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Abstract
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The carbon nanotubes (CNTs) play an important role in nanotechnology research today as
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they have the potential to be used in several areas. Environmental protection is highly
discussed nowadays, which is why it is necessary to be able to produce CNT forests with less
energy investment and simply, for these reasons we used the dip-coating layer construction
method, which is a simple process. We also would like to simplify the production of CNT
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forests by changing several parameters used in the syntheses (concentration of ink, catalyst
ratios, temperature, the effect of heat-treatment, hydrogen, and water vapor, reaction time,
carbon source). For these reasons, this research uses a dip-coating method to form a catalyst
layer on the surface of the substrate, as well as to investigate various parameters to produce
CNT forests directly on the titanium substrate, as it is important today to use a conductive
substrate.

Keywords
Carbon nanotubes, Catalytic chemical vapor deposition, Titanium substrate, Dip-coating,
Synthesis parameters
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1.

Introduction

The carbon nanotubes (CNT) are used in many fields today due to their outstanding
properties. One form of CNTs is 3D-structured vertically aligned carbon nanotubes, which
have unique electrochemical properties, so the CNT forests can be used in a wide range of
applications such as gas sensors, chemical sensors, transistors, and supercapacitors [1–4].
Such structure was first produced in 1996 by a Beijing research group using catalytic
chemical vapor deposition (CCVD) synthesis [5]. Nowadays, it is important to produce CNT
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forests on a conductive substrate, so aluminum, copper, stainless steel and titanium substrates
are often used [6–10]. In addition, it is possible to form a catalyst layer on the substrate
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surface with several layer building methods such as spin-coating, spray-coating, pulsed laser
deposition (PLD), and dip-coating [11–14]. However, it is increasingly important to use
simple methods to make this structure more cost-effective; according to the literature, the dipcoating process has already been applied to nickel substrate for catalyst film deposition and
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then CNT forest has been successfully grown on the substrate [15]. The dip-coting method is
already used in industry as well to form paint layers on the surface.
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An insulating oxide support layer is often used in the literature for the production of
CNT forests, most commonly alumina oxide [16]. However, if it is possible to form the oxide
support layer by heat treatment, the synthesis can be further simplified. Moreover, in certain
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cases the direct growth of CNT forests on the substrate is fully possible without the oxide
support layer [17], which requires better catalyst adhesion for many substrates, thus
simplifying the synthesis, so CNT forest fabrication is possible in fewer steps. Several
parameters influence the growth of CNT such as hydrogen, temperature, reaction time [18–
20] during the production of CNT forests. CNT forests could be produced at lower
temperatures, which could involve less energy investment. CCVD syntheses of CNT forests
require a reduction step, often using hydrogen [21], however, if hydrogen were present in the
system only for a short period to reduce catalyst particles, the synthesis could be made safer.
Nowadays, environmental protection is an important factor, and for these reasons, natural
carbon compounds have been used as carbon source in the growth of CNT forests in the
literature [22–24], which can exclude the frequently used ethylene or acetylene [25], which
could make the production of CNT forests more environmentally benign.
In this research, for the reasons mentioned above, we aimed to synthesize CNT forests
as simple as possible. Any reducibility of the CCVD process could enhance the application of

the product. Former studies revealed [4] that among conductive substrates titanium provided
the best performance, therefore this material was chosen for further experiments. However,
all parameters are interactant, so a systematic study was carried out for further development.
For building catalyst layer, the common dip-coating method was used. Then, we investigated
whether it was possible to achieve the CNT forest structure directly on the titanium substrate
without using a supporting oxide layer. In addition, it was important to determine how the
parameters used in the syntheses (concentration of ink, catalyst ratios, temperature, heattreatment for substrate, hydrogen, water vapor, reaction time, carbon source) affect the
growth of CNT forests and in order to exclude unnecessary parameters. In consequence, it is

Experimental
2.1. Materials
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2.

oo
f

possible to achieve and control the CNT forest structure via making the syntheses easier.

