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Characteristics of CNFs

Unique Properties
Problems



Carbon nanofiber: CNF &ﬁl

High price

Zero dimension Very limited application
FU”erene Basal surface Mass-production

Nano-size (Frontier Carbon)

One dimension Relatively high price

Patent problems
CNT Basal surface .
. Mass-production
Nano-size

Limited application

Relatively low price
Patent problems

One dimension

Various surfaces .
CNF nd structur Mass-production
are strietires Various applications

Nano-size Large diameter



Structural variety of CNFs

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

B\ \
AW {
A \

ey
A S

< Simple cases of CNF structure >

*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 Cross
Different Surface Characteristics 4
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Surface of Platelet CNF
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Control of Graphitic Properties of

35

30

Lc(nm)

3.35

3.36 3.37 3.38 3.39 3.4 3.41 3.42 3.43
dooz( A)

CNFs &ﬁé

& MnFe37_CO14
® MnFe55_CO14
A MnFe73_CO14
& MnFe37_C041
O MnFe55_C0O41
A MnFe73_C041
HFe CO14

OFe CO41

< NiFe462_CO14
@ NiFe462_C041
O NiFe642_CO14
© NiFe642_C041




Control of surface area

~150 nm
Rough surface
400 -
300 - [
—~ / <
Cy ___—*=n N
E 25041 W
g 200 4 o
© 150
(@)
& Meftal
> .
= 100_
50 -
1 @
O 1 ' 1 ' 1 ' 1 ' 1 ' 1
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.
 SEM of CBF fibers with SA around 300 m?/g: small fibrils, |
fibril aggregate, and rough surface one like activated IR LI TY
one. |




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

10



Novel Functional Materials of Structure Optimized CNFs &%

Backgrounds of

Objectives:

Functional revolution of CNFs Based on the Carbon

Nanotechnology

CNFs

CNF functional
composites

CNF supports
CNF catalysts

/®Basic study N
®Selective
> preparation

~

®Modification
\®Composition /

h 4

[ Applications }

)

A 4

Commercialization

-

Fuel Cell Catalysts

Anodic Materials for LIB
Electrode of capacitors

Reduction and Oxidation
Catalysts for Green
Chemistry

Air Purification

Refactory. FED, Nano-fluid

11



Synthesis of CNF

CNFs
CNFs related syntheses

12



\A
Selective Preparation of CNFs %Q

A 4

Standard CNFs Mass Production of CNF

PCNF, HCNF, TCNF

Accordion CNF Batch process

\ 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

13



Preparation
of Catalyst

No purification
No ultra-fine particle No further heat treatment

Clean surface

Controllable texture
Controllable graphitic property
Controllable surface area

Long or short aspect ratio
Controllable diameter

High yield

CO or C2~C4 HC gas / 400 ~ 650 °C

Furnace

Mass flay gy

controller

—* exhaust
Quartz tube

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%), 200 sccm// 4.5 cm diameter tubular furnace
Reaction Time & temperature : 1 h, 540 ~ 675 °C

14



Catalysts for CNF Preparation

w

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 ?

15



Main Catalyst 2nd Catalyst

)

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

Tubular

S

Fe:Mn:Mg=6:2:2
IREE : 1145

Fe:Mg=8:2
IREE: 1.26%

@&

Fe:Cu:Mg=6:2:2
IREE : 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
IRZE : 11.6f%
f#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
Co:Mn:Mg=4.8:3.2:2
Co:Al:Mg=6:2:2
Co:Fe:Cr:Mg=4:2:2:2

60 Co:Ni:Cr:Mg=4:3:1:2
Fe:Cr:Mg=6.4:1.6:2
Fe:Al:Mg=4:4:2
Fe:Ni:Co:Mg=7:0.5:0.5:2
Fe:Cr:Mo:Mg=5.77:1.44:0.8:2

4pon

A

®
375 L

<Y .
& 45

~
\\) QQ\Q\

450 525 600 675 750
Synthesis Temperature (°C)

w

INEE BE BHEEELEICREEEZHENTES
Cr, Mn, Al 72 &€ O Fr LU B fih it oD 18

1. Co MK I mBIAIED MR

- Cr BN (XIEVLEREE TELMRINEL R
, BRGREMBELLSIZE DT Herringbone &M

BHENEREINS.

- Mn RU Al #BfitE I/ BCREETE L VRN

EERHET, K9 Tubular #EEDE NSRS S.

2. Fe HMIE (Zx0d SBIAMLE D MR

- Cr B U Al #Bhfil i e & BUREA R LT SRR
EHNENITSERZERE T Tubular iEEDOBHENS
BEhs.

- Cr fHBI IR DIF & IZ XA INEAIEH (Z{ELVAS—
HFREFENEEICTENGEHESEGRENS.

- Cr B U Mo wBIfiliE%E—EICHESIHEIZIX 3065 1L
L DOFEICHMEINEEZB{LENTES.

3. FeNiCoMg filifi

- IRKHERZE 120nm FEEDIEFIZAKLY Tubular %
BT AMES AT A,

- Ni& CoODEENEFNEN 05THLWVESIC—BE
MR B U — B — @ E 85 LN TES.

17



Tri Metallic Catalysts

U

Co:Fe:Cr:Mg=4:2:2:2
Co:Ni:Cr:Mg=4:3:2:1
Co:Mn:Mg=4.8:3.2:2
Fe:Al:Mg=4:4:2
Co:Al:Mg=6:2:2
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 (2 Co:Mn:Ni:Mg=3:2:3:2

=
o
o
20 Ao4)onm

' °®
. \\\\\M////\\\\\/////X\\\\

0 15 30 45 60
Yields (times)
* O E CNFO| st e = 700°CY.
(Co:Ni:Cr:Mg=4:3:1:2, Fe:Ni:Mg=1:4:5 =0 = 600°CH| A Ttdst Z1atQl)

O RER

BEMICEFLCIHE HRAZFIALT C2HA H R &
YAHLELVBE T CNFEERL

1. EfdEICx 3 S MBI DR

- Cr BN IK (XIELNE AR E TR VIEINELZ R

T, Mn BRU Al B X B LS BGEE TEL ViR IEIN
ExRE5.

- [FEAETRTOAMESER T Tubular #8:& O&EH L
BHEh%.

2. FeNiCoMg fili 1%

- C2H4 HRZF AL TERLI-BALIIEREST-F
mHdohd.

- 50nm FBEDBHLBERINENFZLAEXREEHMN
HHEBENI—RUBEFEYRTHY., REBFELIEFIC

=AY

18



)
Standard CNFs
e
Sample # SEM TEM Properties Applications Etc.
‘ Platelet e b
KNE-SPR high grapht. deg. R AL, fid e
Platelet 80 ~ 400 nm, SA 90 m#/g I, ﬁﬁi%\?ﬁl{i: 70 g/H
Nano-rod duop 3.36A, Lc(002) 30 nm| P HIETEAGRAE
fi - RU/PCNF
: BEMEL, T ARy
) Herringbone o '
KNF_SH high surface area R, DR AT, 100 o/ H
Herring- 70 ~ 500 nm, SA 150 m2/g| *: FED g
bone U, 3.45A, Lc(002) 3 nm 5l)DMFC FPtRufi
VEEGEREN
KNE-ST . TIL:buIar ;
N walls, open tps
Tubular vigh araphudeq | EAPIERBEAL |
R 20~ 50 nm, SA 0 mzfg | AR, A
2 dog, 3.37A, Lc(002) 13 nm
NP tubular, holl OB, At
ubular, hollow HOFEE H
Tubular 5~15nm, 4 -7 walls K. FED 209/
NG

19



CNF (Small & Middle Diameters)

Sample # SEM TEM Properties Applications Product
KNF-CM Herringbone, BEME. WE
/N hollow 7-R 20-30 g/ H
T 7~20nm R, FED
o y
KNF-CC Herringbone ;%”Hﬂ‘ B 1520 g/H
N ~ . -
/INRA 7~15nm IR K FED
AN
KNF-NM Herringbone ;%”Hﬂ‘ Tk 50-70 o/ H
i 10-60 1M (30-40) | e 9
KNE-NF Herringbone BEMEBL, BE
P 20 ~ 50 nm #. 50-70g/ B
LR Straightness frb R AE (A

20



Highly graphitic CNFs N/

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 dorz Lcto02)
{nm) {nm)
PCNF Fe catalyst, 620, CO/H2 : 4/1 0.3365 712
PCNF, HCNF
G-PCNF 2800°C heat treatment of PCNF 0.3364 a3
2t
\ 4 G-PCNF-N 30% HNO3 treatment of GPCNF for 50°C, 8hs 0.3362 152
G PC N F GG-PCNF-N 2800°C heat treatment of GPCNFN 0.3362 106
s|v .i‘\‘
v Eﬁ ER AL BA-G-PCNF Boric acid added heat treatment of PCNF 0.3359 115
30% HNO3 treatment of GPCNF for 50°C, 8hs
G PCN F N BA-GG-PCNF-N Boric acid added heat treatment Laesy S
v B%flﬂ\“: BC-G-PCNF Boron carbide added heat treatment of PCNF 0.3354 178
30% HNO3 treatment of GPCNF for 50°C, 8hs
BA-GGPCNF-N BC-GG-PONF-N | 2 e o o 0.3354 167

21



Surfaces of PCNF

Ref.) S. Lim, et al.. J. Phys. Chem. B 108 (5), 1533 — 1536 (2004)

ll@

degree,

we found some difference at edge plane by TEM analysis

il

YUl

l

According to the graph

itization
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N-doped CNFs

N-Source
- Acetonitrile — 25 12
=z S S
(@)] 10 L
i E® N/C 5
ReactlonoTemp. L  Reaction Rat /Q g 8
530°C S 15 (Growth Rate) g
2 \/ =
o o o
© 10 - ©
o -
c (@]
IS T
& ©
(D)
% prd

0 - L I 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 | ml/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{W Coating
p B

24
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Nano—Chains

\

Synthesis of Magnetite Nanoparticle-Chain

Ref.) S.Y. Lim, et al. Carbon 2006: International Conference on Carbon, Robert Gordon College, Scotland (2006)

Kyushu U

SEI

=y

¢ N
3.0kV X20000 1um

w

€ e

SR

¥ F
- A
g :
B 4 %
P L
s o L%
1% e
N i
% i
A

D 3.1mm

Intensity

XRD

Fe;O,, Magnetite (PDF#85-1436)
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Schematic Procedure of SiO2 NF &‘E’é

- Synthesis of SiOx Nano-fibers Using CNF as a template

» CNF: Herringbone
* 150 nm dia.

