Green Applications of Carbon Nanostructures produced by Plasma Techniques
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ABSTRACT
The study of several types of plasma reactors used to obtain carbon nanostructures (CNS)
is realized in the Laboratory of Plasma Applications. To obtain carbon nanotubes (CNT) thermal
plasma was used and carbon nanofibers (CNF) were obtained with glow discharge. Optical
emission spectroscopy was applied to correlate some plasma parameters with CNS growth.
Several analytical techniques are used to study CNS obtained by both plasma techniques.
In this work, we present results concerning the use of CNS as harmful gases traps and
some results of a CNT based supercapacitor prototype are also depicted.
Experimental results here detailed, show the capacity of CNF to absorb nitrogen oxides (NOx),
sulfur dioxide (SO2) and, at less proportion, carbon dioxide (CO2).
CNF films were obtained by electrophoretic deposition technique and by adding CNT
ink; preliminary results showed a capacitance value of 2.69 F/g. This value remains still low
compared to some supercapacitors, therefore additional work has to be done in order to improve
the capacitance value.
Keywords: Carbon nanostructures synthesis by plasma techniques, harmful gases adsorption,
supercapacitors production.

INTRODUCTION
Nowadays, carbon nanostructures already have a huge diversity of commercial
applications like composites in bicycles in winning Tour de France, ship hull coated with
antifouling CNT paint, printed CNT transistors on polymer film, spacecraft’s shields [1] and
even to prevent dental caries [2] and as cigarette filters [3]. Applications of CNF can also be
observed on environmental applications to develop oxidative removal of NO from flue gas [4]
and as promising anodes for sodium-ion batteries [5], for example.
In the following sections we mention other examples concerning the use of CNS on
pollution treatment and to store energy.
Carbon nanostructures on pollution prevention
Nanotechnology could play a key role on the efficiently use of raw materials, energy and
water and to reduce or to eliminate creation of waste. For example, nanostructure-based home

lighting could reduce energy consumption by 10% in the United States and would ultimately
reduce carbon emissions by some 200 million tons per year [6].
An additional example is the use of carbon nanotubes in computer displays; they may
further diminish the environmental impacts by eliminating toxic heavy metals and drastically
reducing material and energy use requirements, while providing enhanced performance for
consumer needs [7].

Carbon nanostructures on water treatment
In 2015, around 663 million people worldwide still used unimproved drinking water
sources [8]. As a particular example, wastewater discharges containing an oversupply of
nutrients like nitrogen and phosphorous, induce the eutrophication of water bodies, developing
cyaonobacteria that, in turn, produce dangerous toxins (i.e microcystin) [9]. The accidental
ingestion of these toxins could produce symptoms like abdominal pain, nausea, vomiting,
diarrhea, headache, atypical pneumonia and elevated liver enzymes [10].
Consequently, it is urgent to implement water treatment in affected areas; recent advances
in nanotechnology could provide a solution in developing next –generation water supply
systems. For example, concerning organic molecules removal, CNT have higher efficiency than
activated carbon because the  electron rich CNT surface allows - interactions with organic
molecules [11]. CNF could also be used to remove phenols from polluted water [12] certainly
due to physical properties as high surface area, fine diameter and porous structure. These
properties allow CNS to be used as filters on bacterial removal [13, 14] and viral pathogens
removal from water [15, 16, 17,18]; this could be explained by the fact that CNT cause physical
perturbation of the membrane cell and disruption of specific microbial processes [19]. Other
studies [20, 21] report promising results of heavy metal removal with CNT; the adsorption of
these metals is mainly effectuated through electrostatic attraction and chemical bonding [22].
Other examples of applications of nanotechnology in water and wastewater treatment
could be found in [23, 24, 25, 26]. From the researches briefly described here, authors emphasize
about the development of additional studies for immobilization of nanomaterials before the
application of this technology in drinking water treatment.
Carbon nanostructures on air pollution treatment.
In 2012, an estimated of 3.7 million deaths worldwide were attributable to ambient air
pollution; 3 % of these deaths were children under the age of five years [27]. CNS could also
contribute to diminish air pollution by adsorbing toxic gases like nitrogen oxides (NOx), carbon
dioxide (CO2) and volatile organic compounds (VOCs).
The adsorption of NOx on activated carbon fibers at room temperature was reported in
detail elsewhere [28]. Regarding the capture of CO2 by CNT, the performance of its adsorption
increases with the augmentation in relative humidity at low temperatures. The CO2 adsorption is
enhanced when CNT are modified or combined with chemical solutions like polyethyleneimine
or ethylene diamine [29]. Others studies show the superiority of CNT over activated carbon on
the adsorption of dioxins [30] and even over activated carbon and -Alumina [29].

