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Abstract: The large-scale microwave plasma synthesis of graphene and nitrogen-doped
graphene with tailored structural properties, crucial for their successful usage applications,
has been demonstrated. The developed atmospheric pressure plasma method offers several
advantages, including the continuous production of high-quality, free-standing graphene
without the use of chemicals, solvents, catalysts, or additional heating. This non-toxic
process eliminates the need for vacuum systems while achieving high temperatures. The
method enables the precise control over graphene’s properties, such as the layer number, de-
fects, sheet size, uniformity, and functionality, as well as the doping type and configuration,
by adjusting the plasma parameters. Protocols for the synthesis of specific nanostructures
with a controlled structural quality, production rate, and chemical composition have been
established using methane and methylamine as precursors. The comprehensive physico-
chemical characterization of the graphene and nitrogen-doped graphene was carried out
using scanning electron microscopy, high-resolution transmission electron microscopy,
Raman spectroscopy, X-ray diffraction, and X-ray photoelectron spectroscopy.

Keywords: plasma; graphene; nitrogen-doped graphene; atmospheric pressure; microwave
plasma

1. Introduction

Graphene and graphene derivatives have received much scientific interest due to their
unique combination of extraordinary properties. However, the industrial-scale production
of these materials with a high purity, predefined properties, and moderate cost remains
challenging. The graphene structural quality is essential for preserving its remarkable
properties, i.e., the mechanical strength, electrical and thermal conductivities, chemical
inertness, optical transparency, etc. In practice, the quality of graphene and derivative
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products varies significantly, as it is highly dependent on the starting materials, manufac-
turing techniques, and fabrication condition monitoring, i.e., the control of the fabrication
process [1,2].

The synthesis methods of graphene are categorized into two main approaches. Top-
down methods, such as mechanical and chemical exfoliation, chemical syntheses, liquid-
phase exfoliation (LPE), etc., employ the extraction of graphene from a bulk material,
typically graphite. In contrast, bottom-up approaches, also known as construction tech-
niques, are based on graphene assembling from atomic-scale carbon “building units”, i.e.,
atoms, molecules, and radicals. The latter includes chemical vapor deposition (CVD),
plasma-enhanced CVD (PECVD), epitaxial growth, and atmospheric pressure microwave
plasma synthesis [3-9].

The manufacturing technology should ideally enable the control of the thickness,
defect, uniformity, and contamination levels of the produced graphene material, corre-
sponding to a standardized material. Another critical issue is the ability to scale-up the
process while retaining the quality and properties of graphene, which typically rely on
the synthesis equipment and parameters. Some of the developed processes, although
providing high-value graphene (mechanical exfoliation, etc.) are laboratory-scale only.
Considering the top-down approach, the characteristics of the final graphene product can
also be affected by the starting graphite material, since it may have different morphologies,
impurities, etc., depending on the supplier. Other critical points are the environmental
effects, toxicity, and long-term stability. For instance, reduced graphene oxide (rGO) chemi-
cal production involves the use of large amounts of hazardous chemicals, such as nitric
acid, sulfuric acid, sodium hydroxide, hydrazine, etc. [10]. Furthermore, the large volumes
of water needed throughout the production of rGO can subsequently contain heavy metal
ions and acids [11]. In addition to acids, in the LFE method, considerable quantities of a
solvent are also required for the exfoliation process and to purify and disperse the exfoliated
graphene sheets [12]. The recently developed method for “flash graphene” allows for a
relatively high production yield, but it is intrinsically a batch process that is not fitted for
continuous production, can only employ conductive solid carbons as starting materials,
and requires post-treatment and suffers from electrode impurities, as evidenced by XRD
analysis data [13].

The gas-phase synthesis of graphene and its derivatives using plasma is already an
established method for continuous production, known as a technique that is able to control
the high-temperature environment needed for attaining high-performance nanomaterials.
Initial experiments of graphene synthesis were performed in atmospheric pressure mi-
crowave plasma by Dato et al. [14], with Ar plasma in a quartz tube and ethanol as a carbon
precursor. Since then, several research groups have developed microwave plasma reactors
and successfully synthesized graphene in a single-step and controllable manner [14-28].