Carbon Nano-fiber

ALY

A\ 4

S » Some coiled
W77
Coating with POIyS”ane cH Polycarbomethylsilane (Aldrich)
0 « average Mw ~800, electronic grade
> {S —CR ] « mp 79-84 °C
H n <density 1.1 g/mL at 25 °C(lit.)

+ Sol. in Toluene, partly sol. in acetone

Oxidation under Prescribed Conditions

s TN %, N N "
i L) i D A [
el S I8 T nytn o
" L) ms, ! ) . _n
B L P o5
b (=’ £ gl = -

Metal Oxide Nano-tubes Metal Oxide Nano-fibers

Highly-porous Nano-fibers

26



TEM & SEM of SiOx NFs N/

* PSin Toluene :
* completely soluble SEM of SIOX-NF

* PS/HCNF 1/5 (
* 450°C in Air

30kV  X50,000 100

L ,
JSM-6700F SEI  30kV X100000 100nm W




Various SiOx NFs

TEM of SiOx-NF using PCNF TEM of SiOx-NF using TCNF

28



Corresponding SiOx-NF

ra’)

me

LL
e
O
c
=
T
o
=
[7,
=
LL
e
X
O
)

Thin CNF

Ir

In

In

Acetone
* PS/CNF 1/5 (w/w)
A

- PS
- 450°C
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SA and PSD of SiOx NFs

\Edd
W

=

Surface Area and Pore Size Distribution depending on the synthesis template

*PS in Toluene

*PS/CNF 1/5 (w/w)

4

Sig

Adsorption Volume (ml/a)
Adsorption Volume (ml/g)
Adsorption Volume (ml/g)

2000
1800 +
1600

1400 +

1200 4 /

1000; L ¥ |
£

800

600

400

200

0

SiOx Nanofibers using NFM as a template

_ by
] ,/.. j

] at g,
L

- = __"-'_“_,_...-

] ..ll»llll—l_.—l— =l_|_|

T T T ¥ T ¥ T ¥ 1

0.0 ' 0.2 0.4 0.6 0.8 1.0
P/P,

0.8

0.6

dVvp

0.4

0.2 A

0.0

i

P<1)re Width 1(Unm)

)
100

Name of template

Surface Area
(m2/g)

Synthesis Conditions
(in Air 200 ml/min)

Pore Volume
(ml/g)

Average Pore Size
(nm)

PCNF

TCNF
NFM

HCNF

700°C-4h 538

700°C-2h 289
500°C-4h 619

500°C-2h 889

2.40
1.10
2.58
1.90

17.8
15.2
16.7
8.6

30



\¢

Structure model
of platelet nano SiC

Layer spacing of
platelet SiC:
0.225nm observed
under TEM

0.253nm from XRD data
according to Bragg equation

31



Nano functional composites

Functional
Material

Adsorption

Support
Electrode
Filler

etc.

CNF
i Al

Improvement of
Functions by

the composition
with CNFs

Function improvement
Function Hybridization
Function Creation

32



Various CNF composites

% Graphite CNF

‘..

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

it

33



Silica — CNF Composites

Additive to Tire
Bad compatibility to rubber

» CNF-silica composite to solve — Improvement of compatibility

ik
- '
@ A

oy

SEI

34



SEl

35

SEI 10.0kV X100,000 100nm WD 7.8mm




Mass Production of CNFs &"

Horizon type
Capacity:several grams

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

- TR RSN
. ”‘ 4 = ; ‘
Vertical type ol "

b |
J
7

Scale up sszozzezzz= |
Vertical type =
Pressure



Structure of CNF

37



Old structural models of CNFs

(Rodriguez, N.M. 1993. J. Mater. Res. 8: 3233)

B -
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s

|
|
|
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LU MARELARR R LI
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Platelet xR 7T /HBHE

Herringbone [R37T/##E  Tubular RE T /HEHE
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Graphitic cones in palladium catalysed carbon nanofibres: 5+ — JF/fili{

Chemical Physics Letters, Volume 343, Issues 3-4, 3 August 2001, Pages 241-250

H. Terrones, T. Hayashi, M. Mufioz—Navia, M. Terrones, Y. A. Kim, N. Grobert, R. Kamalakaran, J.
Dorantes—Dé4vila, R. Escudero, M. S. Dresselhaus and M. Endo

AILAR— L (h—RoF/Fa—T)

carbere@ {Carbon Mano Tube)

HILAR—)LILBMALF D & E A IEE 1%
ELTIRIEKFRZSHEHBRSESEIZEK
S>THEONBD—RF/Fa1—T T,

S

http://www.gsi.(:o.jp/seihin/hightec:h/carbere.htmI39
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Primary Structures of Various CNFs §

Assembly of carbon nano-rods Platelet CNF Herringbone CNF Tubular CNF

v

pazniydeas | pasedaid sy

Carbon { ;i } Carbon
nano-rod R nano-plate

Quantitative ratios and T
Arrangement of primary structures
should determine
Structure, graphitizability, and
Most of physical properties of
Resultant carbon nanofibers

i ) Al
Platelet SCRAIME \ ‘

Platelet CNF Herringbone CNF Tubular CNF

= Various structures and surfaces of CNFs are determined
by the arrangements of primary structural units 40

CNF is composed of carbon
Nano-rod and nano-plate,




\E&S
SEM of PCNE. stabilized PCNE and PACNE §%

\
i

-
\3

PCNF N \ 1
W\ v

(starting material) B
AN

270°C
(0.5°C / min)

Assembly of

Stabilized PCNF 1.8nm~3.6nm thin film

600°C in He
or
steam activation

PACNF

Nano particle
assembly structure

41
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CNFD B fihiE 4 sE{t
(F/HEEEmERALE
HeEe b ER)

v

HLWLWFYLD
(HFICNFEEDRR . F1a
A 7 % D B 3%)

Mesoporous

Z2HE  —

Nano-Rod & {if & d
BIRMARIEIZEY
AR—SANERMSE
ns,

CNF ANDPt-Ru 4L 15 1F

ETIL

50 filiil == 60%fililk

Pt-Rufil i
BRPIIAFTHTY
HDIVFES
BRGSO RMIC
FHELT, /LRI
> “2 10 EREEED,
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ACF_E/CHREH/-CNFEE B F L2 SPANFZCNFE#E
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ACFD R @ F 4 Y RERIEITE
BICE®REL \ EBHEEFEDOH.
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DIEETEE, EIZHD,
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Separation of structural unit (Nano-platelet)

Introduction El

The relationship between
PCNFs and graphene | Graphene

Structural unit
PCNF Q oevere | Exfoliation

§@Q
o @

@
@Q

Objective

KM',‘Q‘%/H,ZS,QA l Oxidation

50 nm

852

Using oxidation and exfoliation methods to transversely isolate structural unit of
PCNFs for further understanding of CNFs' structure.

ACS Nano, 2011, 5 (8), pp 6254-6261
44



Separation of structural units from GPCNFs

A0 003
[T TR T
= M oo

20 40 60 80
20(°)
GPCNF oxide
. GPCNF
- i PCNF
20 40 60 80
(8]
200)
-COOH
~ c-0-C Ryep=7

Chemical Shift (ppm)

Through the simple
ultrasonic exfoliation,
the disc-type structure
units and graphene
layers are isolated
step by step.

(1)

(2)

Oxidized structural

units and graphene
discs have graphite
oxide like structure.

300 250 200 150 100 S0 0O -50 -100
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Development and control of mesopores in PCNFs

Introduction

[N

PCNF ﬁ”;g

Oxidized
PCNF

Developing a general method
based on the oxidation and heat

expansion to

introduce the mesoporous channels

into CNFs.

Chemistry of Materials, in press (2011)
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Heat treatment dooo(A) Lcgoo(nm)  Lay;0(nm)
As-prepared 3.369 9.5 6.5
Graphitic temp. 2000°C 3.387 13.7 6.7
Graphitic temp. 2800°C 3.375 16.2 6.9

47



KNF-ST

w

Large scale

— Small scale

&t

F/TL YD EETFATIC
it AT2HEE

FITLYRMAYL G R
VCNFO LS ICEhEAES
BoTiiAFiEE
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KNF-ST2000 \E4/

. Large scale —— Small scale

FI/TL YD EREFAE T
TICH AL

FITUYRMIAY TR
UCNFO&SIZEHEAERL
HoTiAE#EE




KNF-KH2 _
. Large scale —— Small scale

KHF-KH1&$E8M T, 24K
BIICIEEHIR T, /0y
RO EITICHEATHE
-

=

EAMICERIKT, F/0
YR EEFITICHATNE
e

=




KNF-JT _
| legesle  ——  Smallscale |  B® |

F/Fa1—T DObundle® &
STEM. F/ayRhEhE T
TICHAREEERZEDLE
fiETEHEME?

