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Abstract: The aim of this paper is to investigate the process of growth of different carbon deposits
in low-current electrical microdischarges in argon with an admixture of cyclohexane as the carbon
feedstock. The method of synthesis of carbon structures is based on the decomposition of hydrocar-
bons in low-temperature plasma generated by an electrical discharge in gas at atmospheric pressure.
The following various types of microdischarges generated at this pressure were tested for both
polarities of supply voltage with regard to their applications to different carbon deposit synthesis:
Townsend discharge, pre-breakdown streamers, breakdown streamers and glow discharge. In these
investigations the discharge was generated between a stainless-steel needle and a plate made of a
nickel alloy, by electrode distances varying between 1 and 15 mm. The effect of distance between the
electrodes, discharge current and hydrocarbon concentration on the obtained carbon structures was
investigated. Carbon nanowalls and carbon microfibers were obtained in these discharges.

Keywords: plasma; microdischarge; electrical discharge; dusty plasma; hydrocarbon; carbon structures

1. Introduction

Methods of production and functionalization of different carbon structures has been
the subject of intense investigations in recent years. It has passed less than 30 years
since lijima published his results of experimental investigations on the production of
carbon nanotubes in a high-current arc discharge. Since that time, many papers have
been published in the field of the synthesis of carbon nanotubes, carbon onions, diamond-
like carbon using various types of electrical discharges, chemical vapor deposition or
laser ablation.

Plasma generated by electrical discharges is used in various industrial processes, for
example, for thin film deposition, surface properties modification, sterilization, noxious
compound decomposition, particulate matter precipitation, micro- and nanostructures
synthesis, etching or electric-discharge-machining. These processes, operating at pressures
ranging from the atmospheric to the elevated to below one pascal, are generated by a
high voltage of various frequencies, such as direct-current (DC), alternating-current (AC),
radio-frequency (RF), microwaves (uW) or by pulsed discharges (PD). These discharges can
be generated between the following electrodes of different geometries: needle-plate, two
parallel plates, rod-plate, etc., with or without dielectric barrier between them. Nowadays,
a high-current arc discharge is one of the most effective methods used to obtain single-
and multi-walled carbon nanotubes [1]. The synthesis of carbon structures or thin film
deposition in low-power electrical discharges is rarely met in the literature. High voltage,
low current discharges, such as corona discharge, generate non-equilibrium plasma, but
can produce electrons of high kinetic energy, advantageous for such processes as ionization,
excitation, molecules decomposition or polymerization.

Usually, microplasma is generated in a gas at or near atmospheric pressure (0.1 MPa)
between electrodes spaced at small distances, ranging from a fraction of a millimeter to
10 mm. The word “microplasma” was probably used for the first time by Tachibana in
2003 [2], but “microdischarge” was found in a paper by Martynov and Ivanov [3] (see [4]).
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The main advantage of using microplasma-based processes is that the physical processes
and chemical reactions can occur in high-pressure gas flowing continuously through a
plasma reactor, contrary to low pressure plasma sources, which require vacuum installation.
In materials processing science, microplasma is used to synthesize nanoscale structures
such as, for example, SiO; thin films [5], Si nanocones [6], carbon dendrites [7], or carbon
amorphous deposits [8]. Generally, the most popular discharge types for microplasma
generation are plasma-jet discharge and dielectric barrier discharge.

The investigations of carbon fiber synthesis between a needle and plate electrodes
were presented by Brock and Lim [9], but in n-heptane vapors, and nitrogen as a carrier
gas. The source of plasma was a corona glow discharge of negative polarity (a needle was
used as the cathode). Carbon fibers of grained and irregular morphology were obtained
as a result of discharge in that gas mixture. Similar structures, named carbon dendrites,
were obtained by Kozak et al. using a glow discharge generated in ethanol as the carbon
feedstock [7]. Raman spectra indicated that the synthesized dendrites have glassy carbon-
and pyrocarbon-like structures. A negative corona discharge was also used to deposit
carbon dendrites from the products obtained by the de-polymerization of polystyrene [10].

In recent years, low-current electrical discharges have also been tested as a method
of carbon nanostructures synthesis. For example, Li et al. [11] synthesized carbon nan-
otubes in a corona discharge at atmospheric pressure. During electrical discharge in a
methane/hydrogen mixture using an anodic aluminum oxide template on a stainless-steel
plate and cobalt as a catalyst, multi-walled carbon nanotubes with a diameter of about
40 nm were obtained. The discharge was generated from a tungsten needle supplied by
an AC voltage source of 8 kV /25 kHz. Sano and Nobuzawa [12] also obtained carbon
nanotubes (CNTs) using a tungsten needle as the DC discharge electrode, but without a
catalyst. A flat-ended graphite rod was used as a ground electrode and a tungsten wire
as the cathode. The feedstock of carbon was ethylene mixed with hydrogen. (C,H4:Hp
(1:100)). The discharge voltage and current were 1.6 kV and 0.3 mA, respectively. The other
structures obtained, using a negative corona discharge, were carbon nanowalls. During
glow discharge with a rod used as the cathode and a plate as the anode, Mesko et al. [13]
synthesized carbon nanowalls from the vapors of ethanol or hexane. Sobczyk, using cy-
clohexane as the carbon feedstock in a positive corona discharge, obtained carbon fibers
synthesized at the needle electrode tip [14,15].

The carbon micro- and nanostructures could potentially be applied to the synthesis of
electrodes for ion batteries [16], anode to electrochemical oxidation [17], light-emitting devices,
organic transistors [18], catalyst carriers [19] or for other self-assembled nanostructures.

Polymer thin-films synthesized in low-temperature plasma have been found to be
a material with a low dielectric constant applied to microelectronics [20], and as thin
films with applications in gas sensors for the detection of ethanol and ammonia vapors
of concentrations ranging from 100 to 1000 ppm [21] or as a thin hydrophobic layer [22].
These experiments were carried out in a glow discharge in a low-pressure atmosphere.

