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ARTICLE INFO ABSTRACT

Keywords: This study presents a cost-efficient single-step-method to synthesize nanographite from isopropanol by bipolar
Nanographite pulsed electric discharges. The influence of pulse width within the nanosecond range, repetition frequency
Graphene within the kilohertz range and processing time on the product was systematically investigated by Raman

Plasma-in-liquid

Raman spectroscopy

Transmission electron microscopy

Gas chromatography - mass spectrometry

spectroscopy, high-resolution transmission electron microscopy and gas chromatography - mass spectrometry. It
was found that long pulses in the microsecond range promote the creation of amorphous and oxidic carbon
structures. Although, hydrocarbon cracking and subsequent graphitization do occur, these process conditions are
not suitable to drive intermediate reduction processes. In contrast, applying short pulses in the nanosecond
regime ensures fast reduction processes and formation of graphene-related nanostructures. The number of ob-
served nanographite layers lies in the range of 3-13 with an average interlayer spacing of 3.4(0.3) A and an
average distance between defects of 11.5(6.0) nm meaning that the produced nanographite is in the area of small
defect density. Furthermore, no significant influence of process times on the product properties over a period up
to 15 min was observed, indicating good process homogeneity.

1. Introduction

Nanostructured carbon materials such as graphene, multi-layer
graphene, graphene oxide or carbon nanotubes have attracted con-
siderable attention in the recent years due to their unique physical
properties [1-4]. Single and multi-layer graphene can be used in a great
variety of applications such as conductive wires for transparent touch
panels, for conductive inks, in sensors, as anti-corrosion coating, for
heat dissipation in films or pastes, for battery electrodes, as a material
for supercapacitor electrodes, or as a catalyst support in proton ex-
change membrane fuel cells [1,4-8].

Cost-efficient production of contamination-free graphene for elec-
tronic and electrochemical applications at an industrial scale is still a
big challenge which demands the development of novel manufacturing
methods [9]. Few layer graphene can be prepared by mechanical ex-
foliation of small mesas of highly oriented pyrolytic graphite [10].
However, this method is not applicable for a large-scale production.
Graphene has also been prepared by various other methods, e.g. heating

* Corresponding author.
E-mail address: wiktor.bodnar@inp-greifswald.de (W. Bodnar).

https://doi.org/10.1016/j.apsusc.2020.145926

of SiC [11,12], intercalation followed by sonication [13], interaction
with polar solvents [14,15], plasma enhanced chemical vapor deposi-
tion [16,17], thermal exfoliation of graphite oxide [18,19], conversion
of nanodiamond in an inert atmosphere at high temperatures [19,20],
growth on metallic substrates (e.g. Ni, Cu) by chemical vapor deposi-
tion [21] or gas-phase synthesis in a microwave plasma reactor from
ethanol [22]. In all of the reported cases, the quality of the product and
the number of achieved layers varies strongly, depending on the applied
method.

Especially, the liquid phase exfoliation has been recognized in re-
cent years for its potential of a large scale production of graphene [23].
This method is cost-efficient and scalable for industrial applications.
Graphene layers in graphite are bound only by weak van der Waals
forces [24]. These bonds can be broken during a liquid phase exfolia-
tion process, using a suitable medium. Examples are N-methylpyrroli-
done and N,N-dimethylformamide which also stabilize the suspension
[23,25]. Initially, liquid phase exfoliation was mainly performed using
toxic and expensive solvents, without a need for any further surfactants.
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A major recent improvement has been the successful introduction of
water as a solvent [25] even though the surface energy of water itself is
not suitable for exfoliation. Therefore, aromatic, non-aromatic or ionic
liquids, as well as polymer based surface-active substances had to be
added. However, graphene produced in such way is characteristic of a
poor quality and only a small yield is obtained, thus this method is not
suitable for electrochemical applications [25].