KXHFOVYFDEEFTEH S
=A . IEIZNatureii XX T
TEMTHEH LA
RDIREHH




Schematic Models of TCNF &fé

‘|||||||||I|||I||II'; -\\

>>_UsuaICNT

Special TCNF
Novel application?
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Applications of CNFs &‘E(é

Energy saving devices (Battery and
Capacitor)

Nano-fluid

Supports for heterogeneous
catalysts

Fuel Cell, Green Chemistry
Air cleaning
Catalyst
FED, FEBL
Composites

53



PSI Joint Meeting 2006

Carbons in Lithium lon Batteries
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\Eﬁg
Roles of Carbon for Anode of Li—ion Batteries §ng¥/é

 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 Cathodes Material
« Expansion Moderator

Holding and Release of lon Is Accompanied
with Volumetric Charge

Larger Capacity per Volume — Larger
Expansion
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\/
Carbon Electrode for Li—ion Battery %’é

« 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
j =>» Glassy carbon with small crystalline unit (Low Cond.)

Thinner carbon nanofiber

Larger capacity

=>» Glassy carbon with large inner surface
ﬂ[ﬁ Si or Sn family (Large volumetric change at Ch/Disc)
= Functional nano-composites
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\/
Electrode Materials for Lithium Secondary Batte%}é

Different materials for different applications

A spectacularly reactive cathode
Nature Materials 2, 705—706 (2003)

P — ey

=t BATTERY ROAD
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N

=&
CNF
Graphite Si Sn inO-
Platelet | Tubular AUSfIg
bone
Capacity 290 220 80
350 4000 900
(mAh/g) (340) (280) (600)
Densit 577~
4 2.24 2.33 2.1 2.1 2.0
(g/cc) 7.27
Expansion Less Less Less
ratio 1.2 4 3 than than than
(time) 1.2 1.2 1.2
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Potential (V)

1.6
1.4
1.2

1
0.8
0.6
0.4
0.2

0

Typical Properties of Synthetic Graphites

w

Natural
MGC-graphite Graphite
- Middle (PHF)
MGC-graphite \‘; / MAG
- Coarse Lo
<—Natural
MGC-graphite \Z / Graphite
- Fine /7 (SPR)
[/ ]
0 50 100 150 200 250 300 350 400

Discharge Capacity (mAh/g)
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Analysis of physical properties

Elemental analysis

100.0 99

.8

99.8
998 99.6
99.6
& 994
2
g 992
5
© 990 98.9
v
98.8
986
98.4
p-CNF p-CNF-G  p-CNF-G-NA p-CNF-G-NA-G

—
N
————

A _A
/\

Isotherm curve

400

350

300

250

Va/m'(STP)/g

150

100

50

200 —a— p-CNF-G-NA (54m’/qg)

0.0

XRD analysis

~
_______________

S—

Si(111)

p-CNF

\Edd
W

=

p-CNF-G

p-CNF-G-NA

p-CNF-G-NA-G

2theta

29 30

= TG analysis
100
—e— p-CNF (67m’/g) % 80
—a— p-CNF-G (43m'/g) ® — P-CNF
g — p-CNF-G
—o— p-CNF-G-NA-G (47m’/g) % 60 1 _— prNFfoNA
—— p-CNF-G-NA-G
40 ¢ — MAG
20
04 om0 06 08 10 300 400 500 700 800 900
Tepperature(°C)
Elemental Surface Oxidation XRD AnalySIS
Analysis area starting D Lc
C(%) (m'/q) Temp.(°C) 002 002
(A) (nm)
p-CNF 98.9 67 582 3.363 29
p-CNF-G 99.8 43 680 3.365 59
p-CNF-G-NA 99.6 54 628 3.360 >100
p-CNF-G-NA-G 99.8 47 674 3.362 >100
MAG 99.8 <4 580 3.354 99
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100nm

=)
=1
B

p-CNF-G-NA-G

61

Ref.) S. Lim, et al.. J. Phys. Chem. B 108 (5), 1533 — 1536 (2004)

I

degree

to the graphitization

Analysis of SEM & TEM Image
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we found some difference at edge plane by TEM analysis



Electrochemical properties

Potential vs. Li/Li+ (V)

Potential vs. Li/Li+ (V)

18
16
14
12
10
0.8
0.6
0.4
0.2
0.0

18
16
14
12
10
0.8
0.6
0.4
0.2
0.0

p-CNF

p-CNF-G-NA-G

—1lcy
—2cy
—3cy !
—2cy
—3cy
' ' ' ' 1.8 . . . . . .
0 100 150 200 250 16 | MAG 50 100 150 200 250 300 350
mAh/g mAh/g
s 14 t
+12
=
=10 -
g 1lcy
< 08 —2q
§ 0.6 — 3¢
£o04 |
02 }
—
0.0 . . . . :
0 50 100 150 200 250 300 350
mAh/g p-CNF-G-NA
< 14
+ 12 ¢
=
- 10
—1 cy 4
2¢y = 08 —1lgy
—3cy § 06 | —2cy
€ 04 | —3q
02 }
1 1 1 1 1 00 1 1 1 1 n
50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
mAh/g mAh/g



Electrochemical properties g‘%

Se
18 | In detail
15 p-CNF-G-NA
S p-CNF-G-NA-G
T 12t —pCNF
2 —— p-CNF-G
—
g; 09 | _p‘CNF'G'NA
= p-CNF-G-NA-G
< _—
g 06 | MAG
o
o
03 ¢
00 = . | | . « Discharge capacity depends on graphitization degree .
0 50 100 150 200 250 300 350 * p-CNF-G-NA ( & -G) showed good electrochemical properties.
Discharge capacity (mAh/g) * They are almost same with MAG (synthetic graphite)
Discharge capacity (mAh/g) Initif«’:.l FOU'O(f;?iC « But, initial coulombic efficiency is low (52~60%)
errcienc
— e — e compared to MAG(over 80%)
p-CNF 239 270 308 60.4
p-CNF-G 268 290 307 58.2
p-CNF-G-NA 274 308 327 52.5
p-CNF-G-NA-G 285 308 330 59.5
MAG 290 305 320 80.6
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Effects of Boron Additives — XRD analysis &“’

Additive - Boron Carbide(5wt%)

Additive - Boric Acid(5wt%)

— p-CNF-G
—— p-CNF-G-NA — p-CNF-G
—— p-CNF-G-NA-G — p-CNF-G-NA
/\ T peNEeNAG . XRD Analysis
No additive
Dooa(A) Lcgoy(nm)
25 26 27 28 29 30 31 p_CNF 3363 29
2Theta 25 26 27 28 29 30 31
2Theta p-CNF-G 3.365 59
B/A (5wWt%) d002(A) | Lc002 (nm) B/C (5wt%) d002(A) | Lc002 (nm) p-CNF-G-NA 3.360 >100
p-CNF-G 3.357 > 100 p-CNF-G 3.355 > 100 p-CNF-G-NA-G 3.362 >100
p-CNF-G-NA 3.356 85.4 p-CNF-G-NA 3.359 82.2
p-CNF-G-NA-G 3.356 75.4 p-CNF-G-NA-G 3.357 > 100 Compare to no additives,

Additive - Boron Carbide(20wt%)

Additive - Boric Acid(20wt%)

« Added elements
NG had an effect on increasing
e graphitization degree.

/L— p-CNF-G-NA-G

—— p-CNF-G
—— p-CNF-G-NA
—— p-CNF-G-NA-G

« Graphitization degree

AN L :
s % @ w3 1 n s  w Ta was increased more
2t 2Theta by B/C addition.
B/A (20wt%) | d002(A) | Lc002 (nm) B/C (20wt%) | d002(A) | Lc002 (nm)
p-CNF-G 3357 > 100 p-CNF-G 3.355 > 100
p-CNF-G-NA 3361 > 100 p-CNF-G-NA 3355 > 100
p-CNF-G-NA-G | 3358 > 100 p-CNF-G-NA-G | 3355 66.7
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Effects of Additive — TG analysis

Weight ratio (%)

Weight ratio (%)

v

Sz

120 Pp-CNF-G (Boric Acid) 120 Pp-CNF-G-NA (Boric Acid) 120 p-CNF-G-NA-G (Boric Acid)
100 100 F 100
2 2
80 | E 80 ® 80 | — p-CNF-G-NA-G
— p-CNF-G E — p-CNF-G-NA =
(=] (=]
— p-CNF-G (5% B/A) o — p-CNF-G-NA (5% B/A) K3 — p-CNF-G-NA-G (5% B/A)
— p-CNF-G (20% B/A) s — p-CNF-G-NA (20% B/A) s
60 60 r 60 r — p-CNF-G-NA-G (20% B/A)
40 40 40
300 400 500 600 700 800 900 300 400 500 600 700 800 900 300 400 500 600 700 800 900
P TN JE0 o N RN B S PRI o(-11c12 L 4.5 SR a
120 Pp-CNF-G (Boron Carbide) 120 p-CNF-G-NA (Boron Carbide) 120 p-CNF-G-NA-G (Boron Carbide)
100 2 100 100
hel L
80 |- T gl T gL — p-CNF-G-NA-G
— p-CNF-G £ — p-CNF-G-NA £
— p-CNF-G (5% B/C) g — p-CNF-G-NA (5% B/C) g — p-CNF-G-NA-G (5% B/C)
— p-CNF-G (20% B/C) — p-CNF-G-NA (20% B/C)
60 60 60 — p-CNF-G-NA-G (20% B/C)
40 1 1 1 1 1 ] 40 1 1 1 1 1 1 40 1 1 1 1
300 400 500 600 700 800 900 300 400 500 600 700 800 900 300 400 500 600 700 800 900
Tepperature(°C) Tepperature(°C) Tepperature(°C)
Oxidation starting temperature (C) Oxidation starting temperature (TC)
p-CNF-G p-CNF-G-NA p-CNF-G-NA-G p-CNF-G p-CNF-G-NA p-CNF-G-NA-G
No additive 680 628 674 No additive 680 628 674
B/A ( 5wt%) 686 634 661 B/C ( 5wt%) 727 671 687
B/A (20wt%) 697 670 683 B/C (20wt%) 706 659 700
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Effects of Additive — Electrochemical properties

