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A R T I C L E  I N F O   

Keywords: 
Microwave plasmas 
Self-assembly 
Graphene/n-graphene 
Hybrids 
Graphene applications 

A B S T R A C T   

Taking advantage of the high-energy-density microwave plasma environment as a unique 3D space for the self- 
assembly of free-standing nanostructures, a novel multifunctional platform for the continuous production of 
graphene and derivatives at the gram scale was developed. The platform is supported by a prototype plasma 
machine capable of performing a wide variety of industrially applicable processes within a single assembly 
environment. Free-standing graphene and nitrogen doped graphene, i.e., N-graphene nanosheets, and hybrid 
nanocomposites are assembled in a one-step process in seconds under atmospheric pressure conditions without 
the need of post-treatment. A single custom-designed machine enables the synthesis of an extensive array of 
hybrid nanomaterials featuring metal nanoparticles anchored in graphene. The method enables the conversion of 
a wide range of low-cost feedstock (e.g., ethanol, acetonitrile, etc.) into graphene and derivatives at a rate up to 
30 mg/min. The resulting N-graphene sheets exhibit high quality, as evidenced by the highest reported presence 
of single atomic layers (45%), high ratio of 2D/G peak intensities in Raman spectra and N/O atomic ratio greater 
than one. The use of the obtained N-graphene in low secondary electron emission applications and in inkjet 
printing are explored. The presented plasma machine embodies significant potential to increase the effectiveness 
of plasma-driven process regarding productivity, costs and turnaround time.   

1. Introduction 

Considering the exceptional properties of graphene and graphene- 
based 2D materials and their entry into industry, it becomes extremely 
important to develop effective means to mass produce high-quality 
graphene and graphene-based hybrids. The extraordinary properties of 

graphene foster a multitude of prospective applications of graphene, 
including energy storage and conversion devices, sensors, nano
composites, photocatalysts, etc. [1,2]. Presently, the widespread market 
adoption is hindered by the relatively high cost, and the low quality of 
graphene and derivatives available on the marketplace [3,4]. Although 
the graphene market has grown, with about 250 companies currently 
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marketing graphene and derivatives in various forms, applications that 
rely on large-scale production have not experienced a take-off due to the 
very low quality of commercially available materials sold as graphene or 
graphene derivatives, as noted in Kauling et al. [4]. Notably, a recent 
study on the commercial graphene purchased from 60 companies 
worldwide has reported that the majority are selling a product con
taining less than 10 % graphene and that none of them supplied samples 
containing more than 50 % of graphene [4]. Research efforts face 
enormous challenges due to the lack of discernible protocols for pro
ducing customized graphene products and derivatives in ever-higher 
yields while maintaining their quality. 

There are generally two approaches to fabricate carbon nano
materials. The first one is known as “top-down” and consists in starting 
with a bulk material, i.e., graphite, and break it into smaller free- 
standing portions using mechanical, chemical, or other forms of en
ergy. It is worth noting that for many applications (e.g. nano
composites), the demand is often for graphene in the form of free- 
standing nanosheets since these, by contrast with their surface- 
supported counterparts, allow the utilization of both surfaces, effec
tively doubling the specific surface area and the associated surface 
processes performance. The top-down processes that have been reported 
include mechanical exfoliation of graphite, wet chemical reduction 
techniques that use graphite oxide, liquid-phase exfoliation, etc. [5–12]. 
The most used method for producing graphene sheets involves the 
chemical reduction of graphite oxide, known as the Hummers method 
[13]. Although cost-effective and suitable for large-scale production, 
this approach comes with significant drawbacks that affect the quality 
and performance of the resulting graphene. A notable concern is the use 
of toxic reducing agents, leading to environmental and safety issues. 
Furthermore, the method is extremely time-consuming, requiring hours 
of processing, and this extended duration not only increases operational 
costs, but also introduces inefficiencies into the production pipeline [1]. 
One of the critical limitations stems from the low electrical conductivity 
demonstrated by the materials obtained by Hummers’ method. This is 
due to the presence of unwanted residues, contamination, saturated sp3 

bonds and oxygen groups in the structure of graphene, which limit its 
potential applications. Recently, chemical- and solvent-free graphite 
exfoliation using plasma spraying has been reported [14]. Most notably, 
without using a solvent, synthesis rates of up to 48 g/h have been 
documented, with high level of repeatability. However, raw graphite 
materials from different suppliers, for example, have inconsistent mor
phologies and/or are contaminated with other residual constituents that 
can result in a wide distribution of quality and intrinsic properties [3,4]. 
These issues hinder the ability to tailor the properties of graphene for 
specific applications, and further treatment is required for 
customization. 

The other strategy is designated by “bottom-up” and is based on the 
use of simple atomic or molecular species as "building blocks" to 
assemble nanostructures. The advantage of this ‘bottom-up nano
technology’is the implementation of synthesis-by-design, through the 
control of the assembly process [15,16]. However, one of the most 
important problems is understanding/knowing how to promote specific 
molecular designs [15]. Currently, artificial manipulation of single 
atoms/radicals at the nanoscale seems dubious and almost impossible 
except through slow and laborious processes that render the technology 
industrially infeasible. Therefore, the natural way to implement syn
thesis by design is to create conditions that force the self-assembly of the 
atoms/radicals into the target nanostructure. The most representative 
example of bottom-up strategy is chemical vapor deposition (CVD) that 
involves growing graphene directly on a substrate by introducing 
carbon-containing gases, allowing better control over the growth con
ditions [17]. CVD allows the production of large area sheets (currently of 
interest for low power graphene-based electronics, sensors, optical de
vices), but its efficiency depends on the quality of the underlying poly
crystalline metallic film (catalyst). CVD requires multiple processing 
steps to obtain transferable sheets and the resulting material is often 

contaminated with metal residues. 
Furthermore, several examples regarding bottom-up approach syn

thesis of free-standing, i.e., substrate-free, carbon nanostructures via 
self-assembly process can be found in the literature [18–20]. Gravita
tional, electromagnetic fields, among others, can be used to create 
special conditions under which the self-assembly of a specific nano
structure takes place. To this end, the high-energy-density microwave 
plasma environment presents a unique 3D space for self-assembly of 
free-standing nanostructures enabling synthesis-by-design as demon
strated in [18–20]. 

