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Abstract

Microwave plasma-based gas-phase synthesis of graphene and its derivatives represents a simple,
environmentally friendly, and easily scalable production method enabling emerging large-scale applications.
Microwave plasma decomposition of organic precursors, hydrocarbons, and alcohols, forms a high-
temperature environment, where the process of catalyst-free dehydrogenation and consequent formation C
atoms and C> molecules leads to the nucleation and growth of high-quality few-layer graphene nanosheets.
Structure of the synthesized carbon material changed from graphitic nanoparticles to graphene nanosheets
with increasing H/C atomic ratio in the precursors, for C2H2 and CHa, respectively. Using alcohols, ethanol -
C2HsOH and diethylether - (C2Hs)20, the main hydrocarbon fragments generated during the decomposition of
CxHyO structure resulted in the gas composition with high enough H/C atomic ratio to growth nanosheets with
low intensity Raman D band and high integrated intensity ratio of 2D/G Raman band, 1.5 and higher. However,
the yield of the synthesis strongly depended on the arrangement of atoms in the precursor molecule. Prepared
material was analyzed by electron microscopy, Raman and X-ray photoelectron spectroscopy and
thermogravimetry. High temperature oxidation resistance and electrical conductivity of prepared samples was
investigated.
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1. INTRODUCTION

Gas-phase synthesis of graphene represents a simple, environmentally friendly, and easily scalable production
method [1] enabling deployment of carbon nanomaterials in the wide range of emerging large-scale
applications such as energy storage, internet-of-things sensors and flexible electronics [2].

Gas-phase growth of graphene from hydrocarbon and alcohol precursors proceeds through consecutive
dehydrogenation reactions forming carbon gas composed from C atoms and C2 molecules which condensate
into graphene nuclei in the supersaturation conditions. However, this synthesis process is realized only at a
high-enough temperature environment, above 4500 K, and some of the gas-products stay in the form of simple
hydrocarbons (CHa4, C2H2, C2H4 etc.) [3,4]. Depending on the plasma source and stability of the environment
[5], the precursor can be partially decomposed by a so-called low temperature channel, where higher
hydrocarbons and aromatic compounds containing large amounts of hydrogen are produced [6].

Such reactions can also produce solid state material in the form of soot - carbon black. Frenklach and Wang
[7] suggested so called hydrogen abstraction acetylene addition (HACA) mechanism, where benzene
molecule, formed by conversion from acetylene, further grows into more complex aromatic molecules, such
as naphthalene, by addition of another acetylene molecule. As proposed in the HACA mechanism, the addition
of acetylene is followed by consecutive hydrogen abstraction, which removes the H atoms during the growth
phase from the graphene scaffold, leaving the lattice composed of carbon atoms. In case of alcohol based
precursors, the presence of oxygen modifies the reaction pathway leading to the formation of C atoms and C2
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molecules from hydrocarbon based products of initial decomposition reaction while the other part of the
precursor, containing oxygen atom, is converted into CO or CO2 byproduct depending on the high or low
temperature channel of the reaction pathway [4].

In this work we study the growth of graphene nanosheets from precursors with different H/C ratio at
atmospheric pressure microwave plasma torch and investigate the high temperature oxidation resistance and
electrical conductivity of such prepared material.

2. EXPERIMENTAL

Graphene nanosheets were synthesized by decomposition of hydrocarbons (methane CHa4, acetylene CzH:2
(19 - 38 sccm)) or alcohols (ethanol C2HsOH (99.8 % p.a. Penta), diethylether (C2Hs)20 (99 % p.a. Penta) (10
- 100 sccm)) mixed with argon carrier gas using a dual-channel microwave plasma torch at atmospheric
pressure. The discharge was ignited in a reactor chamber formed by a quartz tube (8 cm in diameter and 20
cm length enclosed by aluminium flanges) in argon working gas, Qarc = 500 sccm, flowing through the
stainless-steel nozzle central channel, 0.8 mm diameter (Figure 1), applying microwave power of 270 W. The
secondary channel (annulus with outer radius 8.4 mm and inner radius 7.7 mm) was used for the introduction
of carbon precursor and argon carrier gas (Qars - 100 - 700 sccm). The deposition time was 5 - 10 minutes
and the synthesized nanopowder was scraped by brush from the reactor walls after cooling down in argon.
More details about the experimental procedure can be found in our recent publications [5,8].

Figure 1 Detail of dual-channel nozzle scheme (left) and its photograph (center). Photograph of the
microwave plasma torch discharge in argon with ethanol admixture (right), including top view.

