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The study of coating carbon nanotubes with metal/oxides nanoparticles is now becoming a promising and challenging area of
research. To optimize the use of carbon nanotubes in various applications, it is necessary to attach functional groups or other
nanostructures to their surface. The combination of the distinctive properties of carbon nanotubes and metal/oxides is expected to
be applied in field emission displays, nanoelectronic devices, novel catalysts, and polymer or ceramic reinforcement. The synthesis
of these composites is still largely based on conventional techniques, such as wet impregnation followed by chemical reduction
of the metal nanoparticle precursors. These techniques based on thermal heating can be time consuming and often lack control
of particle size and morphology. Hence, there is interest in microwave technology recently, where using microwaves represents an
alternative way of power input into chemical reactions through dielectric heating. This paper covers the synthesis and applications
of carbon-nanotube-coated metal/oxides nanoparticles prepared by a microwave-assisted method. The reviewed studies show that
the microwave-assisted synthesis of the composites allows processes to be completed within a shorter reaction time with uniform
and well-dispersed nanoparticle formation.

1. Introduction

The extraordinary mechanical properties and unique electri-
cal properties of carbon nanotubes (CNTs) have stimulated
extensive research in almost every research institution and
industry worldwide [1]. CNTs exhibit superior thermal [2,
3], mechanical [4], and electrical properties [5–8] and are
considered the most promising building block for manufac-
turing low-cost, high-performance nanostructured compos-
ite materials. Over the last few years increasing attention has
been given to the preparation of various kinds of CNT-based
composite materials to enhance the inherent properties of
the matrix and optimize the use of CNTs by means of coat-
ing or filling with some foreign inorganic materials in-
cluding metal/oxides [9–11]. The resultant composite mate-
rials have been envisioned to be useful for nanoscale sensors

[12–14], field emitters [15, 16], nanoelectronics [15, 17],
nanotweezers [18], batteries for electrode materials [15], su-
percapacitors [19], hydrogen storage [20, 21], and many
other unique applications.

Composites of metal/oxide nanoparticles and CNTs can
be prepared by various strategies, and their preparation is
still largely based on conventional techniques. Thus far, coat-
ing or deposition of CNTs with various metal nanoparticles
has been developed and different methods have been used,
such as solid-state reactions, capillary action, radiolysis,
physical evaporation, electroless deposition, physisorption,
self-assembly, and colloidal chemistry combined with elec-
trostatic interactions or with sonication in aqueous solution
[22–26]. Many of these methods typically entail multiple
steps involving reflux with strong acids combined with
ultrasonication that take long hours or even days followed by
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chemical reduction of the precursor metal salts. Moreover,
these methods often lack good control of particle size and
morphology and large amounts of materials and energy are
used. Only a few reports provide simple, efficient routes for
uniform dispersion and strong attachment of nanoparticles
to CNT surfaces. Therefore, any new synthesis technique that
helps to save time would be extremely beneficial because it
would allow scientists to perform more experiments within
a shorter time and testing new theories and processes could
be done much faster allowing more time to expand scientific
creativity [27].

Recently, a microwave-assisted method has been widely
applied in chemical reactions and synthesis of nanomaterials
[11, 28]. Research has shown the method to be an attractive
choice to promote reactions and is energy effective heating
compared to conventional heat conduction methods (such as
an oil bath) due to the direct heating of the reaction mixture
[29]. By conventional methods, the vessel is heated and this
then transfers the heat by convection. Microwave heating is
more efficient in terms of the energy used, produces higher
temperature homogeneity, and is considerably more rapid
than conventional heat sources.

Microwave heating is a transfer of electromagnetic energy
to thermal energy, and is an energy conversion phenomenon
rather than the heat transfer. The electric component [30] of
an electromagnetic field causes heating by two main mech-
anisms, dipolar polarization mechanism and conduction
mechanism. In polarization mechanism; for a substance to
generate heat when irradiated with microwaves it must pos-
sess a dipole moment, as in water molecule. A dipole is
sensitive to external electric fields and will attempt to align
itself with the field by rotation. The applied field provides the
energy for this rotation [31]. As molecules vainly attempt to
follow the field, they collide with one another and heating in
the sample is observed. High- and low-frequency radiation
does not give rise to efficient heating: in the first case, the
field oscillates too quickly for the molecules to respond; in
the second case, the molecules follow the field so well that
there is no random motion generated [32].

If two samples containing distilled water and tap water,
respectively, are heated in a single mode microwave cavity
at a fixed radiation power and for a fixed time, the final
temperature will be higher in the tap water sample. This
phenomenon is due to the second major interactions of the
electric field component with the sample, the conduction
mechanism. The conduction mechanism is a much stronger
interaction than the dipolar mechanism with regard to the
heat-generating capacity [31]. In this case, any mobile charge
carriers (electrons, ions, etc.) move relatively easily through
the material under the influence of the microwave’s electric
field. These induced currents will cause heating in the sample
due to any electrical resistance. If the sample is a metallic
conductor, most of the microwave energy is reflected with
relatively little energy penetrating beyond a few microns into
the surface. However, the surface electrons respond to the
field in less than 10−12 s, and colossal surface potentials (of
the order of hundreds of kV m−1) may be induced. Con-
duction heating itself can be demonstrated quite easily in
a domestic microwave oven using materials such as copper

oxide or carbon. Alternatively, if pure water is heated in a
microwave oven, where the polarisation mechanism dom-
inates, the heating rate is significantly lower than that ob-
served when the same volume of a dilute salt solution is
heated. In the latter case, both dipolar polarisation and con-
ductive mechanisms contribute to the heating effect [32].

