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HHEAM 5
SUMMARY
[. Title
P Development of Carbonaceous Materials for Hydrogen Storage
II. Purpose
P Carbonaceous materials are so chemically stable and have high

thermal/electric conductivity, and good strength and elasticity though
they are composed of a single element. In 21 century, carbon materials
will be focused as one of promising materials for hydrogen storage. The
surfaces of carbon have high energy density, so it is easy to modify for
introducing some hydrogen-friendly functional groups. And the porous
structures of carbon also can be advantageous in hydrogen storage. In
this project, we will use various surface treatment techniques on several
porous carbon materials. And nano size metal particles, such as Ti, Cu,
Cr, Ag, and Pt, will be introduced on carbon surfaces in order to gain

optimal hydrogen storage capacity.

[II. Research content

- Preparation of high density porous carbon and metal/carbon composites

- Improvement of surface functionality of nanoporous carbon for hydrogen

storage

>

@)

@)

@)

@)

1% year

Control of pore structures by physicochemical method
Introduction of metal nanoparticles on carbon surfaces
Preparation of carbon/H,-storage medium composites

Hydrogen storage: 2 wt%



p o year

Control of H» adsorption sites on carbon surface by surface treatments

©)

@)

Hydrogen storage: 3 wt%

p 3¢ year
0 Mechanism interpretation of H, storage on porous carbon/metal

composites

©)

Process settlement for the industrialization

©)

Hydrogen storage: 4 wt%

IV. Research results

P Development of porous carbon nanofibers having over 2,000 m’/g of
specific surface area. We reported this result at the Nanotechnology
journal

P We archived over 25 wt.% of hydrogen storage results at 100 bar, and
reported it in the Int. J. Hydrogen Energy.

P We modified ‘Spull-over’ hydrogen storage mechanisim reported by R.T.
Yang, and developed new model, so-call the modified spill-over
mechanism.

P We reported the effects of nanoporous structures on hydrogen storage in
J. Colloid Interface Sci.

P We archived over 4.0 wt.% of hydrogen storage results at 100 bar by

super micropore-containing carbon materials.

V. Application
P High storage capacity of H, by surface treatment techniques
P Technological cooperation with carbon companies can lead the 2"
innovation of carbon industry because carbon electrodes used in Korea
are totally depended on the import.
P Hydrogen storage technology by porous carbon/metal composites can be

applied on hydrogen car in 2015 year.
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Table 1. &43} 2% & g3ld o] w3429 7]F5A
Sper \%s Vine Vine Fins Runs
As-received 772 0.298 0.275 0.023 7.7 7.73
KOH-500 347 0.190 0.139 0.051 26.8 10.95
KOH-700 1251 0.567 0.506 0.061 10.8 9.06
KOH-900 2220 1.099 0.895 0.204 18.6 95
KOH-1100 1538 0.794 0.594 0.2 252 10.32

“Specific surface area (m’/g), "Total pore volume (cm’/g),
“Micropore volume (cm’/g), “Mesopore volume (cm’/g),

“Fraction of mesopore (%), ‘Average pore radius (A)
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Table 2. &FA- U R

Lo
m (
o,
o
2
o
XN
ok
Jm
o,

SBET VT Vmc Vms ch Fms Rmc Rms

VGNFs 317 0.439 0.125 0.314 285 71.5 8.89 46.8
P800 353 1.029 0.131 0.898 12.7 87.3 8.78 86.6
P900 456 1.266 0.175 1.091 13.8 86.2 8.68 76.3
P950 852 1.715 0.331 1.384 193 80.7 8.65 65.0
1000 1400 2125 0.511 2.446 24.0 76.0 8.69 60.5

1050 2050 2.697 0.725 1.972 27.0 73.0 8.72 62.5

Sper: Specific surface (m”/g), Vi: Total porevolume (cm’/g),
Ve Micropore volume (cm’/ g), Vme: Mesopore volume (cm’/ g),
Fme Fraction of micropore (%), Fre: Fraction of mesopore (%),

Rme: Average radius of micropore (A), Rme: Average radius of mesopore (A)
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Table 3. Textural Properties of the ACFs as a Function of a Surface

