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Abstract: We show a novel chemical vapour deposition (CVD) approach, in which the large-scale
fabrication of ferromagnetically-filled cm-scale buckypapers is achieved through the deposition of
a mesoporous supported catalyst (SBA-16) on a silicon substrate. We demonstrate that SBA-16 has the
crucial role of promoting the growth of carbon nanotubes (CNTs) on a horizontal plane with random
orientation rather than in a vertical direction, therefore allowing a facile fabrication of cm-scale
CNTs buckypapers free from the onion-crust by-product observed on the buckypaper-surface in
previous reports. The morphology and composition of the obtained CNTs-buckypapers are analyzed
in detail by scanning electron microscopy (SEM), Energy Dispersive X-ray (EDX), transmission
electron microscopy (TEM), high resolution TEM (HRTEM), and thermogravimetric analysis (TGA),
while structural analysis is performed by Rietveld Refinement of XRD data. The room temperature
magnetic properties of the produced buckypapers are also investigated and reveal the presence of
a high coercivity of 650 Oe. Additionally, the electrochemical performances of these buckypapers
are demonstrated and reveal a behavior that is compatible with that of a pseudo-capacitor
(resistive-capacitor) with better performances than those presented in other previously studied
layered-buckypapers of Fe-filled CNTs, obtained by pyrolysis of dichlorobenzene-ferrocene mixtures.
These measurements indicate that these materials show promise for applications in energy storage
systems as flexible electrodes.
Keywords: carbon nanotubes; ferromagnetic Fe3 C; SBA-16; buckypaper; capacitor

1. Introduction
For more than a decade carbon nanotubes (CNTs) have been considered as a fundamental focus
of nanotechnology, thanks to their outstanding physical and electrical properties, which are strongly
dependent on their chirality and curvature [1–3]. These nanostructures have attracted a great attention
also for their exceptional chemical stability. The latter has been widely investigated not only for
biomedical purposes [4], where CNTs have been considered ideal nanocapsules for the encapsulation
of specific nanomedicine contrast agents [4], but also for numerous magnetic applications involving the
encapsulation of a ferromagnetic material inside the carbon nanotube core [5–12]. The high chemical
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stability of CNTs ensures a complete protection of the encapsulated ferromagnet from the external
environment and allows retaining the magnetic properties for long timescales. In this context, α-Fe and
Fe3 C have been widely studied owing to their promising magnetic properties, with high and tuneable
saturation magnetizations and large coercivities [5–12]. These nanostructures are generally grown by
chemical vapour deposition (CVD) of a metallocene (ferrocene) at high temperatures (approximately
1000 ◦ C) in the form of vertically oriented films [5–9]. Despite the numerous reports on the control of
the ferromagnetic filling rates of these vertically oriented nanostructures, one of the major problems
that limit their translation into magnetic devices is the high brittleness. Indeed, CNTs-films produced
using only ferrocene are generally very fragile, due to the low number of Van der Waals interactions
and other imperfections in the vertical alignment. Recent works have shown that the stability of these
structures can be improved through the addition of Cl-containing hydrocarbons, which allow the
synthesis of CNTs-films with a higher number of Van der Waals interactions and less imperfections in
the vertical alignment [13].
Despite the vast amount of work, the production of these nanostructures in large scale remains
still challenging and strongly depends on the used substrate, on the evaporation temperatures of
the precursors and on the chosen surface of growth [13]. Interestingly, recent reports have shown
that another type of Fe-filled CNTs film, known as buckypaper, can comprise Fe-filled CNTs in the
form of randomly entangled or horizontally aligned structures [14–21]. This type of film is generally
synthesized directly in situ by CVD of ferrocene/dichlorobenzene or trichlorobenzene mixtures and
can exhibit excellent magnetic properties and high elasticity [14–21]. Recent reports have shown that
the morphology of these structures strongly depend on the used vapour flow rates, as well as on the
chosen dichlorobenzene or trichlorobenzene concentration [14–21]. The excellent magnetic properties
of these structures show a great promise for applications in electromagnetic devices, as well as in
microwave absorption and aerospace technology [14].
However, some major challenges based on the control of purity and reaction efficiency remain.
Indeed it has been shown that buckypapers grown in presence of Cl radicals at low evaporation
temperatures generally present an unusual surface crust comprising empty and filled carbon
nano-onions (CNOs) [13,14]. The presence of such an unusual crust therefore requires additional
purification treatments that limit a direct use of this approach for industrial buckypaper production.
In addition, the necessity of accurately control the concentration of dichlorobenzene in order to avoid
the formation of metal chlorides represents a challenge limiting the growth of these nanostructures to
only low precursor-evaporation temperatures and low Cl-concentrations [13,14,21]. Minimizing the
quantities of dichlorobenzene could be considered a necessary step toward the large scale production
of these types of carbon nanotubes films. New solutions are necessary for higher precursor-evaporation
temperatures that are required for the future encapsulation of specific hard magnet alloys such as FePt,
CoPt, Fe5 Sm, and Co5 Sm in buckypaper structures, given the high evaporation temperatures of the
metal-containing metallocene-like precursors [22]. Up to now, high evaporation temperatures in the
order of 200 ◦ C can be used only for the production of vertically aligned CNTs structures, but not for
the production of buckypapers [13].
In this context, the possible use of alternative supported-catalysts could be useful for promoting
the growth of these nanostructured-films in a large scale. It has been shown that highly porous and
high surface area matrices such as mesoporous ordered silicas can be considered as ideal candidates
as support for nanoparticles to be used as catalysts for CNTs production [23–27]. These types of
supported catalysts can allow for the synthesis of CNTs with a uniform diameter distribution, since the
dimensions of the catalyst-nanoparticles are comparable to those of the mesoporous-silica pores.
In particular, the so called SBA-16, which has a cubic arrangement of pores characterized by a body
centered cubic symmetry (space group Im-3m) has attracted much attention [23–27], which stems
from the spherical empty cages, with each cage connected to eight neighbouring one by narrow
openings forming a 3D network of mesopores. Despite these promising characteristics, this type of

