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The identification of effective components on the atomic scale in carbon nanomaterials which improve the
performance in various applications remains outstanding challenges. Here the catalyst residues in
individual carbon nanotube (CNT) and carbon nanofiber (CNF) were clearly imaged with a concurrent
characterization of their electronic structure by nanoscale scanning transmission X-ray microscopy. Except
for prominent catalyst nanoparticle at the tip, tiny catalyst clusters along the tube (fiber) were detected,
indicating a migration of the catalysts with the growth of CNTs (CNFs). The observation provides the direct
evidence on the atomic metal in CNT for oxygen reduction reported in the literature. Interaction between
catalysts (Fe, Ni) and CNTs (CNFs) at the tip was also identified by comparing the X-ray absorption spectra.
A deep understanding of catalyst residues such as Fe or Ni in carbon nanomaterials is very vital to growth
mechanism development and practical applications.

C
arbon-based materials containing metals (such as Fe or Co) and nitrogen impurities have been considered
to be good alternatives to precious-metal electrocatalysts for the oxygen reduction reaction (ORR) in fuel
cells1–6. Nitrogen doping in carbon nanotubes (CNTs) or graphene has been studied and shown to be a key

role for the high ORR activity3–5. However, because of the complex compositions in carbon materials such as the
existence of amorphous carbon, catalyst residues, various structural defects and surface contaminations, the
identification of effective components in carbon-based materials which improve the performance and the under-
standing of the nature of ORR catalytic sites on the atomic scale still remain outstanding challenges6,7. For
example, the extremely small amounts of irons originated from nanotube growth seeds were recently revealed
to play very important role in facilitating the formation of catalytic sites and boosting the activity of the catalyst
together with nitrogen species6. The iron and nitrogen atoms in the few-walled CNTs attached with nanoscale
graphene sheets were clearly imaged by annular dark-field (ADF) and atomic-scale electron energy loss spectrum
(EELS) imaging in aberration-corrected scanning transmission electron microscopy (STEM)6. It is thus import-
ant to explore the form of catalyst residues such as Fe or Ni in carbon nanomaterials with the identification of their
electronic structure, which may help for the understanding of the growth mechanism of carbon nanomaterials
and their functionality in practical applications.

Scanning transmission X-ray microscopy (STXM) has been considered to be an effective tool to localize
and characterize the electronic structure of carbon nanomaterials8–14. STXM combines both X-ray absorption
near-edge structure (XANES) spectroscopy and microscopy with a spatial resolution of a few tens of
nanometers12. XANES is an element-specific spectroscopic technique involving the excitation of electrons
from a core level to local and partial empty states of a defined character12,14. The combination of classical
XANES method with a high spatial resolution in STXM provides a unique capability to explore electronic
and structural information in carbon nanomaterials8–14. Here by employing STXM, Fe and Ni residues, the
widely used catalyst in the CNT/CNF growth15,16, in individual CNT and CNF were imaged with a concurrent
identification of their electronic structure. Interestingly, we found that the catalyst may migrate with the
growth of CNT (CNF) through the whole CNT (CNF) as tiny clusters or even atomic metal, which provides
the direct evidence on the existence of the atomic metal for the ORR6. Moreover, the catalyst nanoparticles at
the tip of CNT (CNF) show a strong interaction with carbon as metal-carbon bonds, as revealed by the
XANES spectra.
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Results
Fig. 1 shows the scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM) images of CNTs synthesized with
Fe catalysts (20 nm Fe/Ti underlayer). SEM image (Fig. 1a) reveals
the aligned structure of CNTs on substrate. TEM image (Fig. 1b)
shows a tube-like structure with a hollow center and thin tube wall. A
Fe catalyst about 100 nm at the tip of CNT can be observed.

Fig. 2 shows the STXM results and TEM image. The TEM image
(Fig. 2a) shows the presence of CNTs. An individual CNT with Fe
catalyst nanoparticle (diameter about 100 nm) at the tip can be
observed. To compare the different electronic structures in CNT
(with and without Fe catalyst), 4 different parts were marked with
rectangles and numbers (denoted as tube1–4). The part between
tube2 and tube3 is an overlap of CNT and TEM grid with lacey
carbon thus we have not shown the XANES spectrum. Fig. 2b shows
the STXM map of the same region at C K-edge. The STXM map is in
good agreement with the TEM image.