Treatment Method

SBET A Vmicro' Fur’ R4
V-ACFs 2100 1.22 1.15 0.943 1.16
O-ACFs 1630 0.84 0.80 0.952 1.03
P-ACFs 1690 0.88 0.85 0.965 1.04
F-ACFs 1610 0.80 0.78 0.975 0.99
A-ACFs 1655 0.86 0.82 0.953 1.04

*Specific surface area (m’/g),
*Total pore volume (cm’/ g),
‘Micropore volume (cm’/g),
“Fraction of micropore (%),

‘Mean pore radius (nm)
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Table 4. Pt Content, Dispersion, and Average Particle Size on Porous GNF Surfaces

Sample name Metal content Metal dispersion Average particle size
(Wt.%) (%) (nm)
Pt-2/PGNF 1.3 32 3.2
Pt-5/PGNF 3.4 10.4 4.1
Pt-10/PGNF 7.5 6.1 8.5
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Fig. 20. TEM images of porous graphite nanofibers:
(@) PGNF, (b) Pt-5/PGNF, and (c) Pt-10/PGNF
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Fig. 22. SEM images of functional graphites before and after surface treatments;

(a) natural graphite, (b) functional graphite
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Fig. 30. Specific surface area and pore volume; SA(MC): specific surface area of MC sample,
SAMCEF): specific surface area of MCF sample, PV(MC): pore volume of MC sample,
PV(MCEF): pore volume of MCF sample.
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Fig. 33. FE-SEM images of samples. (a) ACF-IO (magnification: 35000). (b) ACF-IO
(magnification: 3100,000). (c) ACF-MO (magnification: 310,000). (d) ACF-MO (magnification:
3100,000). (e) ACF-CO before irradiation with an electron beam (magnification: 320,000). (f)

ACF-CO after irradiation with an electron beam for 10 min (magnification: 320,000).
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Fig. 34. EDS images of ACF-MO. (a) Electron image of ACF-MO. (b) Carbon map of
ACF-MO. (c) Magnesium map of ACF-MO.
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Fig. 44. TEM images of (a) 15 wt% Co-MWCNTs; (b) 25 wt% Co-MWCNTs.
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Fig. 45. EDS spectra
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of (a) 15 wt% Co-MWCNTs; (b) 25 wt% Co-MWCNTs.

X-A 31" 24 AHE FR15H7] 98t XPS (X-ray photoelectron spectroscopy)E AH&-3F
B4 A9 09 2004 BT vk 1Y 469 (a)9 ~HEHLS IUE FA] gryxF
B A 99 ®BoFa k. 29 209 () (d)ollA, 700 eV ZHAAN HAFE HJIAELS
ALE] Auger AA vAE5S YEtdH. T3 I8 46 GYS IALE G XPS AFHE
He HoEH F8 Co 2p3/29 A Al7le vds ZBE e 7hsAteld.
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M __AA e\
(a)
1000 860 660 460 260 0
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Fig. 46. Full range XPS spectra (a) acid-treated; (b) 1.5 wt% Co-MWCNTs; (c) 15 wt%
Co-MWCNTs; (d) 25 wt% Co-MWCNTs.
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XPS ~HEH N THE WIS SN 2HEDS 2 47904 BoFa 9k 25 wit%
Co-MWNTs®] Z=HE Y Gaussian o2 HAEFALUT. Co 2p3/29 Co 2pl/2e &5
ILEE YelH, o]9dx 94 I A E0] (satalite peaks, spin-orbital splitting) 786.6%
803.3 eVollAl Zzp EAgit) o] AFE 27 209 X-A A e F At A
H gWe] 940 A& %E Table 60 FHstth. Axlgld Gy FHo ojus A

EAHA = e HoAAEH

-
S
E

bt dn

Intensity (a.u.)

805 800 795 79 785 780 775
Binding energy (eV)
Fig. 47. Deconvoluted XPS Co 2p spectra of 25 wt% Co-MWCNTs.