Chemical vapor deposition and thermal decomposition of carbides
are mainly applied and further developed for obtaining graphene
monolayers on substrates for electronic applications [26-29]. However,
the control of the process parameters on a large-scale in these methods
is problematic not only due to the evaporation of the substrates at
temperatures of approximately 1000 °C, but also due to the high acti-
vation energy for the catalytic reaction [26,28].

Although a wide variety of synthesis methods of graphene produc-
tion is available, most of these methods have small synthesis rates, high
processing costs and they require rather large equipment. Therefore, in
the recent years novel approaches have been proposed.

For electrochemical exfoliation, a graphite electrode is oxidized and
negative ions of the electrolyte are intercalated between graphene
layers in the graphite crystal [30]. The selection of the electrolyte is
critical. Mainly, water solutions of different inorganic salts, e.g.
(NH4)2S04, NaySO4 or K,SO4 are used [31]. The exfoliation does not
only take place at the surface of the graphitic electrode, but especially
in the bulk. Therefore, larger graphite crystals are present in the pro-
duct. The fraction of larger graphite crystallites significantly increases
with the increasing surface area of the graphite electrode.

A promising, cost-efficient and environmentally friendly single-step-
approach is the so-called plasma-in-liquid (PiL) method [32-34]. PiL
methods involve discharges between electrodes directly submerged in
liquid, as well as discharges at the interface of a bulk liquid and a gas
phase. It has already been reported that electric discharges between
electrodes in hydrocarbons yield nanographite or few layer graphene
[35-37]. In the plasma-in-liquid synthesis electrons with high kinetic
energies and active chemical species such as ions, radicals and me-
tastable atoms are produced. Different types of discharges, namely
corona, arc or streamers, can be generated in various solvents and li-
quid precursors depending on the process parameters [32-34]. The
occurrence of different discharges resulting in different products, is
related to the pulse length, frequency, applied voltage and current, as
well as the distance between electrodes.

Diamond-like nanocarbons were synthesized in Ar gas bubble dis-
charge in ethanol using a reactor with tip-to-plate configuration. Ar
bubbles were injected through the hollow tip electrode. Pulsed dis-
charges in a nanosecond range were generated with a high voltage
pulse generator with +9 kV at the anode mesh electrode and —9 kV at
the cathode needle electrode. The gas flow rate through the hollow
needle with an inner diameter of 0.44 um was 100 sccm. The ethanol
was dissociated at the liquid-gas interface into C2 and CH reactive
species, which are primary species for nanocarbon formation. The
synthesized product was found to have three main features, namely
amorphous carbon spheres, lonsdaleite (nano-diamond) spheres and
graphitic carbon shrouds [38].

Carbon nanoparticles have been synthesized using a tip-to-tip geo-
metry applying bipolar pulses and using an additional external resistor
to minimize unstable discharges. The carbon nanoparticles were syn-
thesized directly from different aliphatic precursors. 5 kHz bipolar
pulses were used in the driving circuit, and an inverter amplified the
low primary voltage. An external resistor of 1 kQ was applied to obtain
stable discharges. Two tungsten wires with 1.2 mm diameter and cov-
ered with polytetrafluoroethylene were used as electrodes with a gap of
1 mm between them. A magnetic stirring bar was inserted into the
reaction chamber in order to reduce particle aggregation. Six aliphatic
n-alcohols (methanol to hexanol) were used to compare the obtained
carbon nanoparticles. The synthesis rate of carbon nanoparticles in-
creased with increasing carbon ratios in alcohol. Nevertheless, the size
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of the nanoparticles decreased. The degree of graphitization of the
particles increased when the carbon to oxygen ratio was high [39].
Furthermore, defective nanographite with less than 100 nm was ob-
tained using a PiL setup with a tip-to-tip configuration in ethanol using
graphite rods as electrodes with a diameter of 3 mm. The gap between
electrodes was 1 mm and a pulsed voltage of 4 kV was applied. The
frequency and the pulse width of the unipolar pulses were 30 kHz and
4 s, respectively. A magnetic stirrer was used during the synthesis [7].
It also has been reported that nanographite was synthesized using
pulsed discharges at an ethanol - argon interface. A tip-to-plate geo-
metry was used in which the tip was made of tungsten and the plate of
molybdenum. Monopolar pulsed discharges with three different fre-
quencies of 1, 3 and 5 kHz, were applied. At 1 kHz, the peak voltage
was 6.5 kV and the peak current of the discharge was 7 A. At 3 kHz and
5 kHz, the peak voltage and the peak current were 4.3 kV and 5.4 A, as
well as 3.2 kV and 2.4 A, respectively. The deposition rate of nano-
graphite was 3.2 mg/min at 1 kHz, 2.5 mg/min at 3 kHz and 1.3 mg/
min at 5 kHz. With the increasing frequency, the domain size of the
nanographite reduced from 34 nm to 19 nm and the number of layers
decreased significantly [35].

