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Abstract

:

This study aims to clarify the mechanism of exfoliation of graphene through electrical pulsed wire discharge (PWD) of a graphite strip, made by the compression of inexpensive expanded graphite in water. The explosion of the graphite strip was visualized using a high-speed video camera. During the energized heating of the sample, explosions, accompanied by shock waves due to expansion of gas inside the sample, occurred at various locations of the sample, and the sample started to expand rapidly. The exfoliated graphene was observed as a region with low light transmittance. The PWD phenomenon of graphite strips, a type of porous material, is reasonably explained by the change in electrical resistivity of the sample during discharge and the light emission due to energy transition of the excited gas.
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1. Introduction


Graphene, a two-dimensional (2D) material first prepared by Noveselov et al. [1] in 2004 using the mechanical exfoliation method, has proven to be a futuristic material with numerous applications [2,3,4,5,6,7,8]. Its one-atom-thick graphitic layer leads to various outstanding properties [9], including excellent mechanical properties [5,6,10], ultrahigh optical properties [11,12], high electronic properties [1,4,13], and high thermal conductivity [14,15].



Pulsed wire discharge (PWD), or electrical explosion of wire (EEW), is a vapor phase method used for the synthesis of nanoparticles. In this method, a high-density current from a capacitor discharge is passed through a metal wire (resistive element) which transforms and expands into boiling droplets, heated vapor, or plasma by Joule heating [16]. The instantaneous state change produces shock waves. This phenomenon has been applied to high-density plasma generation technology [17], wire explosion spraying technology using droplet particles of wire [18], initiation technology for energetic materials [19,20], and shock wave generation technology for food processing [21]. The main focus of research on this technology is the production of functional nanopowders. Many studies on PWD have been conducted by varying the elements of the wire, the explosion environment of the wire, and the combination of wires. This technology exhibits high universality in various synthetic studies, including high-quality metal nanoparticles [16,22,23], oxides [24,25], carbides [26], nitrides [27], and alloy nanoparticles [28]. In these studies, a solid wire was used as the electrical resistive element as a rule. PWD and EEW are methods for obtaining nanoparticles by triggering a change of state in a resistive element, but it is quite difficult to recover only graphene among various types of carbon allotropes under a more excited state such as the liquid, gas, or plasma phase. Recently, Gao et al. successfully recovered graphene nanosheets by applying a pulsed current to a high-purity graphite stick. They tuned the current density to melt a part of the graphite, resulting in the loss of van den Waals forces [29]. They applied this technique to expanded graphite (i.e., graphite strips) containing a large amount of nitrogen gas. As a result, graphene nanoplatelets, with a particle size in the range of 100 to 200 μm and a thickness of approximately 3 nm, were recovered under conditions of lower current density [30].



To better understand the formation mechanism of nanoparticles during pulsed wire discharge, various techniques have been used to investigate the Joule heating process, product expansion, shockwave propagation, and plasma formation induced by pulsed discharge. Using a high-voltage probe, Rogowski coil, and oscilloscope, the discharge current and voltage data can be recorded to analyze phase transitions, such as melting, vaporization, and plasma formation [28,31,32,33,34]. These results can be further applied to estimate the energy input during the different processes and investigate the formation mechanism from the standpoint of time-resolved energy. High-speed cameras and flash X-ray high-speed cameras are time- and space-resolved techniques used to visualize the product expansion, shockwave propagation, and plasma formation during pulsed discharge [33]; these observation techniques are beneficial for mechanism analysis and simulation research on pulsed wire discharge. The above techniques have been widely utilized to investigate the pulsed discharge of metal wires and promote their development and applications in nanoparticle production. However, because PWD is a high-speed phenomenon that causes high-intensity light emission, cameras with insufficient time resolution capture the explosions as overexposed images [35,36,37,38]. Furthermore, the observation of a pulsed discharge of graphite materials has been rarely reported, which is owed to the short period of related investigation, inhibiting further development of related research.