One of the most popular liquid hydrocarbons used as a carbon feedstock is cyclohex-
ane. The products of decomposition of cyclohexane, such as ethylene and methane, have
been widely used for the synthesis of CNT or diamond-like structures.

Huang et al. [23] showed that the deposition rate of a plasma-polymerized thin layer
increases with a decrease in the H/C ratio. Cyclohexane is a hydrocarbon with a relatively
low H/C ratio, equal to two, and, for this reason, was used in the experiments presented
in this paper as a carbon feedstock for the synthesis of carbon microstructures in micro-
discharges. Additionally, the high vapor pressure (13 kPa at 298 K) of cyclohexane, and its
high auto-pyrolysis temperature (>1000 K), predestinate this hydrocarbon as a source of
carbon, which can be obtained at relatively low temperatures and at atmospheric pressures.

The aim of this paper is to investigate the process of synthesizing various carbon
structures from cyclohexane vapors in high-voltage, low-current electrical microdischarges
at atmospheric pressure between needle and plate electrodes. This configuration is typical
for corona discharges, but the distance between the electrodes was shorter in order to
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obtain at least one linear dimension of the active plasma area in the range of the order of
a few millimeters. This configuration allowed the initiation of microplasma in a limited
region between the electrodes.

2. Materials and Methods

A schematic of the experimental set-up is shown in Figure 1. The experiments were
carried out in an atmosphere of argon and cyclohexane as the carbon feedstock, at normal
pressure, in a reactor chamber of 0.1 dm?3, made of PMMA. The hydrocarbon vapors were
fed to the reactor from a bubbling flask, with argon as the carrier gas. The concentration of
hydrocarbon in argon was controlled via mixing the cyclohexane vapors with additional
argon. The flow rates of argon flowing directly to the reactor and throughout the flask
were measured using flow meters. The temperature of liquid cyclohexane in the flask was
stabilized at 21 + 1 °C and was slightly lower than the room temperature to avoid vapor
condensation on the pipe’s walls. The concentration of cyclohexane vapors was calculated
from the flow rates of the vapor of cyclohexane and argon. The total flow rate of the mixture
was kept constant at a level of 0.051 dm?®/min. The concentration of cyclohexane was
changed in the range of 1 to 5%. Cyclohexane of purity of 99.5% was supplied by Chempur
(Poland) and argon of purity 99.999% by Linde gas. Before starting the experiment and
plasma ignition, the reactor was rinsed with the gas mixture for 10 min to remove the air
from the volume. Then, the voltage was switched on to the assumed magnitude set before.
The voltage was switched off after a required time period.
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Figure 1. Experimental setup.

The electrical discharge was generated between a stainless-steel needle (composition
in wt.%: Fe, 70; Cr, 18; Ni, 10; Si, 1) and a plate made of a nickel alloy (composition in wt.%:
Ni, 75; Fe, 17; Mo, 5; Mn, 1.5). The diameter of the needle was 1 mm, the tip radius of the
needle was about 30 um. The dimensions of the plate were 35 x 20 mm. The distance
between the electrodes was changed in the range of 1 mm to 15 mm.

The electrodes were supplied from high voltage power supply SPELLMAN HV SL 600
W /40 kV /PN (Spellman, Pulborough, UK) of a positive polarity. The discharge current was
stabilized by a series resistance with a value of 5 M(). The discharge current was changed
from 0.4 mA up to 3 mA. The voltage between the electrodes was measured with high
voltage probe TEKTRONIX P6015A (Tektronix, Beaverton, OR, USA). The current pulses
were measured by means of Rogowski type current monitor PEARSON 6600 (Pearson
Electronics, Palo Alto, CA, USA) and Differential Preamplifier Tektronix ADA400A as
amplifier of current signals. Both of the signals gained by these probes were recorded using
digital storage oscilloscope TEKTRONIX TDS 3032.
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The as-made carbon deposit grown on the needle tip or plate was carefully removed
from the reactor, placed at the microscopic stage covered with carbon tape, and examined
under a scanning electron microscope (Zeiss EVO 40, Carl Zeiss, Germany) equipped
with an energy dispersive spectroscope (EDS, Quantax 200, Bruker, UK). Renishaw inVia
Raman Microscope (Renishaw, UK) with a 100 x objective lens and a laser with a power
of 1.5 mW at a wavelength of 514 nm was used in order to analyze the Raman spectra of
obtained carbon structures. The concentration of nanoparticles generated in microdischarge
and leaving the reactor was measured using GRIMM Condensation Particle Counter
5416 (GRIMM Aerosol Technik Ainring GmbH & Co. KG, Ainring, Germany). The size
distribution of aerosol particles was determined using Aerosol Particle Size Spectrometer
LAP 322 (Topas GmbH, Dresden, Germany).

3. Results
3.1. Discharge Modes

Five main modes of discharge in a gas at atmospheric pressure can be identified from
the following current—voltage characteristics of electric discharges: onset streamer, glow
corona, pulsed spark discharge and atmospheric pressure glow discharge [24,25].

The relationship between the voltage between the electrodes and the discharge current
flowing through the gas depends on the kind of gas, the gas pressure, the distance between
the electrodes, the geometry of the electrodes, and the electrode material. The current-
voltage characteristics of electrical discharge in a needle—plate electrode system for a
mixture of argon with cyclohexane at atmospheric pressure for different inter-electrode
distances for a positive polarity and a cyclohexane concentration of 5% are shown in
Figure 2.

