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Abstract 

There are many examples in which the cavities of carbon nanotubes have been filled 

with a variety of compounds. Unprecedented structures compared to those of the same 

material in the bulk are observed, such as low dimensional crystals. Such encapsulated 

materials can have unusual properties that differ from those of the bulk material. The 

scope of this review is to give a brief approach to the different nanostructures formed 

after encapsulation of inorganic compounds within the inner cavities of carbon 

nanotubes. The confined materials can take the form of one-dimensional nanowires, 

nanoclusters or even inorganic nanotubes. This review is part of the special issue of the 

journal dedicated to Prof. Malcolm L.H. Green, and special emphasis is thus given to 

the work performed by the group of Prof. Green.  
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Introduction 

Carbon nanotubes are synthetic carbon allotropes composed by one (single walled-), 

two (double walled-) or more (multiwalled-) concentrically rolled-up layers of 

graphene. The morphological characteristics of the nanotubes can vary depending on the 

method of synthesis and growth conditions. Their width can range from 0.5 nm up to 

tens of nm (depending on the number of concentric layers) and they can reach 

centimeters in length. Their cylindrical shape and chemical structure (honeycomb 

carbon lattice) confer the material unique properties with potential applications in 

biomedicine,[1, 2] catalysis,[3] nanocomposites[4] or electronics.[5] Their range of 

application can be further expanded by the formation of hybrid materials via endohedral 

filling[6-9] or external decoration.[10, 11] The encapsulation at the nanoscale, which is 

the focus of the present review, allows tuning the properties of both the guest species 

that can undergo modifications of their space configuration, crystalline structure or the 

atomic ratio of their constituting elements[7] and the host, which electronic and optical 

properties can also be impacted due to the interaction between the new encapsulated 

material and the walls of the nanotubes.[8, 9] When discrete molecules of a material are 

confined inside the nanotubes their intermolecular interactions can be modified, 

compared to their bulk counterpart, leading to the formation of new nanostructures, 

resulting from rearrangements or chemical reactions between the confined species. 

CNTs can also play a protecting role, thus isolating the encapsulated material from the 

outer environment that can affect the final structure of the guest.[12, 13] Thus, different 

parameters might be taken into account for tuning the formation of specific 

nanostructures inside carbon nanotubes. The resulting structure depends on the chemical 

nature of the bulk material, steric factors or the presence of more than one species inside 

the nanotube (when chemical reactions occur within the host). The morphological 
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characteristics of the host also play an important role, since CNTs can have a wide 

range of diameters and lengths, affecting the space available for the formation of these 

new entities.[14, 15] 

Different synthetic approaches have been proposed for encapsulating a wide number of 

species inside carbon nanotubes.[16] For both inorganic or organic species, the filling 

strategy depends on the properties of the guest, namely, crystal-nanotube interaction 

energy, melting point, viscosity, surface tension, vapor pressure, thermal stability or 

redox potential of the filler.[17] Filled carbon nanotubes can be prepared in one single 

step, in situ approach, when the inorganic catalyst used to promote the synthesis is 

simultaneously encapsulated inside the host. In situ approaches include arc-discharge, 

electrochemical and chemical vapor deposition methods and usually the processes lead 

to the encapsulation of metal or metal carbide nanoparticles and nanowires inside the 

carbon nanotubes. 

Ex-situ approaches, namely, molten phase, gas phase and solution filling are more 

widely used since a larger variety of compounds can be confined inside the nanotubes, 

independently of their size or surface characteristics. This also allows to use specific 

nanotubes (number of walls, semiconducting or metallic, controlled chirality, purity, 

etc.) if this is relevant. However in the specific case of filling from solutions, low filling 

yields may be obtained and a preliminary treatment to open the ends of the carbon 

nanotubes is required to allow the diffusion of the species within their inner 

channels.[18] 

The scope of this review is to give a brief approach to the different nanostructures 

formed after encapsulation of inorganic compounds within the inner channel of carbon 

nanotubes, with a special emphasis on the work performed by the group of Prof. 
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Malcolm L. H. Green. The effect of the morphology of the host and the filling method 

on the configuration of the new structure will be analyzed.  
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Selected examples of confined nanocrystals 

The formation of nanocrystals resulting from the confinement of inorganic compounds 

inside carbon nanotubes have been widely documented. Unlike the in-situ approaches, 

with severe limitations in terms of controlling the resulting nanostructure, ex-situ 

techniques offer numerous alternatives for growing new crystalline entities with specific 

characteristics ruled by the chemical and physical properties of the inorganic precursor 

and the dimensions of the host nanotubes.[17] Confinement effects include a lowering 

of the coordination environment as well as distortions of the crystalline lattice or new 

rearrangements leading to the formation of low-dimensional materials inside the 

nanotubes that in some cases give rise to new crystalline structures. Depending on the 

filler / nanotube system and the experimental conditions, a wide range of morphologies 

from discrete nanoparticles / nanoclusters to 1D nanowires may be obtained.  