In this study, the explosion of graphite strips, heated by a pulsed high current, was observed using a single-wavelength laser source and a high-speed video camera equipped with a band-pass filter. This was used to demonstrate the mechanism of graphene exfoliation proposed in our previous work [30]. The particles produced by this process were characterized using powder X-ray diffraction (XRD). The mechanism of graphene exfoliation by the PWD technique without a resistive state change is discussed.




2. Materials and Methods


Experiments using the shadowgraph technique were conducted to visualize the explosion behavior of graphite strips under pulsed high currents. The details of the visualization target and the shadowgraph layout are shown in Figure 1. The target shown in Figure 1a consisted of a cubic polymethyl methacrylate (PMMA) water tank with a side length of 200 mm, electrodes connected to a capacitor, and graphite strips. The graphite strip was made from expanded graphite (Jinglong Special Carbon Co., Ltd., Beijing, China). First, the graphite flake powder was treated with sulfuric acid or nitric acid, followed by heating in an inert gas medium for expansion. Then, the powder was mechanically compressed to form a graphite paper structure (density: approximately 1.4 g/cm3). The cheap inert gas used for the production of graphene was N2 gas. The width, thickness, and length of the graphite strips were 2, 0.5, and 80 mm, respectively, and their weight was 0.113 g. The graphite strips were connected to the electrodes in a tank filled with water. The electrical circuit, instrumentation connections, and shadowgraph optical observation layout are shown in Figure 1b. The discharge system used in this study was custom-made by Nichicon Corporation, Kyoto, Japan and its discharge voltage can be adjusted up to 40 kV. The capacitance and the inductance of the capacitor system were 12.5 µF and 3.6 μH, respectively. The discharge voltage was measured using a high-voltage probe (EP-50K, Nissin Pulse Electronics Co., Ltd., Tokyo, Japan) connected to the anode, and the discharge current was measured using a Rogowski coil (current monitor 101, Pearson Electronics, Inc., San Jose, CA, USA) placed on the cathode side. Each waveform profile was recorded using an oscilloscope (DPO7254C, Tektronix, Inc., Beaverton, OR, USA). The Rogowski coils were connected to the oscilloscope via two attenuators (20 dB) connected in series. The discharge voltage UR (without discharge noise) was obtained (by removing the discharge noise contained in the measured voltage) using the following equation:


   u R  =  u m  − L   d i   d t   − R i ,  



(1)




where um and i are the measured voltage and current, respectively, L is the inductance of the system (3.6 μH), and R is the resistance of the electrodes and partial cable in the measured region (0.1 Ω).



The target, high-speed video camera (HPV-X2, Shimadzu Corporation, Kyoto, Japan), and single-wavelength laser source (Cavilux Smart UHS (50 W), CAVITAR Ltd., Tampere, Finland) were placed on the same axis. The high-speed video camera captured 256 images. The frame rate and exposure time were set to 100 and 50 ns, respectively. PWD is an explosion phenomenon accompanied by shock waves and high-intensity light emission. The camera lens was fitted with a band-pass filter with a center wavelength and half-width of 640 and 12 nm, respectively. The wavelength of the laser was 645 ± 10 nm. The laser point source was converted to collimated light using a plano-convex lens. The exposure time of the camera was synchronized with the laser pulse; this imaging configuration blocks the discharge light emission and images the density changes of water as a shock wave. The trigger signal for the camera imaging was the output from the oscilloscope. The observation area of the explosion phenomenon is shown in Figure 1a. Discharge voltages of 20 and 30 kV were used for the experiments.



To evaluate the particles produced by this method, a collection experiment was conducted. The graphite strips were exploded in a sealed steel container filled with water under the same conditions as the optical observation experiments. The particles recovered from water with a dispersion of fine particles were analyzed by XRD using a Bragg-Brentano diffractometer (Ultima IV, Rigaku Co., Ltd., Tokyo, Japan) with Cu-Kα1 radiation.




