
JOURNAL OF APPLIED PHYSICS VOLUME 86, NUMBER 1 1 JULY 1999
Scanning electron microscopy study of carbon nanotubes heated at high
temperatures in air

Xuekun Lu,a) Kevin D. Ausman, Richard D. Piner, and Rodney S. Ruoffb)

Department of Physics, Washington University, One Brookings Drive, St. Louis, Missouri 63130

~Received 27 January 1999; accepted for publication 25 March 1999!

Multiwalled carbon nanotubes~MWNTs! were dispersed in 2-butanol and dropped onto aV-ridge,
lithographically patterned Si substrate that was coated with a thin layer of gold. These MWNTs
were shown by scanning electron microscopy~SEM! to conform to theV-ridge surface topology at
room temperature, which is thus useful for introducing kinks~at the apex of theV-ridge and the
bottom of the trenches betweenV ridges!. The substrate-supported MWNTs were then heated in air
at temperatures from 673 to 1173 K for varying exposure times and were monitored with SEM. A
122 kJ mol21 activation energy for complete oxidation was obtained, and preferential oxidation at
kink sites was observed on some MWNTs at high temperatures. The dominant mode of oxidation
was either thinning of the walls of the MWNTs or sequential oxidation of the component tubes in
bundles. Some MWNTs, which at room temperature conformed to theV-ridge surface topology,
detached~‘‘sprang’’ away! from the substrate surface, demonstrating that the MWNTs are under
tensile stress, but are held to the surface by van der Waals attractive forces, which can be overcome
by exposure to higher temperatures. ©1999 American Institute of Physics.
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I. INTRODUCTION

Because of their remarkable physical and electro
properties, carbon nanotubes are promising materials
many applications.1 The behavior of carbon nanotubes
high temperature in air is relevant for some of these appl
tions, such as a reinforcing fiber in composites intended
use in atmospheric reentry. Heating carbon nanot
samples in air or in an oxygen atmosphere is also an ef
tive way of purifying the samples from other forms
carbon.2 Some studies have reported the gasification of c
bon nanotubes in air,3,4 in an oxygen stream,5 or under a flow
of carbon dioxide gas.6 Thinning of nanotubes, opening o
the caps, and pit formation on the surface were observe
these studies. All of these studies were conducted ov
limited temperature range and in limited time periods. O
one study observed the same nanotubes before and afte
treatment,5 while all other studies mentioned above observ
heat-treated nanotubes and compared them with raw m
rial. In this work, we report a systematic study of carb
nanotubes heated in air over a large temperature range
for long times. The same carbon nanotubes were observe
scanning electron microscopy~SEM! throughout a sequenc
of heat treatments. We further report the preferential oxi
tion behavior at carbon nanotube kink sites.

II. EXPERIMENT

Multiwalled carbon nanotubes~MWNTs!, donated by
Smalley’s group at Rice University, were used for t
present study. The MWNT material was made in an
apparatus.7 As formed, this material was a black disk, co
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sisting of MWNTs with diameters ranging from 2 to 50 n
with lengths up to 10mm, nested polyhedral particles, an
some amorphous carbon. The MWNTs we obtained und
went the following treatment in Smalley’s group befo
reaching us: the material was baked in dry air at 1023 K u
approximately 98% of the original mass was removed. T
treatment preferentially oxidized away the amorphous c
bon, nested polyhedral particles, and nanotube ends. We
dispersed these MWNTs in 2-butanol by extensive ultraso
agitation. A drop of this suspension was dispensed ont
specially preparedV-ridge substrate~NT-MDT TGG01!,
where the peaks of the ridges are 3.0mm apart and 1.7mm
tall with a peak angle of 70°. This substrate had been p
pared by sputter coating a;10-nm-thick gold film and heat-
ing at 1173 K for 5 min in air. The high temperature bro
up the gold film, producing small gold particles. These p
ticles not only improved the conductivity of the substra
but also provided focusing objects in the scanning elect
microscope~Hitachi S-4500 SEM; 15 kV accelerating vol
age!. The dispensed drop was then air dried.

