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The role of Br in the selective synthesis of thin-walled carbon-

nanotubes with micrometre-length Fe3C-filling, Fe3C tip-filled 

carbon-nanotubes or empty carbon-nanotubes by pyrolysis of 

ferrocene and (6-Bromohexyl)ferrocene mixtures  
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We report an advanced chemical vapour deposition method which allows the synthesis-selection of thin 

walled carbon nanotubes filled with micrometre-length Fe3C single crystals, Fe3C  tip-filled nanotubes or of 

empty thin walled carbon nanotubes by controlled addition of  a not previously used precursor (6-

Bromohexyl)ferrocene to ferrocene.

Since their discovery, carbon nanotubes (CNTs) have attracted a 

great attention owing to their extremely high stiffness
1
, very large 

electrical conductivity properties
1,2

 and very high chemical stability
3-

6
. These exceptional properties make these nanostructures suitable 

candidates for numerous applications involving the creation of 

extremely stiff building blocks
1,2

, supercapacitors, electrodes, 

energy storage systems,
3-5

 films with extremely high conductivity 

(buckypapers)
3-5

 and capsules for magnetic crystals
6
, allowing the 

complete protection of the encapsulated material from the external 

environment. Particularly in the last decade, CNTs have indeed 

been filled with numerous magnetic materials, in particular metals 

like α-Fe and alloys like Fe3C, FeNi, FeCo, FeNiCo through chemical 

vapour deposition (CVD) approaches involving the sublimation and 

pyrolysis of metallocene molecules (typically ferrocene, 

cobaltocene or nickelocene)
6-16

.  However previous studies have 

shown that CVD of the only metallocenes (in laminar Ar flow 

conditions) can not allow the control of the CNTs filling-rate owing 

to the fixed carbon to metal ratio (10:1). Several solutions to this 

problem have then recently been proposed: CVD of ferrocene in 

locally perturbed vapours flow conditions
17

, pyrolysis of ferrocene 

and/or nickelocene in viscous boundary layers created between a 

rough surface and a laminar vapour flow
18-19

, and CVD of ferrocene 

and trichlorobenzene (or similar Cl-containing benzene structures) 

mixtures 
20-25

. In this context the latter approach has attracted a 

great attention owing to the key role played by Cl in the CVD 

reaction. Indeed it has been suggested that Cl can slow down the 

saturation-rate of the Fe-based catalyst by removing carbon 

feedstock through the formation of carbon chlorinated clusters CCl4 

which will then adjust the carbon to metal ratio in the reaction, 

favouring therefore the growth of CNTs with high filling rates. 

Furthermore it has been suggested that the combination of H ad Cl 

atoms can lead to the formation of HCl which at high temperatures 

(in the form of Cl-radicals) will etch the walls of the CNTs, allowing 

the growth of thin walled CNTs structures 
23-24

. However, despite 

the recent reports based on this approach, to the best of our 

knowledge no work has been performed on the specific case of Br 

and on its role in the control of the filling rate of the CNTs.  

In this paper, we report an advanced CVD approach which involves 

the sublimation and pyrolysis of mixtures of ferrocene with a not 

previously studied precursor: (6-Bromohexyl)ferrocene. Thanks to 

its metallocene-like structure and its low sublimation temperature 

(200-300 °C) this compound can be used to carefully study the 

effect of increasing Br concentration on the CVD reactions of 

ferrocene.  

In particular though scanning electron microscopy (SEM), energy 

dispersive X-rays (EDX), X-ray diffraction (XRD), transmission 

electron microscopy (TEM) and high resolution transmission 

electron microsocopy (HRTEM) we demonstrate that thin walled 

CNTs filled with micrometre long Fe3C single crystals can be 

synthesized by mixing 30 mg of ferrocene with very small quantities 

of (6-Bromohexyl)ferrocene (3.2 mg). Furthermore by fixing the 

quantity of ferrocene to that of 30 mg and varying the quantity of 

Page 1 of 8 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

(6-Bromohexyl)ferrocene from 3.2 mg to 6.4 mg and to higher 

quantities up to 25.6 mg we show  that a transition from thin walled 

CNTs with micometre-length filling rates to tip-filled CNTs and to 

empty thin CNTs can be clearly found. We attribute this sharp 

transition to an etching interaction imposed by the formation of Br 

radicals in the pyrolyzed vapour and to the possible formation of 

metal-bromide species. EDX analyses indeed show the presence Br 

residues up to 2 weight % in the catalyst particles. Instead (see Fig.1 

Supp Info) the pyrolysis of the only (6-Bromohexyl)ferrocene  did 

not yield the growth of CNTs. We attribute this result to the high 

concentration of Br created in the pyrolyzed vapour by the 

extremely low Ar flow rates of 11 ml/min used in our CVD system.  