Many efforts have been devoted to fill single-, double- and multi-walled carbon 

nanotubes with inorganic species. Usually, reports include the formation of crystalline 

nanoparticles and continuous nanowires, which structure is closely related to the 

method of synthesis. Using solvent-based techniques (solutions), nanotubes usually 

undergo partial filling of their cavities or the formation of discrete particles,[19, 20] 

probably due to the presence of solvation molecules that interfere in the growing of 

continuous structures within the nanotubes. Molten phase capillary wetting was proven 

as the most efficient technique for filling nanotubes with materials with surface tension 

below 200 mN/m.[21] First attempts to fill carbon nanotubes using this technique led to 

the formation of single crystals forming nanowires of metals,[22] metal oxides[23] and  

metal halides.[6] 

In most cases, the encapsulation protocol involves using a large excess of filler 

(compared to the available space inside the nanotubes). During the filling procedure the 
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material not only crystallizes within the inner channels of the nanotubes, but also a 

significant amount of the inorganic precursor remains external to the carbon 

nanotubes.[24, 25] Since the presence of external material will generally interfere with 

the properties of the sample, further washing is required to clean the nanotubes. The 

washing conditions (solvent, temperature, time) depend on the nature of the filling 

material.[24] Having samples free of external material allows the quantitative 

determination of the encapsulated compounds.[26] It has been experimentally shown 

that the material encapsulated within narrow SWCNT and few-walled CNT by melt 

filling cannot be removed during the washing step, even when harsh conditions are 

involved.[25, 27] This is because the ends of the CNTs close upon cooling, thus 

inhibiting the dissolution of the crystals.[28] The temperature required to provoke the 

spontaneous closure of the CNT ends is diameter dependent, and high temperatures are 

needed to seal filled MWCNTs (ca. 1200 ºC).[29] In contrast, when low temperature 

routes are employed, such as solution filling, the ends of the nanotubes remain opened. 

Having opened ends allows to use filled nanotubes as carriers and to activate the 

discharge of their content in specific conditions, such as a pH variation.[30, 31] Failure 

of the guest to dissolve from open-ended CNTs may be indicative of a strong host-guest 

interaction or of the difficulty of forming an effective solvation sphere within the 

confines of narrow capillaries.[27] When containment of the guest is desired, fullerenes 

can also be used to cork the open-ends of CNTs.[32] 

One important parameter to be considered for the template-assisted growth of 

nanomaterials is the inner diameter of the host. Meyer et al. carried out extensive studies 

of the influence of the inner dimensions of the carbon nanotubes on the crystalline 

structure of 1D materials obtained after molten phase filling of KI.[33, 34] Using high 

resolution transmission electron microscopy (HRTEM) and by means of through focal 
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series reconstruction, the authors determined the structure of the crystal encapsulated 

within SWCNTs of different diameters. The structure of the confined KI nanowires 

exhibit a preferred orientation with the <001> direction parallel to the tube axis, which 

is in agreement with the structure obtained when KCl was encapsulated within 

MWCNTs.[35] In all cases the thickness of the crystalline material was found to be 

ruled by the inner diameter of the tubes. Figure 1 shows the schematic representation 

(a)-1) and phase image (a)-2) of KI nanowires encapsulated within ca. 1.4 nm and 1.6 

nm in diameter SWCNTs, respectively. While narrower SWCNTs (<1.4 nm) 

encapsulate two-layered KI crystals, 1.6 nm in diameter SWCNTs can encapsulate up to 

five layers containing one, two or three atomic columns (cross section) of I or K.   

 
Figure 1. Structures of KI and CdCl2 crystals encapsulated within SWCNTs. (a) 

KI@SWCNTs: 1) Schematic representation of the 2x2 structure formed after encapsulation of 

KI within a 1.4 nm-width SWCNT. 2) HRTEM image of KI filled within a SWCNT (1.6 nm). The 

crystalline structure formed by five alternating layers (I-2K-3I-2K-1I or K-2I-3K-2I-K) 

undergoes lattice distortions that increase the interatomic distance in <110>. Adapted with 

permission from ref. [34], Copyright © 2000, The American Association for the Advancement of 

Science. (b) CdCl2@SWCNTs: 1) Twisted 1D polyhedral chain formed after the preparation of 

CdCl2@SWCNTs. The expected octahedral system 2), 3) was replaced by a square pyramidal 

structure 4) due to the removal of satellite Cl atoms. Adapted with permission from ref. [36], 

Copyright© 2002, The Royal Society of Chemistry.   
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Although that the observed crystals have all been resolved as single KI unit cells viewed 

along different directions, lattice distortions were observed when compared to the parent 

rock salt structure. Since the electronic environment varies more drastically at the edges 

of the encapsulated structure, atoms located at the faces and corners undergo a reduction 

in their coordination degree from 6:6 (bulk crystal) to 5:5 or 4:4 according to the case. 