3. Results and Discussion


The profiles of discharge voltage, current, and energy injected to the graphite strip are shown in Figure 2. At a discharge voltage of 20 kV, the voltage and current increases for 5.5 μs after the start of discharge. In other words, the electrical resistance of the graphite strip decreases during this period. As with isotropic graphite materials, the electrical resistivity of graphite strips is dependent on their temperature. The electrical resistivity of the graphite strips decreases up to a temperature of approximately 873 K. The electrical resistivity of the graphite strip at 873 K is 65% of its resistivity at room temperature. After 873 K, the electrical resistivity of the graphite strip starts to increase. The electrical resistivity at approximately 2500 K is 85% of the resistivity at room temperature [39]. The decrease in the electrical resistivity of the graphite strip, that occurred immediately after the start of the discharge, is considered to be in accordance with the temperature dependence of the electrical resistivity. After 5.5 µs, the voltage increases, and the current decreases, which indicates an increase in the electrical resistance. The energy injected into the graphite strip from the start of discharge to 5.5 µs was 260 J. This is much less than the energy required to completely melt the graphite strip (1190 J). Therefore, the graphite strips remained in the solid phase during this time. The same phenomenon was observed at a discharge voltage of 30 kV. However, the electrical resistance started to increase at approximately 4.0 µs.



The images of the explosion of the graphite strip, at a typical time for a discharge voltage of 20 kV, is shown in Figure 3. The expansion of the graphite strips began immediately after the start of the discharge. The graphite strips contain a large amount of nitrogen gas. The electrical energy injected into the graphite strip was not sufficient to achieve a change in the state of the graphite strip. Therefore, the expansion of the strip was due to the thermal expansion of the gas. In the image taken 2.39 µs after the start of the discharge, numerous small arc-shaped shock waves are observed. This indicates that the gas inside the sample was rapidly heated, resulting in expansion and explosion. The black expansion zone blocked the light transmitted from the laser. When the electrical resistance started to increase, light emission was observed in the black expansion band (5.29 μs). When the nitrogen atom recombines, it transitions from the higher energy level B3Πg to the lower level A3Σu. This is a molecule-to-molecule transition, and the light emission spectrum is band-like (500–800 nm) [40]. It is to be noted that this wavelength region covers the band-pass filter attached to the camera lens. In other words, the light-emission region in the image shows nitrogen molecules in the transition process. In the image captured at 9.09 μs, when the energy injection was completed, the current path was observed to be occupied by nitrogen molecules. The increase in electrical resistivity can be attributed to the removal of conductive graphite from the current path. In the image captured at 11.29 µs, interference fringes of transmitted light (laser light) and shock waves are observed around the expanding gas, and the region of transmitted light is enlarged at 13.99 µs. As the transparency of water as a medium increases, the laser light is transmitted. Therefore, we can conclude that the black expansion band corresponds to exfoliated single-or few-layer graphene. A similar phenomenon was observed at an earlier time for a discharge voltage of 30 kV. We believe that the recovery of graphene increases under higher voltage conditions because the gas inside the sample can be heated and exploded more quickly. In fact, in our previous studies, the recovery of thin graphene was higher under high-voltage conditions [30]. The videos of explosion at each condition are provided in the Supplementary Materials (Videos S1 and S2).



The XRD pattern of the particles recovered at the discharge voltage of 30 kV is shown in Figure 4a. A sharp XRD peak appearing at 26.5° is observed, which indicates the high crystallinity of recovered graphene materials. Furthermore, Raman spectrum analysis provides a quick and facile structural and quality characterization of carbon phases [30]. Figure 4b shows three typical Raman bands of carbon materials in Raman spectra of raw graphite strip and recovered sample, such as D band (1337 cm−1), G band (1586 cm−1) and 2D band (2669 cm−1). The intensity ratio of 2D band to G band (I2D/IG) has been applied to identify the layers of recovered graphene samples from graphite, considering that the I2D/IG value of graphene material is stronger than that of raw graphite [29,30]. Based on Figure 4b, the I2D/IG values of graphite strip and recovered sample are 0.45 and 1.56, respectively. It reveals that the recovered sample is few-layer graphene [29,30].



