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B
ecause of our natural environment,
oxidation of matter has fundamental
importance. For instance, under con-

trolled conditions, the oxidation of silicon
produces sub-2 nm gate oxides for field
effect transistors. In an uncontrolled fashion,
the oxidation of metals and alloys results in
countless corrosion problems. Since their dis-
covery in 1991 carbon nanotubes (CNTs)1

have found an increasing number of appli-
cations,mostnotably asfieldemissionelectron
sources2,3 in displays4,5 or in X-ray tubes6,7

for medical applications.8,9 Carbon nano-
tubes have lower emission threshold fields
compared to other emitter materials.10�13

This, combinedwith their excellent structur-
al integrity, high electrical and thermal con-
ductivity, and relatively inexpensive fabrica-
tion costs, makes them ideal candidates as
electron field emitters.
In a laboratory setting, field emission

measurements of CNTs are usually carried
out using an ultrahigh-vacuum system with
a base pressure of∼10�7 mbar or better.14,15

Under less stringent vacuum conditions,

carbon nanotubes are found to exhibit lower
emission currents and reduced lifetimes.15,16

It has been hypothesized that field emission
of CNTs under less ideal vacuum conditions
leads to the destruction of smaller diameter
nanotubes through ion bombardment or
arcing.16 Dean and co-workers15 found that
the emission currents of single-walled CNTs
decreased when they were emitting in low
pressures of oxygen and water vapor and
suggested that this was due to reactive
sputter etching. Shortly after the discovery
of CNTs, several groups attempted to utilize
the oxidation process to manipulate their
structures, for instance by opening up their
terminating cap or by thinning the tubes.17,18

In the literature, these oxidation steps were
usually performed in an external laboratory
setting, and the state of the oxidized sam-
ples was surveyed a posteriori with a trans-
mission electronmicroscope (TEM). However,
because of their nanoscale, no direct study
has been performed on the underlying me-
chanism of their oxidation. With the recent
availability of environmental gaseous cells
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ABSTRACT We report the first direct study on the oxidation of carbon nanotubes at the resolution of

an aberration-corrected environmental transmission electron microscope (ETEM), as we locate and

identify changes in the same nanotubes as they undergo oxidation at increasing temperatures in situ in

the ETEM. Contrary to earlier reports that CNT oxidation initiates at the end of the tube and proceeds

along its length, our findings show that only the outside graphene layer is being removed and, on

occasion, the interior inner wall is oxidized, presumably due to oxygen infiltrating into the hollow

nanotube through an open end or breaks in the tube. We believe that this work provides the foundation

for a greater scientific understanding of the mechanism underlying the nanotube oxidation process, as

well as guidelines to manipulate the nanotubes' structure or prevent their oxidation.
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incorporated into aberration-corrected transmission
electronmicroscopes,19,20 this has nowbecome possible.
In this article, we report the first direct study on the

oxidation of carbon nanotubes at the high resolution
of an aberration-corrected environmental TEM (ETEM),
as we locate and identify changes in the same nano-
tubes as they undergo oxidation at increasing tem-
peratures in situ in the ETEM. The instrument used in
this work is a Titan 80-300 ETEM equipped with a
spherical aberration (Cs) corrector in the image-form-
ing (objective) lens and a monochromator. The envir-
onmental chamber surrounds the specimen holder
within the imaging objective lens21�23 and can allow
gas pressures up to about 20 mbar. As there are no
membranes in the electron beam path, the basic
instrumental resolution of sub-0.1 nm is maintained.
We carried out our imaging experiments using 80 keV
electrons, which is supposed to be below the knock-on
displacement energy of carbon atoms in single-wall
carbon nanotubes,24 and with the aberration corrector
andmonochromator the resolution of carbon atoms in
single layer graphene, separated by 0.142 nm, is
routinely achieved, as also reported previously.25 All
images were acquired with the Cs coefficient adjusted
to approximately�15 μm and using slightly overfocus
conditions. Accordingly, the positions of the carbon
atoms correspond to bright intensities in the aberra-
tion-corrected TEM images.26,27

