO14
30 & MnFe37_CO41
© MnFe55_C041
25 - A MnFe73_CO0O41
% B Fe_CO14
—_ 0) O OFe CO41
e 20 m O & NiFe462_CO14
= ¢ o m O & NiFe462_C0O41
3 15 | “0 % O NiFe642_CO014
o A @ NiFe642_C0O41
* &
10 | Qﬁ dA o
RO %
5 L
0
3.35 3.36 3.37 3.38 3.39 3.4 3.41 3.42 3.43
dooz( A)
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Control of surface area

~150 nm
Rough surface
400 -
300 - I
5 ., ™ e
E 250 - -
& 200- [
Q150 -
O
& Metal
) .
7 100_
50 -
1 @
O I ' I ' I ' I ' I ' I
20 30 40 50 60 70

Ni Content (wt %)

» CBF fibers 250 ~ 350m?2/g, Metal fibers 20 ~ 200 m2/g

» CBF fibers shows 2~10 times higher SA than Metal fibers.
e SEM of CBF fibers with SA around 300 m2/g: small fibrils,
fibril aggregate, and rough surface one like activated
one.




Highly graphitic CNFs

B CNF of similar graphitic properties with Natural Graphite

B CNT usually shows low graphitic properties

B Conductive materials or supports for heterogeneous catalysts

GPCNF-N Preparation conditions doz | Le(002)
(nm) (nm)
PCNF Fe catalyst, 620, CO/H2 : 4/1 0.3365 72
PCNF, HCNF
G-PCNF 2800°C heat treatment of PCNF 0.3364 83
Ehik
v G-PCNF-N 30% HNO3 treatment of GPCNF for 50°C, 8hs 0.3362 152
GPCNF GG-PCNF-N 2800°C heat treatment of GPCNFN 0.3362 106
! FHERALEE BA-G-PCNF Boric acid added heat treatment of PCNF 0.3359 15
_ ) _ | 30% HNO3 treatment of GPONF for 50°C, 8hs
G-PCNF-N BAZGG-PCNF-N | g7 e B o 0.3357 377
! BEfa1k BC-G-PCNF Boron carbide added heat treatment of PCNF 0.3354 178
BA-GGPCNF-N BC-GG-PCNF-N | 30% HNO3 treatment of GPCNF for 50°C, 8hs 0.3354 167

Boron carbide added heat treatment
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N-doped CNFs

N-Source
- Acetonitrile — 25 12
Z S S
(@)] 10 L
i %] N/C &
ReactlonoTemp. IL  Reaction Rat A 8 8
530°C LZ) 15 (Growth Rate) g
2 \/ 6 T
o R o
© 10 2
o 4 £
(- (@]
2 5 ©
& I 20
Q prd
= 0 . 0

ETO1 ACNO1 ET02 ACNO02 ACN03 ACN04 ACNO05

Ethylene 160 | 160 | 40 40 0 0 0 Total
Hydrogen mi/m (g)| 40 40 40 40 40 40 0 200
He 0 0 120 | 120 | 160 | 160 | 200 | mi/m

Acetonitrile (lig.) | pl/m 0 35 0 35 35 70 35

Input N/C at.% 0 4.6 0 145 | 50 50 50




\E&3
Preparation of N-doped CNFs &%

A. Direct Synthesis of Carbon Nanofibers with Nitrogen (the method of this study)

B. Deposition of Nitrogen Components on Carbon Nanofibers (Post-synthesis)

* Using Carbon Sources Containing Corresponding Heteroatoms
* Mixing General Carbon Sources with a Nitrogen Source (NH3)

Expected features

* One step synthesis » Two step synthesis

* Graphitic structure « Amorphous region at the surface
(probably unstable)

* N both in-plane and at the surface (edge) * N selectively at the surface (edge)

Direct Synthesis

\\N\\\N\\\\k\/\h}\\\ Q{X\K{\g\{{\ Coating
y . =
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TEM & SEM of SiOx NFs N/

* PSin Toluene :
* completely soluble TEM |V| of OX-N

/- '\

g =S o / - o~

* PS/HCNF 1/5 (
* 450°C in Air




Surfaces of PCNF \

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

@@U JJllllllUlJlHH

According to the graphitization degree,
we found some difference at edge plane by TEM analysis
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iz
Various CNF composites §

e

e

N4 Tew

‘ & o ,‘ ‘.~. N 4 )
: -; Y 2 . v S yd -
* v £ :. ’ ’:“ “ ."‘
' - o g » Rt 4 .\ '
1 BKU = e e ) : s“ e .