High-speed synthesis of highly crystalline nanographite was per-
formed with butanol and ethanol as precursors. A reactor with tip-to-
plate configuration was used. The tip electrode had a microhollow
structure at its edge enabling the generation of ultrahigh electron
densities in the microhollow region. An alternating voltage of 9 kV with
a frequency of 60 Hz was applied between electrodes, creating a se-
quential discharge between the ultrahigh-density plasma and the lower
electrode through the gas-liquid interface. After 15 min of discharge, a
black precipitate was obtained in the suspension. It was filtered using
hydrogen peroxide in order to remove byproducts such as amorphous
carbon. The synthesis rates of nanographite from ethanol and butanol
were 0.61 mg/min and 1.72 mg/ml, respectively [36]. The same ex-
periments were performed using ethanol, propanol and butanol and a
voltage of 10 kV. In this case the synthesis rates were 0.34 mg/min,
0.67 mg/min and 1.00 mg/min, respectively [40]. Furthermore, na-
nographite was synthesized in ethanol using a PiL setup with a tip-to-
plate configuration. Both electrodes were made of Cu and the genera-
tion of nanographite took place at the gas-liquid interface between
argon and ethanol using alternating high voltage. The obtained product
was directly filtered using hydrogen peroxide at 80 °C in order to re-
move amorphous carbon from the product [8].

Moreover, graphite nanosheets consisting of many folds and curled
edges with up to 11 pm in extent and a thickness of 6.7-23.5 nm could
be obtained using low-current plasma discharges in ultrasonically ca-
vitated liquid ethanol. A rod with a diameter of 3 mm made of Fe-Pt
alloy (50-50%) served as an anode and the cathode was an Fe plate
mounted on an ultrasonic horn. The voltage between the anode and the
cathode was kept at 55 V and the upper limit of the current was 3 A.
The effervescent ultrasonic cavitation field was used to enhance elec-
trical conductivity due to formation of high-energy species like radicals,
atoms, ions and free electrons. Graphite nanosheets and Fe-Pt alloy
filled carbon nanocapsules were identified in the final product [41].
Detailed analysis of the synthesized particles allowed the determination
of a possible reaction pathway being a dissolution-precipitation process
of the carbon species in the Fe-Pt alloy nanoparticle. Evaporation of the
Fe-Pt anode and decomposition of ethanol molecules by the plasma
discharge take place simultaneously leading to a reaction between
metallic vapor and the carbon species. Liquid Fe-Pt-C alloy particles are
formed in close proximity to the plasma discharge zone. During the
dissolution of the released carbon species in the liquid Fe-Pt-C particles,
the particles become saturated with carbon according to the carbon
solubility limit. Therefore, carbon segregation begins during the
quenching by the surrounding liquid ethanol. Thus, graphene layers
form at the outer surface of the Fe-Pt alloy nanoparticles [42].