Replacing C with N atoms affects the atomic charge distribution of 
graphene and creates “active sites” that increase the electrochemical 
activity of graphene, which greatly expands the range of applications. In 
nitrogen-doped graphene, denominated as N-graphene, nitrogen atoms 
incorporate the carbon lattice in any of three common bonding config
urations, i.e., pyridinic, pyrrolic and graphitic. Quaternary nitrogen, i.e., 
N+ ion with sp3 hybridization can also be formed. However, despite of 
the numerous approaches available for N-graphene synthesis, either by 
direct or post-synthesis treatment, many issues remain unsolved. The 
direct CVD method, for instance, requires high temperature, vacuum 
systems and suffers from metal interference, low yield, and high cost 
[10,11,21,22]. Solvothermal approaches typically involve the mixing of 
lithium nitride with tetrachloromethane under moderate to high pres
sure and temperatures to facilitate the interaction of precursors during 
the synthesis [12]. It provides high yield and high doping levels, but 
with very high oxygen content. Graphene oxide (GO) and nitrogen 
precursors (e.g., urea, NH3, etc.) are the initial materials for wet 
chemical methods and thermal treatment. The high temperature 
required for GO thermal treatment makes the process costly and ineffi
cient. The wet chemical approaches can provide cost-efficient large-
scale production but rely on the use of harsh chemistry and don’t 
provide control over the synthesis process [11,12,23]. 

It is worth noting that despite recent advancements [14] in graphene 
manufacturing, existing synthesis techniques remain in a nascent stage, 
characterized by high costs and a distinct lack of customization capa
bilities. The prevalent chemical methods entail numerous 
time-consuming and labor-intensive synthesis stages, often utilizing 
hazardous substances, leading to low quality material. As a result, there 
is a dedicated effort to explore innovative synthesis pathways that spe
cifically address these pressing shortcomings and enable a higher quality 
graphene synthesis. The recently reported "flash graphene" fabrication 
method, for example, while having demonstrated potential to produce 
gram-scale quantities, can only use conductive solid carbons as a starting 
material and it is further limited by its intrinsic batch processing nature, 
its proneness to contaminate the product with material from the elec
trodes and the need for post-treatment [14,24]. Additionally, micro
plasmas, with their microscale dimensions and distinctive 
high-energy-density, along with a nonequilibrium reactive environ
ment, stand out as promising tools for assembling advanced nano
carbons. A series of publications [25–27] have demonstrated innovative 
microplasma-enabled pathways for the controlled synthesis of graphene 
and its derivatives. These pathways showcase a catalyst-free and 
essentially continuous synthesis process, providing a significant contri
bution towards mass production of graphene. 

Furthermore, remarkable progress can be made by using graphene as 
a matrix on to which nanoparticles are embedded. These hybrid mate
rials offer significantly improved and varied properties due the synergy 
between graphene’s unique properties, such as high electrical conduc
tivity [19], superior mechanical, thermal and chemical strength, tunable 
surface properties and resilience to high temperatures and aggressive 
chemicals, with properties of metal oxides (MO), resulting in new 
functionalities and properties. Significant synergetic effects occur in 
Graphene/Metal oxides (MO) hybrids due to the size effects and inter
facial interaction [28]. In addition, MO nanoparticles attached or 
anchored on graphene sheets suppress agglomeration by serving as 
nano-spacers and, as a result, increase the accessible surface area 
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[29–31]. Moreover, graphene acts as a highly conductive matrix, which 
can improve the electrical properties and charge transfer channels of 
pure oxides. Numerous nanoarchitectures of graphene/metal oxides 
with varieties of MO (Mn3O4, MnO2, Fe2O3, Fe3O4, etc.) have been 
proposed [28–32]. Besides, nitrogen incorporation can strengthen the 
binding forces between metal nanoparticles and graphene matrix due to 
the N-induced modification of the surface charge distribution on the 
scaffold, with active charge sites available for nanoparticles anchoring 
[33–35]. The transition metal chalcogenides (TMCs), such as MnS and 
MnS2, exhibit high electrical conductivity over the corresponding tran
sition metal oxides but unsatisfactory electrochemical performance. 
Thus, the synthesis of N-graphene-MO (NGMO) and N-graphene-MS 
(NGMS) hybrid nanostructures constitute an effective approach to the 
creation of nanomaterials with excellent electrochemical performance. 
So far, the main synthesis strategies for graphene/N-graphene metal 
oxides/sulphides hybrids include chemically based methods [32,36-42] 
such as sol-gel [43–47], hydrothermal/solvothermal [48–52], 
self-assembly [53], microwave irradiation [54–59]. However, the use of 
hazardous chemicals leads to deterioration of the properties of the 
nanostructures. 

