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Graphene synthesized in atmospheric plasmas—A review
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This article reviews the state of the art in the gas-phase synthesis of graphene in atmospheric
plasmas. The substrate-free process involves the delivery of a carbon-containing precursor into
a microwave-generated Ar plasma. Factors that influence the synthesis of graphene include
precursor composition, reactor design, and the flow rates of gases. These factors have elucidated
the mechanisms of graphene formation in atmospheric plasmas. Gas phase–synthesized graphene
is pure and highly ordered and possesses unique features that make the material useful in
applications such as catalysis, energy storage, lubrication, and the transmission electron
microscopy imaging of nanomaterials. However, the main challenge in the synthesis process is
the low rate of graphene production. This article anticipates future research aimed at overcoming
this challenge and compares the atmospheric plasma method with contemporary graphene
production techniques.

I. INTRODUCTION

Graphene is a single layer of sp2-bonded carbon
atoms arranged in a honeycomb structure (Fig. 1). A
pristine graphene sheet has a Young’s modulus of 1000
GPa1,2 and an ultimate tensile strength of 130 GPa.1 For
comparison, A36 steel exhibits a Young’s modulus of
200 GPa3 and an ultimate tensile strength of 0.4 GPa.3,4

The thermal conductivity of the two-dimensional material
is greater than 3000 W/(m K) near room temperature,5,6

and the electron mobility of suspended graphene sheets is
as high as 200,000 cm2/(V s) at low temperatures.7,8

Graphene powder has numerous applications. For
example, multifunctional polymer-matrix nanocompo-
sites with enhanced mechanical,9 electrical,10,11 and
thermal12 properties have been fabricated using graphene

powder as a filler. Friction tests have revealed that
lubricant oils containing graphene powder have signifi-
cantly lower wear and coefficient of friction than oils
containing graphite or carbon black.13 Flexible displays14

and chemical sensors15 can be created using electrically
conductive inks containing graphene powder.16–18 Addi-
tionally, extensive research has been conducted on the use
of graphene powder in energy storage applications,19,20

such as lithium-ion batteries20–22 and capacitors.23,24

Pure and highly ordered graphene powder can be
continuously synthesized in the gas phase using atmo-
spheric plasmas. This single-step process occurs at
ambient conditions, without the use of substrates, cata-
lysts, solvents, or acids. The objective of this review is to
increase the awareness and understanding of gas phase–
synthesized graphene (GSG). This article will present the
research conducted on GSG and the current understand-
ing of the mechanisms of GSG formation in atmospheric
plasmas. This paper will also discuss the challenge of low
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GSG production rate and will anticipate future research
that could potentially overcome this challenge. Further-
more, the structure, composition, features, and applica-
tions of GSG will be highlighted. The production of GSG
will then be compared with other methods of obtaining
graphene, including plasma-enhanced chemical vapor
deposition (PECVD), micromechanical cleavage, the re-
duction of graphene oxide, and the liquid-phase exfoli-
ation of graphite.

II. ATMOSPHERIC PLASMA SYNTHESIS OF
GRAPHENE

The production of GSG involves the delivery of
a carbon-containing precursor, such as ethanol, into
an atmospheric pressure microwave-generated Ar
plasma25,26 (Fig. 2). Precursors enter the region of the
plasma where microwave power is absorbed by the
plasma electrons (this region is hereafter referred to as
the coupler region). Plasma electrons transfer energy to
heavy particles (ions and neutral atoms) through elastic
and inelastic collisions in the coupler region, which is an
environment that has an electron density$1013 cm�3 and
gas temperatures as high as 3000 K.27–29 Precursors that
enter the coupler region are decomposed into smaller
reactive fragments, such as C, H, H2, C2, C2H2, and
CO.27–31 These reactive fragments then flow out of the
coupler region and into the plasma afterglow, where they
react to form nuclei that rapidly grow into GSG.26,29 The
entire process of precursor delivery, decomposition, and
GSG formation takes place over a time period on the
order of 10�1 s.25,28 GSG sheets exit the plasma
afterglow and are typically collected downstream from
the plasma on filters.25,28

A number of materials characterization techniques
have shown that GSG powder is highly ordered and
pure. Low-magnification transmission electron micros-
copy (TEM) images have revealed that the synthesized
powder consists of crumpled and randomly oriented
sheets [Fig. 3(a)]. Results from the electron energy loss
spectroscopy (EELS) characterization of GSG show
a peak at 285 eV that corresponds to transitions from
the 1 s to the p* states and a peak at 291 eV that
corresponds to transitions from the 1 s to the r* states
[Fig. 3(b)].32–35 These peaks are characteristic of graphite
and graphene. High-magnification TEM images of GSG
have shown that the synthesized powder consists of
monolayer and few-layer sheets [Fig. 4(a)]. The
aberration-corrected TEM image shown in Fig. 1 dem-
onstrates that GSG has a highly ordered two-dimensional
honeycomb lattice of carbon atoms, which is character-
istic of pristine graphene.36 The Raman spectrum of GSG
shown in Fig. 4(b) exhibits peaks that are characteristic of
graphene, such as a sharp, symmetric 2D peak at
;2660 cm�1, which is the second order of zone-
boundary phonons37; a G peak at ;1580 cm�1, which
is due to the doubly degenerate zone center E2g

mode37,38; and a peak at ;1350 cm�1 called the D
peak,37,38 which is caused when edges of GSG are
captured in a Raman laser spot.39

GSG has a mass composition of 98.9% C, 1.0% H, and
0.1% O, as determined by elemental analysis by com-
bustion.36 The Fourier transform infrared spectroscopy
and X-ray photoelectron spectroscopy results shown in
Fig. 5 provide additional evidence that the purity of GSG

FIG. 1. An atomic resolution image of a clean and structurally perfect
graphene sheet synthesized in an atmospheric plasma. Individual
carbon atoms appear white in the image. The image was obtained
through the reconstruction of the electron exit wave function from 15
lattice images using MacTempas Version 2 software. Reproduced from
Ref. 36 with permission from the Royal Society of Chemistry. MacTem-
pas is developed by Total Resolution LLC, Berkeley, CA, USA.

