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Abstract
The reliable production of carbon nanotubes and nanofibres is a relatively new development, and due to their unique structure, there

has been much interest in filling their hollow interiors. In this review, we provide an overview of the most common approaches

for filling these carbon nanostructures. We highlight that filled carbon nanostructures are an emerging material for biomedical

applications.
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Introduction
Carbon nanotubes are well-known, 1D nanostructures, which

are comprised of single, double or multiple coaxial layers of

graphene [1]. The synthesis method and conditions greatly

affect their structural characteristics such as number of layers,

length and diameter distribution [2]. For example, the arc

discharge synthesis method can be used to produce multiwalled

carbon nanotubes (MWCNTs) with an inside diameter as small

as 0.4 nm [3] and an outside diameter of up to 200 nm [4]. It

has been shown that the inside diameter of MWCNTs produced

using chemical vapour deposition is proportional to the size of

the metal catalyst used during production [5]. Their high

specific surface area (SSA, 1315 m2/g) [6] makes MWCNTs an

ideal material for application in hydrogen storage [7], capaci-

tors [8] and sensing [9].

Single-walled carbon nanotubes (SWCNTs) were discovered

during investigations into the filling of MWCNTs with iron and

cobalt [10,11]. Rather than producing a filled MWCNT, the

metals acted as a catalyst to create a nanotube with a single

wall. Similar to MWCNTs, the physical properties (inside diam-

eter, length, degree of graphitization) of SWCNTs vary with the

production method [12]. For example, during the synthesis of

SWCNTs using pulsed laser vaporization (PLV), the tempera-

ture of the deposition chamber was used to influence the

average inside diameter range. It was demonstrated that at

780 °C the average diameter was 1.0 nm, whereas at 1000 °C

the average diameter increased to 1.2 nm [13]. PLV has also

been used to produce large quantities of pure SWCNTs and

MWCNTs [14]. Other research showed that applying a
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magnetic field had a large effect on the size of the SWCNTs

[15-18]. The SSA of the SWCNTs can be between 124 and

1024 m2/g depending on the production method used by the

various manufacturers [19]. Arc discharge has also been used to

produce bundles of SWCNTs with a yield of up to 90% [20].

This technique is now one of the more common production

techniques, in addition to catalytic carbon vapour deposition

(CCVD).

Carbon nanofibres (CNFs) are larger (≈100 nm outer diameter),

cylindrical, carbon structures that have multiple possible struc-

tures. In order to ease the complexity that surrounds all of these

possible structures, the nomenclature proposed by Suares-

Martinez et al. shall be used for the most part [21]. The struc-

tures that have been observed include: hollow- and filled-core,

stacked nanocones; partitioned, stacked nanocones; and parti-

tioned nanotubes. The filled-core, stacked nanocone structure

consists of bowed sheets of graphene, which are stacked to

produce a cylindrical, solid structure [22,23]. As this produces

solid structures (and thus not applicable as a material to be

filled), this review will focus on those produced by catalytic

thermal chemical vapour deposition using a floating catalyst,

henceforth referred to as vapour-grown CNFs (VGCNFs) [24].

This technique can be used to produce partitioned, stacked

nanocones or partitioned nanotubes. VGCNFs are produced

(depending on the structure of the catalyst) with a hollow inte-

rior cavity [25] and have been shown to consist of two primary

structures, single layer and double layer. The internal arrange-

ment is the same for both structures, that is, a series of parallel

graphitic layers at an angle of 4–36° relative to the hollow core.

The double layer CNFs have an additional second layer (outside

the angled layer) consisting of multiple sheets of graphene,

which are aligned parallel with the core [12,26]. Since it has

been shown that thermal treatment between 1300 °C and

1700 °C leads to improved electrical and mechanical

properties, VGCNFs are typically heat treated [27]. Typical

dimensions of CNFs are: outside diameters of up to

200 nm, inside diameters of 12.5 nm (single layer) or 22 nm

(double layer), and lengths of up to 20 µm [24,26].

The SSA depends on the degree of heat treatment. For

example, a SSA of 37 m2/g results from heat treatment at

1200 °C and is reduced to 15 m2/g after heat treatment at

2800 °C. Pyrolitic stripping can also be performed on as-grown

nanofibres to remove unreacted polyaromatic hydrocarbons

that may have fused onto the surface of the VGCNFs. This

has been shown to increase the SSA from 20 m2/g to 62 m2/g

[28]. Even higher values (348 m2/g) have been reported when

using a metal catalyst and C3H8 decomposition [29]. Due to

their unique internal structure, there has been significant

interest in the filling of CNFs for the alignment of atoms

[30,31].

Figure 1 shows the morphological differences between a typical

MWCNT and a typical VGCNF. Due to their large (average)

inside radius, VGCNFs have a larger inside area as compared to

SWCNTs and MWCNTs of the same length. The main interest

in the filling of VGCNFs comes from their unique angled struc-

ture: the slight angle produces internal “shelves”. This unique

structure is clearly visible in the microscopy image

(Figure 1b,d) and the schematic representation (Figure 1c).

Figure 1: Images of (a) a typical MWCNT and (b,d) typical VGCNFs. A
schematic representation is given in (c) of the “cup-stacked” VGCNFs,
resulting in a hollow core. (a) Adapted with permission from [3], copy-
right 2006 the Royal Society of Chemistry and (b,c,d) with permission
from [23], copyright 2007 the Royal Society of Chemistry.

The filling of these specific tubular carbon nanostructures

(TCNSs) has attracted much interest due to their applications in

gas storage (in particular H2) [32,33], electrochemical energy

storage [34,35], battery electrodes [24,36], catalysis [37,38] and

nanowelding [39]. Shortly after their discovery in 1991,

MWCNTs were filled with metals in order to create metal nano-

wires encapsulated within the CNT [10]. While this was the

original inspiration behind the filling of TCNSs, it is still very

much prevalent today. The main advantages of using CNTs to

produce metallic nanowires is that the CNTs act as a template

for self-assembly of the nanowires [40,41] and the CNT struc-

ture can act as a protective sheath to protect the nanowire from

being damaged by chemicals in harsh conditions/environments

[42]. CNTs have also been used as sacrificial templates. The



Beilstein J. Nanotechnol. 2015, 6, 508–516.

510

CNTs can be removed by heat treating (generally requiring

temperatures greater than 600 °C), thereby leaving the metal

structures unaltered and exposed [43,44]. It has also been

shown that the irradiation of a filled MWCNT with a focused,

h igh  energy  (200  keV)  e lec t ron  beam resu l t s  in

MWCNT–Co–MWCNT junc t ion  s i tes  [45 ,46] .

There has been considerable interest in the filling of SWCNTs

and MWCNTs for drug delivery applications, for example, tip

functionalization of the filled CNT for selective drug release

[47,48]. A recent review focussed on the use of CNTs filled

with antitumour medication for use in chemotherapy and

immunotherapy [49]. In particular, they noted that the high

level of selectivity (when functionalized) gave the CNTs the

ability to “seek out” and selectively deliver the contained drugs

to the tumours. The same article also discussed the potential use

of SWCNTs for the treatment of central nervous system disor-

ders due to their ability to pass through blood–brain barriers

[50].

In this article, selected avenues for the filling of carbon

nanotubes and nanofibres as well as applications of the filled

TCNSs (including biomedical and catalytic applications) are

discussed. We will present the progression of selected TCNS

filling techniques beginning from the earliest papers that can be

found as well as how the techniques have adapted to modern

methods and applications, and finally reviewing some of the

most recent papers that have been released. The most common

ex situ techniques for opening (decapping the TCNSs) and

filling are also described in detail, as this is one of the main

problems to overcome when filling TCNSs. The unique advan-

tages with regards to the filling of these two TCNSs are also

discussed in this review, as it is important to emphasize that

both serve their own purposes.

