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Article
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Abstract: In this paper, we explore a straightforward two-step method to produce high purity, vertically
aligned multi-walled carbon nanotubes (MWCNTSs) via chemical vapor deposition (CVD). Two distinct
solutions are utilized for this CVD method: a catalytic solution consisting of ferrocene and acetonitrile (ACN),
and a carbon source solution with camphor and ACN. The vapors of the catalytic solution inserted in the
reaction chamber through external boiling, result in a floating catalyst CVD approach that produces vertically
aligned MWCNTs in a consistent manner. MWCNTSs are grown in a conventional CVD horizontal reactor, at
850°C under atmospheric pressure, and characterized by Raman spectroscopy, Scanning Electron Microscopy
(SEM) and Thermogravimetric Analysis (TGA). Coating the MWCNTs with polymethyl methacrylate (PMMA)
while still on the Si substrate, retains the structure and results in a flexible, conductive thin film suitable for
electrodes. The film is 62 pm thick and stable in aqueous solutions, capable of withstanding further processes
such as electropolymerization with polyaniline, to be used for energy storage applications

Keywords: chemical vapor deposition method; CNT forests; conductive thin films; CVD;
electropolymerisation; multi-walled carbon nanotubes; MWCNTs; PANI

1. Introduction

The demand for versatile electronic devices that are flexible, rollable, wearable, and lightweight
with excellent mechanical strength has led researchers to develop advanced materials for flexible
electronic applications. Carbon nanotubes (CNTs) are increasingly explored towards this purpose
due to their exceptional physical, electrical, and mechanical properties [1]. CNTs are composed of
concentric graphitic shells and depending on the synthesis method can be highly oriented (CNT
forests), offering a promising solution for the development of flexible thin films that can withstand
various deformations while maintaining high performance [2-5].

The conventional method for synthesizing CNT forests is chemical vapor deposition (CVD),
which involves the deposition of a metallic catalyst layer on a substrate with specific crystallography,
followed by a reduction process to activate the catalyst for CNT growth [6,7]. While CVD has proven
to be a highly effective method for CNT synthesis, there are still several challenges to overcome. One
of the primary difficulties is the need for a large amount of energy to sustain the high temperatures
required, often between 600°C and 1200°C, which can make the process energy and cost-intensive [7—-
9]. Additionally, the presence of metallic impurities, such as those from the catalyst materials used,
can be a significant challenge, as these can alter the properties and performance of the produced
nanotubes, necessitating additional purification steps [10-13]. Another challenge is the difficulty in
controlling the variables related to the orientation and alignment of the growing nanotubes.
Unaligned, randomly oriented nanotubes can limit their potential applications, particularly in areas
where precise control over nanotube arrangement is crucial, such as in electronic devices or
engineered composites [6,14,15].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Floating catalyst CVD (FC-CVD) methods have been developed by introducing the catalyst
precursor (typically a metallocene compound such as ferrocene — Fe (CsHs)2) directly into the reaction
chamber along with the carbon source necessary for the CNT growth. The dynamic nature of the
floating catalyst, together with the specific crystallography of the substrate, allow the growth of CNT
forests, while presenting a simpler approach for CNT manufacturing with fewer impurities
compared to pre-deposited catalysts [7,16,17]. Plasma-enhanced floating catalyst chemical vapor
deposition is an even more advanced variant that takes advantage of the unique properties of
microplasma to further improve the CNT growth process, enhancing the dissociation of the reactant
gases, leading to higher growth rates and purity along with improved crystallinity of the nanotubes
[18,19]. The synthesis of high-purity CNTs and CNT forests through this method necessitates
specialized equipment and sophisticated infrastructure, thus the acquisition of such resources
presents significant challenges.

In this study we present a simple two-step FC-CVD approach for the fabrication of highly
oriented CNTs, with high purity and the production of a conductive and flexible thin film, exploiting
their properties. The deposition takes place in a conventional CVD system with the catalyst and
carbon source being introduced separately in the reactor, resulting in minimal impurities and
lessening the need for post-treatment. The properties and morphology of the CNT forests are
investigated using Cyclic Voltammetry (CV), Thermo-Gravimetric Analysis (TGA), Raman
spectroscopy and Scanning Electron Microscopy (SEM).

