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A B S T R A C T

Atmospheric pressure plasma-based technique for the decomposition of biofuels allows obtaining high-quality
graphene powder in one step, without the use of neither metal catalysts nor specific substrates. Despite the
numerous advantages of this technology as compared to others, it is necessary to optimize the process to produce
high-quality graphene at industrial scale. In this research, the influence of the ethanol flows in the 2.00 to
4.00 g h−1 range on the production rate and the quality of graphene has been thoroughly assessed, through a
deep characterization of the synthetized material by various techniques. The graphene production rate steadily
increased for ethanol flows increasing from 2.00 to 3.40 g h−1, presenting a maximum rate of 1.45 and
1.55 mg min−1 for 2.90 and 3.40 g h−1, respectively. Higher ethanol flows lead to a decrease in the production
rate, favouring the formation of other carbon-based by-products such as methane and ethylene. High-quality
graphene is formed in all plasma conditions, with the lowest number of defects being obtained for an ethanol
flow of 2.90 g h−1 together with hydrogen and carbon monoxide as main gaseous by-products.

1. Introduction

Since it was first discovered in 2004 [1] and owing to its out-
standing mechanical, thermal, electrical and optical properties [2]
graphene has been in the spotlight of scientific and technological re-
search. Besides, being a two-dimensional layer made out of sp2-bonded
carbon atoms arranged in a honeycomb structure, graphene is the
quintessential building block of every other carbon materials such as
fullerenes, nanotubes and graphite [3]. Moreover, it is also the basis for
many other carbon materials obtained introducing heteroatoms in the
structure of graphene [4]. All these configurational and chemical
modifications allow tuning graphene properties to suit particular ap-
plications that include composites [5], chemical sensors [6], energy
storage [7] or the fabrication of flexible displays [8].

Different methods have been developed for the synthesis of gra-
phene, which can be divided into “top-down” methods – those whose
strategy is progressively reducing the size of macroscopic-structure
carbon sources – or “bottom-up” – those whose strategy is progressively
self-assembling the nanostructure from their constituent atoms or mo-
lecular fragments. Among them, liquid phase exfoliation (LPE), che-
mical vapour deposition (CVD) and reduction of graphene oxide (RGO)
have shown their capability to be successfully escalated for meeting
industrial requirements while showing different drawbacks. On the one

hand, while both LPE and RGO exhibit the largest production rates
(> 10 g h−1) [9], the graphene synthesized with these methods has
typically a large number of structural defects [10] and contains sig-
nificant amount of oxygen [11,12]. Hence, the resulting product needs
further processing to eliminate the surplus graphene oxide in the case of
RGO or separation from the liquid solvent in the case of LPE. On the
other hand, CVD allows for the synthesis of large-scale graphene
monolayers [13] meeting the standards of high structural quality [14].
However, this method needs the use of specific, high-purity metallic
substrates, as well as high temperatures and low pressures as processing
conditions. Furthermore, the production rates remain low as compared
to those obtained with top-down methods. The combination of CVD
with plasma technology in plasma enhanced chemical vapour deposi-
tion (PECVD) overcomes the dependence of the synthesis process on
high temperatures, while the rest of the drawbacks remain [15,16].

Atmospheric-pressure microwave plasmas have shown their cap-
ability to synthesize high-quality graphene from the decomposition of
organic precursors in absence of a substrate [17–21]. These plasmas
show attractive qualities for the implementation of the graphene
synthesis process at industrial level reducing the production costs. For
instance, they exhibit high stability and reproducibility within a wide
range of operational conditions and can work at atmospheric pressure,
avoiding the use of costly pumps. Furthermore, acting on plasma
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operational conditions, the reactions taking place in the discharge can
be tailored towards the formation of the desired products. Moreover,
these discharges are non-thermal plasmas in which the average kinetic
energy of electrons (5000–20,000 K) and heavy particles, i.e. atoms,
ions and molecules, (1200–5000 K) is larger than those required for
decomposing organic compounds. Particularly, the latter temperature
can be understood as the gas temperature of the plasma. Since electrons
are the particles responsible for absorbing the energy of the electro-
magnetic field used to sustain the discharge and transferring it via
elastic and inelastic collisions to the rest of the plasma particles, this
difference in temperatures means that the energy supplied to the dis-
charge is not unnecessarily used to heat heavy particles, but to induce
physical and chemical reactions for the generation of radicals and ex-
cited species that would eventually act as precursors for the graphene
formation at the plasma exit [20,21]. Therefore, the energy required to
sustain these plasmas is reduced. Besides, at atmospheric pressure, the
plasma is a collisional environment in which the large number of free
electrons (> 1014 electrons per cubic centimetre), colliding with the
heavy particles avoids the recombination of species at the plasma exit,
limiting the size of by-products [22].