While the two layered structure confined within 1.4 nm SWCNTs can only present the 

4:4 configuration, in case of the five layered structure all of them can be observed 

depending on the position of the atoms. 

The variations of the crystalline structure accompanied by the interaction with the van 

der Waals surface of the host (CNT inner wall) are responsible of both the longitudinal 

contraction and the expansion in the cross section observed in the three layered 

structure. Similar structural variations are observed after filling other metal halides,[36] 

such as TbCl3, which structure varied from a UCl3-type to CdCl2 –like system after 

encapsulation within SWCNTs (1.6 nm).[6] Other examples include changes of the 

orientation of the crystals due to the bending of the nanotubes, which might lead to the 

formation of new arrays of metal halides that cannot be associated to the bulk structure 

of the material[6] or the formation of new 1D polyhedral structures. Figure 1 (b) shows 

a nanocrystal of CdCl2 inside a SWCNT prepared by the molten phase capillary wetting 

approach. A twisted 1D chain was obtained after growing the crystal inside the confined 

space (b)-1). Considering the 2D layered bulk structure of the salt, the formation of a 

1D CdCl3 polyhedral chain would have been expected (b)-2), -3). However, as in the 

case of KI the confinement induces a reduction of the coordination state, leading to the 

formation of a square pyramidal shape resulting from the elimination of Cl atoms from 

the edges (b)- 4).[37] 
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One interesting case is the encapsulation of BaI2 within SWCNTs (Figure 2 (a)). In 

bulk, the structure of this alkaline earth metal halide is ruled by the pressure, adopting 

two different 9-coordinated and one 10-coordinated 3D forms. However, as in case of 

KI a reduction of the dimensionality is observed when confined within the nanotubes 

and the material adopts a configuration totally different to that of its bulk form. The 

resulting 1D polyhedral chain consists on a 1-2-3-2-1 system (a)-3) where Ba atoms 

(pink spheres, (a)-4) adopt both the octahedral (centre) or the pentagonal (edges) 

coordination, depending on the position of the atoms, similarly to the examples 

mentioned above. The formation of a novel structure of BaI2, totally different from those 

previously reported, highlights the potentiality of CNTs for acting as directing templates 

for the formation of new crystalline entities at the nanoscale.  

 
Figure 2. Structures of BaI2 and CoI2 crystals encapsulated within SWCNTs. (a) 

BaI2@SWCNTs: 1) 1D polyhedral chain of BaI2 encapsulated within a 1.6 nm-diameter 

SWCNT. A magnification of the selected area (white square) is shown in 2). 3) side-on and end-

on views of the one-dimensional nanostructure confined within the nanotube. 4) Ba atoms 

located at the edges adopt a pentagonal configuration while the atoms located at the centre are 

octahedrically coordinated to the I atoms. Adapted with permission from ref. [38], Copyright © 

2002 John Wiley and Sons. (b) CoI2@SWCNTs: Helical structure formed by 1) double chains of 

CoI4 (tetrahedral structure) that rotates (23º) to adopt a rectangular arrangement in 2). 

Adapted with permission from ref. [39], Copyright © 2003, Springer Nature. 
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The structure adopted by the guest can affect considerably the morphology and 

electronic properties of the nanotubes.[40] Philp et al. synthesized a helical 

nanostructure of CoI2 that differed from the 2D organization of the bulk, after 

recrystallizing the molten salt within SWCNTs. Figure 2 (b) shows a continuous chain 

of CoI2 encapsulated inside a SWCNT where two regions with different structures can 

be observed. The authors determined the structural model corresponding to the selected 

areas (b)-1) and (b)-2). In the first case, the higher intensity of the spots located at the 

column I suggests the superposition of cobalt and iodine atoms, in contrast to the lower 

intensity of the single atoms located along II. Thus, they proposed that each Co atom is 

tetrahedrally coordinated forming double chains of CoI4. Unlike the first area, in (b)-2) 

the higher intensity signal is located along the tube axis and an apparent narrowing of 

the distance of the atoms located at the perpendicular direction to this axis was 

observed. The higher intensity spots alternate with weaker signals, again corresponding 

to single I atoms located between columns of superimposed Co-I atoms. This was 

explained by a 23º rotation or “twisting” of the initial structure, leading to a rectangular 

arrangement. Different degrees of rotation (helical rotation) are observed along the 

continuous chain encapsulated in the nanotube (Phase image, Figure 2 (b)) that can be 

closely related to the variations in the diameter along tube. The twisting effects of the 

new nanostructure might be able to distort the electron mobility along the surface of the 

nanotubes that contains it, since it was proven that both the host and the inorganic guest 

interact in a very close manner.  

