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. Introduction

Carbon nanotubes (CNTs) are important carbon-based materi-
ls. A single-walled CNT (SWCNT) can be considered as a seamless
ylinder formed by rolling a graphene sheet and a multi-walled
NT (MWCNT) is composed of a series of concentric SWCNTs with
he inter-tube distance of ∼0.34 nm. This unique structure endow
NTs with various superior properties, for example, low den-
ity, very high stabilty, outstanding tensile strength and resilence,
ood current carrying capacity and heat transmission ability, and
xtraordinary electronic behavior (can be either metallic or semi-
onducting depending on the rolling manner of graphene sheet)
1,2]. Owing to their excellent properties, CNTs have been inten-
ively studied and have attracted wide attention in the last decade
3–10].

Inorganic nanomaterials, including elementary substances and
ompounds with great diversity, are an important family of
anomaterials with abundant properties in optics, electronics,
agnetics and catalysis. The property of inorganic nanomaterials

an be further tuned by varying their composition, structure and
orphology [11].
Composite materials based on CNTs and inorganic nanomateri-

ls integrate the unique characters and functions of the two types of
omponents and may also exihibit some new properties caused by
he cooperative effects between the two kinds of materials [12–16].
herefore, these composte materials have shown very attractive
otential applications in many fields. This review summarizes the
andling of CNTs, the preparation of CNT-based nanocomposites,
heir properties and applications in catalysis, energy conversion,
ensor, analysis, etc.

. Preparation and handling of carbon nanotubes as
upports for inorganic nanomaterials

The preparation of high purity CNTs and the dispersion of CNTs
n proper media are essential for the synthesis of CNT-based com-
osites. In this section, a brief discussion about the progress in
reparation and handling of CNTs is made.

.1. Preparation of carbon nanotubes

CNTs have been produced by various kinds of strategies. Arc
ischarge [17,18], laser ablation [19], and chemical vapor deposi-
ion (CVD) [20–23] are the most widely used techniques. However,
he large-scale production of high quality CNTs is still a challenge.
ompared with the other two methods, CVD is an economic path-
ay and is easily scaled-up to batch-scale production. Methane,

thane, ethylene, acetylene, and ethanol can all be used as the car-
on source. The carbon sources are catalytically decomposed by
ither plasma irradiation (plasma-enhanced CVD, PECVD) [20,22]
r heat (thermal CVD) [21,23] and then nucleated by the catalyst
anoparticles to form CNTs. The plasma used in PECVD is usually
enerated by hot filaments (HF) [20] or by electrical discharge at
ifferent frequencies (DC, RF, and MW) [24].

It is generally accepted that the CNTs grow via a
apor–liquid–solid (VLS) mechanism. Catalyst plays an important
ole in the CVD synthesis of CNTs [23]. The yield and quality of the
roducts depends greatly on the composition, morphology and
roperty of catalysts. Fe, Co, Ni and their alloys are the traditionally
sed catalysts. Recently it has been found that Cu, Pd, Au, Pb, and
ven Al and Mg can all be used to catalyze CNTs’ growth [25–29].

he design of CVD process is also very important. For example, the
reparation can be easily scaled-up by employing a “two-furnace”
VD method [30]. Fluidized-bed CVD [31] method can improve
arbon conversions and thus benefit the formation of CNTs. The
igh-pressure CO conversion (HiPCO) process [32,33] has been
Reviews 254 (2010) 1117–1134

commercialized to supply a large quantity of SWCNTs for research
and development using SWCNTs as materials.

Using the CVD method, not only CNTs in bulk form are produced,
but also CNTs, especially SWCNTs, on substrates can be synthesized
by controlling the growth conditions [34–48]. SWCNTs directly
grown on substrates normally have fewer impurities and are supe-
rior for in situ study on the loading of inorganic nanomaterials
on nanotubes as well as the property of the resultant composites.
The orientation of grown SWCNTs can be precisely controlled by
external electric field [37,38], gas flow [39,40] or surface lattice of
the substrates [41–43]. The density of SWCNTs can be controlled
by selecting different catalysts or substrates [44–47]. Even pure
semiconducting SWCNTs can be grown by utilizing quartz as sub-
strate and methanol and ethanol as the carbon source [48]. Though
tremendous progress has been made in growing SWCNTs, there are
still many challenges in growing SWCNTs especially the control of
chirality.

2.2. Purification and dispersion of carbon nanotubes

Generally, the carbon nanotubes as-prepared are grown as
mixtures of carbon nanotubes and impurities such as amor-
phous carbon, metal catalyst particles and carbon nanoparticles.
These impurities significantly influence the properties of CNTs
and limit their applications. Consequently, development of eco-
nomical purification methods has become an important issue to
the development and practical applications of the carbon nan-
otubes. A commonly used purification approach consists of two
steps. The thermal or acid oxidation treatment on raw car-
bon nanotubes can effectively remove the amorphous carbon,
carbon nanoparticles and carbon layers coated on the metal par-
ticles [49,50]. The following acid refluxing treatment removes
the residual naked metal-oxide particles [51]. This method is
time consuming and has the disadvantage of low yield and
damaging the nanotubes. Some extraordinary methods such as
magnetic filtration, microwave irradiation, electrochemical oxida-
tion, surfactant-assisted purification and C2H2F4 or SF6 treatment
have shown higher efficiency in removing the contaminants in
the CNT samples and are less damaging to the nanotube structure
[52–55].

Due to the strong �–� stacking interactions between the neigh-
boring CNTs, they tend to aggregate into bundles, making it very
difficult for them to be dispersed in water and organic solvents.
Their insolubility has become a great obstacle to the manipulation
and application of CNTs. Dispersing nanotube at the individual nan-
otube level is critical for a better performance of carbon nanotubes
in most applications, especially the preparation of CNT-based com-
posites. Therefore, many strategies have been explored to improve
the solubility of CNTs in solvents. They can be classified mainly
into two types, one is the sidewall covalent functionalization, and
the other is the noncovalent modification using guest molecules as
solubilizers.

By sonication in mixtures of sulfuric and nitric acids or sulfuric
acid and hydrogen peroxide, carbonyl and carboxylic groups can be
introduced onto the nanotubes [56]. This is one of the most preva-
lently used covalent modification methods. The modified CNTs can
be further functionalized by esterification or amidation reaction
[57,58]. Other methods such as carbene cycloaddition, diazonium
reaction and grafting of polymers have also been successfully used
in the functionalization of CNTs [59,60]. The covalent methods con-
vert the carbon atom hybridization from sp2 to sp3, leading to a

disruption of electronic structure of CNTs.

The noncovalent modification methods, such as polymer and
DNA wrapping, �–� stacking interactions with aromatic molecules
and surfactant-assisted dispersion, are based on van der Waals or
�–� stacking between CNTs and solubilizer molecules [61–64]. The
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oncovalent strategy offers the advantage of remarkably improving
he CNTs’ solubility without disrupting the electronic structure of
he tubes. Therefore it is more attractive than the covalent method
or the maintenance of pristine structure and properties of CNTs.

SWCNTs can be directly dispersed in the imidazolium-based
onic liquids simply by mechanical milling. The concentration of
WCNTs can be as high as 1 wt%, which is remarkably higher than
hat of conventional covalent and noncovalent approaches [65]. The
rosperities of SWCNTs are well preserved, since only weak van
er Waals force exists between SWCNTs and ionic liquids [66,67].
herefore, imidazolium-based ionic liquids are superior solvents
or the handling of CNTs [66,67].

. Strategies for preparing inorganic nanocrystal/carbon
anotube composites

Inorganic nanocrystals comprise inorganic structural units such
s nanoparticles, nanorods, nanowires, and nanotubes as well
s complex/hierarchical inorganic nanostructures based on the
forementioned simple structural units. Due to their unique charac-
eristics such as quantum effect, small size effect, and surface effect,
norganic nanocrystals have excellent electronic, optical, magnetic,
nd catalytic properties, and thus exhibit powerful applications in
hemistry, physics, material science, biology, and medicine [68].

