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Abstract 

The unique properties of two-dimensional (2D) nanomaterials make them highly 

attractive for a wide range of applications. As a consequence, several top-down and 

bottom up approaches are being explored to isolate or synthesize single-layers of 2D 

materials in a reliable manner. Here we report on the synthesis of individual layers of 

several 2D van der Waals solids, namely CeI3, CeCl3, TbCl3 and ZnI2 by template-

assisted growth using carbon nanotubes as directing agents, thus proving the versatility 

of this approach. Once confined, the metal halides can adopt different structures 

including single-layered metal halide nanotubes, which formation is greatly enhanced 

by increasing the temperature of synthesis. This opens up a new strategy for the 

isolation of individual layers of a wide variety of metal halides, a family of 2D materials 

that has been barely explored.  
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1. Introduction 

The formation of low dimensional systems is a powerful tool for tuning the physical 

properties of materials. As a consequence, a wide variety of approaches have been 

explored to synthesize and control their size, morphology and crystal structure. 

Template-directed synthesis represents a convenient and versatile route for the growth 

of low dimensional systems and both organic and inorganic-based materials are being 

employed as templates. In this sense, carbon nanotubes (CNTs) are an attractive host 

since they can have a variety of diameters and lengths and their inner hollow cavity can 

be filled with a large variety of compounds.[1-6] Among them, metal halides have 

received widespread attention since the resulting hybrids are of interest for instance for 

biomedical imaging [7-9], even allowing mapping of cellular organelles.[10] In general, 

confinement of materials within the walls of CNTs results in the formation of molecular 

entities, nanoclusters or nanowires. For the vast majority of applications removal of the 

carbon template is not desired since the resulting hybrid typically presents a high 

stability. Furthermore, the presence of CNTs might create synergistic effects with the 

filling material resulting in unique properties and superior performance.[11] Actually, 

the application of filled CNTs expands from molecular magnets[12] to biomedicine[13] 

going through sensors[14]. More recently, the possibility of isolating individual layers 

of two-dimensional (2D) materials inside CNTs has attracted a great deal of attention. 

Nanoribbons of graphene[15] and metal dichalcogenides (MoS2, WS2)[16] have been 

synthesized within the cavities of single- and double-walled CNTs, whereas single-

layered PbI2 nanotubes have been grown using multi-walled CNTs as templates.[17] A 

recent theoretical study by Zhou et al. reveals that these heterostructures, consisting of 

single-layers of PbI2 and a carbon layer can substantially enhance the visible light 

response, suggesting potential applications in novel 2D optoelectronics and 
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photovoltaics.[18] Despite their interest, the number of reports on single-walled 

inorganic nanotubes is limited because the formation of their multi-walled counterparts 

is favored during the synthesis.[19] Therefore, the possibility of growing single-layered 

nanotubes using CNTs as directing agents opens up a new synthetic strategy for the 

development of advanced nanomaterials that combine the characteristics of both 1D and 

2D systems.[20] Here we show that the templating strategy is versatile by reporting on 

the synthesis of single-layered nanotubes of TbCl3, CeI3, CeCl3 and ZnI2. Furthermore, 

by controlling conditions of the synthesis it is possible to enhance the formation of these 

single layered structures. The present approach expands the strategies available for the 

isolation and growth of individual layers of 2D van der Waals solids, which can go via 

bottom-up (e.g. chemical vapor deposition) and top down (e.g. liquid phase exfoliation) 

approaches.[21, 22] Among the different morphologies that 2D materials can adopt, the 

formation of nanoscrolls,[23] concentrically rolled-up 2D layers, is getting an increased 

attention. For instance, highly thermal-stable paramagnetism has been recently reported 

by rolling up MoS2 nanosheets,[24] and an enhanced photon absorption has been 

observed in spiral nanostructured solar cells. [25] The formation of nanoscrolls also 

opens up new opportunities in composite materials.[26] When both longitudinal edges 

of an individual 2D nanoscroll are seamlessly joined, a single-layered nanotube is 

formed, typically referred to as single-walled nanotube. The concept of using edgeless 

2D rolled-up sheets is for instance being investigated for the development of 

ultracompact plasmon circuitry at the nanoscale because plasmons along 2D ribbons 

suffer from scattering at edges.[27]  