Materials 2017, 10, 1216

3 of 14

supported catalysts has not yet been considered for promoting the growth of ferromagnetically filled
CNTs buckypapers.
In this work, we demonstrate that SBA-16 can have a crucial role in the fabrication of large-scale
ferromagnetically filled buckypapers by favoring the growth of CNTs on a horizontal plane with
random orientation rather than in a vertical direction. SBA-16 can therefore be considered not only
as secondary catalyst source since it acts as catalyst support on the substrate surface but also as
growth-inhibitor, since it can prevent the growth of CNTs in the form of vertically oriented films.
The morphology and composition of the obtained CNTs-buckypapers was analyzed in detail by
scanning electron microscopy (SEM), Energy Dispersive X-ray (EDX), transmission electron microscopy
(TEM), high resolution TEM (HRTEM), and thermogravimetric analysis (TGA). Structural investigation
of the buckypapers was performed by Rietveld Refinement methods of X-ray diffraction (XRD)
data. The magnetic properties of the produced buckypapers were also analysed by vibrating sample
magnetometry (VSM) at room temperature. Additionally, the electrochemical performances of these
buckypapers are demonstrated and reveal a behavior that is compatible with that of a pseudo-capacitor
with better performances than those presented in other previously studied layered-buckypapers of
Fe-filled CNTs.
2. Materials and Methods
2.1. SBA-16 Synthesis
The synthesis of the SBA-16 support was performed according to reference [28]. Pluronic F127
(2.5 g) was dissolved in distilled water (120 g) and concentrated chloric acid (HCl, 5.25 g).
After complete dissolution, n-butanol (C4 H10 O, 7.5 g) was added to this mixture at 45 ◦ C. After one
hour under stirring, tetraethyl orthosilicate (Si(OC2 H5 )4 , 12.0 g) was added. The mixture was further
stirred vigorously for 24 h and heated at 80 ◦ C. The solid product was filtered, washed, and then
calcined at 500 ◦ C for 6 h with a heating step of 1 ◦ C/min.
2.2. Supported Catalysts Synthesis
The SBA-16 supported catalyst was prepared by dissolving Sm(NO3 )3 (0.6110 g, 1.375 mmol) and
Fe(NO3 )3 (2.774 g, 6.872 mmol) salts in 10 mL of deionized water. After complete salt dissolution,
the SBA-16 (0.3 g) was added to the prepared mixture, followed by sonication (5 min), and subsequent
stirring for 24 h at ambient temperature (29 ◦ C). Finally, the product was collected by centrifugation
(6 min, 8000 rpm) and redispersed in 8 mL of water.
2.3. Silicon Cleaning
The silicon wafers were cleaned with detergent, rinsed with deionized water, followed by
sonication in water (5 min), acetone (2 times, 5 min), ethanol (2 times, 5 min), and isopropyl alcohol
(2 times, 5 min). Finally, the wafers were dried in a flow of pure N2 gas (99.999%).
2.4. Supported Catalysts Spin Coating
3 mL of the suspension of the SBA-16 supported catalyst was spin coated on the pre-cleaned
silicon wafers for 30 s at 1500 rpm, and the samples were then left to dry at ambient temperature
(29 ◦ C) for few hours.
2.5. Chemical Vapour Deposition Experiments
Mixtures of dichlorobenzene (0.15 mL) and ferrocene (1.5 g) were evaporated and pyrolyzed
in a CVD system comprising a quartz-tube reactor length of 1.5 m (inner diameter of 44 mm,
wall thickness of 3 mm), smooth Si/SiO2 substrates prepared according with the method described
above (111 preferential crystal orientation, SiO2 thickness in the order of 90 nm and substrate
dimensions of 6 cm length, 2.5 cm width and 0.525 mm thickness), and an electrical furnace set
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at the temperature of 990 ◦ C. Note that the substrates were positioned in the region of the reactor
where a temperature of approximately 900 ◦ C is reached at the reaction stage. A pre-heater evaporation
temperature of approximately 220 ◦ C was used in these reactions, which is comparable with respect to
that used in previous works on free-standing vertically aligned Fe3 C-filled CNTs films grown in the
presence of similar dichlorobenzene quantities [13]. An Ar flow rate of 11 mL/min was used in order
to deliver the ferrocene and dichlorobenzene species in the reaction zone. The duration of the reaction
was 1 h. The samples were cooled down using a quenching method by removing the furnace along
a rail system.
2.6. Buckypaper Characterization
SEM images using backscattered electrons (B.E.) and EDX spectra were acquired using
a JSM-7500F at 5–20 kV (JEOL, Tokyo, Japan). XRD patterns were acquired with an Empyrean
