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The intershell spacing of multi-walled carbon nanotubes was determined by analyzing the high
resolution transmission electron microscopy images of these nanotubes. For the nanotubes that
were studied, the intershell spacimlyy, is found to range from 0.34 to 0.39 nm, increasing with
decreasing tube diameter. A model based on the results from real space image analysis is used to
explain the variation in intershell spacings obtained from reciprocal space periodicity analysis. The
increase in intershell spacing with decreased nanotube diameter is attributed to the high curvature,
resulting in an increased repulsive force, associated with the decreased diameter of the nanotube shells.
[S0031-9007(98)06983-X]

PACS numbers: 61.46.+w, 81.10.Bk

The discovery of multi-walled carbon nanotubes [1] andthe tube size. In the present work, we study the HRTEM
single-walled carbon nanotubes [2,3] has prompted nuranotube images for several different multiwalled carbon
merous studies of the structure, properties [4—8], and pamanotubes in an effort to understand the previously
tential applications [9—11] of these exotic materials. Fomreported variation in the intershell spacing. To obtain
example, nanotubes are expected to have a high strengttuantitative results, we carried out a digital image analysis
to-weight ratio [11], which is advantageous in advancedf HRTEM images, which allows us to relate the intershell
composites to be used in high performance materials sucgpacings to the nanotube diameter and the number of
as aircraft frames. The small dimension of the tubes showshells in a given nanotube.
promise for use as a gas absorption medium [12,13], afield Carbon nanotube samples were prepared by the usual
emitter for use in flat-panel displays [14], and a nanoscalarc-discharge method [1,6]. The core of the deposit was
electronic device [15—18]. Most of the anticipated propercrushed and dispersed in ethanol. A drop of this solu-
ties and applications are based on theoretical calculatiortion was transferred to a holey carbon microscope grid.
for idealized tube structures [19-21]. A precise knowl-HRTEM images were obtained with a TOPCON 002B mi-
edge of the structure of real nanotubes and the interactiortgoscope at 200 KV or a JEOL 4000 EX at 400 KV ac-
between them is essential for a reliable prediction of thecelerating voltage. The images were scanned with a CCD
potential applications. camera and stored in B)24 X 1024 pixel array of 256

Structural studies of carbon nanotubes have reliedray-scale levels.
heavily on x-ray diffraction [22], scanning tunneling We carried out high resolution image analysis of nano-
microscopy [23], and, predominately, high resolutiontubes in real space, which allows us to measure individual
transmission electron microscopy (HRTEM) and electrorintershell spacings as a function of tube diameter. Each
diffraction [1,24—26]. Carbon nanotubes are composedata point is obtained as an average over 5 measurements
of concentric cylindrical graphene tubules, each with ao reduce the error to 3%, as shown in Fig. 1. Our data for
structure similar to that of a rolled-up graphene sheetll tube diameters that were studied show that the intershell
[4]. lijima first showed with transmission electron micro- spacing (3002) ranges from 0.34 to 0.39 nm, and thiat,
scopy that the intershell spacing of carbon nanotubes imcreases as the tube diameter decreases. The empirical
about 0.34 nm [1], which was later confirmed by Zhangequation for the best fit to the data is
et al. with an electron diffraction study [24]. Saitet al. o -D/2
used powder X-ray diffraction to determine the lattice dop = 0.344 + 0.1e72 for D = 0, (1)
parameters of a bulk nanotube sample [22], and thewhereD isthe inner tube diameter, and all the constants are
concluded that the average intershell spacing is 0.344 nnm nm. Equation (1) was obtained by a least-squares fit of
Bretz et al., on the other hand, obtained a 0.375 nm spacthe functiondy, = A + B * ¢~ C*P to our experimental
ing [27], and Suret al. obtained a 0.36 nm spacing [28] data (whered, B, and C are adjustable parameters), as
by analyzing the HRTEM image of individual multiwalled depicted by the solid curve in Fig. 2. The intershell
nanotubes. These reports suggest a spread of intershell digpacing decreases exponentially and approaches 0.344 nm
tances in carbon nanotubes, with a possible dependence aa the tube diameter increases.
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FIG. 2. The spacing?oog decreases as the tube diameter in-
creases, and approaches 0.344 nm at roughly= 10 nm.
The data were measured from three different nanotubes in-
dicated by different symbols. Hollow circles: from a 7-
shell tube with innermost diametdy,,;, = 1.7 nm (shown in
Fig. 1); solid circles: from a 41-shell tube wi,,;, = 2.6 nm

FIG. 1. HRTEM images of multi-walled carbon nanotubes.(shown in Fig. 1); hollow squares: from a 6-shell tube with
The intershell spacingly, was measured in the real space Dmin = 3.5 nm }from Ref. [28], not shown). The curviy, =
images, as indicated by the boxes. 0.344 + 0.1¢7P/2 is the least-squares fit to the experimental
data (see text). For small tube diameters, dgg spacing in-

= Il tube di t <10 . . creases exponentially @3 decreases. For intermediate tube
or small tube diameters)( nm), an increase in . diameters, thely, spacing is a slowly varying function db.

the doz spacing with decreasing tube diameter is physi+or largeD, graphitization may occur resulting in a polygonal
cally reasonable, since the repulsive forces of the grapheross section. The dashed line indicates the expected decrease

basal planes between adjacent tubes are larger for smalligrdo,. owing to the local graphitic stacking.