2. Materials and Methods
2.1. Experimental

2.1.1. CNT Forests Fabrication

Vertically aligned CNTs were grown on a silicon wafer (P/Bor <100>, d=100mm, Thickness:
525um, Single side polished) acquired by Techline S.A., Greece, in a hot-wall CVD reactor, at
atmospheric pressure. A stainless-steel tube (custom made) was used as the reactor chamber, inserted
in a tubular furnace. Argon (Ar) from a 50L/200bar gas bottle (Evripos Gases, Greece) was used as
carrier gas, in a flow rate of 84 mL/min. The 2-step approach refers to the two solutions used for the
reaction (precursor and carbon source) which are introduced by sequential evaporation in the
reaction chamber. The selection of acetonitrile - CHsCN (ACN) serves a dual role: it works as a solvent
for the catalyst and as a supplementary carbon source, since as an organic solvent consists also of
carbon and in this way, it facilitates the production of nanomaterials with minimized nitrogen content
at the designated temperature [20,21]. The catalytic solution (S1) is poured first, containing the ferrous
catalytic particles consisting of ACN (Sigma Aldrich, 34851) and ferrocene (Sigma Aldrich, 8.03978)
at different concentrations (0.05 M, 0.1 M, 0.2 M). Raising the temperature above the boiling point of
ferrocene (249°C) was necessary to ensure that the vapors reached the reaction chamber instead of
remaining within the spherical flask. Consequently, a temperature of 253°C was selected. At a second
step, the carbon source solution (52), necessary for the nanotube growth, is poured in the CVD.
Specifically, ACN solutions of camphor (CioHisO, Sigma Aldrich, W526606) at different
concentrations (1.0 M, 2.0 M and 3.0 M) and volumes (20, 40, 60 ml) were tested. Similarly to S1, the
selected temperature was 213°C, above the boiling point of camphor (209°C). A reaction temperature
of 850°C was employed and the CNT forests were deposited on the silicon wafer.

2.1.2. MWCNT/PMMA and PANI/MWCNT/PMMA thin Films Preparation

The CNT forests, fabricated by the two-step method described above, were received as free
standing films using poly(methyl methacrylate) (PMMA) as a glueing matrix by casting a proper
PMMA/MMA solution. This was prepared by bulk polymerization of MMA with 0.03 M of 2,2"-
Azobis(2-methylpropionitrile) (AIBN, Sigma Aldrich 11630) as initiator. After some initial trials, it
was found that the optimum casting viscosity of the PMMA/MMA solution can be achieved after
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polymerization in a water bath at 58 °C for 90 min (corresponding to approximately 15 %
polymerization yield).

After the casting, the films were left at room temperature for a couple of hours (for the PMMA
to fully solidify by the progressing polymerization reaction) and then subjected to annealing at ~80
°C for 24 h. To avoid uncontrolled warping of the films, the samples were pressed with a load of ~
0.5 kg during annealing. The final free-standing films were separated from the silicon wafer substrate
after immersion in concentrated alkali solution (7 M KOH) for several hours. A schematic
representation of the fabrication process and the flexibility of the produced film is shown in Figure
1. To enhance the electrical properties and evaluate the stability of the fabricated thin films, a
polyaniline (Aniline, Sigma Aldrich, 132934) layer was electrochemically deposited onto the surface.
This polymerization was achieved via CV utilizing a 1 M aqueous solution of para-toluenesulfonic
acid (PTSA, Sigma Aldrich, 89866).

pstrate in the reacto PMMA/MMA

al

Ferrocene Camphor
solution  solution

Figure 1. Schematic depiction of CNT forest production utilizing two solutions within a CVD reactor.
Images (a) through (d) display the sequential bending of the same film at room temperature.

2.2. Characterization Methods

The optimal volume and concentration of each solution was investigated initially by the
sufficient coating of the substrate (dimensions: length 8.5-10.0 cm and average width 2.5 cm) followed
by Raman spectroscopy (inVia Raman microscope equipped with a 632.8 nm laser, Renishaw, UK)
and TGA (NETZSCH STA 449 F5). The materials” surface morphology was estimated via scanning
electron microscopy (SEM) using a PHILIPS Quanta Inspect (FEI Company, Hillsboro, OR, USA)
microscope with a W (tungsten) filament 25 KV equipped with a EDAX GENESIS (Ametex Process
& Analytical Instruments, Pittsburgh, PA, USA). Resistance and conductivity were measured using
the Keithley 4200 SCS instrument and the Ossila Four-Point Probe System (Ossila Ltd., Solpro
Business Park, UK) respectively, under atmospheric pressure and ambient room temperature. SEM
images were analysed using Image] software to evaluate the average length and diameter of CNT
forests and CNT/PMMA thin films.