As reviewed in the former publications, numerous synthetic
ethodologies have been developed for the preparation of inor-

anic nanocrystal/CNT composites [12–16]. However, most papers
eport the preparation of inorganic nanocrystals supported on bulk
NTs. Up to now there are only a few papers reported the prepara-
ion of inorganic nanocrystals supported on surface-grown CNTs.
he strategies for site-specific preparation of inorganic nanocrys-
als on CNTs are even fewer. In this review, besides the preparation
f nanocomposites based on CNTs in bulk form, we also focus much
n the recent advances in the controlled decoration of inorganic
anocrystals on surface-grown SWCNTs.

.1. Strategies for preparation of inorganic nanocrystals
upported on bulk CNTs

Many methods have been exploited for the preparation of inor-
anic nanocrystals supported on bulky CNTs. These methods can
e divided into two categories. One is to prepare nanocrystals in
dvance and then assemble them with CNTs. Another is to form
anocrystals directly on CNTs.

.1.1. Assembling inorganic nanocrystals with bulk CNTs
Inorganic nanocrystals can be connected to bulk CNTs via

ovalent bonding [69], electrostatic interaction [70,71], �–�
tacking [72], hydrophobic interaction, or hydrogen bonding [73].
inary, ternary, or even quaternary CNT-based nanocomposites
f inorganic nanocrystals and CNTs can be thus prepared. For
nstance, six different multi-phase nanocomposites, TiO2/CNTs,
o3O4/CNTs, Au/CNTs, Au/TiO2/CNTs, TiO2/Co3O4/CNTs, and
o/CoO/Co3O4/CNTs have been prepared under either sonication
r simple mechanical stirring condition via a similar step-by-step
elf-assembly approach using pre-synthesized nanoparticles as
uilding units [74].

The nanocrystals are synthesized before assembling with CNTs.
herefore it is much easier to control both the size and mor-
hology of the nanocrystals because there are already numerous
ethods developed for the preparation of inorganic nanocrystals

ith controlled size and morphology. However, loading efficiency

f nanocrystals onto unmodified CNTs is typically not very high.
y functionalization or wrapping the CNTs with certain “gluing
olecules” may result in higher loading of nanocrystals on CNTs.

he types of surface groups of CNTs play key role in the interaction
Reviews 254 (2010) 1117–1134 1119

with the preformed inorganic nanocrystals. Pan et al. investigated
the effects of CNTs with different surface groups on the lumi-
nescence properties of mercaptoacetic acid-capped CdSe quantum
dots. They found that the binding constant for amine terminated
CNT is much higher than that of carboxyl- and hydroxyl-terminated
CNTs [75].

The performance of the composites might deteriorate because of
the structural damage to the CNTs during the pre-modification and
the electrical, mechanical, and optical properties of the nanotubes
might be somewhat affected [12,76,77]. Therefore, the modification
strategy must be carefully designed to avoid excessive interruption
to the structure and property of CNTs.

3.1.2. Direct formation of inorganic nanocrystals on bulk CNTs
Inorganic nanocrystals supported on bulk CNTs can be pre-

pared by adsorbing precursors physically or chemically on the outer
walls of CNTs and subsequent reactions [78]. However, as-prepared
CNTs normally lack sufficient binding sites to adsorb precursors
of inorganic nanocrystals, which usually results in low loading
efficiency of nanocrystals or aggregation and poor dispersion of
nanocrystals at high loading. More binding sites, such as defects
and functional groups (e.g., hydroxyl, carbonyl, carboxyl groups),
can be introduced into CNTs by treating with acid, ultrasonication,
microwave irradiation or �-ray irradiation [13,16]. These binding
sites play different and multifold roles in the preparation pro-
cess. The defects or functional groups on CNTs may only act as
nucleation sites or anchoring sites for the deposition of inorganic
nanocrystals [79–81]. For example, Han et al. reported that SWCNTs
treated with 40% HNO3 realized a complete and uniform coating
of tin oxide nanoparticles on the entire outer surfaces of SWCNTs
when immersed in the solution of SnCl2 [81]. The binding sites may
adsorb one reaction precursor and then these precursors are further
reacted by adding another reactant, e.g., reduced by adding some
reducing agent such as H2, NaBH4, formaldehyde, ethylene glycol,
and polyol [82,83]. Sometimes, the functional groups not only play
the role of nucleation sites or anchoring sites, but also the reducing
agents for metal nanocrystals formed on nanotubes. These methods
offer highly effective approaches for generating various inorganic
nanocrystal/CNT composites. However, the structure damage of
CNTs caused by harsh treatment may impair the performance of
the composites as already mentioned above.

In order to preserve the structure and pristine properties of
the CNTs, some methods have been exploited to directly prepare
inorganic nanocrystals supported on as-prepared CNTs. One of the
earliest approaches is depositing inorganic nanocrystals on CNTs
via evaporation, sputtering or thermal decomposition at high tem-
perature [84–86]. Noble metals can be transformed into gas by
thermal heating or sputtering. Then CNTs act as the nucleation
templates for the gaseous metal atoms and metallic nanocrys-
tals are deposited on CNTs. For instance, nanoparticle arrays of
Au, Ag and Cu, and ultrafine (less than 5 nm in width) nanowires
of Ti, Mo and Zr were formed within the grooves between tubes
in CNT bundles. Moreover, the direction of cluster arrays and
nanowires could be controlled by nanotube curvature. In another
approach, organometallic compounds are easily decomposed at
high temperature and they can be used as precursors to deposit
metal nanocrystals onto CNTs [78]. Some other methods including
atomic layer deposition (ALD) and chemical vapor deposition (CVD)
which can be used similarly to decorate CNTs with semiconducting
nanocrystals [87]. However, these processes should be performed
strictly under oxygen-free environment to avoid damage to the

structure of CNTs at the very high temperature.

Metal nanocrystals can also form directly on CNTs by electro-
less chemical deposition. AuCl4− and PtCl62−, which have relative
high reduction electrode potential, are reduced by CNTs and form
gold and platinum nanoparticles directly on CNTs [88,89]. The size
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f the metal nanoparticles decorating the CNTs can be varied by
djusting the reactant concentration and reaction time. However,
urfactants are normally used to disperse the CNTs in this process so
hat the nanocrystals produced can be uniformly deposited onto the
NTs [88,89]. This electroless chemical deposition method is feasi-
le only to metals with very high reduction potential, for example,
oble metals.

The electrochemical deposition offers the approach for deposit-
ng more kinds of inorganic nanocrystals on bulk CNTs [14,15].
n a typical electrochemical deposition process, CNTs should be
rst transferred onto the working electrodes of electrochemical
ells. Several parameters such as applied voltage, reaction time
nd reactant concentrations can be varied to control the size and
he amount of loading of the inorganic nanocrystals. Other factors
uch as the preparation methods of CNTs, pretreatment and the
onductivity of CNTs also play key roles in controlling the size of
he nanocrystals on CNTs. The nanocrystals in the composites pre-
ared by this method typically have large diameters. For instance,
ang et al. used the CNTs grown on carbon papers as the support for

he electro-deposition of platinum nanoparticles and the average
iameter of the resultant particles on CNTs is ∼25 nm [90].

Wai’s group [91,92] and Liu’s group [93,94] developed an
lternative approach to synthesize inorganic nanocrystal/CNT com-
osites using supercritical fluids. Employing the unique properties
uch as low viscosity, high diffusivity, near-zero surface tension
f supercritical fluids, not only the morphology and structure of
etal or metal-oxide nanocrystals decorated on CNTs can be effec-

ively controlled, but also some special nanostructures are prepared
y this method. For example, Ye et al. found that ∼10% of the
otal number of CNTs were filled with metal nanowires when they
repared metal nanoparticle/CNT composites by reducing metal
recursors of Pd, Ni and Cu with hydrogen in supercritical CO2
91]. Such structures of inorganic nanocrystal/CNT composites are
ifficult to achieve using other solution-based synthetic methods.

Salt effect has been used to induce the selective heterogeneous
ucleation and growth of nanoparticles on unmodified bulk CNTs
95]. Salts containing anions with weak coordination to metal
ons such as sodium dodecyl sulfate, p-CH3C6H4SO3Na, LiCF3SO3,
nd LiClO4 are used for this purpose. Evenly dispersed platinum
anoparticles with uniform size at an extremely high loading of
50% have been successfully decorated on unmodified CNTs using

his method [95].
Other methods such as sol–gel, hydrothermal or solvothermal

nd simple solution approaches are also effective for generating
norganic nanocrystals supported on unmodified CNT composites.
n these processes, CNTs are very likely acting as templates to
ucleate the nanocrystals and tune their particle size. The evi-
ence for this argument is that the particles formed on CNTs
re usually much smaller than those on graphite or active car-
on [96]. However, there is an exceptional example. Larger CeO2
anoparticles are formed in the presence of CNTs [97]. This is due
o the redox reaction between the CeO2 nuclei and CNTs under
he hydrothermal conditions. The reduction of Ce(IV) to Ce(III) by
NTs tend to dissolve the formed small CeO2 nanoparticles and the
e-crystallization process facilitates the formation of larger CeO2
anoparticles [97].