Up to date, few studies have reported the synthesis of graphene in
atmospheric-pressure microwave plasmas using ethanol as carbon
precursor [17,19–21,23–28]. This alcohol is chosen because it favours
the formation of graphene over other hydrocarbons or alcohols [20],
and is a renewable eco-friendly precursor that can be obtained by fer-
mentation of starch, sugar and crop wastes, thus contributing to the
circular economy strategy. Other precursors, such as methanol, di-
methyl ether and isopropanol have been also proposed as an alternative
to ethanol to feed microwave plasmas [24], but only dimethyl ether
resulted in the production of graphene, while isopropanol yielded only
carbon soot and methanol did not produce any solid deposit. In the
synthesis process by plasma, the precursor is introduced either in gas or
liquid phase in the discharge, habitually sustained in flowing argon and
contained in a reactor. As a result, a solid deposit consisting of graphene
flakes is formed downstream and collected either from a filter or di-
rectly from the walls of the reactor. This process takes place in a single
step, without requiring the separation of the product from the substrate
or the solvent. Moreover, no additional hazardous chemical is needed,
which makes the process more environmentally friendly than LPE and
RGO. In the literature, a production rate of 2–6 mg h−1 was reported
with a microwave plasma torch (MPT) (ca. 3.4–6.8 L min−1 Ar flow,
power 250–1050 W) [17,23,24]. A production rate of 2 mg min−1 of
graphene was obtained from a wave-driven plasma (MDP) working at
2000 W and sustained with 1.20 L min−1 of Ar [18], whereas a pro-
duction rate of 0.07 mg min−1 of mixed multi-layer graphene and
multi-wall carbon nanotubes was obtained for a surface wave discharge
generated with an Ar flow of 0.75 L min−1 working at 200 W [19]. In
some other studies production rates of “a few hundred” mg h−1 have
been reported without providing the actual values [25–28].

Recently, a production rate of 1.33 mg h−1 was reported for a
TIAGO torch (1 L min−1 Ar flow, power 300 W) [21]. TIAGO is a device
utilized as microwave power coupler for creating and maintaining the
plasma. This device presents some advantages in comparison with those
used by other authors. Among them, TIAGO torch has high tolerance to
ethanol entrance due to a large power density, which is translated into
high electron density and gas temperature values, thus favouring the
decomposition of substances. Besides, it is possible to form a compact
torch array constituted by various TIAGOs disposed in a single wave-
guide [29], operating at powers from a few hundred watts up to 2–3 kW
per each one. This feature makes this device particularly suitable for its
implementation at industrial level.

One of the main challenges of plasma technology is increasing the
production rate of graphene to values close to those exhibited by top-
down technologies [20] without reducing the material quality. With
this purpose, different experimental conditions can be tuned, such as
the input power, the carrier gas flow, the design of the plasma reactor,

or the amount of graphene precursor. In this study, we focused on
evaluating the effect of the latter by thoroughly analyzing the impact of
the ethanol flow introduced in the discharge in both the production rate
and quality of graphene using a TIAGO torch plasma together with the
formation of carbon-based gaseous by-products. The results from this
study are of foremost interest prior to proposing this technology at an
industrial scale, where the use of an array conformed by several torches
would lead to a significant increase the production rate of graphene.

The manuscript is organized as follows. In the section Materials and
methods describes the experimental arrangement and techniques for
the graphene characterization. In the section Results and Discussion,
the operational conditions leading to graphene formation are identified,
and the experimental results describing the gaseous and solid by-pro-
ducts obtained from the ethanol decomposition are presented and dis-
cussed, together with the selectivity of the process and the quality of the
obtained graphene. Finally, the conclusions are given in Section
Conclusions.

2. Materials and methods

2.1. Experimental set-up

A schematic drawing of the experimental set up can be observed in
Fig. 1. The plasma was created by using a TIAGO device, which has
been theoretical described and experimentally characterized in [28,30],
respectively. The TIAGO torch discharge is a wave-guide structure
comprising waveguide and coaxial elements serving the purpose of
wave-mode conversion and impedance matching. The discharge was
generated at the end of the tip of a cylindrical hollow metallic rod
showing a flame morphology which extends to the atmosphere. In this
sense, when the plasma torch operates at open air, the molecules
coming from it (mainly nitrogen) interact with the discharge provoking
changes in the plasma internal kinetics [30–31]. In order to reduce the
contact between plasma and the atmospheric air and avoiding flame
instabilities due to possible air streams, a cylindrical reactor was con-
centrically placed around the metallic rod. In this way, the plasma was
surrounded by the reactor-contained air which is progressively evac-
uated over time by the Ar gas flow. The top outflow in the reactor was
opened to evacuate the gases in the reactor and maintaining atmo-
spheric pressure into it. A complete and detailed description of the
elements forming the set up can be found in our previous works
[32,33].

High purity Ar (99.999%) gas was used to initiate and feed the
plasma discharge, with flows ranging from 0.15 to 1.00 L min−1 ad-
justed by a HI-TECH mass flow controller (HI-TECH, Bronkhorst). The
discharge was generated at the end of the tip of a cylindrical hollow
metallic rod showing a flame morphology. After plasma ignition, 99.5%
pure ethanol (EtOH) was introduced in the discharge in gas phase
through a steel tube heated at 110 °C to prevent condensation. Ethanol
vaporization was carried out in a gas-phase liquid delivery system
(CEM, Bronkhorst) able to introduce ethanol flows ranging from 0.20 to
10.00 g h−1.

Microwave powers (200–500 W) were supplied in a continuous
mode by a 2.45 GHz SAIREM microwave generator (GMP KG/D)
equipped with a water-cooled circulator to avoid power reflection da-
mage. The reflected power was kept below 5% of the input power using
a short circuit movable plunger and a triple stub as impedance
matching means [30].

A cylindrical glass reactor was concentrically placed around the
metallic rod to reduce the contact between the plasma and the atmo-
spheric air, avoiding flame instabilities due to possible air streams. The
reactor also acted as chamber for the recovery of the carbonaceous solid
(e.g. graphene flakes); the plasma occupied the center bottom part of
the reactor and as the production of the solid material occurs in the gas
phase, it is deposited on the inner wall of the glass reactor. Such gra-
phene flakes are not strongly adhered to the reactor wall, thus the
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powders are easily collected by sweeping with a small brush without
needing the use of any solvent or other complementary process.