Table 6. Element composition of MWCNT s obtained from XPS spectra

Elemental content (at.%)

C 0 S Co N
Acid-treated MW CNTs 76.6 20.33 3.07 - -
1.5 wt% Co-MWCNTs 90.31 8.35 0.33 0.31 0.69
15 wt% Co-MWCNTs 84.31 11.41 0.7 3.29 0.3
25 wt% Co-MWCNTs 75.2 17.14 1.43 6.06  0.18
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74. £43 AgE 2HGLHFY F4 AR s B

Table 8= &L fro E43F A #, o XPS A#E Yerd Zlolth. Bastd &4
SAaAF9 F/Ce AR (at%)°] 18 at% 2 EA37F 2 J3yH AL 0
23tE SARAEHRY Clst Fls 2HEHJS 7H9-AQF M& o] &3t #ejsta 242 a9 22
o (@)t (b)oll =ASIAT. XPS AHEY ELASAIAE 6869 eVol 689.7 eVelx FrHe]
peak® FHEHEH o5 47 CF AFY CF2 1§ YElATh Cls ~2H=E 2845 eV,
286.8 eV, 289.0 eV, 290.0 eVellAl ztzt 47)9] peak® E 3Tt ©o]5e zHzt SP2 C YA,
C-F Aol QA3 &4, CF 23, CR2 Z:i%t}% UetdTh o3t AREERE SR F
o] W B457 & APHASTS AT F A

l-'O
o

Table 8. XPS parameters of as-received activated carbon fibers and fluorinated activated

carbon fibers

Cls Fls

Atomic

Samples B.E Atomic B.E CF,
percent

(eV) percent (at%) (eV)
(at%)
As-received  289.56 92.05 - - -
F-ACF 284.59 76.43 686.89 13.75 CFo.15
(c.) (F1s)
Binding energy (eV) o Bi:;ing L:ifergy 6(8<:V) o

Fig. 48. Cls and Fls XPS spectra of fluorinated activated carbon fibers.
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0.343

Vi (cm®/g)
0.437

‘S
(m*/g)
1231
959

F-ACF

Folt}. 71F A7]|e 5437 JYHAAE Ao Wl
Samples

Table 8. Pore textural parameters of as-received and fluorinated activated carbon fibers
As-recelve

¢: Micropore volume by Horvath-Kawazoe
d: Median pore width by Horvath-Kawazoe

a: Langmuir specific surface area
b: Tatal pore volume at P/Po = 0.98

2
37} Ra ol wEbA 1231 m2/goll Al 959 m2/go =

oAl 0343 cm3/go =

L —
|
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Fig. 49. Adsorption isotherms of N2 at 77 K on as-recived and fluorinated activated carbon

fibers.
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Pressure (mmHg)

Fig. 50. Adsorption isotherms of H2 at 77 K on as-received activated carbon fibers and

fluorinated activated carbon fibers.

Table 9. Amount of hydrogen adsorbed on as-received and fluorinated activated carbon

fibers at 77 K

Adsorption
Adsorption
amount per unit Bulk  Density
Samples amount per unit ,
surface area (mmol/cm®)
mass (mmol/g)
(umol/g)
As-received 7.82 6.35 17.89
F-ACF 6.63 6.92 19.33

_78_



Table 10. Virial parameters for hydrogen adsorption on carbons at 77 K

Samples Ao In(mol g ' Pa™h) A; (g mol™)
As-received -13.151 +0.015 -428.1 +3.20
F-ACF -12.565 +0.016 -752.6 +3.45

— -14.0
5 (CY _ )
’i 145 ,3\ ®)
° ~
~ T 145
-~ -
— ~
,2 15.0 =1
3 ~
o 3 50
= =l
<@ =)
-15.5
Ay 0
~ L 155
0.003 0.004 0.005 0.006 o (;03 0_804 0_0'05 0.006
n/ (mol/g) n / (mol/g)

Fig. 51. Virial graphs for adsorption of hydrogen on (a)as-received and (b)fluorinated

activated carbon fibers at 77 K.
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ZnCI2Z 343 ECNFs2] SEM o] xS 13 520 Yehf it
a9 528 BW AY ARZE 7ol 200~300 nmeo|th 181, 18 52(a)Y P-0¢] W FE
274e A BAE ASES AT F Aok 2™ 52(b)~(d)el+l, B~DY AFA7
1~1.8 umAte]|2 B~DE AfFZHol AY A Aol Hlg] F7letdthe AS BoFEH. ol &4
st G oA dstobdo] AAHAN BhAEF BHES IASH
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KeX =

Ho
N
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o
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Mnee A AT F Aw, AAe

2= Z]