Magnifying the functions of basic materials: Silica,Alumina,Si, TiO,, Magnetites
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1.

2.

3.

A

\E&3,
Some problems of CNFs &fé

Patents : Relatively free but some application patents
should be considered.
Price : ~10~200 $ /kg
- Effective process for mass-production
Dimension & Uniformity control
- Diameter
- Surface control; edge / functional groups
- Linearity
- Crystallinity, surface area
. Useful skills : Purification, Dispersion

> Objective of this study
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" n \EI;IE
Preparation (Fixed Bed Method) §

. Clean surface
COor C2~C4 HC gas / 400 ~ 650 °C Controllable texture

ﬂone step reaction Controllable graphitic property

H2
—
‘ Controllable surface area
. Long or short aspect ratio
- 4 Controllable diameter
a N = o { High yield
L lam —
o b | Applications
A -

— exhaust

Quartz tube

Furnace

Mass flo) gt

controller

Catalyst Temperature
in the quartz boat controller

Catalyst : Transition metals, Their alloys or supported catalyst
Catalyst preparation method : co-precipitation

1) Best, R. J. and Russell, W. W., J. Amer. Soc. 76, 838(1954)
2) Sinfelt, J. H., Carter, J. L., and Yates, D. J. C., J. Catal. 24, 283(1972)

Reduction : H,/He(1/9, 200sccm//4.5 cm diameter tubular furnace, 2h
Reaction : CO/H, (4/1 & 1/4viv%0), 200 sccm// 4.5 cm diameter tubular furnace
Reaction Time & temperature : 1 h, 540 ~ 675 °C
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Mass Production of CNFs &fﬂ

Horizon type
Capacity:several grams

Capacity:H-, P-CNF 100g/1batch
T-CNF 20g/Tbatch

e -
—— e e :

Scale up RV, <l eSS
Vertical type L :

Scale up e
Vertical type 1 :
Pressure



Discussion for growth processes

C,H, or CO /\‘

_____

M || . il e i '>‘ i
C atoms segregate at the step edges and metal
atoms at the step edges move toward the head
of the metal, resulting in the elongation of the

metal and the growth of graphene layer from the |

il step edges.

Thermal
stabllsh

Nano-plate




Catalysts for CNF Preparation

%i’é

Mono-metal

- Fe, Co, Ni

- Fe, Co, Ni/ Supports
Support: Alumina, Silica >>> MgO
Bimetallic Catalyst

- Fe, Co, Ni/ Fe, Ni, Mn, Cu
Trimetallic Catalyst

- Fe, Co, Ni/ Fe, Ni, Cu, Mn
.../Supports

../Supports

r, Al

Functions of Second or Third Metals ?

96



Main Catalyst 2nd Catalyst

)