Microwave energy is a spectrum in the same way as
visible light, infrared irradiation, and UV irradiation and
is delivered directly to the material through molecular in-
teraction with the electromagnetic field. Since microwaves
can penetrate the material and supply energy, heat can be
generated throughout the volume of the material resulting
in volumetric heating [33]. Additionally, the method shows
acceleration in reaction rate, yield improvement, short reac-
tion time, small particle size, narrow particle size distribu-
tion, high purity materials, and enhanced physicochemical
properties [34–36]. The results obtained cannot be explained
by the effect of the rapid heating alone, and this has led vari-
ous authors to postulate the existence of “microwave effect.”
Historically, “specific microwave effects” have been claimed,
when the outcome of a synthesis performed using microwave
heating differs from the conventionally heated counterpart
carried out at the same apparent temperature [33].

Microwave effects result from material-wave interactions
and due to the dipolar polarization phenomenon, the greater
the polarity of a molecule (such as the solvent), the more
pronounced the microwave effect when the rise in temper-
ature [37] is considered. In terms of reactivity and kinetics,
the specific effect has therefore to be considered according to
the reaction mechanism and particularly with regard to how
the polarity of the system is altered during the progress of
the reaction. The origin of specific microwave effects can be
rationalized under the Arrhenius law (1) and can result from
modifications in each of the terms in this equation [38]:

K = A−ΔG/RT . (1)

(i) Thus, the increase in the preexponential factor A,
which is representative of the probability of molecular
impacts. The collision efficiency can be effectively influenced
by mutual orientation of polar molecules involved in the
reaction. As the factor is dependent on the vibration fre-
quency of the atoms at the reaction interface, it could be
postulated that the microwave field might affect this. Calcu-
lations have also shown that the faster diffusion rates might
be explained by an increase in factor A with no change in
activation energy [38].

(ii) Decrease in activation energy ΔG is certainly a main
effect. When considering the contribution of enthalpy and
entropy to the value of ΔG [ΔG = ΔH−TΔS], it may be pre-
dicted that the magnitude of the −TΔS term would increase
in a microwave-induced reaction this being more organized
when compared to classical heating as a consequence of
dipolar polarization [38]. Lewis et al. [39] presented exper-
imental evidence for such an assumption after measure-
ments of rate constants according to temperature for the
unimolecular imidization of a polyamic acid ((1), Figure 1,
and Table 1), where the plot demonstrates the differences
between the microwave solution imidization processes and
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Figure 1: First-order kinetic plots for microwave (MW) and ther-
mal (Δ) activation for the imidization reaction.

Table 1: Results from the Arrhenius plots in Figure 1.

Heating mode ΔH (kJ/mol) log A

MW 57± 5 13± 1

Δ 105± 14 24± 4

those obtained from conventional treatments. The acti-
vation energy (ΔH) determined from this treatment was
105 kJ/moL for thermal imidization and 57 kJ/moL for
microwave imidization. The apparent activation energy is
largely reduced. The same explanation, that is, a decrease
in ΔG, was also proposed for the decomposition reaction of
sodium hydrogen carbonate in aqueous solution [40]. The
physical phenomenon that provides the acceleration of the
reaction rates is unclear. To support their results, the authors
concluded that the microwave irradiation is not sufficiently
energetic to cause either ionization or electronically excited
state chemistry to occur, so the overall reaction stoichiometry
is the same as that for the thermal reaction. The large
difference observed in the kinetic parameters might be due
to intermediate products being formed (which is discounted
by the coincidence of the formation and disappearance rates
for the products and reactants) or from the way in which the
microwave radiation interacts with the reactants, the solvent,
or the complexes between the solvent and reactants. And
this would suggest that the acceleration is not due to the
environment around the reactants, and therefore, must be
due directly to the interaction of the microwave energy with
the reactants, although the presence of solvent, and so forth,
may have a secondary effect on the kinetic parameters [39].

This paper entails a critical review of microwave-assisted
synthesis of CNTs supported with metal/oxide nanoparticles.
Due to the extraordinary properties of CNTs, the resulting
composites were closely investigated. Various applications of
the CNT supported metal/oxide nanoparticle composites are
also discussed.

2. Synthesis of Metal and Metal Oxide
Nanoparticles Supported on CNT by
Conventional Methods

The first demonstration of a metal nanoparticle-CNT hybrid,
also known as metal nanoparticle decorated CNTs, was
reported over a decade ago by Planeix et al. [41] via the hy-
drogen reduction of an organic ruthenium salt in the pres-
ence of SWCNTs. For example, when the light nanoparticles
(NPs), such as TiO2, ZnO, CdS, and CdSe, were attached
on CNTs with high conductivity, the photocatalytic prop-
erties increased dramatically [42–44]. Later, Kishi et al. [45]
prepared a gas sensor for nitrogen dioxide (NO2) using tung-
sten oxide (WO3) nanoparticles fabricated on multiwalled
CNTs (MWCNTs). The response of the gas sensor was found
to be 4 times higher than that of MWCNTs-based gas sensor.
In addition, the high surface areas of CNTs are ideal to
maximize the efficiency of the catalyst [46–48]. Many ap-
proaches including assembling presynthesized NPs as build-
ing blocks on CNTs and spontaneous formation of NPs on
CNTs have been applied to prepare NPs/CNTs [49–54].

Although the attachment of NPs on CNTs has been
extensively studied, most of the methods involve a tedious
process and usually require multistep reactions. Moreover,
the amount of NPs loaded on CNTs is greatly limited, and
this fact limits many practical applications [55]. For example,
gold NPs were self-assembled onto the surface of solubilized
CNTs through an interlinker of bifunctionalized molecule
(17-1-pyrenyl)-13-oxo-heptadecanethiol (PHT) [56]. The
MWCNTs were heated under reflux with concentrated nitric
acid and were converted to acylchloride in SOCl2 and
reacted for 96 h. The interlinker PHT was mixed with the
MWCNTs and sonicated for 30 min and stood for 8 h. The
precipitate was washed several times with ethanol under
vacuum evaporator to remove the PHT and then the gold
colloid was added. This was followed by stirring for 8 h at
room temperature. The resulting solution was centrifuged
and a dark brown solid was obtained. The transmission elec-
tron microscopy (TEM) image (refer to Figure 2) showed
densely coated MWCNTs with gold nanoparticles with a
narrow size distribution and an average size of ∼5 nm.