Panalytical diffractometer (Cu K-α with λ = 0.154 nm) (PANalytical, Almelo, The Netherlands).
Rietveld Refinement of the XRD pattern was done by using the software GSAS [29]. Cross-sectional
TEM, HRTEM, EDX, and STEM analysis were performed with a 200 kV American FEI Tecnai G2F20
(FEI/ThermoFisher subsidiary, Hillsboro, OR, USA). The samples were prepared by dispersing the
as grown buckypaper in ethanol. A copper grid with holey carbon film was then immersed in the
ethanol-suspension with the use of magnetized twizers. The use of magnetized twizers is helpful
for a fast deposition of the CNTs in the TEM grid. Thermal analyses were performed with a Mettler
Toledo TGA/DSC 2/1600 Thermastar (Mettler Toledo, Zurich, Switzerland) under N2 . The magnetic
properties were investigated through a Quantum Design VSM at room temperature (300 K) (Quantum
Design, San Diego, CA, USA).
2.7. Electrochemical Analyses
Potassium hexacyanoferrate (II) trihydrate (K4 [Fe(CN)6 ]·3H2 O), potassium hexacyanoferrate (III)
(K3 [Fe(CN)6 ]), and potassium chloride (KCl) were provided by Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China).
Electrochemical impedance spectroscopy (EIS) was performed on a CHI660A electrochemical
workstation (Chenhua Instrument Co. Ltd., Shanghai, China) in a conventional three-electrode system.
A modified electrode, a saturated calomel electrode (SCE) and platinum wire were employed as
the working, reference, and counter electrode, respectively. EIS measurements were performed in
5 mmol L−1 K3 [Fe(CN)6 ]/K4 [Fe(CN)6 ] aqueous solution with 0.1 mol L−1 KCl as the supporting
electrolyte, within the frequency range from 100 kHz to 0.1 Hz, and a bias potential of 0.2 V.
The geometric surface area of glassy carbon electrode (GCE) was estimated to be 7 mm2 , and that of
CNTs/CNOs buckypapers and Fe3 C/CNTs buckypapers electrodes to be 8 mm2 .
3. Results and Discussion
The morphology of the as prepared substrate after spin-coating of FeSm/SBA-16 has been
investigated by SEM, and the results are shown in Figure 1. As shown in Figure 1A,B, the catalyst
supported on mesoporous silica appears to be uniformly distributed on the top of the Si substrate
surface in the form of flakes. A higher magnification detail of a micrometre-size flake is shown in the
image of Figure 1C. Typical EDX spectrum of the area displayed in Figure 1C is shown in Figure 1D
(see also inset), which provided the following amounts of the elements present: 17.43 wt % of C,
31.85 wt % of O, 32.94 wt % of Si, and 17.78 wt % of Fe, corresponding to 29.42 at % of C, 40.36 at % of
O, 23.77 at % of Si, and 6.45 at % of Fe. These results indicate that Fe-containing species are present
within the SBA-16 flakes, while no Sm could be detected due to the very low quantities used in the
synthesis-method described above.
The SEM morphological analysis performed on the as grown buckypaper after CVD are shown
in Figure 1E–H. The cm-scale dimensions of the buckypaper were confirmed by the SEM image at
low magnification (see Figure 1E). Further images of the buckypaper-cross-section obtained with
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an increasing magnification in Figure 1F–H revealed the thickness of the buckypaper in the order
of approximately 290 µm. The buckypaper appears to be arranged in a layered like morphology,
with each CNT-layer characterized by a random CNTs orientation in the horizontal plane. Note that
as shown in Figure 1I–J, the catalyst particles together with the SBA-16 support were found on the
top-surface of the analysed buckypaper. Analysis of this area at higher magnification revealed the
presence a direct connection between the growing CNTs and the SBA-16 catalyst support. Such direct
connection can be clearly observed in different regions of the analysed SBA-16 flake, as indicated in
Figure 1K–M and in Figure 1L by the red arrow.
Such direct connection between the grown CNTs and the supported catalyst suggests that SBA-16
has crucial role in driving the buckypaper growth by inhibiting the formation of vertically aligned
CNTs, and instead favouring the formation of CNTs in the horizontal plane with random x-y directions
in a spider-web like arrangement. In addition, the presence of SBA-16 on the top-region of the
buckypaper suggests that after the first layer-growth is initiated, the other layers may grow one by
one underneath the first one in a lift-up mechanism [21]. Note also that no onion-crust if found in the
buckypaper-surface shown in Figure 1E,F. This suggests that the buckypapers produced in this work