The probe of a quadrupole mass spectrometer (QMS, PTM63 1121,
mod. Omnistar, Pfeiffer Vacuum Technology) was coupled to the re-
actor top out flow with two purposes; one of them to monitor the air
(nitrogen) content into the reactor and the other one to analyze the
gaseous by-products from the ethanol decomposition. A filter
(33127–201, Iberfluid) was placed between the glass reactor and the
spectrometer probe to avoid the entrance of solid material into the mass
spectrometer and prevent external contamination. The molar produc-
tion values of gaseous by-products (H2, CO, C2H2, C2H4 and CH4) was
obtained upon previous calibration of the mass spectrometer con-
sidering the calibration factors and sensitivity coefficient of each gas.

Graphene production rate is calculated as the total amount of gra-
phene powders obtained over a period of time and averaged for two
batches. Graphene powders were collected from both the reactor wall
and the filter, the latter amount being smaller (less than 25% of the
total mass) but of the same quality and characteristics. The synthesis
time is exclusively considered as the time where graphene formation
occurs, i.e. time in which plasma operates under appropriate conditions
for the synthesis of the material.

2.2. Characterization of the solid product

Images of the solid deposit obtained upon plasma decomposition of
ethanol were obtained by low-magnification TEM using a JEOL JEM
1400 operated at 120 kV and High-Resolution TEM (HRTEM) with a
FEAI Tecnai G2F30 s-Twin microscope (0.2 nm point resolution) op-
erated at 200 kV of accelerating voltage. Powder X-ray diffractograms
were recorded in a Bruker D8 Advance diffractometer operating a
40 mA, using CuKα (0.154184 nm) radiation. XRD patterns were col-
lected in the range 5–90° with a 0.06° step size. Solid samples were also
characterized by Raman Spectroscopy in the 750–3500 cm-1 range
using a Renishaw in Via confocal Raman Microscope equipped with a
514 nm and 20 mW NdYAG laser with a spot of 0.8 μm and an

acquisition time of 30 s. X-ray photoelectron spectroscopy (XPS) ex-
periments were recorded in a PHOIBOS HSA3500 150 R6 MCD-9
spectrometer, with the solid material placed at the surface of a Mb
holder. Survey spectra from zero to 1400 eV and high-resolution spectra
(focused on C1s and O1s) were recorded using a standard Al X-ray
source. The pass energy was 40 eV with a step of 1 eV for survey and
35 eV with a step of 0.1 eV for high resolution spectra. Processing of the
collected spectra (MultiPakTM software) was performed using the C1s
peak of adventitious carbon at 284.4 eV as energy reference. A Shirley-
type background function and a Gaussian (90%)–Lorentzian (10%)
peak shape was utilized for the deconvolution of C1s peak which allows
for the identification of bond types in the material samples.

3. Results and discussion

3.1. Operational conditions for the formation of graphene: ethanol
decomposition routes

In order to optimize the TIAGO torch to produce mass scale gra-
phene, it is crucial to find the limits and the optimal operational con-
ditions of this microwave plasma device, so as to control the capability
of Ar-TIAGO discharges to withstand the introduction of ethanol as
graphene precursor. Our previous work [30] demonstrated that TIAGO
torch discharges open to the air can operate in a wide range of argon
flows (0.15 to 5.00 L min−1) and input powers (200 to 500 W), en-
suring plasma stability since the reflected power always remained
below 5% of the input power. Hence, power operating conditions were
fixed accordingly to explore the capability of the plasma to withstand
EtOH introduction as function of argon flow. Moreover, even con-
sidering that processes in plasmas typically occur in small timescales,
the decomposition of ethanol might require several steps and, conse-
quently, the molecules must remain in contact with the plasma enough
time to allow them to take place. Thus, when working with plasmas
sustained in a flowing gas, it is important to consider the average time
each molecule spends within it, i.e.: the residence time, which depends

Fig. 1. Schematic drawing of the experimental set up (no to scale).
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on the total gas flow among other factors. Therefore, the maximum Ar
flow was limited to 1.00 L min−1 to avoid short residence times that
would lead to a decrease in the solid carbon production rate, as re-
ported in [28,34].

Fig. 2 shows the maximum ethanol flow that can be added to an Ar
plasma discharge before its extinction as a function of both the Ar flow
and the input power. The extinction of the discharge is a result of an
inefficient energy coupling (e.g., reflected power above 5%) between
the transmission line and the plasma impedances. For a fixed Ar flow
and input power, the ethanol flow was increased while using the
matching means to keep the reflected powers below 5% of its input
value. When it was no longer possible to properly couple the microwave
power, the input power was increased by 100 W. Thus, for a given Ar
flow, the discharge cannot be sustained with ethanol amounts higher
than those shown in Fig. 2 for each specific power value. Moreover, for
a constant input power, the larger the argon flow, the higher the
ethanol amount which can be fed to the discharge. This points out that
the maximum amount of ethanol to sustain the plasma discharge de-
pends on its dilution rate in the Ar-EtOH mixture, rather than on the
absolute amount of ethanol added to the argon flow. Furthermore, as it
can be seen, plasmas sustained with higher input powers withstand
larger ethanol amounts.

The kinetics of Ar-TIAGO torch plasmas is highly affected by the air
environment surrounding the discharge [30], which is a key experi-
mental consideration for the ethanol decomposition pathway. Optical
emission spectra of Ar-EtOH discharges have shown that the entrance of
air (at low Ar and EtOH flows) in the discharge favours the formation of
CN species, but when the air entrance is reduced (by increasing Ar and
EtOH flows), C2 species are formed [31,32]. In this last case, the tem-
perature of the gas is also increased, favouring the decomposition of
ethanol into a solid carbon material and H2 and CO as main gaseous by-
products. On the other hand, when low flows of argon or ethanol are
used, the decomposition of ethanol only produces gaseous by-products
(e.g., H2, H2O, CO or CO2) [31].

