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Abstract

:

The solution plasma process (SPP) can provide a low-temperature reaction field, leading to an effective synthesis of N-doped graphene with a high N content and well-structured planar structure. However, the interactions at the plasma–solution interface have not been well understood; therefore, it needs to be urgently explored to achieve the modulation of the SPP. Here, to address the knowledge gap, we experimentally determined the physical parameters of the spital distribution in the plasma phase, plasma–gas phase, and gas–liquid phase of the SPP by the Langmuir probe system with modification. Based on the assumption that plasma can act similarly to semiconductors with the Fermi level above the vacuum level, an energy band diagram of the plasma–solution junction could be proposed for the first time. It was observed that the Fermi level of the organic molecule could determine the magnitude of electron temperature in plasma, i.e., benzene produced the highest electron temperature, followed by phenol, toluene, and aniline. Finally, we found that the electron temperature at the interface could induce quenching, leading to the formation of multilayer large-size-domain carbon products. It provided significant evidence for achieving nonequilibrium plasma modulation of carbon nanomaterial synthesis.
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1. Introduction


The 2D carbon nanomaterials endowed with high conductivity, planar structure, large surface area, tunable electrical properties, transparency, and adjustable electron density have promoted them as promising electronic contact materials. They have been used in fuel cells, lithium-ion batteries, solar cells, sensors, superconductors, and so on [1,2,3,4,5,6,7]. The properties of carbon materials can be modulated by introducing heteroatoms to obtain a band gap. Nitrogen (N), which has an atomic size similar to carbon (C), is an excellent candidate and can provide a hole acceptor and electron donors in the carbon structure [8]. This demonstrates that N-doped graphene possesses outstanding semiconductor characteristics and significantly increases its potential for application in electronic devices [9,10]. In the last decade, heteroatom-doped graphene with different characteristics was obtained by using chemical vapor deposition (CVD) [11], a high-energy electrothermal process [12], and a template-based process [13]. However, it is difficult to improve the doping ratio while maintaining a planar structure for sufficient conductivity, as the bond between heteroatoms and carbon can break in the process of dehydrogenation at high temperatures [14,15]. Numerous reports have shown that the solution plasma process (SPP) is a successful route to obtain N-doped carbon with high N content at a low-temperature reaction field [16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37]. The SPP with a pin-to-pin electrode is a typical configuration and various precursors, e.g., cyclic or chain structure, of the raw molecules have been applied for the synthesis of different products [20]. The SPP can induce several unique reactions at the interfaces (e.g., plasma–liquid and gas–plasma), due to electric discharge, which causes a dielectric breakdown of the liquid similar to an “opening zipper”. This phenomenon results in the generation of strong shock waves, ultraviolet, various active radicals, and high-energy electrons [38,39,40]. In addition, the SPP has the advantages of fast chemical reactions with a simple experimental system, inexpensiveness, short-time operation, and easy recovery of products at the same time [18].



For the SPP, which is a nonequilibrium plasma process, in the interface where the plasma contacts with the liquid, the solution also acts as an electrode. There are secondary electron emissions from the molecules being ionized by collisions, i.e., γ effect [32]. These cations, produced by the collisional ionization of the molecules, play the role of elemental components in the subsequent polymerization and carbonization processes to form carbon products. It was previously proposed that the interaction between plasma and solution determines the plasma’s properties and the chemical reactions based on electron transfer [37]. In the field of nonequilibrium plasmas in solution, various reports have shown that plasma with different properties greatly influences the formation of carbon products, for example, low-discharge-current plasma could promote the substitution of C atoms with N atoms in the carbon framework without altering the π-bonded configuration [38,39,41,42]. However, there is a serious lack of existing work that can address the phenomena at the plasma–solution interfaces. Therefore, it is difficult to provide a clear explanation of the mechanism and kinetics.



