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Nanoparticle-assisted microwave absorption by single-wall
carbon nanotubes
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We report the effects of microwave irradiation on both unpurified and purified iron-catalyzed
high-pressure disproportionation~HiPco!-grown single-walled carbon nanotubes~SWNTs! in
ultrahigh vacuum. Under microwave irradiation, we observe that unpurified HiPco SWNTs quickly
reach temperatures of approximately 1850 °C. As a result, H2 , H2O, CO, CO2, and CH4 gases are
observed, and the Fe catalyst nanoparticles melt and coalesce into larger crystallites approximately
four times their original diameter. In contrast, carbon black and purified HiPco SWNTs heat up to
temperatures of 500–650 °C. We propose that the significant heating of unpurified HiPco SWNTs is
due to the Fe catalysts. ©2003 American Institute of Physics.@DOI: 10.1063/1.1615679#
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Carbon nanotubes have recently attracted consider
interest due to the unique mechanical and electronic pro
ties of this material.1 However, the effects of microwave ra
diation on carbon nanotubes have not been extensively s
ied. We have recently reported preliminary studies on
absorption of microwave radiation by iron-catalyzed hig
pressure disproportionation~HiPco!-grown2,3 single wall car-
bon nanotubes~SWNTs!.4 In this letter, we compare in deta
the effects of microwave radiation on purified and unpurifi
HiPco SWNTs, and carbon black in ultrahigh vacuu
~UHV!. Under microwave irradiation, we observe that unp
rified HiPco SWNTs quickly reach temperatures of appro
mately 1850 °C, glowing bright yellow in color. As a resu
H2, H2O, CO, CO2, and CH4 gases are observed. Th
HiPco process utilizes Fe clusters as catalysts.2,3 Conse-
quently, the as-grown unpurified material contains impur
Fe nanoparticles that are 3–5 nm in diameter and imbed
in carbon shells. Using transmission electron microsco
~TEM!, we observe that after microwave irradiation the
nanoparticles have coalesced into large crystallites havin
average diameter about four times larger than that of
original nanoparticles. In contrast, purified HiPco SWN
that have significantly fewer catalyst impurities heat up
about 650 °C and carbon black samples heat up to temp
tures of about 500 °C. We propose that the significant hea
of unpurified HiPco SWNTs is due to the Fe catalysts.

Two varieties of HiPco SWNT bundles, unpurified an
purified ~BuckyPearls™!, were purchased from Carbo
Nanotechnologies, Inc.5 Both have an average SWNT diam
eter of approximately 1.1 nm with the unpurified and purifi
variants having an impurity Fe content of about 10.4 and
at. %, respectively. The carbon black was made by ther
decomposition of acetylene and has an impurity cont
,0.01 wt %. Approximately 0.03 g of each material is plac
in a Pyrex glass tube that is attached to an UHV sys
equipped with a Stanford Research Systems residual gas
lyzer ~RGA! model 200. The UHV system is baked out

a!Department of Materials Science and Engineering, University of No
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120 °C for two days and pumped down to pressures be
10210 Torr. The sample is sighted by an optical pyrome
and a high-resolution video camera. In addition, an Oc
Optics Spectrometer with a charge coupled device dete
sensitive from 300 nm to 1.0mm is set up to take emissio
spectra. The microwave source utilized for these experime
was a 1000 W magnetron operating at a frequency of 2
GHz.

The magnetron was placed approximately 0.5 cm be
the test tube, as shown in Fig. 1~a!, and the samples irradi
ated for intervals of time less than 10.0 s. As shown in F
1~b!, the unpurified HiPco SWNTs glowed yellow after le
than 0.04 s of irradiation, which is the time interval betwe
frames of the video camera. After approximately 4.0 s
irradiation, the unpurified HiPco SWNTs flashed purple c
ored light that clearly originated in a region of the glass tu
located above the nanotube sample, as seen in Fig. 1~c!. We
attribute this to a hydrogen plasma, which is under furth
study. The temperature of the glowing nanotubes shown
Fig. 1~b! was measured using a disappearing filament pyro
eter to be 1850 °C, assuming an emissivity of 1.0. Lig
emission spectra from the glowing nanotubes obtained u
the spectrometer were broadband and showed no pe
There is production of gases with the primary gas obser
being H2. RGA analysis also shows an increase of oth
gases such as H2O, CO, CO2, and CH4. Since the nanotube
were not intentionally exposed to H2 , the H2 observed is
attributed to the decomposition of hydrogen containing co
pounds on the nanotubes at high temperatures, as previo
reported.6,7 The large amount of H2 in our experiment is
likely due to the high temperature of 1850 °C reached by
nanotubes.

The same procedure was used to study the effects
microwaves on purified HiPco SWNTs and carbon bla
These materials reached temperatures of 650 and 500 °C
spectively, after 10 s of irradiation. The purified samples
not glow but had a few small regions that intermitten
sparkled. The density of the unpurified HiPco SWNTs
about 0.01 g/cc. Due to the purification process, the purifi
HiPco SWNTs have a density that is about 40 times gre
than that of the unpurified HiPco SWNTs.5 In order to deter-

h

3 © 2003 American Institute of Physics
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mine if the lower density of unpurified HiPco SWNTs wa
responsible for the heating, we made mats of unpurifi
HiPco SWNTs having a density similar to that of the purifi
HiPco SWNTs by mixing the unpurified SWNTs in methan
and vacuum filtering the mixture. We found that the mats
unpurified HiPco SWNTs similarly reached temperatures
1850 °C and glowed bright yellow under irradiation, showi
that density does not play a significant role.

