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Abstract: The aim of this work was to obtain cobalt nanoparticles through a physical
method, which could be formed simultaneously during the Catalytic Chemical Vapour De-
position (CCVD) synthesis of carbon nanotubes, under conditions suitable for both carbon
nanotube synthesis and Co-nanoparticle formation. Co nanoparticles were prepared by
Physical Vapour Deposition (PVD) using a 0.05 m3 magnetron on two different substrates,
SiO2/Si and C, followed by a reduction treatment in an H2 atmosphere. Transmission
Electron Microscopy (TEM) and Field Enhanced Scanning Electron Microscopy (FE-SEM)
were used to characterize the Co nanoparticles. On the SiO2/Si substrate, cobalt silicate
is formed, which stabilizes the Co nanoparticles, while the nanoparticles obtained on the
C-substrate are sometimes surrounded by a layer of Co3O4, which deactivates the cobalt
nanoparticles. To obtain suitable Co nanoparticles for carbon nanotube synthesis, the
optimal Co-layer thickness is between 20 and 30 Å, and the optimal reduction temperature
is 800 ◦C and 450 ◦C for SiO2/Si and C substrates, respectively.

Keywords: carbon nanotubes; nanoparticles; co-nanoparticles; Physical Vapour Deposition;
PVD

1. Introduction
Carbon nanotubes possess remarkable chemical–physical properties, such as low

density, high mechanical strength, and exceptional electronic and thermal characteristics [1].
These features make them valuable in various applications, including the production of
composite materials, electronic devices, and biomedical applications [2]. They are also of
interest for their potential in environmental protection and conservation [3–5].

For the controlled growth of carbon nanotubes (CNTs) on a planar substrate using
the Catalytic Chemical Vapour Deposition (CCVD) of hydrocarbons, the substrate must be
meticulously prepared [6]. Although the primary goal may not be CNT production [7], this
technique yields structures that can be directly utilized in nanoelectronics [8].

First, metal nanoparticles must be synthesized by transforming a thin film previously
deposited on a support [9]. Alternatively, these metal nanoparticles can be obtained via
electrodeposition on the support [6].
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The addition of nanoparticles of clay or silica to a polymeric matrix can lead to
interesting new properties of the nanocomposite [10]. The metal nanoparticles are very
important in heterogeneous catalysis [11–14], but also in biology and medicine, where they
are used as contrasting agents in Nuclear Magnetic Resonance (NMR) measurements [15,16]
and as a means for tumour treating [17,18]. The magnetic properties of metal oxides play a
role in the production of informatic memories [19,20].

Nanoparticles are successfully used in the control and prevention of diseases [21].
In principle, there are two different methods to prepare nanoparticles: the wet method

and the dry method. The first one uses microemulsion, where the dispersed water droplets
act as nanoreactors and lead to quasi monodisperse nanoparticles of both organic and
inorganic nature [22–24].

For example, Co32 clusters could be synthesised in a remarkable monodispersity [25].
A significant disadvantage of this method is the massive use of surfactants and solvents,
which leads to a significant environmental impact.

For industrial production, where the monodispersity is not an absolute requirement,
the physical methods allow for the synthesis of a large number of nanoparticles, using, for
example, atmospheric plasma [26].

In this study, we apply the “dry method” to prepare supported metal nanoparticles by
using the evaporation technique under a vacuum or the cathodic pulverisation of a metallic
target, leading to the vaporisation of the target atoms. These atoms are condensed on a
nearby support, giving rise either to a metallic film or to metal nanoparticles.

The Plasma Enhanced (PE)-CVD is essentially used to obtain aligned CNTs for use in
the electronic industry [7]. The injected power is produced by a direct generator (DC-PE
CVD) [27], a low-frequency pulsar (a few hundred kHz) [28], a classical generator for
radiofrequencies plasma (13.56 MHz), or, finally, microwaves (2.4 GHz). Other synthesis
methods of CNTs involve the thermal CVD [29–34].