In this study, a novel PiL-dedicated bipolar pulse generator was used
which is based on new SiC power devices enabling short pulse lengths
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Fig. 1. Scheme of the experimental reactor for PiL synthesis in a tip-to-plate
configuration.

from nanoseconds to microseconds and high repetition frequencies in
the kilohertz regime. Therefore, it was possible to demonstrate a direct
influence of the PW and RF varied in the wide rage on the product,
starting from amorphous structures, graphene oxides to nanographite.
Preferences with respect to anode and cathode processes could be le-
veraged by the bipolar high voltage pulses and accordingly also selec-
tive electrode erosion [33,43]. The short high voltage pulses promote
electron collision dominated reaction mechanisms, while longer pulses
contribute increasingly to thermal processes. The high repetition rates
are a prerequisite for fast processing times. Successful operating para-
meters to obtain different types of graphene-related carbon nano-
particles, especially nanographite, are determined by the quality and
the yield of the product that was formed from the isopropanol.

2. Experimental
2.1. Reactor and pulsed discharge generator

A reactor for PiL synthesis of carbon nanoparticles from a liquid
precursor in a tip-to-plate electrode configuration was built in-house
according to the schematics presented in Fig. 1. The reaction chamber
of the reactor was made of fused silica and it can contain a maximum
volume of 50 ml of liquid precursor. A tungsten rod with a diameter of
2 mm was used as the high voltage (HV) electrode. The HV electrode
was centered in a ceramic tube for insulation, which also acted as a gas
inlet. The ground electrode with a diameter of 55 mm was made of
molybdenum and connected to a water-cooled heat sink in order to
control the process temperature.

Pulsed electric discharges (PD) were generated by means of a
Pekuris MPP-HV04 bipolar pulse modulator for Pil. from Kurita
Manufacturing Corporation, Ujitawara, Kyoto, Japan. This generator
provides bipolar high voltage pulses of up to 10 kV with a pulse width
(PW) up to 1.6 ps and a repetition frequency (RF) ranging from 2 kHz
up to 200 kHz.
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Fig. 2. Exemplary I-U characteristics of the Kurita Pekuris MPP-HV04 bipolar
PD generator with an external load.

2.2. Synthesis

Synthesis was performed using a volume of 20 ml of isopropanol
(purity = 99.5%, Carl Roth GmbH) as a carbon precursor. The reactor
was filled with the alcohol and placed in a chamber allowing for eva-
cuation of ambient laboratory air and providing an inert gas atmo-
sphere. Prior to the experiments, the chamber was evacuated and flu-
shed with high purity Ar three times. The pressure during the synthesis
was kept at 0.8 bar with an Ar flow of 100 sccm. The temperature of the
heat sink was set to 10 °C. The distance between the HV and the ground
electrodes was 14 mm, with 4 mm between the HV electrode and the
surface of the isopropanol.

Carbon products were prepared applying three different pulse
widths, i.e. PW = 320 ns, 1.1 ps and 1.6 ps, and with four different
repetition frequencies, i.e. RF = 60, 110, 150 and 200 kHz. In all cases,
a stable glow-like discharge in Ar over the liquid surface with intense
streamer-like discharges reaching into the liquid were established at an
initial voltage of 1.7 kV. The target operating voltage was set to 2.5 kV
and the processing time was 3 min. A typical current- voltage (I-U)
characteristics of the bipolar PD generator with an external load during
the synthesis is shown in Fig. 2. The current-voltage characteristics for
different operating parameters are determined by the equivalent RCL-
circuit elements that are describing the pulse generator and the reaction
chamber.

In order to investigate the influence of the processing time on the
yield and the composition of the resulting product, a series of samples
was prepared applying PW = 320 ns and RF = 150 kHz, at varying
processing times. In order to determine the yield of the solid product,
the obtained suspensions were drop-casted onto pre-weighted alu-
minum dishes, dried in an oven for 4 h at 60 °C and then weighted using
a Sartorius CCE 06 microbalance.