The method took days to prepare one batch of CNT com-
posites with proper dispersion of the NPs. It is reported that
the pristine CNTs were heated under reflux using concentrat-
ed nitric acid before using them to remove the impurities and
to introduce the carboxylic groups on the inherently inert
CNTs, which in turn creates active sites to which the metal
NP precursors can bind. The oxidation of CNTs in a concen-
trated acid has been actively reported, but the disadvantage
is that long hours of treatment using high concentrated acid
creates defects on the CNTs’ sidewalls, which often results
in damaging the CNTs, rendering them useless for their
intended purpose. In this article [56], though it is reported
that concentrated nitric acid was used, the reaction time for
the oxidation process was not stated, which might have
contributed to the long mixing of the CNTs and the NPs
to get a strong attachment because the CNTs were severely
damaged which results in the degradation of the composites.
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Figure 2: TEM image of gold nanoparticles self-assembled on the
surface of s-MWCNTs through PHT [56].

This method is able to synthesize CNTs coated with gold
NPs, but the TEM result shows lack of control on uniform
dispersion of the NPs. It is also observed that not all the
NPs are on the CNTs which means that there is no strong
attachment of the NPs on the surface of the CNTs. A thick
layer of NPs is observed on one side of the CNT whereas few-
er particles on the other side. This observation shows that the
NPs are on top of each other rather than being on the CNTs,
which may result in fewer NPs in effect if the composites were
to undergo heat treatment or alternatively be used for other
applications.

Another multistep process was used by Smorodin et al.
[57] to coat single-walled CNTs (SWCNTs) with gold NPs.
In their study, SWCNTs were first sonicated in a mixture
of H2SO4:HNO3 for 90 min to modify the walls of the
CNTs. The nanotubes were then suspended in anhydrous
dimethylformamide and refluxed in thionyl chloride for 24 h.
The precipitate was washed and rinsed to remove excess
SOCl2, and this was followed by the immersion in ethylene
diamine for five days. The nanotubes were rinsed again with
THF and resuspended in H2O and reacted overnight with
N-hydroxy succinimidyl biotin. After the final rinsing step,
the biotin-terminated SWCNTs were suspended in H2O and
a surfactant was added. Finally, gold colloids were added to
the SWCNT suspension forming an extremely strong binding
between the gold NPs and the SWCNTs. From the AFM
image (refer to Figure 3), the authors concluded that a large
fraction of SWCNTs has at least one NP attached, in most
cases to one of the ends of the tube.

In this article [54] the authors reported the self-assembly
method of preparing SWCNTs-coated gold NP composites.
They reported a good dispersion of the NPs along the CNT
with AFM results. Using this characterization equipment
alone is not good enough to prove the success of the method
in dispersion. It would have been better if they had used TEM
images to confirm their results.

200

400

600
nM

Figure 3: AFM image of a SWCNT–nanoparticle-SWCNT junction
[57].

On the same grounds, another method of preparation of
highly uniform and nicely dispersed gold NPs deposited on
the CNTs was reported by Zhang et al. [58]. They reported
reduced steps to synthesize the composites and also reduced
the reaction time to less than 1 h using ultrasonic treatment.
Figure 4 shows a high-magnification TEM image of a well-
dispersed and homogeneous coverage of the NPs on the
nanotubes. This image demonstrates that the gold NPs are
uniformly decorated on the walls of the CNTs with NP sizes
of 8 ± 3 nm and 20 ± 2 nm, which they report they were able
to control.

The reported method appears to be a simpler and more
efficient way of depositing the NPs of controllable sizes on
the CNTs. The density of the NPs on the CNTs was controlled
by changing the precursor salt, and the composites were pre-
pared in less than an hour.

3. Synthesis of Metal and Metal Oxide
Nanoparticles Supported on CNT by
Microwave Method

Although the above methods were very successful and useful
in coating CNTs outer surfaces with NPs, one important
aspect is that simpler methods are desired in some cases,
without the use of a long reaction time. In this instance,
bulk production of composites will benefit from simple and
faster methods, hence, the need for a microwave-assisted
method for the synthesis of NPs on the CNTs. An impressive
example was reported by Loupy et al. [59], who observed
an increase in yield from 2% to 95% under microwave
conditions, in the Leuckart reductive amination. These rate
and yield enhancements have been suggested by some to be
caused by specific, nonthermal microwave effects [59, 60].

Kim et al. [61] successfully dispersed ruthenium oxide
NPs on MWCNTs using the microwave-polyol process. In
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Figure 4: TEM image of synthesized MWCNT/Au nanocomposites
with higher magnification (the black dot in the centre of the images
is an imaging artifact) [58].

this process, the CNTs were initially treated with nitric acid
to introduce functional groups on the surface of the CNTs
and followed by sonication of the treated CNTs in diethylene
glycol solvent. Ruthenium salt, RuCl3·nH2O, and sodium
acetate (NaAc) were dispersed in the CNTs and synthesized
in a microwave digestion system. The reaction mixture was
heated to 200◦C for 2 min with microwave power of 1600 W.
They used HRTEM, Raman spectra, and TGA to characterize
their materials, which indicated that CNTs were uniformly
coated with crystalline and partially hydrous RuO2·0.64H2O
NPs of 2 nm diameter, and the loading amount of ruthenium
oxide in the composite could be controlled up to 70 wt.%.