FIG. 2. Schematic of an atmospheric pressure microwave plasma
reactor used to produce GSG.
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is similar to highly oriented pyrolytic graphite (HOPG),
which is 99.9% C. Thus, GSG is similar to the high-
quality graphene specimens obtained through the micro-
mechanical cleavage of HOPG.37,40

III. FACTORS THAT INFLUENCE GRAPHENE
SYNTHESIS IN ATMOSPHERIC PLASMAS

A. Reactor design, pressure, and microwave
forward power

The production of GSG was first achieved using the
atmospheric pressure microwave plasma torch shown in
Fig. 2.25 Since this discovery, plasma reactors
with different designs have been utilized to create
GSG.27–31,35,41–43 For example, GSG can be produced
through the delivery of ethanol into surface wave–induced
microwave plasmas at atmospheric conditions28,29,31

[Fig. 6(a)]. A Torche à Injection Axiale sur Guide
d’Ondes (TIAGO)44–47 can also generate atmospheric
pressure Ar plasmas that are capable of creating GSG.27

A TIAGO consists of a waveguide whose central section
is reduced in height [Fig. 6(b)]. Ar plasmas are generated
by flowing Ar gas through a hollow metallic rod placed
perpendicular to the waveguide in this central section.
The introduction of ethanol vapor into the TIAGO results
in the deposition of GSG on the walls of the reactor.
Another reactor design that is capable of producing GSG
consists of a microwave slot antenna connected to
a microwave generator [Fig. 6(c)]. Such a reactor can
ignite and sustain atmospheric plasmas from an Ar/H2

gas mixture.35 GSG forms when an aerosol consisting
of liquid ethanol and Ar/H2 is delivered into the
reactor using a dual-flow nozzle system and a syringe
pump.

FIG. 3. (a) A typical low-magnification TEM image of crumpled and randomly oriented GSG sheets freely suspended on a lacey carbon TEM grid.
Homogeneous and featureless regions (indicated by arrows) indicate regions of monolayer graphene. Scale bar represents 100 nm. (b) EELS
spectrum of GSG. Reprinted (adapted) with permission from Dato et al.: Substrate-free gas-phase synthesis of graphene sheets. Nano Lett. 8, 2012
(2008). Copyright 2008 American Chemical Society.

FIG. 4. (a) High-magnification image of single-layer and bilayer GSG. Scale bars represent 2 nm. (b) Raman spectrum of GSG. Reprinted with
permission from Dato et al.: Substrate-free gas-phase synthesis of graphene sheets. Nano Lett. 8, 2012 (2008). Copyright 2008 American Chemical
Society.
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The production of GSG using different types of
reactors demonstrates that atmospheric pressure plasmas
sustained by 2.45 GHz microwave generators create an
environment that is conducive to the synthesis of gra-
phene. However, lower reactor pressures are not favor-
able to the formation of GSG.27 This is because
atmospheric plasmas are collisional environments that
can achieve the high gas temperatures (3000 K) required
for the formation of carbon nanostructures. Collisions
between electrons and heavy particles are reduced in sub-
atmospheric microwave plasmas, which results in de-
creased temperatures that prevent the formation of
GSG.27 On the other hand, a higher reactor pressure
(1.5 atm) has been shown to increase production rates of
GSG.35 Despite the increase in GSG formation at higher

pressure, future research should concentrate on optimiz-
ing the synthesis of GSG in atmospheric pressure
environments because production at ambient conditions
will greatly facilitate the large-scale production of the
material.

GSG can form over a broad microwave forward power
(MFP) range between 250 and 1050 W26 in the plasma
torch design shown in Fig. 2. This indicates that the
nucleation and growth of GSG do not occur in the
coupler region of microwave-generated plasmas.26 In-
stead, the role of the coupler region in the synthesis
process is the dissociation of ethanol into reactive frag-
ments, such as C, C2, C2H2, and H. Indeed, the presence
of these fragments in the coupler region has been detected
using optical emission spectroscopy during GSG

FIG. 5. (a) A Fourier transform infrared spectroscopy spectra of GSG and HOPG. The similar features of the HOPG and GSG between 1000 and
1800 cm�1 are shown in the inset. (b) An X-ray photoelectron spectroscopy spectrum of GSG. Reproduced from Ref. 36 with permission from the
Royal Society of Chemistry.

FIG. 6. (a) Schematic of a surface wave–induced microwave plasma reactor. Reproduced from Tatarova et al.: Microwave plasma based single
step method for free standing graphene synthesis at atmospheric conditions. Appl. Phys. Lett. 103, 134, 101 (2013), with the permission of AIP
Publishing. (b) A TIAGO reactor. Reprinted with permission from Ref. 27. (c) Schematic of a microwave slot antenna system. Reprinted from
Wiggers et al.: All gas-phase synthesis of graphene: Characterization and its utilization for silicon-based lithium-ion batteries. Electrochim. Acta
272, 52–59 (2018), with permission from Elsevier.
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synthesis experiments.29 The afterglows of plasmas
generated by atmospheric plasma torches have been
characterized,48 and studies have shown that gas temper-
atures in the afterglow region are not significantly
affected by increases in MFP. These results indicate that
the fragments created in the coupler region react to form
GSG in the plasma afterglow.

However, MFP can have an effect on the synthesized
structures in reactors of different design. GSG can be
produced in the surface wave reactor shown in Fig. 6(a)
at MFPs between 500 and 900 W. Reducing the MFP in
this system to 400 W results in the formation of carbon
nanoparticles when all other experimental parameters are
held constant.31 In contrast, TIAGO torches [Fig. 6(b)]
operate at lower MFPs than surface wave reactors during
GSG production. Thus, the effect of MFP range on GSG
formation can vary between reactors of different designs.

The carbon structures that deposit on the walls of
various atmospheric plasma reactors provide additional
evidence of the effect of reactor design on GSG pro-
duction. In the surface wave reactor shown in Fig. 6(a),
solid materials that deposit on the walls of the reactor are
carbonaceous nanoparticles, whereas the materials that
exit the reactor are GSG.29 In contrast, Fig. 7 shows that
the materials that deposit on the walls of the atmospheric
plasma torch shown in Fig. 2 are GSG sheets. These
deposits are located between 0 and 100 mm above the
coupler region of the reactor. Furthermore, GSG pro-
duced in TIAGO reactors [Fig. 6(b)] are collected from
reactor walls, which are in close proximity to the Ar
plasma.27 The role of the coupler region in atmospheric
plasma reactors could be similar from system to system.
However, the variation in MFP conditions and the
difference in materials deposited on the walls of various
reactors suggest that the mechanisms of GSG formation
are dependent on reactor design.