TEM and HRTEM images (Figure 5a) show the microstructure of sample recovered at discharge voltage of 30 kV, revealing the presence of ultra-thin, wrinkled, and extended graphene nanosheets with an interlayer distance of approximately 0.34 nm. Based on the numbers of graphitic layers in above films (see inset of Figure 5a), the recovered sample can be identified as few-layer graphene. Furthermore, the selected area electron diffraction (SAED, inset of Figure 5a) pattern of recovered sample display hexagonally arranged ring-like diffraction spots. This is in accordance with the typical result observed in few-layer graphene [29,30]. Moreover, Figure 5b presents typical SEM images of a sample recovered at discharge voltage of 30 kV, demonstrating curved and extended ultra-thin carbon films which is the typical micromorphology of graphene [29,30,31] owing to the thermodynamically instability of two-dimensional materials.



Cho et al. reported that, when a pulsed current is applied to a silicon rod with high electrical resistivity in air, the current flows through the rod surface and vaporizes part of its surface, ionizing the air around the rod and forming a plasma channel [41]. Although this study was conducted in airless water, the nitrogen gas contained inside the sample may have formed plasma channels. We concluded that the electrical resistivity properties of graphite, and the discharge in water, help to efficiently inject electrical energy into the gas contained in the graphite strips and generate shock waves for graphene exfoliation.




4. Conclusions


Pulsed high current experiments on graphite strips, which contain a large amount of nitrogen gas, were conducted to reveal the mechanism of graphene formation by exfoliation. The heating and explosion of the graphite strips by pulsed current were successfully observed using a high-speed video camera and by adjusting the current density conditions to prevent the graphite from undergoing a state change. The discharge voltage and the current profiles were measured synchronously with the high-speed video camera observations. Small shock waves generated by the expansion of the graphite strip and the explosion of the heated gas were observed immediately after the start of the discharge. The delaminated products were observed as turbid regions in the medium. With the same porosity of graphite strips and reduced pore size, explosions are expected to occur faster and at more locations in the sample. Hence, pore adjustment of the starting material may contribute to the production of high-quality graphene.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/nano11051223/s1, Video S1: The explosion of graphene strips at 20 kV discharge voltage condition. Video S2: The explosion of graphene strips at 30 kV discharge voltage condition.





Author Contributions


Conceptualization, S.T. and X.G.; Methodology, S.T. and K.H. (Kouki Hasegawa), validation, S.T., K.H. (Kazuyuki Hokamoto) and P.C.; Formal Analysis, S.T. and X.G.; Investigation, S.T., K.H. (Kouki Hasegawa) and D.I.; Resources, K.H. (Kazuyuki Hokamoto) and P.C.; Data Curation, S.T. and D.I.; Writing—original draft preparation, S.T.; K.H. (Kouki Hasegawa); Writing—review and editing, X.G.; Visualization, D.I.; Supervision, K.H. (Kazuyuki Hokamoto) and P.C.; Project Administration, K.H. (Kazuyuki Hokamoto); Funding Acquisition, X.G. All authors have read and agreed to the published version of the manuscript.




Funding


The research was funded by State Key Laboratory of Explosion Science and Technology, Beijing Institute of Technology, China (KFJJ21-20M).




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, I.V.; Firsov, A.A. Electric field effect in atomically thin carbon films. Science 2004, 306, 666–669. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Z.; Shi, X.; Zhai, W.; Yao, J.; Song, S.; Zhang, Q. Preparation and tribological properties of TiAl matrix composites reinforced by multilayer graphene. Carbon 2014, 67, 168–177. [Google Scholar] [CrossRef]

	



Boparai, H.K.; Joseph, M.; O’Carroll, D.M. Cadmium (Cd2+) removal by nano zerovalent iron: Surface analysis, effects of solution chemistry and surface complexation modeling. Environ. Sci. Pollut. Res. 2013, 20, 6210–6221. [Google Scholar] [CrossRef]

	



Son, Y.W.; Cohen, M.L.; Louie, S.G. Erratum: Half-metallic graphene nanoribbons. Nature 2007, 446, 342. [Google Scholar] [CrossRef]