= S P =1

BE zke Aoz Yehyth &Aw, 28 52(a)9 Hluws] £ ), KOH &43" CNFse] 27
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SEM MAG: 10.00 ke  DET. SE Detector ] SEM MAG: 8.95 DET: SE Detector ]
Hy: 20,00 kY DATE: 10112/06 Sum Vega @Tescan  Hv: 20,00 kY DATE: 10/12i06 sum Vega @Tescan
VAC: Hivac SM: RESOLUTION SMBA  WAC: Hivac SM: RESOLUTION SHBA
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SEM M, .00 kc  DET. SE Detectar
HY: 10,00 kY DATE: 11/0B/06 aum Wega ©Tescan
WAC: Hivac Sh: RESOLUTION SMBA

(8)
Fig. 52. SEM images of CNFs: (a)A, (b)B, (c)C, (d)D, (e)E, (f)F and (g)G.
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Fig. 53. Carbon yield of KOH activated CNFs.

ol#gt o] 4= 10 M KOH #9S A9|&t1 48 M KOH &do] A3 ALgH At A4
F2ol g 7] FTEAE Table 119 YeEbf ATt

Table 11. Textual properties and Hydrogen adsorption of CNFs

A B C D E F G
PAN (g) 3 3 3 3 3 3 3
DMF (g) 30 40 50 60 27 27 27
ZnCl, (g) : 2 4 6
Immersing KOH solution (M) . : . . 4 6 8

BET specific surface area (mz/g) 46 334 777 944 1410 2006 2420
Total pore volume (cc/g) 0.1332  0.4304 0.5296 0.9606 0.748 1.784  2.391
HK micro pore volume (cc/g) 0.03 0.14 0.32 0.40 0.57 0.86 1.04

pore volume (0.6-0.7nm) (cc/g)  0.00397 0.01488 0.05698 0.08438 0.00923 0.01843 0.03544

The amount of hydrogen

434 . 1 71 1.54 672 911 1.
adsorption (3 wt%) 0.4345 05331 0.713 5 0.67 0.9 03

@storddel Hrbgol SIHESFE BET HIRRAL F7hela AA 7)E F¥s vAE
FHE SUbeE A

gt % B
v A7) g2 3E KOH §49 vx7t 2o] 242 2718S Byt
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Fig. 55. DFT differential pore volume of CNFs



a9 559 1Y 5602 HE H|E &43lE CNFs7} IUPACY] Aoj(vle]lm=E 7]|&< 2
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Fig. 56. DFT differential surface area of CNFs : (a); A, B, C and D (b);A, E (c) F, G.
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Fig. 57. Hydrogen adsorption of CNFs
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76. 854 BAsO) 8 13 AE AL GARAKE 0§
F49 F24% 58 97}

F35S FFA7171 98] PAN (polyacrylonitrile) S o] &3t} A 7WALE Ve
E dojyltl PANY £ AHoAe e drs= 52 Z=HoA 14 e 7S A X3}
717F e 22, A B=HH A7HAEAAE 71 DMF (N,N-dimethyl formamide)E A}

N-
&3t A7PEAE SRtk B AVPEANE UxAFe HIEWAS HfHoR FIMATAL
microporous TFE 7FA[A 37] 938t NaOH (sodium hydroxide)®} K2CO3 (potassium
carbonate)E AM&-3to] 3}5H2 &3V E Fofsidth. ¥ 322 AVIWAF AR 9] B4 Eo|th
a% 329 HIVBAPRAE ol&ste YRS Loyl flste] aEAt &odo] FHHATH
A71ALe] 2002 bggst xxo] EAH. AYs =9 A5 dau=dfe Aol =9
A H3iL, collector?] 3|AELE7E S7EFSF AN GoUed{ol 270 So]EA4 EYh 1L
A gode] HAgA A7PEAL Fagk 8]le] Arh 2 AFdAMe HAHo A &9
S 74 2Ad 9 2498 53o] PANt) DMFY HIES 1 : 10 (wt%)2 Z2Fs9t 2

ote] MEA} &R 30mIFE o], AAA WHLS 1.27mm, 2HA] HS 18GE AFE-3FA
Q
[e)

