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Introduction

- What is a nanotube?

- How to produce CNT? Chemical vapour deposition of hydrocarbons.

- Properties:

- Attractive electrical [1] and mechanical properties [2], 

- High elasticity [2]

- High chemical stability [3]. 

[3] Materials 2010; 3(8): 4387-4427

Nano-capsule

[1] Nature 1996;382:54-56

[2] Science 2000; 287(5453): 637-640 Magnetic applications!



Possible Application as Quantum Disk systems



Possible Applications as multifunctional nano-container



- Phase Control: Nanowires comprise multiple phases of Fe3C, a-Fe and 
exchange coupled a-Fe/g-Fe

- Control of Nanowires anisotropy (K) requires phase control

Challenges towards applications and device fabrication

- Control of the sharpness of the interface

- Manipulation of the shell-capsule properties for device applications

- Control of nanotube filling rate which is generally limited by the 
precursor stoichiometry



CNT as capsule for ferromagnetic nanowires

- Laminar flow approaches

- Based on the conventional pyrolysis of ferrocene (relatively low filling rates)



CNT as capsule for ferromagnetic a-Fe

- Potentially High Ms ~ 190 emu/g and high Hc ~ 1000 Oe (bulk 

phase  Hc~ 60 Oe) 

- Diameter ~ 10-60 nm, length ~ 500 nm 

- Applications? Magnetic data storage (1 bit per nanowire 

~65Gb/in2) [2], magnetic hyperthermia cancer  therapy [3], 

magnetic force microscopy [4], bucky papers and artificial muscles 

[5]…

- Conventional pyrolysis of (C5H5)2Fe : filling not continuous and 

many phases

- Phase composition and length control are fundamental

[3] Scientific Reports 2011; 1: 157.

[4] Nanotechnology  2010; 21: 435501. 

[2] Solid State Sciences 2006; 8: 303.
[5] Carbon, 2009; 47: 1141-1145.

[1] J. Appl. Phys. 2009; 106: 054909. 

- a-Fe (ferromagnetic)

 g-Fe (paramagnetic at room T; antiferromagnetic at T < 50 K)

- Fe3C (ferromagnetic)



- Early solutions developed towards filling-rate control:

- Two approaches:

1) Substrate-hole approach:

2) Boundary-layer approach:

Perturbed-Vapour CVD



Involves the creation of local perturbation into a

ferrocene-Ar vapour flow

- Perturbed-vapour CVD method

Boi F. S.*, Mountjoy G., Wilson R. M., Luklinska Z., Sawiak L. J., Baxendale M.

Multiwall carbon nanotubes continuously filled with micrometre-length

ferromagnetic α-Fe nanowires. Carbon 2013; 64: 351-8.

Boi F. S., Mountjoy G., Baxendale M*. Boundary layer chemical vapor

synthesis of self-organized radial filled-carbon-nanotube structures.Carbon

2013; 64: 516-26.



1) Substrate-hole approach *

- Localized perturbed-vapour

- Result? 

- Very Long Continuous Nanowires .

- Phase composition?

Boi F. S.*, Mountjoy G., Wilson R. M., Luklinska Z., Sawiak L. J., Baxendale M.

Multiwall carbon nanotubes continuously filled with micrometre-length

ferromagnetic α-Fe nanowires. Carbon 2013; 64: 351-8.



Structure? XRD + Rietveld refinement

- As-grown sample.

- R.A. : 21%of a-Fe, 16% of Fe3C, 4% of g-Fe, 59% of C

- Phase transformation: g-Fe = a-Fe+Fe3C; Fe3C = a-Fe + C

- Annealed for 13 h at 500 ºC :

- R.A. : 2% of g-Fe, 22% of a-Fe, 3% of Fe3C, 71% of C, 2% of                          

a-Fe2O3

- Annealed for 15h at 500 ºC:

- R.A. : 12% of a-Fe, 80% of C, 8% of a-Fe2O3

Boi F. S.*, Mountjoy G., Wilson R. M., Luklinska Z., Sawiak L. J., Baxendale M.

Multiwall carbon nanotubes continuously filled with micrometre-length

ferromagnetic α-Fe nanowires. Carbon 2013; 64: 351-8.



Particularly high filling rates



Fast cooling allows
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XRD diffractogram (red line) and

Rietveld refinement (green line) of

the Fe3C single crystals quenched at

950 oC revealing the following phase

abundances: 95% of Fe3C and 5% of

a-Fe. Each peak is indicated with

the labelled reflection of the

corresponding phase. The pink line

corresponds to the difference

between the XRD diffractogram and

the Rietveld theoretical model.