Review
Approaches for filling carbon nanostructures
Opening the capped ends
It is well known that the as-produced TCNSs have one end

capped [51], thus in order to achieve filling, the TCNSs must be

opened. The initial work focussed on the opening of MWCNTs

using bismuth in the presence of oxygen at 850 °C [52]. This

was then further expanded by suspending the MWCNTs in 68%

nitric acid and refluxing at 140 °C for 4.5 h [53]. This wet

chemistry method of opening MWCNTs was also attempted on

SWCNTs using a heated hydrochloric acid solution, as nitric

acid was found to be too harsh for SWCNTs. Similar to the

MWCNTs, the SWCNTs were then easily filled directly after

opening [54]. This was followed by more sophisticated methods

such as oxygen plasma treatment [55], electrochemical treat-

ment (which was able to remove the caps for both SWCNTs

and MWCNTs) [56], heat treatment in carbon dioxide/air [57],

sonication-induced shearing [58,59], partial opening due to

purification [60], precision cutting [61] and water-assisted

etching [62].

The main issue with these methods is that etching the CNTs in

this way damages their surface or alters their morphology in

undesired ways (e.g., reduction in length). Due to this chal-

lenge, much research has been focussed on producing CNTs

that are open at both ends. This has been achieved by using an

anodic aluminium oxide (AAO) film as a template for the

thermal decomposition of hydrocarbon gases, followed by

removal of the template by etching in 46% HF solution [63,64].

This technique has since been refined to produce tailored CNTs

of desired length and diameter [65] and to allow the template to

be dissolved in NaOH (rather than concentrated HF) [66]. This

method has also been employed to produce SWCNTs [67] and

VGCNFs [68], as well as long (10 µm) MWCNTs that can be

nested or joined to create long MWCNTs [69].

The three primary methods for opening TCNSs are: electro-

chemical filling, functionalization of the TCNSs, and a method

that takes advantage of the capillary forces within the TCNSs.

Although it is also possible to combine more than one tech-

nique (e.g., chemical and capillary [70]), here we describe the

general principle of each method individually.

Electrochemical filling
Electrochemical deposition on both the interior and exterior

surfaces of TCNSs has been achieved [71]. MWCNT samples

decorated with gold nanoparticles on the interior and exterior

surfaces were produced by first functionalizing the CNTs with

carboxylic acid groups [65]. This was followed by sonication of

the functionalized MWCNTs in water and application of a large

(225 V) potential across two gold electrodes [72]. This was

shown to not only decorate the external surface, but also to fill

some MWCNTs with a gold nanowire. Ordered, open

MWCNTs produced from the AAO template method have also

undergone an electrochemical filling process with nickel–iron

alloys [73]. It was shown that this technique could be used to

control the nickel/iron ratio and the amount of filling. Electro-

chemical methods have also been used to fill TCNSs with water

[74] and can take advantage of the presence of oxygen within

TCNSs applied as an electrode for Li–O2 rechargeable batteries

[75].

Filling through functionalization
The functionalization of TCNSs is a proven, effective method to

coat the exterior [8,76,77] or interior [78] surface with metal

particles. This method produces TCNSs with a single-atom-

thick layer (plus the functional group, typically a carboxylate
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group) of metal particles. It has been utilised to create nanoscale

capacitors with high energy storage rates, high specific capaci-

tance (329 F/g) [8,79] in addition to high surface area elec-

trodes [76,77,80]. TCNSs have also been used as a membrane

for water and gas filtration [81]. It has been proposed that by

chemically functionalizing the TCNSs, the selectivity of the

membrane can be adapted to remove specific contaminants

[82,83]. Tip functionalization has also been used as a method to

selectively separate various analytes [84,85] and can be

performed at room temperature using ozone and small amounts

of water vapour [86].

Capillary filling
It is well known that a tubular structure with a high aspect ratio

will have strong capillary forces, and this is especially true for

TCNSs [87,88]. These forces can be exploited to achieve the

filling of TCNSs. Capillary filling was achieved by depositing

drops of metallic lead onto the external surface of MWCNTs,

followed by heat treating the sample to 400 °C [89]. This heat

treatment removed the capped ends and the resulting capillary

action led to the filling of the MWCNT through the absorbance

of the liquid lead. This process has been modelled to determine

the extent of the capillary action [90]. In addition, the effect of

the molecular weight of a polymer on the capillary action has

also been investigated [91]. Microscopy has been used to visu-

alize the filling of a MWCNT with gold via Joule heating and

capillary action [92]. A mathematical model has been devel-

oped to evaluate the relationship between the TCNS radius, the

radius of the nanoscale drop of material used to fill the TCNS,

and the contact angle between the filler and the TCNS. This

model successfully predicted the capillary absorption of non-

wettable nanoparticles [93] and has been employed to achieve

filling [94] as well as removal of the encapsulated nanoparti-

cles [95]. Sonication has also been employed to fill MWCNTs

in solution. Sonication acted to shear the MWCNT, resulting in

the filling of the MWCNT with the surrounding metal solution

[96].

Other methods have employed focused electron irradiation to

produce SWCNTs within the core of a filled MWCNT. This

was achieved by first filling a MWCNT with iron, cobalt,

nickel, or an iron–cobalt alloy using capillary action. Following

this step, the sample was placed inside a transmission electron

microscope (with the sample stage temperature set at 600 °C)

and subjected to electron irradiation [97]. This resulted in the

growth of a SWCNT within the inner core of the MWCNT.

Vapour-phase filling
Filled SWCNTs and MWCNTs have been achieved by expo-

sure to a metallic vapour. This resulted in metal nanowires

within the core of the CNT [98-101]. A general summary of this

method is as follows: the as-produced SW/MWCNTs were

processed in a furnace under vacuum at a temperature that

vaporizes the compound/element to be filled into the CNT.

Next, a stream of the metallic vapour was sent into the furnace.

In one such study, purified double-walled CNTs (DWCNTs)

were added to an evacuated furnace at 400 °C and 10−3 Pa

containing VCl3 vapour [101]. The resulting material was then

cooled to 100 °C for 48 h and cleaned with a HF solution. This

filling method not only fills the interior cavity, but also coats

the exterior of the CNTs with the vapour. Therefore, an addi-

tional cleaning step is required to remove these species.

It is important to note that this filling method (along with many

others mentioned in this article) is not restricted to metallic

filling, although it is one of the more prevalent topics. Botka et

al. have performed multiple studies on methods to efficiently

fill SWCNTs with coronene [102,103]. In both cases, the filling

was performed by first opening the SWCNTs, then placing

them in a furnace with coronene at temperatures of up to 450 °C

and at a pressure of 10−4 mbar – the ideal conditions for the

sublimation of coronene. After processing it was found that the

coronene had both coated the SWCNT, as well as filled it. In

some instances, this annealing and vapour filling caused a struc-

tural change in the coronene (which formed dicoronylene, the

dimer of coronene) or in the SWCNT itself (which produced a

DWCNT at high temperatures). This effect along with the

unique structure of CNTs was exploited to produce linear

diamondoid assemblies of adamantine within the core of the

DWCNTs using a method based on that proposed by Zhang et

al. [104].

In situ filling
Although a significant amount of effort has gone into devel-

oping approaches for opening the end caps of TCNSs, some

research has focussed on methods that either fill in situ (during

growth) or that simultaneously open and fill. These methods

make use of the strong capillary action that exists within the

nanoscale cavities. Filled SWCNTs and MWCNTs have been

produced using layered sheets of graphene, decorated with

palladium particles via arc discharge in solution [105,106] (see

Figure 2). This approach was able to produce filled SWCNTs or

MWCNTs, depending on the number of layers of graphene

used. In addition, it has been proposed that other metallic parti-

cles can be used. This has been demonstrated with Pd–Ag

nanoparticles on graphene sheets, however, they were not

“rolled” into CNTs [107].