The synthesis process involves the decomposition of an organic precursor in the “hot”
reactive plasma medium to gas atoms and molecules, followed by their phase transforma-
tion into solid carbon in colder areas of the reactor. Selecting proper conditions, such as
temperature gradients, the type and the amount of the precursor, the reactor design, as well
as the residence time of the atoms and molecules in the plasma, promotes the synthesis
of specific carbon nanomaterials (graphene, nanotubes, dots, etc.). The output material is
in the form of free-standing nanostructures (substrate-free), which is the opposite to the
other bottom-up approaches (pyrolysis, epitaxial growth, CVD, and PECVD), where the
nanostructures are grown on the surface of a substrate [27-29]. The easy functionalization
and modification of graphene is another advantage of the plasma method, resulting in
materials with newly induced properties that are appropriate for specific applications. For
instance, plasma-fabricated graphene hybrids, such as graphene-based metal oxide/sulfide
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composites, are very interesting as catalysts and in different energy storage systems (fuel
cells, lithium-ion batteries, Zn-air batteries, solar cells, and sensors) [30,31].

Herein, the microwave plasma process and the corresponding prototype working at
atmospheric pressure for the continuous synthesis of free-standing graphene at a gram
scale are presented. The same plasma approach was also used to achieve the in situ
nitrogen doping of the graphene sheets during their assembly and growth in the “mild”
plasma zone of the reactor. So far, protocols for the selective synthesis of graphene/N-
graphene and graphene-based composites at a large scale have been established using
ethanol, ethanol/methylamine, and acetonitrile as carbon/nitrogen precursors [31,32]. To
further demonstrate the abilities and the versatile nature of the plasma prototype, we
extended our investigations to precursors like methane and methylamine. The control
of the type of doping was performed by changing the N-precursor injection position in
the plasma environment, the flux of the precursors, and the residence time of growing
the nanostructures. The microwave power and the precursor flux are parameters that
significantly influence the thermal conditions in the plasma, and thus the nucleation
and the growth of the carbon nanostructures. The present investigations include the
synthesis process at different microwave powers and precursor flows, and their delivery
positions. Additionally, the background gas was delivered either under laminar flow or
swirl flow regimes. The protocols for the selective synthesis of graphene/N-graphene
using methane/methylamine were determined [31-35].

2. Materials and Methods
2.1. Plasma Prototype

The plasma prototype, represented by 4 functional blocks, is shown in Figure 1.
The first block consists of a microwave generator and waveguide components, such as a
magnetron, a circulator, a stub set, a movable plunger, and a waveguide-surfatron [36].
The electromagnetic wave at 2.45 GHz emitted by the magnetron propagates in the TE
mode. At the waveguide-surfatron, the propagation mode is converted to an azimuthally
symmetric one, and an electromagnetic surface wave is launched along the reactor, in the
interface between the reactor wall and the generated plasma. Thus, the plasma has an
extension outside of the launcher zone, where large microwave power densities can be
injected, and high population densities of the relevant active species can be achieved.

The second block includes the reactor tube, and the injection lines for the background
gases and the precursors (comprising flow controllers (FCs), valves, gas cylinders, and
the respective pressure reducers). The background gas was injected into the reactor from
the top and close to the reactor’s inner wall; the precursors were injected through smaller
diameter quartz tubes, concentric with the reactor, one from the top (top-down injection)
that passed through the region inside of the wave-launcher and terminated further down
at the plasma’s active zone; another from the bottom (bottom-up injection) that terminated
at a mild plasma zone (Figure 1). This design permits control over the thermodynamic
conditions (gas velocity, thermal fluxes, residence time, etc.) in the plasma reactor.

Block 3 encompasses the separation, collection, and filtering of the synthetized nanos-
tructures. It consists of a chain of solid—gas separation elements—a tornado system with
2 to 5 containers for the collection of the synthesized solid material. A membrane filter
collected the escaped particles, and the remaining gas was directed to a liquid trap before
being exhausted. Water and air cooling systems ensured the proper continuous operation
of the prototype from Block 4.
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Figure 1. Schematic representation of the plasma prototype.