RESULTS AND DISCUSSION

TEM Characterization of As-Synthesized Carbon Nanotubes.
The CNTs investigated in this work were multiwall

carbon nanotubes fabricated by chemical vapor de-
position (CVD) and arc-discharge methods, as described
elsewhere,28,29 and are used for X-ray sources.8,9,30,31

Figure 1a and b show low-magnification, aberration-
corrected TEM images of the CVD and arc-discharge
CNTs, respectively. Representative high-magnification
TEM images of the nanotubes synthesized using these
processes are shown in Figure 1c and d, respectively.
The CNTs are found in bundles with a layer of amor-
phous carbon overcoat around them. Using measure-
ments on 50 nanotubes from each sample type, the
present CVD-grown CNTs have between one and six
graphitic layers with outer diameters ranging from
2 to 11 nm. The arc-discharge CNTs have between four
and 34 walls, and their outer diameters vary between
6 and 31 nm. The separation of the nanotube walls is
equal to the graphitic basal plane spacing of 0.34 nm.

In Situ High-Vacuum Heating of CNTs. A control set of
CNT samples was transferred onto molybdenum TEM
grids coated with holey carbon film and heated in situ

in the TEMunder high-vacuum conditions (about 1.2�
10�7 mbar) to 300, 400, and 520 �C. The nanotubes
were tracked, and high-resolution TEM imaging was
performed on the same tubes at each of these tem-
peratures to establish any effects of heating alone.
Figure 2 shows the same nanotube during heating
under high-vacuum conditions in the TEM to 300, 400,
and 520 �C (the control sample). The concentric gra-
phene cylinders are seen edge-on, with their charac-
teristic 0.34 nm spacing, and there is no change in the
nanotube structure. Some of the amorphous carbon
naturally produced during the fabrication graphitizes,

Figure 1. TEM images of as-synthesized carbon nanotubes investigated in this study. (a, b) Low-magnification images of the
chemical vapor deposition (a) and arc-discharge (b) grown carbonnanotubebundles. (c, d) Representative higher-magnification
images of individual nanotubes found in (a) and (b), respectively. The line profile of the boxed area in (c) is inset, showing the
0.34 nm spacing between the graphitic walls. Scale bars in (a) and (b) represent 500 nm. Scale bars in (c) and (d) represent 5 nm.
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but there is no loss or change of diameter of the nano-
tubes.

It has been reported in the literature that the thresh-
old for knock-on damage for carbon nanotubes can be
lower than the reported 86 kV24 for single-walled carbon
nanotubes (SWNTs) with smaller diameters (e.g., 1 nm)32

or if there are contaminants32 or defects33 in the carbon
nanotubes. As the data reported for the present control
experiment (and all experimental samples thereafter)
are for multiwalled tubes with diameters larger than
those reported for SWNTs, we expect them to be more
resistant to electron beam irradiation at 80 kV com-
pared to SWNTs. All our specimens were also heated
to at least 300 �C in the electron microscope prior to
beam exposure. This is an effective way of removing
contaminants present on CVD-grown carbonaceous
material.34 Indeed, our experimental findings suggest
that by heating the samples under high-vacuum con-
ditions and by carefully controlling the electron dose
(see Methods and Materials section), there is no loss,
damage, or change in diameter of the nanotubes.