Both vapour phase filling and in situ filling techniques have

been combined to produce MWCNTs that are doped with

various other elements, such as phosphorous and nitrogen,

which can then later be released under high temperature condi-
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Figure 2: Schematic of a method for producing filled SWCNTs and MWCNTs via arc discharge in solution. Metallic palladium particles decorated the
exterior surface of graphene sheets, which were then processed as filled CNTs. This schematic was inspired by a figure appearing in reference [106].

tions [108,109]. One method to produce nitrogen-doped

MWCNTs is a modified, floating catalyst, CVD technique,

which is most commonly used to produce VGCNFs. The cata-

lyst (ferrocene) was placed into the CVD chamber under an

argon/ethylene flow, and melamine was used as an efficient

source for N-doping [110]. The chamber was then heated to

950 °C, with an effective heating of the ferrocene and melamine

to 350 °C. At this temperature both compounds undergo subli-

mation. After the purification steps, it was found that the

resulting MWCNTs were highly doped with nitrogen, demon-

strating yet another method to produce MWCNTs to be used as

a source of nitrogen storage. The nitrogen could be removed by

heating to 700 °C. A very detailed review on one-dimensional

nitrogen-containing carbon nanostructures by Ćirić-Marjanović

et al. contains a very detailed list of other structures and

methods used to achieve nitrogen storage [111].

The arc discharge method was also modified to produce filled

SWCNTs and MWCNTs [112,113]. This was achieved by first

producing a powdered mixture of graphite and the various

metals performed in the study (YB2, YNi2, and NiB). Next,

standard arc discharge methods were utilised (25–35 V, 100 A).

This method produced filled MWCNTs, as well as filled,

graphitic nanoparticles. This method has been employed in

conjunction with an AAO template lined with the filler material

[114] or completely filled with the metal [115]. Moreover, a

variety of bismuth–tin nanostructures covered by CNTs have

been produced via in situ filling. It was demonstrated that the

MSnO2/MBi2O3 ratio was instrumental in the formation of the

encased nanostructures (nanoparticles, nanorods, and nano-

wires) [116].

Recent developments
Although several drug delivery and medical imaging applica-

tions of SWCNT and MWCNTs have been identified, this line

of research has only very recently emerged [117-119]. Further

investigations into the selective binding of functional groups

and various viruses or tumours could provide for an effective

drug delivery system for treating various difficult-to-treat

ailments. However, effective CNT filling methods that do not

negatively impact the drug require further investigation. To

date, only SWCNTs and MWCNTs have been evaluated for

their use in drug delivery. Although potentially promising for

affordable, targeted, drug release, VGCNFs have not yet been

evaluated. Whilst they have not demonstrated the same

nanoscale interactions as CNTs (such as crossing the

blood–brain barrier, which is still under investigation), they

may have other applications on the larger scale and allow for

higher drug storage capacity.

The use of focused electron beam irradiation for the removal of

the outside layers of SW/MWCNTs has promise as an effective

method to produce pure or alloyed nanowires for conductive

applications [120]. This, however, is also a relatively new

research field where very little investigation into developing a

scalable method for producing larger quantities of nanowires

has been undertaken. As TCNSs have shown promise in the

field of tissue engineering, with further development, this

method may be used to produce channels for cell growth. Filled

with appropriate drugs and medium, TCNSs may provide a plat-

form for the growth of various cells.

Although significant research has gone into the filling of

TCNSs, possibility for further exploration still remains. For

example, most of the current methods are harsh (i.e., employing

concentrated acids, high temperature/pressure conditions) and

damage either the filler material or the TCNS itself. In addition,

the filling process can be complex and can require multiple

steps using custom-built equipment. These methods could be

improved to provide a simple method to completely fill the

TCNSs with the desired material, without damage to the TCNS,

and in a timely manner. Simplicity is key for scale-up to large

quantities of filled TCNSs, which is a requirement for any

commercially viable application.
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TCNSs provide a unique structure with a high aspect ratio, large

filling volume, and good stability, which can be useful for many

applications. For example, it is well known that they can

improve the mechanical and electrical properties of various

dispersants [121-124]. However, the properties of the resulting

materials prepared from dispersions of TCNSs filled with

various materials have not been fully investigated. One interest-

ing application area is in the field of repair (healing) of polymer

materials [106]. Traditionally crack healing, which can repair

the detrimental effects of mechanical degradation and fatigue in

polymer adhesives, was primarily investigated this field. One

application of this concept could be in the area of polymer ma-

terials (such as hydrogels) for cartilage replacement.

Most interest in the filling of VGCNFs is due to their unique

internal structure, which allows for the alignment of atoms

along the ridges of the graphene sheets [38], as shown in

Figure 3. The internal structure has been demonstrated to be a

good site for the catalytic growth of nanoparticles of desired

dimensions (Figure 3a,d). When the nanoparticles grow too

large, they simply flow through and out of the VGCNF, as indi-

cated in Figure 3d [125,126]. The structure of VGCNFs in the

context of filling has not been extensively studied [127], leaving

much to be discovered as to how this unique internal “layering”

can assist with self-assembly and size-controlled particle

growth.

Conclusion
The filling of TCNSs has shown much promise regarding the

synthesis of nanowires, hydrogen storage, and drug delivery.

Although most of the research has focussed on the develop-

ment of the actual methods for filling, there are a number of

biomedical applications of these fascinating materials that

remain to be explored and developed. In this review, we aimed

to provide an overview of the most common methods for filling

of SWCNTs, MWCNTs and VGCNFs. Most of the reviewed

literature relates to MWCNTs, as this material has been exten-

sively studied. VGCNFs are an emerging material for filling

applications, but not all VGCNFs are suitable. For example, the

VGCNFs with a “deck of cards” morphology (i.e., a series of

parallel graphene sheets stacked on top of each other [128])

cannot be filled due to the lack of a hollow core [22]. SWCNTs

have significant promise, however, their high production cost

has limited research in the past. As research into the efficient

production of pristine SWCNTs has progressed, their cost has

correspondingly rapidly decreased, which should lead to future

SWCNT filling applications.

This article highlighted TCNSs as a suitable material for appli-

cations requiring filled nanostructures, as well as the unique

strengths of both CNTs and CNFs. The remaining challenge is

Figure 3: (a,b,c) Transmission electron micrographs of a hollow CVD-
grown CNF with the graphene caps indicated by the white arrows.
(d) Schematic of the structure of the CNFs with the caps as well as
nucleation sites indicated by the black arrows. (e) Transmission elec-
tron micrograph of the filled CNFs with gold nanoparticles. Inset: a
computer generated model. Reprinted with permission from [30], copy-
right 2012 Wiley-VCH.

to prepare filled TCNS materials that achieve one or both of the

following properties: (1) selective drug delivery using nano-

structures, which is important for the development of nano-

sized needles or patches for the localised treatment of diseases;

(2) autonomic healing of polymeric materials, such as tough

hydrogels, which is important for load-bearing biomedical ma-

terials such as cartilage replacement. While there is much

research into the filling of SWCNTs and MWCNTs, there is

very limited research regarding the filling of VGCNFs, which

have been demonstrated to be as efficient (if not more) for

certain filling applications such as storage and self-assembly.

However, a more reliable and thorough method to completely

fill VGCNFs must be established, as current methods either

result in partial filling, or can only fill with certain types of ma-

terials. In conclusion, it is clear that filled TCNSs offer great

opportunities for a broad variety of applications, yet a number

of challenges remain to be addressed.



Beilstein J. Nanotechnol. 2015, 6, 508–516.

