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Abbreviations

AAO Anodized aluminum oxide

CA Cinnamic alcohol

CALD Cinnamaldehyde

CNT Carbon nanotube

CVD Chemical vapor deposition

EELS Electron Energy-Loss Spectroscopy

EFTEM Energy-filtered transmission
electron microscopy

HCALD Hydrocinnamaldehyde

MNP Metal nanoparticle

MRI Magnetic resonance imaging

MWCNT Multi-wall carbon nanotubes

NCNTs Nitrogen-doped CNTs

NP Nanoparticle

OER Oxygen evolution reaction

PP Phenyl propanol

PVD Physical vapor deposition

SMAD Solvated metal atom dispersion

STEM-HAADF Scanning Transmission Electron
Microscopy-High Angle Annular
Dark Field

SWCNT Single-wall carbon nanotubes

TOF Turnover frequency

Introduction

Carbon nanotubes (CNTs) are allotropic forms of car-
bon that present very interesting mechanical, electri-
cal, and thermal properties [1-8]. Monthioux and

Kuznetsov [9] stated that the existence of these nano-
materials had been demonstrated since the early 1970s
when Wiles and Abrahamson [10] mentioned carbon
fibers with diameters between 4 and 100 nm for the
first time. Previously, in the same decade, Endo et al.
proved the growth of carbon tubular structures of a
few nanometers in diameter due to the catalytic
decomposition of benzene in iron particles [11].
However, lijima in 1991 mainly coined the term ‘car-
bon nanotubes’ in a study that sparked an explosion in
CNT properties and applications research [12-14].

On the other hand, studying metal nanoparticles
(MNPs) became prevalent because of their remark-
able optical, electronic, and magnetic properties
[15-21]. Among the phenomena that differentiate
nanoparticles from bulk material count quantum
confinement [22, 23], the surface plasmon effect
[24-27], and a high surface-volume ratio [28, 29]. The
most commonly used MNPs include noble metals,
mainly gold [30-33], silver [34-39], platinum [40, 41],
palladium [42-46] and copper [47-50]. Intensive
research has been made on strategies to control the
shape and size of these materials [24, 51-53].

It is expected that the combination of CNTs and
MNPs can generate materials with mixed and even
new properties concerning these separate nanostruc-
tures, opening an interesting range of applications. In
the first methods developed to assembly MNPs and
CNTs, nanoparticles were located both on the external
surface and inside the nanotube cavity, i.e., non-se-
lectively [54-57] (Fig. 1a). Recently, it has been shown
that the physical properties of these nanomaterials
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Figure 1 Deposition of metal
nanoparticles (MNPs) on
carbon nanotubes through
non-selective methods leading
to random distribution (a) and
area-selective methods leading
to MNPs deposition on the
outside of CNTs (b), the inside
(c), or CNT ends (d).

Non-selective

a).f.*

Random

depend on where the MNPs are mainly deposited. This
review focuses on three types of area-selective depo-
sition, entailing MNP deposition in (I) the exterior
(Fig. 1b), (I) the interior (Fig. 1c), and (III) at the ends
of CNTs (Fig. 1d). Selected representative examples
are reported in which different methodologies were
used to deposit MNPs on CNTs in the three mentioned
configurations. The most efficient procedures and the
most influential parameters for each method, as well as
the characterization techniques that allow corroborat-
ing the selectivity of the deposition, will receive special
emphasis.

Regarding usefulness, most applications that have
been investigated relate to catalysis [58-61]. Using
CNTs as support for MNPs has advantages over
other substrates like graphite [62], active carbon [63],
and silicon dioxide [64]. The promissory reported
results show that the use of these hybrid nanomate-
rials will continue to increase markedly. On the other
hand, the properties of these nanomaterials hold
promise for use in electronics [65], sensors [66, 67]
and biosensors [13, 68], energy conversion and stor-
age devices [69, 70], among others [71-75]. This
review summarizes the most effective methods for
selectively combining these materials as well as the
characteristics necessary for each specific application.

Methods for metal nanoparticles
deposition in carbon nanotubes

Several methods exist to couple MNPs and CNTs.
Figure 2 contains the most used methods found in
the literature, divided into two groups: first, methods
in which the formation of the MNPs occurs in the
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presence of CNTs (in situ formation), and second ex
situ CNT and MNP coupling methods (coupling of
previously formed nanostructures).

In situ formation of MNPs in the presence
of CNTs

In this group can be distinguished two strategies that
differ according to the nature of the nanoparticle
formation process. They can be categorized as
chemical or physical methods, depending on whether
a chemical reaction is involved or not. In both cases,
the NP formation process occurs in the presence of
CNTs in such a way that the interaction occurs in the
early stages of NP growth, acting as a support.

Chemical methods

This group has received the most attention due to the
ease of implementation. Salts or molecular com-
pounds are used based on noble metals as synthesis
precursors. Methods include aqueous impregnation
[76], incipient wetness impregnation [77], precipita-
tion-deposition [78], and electrochemical methods
[79, 80]. All these methods have in common a stage of
chemical reduction of the precursors for the forma-
tion of metal atoms, which subsequently undergo
nucleation processes for the formation of the
nanoparticle.

Physical methods

These methods generally use bulk metal as precur-
sors. No reaction ensues since the metal is evapo-
rated/atomized under reduced pressure and
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Figure 2 Deposition methods
employed to prepare CNT-
MNP composites.
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deposited elsewhere with no change of oxidation
state, except for reactions that could occur in the
interfaces or on the surfaces of nanoparticles. A
commonly mentioned method in the literature is
physical vapor deposition (PVD) [81, 82]. The method
consists of using an electric resistance as a crucible,
which is heated until the metal evaporates. Another
option to deposit the metal is through cathodic pul-
verization (sputtering) [83, 84]. Samples prepared
through this method have high purity since the metal
precursor does not interact with other reagents in the
deposition process. The solvated metal atom disper-
sion (SMAD) method [85] has also been used. It
involves the evaporation of the metal in the presence
of an organic vapor. Subsequently, the nucleation
and growth processes of the nanoparticles occur. In
both methods, zero-valent atoms emerge directly
from the massive metal, without the need to use a
reduction process as with chemical methods.