In-Situ Heating and Oxidation of CNTs. Oxidation studies
were performed by first heating CNT samples (on
different TEM grids) to 300 �C in high vacuum. A few
nanotubes were identified for tracking. Then, with the
electron beam blanked (the reasons for this protocol,
to blank the electron beam, are discussed later), 1.5mbar
of research grade (99.9999% purity) oxygen was intro-
duced into the ETEM for 15 min while keeping the
temperature constant at 300 �C. At the end of this
cycle, the gas was purged from the system for 45 min
while the temperature was maintained at 300 �C.
The microscope environmental cell vacuum pressure
was measured to be about 1.6 � 10�7 mbar after the
oxygen purge. The same nanotubes were located and
imaged to identify any differences after having been
exposed to oxygen. The temperature was then in-
creased to 400 �C, the oxidation process was repeated,
and the same set of nanotubes was tracked and
imaged at 400 �C after oxygen was purged from the
system. These oxidation procedures were repeated on

samples mounted on different TEM grids with initial
and end temperatures of 400 and 520 �C, respectively,
and the electron beam was blanked when oxygen was
in the environmental chamber within the ETEM. The
temperatures and pressures were chosen from a com-
bination achievable using a heating holder in the ETEM
and from the known degradation of CNT emitters.14,15

Because the carbon film on the TEM grids was also
oxidized during the experiments, we opted to break
the three temperature set points of the control experi-
ments (300, 400, and 520 �C) into two separate oxida-
tion experiments with start and end temperatures of
300 and 400 �C, and 400 and 520 �C, respectively. This
way, each grid was limited to two oxygen exposures
per experiment and enough carbon film still remained
on the grids to support the nanotubes for high-resolu-
tion imaging. (From our experience, even though the
carbon support film also oxidizes during the experi-
ment, it was still more stable compared to support films
such as SiO2 and SiNx, which are not electrically con-
ducting and charge under the electron beam.)

As the synthesized nanotubeswere usually found in
bundles, locating the same nanotubes after heating
and oxidation was not trivial. Low-magnification maps
of the shapes of the holey carbon film and the locations
of the nanotubes on the film were made so that the
same nanotubes could be found. It took, on average, at
least 12 h for each experiment, including the time to
heat, stabilize (from thermal drift), oxidize, and locate
the nanotubes. During the ETEM experiments, the
oxygen pressure in the microscope chamber was
monitored using a capacitance manometer (Edwards
Barocell model 600) with which the microscope is
equipped, and the pressure was maintained to within
(0.2 mbar during the oxidation process. The tempera-
tures were kept to within (0.1 �C during both oxida-
tion (with the electron beam blanked) and imaging.

One important consideration during the oxidation
experiment is the possible ionization of the gaseous
species by the imaging electron beam. This is most
easily demonstrated by the electron energy loss (EEL)
spectrum with and without the gas (oxygen) present.
Figure 3a and b are EEL spectra of the low-energy loss
and K-shell ionization EEL spectra of oxygen, which are
the product of the ionization of the oxygen gas by the

Figure 3. EEL spectra show the presence of oxygen during
the ETEM experiment. Low-energy oxygen peaks in (a) (blue
spectrum) and the K-shell ionization peak for oxygen in (b)
arise when the electron beam ionizes the oxygen gas.

Figure 2. Aberration-corrected TEM images showing the
same three-walled carbon nanotube during heating under
high-vacuum conditions. The images were taken at (a) 300 �C,
(b) 400 �C, and (c) 520 �C. Scale bars equal 5 nm.
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electron beam. On the other hand, they also demon-
strate the presence of only oxygen gas present in the
cell, as these are the only peaks detected, apart from
those of carbon.35 Therefore, in order to investigate the
effect of gaseous oxygenmolecules rather than ionized
species, we established a protocol whereby heating
and oxidation were performed without an imaging
beam, and the changes on identifiable nanotubeswere
documented after purging the gas from the chamber.
We also preformed EEL spectroscopy after the gas was
purged from the microscope, to verify that there is no
residual oxygen gas remaining in the system after the
gas purge (black spectrum in Figure 3a).

