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Abstract: We report the formation of multi-walled carbon nanotubes (MWCNTs) through the interaction of an
atmospheric-pressure plasma jet, generated via a capillary discharge, with a graphite surface. This surface-
modifying discharge was established in a brief air gap between the cathode and ignition electrode, manipulated
across varying discharge power levels. Notably, the structural properties of MWCNTs on the graphite anodes
demonstrated a clear dependence on discharge power. Utilizing scanning electron microscopy, transmission
electron microscopy, and Raman spectroscopy, we observed a progression toward disordering in the
nanotubes alongside the emergence of graphitized clusters with increasing discharge energy. The formation of
relatively defect-free MWCNTs at minimal discharge energy presents an opportunity for their synthesis with
low energy consumption of 4.7 kJ/cm?. The suggested energy-efficient, rapid and straightforward technique for
tailoring MWCNT formation significantly reduces the reliance on complex and expensive instrumentation,
presenting a promising pathway for effective surface modification with potential applications in electronics,
gas sensors, and water treatment.

Keywords: plasma surface modification; carbon nanotubes vibrational spectroscopy; carbon nanotubes
disordering; precursor-free carbon nanotube synthesis; precursor-free MWCNT

1. Introduction

The quest for versatile nanomaterials has accelerated interest in carbon-based structures,
particularly multi-walled carbon nanotubes (MWCNTs), due to their exceptional mechanical,
electrical, and thermo-physical properties [1-3]. The unique properties of MWCNTs make them
candidate materials for a myriad of applications, including but not limited to nanoscale electronics,
biomedical devices, sensors, energy storage and environmental remediation technologies [4-8].
Hence, the development of efficient synthesis methods that can produce high-quality MWCNTs is a
critical endeavor in materials science.

Traditional methods for synthesizing MWCNTs, such as catalytic chemical vapor deposition
(CVD) [9], arc discharge [10], and pyrolysis [11], often involve complex operating conditions, high
material costs, and specialized equipment. These limitations have prompted researchers to seek
alternative methods that leverage more accessible and cost-effective techniques. Among these, the
use of atmospheric pressure plasma jets (APPJs) has emerged as a promising avenue for MWCNT
synthesis [12-14].

The capillary discharge setup involves a short air gap between electrodes, enabling the
generation of a plasma jet under atmospheric conditions without the need for vacuum environments.
This innovative approach offers the potential for real-time surface modification and material
synthesis, making it a viable alternative to conventional methods [12]. However, previously-reported
approaches either used prefabricated MWCNT paste to be sintered via APPJ [12] or utilized
hydrocarbon precursor gases to initiate CVD process [13,14]. In contrast, MWCNT synthesis
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technique reported in the current study doesn’t require any gas inlet, employing the graphite
substrate as a carbon source for MWCNT production.

Thus, we investigate the formation of MWCNTs through the interaction of capillary discharge-
based plasma jets in the ambient atmosphere with the surface of graphite substrates. By varying
discharge power levels, we explore the influence of plasma treatment on nanotube structure and
surface morphology. Our findings indicate a clear relationship between discharge energy and the
characteristics of the synthesized MWCNTs, evidenced by morphological transitions and structural
disordering as characterized through a combination of scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and Raman spectroscopy. By establishing a rapid, efficient,
and cost-effective method for the synthesis of MWCNTSs, we contribute to the ongoing quest for
scalable nanomaterial production techniques. The plasma treatment method described herein opens
new avenues for the development of multifunctional nanomaterials suitable for a wide array of
technological applications. Thus, this work lays the groundwork for future explorations into
atmospheric-pressure plasma techniques in nanotechnology and materials science.

2. Materials and Methods
2.1. Samples Preparation

For this study, cylindrical MPG-6 graphite plates (JSC “Graphi”, Moscow, Russia) with a
diameter of 6 mm and a thickness of 2 mm were employed as initial samples to investigate the effects
of the capillary discharge jet. These plates were positioned as the lower electrode within the
plasmatron, with the capillary applied from above. Consequently, circular regions with a diameter
of 2 mm — corresponding to the capillary’s diameter — were subjected to the plasma generated by
the capillary discharge. The plasma generator operated at three distinct energy levels: 150, 900, and
4500 J. In subsequent discussions, untreated samples will be referred to as “MPG-6,” while those
exposed to the variable-energy atmospheric-pressure plasma jet (AAP]) will be designated as “150
J,” 7900 ],” and “4500 J,” respectively. The discharge power was adjusted by changing the C1 capacity
from 3200 uF to 100,000 uF.