Samples were imaged with MIRA3 (Tescan, Czech Republic) scanning electron microscope (SEM) with
Schottky field emission electron gun and equipped with a secondary electron (SE) and back-scattered electron
(BSE) detectors as well as Oxford Instruments EDX analyzer (Oxford, England). XPS analysis was performed
using a Kratos Analytical Axis Supra (KRATOS-XPS, Kratos Analytical Ltd., UK) spectrometer with a
monochromatic Al source using a pass energy of 80 eV for wide spectra and of 20 eV for high-resolution
analysis of C1s and O1s peaks. The analyzed regions were 300 x 700 ym in size. The deconvolution of
mentioned peaks was carried out in the CasaXPS 2.3.22PR 1.0 software. Raman spectroscopy was carried
out using the HORIBA LabRAM HR Evolution system with 532 nm laser, using 100x objective, and 5% ND
filter (500 mW maximum power), 600 gr/mm grating, and 30 s acquisition time in the range from 500 to 3350
cm,
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Thermogravimetric analysis (TGA) was carried out using a Setaram Setsys Evoluton 1750 instrument. The
analyses were conducted in a dynamic air atmosphere (20 sccm™) with a constant heating rate of 10 °C.min*
in the temperature range from 40 to 1000 °C. The obtained data were processed using the Setaram Processing
software. Electrical conductivity of mechanically pressed carbon nanomaterial tablets (10 mm in diameter, 10
mg of nanopowder) were measured by the Ossila 4-probe point system.

3. GRAPHENE NANOSHEETS SYNTHESIS BY DECOMPOSITION OF HYDROCARBONS

The decomposition of hydrocarbons by atmospheric pressure microwave discharges leads to formation of a
high temperature environment, with gas temperatures above 4500 K. At such conditions, the reaction pathway
of the high temperature decomposition of hydrocarbons preferred the dehydrogenation reaction leading to the
formation of C2H molecules and consequently C atoms and C2 molecules. However, the equilibrium between
CxHy products and graphene nanosheets nucleation and growth depends on the amount of carbon and
hydrogen atoms in the reaction [9].

To study this process, we carried out synthesis using CHs (38 sccm) and Cz2H2 (19 sccm) precursors with
different H/C ratio, using the same amount of carbon in the deposition mixture. SEM analysis of the samples
synthesized under these conditions can be seen in Figure 2a. In the case of CH4, we expect the formation of
C2Hx molecules and subsequent formation of C2H2 and C2 molecules leading to the formation of graphene
nanosheets. Indeed, we can observe objects with nanosheet structure with lateral dimensions of hundreds of
nm synthesized using the CH4 precursor. Such structures exhibited a low number of defects as determined by
Raman spectroscopy analysis (Figure 3a). Low D peak, at 1340 cm?, intensity was accompanied with high
intensity G peak, at 1575 cm™, and high intensity 2D peak at 2682 cm™. The full-width half maximum (FWHM)
of the 2D peak was 55 cm?, consistent with a few-layer graphene structure [10]. The integrated intensity ratio
of ID/IG and 2D/IG was 0.54 and 1.39, respectively. Low intensity D', G* and D+G peaks at 1614, 2450 and
2928 cm, respectively, could be observed as well.

500 nm

Figure 2 SEM analysis of graphene nanosheets prepared by decomposition of a) CHs (38 sccm), H/C = 0.25
and b) C2H2 (19 sccm), H/C = 1. Qarc =500 sccm, P =270 W.

On the other hand, synthesis using acetylene (Cz2H2) as a precursor led to the formation of spherical carbon
nanoparticles (Figure 2b) with diameters ranging from 10 to 100 nm. The high degree of disorder in such a
structure resulted in the change of character of its Raman spectra (Figure 3a), where high intensity D peak,
at 1336 cm?, as well D*, D** and D’ peaks at 1210, 1450 and 1610 cm™ could be observed. Intensity of the
2D peak was very small in comparison to the CH4 sample. This result was consistent with structures obtained
by Choi et al. [11], using high-temperature laser irradiation of acetylene. They suggested that a process like
the HACA mechanism or direct decomposition of acetylene into C2 and Hz on the surface of graphene nuclei
at high temperatures led to the defect formation and enclosing of the structure.
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Figure 3 a) Raman spectroscopy and b) TGA of samples prepared by decomposition of CHs and CzH2. Qcha
=38 sccm, H/C = 0.25, Qczn2 = 19 sccm, H/C = 1, Qarc = 500 sccm, P =270 W.

As expected, XPS analysis of both samples showed a high content of carbon, over 99 %, the rest being oxygen.
The presence of oxygen can be explained by a small amount of air impurities in the reaction chamber during
the experiment as well as the surface contamination of the sample after being exposed to the air atmosphere.
The sp?/sp® ratio determined by fitting of C1s peak profile was 9.9 and 6.8 for CHs and C2H2 samples,
respectively.

Amount of disorder in the material substantially influenced its high temperature oxidation resistance measured
by TGA as can be seen in Figure 3b. Carbon nanoparticles prepared by decomposition of CzHz, started to
combust, around 500 °C, and the exhibited total weight loss around 780 °C, while the graphene nanosheets
prepared from CH4 were stable up to 650 °C with total weight loss temperature of 815 °C.