10 5
Pulsed discharge
5 o1 3 Prebreakdown
= E A \ streamers
(5]
QC\:D 0.01 - Inter-electrode
£ E distance
2 ] Glow corona
A 0.001 1 @-2.5 mm
. —A—3.5 mm
] Onset streamer: —0— 15 mm
0.0001 ————————T——— T
0 2 4 6 8 10

Inter-electrode voltage [kV]

Figure 2. Current-voltage characteristics of electric discharge in Ar+CgHj, (95:5) mixture at atmo-
spheric pressure for positive polarity of needle electrode, for three inter-electrode distances (2.5, 3.7
and 15 mm).

For a given magnitude of supply voltage, the time averaged discharge current was
measured, and the mean value of the voltage drop between the electrodes was calculated
using the following formula (see Figure 2):

Ud=Us — Id-R, 1)

where Ug is the voltage drop between the electrodes, Id is the discharge current, and R is
the resistance of the external ballast resistor in the circuit.

Figure 3 shows photographs of various forms of electrical discharges in a mixture of
argon and cyclohexane (95:5 by volume) for a positive polarity. All of the photographs
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were taken at the same optical magnification but with various exposures. The photographs
show different stages of the development of the discharge with increasing voltage.

(a) (b)
Onset streamers Corona glow
Usupply =3 kV, Usupply =4 kV,
i=0.3 pA i=30 uA
(exposure 5 s) (exposure 1/100 s)

(c) (d)
Pre-breakdown streamers Glow discharge
Usupply=9.2 kV, Usupply=10.6 kV,
i=0.4mA i=14mA
(exposure 1/100 s) (exposure 1/100 s)

Figure 3. Photographs of various forms of corona discharge (a), onset streamers (b) corona glow
(Hermstein glow), (c) pre-breakdown streamers and (d) atmospheric pressure glow discharge in a
mixture of Ar+CgHj, (95:5) for different supply voltages, for positive needle polarity (see [24]).

For voltages lower than the corona onset voltage, only dark discharge is generated.
The discharge current is very low (<0.1 pA) because the electrons and ions flowing toward
the electrodes, due to an applied electric field, are generated only by natural ionization.
The ionization and excitation processes are so weak that the discharge is not visible to the
“naked eye”. This discharge was also not visible in the photos taken at a long exposure
time of 15 s.
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With the voltage increasing, the Townsend discharge appears in the needle region,
and the current—voltage characteristics fulfil the quadratic Townsend law, for voltages
Uqg > Uyp, until the pre-breakdown streamers begin, as follows:

Iq- aUg(Ugq — Ugo), )

where a is a constant depending on the configuration of electrodes, temperature, pressure
and the kind of gas; 14 is the discharge current; Uy is the voltage between the electrodes,
and Uy is the corona onset voltage.

A corona discharge of positive polarity was visible as a faint glow at the anode tip,
the area and intensity of which increased with an increasing supply voltage. Outside
the luminous layer, the ionization processes are negligible—the number of electrons is
insignificant, their kinetic energy is too low and only an ionic current flows toward the
counter electrode (see [26,27]). This area is called the drift region. The kinetic energy of
electrons is too low to sustain the excitation or ionization process in the drift region.

With the supply voltage increasing to about 7-8 kV, the pre-breakdown streamers
appeared. The streamers are a spatially inhomogeneous phenomenon that occur over a
period of several hundreds of nanoseconds. The value of the discharge current temporarily
increased up to tens of microamperes from the lowest value for a given supply voltage.

A further increase in the supply voltage caused an increase in the discharge current
to about 0.8 mA. Due to the voltage drop across the ballast resistance, the inter-electrode
voltage decreased to about 5 kV. At this voltage, the electric field is still sufficiently high
to produce a sufficient number of ions and photons bombarding the cathode to initiate
the emission of secondary electrons from the negative electrode. At a potential leading to
breakdown, the current may increase significantly, and a glow discharge or spark discharge
could occur. The magnitude of the discharge current is limited by the ballast resistance in
this case.

This form of discharge at atmospheric pressure was characterized by a filamentary
plasma column that bridged two electrodes.

For pulsed discharge and atmospheric pressure glow discharges, carbon deposits
started to grow on both electrodes and the growth rate depended on the discharge current.
For a discharge current higher than 1.4 mA, a carbon deposit grew on the needle (anodic
carbon deposit) toward the plate electrode. In Figure 4 is shown the growing process
of the carbon deposit at the anode tip and the evolution of the plasma column in an
atmospheric pressure glow discharge (the bright zones in the photographs). The contours
of the discharge needle and the plate electrode surface are drawn with white lines. In these
photographs, the tip of the carbon fiber stretching out from the needle tip (not visible in the
photograph in Figure 5a) and the soot layer, or other carbonaceous materials at the plate
electrode, are indicated.

The properties of deposited carbon structures synthesized in plasma depend not only
on the gas properties, the carbon feedstock and discharge power, but also on the electric
field distribution in the plasma column and the voltage drop near the electrodes. The
magnitude of the electric field in the plasma column was determined by the measurement of
voltage drop between the electrodes, which depends on the distance between the electrodes.
This method is commonly used to determine the average voltage drop near the electrodes
and the electric field magnitude [28-31].
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Figure 4. Photographs of plasma column of atmospheric pressure glow discharge during growth of
carbon deposit in Ar+CgHjy (95:5) for a discharge current i = 1.78 mA: (a) inception of glow discharge,
(b) after 8 s and (c) after 26 s.
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Figure 5. (a) Voltage drop between the electrodes for various inter-electrode distances, for discharge current i = 1.6 mA and
(b) magnitude of electrical field for various discharge currents.
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The distribution of the magnitude of the electric field in the plasma column was
determined assuming that the voltage drop between the electrodes is the sum of the
voltage drops across the anode and cathode and along the plasma column. By decreasing
the distance between the electrodes, the voltage drop is also reduced due to the shorter
length of the plasma column. The voltage drop near the electrodes is independent of the
plasma column length, and the value of the voltage drop near the anode and cathode is
constant regardless of the distance between them. Figure 5a shows the relationship between
the voltage drop between the electrodes and inter-electrode distances, for a discharge
current i = 1.6 mA. The sum of the voltage drops near electrodes can be determined by
drawing a straight line, y = ax + b in this plot, the slope of which is the voltage drop
across the plasma column, and the cutoff point, the sum of the anode and cathode drops.
Figure 5b shows the magnitude of the electric field after a breakdown in the plasma column
in a mixture of argon and cyclohexane versus the discharge current. The difference between
the maximum electric field obtained for a discharge current of i = 1.8 mA and the lowest
value for i = 1.4 mA, was not high (about 20 V), and the reduced electric field (E/N) was
about 10 Td.