have a higher purity with respect to those reported in previous reports [13,14,21].
The presence of Si and O, together with Fe was confirmed by the EDX spectrum, shown in
Figure 1O, derived from the region of the SBA-16 flake (Figure 1N). Instead, Sm could be
detected only in separated regions in the form of micrometre sized particles, as highlighted in the
following. Further characterization of the produced buckypaper was obtained using X-ray diffraction.
In particular, the XRD pattern obtained from the analysed buckypaper is shown in Figure 2.
Interestingly, together with the 002 reflection arising from the CNTs-walls contribution, the 210,
211, 102, 220, 031, 112, 131, and 221 reflections due to the presence of Fe3 C and an intense 110 reflection
due to the presence of α-Fe were also detected. Instead, no clear reflection due to the γ-Fe phase was
observed. Moreover, no peak is found due to Sm, which might be present in an amorphous phase.
An amorphous halo detectable in the region of 25 degrees 2θ can be attributed to the presence of
SBA-16 in the buckypaper.
The Rietveld method, which uses the least-squares approach to match a theoretical line profile
to the diffraction pattern, was used to gather further information, such as identify and estimate the
relative abundances of the phases present in the ferromagnetically filled CNTs buckypaper. As shown
in Figure 2B, the Rietveld refinement confirmed the interpretation above with the following relative
abundances of carbon (78.1%), α-Fe (2.5%), and Fe3 C (19.3%). Furthermore, the following unit cell
parameters were derived as follows: for Fe3 C with space group Pnma a: 0.511 nm, b: 0.676 nm,
c: 0.454 nm; for α-Fe with space group Im-3m a = b = c: 0.287 nm; for the carbon CNTs-walls graphitic
contribution: a = b: 0.246 nm and c: 0.687 nm.
The characterization of the CNTs present within the buckypaper was carried out by TEM, HRTEM and
STEM/EDX, as shown in Figure 3. As shown in Figure 3A the analysed CNTs were found to be connected
with micrometre-scale agglomerations of spherically encapsulated Fe-based catalyst particles.
The presence of these particles can be considered a consequence of the in situ reduction of
SBA-16 supported catalyst induced by the presence of high concentrations of hydrogen coming
from the pyrolysed metallocene/dichlorobenzene vapours. Further analysis of the cross-sectional
CNTs morphology also revealed the presence of two main growth mechanism (growth modes).
A growth mode 1, in which the CNTs appear to grow in bamboo-like arrangement [30–32] (see red
arrow in Figure 3B and HRTEM image in Figure 3C) and a growth mode 2 (see HRTEM image in
Figure 3D), in which the CNTs appear to grow in a catalyst-pool like mechanism [13,14,32]. Note that
in bamboo-like growth mechanisms, CNTs are generally characterized by the periodical repetition
of closed compartments. Instead in the catalyst pool mechanism the presence of graphene caps is
generally a consequence of the melted status of the catalyst particle during the CNTs growth and is
indicative of the growth direction (the graphene cap is generally oriented toward the growth direction
of the CNT) [13]. In addition, cross sectional EDX investigation in STEM mode allowed us to detect
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the presence of Sm in unusual thick micrometre size particles, as highlighted in the example shown in
Figure 3G and in the inset reporting the EDX spectrum. Due to the high thickness, the information
could not be obtained from the TEM and HRTEM images (Figure 3E,F). Instead, the EDX analysis in
STEM mode revealed the compositional characteristics. Note that the high brightness is associated to
the high Sm content within the particle. Curiously, the EDX spectrum did not evidence the presence of
Materials 2017, 10, 1216
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Figure 4. TGA analysis of the as grown buckypaper.
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Figure 5. Room temperature magnetization versus field curves of the as grown CNTs buckypaper.
Figure 5.
5. Room
Room temperature
temperaturemagnetization
magnetizationversus
versusfield
fieldcurves
curvesofofthe
theas
asgrown
grownCNTs
CNTsbuckypaper.
buckypaper.
Figure
(A) shows the typical ferromagnetic hysteresis loop of the sample; (B) shows the measured coercivity.
(A) shows
shows the
thetypical
typicalferromagnetic
ferromagnetichysteresis
hysteresisloop
loopofofthe
thesample;
sample;(B)
(B)shows
shows
the
measured
coercivity.
(A)
the
measured
coercivity.