Not only metal halide nanocrystals have been reported inside the cavities of CNTs. 

Carter et al. studied the correlation between the novel 1D-structure of HgTe, formed 

after encapsulation in CNTs. The electronic modifications as well as the stability of the 

synthesized system were also investigated. Figure 3 (a)-1) shows an image of 
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HgTe@SWCNTs which corresponds to the presence of an orthogonal structure 

containing two layers of Hg2Te2 forming a Hg4Te4 motif. Additional constructions 

where the systems adopt different orientations regarding to the electron beam incident 

direction were observed. By varying both the local rotation angle regarding to the 

incident light and the internal Hg-Te-Hg angles (a)-2), the authors were able to 

determine the full three dimensional structure. Theoretical models were in agreement 

with the experimental data (a)-3), even in the case of tubes being tilted if compared to 

that initially observed (a)-4). The 1D HgTe nanostructure grown experimentally inside 

the tube shows significant modifications in its electronic properties, becoming 

semiconducting, compared to the bulk structural configurations (sphalerite and wurzite), 

which have semimetallic character.[41] 

 
Figure 3. Structures of HgTe and As crystals encapsulated within SWCNTs. (a) 

HgTe@SWCNTs: 1) Composite restoration of the phase of the exit plane wave function of one 

1.36 nm- nanotube containing HgTe crystallite. 2) structures derived from simulations of motifs 

showing tilting angles of 0º and 25º and different local rotation angles. 3) A detail of the images 

in 1) showing that the structure corresponds to the simulated nanostructure with an interatomic 

angle (γ) Hg-Te-Hg of 70º. 4) The experimental image matches to the model theoretically 

proposed of a structure tilted with respect to 1). Adapted with permission from ref. [41], 

Copyright © 2006, The American Physical Society. (b)As@SWCNTs: HRTEM images, HRTEM 

simulations and proposed structures of 1-3) As zig-zag chain and 4-6) As zig- zag ladder 

confined within SWCNTs. The gap between the two ladders observed in the experimental line 

profile 7) match with theoretical predictions 8). Adapted with permission from ref. [7], 

Copyright © 2018, John Wiley and Sons. 
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Monoelemental chains adopting a wide variety of structures have been also reported. 

Template-assisted synthesis of carbon allotropes,[42, 43] polymeric or ring shaped-

phosphorus[44, 45] and iodine chains[46] are some examples of using CNTs to prepare 

new low-dimensional crystals. Using a vapour phase technique, Hart et al. were able to 

grow 1D arsenic nanostructures within SWCNTs. (Figure 3 (b)) The employed 

approach allowed the confinement of As4 and two novel allotropic systems, namely, 

single stranded zig-zag chains (b)-1) and double stranded zig-zag ladders (b)-2). The 

final structure is closely related to the diameter of the host. The zig-zag ladders were 

found to prevail above the other structures. Thus CNTs were found to play a double 

role, acting not only as a template but also as a protecting agent to stabilize the new 

structures that might be highly reactive.[7]   

Computational methods provide valuable information to predict the structure, filling 

behavior, template effects and interaction of the inorganic guests with the 

nanotubes.[47] In fact, most of the examples highlighted in this review were supported 

by theoretical investigations.[48] Novel structures have also been predicted using 

computational methods, as in the case of the encapsulation of CuI inside narrow CNTs. 