Coupling of ex situ formed MNPs and CNTs

This classification contemplates the coupling of
MNPs to CNTs, both previously formed. Among
methods, we can count those that consider the cou-
pling of both nanostructures in a noncovalent way
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and those where a covalent union between both
nanostructures is promoted.

Noncovalent coupling

In this category, the metal nanoparticles are func-
tionalized with groups that adhere to CNTs via weak
intermolecular interactions like p-p stacking [86-90],
hydrophobic [91-93], or electrostatic attractions
[94-96].

Covalent coupling

In this case, CNTs are covalently modified with
organic ligands (linkers) that possess functional
groups that allow them to directly coordinate on
MNPs’" surface (for example, thiols with AuNPs or
AgNPs [97-104]). These methods ensure more effi-
cient interaction between both nanostructures [105].

Despite the diversity of methods for preparing
these hybrid materials, not all of them are effective in
selectively allocating nanoparticles to specific posi-
tions. Some methods serve to selectively cover one or
the other position, depending on certain CNTs’ sur-
face protection strategies. The most common meth-
ods for depositing nanoparticles in CNTs are
discussed below: first, those that lead to a coating on
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Figure 3 a 2D-TEM image and reconstructed volume of CNT-
NiNP composite (left) and 3D model (right) representing CNTs
(pink), NiNPs deposited in the outside of the nanotube (red), and
outside the nanotube (blue). (Adapted with permission from
Reference [106]. Copyright © 2009, American Chemical Society).
b 3D models obtained from the reconstructed volume of AuNPs
and PANPs deposited inside CNTs (modified with permission from

the external surface of carbon nanotubes, second in
the inner cavity, and third at their ends.

The next section focuses on common characteriza-
tion techniques that allow demonstrating the selec-
tivity of the hybrid nanostructure preparation
methods.

Characterization techniques to evaluate
MNPs deposition selectivity in CNTs

The most used characterization techniques to corrobo-
rate the location or area of CNTs in which MNPs were
deposited are scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). Both

Reference [77] Copyright © 2007, American Chemical Society).
¢ Elemental map of CNT-FeNP composites obtained by EFTEM
technique (left) and 3D models built based on the reconstructed
volumes (right) showing Fe (red) and C (half-transparent yellow—
brown) (modified with permission from Reference, [107]
Copyright © 2011, Elsevier B.V.).

techniques allow discovering the morphology of these
nanomaterials and identifying the location of the
nanoparticles on the internal or external surface, or at
the ends of the nanotubes. High-resolution transmis-
sion electron microscopy (HRTEM) is used to appreci-
ate more specific details such as nanoparticle geometry
and sometimes crystallinity. This techniqueis also used
to estimate the size of the particles and determine the
size distribution of the sample. Depending on the
preparation method and CNT’s characteristics (e.g.,
internal diameter) or the NPs (e.g., size), it is possible to
assert that the NPs will either form or be in a specific
sector of nanotubes. However, some authors showed
that it is not possible to distinguish the location of the
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Figure 4 a TEM images of PdNPs (left) and PtNPs (right)
deposited in the outside walls of CNTs using a simple chemical
impregnation and reduction method (modified with permission
from Figs. 1 and 2 in Reference [108]. Copyright © 2001, Royal
Society of Chemistry), b HRTEM images of CuNPs on the outer
surface of CNTs obtained through thermal evaporation of Cu

nanoparticles in their entirety from a 2D image; hence,
it is not possible to state a deposit selectivity rate. To
prove the percentage of nanoparticle deposition inside,
outside or at the ends of CNTs, it is necessary to obtain
microscopy images from different angles.

Itis possible to take TEM images by varying the angle at
which the image is generated and then create a 3D model
(TEM-3D) to indicate the location of the metal particles
and the percentage of those deposited inside or outside of
the nanotubes (Fig. 3a) [106]. In this sense, the technique
known as Scanning Transmission Electron Microscopy—
High Angle Annular Dark Field (STEM-HAADEF) is very
powerful. Several images with different inclinations are
taken, and a 3D model is built based on the 2D images
(Fig. 3b) [77]. Also, energy-filtered transmission electron
microscopy (EFTEM) is a powerful technique providing
not only structural information but also chemical. This
way 3D information can be obtained on the morphology
but also the chemical nature of the nanocomposite
(Fig. 3c) [107]. All these techniques are more efficient to
determine the selectivity of each deposition method than
conventional TEM and SEM images.

X-ray Photoelectron Spectroscopy (XPS), Energy-
Dispersive X-ray Spectroscopy (EDS/EDX), and
Electron Energy-Loss Spectroscopy (EELS) are used
to complement the data obtained from the above

@ Springer

(reprinted with permission from Reference [81]. Copyright ©
2011, Elsevier Ltd.) and ¢ HRTEM images of AuNPs anchored on
CNT walls before (up) and after (below) annealing treatment at
200 °C (reprinted with permission Reference [85], Copyright ©
2008, Elsevier Ltd.).

techniques. XPS allows distinguishing the oxidation
state of the metal particles and the functional groups
present on the carbon nanotubes. EDS and EELS
enable conducting an elemental analysis of materials
and sometimes generate compositional maps and 3D
models with a precision of a few nanometers (Ana-
lytical Electron Tomography), which allows discov-
ering the location of the NPs. These techniques,
although complementary, are crucial since many
times the data obtained can explain the composite
properties while using them in any application.

Area-selective deposition of MNPs
in CNTs

As stated previously, the methods for preparing
these hybrid nanostructures are mostly not specific.
However, strategies can be generated that allow
increasing selectivity toward the formation of the
desired and its corresponding properties Some
strategies that have been successful in the formation
of specific MNP-CNT composites are discussed in
this section.
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Figure 5 Schematics of some strategies employed to ensure
selective deposition of MNPs on the outside of CNTs. (a) CNT
surface modification with functional groups (COOH in the
example), (b) incipient wetness method, (c) using CNTs with

Selective deposition of MNPs
on the external surface of CNTs

Among the most common chemical methods to cou-
ple MNPs preferably to the external surface of CNTs
count the aqueous impregnation and the incipient
wetness methods. Physical methods have also been
used, mainly evaporative deposition and less com-
mon methods such as SMAD and non-covalent cou-
pling. A description and comparison of some studies
in which MNPs were selectively deposited on the
external walls of CNTs follow below. At the end of
this section, a table summarizing the information of
each article is presented, which allows comparing the
methods (Table 1).