To this end, given the synergistic thermal, chemical, and catalytic 
properties of microwave plasmas, plasma-based methods represent a 
highly competitive, sustainable, and environmentally friendly route for 
the bottom-up synthesis and engineering of nanocarbons. So far, 
plasmas have been used to synthesize numerous nanostructures, like 
graphene nanowalls, nanotubes, nanowires, etc. [20], as well as 
free-standing graphene sheets and derivatives [19], the latter often 
required in different applications. As demonstrated in recent patents and 
articles [18-20,60-64], the exclusive plasma mechanisms to master the 
quanta and localization of energy and matter at atomic scale levels leads 
to effective control of the material quality. The plasma-driven self-
assembly of graphene begins with the formation of "building blocks" (C 
atoms, C2 radicals, etc.) in the "hot" plasma zones and the formation of 
carbon nuclei in the "colder" ones. The self-assembly process requires 
very rapid delivery of the "building units" and equally rapid supply of 
energy to overcome any actual potential barriers for growth of the 
nanostructures. In other words, the “building units” and energy flows 
must be tuned to force the self-assembly of planar hexagonal lattice 
nanostructures [18,19]. 

Here, we present a novel versatile platform for continuous gram- 
scale production of graphene and derivatives based on a microwave 
plasma machine prototype. This unique machine provides a wide variety 
of industrially applicable plasma-driven processes that allow the 
synthesis-by-design of complex 2D nanocarbons to be performed within 
a single assembly environment. Free-standing graphene/N-graphene 
sheets and an extensive array of graphene-based hybrids are assembled 
by a one-step streamlined process in a matter of seconds, under atmo
spheric pressure conditions, without the need for chemicals nor clean
ing, washing or other post-treatment operations. Hybrid nanomaterials 
feature graphene/N-graphene as a highly conductive matrix where 
metal (MnO2, Fe2O3, oxy-MnS) nanoparticles are anchored. 

The used plasma approach enables the conversion of a wide range of 
low-cost precursors (e.g., ethanol, methane, acetonitrile) into graphene 
and derivatives at a high production rate (up to 30 mg/min). Besides, it 
enables reduction of micrometer-sized metal particles to nanoparticles 
and conversion into different chemical phases. The complex plasma 
environment was tailored to ensure selective, i.e., predominantly one 
carbon allotrope, synthesis. Thanks to plasma properties, the developed 
technology ensures an effective and reproducible control, at atomic 
scale level, over the fluxes of energy and matter towards the growing 
nanostructures, which results in reproducible synthesis with predefined 
outcomes and very high selectivity regarding single atomic layers. The 
microwave plasma-driven chemicals-free self-assembly process circum
vents drawbacks associated with chemical methods. Produced N-gra
phene sheets exhibit high quality as evidenced by the highest reported 
presence of single atomic layers (45%), high ratio of 2D/G peak 

intensities in Raman spectra and N/O atomic ratio greater than one, 
indicating a well-preserved hexagonal lattice structure of graphene. The 
key advantage of the method lies in the ability to finely adjust the 
density and energy of the primary "building units," such as C2 radicals, C, 
and N atoms, within the high energy-density plasma environment. This 
precise tuning empowers effective control over the energy and material 
fluxes directed toward the growing nanostructures in the reactor’s as
sembly zone and ensures rigorous control over the synthesis process. 
Moreover, the same plasma-based machine can be used to assemble 
different graphene derivatives and hybrids by changing the synthesis 
protocols. Table S1 and S2 (SI) present a comparative analysis of the 
present method for N-graphene and hybrids synthesis with the previ
ously used methodologies. Benefiting from the unique and exquisite 
properties of the produced material (e.g., graphene, N-graphene) pro
spective applications are demonstrated. 

2. Experimental 

2.1. Nanomaterials synthesis 

A schematic representation of the plasma-based synthesis process is 
shown in Fig. 1, while a more detailed description of the prototype is 
given in the SI (Fig. S1). A waveguide surfatron-based setup [65] is used 
to create a surface wave (SW) induced microwave plasma at atmo
spheric pressure conditions. The SW sustained discharge is produced by 
the field of a travelling wave (represented by the red lines in Fig. 1) that 
simultaneously propagates and creates its own propagation structure, 
sustaining the plasma along an extended active zone outside the wave 
launcher. In this way, large microwave power-densities can be injected 
into the processing area and high densities of relevant active species can 
be achieved. The discharge takes place inside a quartz tube with 
expanding radius, inserted perpendicularly to the waveguide wider wall 
and directed downstream. The design permits controlling the thermo
dynamic conditions (gas velocity, thermal fluxes, residence time, etc.) in 
the plasma reactor. The residence time can be controlled via the gas flow 
of matrix Ar gas, under laminar conditions. 

The plasma reactor possesses two distinguishable zones: a "hot" zone, 
sustained by surface waves and an afterglow "mild" plasma zone (Fig. 1). 
In the former, carbon/nitrogen precursors are introduced alongside a 
background flow of argon (Ar) under laminar or vortex conditions. 
Electrons absorb the wave power and consequently transfer it via elastic 
and non-elastic collisions to heavy particles and gas temperatures up to 
4000 K can be achieved (Fig. S2). Consequently, the injected carbona
ceous molecules are decomposed into the fundamental components of 
carbon nanostructures, namely carbon atoms and C2 radicals. Subse
quently, the newly formed carbon atoms and C2 molecules are trans
ported by the Ar gas flow towards the "mild" afterglow zone, 
characterized by lower gas temperatures ranging from 2000 K to 500 K. 
Upon passing through a designated “vaporization surface”, an 
isothermal plasma surface with a temperature of approximately 2500 K 
(Fig. 1), gas-phase carbon atoms and C2 molecules undergo a trans
formation into solid nuclei. This transition occurs within the larger 
volume of the "mild" zone, where kinetically-driven processes of as
sembly and growth of free-standing flowing carbon nanostructures take 
place [19]. Using a reactor with an expanding radius allows: i) larger 
power densities inside the smaller radii sections, and consequently 
larger fluxes of “building units”, i.e., C2 and C atoms, with sufficiently 
high energy towards the assembly plasma zone; ii) deliberately create 
conditions that promote the departure from supersaturation environ
ment in the larger radii, larger volume "mild" zone. In the latter, the 
density of carbon nuclei decreases, creating favorable conditions for the 
formation of planar nanostructures. Moreover, the assembling process 
requires a very fast delivery and stacking of the “building units” and an 
equally fast supply of enough energy to overcome all the actual potential 
barriers, and a well-tuned residence time of the levitating growing 
nanostructures. 
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It must be noted that the synthesis of selected nanostructures with 
specific structural quality is the result of a synergistic fine-tuning of the 
"hot" plasma environment and thermodynamic conditions in the "mild" 
zone. Operational parameters, including background gas and precursor 
partial fluxes, are meticulously adjusted to meet the pre-requisites, i.e., 
to promote the self-assembly of planar sp2 structures in the "assembly" 
zone of the plasma reactor. In essence, the engineered interplay of ki
netic and thermodynamic factors allows for precise control over the 
nucleation and growth processes, paving the way for the tailored syn
thesis of graphene nanosheets. 