Fe:Cr:Mg=6.4:1.6:2
IR : 4.6f%
HBZE . 40nm

Tubular

&

Fe:Mn:Mg=6:2:2
IREE : 1.145

Fe:Mg=8:2
IREE: 1.26E

@&

Fe:Cu:Mg=6:2:2
INEE : 2.0%

©

3rd Catalyst

Fe:Cr:Mo:Mg=6:1:1:2
IR : 27.84%
#ZE . 20nm

Tubular

Fe:Mn:Co:Mg=4:2:2:2
IREE : 11.66%
#Z : 50nm
A~5— CNF

Fe:Cu:Co:Mg=6:1:1:2
INZE : 60.21F
% : 180nm

Herringbone CNF

@ Fe:Ni:Co:Mg=7:0.5:0.5:2
IR : 60.215

#E : 120nm
Tubular



Tri Metallic Catalysts

Co:Cr:Mg=6:2:2
Q Co:Mn:Mg=4.8:3.2:2
Co:Al:Mg=6:2:2
0 V¥ Co:Fe:Cr:Mg=4:2:2:2
60 Co:Ni:Cr:Mg=4:3:1:2
4 Fe:Cr:Mg=6.4:1.6:2
Fe:Al:Mg=4:4:2
@® Fe:Ni:Co:Mg=7:0.5:0.5:2
37.5 @ Fe:Cr:Mo:Mg=5.77:1.44:0.8:2
~ .
$ 45
= L
& .
& 5 0 @z
“~ () .
S 15 /v /3. -T—%,é‘.'%',ﬁ.'°°|:r‘ S0l B2 & + U=
Séb 30 %‘?p Cr, Mn, Al S8| M2 EXH0| &=
b
.@' e |  ~
Q 1. Co FX0Ojof| st 2 XK04o| 2 u}
1128 L Cr BEEOHE 22 BN £ Z0j282 Ho|0,
15 %’8257f SHOFROf| 2t Herringbone 72| 37t &4 E.
-Mn H A EXZZNE= 52 SE2E0M =2 *UH 2=
OIEH CH 22 Tubular 22| 477t E.“SE.:.'.
150, , , , o 2 Fe FH00| Oigt mxZ0jol Hf
" " xZAE[ CSMOC-J| =SS AR EQIAL0
. 0 7f P._ dS 20| Tubular #&2| d/7F SdE.
Synthesis Temperature (C) - Cr EXE0f2] 220 s Z0h20] 0 WoLf v
ZEVIEETOIR H2 dR/7F 2dE.
- Cr & Mo EXZE0IE 20| AHEY Z20{= 308 0|2
02 £ S0i+88 P2 & U2,
3. FeNiCoMg 20}
- Z|0dd 120nm =2l 0 H2 Tubular d/E &8 +=
Ol ZE[OjA|AE
AN — .
CNiTt Cool Btetol 242t 052 SUs AP0 T e
s0j48 U 7HY 2UB MRS US4 AU, 08



\e&
Tri Metallic Catalysts %{{{é

B CoFe:Cr:Mg=4:2:2:2

@® Co:Ni:Cr:Mg=4:3:2:1

0.00 Co:Mn:Mg=4.8:3.2:2
100 V¥ FeAlMg=4:4:2
Co:Al:Mg=6:2:2

4 Fe:Ni:Co:Mg=7:0.5:0.5:2

Fe:Ni:Mg=1:4:5
@® Co:.Cr:Mg=6:2:2

0.25 75 Q. @ Co:Mn:Ni:Mg=3:2:3:2

9‘
D 2.
2 o >4
QQJQ u O Q g?‘ EJ—I'
& o/ e 50 % FHHCE HEH O, L 018240 o, Tt
2
1. FE 00| CyE RS040 Haf
0.75 * 25 -Cr EX2F0s H2 gd2E0M =2 B2 200,
¢ Mn % Al BEXS0jE 22 R0 52 S0j+88 B
- Aol 2 & H0fEFGU XM Tubular 72 P °7f e E
1.00 2. FeNiCoMg %0
Y7 >0 _CH, A2 0|83l0] FHUS Fote T Ct2 aXY7t
0 15 30 45 60 A O| &l
Yields (times) - 50nm HEO| MO TAL|QOLl Ho| CHEL0| MOSE| 7}
* BE CNFe| 2=+ 700°CH. Of L 7#%'3013“”9'31 ZE7|UE E3F S =2 O

(Co:Ni:Cr:Mg=4:3:1:2, Fe:Ni:Mg=1:4:5 Z0i= 600°CO| A Tt Ztel)

o

= L
C,H,, C,H, 59 7f*7f HHEE' 3%
CNF 2%12] BH40f 0|87H5% 2o 2 o4,
- Nig -’F—’—T“HE o|28¢ AL 120X Herringbone T+x2|
CNF AlSE A ol 7'|°E 0:||M-5I

