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Abstract

Powder X-ray diffraction (XRD) studies on carbon nanotubes (CNTs) using synchrotron radiation are reported. In
spite of the observed broad XRD peak profiles of two-dimensional triangular (hexagonal) lattice of single-wall carbon
nanotubes (SWNTs), it was shown that useful structural information, such as the tube diameter and its distribution, can
be deduced from detailed analysis of the characteristic XRD patterns. In particular, powder-XRD measurements were
performed to study the phase transition of encapsulated materials inside SWNTs. In the C;y-one dimensional (1D) crys-
tals formed inside SWNTSs, importance of one-dimensionality in the C;;-molecular dynamics was suggested. It was also
shown that water inside SWNTSs undergoes a phase transition from liquid to an ice-nanotube structure below —38°C.
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Conversion process from SWNT to double-wall carbon nanotube (DWNT) was also studied by XRD.
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Figure 1. Schematic illustration of SWNT bundle consisting of
seven (10, 10) SWNTs.
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Figure 2. An example of transmission electron microscopy (TEM)
image of row soot of SWNTSs prepared by arc-discharge method.
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Figure 3. X-ray diffraction (XRD) pattern of SWNTs prepared by
arc-discharge method.
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Figure 4. (a) Demonstration how to construct the simulated XRD
pattern. Dashed line shows the squared zeroth-Bessel function. Bot-
tom is the Bragg peaks broadened by an appropriate amount. Trian-
gles show the Bragg peak positions. (b) Triangular (hexagonal) lat-
tice of SWNTSs and its reciprocal lattice.
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Figure 5. XRD patterns of SWNTs prepared in different tempera-
tures in oven-laser ablation method. The position shown by the ar-
row is inversely proportional to the tube radius R.
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Figure 6. Observed and simulated XRD profiles of the pristine
(empty) SWNTs at room temperature. (a) Distribution of SWNT
diameter averaged in the bundle was included. (b) Distribution of
inter-tube gap averaged in the bundle was included.
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Figure 7. (a) Observed and simulated XRD patterns of a SWNT
sample. The observed patterns were obtained by subtracting the
background signals from the raw data. (b) Form factors of empty
nanotube, of gases adsorbed inside SWNT and of SWNT filled with
gases inside.

KEEL C\Wb, Lich-T, &ERO8ELERTFI, Jo O—iB
PRRZEROBEAERFIC LD Fr vV ThEL 7k
D, IOE—27DFELWREIHEIADTH D, Fic
WERIC LD, BELRTF O Q DK EVHICE N ICBEH
THDL, MpLRTE, INHOMERIE, HIEI N
INZ =k BVW—F "R L T\ 5,

b) WaWBEIKREF (e L Tw 5846 @ &I,
SWNT AT ESET RIS H ARSI L TW %5
ExELD, COBER, BIZ, RS Fa—TONEY
BORICKEOMBERB 5B E5 LI W BERH0 D5, R
5 F 2 —T ONEIWEORICELEOHE A DS & &1
F o —7ENCEREF O (hRO) [BIH Y — 27 OfBiz, WA
WEPMED T TIC X AR AEN S, —T7, Ny
BORICHE DM 2 WBEICIE, ZAETIC X DRk
mY—r7ofic, AESEEOBHAA Vo —LV Vv RIS
A7, WEWED 1 RICHEEICHEE T A58 ()
EHTE—27 OARBHET 5, 1 RICHEROFERE TN B
GRHEEIEADT, EHFEEQ=Cr5, BREHLE—
712, 1 RIEOHKTER A d L LT, Q=2r/d TAIEIC
YHERD QDK EWHICEGELE T CAR S n7o i
Hnhs, 22T, lxDSWNT & 1 KRIGH RO R £
DOT, [FARkEE—7 PHBT 53T ThH0, Rk
JAZ - 7o BOF o —TPRIEL T D72, MR
V—27 & U TEBET & a0,

RS E & L CELME (turbostratic) 75 754 D
XRD DX <HBNT W5, GLH# 75774 ML, 2K
75774 Fy—FRERRTIED 52, HITRICITELHE
WCEAEN/ ST 74 FThHb, Warren it, ZOWHEK
XRD N7 —V&FMICHERmL, BIHRIA 2R 57 7
A+ (5 72V) Ol (k) 75754 FOKERE
HgE» 6<% (000) EIHTO 2@ENPORAHT &, i,
HiE I 2 KT OUREF R E TR SRITh B0,

WA 165555 (2003)

INABICIRIAOREA & DO & m Le®, EdRopN/a
SWNT /S F v a/8 2 — /1%, Warren O k% 1
RIAERNIEET A2 LIk 252 R TE S,