B. Precursor composition

GSG forms when liquid ethanol droplets25,26,35,36,41 or
ethanol vapor27–29,31 are delivered into atmospheric Ar

plasmas. It is currently unknown if the phase of ethanol
has an effect on the rate of GSG formation. A study that
compares GSG production rates when liquid-phase and
vapor-phase ethanol are delivered into the same reactor
under similar experimental conditions is needed. Initial
research into the effects of precursor composition on the
formation of GSG investigated the delivery of three
precursors into atmospheric plasmas: liquid methanol
(CH4O) droplets, dimethyl ether (C2H6O) vapor, and
liquid isopropanol (C3H8O) droplets.26 Solid material
cannot be obtained with methanol, while isopropanol
results in the creation of soot particles instead of GSG.
However, GSG can form through the use of dimethyl
ether, which is an isomer of ethanol. Therefore, precursor
composition has a significant effect on the formation of
GSG.

Soot formation from isopropanol provides insight into
the mechanisms of solid carbon production in atmo-
spheric Ar plasmas. Soot has been the subject of a large
amount of experimental and computational research for
decades,49 and the prevailing theory of soot formation is
that individual particles are formed from polycyclic
aromatic hydrocarbon (PAH) nuclei. In both oxidative
and non-oxidative environments, PAHs are formed from
reactive species such as C2H2, C3H3, and H. PAHs then
undergo abstraction by H and subsequently grow through
the addition of acetylene molecules. Once formed, PAHs
collide and stick to each other to form PAH dimers. The
collision of PAH dimers with other PAHs then results in
the formation of PAH trimers, PAH tetramers, and so on.
As these collisions occur, individual PAH molecules
within these clusters grow via chemical reactions at their
edges. These processes continue until PAH clusters
evolve into individual soot particles. Thus, soot formation
in atmospheric plasmas is evidence that reactive frag-
ments, such as C2H2, C, C2, and H, are produced in the
gas-phase synthesis process.

The lack of solid materials formed through the delivery
of methanol further supports this theory, since the
compound consists of a single C atom, whereas ethanol,
dimethyl ether, and isopropanol contain multiple C
atoms. Relative to ethanol, dimethyl ether, and isopropa-
nol, the formation of a C–C bond through the dissociation
of methanol is much more of a challenge. The formation
of a lower number of C–C bonds can result in less
reactive fragments being created, which results in a de-
creased number of aromatic species. Furthermore, the
limited amount of C2H2 also hinders the growth of any
aromatic rings that do form. Therefore, the formation of
a relatively smaller number of PAHs from the dissocia-
tion of methanol may prevent the nucleation of a sufficient
number of aromatic species and their subsequent growth
into solid carbon structures.

A graphene sheet can be thought of as a large PAH
molecule. The formation of graphene from ethanol and

FIG. 7. (a) Solid carbon deposits on the walls of the atmospheric
plasma torch shown in Fig. 2. (b) TEM image that shows the deposits
are GSG. Scale bar represents 100 nm.
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dimethyl ether is possibly the result of the slow nucle-
ation of a small number of initial aromatic rings followed
by their fast growth into large 2D sheets in the high
temperature environment created by an atmospheric
plasma.26 Compared with ethanol, the dissociation of
isopropanol creates an overabundance of PAHs that
subsequently experience multiple collisions with other
PAHs to form clusters. These clusters then grow, co-
agulate, and aggregate to form chains of soot particles.

The gaseous by-products of GSG production have
been determined to be H2 and CO.28–30,45,50,51 Thus,
the presence of O in alcohols may also affect the
structures of the synthesized nanomaterials. GSG pro-
duced through the delivery of ethanol contains only 0.1%
O.36 This indicates that C and O atoms that are created
from the decomposition of ethanol must be reacting to
form CO during the gas-phase synthesis process. Meth-
anol consists of a single C atom and a single O atom, and
the formation of C–C bonds may compete with the
formation of C–O bonds. CO is relatively unreactive,
and its formation in the non-oxidative environment of
atmospheric Ar plasmas may capture most of the C atoms
present, which prevents the formation of C–C bonds and
aromatic rings when methanol is used as a precursor.
Ethanol and isopropanol each contain a single O atom per
multiple C atoms. Even if each O atom bonds with a C
atom to form CO, additional C atoms are still available to
form C–C bonds.

The ratio of C to H molecules may also have an effect
on GSG production. Dimethyl ether, ethanol, methanol,
and isopropanol all contain a single O atom. However,
GSG can be created through the delivery of ethanol and
dimethyl ether, which have a C/H ratio of 0.333.
Carbonaceous structures are not produced through the
delivery of methanol, which has a C/H ratio of 0.250.
Isopropanol, which has a C/H ratio of 0.375, results in
soot particles. Therefore, these results indicate that a range
of precursor C/H ratios that promote the formation of
GSG may exist between the C/H ratios of methanol and
isopropanol.

Further research into precursor composition should
focus on determining a C/H ratio that maximizes GSG
production, as well as elucidating the role of O in the
production of GSG. Recently, the delivery of methane
(CH4) into atmospheric Ar plasmas resulted in the pro-
duction of relatively small amounts of GSG sheets among
carbon nanoparticles.52 This result suggests that O may
not be required for the formation of GSG. A carbon-
containing gas, such as acetylene (C2H2), could poten-
tially be used to produce GSG since it is a precursor for
the formation of aromatic nuclei and does not contain
oxygen that results in the creation of CO. The synthesis
of GSG through the use of dimethyl ether26 or methane52

demonstrates that ethanol is not the sole precursor for
GSG formation. Future GSG studies should investigate

the use of gaseous precursors that can facilitate the
production of GSG, since the use of gases eliminates
the additional time and energy required to atomize or
vaporize ethanol.

C. Flow rates of gases and precursors

The residence times of precursors and reactive frag-
ments in atmospheric plasma reactors are strongly af-
fected by the flow rate of the gases used to generate the
plasmas. Residence time has a significant influence on the
materials produced in the gas-phase synthesis process. A
longer residence time that results from a reduction in
plasma gas flow rate can enable individual GSG sheets to
stack with other sheets to form bulk graphite structures,
as well as promote the formation of polyhedral graphitic
particles with hollow centers.26

The formation of polyhedral graphitic particles in
atmospheric plasmas26 provides additional evidence of
the presence of C, C2, and PAHs in the gas-phase
synthesis process. Polyhedral graphitic particles produced
by arc discharge have been speculated to originate from
carbonaceous clusters that form due to the condensation
of C vapor in inert gas atmospheres.53–56 These clusters
resemble individual spherical soot particles.53,54 The
clusters grow into larger particles via coagulation and
maintain a structural fluidity due to the high temperatures
(3500 K) and the bombardment of ions and electrons in
the arc discharge.54 Because of this fluidity, the particles
have been referred to as “liquid carbon droplets.”53