Figure 4 shows a three-walled nanotube at 300 �C
(Figure 4a), at 300 �C after 1.5 mbar oxidation for 15
min (Figure 4b), and at 400 �C after 1.5 mbar oxidation
for 15 min (Figure 4c). Higher-magnification insets are
presented in panels (d)�(f), respectively. It is clear that
only the outside graphene cylinder is being removed.
Previously it has been thought that CNT oxidation
initiates at the end of the tube17,18 and proceeds along
its length: these images show that this is not the case.
This view is supported by observations at the ending
cap of individual nanotubes, as shown in Figure 5.
Despite the expected higher energy of the atoms at the
cap, it is the outer wall that is oxidized and removed
first. Figure 5b shows that after 1.5 mbar oxidation at
300 �C, the outermost wall of the nanotube (blue arrow
in 5b) starts to “peel” away and detaches more upon
further oxidation at 400 �C, but the wall remains
attached on the nanotube cap (black arrow in 5d).
Figure 5 also shows that, on occasion, the interior inner
wall is oxidized first (red arrows in Figure 5b and c),
presumably due to oxygen infiltrating into the hollow
nanotube through an open end or breaks in the tube.
The interior wall thinning is representative of several

nanotubes examined (on average, one out of every
five) and is reproducible in our experiments.

CNTswith a larger number of walls (greater than six)
are found to be more resistant to oxidation, with all
walls remaining intact during the ETEM experiments.
Figure 6a shows a TEM image of an arc-discharge-
grown nanotube with nine graphitic layers taken at
400 �C. After successive 1.5 mbar oxidation at 400 and
520 �C (Figure 6b and c), some of the amorphous
carbon surrounding the nanotube is etched away,
but the structure of the tube remains the same.

The observations described here represent a direct
study on the oxidation of CNTs at the resolution of
the electron microscope, and as such, they provide a
foundation for future work. For instance, the effects of
oxygen ionization can be established by maintaining
the electron beam during observation, which has the
added advantage of allowing continuous in situ re-
cording. Of course, during use as field emitters, any
nearby gaseous species is likely to be ionized as well.36

The effects of nanotube structure can be investigated
to determine whether or not the initiation of the
outer graphene layer is associated with defects in
their atomic structure. One interesting observation in
this regard is shown in Figure 7, where an abnormal
atomic-scale darker image spot is seen in the nano-
tube outer wall (red arrow in Figure 7b) after exposure
to 1.5 mbar oxygen at 400 �C. This appears to be the
initiation site for the outer-wall oxidation, which is con-
sumed roughly equally on either side of the feature,
as shown in Figure 7c (the image appearance in the
upper left of the pictures acts as a fiducial marker).
While this finding has little statistical significance
at present, it does suggest an alternative approach
for determining the influence, if any, of nanotube
imperfections. The array can be studied carefully for

Figure 4. Aberration-corrected TEM images showing the structural changes in a double-walled carbon nanotube after being
exposed to a heated, oxygen environment. These images show the same nanotube at 300 �C before oxidation (a), at 300 �C
after 15 min exposure to 1.5 mbar oxygen (b), and at 400 �C after 15 min exposure to 1.5 mbar oxygen (c). (d�f) Higher-
magnification TEM images of insets (a) to (c) indicated by the red boxes. The outer wall of the nanotube (d) was successively
etched away after exposure to oxygen at 300 �C (e) and 400 �C (f). Scale bars in (a) to (c) and (d) to (f) represent 5 and 2 nm,
respectively.
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such features, and subsequent oxidation carried out to
establish whether there are any systematic trends.
If this does turn out to be the case, the full array of

imaging and sub-nanoscale spectroscopic procedures
can be brought to bear to characterize such features
prior to oxidation. Furthermore, the influences of

Figure 6. Carbon nanotubes with a greater number of graphitic layers are more resistant to oxidation. (a�c) Images of
the same nine-walled nanotube at 400 �C, at 400 �C after 1.5 mbar oxidation, and at 520 �C after 1.5 mbar oxidation,
respectively. All walls of the nanotube remain intact after oxidation. Part of the amorphous carbon layer surrounding the
nanotube (red arrows) appears to have been removed. Scale bars represent 2 nm.