A capillary plasmatron setup was utilized for the generation of the plasma jet [15,16]. The
schematic representation of the plasma jet generation is illustrated in Figure 1(a). This configuration
comprises an ignition capacitor, a switch, a capacitor bank with a discharge device, and electrodes
separated by a dielectric, along with a capillary tube.
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Figure 1. APPJ discharge: schematics and parameters. (a) The electrical circuit of the capillary plasmatron: 1
marks the discharge unit of the capillary plasmatron; 2 -- graphite cathode and 3 -- ignition electrode, 4 indicates
the switch; Ri and Rz are the resistances of the voltage divider; Rs serves as the shunt resistance for discharge
current measurement; L is a circuit inductance, Ci denotes the capacitor bank; Cz represents the ignition
capacitor. (b) Characteristic discharge dynamics of voltage (black line, left axis) and current (red line, right axis).

A discharge was generated using a capillary made of organic glass (polymethyl methacrylate,
PMMA) with a diameter of 2 mm and a length of 4 mm. The lower electrode was constructed from
MPG-6 graphite, while the upper electrode was made of steel; the other components of the


https://doi.org/10.20944/preprints202412.0375.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 December 2024 d0i:10.20944/preprints202412.0375.v1

3

plasmatron were also fabricated from PMMA. The plasmatron was initiated using a G5-15 pulse
generator. Initially, the storage capacitor was charged from a power supply to 300 V, a voltage at
which self-breakdown of the capillary was not observed. At a designated moment, a high-voltage
triggering pulse was delivered via the synchronization system, leading to the breakdown of the
capillary. This breakdown allowed the storage capacitor to discharge through the capillary, thereby
generating a plasma channel. The increase in current resulted in the heating of the plasma within the
capillary, which could lead to the vaporization of the capillary walls as well as the material of the
lower electrode. The vaporized substance then entered the discharge volume, where it was heated
and ionized. Consequently, the pressure within the capillary rose, resulting in the formation of a
plasma jet at the exit of the capillary. The APP] operation was carried out in ambient conditions,
relative humidity was 20%, and no gas inlet was employed.

The duration of the capillary plasmatron pulse was 7 ms, with the voltage across the discharge
gap reaching 300 V. The energy varied within the range of 150 - 4500 ], while the peak current during
the pulse was 60 - 100 A.

An assessment of the temperature and electron density distribution in the plasma jet generated
by the plasmatron using an organic glass capillary is presented in reference [17]. This study
demonstrated that the electron density varied along the discharge axis within the range of (106 - 108
cm?), while in the radial direction, it ranged from (10% - 107 cm=3). In [17], the axial temperature
distribution in the plasma jet was observed to be between 5000 and 6000 K, whereas the radial
temperature distribution (at a radius of 6 mm) was found to be in the range of 4000 to 6000 K. Thus,
in the plasmatron applied in current study, the plasma temperature changes only slightly, in contrast
to the electron density. Typical dynamics of the voltage and current throughout the pulse are
presented in Fig. 2(b).

2.2. Sample Characterization

Scanning electron microscopy (SEM) studies were carried out by LEO 1455 VP microscope (Carl
Zeiss, Jena, Germany). The accelerating voltage was 10 kV. Detection of secondary electrons was
carried out via Everhart-Thornley detector. The setup was equipped with a detector allowing us to
perform energy-dispersive X-ray spectroscopy (EDX) studies.

Transmission electron microscopy (TEM) studies were carried out via JEM-2100 200 kV
transmission electron microscope (JEOL, Akishima, Japan) equipped with an Orius camera (Gatan,
Pleasanton, CA, USA) setup. The electron microscopy grids employed in this study featured copper
frames with a cell dimension of 40 um, onto which a thin polymer film (approximately 5 nm in
thickness) was deposited on the upper surface. In order to facilitate the transfer of the structures,
modified surfaces of graphite substrates were subjected to mechanical pressing against the polymer-
coated side of the grids. This interaction was maintained for a duration of 5 to 10 seconds before the
samples were removed, ensuring effective adherence of the structures to the grid substrate.

Raman spectra were obtained via Sunshine GE-Raman spectrometer (Changchun New
Industries Optoelectronics Tech. Co., Ltd. (CNI), China, Changchun) coupled to a Leitz Wetzlar
microscope (Ernst Leitz GmbH, Germany, Wetzlar). The excitation wavelength was 532 nm, and the
power was 1 mW. x50 objective lens (N.A. = 0.85) was used for the spectra acquisition.