The existence of CNTs in the synthesis system not only influ-
nces the size of nanoparticles formed on CNTs, but also helps
o tune the morphology of nanoparticles decorated onto CNTs. As
hown in Fig. 1, CNTs are capable of triggering a morphological
ransformation of CdSe nanorods into pyramidal-shaped nanopar-

icles and a tight attachment to them during the synthesis of CdSe
anoparticles via the reaction between CdO and Se in the presence
f octadecylphosphonic acid (ODPA), tri-n-octylphosphine oxide
TOPO) and tri-n-octylphosphine (TOP) [79]. In the first stage of the
eaction, CdSe nanorods are formed and remain in solution capped
Reviews 254 (2010) 1117–1134

with ODPA and TOP just as happens in the absence of CNTs (Fig. 1a).
CNTs then act as coordinating ligands and attach CdSe nanorods via
electrostatic interaction or the overlap of the delocalized � orbitals
of the CNTs with the empty conduction band levels of Cd. In the sec-
ond stage (Fig. 1b), the shape transformation starts with an etching
process by ODPA and results in a Cd release beginning at the top
of the nanorods. Obviously, the particles also slowly release Se in
order to retain the proper stoichiometry (Fig. 1c). However, Se-rich
surfaces are favorable under dynamic etching conditions, driving
the particles into the finally observed morphology. The released
ODPA promotes the transformation of the nanoparticles by an Ost-
wald ripening process (Fig. 1c and d). The right balance among
several factors including a low passivated nanoparticle surface, par-
ticles with well-defined crystallographic facets, and interactions
with an sp2 carbon lattice facilitates the transformation of CdSe
nanocrystals on CNTs [98].

Lee et al. reported evolution of the morphology of the single-
crystalline copper sulfide (�-Cu2S) nanocrystals grown in situ on
acid-functionalized MWCNTs by the solvothermal method [99]. The
morphologies of the Cu2S nanocrystals are varied from spherical
particles (average size ∼4 nm) to triangular plates (average size
∼12 nm) by increasing the concentration of the precursors. The lat-
tice matching between Cu2S and the MWCNTs is thought to play a
key role in the growth of the Cu2S nanocrystals on the surface of
the MWCNTs.

The shape control of the inorganic nanocrystals formed on CNTs
can also be realized through a seed-mediated growth approach.
Heterostructures of ZnO nanorods on MWCNTs have been pre-
pared using such a method [71]. First, the surfaces of the CNTs are
coated in situ with ZnO nanocrystals of about ∼7 nm by the reaction
between zinc acetate and sodium hydroxide. These nanocrys-
tals then serve as the seeds for further growth of ZnO nanorods
in a seeded growth solution containing zinc nitrate and hexam-
ethylenetetramine.

CNTs can also be used as a template to fabricate inorganic nan-
otubes if CNTs were completely covered with inorganic materials.
In this case, CNTs are typically burned out during/after the forma-
tion of inorganic nanotubes. Here, introducing more binding sites
(defects or functional groups) on CNTs is very important [100,101].
One approach is to adsorb precursors on the outer walls of CNTs
and then transfer the precursors into target inorganic nanotubes
by subsequent reactions. For example, a method including layer-
by-layer (LBL) assembly of the precursors on CNT templates in
combination with subsequent calcination has been developed to
prepare porous In2O3 nanotubes [101]. LBL assembly in this method
is based on the electrostatic attraction between the oppositely
charged polyelectrolyte and metal ions. The highly distributed
charges on the surface of CNTs modified with the polyelectrolytes
ensure the formation of uniform and dense metal-oxide coating
layers which can stand unbroken after burning CNTs. Metal-oxide
nanotubes can also be prepared by first sputtering a thin layer of
metal onto SWCNTs and then thermally oxidizing in air to form
oxide nanotubes. Tin oxide nanotubes have been prepared using
such a method [102]. The SWCNT templates can be completely
removed by thermal oxidation above 600 ◦C. Similar methods such
as ALD and CNT-template-assisted CVD can also be used to pre-
pare metal-oxide nanotubes in a similar way [85,103]. For instance,
metallic Ruthenium thin films can be deposited on CNT arrays
by ALD using Ru(od)3 (od = octane-2,4-dionate) at 300 ◦C. Ruthe-
nium oxide nanotube arrays were then fabricated after the removal
of CNT templates. Alternatively, Liu and co-workers developed a

supercritical-fluid approach for fabricating �-Fe2O3 nanotubes by
fully coating CNTs with continuous Fe2O3 nanoparticles from the
decomposition of Fe(NO3)3 in a supercritical CO2/ethanol solu-
tion, followed by the removal of the CNTs [104]. Besides, Rao et
al. reported the fabrication of ZrO2, Al2O3, V2O5, SiO2, and MoO3
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ig. 1. Proposed mechanism for the morphological transformation of CdSe n
anoparticle–CNT interaction; (b and c) selective etching and Ostwald ripening pro
eproduced from Ref. [79] with permission of the American Chemical Society.

anotubes by a sol–gel process using metal alkoxides as precursors
nd CNTs as templates in combination with subsequent calcination
105].
.2. Strategies for preparation of inorganic nanocrystals
upported on surface-grown CNTs

Compared with bulk inorganic nanoparticle/CNT composites,
anocomposites based on inorganic nanocrystals and surface-
stals in the presence of CNTs (with corresponding typical TEM images). (a)
(d) final shape of the pyramidal nanoparticles.

grown CNTs may have some unique properties and functions. Due
to the low defect density, clean surface and intact structure, as-
prepared surface-grown SWCNTs have potential applications in
nano-electronics and optoelectronics [106,107]. SWCNTs with dif-

ferent diameter and helicity possess sharply different molecular
structure and electronic band structure, which may result in com-
pletely different electronic and optoelectronic properties. Up to
now, the detection of the molecular structure and electronic band
structure of every individual SWCNT in a surface-grown sample
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ig. 2. Atomic force microscopic (AFM) images of metal nanoparticles formed on SW
WCNT after immersion in Au(III) solution for 3 min. (b) Pt nanoparticles formed on
EF) of a SWCNT, and the reduction potentials of Au(III) and Pt(II) species vs. SHE, re
eproduced from Ref. [115] with permission of the American Chemical Society.
emains a big challenge. The decoration of inorganic nanocrystals
ith surface-grown CNTs provides possibilities to explore CNTs’

tructure and properties with the help of the optical, electrical and
agnetic functions of the nanocrystals. Moreover, because of the

ig. 3. Scheme showing the seed-mediated deposition of gold nanorods onto SWCNTs. Firs
econd, the substrate is placed into a solution of monolayer-protected Au clusters (AuM
mage shows the SWCNT deposited on substrate. The bottom scanning electron microsc
rocedure.
eproduced from Ref. [116] with permission of the American Chemical Society.
dewalls. (a) Au nanoparticles spontaneously and selectively formed on an individual
CNT after 3 min exposure to a Pt(II) solution. (c) Diagram showing the Fermi energy
ively.
unprecedented low background current of the surface-grown SWC-
NTs when used as electrode materials [108], as well as their super
high sensitivity towards electrochemical detection and chemical
detection of species both in solution phase and gas phase [109],

t, SWCNTs are deposited onto (aminopropyl)triethoxysilane-functionalized Si/SiOx .
PCs). Finally, the substrate is placed into a growth solution for 1 h. The top AFM

opic (SEM) image shows a crossed Au nanorod/SWCNT junction formed using this
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ig. 4. (a) Scheme of the controlled decoration of gold nanoparticles onto SWCNTs
cheme of the controlled decoration of gold nanoparticles onto SWCNTs based on p
eproduced from Ref. [117] with permission of the American Chemical Society.

urface-grown CNTs are expected to be excellent sensors. However,
he kinds of detected species are limited by the inherent electri-
al properties of CNTs. Fortunately, the decoration of inorganic
anocrystals onto CNTs not only enlarges the types of analytes for
he sensors, but also enables the further increase of the detection
ensitivity.

