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We present the first results on the interface between carbon nanotube(CNT) and metal by cross-sectional
high-resolution transmission electron microscopy and spatially resolved electron energy loss spectroscopy on
Fe-filled CNTs. The iron core is mainly single crystallinea-Fe. Under specific orientation relationships, a
semicoherent CNT/Fe interface forms, where local lattice mismatch is accommodated by “interface disloca-
tions.” A 0.2–0.4 eV energy shift of thep* peak of the carbonK-edge towards higher values is found at the
interface. The results prove experimentally an interfacial bonding between the CNT wall and Fe.
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I. INTRODUCTION

Since Iijima’s discovery of carbon nanotubes(CNTs)1 by
transmission electron microscopy(TEM), their structures
have been extensively studied.2 By combining various
techniques available in TEM, e.g., high-resolution TEM
(HRTEM) and analytical electron spectroscopy(AES), not
only the structural but also the chemical and electronic infor-
mation may be obtained. So far, most TEM investigations
have been carried out on plan-view, i.e., the NTs lie more or
less in the image plane[Fig. 1(a)] with their axes perpen-
dicular to the electron beam. Because of this limitation of
imaging geometry a construction of a three-dimensional
structure of a nanotube sometimes remains indefinite. Intro-
ducing other substances, such as metals,3 oxides,4 and even
proteins,5 into the CNT system, or embedding the CNTs into
a matrix6 offer possibility of developing new materials with
specific properties and applications.7 It is expected that the
atomic and electronic structures of interfaces between carbon
nanotubes(CNTs) and other substances play important roles
in the mechanical, chemical, and electronic properties of
CNT composites. To study the structures of the interfaces
between CNTs and other substances(filling or surrounding)
is therefore of great interest and importance. For successful
TEM in these cases, to investigate the CNTs and the inter-
face edge-on by using cross-sectional specimens[Fig. 1(b)]
is a necessity. In plan-view geometry[Fig. 1(a)] the weak
interface signal would be smeared out by strong signals from
the CNT wall and/or substances. Preparation of cross-
sectional TEM specimens of CNTs is, however, a substantial
challenge,8 especially for CNT composites owing to the
marked differences in mechanical and chemical properties
between CNT and other substances. In this paper we present
the first results of HRTEM and spatially resolved electron
energy-loss spectroscopy(EELS) studies on metal/CNT in-
terfaces using cross-sectional specimens of Fe-filled multi-
walled (MW) CNTs. Our results demonstrate experimentally
the interfacial bonding between the filled Fe and the CNT
wall.

II. EXPERIMENTS

The sample used for this study was grown by pyrolysis of
organometallic precursors.9 Two methods were employed for

preparing the cross-sectional TEM specimens. Method one,
the nanotubes were sandwiched between silicon wafers by
using a small amount of epoxy. The sandwich was then
sliced, mechanically ground and polished, and finally Ar+ ion
milled with a final low-energy ion polishing. Method two,
the CNTs were embedded in epoxy, and the mixture was then
trimmed and finally thin sliced by an ultramicrotome. The
latter method led sometimes to mechanical damage to the
interface. Figure 1(c) shows a bright-field(BF) image of a
cross-sectional TEM specimen prepared by ion thinning.
CNTs showing circular shapes lie closely parallel to the elec-
tron beam, others are randomly aligned. For the present in-
terface studies, the CNTs with circular cross sections were
selected. A small tilt was often necessary in order to perfectly
align the CNT axis parallel to the electron beam. HRTEM
was performed on a JEOL 4000FX operated at 400 kV with
point resolution of 0.2 nm and a JEOL 1250 atomic resolu-
tion microscope(ARM) operated at 1250 kV with a point
resolution of 0.12 nm. During setting up optimal image con-
ditions, areas away from that of interest were employed in
order to minimize the electron radiation damage. Spatially
resolved electron energy loss spectroscopy(EELS) was per-
formed on a dedicated scanning transmission electron micro-
scope VG HB501 operated at 100 kV. The probe diameter

FIG. 1. Schematic of the geometry of(a) conventional plan-
view TEM and(b) cross-sectional TEM.(c) BF image of a cross-
sectional specimen.
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was ,0.7 nm, and an energy dispersion of 0.2 eV/channel
was chosen.