The aqueous impregnation method comprises
impregnating the surface of a support (CNTs in this
case) with an excess solution that contains the desired
metal precursor salt. Subsequently, the solvent is
removed through evaporation, and metal reduction is
carried out for the formation of the MNPs. This
method has normally been used to deposit low
amounts of metal, i.e., < 5% of metal relative to the
mass of carbon nanotubes (Table 1). Xue et al. used
this method to study the selective deposition of Pd,

small inner diameter instead CNTs of large inner diameter, (d)

inner solvent protection strategy, and (e) using physical deposition
methods such as evaporative deposition.

Pt, Au, and Ag on the external walls of CNTs (Fig. 4a)
[108]. The authors highlighted that when applying
ultrasonic treatment, a quantity of the nanoparticles
became detached from the nanotubes, suggesting
weak adhesion of both nanostructures. This method
was also used to deposit Pt nanoparticles on the outer
walls of CNTs [76]. Unlike Xue et al. [108], Ma et al.
[76] used oxidation treatment on the CNTs before NP
deposition. Normally, oxidation treatment involves
using HNOj (nitric acid) to create functional groups
on the surface of the CNTs that contain oxygen
(carboxyls, carbonyls, aldehydes, ketones, epoxy
groups, among others) and in this way improve MNP
adhesion (Fig. 5a). In both cases, the CNTs have a
small internal diameter close to 10 nm, which favors
the deposition of MNPs on the outer walls (Fig. 5b).
In both works it was stated that practically all MNPs
were deposited on the external walls of the CNTs.
The fact that using CNTs with small internal diame-
ter is an efficient way to ensure that all MNPs are
deposited on the external surface of the CNTs, has
also been proved in works where SWCNTs are
used, since they often have diameters below 2 nm
[109, 110]. For example, Asadzadeh et al. used
SWCNTs with an internal diameter of ~ 1.5 nm to
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Figure 6 Schematics of some
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deposit AgNPs with a diameter of ~ 30 nm [111].
They deposited all nanoparticles on the outer walls of
the CNTs since the internal diameter is so small that
it restricts the characteristic CNT’s capillarity
phenomenon.

The incipient wetness method has also been widely
used (Fig. 5¢). This process is similar to the aqueous
impregnation method as the three stages of the pro-
cedure are the same. Yet in the incipient wetness
method, the amount of solution containing the pre-
cursor metal salt is much less, since it is only neces-
sary to cover the CNT surface. This way the solution
is absorbed mainly into the pores. Unlike classical
impregnation, this method allows depositing large
amounts of metal (> 5%) concerning the mass of
CNTs (Table 1). For example, Ersen et al. reported
selective deposition of palladium nanoparticles
(PANPs) on the external walls of CNTs [77]. Due to
the deposition of the metal nanoparticles, they car-
ried out an oxidation treatment on the CNTs with
HNO:;. They stressed this pre-treatment was essential
to improve properties such as surface wettability. The
authors wanted to show the influence of CNT inter-
nal diameter on the percentage of deposition selec-
tivity, i.e.,, the amount of MNPs deposited on the
outer walls of CNTs in relation to the total deposited
MNPs. To achieve this, they compared the deposition

@ Springer

selectivity in nanotubes with an internal diameter of
15 nm and 30 nm from the internal cavity. A 100%
selectivity was obtained in the first case, while in the
latter it was about 50%.

Another strategy that allows increasing deposition
selectivity of MNPs is to use protection agents
(Fig. 5d). A protection agent is a physical barrier
covering a portion of the nanotubes to avoid the
deposition of MNPs at this location. For example,
Tessonnier et al. [106] studied a variety of solvents
with different percentages of water solubility and
boiling points to protect the inner cavity of CNTs
with diameters between 20 and 50 nm. As protection
agents served octane, ethylbenzene, benzene, tri-
chloromethane, ethylene glycol, N,N-dimethylfor-
mamide, ethanol, and tetrahydrofuran (THF). They
obtained about 75% deposition selectivity of nickel
nanoparticles (NiNPs) on the CNT external walls.
More recently, based on Tessonnier’s method, Fig-
ueira et al. [112] used ethylene glycol as an inner
protective agent to deposit CoNPs in the outer sur-
face of CNTs with inner diameters smaller than
10 nm. Interestingly, in this work, CNTs were pre-
viously selectively functionalized with Ce and Sr but
inside CNTs (see discussion in Sect. 4.2).

Also, Wang et al. [64] studied PANP deposition
using dimethylbenzene as a protection agent for
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Figure 7 TEM images of
MNP-CNT composites where
the MNPs have been
selectively deposited inside
CNTs: (a) PANPs deposited
inside CNTs using an aqueous
solution of the precursor and
high-diameter CNTs (reprinted
with permission from
Reference [76]. Copyright ©
2007, Elsevier Ltd.), (b)
NiNPs grown inside CNTs

J Mater Sci (2022) 57:2362-2387

using a protection solvent
(reprinted with permission
from Reference [106]
Copyright © 2009, American
Chemical Society), (c;d)
AuNPs 20 deposited on CNTs
using a solid protective matrix
and different Au-precursor
concentrations (Reprinted
from Reference [121]
Copyright © 2014, Segura

et al.; licensee Springer).

nanotubes with inner diameters between 5 and
10 nm. Around 80% of the PANPs were deposited on
the exterior walls. Also, Guan et al. [113] achieved
close to 100% selectivity by also depositing PANPs on
CNTs using a similar approach. In general, the use of
solvents as protection agents allows a slight increase
in the deposition selectivity percentage.

In sum, the easiest way to deposit the largest
number of MNPs on CNT external walls when using
the aqueous impregnation and incipient wetness
methods is to use MWCNTs with an inner diameter
close to or less than 15 nm or use SWCNTs. The
smaller the internal diameter, the higher the Van der
Waals forces, restricting the capillary phenomenon,
which prevents filling the interior of the nanotube.

