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Fluxes in GtC/yr

Diagram of the carbon cycle. The black numbers
indicate  how much carbon is stored in various
reservoirs, in billions tonnes ("GtC" stands for
gigatonnes of carbon; figures are circa 2004). The
purple numbers indicate how much carbon moves
between reservoirs each year. The sediments, as
defined in this diagram, do not include the =70 million
GtC of carbonate rock and kerogen.

)
»Organic
compounds

Animals, fungi,
many bacteria

(Heterotrophs)

Correlation between the carbon cycle and formation
of organic compounds. In plants, carbon dioxide
formed by carbon fixation can join with water in
photosynthesis (green) to form organic compounds,
which can be used and further converted by both
plants and animals.
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B o) 46.60%*" 474000 ppm
TAFE Si 27.72% 277100 ppm
TILEZ=) L Al 8.13% 82000 ppm
% Fe 5.00% 41000 ppm
DIV L Ca 3.63% 41000 ppm
TR L Na 2.83% 23000 ppm
D)L K 2.59% 21000 ppm
RTRDL Mg 2.09% 23000 ppm
FAR Ti 0.44% 5600 ppm
KE H 0.14% N/A
)2 P 0.12% 1000 ppm
A Mn 0.10% 950 ppm
PAVE S F 0.08% 950 ppm
IAULVFN Ba 500 ppm
RFE C 0.03% 480 ppm(0.048%)
AROVF L Sr 370 ppm

*1 Clarke number
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Bonding
Hybridization

Allotropes

Carbon Allotropes

Derived and Defective Forms

Hexagonal graphit

Poly-
crystalline
Graphite

ROONS

Cokes and
Carbon Black Activated T EALIN
Carbons Carbon Fibers

7]

7 N
Acetylene Blacks
SP2+8 —
rehybridization eelN anotubes, Nanofibers
: Ref.) Bourrat, X. Structure in Carbons and Carbon
= . = Artitacts. In: Sciences of Carbon Materials. Marsh, H.;
Sp! Rodriguez-Reinoso, F, Eds., Universidad de Alicante,

Carbyne

2000. pp1-97.
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Carbon materials 15
Carbon Material : Material which is composed of CARBON atoms with over 90 wt.%

Artificial (Synthetic) carbon materials

(\laturalhg‘raphite Artificial graphite Glassy carbon Carbon fiber Activated carbon fiber Activated carbon

v v

Various properties, shapes and easy processibility

Merit ~— Broad applications

= High electrical conductivity _
= High thermal conductivity el Graphite(Single crystad :

- - - - [ _Phenol-based activated carbon fiber (900~~2500m?g)
= H Igh chemical resistance i F “Isotropic PITCH based activated carbon fiber (7502500 m?g™)
= High lubrication ;

3,000

[ <= Graphite whisker 2,000 -

10* |- < Vapor-grown carbon fiber (3000°C)
<3 PAN-based carbon fiber

v

Application
= Batteries S
= Conductivity materials Zf,‘f‘;‘:,;‘:‘}b“‘”
= | ubricant '
= Carbon-brush

E < Industrial activated carbon (7001600 m2g™)

[ ., PAN-based activated carbon fiber (500~-1500 m2g™)

- Cellulose-based activated carbon fiber (500~-1500 m2g?)
1,000 -

< Vapor-grown carbon fiber

BN/ YISUaI)s d[ISud ],

| &< Industrial zeolite (400~750 m?g 1)

-0/ BaE da8Lms ayadg

[ <= Industrial silica gel (250~~600 m2g1)

[ < Industrial alumina gel(150~350 m2g)

"i"‘z‘ 5

. a8 tt':.

Graphlte electrode Composite  Sports material Capacitor Adsorbent

Electrode



Manufacturing synthetic carbons

Applications
Heat-treatment Phase of reaction v " Solid and liquid Structure
temperature | Vapor  Solid Liquid | ' "POF P1ase Phase Cluster  Pore
Precursor: coal, polymer,
petroleum, biomass, etc.
T 200 : |
2 Radical Aromatization
g Pyrolysis Polycondesation
§’ Crosslinking .
2 500 A Nucleation of
5 . Carbona- Pyro-Carbons cluster
l g ceous  Coking (Coating, » Nucleation
0o = materials C/C etc.) of micropores
I
‘ % . Activated |
E. Fibrous Carbon
Q 1000 z Carbon _ 4
3 ] Gl
& Diamond like assy Needle
2. Carbon carbon or hard - Coke | L, ) _
s | materials -~ carbons (~, 4 | increasing D?creasmg
S 1500 fiber micropores
l (HT) L,
| . Gl Carbon increasing
;? 00 Cari)sjzs fiber T ‘
1o \f\mf
L (D L) [
5 3000 — Electrode Li C/C increasing “{—/;\EJ}WJ
) S
= HOPG battery Vool
=
\
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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




Wausmoonversity | Heat treatment of organic materials s

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

_ 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




& oo ovesty | Hegt treatment of organic materials

1000°C  1200°C 1600°C 2400°C  2800°C  3000°C
| | | | | | |

ORRe © @ NGIG

AH Reactions

D~-@ + Start of linkage with inter-clusters

@-3) N Linkage with inter-clusters, Removal of edge phase, almost removal of
microporosity

Q-~@ + ?

