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S
ince their discovery, carbon nano-
tubes (CNTs) have generated great ex-
pectations for many diverse potential

applications. In particular, the response of

CNTs to electromagnetic radiation has been

the subject of many recent investigations.

Some basic studies have focused on under-

standing the nature of the interactions be-

tween radiation and CNTs, while the ob-

served behavior has been used for many

exciting purposes. For instance, photoin-

duced charge separation in CNTs has been

studied for designing transistors and photo-

voltaic devices.1 Hyperthermia can be pro-

duced as a consequence of radio frequency

irradiation of cells cultured with CNTs and

has been applied toward cancer therapy.2

Microwaves and Carbon Nanotubes. Among

the many possible frequencies that can be

employed, microwaves represent one of the

more interesting possibilities. In the electro-

magnetic spectrum, microwave radiation is

located between infrared and radio waves.

When CNTs are exposed to microwaves,

strong absorptions are observed,3 produc-

ing intense heating, outgassing, and light

emission. Although the mechanism of

CNT�microwave interaction remains in-

completely understood, microwaves have

been used for the purification of raw CNTs

for their chemical functionalization or to

provide a reactive environment to promote

the modification of other products in the
presence of CNTs. Applications not only in-
clude chemical modification but also tech-
nological developments, such as CNT-forest
lighting systems. In this Perspective, we at-
tempt to summarize the latest develop-
ments in the use of microwaves with CNTs,
mainly focusing on potential applications of
these innovative methodologies.

Mechanism of the Carbon Nanotube�Microwave
Interaction. Any commercial sample of CNTs
contains several different impurities such as
amorphous carbon and metallic nanoparti-
cles; thus, there are different factors to con-
sider in order to explain the strong micro-
wave absorptions observed. Microwave
irradiation may cause heating by two main
mechanisms: (1) dipolar polarization and (2)
conduction (Joule heating). The presence of
impurities that are electrically conductive,
such as metals or carbon, could support a
mechanism based on conduction heating.
According to this mechanism, the micro-
waves do not heat the material immediately;
rather, motion of the electrons is induced by
the electric field, causing sample heating. In
this way, Joule heating induced by the metal
catalyst particles should generate localized
superheating.4 However, other studies indi-
cate that nanometer-sized magnetic particles
should be impacted minimally by micro-
wave irradiation,5 while the removal of cata-
lyst has little effect on the microwave absorp-
tion of CNTs.6

The behavior of amorphous carbon and
graphite impurities under microwave irra-
diation is less controversial; the extended
�-system permits conductivity (and thus
Joule heating) to enable localized heating.7

However, another potential source of local-
ized superheating should be considered,
namely, the generation of gas plasma from
absorbed gases (particularly H2) in CNTs un-
der microwave radiation, which has been
reported in some cases.3

*Address correspondence to
ester.vazquez@uclm.es,
prato@units.it.

Published online December 22, 2009.
10.1021/nn901604j

© 2009 American Chemical Society

When carbon nanotubes are

exposed tomicrowaves, strong

absorptions are observed,

producing intense heating,

outgassing, and light emission

ABSTRACT The interaction of

microwaves with carbon nanotubes

(CNTs) is an interesting topic for a variety

of potential applications. Microwaves

have been used for the purification of

CNTs and for their chemical

functionalization, providing a technique

for simple, green, and large-scale

protocols. In addition, the selective

destruction of metallic CNTs under

microwave irradiation could potentially

result in a batch of semiconducting-only

nanotubes. As an innovative application,

the combination of microwaves with

well-aligned CNTs could produce a new

illumination technology. Moreover, the

microwave absorbing properties of CNTs

and their different behavior from typical

organic compounds may open the door

to the preparation of a wide range of

new materials useful in many fields. A

few examples of practical applications

include electromagnetic interference for

protecting the environment from

radiation and microwave hyperthermia

for cancer treatment as well as other

medical therapies requiring precise

heating of biological tissues.
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The dipolar polarization seems
to have little contribution to CNT
microwave absorptions, as no elec-
tric dipoles exist in nanotubes. On
the other hand, a “perfect” CNT, due
to its unique one-dimensional (1D)
structure, has been shown to be a
ballistic conductor,8 meaning that
its resistance is quantized and is in-
dependent of length and that no
energy is dissipated due to electron
movement. Consequently, the cur-
rent induced during microwave irra-
diation is not converted to heat.
However, as-synthesized CNTs usu-
ally have structural imperfections,
which result in the decay of ballis-
tic transport, allowing Joule heating
to occur in CNTs and resulting in su-
perheating. A simple model to ex-
plain microwave-induced heating of
CNTs has been proposed, through
transformation of electromagnetic
energy into mechanical vibrations.9