The CNTs-yield of the produced samples is measured through 

thermo-gravimetric analyses. 

The morhology of the CNTs obtained by CVD of mixtures of 30 mg 

of ferrocene and 3.2 mg of (6-Bromohexyl)ferrocene (sample 1) was 

revealed by SEM micrographs taken from the CNTs-growth-area 

peeled-off from the surface of the Si/SiO2 substrate extracted from 

the CVD reactor. A typical SEM micrograph is shown in Fig.1. As 

shown in Fig.1A the CNTs are found to grow from unusual films of 

Fe-based catalyst particles. These films are very different with 

respect to those generally obtained as product of the pyrolysis of 

the only ferrocene
9-11

 (aligned films of CNTs). The film was peeled 

off from the substrate with a carbon film-tape for the SEM analyses. 

In order to observe the grown CNTs the attention was focused in 

the fractured regions of the catalyst-film. This can be observed with 

an high detail in Fig.1B where many CNTs connected to the catalyst-

film are found. In particular the filling rate of the CNTs structures 

was revealed by backscattered electron micrographs. This 

technique can allow to observe the differences in atomic contrast 

between the Fe-based crystals inside the CNT-core and the CNT. 

The encapsulated crystals can be observed in the bright areas of 

Fig.1C and 1D. The red star indicates a typical example of 

encapsulated Fe-based crystal. In particular, as shown in Fig.1C-D 

the diameter of the encapsulated crystals is found to be in the 

range of 3-10 nm and typically increases at the capping point 

(region of CNTs closure) of each CNT and reaches a diameter of 

approximately 100-200 nm.    
In order to investigate the morphological variation of the CNTs with 

the quantity of (6-Bromohexyl)ferrocene, the use of larger (6-

Bromohexyl)ferrocene quantities corresponding to 6.4 mg, 12.8 mg 

and 25.6 mg respectively was considered; while the quantity of 

ferrocene was kept constant to 30 mg. The morphological 

properties of the CNTs obtained from CVD of 30 mg of ferrocene 

and 6.4 mg of (6-Bromohexyl)ferrocene mixtures (sample 2) was 

revealed by the SEM micrograph of the films grown on the Si/SiO2 

substrates and peeled-off through the same method used in the 

case of the first CNTs sample (shown in Fig.1). This can be observed 

in the SEM micrographs of Fig.2. As shown in Fig.2A-C, the CNTs 

obtained in this case have a characteristic tip-filled morphology, still 

characterized by a very small diameter but also by a strongly 

decreased filling rate. In the majority of cases each CNT is found 

with only one encapsulated crystal in the capping region (see 

Fig.2B), while the other parts of the CNTs core appear to be 

completely empty. This can be observed in the backscattered 

electrons micrograph of Fig.2C where the bright areas represent the  

Fig. 1: Scanning electron micrographs of the sample 1 produced by CVD of 

30 mg of ferrocene and 3.2 mg of (6-Bromohexyl)ferrocene showing: in A 

the morphology of the film of catalyst particles grown on the surface of the 

Si/SiO2 substrates; in B many CNTs connected to the catalyst particles of the 

film and C-D the backscattered electron micrographs of the CNTs, which 

show the micrometre-length filling rate of each CNT. 

Fig. 2: Scanning electron micrographs of the sample 2 produced by CVD of 

30 mg of ferrocene and 6.4 mg of (6-Bromohexyl)ferrocene showing in A the 

morphology of thin CNTs tip-filled with micrometre size Fe-based particles 

departing from the film of catalyst-particles grown on the surface of the 

Si/SiO2 substrates. In B an high detail of typical CNTs obtained in this 

conditions is shown. In  C  the backscattered electron image shows more 

clearly (bright areas)  the capping-position of the filling  in the CNTs  shown 

in B. In D a top view of the analyzed area is shown. 

