
Plasma Research Express

PAPER

Few-layer flakes of Molybdenum Disulphide produced by anodic arc
discharge in pulsed mode

To cite this article: Carles Corbella et al 2019 Plasma Res. Express 1 045009

 

View the article online for updates and enhancements.

This content was downloaded from IP address 24.44.222.22 on 24/12/2019 at 14:28

https://doi.org/10.1088/2516-1067/ab612b


PlasmaRes. Express 1 (2019) 045009 https://doi.org/10.1088/2516-1067/ab612b

PAPER

Few-layer flakes of MolybdenumDisulphide produced by anodic arc
discharge in pulsedmode

Carles Corbella1 , Sabine Portal1,MASRSaadi1, SantiagoDSolares1,MadhusudhanNKundrapu2 and
Michael Keidar1

1 Department ofMechanical &Aerospace Engineering, GeorgeWashingtonUniversity, 800 22nd Street, Northwest,Washington, DC
20052,United States of America

2 Tech-XCorporation, 5621ArapahoeAve. Suite A, Boulder, CO80303,United States of America

E-mail: ccorberoc@gwu.edu

Keywords: anodic arc discharge, few-layer flakes,molybdenumdisulphide, pulsed power

Supplementarymaterial for this article is available online

Abstract
Here, the synthesis ofMolybdenumDisulphide (MoS2)flakes bymeans of anodic atmospheric arc
discharge is reported for the first time. The vertical electrode configuration consisted of a compound
anode (hollow graphite anodefilledwithMoS2 powder) and a solid graphite cathode placed just above
of the compound anode. Arc processes were operated in pulsedmode to preferentially evaporate the
powder component from the anode and tominimize Carbon ablation. Pulsed anodic arc discharges
were conducted at 2 Hz and 10%duty cycle in 300 Torr ofHeliumwith a peak current of 250–300 A
and a peak voltage of 35 V. A probemade of Tungstenwirewas placed in the vicinity of the arc column
to collect the evaporatedmaterial. Themeasured thickness profile was correlated to the particle flux
distribution and it wasfitted by a simplemodel of plasma expansion. During pulse phase, electron
density was estimated around 5×1022m−3 or higher, and ion current density was of the order of
10 Amm−2.Morphology, structure and composition of the samples were characterized byRaman
spectroscopy, atomic forcemicroscopy (AFM), scanning electronmicroscopy (SEM), transmission
electronmicroscopy (TEM), andX-ray diffraction (XRD). The study shows that pulsed arc discharge
of the compound anode leads tomoderate C deposition combinedwithMoS2 deposition in the form
of fragmented nanocrystals and few atomicmonolayers ofMoS2. Such synthesis technique is
promising to produce new 2Dnanomaterials with tailored structure and functionality thanks to the
flexibility of pulsed power.