Titanium substrate (99%, VWR) as conductive substrate was used in the syntheses,
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and iron- and cobalt-nitrate (iron(III) nitrate nonahydrate, 99.9%, Sigma-Aldrich; cobalt(II)
nitrate hexahydrate, 99%, Sigma-Aldrich) in various ratios and concentrations dissolved in
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absolute ethanol (99.8%, VWR) were used as catalyst precursors in the dip-coating method.
In some cases, the aluminum-nitrate (aluminum-nitrate nonahydrate, 98%, Sigma-Aldrich)
was used as support layer on the substrate. During the syntheses, various carbon compounds
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were used, which were acetone (Ac; a.r., Molar Chemicals Kft.), absolute ethanol (99.8%,
VWR), palinka (homemade Hungarian brandy), cyclohexane (a.r., Molar Chemicals Kft.),
diethyl ether (≥99%, VWR) and ethyl acetate (99.5 %, Molar Chemicals Kft.). In the
syntheses of the samples, the carrier gas was nitrogen (99.995%, Messer), the reducing agent
was hydrogen (99.5%, Messer), and the carbon source was ethylene in general (>99.9%,
Messer). In some experiments carbon source different than ethylene was also used to prove
the applicability of other C-containing compounds.

2.2. Catalyst preparation

The catalyst layer on the substrate was formed by a simple method, which was the
dip-coating. First, the surface of the substrate was cleaned with ethanol, acetone, and distilled
water to confirm uniform adhesion of the catalyst layer. Then, the catalyst ink was prepared
by using iron- and cobalt-nitrate, which were mixed in absolute ethanol, working with

different catalyst ratios and concentrations during the syntheses. However, the most common
concentration was 0.11 M, while the catalyst ratio was Fe:Co = 2:3. The catalyst layer
formation was then performed, and the samples were heat-treated at 400 °C for 1 h in a static
oven to stabilize the catalyst layer on the surface of the substrate.

2.3. CCVD synthesis

The next step was the synthesis of the CNT forests, where in the first case, the
substrates containing the catalyst layer were cut to size of 4×4 mm. The cut-to-size substrate
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was placed in a quartz reactor and the reaction was subjected to a nitrogen purge to displace
the oxygen in the system. In the next step, the reactor was placed in a preheated furnace (700
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°C). Afterwards, the hydrogen gas was introduced into the reactor, which reduced the catalyst
particles in 5 minutes. Then, in addition to hydrogen, the feed of carbon source and water
vapor was started. At the end of the synthesis time, which was 30 minutes, all gases were turn
off except nitrogen, and after the quartz tube was cooled down to room temperature, the
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sample was taken from the reactor and further analyses were performed. The gas flow rates
were 80 cm3/min for hydrogen, 70 cm3/min for ethylene, 45 cm3/min for water vapor, and 40
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cm3/min for nitrogen. The parameters of the synthesis changed during the study of the
various effects, which were described in the results part, but the general synthesis was the
same as that described in their section. In order to gain information about the formation of
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catalytic particles from the homogeneous layer, so-called blank synthesis was carried out.
During which all steps were identical except for the feed of carbon source and water vapor.

2.4. Characterization of CNT samples

The CNT forests were examined by a Hitachi S-4700 Type II FESEM (5–15 keV)
scanning electron microscope (SEM) to obtain information on their structure. For clear
presentation of SEM images of CNT forests, they were organized into tables in the relevant
sections and also framed by either green or red color. The coding is the following: samples
with green frame seemed to be worth for further investigation, while with the red-marked
samples we did not continue experiments. In addition, transmission electron microscope
(TEM) measurements were performed by a FEI Tecnai G2 20 X-TWIN (200 keV) type
machine to determine the diameter of CNTs. Raman spectroscopic measurements were also

performed by a Thermo Scientific DXR Raman microscope (excitation wavelength 532 nm)
to collect information on the graphitization of the CNT forests.
3.

