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Abstract

High temperature stability of nanomaterials plays an important role for their application in the
field of nanocomposites, batteries, and sensors. Few-layer graphene nanosheets prepared by
microwave plasma based decomposition of ethanol exhibited high thermal stability in the
oxidation atmosphere in dependence on controlled formation of structural disorder. Analysis of
differential thermogravimetry (DTG) curve profile showed three temperature regions, around
345 °C, 570 °C and above 700 °C, related to amorphous phase with a carbon—oxygen functional
groups, small defective nanostructures and highly crystalline structure of graphene nanosheets,
respectively. Raman spectroscopy and x-ray photoelectron spectroscopy (XPS) analysis of the
nanosheets showed an increase of D/G Raman band ratio as well as increasing of sp’ phase
content, from 6.1 at% to 15.2 at%, for highly crystalline and highly disordered structure of the
nanosheets. Thermal annealing under synthetic air was used to investigate the variation in D/G
and 2D/G Raman band ratio of the samples and to estimate activation energy of oxidation and
disintegration process of graphene nanosheets. The highest oxidation resistance exhibited
sample with high 2D/G band ratio (1.54) and lowest oxygen content of 1.7 at%. The synthesis
process led to stabilization of nanosheet structure by formation of curved edges and elimination
of free dangling bonds. The nanosheets prepared in microwave plasma exhibited high surface
area, over 350 m?> g~ ', and superior thermal stability with defect activation energy in an
oxidation atmosphere higher than 2 eV. Heat release rate during the oxidation process was in
correlation with the amount of disorder in the samples. Fast and easy to use technique based on
high power Raman spectroscopy was developed for assessment of nanomaterial oxidation
resistance.

Supplementary material for this article is available online
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1. Introduction

Carbon forms a wide range of different nanostructured mater-
ials such as nanocrystalline diamond, fullerenes, carbon nan-
otubes (CNTs) or graphene. Graphene [1] can be prepared
by direct growth on a substrate or in the form of powder
depending on application purpose. Graphene in the form
of nanopowder can be prepared by mechanical or liquid
phase exfoliation [2], laser ablation [3], plasma-based decom-
position of organic precursors [4] or high voltage elec-
tric discharge plasma of carbon precursors [5]. Freestanding
graphene nanosheets, in the form of graphene oxide (GO) or
reduced graphene oxide (rGO), are especially useful as filler
in composites [6] and anti-corrosive coatings [7], sensing ele-
ment of gas and chemical sensors [8] or conductor in flex-
ible electronics and transparent displays [9]. Furthermore, the
foam-like carbon structures are of high interest in energy stor-
age applications such as supercapacitors and lithium-ion bat-
teries [10]. High temperature stability under inert or oxidation
atmosphere plays a key role in these future key enabling tech-
nologies applied to electric transport, flexible electronics and
smart building and textile materials [11, 12].

Today reduced flammability, i.e. a high thermal stabil-
ity with low or moderate heat release rate is achieved by
insertion of synthetic flame-retardant chemicals into chosen
materials. These synthetic flame retardants can be divided
into two main categories (a) halogenated [13], such as brom-
inated or chlorinated and (b) non-halogenated [14], where
phosphorus-containing chemicals are the main choice. Unfor-
tunately, recent studies in laboratory animals and humans have
linked the most widely used flame retardants to increased risk
of cancer, memory loss, learning disability and fertility prob-
lems [15]. At the same time, these chemicals cause wide-
spread contamination of water resources and natural wild-
life habitats [15-17]. It is therefore of the utmost importance
to develop new environmentally friendly and biocompatible
materials with high temperature thermal stability and control-
lable heat release characteristics.

Among others, two main groups of synthesis methods of
graphene nanopowder are: (a) high temperature decompos-
ition of organic precursors [4] and (b) liquid exfoliation of
graphite crystals into the form of GO and its consecutive
reduction [18]. Other methods based on separation of indi-
vidual graphene layers from graphite flakes are based on ultra-
sonication, intercalation, shear forces or microwave (MW)
irradiation [19]. Liquid exfoliation belongs to the most fre-
quently used technique for preparation of GO and rGO nano-
flakes [20]. The preparation process involves three steps: dis-
persion in a solvent, exfoliation procedure and purification
step. During the preparation, the graphite source and graphene
based output material are exposed to a number of chemic-
als (acids, salts, reduction compounds) and processing steps
which leave the structure contaminated by other elements and
are very time consuming. To avoid these elaborate procedures,
an alternative bottom-up method to liquid exfoliation tech-
nique was developed in a form of graphene nanosheets syn-
thesis based on MW plasma decomposition of organic precurs-
ors at atmospheric pressure.

Gas phase synthesis of graphene (GSG) nanosheets by
decomposition of ethanol in MW discharges represents a
simple single-step method without need of any reprocessing
(reduction, cleaning) of prepared product. It is an environ-
mentally friendly method of producing high quality graphene
nanosheets with low oxygen content and low amount of
defects. Plasma environment can be also used for surface
modification by nitrogen or oxygen related species and for fur-
ther functionalization of carbon based nanomaterials [21]. It
was also recently shown that graphene nanopowder prepared
by such a technique is biocompatible [22, 23]. This method
was first published by Dato et al [24] and further investigated
by Tatarova et al [25] and a model of the synthesis process
was developed by Tsyganov et al [26]. Zhong and Hong [27]
described recently use of gliding arc discharge in Ar/CH4/H;
mixture for synthesis of graphene nanosheets and showed
how concentration of carbon species influences formation of
carbon cluster and how the presence of C—H bonds reduces
dangling bonds on carbon cluster edges.

In general, thermal stability of carbon materials depends on
their structure and amount of defects. Defects in graphite and
diamond significantly contribute to a decrease in the oxidat-
ive stability of these materials. These defects include disloca-
tions and vacancies in the crystal structure, edges, steps and
dangling bonds on the crystal facets and are particularly react-
ive with oxygen at high temperatures. Elimination of these
defects by annealing at higher temperatures can improve their
crystallinity and enhance their thermal stability [28]. Thermo-
gravimetry analysis (TGA) analysis of carbon materials in an
oxygen-containing atmosphere showed that their thermal sta-
bility depends on allotrope structure and Cruptom et al [29]
reported maximum weight loss for C¢g, diamond, and graphite
at 600 °C, 710 °C and 850 °C, respectively. In case of a good
quality graphene nanosheets most of the weight loss occurs
above 580 °C which is comparable to multi-walled CNTs
(650 °C) [28] and liquid phase exfoliated few layer graphene
(600 °C) [30]. As can be seen oxygen significantly limits the
thermal stability of carbon allotropes and above 800 °C anaer-
obic atmosphere is required.

In this work we show that graphene nanosheets synthesized
using dual channel microwave plasma torch (MPT) at atmo-
spheric pressure by decomposition of ethanol possess superior
thermal stability in comparison to rGO nanoplatelets and that
it is possible to distinguish structures with different amount of
disorder from characteristics of differential thermogravimetry
(DTG) curve and its heat release rate.