3. Results
3.1. Microscopy

Figure 2(a) displays a survey microphotograph of the surface of the sample before and after
exposure to the atmospheric pressure plasma jet. This pattern is characteristic of all studied samples,
exhibiting a circular modified area. It consists of a central region where surface-plasma interaction is
manifested intensely, surrounded by a ring with an outer diameter corresponding to that of the
capillary.
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Figure 2. Morphological characterization. (a) Typical survey SEM image of the graphite area after interaction
with APPJ. (b-d) TEM images of 150 J (b), 900 J (c) and 4500 J (d) samples. In the inset of Fig. 2b, SAED pattern
of 150 J sample is shown. In the inset, red, orange, yellow and brown arcs denote (112), (004), (101), and (002)
reflections, respectively. (e-h) Close-up SEM images: (e) MPG-6; (f) 150 J; (g) 900 J; (h) 4500 J. In (e-h), the scale
bar length is 10 um.

The transmission electron microscopy (TEM) image of the 150 ] sample (Fig. 2(b)) illustrates the
formation of multi-walled carbon nanotubes (MWCNTs) ranging from 10 to 100 nm in length
following atmospheric pressure plasma jet (APPJ) treatment. For 150 J, the radius of the inner core of
MWCNT varied within the 2-4 nm range, while the thickness of the CNT layer was within 2.6-5.0 nm,
corresponding to 7-14 graphite layers. Nanotube length varied within the 0.1-1 um range. For 150 ]
and 900 ] samples, similar in shape multi-walled nanotubes were observed, whose length ranged
from a few 100 nm to 1 pm (see Fig. 2(b-c)). For samples fabricated at a discharge power of 4500 J,
MWCNT shrinking to 100 nm accompanied by its thickness decrease were observed (see Fig. 2(d)).

Selected area electron diffraction (SAED) analysis of the 150 ] sample reveals interplanar
spacings of 1.2, 1.7, 2.1, and 3.5 A (see the inset of fig. 2(b)). These diffraction patterns align closely
with the established diffraction patterns of MWCNTs, where the identified peaks correspond to the
(112), (004), (101), and (002) reflections [18]. Notably, the observed 3.5 A spacing between graphite
layers deviates slightly from the typical value of 3.335 A. This discrepancy may be attributed to an
increase in interlayer distance associated with curved graphitic structures [19]. In the current
structures, the widening of the interplanar spacing can be ascribed to both the curvature of the
nanotube cappings and distortions within the nanotubes themselves.

To evaluate the morphological changes induced by plasma treatment on the carbon surface,
close-up SEM images were analyzed (Fig. 2(e-h)). For the non-irradiated MPG-6 samples, the surface
exhibited a relatively coarse texture, with protruding morphological features typically ranging from
10 to 100 um in size, as displayed in Fig. 2(e). Treatment with a 150 ] APPJ reduced the density of
larger protruding features and facilitated the formation of small globular grains, measuring 1-5 pm
in diameter, as indicated in Fig. 1(f). Increasing the energy input to 900 J led to the emergence of
larger faceted grains, sized between 10 and 100 pum, alongside a coarsening of the surface, as shown
in Fig. 2(g). A high-energy treatment at 4500 J resulted in a complete reconfiguration of the surface,
culminating in the agglomeration of globular features (fig. 2(h)). This observed trend bears some
resemblance to findings from arc plasma treatments of graphite [20]. In the referenced study, an
increase in treatment time facilitated the transition from small globular nanotube clusters to irregular
agglomerated “lumps”; however, further increases in irradiation dose resulted in the formation of
larger globules. While arc plasma treatment of graphite enables the production of MWCNTs on a 2
cm x 2 cm disc, compared to the 0.2 cm x 0.2 cm under-capillary area modified in the present study,
it necessitates a complex setup, including an arc plasma reactor with an argon inlet. Moreover, the
arc energy required to process the graphite sample exceeds 5.5 M]J, surpassing the energy
consumption of the atmospheric pressure plasma jet (APPJ) by 3 to 4 orders of magnitude.
Consequently, we regard APP] treatment as a more straightforward and energy-efficient method for
MWCNT formation whose energy consumption is as low as 4.7 kJ/cm?. These results corroborate with
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previous studies of carbon nanotubes synthesis via APPJ revealing the energy requirement of 500
J/em? [12]. However, unlike [12], our technique doesn’t require a complicated deposition setup
including gas inlet and surface pre-treatment.

3.2. EDX

The elemental analysis of all samples revealed carbon and oxygen compositions of 93.8 +1 at.%
and 6.2 + 0.6 at.%, respectively. Notably, during exposure to capillary discharge plasma at varying
power levels, the elemental composition of the irradiated samples exhibited negligible alterations
from untreated MPG-6 graphite, remaining invariant within a margin of 1%.