Within this model, CNTs subjected
to microwave radiation undergo ul-
traheating due to a transverse para-
metric resonance, which arises from
the polarization of CNTs in the
microwave field. For nonpurified
CNTs, Joule heating occurs because
imperfections and impurities damp
the transverse vibration mode. The
same authors claim that, in a dense
and viscous local environment,
CNTs will not vibrate. Therefore,
there is neither transverse reso-
nance nor Joule effect and thus no
heating, which would explain the
different results of absorption, in
the presence of solvents or under
dry conditions, observed by other
groups.

Purification of Carbon Nanotubes
(CNTs) Using Microwaves. Although
the mechanism behind CNT�

microwave interactions remains un-
clear, there has been a wide array
of potential applications involving
microwave radiation with CNTs, in-
cluding purification processes. CNTs
are usually generated by arc dis-
charge, laser ablation, or catalytic
gas-phase growth, starting with car-
bon monoxide or other carbon
sources. The raw material contains
CNTs contaminated with different

amounts of amorphous carbon
and/or catalytic metal particles.
One of the main problems in practi-
cal applications is that impurities
are always present in the as-
synthesized products, even for CNTs
produced on a large scale. While
there have been many CNT purifica-
tion techniques published in the lit-
erature,10 which include acid reflux,
oxidation, and filtration, most of
them involve long processing times
or multiple stages, the use of large
acid volumes, and, more impor-
tantly, may lead to damaged CNTs.

One of the first demonstrations
of microwave-assisted single-walled
carbon nanotube (SWNT) purifica-
tion was published by our group in
2002, based on the treatment of raw
nanotubes in a microwave domes-
tic oven, under air and with no sol-
vent, in which the selective burning
of metal particles led to a strong
depletion of the iron content in the
soot.11 A similar technique was
implemented by Harutyunyan
et al.,12 while subsequent research
has demonstrated that microwave-
assisted purification of SWNTs is a
promising technique for large-scale
purification, inflicting minimal dam-
age to the SWNTs and reducing sig-
nificantly the processing times and
the use of harmful reactants.13�18

Moreover, the reported efficiency
of SWNT heating under microwave
radiation could enhance the quality
of SWNTs. Mackenzie et al.18 have
suggested an interesting method to
improve the crystallinity of large
volumes of SWNTs in a quick and in-
expensive annealing protocol that
would be efficient on a large scale.
In this approach, under microwave
radiation, the defective and dam-
aged SWNTs may be supplied with
sufficient energy to reorient any
“defective” sp3 carbon bonds into
sp2 hybridization.

Another exciting possibility is
the selective destruction of one
type of nanotubes based on micro-
wave treatment. As-synthesized
SWNTs are usually produced as a
mixture of both metallic and semi-
conducting tubes; however, for

many applications, the employ-
ment of “only” semiconducting
tubes is essential. Some authors
have proposed a straightforward
technique for the preferential de-
struction of metallic SWNTs using
microwaves, based on the more ef-
ficient microwave absorption of this
type of tubes.19,20 This possibility is
attractive, and the experimental re-
sults confirm the preferential con-
version of metallic nanotubes, but
this destruction is only partial. The
degradation rate varies, depending
on the diameters of the metallic
tubes, and problems related to the
microwave absorption of metallic
catalytic residues and the progres-
sive destruction of semiconducting
tubes still need to be addressed,
though, recently, Akasaka and co-
workers have combined micro-
waves with acid dispersions improv-
ing this approach.21

Microwave-Assisted Functionalization
of CNTs. Although a great deal of
work has been carried out enabling
methodologies for functionalization
of carbon nanostructures, we are
still far from facile integration of
CNTs into organic, inorganic, or bio-
logical systems. Here, the challenge
is to achieve sufficient functionaliza-
tion of the CNT surface to ensure
easy processing, while avoiding sig-
nificant degradation of the struc-
ture which could compromise the
main properties of the material.
Nevertheless, most of the described
protocols require long periods of
time and use aggressive treatments
that cause shortening and damage
of the CNTs.22,23

