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Ezncapsulation of Fullerenes in Single—walled Carbon Nanotubes
and their Characteristic Analysis by Raman Spectroscopy
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Abstract

Single walled carbon nanotubes (SWCNTSs) can be modified to produce a new concept of hybrid
materials by introducing atoms or molecules inside their cylindrical empty spaze. Such an endohedral
doping of the SWCNTs is expected to decisively alter their electronic tr:nsport and mechanical
properties. In this study, we purified SWCNTs by three-step purification prccesses and formed the
peapod structure by introducing Ceo fullerenes inside the SWCNTs. Cg molecul :s were observed to be
regularly arranged by transmission electron microscopy. In Raman spectra, the radial breathing mode
(RBM) rather than the other modes was significantly affected by the endohedizl injection of Ce. The
RBM intensity was more greatly reduced in the large-diameter SWCNTs t:an the small-diameter
ones. Raman spectroscopy is expected to be a key technique for analyzing Cso—¢ncapsulated SWCNTSs.
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2.1 A ¥ bucky HoOlH A=

B Aol Al4H as-produced(AP)-SWCNT
(ILJIN, ASA-100F)= ol= Wdgez 4% 3
ogﬂza1ﬂﬁﬂ;chwrfﬂPﬂwﬂ*ﬂéé

A7 AAA 783 =

EEA, A21E A2E, 2008 24

Oy 1. of2 WA ew Y AP-SWCNTH
SEM A},
Fig. 1. SEM image of SWCNTs produced by
arc discharge.
BB AA B3AE 2A ZaAe, vEs 2
2 dxge A @AR vd & Uk A WA
A 3 Mo @A 200 méek AP-SWCNT 500

mgs T3, 100~110 TR FA8 6 A3t &
o FFAHT WS SR 3 AR o] FFHE &
& =@Mez, whgo] B Foe e w2 4
oz wAdnt Wl ¥k 4L 045 me] 7
FE AR e polyvmyhdene fluoride(PVDF)
Ade W GEd Fof HEEd AT o
ste] Heuia H#e] zeEsE AFST A
A A8E 260 mle Z2EFoA wEkA7IH B
g & P84 g4 EFES 15000 pme= 1 A
b Eek dAREse A% &4 AU A
B 100 TAAM 24 A2 5 A3 AxsAH
F wA FA4L2 Haddon sol AAT UL ©]

43tel SWCNTE 7|5#stdui10]. 24t Mzl
A& 250 mg¥ hexadecylamine(JIDA) 125 g& &
stata]l 90 TeollM 24 Al 59 &g AlE
th. HDAS whgo]l FrHA A5E d=ted
tetrahydrofuran(THF) 1:1 E£%-gvjelA 308 &<}
9 &y B wWE#ed ARE o] W FHE
gozs © W-g® HDAE AAsAT dzxd
AlZE thimble filter(Toyo Roshi Kaisha, Ltd,,
Japan)oll B3 &8 FE% X (soxhlet extraction)
of &g T THFZ 48 A7 ¢+ #FA71H A
52 At 88 AEE A THE &7

100 miel ¥ 2eshE FRE EAAZ F
PVDF HE#< EHE o834 SWCNT BE&
Fsag.
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Z3d deus Mx
AA A A FAL AAH bucky el
AA s e dxg FHAgelth o HA
EAG EHEE =YstY)
9gted SWCNTS £ HES FojFofof gt |
T O“‘loﬂ% ”‘?‘ 7]'X]
7+ Hzlete Al
91t}3,11-13]. Hirahara
o= A5 A¢E Eedo mRHE
S dxg = 9 A7F
=Y &% 100 %7A
st wika 2 Aqode EXgd 9% &
S AEste] 420 TelA 408 &< 100 scem®
FHA dAgste /" FUEE A

ol fElde] €1

o & H2fe 7
As Wyach TyAe] %2 100, 200, 300 mge
2 B 7, 500 TAA 24 AT FeF S-&ARA
o}, Za}bA & ) A (scanning electron microscopy,
SEM, $-4700, Hitachi, Japan)Z Fz-dx}gu]7
(transmission electron microscopy, TEM, H-~
9000NA, Hitachi, Japan), Raman #%7}(Raman
spectroscopy, Renishaw System 3000, Renishaw
PLC, UK), €5 % 22417|(thermogravimetry analyser,
Sinco STA-1500, Korea) & o &3lo A€
SWCNT9 Z#dlo] =% (Cen@ SWCNTH

g4, mATE 2 444 5 2AE

3. 21 & ng

3.1 AP-SWCNTS| ®H|

B oA Al&3 AP-SWCNTolE ¥ 1e
A2 5 Qe ke ol FAA F GurlE
a7l gagel TYH Qe o] YAEL V)
A2 BazA WP E9 5L E¥HL et

Hu 5& A4 =l A3kl w& SWONT
o &4 ArE AAHer AFsAol4l o <
T Aa HEE Ev FEE AAS L, HIAA
g2z dFee, 2 gAS 24, L2 T4
B wgd CNT Aleld] Eo7le €752 7HA 2L
9lo] 3 WA HARAo= Agtsirta T E
3 A HEe 74 A FEoz ONT £
sleEarer 2L fr12§s E9T 224 ONT
2 gatgow AT + ItH10,15-17]

ag 2.

Ao R 6 :
SWCNT (b) HDAZR 715 38s ¥
g)e SWCNT<: SEM e|u|A].