OE T A=

- C3Hg l¢% 0| 8¢t CNF E-dolM2] B HIFLIF A+
9



Standard CNFs

\

Sample # Properties Applications Etc.
KNF-SPR Platelet Wik, wigin | 709/
high grapht. deg.
Platelet 80 ~ 400 . SA 90 m2/ NI/ CESEREN
Nano-rod o m IO Gy EEE kSR
~ | dyg, 3.36A, Lc(002) 30 nm AtERUPCNE
KNF-SH Hefringbone BEkRL g | 1009/
Herring- high surface area Jilk, WK A ), ik
bone 70 ~ 500 nm, SA 150 m?/g {k. FED
ooz 3454, Le(002) 30M | 4o 1\ 1 FAptRuA:
A (A
KNF-ST ~ Tubular wOREL s, | 209/H
Tubular thin walls, 0pentips | gy s m i fypic
N high grapht.deg.
"'%":‘ﬁ'ﬂ{ b || 20~ 50 nm, SA 90 m2/g
PE | dgg2 3.37A, Lc(002) 13 nm
KNF-FM tbular, hollow | ygr o prpt g | 209/H
Tubular 5-15nm, 4-7walls 1 p pepy
INGEE

100




CNF (Small & Middle Diameters)

Sample # SEM TEM Properties Applications Product
KNF-CM Herringbone, BEMEH, W& | 20-309/H
/IR hollow vl
=5 7 ~20 nm fi A FED
KNF-CC Herringbone BEME, W& | 15-209/H
NS 7 ~ 15 nm il
gtk FED
KNF-NM Herringbone BEME, W& | 50-709/H
i 10~60 nm (30~40) | #.
. BRI
KNF-NF Herringbone BEME, W& | 50-709/H
AP 20 ~ 50 nm .
IELARAE Straightness i 18
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Platelet CNF Herringbone CNF Tubular CNF
Nano-Rod  Nano-Plate Nano-Rod Nano-Plate Nano-Rod : Nano-Plate
- ==
o
S
“wilo
S| 2
4E
=
0 | S
:E
o
&
O

axis axis axis axis axis axis

Models
Y
! —




STM images of MWCNTSs; Nano-rod bundle type 10

I
1
|
! )
1
1
1
|
1
|
'

1
|
|
!
|
I
!
I
!
I
I
|
|
L

Structural units and their periodicity in carbon nanotubes, Long, D., An, B., Yokogawa, K., Ling, L., Miyawaki, J.,
Mochida, 1., Yoon, S.-H., Small 6 (22), pp. 2526-2529 (2010).
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Hard carbon from Mangrove tree — the effect of
preheat treatment on its electrochemical properties of
Li—ion battery

v'Objective
Development of biomass derived cheap hard carbon with relative high
1st cycle CE
v" Contents
= Investigation of preheat treatment effect on the 1t cycle
Coulombic efficiency in the preparation of hard carbon using
biomass as raw material

% Yu-Jin Han, et al., IMPRESS, 2013, 3, 571.

“Influence of preparation conditions of biochar from raw biomass on initial Coulombic
efficiency of biomass derived hard carbon in Li-ion batteries”



From Biomass Char

» Preparation of hard carbon from Mangrove char

Milling . Heat treatment ‘
Particle size less

| Than 45 4 m at 1000°C (Hard cafbon)
(Mangrove char)
* Charge—discharge * Rate performance of
properties biomass derived hard carbon
|

1.5H _ i —— MC700 15 MOIA000 . :
o fregiona! i 1}/ --- mcooo | - High rate
; s : rf
¢ 1.0 7/ .- MC1300 g 10 perrormance
S |\ '/ 2 / _____________ > 300 mA g’
g ‘\\ '/',' ’ 5 Eos "‘30mAg"
S05) \\ \ / # region . . ; \ ; B -
3 ,.;,/ High discharge | N\ g

B bt carpacity o.of ===

ol T 2 oL e e e e s I | ol FE R R A ol P R

0 100 200 300 400 500 600 700 800

: . 0 100 200 300 400 500 600 700 800
Capacity /mAh g

Capacity /mAhg-1 -
Cheap hard carbon with high discharge capacity can be prepared from bio
mass through suitable selection of raw material and heat treatment.