Noteworthy, within the several families of van der Waals solids, metal halides have 

received little attention when it comes to the individualization of their constituent layers 

and will be the focus of the present study.  
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2. Experimental 

2.1 Filling of MWCNTs with TbCl3, CeCl3, CeI3 and ZnI2 

 Multiwalled carbon nanotubes (CVD, Thomas Swan Co.Ltd.) were steam treated in 

order to remove amorphous carbon and graphitic nanoparticles and to open their 

ends.[28] Additionally, the sample was treated with a 6 M HCl solution to remove the 

catalytic metal nanoparticles,[29] filtered and dried overnight at 60 ºC. In an argon-

filled glove box, purified CNTs and the corresponding salt (TbCl3, CeI3, CeCl3 or ZnI2) 

were ground with an agate mortar and pestle until the mixture presented a uniform 

color. The mixture was then transferred into a silica ampoule, evacuated and sealed 

under vacuum. The ampoule was placed into a furnace where it dwelled at temperatures 

above the melting point of the salt, during 12 hours. The respective temperature was 

obtained after a controlled heating rate (5 ºC.min-1). Finally, the samples were cooled at 

0.42 ºC.min-1 until temperatures under the melting point and subsequently at 5 ºC.min-1 

until room temperature. In order to tailor the nature of the inner structure obtained 

inside the template, ZnI2 was treated at temperatures ranged between 475 ºC and 1000 

ºC. Time of treatment and heating ramp were kept constant (12 h and 5 ºC.min-1, 

respectively). 

2.2 Characterization 

The morphology and the distribution of the inorganic structures grown within the 

MWCNTs was studied recording TEM, HRTEM images and high-angle annular dark 

field (HAADF) images in scanning transmission electron microscopy (STEM) mode. 

TEM images were obtained using a JEOL 1210 microscope, operating at 120 kV. 

HRTEM was carried out in a FEI Tecnai F20 microscope operating at 200 kV. Samples 

were prepared by sonicating and dispersing in hexane. Afterwards, they were placed 
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dropwise onto a lacey carbon coated Cu support grid. EDX analysis was performed on a 

FEI Quanta SEM by placing the Cu grid on top of an aluminium support.    

3. Results and Discussion 

Single-layered nanotubes of several 2D van der Waals solids, namely TbCl3, CeI3, 

CeCl3 and ZnI2, were prepared by molten phase capillary wetting,[30] using steam 

purified and open-ended multiwalled CNTs (MWCNTs) as templates (see experimental 

details). A mixture of MWCNTs and the metal halide was annealed under vacuum at 

temperatures above the melting points of the selected materials (475 °C-1000 °C).[31] 

The successful formation of single-layered inorganic nanotubes was confirmed by 

analysis of the resulting sample by high-resolution transmission electron microscopy 

(HRTEM) and scanning transmission electron microscopy (STEM). Figure 1 shows a 

HRTEM image of a single-layered TbCl3 nanotube synthesized within the cavity of a 

MWCNT at 650 °C. The metal halide layer is easily differentiated from the walls of the 

carbon nanotube due to the difference of contrast.  

 

Figure 1. HRTEM image of TbCl3 single-layered nanotube confined within a MWCNT. 

 

Next, to provide evidence of the versatility of this approach, the growth of individual 

layers of cerium based 2D systems was attempted. CeI3 and CeCl3 were the materials of 

choice being filled at 900 °C and 850 °C respectively. Since the constituent elements of 

the employed salts are heavier than carbon (from CNTs) it is possible to easily discern 

the filling material by means of high-angle annular dark field (HAADF) STEM 
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imaging. The intensity of HAADF-STEM images (also called Z-contrast imaging) 

scales approximately with the square of the atomic number. Thus heavy elements, metal 

halides in our case, will appear brighter than light elements, such as carbon from the 