Regarding physical methods to achieve deposition
of MNPs on the outer walls of CNTs, the most com-
mon is evaporative deposition (Fig. 5e). For example,
Scarselli et al. [81] used thermal evaporation to
deposit AuNPs, AgNPs, and CuNPs (Fig. 4b). The
authors used a quartz microbalance to monitor the
amount of metal as a deposited thickness equivalent.
They stated that as the amount of metal evaporated
increases, the number of deposited nanoparticles also
increases, and they are grouped to form larger NPs.
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They also found differences in shape and distribution
depending on the metal. The authors concluded that
under the evaporative deposition method, the size of
the deposited nanoparticles is manageable by varying
the amount of evaporated metal.

In general, the evaporation [81, 112, 114] and
sputtering [83, 84] methods are the most common
ones to deposit MNPs on the external walls of CNTs
of any size. Usually ~ 100% deposition selectivity is
obtained. Furthermore, the samples have high purity,
since the precursor metal does not need to maintain
contact with other reagents during the deposition
process. However, a disadvantage of these methods
is that deposition occurs directionally on one side of a
substrate, forming a film, so that coating of the nan-
otubes will only occur on its exposed side.

Other physical methods, albeit less common, also
exist. Tello et al. [85] used the SMAD technique to
deposit AuNPs on MWCNTs (Fig. 4c). They observed
that not all deposited particles interacted with the
nanotubes. They asserted, however, that the particles
that interacted with the nanotubes’ wall were firmly
anchored to the external surface. Lone et al. [115] also
deposited AuNPs but in SWCNTs. They used the
spray coating technique which, they highlighted, is
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simple and effective for decorating CNTs with MNPs
and allowed to obtain particles firmly anchored to the
nanotubes’ surface.

Selective MNPs deposition inside CNTs

Mainly chemical methods have been used to deposit
MNPs in the internal cavity of CNTs. The most used
method is incipient wetness and to a lesser extent the
aqueous impregnation and precipitation-deposition
methods. Table 2 summarizes articles containing
these methods. For comparison, the table shows the
main parameters of each article presented in this
section. Below, the most important aspects of these
items are reviewed.

Tessonnier et al. [63] used the incipient wetness
impregnation method to deposit PdNPs inside
MWCNTs with an external diameter between 60 and
100 nm. They highlighted that most PdNPs were
deposited inside the pores, mainly due to the large
internal diameter of the pores, allowing the solvent to
enter through capillary action, and also because the
solvent is water, which allows efficient wetting of the
CNT channels (Fig. 6a). This is because water has a
surface tension value of 72 mNem ™' [119], and
studies have shown that solvents with surface tension
under 190 mN m™" are efficient to fill out the CNTs
[120]. Other authors have also used water as a solvent
to deposit PtNPs in CNTs with an even larger inter-
nal diameter. Ma et al. [76] reported about 90% filling
efficiency for CNTs with diameters between 60 and
100 nm (Fig. 7a), while Ersen et al. [77] could deposit
only just over 50% of PANPs in the CNT channels
using nanotubes with an internal diameter of
approximately 30 nm, despite in both works the same
solvent was used. Hence, it becomes clear the influ-
ence of CNT pore diameter: the greater the internal
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diameter of the nanotube, the more MNDPs will be
deposited inside.

Figueira et al. [112] developed an incipient wetness
method based on Tessonnier’s results to synthesize
Ce and Sr NPs inside CNTs with a very small inner
diameter (< 10 nm). They also reproduced Tesson-
nier’s results for NiNPs. Nevertheless, even when
they were able to prepare NPs inside CNTs, a lack of
selectivity was found due to the small inner diameter
of the CNTs.

Wang et al. [64] analyzed the effect of the CNT
inner diameter, using acetone as the solvent for PANP
deposition. They found that for a 5% metal charge,
71% of PANPs formed inside the pores when the
inner diameter was 5 nm to 10 nm, while the depo-
sition percentage was close to 80% when the diameter
was 20 nm to 50 nm. They also incorporated other
studies that allowed analyzing the influence of dif-
ferent parameters that can generate variations in
method selectivity. They analyzed the effect of pre-
oxidation treatment that is normally carried out on
CNTs and found that fewer PANPs were deposited
on the external walls of CNTs without pre-oxidation
treatment. On the other hand, when analyzing the
effect of the precursor concentration, they noted that
90% of PANPs were deposited inside the CNTs with
2.5% metal load, while only 80% of the PANPs were
deposited inside the pores when the metal was up to
5%. Hence, when the precursor solution has a higher
concentration of metal ions, more MNPs are depos-
ited on the external walls of the CNTs. Other authors
used the same solvent to deposit PANPs inside CNTs
with diameters between 5 and 10 nm [113]. NPs
deposited within the pores reached an average size
close to 5 nm, i.e., only slightly smaller than the size
of the cavity. With this, the authors noted that the

Table 3 Overview of works where MNPs have been selectively anchored at CNT ends and some of the most relevant parameters used and

results obtained in each case

Reference Deposition CNT internal CNT external Oxidation =~ NPs NP Precursor NP size
method diameter diameter treatment

Zhao 2013; 2015 Incubation— 30 nm - HNO5/ Au  HAuCl, ~ 30 nm
[124, 125] reduction H,SO,

Segura 2006 Chemical Vapor 7.6 nm 38 nm - Fe FePC ~ 30 nm
[127] Deposition

Abrams 2007 Chemical Vapor 5-20 nm ~ 35 nm - Fe, Ferrocene, Cu metallocene, ~ 15-25 nm
[129] Deposition Cu  Fey(NO3), Cuy(NO3),
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Figure 8 Schematics of strategies to obtain MNPs anchored at the
ends of CNTs (left) and TEM images of the as-obtained MNP-
CNT composites (right): (a) using a covalent coupling method
between carbon nanotubes cups and AuNPs and (b) by iron
phthalocyanine catalytic decomposition where Fe nuclei are

CNT internal diameter also limits the size of the NPs
that are formed.

As in selective deposition in the exterior via
aqueous impregnation, some researchers have used
solvents as protection agents to ensure that MNPs are
formed only inside the pores (Fig. 6b). An example is
the deposition of nickel nanoparticles (NiNPs) inside
CNTs, using water to protect the surface (Fig. 7b)
[106]. In this case, they use just the necessary metal
precursor solution amount to fill the interior volume
of the nanotubes. Thus, the protection agent (water),
having a surface tension greater than that of the sol-
vent of the precursor solution (ethanol), protects the
filled pores, ensuring the metal solution is kept
inside. Through this method, a 75% efficiency was
obtained, considerably higher compared to the clas-
sical impregnation method with an efficiency close to
50%.