Microwave-assisted organic syn-
thesis (MAOS) is an enabling tech-
nology that has been extensively
used in organic synthesis.24�27 Usu-
ally, the use of microwaves facili-
tates and accelerates reactions, of-
ten improving the relative yields.
Taking advantage of the strong
microwave absorption displayed by
CNTs, recent work has explored the
use of this radiation to enable CNT
functionalization.28 Different ap-
proaches have been described to-
ward covalent attachment of vari-
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ous organic groups or chemical

modification of these nanostruc-

tures. For example, a 3 min micro-

wave treatment of a suspension of

SWNTs in a mixture of nitric acid

and sulfuric acid was sufficient to

produce carboxylated and sul-

fonated SWNTs with relatively high

dispersivity in water and ethanol.29

Amidation or esterification of the

carboxyl groups were also pursued

under microwaves.30�32 In a differ-

ent procedure, MWNTs under

microwaves have also been func-

tionalized with carboxyl, carbonyl,

hydroxyl, and allyl terminal groups,

without the use of aggressive oxi-

dants. The technique is also useful

to derivatize CNTs with Au nanopar-

ticles synthesized in situ by metal-

ion reduction during functionaliza-

tion.33 Microwave treatment of

oxidized MWNTs has also proven to

enhance the loading of Pt nanopar-

ticles.34 On the other hand, micro-

wave activation has been used to

enable cycloadditions in prefunc-

tionalized CNTs35,36 or in pristine

CNTs using ionic liquids,37 to per-

form electrophilic additions using

alkyl halides and alcohols,38�40 to

carry out radical additions,41 to ap-

ply the Bingel reaction to side wall

functionalization of CNTs,42 and to

assist bromination of double-walled

nanotubes.43

In all cases, microwave irradia-

tion of CNTs reduces the reaction

times and gives rise to products

with higher degrees of functional-

ization than those obtained by con-

ventional thermal methods. Inter-

estingly, some authors41 suggest a

competitive effect of microwave ir-

radiation that both promotes func-

tionalization and removes some

functional groups that are initially

present. This observation supports

the idea of microwave-assisted an-

nealing commented above, with

microwaves submitting enough en-

ergy to transform sp3 carbon to sp2

hybridization.

The reaction conditions applied

under microwaves have been simi-

lar to the ones used with classical

heating. Our groups have described

a solvent-free technique combined

with microwave irradiation,44 which

provides a fundamentally different

approach when considering the

chemistry of CNTs. In the absence

of solvents, CNTs absorb the radia-

tion directly and it is possible to

take full advantage of the strong

microwave absorption typical of

pristine nanotubes. Moreover,

solvent-free conditions pave the

way to green protocols and large-

scale functionalization. The meth-

odology has been applied to pro-

duce multifunctionalized carbon

nanotubes using a combination of

two different addition reactions: the

1,3-dipolar cycloaddition of azome-

thine ylides and the addition of dia-

zonium salts, both via a simple,

fast, and environmentally friendly

method (Figure 1).45 The reactions

can be followed by Raman spectros-

In all cases, microwave

irradiation of CNTs

reduces the reaction

times and gives rise to

products with higher

degrees of

functionalization than

those obtained by

conventional thermal

methods.

Figure 1. Microwave-assisted double functionalization of SWNTs. Raman spectra (�exc 633 nm) of pristine SWNTs (black line),
SWNTs functionalized by 1,3-dipolar cycloaddition (red line), and doubly functionalized SWNTs (green line).

PERSPEC
TIV

E

www.acsnano.org VOL. 3 ▪ NO. 12 ▪ 3819–3824 ▪ 2009 3821



copy, which shows the increase of

the D-band (�1300 cm�1, sp3 car-

bons) at the expense of the G-band

(�1600 cm�1, sp2 carbons). As a fi-

nal remark, the extremely high tem-

peratures observed in the absence

of solvents might permit the func-

tionalization of CNTs using new

types of reactions that do not work

under classical reflux heating.

Using a similar approach, a

solvent-free microwave-assisted

methodology has also been em-

ployed for the covalent functional-

ization of carbon nanohorns (CNHs)

based on the Bingel reaction46 and

the 1,3-dipolar cycloaddition of

azomethine ylides.47 CNHs are simi-

lar in structure to star-aggregated

SWNTs, but they are produced with-

out the use of any metal catalyst,

such that they are completely

metal-free. That makes these ma-

terials very attractive, not only be-
cause of the easy functionalization
process, which could open the door
to new applications for CNHs, but
also because it could help to under-
stand the behavior of CNTs under
microwaves.