Furthermore, to achieve a controlled in situ N-doping, two different 
approaches, i.e., top-down and bottom-up, were used to introduce ni
trogen precursors into the plasma reactor (Fig. S1a). The top-down 
configuration provides injection of both the carbon and the nitrogen 
precursors mixed with argon gas (QAr’) into the “hot” plasma zone. 
Acetonitrile injected from top in the “hot” plasma zone, for example, was 
used both as a carbon and nitrogen precursor. Considering the bottom- 
up approach, only carbon precursor is injected from the top, while ni
trogen precursor mixed with argon (QAr’’) is sprayed into the “mild” 
plasma zone against the main flux (see Fig. 1, in SI Fig. S1 and S3). 

The plasma environment was deliberately tailored to achieve selec
tive synthesis, specifically targeting one predominant carbon allotrope, 
i.e., graphene nanosheets. The choice of selected plasma reactor geom
etry and carbon precursors are crucial to ensure the exclusive synthesis 
of graphene nanosheets within a narrow range of operational parame
ters, encompassing microwave power, background gas flux, and pre
cursor fluxes. The optimization of these conditions for the selective 
synthesis of graphene/N-graphene involves a meticulous exploration to 
pinpoint the parameters that maximize the 2D-to-G band ratio in the 
corresponding Raman spectrum, which constitutes a good metric for 
determining the preservation of the materials’ desired properties. 

Diverse protocols for selective synthesis have been established, each 
tailored to distinct carbon and nitrogen precursors. These protocols 
serve as structured methodologies, ensuring reproducible outcomes in 

terms of production rate, structural quality (including aspects such as 
the presence of sp3 carbons, lateral dimensions etc.), and chemical 
composition (such as the presence of oxygen). The establishment of 
these protocols provides a roadmap for achieving targeted results with a 
high level of reproducibility, thus offering a level of predictability and 
control over the synthesis process. 

In order to synthesize nanocomposites, simultaneously with the 
generation of graphene/N-graphene sheets, a controlled flow of micron- 
sized particles (MnO2 or oxy-MnS, Fe2O3) is injected upstream at a 
specific position in the "mild" plasma zone. The particles rapidly heat up 
to the temperature of the background gas, which is around 2000 K in this 
zone. Due to the plasma’s thermal and chemical reactor functions, the 
micron-sized particles undergo plasma-enabled size reduction and are 
converted to nanoparticles. Besides, due to the chemical reactions with 
radicals and molecules (H2, O2, CN, HCN, etc.; Fig. S3) different chem
ical phases are created and the nanoparticles are attached and/or 
anchored to the growing graphene/N-graphene sheets. Hundreds of 
milligrams of ready-to-use free-standing graphene/N-graphene sheets 
and graphene-based hybrids can be fabricated in minutes. In order to 
preserve graphene/N-graphene properties, protocols for synthesis of 
hybrid structures have been established targeting the maximization of 
the 2D/G ratio in the Raman spectra of the produced samples. 

2.2. Characterization techniques 

Transmission Electron Microscopy (TEM, JEOL JEM-2010F, oper
ating at 200 kV) was used to study the samples morphology. Scanning 
Transmission Electron Microscopy (STEM, DCOR Cs probe-corrected FEI 
Titan G2 60–300 instrument) combined with a Super-X energy disper
sive X-ray spectroscopy (EDS, Bruker) were used to perform high-angle 
annular dark field (HAADF), bright-field (BF) and elemental mapping 
analysis. Raman spectra were taken from different regions of the sam
ples (LabRAM HR Visible, Horiba Jobin-Yvon at 633 nm and laser power 
of 0.054 mW). X-ray diffraction analysis (XRD) was performed using a 

Fig. 1. a) Schematic representation of the plasma reactor used for the production of free-standing graphene nanosheets and hybrid nanostructures. b) Transmission 
Electron Microscopy (TEM) micrograph of a graphene sample. c) Scanning Electron Microscopy (SEM) image of N-graphene sample. d) Scanning Transmission 
Electron Microscopy-high-angle annular bright field (STEM-HAABF) image of the manganese oxide-graphene (MnOG) hybrid and corresponding e) Energy Dispersive 
X-ray (EDS) mapping of the elemental distribution. 
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Bruker D2 Phaser diffractometer, equipped with a CuKα source 
(λ=0.154184 nm). X-ray Photoelectron Spectroscopy (XPS, KRATOS 
XSAM800 spectrometer with a double anode Mg/Al, operating in Fixed 
Analyzer Transmission mode, with a pass energy of 20 eV and non- 
monochromatic Mg Kα X-radiation - 1253.6 eV, produced with a 
power of 120 W) and Near Edge X-ray Absorption Fine-Structure 
(NEXAFS, HE-SGM beam line at BESSY II storage ring, data collected 
in Partial Electron Yield mode) have been used to provide chemical 
analysis of the produced nanostructures. Detailed information is pro
vided in Supplementary Information. 