2. Material and methods

2.1. Synthesis of graphene nanosheets using dual-channel
MPT

Gas phase synthesis of graphene nanosheets was carried out
by decomposition of ethanol in dual channel MPT (figure S1
(available online at stacks.iop.org/JPD/54/165201/mmedia)).
The experimental apparatus consisted of a MW generator,
working at frequency of 2.45 GHz, 2 kW maximum power
Pmw, connected to a standard rectangular waveguide and
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transmitting the MW power through a coaxial line to a nozzle
electrode enclosed in the quartz tube reactor. Ferrite circulator
protected the generator from the reflected power by rerouting
it to the water load. Matching of the plasma load to the line
impedance was achieved by a three-stub tuner. The gases were
supplied to the discharge chamber through the carbon nozzle
electrode which had two gas channels. The central channel
(0.8 mm diameter), in the nozzle axis, was used for intro-
duction of working gas—argon Q¢ and subsequent ignition
of plasma. The secondary channel (annulus with outer radius
8.4 mm and inner radius 7.7 mm) was used for introduction of
carrier gas—argon Qg with ethanol precursor vapors into the
plasma environment. Carrier gas has flown through a temper-
ature stabilized bubbler with ethanol before entering the sec-
ondary gas channel. The gas flows were controlled by Bronk-
horst electronic flow controllers. Reactor chamber consists of
a 20 cm long quartz tube with 8 cm diameter. The quartz
tube is terminated by aluminum flanges and sealed from the
outside environment by nitrile butadiene rubber o-rings and
elastic silicone gaskets. The discharge was ignited in the cent-
ral channel argon flow and the precursor was added to the dis-
charge through secondary channel and discharge was stabil-
ized. Deposition time was 5 min and after the deposition the
reactor was cooled down under Ar atmosphere. Synthesized
nanopowder was collected from the reactor wall or Si/SiO,
substrate fixed in the holder above the discharge and further
analyzed. More details about experimental setup and proced-
ure can be found in our previous publications [31, 32].

We have shown recently, that modification of deposition
conditions in dual-channel MPT discharge leads to controlled
synthesis of carbon nanomaterials with different amount of
sp>/sp> bond ratio, D/G band ratio, defectivity and mor-
phology as discussed in detail in [31, 32]. These properties
have a direct influence on functional properties of graphene
nanosheets. On the basis of the selected properties, three
samples were synthesized for the thermal stability study.
High quality GSG nanosheets (G) and GSG nanosheets with
low amount of disorder (1dG) were prepared at 350 W of
delivered MW power in laminar and turbulent gas dynamics
mode, respectively. Highly defective GSG nanosheets with
high amount of disorder (hdG) were synthesized at lower
power of 210 W and turbulent gas flow dynamics. In all cases
the liquid mass flow rate of ethanol was 45 mg min~—' and
argon secondary gas channel Qs was 700 sccm. The central
channel gas flow dynamics was changed by variation of flow
rate between 360 and 920 sccm.

2.2. rGO preparation method

High purity artificial graphite was sieved using sieve with a
mesh size of 100 pum. Then, 20 g of graphite was placed into
the flask with 460 ml of concentrated H,SO4 (95.6%) and 10 g
of solid NaNQs. The resulting mixture was mixed by the mag-
netic stirrer for 10 min and kept at the temperature of 0 °C
in an ice bath. After 15 min, anhydrous KMnOy, (60 g) was
added to the mixture of graphite/H,SO4/NaNOj3 and the result-
ing mixture was kept for 20 min at 0 °C followed by the heat-
ing to 35 °C for 30 min. To perform the hydrolysis of graphite

intercalation compounds, the mixture was poured into the flask
with 920 g of ice and kept at the room temperature (25 + 2 °C)
for 15 min. The last stage of synthesis was the addition of
840 ml of H,O, (hydrogen peroxide content in reagent was
32%) and the mixture was kept for an additional 15 min at the
room temperature. The prepared GO was washed by deionized
water and dried in air at 90 °C for 24 h.

The prepared GO was reduced by thermal exfoliation
(reduction) technique. The sample (2 g) was placed in a her-
metically sealed steel vessel (volume was 150 ml). The vessel
was put in the furnace and was heated from room temperature
(25 +1°C) to 350 °C at a rate of 15 °C min~!, after reaching
350 °C the sample was kept at constant temperature for 55 min.
Such prepared powder was further sonicated in an ultrasonic
bath UZV-200 (22 kHz) in isopropanol using specific power of
1.45 W cm~3 for 12 h to obtain clean rGO material. The cycle
of treatment was 20 min sonication +35 min break (for cooling
down the bath) and 5 min for changing the cooling water. Total
time of treatment was 12 h.

2.3. Material characterization

Samples were imaged by scanning electron microscopy
(SEM) with TESCAN MIRA3 microscope with Schottky field
emission electron gun equipped with secondary electron (SE)
and back-scattered electron (BSE) detectors as well as Oxford
Instruments Energy-dispersive x-ray (EDX) analyzer. Trans-
mission electron microscopy (TEM) was carried out using
MIRA3 scanning TEM (STEM) mode and FEI Tecai F20
microscope. Image analysis (determination of nanosheet size
and inter-layer distance, Fast Fourier transform (FFT) ana-
lysis) was carried out using ImageJ Fiji software.

Thermogravimetric analysis and differential scanning
calorimetry (DSC) were carried out using a Setaram Setsys
Evolution 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 °C
to 1000 °C. For comparison purposes, one experiment was
carried out with a constant heating rate of 2 °C min~—'. The
obtained data were processed using the Setaram Processing
software.

The phase composition and crystallite size was studied by
powder x-ray diffraction (XRD) on a PANalytical X’Pert Pro
MPD device using Co radiation (Ag,; = 0.178901 nm) at
reflection Bragg-Brentano geometry. The tube power was at
40 kV and 30 mA. Angular range: 5°-90° 20, step size: 0.03,
time pre step: 100 s, the total scan time: 2166 s. Fixed diver-
gence slit of 0.5° was used. The samples were placed on a
zero-background silicon wafer. The data were processed with
the help of the Panalytical HighScore 4.8 plus software and
JCPD PDF 2 database.

XPS analysis was performed using ESCALAB 250Xi
(Thermo Scientific, UK) x-ray photoelectron spectrometer
equipped with a conventional hemispherical analyser. Mono-
chromatized Al K, (1486.6 eV) x-ray source was focused
into elliptical spot size at 650 pm. The Lorentzian line pro-
file natural broadening of Al K,, was approximately 0.02 eV
and full instrumental broadening, characterized by Gaussian
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line profile, including thermal effects was 0.2 eV as determ-
ined by fitting Fermi energy, 0 eV, line profile. The pass
energies were set to 50 eV for wide-scan and 20 eV for high-
resolution elemental scans, respectively. These pass ener-
gies correspond to energy resolutions of 1.0 and 0.1 eV,
respectively. Charge compensation was performed with a self-
compensating device using field emitted low energy elec-
trons. Measurements were performed under ultra-high vacuum
10~° Pa and room temperature.

Raman spectroscopy was carried out using the HORIBA
LabRAM HR Evolution system with 532 nm laser, 100x
objective, 5% ND filter (500 mW maximum power),
600 mm~! grating and 30 s acquisition time in the range
from 1000 to 3200 cm™".