SEM images of (a) SWCNTs treated
by nitric acid for 6 h and (b) HDA-
functionalized :nd heat-treated SWCNTs.
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g 28 ZakAgE ¥ HDAR  Vwsd
SWCNT®] SEM Abdclth. 3M ¥%¢ Aibe=
6 A7 AHGE ()9 72 g BeE gAE]
Aake] 28] oA 11 Ego] MPEL AA
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A Ec] EAEI YE RS #FL F gt

HDA 7153 2 4953 F£d dAes dFL
o] E4EE0] AAHNLY AAE CNTE ¥
ATEE gAsa Yt

ge Aye wegor 74 dAdE HIE e
2ol AmE F gtk ¢ F x=&Fd Fdaso 4
NAg FAANA A, o] g A el
ol A= HAZ g2 §IxFEo] it o3 A
o Ho] Hol A7} EejE7IE AN A 9
3 AAHE vH2E g e " BA ¥
o Al s Hgd ga gAe ®2H
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of
2> AEr
é"%‘oﬂ 4 9] radial breathing mode(RBM)E& Z¥ 5
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1589 cm ol A, SWCNT9 A =l G-W
=9 shoulder’t 1552~1565 cm ‘el Al vrEbsiTh
vAd sg4ay SWCNTY ZA2¥S veld= D-9
=¥ 1331~1348 cm el A Bolm it ehwt &9
B D-Wze Ag, A AE F(NA-6-
SWCNT) 3=z A7|7F &718 3 Zo] gojg =1,

o fE

ej BAE g4 YAEse x| o] HAA
FEd B2 Age] A4HAY] HEY Aok &
gt HDA A& Z(H-SWCNT) #& A4 =2A
A @280 AAR B D-HEE FA3] £
e 245 veElln o B AAFGAd o)
SWCNTY €27t Eoldse o4 ¢ dv. =g
G-wHzo] Fg é& g st HDA A8 ¥ & &
e AEF 9doez HRAHoR o|FIAEH,
e gFEe] vAE g@a Yx %01 AA Foll A
AHAA  SWCNTY =71 Foldd  wef
SWCNTe EF 255 $A=Z 01 st wE<l
Aoz Argdd19]. & @A g FdAEel &
LE Hrisle G-UE U D-9=e v &£5(20] &
e8] B Ie/IpH| 7} AP-SWCNT9 33 94, 24

A7 AR B8 =8, AP A2, 20089 29

————T——T T T T
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a8 3. (a) AP-SWCNT, (b) 3M §%9 2o
6 A7+ A8 SWCNT(NA-6-SWCNT),
(c) HDAZ 7]%3® SWCNTH-
SWCNT) /] a,up )\)HEEJ
Fig. 3. Raman spectra of (a) AP-SWCNTs, (b)
SWCNTs treated by nitric acid for 6
h(NA-6-SWCNT), and (c) HDA-
functionalized SWCNTs(H-SWCNT).
A& AR A4S 832% D peakd M7I7F F7F
3 AL 4 F e, e AAAHE WAdd &
&2 YAEC] dAFHY v e dFEc] Y4
A7 wWES A #Zrh 283 HDA 7ss % o
el 24& AR vpAY gAdME I/ 7t
228% D peak’t 43 #Fadozx B AAH
A& 3 A gt s g4402 AAH
< HoFa gl
a9 4= AHAA SA4E TGA &84 d3s &
o g AFWse] =FFA derivative

therrnograv1metry(DTG) IRNZE eEpd Aot
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0~600 T2 "M ¥AA g&x9t SWCNTZ}

Eo]E3, 700 C <9 HaEe vF T2 &4
o og AHo®: Helth 900 TAX TGA E43
Z 3= residued) 4E E9E 6 A7 B¢ H& &
A AEE 8 (NA-6-SWCNT) AP-SWCNTol
& ~10 wt%S FF £4E Hola e A
& £ vk DTG 2 ZA 100 CTARAY A
£ SR g Zleoln, 200~300 T 3| Zst
oA Zid daatgd st =94dE f#7]
IFolY A2EA Y 2Ed wgqd AeE AZ
At g2 A3z SAEE Ag 42 O

300 CHE AlZ=er, v ghet SWCNTE
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Fig. 4. (a) TGA graphs of SWCNTs in each
purification step and (b) their DTG
graphs. H-B-SWCNT is the SWCNTs
functionalized by HDA, subsequently
followed by heat treatment.

600 C WellA eds) dAx"Aeh 700 T o T
EAste 7Y AE gas dEFR 299
1oz stAsle AL Ay Fodz -3
oF 917l wW-E<el 21 2tk 900 CTolA Hopsle 5
wt%9 residues HE ABHEEA 2719 15
wt% #8] A2H ZAHAY 19 40 DTG
e zold AP-SWCNTS %S Hu =7} 450
Tolld destont 4 Az Eald vgd gah
Eo] M2 FAE o] wANY HYg Hart
485 C FEom o]Bd o wwdth HDA
L 27 FAE AXEA FHa27h
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-’F oA

£ AP-SWCNT| Z3F5 o}

ol

(a) EH ol & Pd (Co)n@SWCNT Th
I3 (b) A (Cena@SWCNTS TEM A2,
TEM images of (a) (Ceo)n@SWCNT
bundles and (b) individual (Cep)n@SWCNT
showing that tie SWCNT is periodically
filled with fullerenes.
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wAHEE
Fig. 6. Raman spectra of purified SWCNTs and
(Ce0)n@SWCNTSs.
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Fig. 7. RBM ©peaks in the high-resolution
Raman spectra measured for purified
SWCNTs and (Ce)a@SWCNTSs, which
were deconvoluted by Gaussian fitting.
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