In the field of classical semiconductor physics as well as electrical engineering, the existence of heterojunctions between different phases in the same system, such as the p–n junction, successfully explains the kinetic transfer processes of electrons and holes. It is noteworthy that electrons and ions in plasmas have common characteristics with those in semiconductors. For the nonequilibrium plasma, the electron temperature is much higher than the ion temperature; thus, the electrons are considered as free moving particles, while the velocities of the ions are indeed much lower than those of the electrons due to the significant difference in mass [43]. Arumugam et al. tried to propose the concept of energy band diagrams for the case of the plasma–metal junction [44]. Inspired by these studies, the presence of a plasma–solution junction in the SPP reaction field was investigated for the first time. The difference between solution and metal is in the bonding configuration. The metal has metal bonds, leading to electrons being free to move. The solution, on the other hand, contains covalent or ionic bonds, resulting in electrons bounded to specific orbitals within the molecule. Thus, the solution has a specific band gap. The interpretation of a junction between the plasma and solution is more complicated. Determining the Fermi energy level of the plasma is challenging. In this study, the determination of Fermi energy levels in different regions was effectively achieved by the probe method system with modification to suit the plasma in solution.



A Langmuir probe is a well-known method, which is generally used to measure low-density plasma parameters at the local location of the probe [42,44,45,46,47,48]. This method has the advantages of low cost, easy resolution, and relatively simple device, compared to other methods such as optical emission spectroscopy (OES), laser-induced fluorescence, laser interferometry, and laser scattering [44,46,49,50]. However, in the case of the SPP, the mean free path  λ  of electrons undergoes a certain degree of decrease at room temperature and atmospheric pressure, compared with low-pressure plasma (  λ =    k B  T     2 π    d 2  P    , where    k B   ,  T ,  d , and  P  are the Boltzmann constant, temperature, diameter of molecules, and pressure, respectively [51]). High-density plasma is generated around the probe, and the sheath layer on the surface becomes thicker [42,47]. Therefore, the relationship between the probe size and the Debye shielding is a key factor limiting the application of the probe method to this thermal nonequilibrium plasma diagnosis. Kaneko et al. made a great and pioneering attempt to apply the probe method of measurement in liquid plasma, by the designed electrostatic probe, and the potential information was explained [50]. This method differs from the Langmuir probe system because it has no variation in the externally applied bias voltage and, thus, it is not possible to obtain more information about the temperature of the SPP. In order to obtain accurate plasma characteristics using the Langmuir probe method, based on the assumption that the electrons in the plasma have a Maxwell distribution, we need to overcome the possible effects of the probe’s large electron current on the plasma [47,48]. Therefore, a more suitable theoretical model is needed to diagnose and calculate the Langmuir probe I–V signal.



In this study, a modified Langmuir probe method was proposed to measure physical parameters at different locations in the SPP with a pin-to-pin electrode structure system. The response characteristics of the probe were measured in four solutions of benzene, toluene, phenol, and aniline with different functional groups. The modified model was applied to calculate the plasma potential, electron temperature, and other parameters of the plasma in solution with a high collision rate and high particle density. The results were cross-validated using spatially resolved optical emission spectroscopy (SROES), and the concept of the plasma–solution junction was proposed to explain the physical mechanism of action in this study by assuming plasma as a new understanding of semiconductor materials. Furthermore, the characterizations of the obtained products were conducted well by using X-ray diffraction (XRD), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), and scanning electron microscopy (SEM) to confirm their properties and quality. The plasma–solution junction proposed in this study could provide direct evidence of the plasma–liquid interface. It showed the notable relationship between plasma and carbon products, and is also guidance information for physicists, chemists, and engineers involved in the application of the solution plasma field.