The XANES spectra of different parts of the tube (tube1–4) at C K-
edge are shown in Fig. 2c. Typically, the XANES spectra for tube1–4
show three main absorption features: A, B and D at about 285.5,
288.5 and 291.7 eV, respectively. The corresponding assignment of
the absorption features has been well studied14,17. Feature A origi-
nates from the p* excitation in a carbon ring structure, feature D
from the s* excitation, while feature B from the transitions to sp3

hybridized states due to oxygenated groups and/or surface contam-
inations14,17. The spectra have been normalized at thes* excitation to
reveal the difference between 282 and 292 eV. All four parts show

clear features A and D while a weak feature B can be observed,
indicating weak oxidation or other surface modification. The spectral
resolution for tube1 with Fe catalyst is worse compared to that for
other parts, which can be attributed to less carbon content at the tip.
However, a strong peak at about 283.5 eV (marked as A1) can be
obviously observed for tube1. The peak position is about 2 eV lower
than the p* excitation. Liu et al. reported a similar peak at lower
energy than the p* excitation in FeCl3 intercalated CNTs and
assigned it to the new empty states induced by a charge transfer
process between carbon and FeCl318. Here with a good spatial reso-
lution the STXM results with a prominent XANES peak at 283.5 eV
clearly reveal that at the connection part (tube1) there is a strong Fe-
C interaction (chemical bonds) between Fe catalyst and CNT, which
may help to understand the growth mechanism of CNTs. Metal
nanoparticles play an important role as catalyst for CNT growth
which may help to produce CNTs with desired atomic structures
selectively for electronic technology and industry. However, there
have been a number of controversial hypotheses, theoretical simula-
tions, and experiments on the growth process of CNTs19–21. For
example, the tube grows along the interface between nanoparticle
and carbon and one of the crucial questions on the growth mech-
anism of CNTs is whether the nanoparticles are carbide particles
with a strong interface interaction between carbon and metal catalyst
(Metal-Carbon interaction) or pure metal particles21. TEM results
showed the existence of Fe3C by the electron diffraction pattern but
they were not spectroscopic evidence revealing the electronic struc-
ture and bonds19–21. In-situ X-ray photoelectron spectroscopy (XPS)

Figure 1 | (a) SEM and (b) TEM images of CNTs grown with 20 nm Fe/Ti underlayer. (c) Magnified TEM image of CNTs.
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was also used to probe the Fe-C bonds for CNTs synthesized by CVD
method19. A peak at about 283.2 eV in the XPS spectra indicated the
Fe-C interaction. However, the XPS signal represented a spatial aver-
age over the accessible catalyst particle surface in the beam area and
the contribution from contaminations or other carbon source such as
amorphous carbon could not be excluded. Here our XANES spectra
with a good spatial resolution clearly identify the Fe-C interaction
indicating the existence of carbide particles.

Fig. 2d shows the Fe L-edge XANES spectra of tube1–4. The spec-
tra were normalized to the incident flux and the peak intensity is
proportional to content of Fe element. It is clear that tube1 shows
prominent features for the presence of Fe catalyst at the tip, which is
in good agreement with the TEM image. The spectrum of tube1
shows two main features at about 707 eV (A1–A3) and 721 eV
(B1–B2) for Fe L3 and L2 edge resonances, respectively. A strong
peak at about 707 eV (labeled with A1) and two relative weak fea-
tures at about 709 eV and 712 eV (labeled with A2 and A3) can be
observed for tube1. According to the literature22, the strong peak A1
indicates that the Fe catalyst in CNT has a low chemical state such as
Fe metal or Fe21. A more oxidative state such as iron oxide will show
prominent features A2 and A3, while a decrease of feature A1 can be
observed22. For tube3, there is a small tube attached on the big tube
and a small Fe catalyst at the tip can also be observed from the TEM

image. Thus the XANES spectrum for tube3 also shows Fe L3 and L2

edge resonances. However, weak XANES features for Fe can be also
observed for tube2 and tube4, while no obvious Fe nanoparticle can
be observed in these parts from the TEM image. The XANES features
are weak but clear, which strongly suggest the existence of Fe in tube2
and tube4. For comparison, the spectrum of TEM grid with lacey
carbon (background) is also shown but no signal of Fe can be
observed.