3.3. Raman Spectroscopy

In Fig. 2(a), we present the background-subtracted Raman spectra. Spectra were normalized to
similar intensity, and vertical offset is applied to distinguish the lines. Untreated MPG-6 shows the
four-component spectrum which is typical for hard graphitic carbon [21]. In this spectrum, 1360 cm
! band is assigned to D-line, which is attributed to the breathing mode of graphitic rings active in the
presence of disorder; 1596 cm is ascribed to G-line, which is assigned to the stretching vibrations of
C=C bonds [22]. Less intensive 1231 cm! and 1480 cm-! lines are ascribed to the stretching vibrations
of polyene-like C-C and C=C bonds [23,24]. Manifestation of these lines is supposedly caused by the
vibrations of conjugated polymer fragments-based contaminations.
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Figure 3. Energy-dependent variation of the vibrational signature and structure. (a) Background-subtracted
Raman spectra. Numbers indicate the line positions. Black line indicates experimental data, colored lines indicate
fitted spectra components and their sum (envelope). (b) Illustration of the energy-dependent structural changes.

Spectra of APPJ-treated samples show lines at 1351-1355 cm (peak 1, violet-colored line in
Fig.2(a)), 1512-1568 cm™ (peak 2, turquoise line), 1587-1588 cm! (peak 3, red line), 2434-2466 cm™
(peak 4, black line), 2551-2677 cm™ (peak 5, green line), 2696-2702 cm™ (peak 6, turquoise line), and
2912-2913 cm! (peak 7, black line). Peaks 1 and 3 are attributed to D- and G-lines of nanotubes, while
significant width of peak 2 is ascribed to C=C vibrations of amorphous carbon (a-C) component.
Somewhat similar splitting of the G-line to “structure-related” and “disorder-related” component
was previously observed for ion-irradiated polyene-polyyne materials [22]. Low-intensity peak 4
originates from the two-phonon double resonance process mode taking place in carbon nanotubes
and graphene [25]. Intensive peak 6 is a G’ band also caused by two-phonon resonance, i.e. overtone
of D mode manifesting in carbon nanotubes and graphene. Peak 5 -- a shoulder of G’ band -- is also
ascribed to D mode overtone -- but its position is rather typical for single-wall carbon nanotubes
[26,27]. Its manifestation indicates that some small fraction of nanotubes present in the samples is
atomically thin. Peak 7 is assigned to D+G peak [28].

Overall spectra are typical for MWCNT [29], however, a considerable change of line positions
and shapes is observed with discharge energy variation. APPJ-induced MWCNT disordering and
amorphization should be considered to address the changes in the vibrational signature of the
MWCNT-based samples. Increase of the discharge energy from 150 to 900 J led to the increase of the
width of G-band from 37 to 60 cm™ (line 3) and simultaneous rise of the Io/Ic parameter (D-band to
G-band intensity ratio) from 0.23 to 0.46, which indicates the material disordering [30]. However,
subsequent energy increase from 900 ] to 4500 J didn’t result in further amorphization, which is
indicated by 4500 ] G-line width of 47 cm™! and Ip/Ic of 0.56 differing only slightly from the parameters
of 900 ] sample. However, for this sample we observe the rise of the relative intensity of the line 2
indicative of the disordered carbon component. Its emergence indicates that high discharge energy
led to the formation of graphitic clusters from irradiated nanotube phase, i.e. amorphisation of the
MWCNTs. Gradual decrease of the D’-band intensity (Io/Ic = 1.43 for 150 J, 1.27 for 900 J, 0.77 for 4500
J) confirms the suggested MWCNT degradation model. As D’ is sensitive to defects [31] and
amorphous carbon content does not contribute to its intensity, both disordering and amorphisation
lead to its suppression with energy. Structural modifications derived from the vibrational signature
of the material are schematically represented in Fig. 3b.

4. Discussion
4.1. APP] Effect on the Structure

On the surface of all APPJ-treated samples, SEM examination revealed a circular pattern
consisting of a central area where plasma-substrate interaction was most intensive, surrounded by a
ring with an outer diameter equal to that of the capillary. According to data from TEM and Raman
spectroscopy, MWCNTs were formed across all reported discharge regimes. Notably, at a discharge
energy of 150 ], the formation of relatively defect-free nanotubes was observed. The nanotube
formation is primarily attributed to the harsh conditions of capillary discharge, characterized by
intense heating (up to 5000-6000 K) and high concentrations of ionized particles. The dense flow of
capillary discharge predominantly impacts the surface of the graphite substrate, thereby inducing
structural and morphological transformations. Previous studies indicated that carbon nanotube
formation in plasma occurred under discharge pressures exceeding 20 kPa, as reported in Ref. [32],
which is corroborated by the current study.