Results and discussion

Describing the results, first we present the effect of parameters during the building of
catalyst layer, which is the first step in the production of CNT forest. Then the effect of
parameters used in the CCVD synthesis is demonstrated, according to which the effect of
temperature, reaction time, hydrogen, water vapor, and different carbon sources was studied.
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3.1. Effect of heat-treatment applied during catalyst layer construction on the growth
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of CNT forests

During the syntheses, in some cases heat-treatment was performed on the substrate to
observe whether a native oxide layer formed on the surface of the substrate during heattreatment which might have a crucial role in achieving the desired structure. In order to
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investigate whether it is possible to produce CNT directly on the substrate without a support
oxide layer different layers were built [26]. For comparison, alumina layer was also built on
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the substrate to investigate how these parameters affect the growth of CNT forests, as some
oxide layer between the catalyst layer and the substrate was often used in the literature for
better adhesion [17]. To clarify all possible effects, catalyst layer was prepared without any
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heat treatment (reference sample), with or without alumina layer, and heat treatment at 400
°C before and after dip-coating. SEM images were taken of as-grown carbon deposits, which
are shown in Fig. 1.
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Fig. 1: SEM images of CNT forests synthesized over substrates with different heattreatments (HT) applied during catalyst layer building.
ID/IG

11.1 ± 2.6
7.2 ± 1.5

1.0
1.0

14.1 ± 4.6
4.7 ± 2.0

31.5 ± 7.2
55.2 ± 17.1

8.0 ± 1.2

1.1

10.4 ± 4.2

79.7 ± 31.3

26.2 ± 4.3

1.1

7.2 ± 3.5

49.2 ± 22.6

56.5 ± 12.3

1.2

9.2 ± 4.8

40.6 ± 11.2
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Without HT
Before catalyst layer HT
Before and after catalyst
layer HT
Before catalyst layer
HT+Al2O3
Before and after catalyst
layer HT +Al2O3

diameter of diameter of catalyst
CNT (nm)
particle (nm)

h (µm)

lP

The samples

Table 1: The height of the CNT forests (h), the ID/IG band intensity ratios obtained from
Raman spectra, the diameter of CNT from TEM, and the diameter of catalyst particles from
pre synthesized.
On the SEM images (Fig. 1), it can be observed that in all cases the characteristic
structure of the CNT forest appeared on the substrate, even in that case when heat-treatment
was not applied at all during catalyst layer deposition. This may be due to the fact that the
CVD synthesis took place at high temperatures which allows the conversion of the iron- and
cobalt-nitrate to the corresponding oxides in the reactor at the beginning of the synthesis,
after which carbon deposition could happened on the catalyst particles [27]. In those cases
when the aluminum oxide as support layer was present on the surface of substrate, the height
of the CNT forests was significantly higher, however, the CNT forests did not appear

uniformly on the substrate surface, while in the absence of the support oxide the CNT forest
structure appeared more orderly on substrate. In the literature, some kind of support layer is
often used in the production of CNT forests [28], however, in this research, when, heattreatment was not applied, the height of the CNT forests was only 11.1 ± 2.6 µm, and it
should be considered that if heat-treatment was not used at all, the production can be made
more simpler because less energy is needed during production and put less strain on our
environment. Then, after these results, the blank synthesis was performed on these samples,
which differs from the original synthesis in that no carbon source and water vapor were
present, only the catalyst particles were reduced. These measurements were performed to
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obtain information on the catalyst particles on different heat-treatment.

Fig. 2: SEM images of catalyst particles on substrates during blank synthesis from different
heat-treatments (HT)
Based on the SEM images (Fig. 2), it was observed that the catalyst particles were
evenly distributed on the surface of the substrate in all cases. Also, in the case where the
substrate was not heat-treated before the catalyst layer formation, the catalyst particles were
probably melted into the substrate, and thus the smallest particle size was observed. While in
the case where the substrate was heat-treated before the catalyst layer was built, the diameter
of the catalyst particles was larger as well as better separated on the substrate surface, which
may be due to the heat-treatment forming a titanium-dioxide layer on the substrate surface. In
cases where there was the aluminum oxide layer on the substrate surface, significant

difference was not observed. After these measurements, TEM and Raman measurements
were performed to obtain information on the diameter as well as the graphitic properties of
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the CNTs.
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Fig. 3: HRTEM images of CNT forests synthesized during different heat-treatments (HT)
used in the synthesis.