1. Introduction

Nanomaterials are qualified formany applications in electronics,mechanics, energy, etc., thanks to their special
physical properties [1–4]. The specific geometries of suchmaterials are associatedwith particular crystalline
structures and chemical functionalities [5]. Therefore, only a reduced subset of compounds fulfils the conditions
to be synthesized in nanomaterial form. The three best known examples are constituted bymaterials with a
natural tendency to form atomic planes. Their in-plane atoms are arranged by strong covalent bondswhich yield
weakly interacting adjacent sheets by van derWaals forces, namely: (1)Carbon nanostructures, whose allotropes
graphene, carbon nanotube andBuckminster fullerene are recognizedworldwide as versatilematerials with
unique properties [6, 7]; (2) hexagonal BoronNitride (h-BN), which has been synthesized e.g. in nanotube and
nanosheet shapes, is promising formany applications as it is isostructural with graphene (‘white graphene’)
[8, 9], and (3)MolybdenumDisulphide (MoS2), a transitionmetal dichalcogenide that forms amolybdenite
crystal showing extraordinary electronic, tribological and biocompatible properties [10–12]. The citedmaterials
can be obtained bymeans of different synthesis techniques, such as chemical ormechanical exfoliation of bulk
material [13], and plasma processing of a gaseous precursor [14].
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Anodic arc discharges constitute very efficient plasma sources of nanomaterials, as initially proven by the
seminal work by Iijima on the production of carbon nanotubes fromplasma ablation of a graphite anode [6].
The high gas temperatures reached in the carbon arc columnprovide appropriate conditions for synthesis of
carbon crystalline nanostructures.Moreover, the control of the plasma parameters through setting electrical
parameters of arc current and arc voltage, working pressure and electrodes geometry,makes arc discharge an
attractive laboratory technique to investigate the basic processes involved in nanomaterial synthesis [15]. This
samemethod has proven to be effective to grow graphene flakes, i.e. few layers or single layers of carbon atom
crystals [16, 17]. Further efforts towards the production of 1D and 2Dmaterials include the research on
atmospheric arc plasmas aimed to h-BN growth.Nanotubes of h-BNwere grownby arcing a h-BNpressed rod
inserted into a hollowTungsten electrode. TheWelectrodewas necessary to hold the discharge because h-BN is
insulating [18]. In another example, boron ingots with superficialmetallic inclusions have been used for h-BN
production in arc processes. The design of such compound anodeswithmetallic inclusions, whosemission is to
enhance arc current, has permitted the successful synthesis of h-BNnanotubes by reactive arc discharge in
nitrogen atmosphere [19].

ConcerningMoS2 production, although plasma synthesis of 2Dflakes and fullerene-like nanoparticles of
MoS2 has already been addressed [10, 20], synthesis recipes bymeans of anodic arc discharge in gas phase have
not been reported so far. On one hand, the rapidmelting of themolybdenumanode in reactive arc synthesis of
MoS2 constitutes an important issue in process control and stability [21]. This issue has been confirmed in a
recent study reporting plasma parameters duringMo anode erosion by atmospheric arc discharge [22]. On the
other hand, Sulphur-containing reactive gases likeH2S are routinely used to depositMoS2 in reactive processes
despite their toxicity [20, 23]. The drawbacksmentioned abovemotivate the search for alternatemethods of
MoS2 synthesis, which avoid the use of toxic reagents and offer acceptable repeatability and control over plasma
parameters. One strategy to avoid handling of Sulphur-containing gases consists in arcing aMoS2 powder
precursorfilling a hollow anodemade of a refractory and conductingmaterial such as graphite. The use of such
containerwith high electrical conductivity is indispensable to strike andmaintain the arc discharge, which
otherwisewould not be possible becauseMoS2 is a semiconductor, and thus, would prevent arc formation.
Furthermore, the shortcoming of earlyMomelting suggests the need for designing novel arc discharge recipes. A
proposed solutionmight be energizing the anode through a periodic signal waveform, such as a square-wave
modulated pulsed current. This approach has already shown positive results in carbon arc discharge
research [24].

The present study has two objectives: (1) to prove that anodic arc discharge is a viable technique to deposit
few-layer stacks ofMoS2, and (2) to propose a non-reactive route ofMoS2 synthesis based on pulsed anodic arc
discharge fromMoS2 powder precursor. The second objective ismotivated by the special plasma properties of
pulsed arcs, which have been introduced recently for carbon nanomaterials synthesis applications. In the article
byCorbella et al pulsed plasmas in arc discharges applied to a solid graphite anode show a series of advantages,
including significant dilution of amorphous carbonmacroparticles, better control of arc processes, and
production of nanomaterials inmore stable discharges [24]. An interesting feature of pulsed arc discharges is
their repeatability through the regular localization of the arc core at the intermediate position between anode
and cathode. This effectmakes themethod adequate for preferential evaporation of the central part of the anode,
in contrast to the irregular and chaotic ablation of anode characteristic of steadyDC arc discharges [25, 26].
Hence, pulsed anodic arc discharge is the selected plasmamethod to enhance evaporation of theMoS2 powder
filler while simultaneous erosion of the graphite container isminimized. In this article, the parameters of the
pulse signal have been adopted according to past studies [24], and are applied for the deposition ofMoS2 onto a
wire substrate (collecting probe). Plasma parameters like particle flux distribution and electron density have
been quantified. The fabrication ofMoS2flakes in this arc process has been characterized bymeans of atomic
forcemicroscopy (AFM) andRaman spectroscopymeasurements on the deposited sample. Themorphological,
structural and chemical properties of the sample are characterized by electronmicroscopy andX-ray analysis
(supporting information is available online at stacks.iop.org/PREX/1/045009/mmedia).