Carbon nanostructures applied in energy storage and renewable energy
Energy storage is an important issue for economic and ecological plans [31]. Actually, in
the power generation industry, distribution and supply systems occur only in one direction: from
power plants to consumers, which often involves significant energy losses with emissions of
toxic compounds, mainly greenhouse gases [9, 32].
Between 2012 and 2040, an increase of 48% worldwide consumption of marketed energy
is expected [33]. The energy storage capacity in the world was about 125 GW in 2008. This
capacity represents 3% of all electricity produced that year (3900GW) [34, 35]. The storage
capacity required to solve the charge and discharge cycles is around 8% [36]. This means that
there is a significant deficit on energy storage lied with financial losses and a substantial
footprint on the environment.
Energy storage becomes transcendent in generators working, for economic reasons, at full
capacity, as in nuclear industry [37], as well as new sources of renewable energy [38]. The
greatest potential for carbonaceous nanomaterials for applications lies in solar energy
applications, fuel cells and supercapacitors.
Thin films of CNTs (single walled nanotubes) are studied because their low cost, high
conductivity, flexible and transparent anode replacement on photovoltaic architectures [39]. For
fuel cells, the use of CNT as a catalytic support could reduce Pt consumption by 70% compared
to black carbon [40].
Actually, new ways to store energy are being explored, as example, carbon
nanostructures due to their high surface area, can convert capacitors (low storage capacity with
quick charge/discharge) to supercapacitors which combine the advantages of capacitors and
batteries (high storage capacity with quick charge/discharge) [41, 42, 43]. Capacitance in
electrodes obtained from natural sources is difficult to measure, due to oxygen functional groups
present on the carbon surface [44]. Concerning gels and cryogels with carbon they have a
significant surface area, good conductivity and high energy density [45], however the cost of
production is high, consequently now some studies are performed to substitute, as an example,
the resorcinol [46].
There exists a large variety of supercapacitors based on carbon as is well reported in [47].
Concerning the use of carbon nanostructures as supercapacitors, there is a significant progress as
demonstrated in [43, 48, 49, 50]. However, existing research requires focusing on the
improvement of storage capacity, lifetime, safety, size, operation and maintenance requirements
and costs of synthesis [51].

Synthesis of carbon nanostructures by means of plasma techniques
To produce CNS several techniques are generally used: the chemical vapor deposition
(CVD) [52], and some based plasma techniques as laser-ablation [53] and electric arc discharge
[54]. These systems normally involves gas phase processes; however experiments under other
atmospheres like liquid nitrogen or water have also been tested [55, 56, 57, 58] obtaining
comparable results than “traditional” techniques.
Other plasma methods comprise plasma enhanced chemical vapor deposition (PECVD),
microwave plasma CVD (MPECVD) and glow discharges. CVD requires temperature range

around 700–1000 °C, discarding the use of some substrate materials (glass, some polymers).
Plasma energy replaces some of the heat energy, allowing gas dissociation and nanotube
formation to take place at lower temperatures; for example, MPECVD reaches 200ºC [59] and
PECVD around 600-700ºC [60]; an additional advantage of PECVD is that electric field aligns
the nanotubes during growth [61]. The duration of CNS deposition on CVD technique is long
and sometimes goes beyond some hours. The use of plasmas considerably diminishes time to 20150 minutes for MPECVD [51], 45s to 10min for PECVD [62] and 3-4 minutes for electric arc
and glow arc discharges [63].
In this case, the article focuses on environmental applications of CNS, their synthesis by
plasma techniques and some results of toxic gases adsorption and the assembly of a preliminary
supercapacitor prototype.

EXPERIMENTAL DETAILS
CNS synthesis by plasma
To avoid the formation of compounds rather than CNS, an inert gas has to be used; in this
case, the reactor was filled with helium at 600mbar. The plasma is created between two
vertically aligned graphite electrodes when the electric current passes through. At the lower
position, the anode contains a catalytic mixture (1%at Ni, 3.2%at Y, 95.8%at C) that ionizes in
the plasma. CNS are formed at the plasma periphery and are deposited at the upper electrode and
on the walls of the plasma reactor.
Plasmas with different physical properties (density of ions and molecules, temperatures)
could be obtained by varying the electronic characteristics of power source. In this article, results
obtained from the study of a glow-AC electric arc and DC electric arc discharges will be
reported. The schema of the plasma reactor for both plasmas used is exemplified in Figure 1.