Potential vs. Li/Li+ (V)

w

18 p-CNF-G 18 p-CNF-G-NA 18 p-CNF-G-NA-G
15 - 15 — 15
S s
—— No Additive + —— No Additive + —— No Additive
12 ——B/A Swt% 2 2 ——B/A Swi% 2 ——B/A 5wt%
—B/A 20wt% P —B/A 20wt% - —B/A 20wt%
0.9 ——B/C 5wt% 209 ——B/C 5wi% 209 ——B/C 5wt%
06 —B/C 20wt% % 06 —B/C 20Wt% % 06 —B/C 20wWt%
I3 8
03 0.3 0.3
0.0 0.0 0.0
200 230 260 290 320 350 200 260 290 320 350 200 230 260 290 320 350
Discharge capacity (mAh/g) Discharge capacity (mAh/g) Discharge capacity (mAh/g)
p-CNF-G p-CNF-G-NA p-CNF-G-NA-G
Discharg']:hcapacity Coulombic Dischargfhcapacity Coulombic Discharg:hcapacity Coulombic
(mAh/q) efficiency (mAh/qg) efficiency (mAh/qg) efficiency
025v | o5v | 15v (%) 025V | 05V | 15V (%) 025v | o5v | 15v (%)
No additive 268 290 307 58.2 274 308 327 525 285 308 330 59.5
B/A ( 5wt%) 259 294 325 61.1 260 300 334 58.6 276 308 339 58.6
B/A (20wt%) 261 295 325 77.3 266 303 338 70.3 - - - -
B/C ( 5wt%) 233 265 292 66.9 259 303 336 65.7 261 293 323 60.3
B/C (20wt%) 227 268 296 72.7 - - - - 259 300 329 72.2
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Highly graphitic CNFs i

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 dorz Lcto02)
{nm) {nm)
PCNF Fe catalyst, 620, CO/H2 : 4/1 0.3365 712
PCNF, HCNF
G-PCNF 2800°C heat treatment of PCNF 0.3364 a3
2t
\ 4 G-PCNF-N 30% HNO3 treatment of GPCNF for 50°C, 8hs 0.3362 152
G PC N F GG-PCNF-N 2800°C heat treatment of GPCNFN 0.3362 106
s|v .i‘\‘
v Eﬁ ER AL BA-G-PCNF Boric acid added heat treatment of PCNF 0.3359 115
30% HNO3 treatment of GPCNF for 50°C, 8hs
G PCN F N BA-GG-PCNF-N Boric acid added heat treatment Laesy S
v B%flﬂ\“: BC-G-PCNF Boron carbide added heat treatment of PCNF 0.3354 178
30% HNO3 treatment of GPCNF for 50°C, 8hs
BA-GGPCNF-N BC-GG-PONF-N | 2 e o o 0.3354 167




TEM of GPCNF (B addition)

(WY

GPCNF

GPCNF—NA |

| GPCNF—NA%
Biﬁﬂufﬁﬁ%%ﬂ:

" -

& 1 =
B3Nz 2 H]

GPCNF-NA%
BiixinZzL TEESIE
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\Edd
STM of GPCNF (B addition) N

GPCNF—NAZ%
B\ R

GPCNF-NA%
BAMZLTHARIE




Microscopic observation of PCNFs \5'55’

PCNF-G-NA PCNF-B-G PCNF-B-G-NA

Il;v/'

i, /N:///’

,,,..///,/r,’,// /

&
e
=

SEl thickness : 15 ~25 nm SEl thickness : 3~5nm SEl thickness : 2 ~5nm SEl thickness : 14 ~ 16 nm SEl thickness : 5~7 nm

70 J PHYS CHEM B 108 (5): 1533-1536 FEB 5 2004




Typical Synthetic Graphite

SEI 3.0kv  X10,000

1um

WD 8.2mm
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Typical Synthetic Graphite

(MAG; Hitachi Chemical Co.)

Voltage (V)

1.6

14 1
12 1
1.0

0.8
0.6

04
02

0.0

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

Capacity (mAh/g)

—1cy —2cy —3cy
_—
e X — -
0 50 100 150 200 250 300 350 400
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Unique application to CNF structure

Electrode Materials for Li-ion Batteries

Application
sections

Energy sources for the next generation mobile
machines: PC, Small TV, PDA, EV, CC

High Capacity

2900mAh/18650 type —-> 3600mAh/18650 type
Over 2 times capacity should be improved in anode
materials

High Power

S——

CNF + Graphite + ? : for high power
Demands for high speed charge and
discharge : Hybrid Vehicle, UPS, PC

e

——

Applying CNF Composites for Problems Solving
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Unique application to CNF structure N

Electrode Materials for Li-ion Batteries (Basic Property)

4.0 T T i T T T T 4.0 — T T T T T T T T T T
3.6 — —  Fe550 4 364 Egggg i
| i FeB00 - o670 ]
—————— Fe670 ©
3.2 + F - 324 —-—-—-- FebT0H .
—.—.—ws Feb70H
| ——— Fero ] > . F?:mgoo 200 [/ (e
> 2.8 ———— -gFeb00-2800 N og4- T g-Febll- / /ff S -
+ S
+_ ] j I |7
= 24+ . = 244 I ; 4
- i - i / [
¢ ' roy
2 20+ . Y c0+ / VN -
= > /o
® 1 = i / ro A l
Jq:_,) 1.6 + — ‘S 16+ ), // /ll i
3 S _ I
1.2 7 D 12 | A 7
| o I
0.8 T~ 1 08+ / [ !? J
| | I g
0.4 B 0.4 -+ // /f/ / |
I I r e 1
0.0 0.0 =rTF— 4ttt
0 200 400 600 800 0 50 100 150 200 250 300 350 400 450 500
Specific capacity /mAhg™ Specific capacity /mAhg™

100% of PC Solvent for Electrolyte can be used to P-CNF anodic carbon

® Development of anodic composite materials for high power using very small crystallinity
(Containing the modification of natural graphite)

® Development of anodic composite materials for ultra high capacity using CNF composition
(Now on the field testing)
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e material)

Cycle of discharge capacity at different rate(0.1C, 1.0C rate) of SPR and SPR-CNF composites

Rate Characteristics of SPR & SPR-CNF Composites

U

O CNF composites

Half cell test: SPR(Natural graphite: Li metal; Coin Cell, LIPF6 (EC+DEC)
400 ISPR (0.1C rate)
CNF composites are more stable
380 |
OSPR
0000000000000000000““‘

both 0.1C and 1.0C rate

ISPR (1.0C rate)

SEl e

30KV  X10,000 Tgm WD 84mm

BOOO0DOo0OO000nQgg
Oon O
UDopooopgopoo
D
O OSPR
< O O CNF composites
%
O
©0040
09000004
O
000006060
50 100 150 200 250 300 350
cycle
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SEM photographs of graphites and CNF—graphite composites

SPR(Japan Graphite)

HFP(Chinghua Univ.)

SEI 3.0kv  X10,000

/ J

T &5 A)

3.0kV  X10000 1um WD 8.2mm

SEM images of SPR(a), MAG(c), HFP(e), and their CNF composites(b, d, f)
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N
Schematic models of charge states %,g
Low rate High rate
(a)
Bad
Perf
TS — -y )| reromarce
Volume expanded slowly Expanded Rapidly

Good
Performance

at high rate

CNF relaxes the electrode breaking down CNF makes effective steric effect
which is induced by graphite expansion for protecting electrode
(a) Graphite (b) Graphite - CNF composite
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\E&d
Anode for Next Generation %}?}Ké

» Glassy Carbon;
Larger Capacity per Weight
— Larger Capacity per Volume

« Non-carbon Materials;
SiI Materials
Sn Materials

} Large Expansion

— Poor Cycle Stability
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| \e&d
Structural Problem in CH-DCH processes &fé

Li* insertion
Lit
i+
Li* A
Si

Volume expansion

[N

4

Cracking

g
K\ Yy
F7 LA

///28\(\

Si particles became
smaller and smaller
by cycling

Small Particle

£

S| Vk‘ N

s

Poor
Cycle Life

Increasing resistance
bet. Si and current collector
Capacity was decreased
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TEM images of Si-CNF




Schematic Model of CNF synthesized Si &‘@é

T —
Coniectured mechanism of composed CNF to improve electrochemical properties

1. Thin CNFs | 2. Thick CNFs

~ Thickness : 10~50nm Thickness : 100~300nm
Seems Like Ivy Channeling effect between the particles
Afford the electric conductive path = Compose conductive network
of Si powder. | -
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Potential (V) vs. Li/Li+

18

15 ¢

12

09 r

06 |

0.3

0.0

3. Steric effect

—_— : .
- Can establish the relaxation spaces
| for relieving volume expansion
in charge process
gep y

Si compound-CNF composites

0 200 400 600 800 1000 1200
. . . Capacity_(mAh/g) o
Optimization of Si -CNF composition