The metal nanoparticles concern, essentially, the iron [35,36], used alone or some-
times with other metals [37]. Cobalt is also used, but less frequently [38–40], as well as
nickel [41,42]. The generally used support is SiO2 (the oxidized silicon) or glass for the
direct construction of the screen [43–45]. The use of graphite or stainless steel [46] remains
marginal at present. The SiO2 layer, naturally produced on the Si crystals exposed to
air and often strengthened by thermal oxidation or PE-CVD, constitutes a barrier for the
diffusion of metals to the Si crystals. An interlayer of chromium is seldom used for that
purpose [47,48].

In most cases, a pretreatment of the metal film is necessary to transform it into nanopar-
ticles. For that purpose, either a Rapid Thermal Annealing (RTA) or a plasma is used in
reducing atmosphere. The use of ammonia assists in the formation of nanoparticles.

The temperature to produce CNTs must be carefully controlled. Indeed, the technolog-
ical requirements include working at the lowest possible temperature (≤650 ◦C) [49].

However, if the quality of the nanotubes is important or a less reactive gas such as
CH4 is used, the temperature must be higher (≥800 ◦C). The lowest possible temperature
achieved is in the Atmospheric Plasma CVD: 400 ◦C [50–53].

In most cases, acetylene is used as a carbon source alone or mixed with ammonia; the
mixture CH4/H2 is also used, and ethylene is seldom used as a carbon source [54,55].

In this paper, we will exclusively describe the synthesis of cobalt nanoparticles on
carbon and silica supports, using the cathode magnetron sputtering technique, and search-
ing for conditions that can be compatible with a simultaneous synthesis, by the CCVD
technique using acetylene as a carbon source of cobalt nanoparticles and carbon nanotubes.
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2. Results and Discussion
2.1. Co Deposits on Carbon Substrate

Seven different expositions were realized using Co vapour on carbon substrates: 7.5,
20, 30, 40, 60, 120, and 180 Å corresponding to 15, 40, 60, 80, 120, 240, and 360 s. As our
scope is to prepare Co nanoparticles, the samples of 20, 30, and 40 Å seem to be the best.

These samples will be further investigated. Samples of 60 and 120 Å contain probably
high Co particles of column form. The samples were also measured by FE-SEM with a
detector in the transmission mode (STEM) (Figure 1).
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Figure 1. STEM photographs of the Co/C samples: (a) 20 Å, (b) 30 Å, (c) 40 Å, and (d) 60 Å.

These pictures are difficult to be realized. Indeed, we operate at the limit of resolution
of the instrument, and the sample is not stable under the electron beam. In fact, we observe
a decreasing contrast and a decreasing number of particles after a short delay under the
electron beam (ca. 1s). The STEM pictures show that the surface density of the particles is
similar for the 20, 30, and 40 Å samples. The estimated diameter using the Féret method is
equal to 4.7 ± 2.2 nm for the 30 Å sample and 4.1 ± 1.2 nm for the 40 Å sample. For the
60 Å sample, a diameter of 8.7 ± 5.4 nm is determined (Figure 1d).

A careful examination of the TEM and STEM images of the 20 Å sample suggests
that Co nanoparticles smaller than 5 nm can be distinguished, with their height not so
significant. They are separated by “channels” of less than 1 nm.

The amorphous carbon presents only a limited number of nucleation sites, and because
the rate of deposition is weak (0.5 Å s−1), one expects nuclei of great dimension and, hence,
a weak density of islands.

The size of the nanoparticles is increased by incorporating other unstable atoms on
the substrate. Indeed, the strength of interaction between the Co atoms and the carbon
substrate is weak, being equal to 1.7 eV [56], while the cohesion energy of Co is equal to
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3.6 eV [57]. Hence, the formation of Co nanoparticles is favoured over the continuous film.
This means that Co does not wet the carbon surface. For a greater thickness (30 Å being
equal to 24 equivalent monolayers), the tridimensional nanoparticles can be distinguished.
For the initial Co deposition (the 7.5 and 20 Å samples), we consider that, essentially,
nucleation occurred in these samples. For the 20, 30, and 40 Å samples, the coalescence
has started, and the size of the particles increases without increasing their number. For the
other samples with a thickness of greater than 40 Å, particles of a greater size (ca. 8 nm) are
formed, and a continuous film is absent even for the 120 Å sample.