2.3. Electrochemical Calculations

The electrochemical properties and stability of the CNT forests as free-standing films were
explored by CV (Potensiostat POS88 WENKING) in aqueous PTSA, NaCl and H250s solutions. The
flexible PMMA/CNT forest films, attached to a carbon fiber approximately 4 cm in length, were tested
in a three-electrode system. This system consisted of an Ag/AgCl reference electrode (RE), a platinum
(Pt) wire counter electrode (CE), and the prepared thin film as the working electrode (WE). The area-
specific capacitance was determined using cyclic voltammograms, with the majority of samples being
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scanned at a rate of 50 mV/s, unless stated otherwise, and the average surface in the electrochemical
cell 5.25 cm?. The expression for specific capacitance was:
vy,
[ F ] fVlz l(E)dE
p

cm? - udv A M

where Cp represents the area-specific capacitance, i(E) denotes the instantaneous current (A), Vi and
V2 are the voltage end points (V), u is the scan rate (V/s), and A is the nominal area of the sample
(cm?) [22-24].

3. Results
3.1. CNT Forests Characterization

3.1.1. Morphological Characterization

SEM analysis elucidated the morphology and dimensions of the synthesized carbon nanotubes.
The fabricated CNTs exhibited a vertically aligned orientation, perpendicular to the substrate (Figure
2a). TEM analysis further revealed an average outer diameter of 18 nm and an inner diameter of 8
nm, confirming the formation of MWCNTs (Figure 2c). Notably, the CNT forest structures exhibited
minimal amorphous carbon deposition in their as-synthesized state (Figure 2b).

Figure 2. SEM image of CNT forests on the substrate showing the cross-section (a) and TEM.

3.1.2. Raman and TGA Analysis for Quality and Purity Identification

Raman spectra of CNT forests synthesized under various conditions are presented in Figure 3a,
with the corresponding synthesis recipes detailed in Figure 3b. It is observed that all films show the
characteristic peaks D (1436 cm™), G (1579 cm™), and G’ (2828 cm™), with D peak associated to
structural disruptions and defects resulting from sp?® hybridization, while the G peak pertains to the
tensile vibrations of sp? aromatic carbon (C=C) atoms, reflecting the level of graphitization [25,26].
The presence of these peaks confirms the successful synthesis of CNTs using the two-step FC-CVD
method. The quality of CNT forests generated using various combinations of ferrocene and camphor
solutions was assessed by analysing the Ip/Ic ratio. The characteristic Raman D-band (1360 cm™) and
G-band (1594 cm™) were analysed to assess the quality of the produced carbon nanotubes. The
observed shifts in the D-band (1436 cm™) and G-band (1579 cm™) suggest distortions within the
graphene lattice structure of the nanotubes. G’ (2700-2695 cm™) band is an overtone of D peak
involving the double phonon scattering, usually referred as 2D peak [25-27]. The calculated In/Ic
ratios (0.82, 0.73, 0.68, 0.78, 0.70, 0.69, 0.72) varied among the samples, indicating structural
differences arising from the different compositions (Figure 3b). A lower Ip/Ic ratio, indicative of a
more ordered structure with fewer defects, was observed in films synthesized from solutions with
higher camphor concentration (3 M) and smaller solution feed volume (20 mL). This suggests that
the camphor concentration and feedstock solution volume, affect the quality of the produced CNTs
[27,28].

To investigate the influence of synthesis conditions on amorphous carbon content, samples
representing the most divergent recipes (Figure 3b) were selected for the TGA. TGA was conducted
under an air atmosphere with a heating rate of 2.5 K/min (Figure 3c). The analysis revealed an initial
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thermal degradation temperature of 476°C, notably higher than the typical 200-400°C range
associated with amorphous carbon degradation. This suggests a minimal presence of amorphous
carbon in the synthesized CNTs. It is worth noting that the sample synthesized with 0.2 M ferrocene
and 20 ml volume (green line, Figure 3c) exhibited a broader thermal degradation profile compared
to other samples. This extended degradation is attributed to the excess ferrocene used in this specific
recipe to maintain consistent sample weight [29].
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Figure 3. Raman spectra of CNT forests on the substrate (a), produced with various combinations of
S1 and S2 as shown in the In/I ratio is stated on the bottom with colors corresponding to those of the
Raman spectra (b). TGA for MWCNTs fabricated with different configurations of S1 and S2 (c).