Shows almost perfect cycle life,
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Discharge capacity / mAh/g

1600

1400

1200

1000

800

600

400

200

Cycle ability

o CNE-(SIO/MAG).composite (Catalyst)

(CNF-SIO composite)-MAG mixture

\\ CNF/SiO mixture

Cycle /n
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BE (V)
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1.2
1.0
0.8
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0.4
0.2
0.0

Si—CNF
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200

400 600 800 1000 1200 1400
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Potential(V) vs. Li/Li"

Potential(V) vs. Li/Li"

0.4um Si® P/CHz R E&FE R 3cycleE TDY

- . o
(@) Efficiency : 75.5%

T T T T T T
500 750 1000 1250 1500 1750 2000

T
0 250

Discharge capacity (mAh/g)

1.8 (d) Efficiency : 76.0%

1.5+

1.2

0.9 1

0.6 1cycle
—— 2cycle

0.34 —— 3cycle

0.0 A

T T T T T T T
0 250 500 750 1000 1250 1500 1750 2000

Discharge capacity (mAh/g)

Potential(V) vs. Li/Li"

Potential(V) vs. Li/Li"

SRk i &Iﬂ/

1.8 1 (b) Efficiency : 76.0% 1.8 (©) Efficiency : 75.6%
1.5 1.5
*.Q
1.2+ O 1.24
g
0.9 1 S 094
S
5
0.6 —— 1cycle 2 06+ 1eycle
— 2cycle o —— 2cycle
0.3 —— 3cycle 0.3 — 3cycle
0.0 0.04 —
T T T T T T T T T T T T T T
0 250 500 750 1000 1250 1500 1750 2000 0 250 500 750 1000 1250 1500 1750 2000
Discharge capacity (mAh/g) Discharge capacity (mAh/g)
1.84 ) Efficiency : 78.8%
81 (o) Efficiency : 78.6%
1.5+
1.54 .
5
O 1.24
1.2+ @
>
S 094
0.9 1 s
g
2 0.6 — 1cycle
0.6 1 — 1cycle & — 2cycle
—— 2cycle 034 —— 3cycle
0.3 1 —— 3cycle .
0.0
0.0 T T T T T T T
T T T y T T T 0 250 500 750 1000 1250 1500 1750 2000
0 250 500 750 1000 1250 1500 1750 2000

Discharge capacity (mAh/g)

Discharge capacity (mAh/g)

(a, c, e) : 0.4um Si(As received), (b, d, f) : P/CH.p =t 1= 0.4um Si
a, b:Si-CNF &1K, ¢, d: fill{fRE, e, f: P/C B
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SI-CNF composite / Graphite Hybridization
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CNF for Capacitor

Edge effect
Polarization
Pseudo Capacitance
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\E&d
Capacitance over Graphitic Surface &Tg

Basal
Edge
Typical Surface of Carbon Nano Fibers
Strong Dependence of Capacitance
over Graphite Surface Structure

} of Hexagonal Planes
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Various CNFs i

— Surface edges
Perpendicularity to the fiber axis
PCNF
A Surface edges
N e
T Decline to the fiber axis
H Surface basal planes
TCNF Parallel to the fiber axis
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d PCNFs

Imie

Surface-mod

Recovered graphitic

edge

GPCNF-NA

i

More clearly than PCNF

Graphitic edge

-like basal

Dome

planes

n

@

.\w,,,,,.é% ;

.

w

plane

:

Graphitization at 2800 C

|

:

Ball-milling
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Capacitances of various CNFs &@é

Cyclic voltammograms of various carbon nanofibers in 0.5 M H,SO, solution, scan rate : 10 mV/sec.

12.5 F/g

23.4 Elg .,
Thick HCNF

45Flg g—m————" ] /
L________,__,/

TCHMF

Vukean X C-TIR

-0.4 -0z o 0oz od L] oe
E/V((vs AgAgll)

Vukan XC-T2R

» Capacitances were calculated with current values from cyclic voltammetry at 0.45V

¢ Capacitance values
Thick HCNF > PCNF > TCNF > XC-72R

T

Graphitic edges > Basal planes

¥ Capacitive behaviors

Basal plane surface » Capacitive charging current

Graphitic edge surface

}—» Reversible redox peak at about 0.1V
_>

Pesudocapacitance by effect of

edge surface
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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

v

I | | G|

12.5 F/g PCNF ¥ Capacitance values :

PCNF > GPCNF-NA > GPCNF-M > GPCNF

p— _j > v
3.1F/g (/"
GPCNF "
B Graphitic edges > Basal planes
— J ,
3.3F/g [:’_
GPCNF-M

¥ Capacitive behaviors

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

Graphitic edge surface (GPCNF-NA)

f’//\—
5.6 F/g (/ / \

CNEF-NA

|: Reversible redox peak at about 0.3 \

r~1rr 117 1T 71T 7T Pesudocapacitance by effect

-0.4 -0.2 1] 0.2 0.4 0.9 08
E/V (vs. AgiAoCl)

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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TEM and ICP-MS results of Ru/CNFs

Ru/PCNF

(day = 2.45 nm)

1 2 3 4(nm)

Ru/HCNF

(d,y =2.99 nm)

1 2 3 4(m)

Ru/TCNF

(day =2.73 nm)

ICP-MS analysis of Ru/CNFs

Catalyst Ru amounts (wt%o)
Ru/PCNF 1.7 (£ 0.1)
Ru/HCNF 1.4 (+ 0.4)
Ru/TCNF 2.5(+1.9)

g\};uj;/{_g KYUSHU UNIVERSITY




Cyclic voltammograms of Ru/CNFs

Electrochemical capacitance of Ru/CNFs (F/g)

Increase ratio

Increase ratio

Decrease ratio
by Ru stripping

Pristine CN| Non-polariz by Ru effect |Polarized R| by polarization |After Ru stri (calculated from
Fs ed RU/CNFs| (calculated from | u/CNFs [(calculated from R pping olarized P
CNF (times)) U/CNF (times)) RU/CNF (times))
Ru/PCNF 12.5 62.6 5.0 75.7 1.2 19.5 1/3.9
Ru/HCNF 23.4 54.7 2.3 67.4 1.2 44.0 1/15
Ru/TCNF 4.5 38.4 8.5 47.1 1.2 28.6 1/1.6

\\

=
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CNF Supports in DMFC
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N/
® Roles of Carbon
Activation of Noble Metal
High Dispersion, Chemical Activation, Edge of Carbon Plane!
Support/Metal Interaction
® Transferring Proton of Noble Metal to Membrane
Proton Conductor
Good Bridging with Proton Conduction Binder
® Electron Conductivity
Chemical Stability
® Surface and Pore of Carbon
Finer Carbons to Satisfy Both Requirements
Dispersion of Noble Metal on Carbon with Smaller Size
— Carbon Nanofibers
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Objective and Approach

Development of highly active catalyst for DMFC anode using carbon nanofiber (CNF)

Synthesis: Selective Syntheses, Various Structure, Diameter of CNFs...

Selection: Best structure, Diameter, Surface, Surface area, functional group...
Modification: Introduction of Mesoporosity onto CNF to increase the Effective surface Area
Analysis: Half & Full cell tests, SEM, TEM, ...

Advantage Disadvantage
Active Hexagonal Edges Low Effective Surface Area
Relatively high graphitizability Nanofibrous Entanglement (Difficulty of dispersion)
Relatively high electric conductivity Low contents of secondary structure and functional groups
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Selective Synthesis of Carbon Nanofibers &fé

Platelet Herringbone Tubular

Dia.
@ 150 150~200 10~70 20~40
(nm)
Code P-CNF Thick H-CNF Thin H-CNF T-CNF
- - High methanol oxidation Agglomerated structure:
CNF Diversity of structure, Merit | activity, Graphitizability, Demerit | low effective surface area

diameter, and surface

conductivity Low surface energy




: \E&S
Experiments §%
Preparation of Catalysts

Carbon nanofibers + H,O

0.1~0.5M NaBH,

l

Filtering

<«——— Nafion lonomer

14— Washing

Single Cell Test Kit

Brushing on Carbon Paper

14— Drying at 80C

Cyclic Voltammetry
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Half Cell Test

Working Electrode
(PtRu Cat. on Carbon &

Scan Rate 20mV/sec

CVv

Reference Electrode
(Ag/AgCl)

Counter Electrodef?

1M H,S0, + 1M

(Pt Mesh)

MeOH

Paper)
Electrode Carbon Paper (¢1cm) Gold (d1lcm)
Catalyst PtRu 60wt% Pt Ru PtRu 40wt% Pt Ru C
Amount (mg) 5mg Slurry 2 1 0.3mg Slurry | 0.08 | 0.04 | 0.18
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Methanol Oxidation Property

Evaluation by Half Cell Test :

1mol MeOH + 1mol H,SO,, 25°C

\&/

12

=

150
Yolcan ¥O72-R
100
<
E sp
E
2 o
=
(&)
-a0
-100 L ; i . . . ;
.02 00 02 04 D6 08 10
Potential {V)
150
HaS0,
100
a
E &0
E
£ 0
=
L& ]
-a0 4
-100

02 00 02 04 06 08 1.0
Potential (V)

—

current (mA)

current (mA)

150

100

a0

1]

-50

-100

150

100

50 A

-a0 A

-100

Tubular

02 00 02 04 06 08 10
Potential (V)

Tubular, 30nm dia.

Herringbohne-150

0.2 00 02 04 06 08 1.0
Potential (V)

current (mA)

Current (mA)

Thick-Herringbone, 250nm dia.