The plasma process of graphene formation, using a wide range of carbonaceous
precursors, is described in detail elsewhere [31-35]. In brief, the plasma occupies two
zones along the reactor tube, i.e., the “hot” zone maintained by the surface wave and the
afterglow “mild” zone. In the “hot” zone, with temperatures up to ~ 4000 K, the precursor’s
molecules decompose due to collisions and intensified chemistry, leading to the formation
of carbon atoms and molecules, among others (H, CoHp, CoHy, etc.) [33]. The newly
created gas-phase carbon species involved in the formation of graphene, flowing with the
background gas, pass through an isothermal surface (~2500 K), where their conversion into
solid nuclei occurs. Further, they reach the “mild” zone (T~2000-500 K), where appropriate
conditions for the assembly and growth of planar carbon nanostructures are intentionally
established [31-35]. To achieve controllable N-graphene synthesis, the nitrogen precursor is
also introduced into the plasma using the following two different configurations: top-down
and bottom-up. The top-down scheme involves an injection of the nitrogen precursor
(mixed with Ar gas, Q4,’) in the active “hot” zone together with the carbon precursor. In
the bottom-up injection, the nitrogen precursor (mixed with Ar gas, Qa,~) is supplied from
down into the “mild” plasma zone. The precursor flows both top-down and bottom-up
were injected under laminar conditions.

2.2. Characterization Technigues

A Fourier transform infrared (FTIR) Thermo Nicolet 5700 spectrometer was used to
investigate the 1000-4000 cm ! absorption spectra of the species in the plasma outlet gas.
For this purpose, a fraction of the output gas from the plasma reactor was probed at the
bottom of the tube and directed to the FTIR spectrometer. The detection of species in the
outlet gas flow stream was performed before and after the plasma was turned on.
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Raman Spectroscopy analysis was performed using a LabRAM HR Visible (Horiba
Jobin-Yvon) Raman spectrometer at 633 nm, with a 1 cm ™! spectral resolution and a laser
spot size of 2 um. The Raman spectra were taken from different regions of the synthesized
nanostructures freely suspended on a glass substrate. Measurements were performed with
a laser power P = 0.054 mW to avoid sample overheating.

The surface and morphology of the grown structures were analyzed by a Scanning
Electron Microscope (SEM, the JSM-7001F, JEOL Inc., and the Helios NanoLab 650i, FEI Inc.,
Tokyo, Japan). The representative micrographs were acquired in the secondary electron
imaging (SEI) mode at an accelerating voltage of 15 kV. The samples were then mounted by
double-sided adhesive carbon tape on the aluminum stubs.

The morphology and crystal structure of the synthesized structures were analyzed by a
Transmission Electron Microscope (TEM, the JEM-2010F, JEOL Inc., Tokyo, Japan) operating
at 200 kV. The graphene flakes were transferred directly onto commercial copper-supported
lacy carbon grids without further preparation. The nanoscale structures were visualized in
conventional and phase-contrast (HR-TEM) modes, and micrographs were recorded by a
slow-scan CCD camera (ORIUS SC1000, Gatan Inc., Pleasanton, CA, USA).

The crystal structure and phase composition of the synthesized structures were as-
sessed by an X-ray diffractometer (XRD, D2 Phaser, Bruker Inc., Oeiras, Portugal) equipped
with a CuKoa source (wavelength A = 0.154184 nm). The powdered samples were hand-
pressed onto a zero-background sample holder to minimize the background signal. The
tests were performed at room temperature in the scan range of 260 =5 to 95°. The data were
acquired with a step size of 0.03° and an integration time/step of 5 s.

The X-ray photoelectron spectra (XPS) of the doped and undoped graphene were
obtained with a non-monochromatic KRATOS XSAMS800 dual-anode X-ray spectrometer
(Kratos, San Diego, CA, USA). The Mg K« X-radiation (1253.6 eV) was used. The binding
energies (BEs) were corrected from the charge shift, taking as reference the binding energy
of the sp? carbon atoms set at 284.4 eV. The quantification factors of the software library
were used in the quantitative analysis. Other operation and acquisition conditions and
data treatment details are published elsewhere [37].

3. Results
3.1. Plasma Characterization

The outlet gas stream FI-IR spectra detected for the investigated systems, i.e., graphene
and N-graphene syntheses by using methane/methylamine as carbon/nitrogen precursors,
respectively, are shown in Figure 2.

