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Background incl. aims 
Surface functionalization of 1D and 2D nanomaterials is a perfect way for controlling their 
properties [1-5]. Very detailed structural and chemical composition analyses, at the atomic 
scale, of such surface modifications are required in order to determine their impact on the 
electronic/optoelectronic properties. Transmission electron microscopy (TEM) and in 
particular, spatially-resolved electron energy loss spectroscopy (SR-EELS) developed in an 
aberration-corrected TEM, is the most powerful technique to get this information. Indeed, 
having access to a close to 1 angstrom electron probe, the atomic configuration and 
concentration of the different species of these functionalized nanomaterials can be obtained 
[1-5]. In this contribution, we report an in-depth study of the atomic configuration of 
covalent and non-covalent functionalized (pi-stacked and endohedral) single-walled (SW) C-
NTs via SR-EELS [5].  

Methods 
These studies have been developed via spatially-resolved EELS performed using a liquid-
nitrogen holder (−170 °C) and Thermo Fisher Scientific Titan Low-Base microscope, working at 
80 kV. This microscope is equipped with a Cs probe corrector, a monochromator and an ultra-
bright XFEG electron source. The HRTEM studies have been carried out in a Thermo Fisher 
Scientific Titan Cubed microscope (equipped with a Cs image corrector), under the same 
cryogenic conditions (−170 °C) and at 80kV. 

Results 
We have investigated different systems of functionalized NTs (covalent and non-covalent 
(endohedral and pi-stacked)), for getting local information about these different hybrid 
configurations, studying the chemical environment and bonding of the NTs and the organic 
moieties [2-5]. Figure 1 illustrates some of these results, in particular the case of endohedral 
functionalization: iron-phthalocyanine (Fe-Pc) moieties in single-walled nanotubes [5]. Figure 
1 (a) corresponds to a HRTEM image of one of these individual filled single-walled C-NTs. 
Figure 1 (b) displays an atomic-sketch, showing the supramolecular order of the Fe-Pc within 
a SWNT and Fig. 1 (c) shows an atomic-sketch of one of these Fe-Pc molecules (a Fe atom is 
surrounded by 4 pyrrolic-like subunits). As it is well known, these NTs tend to be organized in 
bundles. Figures 1 (d) and (e), which correspond to of STEM (BF and HAADF) micrographs, 
show one these bundles of SW-CNTs. A 24x12 EELS spectrum-image (SPIM) has been 
recorded in the green marked area on one of these NT. (f) EEL spectra extracted from the 
squared regions marked in Fig. 1(e). They correspond to four EEL spectra each of them. C-K, 
N-K and Fe-L₂,3 edges are clearly seen. From these spectra, nitrogen and iron elemental maps 
can be obtained, see Fig. 1 (g) and (h). These studies reveal the supramolecular organization 
of the organic moieties (in this present case showed in this figure, iron-phthalocyanines) used 
for the functionalization of the NTs [5].
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Conclusion 
In summary, these works provide very rich information about these hybrid and complex 
nanomaterials, opening fascinating perspectives for optoelectronic applications of such nano-
systems. All these aspects will be discussed in this contribution. 

Graphic - Figure: (a) HRTEM micrograph of a SW-CNT filled with iron-phthalocyanine (Fe-Pc) 
moieties. (b) Atomic-sketch showing the supramolecular order of these Fe-Pc entities within a 
SW-NT. (c) Atomic-sketch of a Fe-Pc (a Fe atom is surrounded by 4 pyrrolic-like subunits. (d)-
(e) BF- and HAADF-STEM images of a bundle of filled SWNT. A SPIM-EELS has been recorded in 
the green marked area. (f) EEL spectra extracted from the squared regions marked in Fig. 1(e). 
They correspond to 4 EEL spectra each of them. C-K, N-K and Fe-L2,3 edges are clearly seen. 
(g)-(h) N and Fe elemental maps. [5]
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