3. Results and discussion 

3.1. Free standing graphene sheets 

Aiming at the synthesis of pure graphene nanosheets, ethanol and 
methane have been used as carbon precursors. Following the established 
protocols, selective synthesis of free-standing graphene nanosheets have 
been achieved. As seen from Fig. 2a the morphology of the synthesized 
structures is typical for free-standing graphene, i.e., disordered sheets 
entangling each other. The individual nanosheets can be easily distin
guished - the darker areas in the image correspond to regions with 
wrinkles, folding and overlapping of the sheets. The corresponding 
Raman spectra, collected from different locations of the sample, contain 
the three main features of graphene-like structures, namely D, G and 2D 
peaks [19]. The G peak is a primary in-plane vibrational mode, common 
to all sp2 carbon systems. The D-band, so-called ‘disorder’ band, appears 
due to structural disorder, the presence of sp3 carbon and dangling 
bonds at the flake edges. The fingerprint of graphene in the Raman 
spectra, i.e., the 2D band activated by a second order scattering process, 
provides evidence that the carbon nanosheets obtained are indeed gra
phene (Fig. 2d). The XRD pattern (Fig. 2e) of the graphene sample 
contains the main line at 2θ ~ 25.84⁰ corresponding to Miller index 
(002), which results from the interference between two planes in 
graphite. The estimated interlayer distance is ~ 3.45 Å, significantly 
larger than the 3.35 Å found in graphite, indicating the expanded and 
turbostatic structure of graphene sheets [66]. The lateral size of the 
flakes is in the range 100–1000 nm, with a minor fraction at 5000 nm 
(Fig. 2f). The achieved production rate was 10 mg/min. The chemical 
composition of the graphene sample considered revealed 98.5 at.%C and 

1.5 at.%O (Fig. 2b, c). High sp2 carbons ~68 % and very low oxygen 
impurity additionally confirm the high quality of the synthesized 
graphene. 

3.2. Free-standing N-graphene sheets 

To synthesize nitrogen-doped graphene, i.e., N-graphene, applying a 
top-down approach, acetonitrile is used as both a carbon and a nitrogen 
precursor. The acetonitrile, delivered in the “hot” plasma zone, de
composes completely due to the collisions (CH3CN → H + CH2CN, H +
CH3CN →HCN + CH3, CH3 + CH3CN → CH4 + CH2CN), leading to the 
formation of active radicals: H, CH3, HCN, etc. (Figs. S3, S5). The HCN 
molecule is considered as the main “building block” of N-graphene. A 
typical transmission electron microscopy image of the produced nano
structures is shown in (Fig. 3a). It reveals the common graphene-like 
morphology, i.e., a well-established thin curled paper-like structure, 
where the percentage of monolayers is ~ 46% (Fig. 3b). The sample also 
contains bi-layer, tri-layer and higher-order multilayer sheets. All 
Raman spectra collected from different locations of the sample reveal a 
well-pronounced and intense 2D peak, demonstrating that few-layered 
graphene-like sheets were produced (Fig. 3c). The D/G ratio in the 
different spectra is nearly constant, indicating homogeneous doping. 
The graphitic (002) X-ray diffraction (XRD) peak occurs at a diffraction 
angle 2θ ~ 25.84 ◦ (Fig. 3d). The estimated interlayer distance is 3.44 Å. 
The lateral size of the N-graphene flakes is in the range 100–1000 nm 
(Fig. 3e). The production rate of N-graphene sheets is ~ 30 mg/min. 

Carbon, nitrogen and oxygen were identified in the survey spectrum, 
obtained by X-ray photoelectron spectroscopy (XPS) (Fig. S5). The XPS 
results demonstrate that N-graphene with a high doping level of ~ 2.8 
at.% N and relatively low oxygen impurity (~ 2.2 at.% O) was synthe
sized. The good structural quality is evidenced by the high relative 
amount of sp2 carbon ~67 %. Multilayer N-graphene with high pro
duction rate (30 mg/min) was also synthesized by applying the bottom- 
up approach (Fig. S6). 

3.3. Graphene/N-graphene-based hybrids 

3.3.1. Graphene/N-graphene-based hybrids synthesized under laminar flow 
of background inert gas 

To synthesize N-graphene-manganese oxide hybrids, methane and 

Fig. 2. a) TEM images of graphene nanosheets produced with ethanol. b) XPS pattern, c) close-up of the XPS pattern in the C 1 s region of graphene and corre
sponding chemical composition analysis. d) Raman spectra collected from different locations of the sample. e) XRD pattern of graphene nanosheets. f) Size distri
bution of the sheets (Zetasizer Nano). Experimental conditions: QAr = 6 slm, QAr’ = 3 slm, QEth/Ar = 600 sccm, TEth = 45 ºC, P = 6 kW). 
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methylamine, as carbon and nitrogen precursors, were injected into the 
“hot” plasma zone. Simultaneously, a controlled jet of manganese- 
dioxide (MnO2) micrometer-sized particles was sprayed into the 
plasma afterglow region. The Scanning Transmission Electron Micro
scope - high-angle annular bright field (STEM-HAABF) image and En
ergy Dispersive X-ray Spectroscopy (EDS) mapping show well- 
distributed oxidized manganese nanoparticles in the hybrid nano
structure (Fig. 4a-d). 