@-®) N Construction of 3D structure maintaining domain structure, Complete removal
of microporosity

©6-® N Completion of graphitic structure with removal of domain structure, HOPG
forming temperature




Development of crystallite alignmen’ 2

during graphitisation change by e .;{;C——‘;,\ e e
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Figure 112,
Development of crystaliite alipumest dering praphisizasion (4]
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1500°CREEELU LD ENIBIZL>TELIERNERENSEREEEA
DELDTOEX. FHEIEIRILE—IF1090kd/ molFEELEEINS. FERL
MR FRIZELNTIE, 3000°CRIZDSRNIETIRIZHABMEARNENBEEEIC
5. EEDIEEELTIIEmMEERd, A NASN TS, 1500°CL
3 T0.343 nmE[ & T#H > 1=dyy,H2000°CHIE TRER AL, 3000°CFEE DAL
HT0336 nmiI[CE TRV T . FERFDODKES, SVURELHEL, Eit
E, BERIENGELIBIELSINS. BEIMEDESERIEILT H=8IZ, L1 D
MDINTGA—EIADNIREZINTULNASD, WarrenDIREL-P1(EEEZHF TS
FEENDE|S : (B. E. Warren, Physi.Rev.,59 (1941)693-698) ) h’\t,- &+ 5k &7
ERIEED/INSA—EATHS. JWIEILd A EMEEDIBIZELTHLGNS
ZEMZLD, ERIEDEARRERBTIIEIERNKIVMEEIZLS. $#ESR
IEERFBIZEWTIZIER=ZRTBEED R ENNFISNTEY, 3000°CIEE

DERLETIELHTHAHICHIRT 2580 H 5. AED RN AT
TORNEBIBEZENEEZRETS. ThETNAERENE, ICHEbE
FEEns. g2t TIIABEREZENBEICEZRSEITIHE T, R
(FEBNIELERFTHEEICRND. CHENREZRDE, A EKREFENR
[CEZBIEMTES.
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4%x10-5Q-cm, BE AR TI1Q-cmThH5. 300KIZHITAHEEICETAROBGEE
(%, tHOERDIFIX4EDFI2000 Wm-1K-1, EE A IF1/40005.7~8.8 Wm-1K-1T
5. —A, O)DEREIZRIM. —EHE TRINDIBEMIBFORFESIE a0 =
0.3635nm, a =39.49° T, ANARRMEDIKFEHa0 =0.24612nm, c0 =
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RAICELTIEREZRAREHRETSDIZHLT, ZEHIEERFZE3000°CHIED
HBEETUEL-HBHEFAERNEES. RAENIIBREIUVHERMEICI>THRIK
2 BRIKES TRENIZHEIN, AEERICHERTHABENKIEELTL
5. A REnLAULE-SEREENIEMERMrcDITBICE > TELGN, Y
A1E2EEFEEINS. .
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These models cannot fully explain the
characteristics synthetic carbons

Turbostratic Graphitic Ribbon Model® Shell model®

3-D analysis from TEM

3—D arrangements of graphenes
[1] R. E. Franklin. Proc. Roy. Soc. London A, 209 (1951) 196-218.

[2] G. M. Johnson. et al., Nature, 231 (1971) 175-176.
[3] M. Shiraishi, Kaitei Tansozairyou Nyuumon, (1984).




Structure of needle Coke
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Hierarchical domain model for synthetic carbons 29

Structure of synthetic carbon:Molecule ~Carbon bulkll

Micro—domain Cluster Molecule

Bulk Domain

Carbon fiber

\
ef-particle force —Inter-particle force Inter-particle force Intermolecular force
SEM, Optic HR-SEM, HR-TEM XRD analysis IR, NMR, -
microscope STM, AFM Indirectly observation Indirectly observation
>

Naked eye
< Nano—structure

Macro—structure

x
c

100.000 nm
50.000

Pleat structure of mesophase pitch based CF
[1] I. Mochida, et al., TANSO, 215 (2004) 274-284.
[2] S.-H. Yoon, et al., Carbon, 32 (1995) 1182-1186.