2. Experimental Procedures


2.1. Experimental Setup


Figure 1a shows the schematic diagram of the SPP setup, and the schematic illustration of the experimental process is shown in Figure S1, including solution plasma, filtration cleaning, separation drying, and characterization of carbon products. The pin-to-pin electrode system was constructed to carry out intensive investigation analysis by using a pair of tungsten electrodes (W, φ 1.0 mm, Nilaco Co., Tokyo, Japan) covered with ceramic tubes and placed 1 mm apart. Benzene (C6H6, >99.5%, Kanto Chemical Co., Inc., Tokyo, Japan), toluene (C6H5CH3, >99.5%, Kanto Chemical Co., Inc., Tokyo, Japan), aniline (C6H5NH2, >99.5%, Kanto Chemical Co., Inc., Tokyo, Japan), and phenol (C6H5OH, >99.5%, Kanto Chemical Co., Inc., Tokyo, Japan) were used sequentially as the solutions for the experiments. The experiment was carried out in a glass container with a volume of 200 mL, and the electrode was placed at the center of the glass reactor. The SPP was driven by a bipolar pulsed power supply (MPS-R06K01C-WP1-6CH, Kurita, Kyoto, Japan) under the conditions of a voltage of 1.6 kV, pulse width of 1.5 µs, and frequency of 11 kHz. The entire discharge process was carried out with a magnetic stirrer. After the SPP synthesis, the obtained black powder products by vacuum filtration were repeatedly washed to remove the residual organic components by using ethanol and dried at 80 °C for 8 h in an oven.




2.2. Langmuir Probe Measurement and SROES Measurement


The modified Langmuir probe measurement system consisted of two parts, i.e., the probe and the filter. The probe consisted of a tungsten wire (radius rp = 50 μm) covered with a 0.4 mm inner-diameter ceramic tube. An intravenous injection needle was used as a fixed holder between the ceramic tube and the tungsten to prevent the probe from contacting the ceramic surface and creating interference with charge injection. An exposed tip of 0.1 mm was left uncovered by the ceramic tube in the front section of the probe for the detection of plasma. The probe was measured by applying a DC bias voltage of −50 V–50 V, and the current flowing through the probe was recorded sequentially. For the same DC voltage value, collection and calculation of the average value for ten current data samples were performed to obtain accurate experimental results. The high-frequency noise from the power supply was filtered out by an RC low-pass filter. During the experiments, the response characteristics of the probe were measured at three locations, X1, X2, and X3, from the inside of the plasma to the interface of the solution, for each of the four solutions in turn. The voltage of the discharge part was measured by a high-voltage probe (P6015A, 1000×, 3.0 pF, 100 MΩ, Tektronix, Beaverton, OR, USA), and the discharge current and the Langmuir probe current were measured by current probes (PR30, Yokogawa, Tokyo, Japan). The voltage and current signals were finally displayed and recorded by a digital oscilloscope (DLM2024, 2.5 GS/s, 200 MHz, Yokogawa, Tokyo, Japan). To verify the accuracy of the experimental results, the generated species during the SPP discharge were revealed by using the enhanced SROES, as shown in Figure 1b. The SROES consisted of a pinhole with a size of 1 mm, three lenses (L1: 4 mm of diameter, 6 mm of focal length; L2: 4 mm of diameter, 12 mm of focal length; L3: 4 mm of diameter, 5 mm of focal length), optical fiber, and an optical spectrometer (USB2000+, Ocean Optics, Winter Park, FL, USA) with the wavelength range of 200–900 nm. This method could overcome the problem of unidirectional spectroscopic detection posed by conventional ways using fibers alone, and it collected light from the entire plasma region for analyzing the composition of the spectrum.




2.3. Product Characterization


Furthermore, we conducted the structural characterization of the carbon samples synthesized by benzene, toluene, aniline, and phenol using X-ray diffraction (XRD, Smartlab, Rigaku Co., Tokyo, Japan. Cu Kα X-rays source), a Raman spectra microscope (Raman, Leica DM 2500 M Ren (RL/TL), Renishaw Plc, England. 532.5 laser wavelength), X-ray photoelectron spectroscopy (XPS, ULVAC-PHI 5000 VERSAPROBE-II, Inc., Tokyo, Japan. Mg Kα X-ray source), and scanning electron microscopy (SEM, JSM-7610 F, JEOL Ltd., Tokyo, Japan, at the accelerating voltage of 10 kV).