2. Experimental details

2.1. Experimental setup
The anodic arc discharges were performed using an experimental setup described in detail elsewhere [24, 27].
The arc discharges were held inside a cylindrical arc plasma chamber of 4500 cm3, whichwas pumped downby a
mechanical pump, down to a background pressure lower than 0.1 Torr. The processes were carried out at a
working pressure of 300 Torr in aHe atmosphere (purity: 99.995%). The electrodes were vertically aligned
inside the vacuumvessel. In this study, a compound anodewas used to evaporateMoS2. Such anode consisted of
MoS2 powder inserted into a graphite container. A hollow graphite anode, with inner diameter of 3 mmand
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outer diameter of 5 mm, acted as precursor container. The anodewas filledwithMoS2 powder (purity: 99%)
with grains of 1μmaverage size, acquired fromStanford AdvancedMaterials. The compound anodewasmobile
and placed at the lower position, and afixed solid graphite cathode of 10 mm in diameter was located above the
anode. AMiller SS300DCpower supplywas used to ignite and support the discharge. The arc dischargewas
ignited by energizing the electrodes, initially brought into electrical contact, and separating them afterwards. For
this, the position of the lower anodewas controlled bymeans of a linear drive. TheDCpower supply was
remotely operated in pulsedmode bymeans of a waveform generator, which supplied rectangular pulse signals
of 5 V amplitude (yielding up to 300 A of peak current) at 2 Hz frequency and 10%duty cycle. These parameters
providedmaximal stability and lifetime of the arc discharge. In addition, DC arc processes held at 60 A of arc
current were carried out for comparison purposes.

The arc discharge processes were characterized by studying theV-I characteristics of the discharge [22, 28].
The electrical circuit is schematized infigure 1(a).Moreover, a collecting probe consisting of a Tungstenwire of
0.5 mm in diameter and approximately 30 mm longwas installed horizontally at a distance of 6–7 mm from the
arc core position tomeasure the particle flux distribution in the vicinity of the discharge. The probewas not
placed closer to the arc column to avoidmelting issues [27].figures 1(b) and (c) show the respective top view and
lateral view of the setupwith the collecting probe, whichwas placed next to the plasma gap between compound
anode and solid cathode. After the arc process was completed, the probewas left inside the chamber for at least
20 min to cool down.

2.2. Characterization techniques
The bonding structure of the samples was characterized byRaman spectroscopy using aHoriba LabRAMHR
operated at a wavelength of 532 nm. The analyzed spot sizes were of the order of a fewmicrons. Surface
topographywas explored byAFMusing anAsylumResearch instrument (MFP-3D) operating in tappingmode.

Figure 1. (a)Experimental setup of the arc plasma chamber together with electricalmeasurement system (adapted fromCorbella et al
[24]). Compound electrode of hollow graphite anodefilledwithMoS2 powder (MoS2@graphite) is installed in the plasma arc
chamber. (b)Top view and (c) lateral view of the collecting probe. The collecting probe, which consists of aWwire (f=0.5 mm)
inserted into a ceramic tube, is placed at a distance of 6–7 mm from the anode axis.
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Imagingwas conducted in the attractive regime to avoid surface damage and contamination of the sample by the
AFMprobe. The sample was profiledwith a Si cantilever (AsylumResearch, AC200TS, with resonance
frequency f≈151 kHz and force constant k≈6 nN/nm). The scan rates used for the images reported in
figures 6(a) and (b)were 1 Hz and 0.5 Hz, respectively. Themorphological, chemical and structural
characterizationswere carried out bymeans of scanning electronmicroscopy (SEM), high-resolution
transmission electronmicroscopy (HRTEM) andX-ray diffraction (see supporting information for details).