Figure 5. Observations at the ending cap of a CNT during oxidation. The inner walls and outer wall of the nanotube at 300 �C
(a) were removed after 1.5 mbar oxidation for 15 min at 300 �C (red arrow and blue triangle) (b). More etching was observed
after the same nanotubewas oxidized for 15minwith 1.5mbar oxygen at 400 �C (c). The inset of (c) is shown in (d), where one
can see the outermost wall being removed and dangling (black arrow) after oxidation at 400 �C. Scale bars in (a) to (c) and (d)
represent 5 and 2 nm, respectively.

A
RTIC

LE



KOH ET AL . VOL. 7 ’ NO. 3 ’ 2566–2572 ’ 2013

www.acsnano.org

2571

nanotube preparation, chirality, diameter, etc., on the
oxidation mechanism are all of practical importance
and are readily accessible by the procedures described
here. Likewise, the combinations of temperature and
pressure on the oxidation rates can be established and
used for kinetic analysis. We expect that much scientific
understanding can be achieved, as well as guidelines for
utilizingCNToxidation, tomanipulate their structure or to
prevent oxidation, which might lead to degradation of
the field-emitting properties of the CNT array.

CONCLUSIONS

The oxidation of individual multiwall nanotubes
under mild oxidation conditions proceeds layer by
layer, starting with the outermost wall, and not
initiating at the nanotube cap. Occasional oxidation
occurs from the innermost wall. Multiwall nanotubes
prepared by the arc-discharge method are more resis-
tant to oxidation than few-wall nanotubes prepared by
CVD, suggesting that they are better candidates for the
practical applications cited in this work.

MATERIALS AND METHODS
CNT Synthesis and TEM Specimen Preparation. The CNTs used in

this study were synthesized by chemical vapor deposition and
arc-discharge methods.28,29 Holey carbon molybdenum TEM
grids (300 mesh, 30 nm thick, Pacific Grid-Tech) were used for
the ETEM experiments. For TEM specimen preparation, the
nanotubes were suspended in ethyl alcohol. The vials were
bath sonicated for about 10min or until agglomerates broke up.
Then the nanotube suspension was drop cast onto the TEM
grids and wicked dry using filter paper.

ETEM Experiments. ETEMexperimentswere carried out using a
FEI 80�300 kV environmental TEM equipped with a Cs image
corrector and a monochromator and operated at 80 kV, below
the knock-on displacement energy of carbon atoms in single-
wall carbon nanotubes.24 A Gatan 652 Inconel heating holder
was used to heat the samples inside the microscope. Oxygen
gas of research grade 6.0 (99.9999% purity) (Praxair Inc.) was
used. The Cs image corrector was adjusted to about �15 μm,
and all images presented were acquired at slightly overfocus
conditions. TEM images were taken using an Ultrascan 1000 CCD
camera at binning 2 (1024� 1024 pixels) and an exposure time of
0.4 s per image. The average dose per unit time was 1195 e�/Å2 s.
We estimate, conservatively, an exposure time of 30 s per
experimental condition per nanotube, including focusing and
image acquisition. This gives a total exposure time of 90 s per
nanotube for the three set points per TEM grid per study, or a
cumulative electron dose of 1.1� 105 e�/Å2, which was at least
2 orders of magnitude lower than the electron dose reported to
damage single-wall carbon nanotubes at 80 kV and under a
microscope vacuum of 6.5 � 10�8 mbar.37

EEL spectra were acquired inmonochromated TEM imaging
mode, using a Gatan Tridiem 866 EEL spectrometer with a 1mm
entrance aperture. The dispersion setting was 0.03 eV/pixel,

and the energy resolution for these experiments (defined by the
fwhm of the zero loss peak) was 0.21 eV.
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