Fig. 4: Raman spectroscopy measurements of CNT forests synthesized over substrates
prepared with different heat-treatments.

Based on the TEM measurements (Fig. 3), it can be concluded that the diameter of the
CNTs was almost the same in all cases (Table 1). In the absence of heat-treatment on the
substrate, more catalyst particles were observed on the TEM images, due to the fact that not
only the root growth mechanism of CNT forests was present during the synthesis, but the tip
growth as well [29]. This phenomenon was presumably due to the weak interaction between
the catalyst particles and the substrate, so it was possible for the catalyst particles to come
apart from the substrate. Based on the Raman measurements (Fig. 4), the CNT forests were
containing almost the same amount of defect location, of which the calculated ID/IG ratios
were shown in Table 1. Based on the evaluated data, the fewest amount of defect location
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was observed in the case when heat-treatment was not performed during the catalyst layer

re
-p
r

construction.

3.2. The effect of catalyst ink ratio in the growth of CNT forests

In these syntheses, the different catalyst ratios were investigated in order to obtain
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information on the effect of this parameter and how it influences the formation of CNT
forests on the substrate, because the Fe:Co = 1:1 ratio was most commonly used in the
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literature [30]. Other synthesis parameters were the same as described in the experimental
section. The catalyst ratios were as follows: Fe:Co = 0:1; 1:3; 2:3; 1:1; 3:2; 3:1; 1:0. SEM
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images were also taken in this series, as shown in Fig. 6.

Fig. 5: SEM images of CNT forests growth on titanium substrate using different catalyst
ratios.
Fe:Co

0:1

1:3

2:3

1:1

3:2

3:1

1:0

h (µm)

2.7 ± 0.4

6.4 ± 0.8

5.9 ± 0.8

-

-

-

-

Table 2: The height of CNT forests from SEM at different catalyst ratios.

Based on the SEM images (Fig. 5), using samples with different catalyst ratios on the
substrate, the characteristic structure of CNT forests could be observed only three times on
the substrate, which are Fe:Co = 0:1, Fe:Co = 1:3, and Fe:Co = 2:3, while in the other cases
only CNTs were grown on the substrate surface and the CNTs were not able to align into a
CNT forest structure. Based on these results, it can be concluded that if cobalt was present in
larger amount in the catalyst solution, the forest structure was observed only in those cases.
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This may be due to the fact that using cobalt catalyst on a titanium substrate is more
favorable for the formation of CNT forest based on literature data [31]. By contrast it was
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found that if iron precursor was present in larger amount in the catalyst ink, only unaligned
CNTs were growth on the substrate. Examining the height of CNT forests again, the highest
forest could be observed with Fe:Co = 1:3 (Table 2), where the largest amount of cobalt
precursor was in the catalyst solution which differs from the Fe:Co = 1:1 ratio most
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commonly used in the literature.

3.3. Effect of catalyst ink concentration on the growth of CNT forests

In the next experiments, we aimed to obtain information on the effect of catalyst ink
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concentration on the growth of CNT forest. To this end, we used concentrations lower as well
as higher concentrations, than the reference concentration to investigate the lowest and also
the upper concentration limit with which it was still possible to produce CNT forests. For
these reasons, the concentration of ink was varied as follows: 0.022 M, 0.044 M, 0.11 M,
0.22 M, and 0.44 M, and the other parameters used during the synthesis were the same as
described in the experimental section.
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Fig. 6: SEM images of CNT forests grown on titanium substrate using different ink
concentrations.
Form the SEM results (Fig. 6), it can be concluded that at the concentrations lower
than the reference concentration (0.11 M) the forest structure was not observed at all, only
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unarrayed CNTs can be seen on the substrate. Based on this finding, it can be concluded that
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this is the lower limit at which the forest structure appeared on the substrate. This may be due
to less catalyst deposition onto the surface of the substrate, which was not sufficient to form
the forest structure. In all cases, where a concentration higher than the reference
concentration was used on the substrate, the forest structure can be observed. However, in the
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case of 0.11 M, the CNT forest was much more structured, and the height of the CNT forests
was 8.0 ± 1.0 µm. While at the highest concentration, which was 0.44 M, the CNT forests
had twice the height, while at 0.22 M it was lower, which may be due to the water vapor
present in the system, which oxidized the CNTs thus decreasing their height. Based on the
results, it can be concluded that the 0.11 M concentration was the most suitable for the
formation of the CNT forest structure with this production method.

