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An ultrafast microwave approach towards multi-
component and multi-dimensional nanomaterials
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Hareesh Tippurc and Xinyu Zhang*a

Sea-urchin like, multi-component, 3-D nanostructures have been synthesized using a microwave assisted

approach, which is called the “PopTube” method. This microwave approach has the advantages of high-

efficiency and selective heating, simple experimental conditions and instrument setups, which provides a

facile and ultrafast technique to obtain three dimensional nanomaterial growth on various engineering

material substrates. It takes at most 15–30 s to grow carbon nanotubes (CNT) on top of a wide selection

of substrate surfaces, such as indium tin oxide (ITO) nanopowders/glass, carbon fibers and milled glass

fibers. Moreover, metal oxide nanostructures such as iron oxide can also be produced via this process

without any extra chemical reagents. The process can be performed with a kitchen microwave oven, at

room temperature and ambient conditions, without the need for any gas protection or high vacuum.

Multi-component and multi-dimensional nanomaterials synthesized by this approach are good

candidates for chemical, biological and electrochemical applications.
Introduction

Nanomaterials have drawnmuch attention due to their superior
electrical, mechanical and optical properties. A large variety of
approaches have been developed to produce nanomaterials,
such as self-assembly,1 templated growth,2–4 electrospinning,5,6

lithography,7 arc discharge,8 and chemical vapor deposition
(CVD).9 In the majority of these approaches, 0-D (nanospheres/
nanoparticles)10 or 1-D (nanobers/nanowires/nanotubes)11

nanostructures can be easily produced. However, higher
dimensional nano-architectures, such as 2-D (nanorings/nano-
clips/nanodiscs)2,12–14 or 3-D (urchin-like)15 structures, are more
difficult to control and manufacture.

Multi-component or hybrid nano-architectures provide
multi-functionality to the nanomaterials, since each component
delivers its own unique characteristics, which can be used for
electrochemical,16,17 biological18,19 and high energy storage
applications.20–23 However, the attempt to manufacture multi-
component and multidimensional (2-D or 3-D) nanomaterials
makes the already difficult endeavor even more challenging.
Although, there are some successful reports on making 3-D
nanostructures, such as ZnO,24 SiO2 nanotube array,25 and CNT
forest.26,27 CVD is one of the most popular methods to produce
these multi-component and multi-dimensional nanomaterials,
during which, complicated experimental setups and procedures
g, Auburn University, Auburn, AL 36849,

uburn University, Auburn, AL 36849, USA

burn University, Auburn, AL 36849, USA
(i.e. inert gas protection, high vacuum instruments) and multi-
step processing are required.

We have reported a PopTube approach to grow CNTs on top
of different substrate surfaces, including glass bers/balloons,
polymeric bers, carbon bers, mineral bers/powders and
metal oxide nanopowders.28 This approach is a microwave
initiated nanocarbonization process, which takes only 15–30
seconds to grow 3-D, CNT coated, multi-component composite
materials at ambient conditions.29–31 According to the electric
concern, there are two different types of substrates, e.g.
conductors and insulators. Intrinsically conducting materials,
such as ITO, carbon ber and carbon black, can be directly used
as substrate materials without further modication.32 However,
the insulating materials, such as glass, conventional ceramic
materials, or polymers may need to be coated with a conductive
layer. Conducting polymers offer exible processing approaches
to get coated/deposited on various types of surfaces. Through
the in-situ depositionmethod, one can easily coat the insulating
materials with conducting polymers.33

In this study, the methodology of establishing multi-compo-
nent andmulti-dimensional nanomaterials is developed by using
the microwave heating process. Investigations have been carried
out to study the mechanism and optimization of the experi-
mental conditions for CNT and iron oxide nanowire growth.
Experimental

In this study, conductive polypyrrole (PPy) was selected as the
microwave absorbing and heating layer, due to its high envi-
ronmental stability and conductivity, as shown in Fig. 1.
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Schematic representation of the general microwave initiated
nanocarbonization process for insulating substrates to obtain grafted
CNTs on their surface.
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Aer the deposition of the conducting layer, the substrates
are ready for the next step. Here, as shown in Table 1, different
substrates and precursors were selected for this study. Upon
further review, the PopTube technique seems to be a general
approach for growing nanomaterials, rather than just CNTs.
When different precursors are used, nanostructured metal
oxide can be grown. For example, iron pentacarbonyl (Fe(CO)5)
can be used to grow nanowires of iron oxide, within one minute
at ambient conditions, using this microwave technique.
Preparation of substrate materials