diameter tubes, owing to their larger curvature, which per-

turbs the geometric and electronic structures relative teliametersD with different helicities given by

a planar graphene sheet. It has been pointed out that J3 X 0.142

the HRTEM projected images of small diameter carbon D(nm) = ———Vm? + mn + n?, 2
nanotubes is asymmetric [29], but this effect on the mea- 77

sured intershell spacing is small and is within our experiwherem andn are integers. A discontinuity of 0.01 nm
mental error. From Eq. (1) we estimated that thg,  occurs for very small diameter nanotubd3 € 3 nm).
spacing is 0.41 nm for a 0.7 nm diameter tube, the smalle§this geometric effect may explain the deviation df,
diameter carbon nanotube observed experimentally [30jalues from the predicted curve shown in Fig. 2.
Furthermore, for finite sized tubes, the allowed diame- For large tube diametersD(> 10 nm), the variation
ters are discrete, which poses constraints on the intershefl dy, spacing can be explained by assuming a uniform
spacings. We calculated the distribution of allowed tuFecharge density

1
R?

. dg
dooz = \/R(R + doo2) — \/R(R — doa) ~ doa + 5 + 0(

SR ) as R — », 3)

whereR = D/2 is the tube radius andy, is 0.344 nm, | the energy gained by the local graphitic stacking is less
the asymptotic limit of thelyy, spacing. than the energy introduced by the defects associated with
The asymptotic limit deduced by Eqg. (1) is 0.344 nm,the stacking. Intershell spacings smaller than 0.344 nm,
the same spacing as that in a turbostratic graphite. Thigesulting from a polygonal cross section, have frequently
is expected since defect-free multi-walled nanotubes havieeen observed for large diameter nanotubes [32,33] and for
circular cross sections. In any single multi-walled nano-vapor-grown carbon fibers [34].
tube, the diameter of each constituent graphene shell is We also measured the lattice constants in reciprocal
different, which prevents perfectly correlated graphiticspace, which complement the results obtained from real
stacking. Some of the fluctuations in the spacings magpace images. With a known minimum diameter of a nano-
be associated with the jumps in spacing at points whertube (measured directly from the HRTEM images), we
the helix angle changes [31]. &y value smaller than calculated the diffracted spot positions from a crystal with
that of a turbostratic graphite, however, may occur whera slowly varyingc unit cell length defined by Eq. (1). The
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calculated results were then compared to the experimentalhereN is the total number of unit cells along theaxis.
data. Figure 3a presents data for a nanotube with th&hus the diffracted intensity is

0.213 nmd, lattice fringes of the graphite basal plane N 2 N 2
clearly resolved, and the corresponding FFT is showry = |F|? = f{( COS(kZzn)> + ( sin(kzzn)) }
in Fig. 3b. The intershell spacingd(,) were deduced n=1 n=1

from the power spectra, using the location of the highest (7
intensity as the spot position, as shown in Fig. 3b. ) R
We used the 0.213 nm spacing betwdef0} fringes For a crystal with a constamky,, Eq. (7) can be evalu-

as a calibration standard, based on the X-ray diffractiof@{®d analytically, and the peak position (defined as the
study [22] showing that the C-C bond lengths in theintensity maximum of the peak) is & /dop,. For a
nanotubes are the same for both graphite and carbdifyStal with a slowly varyingdoos, = doo> + 8d(n) for
nanotubes (0.142 nm) [22]. The tube diameters, define@ll tubes, the peak is shifted relative to the value for
as the average diametdd () of the tubes used for the FFT, doo2. Using this model, we evaluated numerically the,

were obtained from the real space images. spacing as a function of the average tube diameg),(
In reciprocal space, the scattering amplitudi@) is starting with the smallest possible, value which can
occur for a givenn, wheren is the number of shells in

F(k) = Zf(k)e—ik'rn, (4) a nanotube. By knowing the number of shells and the

n average diameter of a nanotube, we can predict the (002)
where 1 is the nth unit cell in the crystalk is the spot position in Fourier space. _ Th_e resulting curves for
reciprocal lattice vectorr is the atomic position in real " = 2,5, 10, and 40 are shown in Fig. 4b. The data from
space, and (k) is proportional to the atomic form factor the Fourier analysis of the threg tubes surveyed in F!g. 2
for electron scattering of carbon and is a slow varying(Wherén = 6,7, and 41) agree with our model, supporting
function of k for electron scattering. Since we were
interested only in diffraction along the (002) direction,
we constructed a crystal of parallel graphene sheets
with varying intershell distances, as depicted in Fig. 4a.
Defining z to be perpendicular to the graphene planes, we
can express as a function of the ceh (for n = 2):

Zn = 21 + dooa,_, » (5)
wherez, is the atomic position of thath unit cell along ~
the z axis relative to the origindyy, is evaluated with doozn
Eq. (1), andz; = Ruyin IS the minimum radius of the Z,=Zpy +d,
nanotubes. The scattering amplitudie for the crystal (a) D
shown in Fig. 4ais a
N
. 0.40
F=f Z e thein, (6)
n=1 039 I
€ o038}
£
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FIG. 4. (a) Model for a nanotube crystal with a varying
FIG. 3. (a) Digitized HRTEM of the core region of the top intershell spacing. Théy, as an exponential function of tube
carbon nanotube shown in Fig. 1, where {ih@0} lattice fringes  diameter is defined in Eq. (1). (b) The intershell spacihg
are clearly resolved. The average diameter is illustrated in thiss a function of the average tube diametBy,)( wheren is
micrograph. (b) Fast Fourier transform (FFT) of the nanotubethe number of shells in a nanotube. The curves are calculated
The (002), (100), and (010) reflections are resolved. Thdor n = 2, 5, 10, and 40, using the above model and Eg. (1).
position of the spots is measured at the location of the highesthe three data points (with 2% error) shown by the large full
intensity. Thed,y spacing (0.213 nm) is used as a calibration circles were obtained from the power spectra of the two tubes
standard. surveyed in Fig. 1 and the tube in Ref. [28].
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