Solid-state protection agents have also been used
(Fig. 6¢). In a work developed by our research group
[122], CNTs were synthesized using an anodized
aluminum oxide (AAO) membrane as a template.
Once CNTs had grown, the membrane served to
protect their external surface and facilitated the
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formed and CNTs are grown from them to obtain FeNPs
anchored at the end of the CNTs. (a) Reprinted with permission
from Reference [126] (Copyright © 2012, American Chemical
Society) and (b) from Reference [127] (Copyright © 2006,
American Scientific Publishers).

PdANP selective deposition inside the tubes. For the
deposition of nanoparticles, we used the incipient
wetness and aqueous impregnation methods. Com-
paring both, we identified a much higher amount of
deposited metal in the form of PANPs under the
incipient wetness method. Samples prepared under
the aqueous impregnation method were loaded with
much fewer NPs. This work also included an analysis
of the influence of the metal precursor salt used for
the growth of PANPs. We studied the number of NPs
deposited via aqueous impregnation when using
PdCl, and Pd(NO;), as metal precursors. It emerged
that the PdCl, precursor allows a much higher
deposition efficiency. This phenomenon is associated
with the formation of the soluble metal complex ion
[PdC1,]*~, which could penetrate the pores more
easily than the precursor PA(NO3), and precipitates
in dissolution. Similar work was also published by
our group, where AuNPs were grown inside CNTs.
Herein, it was studied the effect of the precursor salt
concentration on the size of the AuNPs formed [121].
Using 1 M solution, AuNPs of 40 nm in diameter
were obtained (Fig. 7c), while with a 0.001 M solution
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the nanoparticles had diameters of between 2 and
10 nm (Fig. 7d).

Selective MNP deposition at the ends
of CNTs

The deposition of MNPs at the exteriors of CNTs is
less addressed in the literature because it is complex
to get the metal nanoparticles to form or couple only
at the ends of the pores and not on the rest of the
surface. However, there are high expectations for the
use of these materials in electronic and biomedical
applications. Table 3 summarizes some of the most
relevant articles and parameters that have been used
to achieve selective deposition of MNPs at the ends of
the CNTs.

One interesting strategy relies on corked carbon
nanotubes cups. To achieve this, carbon nanotubes
with the bamboo-like structure are prepared, which
consists of several attached carbon nano-cups (CNCs)
that can be individualized by ultrasonic treatment
[124]. These CNTs possess a closed ending in one of
the tube’s axes and an open one in the other extreme
of the tube. So on, it is interesting to place a metal
nanoparticle in the open tip forming a nanocomposite
where the MNP corks the end of the tube. These
kinds of nanocomposites are very promising as
selective drug carriers [125].

Zhao et al. have prepared this kind of materials
in situ by incubating nitrogen-doped carbon nano-
cups (NCNCs) in an AuCly solution, followed by a
reduction procedure with trisodium citrate at 70 °C
[124, 125]. The NCNCs-AuNPs are further separated
by ultracentrifugation. TEM images of the composites
show the formation of AuNPs at the open end of the
cup, due to the major presence in this area of func-
tional groups that anchor Au nuclei on their forma-
tion. Nevertheless, some small Au clusters (< 1 nm
diameter) can be found in the external face of
NCNCs.

Zhao et al. have also developed ex situ coupling
methods to achieve NCNCs-AuNPs composites [126].
In this case, NCNCs are fabricated by CVD, followed
by ultrasonication procedures (Fig. 8a, right), and
their surface is modified with thiolated molecules to
favor their covalent coupling to AuNPs. TEM images
of this composites are shown in Fig. 8a, extreme left.

Another way to ensure that NPs are selectively
located at one end of the CNTs is during the CNT
synthesis process. In catalytic CVD methods, for
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example, CNTs grow from MNPs of some metals
such as Fe, Ni, Co, Pd (among others) acting as
growth seeds. If the interaction generated between
the growth substrate and the MNPs is not too strong,
when the CNTs are released from the surface they
become attached to the nanoparticle from which they
grew (located at one end of the CNTs). For example,
we have prepared MWCNTs wusing iron (II)
phthalocyanine, which act as catalyst and carbon
source simultaneously. In iron (II) phthalocyanine
pyrolysis, FeNPs are formed in situ and serve as
growth nuclei for MWCNTs, which are loosely tied to
the substrates and walls of the CVD reactor (Fig. 8b).
By removing these MWCNTs, the FeNPs become
anchored at one end of the CNTs [127], giving mag-
netic characteristics to these hybrid nanostructures
[128].

Abrams et al. also used a similar procedure to
prepare copper-tipped carbon nanotubes. In this case,
several catalysts consisting of a mixture of copper
and iron composes (such as metallocenes, nitrates,
and oxides) and CVD procedures were performed
using acetylene as a carbon precursor. Bamboo-like
nanotubes were obtained, containing Fe-CuNPs in
the tips of the open tubes [129].

Applications of MNPs selectively
supported in CNTs

The physical and chemical properties of hybrid
MNP-CNT nanostructures vary depending on the
location of the nanoparticles. This mainly happens
because of the differences in the physicochemical
environment generated in each case. For example,
diffusion processes outside the CNT are different
from those in the confined space of the CNT pore
[130]. Changes also occur in the electronic distribu-
tion of the graphitic mesh due to the curvature of the
tube, which modifies the interaction with the NPs
[131]. These and other effects could occur in different
locations (in, out, end). Therefore, the variation in the
properties of these materials directly influences their
application.

Considering that most studies involve selective
deposition of noble metal NPs in CNTs, it is consis-
tent that the most addressed application points out
heterogeneous catalysis [132, 133]. In this sense, sig-
nificant differences have been found regarding cat-
alytic activity depending on the location of MNPs in
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CNTs [130, 132, 134, 135]. Specific examples are fur-
ther discussed in the next subsection.