Parts (a) and (b) of Figure 5 respectively show typical
HRTEM images of the 70% and 20% ruthenium oxide/CNT
nanocomposites showing remarkably uniform and high
surface coverage. From these two TEM images, it is observed
that the ruthenium oxide is selectively nucleated and uni-
formly deposited on the surface of the CNTs. Figure 5(b)
gives evidence to the size and morphology control of the
NPs when using the microwave method. The image (refer
to Figure 5(b)) shows that the decrease of the precursor salt
concentration still gives a uniform dispersion of the NPs,
which means that the amount of the NPs on the CNTs can
be controlled, which is not always possible when using a
conventional method. Besides the good interaction between
the CNTs and the microwaves, one possible explanation for
the sidewall coating is that the CNTs were chemically pre-
treated with acid to functionalize them and remove the
metal impurities formed during their manufacture and that
introduces defects into the tube walls which act as active
sites for binding with NPs. But in this instance, the oxidation
process could have been done using the microwave in less
time than in a conventional method that took 4 h. CNTs have
been found to display strong microwave absorption espe-
cially for functionalized CNTs; therefore using microwave

could have saved more time. The overall results are good,
and it is evident that the microwave method can synthesize
composites of CNT supported NPs.

Chuncheng et al. [62] reported using the microwave-
assisted method to coat the CNTs with zinc sulphide NPs.
For the best anchoring of the ZnS NPs, the CNTs were first
oxidized under reflux in concentrated nitric acid. In the first
step, Zn(Ac)2·2H2O and CNTs were added into a glycol sol-
vent and ultrasonically treated to ensure uniform dispersion
of the glycol solution. In the second step, NaS·9H2O was also
dissolved in a glycol solution and then added to the CNT
mixture. The new mixture was placed in a microwave oven
and operated for 10 min with a power setting of 700 W. The
sample was characterized by TEM and XRD.

The TEM image (refer to Figure 6(a)) shows a well-
dispersed ZnS on the CNTs surface. From this image, it was
concluded that the key factor in forming the well-dispersed
composites was to ultrasonically treat the composition with
a glycol solution. This was validated by the composites
with no agglomerations as compared to the ones that were
not treated ultrasonically with glycol solution and showed
agglomerations. But looking at the TEM image (Figure 6(a))
some agglomerations exist in some parts of the composites
but not as much as is reported on the image (image not
shown here) where glycol was not used. It is evident that
glycol reduces agglomerations; therefore, the agglomerations
here may have been caused by the operating conditions of the
microwave such as the high power, residence time, or tem-
perature, though the temperature was not mentioned. The
XRD pattern (refer to Figure 6(b)) further confirmed the
presence of ZnS-coated MWCNTs composites with the mean
size diameter calculated by the Debye-Scherrer equation to
be 1 nm. The diffraction peaks identified the sample as a
mixture of sphalerite crystal ZnS and MWCNTs. The TEM
image and XRD spectra confirmed the formation of NPs
on the CNTs, and it can be concluded that the synthesis of
the CNTs coated with NPs does not merely depend on the
precursor salt, but also has a strong correlation with the
synthesis conditions and the method used.

Ghosh et al. [63] reported the coating of platinum NPs
on carbon-nitride nanotubes prepared by a microwave-
assisted method compared to the NaBH4 chemical reduction
method. In this study, N-doped MWCNTs were dispersed in
2-(2-methoxyethoxy)-ethanol solvent under mild sonication
for the ease of Pt coating. H2PtCl6·H2O was added to the
above solution and stirred for 10 min. The resultant solution
was divided into six parts; one part underwent the NaBH4

route and the other five parts were subjected to microwave
irradiation for 30, 50, 70, 90, and 110 s. Finally, the solid was
washed and dried. These samples were labelled depending
on the MW-irradiation times, for example, MW50, MW110,
and so forth. According to the TEM characterization per-
formed on the samples, the platinum NPs were nicely
distributed on the CNTs in both methods as presented (parts
(a), (b), and (c) of Figure 7). The Pt NPs grown by NaBH4

treatment (Figure 7(a)) were observed to be small (average
diameter 3 nm) and have a low density. However, those
grown by microwave irradiation (refer to Figures 7(b) and
7(c)) were found to be larger and the population gradually
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(a) (b)

Figure 5: HRTEM images of ruthenium oxide/CNT nanocomposites of (a) 70 wt.% ruthenium oxide and (b) 20 wt.% ruthenium oxide [61].
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Figure 6: ZnS-nanoparticle-decorated MWCNTs, (a) TEM image and (b) XRD pattern [62].

increased with irradiation time. Microwave irradiation for
50 and 110 s resulted in 10.2 and 19.8 nm Pt particles, respec-
tively. In this paper, the NaBH4-mediated chemical reduction
process resulted in small size Pt NPs coated on the carbon-
nitride nanotubes with low density while the microwave-
assisted method gave larger NPs with high population den-
sity. In the XPS spectrum (not shown here), the peak inten-
sities showed that NaBH4 treatment led to the incomplete
reduction of Pt ions; meanwhile, the microwave irradiation
not only offered complete Pt reduction, but also enabled
control of the particle size and density as a function of
the irradiation time. The complete reduction of the Pt ions
shows the uniform heating of the material to completion
when using the microwave method and how comparative
the method can be in synthesizing CNT composites in fewer
steps. It is also useful that the authors have included the
reaction mechanisms of both methods in the paper.