2.2. Co Deposits on SiO2/Si Substrate

The analysis of the Co deposits on the SiO2/Si support is far more difficult because we
cannot use the microscope in the transmission mode (TEM or STEM); therefore, we only
use the FE-SEM technique. We examined five samples of 20, 30, 40, 60, and 90 Å (Figure 2).
Let us emphasize that the images were difficult to acquire due to the deterioration as a
function of time; it was, hence, difficult to correctly fix the focus and the astigmatism.

Inorganics 2025, 13, x FOR PEER REVIEW  4  of  16 
 

 

The size of the nanoparticles is increased by incorporating other unstable atoms on 

the substrate. Indeed, the strength of interaction between the Co atoms and the carbon 

substrate is weak, being equal to 1.7 eV [56], while the cohesion energy of Co is equal to 

3.6 eV [57]. Hence, the formation of Co nanoparticles is favoured over the continuous film. 

This means that Co does not wet the carbon surface. For a greater thickness (30 Å being 

equal  to  24  equivalent  monolayers),  the  tridimensional  nanoparticles  can  be  distin-

guished. For the initial Co deposition (the 7.5 and 20 Å samples), we consider that, essen-

tially, nucleation occurred in these samples. For the 20, 30, and 40 Å samples, the coales-

cence has started, and the size of the particles increases without increasing their number. 

For the other samples with a thickness of greater than 40 Å, particles of a greater size (ca. 

8 nm) are formed, and a continuous film is absent even for the 120 Å sample. 

2.2. Co Deposits on SiO2/Si Substrate 

The analysis of the Co deposits on the SiO2/Si support is far more difficult because 

we cannot use the microscope in the transmission mode (TEM or STEM); therefore, we 

only use  the FE-SEM  technique. We examined five samples of 20, 30, 40, 60, and 90 Å 

(Figure 2). Let us emphasize that the images were difficult to acquire due to the deterio-

ration as a function of time; it was, hence, difficult to correctly fix the focus and the astig-

matism. 

 

Figure 2. FE-SEM images of Co/SiO2 samples (a–e): 20, 30, 40, 60, and 90 Å. 

For the 20 Å sample, the SEM image suggests that the size of the particles is smaller 

than 10 nm. This corresponds to the conclusion of Campbell, who has shown that Co does 

not wet the SiO2 surface [58]. For the other samples, it is not possible to detect Co nano-

particles or islands on the SiO2 surface. 

RBS is also used to characterise the Co deposit on SiO2/Si substrate. The simulation 

of the spectra using the logical SimNRA allows one to determine the thickness of the Co 

Figure 2. FE-SEM images of Co/SiO2 samples (a–e): 20, 30, 40, 60, and 90 Å.

For the 20 Å sample, the SEM image suggests that the size of the particles is smaller
than 10 nm. This corresponds to the conclusion of Campbell, who has shown that Co
does not wet the SiO2 surface [58]. For the other samples, it is not possible to detect Co
nanoparticles or islands on the SiO2 surface.

RBS is also used to characterise the Co deposit on SiO2/Si substrate. The simulation
of the spectra using the logical SimNRA allows one to determine the thickness of the Co
deposit in 1015 atom cm−2 units (xRBS). This spectroscopy yields the number of atoms
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instead of their thickness. However, for “simple” materials, it is possible to convert this
value into thickness xcm:

x(cm) =
xRSS

(
atoms
cm2

)
× MM

( g
moles

)
rho

(
g

cm3

)
× NAvog

( atoms
moles

)
With 8.9 g/cm3 for the specific mass of Co and 58.9 g/mole for Co, it is possible to

determine the thickness as a function of time (Figure 3).
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Figure 3. RBS determination of the deposit thickness on Co/SiO2.

From the correlation line of Figure 3, it is possible to compute the rate of deposition,
equal to 0.3 Å s−1. This value is smaller than the one determined by profilometry. The
difference can be explained by two factors. The first one is the specific mass used in
the equation. However, as will be shown below, at least the surface layer of the Co is
composed of CoO, the specific mass of which is equal to 6.45 g/cm3 [59]. On the other
hand, at these small values of thickness (300 Å), there is also an inherent error in the
profilometry measurements.