From Telecommunications to
Biomedicine. In recent years, a signifi-
cant amount of research has fo-
cused successfully on electromag-
netic interference (EMI) shielding or
microwave absorption for the pur-
pose of protecting the workspace
and the environment from the ra-
diation emitted by telecommunica-
tion systems.48 Recently, it has been
suggested that the microwave ab-
sorbing properties of CNTs make
these structures potential candi-
dates for the preparation of a wide
range of EMI shielding materials, in-
volving CNT�polymer49,50 and

CNT�ceramic composites.51�54

Moreover, CNTs can be used
to provide a reactive environ-
ment in the presence of micro-
wave irradiation. They absorb
the energy that leads to fast and
direct heating and thus can be
used to rapidly cure ceramic
composites55 for the microwave
bonding of plastics56 and in the
formation of strong CNT�

polymer bonds.57 In addition, it
has been shown recently that,
when subjected to microwave
fields, highly dispersed
SWNT�surfactant suspensions
generate polarization potentials

at their extremities that drive elec-

trochemical reactions.58 In the pres-

ence of transition metal salts,

SWNTs drive reductive condensa-

tion to metallic nanoparticles, which

deposit regioselectively at the

SWNT tips, producing novel struc-

tures (Figure 2). This interesting

electron-transfer process under mi-

crowave irradiation could open the

way to new applications of CNTs in

different fields such as chemical

synthesis or nanomedicine.

Recently, some authors have

shown that under microwave irra-

diation well-aligned CNTs exhibit a

bright white-light emission with

narrow-band RGB (red, green, blue)

colors (Figure 3).59 This could lead to

a new low-cost illumination tech-

nology with bulbs composed of

CNT forests containing no mercury

and having no electrode to wear

out, with the corresponding saving

in energy.

In the field of biomedical appli-

cations, the combination of micro-

waves and CNTs has not been ex-

ploited to full potential. The distinct

behavior of CNTs when subjected

to different microwave fields could

be used to produce noninvasive

and selective thermal cytotoxicity.

The microwave treatment of malig-

nant tumors should be enhanced by

introducing CNTs inside malignant

cells, which should convert micro-

wave energy into lethal heat, faster

and more efficiently than in healthy

cells, serving directly as an antican-

Figure 2. (a) Tip-selective reduction of metal salts onto SWNTs by microwaves. (b) Repre-
sentative atomic force microscope image of tip-selective reduction of Au metal salts onto
SWNTs by microwave reduction. Reproduced from ref 58. Copyright 2008 American Chemi-
cal Society.

Figure 3. Typical emission spectrum of CNT lamp ignited
by microwave irradiation, showing intrinsic polychromatic
emission wavelengths involving significant red, green, and
blue wavelengths. Reproduced with permission from ref 59.
Copyright 2009 Royal Society of Chemistry.

The distinct behavior of

CNTs when subjected

to different microwave

fields could be used to

produce noninvasive

and selective thermal

cytotoxicity.
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cer therapeutic agent. Furthermore,
the microwave power has also been
shown to have great therapeutic
benefits in medical treatments re-
quiring precise heating of biologi-
cal tissue, for example, in micro-
wave cardiac ablation. CNTs could
also help to improve this technique,
permitting heating in other biologi-
cal tissues with lower conductivity.

CONCLUSIONS AND OUTLOOK
The use of microwaves for the

activation of CNTs has not been
fully explored. While there is still a
need to investigate the mechanism
of CNT�microwave interactions,
the strong absorptions observed
suggest a broad spectrum of appli-
cations of which we are only begin-
ning to catch a glimpse. So far,
microwaves have been used for the
purification of raw CNTs and for
their chemical functionalization,
providing a technique for simple,
green, and large-scale protocols,
but this is only a first step. By con-
trolling the preferential microwave
absorption of different types of
tubes, it is possible to obtain
samples consisting primarily of
semiconducting nanotubes, which
is critical for many applications. In
addition, the extremely high tem-
peratures observed, in the absence
of solvents, might activate the reac-
tivity of CNTs, permitting their
modification in new kinds of reac-
tions that do not work under classi-
cal reflux heating. In the presence of
microwave irradiation, CNTs can
also be used to provide a reactive
environment to promote the modi-
fication of other products, for ex-
ample, for driving electrochemical
reactions. Moreover, the awareness
of the particular microwave absorb-
ing properties of CNTs and their dif-
ferent behavior with respect to typi-
cal organic compounds should
open the door to the preparation
of a wide range of new materials
useful in assorted fields, including
telecommunications, biomedical
applications, and illumination tech-
nologies. From the examples dis-
cussed here, it is clear that the po-

tential related to the interactions of
CNTs with microwaves is worth fur-
ther exploration, with many pos-
sible applications not only in basic
research but also in everyday life.
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Muñoz, J.; Dı́az-Ortiz, A.; Alfonsi, J.;
Meneghetti, M.; Prato, M.; Vázquez,
E. Microwave-Induced Multiple
Functionalization of Carbon
Nanotubes. J. Am. Chem. Soc. 2008,
130, 8094–8100.