514

References
1. Dresselhaus, M. S.; Jorio, A.; Saito, R.

Annu. Rev. Condens. Matter Phys. 2010, 1, 89–108.
doi:10.1146/annurev-conmatphys-070909-103919

2. Cadek, M.; Murphy, R.; McCarthy, B.; Drury, A.; Lahr, B.;
Barklie, R. C.; in het Panhuis, M.; Coleman, J. N.; Blau, W. J. Carbon
2002, 40, 923–928. doi:10.1016/S0008-6223(01)00221-4

3. Ando, Y.; Zhao, X. New Diamond Front. Carbon Technol. 2006, 16,
123–137.

4. Wang, X. K.; Lin, X. W.; Dravid, V. P.; Ketterson, J. B.;
Chang, R. P. H. Appl. Phys. Lett. 1995, 66, 2430–2432.
doi:10.1063/1.113963

5. Andrews, R.; Jacques, D.; Qian, D.; Rantell, T. Acc. Chem. Res.
2002, 35, 1008–1017. doi:10.1021/ar010151m

6. Peigney, A.; Laurent, C.; Flahaut, E.; Bacsa, R. R.; Rousset, A.
Carbon 2001, 39, 507–514. doi:10.1016/S0008-6223(00)00155-X

7. Ritschel, M.; Uhlemann, M.; Gutfleisch, O.; Leonhardt, A.; Graff, A.;
Täschner, C.; Fink, J. Appl. Phys. Lett. 2002, 80, 2985.
doi:10.1063/1.1469680

8. Sankapal, B. R.; Gajare, H. B.; Dubal, D. P.; Gore, R. B.;
Salunkhe, R. R.; Ahn, H. Chem. Eng. J. 2014, 247, 103–110.
doi:10.1016/j.cej.2014.02.092

9. Verma, A. L.; Saxena, S.; Saini, G. S. S.; Gaur, V.; Jain, V. K.
Thin Solid Films 2011, 519, 8144–8148. doi:10.1016/j.tsf.2011.06.034

10. Iljima, S.; Ichihashi, T. Nature 1993, 363, 603–605.
doi:10.1038/363603a0

11. Bethune, D. S.; Klang, C. H.; de Vries, M. S.; Gorman, G.; Savoy, R.;
Vazquez, J.; Beyers, R. Nature 1993, 363, 605–607.
doi:10.1038/363605a0

12. Endo, M.; Kim, Y. A.; Hayashi, T.; Fukai, Y.; Oshida, K.; Terrones, M.;
Yanagisawa, T.; Higaki, S.; Dresselhaus, M. S. Appl. Phys. Lett. 2002,
80, 1267–1269. doi:10.1063/1.1450264

13. Bandow, S.; Asaka, S.; Saito, Y.; Rao, A. M.; Grigorian, L.; Richter, E.;
Eklund, P. C. Phys. Rev. Lett. 1998, 80, 3779–3782.
doi:10.1103/PhysRevLett.80.3779

14. Maser, W. K.; Benito, A. M.; Martınez, M. T. Carbon 2002, 40,
1685–1695. doi:10.1016/S0008-6223(02)00009-X

15. Keidar, M.; Shashurin, A.; Li, J.; Volotskova, O.; Kundrapu, M.;
Zhuang, T. S. J. Phys. D: Appl. Phys. 2011, 44, 174006.
doi:10.1088/0022-3727/44/17/174006

16. Keidar, M.; Levchenko, I.; Arbel, T.; Alexander, M.; Waas, A. M.;
Ostrikov, K. Appl. Phys. Lett. 2008, 92, 043129.
doi:10.1063/1.2839609

17. Volotskova, O.; Fagan, J. A.; Huh, J. Y.; Phelan, F. R., Jr.;
Shashurin, A.; Keidar, M. ACS Nano 2010, 4, 5187–5192.
doi:10.1021/nn101279r

18. Waldorff, E. I.; Waas, A. M.; Friedmann, P. P.; Keidar, M.
J. Appl. Phys. 2004, 95, 2749–2754. doi:10.1063/1.1642737

19. Panella, B.; Hirscher, M.; Roth, S. Carbon 2005, 43, 2209–2214.
doi:10.1016/j.carbon.2005.03.037

20. Journet, C.; Mased, W. K.; Bernier, P.; Loiseau, A.;
Lamy de la Chapelle, M.; Lefrant, S.; Deniard, P.; Lee, R.;
Fischer, J. E. Nature 1997, 388, 756–758.

21. Suarez-Martinez, I.; Grobert, N.; Ewels, C. P. Carbon 2012, 50,
741–747. doi:10.1016/j.carbon.2011.11.002

22. Yoon, S.-H.; Lim, S.; Hong, S.-h.; Mochida, I.; An, B.; Yokogawa, K.
Carbon 2004, 42, 3087–3095. doi:10.1016/j.carbon.2004.07.022

23. Monthioux, M.; Noé, L.; Dussault, L.; Dupin, J.-C.; Latorre, N.;
Ubieto, T.; Romeo, E.; Royo, C.; Monzón, A.; Guimon, C.
J. Mater. Chem. 2007, 17, 4611–4618. doi:10.1039/b707742d

24. Endo, M.; Kim, Y. A.; Hayashi, T.; Nishimura, K.; Matusita, T.;
Miyashita, K.; Dresselhaus, M. S. Carbon 2001, 39, 1287–1297.
doi:10.1016/S0008-6223(00)00295-5

25. Rodriguez, N. M.; Chambers, A.; Baker, R. T. K. Langmuir 1995, 11,
3862–3866. doi:10.1021/la00010a042

26. Uchida, T.; Anderson, D. P.; Minus, M. L.; Kumar, S. J. Mater. Sci.
2006, 41, 5851–5856. doi:10.1007/s10853-006-0324-0

27. Howe, J. Y.; Tibbetts, G. G.; Kwag, C.; Lake, M. L. J. Mater. Res.
2006, 21, 2646–2652. doi:10.1557/JMR.2006.0325

28. Elias, K. L.; Price, R. L.; Webster, T. J. Biomaterials 2002, 23,
3279–3287. doi:10.1016/S0142-9612(02)00087-X

29. Lee, B. O.; Woo, W. J.; Kim, M.-S. Macromol. Mater. Eng. 2001, 286,
114–118.
doi:10.1002/1439-2054(20010201)286:2<114::AID-MAME114>3.0.CO
;2-8

30. La Torre, A.; Fay, M. W.; Rance, G. A.;
del Carmen Gimenez-Lopez, M.; Solomonsz, W. A.; Brown, P. D.;
Khlobystov, A. N. Small 2012, 8, 1222–1228.
doi:10.1002/smll.201102007

31. Solomonsz, W. A.; Rance, G. A.; Suyetin, M.; La Torre, A.;
Bichoutskaia, E.; Khlobystov, A. N. Chem. – Eur. J. 2012, 18,
13180–13187. doi:10.1002/chem.201201542

32. Liu, C.; Chen, Y.; Wu, C.-Z.; Xu, S.-T.; Cheng, H.-M. Carbon 2010,
48, 452–455. doi:10.1016/j.carbon.2009.09.060

33. Rashidi, A. M.; Nouralishahi, A.; Khodadadi, A. A.; Mortazavi, Y.;
Karimi, A.; Kashefi, K. Int. J. Hydrogen Energy 2010, 35, 9489–9495.
doi:10.1016/j.ijhydene.2010.03.038

34. Che, G.; Lakshmi, B. B.; Martin, C. R.; Fisher, E. R. Langmuir 1999,
15, 750–758. doi:10.1021/la980663i

35. Candelaria, S. L.; Shao, Y.; Zhou, W.; Li, X.; Xiao, J.; Zhang, J.-G.;
Wang, Y.; Liu, J.; Li, J.; Cao, G. Nano Energy 2012, 1, 195–220.
doi:10.1016/j.nanoen.2011.11.006