3. Results

3.1. Plasma parameters in pulsed arc discharges
Figure 2(a) schematizes the typical ablationmodes and light emission patterns observed in steadyDC arc
discharge (60 A) and pulsed arc discharge (250–300 A) inHe atmosphere. Briefly, pulsed arc discharge is
developed preferentially in the intermediate region of the plasma gap, while DC arc discharge takes place at the
surrounding region of the anode [24]. In particular, the latter type of discharge promotes ablation of the edges of
the anode. Figure 2(a) illustrates also inmore detail the application of pulsed arc discharge on a compound
anode like the one used in this study. In that case, the periodic ignition of plasma arc generates a central hot gas
region that interacts with the powder, thereby evaporating theMoS2 powderwithminimal erosion of the
graphite container: initial and final lengths of the anode are identical within 1 mmuncertainty, and only the
anode edgewas slightly sharpened due to arc erosion.Once theMoS2 grains are within the hot gas atmosphere,
they undergo fragmentation andmolecular dissociation. Then, the ionized or neutral reaction products are
transported through the plasma and gas phases until they impinge onto a surface where they deposit. This sketch
constitutes the scenario of pulsed arc discharges on the powder-containing anode, whose electrical parameters
are evaluated and discussed below.

Figure 2(b) shows the periodic arc voltage and arc current waveforms recorded during arc evaporation of the
compound anode in pulsedmode at 2 Hz and 10%duty cycle. The representation of V-I characteristics

Figure 2. (a) Sketches (lateral views) comparing the light emission patterns and ablationmodes during steadyDC arc discharge and
pulsed arc discharges on compound anode. The pulsed arc core is located at the intermediate position between anode and cathode
(preferential evaporation of anode centre), whereas steadyDC arc discharges provide a glow region dominating around the anode
(preferential ablation of anode container). Therefore, the use of pulsed power is adequate to ablate preferentially the near-axis region
of the anode, which leads to dominant evaporation offilling powder in compound anode. (b)Temporal evolutions of arc current
(blue) and arc voltage (red), and (c) the representation of the shadowed pulse as V-I characteristics. The arrows indicate the direction
of timewithin the cycle.
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(figure 2(c)) shows the cyclic behaviour typical of pulsed arc discharges generatedwith theDCpower supply
mentioned above. Also, the fact that V-I curves float above the threshold voltage is a signature of arc plasma
ignition, as investigated in a previous study [22].Measured values of peak current (≈250–300 A) and of peak
voltage (≈35 V) are contrastedwith the lower current (225 A) and higher voltage (50 V) recorded in carbon
pulsed discharge. These values suggest an increase of plasma conductivity by a factor≈2 compared to carbon arc
experiments, as inferred from the respective ratios of current and voltage.With this comparison, one can
estimate plasma parameters since electron density is proportional to plasma electrical conductivity [22, 29].
From the signal valuesmeasured here, a lower estimate of plasma density should be roughly twice the plasma
density of carbon discharge (≈3×1022 m−3), resulting in around 5×1022 m−3. A circumstance supporting
enhancement of plasma density is that the ionization energy of theMo atom, 7.1 eV, is lower than the ionization
energy of theC atom, 11.3 eV.Higher electron densitymight also be caused by the relatively sharp topography of
the hollow anode: indeed, the electrode top surfacemight exhibit a stronger electron field emission stimulated
by sharp edge effects. The ion current at the cathode surface can be determined by assuming the Bohmcondition
at a collisionless cathode sheath-edge [30, 31]:
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where rA is the anode radius, e is the elementary charge, ne is the electron density, κ is Boltzmann’s constant, and
Mi is the ionmass. The ion beamarea at the cathode surface has been taken as the full section area of the
compound anode (rA=2.5 mm) because the depositedmaterial onto the cathode shows a circular profile
comparable to the anode circular section.With such assumption, and by taking an electron temperature
Te≈1 eV [30], the ion current density has been calculated as a function of the dominant ion in the arc discharge.
The dominant ion is determined by the plasma chemical reactions. For the sake of simplicity, here we consider
two extreme cases inwhich dominant ions in plasma are C+ ions (Mi=12 u) andMo+ ions (Mi=95.9 u). The
obtained values range between 270 A and 100 A out of a total arc current of around 275 A, respectively. The
respective ion current densities are 15 Amm−2 (C+: 8.5×1021 cm−2s−1) and 5 Amm-2 (Mo+:
3.0×1021 cm−2s−1). In arc experiments, He atoms are considered neutral sinceHelium shows the highest
ionization potential (24.6 eV) of all species in the gasmixture. Exclusively atomic ions have been assumed to
contribute to ion current since theMo-S bond energy inMoS2 is only 2.56 eV [32]. This energy ismuch lower
than the atomic ionization potentials, thereby suggesting a high dissociation degree ofMoS2molecules in
plasma. Amore accurate insight into pulsed plasma parameters would require the application of diagnostics like
time-resolved optical emission spectroscopy (OES) or electrostatic Langmuir probe, which are planned in a
futurework aimed at pulsed plasma characterization.