Here, two scenarios were considered: (i) taking into account that Cu+ and Hg2+ have 

similar electronic configurations it seemed plausible the formation of a structure 

analogous to that formed by HgTe with a 3:3 coordination or (ii) since CuI adopts a 

rock salt structure under high pressure conditions (10 GPa), the formation of a 4:4 

coordinated structure (derived from the NaCl rock structure) could take place. The 

resulting structures are presented in Figure 4 (a) which correspond to the geometry 

optimization from (i) and (ii). In both cases Cu atoms are located in the center, forming 

a chain where each Cu shares two I atoms located at the edges. However, the structure 

depicted in 1) showed the lower energy values and was selected for modelling the CuI 
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encapsulated within SWCNTs of different diameters, namely 10.85 Å, 12.36 Å and 

13.56 Å. The spontaneity of the encapsulation process was directly proportional to the 

width of the tube, CuI undergoing a compression of its crystalline structure. [40]  

 
Figure 4. Predicted crystal structures of CuI@SWCNTs and CdSe@SWCNTs. (a) Optimized 

geometries of CuI encapsulated within small diameter carbon nanotubes. Adapted with 

permission from ref.[40], Copyright © 2008, The Royal Society of Chemistry. (b) Optimized 1) 

3:3, 2) 4:4 and 4:2 coordinated CdSe structures resulting from encapsulation of CdSe inside 

SWCNTs. Adapted with permission from ref. [49], Copyright © 2018, John Wiley and Sons. 

Kiselev et al. were able to encapsulate 1D crystals of CuI within SWCNTs[50] and 

subsequently determined experimentally the influence of the diameter of the host in the 

resulting structure of CuI encapsulates. Using 1.3-1.5 nm diameter arc-discharge 

SWCNTs and supported by theoretical calculations the authors identified the CuI 

hexagonal 3D bulk structure with a lowered dimensionality (by removal of peripheral 

atoms) and grown in the (001) and (1-10) directions parallel to the SWCNTs axis. The 

growth direction is closely related to spatial confinement effects. When a wider range of 

diameters was studied, microscopic observation led to consider that the CuI adopted two 

different types of crystalline structures: the 3D fcc crystal γ-CuI zinc blende (ZnS) and 
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the 3D crystal α-Cu rock salt (NaI) structural type. In order to encapsulate CuI crystals 

inside the SWCNTs (CCVD) with diameters ranged between 1.5 nm and 2 nm a half 

period translation of both types of structures was suggested. In case of the tetrahedral 

model (ZnS), which suffers a reduction of the number of the completely coordinated 

sites (from six to 1) after filling, a distribution of the atoms required for maintaining the 

stoichiometry was observed, accompanied by coordination of the peripheral copper 

atoms with the CNT host wall, which would stabilize their incomplete coordination. 

More drastic changes in the atomic distribution are required for encapsulation of the 

octahedral crystal (NaCl). In this case the fulfilling of the crystal stoichiometry can be 

obtaining either by filling outer cation positions or by removal of an iodine atom of the 

structure. However, the chosen option depends entirely of the diameter of the carbon 

nanotube. Finally, a 3D structure was observed after filling wider nanotubes (d >2 nm). 

Unlike the examples mentioned above, although the crystal maintains the (110) growth 

direction, the larger inner cavity of the nanotube allows the formation of more than one 

crystalline unit cell chain.[51] 

Interatomic distances decrease with the diameter of the nanotube whereas the charge 

transfer between the hosting nanotube and CuI shows the opposite trend.[40] As 

mentioned above, both spatial confinement effects and stoichiometric deviations in the 

crystals encapsulated within narrow nanotubes may favor the chemical interaction 

between the inorganic guest and the CNT walls.[52] Electronic variations in the 

structure of the grown CuI nanostructure, reflecting interactions of its valence electron 

with the conjugated system of the CNT walls, as well as evidence of distortions of the 

tetrahedron environment of Cu ions by iodine atoms were detected by                                                                          

analyses of the X-ray absorption spectra of the samples.[53, 54] Otherwise, the 

encapsulation of CuBr within both metallic and semiconducting nanotubes provokes 
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downshifts in the C1s binding energies (as determined by X-ray photoelectron 

spectrospy) when compared to pristine nanotubes. The observed changes can be 

attributed to charge transfer from the nanotube to the 1D crystal due to the presence of 

Cu vacancies. Chemical and Fermi level shifts are significantly enhanced when 

studying nanotubes with narrower diameters (1.1-1.3 nm) due to the increased 

interaction of the crystal with the CNT host and evidence of the CuBr coupling with the 

nanotube was presented.[52] This behavior has been also observed when growing CuI 

and CuCl within SWCNTs, the interaction with the host been proportional to the 

electron affinity of the halogen atom, namely, CuI@SWCNT< CuBr@SWCNT 

< CuCl@SWCNT. Both the electron affinity and the anion size play important roles in 

the 1D crystal diameter, CuX-SWCNT interaction, stability and distortions in the 

crystalline structure of the guest.[55] 