CNTs. Therefore, the bright lines observed in Figure 2 (a) and Figure S1 (a) along the 

inner walls of the CNTs can be attributed to the metal halides. The diameter of the 

inorganic nanotubes displayed in the HAADF-STEM images is in the range of 3.5-6.9 

nm. The thermal annealing of metal halides in the presence of CNTs also results in the 

formation of other nanostructures inside the CNTs (Figure S2), which mainly take the 

form of nanorods but nanoparticles have also been observed inside few CNTs. When 

nanorods are present, these can either completely (Fig. S2 (a)) or partially (Fig. S2 (b)) 

fill the hollow cavity of the CNTs, the latter adopting a polycrystalline snake-type 

morphology. To discern between both types of structures we will refer to the former as 

nanorods and to the latter as “nanosnakes”. In most cases crystalline structures are 

observed for the confined metal halides. The spacing of the lattice fringes in the 

HRTEM image of the CeI3 nanorod in Figure S2 (a) is in good agreement with the (130) 

plane of bulk CeI3 presenting an orthorhombic structure, thus confirming the successful 

encapsulation of this material.[32]  
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Figure 2. HAADF STEM images of (a) a CeI3 inorganic single-layered nanotube 

confined within a MWCNT and (b) intensity profiles of two segments of a MWCNT 

containing a nanotube (A, red line) and a nanorod (B, green line) of CeI3. 

 

The coexistence of different types of inorganic nanostructures inside an individual CNT 

has also been observed. For instance, in Figure 2(b) a fragment of an inorganic nanorod 

of CeI3 has grown within the walls of a single-layer nanotube of the same material. Both 

types of structures can be easily discerned by visual inspection of the Z-contrast STEM 

image (Figure 2 (b)), but further evidence can be provided by intensity profiles across 

an area presenting a single-layered inorganic nanotube (red line, A) and an area 

containing a nanorod fragment (green line, B). Marked differences between the intensity 

profiles become evident. When the inner nanorod is present, the highest intensity is 

detected in the central space of the analyzed area, confirming the complete filling of the 
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host. In contrast, the intensity profile of the tubular fraction shows the highest intensity 

at the edges, with a diameter and shape determined by the inner cavity of the carbon 

nanotube. A much weaker intensity is registered in the intensity profile of an empty area 

where only carbon, from the CNT walls, is present (blue line, B; Figure S3). Although 

most of the CNTs have opened ends, the presence of some closed tips has allowed the 

formation of CeI3 caps which are visible in the Z-contrast STEM image in Figure S3. A 

clear differentiation between the inorganic nanotubes and nanorods is also visible by 

TEM analysis (Figure S4). 

Temperature being a key factor in the molten filling process,[33] we decided to 

investigate the role of this parameter towards the formation of nanotubes and other 

types of nanostructures. Therefore we analyzed the encapsulation of CeI3 at 800 °C and 

900 °C. Interestingly, a remarkable increase in the amount of single-layered nanotubes 

is observed upon increasing the temperature of the synthesis (from 7.4 % at 800°C to 

21.5% at 900 °C). To have statistically significant data, analysis of over 200 individual 

filled CNT was performed on each of the samples (Table 1); empty CNTs were not 

considered in this analysis. Figure S5 presents a detailed analysis of the different types 

of inner structures grown within the CNTs with respect to the temperature of the 

treatment (see Table S1 for numerical data). The sample of CeCl3 is also included for 

comparison. In all the prepared samples inorganic nanotubes can be present as "short" 

(bubble like nanostructures <35 nm in length, Figure S6) or "long" nanotubes (length > 

35 nm, Figure S1(a-c)), which are differentiated in the present analysis. In most cases 

short nanotubes were grown as at least three consecutive close ended hollow structures. 

For both materials, CeI3 and CeCl3, the presence of long nanotubes was clearly higher 

than short ones in all the prepared samples. 
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Table 1. Formation of inorganic nanotubes (in % frequency) versus other 

nanostructures in samples of CeI3 filled MWCNTs (CeI3@MWCNT) at two different 

temperatures. 