	



Cao, J.; Zhang, Y.; Men, C.; Sun, Y.; Wang, Z.; Zhang, X.; Li, Q. Programmable Writing of Graphene Oxide/Reduced Graphene Oxide Fibers for Sensible Networks within Situ Welded Junctions. ACS Nano 2014, 8, 4325–4333. [Google Scholar] [CrossRef] [PubMed]

	



Lee, C.; Wei, X.; Kysar, J.W.; Hone, J. Measurement of the elastic properties and intrinsic strength of monolayer graphene. Science 2008, 321, 385–388. [Google Scholar] [CrossRef]

	



Li, G.; Zhang, X.; Wang, J.; Fang, J. From anisotropic graphene aerogels to electron- and photo-driven phase change composites. J. Mater. Chem. A 2016, 4, 17042–17049. [Google Scholar] [CrossRef]

	



Jiang, M.; Wu, J.; Ren, Z.; Qi, M.; Bai, J.; Bai, Y.; Zhang, Y.; Wang, Q. Synthesis of graphene and its application as wide-band saturable absorbers. In Proceedings of the 2012 12th IEEE International Conference on Nanotechnology (IEEE-NANO), Birmingham, UK, 20–23 August 2012; pp. 1–4. [Google Scholar]

	



Rao, C.N.R.; Sood, A.K.; Subrahmanyam, K.S.; Govindaraj, A. Graphene: The New Two-Dimensional Nanomaterial. Angew. Chem. Int. Ed. 2009, 48, 7752–7777. [Google Scholar] [CrossRef]

	



Frank, I.W.; Tanenbaum, D.M.; Van Der Zande, A.M.; McEuen, P.L. Mechanical properties of suspended graphene sheets. J. Vac. Sci. Technol. B Microelectron. Nanometer Struct. 2007, 25, 2558. [Google Scholar] [CrossRef]

	



Nair, R.R.; Blake, P.; Grigorenko, A.N.; Novoselov, K.S.; Booth, T.J.; Stauber, T.; Peres, N.M.R.; Geim, A.K. Fine Structure Constant Defines Visual Transparency of Graphene. Science 2008, 320, 1308. [Google Scholar] [CrossRef]

	



Wang, F.; Zhang, Y.; Tian, C.; Girit, C.; Zettl, A.; Crommie, M.; Shen, Y.R. Gate-Variable Optical Transitions in Graphene. Science 2008, 320, 206–209. [Google Scholar] [CrossRef]

	



Xia, J.; Chen, F.; Li, J.; Tao, N. Measurement of the quantum capacitance of graphene. Nat. Nanotechnol. 2009, 4, 505–509. [Google Scholar] [CrossRef]

	



Tang, B.; Hu, G.; Gao, H.; Hai, L. Application of graphene as filler to improve thermal transport property of epoxy resin for thermal interface materials. Int. J. Heat Mass Transf. 2015, 85, 420–429. [Google Scholar] [CrossRef]

	



Xu, N.; Wang, B.L. Thermal property of bent graphene nanorribons. Eur. Phys. J. B 2015, 88, 1–6. [Google Scholar] [CrossRef]

	



Kotov, Y.A. Electric Explosion of Wires as a Method for Preparation of Nanopowders. J. Nanoparticle Res. 2003, 5, 539–550. [Google Scholar] [CrossRef]

	



Krasik, Y.E.; Grinenko, A.; Sayapin, A.; Efimov, S.; Fedotov, A.; Gurovich, V.Z.; Oreshkin, V.I. Underwater Electrical Wire Explosion and Its Applications. IEEE Trans. Plasma Sci. 2008, 36, 423–434. [Google Scholar] [CrossRef]

	



Wei, S.-C.; Xu, B.-S.; Wang, H.-D.; Jin, G.; Lv, H. Comparison on corrosion-resistance performance of electro-thermal explosion plasma spraying FeAl-based coatings. Surf. Coat. Technol. 2007, 201, 5294–5297. [Google Scholar] [CrossRef]

	