A comparative study was done in our earlier work [65]
for the synthesis of SnO2/CNTs composites. A microwave-
assisted method was used to synthesize MWCNT-coated

SnO2 and then compared to the conventional wet impreg-
nation method. In both methods, the CNTs were first treated
by oxidation to introduce the oxygen-containing function-
alities to which the metal NP precursors can bind: 2 h for
the conventional and 5 min for microwave method. On the
second step, tin chloride was dissolved in distilled water and
hydrochloric acid was added. The acid-treated CNTs were
added to the above solution and magnetically stirred for an
hour for the conventional method and heated under reflux
for 5 min in the microwave reactor. It was found that SnO2

NPs were distributed on the CNT surface in both conven-
tional wet impregnation and microwave-assisted method,
and a better dispersion was found with the microwave
method (refer to Figures 7(b) and 7(c)), which was also able
to reduce the total reaction time of the synthesis from 4 h to
10 min.

As shown in the TEM image (Figure 8(a)), the SnO2 NPs
were found to be distributed around and inside the CNTs.
An average particle size of 3–5 nm was reported, which is
in agreement with the XRD and SEM images. The XRD
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Figure 7: TEM images of Pt-CNx nanohybrids synthesized via (a) NaBH4-treated chemical reduction process, (b) microwave-assisted for
50 s, and (c) microwave-assisted for 110 s [64].

spectra (Figure 8(b)) also confirmed the presence of the
SnO2 in the composites prepared by both methods. A small
variation in these conditions can lead to the production of
SnO nanoparticles which were not desired in this case. The
study illustrates the efficiency of the microwave method to
form SnO2 NPs on CNT surface with good dispersion.

Using a microwave polyol method, Gan et al. [66]
synthesized platinum (Pt) NPs on CNTs. In this method,
chloroplatinic acid (H2PtCl2) and ethylene glycol (EG)
were used as the platinum precursor and reducing agent,
respectively. Sodium dodecyl sulphate (SDS) was added to
the reaction system to prevent the colloids from aggregating
into larger particles. The CNTs and SDS were dispersed into
EG under ultrasonic treatment for 60 min. Then H2PtCl2
solution was added into the solution under magnetic stirring.
The resulting solution was treated at 150◦C for 20 min in a
focused single-mode microwave synthesis system. The prod-
ucts were centrifuged and washed with deionized water and
absolute ethanol to remove any loose NPs and EG. Finally,
the products were dried in vacuum at room temperature.

The authors reported a uniform coverage of the Pt NPs
on CNTs that indicated that the functional groups were cre-
ated throughout the surface of the CNTs (refer to Figure 9).
The average NP size was calculated by the Debye-Scherrer
formula and found to be 4.6 nm. From these results it was
proposed that the successful synthesis of Pt NPs with small
size and good dispersion were attributed to the rapid micro-
wave heating.

Some degree of agglomerations was observed along the
surface of the CNT in the TEM image at low magnification
(image not shown here). This result indicates that though
the microwave method is efficient in reducing the reaction
time, process optimization must be done for each composite
system to improve the composite properties.

Wu et al. [67] reported the synthesis of CoNi/MWCNTs
nanocomposites using microwave-assisted method. Acid-
treated MWCNTs were mixed with Co(Ac)2·4H2O and
Ni(Ac)2·4H2O in ethylene glycol and stirred for 24 h and
then added NaOH to adjust the pH. Several drops of
hydrazine hydrate were added as a reducing agent, and the
mixture was heated under microwave refluxing system for

2 min and 600 W. In this case, the sizes of the CoNi alloy
NPs were controlled through adjusting atomic ratios of the
metals to the CNTs. Experimental results have demonstrated
that CoNi alloy NPs were attached on the MWCNTs with an
average size of 15–48 nm which is consistent with the trend
of the crystallite size calculated from the Debye-Scherrer
formula. As can be observed from the images (refer to
Figure 10), the number of CoNi alloy NPs attached on the
CNTs increases with increasing the atomic ratios of metals
to CNTs and this also goes for the particle size. The paper
demonstrates clearly the controllable size and density pop-
ulation of the NPs when using the method. Changing the
parameters of the synthesis allows uniform dispersion to
heavily coated CNTs. Like many others [61, 62, 68], the au-
thors preferred to oxidize the CNTs under reflux and not use
the advantage of microwave, but the nanocomposites were
prepared in 2 min, which dramatically reduced the total re-
action time.

Pt NPs with different sizes supported on CNTs were
prepared by microwave rapidly heating the EG solution of
platinum salt with different pH [68]. For better anchoring
the metal NPs, the CNTs were first oxidized by refluxing
in concentrated HNO3 at 413 K for 4 h. The preparation of
Pt/CNTs was carried out in EG solutions of H2PtCl6 pre-
cursor salts with different pH by microwave heating. The
pH value was adjusted by dropping 0.8 moL/L KOH. The
mixture was ultrasonically treated to ensure CNTs were uni-
formly dispersed in EG solution. The beaker was then placed
in the centre of a household microwave oven (National,
2450 MHz, 800 W) and heated for 60 s. The product was
collected by filter and washed with absolute acetone and
deionized water, then dried in a vacuum oven at 373 K for
12 h. TEM examinations (refer to Figure 11) showed that Pt
particles become smaller and more uniform when the
synthesis pH increased from 3.4 to 9.2. It was found that
pH was an important factor that influenced the particle size.
Therefore, Pt particles size could be selected by adjusting the
solution pH for preparing high-performance Pt/CNTs cat-
alyst for fuel cell application. Electrochemical measurements
showed that the Pt/CNTs catalyst prepared from the synthesis
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Figure 8: (a) HRTEM image of SnO2/CNT composite prepared by microwave (the inset shows a corresponding low-magnification image).
(b) XRD patterns of pure CNTs and SnO2/CNT composite samples prepared by conventional and microwave wet impregnation methods
[65].

Figure 9: TEM images of Pt/CNTs heterostructures at higher
magnification [66].

solution (pH 7.4) exhibited better performance for methanol
electrooxidization than other samples.