3.2. Particlefluxdistribution
Figure 3 shows an image of the probewith deposited layer and two distributions of incident particle flux onto the
collecting probe. They correspond to pulsed anodic arc discharges (2 Hz, 10%duty cycle) using, first, a solid
graphite anode, and after that, a compound anode containingMoS2 precursor powder. The deposition study of
Carbon has been performed to test thismethod. The probe had to be placed at aminimal distance from the arc
column to prevent excessive heat transfer from the arc discharge to the probe. An arc-probe distance between 6
and 7 mm from the arc centre was chosen. This selection is based on earliermeasurements performedwith a
fast-moving probewithin the same arc plasma chamber [27]. There, simulations of gas temperature profiles in
steadyDC arcs provided limit values of around 3500 K at distances larger than 5 mm from the arc core (W
melting point: 3695 K).Moreover, probemeltingwas not observed in regions at 3 mmor further from the arc
centre for any studied exposure time (between 10 and 60 ms). In our study, the probe is at afixed location and
pulse duration is 50 ms as defined by the duty cycle (10%of 500 ms period). Since arc current saturation is not
established for such a short pulse time [22, 24], the effective exposure time of the probe to the pulsed discharge is
less than 50 ms in each period. This fact, in combinationwith the safe distance to the arc core, leads to the
conclusion that theWprobe should not be significantly damaged during the experiments.

The particle flux distribution in each experiment has been calculated bymeasuring the layer thickness at
different positions x of the probe (forMoS2:≈25μmat themiddle and≈5μmat the extremes for a 8 s process of
MoS2 evaporation) and by converting the deposition rate,R(x), into particle flux density projected in the X
direction, Jx(x). For this, the following equationwas used:

r
=J x

R x

M
2x ( ) ( ) ( )

where ρ is thematerialmass density andM is themolecularmass of the impinging species from the plasma.
Therefore, assuming a radial particle flux emerging punctually from the arc core, the particle flux at a distance r
from the arc core can be calculated as J(r)=Jx(x)/cosθ, being θ the angle subtended by the normal direction
fromprobe to arc core and the segment comprised between arc core and position x at the probe (see inset in
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figure 3(a)). Themass densities for Carbon andMoS2 evaporation processes were approximated as 2 g cm−3 and
5 g cm−3, respectively. The atomicmass considered in graphite ablation is the one of Carbon, 12 u, and the
elementarymass considered forMoS2 evaporation is the correspondingmolecularmass, which is 160 u. This
description accounts for a simplemodel since theflux incident onto the probe surface consists in reality of a
combination of atoms andmolecules formed byMoand S elements produced by the plasma chemistry reactions.
Influx of C species is also expected due to graphite container ablation. The layer chemical composition is
analyzed in the supporting information section.