The electrochemical properties of Fe3C/CNTs buckypapers produced in this work were then
The
properties
of
3C/CNTs buckypapers produced in this work were then
The electrochemical
electrochemical
properties(CV),
of Fe
Feat
buckypapers
produced
this work
then
3 C/CNTs
investigated
by cyclic voltammetry
a scan rate
of 50 mV using
the Kin
3[Fe(CN)
6]/K4were
[Fe(CN)
6]
investigated
by
cyclic
voltammetry (CV),
(CV), at
at aa scan
scanrate
rateof
of50
50mV
mVusing
usingthe
theKK[Fe(CN)
3[Fe(CN)6]/K4[Fe(CN)6]
investigated
by
cyclic
voltammetry
]/K
[Fe(CN)
6 to4those of 6a]
redox probe. In these measurements the properties of this buckypaper were3 compared
redox
In these
measurements
the properties
of this
buckypaper
werewere
compared
to those
of a
redox probe.
probe.
these
measurements
properties
of this
buckypaper
compared
to those
glassy
carbon In
electrode
(GCE), and tothe
those
of another
type
of buckypaper
obtained with
the
glassy carbon electrode (GCE), and to those of another type of buckypaper obtained with the
synthesis method in reference [21], and consisting of a layered structure comprising both Fe filled
synthesis method in reference [21], and consisting of a layered structure comprising both Fe filled
carbon nano-onions, (layer 1) and randomly oriented CNTs filled with α-,γ-Fe (layer 2). As can be
carbon nano-onions, (layer 1) and randomly oriented CNTs filled with α-,γ-Fe (layer 2). As can be