Tanaka, S.; Nishi, M.; Yamaguchi, M.; Bataev, I.; Hokamoto, K. Simultaneous Initiation of Nitromethane in Two Holes by Pulsed Wire Discharge for Crack Control of a Concrete Block. J. Dyn. Behav. Mater. 2020, 6, 53–63. [Google Scholar] [CrossRef]

	



Tanaka, S.; Bataev, I.; Inao, D.; Hokamoto, K. Initiation of Nitromethane Deflagration Promoted by the Oxidation Reaction of Vaporized Metal Wire. Appl. Energy Combust. Sci. 2020, 1–4, 100005. [Google Scholar] [CrossRef]

	



Shimojima, K.; Miyafuji, Y.; Tanaka, S.; Naha, K.; Aka, T.; Maehara, H.; Itoh, S. Study of the Suitable Pressure Vessel for the Rice-Powder Manufacturing Using the Underwater Shock Wave. In Proceedings of the ASME 2011 Pressure Vessels and Piping Conference, Baltimore, MD, USA, 17–21 July 2011; Volume 44540, pp. 49–52. [Google Scholar]

	



Liu, L.; Zhang, Q.; Zhao, J.; Yan, W.; Zhang, L.; Wang, Z.; Tie, W. Study on Characteristics of Nanopowders Synthesized by Nanosecond Electrical Explosion of Thin Aluminum Wire in the Argon Gas. IEEE Trans. Plasma Sci. 2013, 41, 2221–2226. [Google Scholar] [CrossRef]

	



Kim, J.C.; Park, E.J. Synthesis and Characterization of Noble Au Nanoparticle Suspensions Obtained by Electrical Explosion of Wires in Deionized Water. Nanosci. Nanotechnol. Lett. 2015, 7, 697–702. [Google Scholar] [CrossRef]

	



Wada, N.; Akiyoshi, K.; Morita, K.; Hokamoto, K. Reaction synthesis of several titanium oxides through electrical wire explosion in air and in water. Ceram. Int. 2013, 39, 7927–7933. [Google Scholar] [CrossRef]

	



Krishnan, S.; Haseeb, A.; Johan, M.R. One dimensional CuO nanocrystals synthesis by electrical explosion: A study on structural, optical and electronic properties. J. Alloys Compd. 2014, 586, 360–367. [Google Scholar] [CrossRef]

	



Tanaka, S.; Bataev, I.; Oda, H.; Hokamoto, K. Synthesis of metastable cubic tungsten carbides by electrical explosion of tungsten wire in liquid paraffin. Adv. Powder Technol. 2018, 29, 2447–2455. [Google Scholar] [CrossRef]

	



Hokamoto, K.; Wada, N.; Tomoshige, R.; Kai, S.; Ujimoto, Y. Synthesis of TiN powders through electrical wire explosion in liquid nitrogen. J. Alloy. Compd. 2009, 485, 573–576. [Google Scholar] [CrossRef]

	



Pervikov, A.; Kazantsev, S.; Lozhkomoev, A.; Lerner, M. Bimetallic Al Ag, Al Cu and Al Zn nanoparticles with controllable phase compositions prepared by the electrical explosion of two wires. Powder Technol. 2020, 372, 136–147. [Google Scholar] [CrossRef]

	



Gao, X.; Xu, C.; Yin, H.; Wang, X.; Song, Q.; Chen, P. Preparation of graphene by electrical explosion of graphite sticks. Nanoscale 2017, 9, 10639–10646. [Google Scholar] [CrossRef]

	



Gao, X.; Hiraoka, T.; Ohmagari, S.; Tanaka, S.; Sheng, Z.; Liu, K.; Xu, M.; Chen, P.; Hokamoto, K. High-Efficiency Production of Large-Size Few-Layer Graphene Platelets via Pulsed Discharge of Graphite Strips. Nanomaterials 2019, 9, 1785. [Google Scholar] [CrossRef]

	



