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Abstract 

In the present work, a microwave atmospheric plasmas driven by surface waves based method is used to 
generate different carbon nanostructures, as graphene sheets, nanotubes and nanospheres. The characterization 
of the samples produced was performed by Raman spectroscopy, scanning and transmission electron 
microscopy.  Self-standing graphene sheets were synthesized with few layers (from one to five) which were 
confirmed by high resolution transmission electron microscopy as well as by the ratio of G and 2D peaks in 
Raman spectra analysis.  
 
 

I. Introduction 

At the present time, carbon based two 
dimensional nanostructures are one of the research 
hot topics in nanoscience and nanotechnology. 
They have numerous applications namely 
transparent conductive films, chemical sensors, 
mechanical devices, spintronic devices, electronic 
devices. More recently these type of structures have 
also been developed in order to be used as storage 
material for energy applications. The use of 
graphene as storage material is more effective if it 
is doped with other atoms, such as N atoms. 
Doping atoms into graphene is highly desired 
because the doping effectively converts graphene 
from gapless structure to semiconductor, where 
Fermi level crosses exactly the Dirac point. 
Although this topic is also being developed by the 
group, the present work will not cover the 
fictionalization of carbon nanostructures but will 
only focus on the optimization of their production 
without doping them. 

The carbon nanostructures that are going to be 
focused in the present work will be graphene, 
carbon nanotubes and fullerenes. Graphene is a 
one-atom-thick planar sheet consisting of sp2 
carbon atoms that are densely packed in a 
honeycomb crystal lattice. Fullerenes consist on 
stacked graphene sheets of linked hexagonal, 
heptagonal or pentagonal rings in a form of a 
hollow sphere (buckyballs), ellipsoid. They can as 
well assume a cylindrical shape also known as 
carbon nanotubes or buckytubes.  

Carbon nanostuctures can be obtained by 
different mechanisms including micromechanical 
cleavage of graphite [1], vacuum graphitization of 
silicon carbide substrates [2], chemical reduction of 
exfoliated graphite oxide [3] and chemical vapour 
deposition (CVD) [4]. Although CVD can be used 
to obtain transferable graphene sheets, this method 
requires multiple processing steps, such as wet-
etching and micro-fabrication, which as an overall 
is not good for industrial proposes, due to its low 
efficiency. Also mechanical exfoliation is not the 
best method to use for commercial applications due 
to its scalability, although it could provide highly 
oriented pyrolytic graphite.  

Other methods were developed, such as plasma 
methods. They create unique chemically active 
plasma environments that provide suitable 
conditions to dissociate molecules due to the high 
temperature achieved and to the highly reactive 
environment. [5] Aerosol-Through-Plasma is a 
plasma based method that operates at atmospheric 
pressure and it has been used to generate 
nanoparticles. [6] Nevertheless, the quality of the 
produced structures is not well controlled. 
Therefore, one of the motivations of this work is 
essentially create a method where that particular 
parameter can be easily controlled. In respect to 
that a controlling temperature of the outlet gas 
stream system was included in the setup, since the 
thermodynamic conditions for nucleation and 
growth processes in the afterglow region changes 
drastically due to the gas temperature spatial 
gradients. [7]  
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In order to obtain high yields of highly 
ordered/disordered self-standing carbon 
nanostructures a single-step plasma based method 
at atmospheric pressure was developed in this 
work.  

 

II. Experimental Setup 

A microwave atmospheric plasma driven by 
surface waves has been used in the present work to 
generate various carbon nanostructures, including 
graphene sheets, nanospheres and carbon 
nanotubes. The method is based on sending a 
carbon based precursor (ethanol/benzene) droplets 
through a microwave argon plasma environment, 
where its decomposition takes place and carbon 
atoms are created. These atoms recombine 
subsequently in the outlet plasma stream to form 
nanostructures that are collected by nylon 
membrane filters. Since the temperature of the 
outlet plasma stream determines the nucleation 
conditions, a cryostatic system has been used to 
maintain the wall temperature almost constant in 
the nucleation zone of the plasma reactor. In fact, 
the type of nanostructures created strongly depends 
on the outlet plasma stream temperature as it has 
been said earlier and will be confirmed by the 
obtained results. 

 A surfatron-based setup is used to create a 
surface wave induced microwave plasma. The 
microwave power is provided by a 2.45 GHz 
generator (Sairem), whose output power was varied 
from 400 to 900 W. The generator is connected to a 
waveguide (WR-340) system, which includes an 
isolator, directional couplers, a 3-stub tuner and a 
waveguide surfatron as the field applicator. The 
system is terminated by a movable short-circuit. 
The discharge takes place inside a quartz tube with 
internal and external radii of (7.5 ± 0.5) mm and 
(9.0 ± 0.5) mm, respectively, which is inserted 
vertically and perpendicularly to the waveguide 
wider wall. A second quartz tube with internal and 
external radii of (1.5±0.5) mm and (2.5 ± 0.5) mm, 
respectively, is used to introduce the vaporized 
precursor, i.e., ethanol/benzene droplets in the 
discharge zone. The background argon gas is 
injected into the discharge tube at flow rates (Φ) 
varying from 250 to 2000 sccm under laminar gas 
flow conditions. The precursor partial flux (Φpr) 