Surface-grown CNTs have some advantages over bulk CNTs for
he decoration of inorganic nanocrystals. For instance, surface-
rown CNTs are uniformly dispersed and well separated. Therefore,
he dispersion of CNTs with the aid of surfactants is not needed
efore the decoration of inorganic nanocrystals and the intrinsic
roperties of CNTs can be effectively kept. However, preparing inor-
anic nanocrystals supported on surface-grown CNTs faces more
hallenges than those supported on bulk CNTs. The existence of
ubstrates under CNTs limits the choice of preparation methods in
wo aspects. First, those methods which may degrade the substrates
r lift the CNTs from substrates should be avoided. Second, the
etting property of the substrates restricts the choice of solvents.

he strategy of assembling pre-synthesized inorganic nanocrystals
nto CNTs which has been very successful in the modification of

ulk CNTs is seldom adopted for as-prepared surface-grown CNTs
ecause this strategy typically leads to a very low loading efficiency
nd poor selectivity of deposition nanocrystals only on CNTs. It
s more difficult to control the size, morphology, distribution and
electivity of inorganic nanocrystals decorated on surface-grown

ig. 5. (a) AFM topographical image of the gold/SWCNT composites obtained by seeded g
y seeded growth based on palladium seeds. Inset in (b) is the magnified image.
eproduced from Ref. [117] with permission of the American Chemical Society.
on gold seeds via gold seed decoration and subsequent seeded growth stages; (b)
um seeds via PdCl2 adsorption, H2 reduction, and seeded growth stages.

CNTs than on bulk nanotubes. Furthermore, the application of
surface-grown CNTs requires keeping the intrinsic structure and
properties of CNTs as much as possible. Thus, covalent or nonco-
valent modification and any harsh treatment of the CNTs should
be avoided if possible. Therefore, the efficient preparation meth-
ods for inorganic nanocrystals supported on surface-grown CNTs
are limited.

3.2.1. Gas phase deposition [110–114]
Kong et al. have fabricated excellent hydrogen sensors by

decorating SWCNTs with Pd nanoparticles via electron-beam evap-
oration over the substrates containing SWCNT devices [110]. Later,
Star et al. used thermal or electron-beam evaporation to deposit
Mg, Al, Ti, V, Cr, Mn, Fe, Co, Ni, Zn, Mo, Rh, Pd, Sn, W, Pt, Au, and Pb
metals onto surface-grown SWCNTs, and tested gas sensing per-
formance of every metal nanocrystal/SWCNT composite towards
H2, CH4, CO and H2S [113]. Besides, both Dai’s group and Cronin’s
group have decorated surface-grown SWCNTs with gold or silver
nanoparticles by electron-beam evaporation [111,114]. This class

of methods is capable of controlling the size and covering density
of metal nanocrystals on CNTs by varying the evaporation temper-
ature, electron-beam energy and deposition time. However, the
deposition of metal nanoparticles is homogeneous over the sub-
strates and does not show any selectivity on CNTs.

rowth based on gold seeds. (b) SEM image of the gold/SWCNT composites obtained
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ig. 6. Schematic illustration of metal nanoparticle deposition on carbon nanotubes
ia the substrate-enhanced electroless deposition process.
eproduced from Ref. [119] with permission of the American Chemical Society.

.2.2. Electroless deposition of metal nanoparticles on SWCNTs
ia oxidation–reduction reaction [19]

This method only works for the metals whose reduction elec-
rode potentials are higher than that of CNTs. Noble metals such as
u and Pt have been deposited onto surface-grown SWCNTs with

his method [115]. As shown in Fig. 2, Au and Pt nanoparticles can
e spontaneously deposited on SWCNTs with very high selectivity
hen the surface-grown SWCNT samples are immersed into the

orresponding salt solutions [115].
Fig. 3 shows the formation of gold nanorod/SWCNT heterojunc-

ions through a two-step process [116]. First, monolayer-protected
u clusters with an average diameter of 1.6 nm adsorb onto SWC-
Ts via hydrophobic interactions. Second, these Au clusters act
s seeds for the seeded growth of Au nanorods in the seeded
rowth solution containing HAuCl4, cetyltrimethylammonium bro-
ide (CTAB) and ascorbic acid.
Fig. 4 shows two routes to selectively decorate Au nanoparticles

nto surface-grown SWCNTs with controlled size and interparticle
istance [111]. The seeds are antecedently deposited on SWC-
Ts with high selectivity via the reduction of HAuCl4 by SWCNTs

Fig. 4a) or the formation of stable complexes between PdCl2 and

WCNTs (Fig. 4b). The following well-controlled seeded growth
nsures the selective decoration of gold nanoparticles with con-
rolled size and interparticle distance on SWCNTs (Fig. 5). The
ecorated nanoparticles align well along the SWCNTs.

ig. 7. Schematics of the setups used as working electrodes. (a) Electrode device 1 which
ristine SWCNTs; (b) electrode device 2, which uses a 20 �m × 400 �m area of high-dens
sing a resist.
eproduced from Ref. [120] with permission of the American Chemical Society.
Reviews 254 (2010) 1117–1134

Besides seeded process, noncovalent modification-mediated
methods have also been used to decorate nanocrystals onto
surface-grown SWCNTs. A solution-phase method has been
designed to spontaneously form transition-metal nanoparticles on
SWCNTs via noncovalent functionalization of 2,2′:6′,2′′-terpyridine
(Terpy) on SWCNTs [118]. The electron injection from Terpy into
SWCNTs elevates the Fermi level of SWCNTs. Therefore, even tran-
sition metals whose salts have reduction potential lower than
SWCNTs, such as salts of Ru, Cu, Zn and Sn, can still selec-
tively deposit on Terpy-functionalized SWCNTs. Fig. 6 shows a
substrate-enhanced electroless deposition to reduce metal ions
with reduction potentials lower than that of CNTs into metal
nanoparticles [119]. In this method, CNTs are supported on metal
substrates of a redox potential lower than those of the metal ions
which are then reduced to be metal nanoparticles onto CNTs. CNTs
are not the reducing agent in this case and they only act as cathodes
and templates for metal deposition from the corresponding metal
salts. A large variety of metal nanoparticles, including Cu and Ag,
have been successfully decorated on CNTs by this method.

3.2.3. Electrochemical deposition [113,120–130]
CNTs are typically grown on insulating substrates such as sil-

ica, quartz and sapphire. Therefore, metal electrodes should be
fabricated on surface-grown CNTs to perform the electrochemi-
cal deposition (Fig. 7) [120–122]. The connected system consisting
of CNTs and electrodes then acts as a working electrode for
the electrochemical reduction of the metal precursors to metal
nanoparticles selectively decorated onto CNTs. In this method,
CNTs typically do not react with the metal salts but just act as
molecular conducting wires and templates for the deposition of
metal nanoparticles.

Noble metals such as Au, Ag, Pt and Pd can all be plated on the
sidewalls of SWCNTs under direct potential control [113,120–130].
Importantly, both the size and number density of the metal
nanoparticles decorated on SWCNTs can be varied by adjusting the
the contacting electrodes or SWCNTs with poor conductivity are
very difficult to be effectively decorated [120,125,128]. Moreover,
due to the potential decrease along the SWCNTs away from the
contacting electrodes, both the number density and diameter of

consists of a Au band (200 �m in width, ca. 4 mm long) connected to a network of
ity SWCNTs as the electrode, with the electrical contact insulated from the solution
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Fig. 8. SEM images showing (a) Pt deposited on SWCNTs, using electrode device 1, from a solution containing 2 mM K2PtCl6 in 0.5 M perchloric acid. A deposition potential
and time of −0.4 V (vs. Ag/AgCl) and 30 s were used. The SWCNT network density was 6.8 �m SWCNT �m−2. In the bottom right of the image is the Au contact electrode
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hich was also exposed to solution. (b)–(d) are higher resolution SEM images: (b) c
eproduced from Ref. [120] with permission of the American Chemical Society.

he nanoparticles vary along the tubes because of the difference of
istance away from the contacting electrode (Fig. 8) [120,129].