2.3. Raman spectroscopy

Raman spectra were collected with a Renishaw inVia spectrometer
within the wavenumber ranging from 900 to 3200 cm ™! using a Nd-
YAG laser with an excitation wavelength of 532 nm. Prior to mea-
surements, the suspensions were deposited onto Si(1 0 0) polished
wafers and then dried at room temperature. The obtained spectra were
normalized and fitted using WiRE software from Renishaw assuming
Voigt peak profiles.

2.4. STEM and EDX

For scanning transmission electron microscopy (STEM)
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investigations the suspensions have been drop-casted onto carbon
coated gold grids without further modifications and dried at room
temperature. High-resolution TEM (HRTEM) was performed using a FEI
Titan Themis operating at 300 kV and equipped with a Cs-image cor-
rector. For STEM investigations and energy-dispersive X-ray spectro-
scopy (EDX) a FEI Titan Themis operating also at 300 kV with an at-
tached Cs-probe corrector was used. This machine has a Super-X
windowless EDX system with four synchronized silicon drift detectors
from Bruker, allowing for EDX measurements with very high count
rates. In order to exclude influences of the TEM grid material on the
EDX measurements, additionally a sample on a carbon coated copper
grid was investigated.

2.5. GC-MS

Gas chromatography - mass spectrometry (GC-MS) was applied to
analyze residual liquids of the synthesized suspensions. After filtration
of the liquids, 1 ul of the solution was injected into the GC-MS system,
which was Agilent 7860B with Agilent HP-5 ms column (30 m length,
0.25 mm diameter, 0.25 pm film thickness) coupled with Agilent 5973-
MSD mass spectrometer. The temperature of the oven was varied from
40 °C to 300 °C in a two-step program, the temperature of the injector
was set to 300 °C and the transfer line was heated to 300 °C. The
temperature of the MS source and of the quadrupole were 230 °C and
150 °C, respectively.

3. Results and discussion

3.1. Influence of repetition frequency and pulse width on product
characteristics

The Stokes phonon energy shift caused by a laser excitation with
532 nm creates two main bands in the Raman spectrum of pristine
graphene. Namely, a primary in-plane vibrational mode G at
1580 cm ™! and a second-order overtone of a different in-plane vibra-
tion 2D(G’) at 2690 cm ™! [44]. As the number of graphene layers in-
creases, the spectrum undergoes changes. The 2D(G’) band becomes
wider, less intensive and shifts to higher frequencies while the G band
shifts to lower energies [45,46]. Furthermore, typical spectra feature
also signatures from defects and disorder in the graphite/graphene
crystal. The most prominent are the D band (~1200-1400 cm ™ 1), the
D’ band (1600-1630 cm ™) and the (D + D) band (~2950 cm ™) [47].

Fig. 3 presents Raman spectra of the samples synthesized by PiL
from isopropanol using a bipolar-pulsed electric discharge with dif-
ferent pulse widths and repetition frequencies. A decrease of the pulse
width as well as an increase of the repetition frequency lead to sig-
nificant changes in the spectra. Samples prepared with PW = 1.6 us
seem to be dominated by a defective partially reduced graphene oxide
[2], while samples prepared with PW = 320 ns show a structure more
typical for nanographite or few layer graphene [45,46]. The most no-
ticeable change of the Raman spectra in Fig. 3 is an increase of the
intensity of the 2D(G’) band, which corresponds to a decrease of the
number of nanographite layers [44-46]. Moreover, small changes of its
shape and position can be noticed. Presumably, this is due to the fact
that the samples prepared by PiL at longer PW and lower RF contain not
only nanographite or graphene oxide but also different products like
amorphous carbon or soot [48,49], so the bands originated by different
components may partially overlap. At the same time, the intensity of
the (D + D’) band at ~2950 cm ! is reduced compared to the 2D(G”")
band for shorter PWs suggesting a better quality of the nanographite
flakes.

