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AC-HRTEM time series  

 
Figure S1. Structure evolution under 80 keV electron beam irradiation: time series of AC-

HRTEM images (a-f) showing structural transformations initiated by the electron beam. 

Experimental detail: total time 770 s, cumulative dose 3.4·109 e-/nm2. Scale bar is 1 nm.  

 

 
Figure S2. Structure evolution under 80 keV electron beam irradiation: time series of AC-

HRTEM images (a-d) showing structural transformations initiated by the electron beam. 

Experimental detail: total time 63 s, cumulative dose 1.2·108 e-/nm2. Scale bar is 1 nm.  
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Figure S3. Structure evolution under 80 keV electron beam irradiation: time series of AC-

HRTEM images (a-d) showing structural transformations initiated by the electron beam. 

Experimental detail: total time 480 s, cumulative dose 5.0·109 e-/nm2. Scale bar is 1 nm.  

 

 

Figure S4. Theoretical simulation of the structures observed in the NiNPs@SWNT sample by 

AC-HRTEM at 80 keV: (a)(i-iv) AC-HRTEM images of nickel clusters interacting with carbon 

fullerene structures show strong correlation with the contrast observed in simulated TEM images 

generated using limited (b)(i-iv) and infinite (c)(i-iv) doses of 80 keV electrons applied to the 

corresponding structural models (d)(i-iv). Scale bar is 1 nm. 
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Figure S5. Structure evolution in molecular dynamics simulations in vacuum: simulated 

structure evolution of the amorphous carbon with the nickel cluster attached in vacuum under 

electron irradiation in HRTEM: (a) transformation into an endohedral metallofullerene, (a1) 0 s, 

(a2) 103 s, (a3) 251 s, (a4) 300 s, (a5) 554 s, (a6) 700 s, (a7) 851 s and (a8) 1350 s; (b) into a 
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patched fullerene, (b1) 0 s, (b2) 103 s, (b3) 200 s, (b4) 503 s, (b5) 650 s, (b6) 1000 s, (b7) 1200 s 

and (b8) 1250 s.  

 

Video nl6b04607_si_002.avi: Video showing a time series of experimental AC-HRTEM images 

revealing the key stages of nickel cluster carbon transformation within the SWNT, showing 

evolution of a patched fullerene in which the nickel cluster interacts with carbon atoms of the 

nanotube sidewall and extrudes carbon in the form of a fullerene cage whilst simultaneously 

becoming incorporated within the cage structure (AVI). 

  

Video nl6b04607_si_003.avi: Video showing a time series of experimental AC-HRTEM images 

revealing the key stages of nickel cluster carbon transformation within a defect containing 

SWNT, depicting an example of endohedral metallofullerene formation in which the nickel 

cluster initially interacts with a defect in the nanotube sidewall before becoming fully encased by 

the carbon cage the nickel cluster, passivating the nickel and preventing it from interacting with 

the nanotube sidewalls (AVI). 

  

Video nl6b04607_si_004.avi: Video showing a time series of experimental AC-HRTEM images 

revealing the key stages of nickel cluster carbon transformation within the SWNT, depicting an 

example of endohedral metallofullerene formation in which the carbon cage fully encases the 

nickel cluster, passivating the nickel and preventing it from interacting with the nanotube 

sidewalls (AVI). 
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Note S1: Differentiation of structures in molecular dynamics simulations 

To obtain information on the topology of the composite structures observed in molecular 

dynamics simulations of the amorphous carbon and an attached nickel cluster, their bond 

network was analyzed on the basis of the “shortest-path” algorithm1. Two carbon atoms are 

considered as bonded if the distance between them does not exceed 1.8 Å, while for bonded 

carbon and nickel atoms, this maximal bond length is 2.2 Å. We then divided all of the carbon 

atoms in 22 types, depending on the number of carbon and nickel neighbours, their local 

environment and the distribution of non-hexagonal rings.  

Our analysis shows that there are two main types of carbon atoms that characterize the 

shape of the obtained hollow fullerene-like structures, these are the number of two-coordinated 

carbon atoms in chains, cN , and the number of three-coordinated atoms, 3aN , belonging to the 

amorphous domain of the structure. In both of these cases only atoms that are not bound to the 

nickel cluster are taken into account. Each three-coordinated atom is assigned with a unit vector 

that is normal to the plane passing through each of the three neighbors of the considered atom. If 

the angle   between these vectors at two bonded three-coordinated atoms is such that 

0 7cos .  , i.e. the atoms do not lie on a smooth surface, both of these atoms are labelled as 

belonging to the amorphous domain. Two-coordinated atoms are assumed to be in chains if at 

least one of the neighbouring carbon atoms is also two- or one-coordinated.  

During molecular dynamics runs the number of cN  and 3aN  atoms decreases gradually 

or sometimes rather abruptly as the amorphous carbon transforms into a hollow fullerene cage. 

We suppose that the amorphous carbon structure is transformed irreversibly into a fullerene-like 

structure when either the number of carbon atoms in chains, cN , or the number of three-
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coordinated carbon atoms in the amorphous domain, 3aN , reaches half of their initial values 

(depending on which of the quantities halves first). Such a decrease demonstrates that the initial 

irregular amorphous carbon structure ( C
c 3a tot 2N N N /  , where C

totN  is the total number of 

carbon atoms) is organized into a more regular fullerene-like structure with a cavity in the center.  

To differentiate the fullerene-like structures according to the relative position of the 

nickel cluster we also analyzed the total number of carbon atoms connected with the nickel 

cluster, CNi
totN , and the average distance between the centers of mass of the carbon atoms initially 

belonging to the amorphous structure and nickel atoms in the cluster, C Ni
CNi cm cmr  r r , where 

vectors C
cmr  and Ni

cmr  describe positions of the centers of mass of the carbon and nickel atoms, 

respectively. These two quantities allow us to separate the following types of nanoobjects: (1) 

endohedral metallofullerenes, (2) heterofullerenes with a nickel patch, (3) fullerenes with the 

nickel cluster attached to the outside and (4) fullerenes and detached nickel clusters. For 

endohedral metallofullerenes CNir < 3 Å. For fullerenes and detached nickel clusters CNir > 8 Å (

CNir  usually rises abruptly at the moment when the nickel cluster detaches and flies away from 

the fullerene). For heterofullerenes with the nickel patch and fullerenes with the attached nickel 

cluster, CNir  is between 3 and 8 Å. However, there are more carbon atoms connected with the 

nickel cluster for heterofullerene structures. In the case when the nickel cluster is attached, the 

total number of carbon atoms connected with the nickel cluster, CNi
totN , is less than 10 (including 

carbon atoms dissolved in the cluster), while in heterofullerenes it exceeds 10. 

Based on these two criteria, the first one to determine the transition from the initial 

amorphous carbon structure into a fullerene and the second one to differentiate between 
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fullerene-like nanoobjects according to the relative position of the nickel cluster, we follow the 

transformations of the structure during MD runs. To obtain time dependences of fractions of 

different structures and the number of transitions between them (Fig. 3) the parameters used in 

these criteria ( cN , 3aN , CNi
totN  and CNir ) are averaged over 50 seconds in the simulations under 

electron irradiation and 1 ns in the simulations under heat treatment. 
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