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ABSTRACT
Scanning transmission X-ray microscopy (STXM) has been used to probe the electronic structure of individual multiwall carbon nanotubes by
chemical mapping at the nanoscale. Carbon 1s near-edge X-ray absorption fine structure (NEXAFS) spectra of individual structures are shown
to be able to differentiate carbon nanotubes from onionlike carbon nanoparticles and to differentiate nanotubes synthesized by different
growth methods. Imaging of the very same region by both STXM and transmission electron microscopy is shown to be a very useful and
complementary approach.

In recent years, much progress has been made in the synthesis
of carbon nanotubes driven by the high interest in the intrinsic
properties of this material such as their nanometric cross
section, high aspect ratio, and good thermal and electric
conductivity, which points to many potential applications.1-3
While carbon nanotube synthesis has been highly optimized,
the study of their electronic properties is still lacking.
Difficulties in the determination of the electronic properties
of the CNTs, as in other nanostructures, arise from constraints
associated with the poor spatial resolution of most of the
available analytical techniques. Earlier electronic structure
studies employed mainly nonspatially resolved near-edge
X-ray absorption fine structure spectroscopy (NEXAFS)4-6
and photoelectron spectroscopy (PES).7-9 These spectroscopy
techniques typically sample an area of some mm2. Consequently, the electronic structure information they provided
is an average over a large area in which a signal from
impurities (amorphous carbon, onionlike particles, and
catalysts) cannot be avoided. Besides this, a bundle of CNTs
is always composed by several sorts of CNTs whose
electronic properties can vary from metallic to semiconducting depending on their helicity and diameter as well as, in
principle, on their mutual arrangement.
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In contrast, techniques based on spectromicroscopy, such
as transmission electron microscopy (TEM) equipped with
electron energy loss spectroscopy (EELS)10 and scanning
photoemission microscopy (SPEM),11-13 have been used for
the analysis of selected zones or isolated carbon nanotubes.
However, the spatial resolution of SPEM is at best 90 nm,11
which makes it a challenge to measure isolated CNT
structures. While TEM-EELS does provide very high spatial
resolution, two other problems exist. Much more radiation
damage is produced by an electron beam relative to a photon
beam14 and the energy resolution of conventional TEM-EELS
instruments is significantly lower than that of synchrotronbased X-ray spectromicroscopy.15-17 The latter technique thus
offers a great potential not just for CNTs but for nanostructures in general. The improvements in the spatial resolution
compared to classical X-ray absorption spectroscopy provide
access to unique and important properties of isolated nanostructures that will have decisive impact in the nanotechnology era.
Here we demonstrate the power of scanning transmission
X-ray microscopy (STXM)15-17 to study the electronic and
structural properties of carbon nanotubes. STXM combines
both NEXAFS spectroscopy and microscopy with a spatial
resolution better than 40 nm. NEXAFS spectroscopy18 is a
particularly well-adapted probe of carbon nanotubes,4-6 as
it is able to investigate both electronic and structural
properties of carbon-based systems and can provide unique
information about the composition of organic materials, as

Figure 1. HRTEM pictures of MWCNT synthesized by arcdischarge (left) and CVD (right).

it can easily differentiate bonding types for carbon, oxygen,
and nitrogen.13 Here we show that this synchrotron-based
spectromicroscopy technique is able to differentiate between
the electronic states of multiwall carbon nanotube (MWCNTs)
synthesized by arc-discharge or chemical vapor deposition
(CVD) in addition to imaging one isolated MWCNT.
CVD and arc-discharge-synthesized MWCNTs are well
known to have different crystallinity due to their different
growth mechanisms.19 Figure 1 shows high-resolution electron microscopy (HREM) images of MWCNTs synthesized
by arc-discharge (Figure 1, left) and CVD (Figure 1, right).
It can be seen that the arc-discharge CNTs are highly
crystalline, with regular graphene sheets at an interlayer
spacing of 3.4 Å, while the graphene layers of the CVD
MWCNTs are not uniformly arranged. The curvature of the
CNTs induces the redistribution of the electron density,20
consequently, nonuniformities in the graphene layers are
expected to be revealed by an increase in the line width of
the carbon 1s f π* NEXAFS line. The actual composition
of the MWCNT powder is another important point that has
to be considered in CNT studies. Powder produced by CVD
typically contains 95% CNTs, while powder synthesized by
arc-discharge consists of 40% of CNTs and the rest is
impurities such as multilayer polygonal carbon nanoparticles
(CNPs) and graphitic particles. Differences in the X-ray
spectra and thus electronic structure of multiwall carbon
nanotubes and carbon nanoparticle impurities will be shown
to demonstrate the sensitivity of STXM-NEXAFS. The
spectra of carbon nanoparticle impurities, pristine arcdischarge, and CVD-grown MWCNTs are compared, underlining the unique spectroscopic insights provided by
STXM. The results obtained in this study open new possibilities for understanding the electronic and structural
properties of individual carbon nanotubes and show the
ability of STXM to perform nanostructure analysis.
To perform this work, carbon nanotube powders were
purchased from Mercorp (arc-discharge grown)21 and Nanocyl (chemical vapor deposition (CVD) grown).22 The raw
powders were sonically dispersed in ethanol, and a drop of
the solution deposited on a holey Formvar TEM grid.23 An
important step to perform STXM measurements is a preanalysis of the samples by TEM (see Figures 2b, 5b, 6b). If
grids with labeled regions are used, location of individual
carbon nanotubes can be identified before using synchrotron
radiation resources and then the suitable region for analysis
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Figure 2. (A) STXM image of CNT powder deposited on a holey
carbon-coated TEM grid. (B) TEM image of the same region.