This V-ridge substrate introduces kink sites in th
MWNTs,8,9 which we then observe after exposure to oxid
tive conditions. The kinked sites on these nanotubes exh
heightened chemical reactivity, as explored by recent th
retical work by Srivastavaet al., which has led to the idea o
using kinks in nanotubes for site specific chemistry.9 By pro-
viding a route to selective reactions along an otherwise
differentiated nanostructure, such ‘‘kinky chemistry’’ ma
find applications in the fabrication of nanodevices. T
samples were heated in a Lindberg quartz tube furnac
controlled temperatures for specified times. Both ends of
furnace tube were open to air during each heat treatment,
no effort was made to either cause or prevent air flow. D
ing the oxidation, the sample was placed in a quartz cylind
© 1999 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



te
a
a

th
wa
w
th

ti
th
o
d
T

m
ith
E
un

o
tu

tiv
he
e
el
an

g

re
i
a

he

a
as

n
s
ers,
rved
ed
e-

of

the

ac-
on,

iven
he
on,
red

rse
ng
l-
nds,
rm
e

g in

or

187J. Appl. Phys., Vol. 86, No. 1, 1 July 1999 Lu et al.
or ‘‘boat,’’ that was 6.6 cm long, and had a 2.5 cm ou
diameter and a 0.16 cm wall thickness. The furnace tube
quartz boat were first brought to the desired temperature
allowed to equilibrate for more than half an hour, since
whole system had a very large thermal inertia. The boat
pulled to one end of the furnace tube, and the sample
quickly inserted before rapid replacement of the boat in
furnace tube. The entire process took less than 5 s. Once
boat was replaced, the clock was started to count hea
time. The boat was removed from the furnace tube at
desired time, and the sample was immediately moved fr
the boat to a large aluminum sheet to ensure rapid heat
sipation. The removal process also took less than 5 s.
small thermal inertia of the sample substrate, a 1.5 mm32
mm silicon wafer, should make the heating and cooling ti
of the sample negligible, particularly for the data points w
long heating times. The samples were inspected with S
after each heat treatment at a given fixed temperature
the carbon nanotubes on the substrate were all burned
The process was repeated with further sets of tempera
time profiles.

III. RESULTS AND DISCUSSION

Figure 1 shows SEM micrographs taken at consecu
time intervals during the 1073 K heat treatment of t
MWNTs. Figure 1~a! shows the MWNTs as dispersed. Th
nanotubes follow the morphology of the substrate clos
because of the van der Waals attraction between the n
tubes and the surface. Figure 1~b! was taken after 1 minute
heating; Fig. 1~c! was taken after another 1 minute heatin
the cumulative heating time was thus 2 min; Fig. 1~d! was
taken after 4 min cumulative heating time; these figu
show the nanotubes being burned off gradually. After 4 m
of heating, very little residual carbon from the nanotubes w
left on the substrate, as shown in Fig. 1~d!. We define the
minimum cumulative time to remove essentially all t
nanotubes as the persistencet, our criterion for assigningt is
by visual inspection of the SEM images. Figure 1~d! shows

FIG. 1. ~a!SEM micrographs of MWNTs dispersed on aV-ridge silicon
substrate, and heated in air at 1073 K for~b! 1 min, ~c! 2 min, and~d! 4 min.
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that the time to remove the nanotubes at 1073 K in air is;4
min. By measuringt in this way at different temperatures,
relationship betweent and temperature was established
shown in Fig. 2.