These results allowed to identify two routes of ethanol decomposi-
tion for plasmas sustained at 300 W with different Ar and EtOH flows as
it appears depicted in Fig. 3a. In addition, the dependence of the for-
mation of different plasma species on the argon flow brings about dif-
ferences in the plasma colour and its external morphology, as it can be
observed in Fig. 3b and c, corresponding to the formation of C2
(emission in the 450–600 nm range) and CN species (violet emission
within the 350–400 nm range) linked to low and high air entrance,
respectively, which is translated to the nature of by-products obtained
at the plasma exit as it has been mentioned above.

In this context, this study was carried out using 1.00 L min−1 of
argon flow and 300 W of microwave power. The Ar flow was chosen

because it is the most suitable value to withstand larger ethanol
amounts, favouring solid carbon formation while keeping moderate
powers. Besides, these experimental conditions allow the comparison
with previously reported results [33]. For these operating conditions, a
maximum ethanol flow of 4.40 g h−1 can be fed to the plasma, while
the formation of solid carbon will only take place for ethanol amounts
larger than 0.90 g h−1. Considering this, ethanol amounts between 2.00
and 4.00 g h−1 were considered in this investigation.

3.2. Operational conditions for the formation of graphene: ethanol
decomposition routes

According to the objective of this work, once the operating condi-
tions of the TIAGO torch plasma regarding input power and argon flow
were selected (300 W and 1.00 L min−1 of Ar), different amounts of
ethanol were added to the discharge (e.g., 2.00, 2.90, 3.40, 3.80,
4.00 g h−1) to determine the influence of this parameter on the for-
mation rate and quality of a solid carbonaceous material. The produc-
tion rates at each experimental condition are compiled in Table 1. Data
correspond to the average production rates of different batches for each
condition.

As it can be seen, the solid carbon production presents a gradual
increasing pattern with the flow of ethanol up to a value of 3.40 g h−1;
from this amount, higher ethanol flows resulted in lower production
rates. It is important to remark that these values are not referred or
normalized to the organic precursor utilized for the formation of the
material which will be evaluated and discussed in forthcoming para-
graphs. In a previous study [21] carried out under similar experimental
conditions of Ar flow (1 L min−1), EtOH flow (2 g h−1) and input power
(300 W), a production rate of 1.33 mg min−1 was reported; this dif-
ference can be attributed to slight modifications in the geometry of the
reactor. The reactor geometry, including dimensions, has been de-
scribed as an important factor which determines the formation of solid
carbon material from the decomposition of a precursor by a plasma

Fig. 2. Maximum ethanol inlet withstood by Ar TIAGO plasmas sustained at
different Ar flows and input powers.

Fig. 3. (a) Schematic representation of products obtained from both funda-
mental routes for ethanol decomposition in an Ar-TIAGO torch plasma sus-
tained with 300 W and pictures of Ar-EtOH discharges sustained with
1.00 L min−1 of argon and (b) 1.00 g h−1 and (c) 0.22 g h−1 of ethanol.

Table 1
Solid carbon production rate.

Fl(EtOH) (g h−1) Production rate (mg min−1)

2.00 1.08 ± 0.07
2.90 1.45 ± 0.04
3.40 1.55 ± 0.04
3.80 1.43 ± 0.07
4.00 1.17 ± 0.03
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[20].
With the view of optimizing the graphene production and analyzing

the long-term stability of the process, a mass spectrometer was coupled
at the exit of the reactor to identify and quantify the different gaseous
by-products resulting from ethanol decomposition. The gas exhaust

stream flow was sampled for on-line gas analysis; mass-to-charge ratios,
m/z, ranging from 1 to 100 a.m.u. were recorded. It should be noted
that no signals for gaseous products over m/z 85 a.m.u. were detected
in any mass spectrum; this is expected since plasmas at atmospheric
pressure yield small and simple molecules due to the great number of

0 20 40 60 80 100 120 140
0.00

0.05

0.20

 2 a.m.u.
 26 a.m.u.
 28 a.m.u.

I (
A)

t (min)
0 20 40 60 80 100 120 140

0.000

0.002

0.004

 16 a.m.u.
 18 a.m.u.

I (
A)

t (min)

 27 a.m.u
 31 a.m.u

0 20 40 60 80 100 120 140
0.0

0.1

0.4

0.5

 2 a.m.u.
 26 a.m.u.
 28 a.m.u.I (

A)

t (min)
0 20 40 60 80 100 120 140

0.000

0.002

0.004

0.006

0.008
 16 a.m.u.
 18 a.m.u.

I (
A)

t (min)

 27 a.m.u
 31 a.m.u

0 20 40 60 80 100 120 140
0.00

0.05

0.10

0.40

0.45

 2 a.m.u.
 26 a.m.u.
 28 a.m.u.

I (
A)

t (min)
0 20 40 60 80 100 120 140

0.000

0.002

0.004

0.006

0.008

0.010
 16 a.m.u.
 18 a.m.u.