46. Economopoulos, S. P.; Pagona, G.;
Yudasaka, M.; Iijima, S.;
Tagmatarchis, N. Solvent-Free
Microwave-Assisted Bingel Reaction
in Carbon Nanohorns. J. Mater.
Chem. 2009, 19, 7326–7331.

47. Rubio, N.; Herrero, M. A.;
Meneghetti, M.; Dı́az-Ortiz, A.;
Schiavon, M.; Prato, M.; Vázquez, E.
Efficient Functionalization of
Carbon Nanohorns via Microwave
Irradiation. J. Mater. Chem. 2009, 19,
4407–4413.

48. Chung, D. D. L. Electromagnetic
Interference Shielding Effectiveness
of Carbon Materials. Carbon 2001,
39, 279–285.

49. Shi, S. L.; Liang, J. The Effect of
Multi-Wall Carbon Nanotubes on
Electromagnetic Interference

Shielding of Ceramic Composites.
Nanotechnology 2008, 19, 1–5.

50. Song, W. L.; Cao, M. S.; Hou, Z. L.;
Yuan, J.; Fang, X. Y. High-
Temperature Microwave
Absorption and Evolutionary
Behavior of Multiwalled Carbon
Nanotube Nanocomposite. Scripta
Mater. 2009, 61, 201–204.

51. Li, N.; Huang, Y.; Du, F.; He, X.; Lin,
X.; Gao, H.; Ma, Y.; Li, F.; Chen, Y.;
Eklund, P. C. Electromagnetic
Interference (EMI) Shielding of
Single-Walled Carbon Nanotube
Epoxy Composites. Nano Lett. 2006,
6, 1141–1145.

52. Das, N. C.; Maiti, S. Electromagnetic
Interference Shielding of Carbon
Nanotube/Ethylene Vinyl Acetate
Composites. J. Mater. Sci. 2008, 43,
1920–1925.

53. Yang, Y. L.; Gupta, M. C. Novel
Carbon Nanotube�Polystyrene
Foam Composites for Electro-
magnetic Interference Shielding.
Nano Lett. 2005, 5, 2131–2134.

54. Al-Saleh, M. H.; Sundararaj, U.
Electromagnetic Interference
Shielding Mechanisms of
CNT/Polymer Composites. Carbon
2009, 47, 1738–1746.

55. Higginbotham, A. L.; Moloney, P. G.;
Waid, M. C.; Duque, J. G.; Kittrell, C.;
Schmidt, H. K.; Stephenson, J. J.;
Arepalli, S.; Yowell, L. L.; Tour, J. M.
Carbon Nanotube Composite
Curing through Absorption of
Microwave Radiation. Compos. Sci.
Technol. 2008, 68, 3087–3092.

56. Zhang, M.; Fang, S.; Zakhidov, A. A.;
Lee, S. B.; Aliev, A. E.; Williams, C. D.;
Atkinson, K. R.; Baughman, R. H.
Strong, Transparent, Multifunc-
tional, Carbon Nanotube Sheets.
Science 2005, 309, 1215–1219.

57. Wang, C.; Chen, T.; Chang, S.;
Cheng, S.; Chin, T. Strong Carbon-
Nanotube�Polymer Bonding by
Microwave Irradiation. Adv. Funct.
Mater. 2007, 17, 1979–1983.

58. Duque, J. G.; Pasquali, M.; Schmidt,
H. K. Antenna Chemistry with
Metallic Single-Walled Carbon
Nanotubes. J. Am. Chem. Soc. 2008,
130, 15340–15347.

59. Su, J.-W.; Gwo, S.; Lin, K.-J. Well-
Aligned Multi-Walled Carbon
Nanotubes Emitting Natural White-
Light under Microwave Irradiation.
Chem. Commun. 2009, 6777–6779.

PE
RS

PE
C
TI
V
E

VOL. 3 ▪ NO. 12 ▪ VÁZQUEZ AND PRATO www.acsnano.org3824