3. Results and Discussion


An important criterion for the Langmuir probe system to appropriately detect plasma in solution is to determine whether the presence of a metal probe causes serious perturbations to the discharge [47,52,53]. Therefore, the investigation of the electric field distribution before the occurrence of breakdown discharge is the theoretical basis for applying the Langmuir probe to discharges in organic solution. Here, the electric field of the discharge geometry with and without the Langmuir probe under the same excitation was analyzed using Ansys Maxwell software based on the finite element electric field simulation method, as shown in Figure 2a. In the electrode system without the probe structure, the region of a strong electric field over 2 × 107 V/m was mainly concentrated at the tips of the two metal electrodes. The electric field distribution in the central region was stable at 1×107 V/m. When a probe with ceramic protected was introduced, the charge accumulated on the surface of the ceramic material could potentially change the local potential distribution. Therefore, the spatial distribution of the electric field strength slight decreased. It is important to note that the electric field did not change sharply at the location where the probe was presented in the central region, as shown in Figure S2. This shows that the probe had a negligible effect on the development and evolution of the discharge process. After the plasma generation, the effect of Debye shielding could rapidly establish a localized region of a positively charged sheath layer surrounding the probe when such a solid material was introduced into the plasma system [47,54]. The plasma appeared electrically neutral in the scale of space larger than the Debye length. In other words, the radius of the probe should be smaller than the Debye length. Therefore, we calculated the Debye length of the SPP based on bubble theory according to    λ  D S P   =      ε 0   k B   T e     e 2   N e       , where    ε 0   ,    k B   ,    N e   , and    T e    are the vacuum dielectric constant, Boltzmann constant, plasma electron density, and plasma electron temperature, respectively [54,55]. By employing the parameter ranges from previous studies [25,26,56,57,58,59], the result showed that   69 ≤  λ  D S P   ≤ 154   µm. It could be seen that the probe with rp = 50 µm used in this work satisfied the theoretical requirement of detection accuracy. The above analysis provided the physical basis for the feasibility of the probe method in the SPP.



Figure 2b shows a typical discharge voltage and current waveform in benzene solution with 1.6 kV excitation conditions and the Langmuir probe voltage and current response waveform detected at position X3. We could observe the presence of only a noise component belonging to the positive plasma during probe detection, although the discharge current proved that the plasma was formed normally at this period. These similar phenomena were also reported in previous studies [49,55,56]. Probe current variation with the bias voltage could be detected normally in the negative discharge plasma. A comparison with the Langmuir probe signals from vacuum plasma, gas–phase plasma, and space physical plasma showed that the probe signals of the SPP had a consistent instantaneous variation characteristic [48,54,57]. This demonstrated that the proposed Langmuir probe approach in this research could effectively absorb electron and ion currents.



Based on the detected waveform, we further obtained the standard response characteristics of the Langmuir probe in the negative-polarity plasma corresponding to X1 (plasma phase), X2 (plasma–gas phase), and X3 (gas-liquid phase) of benzene, toluene, phenol, and aniline, as shown in Figure 2c–f. Furthermore, the primary differential dI/dV was also calculated. As the bias voltage gradually changed from −50 V to 50 V, the probe response went through the ion saturation current region (probe potential Vp < suspension potential ϕf (i.e., Ip = 0) < plasma potential ϕp), the transition region (suspension potential ϕf (i.e., Ip = 0) < probe potential Vp < plasma potential ϕp), and the electron saturation current region (plasma potential ϕp < probe potential Vp). As the mass of the electron is much smaller than the mass of the ion, the electron saturation current is much larger than the ion saturation current [58]. In addition, the currents collected by the probe from X1 to X3 decreased sequentially, which was the reason for the reduction in the Debye length due to the lower electron temperature and the higher electron density [59,60]. The current signal did not fluctuate up or down by more than ten percent, which was a highly sensitive response of the probe signal. The electric field of Debye shielding could be rapidly established over a much smaller area; thus, the capability of the probe to intercept electrons was reduced. The plasma potential ϕp was obtained from the minimum value of dI/dV as in Table 1. However, as mentioned earlier, in the SPP, there were a large number of collisional ionization processes inside the thick sheath, which rapidly built up on the probe surface. It significantly affected the effectiveness of the probe measurements [48]. Therefore, existing theories are difficult to be fully applicable to different experimental conditions, especially for a reasonable interpretation of the probe V–I curve. In other words, it was difficult to achieve accurate plasma parameter measurements based on traditional collision-free computational models. This is the main bottleneck that limits the application of Langmuir probes to collision-rich plasmas such as atmospheric pressure discharge or arc discharge. In this case, the researchers summarized several different criteria based on which to calculate the plasma parameters of the collision-rich probe signal [60,61]. In this work, combining the above factors, a modified computational model similar to Smy et al. as shown in the supporting information (Equation (1)–(5)) was applied to calculate the plasma characteristic parameters [48,62,63,64]. The effect of the excitation ionization process caused by the presence of the sheath layer was accommodated [48,62,63,64]. The obtained plasma parameters (Ne, Te) of different phases and different plasma are shown in Table 1.