2.3. Reduction of Co Deposit on Carbon Support

Two reduction times were used for the 30 Å sample: 2 min and 24 min (Figure 4).
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Formation of islands of Co can be obtained for the 2 min sample due to the growth of
the particles in the third dimension. The height and size of the particles increase. The 24 min
reduction time is too long, and very large particles are formed, which are not convenient
for the synthesis of CNTs. We, therefore, limited the time of reduction to 12 min, which
has been verified as the optimal time. The average diameter was then determined with the
width of the distribution. For the 20, 30, and 40 Å samples, the increase in reduction time
led to a decrease of the particle diameter. This means that the large particles are destructed
in favour of smaller particles, a phenomenon contrary to sintering. This way, the particles
are better dispersed. The 20 and 30 Å samples calcined for 12 min are adequate for the CNT
synthesis because the size of the nanoparticles is ca. 9–12 nm. The 60 and 80 Å samples
show similar behaviour.

Let us emphasize that the particles in movement have an amorphous character, and
they become crystalline when they stop and acquire a size of ca. 100 nm.

This shows the liquid character of the surface of the nanoparticles at abnormally
low temperatures [60]. The average diameter, 9 ± 3 nm, is compatible with the one
determined previously (see above). The electron diffraction pattern shows three circles [9].
The identification is based on references [61,62].

In principle, the Co particles are spontaneously oxidized in air, and the so-formed
oxide layer protects the metal particle [63]. The nanoparticle not containing the oxide layer
is protected by a thin C layer dissolved in Co due to the interaction between the metallic
Co and the C support, and the optimal reduction temperature is 450 ◦C.

The formation of amorphous carbon is like forming a shield on the cobalt nanoparticles
that protects them from oxidation.

2.4. Reduction of Co Deposit on SiO2/Si Support

All the particles have diameters of ca. 8–10 nm. Sintering does not take place in the
samples 20 and 30 Å, only in the 40 Å. The constancy of the particle size could be explained
by the formation of cobalt silicate (Co2SiO4) under our reduction conditions at 700 ◦C. A
similar behaviour can be observed with Ni on the Al2O3 support. Bolt et al. showed the
formation of NiAl2O4 at the interface, finding that the size of the Ni nanoparticles did not
change due to their stabilisation by this layer. Similarly, in our case, Co2SiO4 can form at
the temperature of 700 ◦C [9,64,65], and it impedes the movement of the Co nanoparticles
on the surface, favouring their sinking in the silica layer [66]. Since there is almost no
difference in the diameter of Co nanoparticles as a function of reduction time, we kept
4 min of reduction for the further tests.

2.5. Influence of the Temperature of Reduction of Co/SiO2/Si Samples

The same experimental protocol was used for these experiments: initial pressure of
1 × 10−3 Torr or less, pressure of the reducing gas H2 at the beginning of the experiment,
400 mbar, and the temperature of reduction at 600, 700, and 800 ◦C.

The 20, 30, and 40 Å samples were calcined at 600, 700, and 800 ◦C. The results are
shown in Figure 5, and the variation of the diameter is reported in Figure 6 and Table 1.
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Table 1. Mean Feret’s diameter and indication of polydispersity of Co/SiO2/Si samples calcined at
various temperatures.

600 ◦C 700 ◦C 800 ◦C

20 Å 10 ± 2 mm 7 ± 3 mm 8.8 ± 1.3 mm
30 Å 17 ± 6 mm 12 ± 4 mm 17 ± 3 mm
40 Å 58 ± 16 mm 16 ± 8 mm 31 ± 14 mm
90 Å 324 ± 370 mm 79 ± 31 mm 50 ± 22 mm

It seems that for the thin samples, the temperature of reduction at 700 ◦C is the best
one, leading to smaller particles and the smallest dispersion (Figure 5 and Table 1). The
behaviour of the 90 Å sample is completely different. The reduction at 600 ◦C leads to
giant interconnected particles, resulting in a large dispersion (Figure 5 and Table 1). At
higher temperatures, 700 and 800 ◦C, the particles are smaller, and the dispersion decreases.
Once again, this behaviour can be explained by the formation of the Co2SiO4 layer, which
impedes the displacement of the particles on the silica surface.