The average diameter of plasma column was estimated from the full width at half of
the maximum brightness of the plasma column at photos taken for an exposure time of
1/2000 s. In a discharge between electrodes separated by an air gap of 3.7 and 15 mm, with
a discharge current of 2.0 mA, the mean power density was estimated from the plasma
column volume and the product of the discharge current and the inter-electrode voltage.
The results are shown in Figure 6. The discharge power density slightly increases with
the discharge current for large inter-electrode distances, but it decreases for small inter-
electrode gaps. The highest power density was obtained for inter-electrode distances of
2.55 and 3.55 mm for all discharge currents (Figure 6).

14 4
. 12 4
é 10 A
E ] @ 2.55mm
> 87
£ | @ 3.75mm
5 6
o J A4.75mm
=
% 4j O7mm
~ 5 o ®15mm
] A
O T T T T 1
1.2 1.4 1.6 1.8 2 2.2

Discharge current [mA]

Figure 6. Power density of electrical discharge in a mixture of argon and cyclohexane (95:5 by vol.)
obtained for various inter-electrode distances.

Increasing the power density in a plasma column increases the excitation energy of
Ar, which could result in a more intense decomposition of cyclohexane. For temperatures
above 600 °C the cyclohexane should start to be thermally decomposed, and ethane and
butadiene are formed in the following reaction [32]:

C-C6H12 — C2H4 + C4H6 + Hz. (3)

In the case of electrical discharges of energy above the metastable energy, the mainly
CeHi," ions are generated after collision with electrons. If the energy will be higher at a
level of Ar ionization energy, the main ionic product may be C4Hg*. The concentration of
CsHo™" ions is more than three times lower. In the latter case, CHj is a direct product of
dissociation [33].
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The power density vs. the discharge current in the case of a 15-millimeter inter-
electrode distance for different cyclohexane concentration is shown in Figure 7. For a
cyclohexane concentration in the range of 3 to 5%, the power density is nearly the same.
For a 1% cyclohexane concentration, the power density was about two times higher for a
discharge current in the range of 1.4-1.8 mA than for higher discharge currents.

4 =
Cé) 3 Cyclohexane
= concentration
E 1%

|

29 °
= A 3%
3
5] @4%
2] 5%

0 . . T : . )

1.2 14 1.6 1.8 2 2.2 24

Discharge current [mA]

Figure 7. Power density of electrical discharge in a mixture of argon and cyclohexane vs. discharge
current for different cyclohexane concentrations.

3.2. Discharge Diagnostics by OES

In this section, the results of optical emission spectroscopy (OES) investigations of
glow discharge in a mixture of argon and cyclohexane are presented. The dependence of
the concentration of activated species in the plasma and the composition of the working
gasses are analyzed using OES in the wavelength range of 300-1000 nm. A typical OES
result after breakdown is shown in Figure 8. The spectral lines and molecular bands were
identified and assigned using online data available from the National Institute of Standards
and Technology [34] and the book of Pearse and Gaydon [35], respectively. As can be seen,
the infrared spectrum (696.5-978.5 nm) is dominated by the atomic spectrum of Ar optical
emission lines, due to 1s-2p transitions (Table 1), whereas the visible spectrum (300-600 nm)
is much more complex, but less intense, than the infrared part. A very weak emission
at 516 nm was the C; Swan system. It should be noted that there is also a low-intensity
emission band from N, (Second Positive System). The species identified using optical
emission spectroscopy, which originated from cyclohexane decomposition, are listed in
Table 2. The intensity of individual components varied depending on the discharge power.
During the discharge, a continuous emission in the range of 350 to 450 nm was recorded.
The continuous emission could be the effect of free-bound or free-free emission [36]. Free-
bound continuous emission results from the capture of an electron by an ion, leading to
recombination (Ar*+e—Ar +hv). The second continuous emission is the effect of photon
emission due to a decrease in the energy of an electron in the electric field of an ion or
atomic nucleus (Ar*+e—Ar*+e+hv, Ar+e— Ar+e+hv, respectively). For a discharge current
of 0.8 mA and higher, the continuous emission spectrum was observed in the range of
500-1000 nm, emitted by the deposit on the needle electrode.
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Figure 8. Optical emission spectra taken from the tip of needle electrode and from plasma column at
2 mm from the needle tip, for various discharge currents and inter-electrode distances.

Table 1. Optical emission lines of argon used for the determination of excitation temperatures during

the discharge in Ar/CgHj, mixture [34].