Graphitization of these droplets occurs during cooling,
which proceeds from the surface of the particles to the
center.53,54 Graphite planes are initiated at the outer
surface of a particle, and internal planes form and remain
parallel to the outer layers as the particle cools.53,54 The
flat planes of the shells consist of hexagonal rings, and
the corners of the particles are a result of pentagonal
rings. This graphitization process results in polyhedral
graphite particles with hollow centers, which form
because the density of graphitized carbon (2.2 g/cm3) is
higher than that of amorphous carbon (1.5 g/cm3).53,54

The resulting structure minimizes dangling bonds and
lowers the energy of the graphite particle.54

The flow rate of ethanol can also affect the synthesis of
GSG because this factor can increase the mass flux of
carbon into atmospheric plasmas.28 Indeed, amorphous
carbon structures can be produced instead of GSG in
atmospheric plasma reactors by increasing the mass flow
rate of ethanol by 600% with all other experimental
parameters fixed. The effect of high ethanol flow rates is
similar to the effect of using isopropanol as a precursor.
Lower flow rates of ethanol result in the formation of
a small amount of nuclei surpassing the critical size for
nucleation and growth. Conditions in which no supersat-
uration of species is possible given the limited flux of
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carbon promotes the growth of existing nuclei into large
GSG sheets rather than the creation of new nuclei.28 An
increase in the flux of ethanol results in the creation of
more nuclei, which leads to the formation of soot
particles.

The current knowledge on the effects of precursor and
plasma gas flow rates on GSG formation indicates that it
may be possible to produce the material from carbon
precursors with compositions that are different from
ethanol by changing the residence time. Future studies
can determine if GSG forms from isopropanol if the
plasma gas flow rate is increased and the flow rate of
isopropanol is decreased. Alternatively, an increase in
methanol flow rate and decreased plasma gas flow rate
could result in GSG formation. The flow rates of gases
and precursors have a significant effect on the synthesis
of graphene in plasmas and require further study.

IV. THE MAIN CHALLENGE OF GRAPHENE
SYNTHESIS IN ATMOSPHERIC PLASMAS

The low rate of production is the main challenge in
synthesizing graphene in atmospheric plasmas. GSG has
been produced at rates ranging from 10�3 to 10�1 g/h
from a single reactor. Milligram-scale quantities of GSG
are sufficient for the research and development of
applications in the laboratory. However, the production
rate of GSG must be greatly increased for the industrial
manufacturing of these applications. Future research into
the mechanisms of GSG formation could uncover
a plasma reactor design, precursor, and experimental
condition that enable a single reactor to achieve a pro-
duction rate that exceeds 101 g/h, which is a rate that has
been reported for contemporary top-down processes.57

A promising reactor design is the TIAGO torch
because it allows for the generation of multiple atmo-
spheric plasmas simultaneously from a single wave-
guide.27,47 A TIAGO system capable of sustaining four
atmospheric plasmas has been demonstrated,47 and such
a system can result in a 4-fold increase in GSG pro-
duction. Therefore, an array of atmospheric plasmas
operating from a single microwave power generator is
a viable pathway to industrial GSG production. However,
a bottleneck in the TIAGO synthesis process lies in the
collection of GSG powder. The deposition of GSG on the
walls of an array of TIAGO reactors would necessitate
the termination of the production process to procure GSG
from reactor walls. A reactor design that employs the
parallel plasma generation of the TIAGO design and
downstream GSG collection of the plasma torch design
could enable the continuous large-scale synthesis of
GSG.

To date, a statistical design of experiments (DoE)58

aimed at maximizing the production of GSG has not been
reported in literature. Single variable tests to determine

the effect of MFP, precursor composition, precursor flow
rates, and plasma gas flow rates on GSG have been
reported.26,28 However, DoE studies could elucidate the
influences and interactions of numerous factors on the
synthesis of GSG, which could result in the discovery of
an experimental condition that maximizes production
rate. Much has yet to be learned about the synthesis of
graphene in atmospheric plasmas. As the number of
researchers investigating GSG increases, so does the
possibility of the development of an industrial-scale
GSG production process.

V. FEATURES AND POTENTIAL APPLICATIONS
OF GSG

A. Purity and structure for TEM imaging and
optoelectronics

The pure and highly ordered nature of GSG make it an
ideal support film for the TEM imaging of nanomaterials.
Atomic resolution imaging of nanoparticles and the direct
observation of the interfaces between soft and hard
materials have been achieved using GSG as an atomically
thin TEM support film.59 For example, an enhanced-
contrast filtered image of a gold nanoparticle and its
surrounding citrate capping layer is shown in Fig. 8(a).
This was achieved by blocking the reflections of the
underlying GSG support film from the image’s digital
diffractogram [Fig. 8(a), inset]. The subsequent subtrac-
tion of the gold nanoparticle’s reflection from the digital
diffractogram [Fig. 8(b), inset] enabled the isolated
imaging of citrate molecules for the first time [Fig. 8(b)].
In another study, the superior performance of GSG over
conventional amorphous carbon support films was dem-
onstrated when GSG was used to image Si nanocrystals
and their capping ligands.60

FIG. 8. Graphene-enabled isolation and imaging of citrate molecules.
(a) An enhanced-contrast filtered image of the citrate-capped gold
nanoparticle. Inset: The graphene reflections were subtracted in a digital
diffractogram of the entire image. Scale bar represents 2 nm. (b) An
image of the citrate molecules. Inset: The graphene and gold reflections
were masked in the digital diffractogram to isolate and image citrate.
Reprinted with permission from Lee et al.: Direct imaging of soft–hard
interfaces enabled by graphene. Nano Lett. 9, 3365 (2009). Copyright
2009 American Chemical Society.
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A challenge in using GSG as a TEM support film arises
from its crumpled morphology, random orientation of
sheets, and the presence of bilayer and few-layer graphene.
For nanoparticles to be imaged on GSG, a monolayer
region that contains a nanoparticle must be found. This
procedure can take considerable time. In contrast, TEM
support films fabricated from graphene prepared by the
micromechanical cleavage method61,62 consist of high-
quality monolayer regions with dimensions on the order of
tens of micrometers.62 Finding nanomaterials on mono-
layer graphene in these support films is relatively straight-
forward when compared with GSG.

The advantage of GSG support films over other
graphene-coated TEM grids lies in preparation. GSG
support films are prepared via a three-step process that
involves dispersing GSG in a solvent, depositing a drop
of solvent on a conventional TEM grid containing an
amorphous support, and allowing the solvent to evapo-
rate. Using this process, dozens of TEM grids can be
coated with GSG in minutes. In comparison, it can take
hours to micromechanically cleave HOPG, find mono-
layer graphene on a substrate using optical microscopy,
and transfer the graphene to a TEM grid without
contaminating it. TEM grids coated with graphene
obtained by chemical vapor deposition methods can also
take hours to produce, since individual sheets need to be
removed from substrates and transferred to TEM grids
without contamination.

