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Characteristic Performances of Carbons

Electric and Heat Conductions

= Conductor and Semi-conductor

Energy Storage

= Battery anode
= Super capacitor
= Gas storage

Environmental Protection
= Activated surface

Mechanical High Temperature
Reinforcement Materials

Applications of Carbons
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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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Thermal characteristics of carbons
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Bonding
Hybridization __ Allotropes

Derived and Defective Forms

Diamond-like Carbon

Poly-
crystalline
Graphite

s (B
@ Pyrocarbons
Cokes and
Activated
Carbon Black Carbons
Carbon Fibers

G

Bucky Onions Toroidal Structures___ Acetylene Blacks

Nanotubes

Carbyne

Ref.) Bourrat, X. Structure in Carbons and
Carbon Artifacts. InSciences of Carbon
Materials. Marsh, H.; Rodriguez-Reinoso, F.,
Eds., Universidad de Alicant2p0Q pp1-97.

Carbon Allotropes
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Molecular structures of graphite

(a) Basic Structure of (b) Turbostratic structure (C) Graphitic structure
(low crystallinity) (high crystallinity)

Graphite
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— NANOPHASED CARBON MATERIALS

Armchair

CNT —-{ Single-walled

(Carbon nanotube)
Multi-walled

CNE _—-| Platelet
(Carbon nanofiber) Herringbone

Chiral

- Ribbon Multi-walled
CNP CNH CNC
(Carbon ™ (Carbon ™ (Carbon
nanoparticulate) nanohorn) nanocell)

Fullurenes, Pyrocarbons
And Carbon blacks

Fullerenes Fullerenes
Pyrocarbons Gaint fullerenes
Carbon blacks

What is the synthetic carbon!

Origin of Structural Units And Crystalline Defects

‘Organic materials —Heatreatment Jf =a o0

Micro domain 4~ 6nm

2~10 nm Orientation Coagulation
Rearrangement Partial melt fusion

Basic structural units

Domain  Modified Structures

Gas )
o Carbon or carbonaceous materials

Liquid

Solid —— Varieties of structural unit

r
v

Heat treatment

How to make synthetic carbons

Selection of Precursor Carbonization Calcination |—-| Graphitization I

Forming I—-l Stabilization |

Gasphase catalytic L .
Non-catalytic | Activation-Heat treatment

Nano-sized carbon (CNT, CNF, Fullerenes)
Carbon Powder and Film

Preparation of Composite

Carbon and Pitch

Polymer { Forming I Heat treatment
Metal

Ceramic

Carbon Growth on the Substrate
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More concrete connections with raw materials to FCs

Starting Materials

C!~C8 exhaust Gas Coal Tar Pitch

De-H,S Qi, Ashes removal

Purification

Studying Points

|Cata|ytic Pyrolysis| | Halogen Treatment ‘ | Hydrogenation

Carbon nanofiber High MP IP High MP MP

) . Needle cokes
. . Ele Air Pollutant Fuel Cell Battery, Capacitor
gl Electrodes Electrodes

Carbon blacks
Activated Carbons

Carbons for Nuclear

Iron Smelting in Electric Arc Furnace.
Needle Coke Electrode.
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Carbon supports for
heterogeneous catalysts

Carbon supports Electron conductivity, Chemically inert, High
surface area, Usable functional groups,

Processability, Cost, Long life, ...

Activated carbon High surface area, Chemically inert,
Processability, Cost

Electron conductivity, Chemically inert, High
surface area, Usable functional groups,
Dispersion property

Carbon black

Electron conductivity, Chemically inert, Cost,

Graphite
Long life, high crystallinity, ...

Carbon is key element for Batteries !!

®Li-ion

(+) : LiCoO2
(-) : Carbon(Graphite)
Conductor : Carbon

@Ni-MH

i

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

Gy

@Dry Battery

[Cheap]
[Easy Available]

(+) : MnO2
(-) :Zn
Conductor : Carbon

[High power]
[Total balance]

(-) : Mm(Ni-Mn-Al-Co) 5 324
substrate:Nickel and Carbon
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Small fuel cells

DMFC for portable and mobile applications SYAMAHA .