Recently the extremely small amounts of irons originated from
nanotube growth seeds were reported to be very important for the
high ORR activity. The atomic iron in the outside graphene sheets of
few-walled CNTs were imaged by STEM6. Here our results confirm
the existence of tiny Fe throughout the CNTs. In the synthesis pro-
cess, the catalysts fluctuate structurally as liquid-like phase as
reported in the literature19,21. The catalysts may migrate with the
growth of CNTs and leave in the layers of CNTs as the clusters (or
atomic metal). The clusters (or atomic metal) are too small to be
observed compared to the big one at the tip. Here by STXM the
XANES features clearly reveal the existence of tiny Fe clusters (or
atomic metal) on the surface of CNTs. The results may help to
explain the origin of atomic metal in CNTs observed in the literature
which showed important role for the improved ORR activity21. The
small amounts of irons responsible for ORR activity may not only

Figure 2 | (a) TEM image and (b) STXM map (at C K-edge) of CNTs, (c) Normalized C K-edge XANES spectra of tube1–4 labeled in Fig. 2a and b, (d)
Fe L-edge XANES spectra of tube1–4 labeled in Fig. 2a and b.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 3606 | DOI: 10.1038/srep03606 3



originate from the catalyst seeds21, but also from the migrated metal
with the growth of CNTs.

The electronic structure of Fe in CNTs is also measured by XANES
and the results suggest it is a low chemical state similar to Fe metal or
Fe21, as shown in Fig. 2d. It should be useful to know that the Fe in
CNTs with a low chemical state. In Fig. 1c the high-resolution TEM
image of the same tube (from tube2) is also shown. It is difficult to
observe the clusters in CNT suggesting that the existence form of Fe
is tiny clusters with the size smaller than 1 nm or is even at atomic
scale (with possible Fe-C interaction).

The electronic structure of CNFs synthesized with Ni catalysts was
also explored by STXM. Fig. 3 shows the SEM and TEM images of
CNFs synthesized with Ni catalysts (20 nm Ni/Ti underlayer). SEM
image (Fig. 3a) reveals the aligned structure of CNFs on substrate.
Compared to the TEM image in Fig. 1b with a tube-like structure of
CNTs with Fe catalysts, the TEM image in Fig. 3b shows a small
hollow center and a thick wall. The thick wall shows the stacking
cone-like structure without clear concentric cylindrical carbon layers
as that for multi-walled carbon nanotubes (MWCNTs). The ratios of
the wall to the inner hollow structure are very big and in some
literatures the structure was also attributed to carbon nanofiber
(CNF)16. Ni catalysts can be observed at the tip of different CNFs
in Fig. 3b. The CNFs at the center of the circle in Fig. 3b is to be
measured by STXM.

Fig. 4 shows the STXM results and HR-TEM image of CNF. An
individual CNF with Ni catalyst nanoparticle at the tip can be
observed in Fig. 4a. For comparison, 4 different parts were marked
with rectangles and numbers (denoted as fiber1–4). Fig. 4b shows the
STXM map at C K-edge, which is in good agreement with the TEM
image. The XANES spectra of fiber1–4 at C K-edge have been shown
in Fig. 4c. Fig. 4d shows the Ni L-edge XANES spectra of fiber1–4.
We also replotted the Ni L-edge XANES spectra with normalized
intensity in Fig. 5.

Discussion
In Fig. 4c, similar to the results for CNT, a strong peak at about
283.5 eV can be observed for fiber1 suggesting the interaction
between Ni and CNF23. The results for both Fe and Ni catalysts
strongly confirm the existence of the interaction between the cata-
lysts and CNTs (or CNFs) in the growth process.

In Fig. 4d it is clear that fiber1 shows clear features for the presence
of Ni catalyst. The spectrum of fiber1 shows two main features
around 853 eV (A1–A2) and 870 eV (B1–B2) for Ni L3 and L2 edge
resonances, respectively. For Ni L3 edge, a strong peak at about
852.5 eV (labeled with A1) can be observed with a relative weak
shoulder at about 854.5 eV (labeled with A2). According to the

literature24, the strong peak A1 stands for a low chemical state such
as Ni metal, while a more oxidative state such as NiO will show a
prominent feature A2. The strong XANES feature A1 and relatively
weak A2 for fiber1 suggest that the Ni catalyst at the tip is mainly Ni
metal24. Fiber2 also shows clear features for Ni since this part also
cover some Ni catalyst as observed from the TEM image. However,
for the parts without obvious Ni catalysts (fiber3 and fiber4), weak
but clear XANES features for Ni can also be observed, which is
similar to the results for CNT with Fe catalysts. The XANES features
clearly reveal the existence of Ni on the fiber, which could also be tiny
Ni clusters smaller than 1 nm or even at atomic scale as that for Fe in
CNTs.