I (
A)

t (min)

 27 a.m.u
 31 a.m.u

a) b)

c) d)

e) f)

Fig. 4. Ion intensity versus time of mass fragments of group 1 (2, 26 and 28 a.m.u.) and group 2 (16, 18, 27 and 31 a.m.u.) for 2.00 (a and b), 3.40 (c and d) and 4.00
(e and f) g h−1 of ethanol added to the plasma.
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collisions between electrons and plasma heavy particles [22]. Besides,
the detection of low signals at m/z 50 and 78 a.m.u may suggest the
almost negligible formation of diacetylene and benzene or 2,4-hex-
adiyne, respectively [34]. Thus, only the signals up to m/z 45 a.m.u
were considered for the identification of the gaseous products.

Fig. 4 shows the evolution of the ion current intensity of different
mass fragments related to ethanol decomposition and gas formation for
2.00, 3.40 and 4.00 g h−1 of ethanol fed to the plasma. These ethanol
conditions represent the extreme ethanol values considered (i.e., 2.00
and 4.00 g h−1), while 3.40 g h−1 of ethanol yields the maximum
production of solid carbon (Table 1). It is worth mentioning that even
though the experiment time was not necessarily the same in all the
experimental conditions, the behaviour of ion current intensities with
time is similar. The detailed analysis of the temporal behaviour of the
detected gaseous products depicted in Fig. 4 can be carried out con-
sidering two groups: group 1 for m/z equal to 2, 26 and28 a.m.u
(Fig. 4a, c and e) and group 2 for m/z equal to 16, 18, 27 and 31 a.m.u
(Fig. 4b, d and f). It can be observed that the only signals showing a
significant variation are those corresponding to mass fragments 28
(Fig. 4a, c and e) and 27 a.m.u. (Fig. 4b,d and f). These signals stabilize
after ~60 min in all cases, suggesting that these fragments can be at-
tributed to a gas whose concentration decreases over time (e.g., air
evacuated from the reactor) and does not participate in the decom-
position of ethanol at long reaction times. Furthermore, from Fig. 4 it
can be derived the behaviour of ion currents with the time, for all
signals, is the same, not depending on the ethanol added to the plasma.
In addition, note that the formation of the solid material starts when the
air has been evacuated from the chamber; i.e., graphene formation time
and experiment time are not the same.

The identification of the gaseous by-products through the m/z signal
intensities was performed using the theoretical mass spectra given by
NIST Library from Varian MS Workstation (version 6.6) based on the
relative intensity of mass fragments (base and secondary peaks) related
to electron-impact mass spectra of possible species [35]. Fig. 5 shows
the mass spectra of the Ar-EtOH plasmas for the experimental condi-
tions considered in Fig. 4 after 140 min of ethanol decomposition re-
action and once the formation of the gas by-products in the reactor was
stabilized after the evacuation of the air inside the plasma reactor.
Spectra corresponding to Ar plasma without ethanol is also shown for
comparison. Unfortunately, pure argon plasmas are unstable without
the existence of a non-ionized gas [36], i.e. air, therefore, note that air
is present when analyzing pure Ar plasma mass spectra. Ion current
intensities were normalized to m/z = 40 a.m.u signal, which was the
maximum one corresponding to Ar+. Other peaks at m/z 20 (Ar++), 36
and 38 (Ar isotopes) together relevant mass fragments related to air
surrounding the discharge (e.g 14, 15, 16, 18, 26, 28 and 32) were
detected.

Concerning the identification of gaseous by-products during ethanol
decomposition after the evacuation of air, the m/z = 31 a.m.u signal
(hydromethyl cation, +CH2OH) was used to control ethanol decom-
position rate by the plasma (detail in Fig. 5), allowing us to determine a
conversion rate higher than 98% for all the ethanol flows, calculated as
described in Eq. (3) of reference [33]. When the air is removed from the
plasma chamber, i.e. experiment times longer than 60 min, it can be
assumed that (i) m/z equal to 28 can be certainly attributed to CO and/
or C2H4 and (ii) the formation of HCN (m/z 27 u.m.a.) can be com-
pletely discarded. According to Fig. 5, C2H5OH is mainly transformed
into molecular hydrogen (H2, m/z = 2 a.m.u.) and carbon monoxide
(CO, m/z = 28 a.m.u.). Both carbon monoxide and ethylene (C2H4) can
contribute to m/z = 28 a.m.u. In fact, the presence of mass 27 suggests
the existence of ethylene, whose contribution has been subtracted from
the intensity of mass 28 to determine the intensity corresponding to CO.
The low contribution of ethylene to m/z = 28 a.m.u. suggests that it is
formed at trace level. In addition, the intensity ratio of m/z 26/25/24
follows the typical 100/25/5 ratio of acetylene (C2H2), thus implying
the formation of this gas. The formation of methane (CH4) and water

(H2O) can be verified from the relative intensities of m/z 16 and 15
a.m.u., and m/z 18 and 17 a.m.u., respectively. The formation of H2,
CO, C2H2, C2H4, CH4, H2O and solid carbon upon decomposition of
ethanol by a TIAGO torch plasma is in agreement with the theoretical
study carried out by Tsyganov et al. about the decomposition of ethanol
by a microwave plasma [28].