Transition (Upper Level Energy—Lower Level Energy [eV])

Position [nm]

3s23p°(°P°y /2)dp —3s23p° (2P°3,,)4s (13.328-11.548)
3523p> (2P /o)4p —3s%3p°(*P35)4s (13.328-11.624)
3s23p°(2P°y s2)4p —3s23p° (2P°3,5)4s (13.302-11.624)
3523p°(2P°35)4p —3s%3p°(*P°35)4s (13.171-11.548)
3s23p°(°P° s2)4p —3s23p°(2P°1 /»)4s (13.283-11.723)
3s23p°(°P°y /2)dp —3s23p° (PP°1 /5)4s (13.328-11.828)
3523p° (2P /o)4p —3s%3p°(*P°35)4s (13.153-11.723)
3s23p°(2P°32)4p —3s23p° (2P°3,5)4s (12.907-11.548)
3523p°(2P°32)4p —3s%3p° (PP /5)4s (13.172-11.828)
3s%3p°(°P°32)4p —3s23p° (2P°3,5)4s (12.907-11.624)

696.5
727.3
738.4
763.5
794.8
826.5
866.8
912.3
922.5
965.8

Table 2. Main features of the emission spectra observed during cyclohexane decomposition in

Ar/CgH1p mixtures [35].

Species System Transition Wavelength [nm]
(@) Swan system A3IT—X3I1, ground state 438-619
CH 4300 A A2A—X2I1, ground state 430
H Balmer series 32 656.3

After the transition from pulsed to glow discharge, the intensity of all the optical
emission lines decreases. An example of the evolution of the intensity of argon lines and
Cy, CH and H bands with time, before and after the discharge onset, recorded with a
time resolution of about 25 ms, is shown in Figure 9. After breakdown, a decrease in the
intensity of the optical emission lines at 996.5 and 763.5 nm to about half of their maximum
value (Figure 9a) was observed. The intensity of the C; Swan System for v(0-0) after the
onset of the discharge was much higher than the lines at 996.5 nm, resulting from excited
argon, but after about 2 s, the intensity decreased to a very low level (Figure 9b). The
emission intensities of the CH band and line from Ha were much lower than that of C,.
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Figure 9. Time variation of the emission intensity of (a) C,, Arl (at 696.5 nm) and Ar I (at 763.5 nm), and (b) CH, C, and
Balmer series of hydrogen for a discharge current of i = 1.8 mA for a 15-millimeter inter-electrode distance.

The excitation energy of C, and CH is not very high (about 2.9 and 2.5 eV, respectively),
but in order to obtain radicals from cyclohexane decomposition, much higher energy
is required, and the chemical processes are much more complex. The most probable
products, which could be obtained from cyclohexane decomposition, are ethane, methane
and acetylene. For example, the emission of C; could be obtained by collision with
electrons [37], as follows:

CGHy+e—-C,H+H+e, (4)

CQH + CzH — C2 + C2H2, (5)

or argon via an energy transfer from the metastable argon particles Ar*, as follows:
Csz + Ar* — CzH +H+ Ar, (6)

CGH+Ar* - Cy+H+ Ar (7)

For CH emission, the possible reactions could be as follows:
e+CH, > CH+H+e, (8)

e+CH; - CH+2H +e, 9)

where CH; and CHj3 could be obtained by the decomposition of CHy [38] or C;H; in
electrical discharge [39].

Zhu et al. [40] measured the electron density in atmospheric pressure plasmas by
comparing the ratio of the intensity of lines of argon 2p-1s transitions and interpreting them
using a collisional-radiative model. The ratio of the intensity of lines of Ar (2p3 — 1s4)
at 738.4 nm and Ar (2p6 — 1s5) at 763.5 nm is very sensitive to the variations of electron
density in plasma in the range of 10'*~10'® cm—3. By comparing these line ratios for
different discharge currents and different inter-electrode distances, it can be concluded that
the electron density in electrical discharge does not depend on the inter-electrode distance
in the range of 2.55-15 mm. Additionally, there was not a significant difference between
the discharge currents (Figure 10). The ratio of the intensity of the line was in the range of
0.25-0.3.



Appl. Sci. 2021, 11, 5845

12 of 27

0.4 -
035 -
= 037 ©1.4mA
£ 025 4 B1.6mA
= 02 - A1.8mA
@2.0mA
015 4 02.2mA
0]
0 5 10 15 20

Inter-electrode distance [mm]

Figure 10. Intensity ratio of two lines of ArI for various discharge currents.

Atmospheric-pressure microplasmas are generally in near-partial-local thermody-
namic equilibrium. The excitation temperature may be determined from Ar emission lines
intensities obtained using the Boltzmann plot method from the following expression [41]:

Lijhij E;
In (giAij = _kTexc +C, (10)

where I is the relative intensity of the emission line between the energy levels i and j, A;; is
its wavelength, g; is the degeneracy or statistical weight of the emitting upper level i of
the studied transition and Aj; is the probability of transition for a spontaneous radiative
emission from the level, i, to the lower level, j. Finally, E; is the excitation energy of the level
i, k is the Boltzmann constant and C is a constant. An example of the linear Boltzmann plot
for Ar I transition lines is shown in Figure 11.

> y =-3.0495x + 33.527
755 : R>=0.8951
R 6
% kT=0.3197 eV
= -6.5 A ‘
2
g 7 ¢ 3

7.5
'8 T T T 1
12.8 13 13.2 13.4 13.6

Upper energy [eV]

Figure 11. Linear Boltzmann plot for Ar I transition lines used to calculate excitation temperature
(0.3197 eV).

Figure 12 shows the calculated excitation temperature as a function of discharge
current for different inter-electrode distances. There is a difference between the excitation
temperature for shorter inter-electrode distances and for longer inter-electrode distances.
For a short inter-electrode distance (2.55 or 3.55 mm) the excitation temperature was about
two times higher than for 15 mm.
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Figure 12. Excitation temperature of Ar I for various inter-electrode distances.