The absorption spectra were detected at the following conditions used for the graphene
synthesis (Figure 2a): Qar = 5.4 slm, Qa, = 2.07 slm, Qcpa = 150 sccm, and P = 5.1 kW,
with and without plasma. In both cases, the gas flow parameters were kept constant. The
absorption spectrum detected without the plasma showed the characteristic for methane
spectral lines at ~1300 and ~3000 cm ™! (C-H vibrations). When the plasma was turned on,
these lines were absent, indicating that the carbon precursor molecules were completely
decomposed in the hot plasma environment. The by-products detected are as follows:
CoH, (~750, 1300, and 3300 cm~ 1), CO (asymmetrical vibrations at ~2170 cm~!), and
H, (detected by mass spectrometry). The spectra collected with the plasma on/off at
operational conditions applied for N-graphene synthesis (Qar = 5.4 slm, Qa, =2 slm, Qcpy4
=150 scem, Quethyl = 6 sccm, and P = 5.1 kW) are shown in Figure 2b. The spectrum
collected without the plasma exhibited the methane spectral lines, as expected, as well
as methylamine’s fingerprint spectral region at 400-1500 cm ™! (the CHj antisymmetric
stretch mode of CH3NH, at around 2881 cm ™!, bands due to N-H vibrations at ~1650 to
1580 cm~!, C-N vibrations at around 1020-1220 cm~!, and C-H stretching vibrations at
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around 2800-3000 cm~!). These spectral lines disappeared when the plasma was turned
on, and, simultaneously, the absorption peaks of C,H;, CO, and H; (mass spectrometry)
were detected, demonstrating a complete decomposition of both of the precursors in the
hot plasma environment. In fact, nearly 100% methane and methylamine conversion
efficiencies were achieved in the plasma reactor.

(a) Argon/Methane (b) Argon/Methane/Methylamine
plasma off plasma off
0.15F C,H, plasma on 0.15F )CH, —— plasma on
- CH,NH, CH,
= e
G 0.10 > o10f / CH
& © 272
> N
= >
® =
5 2
£ o0s @ 005}
R
= £
0.00
: 0.00 E A i .
500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
1 .
Wavenumber (cm™') Wavenumber (cm 1)

Figure 2. Infrared absorption spectra of the (a) Ar/methane and (b) Ar/methane/methylamine outlet
gas with the plasma on and off.

3.2. Graphene Synthesis

To produce graphene, methane was used as a carbon precursor, delivered top-down,
as shown in Figure 1, in two injection regimes of the background argon gas, i.e., the laminar
and swirl. The following synthesis conditions of laminar injection flow were applied:
#MG1: Qar = 5.4 slm, Qa,~ = 2.07 slm, Qcpy = 100 sccm, and P = 4.5 kW; #MG3: Qa, =54
slm, Qa,” = 2.07 slm, Qcpy = 150 scem, and P = 5.1 kW.

The samples synthesized under laminar flow conditions (#MG) revealed the dominant
presence of small graphene-like sheets (~300 nm size), as seen on the SEM micrograph
(Figure 3c). Moreover, the characteristic for the free-standing graphene morphology, com-
prising curved fine sheets, was revealed. The corresponding Raman spectra from three
randomly chosen locations on the sample (#MG1), presented in Figure 3a, show three
dominant Raman modes at ~ 1331, 1581, and 2657 cm !, attributed to the D-, G-, and
2D-bands, respectively. Additionally, low-intensity D’ (~1617 cm~!), D+D” (~2459 cm 1),
D+D’ (~2920 cm 1), and 2D’ (~3238 cm 1), typically observed in graphene-based structures,
were also detected. The G-band is the intrinsic feature of all sp? carbon bonds. The D- and
D’-bands are typically ascribed to defects, and their intensity depends on the concentration
of the defects in the layer, as well as on the size of graphene flakes. The 2D-band, activated
by a second-order scattering process, is the characteristic feature of the graphene. The
high-intensity sharp 2D peaks in the Raman spectra (Figure 3a) provide evidence of the
existence of single- and few-layer graphene sheets [33]. Moreover, the three spectra are
nearly identical, indicating that the synthesized sample is homogeneous.