36. Kumar, T. P.; Ramesh, R.; Lin, Y. Y.; Fey, G. T.-K.
Electrochem. Commun. 2004, 6, 520–525.
doi:10.1016/j.elecom.2004.03.009

37. Pan, X.; Bao, X. Chem. Commun. 2008, 6271–6281.
doi:10.1039/b810994j

38. La Torre, A.; del Carmen Giménez-López, M.; Fay, M. W.;
Rance, G. A.; Solomonsz, W. A.; Chamberlain, T. W.; Brown, P. D.;
Khlobystov, A. N. ACS Nano 2012, 6, 2000–2007.
doi:10.1021/nn300400z

39. Dong, L.; Tao, X.; Zhang, L.; Zhang, X.; Nelson, B. J. Nano Lett. 2007,
7, 58–63. doi:10.1021/nl061980+

40. Ye, X.-R.; Lin, Y.; Wang, C.; Wai, C. M. Adv. Mater. 2003, 15,
316–319. doi:10.1002/adma.200390077

41. Elías, A. L.; Rodríguez-Manzo, J. A.; McCartney, M. R.; Golberg, D.;
Zamudio, A.; Baltazar, S. E.; López-Urías, F.; Muñoz-Sandoval, E.;
Gu, L.; Tang, C. C.; Smith, D. J.; Bando, Y.; Terrones, H.;
Terrones, M. Nano Lett. 2005, 5, 467–472. doi:10.1021/nl0479583

42. Gao, X. P.; Zhang, Y.; Chen, X.; Pan, G. L.; Yan, J.; Wu, F.;
Yuan, H. T.; Song, D. Y. Carbon 2004, 42, 47–52.
doi:10.1016/j.carbon.2003.09.015

43. Grandhe, B. K.; Bandi, V. R.; Jang, K.; Kim, S. S.; Shin, D.-S.; Lee, Y.;
Lim, J.-M.; Song, T. Met. Mater. Int. 2013, 19, 507–511.
doi:10.1007/s12540-013-3019-5

44. Ajayan, P. M.; Stephan, O.; Redlich, P.; Colliex, C. Nature 1995, 375,
564–567. doi:10.1038/375564a0

http://dx.doi.org/10.1146%2Fannurev-conmatphys-070909-103919
http://dx.doi.org/10.1016%2FS0008-6223%2801%2900221-4
http://dx.doi.org/10.1063%2F1.113963
http://dx.doi.org/10.1021%2Far010151m
http://dx.doi.org/10.1016%2FS0008-6223%2800%2900155-X
http://dx.doi.org/10.1063%2F1.1469680
http://dx.doi.org/10.1016%2Fj.cej.2014.02.092
http://dx.doi.org/10.1016%2Fj.tsf.2011.06.034
http://dx.doi.org/10.1038%2F363603a0
http://dx.doi.org/10.1038%2F363605a0
http://dx.doi.org/10.1063%2F1.1450264
http://dx.doi.org/10.1103%2FPhysRevLett.80.3779
http://dx.doi.org/10.1016%2FS0008-6223%2802%2900009-X
http://dx.doi.org/10.1088%2F0022-3727%2F44%2F17%2F174006
http://dx.doi.org/10.1063%2F1.2839609
http://dx.doi.org/10.1021%2Fnn101279r
http://dx.doi.org/10.1063%2F1.1642737
http://dx.doi.org/10.1016%2Fj.carbon.2005.03.037
http://dx.doi.org/10.1016%2Fj.carbon.2011.11.002
http://dx.doi.org/10.1016%2Fj.carbon.2004.07.022
http://dx.doi.org/10.1039%2Fb707742d
http://dx.doi.org/10.1016%2FS0008-6223%2800%2900295-5
http://dx.doi.org/10.1021%2Fla00010a042
http://dx.doi.org/10.1007%2Fs10853-006-0324-0
http://dx.doi.org/10.1557%2FJMR.2006.0325
http://dx.doi.org/10.1016%2FS0142-9612%2802%2900087-X
http://dx.doi.org/10.1002%2F1439-2054%2820010201%29286%3A2%3C114%3A%3AAID-MAME114%3E3.0.CO%3B2-8
http://dx.doi.org/10.1002%2F1439-2054%2820010201%29286%3A2%3C114%3A%3AAID-MAME114%3E3.0.CO%3B2-8
http://dx.doi.org/10.1002%2Fsmll.201102007
http://dx.doi.org/10.1002%2Fchem.201201542
http://dx.doi.org/10.1016%2Fj.carbon.2009.09.060
http://dx.doi.org/10.1016%2Fj.ijhydene.2010.03.038
http://dx.doi.org/10.1021%2Fla980663i
http://dx.doi.org/10.1016%2Fj.nanoen.2011.11.006
http://dx.doi.org/10.1016%2Fj.elecom.2004.03.009
http://dx.doi.org/10.1039%2Fb810994j
http://dx.doi.org/10.1021%2Fnn300400z
http://dx.doi.org/10.1021%2Fnl061980%2B
http://dx.doi.org/10.1002%2Fadma.200390077
http://dx.doi.org/10.1021%2Fnl0479583
http://dx.doi.org/10.1016%2Fj.carbon.2003.09.015
http://dx.doi.org/10.1007%2Fs12540-013-3019-5
http://dx.doi.org/10.1038%2F375564a0


Beilstein J. Nanotechnol. 2015, 6, 508–516.

515

45. Rodríguez-Manzo, J. A.; Banhart, F.; Terrones, M.; Terrones, H.;
Grobert, N.; Ajayan, P. M.; Sumpter, B. G.; Meunier, V.; Wang, M.;
Bando, Y.; Golberg, D. Proc. Natl. Acad. Sci. U. S. A. 2009, 106,
4591–4595. doi:10.1073/pnas.0900960106

46. Tang, D.-M.; Yin, L.-C.; Li, F.; Liu, C.; Yu, W.-J.; Hou, P.-X.; Wu, B.;
Lee, Y.-H.; Ma, X.-L.; Cheng, H.-M. Proc. Natl. Acad. Sci. U. S. A.
2010, 107, 9055–9059. doi:10.1073/pnas.0914970107

47. Zhang, W.; Zhang, Z.; Zhang, Y. Nanoscale Res. Lett. 2011, 6, 555.
doi:10.1186/1556-276X-6-555

48. Chen, M.-L.; He, Y.-J.; Chen, X.-W.; Wang, J.-H. Langmuir 2012, 28,
16469–16476. doi:10.1021/la303957y

49. Zhang, Y.; Bai, Y.; Yan, B. Drug Discovery Today 2010, 15, 428–435.
doi:10.1016/j.drudis.2010.04.005

50. Ménard-Moyon, C.; Venturelli, E.; Fabbro, C.; Samorì, C.; Da Ros, T.;
Kostarelos, K.; Prato, M.; Bianco, A. Expert Opin. Drug Discovery
2010, 5, 691–707. doi:10.1517/17460441.2010.490552

51. Reich, S.; Li, L.; Robertson, J. Phys. Rev. B 2005, 72, 165423.
doi:10.1103/PhysRevB.72.165423

52. Ajayan, P. M.; Ebbesen, T. W.; Ichihashi, T.; Iljima, S.; Tanigaki, K.;
Hiura, H. Nature 1993, 362, 522–525. doi:10.1038/362522a0