Sample Nanotubes (%) Other nanostructures (%) 

CeI3@MWCNT, 800 ºC 7.4 92.6 

CeI3@MWCNT, 900 ºC 21.5 78.5 

  

Taking into account that marked differences were observed by a mere increase in the 

temperature of synthesis, and in order to better understand the role of temperature on the 

formation of the different types of inorganic nanostructures, we next filled ZnI2 into 

steam treated CNTs. Cerium halides have significantly high melting points, which limit 

the range of temperature at which these materials can be encapsulated. ZnI2 was 

selected among the employed halides since it is also a layered van der Waals solid, it 

has the lowest melting point (446 °C) of all the materials investigated in this study, and 

a low surface tension of the melt.[34] The latter is a key parameter since liquids with 

low surface tensions will most readily wet the CNTs.[35] Moreover, the presence of the 

strongly scattering halogen (I, Z= 53) allows an easy differentiation of the grown 

structures by Z-contrast microscopy.[36, 37] Following the same protocol used for the 

Ce and Tb halides, a mixture of CNTs and ZnI2 was annealed under vacuum at about 30 

°C above the melting point of ZnI2 (475 °C). The resulting sample was analyzed by 

HRTEM and STEM which allowed us to confirm the successful growth of single- 

layered ZnI2 nanotubes confined inside the CNTs. Figure 3 (a) shows a representative 

STEM image of a ZnI2@CNT. The intensity profile is in good agreement with the 

presence of a single-layered nanotube since a sharp and high intensity profile is 

observed following the inner walls of the CNT. In this case, the diameter of the ZnI2 
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nanotubes is 5.6 nm. A schematic representation of a single-layered nanotube having the 

same diameter than the one observed in the experimental image is included in Figure 3 

(b). EDX analysis confirms the presence of the constituent elements, Zn and I (Figure 3 

(c)).  

 

Figure 3. (a) HAADF STEM image of ZnI2@MWCNTs with the respective intensity 

profile along the red line. (b) Schematic representation of a single-layered ZnI2 

nanotube with the diameter observed in the experimental image, projected along the 

main axis and cross section. (c) EDX analysis confirming the presence of both Zn and I 

in the sample along with C (from the CNTs); Al and Cu signal arise from the support 

employed for the analysis, whereas the Si peak could arise from the contact of the 

sample with the silica ampoule employed for the synthesis. 

 

Actually the intensity profile across the main tube axis can also be employed to 

determine the thickness of the inner coating. HRTEM images of several encapsulated 

metal halides, namely ZnI2, CeI3 and TbI3 are presented in Figure 4 along with the bulk 

structural model of the employed layered materials. The wall thickness determined by 
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means of intensity profiles is marked with white arrows in the HRTEM images. For 

ease of comparison, the unit cell is indicated with a black continuous line on the 

structural model, also including two of the lattice constants. The thickness of each 

constituent layer can be easily determined by dividing the value of the cell parameter 

perpendicular to the layers by the number of layers that it contains. In the case of ZnI2 it 

is straight forward since in the represented CdI2-type structure there is only one layer 

per unit cell.[38] Therefore, the thickness of each layer of ZnI2 equals to that of the unit 

cell 0.654 nm,[39] which also accounts for the van der Waals spacing between layers. 

Both CeI3 and TbCl3 can crystallize with an orthorhombic PuBr3-type structure with two 

layers per unit cell.[38] Thus, in this case the thickness of an individual layer would be 

0.70 nm (14.00 Å / 2) for CeI3[32] and 0.589 nm (11.774 Å / 2) for TbCl3.[40] It is 

worth noting that regardless of the encapsulated material, the measured wall thickness 

in the HRTEM images, namely 0.45 nm (ZnI2), 0.53 nm (CeI3) and 0.40 nm (TbCl3) are 

in good agreement with those of an individual layer of metal halide, 0.654 nm, 0.70 nm, 

0.589 nm. As expected, in all cases the thickness determined by the intensity profile is 

slightly smaller than the one derived from the crystallographic data of bulk crystals 

since as mentioned, the latter also takes into account the van der Waals distance 

between subsequent layers. Also with the measured thicknesses we can clearly discard 

the presence of two or more layers of metal halides coating the inner cavities of the 

MWCNTs. From over 600 inorganic metal halide nanotubes observed in the present 

study (Table S1) only in one case we could detect the presence of an inorganic nanotube 

bearing more than one layer; a triple-walled nanotube of ZnI2 (Figure S7). As it can be 

seen in the image the presence of a triple-walled nanotube can be easily discerned from 

the single-walled inorganic nanotubes analyzed so far. Actually both HRTEM and 

HAADF STEM have been previously used to assess the number of constituent layers of 

metal halides nanotubes. For instance, whereas PbI2 has been reported to form single-
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layered nanotubes inside the cavities of carbon nanotubes,[17] multi-walled PbI2 

nanotubes are formed when using WS2 nanotubes as templates.[41] 