NOVA 2200e high-speed gas sorption analyzer (Quanta-
chrome Instruments) was used to determine the specific sur-
face area. The samples were weighed into a measuring cell
(0.005 g). The measuring cell was placed in a degassing sta-
tion where the degassing process was carried out at 300 °C
for 70 h. After cooling, the samples were placed in a measur-
ing station. The measurement parameters were set as follows:
thermal delay—1 200 s, pressure tolerance—6.6 Pa, equilibra-
tion time—90 s. The adsorption and desorption isotherms were
measured under the conditions of liquid nitrogen (—196 °C)
from 0.05 to 0.95 of relative pressure P/Py. Obtained data were
processed by NovaWin software and specific surface area was
calculated by the method of multi-point Brunauer-Emmett—
Teller (BET) from seven valid points.

The thermal stability study under various gas atmospheres
was carried out by samples annealing in quartz glass tube
(1000 long, inner diameter 45 mm) placed in the center of
cylindrical horizontal furnace Classic 5011T with 400 mm
length and hot zone length of 150 mm terminated with KF
flanges. The temperature inside the furnace was measured by
the type S thermocouple and controlled by Claire electronic
control unit. The gas flow rates were controlled by Bronkhorst
electronic flow meters and the whole system was evacuated
by a turbomolecular pump. The graphene nanosheets powder
was put into a quartz boat and placed in the middle of the fur-
nace. The annealing was done in the following sequence. The
whole experimental setup was flushed by Ar flow (2.5 Ipm)
for 5 min to avoid the air impurities during the annealing. The
sample was heated to its target temperature (350 °C-750 °C,
10 °C min~") under synthetic air N»/O, (800/200 sccm) and
in ambient air (RH 65%). The sample was then rapidly cooled
down by shifting the oven with regard to sample position by
300 mm and cooled down under Ar flow (1000 sccm) to the
room temperature.

3. Results and discussion

3.1. SEM and TEM characterization of nanomaterial

All types of samples were analyzed by SEM and showed sub-
stantial structural differences between MW plasma synthes-
ized graphene nanosheets and GO samples.

The bottom-up approach of GSG synthesis resulted
in foam-like ordering of individual graphene nanosheets

with curved edges and thickness of several nanometers
(figures 1(a)—(c)). The nanosheets were rectangular in shape
and hundreds of nanometers in size. No impurities were found
in the structure of the deposit and no large particles originating
from erosion of carbon nozzle were found in the nanopowder.
While the deposition led to synthesis of nanosheets with tar-
geted amount of defects it was very difficult to observe any
unambiguous difference in their SEM images.

On the other hand, the rGO powder (figure 1(d)) consisted
of a mix of nano palettes and exfoliated graphite flakes with
size ranging from several pms to hundreds of yms with fine
edge structure. Due to the way the rGO sample was prepared,
it is expected to be contaminated with chemical substances
used in the preparation process. Sample contamination was
detected by imaging with the BSE detector in SEM, where
bright areas represented heavier elements. Precise chemical
analysis of rGO was performed using an EDX analyzer. The
rGO sample contained 1.5 at% of contamination, mainly S 0.4
at%, K 0.2 at% and Mn 0.2 at%. The carbon and oxygen in
rGO sample was 90:10 at% ratio and was consistent with the
result of XPS analysis.

GSG nanosheets were analyzed by high resolution trans-
mission electron microscopy (HRTEM) (figure 2). The size
determined by TEM was in agreement with SEM results and
the number of layers in the nanosheets structure varied from
2 to 10, with interlayer distance of 0.34 nm. The curved and
overlapping nanosheets’ edges could be observed as well. FFT
image analysis of G sample image (figure 2(a)) exhibited six-
fold symmetry of a few-layer structure (top left) as well as
overlaid edge of twisted bilayer graphene (middle section),
in agreement with results of Limbu ef al [33]. The curved
and closed edges are the consequence of a stabilization pro-
cess to minimize energy of nanosheet structure by elimina-
tion of high energy dangling bonds on its edges [34]. The
corrugations, edges and topological defects caused the relat-
ively high intensity of D band in our samples in comparison
with CVD grown graphene. The hdG sample exhibited more
disorder and the few-layer structure was overlaid with small
fragments of incomplete additional layers on its surface as can
be seen in figure 2(c). One can notice smooth edges of the
nanosheet structure which correspond to curved, closed struc-
ture as reported by Liu et al [35]. The observation of defective
parts of the nanosheets are in agreement with TEM analysis of
GSG nanosheets by Dato and Frenklach [36]. Reduced graph-
ite oxide sample was generally too thick to carry out effective
HRTEM analysis and global STEM analysis (figure 2(d)) was
used instead.

3.2. XRD analysis

Bragg-Brentano technique in the interval from 5° to 90° 26
angle was used for material characterization. Strong graph-
ite (002) (JCPDS 75-1621) diffraction at 30.1° (0.335 nm)
could be observed in all samples, but this peak appeared to be
slightly shifted to lower angle values i.e. higher interlayer dis-
tances, in GSG samples (figure 3). Weaker graphite diffraction
peaks (100), (101) and (004) could be observed in rGO sample
as well. Neither rGO nor GSG samples diffraction pattern
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Figure 1. Secondary electron SEM images of GSG nanosheets and reduced graphene oxide: (a) G, (b) 1dG, and (c¢) hdG and (d) rGO
sample, respectively. (a)—(c) At the same scale indicated by the scale bar.

exhibited peak at 13.4° (0.855 nm) assigned to intercalated
graphite (JCPDS 04-0221) structure of graphite oxide [37].
Neither rGO nor MW plasma graphene nanosheets samples
diffraction pattern exhibited this XRD peak. The crystallite
size determined from Scherrer formula was approximately
4.6 nm and 21.7 nm for GSG nanosheets and rGO sample,
respectively.

3.3. Raman spectroscopy analysis

Raman spectroscopy is a well-established technique for ana-
lysis of carbon based nanomaterial structural properties [38].
The normalized intensities of Raman bands and their full width
at half maxima (FWHM) values could be used as a finger-
print of structural network disorder and were used for quan-
tification of various structural imperfections for graphene by
Ferrari et al [39], GO by Pimenta et al [40], carbon black
by Pawlyta et al [41] and amorphous carbon by Sadezky
et al [42]. First and second-order Raman vibrational modes
of carbon related materials were found in the analyzed range
(1000-3200 cm ™) of the measured Raman spectra. The first-
order region consisted of five spectral bands, four disorder
and defects related bands (D*—1210 cm~!, D—1348 cm ™!,
D**—1500 cm~" and D’—1620 cm ™) and ‘graphite’ G band,
E,, vibrational mode, at ~1580 cm~!. The G band was found
in the Raman spectra of graphite related samples due to the

in-plane bond stretching of carbon atoms in crystal struc-
ture with sp? hybridization. The second-order region could
be deconvoluted into three bands (G*—2450 cm™', 2D—
2690 cm~! and D + G—2950 cm™!). The origin of the
higher-order bands, i.e. G* is, according to the literature [43],
clearly a second overtone of the D* and D bands. The ori-
gin of the Raman signal at 2950 cm~! is not clear and still
under debate [44], although it is usually denoted as D + G
band. For appropriate analysis of the samples, fitting of the 2D
band with Lorentz peak was performed and its intensity nor-
malized to the G band intensity could be used, together with
FWHM value, to quantify the number of graphene layers of
graphene nanosheets [39]. 2D/G band ratio is used to differ-
entiate between single and few-layer graphene structures in
graphene samples with 2D band being independent of defects
and activated by an excitation of two phonons from the trans-
verse optical (TO) branch. This behavior is strongly enhanced
in single layer graphene.