In a typical experiment, a xed amount of milled glass ber
(MGF) (12 g) substrate was rinsed with isopropyl alcohol and
then dispersed in 150 mL of 1 M aq. HCl. The mixture in a
sealed glass container was stirred on a shaker table for 10 min.
Pyrrole monomer (0.24 M) was then added into this MGF/HCl
dispersion, and stirred for an additional 10 min. Aer that,
ammonium peroxydisulfate ((NH4)2S2O8, APS) (0.03 M) was
added into this mixture and kept stirred for 4 h resulting in PPy
Table 1 Different substrates and precursors used for microwave
initiated nanocarbonization process

Substrate Coating Precursor Product

Conductor Indium
tin oxide

w/o Ferrocene CNT
w/o Fe(CO)5 Fe2O3

Carbon ber w/o Ferrocene CNT
w/o Fe(CO)5 Fe2O3

Carbon black w/o Ferrocene CNT
Insulator Milled

glass ber
PPy Ferrocenecarboxy-

aldehyde
CNT

PPy CNT
Fly ash PPy 1,10-Ferrocenediboronic

acid bis(pinacol) ester
CNT

PPy 1,10-(Bis(diphenylphos-
phino) ferrocene

CNT

This journal is © The Royal Society of Chemistry 2014
coated milled glass ber (PPy/MGF) in the form of dark
precipitates. Eventually, the resulting black precipitate of PPy/
MGF was suction ltered while getting washed with copious
amounts of 1 M aq. HCl (3� 100 mL) and acetone (3� 100 mL),
and the precipitates were nally freeze-dried for 12 h. The yield
of PPy/MGF was �12.3 g. The other insulating substrates were
coated with PPy in a similar manner.

Solid/liquid state blending of ferrocene with PPy coated
engineering materials

In a typical blending process, varying amounts of PPy/MGF were
placed in a 10 mL sealed plastic cup with a xed amount of
ferrocene under with different mixing ratios, namely 1 : 1, 2 : 1,
6 : 1 and 10 : 1, where 1 unit represents 25 mg of any
compound. At a rotation speed of�3500 rpm, these compounds
were blended by a speed mixer for 2 min. As an alternative
attempt to blend the precursors, ferrocene solution was
prepared by dissolving 200mg (0.0011moles) of ferrocene in 5.5
mL of toluene to obtain a 0.2 M solution. Aer that, 200 mg of
PPy/MGF was added into this solution to obtain a 1 : 1 ratio
mixture and then blended together using a speed mixer for
2 min before microwave heating.

Ultrafast CNT growth from PPy/MGF and ferrocene mixture by
microwave assisted heating

As-prepared PPy/MGF and ferrocene mixtures were transferred
in glass vials. Next, as an additional “extra carbon supporting”
compound, 0.1 mL of hexane was added into each mixture. The
main purpose of this hexane addition was to improve both the
growth quality and the homogeneity of CNTs on the surface of
PPy/MGF substrates.28 When the hexane was partially evapo-
rated in air for 30 seconds, the glass vial was placed in a
conventional microwave oven and irradiated at a microwave
power of 1250 W.

Ultrafast iron oxide bers growth on conducting substrate
surfaces ITO and carbon bers by microwave heating

Fe(CO)5, which was used as the iron oxide source, was casted
drop wise onto ITO glass substrate surfaces (1 inch2 or 1 cm2) to
grow iron oxide bers. Highly smooth surfaces of ITO glass
substrates were also etched using diamond cutters to increase
the strength of attachment at the Fe(CO)5 droplets interface. Aer
the substrates were cleaned and dried at ambient temperature,
Fe(CO)5 was drop wise casted on their surfaces (3–5 drops to
cover the surface). Finally, the ITO substrate was placed into the
microwave oven for the ultrafast nanober growth process.
Within 5–10 s of microwave heating at 1250 W power level,
formations of bush-like, reddish iron oxide bers took place on
top of ITO glasses, and a similar, aligned iron oxide forest have
been successfully grown on the carbon ber substrates.