A significant difference in the 2D peaks is observed in the sample (#MG3). Increasing
the methane flow and power supplied (Qcpya = 150 sccm and P = 5.1 kW) leads to a decrease
in the 2D peak intensity, indicating multilayer graphene synthesis. Keeping the lower value
of the methane flow and the microwave power (Qcp4 = 100 sccm and P = 4.5 kW) results in
the fabrication of single to multilayer graphene (Figure 3a,b). These results are consistent
with our earlier observations [33]. Higher gas temperatures and lower precursor amounts
promote the formation of fewer nucleation centers; thus, no supersaturation of the species
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Figure 3. Raman spectra of (a) #MG1 (Qcps = 100 sccm) and (b) #MG3 (Qcpa = 150 sccm) at randomly
chosen locations, (c) the SEM, (d) the XRD pattern of the graphene fabricated with methane (Qcpa
=150 sccm), (e) the XPS survey spectrum, and (f) the C 1s region of the graphene synthesized with
methane (Qcpa = 150 sccm). Synthesis conditions: #MG1 and #MG3.

The XRD pattern of the graphene sheets shows a well-defined (002) peak, implying
successful graphitization (Figure 3d). The (002) peak occurs at a diffraction angle of
20 = 26.04°, which corresponds to an interlayer spacing of 3.42 A. This interlayer spacing
is larger than that in a typical Bernal graphite (AB-stacked), at 3.37 A, indicating the
expanded and turbostratic structure of the synthesized graphene sheets [38]. The survey
XPS spectra of the fabricated graphene sample (Qcha = 100 sccm) shows the C 1s and O
1s photoelectron regions (Figure 3e). The synthesized graphene has a relatively low level
of oxidation (~3 at. O % and C/O = 32.3). The XPS analysis of the C 1s region reveals
the presence of planar structures, as evidenced by the high sp2 /Chotal = 63% (Figure 3f).
Production yields ~10 mg/min (#MG1) and 15 mg/min (#MG3), which are higher than in
the case of the ethanol precursor [35], have been achieved.

The following synthesis conditions under the swirl injection of the background gas
flow were applied: #T8: Qa, = 9.4 slm, Qa, = 750 sccm, Qcpa = 150 sccm, and P = 4.8
kW; #T122: Qar = 9.4 slm, Qa, = 2 slm, Qcps = 150 scem, and P = 4.8 kW. The results of
their characterization are compared in Figure 4. The HRTEM images reveal the domi-
nant presence of graphene-like sheets (Figure 4d,e). The corresponding Raman spectra
(Figure 4a,b) show the three main features, namely, D, G, and 2D peaks, confirming their
graphene nature. The spectra collected from different random locations of the sample #T8
(Figure 4a) are practically the same, indicating the synthesis of a homogeneous sample.
By increasing the argon flux (injected along with the carbon precursor at the hot plasma
zone), the synthesized structures of #T22 (Figure 4b) are no longer homogeneous, although
few-layer graphene sheets are also present in the sample (the high-intensity 2D peak).
The XRD patterns of both graphene samples show a pronounced graphitic (002) peak at
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the diffraction angle of 20 = 25.61°, which corresponds to an interlayer spacing of 3.47
A (Figure 4c). Carbon and oxygen were identified in the survey XPS spectra (Figure 4f).
The dominant contribution in the C 1s spectrum is attributed to sp? carbon, confirming
the planar character of the nanostructures (Figure 4g,h). The XPS results demonstrate that
graphene sheets were synthesized with a relatively low oxygen impurity, i.e., ~1.7% of O
for #T8 and 2.1% of O % for #T22 (Figure 4i). The obtained production yield of the graphene
sample #T8 is ~30 mg/min, which is two times higher than the one obtained with laminar
injection.
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Figure 4. (a,b) Raman spectra, (c) XRD patterns, (d,e) TEM micrographs of #T8 and #7122, (f) XPS
survey spectra, (g,h) XPS C 1s regions, (i) XPS quantification/atomic concentrations (%), and relevant
atomic ratios. Synthesis conditions: #I8 and #122.