However, in our study, we observed two distinct extremes.
2D band intensity was either very low in case of GO sample
or high, approximately of the same intensity, for all GSG
samples. Each of the studied samples showed characteristic
Raman spectra.

Raman spectra on figure 4(a) correspond to well graph-
itized GSG nanosheets (G) with low defect density as can
be derived from the relatively intensive 2D band and low,
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Figure 2. TEM analysis of (a) G, (b) 1dG and (c) hdG GSG samples, (d) STEM image of rGO flake. Inset—FFT analysis of few-layer

graphene (FLG) and twisted bi-layer (TBL) part of the nanosheets.

well defined D peak. Changing the deposition conditions
slightly out of synergy between absorbed MW power and res-
idence time of carbon species in the assembly zone of plasma
flame, as described in previous work [31], formed turbulent
gas dynamics and the resulting nanomaterial showed higher
defectivity and more disordered structure which was reflected
in its Raman spectra (figure 4(b)). Raman spectra of defect-
ive graphene nanosheets (1dG) showed an increased intens-
ity in the D band region which led to an increase of D/G bad
ratio from 0.64 to 1.05. This region was now fitted with two
additional defect-activated bands (D* and D**) around the D
band region. Lowering the delivered MW power led to syn-
thesis of even more defective nanostructures (hdG) as seen
in figure 4(c). The intensity of the defect-activated ‘shoulder’
bands (D*, D** and D’) further increased, representing a more
disordered structure and a presence of a higher amount of
amorphous phase.

Increased disorder in the nanosheet structure determined
by fitting of the D band region was the most distinctive fea-
ture of Raman spectra of GSG nanosheets. Increased D/G
band ratio also suggested that distance between the defects

in the nanostructures decreased [40]. There are two main
groups of the defects in the graphene nanosheets structure: (a)
zero-dimensional defects such as vacancies and dopant atoms
described by the mutual distance Lp and (b) one dimensional
defects represented by nanosheets edges and grain boundar-
ies described by distance L, [45]. Structure of GSG samples,
nanosheets with tens and hundreds of nm in size, suggests a
significant role of one dimensional defects in D peak intens-
ity. As such, the D peak intensity and appearance of D’ peak
in Raman spectra was consistent with scattering from GSG
nanosheets edges [46]. As far as the 2D band region was con-
cerned, there were slight differences in the fitted peak intens-
ity but its FWHM was constant at 54 cm™!, suggesting the
thickness of nanosheets was approximately the same. In gen-
eral, the Raman spectra corresponded to disordered few-layer
graphene. This observation was in agreement with the res-
ults of SEM where size and thickness of all GSG samples
was very similar and therefore mainly influenced by the same
amount of precursor delivered into the discharge. Detailed
summary of the Raman spectroscopy analysis can be found in
table 1.
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Figure 4. Raman spectra of GSG nanosheets and reduced graphene oxide samples, (a) G, (b) 1dG, and (c) hdG and (d) rGO, respectively.

The rGO sample exhibited typical graphite oxide-like
Raman signal (figure 4(d)), which was different from
characteristic Raman spectra of GSG nanosheets. The dif-
ference in 2D band region was the most noticeable, since
rGO structure was much thicker and thus its Raman spectrum

corresponded to defective graphite structure with low 2D band
intensity [40]. Raman spectrum was dominated by a broad
high intensity D band region. Next to the main D peak, both
defect activated shoulders at lower and higher wavenumbers
(D*—1210 cm~! and D**—1510 cm~!) were observed. This
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Table 1. Raman analysis of prepared carbon nanomaterials. G peak
integrated intensity/area = 1. D/G = D peak intensity. 2D/G = 2D
peak intensity.

Raman parameter/Sample G 1dG hdG rGO
D* Intensity 0.11 0.27 0.97 0.59
D position (cm™h 1346 1348 1346 1348
D Intensity 0.64 1.05 1.53 2.48
D FWHM (cm ™) 42 50 60 116
D** Intensity 0.11 0.20 0.51 1.28
G position (cm™}) 1580 1583 1578 1586
G FWHM (cm™) 26 28 28 58
2D position (cm™h 2688 2692 2689

2D Intensity 1.54 1.35 1.32

2D FWHM (cm ™) 54 54 56

(D* + D' + D**)/G 0.27 0.6 2.16 2.05

implied considerable structural imperfections and presence of
large amount of defects in the reduced graphite oxide struc-
ture. The intensity of the D band remained high even after
reduction and substantial decrease of amount of oxygen as
determined by EDX and XPS analysis. According to the ana-
lysis method proposed by Sadezky [42], the high increase in
the intensity of both, the D and D* peaks, was caused by pres-
ence of the disordered graphitic lattice at the edges of the rGO
flakes and defects in the plane of graphene layer. On the other
hand, the analogous growth of the D** band intensity was
linked to the presence of a high fraction of amorphous carbon.
Finally, the high intensity of the intra-valley defect (D) band
in the rGO sample also confirmed the increase in the amount
of defects and structural disorder.

3.4. XPS analysis

Samples were further characterized by XPS and the results
showed that the GSG nanosheets contained from 96 at% to
98 at% of carbon and a small amount of oxygen. The rGO
sample consisted of 92 at% of carbon and 8 at% of oxygen and
a small amount of other impurities, such as sulfur and man-
ganese This was in agreement with the results of EDX ana-
lysis. Detailed analysis of Cls peak of XPS spectra (figure 5)
showed the presence of peaks centered at 283.5 £ 0.1 eV,
284.4 +£0.1eV and 285.2 £ 0.1 eV, which were assigned to sp,
sp? and sp® hybridized carbon. Peak at lower binding energy,
283.5 eV, was assigned to sp hybridized carbon according to
Rybachuk and Bell [47]. Further, there are theoretical density
functional theory (DFT) calculations, which assign this peak
to the presence of point defects in the hexagonal carbon lattice
of the nanosheet structure [48, 49]. An alternative fit without
using the sp peak could not properly reproduce the low energy
part of the Cls spectra.