Fig. 4 shows the intensity ratios Ip/Ig, as well as Iop/Ig, for samples
synthesized with different PWs and RFs. The integrated intensity ratios
Ip/Ig and I»p/Ig, are widely used for characterizing the defect density in
graphitic materials. Both of the I,/Ig and I,p/Ig ratios show changes for
different PWs and RFs, but the dominant changes are caused by the PW,
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Fig. 3. Raman spectra of the samples synthesized from isopropanol by a bipolar
PD with different PWs and RFs.
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Fig. 4. Intensity ratios Ip/Ig and Iop/Ig of the bands determined from the
Raman spectra of the samples synthesized from isopropanol by a bipolar PD
with different PWs and RFs.

while the RF has only a minor influence on both ratios. Samples pre-
pared with PW = 320 ns exhibit a reduction of the Ip/Ig and a sig-
nificant increase of the I,p/Ig ratio.

The Ip/Ig intensity ratio of the D and G bands can be used to de-
termine the average distance between defects Ly, in graphene, following
formula (1) [45,50]:
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for an excitation wavelength of the laser of 532 nm. The average dis-
tance between defects is highest for the samples processed with
PW = 320 ns and higher RFs, and it was calculated to be
Lp = 11.5(6.0) nm. This means that the products prepared with short
PWs and higher RFs are already in the area of small defect density [50].

The average number of stacked layers of graphene can be estimated
from the ratio I,p/Ig of band intensities. Namely, I,p/Ig = 2 for pristine
graphene, equals 1 for two layers and becomes 0 for graphite [46,50]. It
was also reported that the position of the 2D(G’) band shifts to lower
frequencies when the number of stacked graphene planes decreases
[51]. Fig. 4 shows that the I,p/Ig ratio increases for shorter PWs and
higher RFs, thus the number of stacked graphene layers decreases.
Furthermore, a shift of the 2D(G”) band to lower wavenumbers was
observed with shorter PWs and higher RFs, confirming a decrease of the
number of stacked graphene layers. The Raman spectra of the samples
prepared with PW = 320 ns show a significant increase of the I,p/Ig
band ratio, as well as a reduction of the 2D(G”) band wavenumber from
2691 cm ™! to 2684 cm ™! with an increasing RF.

The evolution of the product can also be directly observed in the
HRTEM images of different samples. Fig. 5 presents exemplary images
of the samples obtained with different pulse widths and repetition
frequencies. For long PWs and small RFs, Fig. 5(a), the product is
dominated by more amorphous or strongly wrinkled carbonaceous
structures. Shortening of the PW to 1.1 ps and increasing the RF to
110 kHz already shows increased formation of typical layered struc-
tures which are shown in Fig. 5(b). The sample prepared with
PW = 320 ns and RF = 150 kHz, Fig. 5(c), is dominated by few layer
graphene structures. These HRTEM observations correspond well with
the evolution of the Raman spectra presented in Fig. 3.

3.2. Synthesis of nanographite

Exemplary TEM images of the local structure of the sample prepared
with 3 min long bipolar PD in isopropanol, with PW = 320 ns and
RF = 150 kHz, are presented in Fig. 6. Fig. 6(a) shows that the product
of the synthesis is composed of agglomerates containing small carbon
flakes and sheets creating multilayered structures. These structures are
shown in detail in Fig. 6(b) and (c), where continuous graphene-type
layers can be clearly identified, having typically 3-13 layers. The
average interlayer spacing, obtained from more than 190 sites, was
determined to be 3.4(0.3) .7\, which is characteristic for graphite and
few layer graphene [24]. Furthermore, electron diffraction showed
diffraction rings corresponding to lattice distances d; = 3.35(0.07) A,
d, = 2.08(0.05) A and d; = 1.21(0.05) A. The observed lattice dis-
tances correspond well to the crystallographic planes (0 0 2), (1 0 1)
and (1 1 0) of graphite, as reported elsewhere [52].
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At this point, it is worth to mention that graphite nanoplates, gra-
phite nanosheets and graphite nanoflakes have been defined to be
characteristic of a thickness and/or lateral dimension less than 100 nm.
Few-layer graphene contains a number of layers from 2 to about 5.
Multi-layer graphene has been defined as a 2D sheet-like material
consisting of small number between 2 and about 10 countable, stacked
graphene layers of extended lateral dimension [53]. Since the product
obtained with PW = 320 ns and RF = 150 kHz contains a mixture of
few-layer (2-5 layers), multilayer graphene, and graphite nanosheets, it
should be referred to as nanographite - a mixture of all these quantities,
with a certain size distribution.