Also, some reports showed that these composites,
with selectively positioned MNPs, could find use in
hydrogen storage [136, 137] and detection [138, 139],
or optical and electronic applications. For magnetic
applications relatively large magnetic MNPs are
used, while small particles deposited in the internal
cavity of the CNTs will be essential to adjust the
electromagnetic properties and serve in dielectric or
shielding applications [140, 141]. Finally, some
reports have been published analyzing some prop-
erties of these materials to tentatively demonstrate
that they could be useful in some of the fields already
mentioned. In the next sub-section, description and
analysis are given on how the location of the
nanoparticles affects certain applications addressed
in the literature.

Heterogeneous catalysis

In catalysis, a widely discussed research topic is the
selective hydrogenation of organic compounds. An
example is the selective hydrogenation of commer-
cially crucial cinnamaldehyde (CALD). From the
hydrogenation of CALD, it is possible to obtain as
products hydrocinnamaldehyde (HCALD), cinnamic
alcohol (CA), and phenyl propanol (PP). Of these
products, one of the most sought-after is CA for its
use in the perfume industry, both for its aroma and
its fixing properties. It is also used in the synthesis of
chloromycetin antibiotics. Also, HCALD is used as an
intermediary in the synthesis of drugs to treat HIV
[63, 76, 142].

Ma et al. [76] studied the hydrogenation of CALD
to CA from the comparison of catalysts composed of
platinum particles deposited inside (Pt/CNT-in) and
outside (Pt/CNT-out) of carbon nanotubes and
observed significant differences. In the catalytic tests
carried out with Pt/CNT-in, it was observed that 60%
of the product was CA, while with Pt/CNT-out only
10% of CA was obtained. In this case, the nanotubes
of the Pt/CNT-in catalyst had an internal diameter of
60 nm to 100 nm and the CNTs of the Pt/CNT-out
catalyst of less than 10 nm. Consistently, the PtNPs
deposited in the Pt/CNT-in catalyst are larger (5 nm)
than in the Pt/CNT-out catalyst (2 nm). The authors
indicated that the main selectivity factor in this case
was MNP size. Some authors reported that as particle
size increased, selectivity for CA formation increased
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[143, 144]. The larger the metal surface in contact with
the CNT wall, the better the transfer of n electrons
that occurs from the graphitic planes to the metal
particle [145]. Consequently, the charge density in the
metal increases, and the CALD molecule generates a
repulsion between the phenyl ring and the metal
surface, protecting the nearby C = C bonds. In this
sense, the role of CNTs is fundamental, since their
internal and external diameter allows modulating the
size of the particles that grow on their surface. Tes-
sonnier et al. [63] also reported a material like the Pt/
CNT-in catalyst prepared by Ma. In both cases, the
metal particles were 5 nm in size and the carbon
nanotubes were between 60 and 100 nm in diameter.
However, Tessonnier et al. used particles of a dif-
ferent metal (PdNPs). The results showed that the
catalyst composed of PANPs deposited inside CNTs
was highly efficient in the formation of HCALD,
obtaining an 80% yield, and did practically not form
CA, highlighting the importance of metallic nature.
Some authors have highlighted that the metals of the
first transition series favor HCALD formation, while
those of the third series favor CA formation
[146-148]. Therefore, by knowing the characteristics
of the material such as the majority location of the
particles in the CNTs and the metallic nature, it is
possible to predict the products that will be obtained,
which is a significant advance in the petrochemical
and fine chemical industry.

Another reaction of great importance for the
petrochemical industry is the hydrogenation of CO,
to methanol. Wang et al. [64] studied this reaction
using two catalysts (Pd/CNT-in and Pd/CNT-out).
The catalytic activities of these materials were com-
pared with two catalysts prepared with the same
metal nanoparticles using silicon dioxide (5iO,) and
activated carbon (AC) instead of CNTs. This time, the
Pd/CNT-in catalyst led to much higher amounts of
methanol than the other three catalysts. The number
of methanol molecules produced per Pd site exposed
per hour, known as turnover frequency (TOF), was
used to compare the activity of the four catalysts. Pd/
CNT-in catalyst’s TOF was 3.7 times higher than the
Pd/CNT-out catalyst, 3.0 times higher than Pd/AC,
and 5.5 times higher than Pd/SiO,. The authors
reported that in the formation of methanol, H, and
CO, activation were fundamental processes. Palla-
dium can activate the H, molecule easily; however, it
has low catalytic activity for the formation of
methanol, so the limitation must be found in the
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activation of CO,. With this argument, the authors
explained that the Pd/CNT-in catalyst presents a
superior catalytic activity in comparison with the
other catalysts. The different surface chemistry
between the external and internal walls of the CNTs
influences the oxidation state of the PdNPs. XPS
analyses of the catalysts showed a marked difference
in the percentage of different palladium species. In
the case of the Pd/CNT-out catalyst, 47.6% of Pd°,
47.8% of Pd**, and 4.6% of Pd*" were observed.
Meanwhile, in the Pd/CNT-in catalyst, 13.8% of Pd°,
74.6% Pd**, and 11.6% Pd*" were observed. It is
possible that when the PANPs are covered by the
walls of the CNTs, in the reduction stage, they are
protected and cannot be completely reduced. This
fact suggests that the Pd®" species activate the CO,
molecules, favoring the formation of methanol in
comparison with the other catalysts.

Guan et al. [113] reported enantioselective hydro-
genation of carboxylic o,B-unsaturated acids using
the Pd/CNT-in, Pd/CNT-out, and Pd/AC catalysts.
As a result, they found that the Pd catalyst within the
channels of the CNTs shows higher activity and
enantioselectivity than the other two catalysts, lead-
ing to results that showed enantioselectivity close to
92%. The authors also reported enantioselective
hydrogenation of a-ketoesters using PtNPs encapsu-
lated inside CNTs and distributed outside. Results
showed that the Pt/CNTs-in catalyst’s performance
was much higher than the Pt/CNT-out catalyst and
even the Pt/AlL,O; catalyst, also used for the
comparison.