The purity and structure of GSG also enable the
creation of partially fluorinated graphene that exhibits

a band gap. For example, fluorographene was created by
reacting GSG with xenon difluoride at 250 °C.63 Pristine
graphene does not exhibit a band gap,64–66 and near-edge
X-ray absorption fine structure (NEXAFS) and
photoluminescence (PL) spectroscopy have been used
to show that GSG also does not exhibit a band gap.63 The
fluorination of GSG changes the pure sp2-carbon
structure of graphene to a sp3-derived carbon–fluorine
structure, which results in the formation of a band gap.
The NEXAFS and PL measurements shown in Fig. 9
indicate that the band gap of fluorographene is at least 3.8
eV. This band gap is wide enough for optoelectronic
applications in the blue/UV spectrum, which means that
fluorographene has the potential to be used in electronic,
optoelectronic, and energy harvesting applications.63

B. Nanoparticle dispersion for catalysis and
energy storage

In addition to improving the TEM characterization of
nanomaterials, a GSG sheet can prevent the aggregation
of nanoparticles deposited on its surface67 and enhance
their performance in catalysis and energy storage appli-
cations.35,41 In a recent study, gold nanoparticles of
increasing diameter were dispersed on GSG sheets.67 It
was discovered that nanoparticles with diameters below
10 nm did not aggregate on GSG and had a tendency to
be located on the edges of the sheets [Fig. 10(a)]. This
result shows that GSG sheets containing sub-10 nm
nanoparticles could potentially be used in catalysis.68 A
high reactive surface area of catalytic nanoparticles is

FIG. 9. Band gap opening of fluorographene. (a) NEXAFS spectra of GSG and fluorographene with two different contents of fluorine. The dashed
lines at 284.1 and 287.9 eV mark the leading edges of the p* resonance for the pristine and fluorinated GSG sample, respectively. (b) Room
temperature photoluminescence emission of the GSG/fluorographene dispersed in acetone using 290 nm (4.275 eV) excitation. The dotted lines are
used for guiding eyes. The interval of dotted line is ;156 meV. Optical images (top view) of the blue emission observed after the PL emission was
recorded with the samples in 3.5 mL quartz cuvettes. The blue light persists ;30 s after the excitation laser is turned off. Reprinted with permission
from Jeon et al.: Fluorographene: a wide band gap semiconductor with ultraviolet luminescence. ACS Nano 5, 1042 (2011). Copyright 2011
American Chemical Society.
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crucial in catalysis, and the agglomeration of nano-
particles is a problem in this application. GSG can
overcome this problem by dispersing sub-10 nm nano-
particles to maximize their surface area.67

Indeed, the enhanced catalytic activity of GSG sheets
decorated with sub-10 nm Pt nanoparticles has been
demonstrated.41 Pt/GSG composites [Fig. 10(b)] have
been prepared and used as a direct methanol fuel cell
electrocatalyst.41 Cyclic voltammetry measurements
showed that GSG sheets containing 20 wt% Pt nano-
particles exhibited superior catalytic activity toward the
oxidation of methanol compared with commercially
available Pt/C composites [Fig. 11(a)], which was attrib-
uted to the dispersion of Pt nanoparticles on GSG and the
high conductivity of the GSG sheets. Furthermore, these
Pt/GSG composites outperformed other composites

consisting of Pt and graphene produced by the reduction
of graphene oxide in the methanol oxidation reaction.41

GSG sheets containing Si nanoparticles have been
used as Li-ion battery anodes.35 Relative to anodes
consisting of pristine Si nanoparticles and composite
anodes consisting of Si nanoparticles and reduced gra-
phene oxide (RGO), GSG can significantly enhance the
long-term stability and Coulomb efficiency of anodes
consisting of Si nanoparticles dispersed on GSG sheets
[Fig. 11(b)].

Thus, GSG can disperse nanoparticles on its surface
and can also have a synergistic effect with the nano-
materials. However, there is a size limit to the dispersive
capability of GSG, since gold nanoparticles larger than
50 nm in diameter did not disperse in GSG but rather
aggregated randomly throughout the sheets.67 Additional
research is needed to determine the limits of the disper-
sive capability of GSG. Furthermore, the performance of
GSG in a number of graphene–nanoparticle composite
applications is unknown. For example, GSG–copper
nanoparticle composites could potentially be used in
electrochemical sensing of carbohydrates69 and GSG
sheets decorated with silver nanoparticles could be used
in molecularly selective surface-enhanced Raman
scattering.70

C. Graphitic nanocrystals for lubrication

The morphology of crumpled graphene has been
compared with that of crumpled paper.43,52 However,
GSG may be crumpled because of the presence of
graphitic nanocrystals in the synthesized sheets.71 In situ
TEM has revealed that graphitic nanocrystals provide

FIG. 10. Nanoparticles supported by GSG. (a) 10 nm gold nano-
particles on GSG. Reprinted with permission from Ref. 67. (b)
Platinum nanoparticles on GSG. Reprinted with permission from
Ref. 41.

FIG. 11. (a) Cyclic voltammetry measurements for methanol oxidation reaction catalyzed by commercial Pt/C (carbon black) and Pt/GSG
composite in the mixture solution of 0.05 M H2SO4 1 1 M CH3OH within the potential range of 0–1.0 V. Reprinted with permission from Ref. 41.
(b) Galvanostatic cycling performance of pristine Si, Si-GSG, and Si-RGO composites measured at 0.5 C charge/discharge. Delithiation/lithiation
and the Coulombic efficiency of Si-GSG and Si-RGO composites are shown in comparison with pristine silicon nanoparticles. The first two cycles
for all materials were carried out at 0.025 C for lithiation and 0.05 C for delithiation and 0.1 C (for all lithiation and delithiation), respectively. The
inset shows the normalized data for Si-GSG and Si-RGO clearly indicating the superior long-term stability of the Si-GSG composite. Reprinted
from Wiggers et al.: All gas-phase synthesis of graphene: Characterization and its utilization for silicon-based lithium-ion batteries. Electrochim.
Acta 272, 52–59 (2018), with permission from Elsevier.
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GSG with additional mechanical stability, enable the
material to reversibly deform, and prevent GSG from
being flattened like paper.71 Graphitic nanocrystals, such
as the one circled in Fig. 12(a), are defined as features on
a GSG sheet consisting of small, dark needle-like regions.
These features are rigid and do not change structurally
during the deformation of GSG.