According to the calculation results in Table 1, we plotted the mapping structure of the temperature spatial distribution of plasma in four solutions, as shown in Figure S3. It could be seen that there was an obvious interface stratification from the plasma to the solution. Such a temperature spatial feature had not been shown in similar studies in the past. The electron temperature was maximum in the plasma phase, and a steep gradient drop occurred in the plasma–gas phase. Radicals, including electrons, ions, and photons, were inactivated in a process similar to quenching. This characteristic guaranteed that the particles had enough energy to undergo carbonization and dehydrogenation processes. This could be the primary reason that the SPP enabled a wide range of applications for different kinds of allotropic carbon nanomaterials (e.g., amorphous carbon, graphite, graphene, and heteroatom-doped carbon). It was worth noting that owing to the clear grasp of electron energy distribution information, we could further realize the tuning of the products based on the temperature characteristics (e.g., higher electron temperature enhanced the reaction rate and sped up the polymerization of the carbon products process, resulting in reducing the sp3/sp2 ratio and enhancing the degree of crystallization of the products). The variation in the properties of the organics was brought by the introduction of different functional groups and the linkage to the benzene ring was an important reason for the difference in plasma electron temperature. Thus, we analyzed the variation in temperature with relative electronegativity (functional group element/C) at different interfaces of the plasma, as shown in Figure S4 in the plasma phase. The electron temperature gradually decreased with increasing electronegativity of the functional group elements, while in the plasma–gas phase and gas–liquid phase, the electron temperature appeared to have an abnormal increase in the solution plasma generated by the phenol.



The emission peaks obtained by SROES from four solutions, as shown in Figure 3a–d, exhibited Swan bands, representing the decomposition of the benzene ring structure into C2 radicals and Hα emission, indicating the abstracted hydrogen atoms [32,37]. The CN radical peaks also appeared, which could refer to the dissociation of the C6H5-NH2 bond of aniline [16]. The ratios between the characteristic peaks of the emitted species were almost the same, which implied that there was not a significant difference in the temperature of the plasma in the four dielectric solutions. Based on the continuum evident in the spectral lines in the measurement range of 340–800 nm (as shown by the red dashed line of the fitted blackbody function) and applying the following function,   I  ( λ )  =   8 π h c    λ 5     (   1   e  hc / λ  k B   T b    − 1    )   , where I(λ), h, c, λ, and kB are the emission intensity, Planck’s constant, speed of light, wavelength, and Boltzmann constant [65], respectively, we further calculated the averaged blackbody temperature Tb. Tb should be the lower limit of the electron temperature by assuming the condition of local thermal equilibrium (LTE) based on Plank’s theory, as shown in Table 1.