Qian et al. report that the particle densities along all SWC-
Ts exponentially decrease with the increase of tube length [129].
lso, metallic and semiconducting SWCNTs (m-SWCNTs and s-
WCNTs), show obviously different electro-deposition behavior,
.e., the s-SWCNTs exhibit a remarkably faster decay rate compared
o m-SWCNTs (Fig. 9). They believe that the different behavior of
otential drop along nanotubes and electrochemical gating play
ominant roles in the different electro-deposition behavior of m-

WCNTs and s-SWCNTs. Moreover, this electrochemical approach
an be used as a simple strategy to identify m-SWCNTs and s-
WCNTs.

ig. 9. Particle number density of 12 Ag-decorated SWCNTs with −0.6 V for 40 ms.
hey are denoted as M1-M8 for m-SWCNTs (solid marks) and S1-S4 for s-SWNTs
hollow marks). Solid curves are exponential decay fits of these data points.
eproduced from Ref. [129] with permission of the American Chemical Society.
o, (c) ca. 15 �m from, and (d) further away (ca. 25 �m) from the contact electrode.

3.3. Strategies for site-specific preparation of inorganic
nanocrystals on CNTs

Site-defined preparation of inorganic nanocrystals on CNTs may
find some unique applications. For instance, site-specific deco-
ration of metal nanocrystals on CNTs allows the fabrication and
positioning of microelectrodes on CNTs at nanoscale precision
[123]. The deposited metal nanoparticles may also serve as active
sites for site-defined modification or for growth of CNT-based
mesostructures [116]. Besides, if the gold nanoparticles can be
precisely positioned on the sidewalls of SWCNTs, the CNT-based
single-electron transport behavior might be facilitated [131]. How-
ever, it remains a great challenge to deposit inorganic nanocrystals
at preselected locations on CNTs; there are only a few reports on
this subject.

A bipolar electrochemical method has been developed to selec-
tively modify one end of the MWCNTs with gold nanoparticles
(Fig. 10) [132]. A suspension of MWCNTs is filled into a capillary
containing an aqueous HAuCl4 solution. Then a high electric field
(e.g., 30 kV) is applied to orient and polarize the individual tubes,
and electrochemical reduction of gold nanoparticles onto each CNT
takes place at one end while water oxidation occurred at the other
end (Fig. 11). The size of the formed metal clusters is proportional to
the potential drop along the nanotube and is also determined by the
reaction time. There is another report which uses microwave fields
to induce strong polarization potentials at m-SWCNTs’ extremi-
ties and thus initiates the electrochemical reduction of HAuCl4
[133]. Gold nanoparticles and sheaths deposit regioselectively at
the SWCNT tips via this approach. While the above two methods
enable the site-specific decoration of inorganic nanocrystals at the
end of the nanotubes that are in bulk solution, they are proba-
bly not suitable for the site-defined preparation of nanocrystals on

surface-grown nanotubes.

A precise control to the site-specific deposition of nanoparti-
cles on CNTs can be realized with the help of focused-ion-beam
(FIB) technique. FIB can site-selectively create functional groups
such as O C–O, C O and C–O–H moieties on MWCNTs, which
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ig. 10. Capillary filled with an aqueous CNT/AuCl4− suspension dipping in the two
he polarization of the individual nanotubes, thus triggering different electrochemi
eproduced from Ref. [132] with permission of the American Chemical Society.

re subsequently used to trap gold nanoparticles onto the tubes
ssisted by poly(diallyldimethylammonium) chloride (PDADMAC)
134]. This approach can realize the position resolution as small
s 5 nm. However, this method needs state-of-the-art technique
nd the condition is very harsh, thus it is not suitable for non-
estructive modification of SWCNTs. Electron-beam lithography
EBL) can also be used for the site-defined deposition of nanoparti-

les on CNTs. Quinn and Lemay have deposited one single platinum
anoparticle at the exposed end of each SWCNT with a method
ombined by micro-fabrication and electrochemical deposition
123]. First, the exposed ends of SWCNTs are formed by using EBL

ig. 11. Examples of CNTs modified on one end with a gold nanoparticle deposited in a sol
nder 30 kV. (Scale bar is 200 nm in (c), 100 nm in (d and f), 50 nm in (a, b, and e).)
eproduced from Ref. [132] with permission of the American Chemical Society.
voirs of a capillary electrophoresis setup. A high electric field is applied, leading to
ctions on either end.

on the poly(methyl methacrylate) (PMMA) coated surface-grown
SWCNTs. Then the nanotubes serve as nanoscale wires and cor-
responding ends act as nanoscale templates for the deposition of
metal nanoparticles.

Comparing with FIB and EBL, scanning probe lithography (SPL)
is more flexible because it is much easier to control the movement
of the scanning probe. Gold nanoparticles can be moved onto the

nearby SWCNTs by a scanning probe to fabricate single-electron
transistors and single-electron detectors [135,136] or to study the
surface-enhanced Raman spectroscopy (SERS) [137]. As shown in
Fig. 12, Tong et al. have used atomic force microscope (AFM) to

ution of 1 mM HAuCl4 by bipolar electrochemical reduction in a 45 cm long capillary
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ig. 12. AFM images of a manipulated gold nanoparticle (GNP) and the correspon
istances of ∼200 (I), ∼10 (II) and ∼30 nm (III), respectively. (b) The corresponding
n the substrate under the GNP simulated by the generalized Mie theory. The laser
eproduced from Ref. [137] with permission of the American Chemical Society.

anipulate the distance between the gold nanoparticle and the
WCNT, and then investigate the effect of the distance on the SERS
ntensity of the SWCNT [137].

One of the limitations of this strategy is the difficulty in
andling nanoparticles smaller than 10 nm by scanning probe
anipulation [135]. Whereas the small size of the nanoparticles

s essential for building room temperature single-electron transis-
ors [135]. Moreover, this method often results in poor contact
etween nanoparticles and SWCNTs, which may influence the
ingle-electron transport behaviors of the devices [136]. However,
he contact can be improved by post-treatment. Dockendorf et al.
mployed a fountain-pen method to deposit the nanoink of gold
anoparticle suspension on the area where the CNT contact the
etal pad [138]. After annealing and sintering of the ink pattern,

he contact resistance between the CNT and the metal pad is effec-
ively decreased. However, the outer diameter of the micropipette
ip is typically a few micron meters, therefore the size of the gold
attern formed by this method is typically at the micrometer scale.

Other than manipulation, the SPL-based direct preparation of
anoparticles on SWCNTs offers more feasible routes. The site-
pecific decoration of Au nanoparticles on any selected sites of
WCNTs has been realized using AFM dip-pen nanolithography
DPN) (Fig. 13) or electrochemical DPN (E-DPN) (Fig. 14) [139]. By
djusting the writing velocity, tip voltage bias and the times of
eeded growth process, Au nanoparticles with sizes from several
anometers to hundreds of nanometers are controllably deposited
n SWCNTs. Besides, this method provides a route for in situ mon-
toring the deposition of Au nanoparticles.

. Applications of inorganic nanocrystal/carbon nanotube
omposites

.1. Catalysis

CNTs have been used as support for the dispersion and stabi-
ization of catalyst nanoparticles, due to their high specific surface
reas, electrical conductivities, and chemical stability. The cat-
lytic behavior of CNT–supported metal nanoparticles including Pt,
d, Au, Ag, Rh, Ru, Co and Ni have been extensively studied. The
NT–supported metallic catalysts show excellent catalytic activi-

ies for many organic reactions [12,13,140].

The first report on the catalytic application of metal nanopar-
icles/CNT composites appeared in 1994. Ajayan et al. described
he use of Ru NP/SWCNT composites in heterogeneous catalysis.
he Ru nanoparticles are well dispersed on the surfaces of nan-
aman spectra. (a) AFM images (1.8 �m × 1.8 �m) of a single GNP and a SWCNT at
n spectra for I (black), III (blue), and II (red) in panel (a). (c) The electric field profile
zation is parallel to the axis of the SWCNT.

otubes, and show higher selectivity for cinnamyl alcohol (up to
92%) than Ru on Al2O3 (20–30%) in the liquid-phase hydrogena-
tion of cinnamaldehyde. The unusual catalytic behavior is ascribed
to the difference in metal–support interaction [78]. However, the
nature of the interaction between metal and CNTs is unclear. From
then on, the strong interaction between the metals and CNTs has
been frequently mentioned in different reports [141–145]. 1 wt%
Rh/CNTs exhibits higher activity for NO decomposition than 1 wt%
Rh/�-Al2O3 [144]. The electron transfer between CNTs and metal is
believed to prevent rhodium from being oxidized, therefore larger
amount of metallic Rh presents in the CNT–supported catalysts and
hence results in the higher catalytic activity of Rh/CNTs [144].