* T. Liu, et al, Electrochimica Acta, 2010, 55, 1696.



Status and distribution of mangrove forests of the worldio7

< C. Giri et al., Global Ecology and Biogeography 20 (2011) 154 >

> Total area of mangrove : 137,760 km? (2000£E)
« Continent : Asia (42%), Africa (20%), North and Central America (15%), Oceania (12%),
South Africa (11%)
 Country : Indonesia (22.6%), Australia (7.1%), Brazil (7.0%), Mexico (5.4%)

» Price of mangrove charcoal : US dollar 0.4-0.5/kg (Deal Indonesia CV)
Price of natural graphite for battery : US dollar 0.8-2.0/ kg (Qingdao Caifeng Co. Ltd.)
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From Green Tree 108

Development of cheap hard carbon

» Investigation of structural effect of hard carbon on the electrochemical
properties.
» Optimization of preheat treatment condition for hard carbon preparation

* Necessity of preheat treatment

———————————————————————————————————

1/ (1 ) No preheat treatment NS (2) Pretreatment \
1stHT
1St o znd HT 0 nd
(800°C) (1000°C) (800°c) 2" HT

®¥ Preheat treatment (1000°C)

(Hard carbon)

(hard carbon)

-
o,

i
|
’.
N -

. —
/’

/ '\ (Mangrove

———————————————————————————————————————————————————————————————————————————



Preheat treatment of Mangrove tree

> Yield of 15t HT at 800°C

40 -
35_. Preheat treated
(500°CPHT = 1st HT of 800°C)
1 B
&
— 30— .
2 M == u
ie)
s 254 o Heat treatment (°C)
- 1 A T450
m T500
20 - No PHT v T550
(only 15t HT at <« T600
. 800°C) ® T800
15 T T T ¥ T T ! ' ! ' !
0 10 20 30 40 50

Storage time (day)

Potential/V vs. Li/LiT

» Cha—discha properties of
hard carbons

141

1.2- // 1st CE:54%
1.0 ]

0] / 1st C=E:72‘%
0.6-

0.4 — T500-800-1000
. — T800-1000

0.0-

0 100 200 300 400 500 600
Capacity (mAh/g)

¢ Hard carbon prepared at 1000°C from
Mangrove tree

* Preparation yield and 15t cycle CE were improved through pr
eheat treatment = PHT is necessary




Preparation of hard carbon and its Li—ion charge models 110

Preparation of hard carbon Li—ion storing sites

> Preheat treatment
e Temp:450, 500, 550, 600°C
e Time: 1~49 days
* Presuure: 0.2, 04, 0.7 MPa

> Preparation of hard carbon

Charcoal
Milling less than 45 pm

Carbonization
1st HT: 800°C. 30 min. Ar
2" HT: 1000°C. 1h, Vacuum

Evaluation of electrochemical property
Charge;(CC/CV) : 30 mA/g. 0.0~15 V.,
To 3 mA/g
Discharge (CC): 30 mA/g. 0.0~15V

" o N
700°C
W Siten
%
Site Site 11 (%
Swe o
3
4‘0
2
. BN
1000-1200°C
£ ~
Molecular bridgin
Site 11
6‘4,0
i <&
Tie 1n Site II <@

Fhe 11 Site 11 \%‘
2

* Chul Wan Park, et al., Carbon, 2000, 38, 995.

Site I (Potential range:0.0—0.1 V)
1000-1200°C heat treatment: Removal of heterogeneo
us atoms — formation of storing sites