Fe3C encapsulation

quenched at 950 oC
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XRD diffractogram (red line) and

Rietveld refinement (green line) of

the Fe3C single crystals quenched

at the furnace temperatures of

830 oC (A), 800 oC (B) and 770 oC (C)

with a cooling time of ~ 10 min.

Each peak is indicated with the

labelled reflection of the

corresponding phase.

The pink line corresponds to the

difference between the XRD

diffractogram and the Rietveld

theoretical model.

The following phase abundances

are extracted: 95% of Fe3C and

5% of a-Fe (A), 98% of Fe3C and

2% of a-Fe (B) and 85% of Fe3C

and 15% of a-Fe (C).

830 oC

800 oC

770 oC



Morphological control

Unpublished (in preparation)

SEM micrographs of typical flower-like

structures obtained with ferrocene

sublimation-temperatures of 140 oC (A),

180 oC (B) and 500 oC (C). Note the

progressive change of the flower

morphology from open-like to closed

structures. The red star in A and the

green arrow in C indicates catalyst

particles connected to a MWCNT-flower.

The cyan arrows indicate typical closed-

flower-like structures.



- Typical examples of individual
continuously filled CNTs obtained
with evaporation temperature of
500 oC. are shown in A-D while a
micrograph including multiple
continuously filled CNTs structures is
shown in E.

Unpublished (in preparation)
Morphological control



Unpublished (in preparation)

TEM micrograph showing a large

catalyst particle (possibly resulting

from homogenous nucleation) with

high metal content (magenta arrow)

connected to a continuously filled

CNT (red arrow). The formation of

onion-like structures is also found

(blue arrow).

Morphological control



STEM micrographs showing in A an
example of typical continuously filled
CNT (indicated by the red arrow)
connected to a large catalyst particle
(see magenta arrow). In B and C two
more examples of large catalyst
particle (see magenta arrow) and
continuously filled CNT (see cyan
arrow) are shown. The bright regions
in A, B and C indicate the regions of
high metal content.

Morphological control
Unpublished (in preparation)



- Involves the perturbation of the ferrocene-Ar vapour flow

- Two approaches:

1) Substrate-hole approach:

2) Boundary-layer approach:

- Use identical sublimation and pyrolysis temperatures (180 ºC

and 990 ºC).

New approaches:

Perturbed-Vapour CVD



2) Boundary Layer approach*

- Viscous boundary layer between a roughened-quartz surface
and a laminar vapour-flow

Boi F. S., Mountjoy G., Baxendale M*. Boundary layer chemical vapor synthesis of self-

organized radial filled-carbon-nanotube structures.Carbon 2013; 64: 516-26.



2) Boundary Layer approach

- Continuous Nanowires

Turquoise: 0.195 nm (112 reflection of Fe3C) 
Orange: 0.339 nm (Graphite 002 reflection)
Yellow: 0.282 nm (120 reflection of Fe3C) 

Blue: 0.138 nm (240 reflection of Fe3C) 



Chlorine and Sulfur as  CNT- filling promoters

Additional Solutions towards filling control:



Chlorine as a CNT- filling promoter

In presence of Cl radicals, the formation of CCl4 species, induce

changes in the carbon to metal ratio value, with substantial

consequences on the degree of ferromagnetic filling of the

CNTs, which self-arrange into an entangled ensemble,

known as buckypaper



- Variable filling rate at low-Cl concentrations

High evap. T Fixed C6H4Cl2 (0. 15 ml)
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Guo J., He Y., Wang S. and Boi F. S.* Mapping the transition from free-
standing vertically-aligned Fe3C-filled carbon nanotube films to 
entangled randomly-oriented carbon nanotube buckypapers in 
presence of a great excess of ferrocene. Carbon 2016; 102: 372-82.