In addition, CNTs do not have micropores, into which small
metal nanocrystals may sink and become inaccessible. This def-
initely is an advantage for CNTs using as catalyst supports. The
absence of micropores may also modify the adsorption properties
and residence time of the reactants and products on CNTs [140],
ultimately improves the selectivity of the catalyst. For example,
the Pd/MWCNTs exhibits higher selectivity towards the C C bond
hydrogenation compared with Pd/activated charcoal (AC) (Fig. 15)
[143]. This is attributed to the faster desorption of the C C hydro-
genated products from the active sites. Whereas on the Pd/AC, the
cinnamaldehyde adsorbs in a different way, leading to the almost
simultaneous hydrogenation of C O and C C bonds.

Besides use as the supporting materials, CNTs may also act as
templates in tailoring the size of metal particles, especially for those
filled in the CNTs [141–143,145,146]. The small space within the
channels of CNTs can restrict the growth of the particles inside,
which is helpful for the maintenance of optimum particle size.
Moreover, the unique electronic structure, the tubular morphol-
ogy and the high aspect ratio of MWCNTs may provide a special
reaction environment within the CNT inner channels. The tubu-
lar inner channels have confinement effect on the gases or liquids
trapped inside, which can increase the density of reactants [147],
and hence create a locally higher pressure. This effect leads to a
striking enhancement on the catalytic activity of Rh particles con-
fined inside nanotubes for the conversion of CO and H2 to ethanol
[142]. As shown in Fig. 16, the formation rate of ethanol catalyzed
by Rh within the CNT channels is an order of magnitude higher than
that by Rh supported on the outer walls of CNTs.
In addition, the carbon wall might influence the morphology
of the inorganic nanocrystals as mentioned above. For example,
NiS2 particles formed inside the MWCNTs are faceted with a pecu-
liar orientation along the tube axis, which is completely different
from that observed on traditional supports [141]. Therefore using
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Fig. 13. Schematic showing the site-specific deposition of a gold nanoparticle on a SWCNT by DPN (a) and subsequent seeded growth (b).
Reproduced from Ref. [139] with permission of the American Chemical Society.
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ig. 14. Electrochemical DPN for direct deposition of gold nanoparticles on ultralong
rocess in which the AFM tip was translated across the nanotube along the two das
re 4.5, 4.4, 1.3, and 2.2 nm, respectively.
eproduced from Ref. [139] with permission of the American Chemical Society.

NTs as templates may obtain metal nanoparticles with special
orphologies and structures and hence unusual catalytic activities.
Of course, the catalytic activity and selectivity of metal/CNT

omposites depend greatly on the structure and surface property

f both CNTs and the loaded catalyst particles as well as the content
f the catalysts [145,148]. Oxygenated groups are usually created
n the surface of CNTs by the HNO3 treatment, which can act as
he anchoring sites for the catalyst precursors, so as to improve the

ig. 15. Reaction pathways in the hydrogenation of cinnamaldehyde (a) and catalytic acti
ver Pd/MWNT (b) and Pd/AC (c). (©) Cinnamaldehyde, (�) hydrocinnamaldehyde, and (
eproduced from Ref. [143] with permission of Elsevier.
Ts. Topographical images of the carbon nanotube before (a) and after (b) the E-DPN
es under different tip voltage bias. The heights of the four deposited nanoparticles

dispersion of the catalysts [148]. Recently, Wang and co-workers
found that Ru/CNTs is a highly selective Fischer–Tropsch catalyst
for the formation of C10–C20 hydrocarbons [149]. It was found that
the Ru/CNT catalyst with a mean Ru size of approximately 7 nm

and CNTs pretreated with concentrated HNO3 exhibits the best
C10–C20 selectivity. The unique adsorbed hydrogen species and the
acidic functional groups on CNT surfaces may both play roles in
mild hydrocracking of heavier hydrocarbons to C10–C20.

vity for the selective hydrogenation of cinnamaldehyde into hydrocinnamaldehyde
�) 3-phenylpropanol.
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composites, the presence of CNTs during the formation of Pt
nanoparticles is beneficial to obtain uniform Pt nanoparticles by
providing more heterogeneous nucleation centers [154]. Then, by
rational design of the structure of the exposed facets, the catalytic
ig. 16. C2 oxygenate formation activities as a function of time on stream. Reaction
emperature: 320 ◦C.
eproduced from Ref. [142] with permission of the Nature Group.

Inorganic nanomaterials especially nanoscaled metals sup-
orted on CNTs present unusual catalytic behavior comparing with
hose loaded on active carbon and other normally used supports
nd show great potential in future applications. However, the
echanism of the unique catalytic property of CNT–supported cat-

lysts is not very clear yet. Therefore the rational design of catalysts
ith desired catalytic property is still a dream. Great efforts are still
eeded to study the surface modification of CNTs, the controlled
reparation of nanoscaled catalysts on CNTs, and the interactions
etween CNTs and the catalyst particles. These informations will be
ery important for exploring the mechanism of processes catalyzed
y CNT–supported catalysts.

.2. Energy conversion

The unique electrical and electronic properties, a wide elec-
rochemical stability window, the high surface area, and the
ne-dimensional geometric structure enable CNTs superior elec-
rode materials for use in energy conversion devices. Inorganic
anomaterials often act as the functional materials in the energy
onversion devices. For example, inorganic nanoparticles are
sed as catalysts in fuel cells and to facilitate the generation of
lectron–hole pairs in solar cells. Therefore, the combination of
NTs with inorganic nanomaterials has shown great promise in
nergy conversion processes. In this part, recent progress in the
pplication of inorganic nanomaterial/CNT composites in fuel cells
or chemical energy conversion and solar cells for solar energy con-
ersion is summarized.

.2.1. Fuel cells (chemical energy conversion)
A fuel cell is a kind of device that can directly convert chemical

nergy of fuels such as hydrogen and methanol into electric-
ty. The conventional direct methanol fuel cells (DMFCs) and
roton exchange membrane fuel cells (PEMFCs) normally use car-
on black-supported Pt as the catalyst for electrode reactions
140,150–152]. The energy crisis has pushed us to exploit fuel cells
ith low pollution and high performance. One of the most impor-

ant issues in the research of fuel cells is to reduce the cost of the
lectrodes together with the improvement of the catalytic activ-
ty [140,150]. From this point, CNTs are promising to replace the
ommercialized carbon black as the catalyst supports for the fuel
ells because they can dramatically enhance the catalysis utiliza-
ion and the activity and stability of the catalytic noble metals. In

omparison with commercialized carbon black support, CNTs have
igher electronic conductivity, larger specific surface area, better
echanical and thermal properties and stronger anti-oxidation

bility. Furthermore, the unique tubular structure of CNTs enables
he controlled dispersion of metal particles on the outwalls of CNTs,
Reviews 254 (2010) 1117–1134 1129

while carbon black has a large ratio of micropores smaller than
2 nm, into which Pt nanoparticles may sink and Pt utilization may
be reduced.

The CNT–supported Pt nanoparticles have shown remarkably
enhanced behavior. Their unique electronic structure enables dou-
ble the electrochemical adsorption and desorption of hydrogen for
Pt nanoparticles supported on CNTs in comparison with nanopar-
ticles supported on carbon black [82]. The exchange current
density on Pt/CNT electrode is about one order larger than that
of commercial Pt/C even though the Pt loading is much lower in
the CNT sample than that in active carbon sample [92]. More-
over, the Pt/CNT composites possess higher catalytic activity both
for methanol oxidation and for oxygen reduction reaction. The
enhancement of catalytic activity is attributed to the larger sur-
face area of CNTs and the decrease in the overpotential for both
reactions. Besides, SWCNTs and MWCNTs exhibit quite different
behavior as the catalyst support for fuel cells [153]. Ramesh et al.
found that Pt/SWCNT thin film layer allows efficient proton trans-
fer, but the mass transfer limits power output and decreases the
specific mass activity. Addition of MWCNTs could improve the mass
transport within the catalyst layer and increase the mass activity.