Figures 2~a! and 2~b! are TEM micrographs of the un
purified HiPco SWNTs before and after 10 s of microwa
irradiation. The arrow in Fig. 2~b! shows where large impu
rity structures, having an average diameter of about 18

FIG. 1. ~Color! Unpurified HiPco carbon nanotubes in a test tube evacua
to ,10210 Torr under microwave irradiation at time durations,t. ~a! Before
microwave irradiation,~b! after t50.04 s, and~c! after t54 s.
Downloaded 24 Apr 2012 to 129.120.92.130. Redistribution subject to AIP l
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have crystallized on the outside walls of the SWNT bundl
Using energy-dispersive x-ray spectroscopic analysis,
crystallites in Fig. 2~b! were found to be Fe. The SWNT
bundles in Fig. 2~b! do not appear to be damaged althou
Raman spectra indicates diminishing of the radial breath
mode peaks at approximately 183 and 264 cm21. In our
setup, the SWNT sample is in an UHV and we believe
intense heating of the iron catalyst causes the catalyst to
and break from the carbon shell. In the molten state, it
grates in search of ‘‘cold spots’’ where it coalesces and for
large amalgams of the impurity metal. Recently, a ‘‘nano
ick’’ effect on the nanometer scale was reported in wh
metal catalysts in SWNTs were observed to melt and c
lesce into larger particles when a nanometer-size cur
probe was used to locally heat the nanotubes.8 This effect
was attributed to a temperature gradient. In all of the irra
ated unpurified HiPco SWNT samples we studied, the c
lescence of Fe catalysts was observed. We did not obser
significant increase in size of the Fe catalysts for the purifi
samples. Acid reflux treatments have been utilized to rem
impurity nanoparticles from the unpurified HiPco SWNTs3

It is likely that the acid reflux treatments will work more o
the larger crystal aggregates formed after microwave irra
tion leading to a more ‘‘purified’’ nanotube product.

A possible mechanism for the absorption of microwav
by SWNTs is adsorbed gas molecules. SWNTs utilized
gas sensors and exposed to NH3 for 10 min have shown

d

FIG. 2. TEM images showing~a! unpurified HiPco nanotubes before m
crowave irradiation, and~b! unpurified HiPco nanotubes after microwav
irradiation. The Fe nanoparticles in~a! have coalesced into large crystallite
indicated by the arrow, having a diameter about four times greater than
of the original nanoparticles.
icense or copyright; see http://apl.aip.org/about/rights_and_permissions
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slightly enhanced microwave absorption.9 Molecular dipoles
formed on the nanotube surface and interstitial channels
teract with the microwave field leading to some absorpt
losses through heating. However, we find that in our case
adsorption is not a significant mechanism for the heating
HiPco SWNTs since the samples after considerable gas
sorption continued to heat up as effectively.

Particulate matrices consisting of ferromagnetic partic
imbedded in a network composite have attracted great in
est as microwave radiation absorbing and shielding mate
in the GHz frequency range. Examples of such structu
include Ba hexaferrite nanocrystals10 and micron-size ferrite
powders11,12 in a rubber matrix, Fe–Si–Al alloy flakes
polymer composites,13 and CaCoTi ferrite-epoxy
composites.14 Microwave absorption in these materials
thought to be mainly due to magnetic resonance and inte
cial electric polarization.15,16 Magnetic resonance absorptio
occurs due to the coupling of the microwave field to t
internal magnetic moments and is influenced by the shap
the particles.16 Interfacial polarization absorption occurs du
to the interaction of microwave radiation with charge mu
poles at the interface.15,16 For granular Fe–Ag films, it has
been reported that Fe nanoparticles having an average d
eter greater than about 2.9 nm are ferromagnetic.17 HiPco
SWNTs contain Fe catalysts that have diameters of 3–5
and are unoxidized because they are imbedded in ca
shells.3 Therefore, we believe the Fe catalysts in HiP
SWNTs are ferromagnetic and absorb microwaves via m
netic resonance. The main example of interfacial dipoles
HiPco SWNTs is along the boundaries between the Fe c
lyst particles and carbon shells. It has recently been repo
that Ba hexaferrite crystallites in a rubber matrix absorb s
nificantly more microwave radiation when the crystallites a
nanometer-size instead of micron size.10 This effect is attrib-
uted to an increase in interfacial polarization as the crysta
size decreases due to an increase in the number of su
atoms with unsaturated bonds.10 For unpurified HiPco
SWNTs, interfacial dipole absorption would be greater
the Fe catalyst nanoparticles imbedded in carbon shells
for the coalesced crytallites shown in Fig. 2~b! since the
former are smaller and have greater interfacial polariza
effects. In Ref. 10, it was also speculated that enhanced
sorption in nanocrystals may be due to their quantum s
which results in an increase in their energy level spacing
the energy states lie in the range of the microwave energ
there could be microwave absorption due to electron tra
tions between the states. In addition, it is believed that si
Downloaded 24 Apr 2012 to 129.120.92.130. Redistribution subject to AIP l
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ferromagnetic nanoparticles have a single magnetic dom
structure and higher coercive force, this may lead to hys
esis related losses.10

In summary, we have studied the effects of microwav
on unpurified and purified HiPco SWNTs and carbon bla
in an UHV. We find that unpurified HiPco SWNTs heat up
significantly higher temperatures than purified SWNTs a
carbon black. This effect is attributed to greater microwa
absorption due to the higher concentration of Fe cata
nanoparticles. As a result of microwave irradiation, H2 ,
H2O, CO, CO2, and CH4 are observed. The Fe cataly
nanoparticles present in the unpurified HiPco nanotubes m
and coalesce into crystallites approximately four times th
original diameter.
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