The nanocomposite comprises transparent paper-like structures and 
metal nanoparticles. The Raman spectra (Fig. 5a), obtained from three 
random spots, exhibit intense and sharp 2D peaks. The intensity ratio 
between the G and 2D peaks is ~0.7 and the FWHM of the 2D peak is ~ 
25 cm− 1, indicating the presence of a few layers in the N-graphene 
sheets of the hybrid. The spectra detected from the random locations in 
the sample are different, implying an expectable inhomogeneity, since 
nanoparticles are attached to and between the sheets. This result agrees 
with STEM observations. The XRD analysis confirms the dominant 
presence of cubic Fm3m MnO phase (PDF#07–0230, a = 0.4445 nm). 
Other minor diffraction peaks, assigned to Mn (PDF 21–0547) and 
tetragonal I41/and α-Mn3O4 phases (PDF #24–0734, a = 0.5762 nm), 
are observed as well (Fig. 5d). 

The doping of graphene with nitrogen and the anchorage with 
manganese oxide nanoparticles (<30 nm, see Fig. 5g) is attested by the 
detected C 1 s, N 1 s, O 1 s and Mn 2p lines, observed in the XPS survey 
spectrum in Fig. 5h. Although the XPS N 1 s region shows that nitrogen is 
mainly from a mixture of pyridinic and pyrrolic configurations, and 
probably also from some amide groups (fitted peaks centred at 398. 6 ±
0.1 eV and 399.9 ± 0.1 eV), it is relevant to highlight the peak centred at 
397.3 ± 0.1 eV, which is assigned to nitrogen bonded to manganese 
(Fig. 5i). Mn 2p is a doublet with spin-orbit split of energy, but only the 
main component of the doublet is shown in Mn 2p3/2 region (Fig. 5k), 
the main fitted peak is centred at 641.5 ± 0.1 eV, that is a slightly lower 
binding energy (BE) than that predicted for Mn4+ in MnO2 (which was 
the metal oxide used as precursor). This attests the reduction of Mn4+ to 
Mn2+ or Mn3+ during the plasma synthesis. The O 1 s region (Fig. 5j) was 
fitted considering four peaks centred at 529.6 ± 0.1 eV and 531.3 ± 0.1 

eV, assigned respectively to metal oxide and hydroxides, 532.7 ± 0.1 eV 
which includes oxygen atoms bonded to carbon, and 534.6 ± 0.1 eV 
from occluded water (Table S3). The production rate of #MnONG 
hybrid under conditions considered is ~ 15 mg/min. 

To synthesize N-graphene-manganese sulphide hybrids, methane 
and methylamine were injected into the "hot" plasma region, along with 
a controlled stream of oxy-manganese-sulphide (MnS*) microparticles 
sprayed in the plasma afterglow region. STEM-HAADF images and the 
corresponding EDS analysis show dispersed metal sulphide nano
particles on the well-defined transparent graphene sheets (Fig. 4e-h). 
The well-preserved graphene structure is also confirmed by Raman 
spectra (Fig. 5b). TEM images of the N-graphene-manganese sulphide 
hybrid (Fig. S8) show encapsulated squared nanoparticles (~30 nm 
size); in this case the nanoparticles behave not only as spacers as seen in 
the STEM image, but also as catalysts. The XRD pattern (Fig. 5e) evi
dences two main phases in the sample, MnO (PDF 7–0230) and MnS 
(PDF 40–1288). N-graphene peak at 26.6 ◦ is also well manifested. XPS 
analysis shows in detail the different sulphur-based species anchored in 
N-graphene sheets (Fig. S8, Table S4). The production rate of #MnSNG 
hybrid under the conditions considered is ~ 15 mg/min. 

Considering the synthesis of graphene-iron oxide hybrids, methane 
was used as carbon precursor and micrometre-sized iron oxide (Fe2O3) 
particles were injected into the afterglow region. The STEM-HAABF 
image and the EDS element distribution maps (Fig. 4i-l) show the 
agglomeration of structures at different degrees of crystallinity. Fig. 4i 
shows folded and entangled thin wavy sheets, seen as transparent zones 
with dark lines due to the folding up of the sheet edges. The EDS analysis 
indicates the presence of iron nanoparticles, well dispersed in the matrix 
of graphene sheets. The EDS maps of carbon and oxygen reveal the 
presence of graphene oxide structures since the image is practically the 
same for both elements. Furthermore, while comparing the EDS maps of 
oxygen and iron, it is possible to identify the presence of pristine iron 
nanoparticles with possible/residual presence of oxidized iron nano
particles. The XRD analysis shows the typical for graphene peak at 
2θ~26 ◦ (Fig. 5f). The dominant peaks are attributed to the α-Fe phase 
(PDF 06–0696). Other peaks observed are assigned to γ-Fe (PDF 

Fig. 3. a) TEM image of free-standing N-graphene sheets produced using acetonitrile as a precursor. b) Number of monolayers per sheet estimated from HRTEM 
images’ analysis. c) Raman spectra collected from different randomly selected locations in the N-graphene sample. d) X-ray diffraction (XRD) pattern of the N- 
graphene sample. e) size distribution of the sheets evaluated by dynamic light-scattering analysis. Experimental conditions: QAr = 5.4 slm, QAr’ = 3 slm, QAr/Acet =

400 sccm, TAcet = 45 ◦C, P = 6 kW). 
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31–0619), γ-Fe2O3 (PDF 25–1402) and Fe3O4 (PDF 19–0629), which is 
in accordance with the STEM and EDS analyses. The Raman spectra of 
three randomly chosen spots of the graphene-iron oxide hybrid shows a 
homogeneous sample, containing multi-layered graphene sheets 
(Fig. 5c). Results from XPS and NEXAFS analyses (Fig. S9) support these 
conclusions. The production rate of #FeOG hybrid under the conditions 
considered is ~ 25 mg/min. 