Results and discussion
CNT growth on different substrates

As shown in Fig. 2, highly dense CNT covered sea-urchin like
hybrid structures were obtained by using the ultrafast
RSC Adv., 2014, 4, 9308–9313 | 9309
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Fig. 2 SEM images of; (A and B) CNT grafted ITO nanopowders, (C and
D) CNT grafted carbon black powders, (E and F) CNT grafted milled
carbon fibers (scale bars; (A, C and E): 5 mm and (B, D and F): 1 mm).

Fig. 3 SEM images of; (A and D) CNT grafted PPy/MGF, (B and E) CNT
grafted PPy coated fly ash, (C and F) CNT grafted PPy coated glass
balloons (scale bars; (A, B and C): 5 mm and (D, E and F): 1 mm).

Fig. 4 SEM images of CNT grafted PPy coated fly ash samples
obtained by using different ferrocene derivatives; (A) ferrocene-
carboxaldehyde, (B) 1,10-ferrocenediboronic acid bis(pinacol) ester, (C)
1,10-bis(diphenylphosphino) ferrocene (scale bars; 5 mm).
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microwave heating process to grow CNTs on top of different
substrates such as ITO powder, carbon black powder, and mil-
led carbon bers. Since these substrates possess moderate
conductivity, 10�5 to 10 Um, it becomes possible to reach much
higher heating efficiency viamicrowave irradiation compared to
the insulating or highly conducting materials.34–36 Upon the
absorption of the microwave energy, the substrate material
temperatures can reach up to 1100 �C or higher causing rapid
decomposition of the organometallic precursors, such as
ferrocene, and initiate the CNT growth.28 A conductive layer is
necessary for the insulating substrates in this microwave heat-
ing process. Thus, as described in the experimental section, PPy
coated MGF, y ash and glass micro balloons were used as
substrates. These materials were homogeneously blended with
ferrocene to obtain a mixture, which could be exposed to
microwave heating to grow CNTs on their surfaces. As shown in
Fig. 3, CNTs with several microns in length, were grown on the
surface of these substrates. As shown in Fig. 2 and 3, it is clearly
indicated that the microwave heating process is not only an
ultrafast approach for multi-dimensional CNT growth, but it
can also be executed on different substrate material surfaces.
Besides the variety of the substrates, different types of organo-
metallic precursors can be used to replace ferrocene as well. In
Fig. 4, three types of ferrocene derivatives were successfully
utilized as precursors for CNT growth. As previously reported,
other metallocene materials, such as nickelocene and cobalto-
cene can serve as the precursor to replace the iron with nickel
and cobalt.34

As mentioned in the experimental part, systematic mecha-
nistic studies were carried out both to investigate the key
9310 | RSC Adv., 2014, 4, 9308–9313
parameters that are affecting the CNT growth, and to optimize
the experimental conditions. PPy/MGF was used as a prototype
substrate for this detective work. In order to determine the
optimized conditions for CNT growth in different PPy/MGF
systems, a series of coating conditions were proposed to obtain
the substrate material. To start with, 8 g MGF/1 mL pyrrole/
1.15 g APS, which is called 8/1/1.15 system, besides 12/1/1.15
and 16/1/1.15 systems (using 12 g and 16 g of MGF) were
prepared, respectively. Here, the goal was to study the optimal
experimental conditions, hope to reach high uniformity and
even distribution of CNT growth, which is dependent on
homogeneity of conducting polymer coating.