3.4. The effect of reaction temperature on the growth of CNT forests

In this case, we wanted to obtain information how the reaction temperature used
during the synthesis affects the growth of CNT forests on the substrate. From the literature,
the ideal synthesis temperature for titanium substrate seems to be 700 °C, however, if it was
possible to produce CNT forests at lower temperatures, the forest structure could be achieved

with less energy investment [32]. For these reasons, the temperature was varied between 400
°C and 800 °C, the other synthesis parameters were the same as described in the experimental
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section. About the samples SEM images were recorded which are shown in Fig. 7.
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Fig. 7: SEM images of CNT forests synthesized at different reaction temperatures.

From the SEM measurements (Fig. 7), it can be concluded that at low temperatures,
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such as the range of 400-600 °C, the forest structure did not appear on the substrates. A
possible reason could be that, at too low temperature, the carbon deposition has not occurred
on the catalyst particles due to the reactivity of carbon source, so the growth of CNT could
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not start on the substrate surface. Also in the literature generally higher temperatures are used
for the syntheses of CNT production [33]. However, at 650 °C and 700 °C, the forest
structure can already be observed, consequently this temperature was ideal for the growth of
CNT forests on titanium substrate [10]. It can also be observed that the most suitable
temperature for the production of CNT forests was 700 ° C, since at this temperature the
height of the CNT forest was 11.0 ± 1.5 µm, however, it is possible for 650 °C to reach the
CNT forest structure. At higher temperatures (750 - 800 °C) CNTs can be not observed on
the substrate surface, only amorphous carbon, which may be due to the fact that in this case it
is conceivable that homogeneous decomposition of ethylene (in addition to the catalytic)
starts in parallel and deposits on the substrate, which inhibits the growth of CNT and
amorphous carbon is formed on the substrate.

3.5. The effect of reaction time used in the growth of CNT forests

In this case, the reaction time used during the synthesis was investigated, where
shorter and longer times (10, 20, 40 and 50 minutes) were used compared to the 30 minutes
reference. The reason why this parameter was examined if we could reduce the reaction time,
the energy investment would be reduced if we could achieve the desired CNT forest structure
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in a shorter period. SEM images were taken, which are shown in Fig. 8.
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Fig. 8: SEM images of CNT forests at different reaction times used during synthesis.

Fig. 9: The height of CNT forests from SEM at different reaction times.

Based on the results, it can be said that the structure characteristic of the CNT forest
can be observed during the application of all reaction times except for the 50 min synthesis. It

can be observed that at low reaction time (10 min) the height of CNT forests was only 3.0 ±
0.3 µm, which may be due to the fact that only a small amount of carbon could enter the
system in this short period of time, thus affecting the height of CNT forests and in this case,
even the water vapor could not use its effect of activating the catalyst particles [34]. Also, the
structure of CNT forests was not so prominent. Nearly the same CNT forest height can be
observed at 20- and 30-min synthesis times (Fig. 9), however, structurally the most ordinate
structure can be observed at 30 min reaction time, these results suggest that this parameter
was ideal for growing CNT forests on titanium substrate. While a reaction time of 40
minutes, the height of the CNT forests is already decreasing and the CNT forest structure is
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not so dense in this case, due to the fact that the water vapor present in the system has started
to decompose the CNTs, thus reducing their height as well. While during the 50 min reaction
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time, only CNTs can be observed on the substrate, which may be due to the fact that in this
case the CNTs were no longer arranged in CNT forest structure because the catalyst was tired
in case of long reaction time so the CNT was not grown further and so the oxidative
properties of water vapor was started to dominate.. Based on the results, it can be concluded
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that even with a low reaction time such as 10 min, it is possible to achieve the CNT forest
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structure, which might also simplify the synthesis.