3.3.2. N-graphene-based hybrids synthesis under vortex flow of background 
argon gas 

To improve the quality of synthesized N-graphene/MnO hybrids and 
to achieve homogeneous distribution of MO nanoparticles vortex flow of 
the background Ar gas under swirl injection of the later was employed. 
For the N-graphene nanosheets synthesis acetonitrile was used as both 
carbon and nitrogen precursor. Simultaneously, a controlled jet of 
manganese-dioxide (MnO2) micro-particles was sprayed into the plasma 
afterglow region. 

The TEM analysis, STEM image and respective EDS of N-graphene 
metal-oxide composites (NGMOs) indicate the presence of well- 
dispersed nanoparticles in the matrix of N-graphene sheets (Fig. 6a-e). 

The nanoparticles with nearly spherical morphology and size <30 
nm are homogeneously distributed over the graphene sheets (Fig. 6a-e, 
h). Positioning the injection point closer to the hot plasma zone (18 cm 
from the launcher), favours the synthesis of two phases, namely MnO 

(PDF 07–0230) and Mn (PDF 21–0547), see Fig. 6g. This is confirmed by 
the corresponding NEXAFS analysis made (see SI Fig. S10). This is in 
contrast with laminar flow condition for the Ar matrix gas, where three 
different phases are present (see Fig. 5d). The Raman spectra, obtained 
from five different randomly chosen spots of the NGMO sample, are 
shown in Fig. 6f. The three main peaks, attributed to D, G, and 2D-bands 
typical for the graphene-like materials are present, although there are 
regions with a low intensity 2D peak. The inhomogeneity of the samples 
is expected, since nanoparticles are attached to and between the sheets. 
This result is in accordance with HRTEM and STEM observations 
(Fig. 6a-c). The intensity ratio between the 2D and G peaks and the full 
width at half maximum (FWHM) of the 2D peak indicates that multi- 
layered graphene sheets are present in the NGMO hybrids. The in
tensity of D and D’ (small shoulder of G) peaks is intrinsically related 
with defects, i.e., type of defects and respective concentration in the 
graphitic structure. Therefore, the D band intensity of the spectra evi
dences the nanoparticles presence and the nitrogen doping of the gra
phene sheets. 

3.4. Applications 

The quality of the N-graphene synthetized in this work was 
compared to that of a commercially available product, obtained from a 
reference supplier (Fig. 7b). The most distinctive difference is observed 

Fig. 4. (a, e, i) STEM images of the MnONG, MnSNG and FeOG hybrids, respectively, and corresponding (b-d, f-h, j-l) EDS element distribution maps. Images scale: 
(a-d) 50 nm; (e-l) 100 nm. Experimental conditions for #MnONG: QAr=5.4 l/m; QAr’’=2.07 l/m; QCH4=80 sccm; QCH3NH2=20 sccm; QAr through MnO2=500 sccm; P =
3.3 kW. Experimental conditions for #MnSNG: QAr=5.4 l/m; QAr’’=2.07 l/m; QCH4=80 sccm; QCH3NH2=20 sccm; QAr through MnS*=500 sccm; P = 3.9 kW. Experi
mental conditions for #FeOG: QAr=9.4 l/m; QAr’’=3 l/m; QCH4=130 sccm; QAr through Fe2O3=200 sccm; P = 4.86 kW. 

A. Dias et al.                                                                                                                                                                                                                                     



Applied Materials Today 36 (2024) 102056

8

between the two Raman spectra (Fig. 7a), where the 2D-band (the 
fingerprint of graphene) is missing in the commercial carbon product. In 
the spectrum of synthesized N-graphene, a narrow, high-intensity and 
well-pronounced 2D-peak is present, demonstrating that even at rela
tively high level of doping (e.g., ~2.8 at% N) the graphene structure is 

well preserved. The overview of the current situation regarding different 
methods for N-graphene synthesis and the quality of the synthesized 
material is shown in Fig. 7c. As seen, the N-graphene produced in the 
present work presents higher quality when compared with the com
mercial material produced by currently used methods, evidenced by an 

Fig. 5. a-c) Raman spectra taken from three randomly chosen spots of the #MnONG, #MnSNG and #FeOG hybrids, respectively; and corresponding (d-f) XRD 
pattern. g) size distribution of the nanoparticles and (h-k) XPS analysis of the N-graphene/oxide-manganese (#MnONG) hybrid. h) Survey XPS spectrum, i) N 1 s, j) O 
1 s and k) Mn 2p3/2 XPS regions. Experimental conditions for #MnOG, #MnSG and #FeOG samples: same as in Fig. 3. 

Fig. 6. a) TEM images of N-graphene/MnO hybrid produced with acetonitrile, b) magnified image of the region encircled in yellow in a). c) STEM image of NGMO 
hybrid. d,e) EDS element distribution map; f) Raman spectra collected from randomly selected locations in the N-graphene sample. g) X-ray diffraction (XRD) pattern. 
h) size distribution of nanoparticles of N-Graphene/MnO hybrid. Experimental conditions: QAr= 7.4 l/m; QC₂H₃N = 90 sccm; TC₂H₃N = 45 ◦C; QAr through MnO₂=200 
sccm; Zinj MnO₂=18 cm; P = 5.4 kW. 
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N/O atomic ratio greater than one and a high 2D/G peak intensity ratio 
in the Raman spectra. 