3.1.3. Electrical Resistance and Conductivity Results

The resistance of the produced CNT forests was noted as 81 () when measured on the substrate.
Sheet resistivity and conductivity measurements yielded values of 47 ()/square and 950 to 966 S/m,
respectively. While these resistance measurements are significantly lower than the 4 to 498 kQ range
reported for MWCNTs in the literature, the measured conductivity values are lower than typically
observed for similar structures [30,31,32]. This discrepancy could be attributed to the minimal
concentration of functional groups present in the synthesized CNTs and the lack of further thermal
treatment.

3.2. MWCNT/PMMA Thin Film Characterization Results

3.2.1. Thin Film Morphological Analysis

Following the synthesis of vertically aligned CNT forests on a Si substrate and their subsequent
separation from the silicon substrate, as described in section 2.1.2, the resulting films exhibited a
smooth surface morphology and a thickness of approximately 10 um (Figure 4). A significant
reduction in film thickness was observed after the application of the PMMA coating. This reduction
can likely be attributed to the volumetric contraction of the MMA/PMMA solution as it polymerized
and solidified around the CNTs.

Figure 4. SEM image of the produced free-standing CNT forest thin film.
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3.2.2. MWCNT/PMMA and PANI/PMMA/CNT Forests Thin Films Raman Spectra

Raman spectroscopic analysis was conducted on freestanding films incorporating PMMA
(Figure 5a). Samples displayed characteristic Raman spectra for PMMA; notably, the distinctive
PMMA peak at 1453.24 cm! is situated between the expected PMMA peak at 1460 cm and the D-
band of CNTs at 1436.4 cm. This shift is likely attributed to m-m interactions occurring at the
nanotube surface [33]. Further measurements on films subjected to aniline electropolymerization,
resulting in a multi-layered structure of carbon nanotubes, PMMA, and PANI, revealed the presence
of only the characteristic peaks of MWCNTs and PANI at 1340, 1575 and 2685 cm* (Figure 4b) [34].
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Figure 5. (a) Raman spectra of MWCNT/PMMA thin film presenting mainly the characteristic peaks
of PMMA, (b) comparative diagram of Raman peaks of CNT forests on the substrate (orange) and
PANI/PMMA/CNT forest film (blue).

3.2.3. Electrical Resistance and Conductivity Results of PMMA/CNT Forest Films

The fabricated PMMA/CNT forest thin films exhibited a sheet resistance of 10 Q/square.
Resistivity measurements yielded a value of 90 uQ.m, corresponding to a conductivity ranging from
9.3 to 11 kS/m. These conductivity and resistivity values are notably higher than those reported in
the literature for similar structures incorporating PMMA and unmodified CNTs at room temperature
[32,35,36]. This discrepancy could be attributed to the shrinkage of the PMMA matrix during
fabrication. This shrinkage may force the initially dispersed CNTs into closer proximity, promoting
the formation of a conductive network within the polymer matrix and thereby enhancing overall
conductivity [35,37].

3.2.4. Cyclic Voltammetry and Electropolymerization of PANI

Cyclic voltammetry serves a dual purpose: it not only measures stored charge but can also
facilitate the electropolymerization of polyaniline onto freestanding films. This process aims to
enhance the film's charge storage capacity while simultaneously affording additional protection to
the nanotubes, as electropolymerization preferentially occurs on the more exposed side. Analyzing
the active current in an aqueous PTSA solution revealed that electropolymerizing the film with
polyaniline, a conductive polymer, significantly impacted the electrochemical behavior. Specifically,
the oxidation potential dropped from 2.1V to 1.3V, while the reduction potential shifted from -1.6V
to 1V (Figure 6a). Attempts to measure current in organic solutions proved unsuccessful due to the
PMMA film dissolving in these solvents.
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Figure 6. Cyclic voltamograms on MWCNT/PMMA thin films under different conditions. The area
specific capacitance inceases after the electropolymerization of PANI in different solutions (a,b,d), is
inversely proportional to the scan rate (c) and remains the same after 10 consecutive cycles (e) in the
PTSA solution.