Figure 1. Plasma reactor used to synthesize CNS

The DC electric arc is obtained at 30V and 80A, whereas the ignition of the glow
discharge (i.e non-thermal plasma or not in thermodynamic equilibrium) occurs at approximately
500 V peak and 10 mA at 40KkHz. After the warm-up of electrodes, a mixture gas (He at 0.3
L/min, CH4 at 0.1 L/min) is added until atmospheric pressure is reached. While pressure
increases, voltage drops to 50V and current increases to 1A. Finally, the glow-to-arc transition is
completed by adjusting the operating frequency at 45-kHz until a steady discharge is obtained.
For plasmas in departure from local thermal equilibrium, the rotational, vibrational and
excitation temperatures from electrons can differ from those of the heavy species temperatures.
Taking into account the relation between the rotational and translational states, the rotational
temperature is derived generally from the temperature of heavy particles. Then, the temperature
of heavy particles can be obtained from the measurement of the rotational temperature using the
Swan band situated at 516.61nm [64]. The Swan Band of molecule C2 was discovered in 1856
when studies were carried out on flames containing carbon components. Since then, this
technique has been applied by numerous researchers for the determination of temperatures, the
calculus of these parameters are described elsewhere [65]. In this case, for OES analysis, a Jobin
Ivon monochromator iHR 550 with a focal length of 550 mm and a resolution of 0.025 nm was
used.
After the plasma is extinguished the carbonaceous product is collected from the
electrodes and the soot-like deposit from the reactor wall; then it was purified with toluene
during 5 min, the solvent is evaporated slowly. The product obtained is exposed to ultrasonic
treatment in iso-propilic alcohol for 10 minutes and finally it was analyzed by scanning
electronic microscopy (SEM) and transmission electronic microscopy (TEM).

Gas adsorption by CNS
CNS obtained by plasma techniques are placed into a stainless steel container, between a
cellulose acetate fiber and a millipore membrane. Different concentrations of nitrogen oxides
(NOx), sulfur dioxide (SO2) and carbon dioxide (CO2) gases sparely flow through the container
and a gas analyzer (PG250 Horiba) monitors their concentrations (see Figure 2).

Figure 2. Filter with CNS to adsorb toxic gases.

The energy activation was calculated in order to know the sorption mechanism of toxic gases
By following the equation 1 (first order kinetics adsorption) is possible to obtain this energy:
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Where,
T: temperature
R = 8.134 J/mol-K,
A: pre-exponencial factor (s-1)
β: heating velocity (K/min)
𝐸𝑎𝑑𝑒𝑠 : energy activation
α is the weight loss in function of T
Supercapacitor assembly with CNS
Two methods were used to deposit CNS on aluminum foils that would be serving as
electrodes in the supercapacitor: the electrophoretic deposition and by adding a CNT ink.
The electrophoretic deposition technique has advantages as short formation time and
simple apparatus [66]; this technique would be then used in this work to deposit CNS on
substrates.
A DC voltage of 11V is applied between two parallel cupper electrodes. The electrodes
are immersed in a solution of CNT and KOH at 1M (i.e Figure 3). The time of electrodeposition
was 11 minutes.

Figure 3. Electrophoretic deposition of carbon nanotubes.

The second method to deposit CNS into aluminum foils is by simply adding CNS ink
prepared by mixing 50mg of polyvinylpyrrolidone (PVP) in 100ml of ethanol. Then, CNT were
added to the solution and this mixture was submitted to ultrasound for 3 hours [67].
The electrodes, obtained from both methods described before, are placed on a dielectric
(porous acetate) and a 1M solution of KOH is used as electrolyte solution. Electrodes and porous
acetate are imbibed with the electrolyte solution. The role of the porous acetate is to allow the
transit of charged particles. The total weight of this system is 0.112g. The capacitance is
measured with a specific multimeter (Figure 4).

Figure 4. Supercapacitor prototype.
DISCUSSION
Products obtained with two plasma techniques described before are quite different. In the
glow-AC discharge the main product obtained is accumulated in both electrodes whereas in a DC
electric arc the product is only deposited on the cathode. It is worth to note that the main product
accumulation is formed in both electrodes because of the alternative current in glow-AC
discharge.
Characterization of CNS by Electronic microscopy
Micrographs obtained from SEM study shown carbon nanofibers (CNF) of 80nm width
obtained with the glow-AC discharge (Figure 5). Concerning the synthesis with a DC electric arc
reactor, CNT were the most representative morphology (Figure 6).