The controllable and continuous fabrication of free-standing pure graphene flakes at
a gram scale (15-30 mg/min), using methane as a carbon precursor, was achieved. The
laminar injection of the background gas promotes the synthesis of graphene sheets with
an average lateral size of ~300 nm and an interlayer spacing of 3.42 A. The high structural
quality (with sp? carbon atoms ~63% and ~3 at. % of oxygen) was attained. The Raman
spectroscopy analysis attests to the fabrication of single- to few-layer graphene sheets and
homogeneous samples. The number of monolayers in graphene is controlled by adjusting
the methane flow.
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The swirl injection of the background gas benefits the homogeneous synthesis of
multilayer graphene sheets and leads to a higher production yield (30 mg/min) with respect
to the laminar injection at similar plasma conditions. The chemical analysis indicates a very
low relative amount of oxygen impurities ~2 at%. Nearly 100% of the conversion efficiency
of the carbon precursors was demonstrated in both cases, obtaining as by-products mainly
valuable syngas (H, and CO) and CHj;. The fabricated graphene sheets remain stable over
time, as evidenced by the ex situ XPS analyses.

3.3. N-Graphene Synthesis

The plasma synthesis of the N-graphene sheets using methane as a carbon precursor
and methylamine as both carbon/nitrogen precursors was performed. Both of the precur-
sors were injected in the “hot” plasma zone by applying top-down injection configuration
and laminar flow regime of the background gas (Figure 1). The following plasma synthesis
conditions were applied: Qar = 5.4 slm, Qa, = 2 slm, Qcpg = 150 scem, Qpethyr = 6 scem,
and P =5.1 kW.

The HRTEM analysis of the produced N-graphene structures shows the presence of
monolayer and multilayer graphene sheets, which is supported by the respective Raman
analyses (Figure 5a,c,d). The fingerprint of the graphene-based structures in the Raman
spectra 2D peak is detected at 2660 cm ™! (Figure 5a). The other two characteristic features
of graphitic structures, i.e., the D- and G-bands, are also present. By comparing the present
Raman spectra (Figure 5a) with the Raman spectra of the pure graphene sheets synthesized
with methane and laminar background injection (Figure 3a), an increase in the D to G
intensity ratio (from ~0.51 to ~2.15) and 2D line broadening can be seen. Doping with
heteroatoms represents the introduction of structural defects into the graphene lattice; thus,
an increase in disorder-related D and D’ peaks is expected. The lowest D to G intensity
ratio and narrow 2D line (the lack of line defects) are indicatives of pure graphene [34]. The
Raman spectra taken from the different spots of the sample demonstrate homogeneous
doping and the presence of multilayer N-graphene sheets.
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Figure 5. (a) Raman spectra collected from different locations, (b) the XRD pattern, (c,d) the TEM
micrographs, (e-g) the XPS survey, and the C 1s, and N 1s regions, respectively, detected from the
N-graphene synthesized with methane/methylamine in the top-down injection.
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The XRD pattern shows a well-defined (002) plane at 20~26.04°, corresponding to an
estimated interlayer distance of ~3.42 A (Figure 5b). The chemical composition of the as-
synthesized structures, identified by the XPS analysis, reveals a doping level of ~0.71 at.% of
nitrogen, with an oxidation level of ~2 at. % (C/O = 46.7) (Figure 5e—g). The relatively high
content of sp2 carbon atoms = 67% (sp2 % = Csp2/Crotal area % 100) attests that the planar
structures are preserved during the synthesis process with the injection of the N-precursor
in the plasma reactor. Pyridinic, at 398.6 + 0.2 eV (41.4%), and pyrrolic (and/or nitrile), at
399.6 + 0.2 eV (58.6%), nitrogen are the dominant configurations (Figure 5g) [39,40].

To further control the nitrogen doping, a combination of top-down + bottom-up
injection of methane/methylamine was applied. The following plasma conditions were
applied: top-down Qa; = 5.4 slm, Qa,’ = 2 slm, Qcpa = 150 scem, QMethyl = 6 sccm, and
P =5.1 kW. In addition, argon and methylamine, with flow rates of Q4,~ = 100 sccm and
QMethyl” = 20 scem, were injected bottom-up in the “mild” plasma zone at z = 18 cm (z is
the distance with respect to the launcher position) (Figure 1).

