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Abstract

In this work, a set of experiments has been conducted using arc discharge Methane
decomposition attempting to obtain carbonaceous materials (C-strands) formed between graphite
electrodes. The current-voltage (I-V) characteristics of the fabricated C-strands have been investigated in
the presence and absence of two different gases, NO, and CO,. The results reveal that the current
passing through the carbon films increases when the concentrations of gases are increased from 200 to
800 ppm. This phenomenon is a result of conductance changes and can be employed in sensing
applications such as gas sensors.
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1. Introduction

A novel method for the fabrication of a carbon based material implementing high voltage
AC arc discharge has been attempted to design and develop. This carbon based material is
intended to be utilized in an electric circuit to build up a gas sensing mechanism [1-5]. By
applying a high AC voltage to the graphite electrodes employed in the experimental set up, an
arc ignites between the electrodes as the gas between them is ionized. This arc is employed in
the methane decomposition process which results in carbon strands that we intend to fabricate.
Pure methane in atmospheric pressure is passed over the electrodes inside a Pyrex glass tube
chamber where the carbon strand fabrication process takes place [6], [7]. Once the arc ignites
between the graphite electrodes, the methane gas starts to decompose to its constituent
species. At the end of this process a fine soot of carbonaceous material remains between the
two electrodes. The material produced this way is then checked through high resolution optical
microscopy as well as scan electron microscopy (SEM) to observe the material physical and
structural characteristics. Once the carbon strands are grown, the measurement process is
carried out.

2. Experimental Details

An illustration of the complete experimental setup assembly employed in high voltage
AC arc discharge generation is provided in Figure 1. Methane gas by using a gas flow meter at
a constant flow of 0.2-1.0 standard litter per minute (SLPM) was passed through the chamber.
The chamber is connected between gas cylinder and flow controller. The material which is used
in chamber fabrication is Pyrex glass. A pressure regulator has been used to ensure the gas
flow has the atmospheric pressure. The Neon transformer was implemented to increase the
voltage to kilovolt and it is necessary for decomposition process. For the purpose of high
voltage monitoring a high voltage probe was used to measure and record the signals via
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oscilloscope. The scan electron microscope and high resolution optical microscope were
provided for the structural morphology of carbon film.
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Figure 1. Experimental setup of arc discharge methane decomposition process

The parameters of this process are tabulated in Table 1.

Table 1. The operating factors in carbon film fabrication

Factors Rate

Voltage 1-26 kV

Frequency 50 Hz

Gas type Pure Methane (99.99%)

Temperature At Room Environment

Pressure Atmospheric
Rate of flow  0.2-1.0 SLPM

2.1. Fabricated C-Strands

Three different configurations of graphite electrodes were fixed on a PCB board and
used for sample growth. These configurations are plane-to-plane (PTP), tip-to-plane (TTP) and
tip-to-tip (TTT). The methane decomposition and carbon deposition process results in a minute
soot of carbon atoms formed along the axis of the aligned electrodes. The fact that the material
fabricated in this process is made of carbon is checked through Optical Emission Spectroscopy,
as will be explained in the following section. Once the arc discharge is initiated, methane
decomposition starts causing the resultant carbon atoms to deposit and stack up between the
two electrodes creating a conductive bridge. The C-strand developed in the experiment was
also inspected using optical microscope. Figures 2(a, b) show the corresponding images
obtained from high resolution optical microscopy at magnification X16. Figure 2(a) illustrates the
PTP and Figure 2(b) shows the TTT electrode configurations.

Figure 2. Fabricated C-strand at magnification of X16 (a) PTP, (b) TTT
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2.2. Optical Emission Spectroscopy (OES) Setup

In this study, OES was implemented to make sure that the material produced during the
methane decomposition is made of carbon. An illustration of the general configuration in which
the devices have been connected and utilized in the experiment has been provided in Figure 3.
As shown, the probe at the tip of the fiber optical cable has been in close contact with the Pyrex
chamber and the spectrometer is connected to a computer to record the spectra emitted during
the carbon growth state enabling us to capture the spectra of the sparks ignited during the
process and compare them with those in other works [8-10]. This will allow assuring that the
material deposited between the electrodes is carbonaceous.
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Figure 3. Setup for optical emission spectroscopy

The range of wavelength (385-750 nm) was measured by the optical emission
spectroscopy and the MATLAB software was used for sketching these data. As shown in
Figure 4 and figure 5 the three developed peaks are hydrogen Ha=657.33 nm, CH=397 and 431
nm, and C2=516.75 [11, 12].
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Figure 4. Optical emission spectroscopy of methane during decomposition process

The ranges of the peaks are tabulated in Table 2.
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Table 2. Types of methane gas

Gas typs Wavelength (nm) Energy (eV)
516.75 3.4

c2 590 -

Ha 657.5 3.3
397 -

CH 431.4 2.9

2.3. Scan Electron Microscopy

The samples obtained at the end of the decomposition are then inspected with scanning
electron microscope (SEM )analysis [13]. The images which are provided by SEM are shown in
Figures 6(a) and 6(b).
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Figure 6. SEM image of a sample, imaging mode a) X350 at 15 kV; b) X2000 at 15 kV

Between a wide range of carbon allotropes, just graphite, graphene, and carbon
nanotubes, has electrical conductivity. The fabricated carbon film material can belong to one of
the graphitized materials due to the grown carbon in this study also show conducting
behaviour [14-16]