_b‘ 12

Polymer Collector
Needle Solution

/Jet
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\ Solution

\

Syringe Pump High Voltage
Power Supply

Fig. 58. Schematic diagram of electrospinning apparatus.
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Table 12 A= NaOH$} K2CO3E 3182 &4 7|2 AE3ste] dold HFEH =1
2 HyS el ok 243 1023 K, 3 he] 2708 AARY7|soA HAAeA <
£&5E 5 K/min o3, B4 FUEFS 50 ml/minZ 2A| 3t A3 3o

I
= AZ2 2o €2 95 AAs] 9l &S] AHHUL, 383 Ko 2EA sFAE
_]l

oL

Table 12. Constituent mass ratios of the used mixtures in this study

ACF-P ACF-P ACF-S ACF-S ACF-S ACF-S

Sample name CF-R
C2 C4 H2 H4 H6 HS
PAN (g) 3 3 3 3 3 3 3
DMF (g) 27 27 27 27 27 27 27
Immersing K,CO; solution (M) - 2 4 - - - -
Immersing NaOH solution (M) - - - 2 4 6 8

a8 599 = A7 AlxAds RoEn A7AbE usdae 24 2 A
At set &3l S AA3L, NaOH9F K2CO3E ARS8l #4938+ it

PIIAN DI\|/IF
)
Polymer solution Stirring at 383 K for 3 h
!
Electrospinning At 15 kV
l
In air Oxidation At 523 K for 8 h
!
In N, Carbonization At 1323 Kfor 1 h
InN; | } At1023 Kfor 3 h

NaOH activation K,CO; activation

Fig. 59. Procedure diagram of preparation of ACF.
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Fig. 60. Schematic diagram of PCT apparatus used in this study; S1
reactor, T1, T2, and T3

(10 atm), and P4 (100 atm)], V : valve, VP : vacuum pump, EV
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: buffer tank, S2 :
: thermometer, P [pressure gauge; P1 (10-4 torr), P2 (20 psia), P3

: exhausted valve.

a9 600X FHHE o] &ste FAaAFHEA] (PCT : Pressure Composition Temperature) 2]
EAE AW A7 kg v FFes 271 sk, EE2 473 K9
XA 2A17HE St degassing® 3L, 303 K& 2ZolA 004 5MPae] ¢F&o 2 7).

2o SEM o] A S HojFTh SEM o]u| X

olg] s, K2CO3$}+
34t K2CO3 &

i, NaOH 43} 9 giyid
2ol CO9 CO27} EFA



i e

Fig. 61. SEM images of carbon fibers; (a) : CF-R, (b) : ACF-PC2, (c) : ACF-PC4, (d) :
ACF-SH2, (e) : ACF-SH4, (f) : ACF-SH6, (g) : ACF-SHS8 (X 10 K).
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Fig. 62. Isotherms of samples; (a) : CF-R, ACF-PC2, and ACF-PC4, (b) : ACF-SH2,
ACF-SH4, ACF-SH6, and ACF-SHS.
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Fig. 63. HK cumulative micropore volume (a) : CF-R, ACF-PC2, and ACF-PC4,
(b) : ACF-SH2, ACF-SH4, ACF-SH6, and ACF-SHS.

Table 1314 718 &9 &4 54 9 4 FF5S AT NaOH9F K2C03 &
48t 5 ARSE EetofEe TRt =eaE

micropore volume ZA F7}eh= &9E HATH K2CO3 EAd&AAE9 79, micropore
volume©] x}A|sl= HIE o] 80%E dvth o A= 18 36(a)9 A2 AHE X3
7zt NaOH 4 &A&A 89 micropore volume AHE-H &/43lA|9] wxd w} =227 F
A &5 (total pore volume)e] 50914 90% HAEZ FAFH A NaOH &3+ K2CO03 &4

gto] Aok 2 &4 F=7F F7HEF S micropore volume st o] A= 1

specific surface area®} total pore volume,

5
=]

=
[)

_92_



(b)el o Fejo} fAle Aoz et o] AT RE NaOHE Y w7}
5 micropore T&7F & WEE i, NaOHE& N9 w57} S5 mesopore 7X7} T
e

& 5 Ak

E{oll

~1:'.
2524

(IR i\
o o,
(@)Y

e

Table 13. The textual properties and hydrogen adsorption capacity of ACFs
ACF-P ACF-P ACF-S ACF-S ACF-S ACF-S