Energy conversion and storage

The selective coupling of MNPs and CNTs holds
much promise to be useful in energy production and
storage. With the inevitable transition from a fossil
fuel-based economy to a clean and sustainable energy
economy, manufacturing high-efficiency, low-cost
energy storage devices is currently a critical area of
research globally. The most promising alternatives at
present are devices for solar-driven water splitting
[149, 150], photovoltaic cells [151, 152], and metal-air
batteries [153, 154]. A key limiting process on many
of these devices is the oxygen evolution reaction
(OER), which slow kinetics at low temperatures
requires large overpotentials to drive the four-elec-
tron oxidation process [155-157]. Until now, RuO,
and IrO, are the reference OER catalysts, but their
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high cost and scarcity considerably limit their appli-
cation on a large scale [155, 158, 159]. Therefore, low-
cost, efficient, and durable non-precious metal OER
catalysts such as Fe, Ni, and Co have received much
attention recently [159-162].

In this sense, the combination of OER catalysts to
carbon nanotubes has also come into focus as a very
promising strategy. For example, Liu et al. [163]
formed nanoparticle hybrids of these three non-pre-
cious metals (FeNPs, NiNPs, and CoNPs) with
nitrogen-doped CNTs (NCNTs). In all composites,
the MNPs were deposited inside CNTs. The
Co@NCNT, Fe@NCNT, and Ni@NCNT catalysts
achieved a current density of 10 mA cm™? with an
overpotential of 0.39 V, 0.52 V, and 0.59 V vs. RHE,
respectively, in 0.1 M KOH alkaline solution. The
authors highlighted that the overpotential value of
the Co@NCNT catalyst is close to the value of the
RuO, reference catalyst with an overpotential of
0.37 V at 10 mA cm 2. It is generally significant to
compare the overpotential values to achieve a current
density of 10 mA cm ™ since it is a relevant value in
the synthesis of solar fuel [164, 165]. Yu et al. [166]
also used MNPs deposited inside NCNTs to study
the OER. In this case, they used a nickel-cobalt alloy
forming NiCo@NCNT hybrids and compared it to
individual Ni@NCNT, Co@NCNT, and IrO, metal
hybrids as the reference catalyst. The overpotentials
to achieve a current density of 10 mA cm > were
041V, 045V, 045V, and 0.46 V for NiCo@NCNT,
Ni@NCNT, IrO, and Co@NCNT, respectively. The
NiCo@NCNT hybrids, besides having a lower
potential than IrO,, were more stable after perform-
ing 1,000 cycles of OER in 0.1 M KOH medium,
which suggests the superiority of encapsulation of
MNPs in NCNTs. It was also found that enveloped
MNPs effectively resisted exposure to hostile chemi-
cal environments because of protection by carbon
layers, leading to high stability.

Hou et al. [167] produced hybrid 3D NiCoNPs
deposited at the ends of NCNTs grown in porous
carbon nanosheets doped with N (NPCN). The
NPCN-NiCo@NCNTs hybrids provided surprising
results for the OER by presenting a current density of
10 mA cm ™2 at 1.59 V. The authors highlighted that
these results were better than those obtained by the
commercial Ir/C catalyst (1.62 V), and comparable
with the non-precious catalysts previously reported
as IrO, (1.68V), RuO, (1.59V), MnzO,/CoSe,
(1.68 V), Co304/N-graphene (1.54 V), all in alkaline
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medium (0.1 M KOH). They also studied the catalytic
activity of these hybrids in the oxygen reduction
reaction (ORR), which is also essential for achieving
high efficiency in energy production and storage. The
NPCN-NiCo@NCNT composites showed a current
density of 26.4 mA cm™? at 0.8 V. This result was
compared with  the commercial ~ Pd/C
(18.6 mA cm ™), NPCN (17.2 mA cm ™),
NiCo@NCNT (6.1 mA cm™2) catalysts, which con-
firmed the excellent performance for ORR of the
fabricated hybrid material. The results for OER and
ORR demonstrate the advantages of fabricating 3D
nanostructures. The strategic position of the
NiCoNPs coupled at the ends of the nanotubes
improves the activity of the catalyst, while the NPCN
allows easy access to the active sites because it acts as
a template and allows the ordered growth of
NiCo@NCNT structures. NiCo@NCNT structures
have superior electrical conductivity, which could
facilitate electron transport during electrocatalysis,
which is supported by the much lower interfacial
charge transfer resistance results of NPCN-
NiCo@NCNT compared to NPCN because of the
introduction of NiCo@NCNT.

Other applications

Much research in biomedicine is related to biosensors
for the early detection of catastrophic diseases [13].
Asadzadeh et al. [111] used AgNPs deposited on
SWCNT external walls as an electrochemical micro-
RNA (miRNA) marker. Selective detection with high
sensitivity of miRNAs is of great importance because
these non-coding single-stranded RNA strands reg-
ulate the translation of specific genes’ encoding pro-
teins. The unusual expression of miRNA is directly
associated with various catastrophic diseases such as
diabetes, cancer, cardiovascular disease, and neuro-
logical disorders. In this work, two parallel studies
were carried out. First, the authors tested if a differ-
ence existed in the binding of Ag@SWCNT hybrids to
single and double-stranded nucleic acids, consider-
ing that SWCNTs interact with nitrogenous bases
through n-w interaction, while AgNPs produce elec-
troanalytical signals facilitating system monitoring.
The results indicated that the prepared electrochem-
ical marker has a high affinity for binding to single-
stranded DNA (ssDNA); however, n-n interaction
with double-stranded DNA (dsDNA) is weaker
because the nitrogenous bases were protected by
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forming the double helix. This difference in the
results using AgNP/SWCNT as an electrochemical
marker showed that a simple method can detect the
nature of (single and double-stranded) nucleic acids.
The second study was to verify the usefulness of the
proposed nanogenosensor for which they analyzed
the detection of miR-25, a known biomarker of real
blood plasma lung cancer samples. The authors
showed that precise oxidation peaks corresponding
to the binding of Ag@SWCNT nanohybrids to nucleic
acids that were not anchored to the miR-25 biomarker
were observed in all electrochemical tests performed
on real samples. They also highlighted that if some
experimental conditions were optimized, it would be
possible to monitor miR-25 in the clinical stage.