The N-graphene produced by the plasma machine was also explored 
in secondary electron emission (SEE) experiments (see Supplementary 
Information for more detailed information). Low SEE materials have 
applications in different fields, including accelerators and space tech
nologies. The Secondary Electron Yield (SEY) of the N-graphene sample 
synthesized in this work is below 1 (Fig. 7d). As established earlier, 
doping with nitrogen leads to changes in the electronic structure of the 
material with the suppression of graphene π-plasmons, which, together 
with the corrugated morphology, results in a decrease in the SEY [67]. 
The SEY values of N-graphene are about 1.45 times lower than those of a 
commercial reference supplier (see Fig. 7d). 

An important aspect of possible applications of graphene concerns 
the printing of this material. Fig. 7e-f show the optical image of inkjet- 
printed drops of graphene on a silicon substrate. The structural orga
nization and properties of the printed graphene structures were 
analyzed by Raman spectroscopy (Fig. 7e, f). The Raman spectra 
(Fig. 7g, h) display the characteristic features of graphene with four 
prominent features. The D and G peaks confirm the structural defects 
and the graphitic nature of the materials. The D’ band corresponds to 
phonons near the Brillouin zone centre and indicates the surface defects 
and edge effects. Also, the presence of a dominant 2D peak implies that 
the structural quality of the material has not deteriorated after printing. 
Such printing techniques allow the uniform deposition of plasma- 
designed graphene structures with desired patterns on any substrates, 
including metallic, semiconductive or polymeric substrates. Printing 
process detailed in Supplementary Information. 

4. Conclusions 

The developed method and the corresponding machine constitute an 
innovative and disruptive approach to the synthesis of free-standing 
graphene, N-graphene and related hybrids. This highly versatile 

machine is distinguished by its ability to perform a wide range of 
adaptable, industrially relevant synthesis reactions. It achieves gram- 
scale assembly of free-standing graphene/N-graphene nanosheets and 
graphene hybrids through a rapid, one-step, continuous and streamlined 
process at atmospheric pressure, eliminating the need for post- 
processing or additional chemical treatment. Diverse protocols for se
lective synthesis of one carbon allotrope, i.e., graphene, have been 
established, each tailored to distinct carbon and nitrogen precursors. 
These protocols were used as structured methodologies, to achieve 
reproducible outcomes in terms of production rate, structural quality 
(including aspects such as the presence of sp3 carbons, lateral di
mensions, etc.) and chemical composition (such as the presence of ox
ygen). The key advantage of this method lies in the ability to finely 
adjust the density and energy of the primary "building units," such as C2 
radicals, C and N atoms, within the high energy-density plasma envi
ronment. This precise tuning provides effective control over the energy 
and material fluxes directed towards the growing nanostructures in the 
reactor’s assembly zone. It is this capability that allows for rigorous 
control over the synthesis process and predefined outcomes. 

Beyond its proficiency in graphene production, the machine serves as 
a powerhouse for synthesizing diverse hybrid nanomaterials. By 
leveraging graphene/N-graphene as a conductive matrix for anchoring 
metal nanoparticles, it establishes a streamlined and efficient method for 
hybrid nanomaterial synthesis. The machine converts low-cost feed
stocks, such as ethanol, methane and acetonitrile, into graphene and 
derivatives at a production rate of up to 30 mg/min. The resulting N- 
graphene nanosheets exhibit exceptional quality, featuring the highest 
reported presence of single atomic layers (approximately 45 %), a high 
ratio of 2D/G peak intensities in Raman spectra, and an N/O atomic 
ratio exceeding one. These characteristics attest the well-preserved 
hexagonal lattice structure of graphene. The plasma’s intrinsic thermal 
and chemical functionalities play a pivotal role, inducing size reduction 
of micron-sized particles to nanoparticles and conversion into distinct 
chemical phases. Precision in controlling the size distribution and 

Fig. 7. a) Raman spectra of N-graphene synthesized in this work (with 2.8 at%N) and of the sample obtained from a reference supplier. b) Photo of containers with 
250 mg of N-graphene each, produced in this work and obtained from reference supplier. c) Current situation regarding different methods for N-graphene synthesis 
[11,19,68-76]. d) Plot of SEY vs energy for a sample of N-graphene produced in this work (blue dots) and for the “low SEY” material from a reference supplier (red 
dots). e) Optical micrograph of N-graphene printed on a silicon wafer. f) micrograph of a single line with distinguished points. g) Raman mapping of a single point. h) 
Average Raman spectrum taken from randomly chosen regions of printed N-graphene lines. Experimental conditions: QAr = 5.4 slm, QAr’ = 3 slm, QAr/Acet= 600 
sccm, TEth = 45 ºC, P = 6 kW). 
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chemistry of metal nanoparticles is achieved through the application of 
various flow regimes of background Ar gas. 

What sets this research apart is not only its advancements in nano
scale materials synthesis but also the transformative potential of the 
presented technology. Beyond the productivity boost, it shows potential 
to redefine plasma-driven synthesis-by-design, impacting material and 
energy consumption, cost, and turnaround time. The far-reaching im
plications span a spectrum of applications, including energy storage and 
conversion devices, conductive inks, membranes, metamaterials, sen
sors, and more. The potential value of this novel plasma approach ex
tends beyond the laboratory, presenting unprecedented opportunities 
for innovation that can drive economic and technological advancements 
across various industries. Moreover, this technology can be used to 
synthesize increasingly sophisticated hybrids, seamlessly integrating 
graphene with semiconductors, magnetic materials, polymers, etc., to 
unlock synergistic effects, paving the way for the creation of novel 
materials with significantly enhanced properties. It represents a para
digm shift in the field of 2D materials synthesis, holding the potential to 
redefine industry benchmarks and stand out as a game-changing inno
vation in the landscape of graphene production. 
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