The amount of solid carbon formed decreased at high ethanol flows
(> 3.40 g h−1), despite the higher amount of carbon precursor
(Table 1). To understand this behaviour, the molar production rate
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Fig. 5. Comparison of mass spectra of gases from pure Ar plasma (in air at-
mosphere) and Ar-EtOH (2.00, 3.40 and 4.00 g h−1) plasma after gaseous by-
products stabilization (60 min).
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(mmol min−1) of each carbon-based compound (i.e., CO, C2H2, CH4 and
C2H4) was calculated and shown in Table 2. It is worth mentioning that
the molar production rate could be calculated from ion intensities of the
mass fragments by knowing Mass Spectrometer calibration factors of
each compound. Unlike the trend observed for solid carbon, the molar
production of CO, C2H2, CH4 and C2H4 increased with ethanol flow. The
trend is more pronounced for CO and C2H2, especially at higher ethanol
flows. Since higher amounts of ethanol fed to the discharge promote
higher number of C atoms available in the discharge, the molar pro-
duction of carbon-based by-products as well as H2 per molar flow rate
of ethanol were evaluated (Fig. 6). As it can be seen, the amount of H2,
CO and C2H2 produced per molar flow rate of ethanol was rather similar

for all the ethanol flows. Nevertheless, small but significant variations
were observed in the production of CH4, C2H4 and solid carbon; the
higher amounts of the gases formed for the largest flows of ethanol are
accompanied by a low production of solid carbon. These results agree
with those reported by Jiménez et al. [34], who found the formation of
high amounts of methane linked to a lower production of solid carbon.
Besides, the influence of the production of high amounts of hydrogen
from ethanol decomposition on the yield of solid carbon formation
cannot be discarded since, as it was shown by Tsyganov et al. [28]
when additional hydrogen is present, the total solid carbon yield de-
creases.

In order to show the relative importance of the minor gases (i.e.,
C2H4 and CH4) in the composition of the by-products, Fig. 7 shows a
comparison between the correlation of the number of carbon atoms in
the reactant introduced in the plasma (ethanol) and those in the carbon
by-products. The two situations compared correspond to the case when
C2H4 and CH4 are not accounted for and vice versa. As it can be seen, the
number of carbon atoms in ethanol correlates well with the sum of the
carbon atoms obtained when the contribution of all carbon-based by-
products (CO, C2H2, CH4, C(s) and C2H4) is considered. Interestingly,
when only the contribution of CO, C2H2 and C(s) is taken into account,
the mismatch in the calculation is more noticeable at larger ethanol
flows. This highlights that large EtOH flows favours the formation of
CH4 and C2H4 over C(s) which might be partially due to a higher H2

production under this condition as it is pointed out in [28] or changes
in plasma internal parameters (e.g.: gas temperature, electron den-
sity…) [34]. This finding is remarkable, since it demonstrates that the
modification of the operational conditions of Ar-EtOH TIAGO torch
discharge, in particular, the amount of ethanol added to the plasma gas
can also direct the decomposition of ethanol towards a preferential
formation of either gaseous or solid by-products.

Table 2
Molar production rate of CO, C2H2, CH4, C2H4 and C(s) as function of the flow of the reactant.

Fl(EtOH) (g h−1) Molar production (·10−2 mmol min−1)

CO C2H2 CH4 C2H4 C(s)

2.00 68.4 ± 0.2 26.6 ± 0.1 2.53 ± 0.02 3.1 ± 08 8.9 ± 0.6
2.90 104.4 ± 0.4 39.4 ± 0.2 2.35 ± 0.05 6.6 ± 0.2 12.1 ± 0.4
3.40 120.2 ± 0.6 48.8 ± 0.3 5.52 ± 0.08 8.5 ± 0.6 12.9 ± 0.4
3.80 132.4 ± 0.6 53.2 ± 0.4 8.28 ± 0.02 11.3 ± 0.2 11.9 ± 0.6
4.00 130.5 ± 0.6 59.2 ± 0.5 11.28 ± 0.05 12.6 ± 0.2 9.8 ± 0.2
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Fig. 6. Mol formation of (a) H2, CO, (b) C2H2, CH4, C(s) and C2H4 per mol of
ethanol feed to the discharge.

Fig. 7. Content of atomic carbon flow in the reactant (EtOH) and in carbon-
based by-products considering two situations: CO, C2H2, CH4, C(s) and C2H4)
and CO, C2H2 and C(s).
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3.3. Graphene as by-product at the plasma exit

The solid carbon synthesized has been characterized by the tech-
niques described in Section Materials and methods. Fig. 8a, b and c
shows low-magnification TEM images of the material obtained from the
decomposition of 2.00, 3.40 and 4.00 g h−1 of ethanol.

The characteristic structure of graphene sheets can be identified in
all TEM images, e.g. areas with high transparency which is related to
only few graphene layers [21]. Dark zones can be ascribed to folded
graphene sheets. It must be noted that some carbonaceous particles can
be only identified in the material obtained for the case of 4.00 g h−1 of
EtOH. Representative high-resolution TEM images of samples obtained
in the aforementioned ethanol conditions (Fig. 8d, 8e and 8 f) show
graphene sheets with different number of layers as well as curved
graphene sheets, i.e. tortuous graphene layers which are framed in the
pictures. Similar images were found for the materials obtained under
the rest of experimental conditions. It should be noted that even though
plasma decomposition of ethanol leads to the formation of carbon de-
posits, their morphology and structure highly depends on the operating
system and conditions; for instance, the formation of either nanotubes/
graphene composites [19] or graphene [21] depends on the plasma
source, the existence or absence of contact with the air surrounding the
discharge, etc. In this regard, further characterization of the carbon
deposits by XRD and Raman spectroscopy confirmed the production of
graphene. XRD diffractograms of the samples are shown in Fig. 9. Re-
gardless of the experimental conditions, all the patterns present a strong
diffraction peak at 2θ~26.0° which corresponds to the (002) plane of
graphitic materials, along with weaker peaks at 2θ~42.7° and 2θ~44.0°
corresponding to (100) and (101) planes, respectively. The position of
the strongest diffraction peak at 2θ~26.0° is slightly downshifted as
compared to graphite [37], indicating higher interlayer distances in the
structure. The interlayer spacing for the (002) plane was
0.3437 ± 0.0010 nm, which is characteristic of graphenic materials
[38,39].