 

encapsulated crystals. A top view of the produced CNT can be also 

observed in Fig.2D. In order to investigate further the dependence 

of the CNTs filling rate on the quantity of (6-Bromohexyl)ferrocene 

mixed with ferrocene, further SEM investigations were then 

performed on the samples produced with 12.8 mg (sample 3) and 

25.6 mg (sample 4) of (6-Bromohexyl)ferrocene (and 30 mg of 
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ferrocene). The morphology of the CNTs comprised in sample 3 is 

shown in Figs.3A-D. Also in this case the CNTs are found connected 

to films of catalyst particles peeled off from the Si/SiO2 substrate 

with the same methods described above. A typical example of the 

film of catalyst particles peeled off from the substrate and of the 

CNTs produced in these conditions is shown in Fig.3A. The produced 

CNTs are also shown with an higher detail in Fig.3B. The CNTs 

diameter (30-50 nm) appear slightly larger with respect to that of 

the CNTs shown in Fig.1 and Fig.2. Furthermore, by comparing the 

direct SEM micrographs (see Fig.3C) with the backscattered 

electron analyses (see Fig.3D), a sharp morphological change of 

CNTs, with a complete disappearance of the encapsulated particles 

is surprisingly found. Similar results are also observed in the case of 

sample 4. Indeed  also in this case as shown in the direct SEM 

micrograph of Fig.4A and the backscattered electron micrograph of 

Fig.4B, a complete disappearance of the CNTs-filling and a CNTs 

diameter of 30-50 nm are found (see Fig.4C). A top view of many 

CNTs connected to the film of catalyst particles is shown in Fig.4D. 

The use of EDX analyses was then considered:  1)  to investigate the 

possible presence of Br residues in the CNTs or in the Fe3C catalyst 

due to etching interaction with Br radicals and to understand more 

the sharp transition from filled CNTs to empty CNTs 2) to 

investigate the possible  dependence of these residues on the 

chemical reactions involved in the CVD process and on the quantity 

of (6-Bromohexyl)ferrocene used in each reaction. The EDX 

analyses together with the analyzed area of the CNTs previously 

shown in Fig.1 can be observed in Fig.2Supp-info. Together with C, 

Fe and O, also Br is found in the list of element present in the 

sample. This result is different with respect to the previous reports 

on Cl-methods where no Cl was found in the CNTs and in the 

encapsulated particles
24

. In particular the weight % of Br in this case 

was 0.36%. 

Fig.3: Scanning electron micrographs  of the sample 3 produced by CVD of 

30  mg of ferrocene and 12.8 mg of (6-Bromohexyl)ferrocene showing in A 

the morphology of a flake of the film of catalyst-particles grown on the 

surface of the Si/SiO2 substrates and peeled off for the analyses. In B an high 

detail of typical CNTs obtained in this conditions is shown. In C and D a 

comparison between direct imaging and backscattered electrons imaging 

shows that in these conditions no particles are observed inside the CNTs. 

These observations clearly suggest that a residue of Br is present 

either in the catalyst particles and/or in the CNTs. Further 

investigations were then perfomed to understand the variation of 

the Br weight % in the case of the CNTs shown in Figs.2-4 (sample 2-

4). As shown in Fig.3 supp-info, an increase of the Br weight % to 

0.54 (Fig.3 supp-info A) in the case of the CNTs previously observed 

in Fig. 2 (sample 2) and 2.36 (Fig.3 supp-info B) in the case of the 

CNTs previously shown in Fig.3 (sample 3) is found. This trend is 

also confirmed in the case of the sample 4, where a variable 

quantity of Br from 2 weight % to 1.2 weight % is found in different 

areas of the sample (Fig.3 supp-info C). Also, EDX analyses 

performed on isolated CNTs (Fig.3 supp-info D) show that no Br is 

present inside the CNTs. These analyses suggest that in our CVD 

conditions (see supp-info), Br radicals can etch  the metal-catalysts, 

limiting the saturation rate and therefore the filling ratio of the 

CNTs. However due to the low spatial resolution of SEM the 

presence of Br in the CNTs can not be excluded. Also the formation 

of iron-bromide species is possible. 

 Fig.4: Scanning electron micrographs of the sample 4 produced by CVD of 

30  mg of ferrocene and 25.6 mg of (6-Bromohexyl)ferrocene showing in A 

the morphology of typical CNTs obtained in these conditions and in B the 

backscattered electrons imaging which clearly shows that also in this 

conditions empty CNTs are obtained as dominant product. The typical 

diameter of the CNTs is shown with high detail in the micrograph of C where 

a typical diameter of 30 nm is measured. In D a top view of many CNTs 

connected to the film of catalyst particles is shown.   

Other EDX performed in the catalysts-particles also confirm the 

presence of residues of Br up to 1 weight% (Fig.4 supp-info).   