53. Tsang, S. C.; Chen, Y. K.; Harris, P. J. F.; Green, M. L. H. Nature
1994, 372, 159–162. doi:10.1038/372159a0

54. Sloan, J.; Hammer, J.; Zwiefka-Sibley, M.; Green, M. L. H.
Chem. Commun. 1998, 347–348. doi:10.1039/a707632k

55. Mathur, A.; Roy, S. S.; Hazra, K. S.; Wadhwa, S.; Ray, S. C.;
Mitra, S. K.; Misra, D. S.; McLaughlin, J. A. Mater. Chem. Phys. 2012,
134, 425–429. doi:10.1016/j.matchemphys.2012.03.012

56. Holloway, A. F.; Toghill, K.; Wildgoose, G. G.; Compton, R. G.;
Ward, M. A. H.; Tobias, G.; Llewellyn, S. A.; Ballesteros, B.;
Green, M. L. H.; Crossley, A. J. Phys. Chem. C 2008, 112,
10389–10397. doi:10.1021/jp802127p

57. Yamada, Y.; Kimizuka, O.; Machida, K.; Suematsu, S.; Tamamitsu, K.;
Saeki, S.; Yamada, Y.; Yoshizawa, N.; Tanaike, O.; Yamashita, J.;
Don, F.; Hata, K.; Hatori, H. Energy Fuels 2010, 24, 3373–3377.
doi:10.1021/ef9015203

58. Liu, J.; Rinzler, A. G.; Dai, H.; Hafner, J. H.; Bradley, R. K.; Boul, P. J.;
Lu, A.; Iverson, T.; Shelimov, K.; Huffman, C. B.;
Rodriguez-Macias, F.; Shon, Y.-S.; Lee, T. R.; Colbert, D. T.;
Smalley, R. E. Science 1998, 280, 1253–1256.
doi:10.1126/science.280.5367.1253

59. Hennrich, F.; Krupke, R.; Arnold, K.; Rojas Stütz, J. A.; Lebedkin, S.;
Koch, T.; Schimmel, T.; Kappes, M. M. J. Phys. Chem. B 2007, 111,
1932–1937. doi:10.1021/jp065262n

60. Cambré, S.; Schoeters, B.; Luyckx, S.; Goovaerts, E.; Wenseleers, W.
Phys. Rev. Lett. 2010, 104, 207401.
doi:10.1103/PhysRevLett.104.207401

61. Wang, S.; Liang, Z.; Wang, B.; Zhang, C.; Rahman, Z.
Nanotechnology 2007, 18, 055301.
doi:10.1088/0957-4484/18/5/055301

62. Zhu, L.; Xiu, Y.; Hess, D. W.; Wong, C.-P. Nano Lett. 2005, 5,
2641–2645. doi:10.1021/nl051906b

63. Kyotani, T.; Tsai, L.-f.; Tomita, A. Chem. Mater. 1996, 8, 2109–2113.
doi:10.1021/cm960063+

64. Kyotani, T.; Tsai, L.-f.; Tomita, A. Chem. Mater. 1995, 7, 1427–1428.
doi:10.1021/cm00056a001

65. Hou, P.; Liu, C.; Shi, C.; Cheng, H. Chin. Sci. Bull. 2012, 57, 187–204.
doi:10.1007/s11434-011-4892-2

66. Hou, P.-X.; Yu, W.-J.; Shi, C.; Zhang, L.-L.; Liu, C.; Tian, X.-J.;
Dong, Z.-L.; Cheng, H.-M. J. Mater. Chem. 2012, 22, 15221–15226.
doi:10.1039/c2jm31680c

67. Maschmann, M. R.; Franklin, A. D.; Amama, P. B.; Zakharov, D. N.;
Stach, E. A.; Sands, T. D.; Fisher, T. S. Nanotechnology 2006, 17,
3925–3929. doi:10.1088/0957-4484/17/15/052

68. Kasi, J. K.; Kasi, A. K.; Wongwiriyapan, W.; Afzulpurkar, N.;
Dulyaseree, P.; Hasan, M.; Tuantranont, A. Adv. Mater. Res. 2012,
557–559, 544–549. doi:10.4028/www.scientific.net/AMR.557-559.544

69. Lee, J. S.; Gu, G. H.; Kim, H.; Jeong, K. S.; Bae, J.; Suh, J. S.
Chem. Mater. 2001, 13, 2387–2391. doi:10.1021/cm0014076

70. Capobianchi, A.; Foglia, S.; Imperatori, P.; Notargiacomo, A.;
Giammatteo, M.; Del Buono, T.; Palange, E. Carbon 2007, 45,
2205–2208. doi:10.1016/j.carbon.2007.06.050

71. Du, D.; Wang, M.; Qin, Y.; Lin, Y. J. Mater. Chem. 2010, 20,
1532–1537. doi:10.1039/b919500a

72. Samant, K. M.; Chaudhari, V. R.; Kapoor, S.; Haram, S. K. Carbon
2007, 45, 2126–2129. doi:10.1016/j.carbon.2007.06.020

73. Wang, X.-H.; Orikasa, H.; Inokuma, N.; Yang, Q.-H.; Hou, P.-X.;
Oshima, H.; Itoh, K.; Kyotani, T. J. Mater. Chem. 2007, 17, 986–991.
doi:10.1039/b614300h

74. Babu, S.; Ndungu, P.; Bradley, J.-C.; Rossi, M. P.; Gogotsi, Y.
Microfluid. Nanofluid. 2005, 1, 284–288.
doi:10.1007/s10404-005-0037-8

75. Mitchell, R. R.; Gallant, B. M.; Thompson, C. V.; Shao-Horn, Y.
Energy Environ. Sci. 2011, 4, 2952–2958. doi:10.1039/c1ee01496j

76. Guo, D. J.; Li, H. L. Carbon 2005, 43, 1259–1264.
doi:10.1016/j.carbon.2004.12.021

77. Metz, K. M.; Colavita, P. E.; Tse, K.-Y.; Hamers, R. J.
J. Power Sources 2012, 198, 393–401.
doi:10.1016/j.jpowsour.2011.09.098

78. Balan, B. K.; Unni, S. M.; Kurungot, S. J. Phys. Chem. C 2009, 113,
17572–17578. doi:10.1021/jp9042655

79. Wang, J.-G.; Yang, Y.; Huang, Z.-H.; Kang, F. Electrochim. Acta
2011, 56, 9240–9247. doi:10.1016/j.electacta.2011.07.140

80. Nitze, F.; Mazurkiewicz, M.; Malolepszy, A.; Mikolajczuk, A.;
Kędzierzawski, P.; Tai, C.-W.; Hu, G.; Kurzydłowski, K. J.;
Stobinski, L.; Borodzinski, A.; Wågberg, T. Electrochim. Acta 2012,
63, 323–328. doi:10.1016/j.electacta.2011.12.104

81. Sears, K.; Dumée, L.; Schütz, J.; She, M.; Huynh, C.; Hawkins, S.;
Duke, M.; Gray, S. Materials 2010, 3, 127–149.
doi:10.3390/ma3010127

82. Srivastava, A.; Srivastava, O. N.; Talapatra, S.; Vajtai, R.;
Ajayan, P. M. Nat. Mater. 2004, 3, 610–614. doi:10.1038/nmat1192

83. Liang, H.-W.; Wang, L.; Chen, P.-Y.; Lin, H.-T.; Chen, L.-F.; He, D.;
Yu, S.-H. Adv. Mater. 2010, 22, 4691–4695.
doi:10.1002/adma.201001863

84. Majumder, M.; Chopra, N.; Hinds, B. J. J. Am. Chem. Soc. 2005, 127,
9062–9070. doi:10.1021/ja043013b

85. Corry, B. Energy Environ. Sci. 2011, 4, 751–759.
doi:10.1039/c0ee00481b

86. Peng, K.; Liu, L.-Q.; Li, H.; Meyer, H.; Zhang, Z. Carbon 2011, 49,
70–76. doi:10.1016/j.carbon.2010.08.043

87. Whitby, M.; Quirke, N. Nat. Nanotechnol. 2007, 2, 87–94.
doi:10.1038/nnano.2006.175

88. Mezgebe, M.; Jiang, L.-H.; Shen, Q.; Du, C.; Yu, H.-R.
Colloids Surf., A 2012, 415, 86–90. doi:10.1016/j.colsurfa.2012.09.046