4, GRAPHENE NANOSHEETS SYNTHESIS BY DECOMPOSITION OF ALCOHOLS

In recent years, the synthesis of graphene nanosheets using high temperature plasma discharges was
focused, except for methane, to ethanol as a precursor. Dato and Frenklach [12] suggested that ethanol
possessed an ideal H/C/O ratio for graphene nanosheet synthesis. This idea was suggested after successful
synthesis of graphene from ethanol and its isomer dimethylether CHsOCHs. Diethylether structure with two
CHsCH: groups connected by an oxygen atom represents an extension of the ethanol molecular arrangement
C2HsOH. However, in this case the ratio between the number of H, C and O atoms changes substantially.

Figure 4 SEM analysis of graphene nanosheets prepared by decomposition of a) ethanol (Qeth = 50 sccm),
H/C = 3, b) diethylether+H: (Quiet/Qnz2 = 100/50 sccm), H/C = 2.75 and c) diethylether (Qaieth = 100 sccm),
H/C =2.5. Qarc =500 sccm, P =270 W.
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We carried out synthesis using (CzHs)20 with and without H2 admixture to investigate the influence of various
H/C atomic ratio on the synthesis process and compared the results with material prepared using ethanol.

As can be seen on SEM micrographs in Figure 4, the synthesis of graphene nanosheets was successful using
all precursors. Raman spectroscopy analysis of prepared structures can be seen in Figure 5a. All samples
exhibited a low amount of structural disorder, ID/IG Raman band ratio 0.5 - 0.6, and high ratio of 12D/IG, of
Raman bands, 1.6 - 1.7, leading to the conclusion that the structural properties did not change even with
change of H/C ratio from 3 to 2.5. Also, the change of O/C ratio from 0.5to 0.25 did not influence the quality of
prepared nanostructures. Therefore, the conversion of part of the precursor molecule into CO during the
synthesis had no effect on the quality of the material. Additional hydrogen had negligible influence on the
synthesis process. At the same time, we could observe around 4 times lower yield of the synthesis, by
weighting the produced nanopowder, using diethylether precursor. This result suggests precursor molecular
arrangement plays an important role in the efficiency of the synthesis process.
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Figure 5 a) Raman spectroscopy and b) TGA of samples prepared by decomposition of ethanol and
diethylether precursors. Qe = 50 sccm, Quieth = 100 sccm, Quz = 50 scem, Qarc = 500 scecm, P = 270 W.

XPS analysis of all samples showed similarly to samples prepared from hydrocarbons a high, but slightly lower
content of carbon, over 98 %, the rest being oxygen. The sp?/sp® ratio determined by fitting C1s peak profile
was 19 and 21 for C2HsOH and (C2Hs)20 samples, respectively.

Given the low amount of disorder and high sp?sp? ratio of all the samples prepared by decomposition of alcohol
precursors exhibited excellent oxidation resistance as can be seen in Figure 5b. The measured TG curves in
air had almost identical profiles with total mass loss around 810 °C, like the CHs sample, and in good
agreement with our previously published study [8].

5. MEASUREMENT OF ELECTRICAL CONDUCTIVITY OF GRAPHENE NANOPOWDER TABLETS

From an application point of view the good thermal stability under oxidation atmosphere combined with a good
electrical conductivity can be of an advantage. Different carbon nanomaterials create conductive pathways
depending on their geometry and a form of layers created from them. To minimize such an effect, we measured
conductivity of tablets with the same diameter formed from the same amount of nanopowder (Table 1). As we
can see, all the graphene nanosheet samples showed similar value of conductivity ~ 1000 S.m1, while the
conductivity of the tablet formed from carbon nanoparticles synthesized using C2H2 precursor was much lower
60 S.m. The electrical conductivity was higher for samples with a lower amount of disorder in the material,
lower ID/IG ratio, but this comparison was not valid for thermally expanded graphite. This sample exhibited a
high ID/G ratio, but the conductivity was comparable to graphene nanosheets. This can be caused by sample
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structure, nanoflakes of pure graphite, which exhibit very high conductivity and form a very good conductive
path.

Table 1 Electrical conductivity of carbon nanomaterial pellets prepared by decomposition of various carbon
precursors. Conductivity measurement uncertainty + 4 %.

Precursor CH4 CoH; CoHsOH (C2Hs),0 (C2Hs),0+ H» expanded graphite
Conductivity (S.m™) 980 60 1140 1090 1150 1180
Raman ID/IG ratio 0.54 1.60 0.54 0.61 0.54 2.48

6. CONCLUSIONS

We investigated the synthesis of graphene nanosheets using microwave plasma torch at atmospheric pressure
by decomposition of hydrocarbon and alcohol precursors with various H/C/O composition ratio. We showed
that the use of all precursors with H/C ratio higher than 2, led to the synthesis of graphene nanosheets with
low ID/IG and high 12D/IG Raman band integrated intensity ratio and that presence of the oxygen did not
substantially influence the nanosheet’s structure. However, the arrangement of atoms of the precursor
molecule influenced the decomposition reaction pathway and consequently the yield of the synthesis. This
result was consistent with the dehydrogenation reaction growth mechanism of graphene nanosheets. Higher
quality material exhibited substantially higher electrical conductivity and high temperature oxidation resistance.
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