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Multiwalled carbon nanotubes grown in hydrogen atmosphere: An x-ray diffraction study
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X-ray diffraction study of multiwalled carbon nanotulf®IWNT) grown by arc discharge in hydrogen
atmosphere is presented. It is found that the thermal-expansion coefficient along the radial direction of MWNT
is widely distributed in a range from 2610 ° K~ to 2.6<10°% K1, indicating the existence of both of
Russian doll MWNT and highly defective MWNT. Russian doll MWNT is suggested to have the outer
diameter less thar-100 A . Thicker MWNT'’s are typically highly defective, and may have the jelly roll
(scroll) or defective polygonal structure consisting of flat graphite domains.
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Since lijima found carbon nanotubes in deposits after arcTherefore we expected that RBM’s originating from the in-
discharge of carbon rod, extensive studies on its structureer tubules should be observed in this sample. Although the
have been reported.In single-walled carbon nanotube RBM's corresponding to the innermost tubules were actually
(SWNT) with a typical diameter of 14 A%* the Raman observed, those for the larger tubulésr example, the sec-
spectra exhibited radial breathing motRBM) whose fre- ond layer tubulgswere missing. Thus we investigated the
quency sensitively depends on the tube diantét@he scan- Materials by an XRD as a function of temperature in order to
ning tunneling spectrosco TS for the individual SWNT  obtain further information on the structure.
confirmed the predicted one-dimensional electronic XRD measurements were performed using synchrotron
structure’® Such observations are consistent with a closedadiation source at SPring-8 beam-line BLO2B2. The powder
seamless tubular structure made of graphene sheet. On tK&D patterns were collected using a powder x-ray diffracto-
other hand, the structure of multiwalled carbon nanotubdneter equipped with an imaging platé®) of 25x40 cm
(MWNT) (Refs. 1 and Rwith many separated “concentric’ With a resolution of 100um. The x-ray wavelength was
tubules is rather uncertain. This is a serious problem becaugk9942 A. The samples were sealed in quartz capillary. A
the topology of the carbon network governs the electronidieat-gun-type temperature-control uriRigaku Ltd) was
structure. In this paper, we present an evidence for the exigised to control the sample temperature in a range from room
tence of MWNT consisting of seamless tubules in material§émperaturéRT) to 900 K. The detailed sample preparation

grown in a hydrogen atmosphere. and characterization by TEM and scanning electron micros-
The transmission electron microscopyEM) images of ~ copy (SEM) have been described in previous papérs? _
MWNT usually indicate closed concentrior the so-called Figure 2a) shows the powder XRD profiles as a function

“Russian doll”) tubular structure as shown in Fig(al. ~ of temperature. The result of the empty quartz capillary was
However, it was claimed that the Russian doll structure islso shown. Here, the wave vector trandfeis defined by
sometimes difficult to distinguish from the scroll-tygeo- (47 sin®)/\ where 29 is the scattering angle andis the
called “jelly roll” ) structures in Fig. (b)g The scroll-type wavelength. The peaks are indexed on the basis of the hex-
tubules have also been reported to really exist in MWNTagonal graphite as indicated. The peakl{0énd (ko) im-
materials grown by arc dischard®. The interlayer ply the interplane and in-plane reflections, respectively. In
compressibility and thermal-expansion coefficiéhstudied — addition, comparing to the empty capillary, we found that the
by an x-ray diffraction(XRD) were comparable to those of sample causes the large reflection bel@w-0.6 (A~1).
the graphite interlayer spacing, against an expectation that an
ideal Russian doll MWNT should have very small thermal —
expansion and compressibility owing to the strong in-plane ///——\\\
carbon-carbon bond. This observation strongly suggested @ \/
that the bulk materials studied are essentially the scroll-type \\ //
or highly defective MWNT’s. _—