can be easily retrieved; this is a time-saving step. Moreover,
TEM study also gives information about the constituent of
the raw powder as well as on the structure of the carbon
nanotubes. Minimal dose TEM techniques were used to
prescreen sample areas for STXM. As can be seen from
Figure 2, the arc-discharge powder includes a large proportion of impurities in the form of amorphous and onionlike
particles. The carbon nanotubes formed during the process
are very straight and have a nearly perfect graphitic structure.
Their diameters range from a few to a maximum of 50 nm.
In contrast, the CVD powder consists mainly of multiwall
carbon nanotubes that are bent, with no uniform walls, and
their surface is covered by an amorphous carbon layer
(Figure 1). The HRTEM pictures of Figure 1 have been taken
using a Tecnai F20 operating at 200 kV. For the rest of the
work, transmission electron microscopy was carried out on
a Tecnai 10 microscope operating in low-dose conditions
(80 kV) in order to prevent radiation damage of the
specimens.
To perform the STXM analysis, the grid is fixed on a
sample holder and inserted in the experimental chamber of
the dedicated STXM24 on beamline 5.3.2 at the Advanced
Light Synchrotron at the Lawrence Berkeley National
Laboratory.25 The chamber is evacuated and then filled with
a third of an atmosphere of helium. The monochromated
X-ray beam is focused to a 40 nm spot on the sample using
a Fresnel zone plate. The transmitted signal is then measured
with single-photon counting using a phosphor converter and
a high-performance photomultiplier tube. The energy resolution of the beamline is 150 meV and the spatial resolution
is 40 nm with the zone plates used (155 µm diameter,
35 nm outer zones). The energy scale is calibrated using the
C 1s f 3s transition of CO2 (gas).
STXM can be used in three different acquisition modes.
It is possible to acquire images at a specific photon energy,
to acquire spectra at points or along lines, and to acquire a
sequence of images over a range of photon energies (a
“stack”).26 Stacks can be further processed and a quantitative
chemical map of the analyzed region can be built up by
fitting the spectrum of each pixel to a set of suitable reference
spectra, which can be placed on quantitative intensity scales.
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Figure 3. (a) Average of 200 STXM images (280-320 eV) in the region around one isolated arc-discharge-grown carbon nanotube. (b)
NEXAFS spectra of the colored regions, placed on a quantitative linear absorbance scale by matching to elemental carbon (see text).

In this work, C 1s stacks were recorded with pixel size of
20 nm and dwell time (counting period at each pixel) of
1.2 ms. All STXM results were analyzed using aXis2000.27
It is also worth noting that, for the clarity of the presentation,
the results presented here are shown only for one particular
sample, but the authors have carried out analysis of several
similar samples with the same results as given.
A STXM analysis of a MWCNT powder synthesized by
arc-discharge is shown in Figure 2. The TEM image
(Figure 2b) shows that the powder mainly contains bundles
of straight nanotubes and impurities. In addition, isolated
multiwall carbon nanotubes can also be observed with a few
lying on top of holes in the carbon support film. These
isolated MWCNTs are the ones of interest for STXM
analysis. Figure 2a shows a STXM image recorded at 291.7
eV, which is the energy of the 1s f σ* transition in sp2
hybridized C atoms. The very same region was imaged using
an 80 kV TEM (Figure 2b). A closer look at this region
reveals that an isolated multiwall carbon nanotube (MWCNT)
can be seen; a magnified view is displayed in Figure 3. The
diameter of this MWCNT is 41 nm.
Figure 3 displays the average of 200 STXM images
acquired as an image sequence (stack)26 between 280 and
320 eV on the region marked by a white square in Figure 2.
In the right panel, C 1s NEXAFS spectra extracted from
different areas of the stack are shown. The curves correspond
to C 1s spectra recorded on the carbon film that covers the
TEM grid (blue), the isolated multiwall carbon nanotube
(red), and the carbon nanoparticles (green). The C 1s
spectrum of the individual MWCNT is very similar to the
spectrum reported for highly oriented pyrolitic graphite.6,28
It is characterized by a sharp peak at 285.2 eV, which
corresponds to the 1s f π* transition in sp2 hybridized C
atoms and also by a broader peak at 291.7 eV, which is the
1s f σ* resonance.
Nano Lett., Vol. 7, No. 8, 2007