In order to confirm these interpretations, and further investigate 

the structural-composition of sample 1 and sample 4, the use of 

XRD analyses was  considered (in this case for each sample the CNTs 

and catalyst films were gently removed from the Si/SiO2 with a 

spatula). A typical XRD diffractogram obtained from the analyses 

performed on the sample 1 is shown in Fig.5A. In addition to the 

002 graphitic reflection (which can be referred to the CNTs and 

partially to spherical carbon layers surrounding the particles in the 

catalyst-film) labelled with red colour in Fig.5A, the presence of 

orthorhombic Fe3C with space group Pnma was revealed by the 
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presence of the 210, 002, 201, 211, 102, 220, 031, 112, 131, 221 

and 122 reflections (black labels). The Fe3C reflections were 

identified by using the database card number 1008725. Further XRD 

analyses were then performed in the sample 4. The obtained XRD 

pattern can be observed in Fig.5B. Also in this case the presence of 

CNTs was revealed by the 002  graphitic reflection, however the 

intensity of the observed peak appear to be much lower with 

respect to that observed in the case of Fig.5A, suggesting that the 

number of CNTs walls decrease with the increase of the quantity of  

6-Bromohexyl)ferrocene. Similarly also the intensity of the 

reflections associated to the Fe3C  orthorhombic structure (see 

Fig.5B) show a sudden decrease.  

Fig.5: XRD analyses showing in A the diffractogram of the sample 1  and in B 

the diffractogram of the sample 4. The magenta star in A refers to the 200 

reflection of Fe3C which surprisingly has a remarkable intensity, despite the 

low-intensity predicted by the database-card 1008725 ICSD.   

 

This unusual decrease in the intensities of the 002 graphitc 

reflection and Fe3C atomic structure reflections can be related to 

the formation of Br radicals which would 1) etch the Fe3C catalyst,  

as confirmed by EDX in the Fe3C particles, or 2) etch the CNTs, 

decreasing the number of CNTs-walls, 3) form metalbromide 

species which could be favourited in presence of large quantities of 

Br in the pyrolyzed vapour and that could explain the decreased 

quantity of Fe3C in Fig.5B. In order to investigate further the cross-

sectional morphology and the structural composition of the 

produced CNTs and encapsulated crystals, the sample 1,  sample 2 

and sample 4 were analyzed by TEM and HRTEM.  A typical example 

of many thin CNTs with a micrometre-length filling rate (sample 1) 

is shown in Fig.6A. The diameter of the encapsulated crystals was 

investigated through HRTEM. As shown in Fig.6B-D the diameter of 

the encapsulated crystals resulted to be in the range of 3-10 nm 

(measured through analyses of 50 crystals in multiple TEM 

sessions), while the number of CNTs walls was found to be 

approxiamtely 20 or 30. The HRTEM micrograph of Fig.6C and 

Fig.6D allowed also to study the structure of the encapsulated 

crystals. In particular the atomic lattice spacings of 0.21 nm 

measured in the case of Fig.6C correspond to the 211 reflections of 

Fe3C with space group Pnma. Similarly, the lattice spacings of 0.44 

nm observed in Fig.6D correspond to the 001 reflection of Fe3C with 

space group Pnma
26

. 

Fig.6: Transmission electron micrographs of the sample 1 showing in A the 

cross-sectional morphology of thin walled CNTs filled with micrometre 

length Fe-based particles. The size of the encapsulated particles ranges from 

3-10 nm (see B-D). The atomic structure arrangement of these particles is 

analyzed In C and D with HRTEM imaging of typical CNTs obtained in these 

conditions. The atomic lattice spacings of the encapsulated crystals shown in 

C and D refer to the 211(C) and 001 (D) reflections of Fe3C with space group 

Pnma
26

. 

Further TEM analyses were then performed on the tip-filled CNTs 

comprised in sample 2. A typical TEM micrograph showing a single 

tip-filled CNT can be observed in Fig.7. Similarly to what shown by 

the SEM micrographs, only the final part of these CNTs is filled with 

single Fe3C particles, while the rest of the thin-walled CNTs core is 

found to be empty. Due to the localized position of these 

ferromagnetic crystals in the tip of the CNTs, these nanostructures 

could be considered suitable candidates for production of 

buckypapers with magnetic properties localized only on one end of 

the CNTs
3-5,21

.  The TEM analyses were then performed on the CNTs 

comprised in the sample 4. In agreement to what previously 

observed in the case of the SEM analyses of Fig.4, in this case 

metal-free thin walled CNTs were obtained as dominant product in 

the reactor. Typical TEM micrographs of these nanostructures are 

shown in Fig.8 and indicated in Fig.8A-C with the blue arrows. In 

Fig.8D a high detail of a typical metal-free CNT is shown. The 

catalyst particles detached from the catalyst-film on the Si/SiO2 
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substrate surface are indicated with red arrows. In the majority of 

cases these particles are found surrounded with graphitic layers in 

an onion like structure which could be obtained during the cooling 

process. The low-intensity Fe3C reflections observed in Fig.5B can 

be therefore associated to the catalyst-film. While the 002 graphitic 

peak observed in Fig.5 (as mentioned above) can be partially 

associated to the carbon layers which surrounds the Fe3C-particles 

in the catalyst film.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7: Transmission electron micrographs of the sample 2 showing in A the 

cross-sectional morphology of a thin walled CNT filled only in the tip region 

with a thin elongated Fe3C particle. A high detail of the particle is shown in 

B. These observations suggest a tip-growth mechanism 
6
. 

Fig.8: Transmission electron micrographs of the sample 4 showing in A the 

cross-sectional morphology of two metal-free thin walled (7-10 walls) CNTs. 