Materials 2017, 10, 1216

10 of 14

of a glassy carbon electrode (GCE), and to those of another type of buckypaper obtained with the
synthesis method in reference [21], and consisting of a layered structure comprising both Fe filled
carbon nano-onions, (layer 1) and randomly oriented CNTs filled with α-,γ-Fe (layer 2). As can be
seen in Figure 6, a significant peak current increase (Ip ) was observed for Fe3 C/CNTs (curve c) in
comparison to GCE and the other buckypaper (curve a and b). This phenomenon can be attributed
to the possible intrinsic differences in (1) the structural arrangement of the buckypapers, and (2) the
active surface areas in comparison to unmodified GCE. In particular, in the case of the buckypaper
presented in this work (Fe3 C-CNTs in Figure 6) the presence of a significant quantity of Sm particles
on the top surface could possibly function as active sites for the electrochemical processes.
Moreover, a well visible shift of cathodic and anodic peaks (Figure 6A) with the peak potential
(∆Ep ) separation of 214 and 387 mV for CNOs/α-,γ-Fe/CNTs, and Fe3 C/CNTs buckypapers,
respectively, can be noticed. The increase of peaks potentials separation indicates the absence of
catalytic properties toward carried out electrochemical reaction. Interestingly, the cyclic voltammogram
of Fe3 C/CNTs possess a rectangular-like shape, demonstrating an electrochemical pseudo-capacitance
behavior (resistive-capacitor), which is further investigated by electrochemical impedance spectroscopy
(EIS) technique (Figure 6B). Most likely, this current is related to the charging of the double layer
capacitance. Characteristic values obtained from CV measurements are collected in Table 1.
Table 1. Cyclic voltammetry (CV) results obtained for GC, α-,γ-Fe/CNTs/CNOs electrodes and
Fe3 C/CNTs electrodes.
Electrode

EC (mV)

IC (A)

EA (mV)

IA (A)

∆ Ep (mV)