Carbon atoms bound to oxygen were also detected with
peaks centered at 286.2 £ 0.2 eV, 286.9 + 0.2 eV, and
288.1 + 0.2 eV assigned to C—O, C=0 carbonyl and O—-C=0
carboxyl groups, respectively. It was very important to prop-
erly deconvolute the Cls region to obtain results in conformity
with the theory [50]. Several constraints were applied in Cls
spectra deconvolution procedure. Background correction was

performed applying Shirley algorithm. The peak of sp> com-
ponent was modeled by using asymmetric Doniach—Sunjié
(DS) profile [51] (asymmetry parameter 0.01) convoluted with
Gaussian (100%)—Lorentzian (0%) pseudo-Voigt profile. For a
metallic system such as graphite, graphene, or metallic CNTs
(all sp? phase carbons), the Cls line will exhibit asymmetry
towards higher binding energies due to the Kondo-like many-
electron interactions of the metallic conduction electrons with
the accompanying deep hole in the final state as described by
Doniach—Sunji¢. The asymmetry is zero for semiconductors
and insulators, recovering the symmetric Lorentzian form of
the line. Therefore, components describing sp* hybridized car-
bon or oxide groups bonded to carbon were modeled with sym-
metric Gaussian (70%)—Lorentzian (30%) pseudo-Voigt pro-
file. The deconvolution of Cls peak profile can be seen in
figures 5(d) and (a)—(c) for rGO and GSG samples, respect-
ively. The highest sp?/sp’ ratio, 13.1, possessed graphene
nanosheets G sample with 6.2% content of C-O, C=0, and
COOH groups. The sp?/sp? ratio decreased in 1dG sample, 9.9,
and was comparable to rGO sample with ratio of 11.3, but rGO
sample contained 9.5% of carbon—oxygen groups (table 2).

3.5. Thermal stability of prepared nanomaterial

3.5.1. TGA. Detailed thermal stability study of synthesized
carbon nanomaterials was carried out using TGA and DSC. In
general, two properties can influence the oxidation temperat-
ure of carbon based nanomaterial: particle size and level of
graphitization (disorder degree). According to experimental
results of Morgan et al [52] and the shrinking core model, the
particles with smaller diameter or size exhibit lower temper-
ature of oxidation. On the other hand, structures with lower
level of graphitization or with higher amount of defects are
prone to combustion at lower temperatures, since defect sites
are susceptible for any kind of disruption [28]. Generally,
there are several regions found in TGA curves of carbon-based
materials. The initial mass loss occurring at temperatures up
to 100 °C corresponds to the release of water vapors from
the carbon particle surface. Secondly, thermal decomposi-
tion of unstable oxygen-containing functional groups, espe-
cially hydroxyl and lactone groups [53], as well as intercal-
ated water release, occurs at temperatures between 200 °C and
300 °C [54]. The graphene based nanomaterial itself begins to
combust above 400 °C. The third temperature range between
400 °C and 500 °C reflects a decomposition of light amorph-
ous polycarbons to carbon dioxide that are easily vaporized
[55]. The last region indicates gradual destruction of the most
stable phase of graphene structure above 700 °C due to the
breaking of C—C bond and complete oxidation of carbon in
synthetic air [56].

Brief information about thermal stability of GSG nano-
material was reported by several authors. Melero ef al [57]
used (Torche a Injection Axiale sur Guide D’Onde) TIAGO
torch for the synthesis of CNTs and graphene nanosheets
without use of catalyst and investigated their thermal stabil-
ity in air and the results of the analysis showed single oxid-
ation temperature at 554 °C further proving a very clean
deposit with no amorphous phase and low amount of defects.
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Figure 5. XPS Cls spectra of GSG nanosheets and reduced graphene oxide samples, (a) G, (b) 1dG, and (c) hdG and (d) rGO, respectively.

Table 2. XPS analysis of prepared carbon nanomaterials. C cont. = overall content of carbon in the sample.

Sample/Cls peak

analysis sp sp’ sp° C-0 C=0 0-C=0 " C cont. at% O cont at%. C/O ratio
G 14 79.8 6.1 4.1 1.5 0.6 6.5 98.3 1.7 57.8
1dG 34 75.6 7.6 4.1 22 1.5 5.6 97.6 2.4 40.7
hdG 9.7 64.9 15.2 44 1.3 1.0 3.5 95.9 4.1 23.4
rGO 3.6 76.7 6.8 5.1 23 2.1 3.4 92.3 7.7 12.0

Fronczak et al [58] investigated growth of various graphene
nanostructures including nanosheets in radiofrequency plasma
jet using a wide range of alcohols and investigated stabil-
ity of these structures by TGA/DSC analysis. They showed
that similarly to results of Dato and Frenklach [36], except
ethanol, other alcohols possessing O/C ratio from 0.1 to 0.5
produce mostly amorphous structures but with higher car-
bon yield. Thermal stability of these structures investigated by
TGA analysis increased with increasing O/C precursor ratio
or addition of oxygen to decanol precursor. The DTG curve
of the nanostructures was divided into three groups accord-
ing to temperatures: (a) 550 °C-600 °C, (b) 640 °C-690 °C,
and (c) 700 °C-=750 °C. Amount of the first group was above
40% for all studied precursors and only ethanol, propanol, and
butanol had a significant amount of third group. Except for
decomposition of ethanol in MW plasma, high temperature

plasma discharges such as arc discharge and plasma torches
were used for graphene nanoflakes synthesis. AC arc discharge
with carbon electrodes in the N,/H, atmosphere was used for
carbon nanopowder synthesis by Wu et al [59]. The produced
nanosheets were five layers thick and their quality varied with
change of Ny/H; ratio. This method could produce 2.1 g of
nanopowder in 5 min and its stability was investigated by TGA
analysis with a single peak at 673 °C showing high purity of
graphene. Amirov et al [60] used DC plasma torch in Ar/He
with methane to produce porous multi-layer graphene which
started to decompose in air at 300 °C and main weight loss
occurred around 550 °C. The synthesis methods of various
carbon nanomaterials and their TGA/DTG results are summar-
ized in table 3.

TGA of nanomaterials prepared by two distinct processes
showed clear difference between structural and chemical
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Table 3. Summary of plasma synthesis of graphene nanosheets, their TGA analysis and comparison with other carbon materials.
AC—alternating current, DC—direct current, RF ICP—radiofrequency inductively coupled plasma, CVD—chemical vapor deposition.

Method of Discharge Heating rate

synthesis atmosphere Precursor TGA atm.  (°Cmin~") DTG peak (°C) Ref.
AC arc discharge N»/H, Solid carbon Air 10 650 [59]
TIAGO MW torch Ar Ethanol Air 5 554 [57]
RF ICP torch Ar Ethanol N»/O0, 95/5 10 704 [58]
DC plasma torch Ar/He Propane-butane  Air 10 630 [60]
Electrochemical Electrolyte Graphite Air NA 500-700 [61]
Alkali metal intercalation based exfoliation ~ Ar/vacuum Graphite N, NA 500-1000 [62]
Joule heating Air Anthracite coal  Air NA 700 [5]
Ultrasonication Ethanol liquid ~ Graphite N, NA 300-600 [63]
MW plasma torch Ar Ethanol Air 10 750 This work
CVD CNT Ar/H, Ethylene Air 5 665 [64]
Ceo powder Commercial Solid carbon (0]} 20 600 [29]
Diamond powder Commercial Natural (073 20 710 [29]
Graphite powder Commercial Natural (0)) 20 850 [29]

composition of carbon nanosheets and nanoplatelets. After the
first derivative of the TGA curves (DTG curve), we could
observe several temperature (thermal stability) ranges with
specific temperature positions of peak maxima for each of
the studied carbon nanostructures. The positions, halfwidth
and areas of the peaks were obtained by the deconvolution
procedure using Fraser—Suzuki asymmetric profile [65]. GSG
nanosheets and rGO samples exhibited different number of
thermal stability ranges and their fractions.