CF-R
C2 c4 H2 H4 H6  HS
Sger V) (m’/g) 17 527.9 5872 8683 18044 18678 193322
T2 (celg) 0.03 0272 0357 0397 0991 1119  1.459
v ) (ce/g) 0.02 0.227 0309 0356 0575 0.705 0.751
Fav (%) 67 83 87 90 58 63 51
An Y (Iwt%) 0.02 034 039 043 068 091  1.05

1)SBET : BET specific surface area, 2)VT : Total pore volume, 3)VM : HK micropore
volume, 4)FM/V : Fraction of micropore, 5)AH : Amount of hydrogen adsorption

O 640l FHE HMEEY FaAT S YEAT K2CO3 &4stE HEQ] ACF-PC29
ACF-PC4= Z+7} 0.349)F 039 wt% ] FAaAF s s EAFUth NaOH &43tE gAhux=Als
o] 7Z$-ol ACF-SH2, ACF-SH4, ACF-SH6, ACF-SHY] F+4AZ5< Z+7+ 043, 0.68, 091, 1.05
wt% ol =23t oA NaOH ALY 79 v xAFI vA7]FHE9 7} K2CO3 &4
gruyedgrg o 7] wEo|th. ACF-PC49 ACF-SHS8E ®lusjxw, ACF-SHS8o] 3.3H|
2 HAWASR 41 = AAVITHFY, 29 288 =2 Fa XVJ%% 7HT o] AL

ACF-SH8 7} ACF-SH4 Xt} micropore volume©| ¥%7] wji&o|th (ACF-PC4 : 83 %, ACF-SHS8
: 51 %)
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Fig. 64. Hydrogen storage of samples; (a) : CF-R, ACF-PC2, and ACF-PC4,
(b) : ACF-SH2, ACF-SH4, ACF-SH6, and ACF-SHS.
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g 659X FAAZMAZA h3F 22 single-walled carbon nanohorns (SWNH),
single-walled carbon nanotubes (SWNT), graphic carbon nanofibers (GNF), and activated
carbons (AC) MEE AFE3 F42AF dolEH9 27t AA A7 gAE S FE A}
& FaAF dHoleE Blustdth I8 65a)°lM AZEA A 47 bdE ARE AR
§ Ane uehdth o] A3k MERA] FHgel weh £aAYS] B Frste e
s Hol7le sARL, 3 A slopes Fo FES 7z 71Xt 747 tE o
£ g 7T 927t ANE A7 AN slopet T2 AmESe Ao} s}
of 15HfelA 28 =S =L ;e YEHS. 29" 65b)dlA= FAaAF S micropore
volumeAtol o] @A o thate] EASIAT. W= of7he] H o7 EoA 131 shAwt 5]

N o
>

e B #FEHAL, FA2A% S micropore volumeo| HlEdt= AS & F AUTH
H & FAax7dso] & AFujAldl Hlaste] e oA S EYAR, 7t AAE 3
749 slope= OHE AGAIZS slopett § 7HE BAE Bt o 2¥ds& EUE
S 7F AAIG A7PEAPEHY @43 S AA BEolR AR FAaAETES ' A
A el 2R vustgs W 2SS & F Utk S AVPAE SRR AE 845
Holl 93le] Hoh ¢ @axz oz FAaAH siteE YT & JdE HFHY AL AT

T Ao

o ACF-SHSm
= "°[ ® ref[28] -
%‘ v ref[29] ACF-SHE w
= 0.8~ =m This work o
3 .~ ACF-SH4®
5 06 o
» e
§; 0.4 - ACF'PC4 ’5%'3-&4 ..............
g ACFPCom L o
T 02ree v o
T |
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0 500 1000 1500 2000

Specific surface area (m Zlg )

(a)

_95_



ACF-SH8o |
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X s ref[28] ACF-SH6 ;"
t 2 This work
— 0.8 .-
@
=2 _.--"" ©ACF-SH4
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Fig. 65. Hydrogen storage against (a) specific surface area and (b) micropore volume
measured at 303 K and 5 MPa. Data of Ref. [28] was obtained at 303 K and 10 Mpa; data
of Ref. [29] was measured at 298 K and 6.5 MPa.