3.6. The effect of hydrogen used in the growth of CNT forests
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In the next experimental step, the effect of hydrogen was investigated in three
different ways. In the first case, the hydrogen was not present at all in the system during
synthesis, in the second case for only 5 minutes while reducing the catalyst particles, and in
the third case during the entire content of the synthesis. It is also important to study this
parameter because it was an important factor in the production of CNT forests to provide a
reductive environment in the system to which hydrogen is most often applied [35]. However,
without the presence of hydrogen, the synthesis could have been simplified, and the growth
of CNT forests could be safer. SEM images were taken of the prepared samples, which are
shown in Fig. 10.

Fig. 10: SEM images of CNT forests without and 5 min and with hydrogen used during
synthesis.
Based on the SEM images (Fig. 10), in the case where hydrogen was not present in
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the system, the structure of CNT forest cannot be observed on the substrate. This may be
because hydrogen did not reduce the catalyst particles on the surface of the substrate, so CNT
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growth could not start. Based on the literature data, a reducing agent is required in the system
to provide a reducing environment, which is most commonly hydrogen [36]. In the case when
hydrogen was present in the system for only 5 minutes (the preliminary treatment before
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carbon source feed), the characteristic structure of the CNT forest could be observed, and the
height of the CNT forests was 6.1 ± 0.7 µm. This is important information that hydrogen was
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needed in the system, but only for a short time to reduce the catalyst particles, then no longer
indispensably needed for the rest of the synthesis. When hydrogen was present in the system
during the entire synthesis, the characteristic structure of CNT forest was also observed and
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in this case the height of CNT forests was 4.8 ± 0.7 µm, that is, the height of the CNT forests
decreased in the presence of hydrogen, which may be due to fact that hydrogen is able to
react with carbon in the system [35], which can reduce the height of the CNT forests.
However, it can be concluded that it was not necessary for 5 min hydrogen to be present in
the system, which can simplify the achievement of forest structure.

3.7. The effect of water vapor used in the growth of CNT forests

With this sample series, we aimed to investigate the effect of water vapor on forest
structure formation because, according to literature data [37], water vapor helped the growth
of CNT forests as well as activating the catalyst on the substrate surface thus amorphous
carbon was eliminated from the system. It is an essential information whether the structure of
the CNT forest formed on the substrate during the synthesis is dependent on the absence or

presence of water vapor in the system. The synthesis parameters were the same as described
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in the experimental section. SEM images were taken of the samples as shown in Fig. 10.

Fig. 11: SEM images of CNT forests without and with water vapor during CVD synthesis.
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Based on the SEM images (Fig. 11), it can be concluded that in both cases the forest
structure appeared on the substrate. In the absence of water vapor, the forest structure was
denser, and the height of the CNT forests was 7.0 ± 0.9 µm. While in the presence of water
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vapor, the height of CNT forests was 5.5 ± 0.9 µm and the forest structure was less complex.
This may be due to the fact that the presence of water vapor in the system has begun to break
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down the CNT forests, so their height has decreased, and their structure was not so dense.
According to literature data, water vapor helped the growth of CNTs via catalyst particle
reactivation, however, it oxidizes not only amorphous carbon in the system but CNT walls as
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well as [38]. However, without water vapor present in the system, the height of the CNT
forests was higher, the reason is probably the same as described above. Based on these
results, it can be said that the structure of the CNT forest can be achieved even in the absence
of water vapor, with which it is possible to simplify the growth of CNT forests.

3.8. The effect of different carbon sources used in the growth of CNT forests

Finally, we investigated whether ethylene as a carbon source could be excluded if
different carbon sources were introduced into the system by the bubbling method. For this
reason, acetone, ethanol, palinka, cyclohexane, diethyl ether, and ethyl acetate were used as
carbon sources and the carbon ratio was constant. The synthesis parameters were the same as
described in the experimental section, except that water vapor was no present in the system.
The aim of this study was that if we can replace the ethylene carbon source with other natural
carbon compounds, this would simplify the synthesis, different carbon sources have been

used in the literature to produce CNT forests instead of the usual acetylene, ethylene [24,39].
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SEM images of the samples were taken as shown in Fig. 12.

h (µm)

h (µm)

acetone

acetone – ethylene

ethanol

ethanol - ethylene

Jo

Fig. 12: SEM images of CNT forests different carbon sources used during CVD synthesis.