Figure 6 shows TGA measurements of all four types of
samples discussed in our study. It can be seen that the thermal
stability of each of them was different and could be decon-
voluted with different number of Fraser—Suzuki profiles. The
results obtained from Raman spectroscopy, XPS and electron
microscopy enabled us to establish a connection between the
composition of each of the studied materials and their thermal
stability (i.e. shape of the DTG curve).

The chemical reduction and heat treatment of rGO sample
led to the release of water and removal of labile oxygen func-
tional groups found between 50 °C and 300 °C. Most disorder
carbon phase with predominantly carboxyl, hydroxyl and lac-
tone groups, and light polycarbons was removed as well. DTG
curve of rGO sample could be deconvoluted into two compon-
ents, at 545 °C and 607 °C, related to the oxidation process,
formation of CO and CO,, of the main structure of nanoplate-
lets. This simplified the DTG curve shape greatly in compar-
ison to partially rGO materials [66].

Figures 6(a)—(c) show TGA/DTG curves of GSG samples
synthesized in MPT. It can be seen that the samples behaved
differently, which can be attributed to the controlled pro-
cess of their synthesis. Thus, DTG curves of well graphitized
graphene nanosheets exhibited single major peak with tem-
perature of full oxidation, up to 810 °C. DTG curve profile
gradually changed from three peaks, at 345 °C, 570 °C and
763 °C, for defective structures of hdG sample to single nar-
row peak at 751 °C with very small addition of peak at 571 °C
for graphene nanosheets G sample. Shape of the DTG curve
of GSG samples could be understood from Raman and XPS
analysis of the samples. Overall, the samples contained only

a small amount of oxygen, 1.7 at%, 2.4 at% and 4.1 at% for
G, 1dG, and hdG samples, respectively. Cls XPS peak ana-
lysis showed between 6% and 8% content of carbon—oxygen
groups in the samples. Low oxygen content explained the
missing part of the DTG curve related to decomposition of
structure with oxygen related groups around 200 °C. How-
ever, as can be seen from Raman spectra (figure 4), the dif-
ference between the GSG samples was the amount of disorder
in their structure. The amount of disorder, D*, D, D** and D’
Raman peak intensity, increased in samples synthesized in tur-
bulent gas flow or low delivered MW power conditions. This
fact was supported by decrease of sp?/sp> ratio in XPS spec-
tra from 13.1 to 4.3 for G and hdG sample, respectively. This
correlated with the fact that most thermally stable nanosheets
showed highest sp? carbon phase content together with the
lowest D band intensity according to Raman spectroscopy. As
a consequence, DTG curve of 1dG and hdG samples exhib-
ited low intensity peak 345 °C related to amorphous phase in
the nanosheet structure which was missing in the G sample.
All samples exhibited peak at 570 °C. The area of this peak
decreased with increasing sp?/sp? ratio and decreasing D/G
ratio in the prepared samples. Therefore, sample G exhibited
only a very low intensity effect at 570 °C at DTG curve, which
can be described with a fit of just a single peak.

In general, the position of this final oxidation process peak
varied between samples from 724 °C to 763 °C. Except for
the amount of disorder and particle size, an important prop-
erty for oxidation process rate was surface area of the material
[67]. As a rule of thumb, higher the surface area, the faster
decomposition of the sample was expected. In our case, we
investigated this dependence for G type samples. Two samples
prepared under the same deposition conditions exhibiting the
same DTG curve profile, but different third peak position, were
used for surface area analysis by BET method. The results
showed that the sample with lower temperature of final oxida-
tion peak, 751 °C vs 771 °C, had a surface area of 881 m? g_‘
in comparison to 348 m?> g~! of the second sample. The sur-
face area of the sample was several times larger than the values
reported for GO nanopowder [68] which further proved high
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Figure 6. TGA(red)/DTG(dark blue) analysis of prepared carbon nanomaterials: (a) G, (b) 1dG, (c) hdG and (d) rGO.

oxidation resistance of GSG material. In general, the thermal
stability of rGO (figure 6(d)) was lower than GSG samples and
was mainly influenced by high amount of disorder, as determ-
ined from Raman D peak intensity, even with relatively low
oxygen content of 7.7 at%.

We also investigated the influence of heating rate on the
oxidation process during the sample analysis. In literature,
various heating rates were used for analysis of graphene based
materials, from 1 °C min~! to 25 °C min~—'. Lowest heating
rates are usually used to avoid the violent process of thermal
expansion of GO during the analysis. It is also expected that
with the lower heating rate the TGA curve effects will shift
to lower temperature and its FWHM would be smaller due
to the exposure of the sample to given temperature for longer
time. In our case, we used an intermediate rate of 10 °C min !
which was used by Fronczak et al [58] in their study and we did
not experience any problems with instability of our samples.
To study the influence of the heating rate on the position of
the TGA curve, we carried out an analysis of the G sample
at a heating rate of 2 °C min~!. This way we could com-
pare our result with the only other TGA analysis of graphene
nanosheets synthesized in MW plasma reported by Melero
et al [57] which used a heating rate of 5 °C min—! and reported
a single peak at 554 °C. As expected, our DTG curve shif-
ted to lower temperatures (figure 7), but we observed only
moderate shift of the oxidation peak position from 751 °C to
681 °C, further proving high thermal stability of our graphene
nanosheets.

Besides analysis of DTG curve, each sample heat flow
measurement was analyzed as well (figure 8). The only source
of heat in our measurement was the oxidation reaction of car-
bon and oxygen. In our main reaction interval, between 300 °C
and 800 °C, the formation of CO, was favored over CO with
main exothermic reaction

C+ 0, — CO,, (1)
yielding 394 kJ of energy per mol [69]. We analyzed the heat
flow curve’s profile for each sample and found it to be in
agreement with DTG curve’s profile. This observation can be
explained by the direct relationship between content of each
material fraction and its thermal stability. Oxidation process
(1) of each fraction then yields proportional amounts of energy
in the form of heat. At temperatures around 300 °C and 570 °C,
the heat release can be attributed to CO, formation by reaction
of oxygen with released carbon—oxygen functional groups and
disorder phase of GSG nanosheets structure. Above 600 °C,
the most stable fraction of material underwent oxidation reac-
tion, while releasing the heat with temperature profile and
magnitude matching that observed on DTG curve. This way,
the heat release from the material can be varied based on frac-
tion content and controlled by the synthesis conditions of GSG
nanosheets. As mentioned in the Introduction section, such
property is of practical importance in the application of such
material as an advanced flame retardant. Lower oxidation res-
istance of rGO led to the maximum heat release at 590 °C.
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Figure 8. DSC heat flow curves of prepared carbon nanomaterials (10 °C min~", 20 sccm air).

3.5.2. Investigation of high oxidation resistance of GSG
nanosheets by thermal annealing. TGA led to observation
of clear differences between thermal stability of various GSG
nanosheets samples, but the underlying changes in the samples
could not be analyzed during the analysis. Therefore, we car-
ried thermal annealing of GSG samples at relevant temperat-
ures chosen on the basis of TGA results. In such a way we
could determine underlying structural and chemical changes in
the disordered GSG nanosheets structure at high temperatures.
The samples were annealed in the synthetic air atmosphere at

temperature range from 350 °C to 750 °C and analyzed by
Raman spectroscopy and XPS (table 4).