Domain structures of various synthetic carbons

Coal and petroleum based carbon materials PAN based carbon materials

Needle coke

PAN-based CNF §
(Electro-spinning)

PAN-based CF
(Wet spinning)

Isotropic and needle cokes show very different PAN based CF and CNF show very small
domain size and arrangement even if they are domain units because they are non—
prepared from same raw material of aromatic graphitizable carbons form PAN precursor

hydrocarbons mixtures (Heavy oil: slurry oil)

Cellulose-based ACH Pitch-based ACF

PAN-based ACF |

-
-

-«

‘Avg. Diameter
~5.78 nm

10 nm

_— . BB

Cellulose, PAN and isotropic pitch show the different domains

30



Graphitizable and non-graphitizable
Non-graphitizable

Isotropic coke s« 8

Carbn from phenol resin

Feature
 Non-graphitizable

« Ball shaped domair
 Domain = Micro-do

Feature

« Graphitizable

e Linear shaped dom
« Domain > Micro-do

Domain of NGC has similar size and shape of micro—domain, whereas GC does larger
and much linear shaped domain than that of NGC



Revised hierarchical domain models

Constltuent Assemblyd s —Assemblyd I I / Assembly —» [ Assembly
usters Icrodomains omains UHIKS
molecules —
I XRD analysis I | I
IR, NMR, - - - ! HR SEM, HR TEM
3 3 | | s | . . | R
Indirectly observation | dirég:i}‘z', anvsf:‘)'a tion | STM, AFM I SEM, Optic microscope | Naked eye
| N | | I
| | | I
| | | I
| | | I
| | | I
Large planar | ' | |
molecules | | |
J/¢/§//f//§ Spherical
S P >
“g?”’ NS Fibrous,
=\ -
___'“\/%” i ; Flaky-shaped .
WS )
NEY —— onaceous materials
Catbon sheets : Destruction Graphitization
Structure units & Re_arrangement

Small planar
molecules

K (NaOH treatment)

Small clusters




Micro-domain and domain models

(a) SPR-C6 (Non-graphitizable carbon) (b) SPR-C6G (Non-graphitic carbon)

Micro-domain Domain 3D —domain image

18 nm
(c) SPR-C6A9 (Graphitizable carbon) (d) SPR-C6A9G (Graphitic carbon)
Micro-domain Domain Domain 3D — domain image




STM images of ACFs

OG7A

100nm

20nm

’ Dorgain ¢ ACFs consist of structural units
N Microdomain  of micro domain with diameter of
around 5nm.
Cluster unit

Pore Structure Analysis of Activated Carbon Fiber by Microdomain-Based Model, Nanako Shiratori, Kyung Jin Lee,
Jin Miyawaki, Seong-Hwa Hong, Isao Mochida, Bai An, Kiyoshi Yokogawa, Jyongsik Jang, and Seong-Ho Yoon,
Langmuir, 25 (13), 7631-7637 (2009).



Structural varieties of CNFs

Platelet Herringbone Tubular Accordion
A

< = -

1) Preparation of various CNFs that are best for the special applications

2)Lower price
3)Proper method for the mass production
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Structural Units of CNFs

Platelet CNF Herringbone CNF Tubular CNF
Nano-Plate Nano-Rod Nano-Plate Nano-Rod | Nano-Plate
]
o
S
0o
o &
g\
=
v |
.‘E
o
o
)

Models

axis

axis

axis

axis




STM images of MWCNTs; Nano-rod bundle type 37

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).




Discussion for growth processes

C,H, or CO

_____

qB : il etk amil 1<1_i" (RRV R, s * X
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

Nano-plate

_\ metal and the growth of graphene layer from the |

step edges.

1Thermal I“ I
stablishe' Il LmJo nt
]I
s )

______




TEM images of exfoliated GPCNFs
X

X
X X
00000000
X 00000000 * > x X
X X - K/GP = KMnO4/GPCNF ratio

Fabrication of Uniform Graphene Discs via Transversal Cutting of Carbon Nanofibers, Donghui Long, Jin-Yong Hong,
Wei Li, Jin Miyawaki, Licheng Ling, Isao Mochida, Seong-Ho Yoon, and Jyongsik Jang, ACS Nano, 5 (8), 6254—
6261 (2011).
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¥ xyusnu uNIvERSITY Capacitances of modified PCNFs

Cyclic voltammograms of surface modified carbon nanofibers in 0.5 M H2S0O4 solution, scan rate : 10

mV/sec.
I 10 Fig

»
»

Reconfirmation dependence of the
capacitance on the surface structure

12.5 F/g PCNF 3 Capacitance values

PCNF > GPCNF-NA > GPCNF-M > GPCNF

L _"':_:] R —
3.1 F/g L"
GPCNF -
5 Graphitic edges > Basal planes
— . .
3.3 F/g i:r
GPCNF-M

¥ Capacitive behaviors

r,_,/\_.
5.6 F/g (/ / \

CNEF-NA

Dome-like basal planee (GPCNF, GPCNF—M)
——  (Capacitive charging current

Graphitic edge surface (GPCNF-NA)

|: Reversible redox peak at about 0.3

Tttt Pesudocapacitance by effect

-0.4 -0.2 1] 0.2 0.4 0.6 08
E/V (vs. AgiAoCl)

|l | W |

of oxygenated surface species

« Capacitances were calculated with current values at 0.45 V, except for GPCNF-NA (at 0.58 V

=
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