 

 

Figure 4. Top panel: HRTEM images of (a) ZnI2@MWCNTs, (b) CeI3@MWCNT and 

(c) TbCl3@MWCNTs. Arrows point out the wall thickness of the encapsulated metal 

halides as determined by intensity profiles. Bottom panel: projection of the structural 

models of bulk (a) ZnI2 (b) CeI3 and (c) TbCl3. Large spheres correspond to the halides 

(I or Cl) and small spheres to the metals (Zn, Ce, or Tb). The unit cell is indicated with a 

black continuous line on the structural model, also including two of the lattice constants. 

 

To complete the study, and in order to further investigate the role of temperature on the 

formation of metal halide nanostructures, additional samples were prepared by 

annealing a mixture of ZnI2 and CNTs at 575 ˚C, 700 ˚C and 1000 ˚C. The structure of 

the encapsulated compounds was determined on more than 190 filled nanotubes for 

each of the prepared samples (Table S1). As it can be seen in Table 2, an overwhelming 

increase on the amount of inorganic nanotubes is observed when increasing the 
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temperature of the synthesis, from 21.4 % (at 475 ˚C) up to 64.9 % (at 1000 ˚C). This 

corresponds to a threefold enhancement of the formation of single-layered nanotubes. 

Obviously, the continuous increase in the amount of ZnI2 nanotubes upon increasing the 

temperature of synthesis results in a proportional decrease in the amount of other 

nanostructures present inside CNTs (Figure 5 (a)). This is in good agreement with the 

trend observed for CeI3 nanotubes. 

 

Table 2. Effect of the temperature of the synthesis towards the formation of ZnI2 

nanotubes or other nanostructures inside MWCNTs. 

Temperature of 

filling 

ZnI2 inorganic nanotubes 

(%) 

Other inorganic 

nanostructures (%) 

475 ˚C 21.4 78.6 

575 ˚C 25.8 74.2 

700 ˚C 37.8 62.2 

1000 ˚C 64.9 35.1 
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Fig. 5. (a) Bar diagram showing the distribution (frequency, %) of ZnI2 nanotubes 

versus other structures grown inside MWCNTs (for numerical data see Table S1). (b) 

Detailed analysis on the effect of temperature towards the formation of ZnI2 nanotubes, 

differentiating between long and short ones. (c) Role of temperature in the formation of 

other ZnI2 nanostructures, different from inorganic nanotubes, namely nanorods, 

"nanosnakes" and nanoparticles (NPs). 
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If we now focus on the formation of inorganic nanotubes (Fig. 5 b)), again both long 

and short structures were also observed, with similar characteristics to the CeI3 and 

CeCl3 samples (Figures S1). Again the amount of long nanotubes was always higher 

than the amount of short nanotubes for a given sample. Interestingly, a different trend is 

observed for the formation of short and long inorganic nanotubes upon increasing the 

temperature of the synthesis. In the case of long nanotubes, an increase in temperature 

produced a significant and continuous increase in the frequency of long inorganic ZnI2 

nanotubes (from 15.8 % at 475 ˚C to 60.7 % at 1000 ˚C). In contrast, in the case of short 

nanotubes, although at lower temperatures there is also an increase towards the 

formation of this type of structures, an inflection point is clearly visible at 700 ˚C and 

the lowest amount of short nanotubes is recorded at 1000 ˚C (4.2 %). This implies that 

at 1000 ˚C not only the formation of inorganic nanotubes is favored over other 

nanostructures but also the ZnI2 nanotubes obtained at this temperature will be longer 

than 35 nm (long nanotubes). 

Apart from single-layered inorganic nanotubes, other nanostructures were also observed 

within the CNT cavities, mainly nanorods and “nanosnakes” (Fig 5(c), Figure S8). ZnI2 

inorganic nanoparticles were not observed in most of the samples, except for the sample 

treated at 1000 ˚C, where only a 0.5 % was detected (Table S1). As expected, and in 

agreement with the general trend observed for the other nanostructures in Figure 5 (a), 

the amount of “nanosnakes” decreases with increasing temperature of the treatment. 