Very recently, Zhao and And®and Katauraet al*® suc- (a) (b) () (d)
ceeded in the observation of RBM in MWNT. Although the
typical inner diameter of the ordinal MWNT is usually to0  FIG. 1. Cross sections @#) concentric(Russian do)l MWNT,
large to observe RBM, the sample grown by arc discharge iib) scroll (jellyroll) MWNT, (c) mixed MWNT of Russian doll and
a hydrogen atmosphefté&ndo’s MWNT) was found to con- jellyroll structures proposed by Amelinclet al.,and(d) polyhedral
tain MWNT’s with smaller inner diametex10 A 12415 graphite tube with defects at the ridges.
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FIG. 2. (a) XRD patterns of Ando’s MWNT at

WM 1L several temperatures, along with that of an empty

quartz capillary.(b) and (c) are the expanded

@JK'\“——'\_ ] views of the(002) and(100) reflection peaks. The
3 LJ\_,\—,\_ 1t x-ray wavelength is 0.9942 A.
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This is due to a small angle scattering emanating from thirstrong in-plane carbon-carbon bonds, so that we expect
tubules and nanoparticles in the sample. agg~ @199 ON the other hand, in the case of scroll type
From the expanded view for th®02) reflection in Fig. MWNT, agq anda;qare independent of each other, and we
2(b), it is known that the peak position significantly shifts to naturally expectay> a4 Similar to the case of graphite.
the low-Q side on heating. On the other hand, th60 peak Therefore we may conclude from the above results that the
does not change by elevating temperatdg[Fig. 2(c)]. The  majority of Ando’s MWNT materials has highly defective or
difference inT dependence of the peak position between théellyroll-type structure, which supports the previous
(002 and (100 peaks implies that the in-plane thermal ex- conclusions:'* However, the sample may be a mixture of
pansion is negligibly small compared to that for the inter-these two types of MWNT. Hence we analyzed thel§00
layer spacing. We also noticed a strong asymmetry, “sawpeak in more detail.
tooth” shape, for thq100 peak. This is a characteristic of First, we discuss the source of ()(peak width, essen-
turbostratic graphite lacking interlayer stacking correlatfon. tially in the same way as reported by Rezeikal® There
The same results were obtained by lowering RT. There- are two possible sources for the peak broadening. One is due
fore the sample was preserved by the present sample treatr the coherent length corresponding to the tube diameter;
ment. this is the so-calledomain size broadenindror this casé®
For a quantitative discussion, we plotted tfiedepen-  the full width at half maximumFWHM) is independent of
dence of the interlayer spacing estimated from(tt@) and the reflection index as follows:
(00) peak positionsd,o T) anddyy(T) normalized at RT
in Fig. 3. The thermal-expansion coefficient was obtained as
0[0(]:(26i02)>< 1075 K71 for do(] and a100=(0i0.l)

x107° K1 for d;o0. The observed interlayer coefficient _ . .
aoq i comparable to 2.5810°5 K~ for HOPG (Ref. 17 whereN is the number of layer&ubules andd is the inter-

layer spacing. The other possible source is the distribution of
d spacing(the so-calledstrain broadening For this case, the
FWHM is given by

1
AQsize=2(mIn Z)IIZWa

and the previously reported value for MWNTIn the case
of Russian doll MWNT, thexyg should be determined by the

1.02 p—rr—mr——7rr T
[T T T T T T T 7l

AQ=—Ad,

] where Ad is the FWHM of the distribution of interlayer
spacing. Because both the sources differently depend on the
] index |, we can separate these two contributions by a com-
4 parison between thé002 and the(004) reflection. Experi-
mentally, the (00) peak width was found to be nearly pro-
portional to the index. As shown in the inset of Fig. 4, the
(004) peak is found to be well reproduced by {92 peak,