Gao, X.; Yokota, N.; Oda, H.; Tanaka, S.; Hokamoto, K.; Chen, P. One Step Preparation of Fe–FeO–Graphene Nanocomposite through Pulsed Wire Discharge. Crystals 2018, 8, 104. [Google Scholar] [CrossRef]

	



Chaikovsky, S.A.; Oreshkin, V.I.; Mesyats, G.A.; Ratakhin, N.A.; Datsko, I.M.; Kablambaev, B.A. Electrical explosion of metals in fast-rising megagauss magnetic fields. Phys. Plasmas 2009, 16, 42701. [Google Scholar] [CrossRef]

	



Taylor, M.J. Formation of plasma around wire fragments created by electrically exploded copper wire. J. Phys. D Appl. Phys. 2002, 35, 700–709. [Google Scholar] [CrossRef]

	



Lee, Y.; Bora, B.; Yap, S.; Wong, C.; Bhuyan, H.; Favre, M. Investigation on effect of ambient pressure in wire explosion process for synthesis of copper nanoparticles by optical emission spectroscopy. Powder Technol. 2012, 222, 95–100. [Google Scholar] [CrossRef]

	



Kim, J.H.; Suematsu, H.; Kim, D.S.; Ryu, B.K.; Tanaka, K. High-speed camera analysis for nanoparticles produced by using a pulsed wire-discharge method. J. Korean Phys. Soc. 2016, 69, 36–39. [Google Scholar] [CrossRef]

	



Chu, N.M.; Hieu, N.D.; Do, D.T.M.; Sarathi, R.; Nakayama, T.; Suematsu, H.; Ngo, C.M.; Nguyen, H.D. Synthesis of molybdenum carbide nanoparticles using pulsed wire discharge in mixed atmosphere of kerosene and argon. J. Am. Ceram. Soc. 2019, 102, 7108–7115. [Google Scholar] [CrossRef]

	



Liu, Q.; Yao, W.; Wang, Y.; Zhao, Z.; Zhang, Y.; Qiu, A. Discharge channel development of microsecond tungsten wire explosion in air. Phys. Plasmas 2019, 26, 023501. [Google Scholar] [CrossRef]

	



Ranjan, P.; Nguyen, D.H.; Chen, L.; Cotton, I.; Suematsu, H.; Chakravarthy, S.R.; Jayaganthan, R.; Sarathi, R. Dynamical aspects of nanoparticle formation by wire explosion process. Nano Express 2020, 1, 010049. [Google Scholar] [CrossRef]

	



Yoshimoto, O.; Okada, M.; Ohta, N. Apparatus for measuring the relative electrical resistivity of graphite materials at high temperatures by direct heating. Carbon 2015, 93, 1080. [Google Scholar] [CrossRef]

	



Shibusawa, K.; Funatsu, M. Radiative Characteristics of N2 First Positive Band in Visible and Near-infrared Regions for Microwave-discharged Nitrogen Plasma. Trans. Jpn. Soc. Aeronaut. Space Sci. 2019, 62, 86–92. [Google Scholar] [CrossRef]

	



Cho, C.; Ha, Y.-C.; Kang, C.; Jin, Y.-S.; Rim, G.-H. Electrical Explosion of Silicon Rod in Distilled Water. Jpn. J. Appl. Phys. 2011, 50, 106201. [Google Scholar] [CrossRef]








[image: Nanomaterials 11 01223 g001 550] 





Figure 1. Schematic illustration of the high-speed observation experiment: (a) Details of observation target; (b) Electrical circuit, instrumentation connections, and the shadowgraph optical observation layout. 
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Figure 2. Profiles of discharge voltage, current, and energy injected into the graphite strip. 
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Figure 3. Images of an underwater explosion caused by the rapid heating of a graphite strip by pulsed current. 
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Figure 4. (a) XRD pattern of the recovered sample and (b) Raman spectra of graphite strip (No. 1) and recovered sample (No. 2). 
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Figure 5. (a) Representative TEM image and (b) SEM image of recovered sample. The scale bars of SAED pattern and HRTEM image in inset of Figure 5a are 5 1/nm and 5 nm, respectively. 
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