The dependencies displayed in the plots confirm the assumption of spherical propagation of particles from
the arc core since the flux density obeys a law∼1/r2. The particle flux at the anode surface (far left data point),
fanode=E/(M·S), is calculated from the anode cross section (3 mm in diameter), S; the atomicmasses of the
evaporated elements,M; and the evaporation rate of each experiment, E. The parameter Ewas obtained by
dividing the removedmass (measuredwith amicrobalance) by the process duration. In the case of solid graphite
arc discharge, the average ablation rate was 1 mg s−1. In the case of arcing of theMoS2@graphite compound
anode, the total evaporation ratewas estimated to be around 75 mg s−1, whose particle flux density is only
assigned toMoS2 species and is roughly a factor 5 higher than carbon flux density. The underestimation in the
calculated central flux inMoS2 evaporation is probably due to a low sticking coefficient ofMoS2 species onto the
collecting probe and/or growing layer (see figure 3(c)). Further probe experiments were performed using steady
DCarc power at 60 A applied to the compound anode (not shown here). In these experiments, no radial
distribution of plasma expansion of the kind∼1/r2 could be inferred. Instead, the layer grown on the collecting
probe showed an irregular deposition profile. This result is related to the irregular and instable structure ofDC
arc discharges, comparedwith themore stable and easy-to-control pulsed arc discharges.

3.3. Bonding structure (Raman)
The layer deposited onto theWprobewas analysed by Raman spectroscopy. Figure 4 shows the explored regions
togetherwith the corresponding Raman shift spectra. Themiddle region of the probewasmostly coveredwith

Figure 3. (a)Thickness profile along the collecting probe afterMoS2 pulsed arc evaporation process. The particleflux is calculated in
different probe zones and represented as a function of the radial distance to the arc column axis. Inset: schematic top view of the probe
and compound anodewith definition of themodel parameters. First, themodel was tested for pulsed arc graphite ablation profile (b),
and afterwards themodel was applied to pulsed arcMoS2 evaporation profile (only to the three data points from the probe) (c). A
model (red line)fitted to the experimental data shows a∼1/r2 dependence of the particleflux for both solid graphite ablation and
compoundMoS2@graphite evaporation.
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grains from theMoS2 precursor and their fragments. The two characteristic Raman bands ofMoS2, which
correspond to the phononmodes E12g (≈385 cm−1) andA1g (≈410 cm−1) [33], show a frequency shift separation
of 25 cm−1. According to literature, this inter-band distance corresponds toMoS2 in bulk form [12]. Bandswith
identical separation are observed along the probe. There, fragments ofMoS2 grains coexist with an amorphous
carbon phase, as proven by themeasurement of broadD (≈1350 cm−1) andG (≈1550 cm−1)Raman bands
characteristic of Carbon [34]. TheRaman spectra ofDC arc-coated probes (not shown here) displaymajority of
carbon deposition. The dominant C concentration is correlated to preferential graphite anode ablation inDC
processes.

Figure 5 shows images of the probe surface inmiddle regionswhere the grown layerwas very thin after a
gentle scratch of the sample surface. The probed regions aftermechanical thinning showed small,micron-size
islands, which are termedRegion 1 (figure 5(a)) andRegion 2 (figure 5(b)). ThemeasuredMoS2-characteristic
Raman bands on such regionswere located at positions like those shown infigure 4, but they appeared closer to
each other, with a separation ranging between 23 cm−1 and 24 cm−1 (figures 5(d) and (f)).Moreover, the
concentration of Carbon is negligible in such regions as concluded from the lack of CarbonRaman shift signals
(figure 5(c)). The inter-band distancemeasured here corresponds toMoS2 in layered form, comprising between
3 and 5 elementary layers [12]. This result is an evidence of few-layer flakes ofMoS2 deposition on the probe
surface.However, it is not clear neither where the preferential location of the growth process takes place, nor the
nature of the growthmechanism. Probably, elementary species from the arc plasma, such asMo atoms, S atoms
andmolecular species impinge onto the Tungsten surface, and nucleate and generate 2D layers on surface
topographies favourable for this type of growth, such as terraces. Nevertheless, the formation ofMoS2
nanoparticles in gas phase cannot be discarded and should be explored further with real-time plasma diagnostic
techniques. The presence ofMoS2flakes is supported byAFManalysis, which is discussed in the following
subsection.