Due to the strong and chaotic electric field of up to 107 V/m generated between the small gaps of the electrodes by the bipolar pulse voltage, further splitting or shifting of the emission spectrum occurred. This corresponds to the excited particles having a strong dipole moment, and thus the emission peak of the substance produced a significant Stark broadening [65,66,67]. The emission peak of ·Hα did not show any redshift or blueshift, which implied that there was no significant change in pressure during the electron avalanche development (α effect), as well as the secondary electron emission (γ effect) of the SPP. Thus, the van der Waals broadening with significant effects did not appear in the present study. Based on the above analysis, we fitted the ·Hα emission peak using the Lorentz function and calculated its full-width at half-maxima   Δ  λ  F W H M    , according to the equation   ∆  λ  F W H M   = 8.33 ×   10   − 3      (     N  e − s t a r k       10   20      )    2 / 3     [68], and the plasma electron density was derived, as shown in Table 1. The obtained results of electron density were maintained in the order of 1024 m−3. In addition, the values of the electron density obtained in this study are consistent with the previous work, which could verify the accuracy of the probe method proposed in this study.



To further analyze the influence of plasma characteristics on the formation of the obtained carbon products, we characterized the structural features of the products. The XRD patterns are shown in Figure 4a. Two main characteristic broad peaks, corresponding to the (002) and (111) carbon planes, could be observed at around 23.5° and 43.5°, respectively [37]. The inter-planar spacing d and crystallite size (edge planes) Lc of the products were calculated by employing the Bragg equation (d = λ/2sinθ) and the Scherrer equation (Lc = 0.91 × λ/β/cosθ), where λ is the wavelength of X-rays, and θ and β are the radius values of the half diffraction angle and the FWHM of the peak, respectively [69]. The number of layers n was calculated by the equation n = Lc/d. According to Table 2, the results showed that the samples synthesized from aniline and phenol had a decreasing crystallite size and number of layers. The additional peaks (36° and 42°) were found from the tungsten-carbide (WC1−x), which could be possibly generated by the sputtering of the tungsten electrodes due to the γ effect, leading to the ion bombardment [37]. As shown in Table 2, for the calculation of IWC-36°/IC002, the content of W as impurities being turbid is mainly dependent on the electron temperature of the plasma phase.



Raman spectroscopic measurements were also employed to carry out the degree of detailed structural disorder from the samples, as shown in Figure 4b. The characteristic peaks were observed, including the D band (~1340 cm−1), G band (~1580 cm−1), and 2D band (~2710 cm−1) [17,18,37]. The pronounced G peaks are attributed to the E2g mode, which represents the stretching of carbon bonds from a pair of sp2 lattice carbon atoms. The D peak corresponds to the A1g mode, which represents a disbalance of symmetry from a disordered structure (defect, lattice distortion, bond length disordered, and impurity) in sp2-hybridized carbon [37]. In addition, the ratios of D and G peak intensity (ID/IG), which refer to the degree of graphitization, disorder, crystallinity, and crystallite size of the in-plane La (La= (2.4 × 10−10)λ4raman(ID/IG)−1), were also calculated [32], as shown in Table 2. The ID/IG increased with the presence of heteroatomic functional groups (-NH2, -OH) in the chemical structure of the organic solution. The product obtained from toluene exhibited the largest La (23.26 nm), followed by samples of benzene, aniline, and phenol, in this order. It was possible that the -CH3 conjugated to the benzene ring in toluene resulted in the in-plane sp2 structure of carbon products obtained by the SPP in toluene.



The elements and the bonding state presented in the synthesized products from the four precursors were performed by XPS measurement. The surveyed spectra as shown in Figure 4c were composed of a C 1 s peak (284.5 eV) and an O 1 s peak (532.5 eV). The N 1 s peak (399.5 eV) was shown specifically in the product of aniline due to its -NH2 functional group [18]. From the quantitative analysis of the elemental composition, the contents of C, O, and N are shown in Table S1, respectively. The presence of O in the products was due to the oxidation of the surface carbon layer during the preparation or drying process in an air environment [20,21,22]. N was found to be doped into the carbon product obtained from the SPP in aniline. The N content was around 3.53%. The content of pyrrolic N (399.7 eV) was found to be dominant, at 61.70%, according to the deconvolution of N peaks. Meanwhile, other N configurations were revealed as follows: pyridinic N (398.7 eV), 13.73%, and quaternary N (401.2 eV), 25.57%.