Further investigation using cyclic voltammograms demonstrated that electropolymerization
with polyaniline (in a 1 M PTSA aqueous solution) led to an increase in active current, resulting in
the area specific capacitance shifting from 7.62 mF/cm? to 19.03 mF/cm?. The layering of PANI enabled
the film to store charge across a wider voltage range, spanning from -2V to 1.7V in 1 M NaCl solution
(Figure 6b), albeit at the cost of a lower active current in those conditions (4.57 mF/cm? to 7.93 mF/cm?
after the electropolymerization). The stability of films (without electropolymerized PANI) was also
assessed; subjecting the films to 10 consecutive scans in a 1 M PTSA solution using broad voltage
range (from -3 V to + 3 V), resulted in stable diagrams with minimal fluctuations in peak values
(Figure 6e). To evaluate the film's suitability for lithium battery applications, measurements were
conducted in a 0.5 M H2SOs solution (Figure 6d), simulating a lithium battery environment. However,
the low active current values obtained suggest that these films are not well-suited for lithium or
organic batteries. Finally, the influence of scan rate on the films' charge storage capacity was
examined (Figure 6c¢). Increasing the scan rate in a 1 M PTSA solution from 50 to 100 and 150 mV/s
resulted in a decrease in cp 34.01 to 8.76 and 9.19 mF/cm? respectively. This phenomenon is likely
attributed to the inherent lag in the materials' response to rapid changes in current direction.

4. Discussion

A novel and straightforward method for the reproducible synthesis of vertically aligned carbon
nanotubes using a conventional CVD furnace has been investigated. This method is based on the
vaporization of two separate solutions: a catalytic metalorganic solution and a carbon source organic
solution., leading to a floating catalyst approach, where they react at 850°C on the substrate.
Following the synthesis of the CNT forests, is their isolation from the substrate. To achieve this, a
PMMA solution is applied to CNT covered substrate and polymerized under pressure to create a
uniform, thin, flexible, and conductive film. Characterization methods demonstrated the production
of high- MWCNTs with an Ip/Ic ratio comparable to that achieved by other thin film deposition
techniques such as spray pyrolysis [13] and specialized CVD methods like PECVD, without requiring
further purification processes [16,38,39]. The resulting thin films are flexible, conductive, and stable,
suitable for additional processes like electropolymerization. A higher Io/Ic ratio indicates a higher
defect degree with factors like the nanotube's aspect ratio (length-to-diameter ratio) and surface
modifications (e.g., crosslinking, functionalization) can contribute to defect formation [40,41]. Lower
aspect ratios typically lead to more defects, negatively impacting the MWCNTs' mechanical and
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electrical properties [42]. Electropolymerization of PANI on PMMA/CNT forests films results in area
specific capacitance comparable to recent literature in the field [19,23,24,43]. With this technique, it is
possible to produce doped nanotubes that, due to the reduced need for further processing, can
maintain their oriented structure and the unique characteristics that this structure imparts [44].
Further study of the growth mechanism of carbon nanotubes with floating catalysts and the
morphological and electrical characteristics of the produced membrane is necessary. However, the
measurements and characterizations presented constitute encouraging results for the continuation of
the method, with the most suitable application being flexible electrodes for sensors [4,45-47].

5. Conclusions

This study employed a simple two-step floating catalyst chemical vapor deposition method to
fabricate highly oriented, high-purity carbon nanotube forests for conductive and flexible thin film
applications. The decoupled introduction of the catalyst and carbon source in a conventional CVD
system minimized impurities, reducing the need for post-treatment processes. SEM revealed
vertically aligned CNTs perpendicular to the substrate. TEM analysis confirmed the formation of
multi-walled CNTs with an average outer diameter of 18 nm and an inner diameter of 8 nm. The as-
synthesized CNT forests exhibited minimal amorphous carbon deposition, with Ip/Ic ratios ranging
from 0.68 to 0.82 depending on the precursor composition. The MWCNT forests exhibited a sheet
resistance of 47 ()/square and a conductivity ranging from 950 to 966 S/m. Incorporation of the CNT
forests into a PMMA matrix yielded thin films with a sheet resistance of 10 (Q)/square, a resistivity of
90 pQ.m, and a conductivity ranging from 9.3 to 11 kS/m. The PMMA coating reduced the film
thickness to 10 um. Subsequent electropolymerization of PANI on the PMMA/CNT films increased
the area-specific capacitance from 7.62 mF/cm2 to 19.03 mF/cm2, while maintaining stability in an
aqueous environment.
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