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in its pure metallic form throughout the process. As carbon 

nanotubes are widely used as supports for metal-containing 

catalysts, our methodology provides valuable guidance for 

selecting particular types of metals for catalytic reactions. 

 Finally, our study has demonstrated for the fi rst time that 

by controlling the energy of the e-beam (20–80 keV), we can 

drastically alter the pathways of chemical reactions of metals 

and effectively switch one type of reactivity to another. 

By reducing the e-beam energy from 80 to 40 keV EBIE 

changes to EBIR for Os, thus demonstrating the applica-

tion of AC-HRTEM not only as a powerful imaging method 

but also as a new tool for controlling and studying chemical 

reactions. Another key outcome of these measurements is 

that the extent and rate of transformations promoted by the 

metal in SWNT decrease as a function of the kinetic energy 

transferred from the e-beam to carbon atoms (Table  2 ). This 

clearly emphasizes the fact that the reactions observed in 

nanotubes by AC-HRTEM are promoted primarily by the 

kinematic collisions of fast electrons of the e-beam with 

atoms (so-called  knock on  effects) rather than ionization or 

phonon excitation, the effects of which should increase as 

the energy of e-beam is decreased from 80 to 40 keV and to 

20 keV. One of the reasons that knock on effects dominate in 

materials confi ned in nanotubes, and ionization and phonon 

excitation are less signifi cant, is that SWNTs are excellent 

heat and electric conductors which effectively supress any 

heating or ionization in the atoms and molecules confi ned in 

the nanotube under AC-HRTEM conditions.  

  4.     Experimental Section 

  Electron Microscopy : HRTEM imaging was carried out using an 
image side C s -corrected FEI Titan 80–300 transmission electron 
microscope operated at 80 kV acceleration voltage with a modifi ed 
fi lament extraction voltage for information limit enhancement and 
an image side C s -corrected Zeiss Libra 200MC TEM equipped with 
a monochromator (0.15 eV energy slit). [ 38 ]  This system was spe-
cially modifi ed for low voltage operation and operated at 40 and 
20 kV. [ 39 ]  Images were recorded either on a slow-scan CCD-camera 
type Gatan Ultrascsan XP 1000 (FEI Titan) or a CMOS-camera type 
TVIPS 416T (Zeiss Libra). For all in situ irradiation experiments, 
the microscopes provided a highly controlled source of local and 
directed electron radiation on a selected area of the sample. 
Experimentally applied electron fl uxes ranged from 2 × 10 6  to 
9 × 10 6  e −  nm −2  s −1 , and the total applied dose was kept the 
same, reaching ≈10 10  e −  nm −2  at the end of each experiment. TEM 
specimens were heated in air at 150 °C for 7 min shortly before 

insertion into the TEM column. All imaging experiments were car-
ried out at room temperature. 

 EDX spectra were recorded for small bundles of SWNTs 
(3–10 nanotubes) fi lled with each metal on a JEOL 2100F TEM 
equipped with an Oxford Instruments X-rays detector at 100 kV. 

  Image Simulation : TEM image simulation was carried out using 
the multislice program QSTEM. QSTEM uses the Dirac–Fock scat-
tering potential of Rez et al. [ 40 ]  A fi xed number of 30 slices per nano-
tube (corresponding to an average slice thickness of 0.05 nm) was 
chosen and images were calculated with a sampling of 0.015 nm 
per pixel. The aberration coeffi cients defocus parameters df,  C  S ,  A  1 , 
and  B  2  were set according to the imaging conditions in the specifi c 
experiment. The convergence angle was fi xed at 0.5 mrad. A total 
focus-spread (standard deviation)  σ  df  of 4 nm was assumed, and 
direction sensitive vibrations with amplitudes in the order of 1 to 5 pm 
were included in the image simulation. The effect of limited elec-
tron dose was emulated by applying noise to the calculated images 
using a custom-made Monte-Carlo program exploiting the Poisson 
statistics of electrons. Atomic models of SWNTs were built using a 
custom-made program taking into account different chiralities, if 
determinable in the experimental images. The structural models of 
the clusters are based on scaled bulk structures, if the symmetry 
and zone axis could be determined. The complex models (clusters@
SWNT) are rendered and iteratively fi tted to the experimental results. 

  Materials Preparation : SWNT (arc discharge, NanoCarbLab) were 
annealed at 540 °C for 20 min to open their termini and remove any 
residual amorphous carbon from the internal cavities, a 20% weight 
loss was observed. For Ru and Os samples the metal carbonyl pre-
cursor, Ru 3 (CO) 12  or Os 3 (CO) 12  (10 mg) (used as supplied, Sigma 
Aldrich) was mixed with the SWNT (5 mg), sealed under vacuum 
(10 −5  mbar) in a quartz ampoule and heated at a temperature slightly 
above the vaporization point of the respective metal carbonyl species 
for 3 d to ensure complete penetration of the SWNT by the metal car-
bonyl vapor. The sample was then allowed to cool. For Fe the SWNTs 
(5 mg) were immersed in a tetrahydrofuran (1 mL) solution of Fe  3 (CO) 12  
(10 mg) (Fisher Scientifi c) and stirred for 1 h under inert atmosphere. 
The solvent was removed by vacuum, fresh tetrahydrofuran (1 mL) 
added and the suspension stirred for a further 1 h. This process was 
repeated a total of three times. All samples were washed repetitively 
with tetrahydrofuran to remove any metal carbonyl from the exterior of 
the SWNT. 

 The nanotubes fi lled with metal carbonyls were sealed in a quartz 
ampoule under an argon atmosphere and heated at 600 °C, a tem-
perature signifi cantly above the decomposition point of the metal car-
bonyl species (≈150–200 °C), for 2 h to decompose the metal carbonyl 
into the desired pure metal nanoparticles. Alternatively the decompo-
sition process can be achieved directly during TEM using the e-beam 
as the energy source. Metal particles formed by thermal and e-beam 
decomposition of the metal carbonyls are virtually indistinguishable. 

  Theoretical Modeling : Density functional theory was employed 
to perform the calculations for metal bonding with pristine (10, 10) 
SWNT and with different vacancies (single SV, double DV, and tetra 
TV) in the nanotube sidewall. The binding energy was calculated 
as  E  (binding energy) =  E  (SWNT + M) −  E  (SWNT) −  E  (M), where  E  
(SWNT) is the nanotube energy,  E  (M) is the energy of an isolated 
metal atom and  E  (SWNT + M) is the energy of the structure con-
taining the nanotube and metal atom. [ 13 ]  

 The geometry optimization calculations of SV (10, 10) SWNT, 
DV (10, 10) SWNT, and TV (10, 10) SWNT structures were performed 
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  Table 2.    Observed changes in the activity of Os clusters toward carbon 
nanotubes as a function of electron beam energy, and the amount of 
kinetic energy transferrable from the e-beam to carbon atoms.  

 Electron beam energy

 80 keV 40 keV 20 keV

Maximum transferrable kinetic energy 

from e-beam to carbon atom ( T  max )

15.76 eV 7.59 eV 3.73 eV

EBIE activity High Low Low

EBIR activity Low High Medium