Raman spectra of the obtained samples is shown in Fig. 10, obser-
ving the presence of G, D and 2D bands. The analysis of the positions of
these bands gives information about the structural characteristics of the

materials. The G (~ 1580 cm−1) and 2D (~ 2700 cm−1) bands, char-
acteristic of graphene, were observed in all the samples regardless the
flow of ethanol, demonstrating the synthesis of this material through
the process used in the current investigation [40]. The D band
(~1350 cm−1) associated with defects in the graphene [41], can be also
seen in the Raman spectra. The position of the G band confirms that the
presence of graphene oxide can be discarded because it is located at ~
1594 cm−1 [42,43]. The relative intensities of these bands (ID/IG and
I2D/IG) are also commonly used to provide information about the
quality and to quantify defects present in graphenic materials. As it is
observed in the spectra, the intensity of the D band is much lower than

Fig. 8. (a, b, c) TEM and (d, e, f) HRTEM images of the material obtained by the decomposition of (a, d) 2.00 g h−1, (b, e) 3.40 g h−1 and (c,f) 4.00 g h−1 of ethanol.

Fig. 9. XRD diffraction patterns of samples synthetized by plasma processing
with different ethanol flow.
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that of G band, indicating a low number of defects in the synthesized
materials. The ID/IG and I2D/IG ratios are depicted in Fig. 11. Values of
ID/IG range between 0.20 and 0.35, corroborating the low number of
defects. According to literature, the shape and position of 2D band can
provide information about the number of layers [44–51]. If the 2D peak
is characterized by a very sharp, symmetric, and Lorentzian profile with
an intensity greater than twice the G peak, the material is constituted by
single-layer graphene. In contrast, if the 2D band is wider and its profile
can be resolved into two or more components, the sheets are formed by
few layers [52]. Due to the difficulty to obtain a reliable deconvolution
of the 2D band, the I2D/IG value can also be used for this purpose; as the
number of layers increases, this ratio tends to be lower than 2. Fig. 11
shows that for our materials, I2D/IG value tends to be constant and equal
to the unity, which is associated to few-layer graphene. Only in the case
4.00 g h−1 of ethanol, the I2D/IG value is slightly lower than 1, pointing
out to an increase in the number of graphene layers, as also observed in

Fig. 8 f.
Other structural parameters characterizing graphene sheets can be

derived from Raman spectra, such as the crystalline domain size, La
(average in-plane length). This parameter was calculated by (1) as
suggested by Larouche and Stanfield [53] for tortuous graphene sam-
ples, as observed in the TEM images for our materials (Fig. 8). The
values are compiled in Table 3.

=L A
A

4.4 nma
D

G

1

(1)

This expression is similar to that given by Knight and White [54] by
using the ratio of the integrated areas of the D and G bands, AD and AG,
respectively. The La value from (1) is a measure of the small planar
graphene units that constitute graphene layers. The higher values of La
correspond to samples obtained by plasma sustained with ethanol flows
of 2.90 and 3.40 g h−1. These La values are similar to those reported for
few layers graphene synthetized by CVD [55], confirming the high
quality of the graphene obtained by plasma decomposition of ethanol
under our experimental conditions.

The surface composition of the material was analyzed by XPS.
Fig. 12 shows data corresponding to the material synthesized with
3.40 g h−1 of ethanol, as a representative example of the different
ethanol flows considered.

The survey spectra show that carbon is the majority element (Fig. 12
a), with an oxygen peak (O1s) remarkably less intense than the C1s one
at around 400 eV, and a small signal attributed to N1s. The abundance
of N1s in the sample always remains below 0.5% regardless of the
material analyzed, thus it has been neglected in the discussion. The
presence of both oxygen and nitrogen low signals can be attributed to
the exposure to the atmospheric air after the material synthesis and
thus contamination. This low oxygen-content result rules out the for-
mation of graphene oxide as it was also pointed out by Raman analysis.
The C1s peak was deconvoluted into seven functions (Fig. 12b) located
at 284.4 eV (sp2 carbon), 285.5 eV (sp3 carbon), 286.0 (CeOH), 286.2
(CeOeC), 287.5 eV (CeO), 288.5 eV (COOH) and 290.5 eV (π − π∗).
Oxygen-related components are also found through the deconvolution
of O1s peak (not shown) for all experimental conditions. The intensity
of the peak assigned to sp3 carbon was significantly lower than that of
sp2 for all conditions. This is in agreement with the low values of ID/IG
obtained from the Raman spectra, pointing out to a low number of
defects in the synthesized graphenes (Fig. 11). Besides, for the peaks
corresponding to different groups with oxygen content, their intensities
are significantly lower than the signal corresponding to carbon atoms.
The high quality of the graphene synthesized in this work is corrobo-
rated by the presence of the shake-up satellite peak π − π∗ in the XPS
spectra for all conditions [45,55], and also evidences the presence of
conjugated aromatic domains.

Fig. 13a shows the correlation between the flow of ethanol and the
contributions of sp2 and sp3 carbon as detected by XPS. The lowest sp2

contributions were found for the samples obtained using ethanol flows
of 2.00 and 4.00 g h−1. Both samples also displayed the highest con-
tribution of sp3 sites to C1s. Besides, according to Fig. 13b, both sam-
ples exhibit the highest oxygen content (i.e. lowest C/O ratio) whereas
samples obtained from the decomposition of 2.90 and 3.4 g h−1 of

Fig. 10. Raman spectrum of samples synthetized through the plasmas process
described in the current research.