III. RESULTS AND DISCUSSION

Figure 2(a) shows a plan-view TEM image of a bundle of
MWCNTs. The MWCNTs possess various diameters and are
partly filled. HRTEM image of a small section of a CNT
[Fig. 2(b)], where individual graphene sheets appear as dark
fringes, reveals that the CNT wall is imperfect. Some
graphene layers terminate in the middle of the wall as well as
in the innermost of the wall, where the inner diameter of the
MWCNT changes, as pointed out by an arrow. Figure 3(a)
shows a cross section of a MWCNT with an empty core. The
tube wall is quasicircular in cross section. However, it is
difficult to find a complete circle of an individual graphene
tube. Same as observed in the plan-view specimen(Fig. 2),
the CNT walls are highly defective. This low crystallinity of
the MWCNT walls is not due to electron radiation damage,10

since defects appear in the dispersed plan-view specimens at
the very beginning of observation with 200 kV electrons. In
some regions of the tube wall the defects arrange along ra-
dius, as indicated with arrowheads in Fig. 3(a). This arrange-
ment of the defects, also clearly seen as radial dark lines in
the BF image of Fig. 1(c), is very similar to the interlayer
dislocation model suggested by Fenget al.11

Figure 3(b) shows a HRTEM image of a cross section of a
CNT filled with Fe. The characteristics of the CNT wall are
very similar as that shown in Fig. 3(a). A lattice of single
crystal is observed in the core of the nanotube, which con-
sists of two sets of lattice fringes perpendicular to each other
with a spacing of 0.19 nm and 0.20±0.01 nm, respectively.

This is consistent with the crystal structure ofa-Fe close to a
{100}-pole axis, being tetragonally distorted owing to the C
solution (martensite). In some CNTs other structures of the
filling have been found, namelyg-Fe and FeCx. Figure 4(a)
shows a cross-sectional HRTEM image of another Fe-filled
CNT. As in Fig. 3(b), the metal filling possesses a single
crystalline structure. The central region of its core and two
regions including the metal/CNT interface(marked with
frames) are enlarged in Figs. 4(b), 4(c), and 4(d), respec-
tively. In Fig. 4(b) three sets of the lattice planes are clearly
seen with a spacing of 0.20±0.01 nm, which make an angle
of 60° with each other. This agrees with thea-Fe crystal
structure along ak111l-zone axis. Note that the crystal struc-
ture extends up to the innermost graphene layer of the C
wall. In Fig. 4(c), two controlling lines are drawn parallel to
one set of{110} planes of the Fe lattice in the center of the
filling. Close to the interface the{110} atomic planes are
bent by an angle of,1°, indicating an elastic relaxation of
the Fe lattice, which may be caused by its bonding with the

FIG. 2. (a) A bundle of Fe-filled MWCNTs,(b) HRTEM image
of part of a CNT. The arrow indicates the ends of the innermost
graphene layers.

FIG. 3. (a) HRTEM of a cross section of a MWCNT with an
empty core, showing defects in the walls arranged along the radius.
(b) HRTEM of the central part of a cross section of a MWCNT
filled with Fe.
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curved graphene sheet. In Fig. 4(d), in the C wall region
fringes perpendicular to the graphene sheets of the CNT with
a spacing of 0.25 nm are observed, which is twice the spac-
ing of {110} planes of graphite. It is interesting to note that
in this region one set of Fe{110} lattice planes is parallel to
these fringes in the CNT wall region. This may be interpreted
as the following: Part of the Fe core in this cross section has
a different diameter, as schematically drawn in the inset of
Fig. 4(d). Similar to the case of heterolayers, the Fe lattice in
this extruded region elongate elastically in order to fit the
graphite lattice beneath it. Because Fe has a higher atomic
scattering factor than C, the contrast of these fringes in the C
wall region is contributed mainly by the elongated Fe lattice.
Extra atomic half-planes in the Fe core are observed with a
spacing of six atomic planes. Such an atomic arrangement at
Fe/CNT interface is analogous to “interface dislocations” in
other heterostructures(e.g., Ref. 12). The {110} spacing of
a-Fe is 0.21 nm, smaller than the double{110} spacing of
graphite s0.123 nm32=0.246 nmd. In order to accommo-
date the lattice mismatch between graphite and Fe under this
particular orientation relationship, these “interface disloca-
tions” are expected to have a spacing of six atomic planes,
which agrees with our experimental observation. Such type
of semicoherent interface implies a chemical bonding be-
tween Fe and the CNT wall.