Fitting a line to the Arrhenius plot in Fig. 2 gives a
activation energy of 122 kJ mol21. Since carbon nanotube
can be approximated as graphite sheets rolled into cylind
we have compared this activation energy to those obse
for graphite. Our value falls in the lower range of report
activation energies for graphite oxidation, which varied b
tween 100 and over 300 kJ mol21.10 ~Remarks about the
wide range of reported values for the activation energy
oxidation of graphite are also given in Ref. 10.! The curva-
ture of the graphitic sheets in the nanotubes implies that
carbon atoms are more reactive than in graphite.11,12 There-
fore, compared to graphite oxidation, we expect a lower
tivation energy for carbon nanotubes. For comparis
Ajayanet al.3 obtained an activation energy of 225 kJ mol21

by measuring mass losses of nanotubes burned for a g
time at different temperatures; this value also falls in t
range of reported activation energies of graphite oxidati
but is considerably higher than the most recently measu
value of 17563 kJ mol21.10

Figure 3 shows an individual nanotube over the cou
of repeated heat treatments; it thinned very uniformly alo
the observed~interior! 2000-nm-long section. In general, a
though we observe that the nanotubes do shorten at the e
the dominant burn-off mechanism appears to be the unifo
thinning of the walls. An alternative possibility is that th

FIG. 2. Persistence of MWNTs as a function of temperature of heatin
air.

FIG. 3. SEM micrographs of a MWNT on ridge heated in air at 773 K f
~a! 25 min, ~b! 5 h and 10 min, and~c! 17 h and 13 min.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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observed tubes are actually bundles, and the observed
ning is actually the sequential oxidation of the compon
tubes. Experiments are currently under way that should
tinguish between these possibilities. While most tubes o
dized as shown in Fig. 3, we did observe preferential oxi
tion at kink sites on some nanotubes. Figure 4 sho
preferential oxidation at such a site at 973 K. The kink site
the nanotube in the lower part of the figures started to
oxidized after 3 min heating, as shown in Fig. 4~b!. The
nanotube was broken at the kink site after 4 min heating
shown in Fig. 4~c!, and the gap between the newly forme
ends increased when the heating time increased to 6 mi
shown in Fig. 4~d!. More nanotubes showed this ‘‘kink ef
fect’’ when the heating temperature was increased to 107
but most of the nanotubes still underwent uniform oxidatio
Figure 5 shows the behavior of kink sites of two nanotub
heated at 1073 K, one nanotube exhibited preferential ox
tion at the kink site, while the other nanotube showed u
form thinning. Nanotube ‘‘breaks’’ were observed only ne
the top of the ridges or at the bottom of the trenches~where
the nanotubes are also kinked due to the high curvatu!.
This strongly suggests that any breaking of nanotubes
indeed induced by preferential oxidation at kinked sites
possible contributing factor, in addition to the deformation
the nanotubes at eachV-ridge apex or the bottom of eac
trench, is that these MWNTs are also under tensile stress~see
discussion of Fig. 7 below!.

FIG. 4. SEM micrographs of MWNTs on a ridge heated in air at 973 K
~a! 1 min, ~b! 3 min, ~c! 4 min ~c!, and~d! 6 min. The arrows point to the
kink site where the nanotube broke.

FIG. 5. ~a!SEM micrographs of MWNTs on a ridge as-dispersed, heate
air at 1073 K for~b! 1 min and~c! 2 min. The arrows point to the kink site
where the nanotube broke. Note that another nanotube in the figure di
break at its kink.
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When the heating temperature was further increase
1173 K, we observed no such preferential oxidation of kin
this was largely because the nanotubes detached from
surface as shown in Fig. 6, removing many of the kink sit
Figure 6~a! was taken after heating for 10 s, and shows b
nanotube thinning and surface detachment. Figure 6~b! was
taken after heating for 40 s and shows that either the na
tubes were oxidized away, or were no longer conforming
the V-ridge surface.

We note that although nanotubes also detached from
surface at temperatures as low as 773 K, this occurred o
after long heating times, as shown in Fig. 7. After 5 min
773 K, Fig. 7~a!, the MWNT in the center still follows the
V-ridge topology and is clearly attached to the surface o
three adjacent ridges. But after one hour, Fig. 7~b!, it has
detached over one part~between the two adjacent ridges o
the left!. Upon further heating, this detachment continue
and after 5 h and 10 min, Fig. 7~c!, the MWNT is completely
detached from the surface in the trench region between
two adjacent ridges on the left. Figure 7~d!, after 17 h and 13
min, shows further detachment of the nanotube and sign
cant shortening by oxidation.