In addition to the conductivity improvement of CNTs in the
Fig. 17. (a) HRTEM images of highly faceted Pt nanocrystals (HFNCs) supported on
CNTs, the inset shows the atomic steps indicated by the arrows. (b) The specific
activity curves of HFNCs/CNTs and Pt nanospheres/CNTs with a scanning rate of
5 mV/s in O2-saturated HClO4 solution (0.1 M), the rotation speed is 1600 rpm.
Reproduced from Ref. [154] with permission of the Royal Society of Chemistry.
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erformance can be further enhanced. Introducing atomic steps to
he {1 1 1} facets of Pt nanocrystals will improve the oxygen absorp-
ion ability in HClO4 media. The faceted platinum nanocrystals in
uch morphology supported on CNTs shows 5 times higher specific
ctivity for oxygen reduction reaction than that of Pt nanospheres
upported on CNTs. Fig. 17 shows the HRTEM image of the highly
aceted Pt nanocrystals (HFNCs) supported on CNTs and the corre-
ponding specific activity curves in 0.1 M HClO4 solution [154].

In summary, CNT–supported metal nanoparticles are able to
atisfy the two requirements of the catalysts for electrode reac-
ions in PEMFCs and DMFCs, i.e., improving the catalytic activity
nd reducing the metal loading. Therefore, metal nanocrystal/CNT
omposites have great potential in the fuel cell field.

.2.2. Solar cells (solar energy conversion)
CNTs can be directly used as the energy conversion materials in

olar cells, serving as both photogeneration sites and charge carri-
rs in collecting/transport layer [155]. Introducing semiconductor
anocrystals of tunable bandgap into the system may show bet-
er promise. Semiconductor nanocrystal/CNT composites, such as
dS/CNT, CdSe/CNT, TiO2/CNT and Cu2S/CNT, have shown better
erformance in solar cells [156]. The high aspect ratio, large surface
rea, and high conductivity of nanotubes are beneficial for exciton
issociation and charge carrier transport in the composites thus

mproving the power conversion efficiency.
Transient absorption spectroscopy of CdS/SWCNT composites

etects a fast electron transfer from excited CdS into the SWC-
Ts. This indicates that the composites may find applications in

ight-harvesting devices [157]. The CdS/SWCNT hybrids show very
igh efficiency in photocurrent generation with high quantum yield
158]. The length of SWCNTs plays a key role in resulting photocur-
ents and the defects in the SWCNT may affect the extent of charge
eparation after the photoexcitation of CdS nanoparticles.

Hu et al. have quantitatively studied the charge transfer
etween CdSe nanoparticles and SWCNTs using both fluorescence
uenching experiments and transistor measurements [156]. CdSe
anoparticles are linked to the surfaces of SWCNTs by a kind of
yrene derivative which can adsorb on SWCNTs through �–� inter-
ctions and bind onto the CdSe nanoparticles through Cd–S bonds.
he magnitude of the charge transfer possesses a strong depen-
ency both on the light intensity and wavelength. The SWCNTs act
s electron acceptors and the CdSe nanoparticles act as electron
onors.

As stated above, in solar energy conversion process, the semi-
onductor nanoparticles normally act as electron donors and CNTs
ct as the electron acceptors and charge carriers. The unique struc-
ure and high conductivity make CNTs superior materials for solar
ells.

.3. Chemical sensors

Chemical sensors have important applications in environmental
onitoring, chemical process controlling, as well as in agricultural

nd biomedical fields. CNTs have shown high sensitivity towards
any gases, such as O2, NH3 and NO2. Adsorption of electron with-

rawing or donating molecules on CNTs will cause charge transfer
ither from or to CNTs, which may result in dramatic conduc-
ance change of semiconducting SWCNTs [110]. This change in
onductance enables the detection of some gases even in low con-
entration. Molecular sensing requires strong interaction between
ensors and target molecules. However, many gaseous molecules,

ncluding H2 and CO, are not sensitive with CNTs. Decoration of
NTs with inorganic nanocrystals provides possibilities for chemi-
ally sensing more molecules.

In 2001, Kong et al. modified surface-grown SWCNTs with
d nanoparticles using electron-beam evaporation [110]. The Pd
Reviews 254 (2010) 1117–1134

nanoparticle/SWCNT composites are able to detect small con-
centrations of H2 (as small as 4 ppm) in air and the change in
conductance of SWCNTs is highly reversible. It is believed that the
dissolution of atomic hydrogen in Pd nanoparticles and the charge
transfer between Pd nanoparticles and SWCNTs play major roles
in the sensing mechanism. In this case, SWCNTs act as molecular
nanowires and the sensitivity towards H2 is mainly attributed to
Pd.

A study on the sensitivity of a series of different metal nanocrys-
tals decorated on CNTs towards the detection of a randomized
series of toxic/combustible gases, such as H2, CH4, CO and H2S,
shows that the thickness of the deposited metal layer has a signif-
icant effect [113]. Increasing metal thickness results in a decrease
of sensitivity of the sensor devices. Too thick metal layer may even
cause an electrical shorting of the devices.

4.4. Electroanalysis

Due to the large electrochemical active areas, fast electron trans-
fer velocity and easiness in being modified with a wide range
of chemical molecules and bio-molecules, inorganic nanocrystals
have shown strong potential in applications in high sensitivity elec-
troanalysis [159]. CNTs possess the advantages of large surface area,
high conductivity, fast carrier transfer velocity, good electrochemi-
cal activity and fast responsive velocity. Moreover, CNTs have wide
electrochemical windows, i.e., long-term stability below +2 V. And
CNTs are also easy to be modified by bio-molecules. Therefore the
combination of inorganic nanocrystals and CNTs not only integrates
the advantages of both materials, but also enables a synergistic
effect between the two materials and results in better electroana-
lytical performance [159].

The composites consisting of SWCNTs and platinum nanocrys-
tals with a size of 2–3 nm exhibit remarkably improved sensitivity
toward the detection of hydrogen peroxide (Fig. 18) [159]. The
detection limit of the composites is 25 nM, while the detection
limits of platinum nanocrystals and SWCNTs are 1.5 �M and
150 �M, respectively. Besides, these composites present a large lin-
ear response range from 25 nM to 10 �M and also from 100 �M to
2 mM for the detection of hydrogen peroxide. Biosensors composed
of glucose oxidase-modified Pt nanocrystal/SWCNT composites
respond more sensitively to glucose than the electrode modified
with Pt nanocrystals or CNTs alone. Furthermore, the cholesterol
oxidase-modified CNT–Pt electrodes show high sensitivity (with a
detection limit of 1.4 × 10−6 mol/L) and very rapid electrochemical
response (<20 s) towards cholesterol [160]. This kind of biosensor is
stable even in detecting disassociated cholesterol in serum samples.

The electrochemical detection of trinitrotoluene (TNT) and sev-
eral other nitroaromatics with metal nanoparticles (Pt, Au or Cu)
on CNTs has also been investigated [161]. Due to both the excel-
lent adsorptive properties of SWCNT and the large electroactive
surface area and good electrical conductivity of Cu nanocrystals,
Cu/MWCNT nanocomposites exhibit the highest synergistic signal.
The detection limit of Cu/MWCNT nanocomposites for TNT is 1 ppb
with linear response range up to 3 orders of magnitude. Impor-
tantly, such composites can realize the selective detection of low
concentration of TNT and nitroaromatics in drinking water treat-
ment facilities or tube wells, seawater, and contaminated soils.