Site II (Potential range:0.1—0.9 V.1.3—15V)
Between graphene sheets

Site IIl (Potential range:0.9—1.3 V)
Distortion of graphene sheet clusters




Effect of pretreatment on the electrochemical properties

Charge—discharge properties Discharge capacities

*Charge—discharge P:0.7 MPa, D:3 days * Discharge capacity according to potential
141 | Region 4 Discharge capacity (mAh g1)
____________________________ Ay A5 15 A5 15 AE 15
19 Samples Total fEEL1  fEEL2 fEEI3  fEEL4
o] |Regiona (0.0~ (0.0~ (01~ (09~ (1.3~
S LN 15V)  01V) 09V) 13V) 15V)
; 0.8-
2 HC-T450 314 100 173 37 4
> 06 P0.7-D3
T — HC-T450 ] ===
£ 04 _ HoTe00 HC -T500 396 ! 163 : 183 44 6
5 — HC-T550 e
C02] Region _ HC -T550 368 139 181 43 5
e S CE HC-T600_ _
0.0 “Region 1 . . ; — HC -T600 353 130 176 41 6
0 100 200 300 400 500
Capacity (mAh/g)
*Charge-discharge and 1st cycle CE :
[}
200 % Elemental analysis
—[J Charge Atomic ratios (wt%o) Atomic ratios (%)
—m— Discharge —_
0001 & ceE 180 & Samples H N Oy Ash HIC O
2 3 S e .
500 - [0) 1
E @ ® 708 HC-T450 9225 025 060 375 3.15 ! 325 3.5 i
£ 4001 h HC-T500 9335 031 043 439 152 1399 353 !
© e 1 1
§ ./.\.\. {60 § HC-TS50 9250 025 023 295 407 | 324 239 !
300+ 3 I i
© HC-T600 9338 025 028 280 3.29 l 321 225 |
2001 — : : —150 Hp——— -
450 500 550 600
Temperature (°C)




Pressure effect on the electrochemical properties

Charge—discharge properties Discharge capacities

*Charge—discharge ;& & : 500°C, P:[£ 1. D: 3B 4 * Discharge capacity according to potential
144 | Region 4
P I e I / B Discharge capacity (mAh g1)
. AF 1 = 2 AT
4_'2 . Samples Total pEE 1 PRl 2 fEIE 3 fEiE 4
5 101 \Regons —Jjj (0.0~ (00~ (01~ (09~ (1.3~
¢ 0.8- 15V)  01V)  09V) 13V) 15V)
> T500-D3
5 0.6 —HC-PO.2 HC-P0.2 352 141 167 41 3
< — HC-P0.4
8 041 ]
S 0  HCPO7 HC-P04 383 154 179 43 7
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Charge—discharge properties Discharge properies
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What is the factor to determine 15t cycle CE?

»>SA and Pore size distribution of hard carbons 144 398 A5 X
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Approach of this study

» Optimization of hard carbon struct

Characteristics of hard carbon

» Using nano-sized inner closed pores —

not graphitized Non-graphitic carh | re
> Special properties =(iB=ll=, '
P prop ,_—:A\\\-\J\\VE@// through controlling the I_ow_
- Advantage TN temperature pre-carbonization
: High cap., High rate \<\—wh§=\/\\/} éheat treatment
: ——r4\
¢ D|Sadvantage R.E. Franklin, Proc. R. -

f N
: Low 15t CCE, Low densifg tond- 1951 209 V)

- Raw material : Resin, coke, biomas§|| Development of biomass derived
hard carbon:

>High rate performance of hard carbon| || Dévelopment of low cost hard

400 ] carbon using Mangrove based
D s ' biomass through simple heat
<]
> ]

G 250
g 200 t » Price of raw materials
' 10CTC21a _
& 150 uJ:E“-g « Price of mangrove char : US dollar 0.4-0.5/kg
[ 1 = i
5 100+ jjﬁ (Deal Indonesia CV)
& &0l * Natural graphite: US dollar 0.8-2.0/kg

5 0.1 (Qingdao Caifeng Co. Ltd.)




Summary

15t cycle CE of hard carbon derived from Mangrove tree was improved
through the optimization of preheat treatment conditions.

* Preheat treatment is closely related to the distribution of ultra
micropores which might be related to the 15t cycle CE of hard carbon.

* Preheat treatment conditions of 500°C under 0.7 Mpa for 39 days can
afford the cheap hard carbon which has discharge capacity of 417 mAh
g1 with 80.5% of 1st cycle CE.

= Hydrogen and oxygen amounts and UMP distribution might be
important factors to determine the electrochemical
propertiesof hard carbgn.
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