A similar explanation can be used to explain the decrease of the particle size for the
thin samples (Figure 5 and Table 1). If the temperature is raised to 800 ◦C, the sintering
takes over, and the size of the nanoparticles increases. Let us note that the size of the
particles for the thicker sample of 90 Å is not greatly influenced from 700 ◦C to 800 ◦C. The
reduction of the as-made sample, thus, led to the formation of cobalt silicate resulting from
the reaction of metallic Co with SiO2 and impurity oxygen: 2Co + SiO2 + 2<O>→ Co2SiO4.

Other authors have already observed the formation of Co2SiO4 [58–66] from a thin
Co layer deposited on SiO2. However, the existence of this phase depends on the type of
silicon oxide used, whether native, thermal, or deposited by CVD, and on the experimen-
tal conditions.

The most important parameter for the formation of Co2SiO4 seems to be the presence
of impurity oxygen (stemming from adsorbed water, for example). Nguyen et al. [65] have
shown that if the reduction is conducted under H2/N2 mixture, this compound is not
formed because H2 reduces the adsorbed oxygen. However, in these conditions, ultrapure
gases called “micro-electronic standard” gases were used.

In our case, Co nanoparticles are formed with a diameter of ca. 10 nm, as determined
by FE-SEM (see above). The Co nanoparticles are surrounded by a layer of cobalt silicate.

In certain cases, CoSi2 was also detected, resulting from the reaction between Co and
SiO2 by eliminating the oxygen [66].

All the SEM results can be explained based on the formation of Co nanoparticles
supported on SiO2/Si (Figure 7).
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The Co2SiO4 layers stabilizes the nanoparticles. After polishing, only the interface
layer remains.



Inorganics 2025, 13, 7 9 of 16

3. Experimental
3.1. Preparation of Supported Metal Nanoparticles by Magneton Sputtering

The deposition of Co using Physical Vapour Deposition (PVD) technique is conducted
in a magnetron of 0.05 m3 (Neyco, Vanves, France) (Figure 8). Magnetron sputtering, as is
known, is a technique that generally provides better coating coverage with higher purity,
while thermal evaporation generally provides less dense films and a higher possibility of
impurity formation. For these reasons, in this research, the use of this method has been
experimented. This chamber is equipped with two unbalanced magnetron type cathodes
of 50.8 mm diameter. The chamber is evacuated with a turbomolecular pump, joined to a
primary pump. This ensemble allows one to reach a pressure of ca. 10−3 Pa. The cathode is
equipped with a Co target (Neyco, purity ≥ 99.97%). To control the temperature, a flux of
cold water is used (Figure 8).
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The cathode includes a chimney to confine the cobalt vapour in order to avoid its
dispersion in the chamber. An obturator is placed above the chimney to regulate the
exposure of the samples to the plasma. Finally, the sample holder is suspended in the
upper part of the chamber. The distance between it and the cathode is 150 mm. The Ar gas,
allowing the pulverization, is injected at the level of the cathode, with a flux of 200 sccm
controlled by mass flowmeters.

3.2. Materials

Two types of substrates were used: the conventional carbon grids used for Transmis-
sion Electron Microscope (TEM)-Philips TECNAI 10 (Amsterdam, Netherlands), deposited
on copper grids (200 mesh or ca. 70 µm, from Agar Scientific- Essex, England) and the
girdle-cake of thermally oxidized silicon. The latter are cut into 2 cm2 pieces. We chose
these because they are inexpensive and easily available, making them compatible with an
industrial discourse.

3.3. Preparation of the Substrates

The carbon grids are very delicate, and they are not pretreated before use.
SiO2 and Si are both used as supports in the synthesis of nanomaterials, but they

have different characteristics, such as the semiconductor nature of silicon. Their different
properties can influence the characteristics of the final product; therefore, we wanted to
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experiment with a combination of properties of silicon and SiO2 using a Si support with an
SiO2 layer.

The silicon (100) girdle-cakes are spontaneously covered by a thin oxide layer when
exposed to air. To increase this layer, we conducted a heat treatment under oxidative
atmosphere for the commercial silicon girdle-cakes.