As a consequence of the crystal-CNT interaction, the electronic structure of carbon 

nanotubes suffers significant alterations. In order to determine filling induced changes 

in the electronic properties of the hosting SWCNT Kharlamova et al. evaluated both 

pristine (metallic) and AgCl@SWCNTs using Raman spectroscopy.[56] Variations in 

the RBM band of filled CNTs when compared to their empty counterparts suggest 

changes in the resonance excitation conditions due to deformations of the cross section 

of the host. Moreover, the upshifting and modification observed in the G-band confirm 

charge transfer between the nanotubes and the AgCl encapsulated crystals as well as 

doping and modification of the metallic to semiconducting character by gap opening in 

the band structure of filled nanotubes. In the same way, a transition in electrical 

transport features from hopping to weakly activated conduction by HgTe filling and 

also semi-metallic conduction in selenium-filled DWNT was also evidenced by 
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Chimowa et al, opening the way to a possible tuning of the transport properties of 

carbon nanotubes through filling. 

Computational techniques are also useful to determine the crystal structure of materials 

experimentally filled, but this is often difficult due to the presence of light atoms that 

cannot be discerned by microscopic techniques. Figure 4 (b) shows the elucidated 

structures of CdSe@SWCNTs. In this case, X-ray diffraction and computational 

approaches were necessary to determine the morphology of the crystals. Using previous 

references, the authors proposed structures analogous to the 3:3 coordinated HgTe (b)-

1), the NaCl rock salt (4:4, (b)-2) and a 4:2 CuI confined within CNTs.[50] After 

geometry optimization, the 3:3 coordinated model was established as the lower energy 

model, which also showed larger similarities when compared to the experimental 

results.[49]  

As illustrated above, the interaction between the host and the guest usually leads to 

distortions of the guest in order to fit within the available space offered by the inner 

channel of the nanotubes. However, in the case of SWNTs, the nanotube itself may be 

distorted due to the crystallization of the host. This was evidenced in the case of 

CoI2@SWNT [26] as discussed earlier. However, it is also possible, taking this the 

other way round, that the guest may not be allowed to crystallize if the inner space is 

too small and the distortion of the nanotube is made impossible when outer walls 

prevent it. This was shown for example in the case of the simultaneous filling of 

different kinds of nanotubes (SWNTs, DWNTs) where it was obvious in the case of the 

narrowest ones to crystallize PbI2 within SWNTs, while this was impossible in DWNTs 

having the same inner diameter (Figure 5 (a, b)). [15] 
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Figure 5. Structures of PbI2 encapsulated within DWCNTs. (a) and (b) show two examples of 

HRTEM images obtained near to Scherzer defocus of narrow DWCNTs filled with 

noncrystallizing PbI2. Phase images of 2H PbI2 encapsulated within a double walled carbon 

nanotubes of (c) ca. 2 nm and (e) 2.5 nm-diameter accompanied by their respective side-on and 

end-on models (d) and (f). Adapted with permission from ref. [15], Copyright © 2006, American 

Chemical Society. 

It was already mentioned that the synthesis method may play a role in both the filling 

yield and morphology of the inorganic nanoguest. When molten phase capillary wetting 

is employed for filling carbon nanotubes, the annealing temperature must be carefully 

selected, taking into account not only the melting temperature of the material but also 

whether it is susceptible to decompose, sublime, boil or undergo structural transitions. 

PbI2 is a clear example of how not only the morphology of the host but also the 

conditions of the filling experiment can affect the resulting nanostructure after 

confinement into carbon nanotubes.  

The layered structure of PbI2 undergoes variations under thermal treatments, leading to 

the formation of at least three stable polytypes. When PbI2 is encapsulated within CNTs 

at ca. 400 ºC the crystals show a clear selectivity to the formation of the 2H structure 

versus the 4H form. This is interesting because the temperature of treatment was enough 

to convert PbI2 to its 4H polytype.[15]  
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In order to be confined inside a 1.6 nm diameter SWCNT, a fragment of an ideal 2D 

layer of PbI2 might undergo a reduction of the coordination due to the removal of iodine 

atoms from the edges of the crystal formed by three chains of PbI6 octahedra.  This 

induces changes in the geometry of the crystal resulting in a structure with a central 

chain of PbI6 octahedra surrounded by two chains of PbI5 square pyramids. 

Experimental results match with the HRTEM simulation of the salt encapsulated within 

an equivalent nanotube (1.6 nm diameter). Narrower CNTs are able to accommodate the 

2H structure, while one single specimen of the alternating form (4H stacking) was 

observed inside a wider carbon nanotube (2 nm).[15] 

Additional structures of the 2H PbI2 polytype can be grown by filling double-walled 

carbon nanotubes of larger inner dimensions. Phase images of the observed hybrids and 

their corresponding structural models are shown in Figure 5 (c-f). Increasing the inner 

diameter of the tube (2.5 nm) allows encapsulating three octahedral layers of PbI2 with 

the crystal parallel to <121> with respect to its bulk form (e). Similar-sized nanotubes 

can encapsulate different microstructures due to variations of the orientation of the 

crystal. In both cases the <-210> reflections align parallel to the DWCNT axis, however 

the projections of the encapsulated crystals are viewed parallel to the non-equivalent 

<121> and <-1-21> directions, respectively.    