Fig. 11. ID/IG (black circles) and I2D/IG (red squares) values for the samples
obtained by the decomposition of different ethanol amounts. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 3
Crystalline domain size (La) of graphene sheets ob-
tained through ethanol decomposition.

Fl(EtOH) (g h−1) La (nm)

2.00 6.98
2.90 11.57
3.40 10.23
3.80 8.00
4.00 7.09
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ethanol exhibit the highest sp2 contribution.
The results derived from Fig. 13 are in in agreement with the high

ID/IG and the large La values obtained by Raman spectroscopy, in-
dicating the highest quality graphene is obtained with 2.90 and
3.40 g h−1 ethanol flows. Interestingly, according to Fig. 13b, oxygen
bonds concentration tends to be constant for all the samples with the
exception of C-OH and C-O-C bonds, the latter increase with ethanol
flow which might suggest different processes taking place inside the
reactor during graphene-synthesis.

3.4. Graphene synthesis process: production rate, energy yield and
selectivity

To assess the capability of TIAGO torch discharges for large scale
production of high-quality graphene, the production rate (mg of gra-
phene per minute, mg min−1) and the energy yield (graphene pro-
duction rate per applied energy, mg min−1 W−1) were calculated and
compared with the results reported in the literature for microwave
discharges. To that end, graphene selectivity (Gsel) was estimated as Eq.
(2), being (Gexp) the experimental amount of graphene and Gmax−th the
maximum theoretical graphene production; this last one calculated by
considering that the most favourable reaction to maximize graphene
production would be Eq. (3), where only two carbon-based byproducts
are formed from the decomposition of ethanol: graphene (C(s)) and CO.

=G G
G

·100%sel
exp

max th (2)

+ +C H OH 3H CO C(s)2 5 2 (3)

According to our results, graphene synthesized by the decomposi-
tion of 2.90 g h−1 of ethanol shows the highest quality (low number of
defects) while the production rate was similar to that found for an
ethanol flow of 3.40 g h−1, which showed the maximum value (ca.
1.55 mg min−1). So, we have used the results from 2.90 g h−1 for
comparing the graphene production rates reported in the literature
using other microwave devices and ethanol as precursor. Table 4 shows
the graphene production rates and energy yields obtained in this work
and those reported by other authors. As it can be seen, the highest
graphene production rate was obtained by a microwave plasma torch
(MPT) working with a high input power, although resulting in a gra-
phene energy yield lower than that obtained working with moderate
powers [20,23,24]. Furthermore, it is important to highlight that those
values of graphene production were obtained by the decomposition of a
large ethanol amount fed to the discharge, which results in low gra-
phene selectivity. From the information presented in the table, TIAGO
torch can be pointed out as a promising microwave plasma source for
the large scale production of graphene; its graphene production rate
and energy yields can compete with the highest values exhibited by a
MPT when smaller amounts of EtOH are introduced, being the

Fig. 12. (a) Survey XPS spectrum, (b) C1s core level XPS spectrum of graphene
obtained by the decomposition of 3.40 g h−1.

Fig. 13. (a) sp2 content (black circles) and its ratio between sp3 content (red
squares) versus inlet ethanol flow and (b) Percentage of radicals on graphene
surface obtained from the deconvoluted C 1 s peak and C/O ratio as function of
ethanol flow. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this article.)
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selectivity of the decomposition of EtOH by a TIAGO torch discharge
higher than the obtained by other microwave sources.

4. Conclusions

TIAGO torch microwave discharges working at atmospheric pres-
sure have demonstrated their ability to produce high-quality graphene
powders by the decomposition of ethanol as carbon source. An in-depth
study of the influence of the ethanol flow on this bottom-up synthesis
technique has been carried out paying attention to both the robustness
of the system for increasing the flow of ethanol feed to the discharge,
and the quality of the synthesized material. This allowed for an opti-
mization of the experimental conditions for maximizing both the
amount and the quality of the synthesized graphene.

The capability of an argon-based TIAGO torch plasma to withstand
the introduction of various ethanol flows has been assessed. The results
show that discharges sustained with this microwave source can steadily
operate with ethanol flows as high as 7.60 g h−1 considering different
argon flows and input powers. However, since the discharge is open to
the air, nitrogen and oxygen from the surrounding atmosphere highly
affect the kinetics of ethanol decomposition. Thus, the optimized con-
ditions to favour the decomposition of ethanol into solid carbon over
other by-products, are 1 L min−1 of Ar and 300 W of input power.
Under these experimental conditions, the plasma was able to withstand
ethanol flows of up to 4.00 g h−1.

Increasing the flow of ethanol resulted in a steady increase of the
graphene production rates from 2.00 up to 3.40 g h−1 with maximum
rates of 1.43 and 1.55 mg h−1 for ethanol flows of 2.90 and 3.40 g h−1,
respectively, and decreasing the rate for higher flows. According to the
analysis of the gaseous by-products, increasing the amount of ethanol
favours the formation of methane and ethylene, thus resulting in a
lower graphene production rate. In all the experimental conditions
considered, high-quality graphene was formed, as evidenced by a high
transparency in TEM images, and a low number of defects as extracted
from Raman and XPS results. Considering the most promising experi-
mental condition of ethanol flow (2.90 g h−1) in terms of graphene
quality, it has been shown that TIAGO torch plasmas exhibit one of the
highest graphene energy yield and graphene selectivity among other
microwave plasma sources, which certainly points out the high poten-
tial of this plasma source for the synthesis of high-quality graphene.
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