GCE
CNOs-CNTs Buckypaper
Fe3 C/CNTs Buckypaper

138
55
19

−6.358 × 10−5
−1.819 × 10−4
−3.788 × 10−4

237
269
397

1.020 × 10−4
1.507 × 10−4
9.386 × 10−4

99
214
387

Accordingly, the EIS measurements were performed for the GC, CNOs-CNTs buckypaper,
and Fe3 C/CNTs buckypaper electrodes using the K3 [Fe(CN)6 ]/K4 [Fe(CN)6 ] redox probe in the
presence of KCl. Figure 6B shows Nyquist plots of examined electrodes, where Zre is the real part
and Z-im is the imaginary part of the complex impedance Z. Line (a) shown in Figure 6B, corresponds
to EIS results obtained for unmodified GCE, where the semicircle diameter at higher frequencies
corresponds to the charge transfer resistance (Rct ), which controls the electron transfer kinetics of
K3 [Fe(CN)6 ]/K4 [Fe(CN)6 ] at the electrode/electrolyte interface, meanwhile the resistance in the high
frequency range (Re ) is the resistance of the electrolyte, the contacts, and connections. The straight line
is the impedance due to the mass transfer of the redox species to the electrode, described by Warburg.
As can be seen, the EIS of the bare GCE is composed of a semi-circle and a straight line featuring
a diffusion limiting step of the K3 [Fe(CN)6 ]/K4 [Fe(CN)6 ] probe.
In the case of the CNOs-CNTs buckypaper and Fe3 C/CNTs buckypaper electrodes (Figure 6B,
line b and c), the electron transfer kinetics of the redox probe becomes fast so that the semi-circle
disappears and forms almost a straight line. The decrease of the charge transfer resistance is due to
the higher electron transfer kinetics at the buckypaper/electrolyte interface, and is in agreement with
CV results. A presence of a “knee-like” feature (Figure 6B, line b) can be observed in the Nyquist
impedance plot for the CNOs-CNTs buckypaper electrode, which can be attributed to its complex
structure characterized by two horizontal layers, of which the first one is composed of filled carbon
CNOs structures and the second of randomly oriented CNTs. In the case of Fe3 C/CNTs buckypaper
(Figure 6B, line c) its impedance shows slight change, where the line is approaching the imaginary
axis (R-im ) in the low frequency region pointing out on the capacitive-like behaviour of the material.
Due to our considerations, the enhanced capacitive properties of the Fe3 C/CNTs buckypaper electrode,
in comparison to that of CNOs-CNTs, can be assigned to the contribution from both the higher surface
area of thicker CNTs layer, as well as to Fe and Sm catalyst particles present on the material layers
and surface (for more details see EDX and SEM materials characterization). As it has been shown,

Materials 2017, 10, 1216

11 of 14

the Fe particles not only act as a catalyst for the CNTs growth but at the same time contribute as the
11 of 14
modifier, which allow to achieve an enhanced capacitive behavior (together
3
with the Sm particles) of the Fe3 C/CNTs based material presented in this study. Furthermore, a slight
Furthermore,
a slight
deviation
of theaNyquist
a straight
line in the
high frequency
region
deviation of the
Nyquist
plot from
straightplot
linefrom
in the
high frequency
region
is most probably
is
most
probably
attributed
to
charging
processes
of
Fe
3C/CNTs electrode.
attributed to charging processes of Fe3 C/CNTs electrode.
Materials
2017, 10,
1216
Fe C/CNTs
buckypaper