2.4. Electrical Characterization of the Grown C-Strand

The current-voltage characteristics of the C-strands obtained were tested and evaluated
in order to assess their potential ability to replace the channel in gas sensors. Applying a DC
voltage to the C-strands in successive time periods after the growth, the corresponding currents
passing through the conductive channel has been measured and recorded. The schematic of
the electrical structure is shown in Figure 7. The current was measured and recorded by
Ampermeter in Figures 8(a,b,c) and Figure 9(a,b,c), when the voltage was increased from 0-10
volts. The growing configuration data including the electrode gaps, growing voltages as well as
the growing time has been tabulated in Table 3.
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Figure 7. Electrical measurement set up for the C-strands grown between different electrode
configurations
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Table 3. Effect of electrode configurations on the growth of C-strands

Configuration of Electods Gap (mm) High Voltage (kV) Growing Time (s)
SA o 0s e o7
TTT 2 171 12.2
SetB TTT 8.3 235 8.280
SIC e o 214 1507

3. Experimental Results from the Electrical Measurements

3.1. Under CO, Exposure

The changes in the current passing through the C-strands as a result of voltage
alterations were measured and recorded. The measurements were carried out under the
exposure to gas immediately after growth and also several minutes after growth for TTT
configuration with D=2mm in the presence of CO, with concentrations of 200, 400, and 800
ppm. The voltage was increased from zero to 5 Volts and the corresponding currents passing
through the circuit were recorded using a micro-Ampermeter. The current-voltage readings are

provided in Figure 8(a to e).
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Figure 8. I-V characteristics of carbon film a) before CO, exposure, b) under 200 ppm gas; c)

under 400 ppm gas; d) under 800 ppm gas; €) comparing all (a) to (d)
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3.2. Under NO, Exposure

As can be seen in Figure (9), when the C-strand is exposed to NO, gas, according to
the chemical reaction between carbon film and NO, gas molecules, carbon experiences a
change in the velocity of its carriers which can in turn induce alterations in the current and
channel voltage. In other terms, the electron exchange between the gas and the surface of the

carbon creates new carriers which change the conductivity of electrons.
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Figure 9. Current-voltage characteristics under NO, gas exposure, 200 ppm, b) 400 ppm, c) 800
ppm, e) all data comparison

Under the gas exposure (200 ppm to 800 ppm), by carrier concentration increment the
current was further increased. An increase in the current can be associated to the charge
transfer between carbon film and NO, molecules. This phenomenon is also known as chemical
doping by gas molecules. Exchange of electrons due to absorption of NO, gas molecules on the
carbon film causing a modification of the electrical conductance in the carbon film which is the
basic concept for high sensitively molecular sensor. When the gas concentration increased from
200pp, to 800ppm the |-V characteristics increased as well [2, 17, 18]. As a consequence of the
chemical interaction between the NO, molecules and the resultant adsorption on the carbon film
surface which causes electrical charge to be transferred between them and hence changes the
carrier concentration, the channel conductivity varies during the process [19, 20].

In the other hand the conductance characteristic will increase when the gas molecule
adsorption occurred on the surface of carbon Theoretical studies have confirmed the
remarkable change in electronic properties of carbon film due to the detection of gas molecules.
Most molecules are known to be an electron-acceptor such as NO, and O, or an electron donor
such as NH3 and H,O displaying relatively small charge transfer between adsorbed molecules
weakly on the carbon film wall [21-24]. carbon films show p-type semiconducting property of
decreasing resistance upon exposure of NO, gas [25-27]. To produce the analytical
investigation the curve fitting of MATLAB software was used. The obtained formula is shown in
Equation (1).

F(x) =aexp(bx) +cexp(dx) 1)
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The parameters a, b, ¢, and d are constants and the regression values are listed in Table 4.

Table 4. Values for a, b, ¢, d parameters and the corresponding regressions

Equation Gas Gasexposure a B C d R
Withoutgas  -7.043e+5  -0.1136  7.043e+5  -0.1136 0.9968
cop  200PPm 6.861e+5  -0.1312 -6.861e+5  -0.1312 0.9985
400 ppm 81.59 0.00037 -80.3 -0.5398 0.9998
F(x) = aexp(bx) +cexp(dx) 800 ppm 743 0.05355 -74.98 1.246  0.9994
Without gas ~ -4.884e+06 -0.161  4.884e+06 -0.161  0.9979
200 ppm 8.850e+05 -0.1607 -8.859e+05 -0.1608 0.9989
NO2 400 ppm 56.48 0.05094 -70.78 -0.7854 0.9992
800 ppm 76.06 003812 -95.23 0.848  0.9991

4. Conclusion

The current-voltage characteristics of the obtained C-strands were tested and evaluated
before and after exposure to three gases, Methane, CO, and NO, in order to assess their
potential ability to replace the channel in gas sensors. While applying a DC voltage to the C-
strands in successive time periods after the growth, the corresponding currents passing through
the conductive channel has been measured and recorded. Two main observations were made
during the experimental study. Firstly, the electrode configuration and the gaps between them
have direct impact on the fineness and the conductivity of the carbonaceous material. Secondly,
the conductivity of the C-strand changes in the presence of gas, i.e. when the channel is
exposed to gas, due to the adsorption of gas atoms on the surface of the C-strand, its
conductivity increases. Therefore, as a general conclusion, this study proposes that C-strand
material can be used in gas detection sensors presenting high sensitivity and empowering the
sensor manufacturers to produce accurate sensing mechanisms in extremely smaller sizes.
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