Upon increasing the pulse energy to 900 J, the average parameters and shapes of the nanotubes
remained unchanged; however, SEM analysis indicated modifications in surface morphology
associated with grain agglomeration, indicating a prominent discharge-induced surface diffusion.
The Raman spectra showed an increase in the intensity of the D-line, suggesting an enhancement in
the disorder degree of the nanotubes, likely related to the formation of a greater number of defects
due to the dense flow of charged particles (10'5-10' cm) in higher power plasma. Further increasing
the power (up to 4500 J) led to additional surface restructuring, resulting in the formation of globular
particles. Overall, the observed changes in the morphological characteristics of the sample surfaces
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with varying discharge power may be attributed to both the influence of high-density plasma and the
effects of high-temperature exposure, leading to textural and structural alterations in the samples.

4.2. Potential Applications of APP]-Produced Nanotubes

The atmospheric-pressure plasma jet (APP]) technique developed in this study for synthesizing
multi-walled carbon nanotubes (MWCNTs) presents a promising platform for novel applications
across various fields, including field-emission displays, energy storage, water treatment, electronic
components and sensing elements. The inherent advantages of MWCNTs — particularly, their high
surface area, electrical and heat conductance — make them suitable candidates for enhancing
performance in these domains.

Delving deeper into the realm of nanotube applications, we denote that MWCNT are
increasingly recognized for their role in field-emission devices, attributed to their low threshold
voltage, extended lifespan, high brightness, and coherent electron emission characteristics [33]. These
attributes render MWCNTs particularly promising candidates for components in field-emission
displays [34]. Despite the slowdown in developing nanotube-based displays in light of the rapid
evolution of LED and OLED technologies, ongoing research into the utility of nanotubes as cathodes
remains robust [34-36].

Additionally, the growing demand for efficient energy storage systems drives research into
advanced materials for battery electrodes. MWCNTs, with their high aspect ratio and excellent
electrical conductivity, can significantly improve the performance of electrochemical cells [37,38]. In
lithium-ion batteries, for example, the incorporation of MWCNTs into anodes can lead to enhanced
cycling stability and capacity retention, thus addressing one of the main drawbacks of conventional
graphite electrodes.

Besides, the enlistment of MWCNTs in water treatment technologies, particularly desalination
processes, presents an exciting frontier. Given their high surface area and porous nature, MWCNTs
have the potential to function as efficient adsorbents for contaminants found in saline water and
wastewater [39-42].

Moreover, the versatility of APPJ-synthesized MWCNTs also extends into the realm of
electronics, where local modifications of electrophysical and thermal properties can be achieved.
Tunable electrical and heat conductivity of MWCNTSs enables targeted enhancements in electronic
circuits, where specific regions can be selectively modified to optimize performance. In addition,
MWCNT can be used to obtain effective gas sensors [43]. The sensitivity and selectivity of resistive
vapor sensors is paramount for the detection of volatile organic compounds (VOCs) and hazardous
gases. MWCNTs, with their high surface area and affinity for electron-donor molecules, such as
ammonia [22], can enhance the response characteristics of resistive sensors.

5. Conclusions

This study demonstrates a novel and energy-efficient method for synthesizing MWCNTs via
atmospheric-pressure plasma jets generated by capillary discharge. Our findings indicate that the
structural properties of MWCNTs formed on graphite substrates are significantly influenced by the
discharge energy, leading to variations in morphology and disorder of nanotubes. At lower discharge
power level, we successfully synthesized relatively defect-free MWCNTs, which allowed for the
surface modification with an energy consumption of just 4.7 kJ/cm?2. As discharge energy increased,
we observed a rise in structural disorder and the formation of graphitized clusters, suggesting a
transition from well-ordered to disordered structure.

The energy-effective possibility to obtain MWCNT via APP] technique facilitates real-time
surface modifications for various applications across electronics, environmental technology, and
energy storage systems. The simplicity and cost-effectiveness of the proposed methodology make it
a compelling alternative to more complex synthesis techniques, such as catalytic chemical vapor
deposition, arc discharge, and pyrolysis.

Our work lays the groundwork for future research in the area of atmospheric-pressure plasma
applications in nanotechnology, offering pathways for designing multifunctional nanomaterials
tailored for specific technological needs. The ability to control MWCNT properties through plasma
parameters opens new horizons for material research and industrial applications, addressing the
growing demand for high-performance, low-cost nanomaterials.
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