Assigning the continuous emission to the blackbody radiation of a hot anodic carbon
deposit, the temperature of the deposit can be estimated through the fitting the continuous
emission spectrum to the Planck blackbody radiation function. The anodic deposit tem-
perature vs. discharge current for various inter-electrode distances is shown in Figure 13.
The temperature of the deposit was estimated to be in the range of 1400 to 2200 K and is
strongly dependent on the discharge current and inter-electrode distance. The temperature
of the deposit also decreases with the concentration of cyclohexane (Figure 14). For the
lowest concentration of cyclohexane (1%), the temperature of the anodic deposition was
in the range of 1200-1600 K, which was much lower than for the deposit obtained for 3
and 5% cyclohexane. Additionally, the temperature of the deposit obtained for a negative
polarity was lower, but it could be the effect of the deposit size (500 um deposit diameter).
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Figure 13. Anodic deposit temperature for various inter-electrode distances.
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Figure 14. Temperature of needle deposit for positive polarity for 1 and 5% cyclohexane, and for
negative polarity for 5% cyclohexane.

3.3. Carbon Deposit

Various forms of carbon deposit were obtained on the needle and plate electrodes as
an effect of hydrocarbon decomposition in electric-discharge plasma. The morphology and
growth rate of these deposits depended on the discharge current, the distance between the
electrodes and the concentration of cyclohexane in the gas mixture.

In the case of onset streamers and glow corona discharges, the deposit obtained on the
needle was in the form of irregular structures (Figure 15). The plate was coated by oiled
substances during these irregular discharges, and some small carbon deposits in the form
of a mound can also be obtained (photograph not shown). These kinds of structures were
observed for an inter-electrode distance in the range of 2.55 to 25 mm.

Figure 15. Deposit formed during glow discharge for discharge current of 0.1 mA, in a mixture of
Ar+CgHj, (95:5 vol.).

Corona discharge is characteristic for a discharge where one of the electrodes is of high
curvature. The magnitude of the electric field close to the electrode tip is large enough to
lead to collisional ionization processes. Primary electrons released as a result of collisional
ionization and secondary electrons released from the electrode by the bombardment of its
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surface by gaseous ions cause avalanche ionization in the presence of a strong electric field.
These processes only occur in a thin layer near the electrode because there is a sufficiently
strong electric field in this region (so-called ionization zone). The electric field in this area is
of the order of magnitude of 106 V/m. With such a high electric field, the electrons present
in this region are accelerated to a high kinetic energy sufficient for collisional ionization.

The main building blocks of carbon deposits obtained in the electric discharge mi-
croplasma in a mixture of argon and cyclohexane are radicals and neutral products of the
decomposition of cyclohexane. These products are obtained due to the collision of electrons
of sufficiently high energy with cyclohexane molecules; one example is the following;:

c—CegHpp+e—=>Rpn+Ry +e, (11)

where Ry, and R, are radicals.

A similar situation occurs when an argon atom is in the first excited state (metastable
state) after collision with an energetic electron and transfers its internal energy to a cyclo-
hexane molecule after an impact, as follows:

¢ — C¢Hyp + Arm — Ar(*Sp) + Rm + Ra. (12)

As the energies of argon metastable states are relatively high, 11.55 eV and 11.72 eV, the
cyclohexane and all products of cyclohexane decomposition can be ionized or dissociated
to other products after collision. Radicals could interact with each other forming neutral
molecules and/or other new radicals.

The formation of an “0il” form of deposit remaining on the plate electrode can proceed
due to the interaction of radicals in the following reaction:

Ry + Ry = Pxyy, (13)

where Py.y is a neutral product (hydrocarbon) of higher molecular weight than cyclohexane.
The gas temperature in this zone is low, and the interaction with charged or high energetic
particles is weak.

In the case of glow discharge, the interaction of atoms and molecules with electrons
and charged particles occurs for all inter-electrode distances. Figure 16 shows typical
SEM images of carbon deposits grown under different cyclohexane concentrations by a
discharge current of 1.8 mA. The change of the cyclohexane concentration influenced the
morphology of carbon fibers. For 1% cyclohexane, the surface of the deposited carbon
fibers was grainy, with large spaces between the grains (Figure 16a). With an increasing
concentration of cyclohexane, the edge of the grains appeared smoother and the space
between the grains became much smaller than those deposited under a lower concentration
of cyclohexane (Figure 16b). For a 3% cyclohexane concentration (Figure 16c), the structure
of the carbon deposit has a tendency to become hybrid: one part of the deposit was grainy,
and another part was smooth. For a 4 and 5% cyclohexane concentration, the surface
of the carbon fiber was smooth (Figure 16d,e). For these concentrations of cyclohexane,
soot particles were often stacked to the surface of the carbon deposit. The anodic carbon
deposits have a diameter in the range of 30 to 100 um, depending on the diameter of the
plasma column.
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Figure 16. SEM pictures of carbon fibers obtained during corona discharge for a constant discharge
current (1.8 mA) but for different C¢Hyy concentrations: (a) 1%, (b) 2%, (c) 3%, (d) 4%, (e) 5% by
positive polarity of the needle electrode. Electrode distance: 15 mm.

The growth rate of the carbon deposit was dependent on the discharge current (i.e.,
the power density delivered to the plasma column for cyclohexane decomposition) and
the cyclohexane concentration. The volume growth rate of the carbon fibers deposited on
the needle tip is shown in Figure 17. The growth rate for 1% cyclohexane was 3—4 times
smaller than for 3 and 5% cyclohexane. For higher cyclohexane concentrations, the growth
rate was similar, and was nearly a linear function of the discharge current.
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Figure 17. Growth rate of carbon deposit synthesized on the needle tip during electrical discharges versus discharge current,
for three different cyclohexane concentrations: 1, 3 and 5%.

SEM images of the carbon deposit obtained on the cathode (needle electrode) during
a negative polarity discharge in a mixture of argon Ar+CgHj; (95:5), by a discharge current
of 1.8 mA are shown in Figure 18. For a negative polarity, the surface of the carbon deposit
consisted of nodular dendrites, which have a diameter in the range of 5 to 10 um, with
large gaps between them. At a higher magnification, it is visible that each dendrite has
cauliflower structures and consists of smaller nodules.