Figure 12 shows a series of in situ TEM images that
demonstrate the reversible deformation of GSG. The
initial form of a GSG sheet with a nanocrystal as it
makes contact with an atomic force microscopy (AFM)
tip is shown in Fig. 12(a). Figures 12(b) and 12(c) show
how the sheet folds into itself as it slides past the AFM
tip. However, the graphitic nanocrystal maintains the
sheet’s structure during this process. As shown in Fig. 12
(d), the rigid nanocrystal enables the GSG sheet to revert
back to its original form when it detaches from the AFM
tip. A graphical model of this process is shown in Figs. 12
(e)–12(h). This phenomenon was reproducible, and the
results demonstrate that the folding and unfolding of
crumpled GSG is reversible.

The nanocrystals that maintain the morphology of
GSG can make the sheets useful in lubrication applica-
tions, where a crumpled morphology has been shown to
prevent aggregation and re-stacking in lubricant oils.13

Aggregation is a great challenge for ultrafine particle
additives in lubricant oils because the phenomenon
reduces effective particle concentrations, prevents par-
ticles from entering the working area of surfaces, and
results in unstable tribological performance.13 Indeed,
the deliberate crumpling of flat graphene into graphene
balls causes the crumpled material to self-disperse
in oils.13 Lubricants containing graphene balls exhibit
lower coefficients of friction and reduced wear

compared with oils containing flat graphene flakes,
carbon black nanoparticles, or graphite powder.13 It is
therefore possible that the use of crumpled GSG as an
additive in lubricant oils will result in self-dispersion of
the powder and enhancements in the tribological prop-
erties of the oil.

D. Rotational stacking for electrical applications

GSG sheets that consist of more than a single graphene
layer can exhibit rotational stacking instead of Bernal
stacking.72,73 Aberration-corrected TEM images of bi-
layer and few-layer GSG have revealed unambiguous
Moiré patterns in the sheets.72 These patterns are similar
to the rotational stacking faults that have been observed
in few-layer graphene obtained from graphite.74

The rotational stacking of GSG layers is interesting for
two reasons. First, bilayer and few-layer GSG sheets may
not always be stacking in the standard AB Bernal packing
of bulk graphite during synthesis. The number of layers
and quality of GSG could be controlled through process
conditions, such as residence time in the reactor. Multi-
layer graphite particles with standard AB stacking, with
an interlayer distance of 0.335 nm, could be created by
reducing the flow rate of the Ar gas used to generate
atmospheric plasmas.26 Future studies on GSG should
focus on determining process conditions that could
control the stacking of few-layer sheets. Second, GSG
powders consisting of single-, bi-, and few-layer gra-
phene may exhibit enhanced properties when compared
with graphene powders obtained from graphite. This is
because bilayer and few-layer graphene with rotational
stacking faults can have electrical properties similar to
monolayer graphene,75,76 as well as distinct thermal
properties.77,78

FIG. 12. Folding and unfolding of GSG. (a) A crumpled GSG sheet with a graphitic nanocrystal (circled) making contact with an AFM tip. (b and c)
The GSG sheet was moving from left to right in this sequence, while the AFM tip was stationary. The GSG sheet with nanocrystal folded as it
maintained contact with the AFM tip. The nanocrystal remained rigid and did not change structurally. (d) The GSG sheet rapidly reverted to its initial
configuration as it detached from the AFM tip. (e–h) Graphical models showing the structural changes that occurred as the sheet was sliding against the
tip. Scale bars: 50 nm. Reprinted from Marks et al.: In situ observations of graphitic staples in crumpled graphene. Carbon 132, 760 (2018), with
permission from Elsevier.
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It could therefore be possible that various electrical and
thermal applications of graphene could be enhanced
through the use of GSG because of the material’s purity,
structure, and rotational disorder. This theory is sup-
ported by recent studies that showed that pellets consist-
ing of GSG had an electrical conductivity of 4751 S/m,
while pellets consisting of RGO had a lower conductivity
of 3057 S/m.35 Currently, the effect of process condi-
tions, such as plasma gas flow rate, on the electrical
properties of GSG is currently unknown and should be
studied. Future research into GSG should also investigate
the performance of the material in electrical applications,
such as electrically conductive inks and polymers.

VI. GSG PRODUCTION COMPARED WITH OTHER
PLASMA-BASED METHODS

A. Free-standing graphene obtained through
PECVD

Free-standing graphene sheets can be synthesized
using PECVD techniques.79–81 For example, graphene
can form and grow vertically on various substrates (e.g.,
Si, W, Al2O3) using radio frequency (13.56 MHz)
PECVD and methane as a precursor.79,80 Low-pressure
microwave reactors can also be utilized to produce
vertically aligned “carbon nanowalls” with an average
thickness of several nanometers using copper substrates
and a precursor mixture of acetylene and ammonia.82

Vertically grown graphene sheets produced by PECVD
have a similar appearance and Raman spectrum as GSG.79

However, there are three major differences between
PECVD-grown graphene and GSG. First, the production
of GSG is a substrate-free process, while substrates are
necessary in PECVD. Substrate temperature can also affect
the structure of PECVD-grown sheets, and high-quality
specimens require substrate temperatures above 630 °C.79

Second, GSG is created under ambient conditions, while
graphene growth by PECVD requires low reactor pres-
sures (12 Pa for radio frequency PECVD79,80 and 1300 Pa
for microwave PECVD82). Third, the synthesis of GSG is
a continuous process that proceeds indefinitely as long as
a plasma is maintained and precursors are supplied. The
environmental conditions of PECVD reactors require the
synthesis processes to be stopped in order to return to
ambient conditions to harvest the free-standing graphene.
Despite the similarities in structure and quality, the
synthesis of graphene in atmospheric plasmas has a number
of advantages over the nucleation and growth of free-
standing graphene sheets by PECVD.