if the Q value for the(002) peak is multiplied by factor 2 and
the intensity is normalized at the peak position. Therefore it
is said that the broadening is dominated by the distribution of
w ] d spacing.
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L bt o e o L Now we can discuss the thermal expansion along the ra-
00400300600 (K)mo 800 900 1000 dial direction in details. Figure(d) shows the(002) reflec-
tion at RT (298 K) and 873 K. Here the) value for the
FIG. 3. Temperature dependence of interplane and in-ptane 873-K data was multiplied by (£aAT) where AT
spacing normalized at 298 K in Ando’s MWNT. =575 K is the temperature difference. For this scaling, the
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L L L L peak position becomékindependent when all the materials
have the same, because the Bragg condition is given by
--------- 873K | | 1=2dsin®/\=(1+aAT)d(RT)Q/27r, where d(RT) is the
—298K| ] interlayer spacing at 298 K. Actually, if we take=2.6
] x10°° K~1, the peaks coincide well with each other as
T shown in Fig. 4a), except for the high® tail. Because the
peak profile directly reflects thd spacing through Bragg
] conditiond=27/Q, the disagreement at higR clearly in-
] dicates the existence of materials havimgvalue which is
smaller than 2.8610°° K1,
T T T T T e For further discussion, we decomposed the observed
e e (002 peak into several components with differentlt was
o found that at least three componefifs B, and Q are re-
quired to reproduce the observgD?) reflection, when sym-
[ [ ] metrical line shape is assumed for each component. In Table
L A i I, we have summarized the obtained fitting parameters using
i [ T Gaussian line shape for each component, [eXQ
—Qi)Z/AQiZ] where Q; is the Bragg positionAQ; the line-
width, andi=A, B, and C. One of thenfpeak A reproduces
a sharp structure peaked at the IQuside. The dotted line in
Fig. 4b) shows the data subtracted by the peak A from the
raw data(thin line) after subtracting the background inten-
sity. It is important to note that the intensity of the broadest
peak C isT independent. Therefore the so-called thermal
diffuse scatteringTDS), which usually appears as a broad
[ peak around the Bragg peak and grows up with increakjng
| (c)Peak B is ruled out for the origin of peak C.
M—\ The averaged interlayer thermal-expansion coefficient
‘ is obtained from the peak positions at RT and 873 K. For
b e e L b Lo peaks A and Ba is ~2.6x10°° K~! comparable to the
L6 165 17 175 18 18 19 195 2 graphite, while 1.6< 107> K~ for peak C. Therefore peaks
Q(U/A) A and B should be assigned to the highly defective MWNT,
and peak C is most probably due to the Russian-doll-type
FIG. 4. (a): the (002 peaks at 298 K(solid line) and 873 K structure. However, the observedfor peak C is substan-
(dotted ling. The Q value for the data taken at 878 K was multi- tjally larger than the expected one for the ideal Russian doll
plied by (1+AaT) wherea=2.6x10"° (1/K) and AT=575 K. MWNT, a=a0=(0£0.1)x10"%> K~ 1. To explain the
The intensity is normalized at the peak. Insefdp a comparison difference, we have two likely models based on a fact that
between th&002) and (004) peaks of the 873-K data, where te the observedr is an averaged value over the sample mate-

for the (002 peak was multiplied by factor 2. The background . . N
reflection was subtracted and the peak intensity is normalized at thréal' One is that there are two types of MWNT contributing

peak position.(b) The experimental data subtracted by the back!© the pesak C, ie, the .Ru55|an-dolll-type MWNT .W"t’h
ground reflection(thin solid line. The dotted line shows the data ~0X107> K and the highly defective MWNT witha
subtracted by peak A and the background reflection. The thick solid-2.6xX 10 > K™ ' Assuming that the observedis weight-

line is the sum of simulated peaks B and (€. and(d) Simulated  averaged corresponding to the content of both types of the
components for peaks B and C, respectively. MWNT’s, the amount of the Russian doll MWNT is esti-
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TABLE |. The (002 peaks were decomposed into three Gaussian peaks proportional [to (€p
—Q)%(AQ)?]. dqg, is estimated interlayer spacing fro@y, ande is thermal-expansion coefficient.