In order to study the electronic structure of the CNT/Fe
interface, spatially resolved EELS was performed. Figure
5(a) shows BF and high-angle annular dark-field(HAADF)
images of one cross section of a CNT. The contrast of the
HAADF image, known asZ-contrast,13 arises mainly from
different atomic scattering factors. Therefore, the HAASF
image shows a strong bright contrast of the Fe core and a
weak contrast of the C wall. The EELS line-scan is perpen-

dicular to the interface, starting in the Fe region and extend-
ing symmetrically into both the Fe and C wall. The position
of the scan is indicated with a white line in the BF image.
Along the 10 nm long line 30 EELS spectra were recorded,

FIG. 4. (a) HRTEM of a cross section of a Fe filled CNT.(b)
Lattice image of the central part of the Fe filling.(c) and(d) Inter-
face region C and D marked in(a), respectively. The extra one half
of the atomic planes of Fe, analogue to “interface dislocations,” are
marked with'.

FIG. 5. Line-scan EELS spectroscopy on a cross section of a
Fe-filled CNT. (a) BF and HAADF images. The position of the
line-scan is shown in the BF image as a white line, and the scatter-
ing geometry is sketched in the HAADF image.(b) ELNES of
carbonK-edge. The sequential numbers of the spectra are indicated.
(c) A close look of the carbonp* peaks. Note that the peak position
of the p* peak obtained from the interface region shows a shift of
0.3 eV towards higher energy in comparison with the spectra ob-
tained from the C-wall region.
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i.e., the spacing between sequential spectra is,0.3 nm. It
should be noted that, with this cross-sectional geometry the
electron beam is parallel to the graphene layers along the
CNT sk0d, which gives rise to inelastic scattering events in-
corporating momentum transferssqd parallel as well as per-
pendicular to the localc axis of the layers, as sketched in
Fig. 5(a). Figure 5(b) shows the background subtracted en-
ergy loss near-edge structure(ELNES) of the C K-edge of
the selected spectra. No C signal was detected in spectra 1–4
taken in the Fe region(not shown here). In the spectra taken
from the CNT wall region, the ELNES resembles closely that
of graphite: ap* peak close to 284 eV, corresponding to the
1s-p* transition, and a main peak setting on at,290 eV,
corresponding to 1s-s* transition. The relatives* peak in-
tensity is markedly lower than in graphite. This agrees with
the observation of Stéphanet al.,14 that in plan-view geom-
etry the intensity ratiop* / s* is higher near the edge posi-
tion than for the central positions. In both our cross section
and their plan-view edge position geometries scattering
events corporate momentum transfers parallel to the localc
axis of the graphene layer, in contrast with their plan-view
central position, where the momentum transfer is perpen-
dicular to the localc axis. The less detaileds* peak may
be attributed to the highly defective nature of the C wall
(Fig. 3), and the end-on geometry of the graphene sheets
may have a similar effect.14

It is particularly interesting to note in Fig. 5(c) that thep*
peak position of the spectra taken in the Fe/CNT interface
region (spectra 8–11) is at higher energy than in spectra
taken from the C wall region(spectra 13–30). Measurements
from several CNTs show that the energy shift of thep* peak
ranges from 0.2 to 0.4 eV. A close look at the on-set of the
s* peak has shown a similar shift towards higher energies in
spectra taken close to the interface. Considering the diameter
of the electron beamsø1 nmd, together with beam broaden-
ing during the penetration through the specimen, and the
spacing of 0.3 nm between sequential EELS spectra, we es-
timate that five to six spectra contain CNT/Fe interface spe-
cific signal in one EELS line scan. However, due to the
strong C signal from the C-wall, the weak interfacial signal
is expected to be recognizable only in a few spectra, which
are taken at the interface region on the Fe side. This agrees
with our experimental observations. We believe, therefore,
that this shift of thep* peak towards higher energy arises
due to the Fe/CNT interface.