B. Large-area graphene films created through
PECVD

The formation of GSG in atmospheric plasmas pro-
ceeds via gas-phase reactions. In contrast, the large and

flat graphene films deposited on substrates by PECVD
depend on surface reactions. Graphene growth on a nickel
substrate begins with the decomposition of a carbona-
ceous precursor, such as methane, in a low-pressure (0.12
Pa) plasma reactor.83 The free carbon that results from
the decomposition process dissolves in nickel to form
a solid solution.84–86 The cooling of the solid solution is
a critical step because the solubility of carbon in nickel
decreases as the temperature in the reactor is lowered.
Cooling at a rate of 10 °C/s85,87 causes carbon atoms to
dissolve out of the solid solution and precipitate on the
nickel surface to form large-area graphene films with
lateral dimensions on the order of centimeters.83 The
formation of graphene films on copper substrates can be
achieved through the catalytic decomposition of methane
on the copper surface, which is a self-limiting process.88

Compared with nickel, copper has a much lower carbon
solubility. Once a copper surface is covered with gra-
phene, no further growth occurs because there is no
longer any catalyst exposed to hydrocarbons in the
plasma reactor and only a small amount of carbon
dissolves in copper.88

The differences between GSG and large-area graphene
films deposited on substrates are similar to the disparities
between GSG and PECVD-produced free-standing gra-
phene flakes. Low pressures (,5 Pa) and high substrate
temperatures (.300 °C) are required to create graphene
films on copper and nickel. However, there are additional
differences between the atmospheric plasma production
of GSG and graphene films synthesized by PECVD. The
nucleation and growth of graphene by PECVD involve
surface reactions, and thus the quality of the underlying
substrate can affect the quality of the synthesized films.
The deposition of pure and highly ordered monolayer
graphene requires high-quality substrates, which can lead
to greatly increased production costs. Additionally, sub-
strate treatments are required prior to deposition. The
exposure of substrates to plasmas in order to remove
surface contamination and increase grain size requires
additional time and energy, which further increases the
time and cost of PECVD synthesis.89

The main advantage of PECVD-grown graphene over
GSG is size. GSG powder consists of randomly oriented
and crumpled sheets with sizes ranging from hundreds of
nanometers to micrometers, while PECVD-grown films
can grow to centimeter scale. Continuous and highly
ordered PECVD graphene films are suitable for the
fabrication of electronic devices.90 However, the use of
graphene films in applications for graphene powder (e.g.,
nanocomposites, conductive inks, lubrication) can be
costly and time-consuming, since additional steps are
needed to extract graphene films from substrates. These
steps can include coating the graphene with a polymer
support, chemical etching of the underlying nickel or
copper substrate, removing the polymer support, and
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transferring the graphene to a desired application.91,92

These transfer processes are time-consuming and can
contaminate and generate defects on graphene films,
which diminish the properties of the material.90 In
comparison, pure and highly ordered GSG can be used
immediately after synthesis for graphene powder
applications.

VII. GSG COMPARED WITH GRAPHENE
PRODUCED BY TOP-DOWN TECHNIQUES

A. Creating graphene from graphite

Graphene was first isolated and studied through the
micromechanical cleavage method.66 This process pro-
duces pristine graphene flakes that are not contaminated
with oxygen. However, micromechanical cleavage is
time-consuming and the yield of monolayer flakes is
extremely small, which makes the technique only suitable
for fundamental research purposes.93 Two widely used
methods that have been developed for the production of
bulk quantities of graphene powder are the reduction of
graphene oxide94–98 and liquid-phase exfoliation.19,99–108

This section will compare the production and quality of
GSG with those of RGO and liquid-phase exfoliated
graphene (LPEG). The differences between GSG, RGO,
and LPEG are summarized in Table I.

B. Comparison of production rates, requirements,
and by-products

Production rate is the main advantage of RGO and
LPEG over GSG. As shown in Table I, rates of pro-
duction greater than 101 g/h have been reported for
graphene obtained through top-down methods.57 In
comparison, 10�1 g/h is the maximum production rate
that has been reported for graphene produced in atmo-
spheric plasmas.35 Furthermore, the production of LPEG
and RGO is scalable, and kilogram quantities of RGO
flakes are now commercially available.

The synthesis of GSG in atmospheric plasmas has the
advantages of lower production requirements and re-
duced environmental impact. For instance, the creation of
RGO involves multiple steps and large volumes of

hazardous chemicals that can negatively impact the
environment. The oxidation of graphite and the sub-
sequent reduction of graphene oxide requires chemicals
such as nitric acid, sulfuric acid, sodium hydroxide,
hydrazine, dimethylhydrazine, and sodium borohy-
dride.94,98,109 These chemicals can produce hazardous
gases and pose a risk of explosion.109 Large volumes of
purified water are also required throughout the production
of RGO, and wastewater from the process can contain
mixed acids and heavy metal ions.109 Even the most
recent studies reporting the rapid synthesis of graphene
oxide and RGO utilize acids and large volumes of water
to produce the materials.57,109

Similarly, the LPEG production process requires mul-
tiple steps, significant water, and hazardous chemicals. A
number of liquid-phase exfoliation techniques use chem-
icals such as sulfuric acid,110,111 nitric acid,106 chlorohy-
dric acid,101 and CrO3

101 to prepare graphite for
exfoliation. Significant quantities of solvent are then
needed to exfoliate expanded graphite and to purify and
disperse LPEG.111 Current liquid-phase exfoliation tech-
niques require at least 1 ton of solvent to disperse 1 kg
of graphene,111 which is neither beneficial to the envi-
ronment nor economically feasible. Reducing the
amount of solvent used in LPEG production results in
the re-stacking of monolayer flakes by van der Waals
interactions. A non-dispersion strategy was recently de-
veloped to enable the mass production of graphene
slurries, but even this method requires multiple steps,
hazardous chemicals, and large amounts of water just to
produce gram-scale quantities of graphene.111 Once pro-
duced, LPEG is typically stored in a solvent or water,111

and the use of LPEG powder in a number of graphene
applications requires techniques to separate flakes from
solvents, such as filtration.101,106,108,111 Once separated
from solvent, LPEG powder must be washed with
purified water to remove any residual chemicals from
the flakes.101,103,106,110

In contrast to top-down methods of graphene pro-
duction, the synthesis of graphene in atmospheric plas-
mas only requires a microwave plasma reactor, Ar gas,
and a carbon-containing precursor. GSG is highly stable
at ambient conditions,35 can be stored indefinitely in its
dry as-synthesized state, and can be used immediately for
graphene applications. GSG can also be produced with
a lower impact to the environment than RGO and LPEG
because plasma reactors can be powered using sustain-
able energy (e.g., wind and solar) and precursors for GSG
formation (e.g., ethanol and dimethyl ether) can be
obtained from renewable resources.112,113

Unlike the liquid chemical waste that is generated
during the production of RGO and LPEG, the by-
products of the gas-phase synthesis process are H2 and
CO. These gaseous by-products can be harvested and
used in a number of useful applications. For instance, H2

TABLE I. Comparison of the production rates, composition, and
quality of GSG, RGO, and LPEG.

Production rate
(g/h) Ref.

Composition
(mass%)

Ref.