Fuel cells: Types

Anode Electrolyte Cathode

_I ol S°F¢ (500'102‘33) I I<— 0xAIN SOEC

COs
_.I 22;zl MCFC (650C‘t(:))32_ I : 22?(20 MCEC
| HIi’AFC (200) vo @l — oA parc
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Automobile Model of the Next Generation

Least Consumption of Clean Energy

Safe and Comfortable for Passengers and Pedestrians
Cleaning the Atmosphere through Driving

Carbon Composites of Highest Efficiency

Light Body Air Cleaning

Driving Control Heat Release
Display
Safe C for Dri __Battery,Capacitor
afe Cage for Driver
g N~

el L = Adsorptive Temp. Cont.
Fluorescent Paint . | Humidity Control

Solar Cell,
Solar Reflection,

v v | Shock Absorber
Atmosphere Cleaning |4 B (Electro Magnetic
Filter Viscosity)

Carbon Disk Brake
Hydrogen Storage

Light Wheel /

Transmission

Fuel Cell

Shock Breakable
Bonnet / Engine Room
for Safety of Pedestrian:

Functional Glass
(Transparent / Strengthened, Thermo-Transferring

Thermal Conductive IR and . : .
EM Blind for Window) Fluid(Cooling and Heating
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Nuclear Energy
(High Temperature Gas Reactor)

He
Coal Steam
Turbine Gasification ( )
Steam
Turbine
CO, H2
Hot Water

Reactor wall C/C composites New design
Heat exchanger Best carbon New system
:;?F‘JN temperature heat py Best carbon New design
Heat transporter fluid Nanofluids New design and systefn

Carbons for Plain Water

Energy Storage: Battery, EDLC
Heat Pump, Heat Sink
Desalination

Filtration : Activated Carbons and Activated
Carbon Fibers

Implantation and Growth for 2 Weeks
CarbizedGFRP -

Concrete f&

Required Properties for Useful
Applications

As a carbon :: General properties ©of lbulk carbon

» Electrical and thermal properties
» High mechanical properties

» High surface area, porosity

» Graphitization properties

» Chemical properties as a carbon

As a nano-materials

» Nano size effect
» Regularity effect
» Quantum effect

2011/10/28



2011/10/28

Carbons & Nano-carbons Structure Link

Carbon Assembly of nano, meso, macro-structures Analyses of Each Substrates
at their Atomic to Bulk Sizes

Mechanisms of Conversions

Nano-carbon| Unit or Assembly of nano-units Catalysts and Structure Adjustments

= Size effect: Electron density in surface o o
= Regularity effect: Ultimate reactivity Organic Feeds Carbonization CarbonGraph'“za“O” Graphite
= Quantum effect: Change of electric state
= More free surface: A kind of size effect
= Arranged free edge: A kind of regularity
Nano-structure Meso-structure
Rr—=Jv SRR T ARTF
Constituen Micro- .
E-} (Eiﬁ % Sp3, sz, - Assemb\v—{ Clusters ]»Assembw—-[ dor:e:;s }»Assembly—{ Domains ]»Assembly*[ Bulks }
IR, NMR, ==~ XRD Analysis HR-SEM, HR-TEM SFM, Optic Naked Eye -+
* Indirectly (dm_. Le, L) STM, AFM microscope
« observed Indirectly
. HETF (EBK)
E%/ 5}?‘ M%ﬁ @k% é @?@ Spherical,
‘ @ S Flalt&::-‘::séed
> @) Carbo{qaf:eious
EE{*@ materials
nm ﬁﬂﬂﬂﬁ Er&]&ﬁ / Eg Carbon sheets :
structural units I
V N ;vvuc'urles
pm,mm | FEEHEL

A AT — VT LR REMEOBES M




Molecules in Mesophase Pitch

Naphthalene Pitch

@oﬁ_l ; “o %
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800 0400 0150

¢ Typical mesogen units in various
mesophase pitches
(Mochida et al. Carbon 1990, 28, TOF-MS spectra of synthetic
311) mesophase pitches

dimethyl-Naphthaleng Pitch

Models of mesophase constituen
molecules

W% 60 60 A0 D0 W0 W0 W0 00

Design and Its Thermal Change
of Aromatic Stacking

6.0

(a)

4.0 (b)

Lc (nm)

(c)

(d)
(e)

20}

1.0 L L L L
0 100 200 300 400 500

Molecular Models Temp. (°C)

Spider Wedge Stacking of mesophase pitch Melt-XRD analys1s

(Zimmer et al. Advancesin Liquid Crystal, New York, Change in Lc of mesophase pitch at higher tempeerata)

1982,5) methylnaphthalene-derived pitch; (b) petroleum-dsti
mesophase pitch; (c); coal tar derived-mesophasie; [§d)
naphthalene-derived mesophase pitch; (e) anthracene
derived mesophase pitch
(Korai et al. Carbon, 1992, 30, 1019)