varies in the range 0.5 to 3.5 sccm for etanol and 
from 2-4 for benzene. Vaporization is performed at 
room temperature by passing argon gas through a 
porous filter, composed of bonded grains of quartz 
glass immersed in the precursor liquid inside a 
tank. The total flow passing through the discharge 
consists in the direct argon flow passing through 
the large quartz tube plus the combined flows of the 
argon bubbling in the precursor liquid and the 
vaporized precursor, passing though the small 
quartz tube. Gas flow rates are controlled by a 
MKS247 Readout coupled to two MKS flow 
meters. The outlet gas stream temperature was 
actively controlled by a cryostat system. The 
cooling/heating fluid circulates, with a constant 
flow rate, between the cryostat and a tubular heat 
exchanger (Figure 1). The heat exchanger consists 
of an external pyrex tube, with internal and external 
radii of (31.8 ± 0.1) mm and (42.0 ± 0.1) mm, 
concentrically aligned with the outer discharge 
quartz tube; the wall of the quartz tube is the heat 
transfer surface. The heat exchanger is placed 
immediately after the end of the discharge zone. 
The nanostructures were captured by a membrane 
filter system coupled to an Edwards BS2212 two-
stage vacuum pump (Figure 1). The samples 
obtained have been analysed by scanning (SEM, 
JEOL JSM-7001F), transmission electron 
microscopy (TEM, JEOL 2010, Titan ChemiStem 
(FEI) HRTEM) and Raman spectroscopy 
(LabRAM HR Evolution). 

It is important to map the plasma structure in 
order to understand the growth of the carbon 
nanostructures collected in the filter. The active 
microwave plasma region is composed by two 
regions. One is the surface wave sustained 
discharge zone, which includes the zone inside the 
launcher and the extended "hot" plasma zone 
outside the launcher, where gas temperature can 
reach up to 3000 K. Therefore, the surface wave 
power is absorbed by plasma electrons, transferring 
this power to heavy particles via elastic and 
inelastic collisions. The gas temperature keeps 
almost constant in the discharge zone when moving 
away from the launcher (till around 10 cm from it) 
and then drops sharply in the "near" (∼13 cm) 
afterglow plasma zone [7] as it has been mentioned 
previously. Therefore, the active plasma zone is 
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composed by these two regions, where the ethanol/benzene molecules are thermally 

            Figure 1 - Experimental setup [8] 
 
decomposed into simple atoms and molecules (C, 
H, H2, C2, CO, CO2). At the nucleation and growth 
zone (Figure 1), where kinetic processes of 
nucleation and growth take place, the temperature 
profile strongly impact the final product structure, 
which can be confirmed in the following sections 
where the results of the experiment are presented. 
 

III. Experimental results and analysis 

To monitor the precursor molecules decomposition 
processes and identify the active species involved, 
and find out as well the gas temperature in the 
active zone, plasma optical emission spectroscopy 
has been performed during the synthesis of the 
carbon nanostructures in the outlet gas stream. 
Therefore, the plasma radiation was collected by a 
quartz optical fiber coupled to a Jobin-Yvon Spex 
1250 spectrometer equipped with a cryogenic, back 
illuminated UV sensitive CCD camera. The 
emission of C2 (A3Πg → X´3Πu) (Swan system, 
between 4500 – 5700 Å,), OH (A2Σ+, υ = 0 → 
X2Πi, υ´ = 0) (3000-3200 Å) bands has been 
detected (Figure 2). [7] The main species of interest 
for carbon nanostructure synthesis, atomic carbon 
emission, was also detected at 2479 Å (Figure 2).  
 

 
Figure 2 – Plasma emissions spectrum. Precursor used: 
ethanol.  
 
Measurements of the rotational OH spectra (A2Σ+, υ 
= 0 → X2Πi, υ´ = 0) (3000-3200 Å) allowed to 
estimate the gas temperature when varying the 
power supplied to the magnetron (from 300 up to 
800 W), assuming local thermodynamic 
equilibrium between rotational and translational 
degrees of freedom (Figure 3). 
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Figure 3 - OH temperature in function of the supplied 
power. Power variation from 300 W until 800 W. (QEthanol= 
0.6 sccm and QAr= 250 sccm).  
 

As the results demonstrate (Figure 3) the gas 
temperature increases with the power as far as the 
energy input per unit volume increases. 
Raman spectroscopy was also performed on the 
samples collected using a glass substrate with a 
portion of it and scanning different regions from 
the substrate. It was used a LabRAM HR Visible 
(Horiba JobinYvon) Raman spectrometer at 633 
nm, with 5 cm-1 spectral resolution and a laser spot 
size of 2 µm and with a laser power Pl = 0.054 mW 
to avoid overheating. The result obtained using 
ethanol as a precursor was the one present in Figure 
4. 