The paper highlights the important role of pH of the
reaction medium on the particle size along the CNTs. The
authors suggest that, in addition to pH and good microwave
absorption of reactants, other operating parameters are crit-
ical in improving the material properties.

Nanostructured Mo2C/CNTs composites have been syn-
thesized by using a methodology of microwave-assisted ther-
molytic molecular precursor with Mo(CO)6 as single source
precursor. Typically, CNTs and molybdenum hexacarbonyl
were put in an agate mortar and mixed for 15 min. The com-
pletely homogeneous precursor mixture was put in a quartz-
tube reactor with an inner diameter of about 10 mm and
fluidized with a flow rate of 30 mL/min argon for 2 h at room
temperature to remove oxygen in the reactor and keep the
reaction under the inert atmosphere. Next, the reactor was

placed in a domestic microwave oven operating at 2.45 GHz
with a power of 800 W. Finally, the resulting products were
cooled to room temperature under argon. The microwave
irradiation time varied from 1 to 15 min to investigate the
formation mechanism. TEM images (Figure 12) show the
well-distributed nanostructured Mo2C particles on the outer
surface of CNTs and no agglomerations were observed. The
mean size of Mo2C particles was reported to be about 5 nm,
which was in good agreement with the value from XRD.
The reported results were compared with the results found
by Liang et al. [69] who used the carbothermal hydrogen
reduction method, in which the particle size of β-Mo2C
also increased with increasing Mo loading. This shows and
confirms the efficiency of the microwave-assisted method to
get results comparable to other methods but in a faster and
more economical way [70].

4. Applications of Metal Oxides
Nanoparticle-CNT Composites

The possible applications of CNTs range from electronics,
sensors, water purification, energy-storage devices, to func-
tional fillers in composites. These have attracted both indus-
trial and academic interest. Therefore, it is important that
some of the basic knowledge is transferred to industry so that
real and novel technologies appear commercially. Some of
the applications are listed in the following (refer to Table 2
for summary).

4.1. Hydrogen Storage. In energy storage applications, mate-
rials with hydrogen storage capacity are very attractive.
CNTs have been explored for many years for liquid and gas
storage or gas filtration applications due to their cylindrical
geometry and their nanoscale dimensions [71, 72]. Dillon
et al. [73] were the first to propose that CNTs can be used
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Figure 10: TEM images of CoNi/MWCNT nanocomposites obtained with the different atomic ratios (a) 7%, (b) 12%, and (c) 18% [67].

(a) (b)

(c) (d)

Figure 11: TEM images of microwave-synthesized Pt/CNTs from the ethylene glycol solutions of H2PtCl6 with different pH in the presence
of CNTs: (a) pH: 3.6, (b) pH: 5.8, (c) pH: 7.4, and (d) pH: 9.2 [68].

as a hydrogen storage medium due to their lightweight and
high hydrogen storage capacity. Because of the weak van der
Waals interaction between CNTs and hydrogen molecules,
the pure CNTs cannot store the required amount of hydro-
gen, but when functionalized with metal atoms, they are the
most efficient hydrogen storage medium. Dillon et al. [73]
studied the hydrogen adsorption properties of as-prepared
soot containing 0.1-0.2 wt.% SWCNTs and they estimated a
hydrogen storage capacity of 5–10 wt.% for pure SWCNTs.
Park and Lee [74] showed that the hydrogen storage capacity
of Pt/MWCNTs at 298 K and 100 bar is higher than that

of MWCNTs. From the experimental results, it was found
that Pt particles were homogeneously distributed on the
MWCNTs surfaces. The amount of hydrogen storage capac-
ity increased in proportion to the Pt content, with Pt-
5/MWCNTs (3.72 wt.%) exhibiting the largest hydrogen
storage capacity. The superior amount of hydrogen storage
was linked to an increase in the number of active sites and
the optimum-controlled micropore volume for hydrogen
adsorption due to the well-dispersed Pt particles. There-
fore, it can be concluded that Pt particles play an important
role in hydrogen storage characteristics due to the hydrogen
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(a) (b)

Figure 12: TEM images of the Mo2C/CNTs with the 16.7 wt% Mo calculated loading at two different magnifications [70].

spillover effect [74]. Yang et al. [75] reported the electro-
chemical hydrogen storage properties of Ni NP-coated
SWCNT electrodes. The characteristic properties of the
SWCNT samples coated with 4–12 wt.% Ni NPs were ex-
amined. According to the electrochemical test results, the
highest electrochemical discharge capacity of 1404 mAh/g
was obtained for the SWCNT electrode coated with 8 wt.%
Ni NPs, which corresponded to 5.27 wt.% hydrogen storage.
This enhancement of electrochemical hydrogen storage ca-
pacity was ascribed to the fact that the Ni NPs act as a redox
site, thus leading to an improved electrochemical hydrogen
storage capacity. The results indicated that the SWCNTs
coated with Ni NPs are a potential material for hydrogen
storage [75].

4.2. Energy Storage and Related Applications. Xu et al. [76]
prepared MWCNTs filled and coated with SnO2 NPs using
a simple one-step chemical solution method at 50◦C. The
SnO2/MWCNTs hybrids were characterized by TEM and
XRD. XRD patterns and HRTEM images validated that the
SnO2 NPs had an average size of 3–5 nm. The homogenously
distributed NPs on MWCNTs exhibited enhanced discharge
capacity and cycling performance because MWCNTs pre-
vented the volume expansion and increased the electric
conductivity. The sample showed initial discharge capacities
of 2127.4 and 1880.2 mAh/g at 70 and 200 mAh/g and re-
mained at 469 and 362 mAh/g after 40 cycles with a loss
of 1.2 and 1.5% per cycle under these current densities.
Though the capacity retained only 20% of the first cycle,
it was still larger than the theoretical capacity of graphite
(372 mAh/g). Therefore, the results demonstrated that they
had a better cycling performance at large discharge/charge
current densities [76].