As shown in Fig. 5A, with a xed PPy/MGF : ferrocene ratio
of 6 : 1, both the amount of PPy coating and the CNT growth
density on MGF surfaces were not in satisfactory condition for
the 8/1/1.15 system, where MGFs were eventually buried in the
PPy matrix and did not well covered. Due to insufficient
amount of MGF, an excessive amount of PPy was produced.
This caused the PPy to clump and lead to a clear phase sepa-
ration, instead of forming a homogenous layer on MGF
surfaces. To obtain better PPy coverage, CNT growth density,
and to avoid the formation of PPy clumps, 12/1/1.15 and 16/1/
1.15 systems were prepared with an increased amount of MGF
substrates. The former system (12/1/1.15) was found to be the
optimal condition among others for the preparation of PPy/
MGF substrates, as can be seen from Fig. 5C and E. In addi-
tion, substrate to precursor ratio is another key factor to be
optimized to obtain high density, 3-D CNT growth with good
uniformity. PPy/MGF substrate from the 12/1/1.15 system was
used at varied mixing ratios with ferrocene precursor, from
This journal is © The Royal Society of Chemistry 2014
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Fig. 5 SEM images of; (A, C and E) CNT/MGF samples obtained from
8/1/1.15, 12/1/1.15 and 16/1/1.15 systems with a fixed substrate to
ferrocene ratio of 6 : 1, and (B, D and F) CNT/MGF samples obtained
from 12/1/1.15 system with 2 : 1, 6 : 1 and 10 : 1 substrate to ferrocene
ratios. (scale bars; (A and F): 100 mm, (B–E): 10 mm).

Fig. 6 Thermogravimetric analysis (TGA) of the fly ash-based nano-
composite samples.

Table 2 BET analysis results of fly ash-based nanocomposite samples

Surface area
[m2 g�1]

Pore volume
[cm3 g�1]

Average pore
diameter [Å]

Fly ash 9.06 1.318 � 10�2 14.49
Fly ash-PPy 25.92 6.122 � 10�2 5.06
Fly ash-PPy-CNT 52.97 7.435 � 10�2 6.22
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2 : 1, 6 : 1 to 10 : 1. With higher amount of substrate, the CNT
coverage density was enhanced, as shown in Fig. 5B, D, and F,
and the better quality was obtained from 10 : 1 ratio system.
Accordingly with the previous reports,34 upon the addition of
hexane into these systems, as the CNT growth enhancer prior
to microwave heating, the overall CNT coverage density and
homogeneity have been improved to a great extent.

Thermal gravimetric analysis (TGA) was performed to
determine the weight losses occurred with the increasing
temperature, which would reveal the composition identica-
tion, degradation patterns, and the thermo-oxidation behavior
of the as-obtained nanocomposites. For the CNT coated nano-
composites, TGA is a key method to understand howmuch CNT
was grown on the substrates and how much conducting poly-
mer was coated on them. As shown in Fig. 6, CNT coated y ash
was investigated by TGA due to its high thermal stability at high
temperatures in air. Here, three different samples, namely, bare
y ash (sample 1), PPy coated sample 1 (sample 2) and CNT
decorated sample 2 (sample 3), were tested. The results revealed
that aer heating up to 800 �C in air, the weight ratios of the
residues was: 97.64% for sample 1, 66.57% for sample 2 and
68.60% for sample 3. Based on our calculations, the CNT growth
load was �6.15%, without any problem of entanglement and
agglomeration. Another major surface property of a material is
its specic surface area, which is measured by the total area per
unit mass. It has a particular importance in cases of adsorption,
catalysis, energy storage and the reactions that take place on the
surface. Fly ash-based nanocomposites were tested to calculate
This journal is © The Royal Society of Chemistry 2014
their specic surface areas before and aer the CNT growth
process, as shown in Table 2. Based on the compositions of y
ash substrate, PPy and CNTs, and the Brunauer-Emmett-Teller
(BET) test results, the specic surface area for each sample was
calculated as 9.06 m2 g�1, 62.04 m2 g�1, and 465.9 m2 g�1,
respectively. These multi-layer nanocomposites with such
specic surface area gradients will be advantageous for the
applications in sensory, energy storage and absorption/separa-
tion systems. Of course, there are still many unclear aspects that
need to be properly explored and addressed in order to develop
a proper control on the PPy coating quality, CNT growth density,
and the overall nature of the CNTs grown on different engi-
neering substrate surfaces.
Fibrillar iron oxide growth on different substrates