a9 66A TS 'R AR E o] 4 FF wWAUESS yEhdth 48 H 9o
mesopore®?} macropore= 7]&2 Aol UF A 7|EFS THAA @e WE o] AA EEH
A7) WEoll & BAE 7hE T oA Fa AR =8-S FA X graphiteE F4A
A2 Abgehe Aeo® Fg A wA Aok qukstd 1™ 66 (b)ol YERDE RAH
graphite ¢ &g F3F F2 £O02 F4 B AFAH FZo] ofgr] wiolth. ZA
graphite SAFo]e] wpEZo| 4 Fx4e] FHI g2to] dojuA Huh ¥ 66 (o)A
SWNT7} 42A4S 98] AH82E ul, 4 2= SWNTY <t vpg, g Abolg A=
F At 28y UF S F27F 327] W&ol graphite9} Zo] F7HA A okg wieth gl
SWNTY ¥ Afo]e] Agle} SWNTY W 7ES Zdsta IAsHA HE7I7F oJdoh. 18 66 (d)
of A7AtE &gstE g& Adfre 7159 27 A7t Theste] FaA el sl ol

Al FEE ATE F AUtk
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Fig. 66. The mechanism of hydrogen adsorption using various carbon materials; (a) : AC,

(b) : SWNT, (c) : Graphite, (d) Electrospun ACF.
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77. ShHE EWE THE AP BAB2ARY PR F2A%

=9 #H71

p=)

Table 143 18 672 vlvg FulE AFEste] Alxd A7HA S/ A=
At g5 agly WyS Yerd
Table 14. The preparation of samples ( Unit : g )
ECF ECF-V AECF AECF-V
PAN 3 3 3 3
DMF 27 27 27 27
V,0s - 1 - 1
Activation X ) X )
PAN / DMF PAN /DMF /| V,04
.................................. D
Electrospinning
-
Oxidation
~
Carbonization
ECF &— »ECF-V
KOH activation
* -
Washing and Dry
AECF ¢—— 11 »AECF-V

- -
--------------------------------------------------------------------------------------------

Fig. 67. The schematic procedure of preparing samples in this study.
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A6 HAZAo] 7HATt wgl KOH EAFA7F CO =E CO2 & npgzog 71X Yrte
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Table 152 ECF$} AECF A& 9] EDS ZA¥}olt}y. ECF9} AECF] z+zhe] &h4o] H|&-& 987
99.2% ©lAiL o]AL F MEo] thE W3l flo] F @3EHUSS HoFET. ECFV AE9 A
9o whEe] 25% A Atk FuiE V20571 AREEH AT SE iHAhe) e
04% A% ol =R 2S AT = Arh o)AL &3 2T HT V2059 me=30] vty
ol &37F AP vl COv CO2 wAurbr] wiZel V2057F s o] Wzl 7] uj&o]
t}. 28l KOH 843 7hed ©249 yield7} 74317 W&o AECE-V #Z< ECE-VET}
g0 H7F o HolA|Al "t} Table 15914 & 4 UATkA|T] vhvs

b, o2 3 &4 34 FAA= vES AAHA &S & F Adth

O H—I
N
s
Y
i
32

—~ e
A<

Table 15. EDS analysis of CNFs ( Unit : % )

Element Sample C \Y% ¢} N
ECF 98.7 - 0.4 0.9
AECF 99.2 - 0.5 0.3
ECF-V 74.5 24.8 0.4 0.3
AECF-V 51.2 47.8 0.4 0.6

Oy 692 FHlE MEFE9 XRD Aoty 18 69 (a)ol= ECF# AECFS YeRf St
ECFY 7 &2 139} graphite B339 20 gko] zhzh 25.3°3 43.2°0]t}. 203k 25.3°Y
] ECF9} AECFE Hlws] Eul, B4 yield & 318t3 A3tz 74357 w&o] AECF=
ECFET ¥ Y& intensityE 7Fth 19 69 (b)= ECF-V& AECF-VE XRD ZIj=<ld],
AECF-Ve] &4 d3+ 3% 69 (a)9 ECF-VY &4 J3art 3 AS &+ Utk o3l
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Fig. 70. XRD data of samples of this study.
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¢ ® & @ vanadium cation

(Electrospun fiber) @ Oxygen anion

l Carbonization

Pore by oxygen ion
CO/CO,

» N\
LTS Py
o ® e © .Eﬁ ;
® o O ! 4
(Electrospun carbon fiber) S .,"

KOH activation

IW 2Ry, 'Vm
. . o

(Electrospun activated carbon fiber)

Fig. 70. The schematic diagram of forming pores.