Filling PbI2 into CNTs with even larger diameters, i.e. MWCNTs, leads to the formation 

of single-layered PbI2 nanotubes (PbI2-NT). Figure 6 (a) shows a HRTEM image of a 

PbI2-NT@MWCNTs as prepared by high temperature filling. A large variety of 

materials have been shown to also coat the inner cavities of MWCNT forming single-

layered inorganic nanotubes (SLINTs), namely PbI2,[57, 58] ZnI2,[58, 59] CeCl3,[59] 

CeI3,[59] TbCl3,[59] GdCl3,[29] SmCl3[29] BiI3,[60] GdI3[61] and BiCl3.[62] The role 
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that the temperature of treatment has on the grown nanostructures was investigated 

using ZnI2 and MWCNTs.[59] It was observed that the formation of SLINTs could be 

favored by increasing the temperature of treatments, reaching a selectivity of ca. 60 %. 

A much higher selectivity towards the formation of SLINTs has been recently reported 

using laser-assisted filling of PbI2 inside MWCNTs (Figure 6 (b, c)). Not only the 

crystal structure, but also the optoelectronic properties of the material were found to 

change drastically upon encapsulation.[58]  

 
 Figure 6. Single layered PbI2 nanotubes encapsulated within MWCNTs. (a) HRTEM image of a 

sample prepared by conventional thermal annealing with the corresponding structural models. 

Adapted with permission from ref. [57], Copyright © 2013, John Wiley and Sons. (b) Schematic 

representation of laser-assisted filling of CNTs. (c) HAADF-STEM image of a single-layered 

PbI2 nanotube grown inside MWCNTs by laser-assisted filling. Reprinted (adapted) with 

permission from ref. [58], Copyright © 2018, American Chemical Society. 
  

From the examples illustrated above it becomes patent that not only the diameter of the 

hosting carbon nanotubes plays a major role on the amount of atoms that can be packed 

inside their inner cavities, but it also affects the interatomic distances and the 

distribution of those atoms along the crystalline structure. Since the atomic organization 

within the nanostructure is responsible of its chemical and physical characteristics, 

understanding the size-dependent building processes may allow the controlled tuning of 
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the properties of the guest structures. Paying special attention to this issue, both 

theoretical and experimental studies have been intended to understand the influence of 

the dimensions of the nanotubes in the structural characteristics of the final grown 

nanocrystal. Eliseev et al. observed three different nanostructures of PbTe, going from 

the bulk-like to lower dimensionality structures that can be distinguished within a small 

CNT diameter range (1.5 to 1.2 nm). When increasing the confining space (d = 1.32 

nm) the material changes its crystallization direction to one with lower surface energy 

(from (110) to (100)); the increase in the atomic density results in a lower stability of 

the structure. More drastic variations are observed as decreasing the CNTs diameter 

which include redistribution of the atoms and changes in the stoichiometry leading to 

crystals which do not exist in the PbTe bulk form.[63] Wynn et al. also predicted the 

formation of energetically favorable nanowires of GeTe which structure is clearly ruled 

by the radius of the carbon nanotubes.[64] In the case of BiI3, with a layered structure, a 

preferential formation of SLINTs against that of nanorods is observed when increasing 

the CNTs diameter.[60] The inorganic structural variations of the nanocrystals 

mentioned above are assigned to the influence of the inner diameter of the hosts, 

because according to theoretical calculations the chemical interaction and charge 

transfer between the crystals and the hosting nanotubes are thought to be negligible.  

The presence of filling material inside CNTs also modifies their mechanical properties, 

and especially their resistance to applied pressure. This was investigated in many 

systems using Raman spectroscopy, especially in the case if DWCNTs filled with 

PbI2,[65] Te [66] and Fe.[67] As illustrated in Figure 7, the pressure coefficient 

(expressed is cm-1.GPa-1) of the outer wall is larger than the one of the inner wall. This 

is already the case in empty DWCNTs.[68] However, the influence of the presence of 

nanocrystals within the nanotubes was clearly evidenced with a significant increase in 
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the slope (and thus an increase in the pressure coefficient) due to charge transfer 

between the guest and the host. No phase transformation of the guest was observed up 

to 11 GPa of applied pressure. 