Additionally, nanometer-sized nanoparticles were found to be pre-
sent in the material, Fig. 6(b) and (c). These nanoparticles, with an
average diameter of 2.59(0.64) nm, are distributed homogeneously and
contain mainly Mo and a smaller amount of W. These nanoparticles
have been detected in every tested sample and they are likely impurities
released from the electrodes caused by the mass transport during the
electric discharges.

3.3. Influence of process time on product characteristics

To investigate the influence of the processing time on the structure
of the samples and the yield of the synthesis, samples were prepared by
applying the same conditions, but with different processing times. Fig. 7
shows the Raman spectra of the samples synthesized with PW = 320 ns,
RF = 150 kHz and with processing times ranging from 1 to 15 min. It is
apparent that no significant changes occur in the spectra, meaning that
the processing time does not significantly influence the quality of the
product. Nevertheless, minor differences of the spectra observed in
Fig. 7 could be associated with local inhomogeneities in the tested
batches. The yield of the product depending on the processing time is
shown in Fig. 8. This dependence can be divided into 3 characteristic
regions. First, the yield increases with a rate of ~69 mg:1~*min . For
processing times between 5 and 6 min, production rate increases sig-
nificantly to ~282 mgl~'min~’. It is worth mentioning that dark
fumes accompanied by a black precipitate in the vacuum chamber were
observed for processing times longer than 4.5 min. This fuming is most
likely caused by local heating at the plasma-liquid interface. As a result,
the production rate for processing times over 6 min decreases to ca.
25 mg1~ “min~'. Production rates are likely to be improved by means
of an advanced reactor design with more effective cooling.

3.4. Investigations into possible reaction pathways

The synthesis of nanographite from isopropanol by plasma in liquid
method can proceed in two possible reaction pathways. In the first,
isopropanol is decomposed to carbon by hydrocarbon cracking and
further on graphitization and reduction processes take place in the
presence of hydrogen (top down). Along the second pathway,

Fig. 5. HRTEM images of samples synthesized from isopropanol by the PiL method with different PWs and RFs: (a) PW = 1.6 ps and RF = 60 kHz, (b) PW = 1.1 ps

and RF = 110 kHz, and (¢) PW = 320 ns and RF = 150 kHz.
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Fig. 6. Bright field TEM images of the sample synthesized from isopropanol by the PiL. method with PW = 320 ns and RF = 150 kHz: (a) an overview of the observed

structures, (b) and (c) high resolution images showing particular carbon layers.
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Fig. 7. Raman spectra of the samples synthesized with PW =
RF = 150 kHz and with different processing times.

320 ns,

hydrocarbons are fragmented and then recombine to aliphatic, cyclic
and aromatic compounds (bottom up). The presented results so far
cannot confirm either one of these pathways. However, GC-MS results
may provide guidance, which mechanism dominates during PiL
synthesis of carbon nanostructures for different operating conditions.

Liquid samples obtained by filtration of the suspensions after the
plasma treatment at different experimental conditions, namely PW and
RF, were analyzed by GC-MS. Fig. 9 presents an exemplary chroma-
togram of the solution obtained with PW = 320 ns and RF = 150 kHz.
Fig. 10 presents the main byproducts and their content detected in
filtrates processed for 3 min with RF = 150 kHz and different pulse
durations.