A2 BEY7) FF5LAe 29 71d YEIRY. 4 ABELS TUPACS 9

t}. ECF9} ECF-Ve A$ & ®Wsl= Holx| o}, ECF-VE ECFRT oF

= 7het A V2059 sligjd Aths w3 #A4oA COY CO2E A A= HA

Zte 71F FZE WEA "ok AECFY AECE-VY 7Z$-o 2+ 2gZ& P/PO (0.01)3Fol A
ks =

(¢}
ARG A B o P& AT ol e I

Oft

micropore —?Z«] s oJustt. o] Ao 7]%3}e] micropore X9 Y2 KOH &4
3} o] #ZEY P/P07F (0.01)S dolMwdA FHZFE S8 Hed oAl OAEC] &
St mesepores 7FAS ow|gtth. AECF9} AECF-Ve] AE= P/P0 (0.01)E doIXHA X A3

7 ehAl Bk A EA3tE AMEZELS mesopore GA] 7HA A ETh ABECFY] FEFe
1555 cc/g ©]3 AECE-VS] F%3e 179 cc/goll 28174 Atk AECEVe] &3] o o
7hE V2059 sfield Atavt &3 #AgFo] wEd vE 725 FA4stA ot a2y
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Fig. 72. Nitrogen adsorption isotherm of CNFs.

micropore TXE ARl A WHES oY JEAZE UAAT 2 FolA HK
(Horvath-Kawazoe) equation 7} & €& ot HK method+ micropore volumes ZAFS)
<o "Hojytt o] & o] &3 gAY d {2 micropore volume distribution©] 1% 469 €}
U At} ECF] 7% & WHale Holx o ECF-Ve ZA$-de 0.6°14 0.8nme] 71F =7
AL A 3ol 7]Fo] wHEn &45E AR F EEE micropore TEE ZEE AECFS}

7 W= 07914 0.8nm HAE7F Hof o] 71F A7E HY+= Monte-Carlo
simulation ¢ FAAFAHFS FAAT= ZHo FFSHA Fu. AECFS} HIWE (S
AECF-V= 713 279 H$7F 08914 2.0nme] © ¥ micropore %5 ZHA ¥t} o]y
gt Ao} olfr= V2059 E¥ wo|th B FEHAA 0.6nm °]de] 7Es 7HAA He
AECF-V= &3t gol o Fi 22 =719 7|gs 348 "k

AECF-VY 7%
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Fig. 73. HK pore size distribution of CNFs.

Table 169 ©AuUxdFo 4243 F 71%94 S0 st Yehie. 43t RS
AR A ke AME] B9-o] ECFe} ECF-VE 27} 16 m2/g, 43 m2/g] 21L& HlEW A S 71X
A o KOH 43 A4S AXA Qud ]9 2 HEWFHE JIAA FH=dH, AECFSH
AECF-V9] vl o] z+7z} 2480 m2/g¥ 2780 m2/gdS R & 4 vy EA3 445 A
1 MEE9 4% micropore & o] 51414 57%HE=dS & FA=d oA KOH 4317}

micropore ¥9F o} 2} mesopore= FAJA|717] W&ol

[e:

i
frt

¢

Table 16. Textural properties and hydrogen storage of CNFs

ECF ECF-V AECF AECF-V
YSger (m/g) 16 43 2480 2780
Wi (celg) 0.03 0.11 2.42 2.67
MWy (cc/g) 0.02 0.07 1.24 1.52
v (%) 67 64 51 57
YAy (Twt%) 0.07 0.19 1.78 2.41 HSBEL

BET specific surface area, 2)VT : Total pore volume, 3)VM : HK micropore volume, 4)FM/T

: Fraction of micropore, 5)AH : Amount of hydrogen adsorption
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Fig. 73. The capacity of hydrogen storage of CNFs.
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Fig. 74 The mechanism of hydrogen storage in this study.
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