A representative SEM micrograph of the sample considered (Figure 6d) illustrates the
characteristic free-standing graphene morphology, consisting of curved ultrafine sheets.
Monolayer and multilayer sheets can be seen in the TEM micrograph (Figure 6e). The size
distribution of the sheets illustrates predominantly N-graphene flakes with lateral sizes in
the 300-500 nm range (Figure 6c).

The corresponding Raman spectra support the above findings, i.e., the main feature of
the graphene—the 2D-band confirms the presence of graphene sheets (few- to multilayer
graphene). The increased Ip/Ig ratio with respect to the pure graphene indicates the
successful doping of nitrogen atoms into the graphene lattice (Figure 6a). The Raman
spectra collected from different locations of the same sample differ, thus implying non-
homogeneous doping. The XRD analysis of the sample reveals a well-pronounced line
(002) at 20~25.84°, corresponding to an estimated interlayer distance of 3.45 A (Figure 6b).

The chemical composition XPS analysis of the sample revealed 97.5 at. % of carbon,
1.85 at. % of oxygen, and 0.69 at. % of nitrogen (Figure 6f). Here, the planar nature of
the synthesized N-graphene is preserved during the synthesis process manifested by the
relatively high content of sp2 /Ciotal = 66% (Figure 6g). The injection of an additional nitro-
gen precursor (bottom-up methylamine) did not change the doping level with respect to
N-graphene sample produced with only the top-down injection of methane/methylamine.
However, this modification reduced the oxidation level from 2.08 to 1.85 at.% (C/O = 52.6),
and, most importantly, changed the nitrogen doping configurations. The N 1s spectral
region was fitted with four main contributions, attributed to pyridinic at 398.6 & 0.2 eV
(20.3%) and 399.2 £ 0.2 eV (35%), pyrrolic (or N in an amine group, having an electron
acceptor character) at 400.2 &= 0.2 eV (28.2%), and a smaller contribution of graphitic nitro-
gen at 401.4 + 0.2 eV (16.5%) [41]. The peak at the lower B.E. has also been attributed to
nitrogen in piperidine-like units [40].
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Figure 6. (a) Raman spectra collected from different locations, (b) the XRD pattern, (c) the particle
size distribution, (d) the SEM and (e) TEM micrographs, and (f-h) the survey of the XPS spec-
trum, the C 1s region, and the N 1s region, respectively, from the N-graphene synthesized with
methane/methylamine in the top-down injection + bottom-up methylamine.

4. Conclusions

The developed plasma process and the corresponding prototype demonstrate the ef-
fectiveness and versatility to selectively fabricate graphene and N-graphene at a single step
and atmospheric pressure. Using methane/methylamine precursors, protocols for the con-
trollable and continuous fabrication at a gram scale of free-standing graphene/N-graphene
have been established. High-structural-quality graphene (with a low oxygen content, a
high relative amount of sp? carbon, single to few layers, and a ~300 nm lateral size) was
synthesized at specific conditions and a relatively high production yield (~15 mg/min) in a
stable and reproducible manner. Adjusting the flow regime of the background gas, i.e., from
laminar to swirl flow injection, changes the chemical composition of the graphene (lower
oxygen) and leads to a 2-fold increase in the production yield (~30 mg/min). Moreover,
N-graphene with a doping level of 0.7 at. % N, high sp? carbon at ~66%, and an interlayer
distance of ~3.42 A was produced with methane/methylamine using the same plasma
reactor. To control the nitrogen doping configuration, the N-precursor was additionally
injected into the “mild” plasma environment to meet the growing N-graphene sheets. Few-
to multilayer N-graphene flakes with sizes of 300-500 nm were fabricated by applying
bottom-up methylamine injection. The same levels of nitrogen doping (~0.7 at. %), at-
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tributed to pyridinic, pyrrolic, and a smaller contribution of graphitic nitrogen, and a lower
oxidation level (~1.85 at. O %), were achieved with respect to the N-graphene produced by
applying top-down injection only. The conversion efficiency of the carbon and nitrogen
precursors in the plasma environment was nearly 100%, obtaining as by-products mainly
valuable syngas (H; and CO) and C,Hj. Providing stable plasma experimental conditions
ensured the quality consistency of the final product and the reproducibility of the process.
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