Quality

Ref.C H O
IG/
ID

I2D/
IG

GSG 0.1 35 98.9 1 0.1 36 4.8 1.4 27
RGO .10 57 86.4 0.8 11.3 116 0.8 0.3 57
LPEG .10 101 90.5 0.8 8.4 111 3.6 0.4 111

A. Dato: Graphene synthesized in atmospheric plasmas—A review

J. Mater. Res., Vol. 34, No. 1, Jan 14, 2019 225

ht
tp

s:
//

do
i.o

rg
/1

0.
15

57
/jm

r.
20

18
.4

70
 P

ub
lis

he
d 

on
lin

e 
by

 C
am

br
id

ge
 U

ni
ve

rs
ity

 P
re

ss

https://doi.org/10.1557/jmr.2018.470


is considered a nonpolluting and efficient energy carrier
that has the potential to be used in future clean energy
technologies, such as fuel cells for vehicles.50,114 Cur-
rently, the two primary technologies of producing H2 are
the catalytic route through the water gas shift reaction and
the electrolytic decomposition of water.50 Indeed, the
delivery of ethanol into atmospheric plasmas has been
investigated as a method of H2 production.44,45 Thus,
compared with RGO and LPEG production, the synthesis
of GSG is safer and more environmentally friendly, and
the by-products of the gas phase process can be useful in
other applications.

C. Comparison of the structure and quality of
GSG, RGO, and LPEG

RGO is derived from graphite oxide, which is a highly
defective form of graphite with a disrupted sp2 bonding
network.19 Therefore, RGO does not possess the me-
chanical, electrical, and thermal properties of graphene
created by the micromechanical cleavage of HOPG. As
shown in Fig. 13(a), the intrinsic structure of RGO
exhibits contamination, topological defects, disordered
networks, adatoms, and holes, which all significantly
diminish the properties of graphene.115 Figure 13(b)
shows that the highly ordered arrangement of sp2-bonded
carbon atoms of GSG extends throughout the sheet,
which does not have holes, disorder, and contamina-
tion.36 Furthermore, the complete reduction of graphene
oxide to pure graphene has not been accomplished. As
shown in Table I, RGO sheets typically have a mass
composition of 86.4% C, 0.8% H, and 11.3% O.116 In
contrast, GSG sheets have a composition of 98.9% C,
1.0% H, and 0.1% O.36 Side-by-side Raman spectros-
copy characterization of RGO and GSG [Fig. 14(a)]
shows that the IG/ID ratio of RGO is much lower
compared to that of GSG, which further proves that the
disorder in the structure of RGO is significantly higher
than GSG.35 Raman peak ratios that can be used to
compare the quality of GSG and RGO are summarized in
Table I.

GSG also has the advantage of being higher in quality
than LPEG. LPEG is produced from flake graphite,105,111

which contains numerous localized defects in its struc-
ture.94,95 LPEG also contains a relatively high amount of
oxygen. As shown in Table I, LPEG flakes have a mass
composition of 90.5% C, 0.8% H, and 8.4% O.111

Furthermore, Table I shows that the peaks in the Raman

FIG. 13. (a) TEM image of RGO with color added. Pristine areas and
contaminated regions are light and dark gray, respectively. Blue
regions are disordered networks or topological defects that are caused
by the oxidation reduction process. Red areas are adatoms or
substitutions. Green and yellow areas are isolated topological defects
and holes, respectively. Scale bar: 1 nm. Reprinted with permission
from Gomez-Navarro et al.: Atomic structure of RGO. Nano Lett. 10,
1144 (2010). Copyright 2010 American Chemical Society. (b) A TEM
image of pure and highly ordered GSG. The dashed line indicates the
edge of the sheet. Scale bar: 0.4 nm. Reproduced from Ref. 36 with
permission from The Royal Society of Chemistry.

FIG. 14. (a) Raman spectra of RGO and GSG. Reprinted from Wiggers et al.: All gas-phase synthesis of graphene: Characterization and its
utilization for silicon-based lithium-ion batteries. Electrochim. Acta 272, 52–59 (2018), with permission from Elsevier. (b) Raman spectra of LPEG
and GSG. Reprinted with permission from Ref. 27.
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spectra of LPEG typically have I2D/IG ratios that are less
than 0.5,105,111 which is an indicator of multiple graphene
layers. The multilayer nature of LPEG flakes is also
evident in the side-by-side comparison of LPEG and
GSG Raman spectra shown in Fig. 14(b). GSG has
a sharp, symmetric 2D peak characteristic of graphene,
while LPEG has a 2D peak shape that is an indicator of
multilayer graphene.37 Thus, GSG is closer in quality to
pristine graphene than LPEG.

VIII. CONCLUSION

Graphene can be rapidly and continuously produced in
atmospheric plasmas without the need for substrates,
catalysts, or acids. The single-step gas-phase synthesis
process involves the delivery of a carbon-containing
precursor directly into a microwave-generated Ar plasma
that can decompose organic compounds into their atomic
elements due to the high average energies of its electrons
and heavy particles. Reactive species combine in the high
temperature environment of the plasma afterglow to form
graphene, H2, and CO. The graphene that is produced by
this process is pure, highly ordered, and stable under
ambient conditions.

Future research should investigate the performance of
GSG in applications for graphene powder. RGO has been
used in a myriad of applications, such as high-strength
nanocomposites,117,118 energy storage,20,24 water purifica-
tion,119,120 and drug delivery.121 However, it is currently
unknown if the pure and highly ordered nature of GSG
will enhance the mechanical properties of nanocomposites,
increase the energy storage capabilities of batteries, or
improve the tribological properties of lubricants. It is
worth noting that the synthesis of graphene in atmospheric
plasmas was first reported in 2008,25 but other research
groups did not start producing and studying GSG until
2013.31 GSG research has gradually increased over the last
five years. The initial studies into the properties and
applications of GSG are promising. Laboratory-scale
quantities of GSG are being produced by a growing
number of research groups worldwide, and it is therefore
likely that the performance of GSG in various applications
will be reported in the foreseeable future.

The greatest challenge in producing GSG using atmo-
spheric plasmas is the low rate of production. GSG
production rates are miniscule compared with the in-
dustrial quantities of RGO and LPEG that are currently
on the market. Therefore, future research into GSG
should focus on increasing the yield of gas-phase
synthesis methods. This will require further investiga-
tions into the nucleation and growth processes occurring
in atmospheric plasmas. A better understanding of GSG
synthesis mechanisms will enable the determination of an
optimal reactor design for industrial production, process
conditions that produce a higher percentage of single-

layer graphene, and carbon-containing precursors that are
both lower in cost and renewable.
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