Figure 6.
6. In
L−L1−1KK
[Fe(CN) ] solution
3 [Fe(CN)
6 ]/K
Figure
In (A),
(A), Cyclic
Cyclicvoltammograms
voltammogramsrecorded
recordedinin5 mmol
5 mmol
3[Fe(CN)
6]/K4
4[Fe(CN)66] solution
−1 KCl at (a) GCE, (b) α-,γ-Fe/CNTs/CNOs buckypaper and (c) Fe C/CNTs
containing
0.1
mol
L
containing 0.1 mol L−1 KCl at (a) GCE, (b) α-,γ-Fe/CNTs/CNOs buckypaper and (c) Fe33C/CNTs
buckypaper produced
rate:
5050
mVmV
s−1s.−1In
(B),(B),
Nyquist
diagrams
obtained
for (a)
GCE,
buckypaper
producedin
inthis
thiswork.
work.Scan
Scan
rate:
. In
Nyquist
diagrams
obtained
for
(a)
−1 K [Fe(CN) ]/K [Fe(CN) ]
(b)
α-,γ-Fe/CNTs/CNOs
buckypaper
and
(c)
Fe
C/CNTs
in
5
mmol
L
3
3
6
4
−1
GCE, (b) α-,γ-Fe/CNTs/CNOs buckypaper and (c) Fe3C/CNTs in 5 mmol L K3[Fe(CN)6]/K4[Fe(CN)66]
solution containing 0.1 mol L−1 KCl.
solution containing 0.1 mol L−1 KCl.

4. Conclusions
Conclusions
4.
In conclusion,
demonstrated
an innovative
CVD approach
in whichinthewhich
large-scale
fabrication
In
conclusion,we
we
demonstrated
an innovative
CVD approach
the large-scale
of
ferromagnetically-filled
cm-scale
buckypapers
is
achieved
through
the
deposition
of
a
mesoporous
fabrication of ferromagnetically-filled cm-scale buckypapers is achieved through the deposition of a
supported catalyst
(SBA-16)
on (SBA-16)
the used on
substrate.
particular,
this method,
themethod,
deposition
mesoporous
supported
catalyst
the usedInsubstrate.
In in
particular,
in this
the
of the chosen
catalyst
a SBA-16
the used
CVD
substrate)
has the has
crucial
role of
deposition
of the
chosenoncatalyst
on asupport
SBA-16 (on
support
(on the
used
CVD substrate)
the crucial
promoting
the growth
of CNTs
withwith
random
orientation
on on
a horizontal
in
role
of promoting
the growth
of CNTs
random
orientation
a horizontalplane
planerather
rather than
than in
verticaldirection,
direction,therefore
thereforeallowing
allowing
a facile
fabrication
of cm-scale
CNTs
buckypapers
with
aa vertical
a facile
fabrication
of cm-scale
CNTs
buckypapers
with high

purity. SBA-16 can be therefore considered not only as secondary catalyst source but also as
growth-inhibitor, since it can prevent the growth of vertically aligned CNTs. The room temperature
magnetic properties of the produced buckypapers were also investigated and revealed the presence
of a high coercivity of 650 Oe. Additionally, the electrochemical properties of these buckypapers
revealed an interesting pseudo-capacitor (resistive-capacitor) behaviour that makes the produced
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high purity. SBA-16 can be therefore considered not only as secondary catalyst source but also
as growth-inhibitor, since it can prevent the growth of vertically aligned CNTs. The room temperature
magnetic properties of the produced buckypapers were also investigated and revealed the presence
of a high coercivity of 650 Oe. Additionally, the electrochemical properties of these buckypapers
revealed an interesting pseudo-capacitor (resistive-capacitor) behaviour that makes the produced
free-standing films suitable for applications in energy storage as flexible electrodes. Our measurements
also suggest that the performances of these buckypapers are better than those present in other
previously studied layered-buckypapers comprising Fe-filled CNTs obtained by pyrolysis of ferrocene
or dichlorobenzene-ferrocene mixtures.
Supplementary Materials: The following are available online at www.mdpi.com/1996-1944/10/10/1216/s1,
Figure S1: Statistical investigation of the outer diameter of the Fe3 C-filled CNTs comprised in the buckypaper
produced by using SBA-16 as growth promoter. Note that the average diameter was 79.2 nm, while the length of
the CNTs (as evaluated in the SEM micrographs presented in the manuscript) was estimated to be in the order of
many tens of micrometres (i.e., 50–100 micrometres).
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