Figure 5. CNF obtained with a glowAC electric arc technique.
(bar dimension 1µm)

Figure 6. CNT obtained with a DC electric
arc technique.
(bar dimension 0.5µm)

TEM micrographs confirm crowded CNF when glow-AC discharge is used. CNF
diameters vary from 30nm to 200nm. Figure 7 shows a CNF with diameter of about 120nm; [68]

obtained similar morphological structure, using a plasma reactor with twelve-phase alternating
current discharge and 3 kW of power.
CNTs of around 3nm diameter are obtained with the DC electric arc method as can be
appreciated on TEM micrograph (figure 8), similar results were obtained in Mansour [69].

Figure 7. CNF obtained with a glow-AC
electric arc technique.
(scale bar 100nm)

Figure 8. CNT obtained with a DC
electric arc technique.
(scale bar 40nm)

Characterization of physical properties of plasma by optical emission spectroscopy
Temperature values of around 4800K are obtained in a glow-AC electric arc technique.
This is enough temperature to accomplish the sublimation of the catalysts, the carbon and the
methane. Unfortunately, the diagnostic cannot be prolonged until the final of the experiments,
because dusty plasma rapidly fills out the reactor, and consequently, the spectral lines could not
be clearly distinguished from the background, leading to a relatively large uncertainty under
these conditions [63].
Temperatures profiles and C2 densities obtained in a DC electric arc are respectively
depicted in figures 9 and 10. By comparing the results with respect to graphite anode, both the
temperature level and temperature gradients decrease when using (Ni/Y) catalysts (see figure
9b).
This could be explained because the electric conductivity in plasma augments in presence of
metals and then heat losses in plasma by electrical conductivity augments.
C2 densities profiles are more homogeneous when catalysts are present (figure 10b);
gradients of these profiles are less marked compared to plasma formed when no catalysts are
used (figure 10a) [70].

Figure 9. Temperature distribution in a DC electric arc around electrodes.
(a)Temperature when graphite anode is used (without catalysts) and (b) Temperature
when doped anode is used (Ni/Y)

Figure 10. C2 density distribution in a DC electric arc. (a) C2 density when graphite
anode is used (without catalysts), (b) C2 density when doped anode is used (Ni/Y)

Adsorption of gases with CNF
The energy of activation (Edes
a ) of CNF used to adsorb several gases was calculated
following the equation 1 and was reported in Table I.

Table I. Activation Energy of CNF [63,71]
Analyzed sample
Edes
a (kJ/mol)
Only CNF

15.173

CNF with NOx

109.345

CNF with SO2

13.437

CNF with CO2

40.964

The relatively low values of activation energy suggest a physical absorption. These
results are similar to values obtained by some others authors (for CNS the energy activation is in
the range of 10 KJ/mol-100KJ/mol [72,73,74]). The advantage of the physical adsorption is that
toxic gases could be removed from CNF fluid bed by employing physical means such as a
pressure camera.
The adsorption rate of studied gases is summarized on Table II. As it could be seen NOx
and SO2 are adsorbed in a superior rate than CO2, possibly because they are polar molecules
[75].
Table II. Adsorption rate of several gases by CNF [71].
Gas
Initial concentration (ppm) Final concentration (ppm)
SO2
NOx
CO2

154
300
6800

134.75
36.9
6596

Adsorption rate (%)
12.5
87.7
3.7

Supercapacitor assembly with CNS
Both methods depicted on experimental description section were utilized. On figures 11
and 12 are respectively represented the deposition of CNT on cupper foil and the thickness of the
ink layer.

Figure 11. Deposition of CNT on aluminum
(scale bar 5µm)

Figure 12. Thickness of the ink layer
(scale bar 5µm)

Results obtained with CNS ink are only reported here; specifically a capacitance value of
2.69 F/g was obtained. This value remains low compared with results obtained by other authors,
i.e., 20.31 F/g [59] and 20-100F/g using activated carbon [76].

CONCLUSIONS
From the results here presented, it can be appreciated that low gradients of temperatures
and C2 densities would induce better yield of nanotubes production. The use of Ni/Y as catalyst
enhances the production of carbon nanostructures.
Promising results to adsorb toxic gases using raw nanotubes were reported, however it is
necessary to improve our prototype of supercapacitor, by adding, for example, a different
electrolyte solution and by changing the dielectric barrier with a more porous material.
Preliminary results suggests that nanotechnology could play a key role on the efficiently
use of raw materials, energy and water and, finally, to reduce toxic gases emissions.
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