150

100 A

50 A

04

-A0 A

-100

120

100 +

a0 +

NiZe===F

-100

Thin-Herringbone, 10nm dia.

Platelet

-02 00 02 04 06 08 10

Potential (V)

Platelet, 200nm dia.

Herringbone-10

02 00 02 04 08 08 1.0

Potential (V)

Thick Herringbone CNF showed relatively high activity

Y

Slurry Pt Ru C
Noble Metal Py
Content
(mg/cm2) (mg/cm?)
PtRu 60wt% 5 2 1 2




Methanol Oxidation Property

Current (mA)

Evaluation by Half Cell Test :

1mol MeOH + 1mol H,SO,, 25°C

ick Herringbone CNF
ywed relatively higher activity

70
] Thick H-CNF
60 - Platelet
50 _ Tubular \
J . \\
40- Thin H-CNF \
1 E-TEK |
304
20 -
10 -
0+ —
-04 -0.2 0.0 0.2 0.4 0.6 0.8
Potential (V)
Noble Metal Slurry Amount Pt Ru C
PtRu 40wt% 0.3 0.08 | 0.04 | 0.18
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Single Cell Test of Various CNFs

Platelet
Tubular 0 e
o 07k —=a—30°C
07t —=—30°C | 160 : —e—60°C| 4160
e A
*— 60°C Cag0%C
o6 —4-90°q 1149 06 — Ja40
Po. T N
05k % J120 8 05 q120 £
%o AA-A, N §
A \, —
S 04l "-,‘A e A 4100 % S 04 4100
T BT K A =g 2
g \ S a {e0 2 £ J180 Z
g 03} \. 2% . A g s 0.3 8
o \ Jeo 3 {o0 g Noble Slurry Pt [ Ru|C
L) L]
\ H
0.2} o " % o A 0.2 [}
s % u Jao & 1o € Metal Amount
), L] -
S an AT Content 2 2
01 fx e L 1 01 s (mg/cm?) (mg/cm?)
7 » N
0.0 L L L L L L Ml L L L 0 0.0 L L 0 4
0 100 200 300 400 500 600 700 800 900 1000 11001200 0 100 200 300 400 500 600 700 800 900 100011001200 PtRU
Current Density(mA/cm2) Current Density(mA/cm2) 0 7.5 2 1 o
40wt% 5
Thin Herringbone . :
- Thick Herringbone
e 30°C —— 180
0.7 | e 60°C] 160 07k A —m— 30uc
—a90°q] | At aa, —e—60°C| 4 160
06 A I\ —4—90°C
. \‘ 4 140 0.6\ AA A 1140
A x a
05f % q120 % osfeu o A 1120 §
a L '\. A A et L
., . e
S 0.4 \:\A A-Ay 1100 % s 0.4 \.\ ,A“M'/ \.\ A 4 100 E
o} N\ A A = T . o/ oa . E
g A ¥y \ -] Y S N 2
g Y A {80 & & ™ VN “a \ lgo 2
s . 5 3 N4 el Ra * G
S 03 \ e e a o 303f / KN - A, \ A e
a \ \A\ A 160 g .\'\ Al 160 GBJ
o2k Y g 02t /D *e A g
/ ] o \A 40 A/ - e, Aa - 440
\h ; SN .
. RN / " \ e -~
o1t /a" e AR 120 01rd/ '\- e A 120
. \ A\ A
A / L] \. A
0.0 T S S T S P S S R o 0.0 S T S S U S S S SO 0
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 0 100 200 300 400 500 600 700 800 900 1000 1100 1200

Current Density(mA/cm2) Current Density(mA/cm2)

Maximum Power Density (mw/cm?)
30°C 60°C 90°C
Tubular 33 82 112
Platelet 52 108 157
Thin Herringbone 28 81 97

| thickHerringbone [ 4 [ m3 [ ws a5

Code




PtRu Catalyst on Mesoporous CNF i

—
- Slurrve Pt Ru C
BeREHE -
(mg/cm?) (mg/cm?)
PtRu 40wt% 5 1.33 0.67 3

-

SEI 50,00 100nm

Well dispersed PtRu catalyst was observed in the TEM photographs. The average size of catalyst
particles was about 3nm. Catalysts should be existed in the mesopores as well as on the exterior surfaCf06



Model for Meso-porous H-CNF with Proton&ﬁ%
— Conduction.in Mesopore

CNF Nafion

Advanced Proton Conductor with Low viscosity in Mesopore Proton conductable functional group in Mesopore surface
© PtRu Particles
= CNF
I Proton Conductable binder and/or surface functional group in Mesopore
I Nafion

Discrepancy of Single cell and half cell
3 times increase of methanol oxidation in half cell
30% increase of single cell performance

- Studying about new proton conduction system in Mesopore 107



Single Cell Performance

60wt% Pt-Ru/C E-TEK
40wt% Pt-Ru/C Herringbone-CNF
40wt% Pt-Ru/C Mesoporous H-CNF

200
N/'\
S o
o —m— E-TEK 30°C
~~
< 150- —e— E-TEK 60°C
c E-TEK 90°C
; —v— H-CNF 30°C
*5') 100 4 H-CNF 6000
c —<— H-CNF 90°C
S MH-CNF 30°C
— —e— MH-CNF 60°C
GEJ 50 - —*— MH-CNF 90°C
o
ol
0 T T T T T T T T T T T
0 200 400 600 800 1000 1200
. 2
Current Density (mA/cm?)
Noble Metal Maximum Power Density
Catalyst Content (wt%) - - -
30C 60C 90C
E-TEK 60 41 102 140
H-CNF 40 46 113 165
Mesoporous H-CNF 40 56 117 185

Discrepancy of half cell and full cell performances
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Preparation of Thin H-CNF

_ Under 30 nm Diameter of H-CNF | Difficulty of Dispersion
Ni Catalyst, Thin H-CNF

&

S3ZHEXH 1 8 kL,

1
B3726A 15EY




Thin H-CNF as Support Material

Various Structures of CNFs,

Single Cell Performances

Tubular - Herringbone-Thick o
0.7 F —=—30°C 0.7k R —=—30°C
| e sod 1160 0 A, ) e 60°d 160
0.6 Y 4900 {140 06 s \ —4-—90°C
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orr ——60°C| 160 07k :: 28"2 160
A 90° b A
0.6} e 06 At —a90°C
\ 4140 . \A R A o 140
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% 0.4} ciA\ 'A/A A 4 . 7 § % 0.4 _.\ :\*'K-\A . o N 100 %
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v \\A leo % e ’\A 60 B
02f f< A A & o2l / /')\.\ AN ot g
ATANERN SR W e
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Y e © 1L J/x N\ ° A
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| ]
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be attributed to the Difficulty of Dispersion CNE PtRU 40Wt% 50 5 1 | as




Preparation of Various Diameters of H-CNF%&%

Difficulty of Dispersion in Thin H-CNF, Good Dispersion of Medium and Thick H-CNF
Optimization of Catalyst Preparation

~

(Thin H-CNF, ¢ 530nm) (Medium H-CNF. ¢ 30" 70nm) (Thick H-CNF. ¢ 70 300nm)

~ y
b
A
2 N e S A £
10 nma 4 : e 100KV X50000 100nm WD 7.9mm
100KV X50,00 == 2

4 g = e -
% g s . . " _ . . -
10.0kV  X50,000 100nm WD 7.9mm 30kV X50,000 100nm WD 8.2mm 30kV X50,000 100nm WD 7.6mm

Difficult Dispersion Good Dispersion




Nano—dispersed Equipment. 16500rpm. Tmin. 30 times

Catalytic Activity of Highly dispersed Thin H-CNF&%
=

@ NMb5(NIEMgO = 5.5) © NMM415(Ni:Mo:MgO = 4:1:5) © FMM415(Fe:Mo:MgO = 4:1:5)
(@) NFM415(Ni:Fe:MgO = 4:1:5) (&) CM55(Co:MgO = 5:5). 40%Pt-Ru/C, pH3-pH4, 60°C Preparation

Single Cell Max. Power density
(mW/cm?)
30C 60 °C 90 °C
Not treated 28 81 97
NM55 52 108 182
NMM415 34 95 168
FMMA415 40 92 158
NFM415 56 118 184
CM55 49 108 176
Johnson M.
60wt%, Pt 2mg/cm? 2 121 162
semang | SUvE L I RIC
(mg/cm?) (mg/cm?)
PtRu 40wt% 5 1.33 0.67 3




Single cell performance of NFM- catalyst &%

based on the unit electrode area

08
—n— Prepared temperature 0°C 160
- - — 90 0.7 —o— greparej Iemperaiure ;gzg
—m— Prepared temperature . —4— Prepared temperature
T g e o | 80 v prored emperaure60°c. | 140 cg
—v— Prepared temperature 60°C 70 (\’E 0.6 | A 4120 E
] 8 < 05 A E
. NP3 N S
u L 04 =
b A 150 X SUN N 1% '3
(<) ) = 03 [
2 . 140 ' o 160 X
= A 1 GC) > 0.2 | \ A D
S 128 ?l . 1°
\:\\. : ] 20 % o N " ) 1%° 8
o 110 © 0.0 A P
NG m { a 0 100 200 300 400 500 600 700 800 900 1000
OO " 1 " 1 " 1 " 1 " 1 n O
0 100 200 300 400 500 600 Current Density(m Alcmz)
. 2
Current Density(mA/cm’) Single cell performance of catalyst supported on NFM examined at
08 i (2)30°C, (b) 60°C, and (c) 90°C.
| —m— Prepared temperature 0“(0: (C)
—e— Prepared temperature 10°C i . R
07 & | 2 propred omperaure 25'C S 230 Single cell Power density. Max(mW/cm2)
K —w— Prepared temperature 60°C df‘;;:':'iw‘ A\\ c%
OO, Fand T 4200 E 30°C 60°C 90°C
—~ el e y o4 \
05 Vg P e = . .
S | W9 \ S Not dispersion
T o4l S A s X 56 118 184
=y / \Qg:;\‘\‘ = prepared temperature 250C
= L s \l]\ c
o 23 / Tege || 110 A Prepared temperature 00C 76 140 246
> 02| / \W.;K 1 —
-/ \'\Jik\ 150 g Prepared temperature 100C 68 129 227
0.1 / e o A
./' N ] 8 Prepared temperature 250C 68 144 236
00 " 1 " 1 " 1 " 1 " 1 " 0
0 200 400 600 800 1000 1200 Prepared temperature 600C 66 131 223
. 2
rrent Density(mA/cm
Current Density(mA/cm’) 60%Pt-Ru/C (Johnson matthey) 55 121 16413