Before the thermal oxidation, the silicon supports are carefully cleaned (3 × 20 min)
with absolute ethanol using an ultrasound bath. The samples to be oxidized are placed
into a quartz reactor where medical oxygen is introduced (4 L min−1). The sample is
flushed for 5 min at room temperature, then the reactor is placed in the centre of the tubular
furnace Carbolite at 1000 ◦C for 1 h. After the treatment, the reactor is cooled to room
temperature in ca. 20 min under oxygen flux. In this way, a thick oxide layer is formed on
the silicon substrate.

The thickness of this layer was determined using Rutherford Backscattering Spec-
troscopy (RBS); it is equal to 220 nm. Using the famous equations of Deal and Grave [67],
when dealing with the rate of oxidation of silicon with thermal treatment, it is possible to
predict the thickness of the oxide layer as a function of time.

The thickness determined experimentally, 220 nm, is situated between the value of
450 nm obtained in wet conditions, using water vapour and the value of 60 nm obtained in
dry conditions using pure oxygen. A priori, our conditions are those used in dry conditions.
The greater oxidation rate can be explained by the presence of water as an impurity in the
medical oxygen used (60 ppm of H2O, Air Liquide Medical, Paris, France). This impurity is,
thus, great enough to increase the rate of oxidation of silicon without reaching, however, the
oxidation rate in wet conditions. Although it is more difficult to conduct, the observation
of the oxide layer is also possible when using Field Emission SEM (FE-SEM)-XL 20 (Philips,
Amsterdam, The Netherlands) with retrodiffused electrons (Figure 9).
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Figure 9. FE-SEM image obtained by retrodiffused electrons of the thermally oxidized silicon sub-
strate.

We observed an oxide layer of ca. 100 nm, quite different from the one determined by
RBS, 220 nm. This difference could stem from the fact that this fracture was observed at an
angle different from 0◦. It is supposed that if the observation angle was ca. 30◦, we would
obtain the same result.

3.4. Metal Film Deposition by Co Magnetron Sputtering

A metal film was deposited on two different substrates, SiO2/Si and C, by Co mag-
netron sputtering using the following experimental conditions.

The Ar flux is fixed at 200 sccm. The equilibrium between this continuous flow and
the pumping leads to a general pressure of ca. 0.2 mbar in the chamber. This corresponds
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to a “high pressure” compared to the generally used “low pressure” (1–4 × 10−3 mbar).
At low pressure, the mean free path of the species corresponds to 3–10 cm, and in this
case, the probability of interaction of Co atoms with Ar atoms is small and the Co atoms
will hit the surface with a high energy (several eV). The situation is quite different at the
pressure of 0.2 mbar; the mean free path is much smaller (7 × 10−2 cm), the probability of
collisions between the Co and the Ar atoms is high, and the Co atoms lose a lot of energy
and reach the substrate with a thermal energy being equal to 1 × 10−2 eV at T = 300 K. In
these conditions, the formation of a film or of islands will be favoured.

The cathode is connected to a DC production. The power is limited to 60 Watt. The
tension V is ca. 300 V. Under these conditions, the current density is ca. 10 mA cm−2. Before
any metal deposition, the target Co is polished using low pressure, an Ar flux of 40 sccm,
and a high power of 100 Watt. The cleaning duration is 2 min.

The rate of Co deposition is measured using a simple technique consisting of masking
and measuring the step with a profilometer (VeecoDektak). The masking is completed using
Scotch® tape (St. Paul, MN, USA). After the Co deposition, the Scotch tape is removed, and
the thickness of the layers is measured. For a deposition of 10 min, the rate deposition is
measured as 0.48 ± 0.10 Ås−1. In the case of films, this rate can be used to calculate the
thickness of the layer. However, it is not true for the first layer, where nucleation occurs.
That is why it is more correct to speak of the equivalent-Angström per second. In the
following section, we will describe the various layers by their thickness.

3.5. Transformation of the Co Film by Reduction

As our purpose is to produce a carpet of CNTs on the substrates, we must transform the
Co film into nanoparticles. As the CCVD technique for the synthesis of carbon nanotubes
is conducted between 600 and 700 ◦C, the reduction was conducted at these temperatures
under a reduced atmosphere of H2. The influence of both the time and temperature of
reduction will be examined.