Figure 4. (a), (c)Opticalmicroscopy images and (b), (d)Raman spectra ofMoS2 layers deposited on the collecting probe. The analyzed
regions are a fewmicrons in size (see arrows). The two phononmodes E12g andA1g are indicated. The structure changeswith the
distance to the arc axis (a,b:middle region; c,d: extreme region). The Raman shift peak separation at aMoS2 grain facet is 25 cm

−1,
which is characteristic of bulk ormany-layersMoS2. Carbon andMoS2 appear combined in certain conditions: the deposited grains
dominating in themiddle probe region (probably projected from the plasma expansion) showonlyMoS2 signals (b), whereas both
materials coexist combined at the background surface in the extreme region (d).

7

PlasmaRes. Express 1 (2019) 045009 CCorbella et al



3.4. Identification offlakes (AFM)
TheAFM images infigure 6 (flattened using a second order polynomial fit) show a cluster of few-layerflakes in
thematerial deposited onto the collecting probe. The explored area coincides with the sample regionwhere the
Raman signal evidenced few-layer flakes ofMoS2 (figure 5). Themeasured step between neighbouring facets is of
the order of 1 nm. Since the thickness of aMoS2monolayer is≈0.65 nm [12], it is plausible to assume that the
depicted nanosheets consist of elementary 2D layers ofMoS2 located at the near-substrate region. Such flakes are
exclusively attributed toMoS2 compound and the possibility of being composed of any othermaterial is
discarded as judged from theRaman analysis (figure 5). The observation of the nanosheet cluster, which is
composed of randomly distributedMoS2 nanometricmonolayers, is consistent with the prediction of few
monolayers ofMoS2 as it is inferred fromRamanmeasurements. The correlation betweenAFMandRaman
measurements can be explained by the probing area of the laser beamused to obtain the Raman spectra. Indeed,
the laser spot of the Raman spectrometer has a fewmicrons diameter. The laser spot size is thus extended over an
area that comprises severalMoS2monolayers according to the AFM image. In this way, the contribution of each
individualmonolayer sums up to the Raman output (figure 5)which suggests an average number of 4
monolayers or less.

Figure 5.Optical images ofMoS2 islands on the collecting probe. They are located in thin layermiddle regions and have been labelled
as Region 1 (a) andRegion 2 (b). Few-layer flakes ofMoS2 are attached to theW surface of the collecting probe. (c)Raman spectrumof
Region 1 showingMoS2 bands and a very small Carbon signal. (d)The separation between the characteristicMoS2 peaks is as low as
23 cm−1, which corresponds to few-layer structures ofMoS2 (<5 layers). (e), (f)Raman spectra of zones i and ii of Region 2,
respectively, which showoptical contrast. The lack ofMoS2 signal in zone i suggests that there is a hole in the island (the substrate is
exposed).
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4.Discussion

One can conclude that the final product of the pulsed arc process is amixture ofMo,MoS2 andC from the
Raman spectra discussed above and the SEManalysis described in the supplementary information section. The
formation ofmolybdenum carbides is also possible due to the typical compound stability, although it should be
proved by alternate techniques as, for example, X-ray photoelectron spectroscopy (XPS). The elemental and
topographic surface characteristics suggest that the deposited layer is structured as: (1) dominant superficial
population ofMoS2 grain fragments, (2)C-Mo thin layer as smoother background, and (3)near substrate
deposition ofmicron-sizedflakes ofMoS2 constituted of atomic few layers. Themainmechanism responsible
forMoS2flake formation, i.e. direct growth ofMoS2 islands on substrate surface or earlier production by fusing
of precursor particles in plasma phase, supposes a fundamental question that would require the application of
in situ and real time plasma process diagnostics [35].