In Fig. 5 we show the normalized Ni L-edge XANES spectra of
fiber1–4. The signals for fiber3 and fiber4 are weak and the spectra
are not as smooth as that for fiber1 and fiber2. However, the spectra
for fiber3 and fiber4 show clear XANES features which are different
from those for fiber1 and fiber2. Compared to Ni metal in fiber1 and
fiber2 which shows a strong A1 and weak A2, the spectra for fiber3
and fiber4 show a relative weak A1 but a strong feature A2 which
suggest that a more oxidative state such as NiO in fiber3 and fiber424.
The different spectral shape at the Ni L2 edge (B1 and B2) also
confirms the existence of NiO in fiber3 and fiber424. The high oxid-
ative state of Ni clusters may be from the oxidation of Ni in the air
after the growth, while Fe clusters in CNTs is still dominated by the
low chemical state. Both Fe and Ni are easy to be oxidized in air and
the environmental geometry can be an important role for their chem-
ical state. Here Fe exists in CNTs while Ni exists in CNFs. CNT shows
a tube-like structure with concentric cylindrical carbon layers, Fe
may migrate with the growth of CNTs and leave in the layers of
CNTs. Fe on the inner carbon layers can be protected by the outside
layer from oxidation and then shows a less oxidized chemical state.
However, CNF shows a small hollow center and a thick wall without
concentric cylindrical carbon layers. Thus Ni could contact more
oxygen in air and be easily oxidized. The deference suggests the Ni
clusters and Fe clusters in CNFs and CNTs, respectively, may also
possess the different environment (e.g. the different interactions
between Ni-CNF and Fe-CNT).

In conclusion, we have probed the electronic structure of CNTs
and CNFs grown with Fe and Ni as catalyst, respectively, by STXM.
The XANES results clearly show the catalyst-carbon interaction at
the connection part of metal and carbon in the growth process. The
catalyst clusters along the tube (fiber) were detected indicating a
migration of the catalysts with the growth of CNTs (CNFs), which
could help to explain the existence of atomic metal in CNT for the
ORR. Different chemical states of the catalyst clusters are also
observed in CNTs and CNFs. The STXM results reveal the

Figure 3 | (a) SEM and (b) TEM images of CNFs grown with 20 nm Ni/Ti underlayer.
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distribution and chemical state of the growth catalysts in CNTs
(CNFs), which may help to understand the role of catalysts when
CNTs (CNFs) are used in various applications.

Methods
Synthesis of CNT and CNF. The growth of vertically aligned CNTs and CNFs by
plasma-enhanced chemical vapor deposition (PECVD) was followed by a previous
report in a Black Magic system (Aixtron Inc.)16. The metal underlayer (Ti) was
evaporated directly on Si substrate to the thickness of 80 nm followed by the
evaporation of Fe or Ni thin film (20 nm) as catalysts using electron-beam. Then the
materials are pretreated by thermal annealing at 600uC under ,2 mbar NH3

atmosphere for 3 min until the catalyst thin films were transferred into nanoparticles.
Thereafter, a direct current PECVD was used to grow the carbon nanostructures
which is an advantageous growth method achieving high yield and vertically aligned.
In this proceeding, the substrate was first heated to desired growth temperature at
750uC and the mixed gas of NH3 and C2H2 (451) were introduced into the reaction
chamber to 7 Torr pressure. The plasma condition is 210 W with the applied voltage
of 530 V. The growth period was 15 min for all samples. After growth, the samples
were cooled down to room temperature before exposed to the air.

TEM and STXM measurement. All samples have been shown to be aligned carbon-
based nanostructures on substrates16. CNTs (CNFs) were sonically dispersed in
ethanol and then deposited on Cu grid for transmission electron microscopy (TEM)
and STXM experiments. High-resolution transmission electron microscopy (FEI
Tecnai G2 F20 S-TIWN) was used to characterize the morphology of samples. STXM
experiments were performed on the SM beamline at the Canadian Light Source
(CLS). STXM data were collected with a circularly polarized X-ray beam

Figure 4 | (a) TEM image and (b) STXM map (at C K-edge) of CNFs, (c) Normalized C K-edge XANES spectra of fiber1–4 labeled in Fig. 4a and b, (d)
Ni L-edge XANES spectra of fiber1–4 labeled in Fig. 4a and b.

Figure 5 | Normalized Ni L-edge XANES spectra of fiber1–4 labeled in
Fig. 4a and b.
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perpendicular to the sample surface10. The focused X-ray beam is about 30 nm. The
photon flux is about 2 3 107 photons/s. The image sequence (stack) scans over a
range of photon energies have been used to obtain both chemically contrast imaging
and XANES spectra10,12. STXM data were analyzed by aXis2000 software.
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