Another example of metal free CNT is shown in B and C. In D an high detail 

of a metal free CNT is shown. The blue arrows indicate the metal-free CNTs, 

the red arrows indicate examples of the  morphology of the catalyst 

detached from the film during the TEM sample preparion after dispersion in 

ethanol.   

Considering that TEM can offer also a higher spatial resolution with 

respect to SEM, the use of scanning TEM (STEM) mode was then 

considered to further investigate the presence of Br inside the CNTs 

or in the encapsulated crystals. In particular STEM analyses were 

performed on encapsulated micrometre long single crystals of Fe3C  

(see Fig.5 supp-info for electron diffraction pattern) prepared from 

sample 1 and on empty CNTs prepared from sample 4 (see Fig.9). 

The EDX analyses (see Fig.9 BCD) of the areas 1-3 of the analyzed 

CNTs revealed the presence of Br in both the filled and empty 

regions of the CNT prepared from sample 1. Furthermore, as shown 

in Fig.9E-F, similar results were obtained also in the case of the 

CNTs prepared from sample 4. However in this case the presence of 

small quantities of Si was found. This could be associated to the 

high reactivity of halides with the Si present in the substrate. 

 

 
Fig.9: In A, scanning transmission electron micrograph showing three areas 

of a typical filled CNT chosen for EDX analyses. The EDX analyses are shown 

in B-D. The micrograph in E shows two areas of a typical empty CNT chosen 

for EDX analyses. The EDX analysis showing the composition  of the empty 

CNT in the area 1 is shown in F as typical example.  

 

Being interested in evaluating the yield of CNTs comprised in 

sample 1 (comprising CNTs with micrometre-long filling)  and 

sample 4 (comprising empty CNTs), the use of TGA analyses was 

considered. 

The TGA measurements (in air) are shown in Fig.10. The weight-loss 

observed at about 500-650 °C is due to the CNTs decomposition, 

while the weight residues observed after this process correspond to 

the film-particles. The weight losses due to CNTs decomposition 

correspond to 55% for the sample 1 (black curve) and to 61.6 % for 

sample 4 (red curve).   
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 In particular the weigth residue observed for the sample 1 (black 

curve) corresponds to 45.0 %, while the weight residue observed 

for sample 4 (red curve) corresponds to 38.4 %. These observations 

suggest that the quantity of metal-carbide comprised in the 

samples decreases with the increase of the 6-Bromohexyl)ferrocene 

quantity. 

 

 

 
Fig.10: Thermogravimetric analyses of the sample 1 (black curve) and 

sample 4 (red curve). The weight loss observed at about 500-650 °C is due to 

the CNTs decomposition. The residues observed after this process 

correspond to the film-particles.  

 

 

In conclusion we reported an advanced synthesis approach based 

on the CVD of ferrocene with a not previoulsly used precursor: (6-

Bromohexyl)ferrocene with the purpose of studying the role of Br in 

the CVD  of ferrocene. Thin walled CNTs filled with micrometre long 

Fe3C single crystals were obtained as result of CVD of 30 mg of 

ferrocene with 3.2 mg of (6-Bromohexyl)ferrocene. Differently a tip-

filled morphology is observed with the increase of the (6-

Bromohexyl)ferrocene to 6.4 mg. Also, by further increasing the 

quantity of (6-Bromohexyl)ferrocene to 25.6 mg a sharp transition 

from Fe3C- filled CNTs to metal-free CNTs was found. This is 

confirmed by SEM, XRD and TEM analyses. Furthermore through 

EDX analyses of each sample we have shown that this transition can 

be attributed to the formation of Br radicals which can etch the 

Fe3C-catalyst and also to the possible formation of metal-bromide 

which could then be removed from the reactor in the form of gas-

phase. We suggest that the produced CNTs are suitable candidates 

for fabrication of nanotube films and buckypapers
 

through 

purification and filtration methods for applications as magnetic 

sensors, electrodes and super capacitors 
3-5,21

 and other 

buckypapers where the magnetic properties are instead localized in 

the tip of the CNTs. 

.  
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