The lack of purity of the deposited samples constitutes an important concern to be addressed. Carbon
contamination should be avoided in the synthesizedmaterial. Despite the very low ablation rate of the graphite
anode container, arcing between graphite rods causes profuse evaporation of carbon. This fact, combinedwith
the non-uniform chemical composition observed along theWprobe substrate, suggests that the anode ablation
process needs to bemore selective. The replacement of graphite electrodes byMolybdenumelectrodes is
unfortunately impracticable because of the fastMomelting in arc processes [22]. To that end, another high
melting pointmaterial, such as tungsten, can be used as alternative to carbon. Another relevant issue in the

Figure 6. (a)AFM image of a cluster of 2Dnano-flakes localized at the near-substratemiddle region of the collecting probe. (b)Zoom
in of the region delimitedwith a square frame in (a). (c)Height profiles of the scan linesmarked in (b). The stepsmeasured between
neighbouring flakes (2-purple, 4-red and 6-green lines) showheights of around 1 nm,whichmatchwith the approximate thickness of
oneMoS2monolayer (≈0.65 nm). Scale bars in both images (figures 6(a) and (b)) correspond to 100 nm.
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production ofMoS2 samples is the precise control of elementary layers in the 2D structure. Indeed, there is a
strong dependence ofMoS2 properties on the amount of included layers: the direct band gap of 1.8 eV shownby
MoS2monolayers decreases rapidly towards an indirect band gap of 1.2 eV as the inter-layer thickness
approaches bulk form [12]. The change in the semiconductor properties exerts an important impact on
electronic applications. Both highlighted issues could be probably addressed by engineering the shape of the
pulsewaveformdriven to the arc electrodes. The structure of the samples essentially depends on the transient arc
dynamics caused by the supplied pulses of current and voltage. Thus, it would be convenient to redesign such
pulses to gain control on two aspects: (1) selectivity of the ablatedmaterial and (2) the number of singleMoS2
layers present in the synthesized 2D structures. Optimization of the deposition process of few-layerMoS2 flakes
in the two directions specified above is a new topic that deserves further research.

5. Conclusions

Few-layer synthesis ofMoS2flakes has been successfully carried out by pulsed arc discharge from a compound
anode. Such anode consisted of a hollow graphite anode filledwithMoS2 powder precursor. The synthesis has
been possible using a non-reactive atmosphere ruling out the use of sulphur. Thus, thismethod requires onlyHe
gas injection and it is therefore environmentally friendly. The pulsed anodic arc discharge of the compound
anode leads to a balanced evaporation of the filling powder and of the graphite anode, thus avoiding preferential
ablation of the hollow graphite anode promoted in standardDC arc discharges. The shapes of the arc current
and arc voltage waveformswere similar to thosemeasured in pulsed carbon ablation fromprevious works. The
electrical plasma parameters inMoS2 arc discharge, such as electron density and ionic current, are of the same
order ofmagnitude as the parameters characteristic of graphite arc discharge. The depositedmaterial onto a
collecting probe near the arc core consisted of fragments ofMoS2 powder, C andMobackground, and few-layer
flakes ofMoS2 attached to the probe surface. The obtained products demonstrate that the thermal energy
provided by pulsed arc plasma is sufficient to dissociatemolecules and, subsequently, promote the required
plasma chemistry to transform3DMoS2material into 2DMoS2material on the substrate surface.

Futurework is planned towards understanding the growthmechanisms ofMonanoparticles andMoS2
flakes by considering combined frameworks of gas phase processes and surface heterogeneous processes.
Advanced optical diagnostics would provide the necessary information tomonitor particle dynamics in the arc
plasma process. Also, an increase in purity of the depositedmaterial, i.e. lower carbon contamination, and
control on its 2D structural aspect are desirable and could be probably achieved by fine-tuning the shape of the
excitationwaveform signal. The objectives will be fulfilled by employing a newpower supply equippedwith
rapid switching circuit, which should render possible the operation of well-defined pulse signals yet in shorter
duty cycles. Nevertheless, this study demonstrates that the use of pulsed power to excite an anodic arc discharge
is a versatile technique to synthesize newnanomaterials.
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