The spectra recorded on the carbon nanoparticles (CNP)
exhibit the same features at 285.2 and 291.7 eV. However,
the π* peak of the CNP spectrum is broader (full width at
half-maximum (fwhm) of 1.4 ( 0.05 eV) than that for the
π* peak of the isolated MWCNT (fwhm of 1.0 ( 0.05 eV).
In addition, the region between 287 and 290 eV has a
higher intensity, which is attributed to the presence of
hydrogenated carbon atoms29,30 in the particles as well as to
oxygen adsorbed on the CNP.28,31 These spectral differences
illustrate the capability of STXM spectromicroscopy to
differentiate nanostructures with quite similar electronic
structures.
Stacks can be further processed to derive quantitative maps
of the chemical components in the analyzed region by fitting
the spectrum of each pixel to a set of suitable reference
spectra.27 This provides compositional information at the
scale of individual pixels. It is one of the key aspects of the
technique: STXM can perform not only elemental mapping
but also quantitative chemical mapping with a spatial
resolution below 50 nm.32
Figure 4 shows quantitative chemical maps of the three
different forms of carbon present in the sample. These images
are obtained by fitting the C 1s stack to spectra of the three
components (Figure 3b), which were placed on quantitative
linear absorbance scales (optical density per nm of material)
by matching the intensities outside the structured C 1s
absorption region to that for elemental carbon.33 Further
details on the quantitative mapping procedure can be obtained
in refs 34,35. The gray scale of each component map gives
the thicknesses in nanometers, assuming a density of the
materials equal to 1.4 g/cm3. A color composite map in which
the three components are scaled using a common (0-88 nm)
thickness scale is constructed to visualize their respective
spatial distributions. Here the red, green, and blue colors
correspond to the spatial distributions of MWCNT, onionlike
2437

Figure 4. CNT, CNP, and carbon film quantitative chemical maps derived from the C 1s stack. The gray scales for each component are
given in nm. A colored composite map is also included with a single thickness scale (0-88 nm) for all three components/colors.

Figure 5. (A) Composite map of the same region as in Figures 3 and 4. The red, green, and blue colors correspond respectively to
nanotube, carbon nanoparticles, and carbon grid rich region, and the components have been rescaled to fill each color dimension. (B)
Corresponding TEM image.

carbon particles, and the carbon film, respectively. The
carbon film in blue is difficult to see because it is much
thinner than the other two components. From these maps,
two carbon nanotubes are seen to be crossing in the center
of the image and there are some nanoparticles lying at the
intersection of the two nanotubes. A thicker group of CNPs
(88 nm) is also observed at the top of the picture. The carbon
film is estimated to be around 20 nm thick.
2438

By carefully comparing, in Figure 5, the enhanced STXM
composite image with the corresponding TEM image of the
very same region, it can be seen that the colors perfectly
match the locations of the nanoparticles and the nanotubes.
It is important to point out that this approach can be used to
differentiate between regions containing objects with signals
as close as carbon nanotubes and onionlike carbon nanoparticles.
Nano Lett., Vol. 7, No. 8, 2007

Figure 6. (A) Composite map of a region around a CVD-grown
carbon nanotube. The red and blue colors correspond respectively
to carbon nanotube and carbon grid rich regions. (B) Corresponding
TEM image.