Figure 18. SEM pictures of cathodic carbon deposit obtained during discharge in a mixture of argon
Ar+CgHjy (95:5) for negative polarity of the discharge electrode, with a discharge current of 1.8 mA.

Fragments of broken carbon deposits taken from the needle at a positive and negative
polarity are shown in Figure 19. The deposits synthesized for low hydrocarbon concentra-
tions and for a positive polarity of the discharge electrode are similar to those obtained for
a negative polarity for 5% cyclohexane. In both cases, the carbon deposits have a colum-
nar morphology with nodular dendrites, and the growth process is determined by the
carbon particles” diffusion toward the electrodes (Peclet number >>1). Massuer et al. [42]
suggested that the columnar morphology with voids between the column results from the
process of columnar growth that occurs when the temperature of the deposit’s surface is
low and the energy of the ions bombarding the anodic deposit is low. The temperature
determined from the thermal spectrum was about 1300 K, for the positive and negative
polarities of the discharge electrode. The morphology obtained for a negative polarity, by
5% cyclohexane, could result from the diffusion-limited aggregation by low temperatures,
due to the reduced surface mobility of adatoms and the high sticking probability of radicals
and ions [43,44]. When a needle is used as a cathode, the main builders of the deposit
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could be positive ions, the main products of cyclohexane dissociation [45]. Additionally,
the cathode sheath could influence morphology (the voltage drop of a cathode should be
higher than for an anode).

Figure 19. Fragments of carbon deposit obtained at the anode for cyclohexane concentrations of (a) 1%, (b) 5% for positive
polarity and (c) 5% for negative polarity, with a discharge current of 1.8 mA.

The carbon deposit obtained for 5% cyclohexane is synthesized layer-by-layer with
smooth morphology. This structure could be named a carbon fiber according to IUPAC
nomenclature [46].

The SEM micrographs of the carbon deposits obtained for different discharge currents
with an inter-electrode distance of 3.75 mm and a 5% cyclohexane concentration are
shown in Figure 20. For a discharge current of 1.4 mA (Figure 20a), the carbon nanowalls
were indistinct and barely visible. When the discharge current was increased to 1.6 mA
(Figure 20b), the carbon nanowalls were large and densely packed. For a current of 1.8 mA
(Figure 20c), carbon nanowalls are not produced and only the nanowalls’ nuclei can be
noticed on the surface of the deposit. For a discharge current of 2 mA (Figure 20d), carbon
nanowalls did not grow.
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1 p

(d) 2.0 mA, 5%, 3.75 mm

Figure 20. SEM pictures of carbon deposits obtained for different discharge currents: (a) 1.4 mA,
(b) 1.6 mA, (c) 1.8 mA and (d) 2.0 mA with an inter-electrode distance of 3.75 mm and a 5% cyclo-
hexane concentration. Left column: general view of carbon fiber, right column: close-up view of
fiber’s surface.
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A comparison of the growth rate of the carbon deposit synthesized on the needle for
different inter-electrode distances and various discharge currents is shown in Figure 21.
The slowest growth rate was observed for the lowest inter-electrode distance. Generally,
for an inter-electrode distance lower than 7 mm, the growth rate decreased, which could be
an effect of the different radicals obtained during the decomposition of cyclohexane. The
sticking probability of radicals such as CHy, C,Hy, CH and C differ in value [47], which
could be dependent on the temperature of the surface/substrate [48].
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Figure 21. Growth rate of carbon deposit synthesized on the tip of needle electrode during electrical
discharges of positive polarity versus discharge current, for a 5% cyclohexane concentration.

Figure 22 shows the current density flowing through the anode deposit determined
from the discharge current divided by the average cross surface area of the carbon deposit
at its tip. Increasing the current density results in the increasing temperature of the deposit
surface due to Joule heating. The carbon deposits without carbon nanowalls had diameters
in the range of 15-30 pm, whereas the diameters of the deposits covered with carbon
nanowalls were in the range of 32-50 um. The carbon deposits without carbon nanowalls
and with carbon nanowalls were obtained for a current density higher than 395 A /cm?
and lower than 320 A/cm?, respectively.
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Figure 22. Current density on the anodic deposit for deposit with and without carbon nanowalls
obtained for various discharge currents.
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After deconvolution, the first-order Raman spectra of amorphous carbon material
consist of two main peaks between 1200 and 1700 cm~!. Similar results were obtained
for the synthesized carbon structures and are shown in Figure 23a. The peak located near
1600 cm ™! is called graphitic (G band) and is associated with an in-plane stretching of
sp2-bonded carbon atoms. The peak around 1350 cm~! is called a disorder-induced or D
band. For single-crystal perfect graphite D band is not observed [49].
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Figure 23. Raman spectra analysis of obtained carbon deposits: (a) Raman spectrum, (b) Raman shift
of G and D bands, (c) the ratio intensity of D band and G band vs. cyclohexane concentration, with a
discharge current of 1.8 mA.
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Additionally, the obtained carbon fibers had both peaks, G and D band. For 1%
cyclohexane, the G band was at about 1605 cm ™! and did not change significantly with an
increasing cyclohexane concentration from 1 to 5 wt.% (Figure 23b). The position of the
D band changed in the range of 1350 to 1360 cm !, with the maximum shift at 1360 cm !
for 3% cyclohexane. In addition to the D and G bands, small peaks at 1200, 1510 and
1550 cm~! were also obtained. The peak at 1200 cm ™! is attributed to the sp2-sp3 bonds
or C-C and C=C stretching of vibrations of polyene-like structure [50] or vibrations of
disordered graphite lattices (Alg symmetry) [51]. Both of the peaks, at 1200 and 1550 cm ™!,
were observed in the deposits obtained for both polarities, positive and negative, and
can be attributed to amorphous sp3-bonded carbon and sp2 carbon-based structures,
respectively [52]. The peak at 1510 cm ! is associated with the amorphous carbon content
of soot [52] or C=C double-bond stretching vibrations [53]. It was also observed that the
width of the G peak increased with an increasing cyclohexane concentration in the mixture,
which could suggest an increase in the density of this deposit [54].