We suggest the following as a possible explanation
some of the nanotubes detaching following heat treatm
When the nanotubes are dropped onto theV-ridge substrate,

n

ot

FIG. 6. SEM micrographs show MWNTs detached from the surface i
V-ridge trench region. The sample was heated in air at 1173 K for~a! 10 s
and ~b!40 s.

FIG. 7. SEM micrographs show MWNTs detaching from the surface
V-ridge trench region after long time heating at 773 K in air. The sam
was heated for~a! 5 min, ~b! 1 h, ~c! 5 h and 10 min, and~d! 17 h and 13
min.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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capillary forces play a role in bringing the nanotubes in
intimate contact with the surface as the 2-butanol evapora
The fact that we observe nanotubes, when heated, detac
from the surface in the trench regions shows that the na
tubes are in a metastable configuration prior to heating:
der Waals attractive forces hold them in contact with
surface so that they follow theV-ridge topology. When en-
ergy is supplied by heating, this attraction is overcome,
lowing the MWNTs to detach from the surface, an
‘‘spring’’ away from it.

Oxidation of nanotubes occurs through a multistep p
cess, involving initiation of the oxidation at vulnerable sit
~endcaps, defects, and sites of local conformational strain!,3,9

and then propagation down the tube from those sites.
activation energy measured in this study is for total oxidat
of the nanotubes, and therefore will be that of the ra
limiting step. The nanotubes in this study exhibiting t
‘‘kink effect’’ clearly show an initiation rate greater than th
propagation rate, since all of the several walls in t
MWNTs recede from the original site of the kink in uniso
This is to be expected because the local energy is ra
significantly at the kink sites, lowering the barrier to reacti
significantly.9 However, the majority of the tubes in th
samples studied here oxidized through either a wall-thinn
mechanism or through the sequential oxidation of tubes
bundle. This suggests that for the majority of tubes, initiat
at the kinks was not accelerated sufficiently to allow unifo
simultaneous shortening of the walls, perhaps due to the
reproducibility of the magnitude of local strain induced
kinking the tubes over the ridges. Thus, it is likely for th
majority of the tubes that initiation and propagation comp
in rate. Similar oxidation rates are therefore expected on
substrates, where oxidation would be seeded only at def
and endcaps. Given a relatively constant frequency of def
along the tubes, we expect oxidation rates should be in
pendent of length. Smaller tube diameters should incre
the oxidation rates, since the local strain energy will
raised along the entire length of the tube due to decrea
radius of curvature.

IV. CONCLUSIONS

In summary, we have prepared dispersions of mu
walled carbon nanotubes~MWNTs! in 2-butanol and
dropped these ontoV-ridge lithographically patterned Si sub
strates coated with a thin layer of gold, and observed
SEM that the MWNTs follow closely the surface topology
the substrates. Exposure of these nanotube coated subs
to air at elevated temperature for varying times demonstr
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that: ~a! the nanotubes are under tensile stress on the
strate surface, and some of them detach from the sur
upon heating;~b! some kink sites present on those nanotub
that continue to follow the surface topology oxidize prefe
entially; ~c! essentially complete oxidation of the nanotube
as assessed by SEM imaging at successive time inter
follows an Arrhenius-type temperature dependence, wh
yields an activation energy for oxidation of 122 kJ mol21;
and ~d! the observed dominant oxidative removal mode
carbon is either wall thinning, or sequential oxidation of t
component tubes in bundles.

The method of inducing kink deformation used here
straightforward, but suffers from the tensile stress of
nanotubes, which are subject to detaching from the surf
upon heating. Further studies on other surface topolog
such as flat surfaces, are indicated.
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