Increasing ferrocene quantity



- Variable filling rate at low-Cl concentrations

High evap. T Fixed C6H4Cl2 (0. 15 ml)

Low evap. T Fixed C6H4Cl2 0.15 ml
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Guo J., He Y., Wang S. and Boi F. S.* Mapping the transition from free-
standing vertically-aligned Fe3C-filled carbon nanotube films to 
entangled randomly-oriented carbon nanotube buckypapers in 
presence of a great excess of ferrocene. Carbon 2016; 102: 372-82.
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- Variable filling rate at low-Cl concentrations
Low evap. T Fixed C6H4Cl2 0.15 ml

Guo J., He Y., Wang S. and Boi F. S.* Mapping the transition from free-
standing vertically-aligned Fe3C-filled carbon nanotube films to 
entangled randomly-oriented carbon nanotube buckypapers in 
presence of a great excess of ferrocene. Carbon 2016; 102: 372-82.
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15 ml/min

5 ml/min



- Increasing vapour flow rates and Cl-concentration

Aligned Fe3C@CNTs buckypaper Fe3C@CNTs, resulting from pyrolysis of mixtures of dichlorobenzene (0.65 mL) and ferrocene (1 gram)

[1] Boi F. S.*, Guo J., Wang S., He Y., Xiang G., Zhang X.* and Baxendale M.* Fabrication of cm scale buckypapers of 
horizontally aligned multiwall carbon nanotubes highly filled with Fe3C: the key roles of Cl and Ar-flow rate. Chem. 
Comm. 2016; 52: 4195-98.

100 ml/min



- Increasing vapour flow rates and Cl-concentration

Aligned Fe3C@CNTs buckypaper Fe3C@CNTs, resulting from pyrolysis of mixtures of dichlorobenzene (0.65 mL) and ferrocene (1 gram)

[1] Boi F. S.*, Guo J., Wang S., He Y., Xiang G., Zhang X.* and Baxendale M.* Fabrication of cm scale buckypapers of 
horizontally aligned multiwall carbon nanotubes highly filled with Fe3C: the key roles of Cl and Ar-flow rate. Chem. 
Comm. 2016; 52: 4195-98.

100 ml/min 20 ml/min



- Increasing vapour flow rates and Cl-concentration

Aligned Fe3C@CNTs buckypaper Fe3C@CNTs, resulting from pyrolysis of mixtures of dichlorobenzene (0.65 mL) and ferrocene (1 gram)

[1] Boi F. S.*, Guo J., Wang S., He Y., Xiang G., Zhang X.* and Baxendale M.* Fabrication of cm scale buckypapers of 
horizontally aligned multiwall carbon nanotubes highly filled with Fe3C: the key roles of Cl and Ar-flow rate. Chem. 
Comm. 2016; 52: 4195-98.



- Investigating phase transformations



- Investigating phase transformations

Ensemble of alpha and gamma Fe phases



- Investigating phase transformations

Enhanced magnetization in post annealed samples 



- Observation in agreement with previous work by Leonhardt et al.



- Unusual Low Temperature alpha to gamma Transition

Agrees with Sohatsky et al.



We observe this transition also in free standing iron filled CNOs



Sulfur as an additional filling promoter in arc discharge methods   

Demoncy et al. (in arc discharge methods) highlighted a key role of sulfur

in promoting the filling rates of numerous types of metals such as chromium,

nickel and germanium within the CNTs core. In these processes sulfur was

shown to promote the carbon precipitation before being trapped within the

metallic catalyst material.



Sulfur as an additional filling promoter in CVD methods?   

Boi et al.



Sulfur as an additional filling promoter in CVD methods?   

Boi et al.

Only ferrocene No sulfur



Sulfur has important effects on the number of CNT walls!!
2.5 mg sulfur4 mg sulfur

Boi et al.



These results are in agreement with Wei et al.   



Using Chlorine and Sulfur as combined promoters!!

Filled CNTs

The employed quantity of sulfur was found to have an important impact on the structural 

properties of the as grown CNTs, yielding either few wall CNTs (FWCNTs) or multiwall 

CNTs (MWCNTs) in presence of 0.4 mg or 1.2 mg of sulfur

Omololu Odunmbaku+, Jiaxin Song+, Shanling Wang, Ayoub Taallah, Yixin Dai, Wenkang
Li, Wenxue Li, Yi He, Jian Guo, Hong Zhang* and Filippo S.Boi*.Nucleation of Carbon-
Sulfur phases by manipulation of vertically-aligned mm-long films of iron-filled few-
wall/multiwall carbon nanotubes  https://doi.org/10.1016/j.cartre.2021.100102 Carbon 
Trends 2021 (published)

https://doi.org/10.1016/j.cartre.2021.100102


Single wall CNT features

0.4 mg (S)+ Chlorine (dichlorobenzene)