The morphology of carbon was further investigated by the SEM, as shown in Figure S5. It was found that all carbon products exhibited agglomerates of uniform nanoscale carbon particles with the three-dimensionally interconnected structure. The different precursors of the SPP also resulted in the change in the microporous morphology.



The obtained results in this work indicated that different precursors led to plasmas with different characteristics, which further led to the formation of carbon products with different properties. The explanation based on molecular orbital theory and the assumption that plasma is a special semiconductor material was proposed to explain this phenomenon that occurred in this work. It was proposed in previous studies that the characteristics of the electron–hole properties in semiconductor materials and electron–ion properties in plasma were similar [44]. Therefore, the highest energy level that could be filled by electrons in plasma was believed to be the Fermi level, i.e., the plasma potential that can be equated to the plasma Fermi level (eϕp = EF) [44]. As the Fermi level characterizes the consumed energy of the electron to be moved to the vacuum level, in the case of plasma, it needs to release a certain amount of energy to move electrons to the vacuum level. Therefore, the Fermi level of plasma should be above the vacuum level. When the plasma is in contact with the solution, the transfer of electrons should occur as the system tends to equilibrium, which is the reason that different solutions can cause the plasma to have different temperature characteristics and carbon product properties [44,68,69]. As shown in Figure 5a, the energy diagram was produced to indicate the charge transfer process in different solutions. In this diagram, the E0NHE = −4.44 eV was obtained by corresponding the hydrated protons per unit activity to the electrons in a vacuum near the surface of the solution [17]. It can unify the absolute scale (abs) in the field of describing metals or semiconductors with the electrochemical scale (relative scale: normal hydrogen electrode (NHE)) in the liquid redox process. The process of Fermi level alignment is also a process of electron energy transfer. The energy level diagram also shows the Fermi energy level of the metal probe (−4.55 eV), the plasma potential, i.e., its Fermi energy level (ϕp), and the HOMO (i.e., ionization potential) and LUMO (electron affinity) parameters of the four solution molecules [17,40,67,69]. In the contact zone of plasma–metal/solution, the electrons of the higher-energy states in the plasma could automatically flow to the lower energy levels in the metal or solution molecules. The departure of electrons in the plasma region possibly led to the formation of a positively charged region boundary, and the injection of electrons in the metal or solution region might result in the formation of a negatively charged region boundary. As a result, the accumulation of charges rapidly built up an internal electric field in the region of the plasma-metal/solution and blocked the infinite flow of electrons, leading to the escape of positive charges. Accordingly, this might cause the formation of the plasma–metal junction and the plasma–solution junction. In the junction region, the Fermi level proceeded in the opposite direction of the built-in electric field. The junction structure was consistent with the sheath structure in classical plasma theory, and this feature was the positive and negative double-layer structure, which was observed by SROES.



The reaction path of the formation of carbon products from liquid-phase molecules (benzene, toluene, phenol, and aniline) is shown in Figure 5b. Based on this plasma diagnosis of the SPP, the distribution of heavy reactive particles was found to be a key. As the result of OES (Figure 3), C2 and H radicals were the main component in the plasma phase of the four precursors. In addition, CN− radicals were generated from aniline, and O radicals were generated from phenol [32]. C2 radicals were further converted into C22− or C24− forms after the adsorption of electrons enriched in the plasma. A O radical could be easily attracted by electrons and undergo the transformation process, O → O2 → O2−, due to the large electronegativity of O [50]. As O, C, and other composite particles have larger masses, they were maintained inside the plasma, and the lighter particles, such as H+ particles, could transport to the boundary layer between the plasma and the solution. In the boundary layer between the plasma and the solution, the solution molecules could act as liquid electrodes and provide a large number of secondary electrons for the maintenance of the discharge, resulting in the generation of positive ions such as C6H5+ [37]. At the same time, C2 radicals at the boundary were susceptible to hydrogenation processes to produce C2Hx+. The above analysis showed that there were negative charge layers, which could be dominated by C22−, C24−, CN−, and O2−, in the inner region of the plasma and positive charge layers, which could be dominated by C6H5+, C2Hx+, and H+, at the edges of the plasma, which constituted the electrical double layer inside the plasma. The electrical double layer promoted various types of radicals (CN, C6H5, C6, C6 + C6, etc.) and further went through the process of oligomerization, polymerization, and aggregation to assemble into a graphite framework. In addition, the significant formation of CN· ensured the generation of uniform heteroatom-doped carbon structures.