HS5 X% (Glassy Carbon)
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Microgel Pseudo-Fused State Microdomain EEL L

Nano-structured carbons

Bulky or particulated carbons having nano-structures

Activated carbons enne e ?"(1
———— Carbon aerosolsor xerosols ’W‘W}Vﬂﬂ‘i {Wﬂ g?ﬁj‘m

—— Mesoporous carbons from mesoporous templated materials

—— Mesophase pitch-based carbon fibers, Glassy Carbons, C/C composites

— Nano-phased carbons

Carbons having tens or less nano-scaled dimensions

— Carbon nanotubes
—> Carbon nanofibers

———— Carbon nanocell, Fullerenes

Pyrocarbons, and Carbon blacks

2011/10/28
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Phase of reaction Structural units Applications
Heat treatment i . Molecular ) ) From
Temperature Vapor Solid Liquid Structures Cluster d’\g:‘;\g;\ Domain Pore From solid and liquid
(C) vapor phases jnases
Organihina(erials Micro-
T domains
200 H -4-> T
£ R d ! materials
adical
& ’ -
5—} Pyrolysis AromatizatiorT T
Polycon-
Crosslinkin Partial
9 den‘sauun merger
500 Nucleation of Micro-
Coking  ---» of cluster  domains ‘
Nucleation
of domain ¢ieation
600 4 by merger ot micro-
of micro-
pores Activated
- La domains
fnereasingt l
1000 _|
E]|
Q Shrinkage or Decreasing
of Carbon metamorphosis microspore!
Materials - of micro-
1500 domains Shrinkage or
Lo metamorphosis
increasing of domains
2000
= -1- by
o > Lc(11p)
5 Graphites incregsing
i 2000

Franklin'ssModels of-Carbon-Streictures

Domain
Cluster

Microdomain L
(c) Graphitizing

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

Heat treatment Phase of reaction Gas Chemical and Molecular
" - volatilization Physical changes
Temperature°C) Vapor Solid Liquid ys g Structures
Organic materials Organic materials
| 200 — | ---» H20 Main chain rearrangements o
o ' Low mol. Paraffin or Olefins
= Radical " Aromatization, Condensation
X -
E} Pyrolysis Aromatizatior =~ *  Low mol. Aromatic carbons Polymerization, Cross-linking
Polycon- Cokin
Crosslinking  gensation g
500 CH4, CO, NO2 Devolatilization
BCLGl Coking  ---» H2S, CO2 Crack nucleation
s H2 etc. Stacking start
600 Loss of viscosity (Inorganic Mat.)
- 220 co2 Removal of heterogeneous atoms
ZS' Dehydrogenation
1000 H Micropore nucleation
Ef etc. La increasing
3t Carbon H2S
1500 Materials g ('—:KS:ZN Removal of heterogeneous atoms
N2 et Lc increasing
etc. Reducing micro pores
2000 | H2
i ---» H2S Removal of inorganic materials o
) . N2 etc. i iti
5 Graphites Formation of 3 D graphitic structure
} 3000

Franklin Model of Carbon

. . . arrangement Graphitic
Cluster (Microcrystalline unit carbon) 4E Intermediate
Non-graphitic

Angstrom- and Nano-scopic Views of Current Carbons

1. Three Dimensional Arrangements Fibers, Needle Coke, Glassy Carbon
(Carbon Shape)

2. Regions of Uniform Arrangement: Nano-Domain - | Microdomain — Domain
(Structural Hierarchy) Optical Texture]
Microfibril - Fibrils

3. Variety of Cluster: Single, Double, Triple, ... Layers
Size - Nano to Several Meters
Nano-Carbons and Their Units
4. Graphene - Hexagonal Sheet
(Size and Shape)

Inter-unit Spaces: voids. Defects, and Vacancy

2011/10/28
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(a) Jenkins-Kawamura Model (b) Shiraishi Model

Structural models of turbostratic carbon

Nanoscopic Structure of
Mesophase Pitch Based Carbon Fiber

‘ Problem: Low Compressive Strength > Restriction of CFRP Application ‘

Factor: Size and Distribution of Micro-domain

Pleat Structure > Homogeneous /Small > Increasing Compressive Strength

Structure-oh MCMB

Molecular aligam ent theories of MCMB (OM Theories)

