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 P6 3 /mmc  of the bulk metal) of Os confi rming the metallic 

nature of Os clusters. Osmium atoms are involved in the 

strongest interactions and bonding with the nanotubes con-

cave surface. They facilitate the rapid formation of vacancy-

type defects in SWNT sidewalls via the EBIE mechanism 

leading to covalent σ-bonding of Os with the edges of defects 

(Figure  3 g). To compensate for the continuous loss of carbon 

atoms promoted by Os clusters, the nanotube undergoes 

extensive restructuring manifested in narrowing of the nano-

tube diameter (Figure  3 h) and eventually complete breakage 

of the SWNT at an e-dose of ≈10 9  e −  nm −2 . The observed 

behavior clearly indicates the high affi nity of Os for carbon 

resulting in effective σ-bonding, which facilitates the forma-

tion of defects in the host-nanotube due to the ejection of C 

atoms from the specimen by the 80 keV e-beam. Our den-

sity functional theory (DFT) calculations confi rm that within 

the group VIII elements, Os forms the strongest σ-bonds 

with carbon (Table  1 ), which are necessary for the forma-

tion of extensive sidewall defects in the host SWNT. Exam-

ples of EBIR processes for Os clusters are signifi cantly rarer. 

Indeed, our previous comparative study of transition metals 

W–Re–Os along period 6 of the periodic table demonstrated 

that Os is most active toward the EBIE mechanism with no 

signifi cant EBIR processes observed for any of the elements 

of this triad under the experimental conditions used in that 

study. [ 26 ]    

 However, ascending in group VIII from Os to Ru showed 

marked changes in the observed behavior of the metal clus-

ters. Under the same imaging conditions Ru clusters appear 

to have a more diffuse surface and much faster dynamics 

than Os, continuously changing their shapes, so that exact 

determination of the metal atoms positions was challenging 

for this metal ( Figure    4  a), which refl ects the lower cohesive 

energy of Ru (Table  1 ). HRTEM contrast of Ru clusters and 

measured interatomic distances suggest that the ruthenium 

remains metallic within the nanotubes. Ru clusters facilitate 

the formation of sidewall defects of very limited size and to a 

signifi cantly lower extent than for Os clusters, with the result 

that no breakage of the SWNT can be caused. No signifi cant 

EBIE-type activity occurred, even during extended e-beam 

exposure, with many more EBIR transformations observed 

for ruthenium: the metal clusters appear to collect carbon 

atoms around them, in most cases forming spheroidal carbon 

shells (Figure  4 d–i). Such carbon shells, structurally similar to 

fullerenes, were found to be attached by their open side to 

the Ru clusters, (Figure  4 d–i) thus blocking most of the metal 

atoms from interactions with the host SWNT. In some cases 

carbon shells were found to wrap around the Ru cluster, 

completely enveloping it (Figure  4 d). Due to their very high 

curvature, the shells formed on Ru are metastable in the 

80 keV e-beam and undergo further transformations opening 

up and allowing limited interactions between the ruthenium 

atoms and the inner side of the SWNT (Figure  4 g–i). Never-

theless, their presence defi nitely inhibits any direct reactions 

between the metal and the nanotube.  

 Instead of facilitating the process of carbon atom ejection 

by the EBIE mechanism, as in the case of osmium, ruthe-

nium engages in more diverse bonding with carbon and plays 

the role of template promoting the assembly of new carbon 

nanostructures via a mechanism similar to that proposed for 
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 Figure 2.    a) The electron-beam-induced restructuring process: initially a carbon atom from the SWNT sidewall in the vicinity of the metal cluster 
is dislodged by the e-beam. The dislodged C-atom adheres to the metal cluster and proceeds to form metal carbide (as in the case of Fe, left) or a 
carbon shell (as in the case of Ru, right). b) In the electron beam induced ejection process the, dislodged carbon atom is completely removed from 
the specimen, causing gradual development of sidewall defects and breakage of the nanotube (as in the case of Os). c) The role that EBIE and EBIR 
mechanisms play, increases in opposite directions within group VIII of the periodic table.

  Table 1.    Physicochemical parameters of group VIII metals determining their reactivity with carbon nanotubes under the electron beam.  

Metal Cohesive energy [32]  
[kJ mol −1 ]

M–C σ-bond energy a)  
[kJ mol −1 ]

M–C π-bond energy b)  
[kJ mol −1 ]

Stable carbide [33] 

Os 1713 1040 84 No

Ru 1142 898 160 No

Fe 898 802 90 Yes

    a) Calculated for σ-bonding of corresponding metal atoms with a tetra-vacancy defect in a SWNT sidewall; binding energies for mono- and di-vacancy follow the same trend of relative energies; 

 b) Calculated for the concave side of a carbon nanotube.   




