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          Solution plasma processes (SPP) have recently attracted significant attention for the synthesis of heterocarbon nanomaterials (HCNs). However, to date, very few studies have reported the control of HCNs structures using SPP. Therefore, the factors affecting the structure of HCNs were investigated using a precursor with a similar molecular structure. In this study, powder X-ray diffraction and Raman spectroscopy results revealed that the nitrogen conjugation in the cyanopyrazine molecular structure could lead to facile crystalline carbon formation compared to the pyrazine precursor.
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      1. Introduction
      By doping carbon nanomaterials with heteroatoms, their chemical reactivities and electronic properties can be controlled by bandgap opening and modulation of the conducting types [1]-[4]. Nitrogen has been extensively investigated because of its similar size to carbon and the presence of five valence bonds with carbon atoms [6]-[8].

      Many studies have employed thermal treatment, among other methods, because it affects factors such as surface area, nitrogen content, nitrogen configuration, degree of graphitization, and conductivity [5]-[7]. Thermal treatment may improve the catalytic activity but reduce the total nitrogen content, thereby reducing the surface density of the catalytic sites. This limits their catalytic activity.

      Recently, the solution plasma process (SPP), known as non-equilibrium cold plasma at atmospheric pressure and room temperature [8], has been used to synthesize heterocarbon nanomaterials (HCNs) [9]. Heterocarbons with multiple catalytic sites can be obtained by direct polymerization of liquid materials, and designing ideal catalysts using SPP may be possible. To date, studies on nitrogen content and doping position control have been conducted using SPP [10].

      However, very few studies have reported controlling the structures of heterocarbons using SPP. Moreover, precise control of the carbon structure during the production of carbon nanosheets has not yet been analyzed [11]-[13].

      Therefore, in this study, the factors affecting the structure of HCNs were investigated using precursors with similar molecular structures. Differences were observed in the carbon structures under the same SPP conditions. Based on these differences, the carbon structure could be controlled using SPP in the future.

    

    

  
    
      2. Experimental procedure
      The experimental setup for SPP consisted of two tungsten electrodes connected to a bipolar pulsed power supply (Kurita, Japan) in a glass reactor [10]. The reactor was filled with 100 mL of an aqueous precursor as the carbon or nitrogen source for the synthesis of HCNs.

      Pyrazine (PY; C4H4N2, 99.0%) and cyanopyrazine (CY; C5H3N3, 99.0%) were purchased from Tokyo Chemical Industry and used as precursors because of their similar molecular structures. Further, the influence of the precursor on the shape of the obtained carbon nanomaterials was investigated. HCNs prepared from PY and CY were denoted as HCNs–PY and HCNs–CY, respectively.

      A plasma discharge with a 1.0 μs repetition pulse width and 100 kHz repletion frequency was generated in the precursors at atmospheric pressure and room temperature. The solution in the reaction vessel was then stirred at 60 °C. After discharge, the black carbon particles were separated using vacuum filtration. The as-synthesized carbon nanomaterials were dried in an oven at 200 °C for 1 h.

      Transmission electron microscopy (TEM) images were obtained using a JEOL-2500SE microscope at an acceleration voltage of 200 kV. Powder X-ray diffraction (XRD) was used to examine the crystal structure using an X-ray diffractometer

      
        
        

        Figure 1: 
				
        

        
          Illustration of solution plasma process
        
        

        

      

      (Rigaku Smartlab) with Cu Kα radiation (λ = 0.154 nm). Raman spectra were obtained using a JASCO NRS-100 spectrometer at an excitation wavelength of 532.5 nm. Elemental analyses of C, H, and N were performed using an elemental analyzer (Perkin Elmer 2400 Series).

    

    

  
    
      3. Results and discussion
      The morphologies of HCNs–PY and HCNs–CY are shown in Figure 2. All HCNs–PY and HCNs–CY formed agglomerates of uniform nanosized carbon particles with a three-dimensional interconnected structure. HCNs–PY exhibited a ball-like shape with diameters in the range of 20–30 nm. The sizes of HCNs–CY, which had irregular shapes, were in the range of 30–80 nm and were larger than those of HCNs–PY. In the high-resolution TEM image shown in Figure 2(d), long-range ordered graphitized carbons with lattice fringes corresponding to the (002) basal plane of turbostratic carbon were observed. However, high-resolution TEM images of HCNs–PY showed clear differences in their structures, such as an amorphous structure without any clear shape [14]. These results indicate that the morphology of HCNs prepared by SPP strongly depends on the precursors used.

      
        
        

        Figure 2: 
				
        

        
          TEM images of (a, and c) HCNs–PY and (b, and d) HCNs–CY
        
        

        

      

      Figure 3 shows the powder XRD patterns of HCNs–PY and HCNs–CY. The diffraction peaks of HCNs–PY exhibited a broad peak at 24.3° and a small peak at 43.3°, corresponding to the (002) and (100)/(101) graphite planes in turbostratic carbon, respectively [15][19][20]. The XRD patterns of HCNs–CY exhibited similar broad peaks at approximately 43.5°. The peak corresponding to the (002) plane was sharper and shifted toward the higher 2θ values (25.3°) compared to that of HCNs–PY, which indicates a decrease in the sp2 layer spacing [19][20]. The results reveal that the degree of graphitic order in HCNs–CY was much higher than HCNs–PY [20]. This suggests that the precursor molecule structure determines the structural properties of HCNs prepared using SPP. For reference, weak-intensity peaks corresponding to tungsten carbide (WC1−x) were observed at 36.8° (111) and 42.5° (200) for both HCNs-PY and HCNs-CY [18].

      
        
        

        Figure 3: 
				
        

        
          XRD patterns of HCNs–PY and HCNs–CY
        
        

        

      

      Figure 4 shows the typical Raman spectra of HCNs–PY and HCNs–CY. The relative intensity ratio of the D- and G-bands (ID/IG) indicates the graphitization degree or defect density of the carbon nanomaterials [16]. This ratio was used to calculate the in-plane crystallite size (La) using the following equation:
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        Figure 4: 
				
        

        
          Raman spectra of HCNs–PY and HCNs–CY
        
        

        

      

      where λl (nm) is the wavelength of the laser line [17]. The corresponding La values of the carbon nanomaterials are 17.1 and 19.7 for HCNs–PY and HCNs–CY, respectively. Furthermore, a 2D band in the range of 2600–2800 cm−1, corresponding to the presence of a highly ordered carbon lattice, was also observed. Notably, a significant difference was observed in the 2D band intensities in the Raman spectra of HCNs–PY and HCNs–CY. The intensity of the 2D band of HCNs–CY was higher than that of HCNs–PY. Therefore, the CN conjugation in the CY molecular structure could lead to facile crystalline carbon formation. The successful incorporation of nitrogen within the carbon was confirmed by elemental analysis. HCNs–PY and HCNs–CY contained 14.98 and 16.11 wt.% nitrogen, respectively.

    

    

  
    
      4. Conclusions
      Very few studies have focused on controlling the structures of heterocarbons using the SPP. Therefore, the factors affecting the structure of HCNs were investigated using a precursor with a similar molecular structure. PY and CY were used as precursors to investigate the influence of the nature of the precursors on the shape of the obtained carbon nanomaterials. The morphologies of HCNs prepared using SPP strongly depend on the precursors used. Moreover, the influence of the precursor molecular structure determines the structural properties of HCNs prepared through SPP. The XRD and Raman spectra indicated that CN conjugation in the CY molecular structure led to facile crystalline carbon formation. Finally, under the same SPP conditions, there were differences in the carbon structures; based on these differences, the carbon structure can be controlled using SPP in the future.
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