When the metallic Fe crystal filled in the core of a
MWCNT and the C inner graphene layer of the MWCNT
form an interface, the dominant interaction is expected for
that of the Fe 3d orbital with the local carbonp orbital.
Electron states of Fe may populate the energy gap betweenp
andp* of the CNT. Charge transfer and the induced interfa-
cial field determine position of the band structure of the CNT
relative to the metal Fermi level. A detailedab initio calcu-
lation is needed to clarify quantitatively how the overlap and
hybridization of the electronic states of Fe electron states
with C states affect the C band structure at the interface. For
single-wall(SW) CNT supported on a gold substrate, calcu-
lation of Xue and Datta15 has shown that the electron charge
transfer from SWCNT to the gold substrate induces a local
electronic potential perturbation which gives rise to a Fermi

level shift of ,0.2 eV towards the valence band, which
explains the Fermi level shift in scanning tunneling spec-
troscopy measurements using a scanning tunneling
microscope.16 For the system of a 3d transition-metal depos-
ited on the graphite substrate, on the other hand, theoretical
calculations17 have predicted that a strong hybridization of
Fe 3d orbital with C p orbital results in a small electron
charge transfer from Fe adatoms(and dimers) to the graphite
substrate. Assuming that the same type of charge transfer
occurs in the case of the Fe crystal filled in CNT, one would
expect, in comparison with the case of SWCNT on gold, a
Fermi level shift to the opposite direction, i.e., towards the
conduction band of the CNT. The excitation of a C 1s elec-
tron at the interface to the emptyp* would require, there-
fore, higher energy. Our observation of a shift ofp* peak
position towards higher energies proves, therefore, the inter-
facial bonding between the Fe filling and CNT wall. We have
also noted, however, that some EELS line scans do not ex-
hibit any significant change of thep* peak position when the
electron beam crosses the interface. According to our HR-
TEM observation, the orientation relationship between the
inner graphene layer of a CNT wall and the Fe crystal may
vary from one CNT to the other[e.g., compare Fig. 3(b) with
Fig. 4(a)], as well as at various positions along the circular
interface of the same CNT. For example, localc axis of
graphene layers of the MWCNT in Fig. 3(b) can be parallel
to k011l (arrows) andk010l (arrowheads). Differences in the
bonding between Fe and CNT at various interface positions
may, therefore, be expected. This is unlike the case of a CNT
coated with a thin layer of SiOx,

18 where the bonding does
not change along the circular interface. Besides, FeCx filling,
also observed in our sample, may have a different interface
with CNT.

Finally, we would like to mention that, since the CNTs
used in our study are highly defected, whether the formation
of the interfacial bonding is assisted by the defects present in
the CNT walls needs further investigations. To fabricate per-
fect CNTs filled with metal for the future study is essential.
We have also found trace of O at the interface and Fe filling,
especially when we perform a second time EELS line scan
on the same CNT cross section(crossing another part of the
circular interface).

IV. CONCLUSION

Our results constitute, to the best of our knowledge, the
first cross-sectional HRTEM and high-spatially resolved
EELS study of an interface in a CNT composite. Elastic
relaxation of the Fe crystal takes place close to the CNT/Fe
interface. Under a particular orientation relationship, a semi-
coherent interface forms, and “interface dislocations” accom-
modate the lattice mismatch between Fe and graphite. The
p* peak of the carbonK-edge of EELS shifts 0.2–0.4 eV
towards higher values. These results demonstrate experimen-
tally the interfacial bonding between filled Fe and CNT wall.
We believe that cross-sectional HRTEM and EELS, together
with structural modeling and image simulation, will play an
important role in future studies on atomic and electronic
structures of the interfaces in various CNT composite sys-
tems.
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