Fig. 10 shows the content of the liquid hydrocarbon byproducts
resulting from the PiL synthesis applying RF = 150 kHz and different
PWs. Here, it is worth mentioning that the content shown in Fig. 10 can
be interpreted as the ratio of by-products of the synthesis with respect
to each other, without an information about the ratio of the by-products
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Fig. 8. Yield vs. processing time for the samples synthesized at PW = 320 ns
and RF = 150 kHz with different processing times.
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Fig. 9. Exemplary chromatogram of the filtrate obtained with PW = 320 ns and
RF = 150 kHz. The identified byproducts of the synthesis are marked.

to the precursor. The ratio of the by-products to the precursor lies in the
ppm regime, and at this stage of the research, it can only be treated as
an indication of the reaction mechanisms.

The hydrocarbon precursor is first broken up in fragments (e.g. 2-
butanol, isopropyl acetate) which then combine into more complex
products, in particular into ring structures (e.g. benzene, toluene,
phenylethylene, etc.). The dominance especially of isopropyl acetate,
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Fig. 10. Content of the byproducts detected in the liquids processed with
RF = 150 kHz and with different pulse widths.

together with a relatively small yield of more complex compounds, for
longer pulses suggests that although these conditions were suitable to
promote fragmentation, they were not sufficient to drive the formation
of complex ring structures. Conversely, shorter pulses of 320 ns resulted
in significantly higher concentrations of aromatic compounds such as
phenylethyne, styrene, indene, naphthalene, acenaphthylene, fluorene,
phenanthrene or pyrene concurrent with a relative decrease in con-
centrations of simpler molecules, foremost isopropyl acetate, which
have apparently been consumed in the associated syntheses. This means
that ring closure and condensation to benzene and toluene, as well as to
poly-aromatic systems such as indene, naphthalene or acenaphthylene,
are promoted.

The kinetics of the multiple chemical reactions that can occur in
solution during the PiL process is quite complicated. What is presented
here is only a first qualitative analysis of the by-products present in the
liquid phase. A detailed investigation of the relation between plasma
operation parameters, e.g. electron densities and temperatures, and
specific steps and mechanisms in the synthesis of nanographite from
aliphatic precursors is an interesting challenge. The respective findings
would provide crucial information to further improve the process and
drive the commercial implementation as an efficient and environmental
benign method.

4. Summary

A novel and fast plasma-in-liquid method was applied to synthesize
nanographite structures from isopropanol by bipolar pulsed electric
discharges with short pulse lengths down to the nanoseconds and high
repetition frequencies in the kilohertz regime. Systematic studies de-
monstrated that the pulse width and the repetition frequency have a
significant influence on the quality of the product. Short pulse widths
and high repetition frequencies lead to an increase of the energy density
of the plasma in liquid and therefore to fast reduction processes and the
formation of few layer graphene.

Long pulses and low repetition frequencies promote the creation of
isopropyl acetate, meaning that the plasma conditions are not suited to
drive the formation of complex carbon ring structures required to build
graphene layers. Hydrocarbon cracking followed by graphitization al-
ready occur, but the plasma conditions are not suitable to drive the
reduction processes. In contrast, short pulses and high repetition fre-
quencies lead to significantly higher concentration of poly-aromatic
compounds, showing that ring closure and condensation to benzene,
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toluene and other poly-aromatic systems are promoted. Higher energy
density of the plasma in liquid also ensures fast reduction processes in
the presence of hydrogen and formation of nanographite.

Few layer graphene with an average interlayer spacing of 3.4(0.3) A
was synthesized applying electric pulses characteristic of PW = 320 ns
and RF = 150 kHz. The average distance between defects Lp, de-
termined from the Ip/Ig intensity ratio of the D and G bands in the
Raman spectra, is maximal for samples processed with PW = 320 ns,
and it was estimated to be 11.5(6.0) nm. No significant influence on the
product was observed for different discharge times. Nevertheless, the
yield increased significantly after approximately 4.5 min of discharge
when a dark fuming was observed. The presented results show that this
cost efficient and environmentally benign single-step-method can ra-
pidly produce nanographite or few layer graphene with small defect
densities.
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