89. Ajayan, P. M.; Lijima, S. Nature 1993, 361, 333–334.
doi:10.1038/361333a0

90. Hilder, T. A.; Hill, J. M. Small 2009, 5, 300–308.
doi:10.1002/smll.200800321

91. Dhondi, S.; Pereira, G. G.; Hendy, S. C. Langmuir 2012, 28,
10256–10265. doi:10.1021/la300903w

http://dx.doi.org/10.1073%2Fpnas.0900960106
http://dx.doi.org/10.1073%2Fpnas.0914970107
http://dx.doi.org/10.1186%2F1556-276X-6-555
http://dx.doi.org/10.1021%2Fla303957y
http://dx.doi.org/10.1016%2Fj.drudis.2010.04.005
http://dx.doi.org/10.1517%2F17460441.2010.490552
http://dx.doi.org/10.1103%2FPhysRevB.72.165423
http://dx.doi.org/10.1038%2F362522a0
http://dx.doi.org/10.1038%2F372159a0
http://dx.doi.org/10.1039%2Fa707632k
http://dx.doi.org/10.1016%2Fj.matchemphys.2012.03.012
http://dx.doi.org/10.1021%2Fjp802127p
http://dx.doi.org/10.1021%2Fef9015203
http://dx.doi.org/10.1126%2Fscience.280.5367.1253
http://dx.doi.org/10.1021%2Fjp065262n
http://dx.doi.org/10.1103%2FPhysRevLett.104.207401
http://dx.doi.org/10.1088%2F0957-4484%2F18%2F5%2F055301
http://dx.doi.org/10.1021%2Fnl051906b
http://dx.doi.org/10.1021%2Fcm960063%2B
http://dx.doi.org/10.1021%2Fcm00056a001
http://dx.doi.org/10.1007%2Fs11434-011-4892-2
http://dx.doi.org/10.1039%2Fc2jm31680c
http://dx.doi.org/10.1088%2F0957-4484%2F17%2F15%2F052
http://dx.doi.org/10.4028%2Fwww.scientific.net%2FAMR.557-559.544
http://dx.doi.org/10.1021%2Fcm0014076
http://dx.doi.org/10.1016%2Fj.carbon.2007.06.050
http://dx.doi.org/10.1039%2Fb919500a
http://dx.doi.org/10.1016%2Fj.carbon.2007.06.020
http://dx.doi.org/10.1039%2Fb614300h
http://dx.doi.org/10.1007%2Fs10404-005-0037-8
http://dx.doi.org/10.1039%2Fc1ee01496j
http://dx.doi.org/10.1016%2Fj.carbon.2004.12.021
http://dx.doi.org/10.1016%2Fj.jpowsour.2011.09.098
http://dx.doi.org/10.1021%2Fjp9042655
http://dx.doi.org/10.1016%2Fj.electacta.2011.07.140
http://dx.doi.org/10.1016%2Fj.electacta.2011.12.104
http://dx.doi.org/10.3390%2Fma3010127
http://dx.doi.org/10.1038%2Fnmat1192
http://dx.doi.org/10.1002%2Fadma.201001863
http://dx.doi.org/10.1021%2Fja043013b
http://dx.doi.org/10.1039%2Fc0ee00481b
http://dx.doi.org/10.1016%2Fj.carbon.2010.08.043
http://dx.doi.org/10.1038%2Fnnano.2006.175
http://dx.doi.org/10.1016%2Fj.colsurfa.2012.09.046
http://dx.doi.org/10.1038%2F361333a0
http://dx.doi.org/10.1002%2Fsmll.200800321
http://dx.doi.org/10.1021%2Fla300903w


Beilstein J. Nanotechnol. 2015, 6, 508–516.

516

92. Zou, R.; Zhang, Z.; Liu, Q.; Xu, K.; Lu, A.; Hu, J.; Li, Q.; Bando, Y.;
Golberg, D. Adv. Mater. 2013, 25, 2693–2699.
doi:10.1002/adma.201300257

93. Schebarchov, D.; Hendy, S. C. Nano Lett. 2008, 8, 2253–2257.
doi:10.1021/nl080875s

94. Schebarchov, D.; Lefèvre, B.; Somerville, W. R. C.; Hendy, S. C.
Nanoscale 2013, 5, 1949–1954. doi:10.1039/c3nr32649g

95. Edgar, K.; Hendy, S. C.; Schebarchov, D.; Tilley, R. D. Small 2011, 7,
737–740. doi:10.1002/smll.201001857

96. Nguyen, T. T.; Serp, P. ChemCatChem 2013, 5, 3595–3603.
doi:10.1002/cctc.201300527

97. Rodríguez-Manzo, J. A.; Terrones, M.; Terrones, H.; Kroto, H. W.;
Sun, L.; Banhart, F. Nat. Nanotechnol. 2007, 2, 307–311.
doi:10.1038/nnano.2007.107

98. Sauer, M.; Shiozawa, H.; Ayala, P.; Ruiz-Soria, G.; Kataura, H.;
Yanagi, K.; Krause, S.; Pichler, T. Phys. Status Solidi B 2012, 249,
2408–2411. doi:10.1002/pssb.201200127

99. Du, G.; Li, W.; Liu, Y. J. Phys. Chem. C 2008, 112, 1890–1895.
doi:10.1021/jp710543u

100.Kiang, C.-H.; Choi, J.-S.; Tran, T. T.; Bacher, A. D. J. Phys. Chem. B
1999, 103, 7449–7451. doi:10.1021/jp991424m

101.Zhang, H.; Pan, X.; Bao, X. J. Energy Chem. 2013, 22, 251–256.
doi:10.1016/S2095-4956(13)60031-5

102.Botka, B.; Füstös, M. E.; Tóháti, H. M.; Németh, K.; Klupp, G.;
Szekrényes, Z.; Kocsis, D.; Utczás, M.; Székely, E.; Váczi, T.;
Tarczay, G.; Hackl, R.; Chamberlain, T. W.; Khlobystov, A. N.;
Kamarás, K. Small 2014, 10, 1369–1378. doi:10.1002/smll.201302613

103.Botka, B.; Füstös, M. E.; Klupp, G.; Kocsis, D.; Székely, E.;
Utczás, M.; Simándi, B.; Botos, Á.; Hackl, R.; Kamarás, K.
Phys. Status Solidi B 2012, 249, 2432–2435.
doi:10.1002/pssb.201200349

104.Zhang, J.; Feng, Y.; Ishiwata, H.; Miyata, Y.; Kitaura, R.;
Dahl, J. E. P.; Carlson, R. M. K.; Shinohara, H.; Tománek, D.
ACS Nano 2012, 6, 8674–8683. doi:10.1021/nn303461q

105.Bera, D.; Kuiry, S. C.; McCutchen, M.; Seal, S.; Heinrich, H.;
Slane, G. C. J. Appl. Phys. 2004, 96, 5152. doi:10.1063/1.1786347

106.Seal, S.; Bera, D.; Kuiry, S. C.; Meyyappan, M.; McCutchen, M. L.
In-situ synthesis of carbon nanotubes filled with metallic nanoparticles
using arc discharge in solution. U.S. Pat. Appl. 7,968,072, June 28,
2011.