Figure 6 shows the results of a STXM C 1s analysis of
the CVD MWCNTs. From the TEM image (Figure 6b), it
can be observed that the carbon nanotube diameters range
from 10 to 36 nm. No carbon nanoparticles are present in
this sample. The chemical map (Figure 6a) is a composite
in which the nanotubes are red and the carbon film is blue.
In addition to the large isolated MWCNT that can be
observed at the center of the image, there are two other
smaller features worth noting: a 20 nm nanotube that is
clearly resolved (lower arrow), and a very small section of
the carbon film that is among a set of thin MWCNTs (upper
arrow). Nevertheless, for such small features, the spectral
signal in a pixel will contain a non-negligible intensity from
the surrounding material which affects sensitivity and at the
limit does not allow one to cleanly identify smallest structures
from their spectral intensity.
Regions containing individual carbon nanotubes were thus
successfully imaged with high spatial resolution. Nevertheless, one of the main advantages of the STXM technique
arises from the combination of both high spatial and highenergy resolution. This is further demonstrated by comparing
two very similar nanostructures, i.e., arc-discharge and CVD
synthesized nanotubes. Figure 7 compares NEXAFS spectra
of both types of nanotubes. The analysis of the spectra is
performed using a Shirley background in addition to two
mixed Gaussian/Lorentzian functions for π* and σ* edges.
The width of the C 1s f π* peak in the two samples is first
compared. It has been shown that this broadening is closely
related with the amount of defect structure within the
nanotubes.36 A qualitative measure of the degree of imperfection of the nanotube structure can therefore be deduced
by measuring the width of the carbon π* peak. The full width
at half-maximum (fwhm) of the arc-discharge MWCNT
imaged in Figure 5 is 1.0 eV, which is very similar to that
of graphite (reported to be 0.93 eV in ref 6 and 1.0 eV in
ref 36). This reflects the fact that large-diameter arc-discharge
multiwall carbon nanotubes have a structure very close to
that of graphite. In contrast, the fwhm of the C 1s f π*
Nano Lett., Vol. 7, No. 8, 2007

Figure 7. Comparison between NEXAFS spectra of isolated carbon
nanotubes produce by arc-discharge and CVD method. The
corresponding TEM images of these two nanotubes are shown in
Figures 5 and 6.

peak of the CVD nanotube (Figure 6) is 1.6 eV, much larger
than that for the arc-discharge MWCNTs. This indicates that
the nanotubes prepared by CVD are far from perfect and
thus have large amounts of defects. Larger values for the
FWHMs of C 1s f π* peaks of carbon nanotubes have been
reported by other groups (from 1.8 to 2.3 eV; measured with
an energy resolution of 100 meV).36 The higher values
reported in that work could reflect physical differences in
nanotubes prepared by a different method (grown ex situ on
silicon wafer by thermal vapor deposition), but it may also
reflect the fact that the spectrum was acquired over a large
area (1 mm × 0.9 mm) which introduces contributions to
the peak width from a broad distribution of nanotubes of
different diameters and also probably different amounts of
defects as well as from carbon impurities. Moreover, it has
been reported that interaction among CNTs can also influence
their electronic structure, which could also lead to broadening
of the π* peak.
In addition to the broadening of the C 1s f π* peak, the
intensity between 287 and 290 eV is much higher in the
spectrum recorded on the CVD nanotubes. The signal in this
energy range was reported to be associated with CHx bonds
as well as adsorbed oxygen.29-31 Consequently, it indicates
that amorphous carbon and defects are present at the surface
of the CVD nanotube as the perfect CNT surface is expected
to be nonreactive.37 This is confirmed by the HREM image
in Figure 1, which shows the presence of an amorphous layer
on the CVD MWCNT.
In conclusion, we can say that electronic properties of
carbon nanotubes have been probed at the nanoscale using
STXM. The spatial resolution of the technique enables the
study of individual carbon nanotubes by avoiding contributions from other components of the raw powder, while the
high-energy resolution allows differentiation among very
2439

similar nanostructures, i.e., MWCNTs synthesized by two
different methods, through sensitivity to quite subtle differences in the NEXAFS spectra (peak widths and weak
features). Examination of the very same area by TEM is
shown to be a very useful approach that, when combined
with the spatially resolved NEXAFS spectra recorded by
STXM image sequences, leads to unambiguous identification
of all objects present in the region analyzed. We expect that
combined TEM, STXM studies will provide advantages to
the study of other nanostructures. In this general context, it
is important to note that the rate of radiation damage relative
to analytical signal is 100-1000 times smaller for STXM
than for TEM-EELS.14 This, as well as the ability to study
fully hydrated samples (soft X-rays in the C 1s region
penetrate 5 µm of water, with a residual transmission of 5%
at 285 eV), mean the technique is applicable to study
nanostructures in the context of environmental38-41 and
biological15,38-42 applications.
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