Peak 298 K 873 K a
Qo (WA doB)  AQ (MA)  Qp (WA)  do () AQ (VA)  (107%/K)
A 1.836 3.422 0.0091 1.809 3.473 0.0091 2.6
B 1.846 3.403 0.035 1.820 3.452 0.038 25
c 1.831 3.432 0.083 1.815 3.462 0.0944 1.6
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mated as 41% of peak C. The second model is that MWNTWwith N of around 10, as well as the existence of the very
has a mixed structure of the Russian doll tubules and théhick MWNT’s with outer diameters more than 1500 A cor-
highly defective tubules. One of this type of structure hasresponding to peak A. Therefore, combined with the small
been reported by Amelinckat al,'® which is a mixed struc-  thermal expansion for peak C, it can be concluded that a
ture of Russian doll and jellyrolled tubules as shown in Fig.Jlarge amount of the thin tubes is the closed nested tubule
1(c). structure. With increasindN, however, the graphitization
‘We can also propose another structural model for thgnay occur. This results in polygonal deformations and a
mixed-type MWNT. In this model, the outer region of ghortening of thed spacing, consistent with the present re-
MWNT is made up of polyhedron graphite consisting of 5 ts (Taple ); peaks A and B have shorter interlayer dis-
graphitized flat domains, while the inner region has &,nceq than peak C. Because the ridges may be defected dur-

Russian-doll-type nested structure consisting of the seamleﬁ?g arc discharge, the majority of the tubules in single thick

circular tutz_ules,has |gustrated n Ft'gd(dhb The gotly?l’ogaIXR WNT would not have closed circular structure, exhibiting
cross section has Dbeen suggested by a detare e larged-spacing thermal expansion.

analysis® and a TEM observatioff, and also observed by In conclusion, it was found that the XRD peak consists of

SEM (Ref. 20 in the thick MWNT'’s. The flat graphene at least three componenfseaks A, B, and Cwith the quite

sheets in the graphitized domains may not be connected Wfferent peak width. Peak C has an average interlayer
those in the neighboring domains at the ridges. Even in thﬁwermal-expansion coefficient of 1.6xX10~% K- much
connected polygonal graphite, the polyhedron would be o 1han's 61075 K2 for peaks A, B, and the graph-
weaker at the r|dge.s than at the flat graph|t|;ed regions, o peaks. This observation indicates the existence of both the
Thus, for example, h|gh-temperature trgqtments IN OXy9en Oflnsed Russian doll MWNT and the highly defective
hydrogen atmosphere would easily d|V|_de the polyhedrorMWNT_ The closed Russian doll MWNT is assigned to the
|nt?:_T§|sevzra(;_2?t SS??AIESTes;S c?tatrzgtgﬁi?gsﬁ mber of thin MWNT's with typically 7—15 tubules. In contrast, the
inaty we discu u : u larger diameter tubes are highly defective. Because the ap-

layer N). In principle, the domain sizéN) can be deduced L o :
. ; parent peak position for the (DOreflection is dominated by
from the (002 and (004 reflections by separating the do- the thick MWNT’s, it could not provide the correct informa-

main size broadening and the strain brqadenlng. In .th_ ion on the structural properties of thin MWNTs.
present case, however, we could just obtain the lower limi

for peaks A and B because the strain broadening dominates Authors thanks to Dr. Mukul Kumar for critical reading of
the observed linewidtiy{>200 and> 38 for peaks Aand B, the manuscript. Y.M. gratefully acknowledges Professor Y.
respectively. On the other hand, for peakNCwas found to  Tajima for valuable comments. This work was supported in
be most probable between 7 and 15. These estimates apart by the Grant-in-Aid for Scientific Research on the Pri-
reasonably consistent with the TEM images of the presentrity Area “Fullerenes and Nanotubes” by the Ministry of
sample that exhibited the existence of a lot of thin MWNT’s Education, Science, Sports and Culture of Japan.
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