An illustration of iron oxide ber fabrication, directly from
Fe(CO)5 in a hexane solution, is shown in Fig. 7A and B. Within
5–10 seconds of microwave heating, the solution casted on the
ITO glass became red bers and covered the ITO substrate
surface. The height of the bush-like cluster of iron oxide bers
was larger than 1 cm, which indicated that the microwave
heating process was strongly effective on the nanober growth
rate. Here, the solution temperature rose rapidly in a few
seconds and led to a very fast reaction. Due to the limited
surface area of ITO glass, heat transfer between the substrate
and the precursor solution may not be uniformly distributed,
which resulted in a relatively large distribution of the iron oxide
nanowires, ranging from 200 nm to 1 mm, as shown in Fig. 7C–
E. The X-ray diffraction (XRD) analysis was performed to iden-
tify the crystalline structure of these red bers. Fig. 8 indicates
RSC Adv., 2014, 4, 9308–9313 | 9311
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Fig. 7 (A and B) Illustration of the iron oxide nanostructure fabrication
directly from Fe(CO)5 in hexane suspension via ultrafast microwave
heating, (C–E) SEM images of the as-grown iron oxide nanostructures,
(scale bars; (C): 10 mm, (D and E): 1 mm).

Fig. 8 X-ray diffractogram of the as-produced iron oxide nano-
structures on ITO glass substrates.

Fig. 9 SEM images of; (A–D) Iron oxide nanostructures grown on
carbon fibers via ultrafast microwave initiated nanocarbonization of
Fe(CO)5 blends withmass ratio of 1 : 1 (scale bars; (A and C): 100 mm, (B
and D): 10 mm).

Fig. 10 Schematic representation of two different approaches to
obtain iron oxide nanostructures by microwave assisted heating
process; (A) on ITO glass and (C) on carbon fiber (scale bars; (B): 1 mm,
(D): 10 mm).

9312 | RSC Adv., 2014, 4, 9308–9313
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that all diffraction peaks can be indexed to those of Fe2O3

hematite (JCPDS: 33–0664).
In light of a very recent publication,37 a cluster of carbon

bers were merged with the Fe(CO)5 solution. Again, within 5–
10 s of microwave heating process, similar iron oxide bers were
grown directly on the surface of carbon bers, as shown in
Fig. 9. The formation mechanism of the iron oxide bers, by
microwave heating process, is still under investigation.
Although we believe that a uniform mixture of Fe(CO)5
precursor and the substrate is the key to uniform growth of iron
oxide nanowires. The two proposed approaches to obtain iron
oxide nanowires by microwave heating process on ITO glass and
on carbon ber substrates are illustrated in Fig. 10. We believe
the carbon ber substrate has much better contact with the
precursors during the microwave process, which caused a
uniform growth for iron oxide nanowires. Moreover, there are
some twig-like structures detected on these bers which are
similar to tree branches. They can be explained by some
possible choices in growth direction. In the approach using
carbon bers, most of the iron oxide bers were similar in size
and well distributed on the carbon ber surface, which can be
considered as an “iron oxide nanowire forest”. This might be
due to the uniform distribution of Fe(CO)5 precursors on the
carbon ber surfaces and their improved reaction rates.

Conclusions

Systematic studies have been carried out to investigate the
mechanism of CNT and iron oxide nanowire growth on
different substrates using a microwave approach, and to iden-
tify the key factors that are affecting the overall quality of the as-
grown nanomaterials. For microwave approach to CNT growth,
the optimized experimental conditions have been determined
for the PPy/MGF system, along with the qualitative evaluation of
the results through SEM imaging. According to the results, 12/1/
1.15 system was selected as the optimum parameters to produce
PPy/MGF substrates. The ratio of substrate to precursor at 10 : 1
shows better growth quality of CNT. For iron oxide nanowire
growth, the quality distribution of active spots could result in
uniform iron oxide nanowire formations. This approach is a
This journal is © The Royal Society of Chemistry 2014
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“universal” methodology in providing a facile and ultrafast
technique to obtain 3-D nanomaterial growth on various engi-
neering material substrates, and it is also exible to use
different organometallic precursors. Therefore, this microwave
heating process offers a simple and cost-effective way for the
nano-manufacturing and fabrication of multi-component/
multi-dimensional nanocomposites.
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