107.Li, L.; Chen, M.; Huang, G.; Yang, N.; Zhang, L.; Wang, H.; Liu, Y.;
Wang, W.; Gao, J. J. Power Sources 2014, 263, 13–21.
doi:10.1016/j.jpowsour.2014.04.021

108.Tsierkezos, N. G.; Szroeder, P.; Fuge, R.; Ritter, U. Ionics 2014.
doi:10.1007/s11581-014-1277-y

109.Liu, H.; Zhang, Y.; Li, R.; Sun, X.; Abou-Rachid, H. J. Nanopart. Res.
2012, 14, 1016. doi:10.1007/s11051-012-1016-0

110.Liu, H.; Zhang, Y.; Li, R.; Sun, X.; Désilets, S.; Abou-Rachid, H.;
Jaidann, M.; Lussier, L.-S. Carbon 2010, 48, 1498–1507.
doi:10.1016/j.carbon.2009.12.045

111.Ćirić-Marjanović, G.; Pašti, I.; Mentus, S. Prog. Mater. Sci. 2015, 69,
61–182. doi:10.1016/j.pmatsci.2014.08.002

112.Maser, W. K.; Lambert, J. M.; Ajayan, P. M.; Stephan, O.; Bernier, P.
Synth. Met. 1996, 77, 243–247. doi:10.1016/0379-6779(96)80096-8

113.Demoncy, N.; Stéphan, O.; Brun, N.; Colliex, C.; Loiseau, A.;
Pascard, H. Eur. Phys. J. B 1998, 4, 147–157.
doi:10.1007/s100510050363

114.Zheng, G.; Yang, Y.; Cha, J. J.; Hong, S. S.; Cui, Y. Nano Lett. 2011,
11, 4462–4467. doi:10.1021/nl2027684

115.Bao, J.; Tie, C.; Xu, Z.; Suo, Z.; Zhou, Q.; Hong, J. Adv. Mater. 2002,
14, 1483–1486.
doi:10.1002/1521-4095(20021016)14:20<1483::AID-ADMA1483>3.0.
CO;2-6

116.Jeong, N.; Hwang, K. S.; Yang, S.; Lee, S.-p. Mater. Charact. 2014,
89, 69–80. doi:10.1016/j.matchar.2013.12.016

117.Smith, B. R.; Ghosn, E. E. B.; Rallapalli, H.; Prescher, J.; Larson, T.;
Herzenberg, L.; Gambhir, S. S. Nat. Nanotechnol. 2014, 9, 481–487.
doi:10.1038/nnano.2014.62

118.Singh, R. K.; Patel, K. D.; Kim, J.-J.; Kim, T.-H.; Kim, J.-H.;
Shin, U. S.; Lee, E.-J.; Knowles, J. C.; Kim, H.-W.
ACS Appl. Mater. Interfaces 2014, 6, 2201–2208.
doi:10.1021/am4056936

119.Goenka, S.; Sant, V.; Sant, S. J. Controlled Release 2014, 173,
75–88. doi:10.1016/j.jconrel.2013.10.017

120.Xu, T.; Xie, X.; Yin, K.; Sun, J.; He, L.; Sun, L. Small 2014, 10,
1724–1728. doi:10.1002/smll.201303377

121.Deshpande, H. D.; Dean, D. R.; Thomas, V.; Clem, W. C.;
Jose, M. V.; Nyairo, E.; Mishra, M. Curr. Nanosci. 2012, 8, 753–761.
doi:10.2174/157341312802884409

122.Sanoj, P.; Kandasubramanian, B. J. Compos. 2014, 2014, 1–15.
doi:10.1155/2014/825607

123.Thomassin, J.-M.; Jérôme, C.; Pardoen, T.; Bailly, C.; Huynen, I.;
Detrembleur, C. Mater. Sci. Eng., R 2013, 74, 211–232.
doi:10.1016/j.mser.2013.06.001

124.Aldalbahi, A.; in het Panhuis, M. Carbon 2012, 50, 1197–1208.
doi:10.1016/j.carbon.2011.10.034

125.Balan, B. K.; Kale, V. S.; Aher, P. P.; Shelke, M. V.; Pillai, V. K.;
Kurungot, S. Chem. Commun. 2010, 46, 5590–5592.
doi:10.1039/c0cc00571a

126.Baaziz, W.; Begin-Colin, S.; Pichon, B. P.; Florea, I.; Ersen, O.;
Zafeiratos, S.; Barbosa, R.; Begin, D.; Pham-Huu, C. Chem. Mater.
2012, 24, 1549–1551. doi:10.1021/cm300293b

127.Zhang, G.; Lou, X. W. Sci. Rep. 2013, 3, No. 1470.
doi:10.1038/srep01470

128.De Jong, K. P.; Geus, J. W. Catal. Rev.: Sci. Eng. 2000, 42, 481–510.
doi:10.1081/CR-100101954

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of

Nanotechnology terms and conditions:

(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjnano.6.53

http://dx.doi.org/10.1002%2Fadma.201300257
http://dx.doi.org/10.1021%2Fnl080875s
http://dx.doi.org/10.1039%2Fc3nr32649g
http://dx.doi.org/10.1002%2Fsmll.201001857
http://dx.doi.org/10.1002%2Fcctc.201300527
http://dx.doi.org/10.1038%2Fnnano.2007.107
http://dx.doi.org/10.1002%2Fpssb.201200127
http://dx.doi.org/10.1021%2Fjp710543u
http://dx.doi.org/10.1021%2Fjp991424m
http://dx.doi.org/10.1016%2FS2095-4956%2813%2960031-5
http://dx.doi.org/10.1002%2Fsmll.201302613
http://dx.doi.org/10.1002%2Fpssb.201200349
http://dx.doi.org/10.1021%2Fnn303461q
http://dx.doi.org/10.1063%2F1.1786347
http://dx.doi.org/10.1016%2Fj.jpowsour.2014.04.021
http://dx.doi.org/10.1007%2Fs11581-014-1277-y
http://dx.doi.org/10.1007%2Fs11051-012-1016-0
http://dx.doi.org/10.1016%2Fj.carbon.2009.12.045
http://dx.doi.org/10.1016%2Fj.pmatsci.2014.08.002
http://dx.doi.org/10.1016%2F0379-6779%2896%2980096-8
http://dx.doi.org/10.1007%2Fs100510050363
http://dx.doi.org/10.1021%2Fnl2027684
http://dx.doi.org/10.1002%2F1521-4095%2820021016%2914%3A20%3C1483%3A%3AAID-ADMA1483%3E3.0.CO%3B2-6
http://dx.doi.org/10.1002%2F1521-4095%2820021016%2914%3A20%3C1483%3A%3AAID-ADMA1483%3E3.0.CO%3B2-6
http://dx.doi.org/10.1016%2Fj.matchar.2013.12.016
http://dx.doi.org/10.1038%2Fnnano.2014.62
http://dx.doi.org/10.1021%2Fam4056936
http://dx.doi.org/10.1016%2Fj.jconrel.2013.10.017
http://dx.doi.org/10.1002%2Fsmll.201303377
http://dx.doi.org/10.2174%2F157341312802884409
http://dx.doi.org/10.1155%2F2014%2F825607
http://dx.doi.org/10.1016%2Fj.mser.2013.06.001
http://dx.doi.org/10.1016%2Fj.carbon.2011.10.034
http://dx.doi.org/10.1039%2Fc0cc00571a
http://dx.doi.org/10.1021%2Fcm300293b
http://dx.doi.org/10.1038%2Fsrep01470
http://dx.doi.org/10.1081%2FCR-100101954
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjnano
http://dx.doi.org/10.3762%2Fbjnano.6.53

	Abstract
	Introduction
	Review
	Approaches for filling carbon nanostructures
	Opening the capped ends
	Electrochemical filling
	Filling through functionalization
	Capillary filling
	Vapour-phase filling
	In situ filling
	Recent developments


	Conclusion
	References