(a) Brooks-Taylor Type

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

TEM Images affHongyesAnthriacitescHeat
Treated attVarioussTemperatures

——
Removal

= \.-1\ M.
ol

As received @

Bedded layers of
small sheets

Graphitization
progresses

2011/10/28
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Assemblyyoh Carbon Nano:rods

+ wAE R R

Lithium-lonBattery, Electrode

Lithium ion insertion sites of carbon
cluster

N

soft carbon e .

hard carbon

void

| r Lo v
~o o 1] @ @ — | o %92
oo S0y t-m ;ﬁ@:‘)ﬁ

O O [ O
——— e — 20 ¢ —~9 ’lV o) °
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ActivatediCarbon

Images: of fcomprehensivesstructure iof pares

/

0.8 nm
2.0~50nm
>50 nm

Classification of surface and pores

>

Schematic shapes of pores

Bulk Carbon Wall

Surface: OxygenFunctional Groupsof AC

oi C—0 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, 11.3% O, 1.
2% H, ® represents an unpaired ¢ electron; ® %
represents an “in-plane ¢ pair” with * being a
localized 7 electron, (Radovie)
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Capacitor

Insulator

Electrode

Q : charge in coulombs
Q=CVv C : capacitance in farads
V : voltage in volts

W : energy in joules
V : voltage in volts
C : capacitance in farads

=1l
w=1cwv

Super-capacitor (or Ultra-capacitor)

Electrode

Activated carbon etc.

Electrochemical double-layer capacitors (EDLCs)

Understanding carbon structures:Carbon nano-world

Capacitance (C)is a measure of the amount of
charge( Q) stored on each electrode for a
given potential difference or voltage (V) which

appears between the plates.

The electrodes are made of carbon materials, which has a
high surface area per unit volume, further increasing the
capacitor's energy density.

Pseudo-capacitors

The electrodes are made by transition metal oxides, eg.
RuO,, Ir0,, NiO, etc. Electrodes made by metal oxides store
the charges by two mechanism: double layer effect and
pseudocapacitance by faradic redox reactions

Nano ‘ Productions
Structures
[ ¢ Structural units :h.
» Nano-phased units
Hybridization
-
Improving
Performances
and Functions
+ —
Creating
Surfaces Y| New Functions
» Edges N
(Kinds and amounts) N
* Basals
(Perfectness and
Orientation)

‘ Applications ‘

N
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Graphite&Graphene

(e)

4.2 J5T774 bOBEE
(a) 79774 bOfEREE ABAMKATHRELTV2.

(b) R¥¥¥. (o) c@Hmon Ly
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71t Graphite

(b)

B4.7 TvkIST 74 bOWE
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How to prepare graphene?

Micromechanical exfoliation from graphite

K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y.
Zhang, S. V. Dubonos, I. V. Grigorieva, A. A. Firsov,
Science 2004, 306, 666.

Meyer, J. C.; Geim, A. K.; Katsnelson, M. I, Novoselov,
K. S.; Booth, T. J.; Roth, S. Nature 2007, 446, 60.

Epitaxial growth by Chemical Vapor Deposition

Reina, A.; Jia, X. T.; Ho, J.; Nezich, D.; Son, H. B.; Bulovic, V.,
Dresselhaus, M. S.; Kong, J. Nano Lett. 2009, 9, 30.

Kim, K. S. Nature 2009, 457, 706.

Chemically derived graphene via exfoliation and reduction

Y= ] =X
00000000 e
“N""_X e X
”"””_X Yo X
00000000 ~

(1) Isolation into graphene oxide

-
Oxidation X‘
— Y=
-
-

graphite

Y= -X

The chemical reduction method is a suitable approach
to producing graphene sheets in bulk quantity at relatively low cost.

However, preparation of graphene with defined shape
is still a challenging work.

Preparation of uniform graphene disc
Step—by—step cutting of graphenes of platelet carbon nanofiber (PCNF)

PCNF consists of nano—sized platelet structural
units stacked perpendicular to fiber axis.

The plate unit has the thickness of 2-3 nm
consisted of 6-10 graphene layers.

Graphene

Structural unit Q
- | a»

Yoon SH et al. Carbon 43, 1828 (2005).

Cutting to structural unit, and then graphene

2011/10/28
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Chemical reduction of GPCNF oxide
Hydrothermal reduction using NaBH, at 130°C for 5 h
x x Reduction

A x -~ P
Oxidation x-"“.."_x Somelhor: .
x
00000000
X X

X
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Polyphenanthrene
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Amorphous Carbon
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