Interestingly, again an inflection point is observed at 700 ˚C for the ZnI2 nanorods 

which follows a similar trend than that found with short nanotubes, with a maximum at 

700 ˚C (33.5 %) and registering an abrupt decrease for the sample treated at 1000 ˚C 

down to 14.2 %. The changes observed at 700 ˚C clearly deserve special attention. The 

fact that the filling process is taking place above the boiling point of ZnI2 (625 ˚C)[31] 

might account for this, but further investigations are needed.  
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4. Conclusions 

To conclude, individual layers of different 2D van der Waals solids, namely CeI3, 

CeCl3, TbCl3 and ZnI2 have been isolated and grown in the form of single-layered 

inorganic nanotubes inside MWCNTs. The formation of inorganic nanotubes of several 

metal halides containing different anions and cations provides direct evidence of the 

versatility that the inner cavities of the CNTs offer for the isolation of individual layers 

of 2D materials. The influence of the temperature of the treatment on the resulting 

nanostructure has been explored in detail. The higher the temperature of the synthesis 

the higher the amount of single-layered metal halide nanotubes formed inside the 

hosting template. The versatility of the presented approach further expands the synthetic 

approaches for the isolation and growth of individual layers of 2D materials.  
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Figure S1. HAADF-STEM images of (a) CeI3 (b)TbCl3 and (c) ZnI2 nanotubes 
confined within MWCNTs. The ZnI2 nanotube presents a closing in the middle of the 
structure.  



 

 
 
Figure S2. High resolution transmission electron microscopy (HRTEM) images of 
MWCNTs filled with (a) a  CeI3 nanorod, (b) a CeI3 “nanosnake“, (c) ZnI2 nanoparticles 
and (d) a CeI3 nanotube.  

 

 



 
Figure S3. Intensity profile of a CeI3 closed tube. 
 
 

 

 

Figure S4. TEM image showing the simultaneous presence of a CeI3 nanotube and a 
nanorod inside the same MWCNT. The higher contrast on the edges when a nanotube is 
present allows the differentiation between the grown tubular structure and the empty 
area. 
 
 
 



 
 
Figure S5. Bar diagram showing the distribution (frequency, %) of the different CeCl3 
and CeI3 nanostructures grown inside MWCNTs. For numerical data see Tables S1 and 
S2.  

 



 

Figure S6. Short single-layered nanotubes grown within MWCNTs (a) TEM image of 
CeCl3 and (b) HAADF STEM image of TbCl3.  
 
 
 
 
Table S1. Nanostructres formed by molten phase filling of MWCNTs with CeI3, CeCl3 
and ZnI2 at different temperatures.  
 

Sample # of filled 
MWCNTs 

Long 
Nanotubes

Short 
Nanotubes

Nanoparticles
(NPs)

“Nanosnakes” Nanorods

CeI3, 800  ºC 
217 16 -- 7 184 10

100% 7.4% -- 3.2% 84.8% 4.6%

CeI3, 900 ºC 219 42 5 -- 153 19
100% 19.2% 2.3% -- 69.8% 8.7%

CeCl3, 850 ºC 578 98 9 6 441 24
100% 17% 1.6% 1% 76.3% 4.1%

ZnI2, 475 ºC 
443 70 25 -- 324 24

100% 15.8% 5.6% -- 73.2% 5.4%

ZnI2, 575 ºC 
426 72 38 -- 258 58

100% 16.9% 8.9% -- 60.6 13.6%

ZnI2, 700 ºC 328 86 38 -- 94 110
100% 26.2% 11.6% -- 28.7 33.5%

ZnI2, 1000 ºC 
191 116 8 1 39 27

100% 60.7 4.2% 0.5 20.4 14.2%
 
 
 
 
 



 
 
 

Figure S7. HAADF STEM image of a triple-walled ZnI2 nanotube inside the cavities of 
a MWCNTs. 

 
 
 

 

 
 
Figure S8. Bar diagram showing the distribution (frequency, %) of the different ZnI2 
nanostructures grown inside MWCNTs.  
 
 