Capacitance (F/g)

\E&3
Oxidation Stability of CNF &Tg

GP-CNF-NA

300 300
250 250 +
200 200 +
150 150 +
] 5 ]
100 ] T 100 ]
50 [0} 50
] Q ]
R — e
04 a — — 3 0
4 & g
-50 + S -50 +
4 I 4
-100 + O  -100
-150 — Initial -150 -
4 —— After polari for 30 4 -
Aff larization for 1 hi
-200 + — fer polarizaion fo 3 hers -200 —
1 After polarization for 5 h 1
-250 - —— After polarization for 7 hours -250 o
i After polarization for 10 h ] o our
-300 T T T T T T T T T T T T T ) -300 T T T T T T T T T T T T T )
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
E/V (vs. Ag/AgCl) E/V (vs. Ag/AgCl)

® H—RTSVIITERIEFHEEIEETRIGHEIY . T/ 320 AN
N9 5,

& GP-CNF-NA[XERIEFMLZEILET ISR ISE N =HTOTI7/ LN
(ZEAEE LY,
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PtRu Nano—chains
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Evaluation of 409%Pt/PCNF+CB &

1.0 N N N
—=&— NEXCARB-MP-PVS401
09 | —e—commercial A
o — — | e commercial B

Operating Condition

1) Cell Temp’ : 70°C
2) Humidifier Temp’
Anode / Cathode =70 °C / 60 °C
3) Flow H2/Air = x 1.4/ %X 2.5
4) Ambient pressure
5) Electrode Size : 25¢n
6) Min flow : 400mA/cm

o
©
1

Voltage [V]
o
\‘
|

0.6 -
: : : Very similar

05 S S S S S— N S performance with Gore
00 02 04 06 08 10 12 14 16 Japan MEA

Current Density [A/lcm’]

Data from Suntel Co. Ltd.
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CNF for Air Purification
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C/C, [%]

ACF-CNF

X200t 8158 FEICL B thta R DLE

(F7H:7 /2600 C, ELFETO0T)

100
90
80
70
60
50
40
30

20
10

0 5 10
_+_H1100

15 20
t Thel

25 30

39 40

—eo— 0.5% Ferrocene : Nicklocene =2:8(Et Smin), HCI1 ,H1100

—eo— 1%, Ferrocene : Nicklocene =2:8(Et 5min), HCI ,H1100
—eo— 5% .Ferrocene : Nicklocene =2:8(Et Smin), HCI ,H1100

Breakthroght | Steady state activity | Surface Area
time[ hr] [%] [m?/g]
H1100(ACF) 6 80 1500
0.5% Metallocene (5min) 12 75 1130
1% Metallocene (Smin) 16 45 1120
5% Metallocene(5min) 17 20 1116

w
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Some Properties

of ACFs

Pitch based

BET

Elemental analysis (wt %)

ACF (m?/g) C H 0 e
OG5A 563 92.4 0.6 6.0 0.007
OG7A 901 93.0 0.6 5.4 0.007

OG10A 1085 95.3 0.6 3.4 0.004

OG15A 1606 95.2 0.6 3.4 0.003

OG20A 1924 94.1 0.6 4.8 0.003
PAN based BET Elemental analysis (wt %0)

ACF (m?1g) . - 5 NFC
FE100 450 70.9 2.0 17.3 0.102
FE200 650 72.5 1.8 17.9 0.057
FE300 880 74.3 1.6 17.2 0.038
FE400 1020 76.8 1.6 19.4 0.026
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HCHO adsorption characteristics of ACFs &%ﬁé

HCHO : 22 ppm HCHO : 22 ppm
Sample weight : 0.1g Sample weight : 0.1g
Gas flow rate : 100mI/ m Gas flow rate : 100mI/ m

100

80

60 -

40

C/Co ! %

20 -

o 1 2 3 4 5 6 7 8 9 10

4|o 6I0
Time / min Time / h

Break through time
®Pitch-based ACF : 15A < 20A < 10A<7A<5A
®PAN-base ACF : FE400 < FE300 < FE200 < FE100
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Breakthrough curves of formaldehyde adsorption &‘j(é

WATER Competitive adsorption decreases the adsorption amount of HCHO

CIC, (%)

Dry condition (solid line) and wet condition (dashed line) for the different

kinds of a) FE series and b) OG series

60

50 -

40 -

30 1

20 -

10 1

FE100 dry
FE200 dry
FE300 dry
FE400 dry
— — — FE100 wet
— — —  FE200 wet
— — —  FE300 wet

Time (h)

CIC, (%)

60

50 -

40 -

30

20

10 -

OG5A dry
OG7A dry
OG15A dry
— — — OG5A wet
— — — OGT7A wet
— — —  0G15A wet

00 02 04 06 08 10 1.2 14

Time (h)
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Comparison of formaldehyde adsorption in different

ACFs between dry and wet condition

Breakthrough Time (h)

A NN

1YZ0

Dry
B2 Wet

SRS
. 0.4
a0,

S

\/
A

AARIINNRRNRNNNGS

020,
0.9,

IANN/
e

FE100 FE200 FE300 OG5A OG7A OG15A
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HCHQO adsorption characteristics of PACNF
in humidified atmosphere

N”

RH BET Elemental analysis (wWt%) Microporous
(m2/9) C H N Odiff ash N/O ratio (%)
90% 375 68.06 1.19 18.02 11.41 1.32 1.80 94.7%
60 60
50 - 50 - FE100
X 40t - .
> 4 PACNF < }-FE300
o ~
L\) 30+ S %1
O -
20 + QO 20Ff
FE100 PACNF
10 10 |
O L L L L L L L L L L O 1 1 1 1 1 1 1 1 1 1 1
01 2 3 4 5 6 7 8 9 101112 0 1 2 3 4 5 6 7 8 9 10 11 12
Tima /' h Tima / h
HCHO : 11 ppm HCHO : 11 ppm

Sample weight : 0.05g
Gas flow rate : 100ml / ml
Humidity of condition : 0%

Sample weight : 0.05¢g
Gas flow rate : 200ml / mi
Humidity of condition : 50%

Under the circumstances of humidity (RH=50%),
PACNF shows specific prominent adsorption characteristics for formaldehyde.
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Water adsorption property

N”
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CNF Support for Heterogeneous
Catalysts

Oxidation and/or Reduction
Desulfurization/Denitrogenation
Demetallization
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Reduction Catalyst
B ARAD DV AR HNHE -2 8T/ FF DB B LR /F

RET /i (CNF) : = mis &40
TR D E 14 B4 o i B 0 —
ok
H A X &l T e
r- VA Y74 / /II +
*ﬂ;’;f?ﬁﬁ 7;;,_-,”3; LoM--CO (B IR = JLEHR)
R B AR
Me--|| (FLTa vt
ST PR TP Lote=< || (L7 4 )
Offi S Mok : 51 k=L

Fe/CNF-P Ru/CNF-P Rh/CNF-P Pd/CNF-P Pt/CNF-P
d,, =50nm d, =25nm d,, =7.6nm d, =4.2nm d,, =14nm
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&R/ HFHRFRRT/RED] A

b EEE BRI AL
Emm-*ﬁmﬁ

H, (1 ~ 30 atm)
X Ru/CNF-P x

©\( ft ~ 100 °C O\‘/

>09.9% ee, R >090.9% ee, R
X = OR, CO,R, NRy; Y = OH, NH,
S/C = 5,300 ~ 36,000 [mol (substrate)/mol (Ru)]

w

PEGZEHAW:-BSLMEBFIH AT L

Ru/CNF-P in PEG

EF7FIILEYDER S KFKIEIZKD
NEEFEHEFITFILEREDTIES K

Ay~ =
C | H, (30 atm) C |
NN RU/CNE-P X
I NNy EtOH | Ny
P 50 ~ 100 °C P

>09.9% ee, R >99.9% ee, R
X, Y = OH, OMe, OPiv, OMOM, NH,
S/C =150 ~ 1,400 [mol (substrate)/mol (Ru)]

BRRE{LShI-FEER=-IOEEND
BIXICKDERT =) OERREE R

H, (1 ~ 10 atm)

Pt/CNF-P
X_I\ (n-CnggNHz) - X f N
& - &
NO, AcOEt NH,
rt~ 50 °C

X =Cl, Br, |
CONH,, CO,R, COR

96 ~ 100% selectivity
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— The potential of several kinds of carbon Nanofiber as
supports for NiMo catalysts in hydrodesulfurization of
SRGO (Straight Run Gas Oil) and HSRGO
(Hydrotreated Straight Run Gas Oil)

