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BET equation  

The BET equation takes into account different parameters (Equation S1), where n 
corresponds to the measured amount of gas adsorbed, P is the measured pressure, P0, the 
vapor pressure of the adsorbate, nm the monolayer coverage and C are fitting parameters.  
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Equation S1. BET equation. 

 

 

Figure S1.  Nitrogen adsorption isotherm of purified MWCNTs (2 h steam and HCl). 

 

Table S1. Carbon and oxygen contents (at. %) of raw MWCNTs, steam purified MWCNTs 
and purified MWCNTs after annealing under Ar at different temperatures. Atomic content 
was determined after measuring the areas of the corresponding signals from three different 
scans. 

Sample C  content 
(at. %) 

O content 
(at. %) STD 

Raw MWCNTs 98.61 1.39 0.29 
Purified CNTs 98.16 1.84 0.13 

MWCNTs, 900 ºC, Ar 98.38 1.62 0.46 
MWCNTs, 1000 ºC, Ar 98.59 1.41 0.25 
MWCNTs, 1100 ºC, Ar 99.08 0.92 0.1 
MWCNTs, 1200 ºC, Ar 99.06 0.94 0.04 
MWCNTs, 1300 ºC, Ar 99.35 0.65 0.09 



 
Figure S2. XPS and Raman spectra of raw MWCNTs, steam purified MWNCTs and purified 
MWCNTS after annealing under Ar at temperatures ranged between 900 ºC and 1300 ºC. 

 
Table S2. ID/IG ratios determined using RAMAN spectroscopy. Values correspond to the 
average of three scans of different areas of the sample. 
 

Sample ID/IG STD 
Raw MWCNTs 1.39 0.02 
Purified CNTs 1.74 0.03 

MWCNTs, 900 ºC, Ar 1.71 0.04 
MWCNTs, 1000 ºC, Ar 1.41 0.03 
MWCNTs, 1100 ºC, Ar 1.3 0.03 
MWCNTs, 1200 ºC, Ar 1.21 0.02 
MWCNTs, 1300 ºC, Ar 1.0 0.02 

 

 

  



Control sample. NaI filled into MWCNTs at 700 °C (open-ended filled 
MWCNTs) 

 
 
Figure S3. a) HAADF T/SEM of MWCNTs filled at 700 °C with NaI (NaI@MWCNTs) 
showing the presence of filling and b) the same sample after being washed with water 
showing the presence of empty nanotubes. As a guide to the eye, white arrows point to the 
encapsulated NaI. The bright intensity observed in some areas in (b) corresponds to the 
overlapping of empty MWCNTs. 
 
 
 
 
 



Multi-walled carbon nanocapsules (close-ended filled MWCNTs)  
 

 
 
Figure S4. HAADF T/SEM images of SmCl3 filled MWCNTs prepared by annealing at 
different temperatures, namely (a) 1100 °C, (b) 1200 °C and (c) 1300 °C. The presence of 
silica impurities from the synthesis process can be observed in (c). 
 
 
 



Table S3. Filling content of different metal halides in multi-walled carbon nanotubes after 
adequate removal of the non-encapsulated material. The purification process employed prior 
to the encapsulation of the selected payloads is also included. The employed purification 
protocols (1), (2), (3) are detailed below. 
 

Filled 

material 

Temperature 

of annealing 

/ °C 

Confirmation 

of filling by 

STEM 

TGA/ wt% 

FY 

ICP/ 

wt% FY 

EA/ 

wt% FY 

Purification 

process 

KI 1000 YES 13.4 N/A N/A (1) 

SmCl3 1100 YES 16.0 N/A N/A (1) 

SmCl3 1200 YES 17.5 20.2 18.7 (2) 

BaI2 1200 YES N/A N/A 7.5 (2) 

GdCl3 1200 YES 28.8 N/A 23.2 (2) 

SmCl3 1100 YES 11.3 N/A N/A (3) 

SmCl3 1200 YES 23.5 N/A N/A (3) 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 



 
 
Figure S5. HAADF STEM image of a GdCl3 filled multi-walled carbon nanotube 
(GdCl3@MWCNT) showing the presence of filling material and both ends being closed. 
HRTEM images of regions A and B, confirming the presence of closed tips. 
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Figure S6. HRTEM images of a GdCl3 filled multi-walled carbon nanotube 
(GdCl3@MWCNT) showing the presence of filling material and both ends being closed. 
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Figure S7. HRTEM images of SmCl3 filled multi-walled carbon nanotubes at 1200 °C 
(SmCl3@MWCNTs), (a) showing the filling and both ends being closed, (b) and filling in 
different compartments. 
 