The G sample structure, as expected, did not exhibit any
changes until the temperature reached 600 °C, where it began
to be affected by the oxidation process. The oxidation pro-
cess started at the defects in the graphene nanosheets struc-
ture and slowly began to affect the whole structure. Above
700 °C, the GSG nanosheets underwent full oxidation start-
ing from defective sites and edges, until full disintegration of
the nanosheet structure was reached. The same process, but
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Table 4. Raman and XPS analysis of hdG samples at 345 °C and 570 °C, respectively. C cont. = overall content of carbon in the sample. G
peak integrated intensity/area = 1. D/G = D peak intensity. 2D/G = 2D peak intensity.

Raman analysis parameters hdG-345 hdG-570 XPS Cl1s peak analysis hdG-345 hdG-570
D™ Intensity 0.61 0.19 sp 2.7 23
D position (cm™}) 1344 1345 sp° 78.4 86.2
D Intensity 0.97 0.78 sp° 73 1.4
D FWHM (ecm ™) 52 40 Cc-0 3.6 3.0
D** Intensity 0.45 0.19 C=0 1.7 1.4
G position (cm™h 1576 1578 0-C=0 0.8 0.7
G FWHM (ecm™") 32 26 1" 5.5 5.0
2D position (cm™h 2686 2685 C cont. at% 97.5 98.5
2D Intensity 1.01 1.59 O cont. at% 2.5 1.5
2D FWHM (ecm ™) 62 56 C/O ratio 39 65.7
(D* + D’ + D**)/G 1.25 0.48

500 nm

Figure 9. SEM analysis of annealed samples at 700 °C: (a) G sample in humid air (b) hdG sample in synthetic air, arrows indicate defects

in the structure of nanosheets.

at slightly lower temperature, was observed in case of hdG
sample and G sample annealed at the presence of humidity
in the ambient air atmosphere (figure 9), where the disintegra-
tion process was faster with partial stability of the nanosheets
up to 600 °C and almost complete burnout of the sample at
700 °C. In both types of sample, we could observe deforma-
tion of nanosheet shape and partially removed sections of its
structure. This led to formation of large amount of defects and
fast removal of nanosheets by oxidation reaction.

This process was clearly reflected in the D and G band
intensities of annealed samples. Raman spectra of the G
sample annealed at 345 °C and 570 °C showed no signific-
ant differences and only at the higher temperatures could we
observe an increase of D/G Raman band ratio from 0.6 to 0.9
(figure 10). At the same time, 2D/G peak ratio remained the
same (figure S2).

On the other hand, there were substantial differences in
the stability of graphene nanosheets with a larger amount of
disordered phase, hdG sample (figure S3). The annealing at
345 °C did not lead to significant decrease of D* and D**
band intensity (figure 11(a)) and therefore the intensity of
these peaks can not be conclusively used as a measure of a
highly disordered phase in our samples. However, annealing
at 570 °C (figure 11(b)) led to almost complete elimination of
D* and D** band in its Raman spectra.

Besides for structural disorder, the amount of oxygen can
have a significant impact on thermal stability of carbon nano-
structures. Therefore, graphene-based nanomaterials with low
oxygen content exhibit higher oxidation resistance. Plasma-
based synthesis of GSG results in very low oxygen content
with carbon to oxygen ratio of 50:1 or less. Except GSG,
Achee et al [61] reported high yield electrochemical exfoli-
ation of graphite with low oxygen content and thermal stabil-
ity between GO and parent natural graphite flakes. Recently,
Luong et al [5] reported graphene nanosheets and carbon
polyhedra synthesis, called flashed graphene (FG), by rapid
Joule heating of inexpensive carbon sources—such as anthra-
cite coal and coffee grounds, petroleum coke, carbon black,
etc, with purity of up to 99%. TGA in air of anthracite coal
FG showed maximum mass loss at around 700 °C. MW-
assisted solvothermal method was used by Van Khai et al
[70] for production of highly conductive few-layer graphene
with low oxygen content (6.5 at%) and morphology similar
to GO. Munuera et al [71] used top-down anodic exfoliation
with highly oriented pyrolytic graphite as well as graphite
foil, flakes and powder as electrode and showed that proper
choice of initial material, graphite foil, allowed them to pro-
duce biocompatible graphene with low or high oxidation ratio
O/C of 0.058 and 0.110, respectively. Alkali metal intercal-
ation method was used by Park er al [62] for exfoliation of
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Figure 10. Dependence of D/G peak ratio on sample annealing temperature.

graphite flakes in inorganic solvents, forming stable disper-
sion without any functionalization and surfactant. Produced
flakes had 2-3 at% of oxygen and experienced main mass
loss under N, atmosphere above 500 °C. Greco et al [63]
used liquid phase exfoliation of graphite flakes in N-methyl-
2-pyrrolidone and ethanol under ultrasound and produced Si
nanoparticles/few-layer graphene composite for Li-ion battery
anodes. These structures had low D/G ratio around 0.5 and
TGA under N, atmosphere showed the main mass loss in the
range from 300 °C to 600 °C. Shear exfoliation in liquids and
ball milling in solvents were used for production of graphene
flakes with various oxygen contents as well. These methods
were recently reviewed by Kairi et al [2].

XPS analysis of annealed hdG sample (figures 11(c) and
(d)) showed sp? phase content decreased from 15.2 to 7.3 and
1.4 at% for 345 °C and 570 °C annealing temperature, respect-
ively. The annealing led to moderate decrease of carbon—
oxygen functional groups, mainly lowering the C—O and C=0
groups content. The decrease of content of C—O and C=0
groups with increasing temperature was in agreement with res-
ults of molecular dynamics simulations [72] and experimental
observation of decomposition of various types of oxygen func-
tional groups by Figueiredo and Pereira [73]. Overall oxygen
content decreased to 1.5 at% further confirming chemical com-
position similarity between hdG-570 and G type nanosheets
(table 4). Regarding sp carbon hybridization content, only a
small decrease of sp content was observed, which left only
sp® phase content as a good measure of disordered carbon
structure.

Therefore, the results of Raman and XPS spectroscopy led
to the conclusion that after annealing at 570 °C, only high
quality graphene nanosheets are left in the sample. This is
in agreement with TG analysis of hdG sample, where the

last part of the DTG curve reached the same temperature
as G sample. The synthesis conditions of hdG sample led
to formation of large fraction disordered phase and small
nanosheets, below 10 nm, with free dangling bonds on its
edges, as observed in TEM images (figure 2(c)). These frac-
tions were removed after annealing at 345 °C and 570 °C and
correspond to the peaks observed in the DTG curve. Last part
of the DTG curve was formed by large sheets, with curved
edges and low amount of defects in their structure. Further
increase of the annealing temperature to 700 °C led to the dis-
ruption of nanosheets edges and its shape as can be observed in
figure 9.