4.2 Cegpy Cro E—7R v RO S ABERRE

WA SWNT O — K ICZE T TE 7 5 — 1V Ce
Coo T TR —FNCABRBEDRESITH S, TD1RILAE
TRPIC Cgo 2NELFN L 7= SWNT 1%, 19984F Smith HiZ Lk 0
TEM@GoFRicgRahiW, Corv75—-—VVHNE
SWNT id, 2o TEM B238OFICA > TWAT Y P
HDOL27OTE =Ry FEFINT5, TDOHKk, HL
KEFEDORH O, BN R 2B 72 SWNT % v
WAEINTWAHTARKEERIARE L /2], 75—V
VORZICESH L TRBEOY—Ry FEREZES Z LI
LW, CoREE, ok, #RRE7S—LVV
EWDTRELELOWEICRAA LN, SWNT ANG T %
AT A iE L L TREI L T 5,

SWNT WD Cgp % Cro D 1 K TLHELF (1 R ICHE dh & M
ST EICTH) HED LD W E RS 3R THIRE
W FESEHERIAE T, Co R Co T FDXAFIT A
& BN B L 2o SRR A H SN D, 3 RTINS
7 5EE T, Ceor Coro IZERICIEWIIRE L T A 72D,
FBHWSFEHEEIER OO, & 75— VaFidk
FHEECEEOEERESE TS A TE, RESCENY
ING A—=RELTT7F— Vo FORMICEEHE 3 5 HEEH
EBEETAT ERHBN TS, Co DB & T,
250 K (BE OB TIE260K) %HEIC, SiEMD Ce
SF O HEERILEE) A, KR TEMA B R OM O Y %
VUV ITRIEERICEATS b, AU, B ORI
A0S (fee) 7 BEFSTS (s¢) ~ZEAL+ 5, —7,
Cro T TR Z7E—R—ILD LD ICHREWERE L T35
DT, BHWE S THEEZRL, EiEEBEOHRED 2
BT %, /bbb, 340K L E T EBEENTH
%5, 40K L F Ty roRABEES N (FhbbiE
I D OEEEAHE), ®K\T280K Tl (F7abbE
HE D OEER) A S N 51819,

DX D7 3WIL/ NIV fEdIC i L T, SWNT A
1IRTEAEH TR ED LD N B725 D, BAM
—RIERTE, S, o R BIHEEER SRR
BEHNOBEICIIERIEEIC BV TRIEMRF 2 R S &
INTWAHD, FELIY, EFRUICINSDOT EEHL
MTT 572010, BED Ce, Cpo¥—Ry FaHEfFL T
¥R XRD EB a7 - 722, BT RRIE O LB 7%
SPring-8 ICH T, V—A T 4 02B2 O K Hf i#
MOEBAT— 3V Tiio7. WELOA, 0.1 mg &
DOREREZ VT, 90K 51000 K O BEFEEKIC F5 1
THIFE L 7=, Fig. 812 Coo-—R v FEK O TEM & &
OB OB AR L 72,

Fig. 913 Cep, Coo =Ry F &, HEED/-DITHJIE L
72220 SWNT O XRD /8% — /%R L TWA2D, HFEY



WA 165555 (2003)

BHO SWNT ZEECN Y FIVEG R EIEIER—DH DT
B5He 22D SWNT NV RV e KL T, —kTT=MAET
WCEAAO =7 DELLIBA LT85, %
72, AOE—=7DNHL ERDH QDOKREWHITHL YT
FLTWSZ LICHR DL, TNHOREIT, BRIk~
X, WEIBE SN TF 2 — T NBOBETEENEZ
Tl EICKDEBTES, 6, =Ry FTiE, &H

T
::";..‘3.. "s.‘s. =L

€86
,.s,. ,.‘L.M‘L‘;.:.L =

e S e

et

TEM image of Cy-peapods Standing Cw  Lying Cry  DWNT

Figure 8. Left: An example of transmission electron microscopy
(TEM) image of C;o-peapods. The scale is 10 nm. Right: Schematic
illustrations of C;, standing alignment, lying alignment, and double-
wall carbon nanotube (DWNT), respectively.
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Figure 9. XRD patterns of empty SWNTs, Co-peapods and Cgp-
peapods.
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Figure 10.

Normalized interfullerene distance (1D lattice constant) as a function of temperature. The solid straight line

shows that of solid Cg,. The solid curve is the least-square fit with eq. (4) in the text.
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Figure 11. The proposed structure of the ice-nanotube inside a
(10,10) SWNT. The estimated d-spacing is 0.287 nm at 90 K.
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Figure 12. Observed and simulated XRD profiles of (a) Cgp-pe-
apod bundles and (b) DWNT bundles. Inter-tube spacing d was
changed in simulation of (b).
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Figure 13. Cross sections of (a) concentric (Russian doll)
MWNT, (b) scroll (jelly roll) MWNT, (c) mixed MWNT of Russi-
an doll and jelly roll structures and (d) polyhedral graphite tube
with defects at the ridges.
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