Another SnO2 coated on CNTs study was reported by
Wang et al. [77] who used a novel thioglycolic acid assisted
one-step wet chemical method. The coatings were charac-
terized by XRD and TEM. The composites showed a good
lithium intercalation/deintercalation performance when
used as anode materials for lithium-ion batteries. Their high
charge capacities and durability against decay are ascribed to

the good dispersion of SnO2 on MWCNTs and small particle
size, which is a benefit of using SnO2, and to the release of
the stress caused by the drastic volume variation during the
lithium intercalation/deintercalation process [77]. Zhao et al.
[78] investigated Pt-Sn NPs on MWCNTs and explored their
use as an anode catalyst for a direct ethanol fuel cell, which
may find use as a potential mobile power source. They com-
pared the functionalization of the CNTs with that of carbon
black and observed a better performance in the former,
which they attributed to the structural difference of CNTs
over carbon black, higher electric properties, and lower or-
ganic impurities of CNTs as compared to their carbon black
sample [78]. Matsumoto et al. [82] reported that 12 wt.%
Pt deposited onto CNTs results in 10% higher voltages than
29 wt.% Pt deposited on carbon black; this ultimately reduces
the Pt wastage by 60% in polymer-electrolyte fuel cells. The
higher performance of the Pt-decorated CNTs was attributed
to (i) well-dispersed platinum NPs on the CNTs allowing
more triple-phase boundaries, (ii) high electric conductivity,
and (iii) networks and interiors of the CNTs, which might
consist of spaces for gas diffusion. Sakthivel et al. [83]
reported the deposition of platinum electrocatalysts on
MWCNTs with high loading prepared using a microwave-
assisted polyol reduction method and employed for direct
methanol fuel cells (DMFCs). Single cell DMFC measure-
ments were performed in a membrane-electrode assembly
(MEA) with 5 cm2 active area and very low catalyst loading
(0.25 mg·cm−2 of noble metal on both anode and cathode).
The DMFC performance of the surfactant stabilized cathode
catalyst obtained by the new method described here revealed
that the power density was three times higher than for a com-
mercial catalyst used for comparison and two times higher
than for an unstabilized CNT-supported catalyst. Much
higher power densities were observed for the two samples
with CNT as support compared with the Vulcan carbon-
supported catalyst. The maximum power density of the
DMFC with the surfactant stabilized Pt/CNT catalyst was
74 mWcm−2, while only 30 mWcm−2 could be achieved
with the commercial catalyst [83]. Kim et al. [61] investi-
gated the dispersion of ruthenium oxide NPs on MWCNTs
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Table 2: Summary of CNT-supported metal/oxide applications.

CNT type Metal/oxide Application Ref.

MWCNTs RuO2 Electrochemical capacitors Kim et al. [61]

MWCNTs Pt Hydrogen storage Park et al. [74]

SWCNTs Ni Electrochemical hydrogen storage Yang et al. [75]

MWCNTs SnO2 Lithium-ion batteries
Xu et al. [76]

MWCNTs SnO2 Wang et al. [77]

MWCNTs Pt-Sn
Catalyst

Zhao et al. [78]

MWCNTs Co Zhang et al. [79]

MWCNTs Pd Ye et al. [79–81]

MWCNTs Pt Fuel Cells Matsumoto et al. [82] and Sakthivel et al. [83]

MWCNTs SnO2

Gas sensor

Espinosa et al. [84] and Liu et al. [85]

MWCNTs WO3 Wongchoosuk et al. [86]

SWCNTs Pd Lu et al. [87]

MWCNTs Pt Shi et al. [88] and Qiaocui et al. [89]

SWCNTs TiO2 Photocatalytic Dechakiatkrai et al. [90]

DWCNTs Ru Field emission Liu et al. [91]

synthesized via microwave-polyol process combined with
forced hydrolysis without additional thermal oxidation or
electrochemical oxidation treatment. Characterization of the
samples confirmed the uniform coating with crystalline and
partially hydrous RuO2·0.64H2O NPs of 2 nm diameter and
the loading amount of ruthenium oxide in the composite
could be controlled up to 70 wt.%. The specific capacitance
was 450 Fg−1 of ruthenium oxide/CNT composite electrode
with 70 wt.% ruthenium oxide at the potential scan rate of
10 mVs−1, and it decreased to 362 Fg−1 by 18% at 500 mVs−1.
The specific capacitance of ruthenium oxide in the composite
was 620 Fg−1 of ruthenium oxide at 10 mVs−1. The ruthe-
nium oxide NPs in ruthenium oxide/CNT nanocomposite
electrodes had a high ratio of outer charge to total charge of
0.81, which confirmed the high-rate capability of the com-
posite through the preparation of the nanosized ruthenium
oxide particles on the external surface of CNTs [61]. Liu
et al. [91] studied the field emission properties of double-
walled CNTs (DWCNTs), which are remarkably improved by
decorating their surface with ruthenium metal NPs. The Ru
NPs were attached effectively on the surface of DWCNTs via
a chemical procedure. The Ru-decorated DWCNTs showed
lower turn-on voltage, higher emission current density,
and improved emission uniformity compared with pristine
DWCNTs. The effect of Ru NPs, on the work function
and density of states, was evaluated by the first-principles
calculation. The enhanced field emission properties of Ru-
DWCNTs were mainly attributed to the Ru NPs which
increased the field enhancement factor and the density of
emission sites. Their results indicated that the Ru-decorated
DWCNTs can be used as an effective field emitter for various
field emission devices [91].