The reductions will be conducted in the same system used for the synthesis of CNTs
(Figure 10).
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Figure 10. Scheme of vacuum line used for the reductions of the substrates and the synthesis of CNTs.

The quartz tube is equipped with a valve linked to a vacuum line using a turbomolec-
ular pump (Alcatel ATP80, Adixen, Villeurbanne, France) also linked to a primary pump.
The pressure is controlled by a Pirani/Penning gauge for the control of the vacuum, and
the higher pressures are measured by two MKS Baratron: one for 10 mbar and the other
for the 1000 mbar range. The gas holder includes a system allowing the mixture of two
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(maximum three) gases between 0.1 and 1000 mbar. The vacuum line can achieve a vacuum
of better than 10−3 mbar up to 1 atmosphere. The quartz reactor is placed into a vertical
furnace of Carbolite STF15/75/450 type.

To carefully control the time of reduction, we determined the time necessary to reach
the required temperature. The temperature was measured every 5 s under N2 atmosphere
using a thermocouple inside the reactor. It can be seen in Figure 11 that the final temperature
of 713 ◦C is reached in 155 s, 700 ◦C after 115 s. The three reduction times of 2, 4, and 12 min
correspond to real times of 5 s, 85 s, and 565 s, respectively.
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Figure 11. Variation of the temperature as a function of time for the reaction shown in Figure 6:
PH2(25 ◦C) = 400 mbar.

The reduction was conducted at 700 ◦C under H2 atmosphere (400 mbar at 25 ◦C). In
the sealed tube, the final pressure was ca. 1300 mbar.

The phase recognition was essentially verified by TEM using the data and findings
reported in the literature.

4. Conclusions
The catalytic action of cobalt nanoparticles is important for the synthesis of carbon

nanotubes by the CCVD method.
In this experimental work, the conditions for the formation of cobalt nanoparticles that

can be combined with the conditions required for the synthesis of carbon nanotubes were
sought so that the formation of cobalt nanoparticles and the growth of carbon nanotubes
can occur simultaneously.

To find the optimal conditions, the nature of the support, the times, and the reduction
temperatures were varied. Two different supports were used, Si/SiO2 and C, on which
a Co film was deposited by the PVD method, followed by a reduction treatment in a
hydrogen atmosphere.

In both cases, no continuous Co film was formed, and, essentially, nanoparticles were
produced. The effect of reductions in H2 atmosphere at 700 ◦C was negligible on the size of
Co nanoparticles supported on SiO2/Si, where a Co2SiO4 phase was formed that stabilised
the Co nanoparticles.

On the Co nanoparticles supported by C, after the reduction, a decrease in the size of
the nanoparticles and the formation of a protective layer of Co3O4 were detected. In this
last case, however, the Co nanoparticles were deactivated, and an amorphous carbon layer
surrounded them. The optimal reduction temperature to obtain cobalt nanoparticles on
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the SiO2/Si support, in the conditions studied, was 800 ◦C, which is compatible with the
synthesis reaction of carbon nanotubes by the CCVD method.

With the Co/C support, the optimal reduction temperature to obtain cobalt nanoparti-
cles was found to be 450 ◦C, too low for the synthesis of carbon nanotubes.

In fact, the research has highlighted that it is possible, through the Si/SiO2 support on
which a Co film is deposited (by PVD), to proceed by introducing H2 into the reaction sys-
tem first, to generate the nanoparticles, followed by the introduction of acetylene necessary
for the nucleation of carbon nanotubes. The results obtained allow us to identify the best
conditions to optimise the synthesis phases for the growth and control of carbon nanotubes.

In this experimental work, for a better organization of the many data obtained, only
the results relating to the preparation and study of the different catalytic supports based on
cobalt nanoparticles aimed at the synthesis of carbon nanotubes have been reported. It is
worth noting that their application has also been thoroughly studied, and the results will
soon be published in another separate article, wherein this one will be cited.

In the future, the different synthesis methods of catalytic supports of cobalt nanoparti-
cles studied in this research need to be the subject of further study, as they play a potential
role in the yield and shape of the synthesisable nanotubes and, therefore, of potential
industrial interest.
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