The degree of disorder of the carbon structures could be obtained from the relative
intensities of the D- and G-peaks. Wopenka et al. [55] related carbon structures to the
ratio of ID to IG, as follows: well-ordered graphite: ID/IG < 0.5, disordered graphite:
0.5 <Ip/Ig<1.1, glassy carbon Ip/Ig > 1.1. This suggest that carbon deposits obtained
for 2 and 3% cyclohexane have a glassy carbon structure (Figure 23c). For a 1 and 5%
cyclohexane concentration, the structures grown on the needle are disordered graphite.
For a negative polarity, for a cyclohexane concentration of 5% and a discharge current
i =1.8 mA, the Ip/Ig ratio was about 1.7 (not shown).

An observed increase in Ip /I could result from the enhancement of the clustering of
an aromatic ring in the deposited structures [56]. Additionally, an increasing luminescence
background with an increasing cyclohexane concentration could result from a high content
of hydrogen [57-59]. The average hydrogen content, analyzed using a total combustion
method, of the carbon fibers obtained for i = 1.8 mA and 5% cyclohexane for a positive
polarity was about 1.46 wt.%; therefore, it could be supposed that for a carbon anodic
deposit obtained for a lower cyclohexane concentration, the hydrogen content should be
lower than for 5% cyclohexane.

3.4. Carbon Aerosol Produced in the Discharge

Besides the carbon deposit produced at the surface of electrodes during electrical
discharge in a mixture of cyclohexane and argon, aerosol particles, which leave the reactor
with the flowing gas, were also generated. The variations in the concentration of particles
produced during the discharge for two inter-electrode distances are shown in Figure 24.
The particle concentration for discharge currents of i = 1.4 and i = 2.4 mA was similar and
was higher than that for the discharge current of i = 1.8 mA. The total particle number
concentration for the inter-electrode distance of 3.75 mm was about one order of magnitude
higher than for 15 mm.
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Figure 24. Concentration of particles produced during discharge in a mixture of argon and cyclohex-
ane for two inter-electrode distances of (a) 3.75 mm and (b) 15 mm for different discharge currents.

The particle size distribution measured during discharge in a mixture of argon and
cyclohexane is shown in Figure 25. The particles generated for an inter-electrode distance of
3.75 mm are smaller than those generated for 15 mm. For a discharge current of i = 2.4 mA
and an inter-electrode distance of 15 mm, the concentration of particles larger than 300 nm
was 10 times higher than for same discharge current for lower inter-electrode distances,
which could be the effect of a higher concentration of soot precursor radicals. Shigeta
and Murphy [60] showed that nanoparticle growth takes place on the outer edge of the
plasma column.
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Figure 25. Particle size distribution produced during the discharge in a mixture of argon and cyclo-
hexane, for inter-electrode distances of (a) 3.75 mm and (b) 15 mm for different discharge currents.

Soot can nucleate and grow through both ion-related and neutral radical mechanisms.
Soot formation mostly occurs at the discharge boundary due to the relatively lower tem-
perature than that in the plasma column. For example, for methane plasma, a sudden
increase in the soot concentration occurs at temperatures above 1700 K [61]. In cyclohexane
plasma, it could be the effect of increasing temperature and the acetylene produced in the
discharge, which is known as a precursor of soot. The process of soot particle formation
from acetylene, known as the “Winchester mechanism” [62], could be due to the following
reactions with negative ions [63]:

CHy +e—> CH +H, (14)

ConHy + G H -Gy +2H + Hp,,n=123 ..., (15)
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or
C,H, + e — H,CC™, (16)

HzCC_ + C2H2 — C2n+2 + Hz_ + HZn/ n=234.... (17)

The same reactions could occur for positive ions.

For both inter-electrode distances, the mechanism should be the same, but the plasma
column had a higher diameter when the interelectrode distance was 15 mm than when it
was 3.75 mm.

4. Conclusions

The experimental results of the synthesis of carbon microstructures in low temperature
plasma generated by microdischarges were presented. The experiments were carried out
in a plasma reactor, between needle and plate electrodes, a configuration typical for corona
discharge. As an effect of the decomposition of cyclohexane in plasma, thin, 50-100 pm
in diameter, carbon microfibers were built at the tip of the needle electrode. Carbon
nanowalls, carbon powder, soot particles and other structures were deposited onto these
fibers. These various carbon structures, produced from cyclohexane vapors in high voltage,
low-current electrical discharges at atmospheric pressure, were synthesized for different
discharge currents, different electrode polarities, inter-electrode distances and cyclohexane
concentrations. For 1% cyclohexane, the growth rate of the carbon deposit was very low
compared to a higher concentration of this hydrocarbon, for the same discharge polarity
and inter-electrode distance. The growth rate obtained for 3 and 5% cyclohexane, for
1.8 mA was similar, about 0.5 mm/s, but SEM investigations showed that the morphology
of these deposits was different; they were semi grained and smooth surfaced, respectively.
For an inter-electrode distance equal to and smaller than 4.55 mm, and a discharge current
in the range of 1.4 to 1.8 mA, the growth rate was lower than for 15 mm, and the surface of
the carbon deposits was covered by carbon nanowalls.

The process of deposition can, however, be controlled by the discharge current, the
residence time in the reactor (flow rate), the gas composition and the geometry of electrode.
The optimal conditions can only be determined experimentally.

Due to its porous structures, the produced carbon micro- and nanostructures have
potential applications, for example, in the synthesis of electrodes for ion batteries, superca-
pacitors, fuel cells, gas sensor or catalyst carriers.
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