— The performance were compared with NiMo/Al,O,
commercial catalyst to get the relationship between the
some supports materials physical -chemical character,
active metal dispersion and HDS activity of catalysts
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\/
Catalytic activity of NiMoS catalyst on HDS of SRGO %}%

12000 ~
. 12000 - —e— NM/HCNFO0
711000 —4A— NiIMo/HCNFO —a— NM/HCNF1
& —w— NiMo/TCNF 0
510000 1 NIMo/PONE & 10000 —v— NM/HCNF2
= 9000 - g —<— NM/HCNF3
c =
% 8000 - S 8000 -
S 7000 €
© S
- -
5 6000 = 6000 -
= 5000 - =
7 a
? 4000 - g 4000
% 3000 - g
qE) 2000 - g 2000 -
£ 1000 4
0 T T T T T T T T 0 T T T T T T T T T 1
0 30 60 90 120 30 0 30 60 90 120
Reaction time (min) Reaction time (min)

NiMo/HCNF, showed higher activity for HDS of SRGO than NiMo/TCNF,
NiMo/PCNF

NiMo/HCNF2 and NiMo/HCNF3 with higher surface area showed higher activity

than NiMo/HCNF1
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Physical and chemical characteristics of

supports and catalyst

H, consumption (arbitrary unit)

(C)TCNF

(a)HCNF/ALO,(b)HCNF

(d)PCNF

LN, adsorption-desorption test result of support

=

materials calculated by BJH desorption method
Sample R, (nm) S(m?/g) V,(cc/g)
AlLO, 8.0 231 0.914
HCNFO 9.2 105 0.593
TCNF 2.1 59 0.568
PCNF 24 59 0.534
HCNF1 1.7 271 0.270
HCNF2 1.7 303 0.301
HCNF3 1.9 312 0.343

—— NM/HCNFO(Thin)
—— NM/HCNF1(Thick)
—— NM/HCNF2(higher S.A.)
—— NM/HCNF3(MesoPorous)

*HCNF3 supported £
NiMo catalysts g
showed higher £
reducibility ]
*H,-TPR results show 3
— NMmPONF consistencywith HDS &,
—— NM/ALO - T
—_— NM/CliIFS.AIZOS acClvi ty
0 100 200 300 400 500 600 700 800 900 1000 0

Temp. (°C)

T T
200 400

T T
600 800

Temp. (°C)

1
1000
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CNF for Luminescence
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\E&d
FEBL N\
Objective
* Development of FEBL using CNF instead of CNT

Expectation

 Patent
e Activation of nano-materials

Final Target

* CNF Paste

« 10 - 50nm(Aspect ratio over 150)

« 7 inch panel using CNF

* Fill factor: over 80%
 Homogeneity: over 90%

« Brightness: over 6000cd/m?2 (12000V)
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CNF Development

I NiFegomify, e

Current (UA)
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\EEd
3 E system 7 inch Panel §‘¥Tg/

Cathode 4%, Anode B{i. B

20 4 -

W

{
»
i
¥
:
A
N

Diffuser{® F8
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CNF for Composites

Electric conductivity

"hermal Conductivity

"ensile Strength and Modulus

136



Electric Conductivity for Polymer Composites

i3 ARG YR ez CNF ##:& EREEE
460°C, 60min, C,H,:H,=160:40 23.11% 40nm Herring-bone Out of range
Co:Fe:Cr:Mg= 600°C, 60min, C,H,:H,=160:40 26.5% 40nm Tubular 4.1
4:2:2:2 (E£Lh)
(R SE BTALER: A, _
600°C, 4h] 600°C, 60min, C;Hg:H,=160:40 25.1% 40nm Tubular 5.1/5.6
700°C, 60min, C;Hg:H,=160:40 21.51% 70nm Tubular 4

1200
1100
1000
900 |-
800 -
700
600
500
400
300
200

Intensity (counts)

100

—— Ethylene 460°C
—— Ethylene 600°C| ]

1
20

1
40
2theta
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Nano fluid

A Novel Nanofiller for Nanofluid Applications

Small, Volume 3, Issue 7, Date: July 2, 2007, Pages: 1209-1213

a)
a)

b) 20
®  CNF10 A
v CNF 20 ./ -
15 4 ] CNF 40 o s
— Ao S v H-C model /, "
= ) 4./ - &
- - - b)
8 10 .,//:/,, PR e
: /’ /, ”’.’
- -
g o -7 -
- 5 &/’ ‘(f’
”~ - —_
P WL Ol Gy e S S
945:/”’ ———————————
- -

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Volume fraction (%)

a) Photograph of CNF-10-water suspensions. Left:
pristine CNFs (0.5 vol %); middle: TCNFs from
plasma oxidation for 30 min (0.5 vol %); right: TCNF-
water suspension diluted 20 times. b) TC

enhancement of nanofluid containing various SEM images of a) pristine CNFs and
contents of CNFs. The dot-dashed line indicates the b) TCNFs (CNF-10).
theoretical prediction for TC enhancement based on Insets: higher-magnification SEM images

the Hamilton-Crosser (H-C) equation 138



Thermal Conductivity for Rubber Composites \

CNF #EfRiRE
1 2 3 4 5
Butyl rubber 100 100 100 100 100
Filler 60 60 60 60 60
MB MB 5 13 13 13 13 13
FM FM 12 12 12 12 12

Heat conductivity TMCD 0.296 0.378 0.331 0.342 0.334
% 100 128 112 116 109
1% : control
2% : control + JEIO 10 phr

3% ~ 4% : control + KKPC sample 10 phr
1. KKPC-1: 120nm ###%&(AS-prepared) — Fe:Ni:Co:Mg=7:0.5:0.5:2 fili i % B T C,Hs HATE B L=AKL Tubular

2. KKPC-2: KKPC-1%42800 =AML 38

3. KKPC-3: KKPC-1Mfi i =L -1 D
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Experimental
Preparation of CNF-MgO composites

My s

18
CatalyStS s @{‘,
. KNF003(Fe/Mo/MgO) (a) | 1111/ = ;
. CoCrMgo (6/2/2) (b) {111 "
- FNMgO(Fe/Ni/MgO) (c) 1111111 L

Schematic pictures of CNF structures
(a) CNF composed of long nano-rod
(b) CNF composed of short nano-rod
(c) CNF composed of nano-plate

Schematic picture of MgO refractory

MgO-C N F composed of MgO, Graphite and MgO-
CNF

Not submitted 140



JSM-6700F

‘KNF-MgO-004DSEMETEME E.:
Herringbone CNF/MgO




Strength evaluation of CNF-MgO added MgO-C Refractorv§;%g{

a b C . .
(WL{‘ (b) () CNF preparation conditions
! ¢ — Catalyst Component Ratio Carbon Yield (times)
; 3 Source
| = KNFOO3  (a) Fe/Mo/MgO 2/24/100 (mol) CH, 0.87
A N FeNiMgO  (b) Fe/Ni/MgO 48/32/20 (mol) CO 19.5
Structural Models of CNFs COCFMQO (C) CO/CI’/MQO 6/2/2 (Wt) CQH4 105
~ 18 5
[0+ —
X T e N S S SR KNFOO3 43
7= S 1 T . s 4
5 14 === "KNF003 .
o LA TN T = eagd | £
w el LI\ CoCrMgO | &
g 8 g
B 6 b N TN &
4 - T - .
T A
0 0
0 1 2 3 4 5 6 0 1 2 3 4 5
Strain [ x 107] Strain [ x 10°)
Strain-stress curves of CNF-MgQO composite added Effect of addition amounts of CNF-MgQO composites
refractories (Graphite:15%)
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Crack propagation prevention mechanism

SEM images of KNF003-
composed refractory

)

b

(

KNF003 composed MgO added MgO-C refractory
(a) None ( X 5000}, (b) KNF0O03 { x5000), () KNFO03 { x 50000)

CNF composed MgO added refractory

(@) No CNF-MgO. (b) CNF-MgO added
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\E&d
Conclusions &Tg

 Best Structure Must Be Selected For Each

Objective and Prepared.

» Preparation step (Selective and Controlled
Synthesis)

» Modifications

« Carbon Nanofibers Can Be
» A Promising Candidate

» As A Unique Component
« Composite Structure Must Be Always
Designed.
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New Carbonaceous Materials Technology \\\\\%5///

New feasible technology to solve urgent energy and environmental
problems which fusion conventional fuel science, carbon technology
and nano-carbon technology.

Fossil Fuel Science & Technology Conventional Carbon Technology

« Petroleum Chemistry, Technology « Carbonaceous Materials Sciences
- Coal & Biomass Sciences » Carbon Technology
« Catalyst, Mining « Carbon alloy science

» Activated carbon science

| Nano Carbon Technology
\/ * Nano structural concept

» Nano technologic method

Why New Carbon Technology through the fusion
of Conventional and Nano Carbon Technologies ?

® Innovation of performances of carbon materials.

® Consumption of fossil fuels grows by 2~3 times up to 2050.
- High utilizations of fossil fuels and biproducts,
- Decreasing environmental burdens
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Lab Staffs §@jé

AN N N N N N N YR NN

Isao Mochida: Professor of special appointment
Seong-Ho Yoon: Professor

Jin Miyawaki: Assistant Professor
Satoko Mitoma: Researcher of Alliance
1 Guest Professor

3 Post-doctorates

1 Researcher for Analyses

9 Doctor course students

5 Mater course students

3 Secretary

Staffs for Nano-studies
» Faculties

1 Post-doctorate

« 3 Doctor course students

Email:
yoon@cm.kyushu-u.ac.jp

W2 KYUSHU UNIVERSITY

Thank you for attentions!