 
Figure 7. Pressure dependence of inner and outer shells of empty and Te-filled DWCNTs. 

Reprinted with permission from ref. [66], Copyright © 2010, American Chemical Society.   

The temperature dependence of the frequency of the tangential modes of CNTs has also 

been evidenced (Se, Te, HgTe, PbI2 [69]) to depend on the filling of the nanotubes, and 

can thus be used to demonstrate that CNTs are filled or empty, without requiring TEM 

observation. Charge transfer of CNTs due to doping effect was also evidenced by 

Raman spectroscopy in the case of filling with Iodine,[70, 71] leading to p-doping of 

the nanotubes. Figure 8 shows some illustrations of the high filling rate and variety of 

arrangement of iodine, which can be obtained through filling in the vapour phase.  

Filling of CNTs was also proposed as an interesting way to tune the electrical transport 

properties of random assemblies of CNTs as already discussed earlier in the case of 

filling with Se or HgTe.[9] Finally, the magnetic properties of CNTs can also be 

modified through filling with magnetic compounds such as iron oxide of Gadolinium. In 

the case of iron oxide, superparamagnetic nanowires were stabilized within 

DWCNTs,[72] also leading to magneto-Coulomb effects.[73] DWCNTs Filled with 

Gadolinium exhibited Kondo effect and enhanced magnetic properties.[74, 75] 
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Figure 8. Annular Dark Field images (STEM operated at 200 kV) of I@DWNTs prepared 

from filling in the gas phase. (a) Several single iodine chains (filling at 140°C), (b) two single 

iodine chains as wells as other structures in the background (filling at 140°C), (c) two single 

iodine chains (filling at 827°C), (d) several single iodine as well as other structures in the 

background (filling at 827°C). Reprinted with permission from ref. [76]. Copyright © 2017, 

IEEE. 

Encapsulation of inorganic crystals within CNTs is an attractive route for the template-

assisted synthesis of new functional materials. CNTs not only act as moulds to control 

the dimensions of the new nanostructures, but also play a protective role, allowing the 

formation of nanostructures with a high interest due to their optical, chemical and 

electronic properties, but which stability at ambient conditions is extremely low.[77, 78] 

CNTs provide by themselves interesting characteristics to the new synthesized hybrids. 

Variations in the mechanical properties or induced electrical doping have been reported 

due to the interaction of both hosting nanotubes and inorganic crystals.[56] Thus, 

understanding the mechanisms of growth and interactions of the atoms from the 

encapsulated nanostructure with the conjugated lattice of the nanotubes is essential to 

develop new protocols for obtaining materials with specific properties and expanding 
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the range of applications. Using CNTs as template can lead to the formation of 

crystalline entities with different structures even when the same inorganic precursor is 

used. Thus, encapsulation within the cavities of CNTs can favour the formation of new 

low-dimensional allotropes[7] with special interest as semiconductors or sensors. 

Taking advantage of the versatility that the nanoencapsulation offers, CNTs can be used 

to prepare new hybrids with applications in nanoelectronics, optics and solar cells.[47, 

79] CNTs can also be used as directing and protecting agents to carry reactions 

involving sensitive materials within their cavities (nanoreactors), in some cases in 

absence of catalyst or to control de size of the desired product,[80] thus opening up 

many possibilities to develop new strategies of synthesis. 

 Conclusions 

Soon after the report of Iijima on carbon nanotubes back in 1991,[81] the possibility of 

filling their inner cavities was theoretically predicted by Pederson and Broughton.[82] 

On the following years several examples were published on the encapsulation of a 

variety of materials into multi-walled carbon nanotubes.[83] Prof. Malcolm L. H. 

Green, to whom this special issue is devoted, has performed an extensive research work 

regarding the filling of the inner channel of carbon nanotubes to synthesize 

unprecedented nanostructures, paving the way to many potential applications in a wide 

range of fields, from targeted drug delivery to sensors and nanoelectronics. The 

structure of the encapsulated material depends on the employed filling strategy, the 

diameter of the host and the host-guest interaction. Therefore, a given compound can 

adopt different structures when using CNTs as hosting templates. The revival of interest 

in this domain observed these recent years suggests that all the knowledge established 

so far will provide a strong basis for the understanding of the complex relationships 

between the host carbon nanotubes and guest compounds which can take the form of 
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nanoparticles, nanowires or even nanotubes. We hope it is clear from the short summary 

that the research in this field is at the interface between chemistry and materials science, 

requiring many modern analytical techniques and especially in the field of high-

resolution TEM and associated tools such as dark-field imaging, EELS spectroscopy, 

and reconstruction from through focal series. 
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