4.3. Catalysis. Selective hydrogenation catalysts are crucial
in the petrochemical and fine chemical industries for the
synthesis of a wide variety of chemicals [80]. Zhang et al.
[79] found that CNTs coated with Co NPs were catalytic for
the formulation of 1-octene with a high activity and excellent

region selectivity. Ye et al. [81, 92, 93] also demonstrated
in their work on the deposition of Pd NPs on MWCNTs
in supercritical CO2 that the Pd-MWCNTs composites were
excellent catalysts for the hydrogenation of olefins, including
the conversion of stilbene into 1,2-diphenylethane, with con-
versions of 96% after 10 min exposure. Other metal NPs used
for catalysis include Ru-Sn and Ru-Pt alloys for heteroge-
neous catalysis [94], Au [95], Pt-catalyzed hydrogen peroxide
oxidation [96], gold-thiol monocapped NPs [10], and Pd, Pt,
Au, and Ag for environmental catalysis [23]. Dechakiatkrai
et al. [90] prepared and characterized TiO2/SWCNT com-
posites for photocatalytic applications. The photocatalytic
activity of TiO2 and the TiO2/SWCNT composite was inves-
tigated using the photooxidation of methanol in sulphuric
acid as supporting electrolyte. The results indicated that
the TiO2/SWCNTs composite enhances the photocatalytic
activity compared to TiO2 alone. Electrochemical studies of
the TiO2/SWCNT composite were also carried out in various
supporting electrolytes, and the presence of SWCNTs in the
TiO2 film was found to be able to photocatalyze the oxidation
of methanol, 10 times higher than a pure TiO2 electrode.
This is an attractive way for further application in the field
of photocatalytic decomposition of organic compounds in
aqueous media under UV irradiation and a potential mate-
rial for applications involving photocatalyzed fuel cells [90].

4.4. Sensors. CNTs have been effective as sensing elements
utilizing their electrical, electrochemical, and optical proper-
ties. Detecting a low concentration of toxic gas is important
for environmental purposes and chemical safety. CNTs have
been highlighted as promising gas-sensing elements due to
the 1-dimensional electronic structure with all the atoms
residing only on the surface. CNTs have advantages over
conventional metal-oxide-based sensors in terms of power
consumption, sensitivity, miniaturization, and reliable mass
production [97]. Espinosa et al. [84] have shown that the
addition of a small quantity of O2-functionalized MWCNTs
to metal oxides can significantly improve the detection
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capability of metal oxide-based sensors at low operating
temperatures. In particular, microsensors based on SnO2/
MWCNTs hybrid films operated at room temperature
showed the higher sensitivity towards NO2 in the ppb range
among the different materials studied. Additionally, the sen-
sors showed a total recovery of their baseline resistance and
reasonable response and recovery times. The results sug-
gested that there is an optimum amount of CNTs to be added
to each particular metal oxide in order to enhance respon-
siveness [84].

Liu et al. [85] reported the gas sensing properties of
MWCNTs coated with SnO2. It was found that the sensor
exhibited good sensing responses to liquefied petroleum gas
(LPG) and ethanol gas (C2H5OH). Furthermore, the gas
sensor responses increased linearly with the increment of
the gas concentrations of LPG and ethanol and the sensor
exhibits a fast response and a good recovery. The fab-
rication of hydrogen gas sensors based on undoped and
1 wt.% MWCNT-doped tungsten oxide (WO3) thin films by
means of the powder mixing and electron beam (E-beam)
evaporation technique were reported by Kerdcharoen et al.
[97]. Hydrogen sensing properties of the thin films have
been investigated at different operating temperatures and gas
concentrations ranging from 100 ppm to 50,000 ppm. The
results indicated that the MWCNT-doped WO3 thin film
exhibits high sensitivity and selectivity to hydrogen. Thus,
MWCNT doping based on E-beam coevaporation was
shown to be an effective means of preparing hydrogen gas
sensors with enhanced sensing and reduced operating tem-
peratures. At any operating temperature, the sensor response
of the MWCNT-doped WO3 thin film is higher than that
of the undoped WO3 thin film. Specifically, at the optimum
operating temperature (350◦C), MWCNT-doped WO3 thin
film yields a 26.9% higher response than the undoped one.
This should prove to be useful for developing high-per-
formance H2 gas sensors [86]. Lu et al. [87] have immo-
bilized palladium NPs on SWCNTs and applied this in the
detection of methane. The methodology showed advantages
over conventional catalytic beads and metal oxide sensors
with a tenfold increase in sensitivity and reduced power
consumption by a factor of 100. Both Shi et al. [88] and
Qiaocui et al. [89] used CNT-supported Pt NPs to fabricate
a cholesterol biosensor involving the immobilization of the
Pt-modified CNTs and the cholesterase enzyme in a sol-
gel matrix on an electrode. The detection of cholesterol oc-
curred indirectly using the hydrogen peroxide produced by
the action of the enzyme and allowed the sensor to have a
low detection limit (1.4 mm) over a good linear range (4–
100 mm). The Pt-CNTs also limited the effect of interferents
compared to bulk materials or CNTs alone [88]. Also of note
is the Pt-CNT-supported catalysis of both hydrogen peroxide
and cysteine for the bioanalytical sensing of both species
[90].

5. Conclusions

In this paper, the challenges of the preparation of metal and
metal-oxide-nanoparticle-coated CNTs have been addressed
using the microwave-assisted method. The quality and rapid

formation of uniform small-sized nanomaterials under mi-
crowave conditions have demonstrated to be an effective and
alternative way of synthesizing nanoparticle-coated CNTs. As
summarized here, the method has shown that it can be used
for any metal oxide and CNTs, and by varying the deposition
material and deposition time, one can control the size and
distribution of metal nanoparticles on CNTs surfaces. The
published results have shown that microwave synthesis is a
user-friendly method rarely damaging the materials. As the
method is being used for various reasons (end-product),
different routes and strategies should be applied depending
on the final product to be achieved. The existence of a specific
microwave effect is still a debate.
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