  
Figure 4  – (a) HRTEM image of a sample at 80 °C. (b) Raman spectrum comparison. Red line – graphite spectra, blue line – 
sample spectra. Sample produced at QEthanol= 0.6 sccm and QAr= 250 sccm, P=900 W and at Twall=80 °C.   
 
The nanostructures present on the sample reveal a 
sharp 2D peak at ~2661 cm-1 due to the second 
order process and a G-band peak due to the 
tangential zone centre mode at ~1564 cm-1.[9] This 
type of Raman spectra gives strong evidence that 
we are in presence of graphene sheets comparing 
with previous results from other research groups. 
[10][11] It is also noticed the significant changes in 
the shape and intensity of the 2D peak of graphene 
as compared to the graphite one. The 2D peak of 
graphite is much less intense, with a rather large 
full-width at half maximum ~75 cm-1, while for 
graphene it is a single sharp peak red shifted in 
respect to that of graphite. As it can be seen in the 
high resolution TEM image in Figure 4 (a) 
graphene with a single layer was produced, which 
will be confirmed by the results obtained with other 
diagnostic methods. Highly ordered lattice fringes 
appear in the image, which indicates well 
crystallized graphene sheets. It was also possible to 
confirm by the ratio of G and 2D peaks that the 
number of layers varies from 1-5 layers for the 
samples produced with higher outlet gas stream 

temperature to a lower temperature (100-60 °C). 
Therefore, the number of layers decreases with the 
outlet gas stream temperature. 
Using benzene as precursor varying partial and 
total fluxes within 2-4 sccm and 250-500 sccm, 
respectively, it was possible to conclude the 
nanoparticles that have mainly been produced in 
the considered range of experimental conditions 
were fullerenes or fullerene soot (Figure 5).     

 
Figure 5 – TEM image of a sample fabricated with partial 
and total fluxes of 2 sccm and 250 sccm. Power supplied of 

(a) 
(b) 

80 °C 

graphite 
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500 W and exhaust gas stream temperature of 18 °C. 
Nanospheres with (23.6 ± 5.4) nm of diameter. 
 
In order to obtain the optimal conditions to produce 
the different carbon nanostructures such as 
graphene, nanospheres and carbon nanotubes SEM 
characterization of the samples has been performed 
by a JEOL, JSM-7001F field emission gun 
scanning electron microscope operating in 
secondary electron imaging mode (SEI) with 
applied voltage in the range of 10 to 15 kV in 
several samples produced at different conditions 
(Figure 5).  

The evolution in the synthesized 
nanostructures morphology as the partial ethanol 
flux and total Ar flux changes in the ranges 0.6-1.8 
sccm and 250-500 sccm, respectively, can be seen 
in Figure 6. When the total flow rate decreases 
from 500 to 250 sccm, the residence time of the 

particles increases approximately from 9-19.5 s 
(red arrows indicate the behaviour of the residence 
time).  
For small partial (eg.0.6 sccm) and total (eg.250 
sccm) fluxes carbon nanosheets resembling 
graphene are synthesized. For higher fluxes of the 
background gas apparently more nanotubes are 
produced. Although for background gas and 
precursor fluxes of 500 sccm and 1.8 sccm, 
respectively, the structure´s type is not conclusive. 
Amorphous carbon nanostructures were generated 
with partial and total fluxes of 1.5 sccm and 250 
sccm, respectively. In conclusion the density of 
carbon species decreases as the partial flux 
decreases, and, as a result, the conditions in the 
nucleation zone favoured creation of extended 
structures.  

 

 
 Figure 6 – Evolution in the morphology of the synthesized nanostructures.  
 SEM images of the samples produced at 500 W and different fluxes.  

 

IV. Final Remarks 

A versatile single step method to generate self-
standing graphene sheets at atmospheric 
conditions was developed successfully. It was 
achieved a rigid control of graphene structural 
quality and also a high yield of graphene 
production, which were the two main topics of 
motivation of this work. Te graphene structural 
quality was possible to be controlled by forced 
fixing of outlet plasma and gas stream 
temperature and also by the fixation of particular 

values of partial and total fluxes. Increasing the 
gas temperature in the range 60-100ºC results in 
carbon nanosheets formation, while for the 
temperatures in the range 0-10ºC obtained 
nanostructures are fullerene soot. The ratio of G 
and 2D peaks in Raman spectra as well as 
HRTEM analysis of the synthesized nanosheets 
evidences graphene sheets containing few layers 
(1-5 layers). Using benzene as precursor results 
only in fullerene/fullerene soot production for the 
conditions studied. 
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Further analysis are currently being performed on 
the samples, such as XPS analysis in order to 
detect sp2 bonds and delocalized π electrons, 
which are characteristic of graphene. Since the 
microwave plasma method is already tuned for 
pristine graphene sheets, fullerenes and carbon 
nanotubes, the next step in this experiment is to 
dope the produced carbon nanostructures using 
also plasma based methods, in order to explore 
new properties of the material. 
 
This work was supported by the Portuguese 
Fundação para a Ciência e a Tecnologia, through 
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