-

1.7 ± 0.3

-

3.9 ± 1.5

palinka

palinka - ethylene

cyclohexane

cyclohexane - ethylene

-

4.6 ± 0.7

4.2 ± 0.8

4.8 ± 0.5

Table 3: The height of CNT forests from SEM by different carbon sources.

Based on the results, it was observed that in the absence of ethylene, the CNT forest
structure appeared only during the application of cyclohexane, where the height of CNT
forest was 4.2 ± 0.8 µm. However, the CNTs observed in the other cases on the substrate, but
the CNTs were not arranged in the CNT forest structure. This may be due to less carbon
source entering in the system. For these reasons, syntheses were also performed when
ethylene was used in the system at the same flow rate in addition to the natural carbon source.
Thus, the CNT forest structure on the surface of the substrate, acetone, ethanol, palinka, and
cyclohexane can be observed in several cases on SEM images (Fig. 12), which may be due to

literature data that the system requires a non-oxygen-containing carbon compound as well as
only a small amount of oxygen-containing carbon compound to aid in the decomposition of
the amorphous carbon and to activate the catalyst [40]. The height of these forests was
remarkably low (Table 3), which may be important for further applications. Based on the
results, it can be said that it was possible to form CNTs on the substrate using different
carbon sources, however, they depend on several parameters.

4.

Conclusion
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Summarizing the results, it can be concluded that it was possible to produce CNT
forests with a simple layering method. Also, there was no need for the presence of a support
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oxide layer on the substrate, which plays an important role in the production of CNT forests,
so it is possible to grow CNT forests directly on titanium substrate. In addition, there was no
need for a heat-treatment phase to stabilize the catalyst layer on the surface of the substrate,
thus making the production of CNT forests easier. In addition, it can be said that CNT forests
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can be grow at lower temperatures (650 °C) and with lower reaction times (10 min), because
of which less energy was required to achieve the desired product. Also, various parameters

ur
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such as concentration and catalyst ratio play an influential role in the production of CNT
forests, which differs from the parameters frequently was used in the literature. Based on the
results, it can be concluded that by excluding water vapor as well as hydrogen, the growth of

Jo

CNT forests on the substrate was possible, which the syntheses was made safer. Finally, in
addition to the ethylene carbon source, it was also possible to produce CNT forests with other
natural carbon compounds, which could open a new way in the production of CNT forests.
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Figure and Table captions

Fig. 1: SEM images of CNT forests synthesized over substrates with different heattreatments (HT) applied during catalyst layer building.
Fig. 2: SEM images of catalyst particles on substrates during blank synthesis from different
heat-treatments (HT)
Fig. 3: TEM images of CNT forests synthesized during different heat-treatments (HT) used in
the synthesis.

Fig. 5: SEM images of CNT forests growth

oo
f

Fig. 4: Raman spectroscopy measurements of CNT forests synthesized over substrates
prepared with different heat-treatments.
on titanium substrate using different catalyst
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ratios.

Fig. 6: SEM images of CNT forests grown on titanium substrate using different ink
concentrations.

Fig. 7: SEM images of CNT forests synthesized at different reaction temperatures.
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Fig. 8: SEM images of CNT forests at different reaction times used during synthesis.
Fig. 9: The height of CNT forests from SEM at different reaction times.
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Fig. 10: SEM images of CNT forests without and 5 min and with hydrogen used during
synthesis.

Fig. 11: SEM images of CNT forests without and with water vapor during CVD synthesis.
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Fig. 12: SEM images of CNT forests different carbon sources used during CVD synthesis.

Table 1: The height of the CNT forests (h), the ID/IG band intensity ratios obtained from
Raman spectra, the diameter of CNT from TEM, and the diameter of catalyst particles from
pre synthesized.
Table 2: The height of CNT forests from SEM at different catalyst ratios.
Table 3: The height of CNT forests from SEM by different carbon sources.
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