 

 

 

 



 

Figure S8. Schematic representation of bulk GdCl3 in the orthorhombic PuBr3 structure.[1] 
Blue spheres represent Gd and brown spheres Cl. 
 
 

 

 

Figure S9. HAADF T/SEM image of NaI filled MWCNTs prepared by annealing at 1000 
°C. As a guide to the eye, white arrows point to the encapsulated NaI. 
 



 

Figure S10. Cytotoxicity of empty or filled MWCNTs in Beas-2B and MCF-7 cell lines, 
assessed by flow cytometry using PI/Annexin V staining. Cells were incubated with the 
material at indicated concentrations for 24 h. Data are represented as mean ± SD (n = 3). 

 

 

Purification of as-received MWCNTs 

Several purification protocols have been employed on as-received (raw) MWCNTs, with the 
aim of reducing the amount of catalyst present in the sample. Acid treated MWCNTs (short 
MWCNTs) were employed in some of the filling processes with the aim of visualizing both 
ends of individual nanotubes. Chemical vapor deposition grown multi-walled carbon 
nanotubes (Elicarb®) were provided by Thomas Swan Co. Ltd. As-received MWCNTs were 
initially grinded prior to their purification.  

Protocol 1 – The first protocol consists in a direct high temperature annealing of MWCNTs 
(up to 200 mg per purification)  in a tubular furnace in a mild-oxidizing steam + argon flow 
for two hours.[2] This treatment removes amorphous carbon and graphitic particles which can 
in turn be coating metal catalyst. After the steam treatment the exposed metal catalyst 
particles can be removed by using a subsequent acid treatment (reflux in 6 M hydrochloric 
acid, Panreac, at 110 °C). The steam treatment opens the ends of the MWCNTs allowing 
their subsequent filling with selected materials.[3] 

Protocol 2[4] – The second protocol consists in acid cutting, by using a mixture of 
concentrated nitric and sulphuric acid (Panreac) in a 1:3 ratio with carbon nanotubes (up to 
100 mg per purification, concentration 1 mg/mL) and sonication of the mixture for 24 hours. 
This treatment cuts the carbon nanotubes and at the same time exposes (oxidizes the graphitic 
coating) and dissolves some catalyst particles. The samples were quenched in water, filtered 
to remove acid, and neutralized with water. The acid treatment was then followed by an argon 
+ steam treatment for 1 h in a tubular furnace in order to remove the created carboxylated 
carbonaceous fragments (CCFs)[5] and further expose catalyst particles that can be removed 
by means of a subsequent hydrochloric acid treatment. The median length of the resulting 
MWCNTs has recently been reported to be 225 nm.[4] 



Protocol 3 –The third protocol is a combination of the previous two combining an initial 
steam treatment for 2 h , followed by HCl, acid cutting performed for 24 hours, and a final 1 
h steam and HCl treatment. 

MWCNT samples were collected after each of the employed protocols by filtration on top of 
a polycarbonate membrane (0.2 µm pore). The same pore size was employed after the filling 
experiments; therefore no changes in length distribution would be expected between the 
different samples employed in the present study. 

The three protocols will lead to samples of purified open-ended MWCNTs. Both the raw 
starting material of multi-walled carbon nanotubes and the purified samples have been 
characterized by SQUID and TGA, and selected ones also with ICP-MS and EA. All the 
purification processes employed have been proven to be effective in decreasing the catalyst 
content in carbon nanotube samples (Table S4). A lower Fe content is detected for protocols 
(1) and (3) compared to protocol (2) which could be associated with the time of steam 
treatment. It has been reported that steam is very efficient in removing the graphitic shells 
that are coating metal particles (catalyst) in the as-produced CNTs.[2, 6] The exposed metal 
nanoparticles can then be easily dissolved by a subsequent HCl treatment. 

 

Table S4. Catalyst content in multi-walled carbon nanotube samples determined by SQUID, 
TGA, ICP-MS and carbon content determined by EA after employing different purification 
protocols.“Steam purification” refers to a combined steam + HCl treatment, and “acid cut” 
refers to the use of a mixture of concentrated nitric and sulphuric acid. 

Material Purification 
process 

SQUID/wt% Fe TGA/wt% Fe ICP-MS/ppm Fe AE/% C 

Raw MWCNTs None 1.54 2.47 N/A 95.19 

Purified 
MWCNTs (1) 

Steam purification 0.002 0.15 179 96.74 

Purified 
MWCNTs (2) 
 

Acid cut + steam 
purification 

0.13 0.79 N/A N/A 

Purified 
MWCNTs (3) 

Steam purification 
+ acid cut + steam 

purification 

0.002 0.07 265 N/A 
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