Another application of significant interest is the
production of new polymeric compounds with elec-
tromagnetic properties. In this sense, it is important
to exploit the simultaneous properties of nanohy-
brids, such as the electrical transport of CNTs and the
magnetism of MNPs. For example, Andreev et al.
[141] deposited CoNPs inside MWCNTs forming
ferromagnetic nanohybrids that were used to form a
polymeric composite with polyethylene (PE). The
authors emphasized the importance of being able to
protect the CoNPs with the wall of the MWCNTSs
since conventional techniques for synthesizing com-
posite materials such as mechanical mixing or sus-
pension in a molten polymer are inappropriate to
introduce highly pyrophoric materials such as CoNPs
[140]. Additionally, the unexpected ferromagnetism
of these small nanoparticles was attributed to the
formation of high aspect ratio structures by the effect
of the tubular cavity of the MWCNTs. The polymer-
ization was performed in situ directly in the
Co@MWCNT nanohybrid, and pure MWCNTs for
comparison. Conductivity measurements were then
carried out to the PE polymer alloyed with the
Co@MWCNTs hybrid nanostructures, and it was
compared to the PE-EMWCNT composite. They found
that conductivity improved by an order of magnitude
in the composite C0O@MWCNT-PE) compared to the
composite without CoNPs, and also found that
CoNPs encapsulated in the MWCNTs resisted sin-
tering up to 550 °C, among other qualities This
proved that the combination of these materials is a
promising option for the generation of new multi-
functional composites.

Wen et al. [168] also prepared composite materials
of Co@CNT, Ni@CNT, and Fe@CNT dispersed in
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epoxy resin, where the MNPs were previously
deposited in the internal cavity of the CNTs. These
compounds exhibited excellent microwave absorp-
tion properties in the S-band due to an appropriate
combination of the complex permeability and per-
mittivity values resulting from magnetic NPs and the
lightweight of CNTs. The best results were obtained
with the Fe@CNT absorber. The authors concluded
that this is a promising candidate for potential use in
electronic and communication devices that use the
1-40 GHz electromagnetic waves range like micro-
wave black boxes, Wi-Fi networks, and fixed
satellites.

Conclusions

In the present review, it has been possible to identify
the key methods and parameters that allow the area-
selective deposition of MNPs on CNTs in three con-
figurations: MNP decoration on the outside, inside,
and at the ends of CNTs.

To deposit MNPs on the external walls of CNTs, it
has been demonstrated that various chemical and
physical methods can be used allowing the obtention
of high selectivity percentages. However, the most
efficient in terms of selectivity are physical methods,
being the evaporation deposition the most used of
them. Less used methods that allow depositing all
MNPs on the exterior walls also exist, for example:
SMAD, sputtering, and spray coating. Furthermore,
samples prepared with these techniques have high
purity. Although of easy implementation, chemical
impregnation methods are somewhat less selective
because the precursor ions diffuse through the CNT
external and internal surfaces. Hence, different
strategies to achieve high selectivity percentages
must be employed. For impregnation methods, the
simplest form to achieve a high selectivity in the
outside deposition is using MWCNTSs with an inter-
nal diameter smaller than or close to 10 nm or using
SWCNTs with less than 2 nm in diameter. On the
other hand, using solvents as protective agents allows
to increase selectivity, but does not ensure that all
MNPs are deposited on the exterior walls of the
CNTs. Coupling preformed MNPs to CNTs is the
most demanding technique, since several stages are
needed, including the formation of MNPs, chemical
modification of the materials, and coupling proce-
dures. However, due to the large volume of ligands
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that bind to nanoparticles, the probability that
deposition occurs only on the outer walls is very
high.

Chemical impregnation methods have been the
most used to deposit MNPs inside CNTs. Conven-
tional impregnation methods have proved to be
inefficient in allowing all particles to lodge inside the
nanotube’s cavity. That is why some strategies have
been developed to achieve selective deposition.
Under the aqueous impregnation method, it is nec-
essary to use CNTs with a diameter close to or greater
than 30 nm, since otherwise, very low metal deposi-
tion percentages are obtained. This behavior contrasts
with the incipient wetness method which allows
nanotubes with a small internal diameter ~ 10 nm to
be used and still deposit MNPs inside. To our
knowledge, the only strategy that currently allows for
selectivity percentages of inner deposition close to
100% is the use of physical protection agents. How-
ever, filling efficiency will vary depending on the
impregnation method and metal precursor
employed. The incipient wetness method has a
higher filling efficiency than the aqueous impregna-
tion method. At the same time, the size of the NPs
formed can be much larger depending on concen-
tration, and CNT inner diameter, this last constitutes
a growth limit.

Regarding the deposition of MNPs at the ends of
CNTs, carbon nanotubes in the form of nano-cups
have been used to ensure the formation of MNPs on
the open-ended tip. Also, by controlling chemical
vapor deposition conditions and using MNPs as a
catalyst for CNTs growth, it can be ensured the for-
mation of MNPs-ended CNTs. Articles found do not
specifically focus on the percentage of selectivity.
Importantly, this type of coupling is the least com-
mon in the literature.

To corroborate the area selectivity in the deposition
of MNPs in CNTs, it is necessary to use electron
microscopy techniques. The most used are SEM and
TEM since both allow a general identification of
nanoparticle locations in CNTs. However, some
authors indicate that from a 2D image, it is not pos-
sible to distinguish the location of the MNPs with
complete certainty. Therefore, it is necessary to take a
series of microscopy images from different angles.
This allows generating of 3D models to corroborate
both the location of the MNPs and the percentage of
filling either inside, outside or at the ends of the
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CNTs. These techniques include TEM 3D and STEM-
HAADF.

The area-selective deposition of MNPs on CNTs, in
the three studied configurations, has been widely
used in heterogeneous catalysis in many crucial
reactions in fine chemistry and petrochemicals. On
the other hand, they have gained importance in the
manufacture of high-efficiency and low-cost energy
storage and conversion devices, including solar cells,
metal-air batteries, and devices for solar-driven water
splitting. Great expectations have emerged for its use
in biomedical applications as contrast agents in
magnetic resonance imaging, treatment mediators,
cancer and manufacturing compound
nanomaterials for the formation of polymers with
new electro-magnetic properties.

Using CNTs as support for MNPs has definite
advantages over the most used supports such as
graphite, activated carbon, and silicon dioxide,
among others. However, it is necessary to gain a
comprehensive view regarding the most effective
methods to couple these materials with the charac-
teristics determined for each specific application,
which has been the primary reason for this review.
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