We determined activation energy of defect formation under
oxidation atmosphere by applying the following relation
between D/G band intensity ratio and process activation
energy E,,

In/lG = Aje ERVAT 4 Ao —Ea2NT )
as suggested by Liu and Zhang [74], where k is the Boltzmann
constant and T is process temperature. In our case, activation
energy (E,; and E,;) denotes energy required to initiate defect
formation in the nanosheets structure caused by reaction of
carbon and oxygen atoms. Please note that activation of these
defects was not observed in an inert atmosphere. For the hdG
sample, the curve had non-trivial shape (figure 10), because
the intensity of D peak at first decreased with removal of dis-
order fraction of the material and increased only after anneal-
ing above 650 °C.

The G type sample dependence could be fitted with a com-
bination of two exponential functions with E,; of 2.0 eV and
E of 0.6 eV, corresponding to two kinds of defect generation
processes (figure 12). These two processes are responsible
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Figure 11. Raman and XPS analysis of graphene nanosheets annealed at 345 °C: (a) Raman spectra, (c) XPS Cls spectra; and 570 °C:

(b) Raman spectra, (d) XPS Cl1s spectra, respectively.

for DTG curve peaks at 570 °C and 700 °C. This is in
agreement with our DTG analysis of G sample (figure 6(a)),
where a nonzero contribution of peak at 570 °C was
observed.

The E,; value of activation energy of carbon oxidation of
main nanosheets structure was higher than the value found for
graphite oxidation, 1.6 eV [67], but in agreement with value
reported for defects formation by oxidation process of bi-layer
graphene on the substrate [74]. Such a large energy barrier is
also enhanced by the mutual twist of graphene layers in our
multilayer structure as described in sample TEM analysis. It
was shown by molecular dynamics simulation [75] that twis-
ted graphene layers with size of several tens of nanometers
remain stable up to several thousand Kelvin with activation
energy barrier of untwisting of more than 4 eV. Another mech-
anism leading to stabilization of graphene sheets can be hydro-
gen bonded to free carbon dangling bonds as shown by Zhong
and Hong [27]. We cannot exclude this stabilization process as
well, however according to Dato et al [76], few layer graphene
nanosheets prepared by MW plasma decomposition of ethanol
contain only 1 at% or less of hydrogen and most of the hydro-
gen from the precursor is converted to C,H; and H, gas which
escapes the experimental setup.

3.5.3. Fingerprint behavior of GSG nanosheets during high
laser power Raman spectroscopy.  High temperature sta-
bility of GSG nanosheets enabled us to carry out investig-
ation using high power laser Raman spectroscopy. Except
for changes in chemical composition and structural features,
the GSG nanosheets also exhibited systematic deviation in
behavior when irradiated with a high power laser beam. This
became evident in development of D/G and 2D/G ratio during
the measurements. G sample exhibited a significant decrease
of 2D/G ratio with increasing laser power (figure 13) and sim-
ilar, but weaker dependence was observed for its D/G band
ratio. In hdG type sample, both ratios depended only very
weakly on the laser power, but its behavior changed after
annealing at 570 °C, when the sample response was consist-
ent with G sample. The response of rGO sample was similar
to the unannealed hdG sample and showed almost no depend-
ence on the laser power. Contrary to us, Ferreira et al [77]
observed a decrease in D/G band ratio with increasing power,
AL = 532 nm, in the range from 0.5 to 3 mW in samples
of multilayer graphene oxide (MLGO) and reduced MLGO.
These materials also exhibited the shift of G band position
and increase of its FWHM with increasing laser power, while
mechanically exfoliated multilayer graphene showed no such
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dependence. The shift of Raman band positions is a known
effect due to thermal expansion of crystal structure and anhar-
monic coupling of the phonon modes [78], and is linearly
dependent on crystal temperature. The temperature coefficient
is approximately between —0.01 and —0.03 cm~! K~ for sp?

related carbon nanostructures but the measured value strongly
depends on conditions of the measurement and nature of the
sample. Similar behavior was also observed in our samples as
the material started to be heated with increasing laser power.
As mentioned above, the relationship between D and 2D band
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intensity in graphene is non-trivial and the same is valid for
behavior of response of our samples. In transition from single-
layer graphene to disordered few-layer graphene, one would
expect the increase of D/G ratio and almost complete elimin-
ation of the 2D band. This is not our case and the decrease of
2D band intensity is most probably related to increase of elec-
tronic linewidth as discussed by Venezuela et al [79]. Elec-
tronic linewidth is dependent on several parameters such as
defects density, electron-phonon and electron-electron (doped
sample charging) scattering and its increase leads to suppres-
sion of double resonance conditions.

In our hdG sample, the disordered structure most probably
blocked any significant change of scattering parameters and
its structure interacting with laser beam was saturated with
defects which resulted in no change of D/G and 2D/G band
ratio.

One should note that in our case high laser power, 500 mW
at maximum, was needed to observe the effect in our sample.
At the same time, even repeated measurements at the same
spot exhibited only very small deviations, below 5%, and thus
further confirmed high stability of our nanosheets. This meas-
urement could also be carried out at constant power and vari-
ation of laser light flux could be achieved by applying differ-
ent objective lenses (10x, 50x, 100x magnification) and the
same dependencies were observed. This ‘fingerprint’ behavior
can be easily used to distinguish nanosheets with various prop-
erties without the need of more difficult and time-consuming
analysis such as electron microscopy or XPS, where these sys-
tems are difficult to distinguish before reaching a high degree
of disorder. The sample response showed high correlation with
results of TG/DSC analysis and could be used for the estima-
tion of thermal stability of given material.

4. Conclusions

In conclusion, the gas phase synthesized graphene nanosheets
prepared in MW plasma exhibited superior thermal stability,
up to 750 °C, in comparison to graphene nanoplatelets pre-
pared by liquid exfoliation and thermal expansion technique.
Structural and chemical composition changes at high tem-
peratures were investigated by thermogravimetry and thermal
annealing. Few-layer graphene nanostructures with low oxy-
gen content, less than 10 at% of carbon—oxygen groups, exhib-
ited three thermal stability regions. These regions were found
around 345 °C, 570 °C and above 700 °C and correspon-
ded to three types of structure: amorphous and carbon—oxygen
functional groups, small defective nanosheets overlaying main
structure and highly crystalline structure with curved edges,
respectively. Fraction size belonging to the corresponding
structure can be directly estimated from the evaluation of DTG
curve and controlled by synthesis conditions. The maximum
temperature reached during TGA analysis was inversely pro-
portional to material active surface area determined by BET
technique. The high thermal stability and oxidation resist-
ance of GSG nanosheets was supported by high activation
energy of the oxidation process of 2 eV. MW plasma synthes-
ized nanosheets exhibited reproducible distinctive response to

high power laser irradiation during Raman spectroscopy which
could be used to predict nanosheet thermal stability. This ‘fin-
gerprint’ behavior, decrease of D/G and 2D/G band intens-
ity ratio, could serve as a simple tool to differentiate between
various graphene nanostructures and estimate their oxidation
resistance.

The possibility to directly control high temperature oxid-
ation resistance during the gas phase synthesis opens new
opportunities for large scale applications in the fields of bat-
tery electrodes, fire retardants, sensors and advanced compos-
ite materials. Furthermore, the precise information about the
relationship between the temperature stability of gas phase
synthesized graphene and its chemical and structural changes
provides valuable insight into the role of temperature fluctu-
ations caused by MW plasma instability during its synthesis
process.
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