4.5. Surface-enhanced Raman

Raman spectroscopy is an important and widely used method-

ology to characterize CNTs [162]. The standard technique generally
used for probing CNTs is resonant Raman spectroscopy (RRS), which
is based on the selective resonance of excitation photons coinciding
with an electronic transition between the van Hove singularities
of the valence band and the conduction band of SWCNTs [162].
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ig. 18. (a) TEM micrograph of SWCNT in the presence of Pt nanoparticles. Inset: A
he presence of Pt nanoparticles. (b) Performance of GC/CNT + Pt nanoparticle electr
g/AgCl (3 M NaCl). The insets show detection limit of 25 nM with S/N = 3 (left) and
eproduced from Ref. [159] with permission of the American Chemical Society.

ue to its enhanced identification, RRS can provide the detailed
lectronic and phonon properties of SWCNTs at the single nan-
tube level [163]. However, this method has its limitation that
nly SWCNTs in resonance with excitation photons are enhanced
n Raman intensity. The Raman peaks of SWCNTs in the non-
esonance regions are hardly improved by RRS because of the
arrow resonance windows of SWNTs’ Raman modes, of which
BM peaks are especially difficult to obtain by RRS [162]. Thus,
nly a very small portion of SWCNTs can be characterized using
certain excitation wavelength. This limitation has been prevent-

ng Raman spectroscopy from exhibiting the full-scale information
f the SWNTs in a sample, especially for the surface-grown SWC-
Ts, which show extremely low Raman intensity due to the strong

nteraction between SWCNTs and the substrates [164,165]. Tun-
ble laser or multi-wavelength laser system is necessary in order
o obtain a comprehensive picture of any given SWCNT sample.

SERS [166,167] which is based on surface plasmon resonance
SPR) might present an alternative approach to avoid this limita-
ion [168,169]. The surface electrons of metal nanoparticles (such
s Au and Ag) can be resonant with the electrical field of incident
ight, resulting in strong SPR resonance in small localized regimes

ith strong adsorption of light. The large electric field enhancement
nduced by SPR results in a amplified Raman scattering signal (up
o 14 orders of magnitude stronger) for nearby chemical or bio-
ogical molecules. Thus, SERS has succeeded in detecting organic
ompounds even at single molecule level [166,167]. Therefore,
ERS of CNTs, which could be realized after metal nanoparticle
ecoration of CNTs, can provide more detailed structural infor-
ation of CNTs. Because of the high aspect ratio, stability and

trong electron–phonon coupling, SWCNTs are also unique probing
olecules for SERS studies. Moreover, the metal nanoparticle/CNT

omposites provide a good system for the investigation over the
nteraction between the two components.

In 2001, Li et al. coated surface-grown SWCNT samples using
lectron-beam evaporation to form gold nano-clusters with aver-
ge diameter about 5 nm on SWCNTs [111]. Then they estimated
he nanotube diameter distribution from the surface-enhanced res-
nant Raman spectra (SERRS) of SWCNTs by the relation between
WCNT’s diameter (d) and RBM Raman shift (ωRBM), dt = 248/ωRBM.
n this case, the diameter distribution made from SERRS only
eflects the information of the nanotubes in resonance with the
aser excitation energy (1.58 eV). Recently, Kumar et al. explored

he similar electron-beam evaporation techniques to decorate
urface-grown SWCNTs with silver nanoparticle films [114]. A
ithographically patterned grid was used to locate the individual
WCNTs. Therefore, SERS enhancement factors of SWCNTs were
etermined unambiguously by measuring the same individual CNT
pping mode phase image (size, 1 �m × 1 �m; data scale, 20 nm) of one SWCNT in
amperometric detection of low concentrations of hydrogen peroxide at +0.55 V vs.
ation curve for H2O2 concentrations between 25 nM and 10 �M (right).

before and after silver nanoparticle decoration. The SERS enhance-
ment factor obtained by this study is up to 134,000.

By electro-depositing silver nanoparticles onto surface-grown
SWCNTs, Assmus et al. have studied the effect of nanoparticle
arrangement on both the enhancement magnitude and polarization
dependence of Raman intensity [124]. Compared with individ-
ual silver nanoparticles, nanoparticle agglomerates Exhibit 20-fold
stronger enhancement and significant distortions of the polariza-
tion characteristic. This difference is ascribed to the cavity effects
within the nanoparticle agglomerates. The Raman signal is only
enhanced in the range of just a few nanometers from the particle
surface and decays very rapidly away from the surface. Scolari et
al. also used electro-deposition method to cover individual SWC-
NTs with isolated gold nanoparticles with diameters from 10 nm to
120 nm for the investigation on SERS of SWCNTs [130]. As the SPR
scattering of gold nanoparticle increases with the size increase of
the nanoparticle, the Raman enhancement increases with increas-
ing particle size at longer wavelengths. Furthermore, maximum
Raman intensity is obtained when both nanotube and metal particle
are in optical resonance.

Tong et al. have investigated the effect of the distance between
the gold nanoparticles and the SWCNTs on SERS of individual SWC-
NTs by AFM manipulation [137]. The measured SERS enhancement
strongly relies on the distance as well as the polarization angles.

The above studies primarily focused on the SERS of SWCNTs in
resonance with the excitation photons. None of them demonstrated
the observation of Raman peaks for every SWCNT or RBM peaks in
the nonresonance regions of the surface-grown samples. Recently,
an electroless method, which was comprised of seed deposition
and seeded growth, has been developed to realize the decoration
of every surface-grown CNTs with gold nanoparticles of controlled
size and small interparticle distance [117]. High SERS activity is
achieved for the gold nanoparticles with proper size, small inter-
particle distance and good alignment along SWCNTs. Consequently,
in situ Raman detection of every surface-grown SWCNT has been
realized for the first time (Fig. 19) [117]. Not only the nonresonant
G band but also the nonresonant RBM band [117] of individual
SWVMT can be detected. Further investigation revealed that the
strong SERS enhancement mainly come from the electromagnetic
SERS attributed to the coupled SPR absorption in the high-density
gold nanoparticles aligned on SWCNTs [117].
4.6. Other applications

Besides the applications mentioned above, inorganic nanocrys-
tal/carbon nanotube composites show promising applications in
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Fig. 19. SEM image (a), optical image (b), and corresponding Raman spectra (c) of 10 SWCNTs grown on SiOx/Si after gold decoration with an excitation wavelength of
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33 nm. Mapping of the Raman intensity of three SWCNTs (d) and four SWCNTs (e),
ptical image (e) shown above.
eproduced from Ref. [117] with permission of the American Chemical Society.

any other areas, such as electronics [89,138,170–173], optics
174–176], hydrogen storage [177–180] and so on.

Deposition of metals onto the nanotubes can reduce the elec-
rode/nanotube contact resistance, resulting in excellent electrical
ontact between the CNT and the metal electrode [138,172]. The
old nanoparticle-coated SWCNT films obtained from the elec-
roless reduction of gold ion on SCWNT networks show a 2-fold
nhancement in the electrical conductivity with a negligible loss
f the optical transparency [89]. In addition, inorganic nanocrys-
al decorated CNTs have been investigated for their field emission
roperties and the possible applications in field-emitter-displays
171,173].

On the other hand, CNT–TiO2 composites have attracted great
nterest for their enhanced photocatalytic properties at room tem-
erature compared with TiO2 alone [176]. With the excellent
hotocatalytic property, the CNT–TiO2 composites may be used

n the treatment of various biological, organic, or inorganic haz-
rdous pollutants in both water and air. The stimuli-responsive
ptoelectronics devices from individual SWCNT transistor coated
ith photoactive TiO2 quantum dots show a photoswitching effect.
he p-type semiconducting carbon nanotubes show fast significant
urrent decrease under UV irradiation and excellent reversibility
hen the UV light is switched off. However the ambipolar tubes

how the mirror-image of p-type semiconducting tubes when dif-
erent gate bias voltages are applied [175].
ctively, in the range of 1450–1650 cm−1 with the corresponding SEM image (d) and

5. Conclusion

CNTs combining with inorganic nanomaterials bring about a
family of composite materials with extraordinary properties. Inten-
sive studies have been carried out and much progress has been
achieved in the preparation and application of CNT–supported inor-
ganic nanomaterials. However, there are still many challenges. The
controlled preparation of inorganic nanomaterial/CNT composites
with superior function is the foundation for further applications.
For the controlled preparation, the conflicts and balance between
maintaining the original structure and properties of CNTs and
introducing anchoring sites into CNTs by modification, the shape
and structure control of nanocrystals deposited on CNTs, and the
site-defined deposition of nanocrystals on CNTs are some of the
remaining important issues. Inorganic nanomaterial/CNT compos-
ites have already shown great potential in the areas of catalysis,
energy conversion, analytical technology, etc. It is expected that
this kind of material will play very important roles in solving the
energy and environmental problems in the future.
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