Omololu Odunmbaku+, Jiaxin Song+, Shanling Wang, Ayoub Taallah, Yixin Dai, Wenkang
Li, Wenxue Li, Yi He, Jian Guo, Hong Zhang* and Filippo S.Boi*.Nucleation of Carbon-
Sulfur phases by manipulation of vertically-aligned mm-long films of iron-filled few-
wall/multiwall carbon nanotubes  https://doi.org/10.1016/j.cartre.2021.100102 Carbon 
Trends 2021 (published)

Using Chlorine and Sulfur as combined promoters!!

https://doi.org/10.1016/j.cartre.2021.100102


Carbon Shell Manipulation: The role of Sulfur

Prepared by heating the blank film with sulfur powder (Aldrich 
Chemical Company, Inc.) in evacuated quartz tube at 250 ◦C for 
24 h before cooling down to room temperature



Manipulating the CNTs shell with sulfur may open-up new application perspectives

Annealing 150 °C Carbon-Sulfur phases (cofirmed by EDS)



Manipulating the CNTs shell with sulfur may open-up new application perspectives

Annealing 300 °C Carbon-Sulfur phases (cofirmed by EDS)



Carbon Shell Manipulation: The role of Sulfur

Prepared by heating the blank film with sulfur powder (Aldrich 
Chemical Company, Inc.) in evacuated quartz tube at 250 ◦C for 
24 h before cooling down to room temperature



Carbon Shell Manipulation: The role of Sulfur

In 2001, Silva et al. reported the superconductivity occurrence in graphite-sulfur (C-S) composite 

samples below 35 K.

Sulfur may therefore play a particular role towards modification of the CNT-shell properties



Manipulating the CNTs shell with sulfur may open-up new application perspectives



Manipulating the CNTs shell with sulfur may open-up new application perspectives

Annealing 600 °C



Ferromagnetically filled Carbon Foams

Ferromagnetically filled graphitic-carbon foams are a new class of 

foam-materials characterized by an open-cell structure continuously 

filled with ferromagnetic crystals. 



Ferromagnetically filled Carbon Foams

2016 Early Observation



- Fe@CFM by fusion of Fe@CNOs

Optical and SEM micrographs of a Fe-filled CFM

XRD measurements 
of a Fe-filled CFM



Mass production through fusion of CNOs

5 g of ferrocene were evaporated at 
110 °C and pyrolysed at 990 °C under 
an Ar flow rate of 5 ml min−1. The 
duration of the growth experiment at 
the pyrolysis temperature was of 1 h. 



- CFM as capsule for ferromagnetic materials

- - These materials can be obtained

through an innovative approach

involving fusion of Fe3C filled CNOs

- Magnetometry together with electron

spin resonance, and calorimetric

measurements on iron-filled carbon foam

reveal ferromagnetic responses at room

temperature with a transition to

antiferromagnetic behavior in some

fraction of the filling at 130 K.

TEM micrographs evidencing the process 
of CNOs fusion which leads to CFM 
formation



CFM as capsule for ferromagnetic materials
Magnetization measurement evidence high saturation 
magnetizations and an unusual alpha to gamma Fe transition 

Specific heat capacity vs. temperature obtained from the DSC 
measurement. DSC, differential scanning calorimetry.

unusual alpha to gamma Fe transition 



Manipulating the CFM Properties

(In preparation)



Manipulating the CFM Properties

Sulfur-doping 300 degree Celsius = The CFM is fully encapsulated into liquid-sulfur
(In preparation)



Manipulating the CFM Properties

Sulfur-doping 300 degree Celsius, It is noticeable the formation of additional bands ascribed to C-S bonding resulting 
from sulfur doping

(in preparation)



- Perturbed-vapour CVD allows the growth of continuous a-Fe and Fe3C nanowires.  

- In both methods is possible to reach a phase control by employing  a quench 
cooling method. 

- The nanowires fill continuously the MWCNT.

- The use of chlorine as a filling-promoter is particularly useful for production of 
flexible filled CNT-films

- Sulfur instead is found to mostly influence the number of CNT-shells

- When used in large quantities sulfur can allow to significantly manipulate the CNT-
shell, with creation of C-S bonds. This latter approach is promising towards possible 
creation of superconductive buckypapers



- We are currently proceeding on the investigation of the low-temperature 
magnetic properties of these systems

- We will focus on the identification of the critical superconductive 
temperature and on the optimization of the doping process which will be 
applied to cm-scale buckypapers
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