In Figure 5c, the ∆Te (between the plasma and liquid phases), Lc (edge crystallite size of carbon), and La (in-plane size of carbon) with the potential difference ∆ϕ between the plasma and the solution Fermi energy were used to illustrate the correlation of plasma and precursors. It was found that as the ∆ϕ increased, ∆Te increased. The larger potential difference of the plasma and solution Fermi energy level could induce more electrons to transfer to the solution molecules. More energy of the plasma was transferred to its surrounding medium. In other words, the larger potential difference could refer to the lower HOMO level of the solution molecule and, thus, the lower ionization potential. Under the condition of the same input energy, the higher temperature of the plasma was obtained. In the plasma phase, the phenol plasma had a distinct anomaly. The reason for this phenomenon might be the introduction of the typical electronegative element O. The electron energy needed an additional transfer to the cross-section of larger O2, O2−, etc., particles compared to the solution plasma such as benzene discharge, and, thus, its electron temperature was lowest [50].



The Lc and La of carbon products also increased gradually with increasing ∆ϕ of phenol, aniline, toluene, and benzene, and were positively correlated with ∆Te. As a typical nonequilibrium plasma was generated in this study, a large temperature gradient difference was generated in the plasma surrounded by the solution, and substances such as ions, radicals, electrons, and photons were inactivated in this quenching-like process and rich chemical reactions were generated [32,37]. It was obvious that the ∆Te induced by potential difference ∆ϕ was the main factor for the effect of the carbon framework. The major factor in the formation of the above phenomenon could be the mobility of the active species in the SPP, which might be greatly promoted during a greater degree of quenching, and, thus, the number of nucleation sites formed greatly increased, increasing the layer number of the graphene structure. The carbon product formed by using aniline as a precursor in this study had the structural characteristics of few layers and small size. In addition, the lower electron temperature ensured the formation of a proper carbon framework while ensuring a sufficient N-doping ratio.




4. Conclusions


By using the modified Langmuir probe system and the calculation model for collision-rich sheath structures, we investigated the spatial characteristics in four plasmas in solution, including benzene, toluene, phenol, and aniline. Simultaneously, the plasma–solution junction was obtained by assuming that plasma in solution could act as a semiconductor material and the plasma potential could be considered as the Fermi level. The electron energy was mainly transferred to the molecules with lower Fermi levels at the interface between plasma and solution. When the molecule had a lower HOMO energy, its ionization could easily occur. By further analyzing the structural characteristics of carbon products, we found that the temperature difference at the interface between the plasma phase and the plasma solution was what determined the carbon structure, and the larger the temperature gradient difference, the easier it was to form the larger edge and in-plane crystallite size. To be specific, the product obtained from toluene exhibited the largest crystallite size of the in-plane basal plane; by using aniline as a precursor, with the lower electron temperature, the obtained product had the structural characteristics of few layers and small size, with a sufficient N-doping ratio. The obtained evidence could be used to explain the phenomena that occurred in the SPP under organic solutions and their relationship to the formation of carbon. Consequently, it may lead to further development of the reaction field by plasma in solution to produce novel materials.
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Figure 1. (a) Schematic illustration of the SPP experiment arrangement, Langmuir probe system, and schematic diagram of (b) SROES setup. 
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Figure 2. (a) The schematic diagram of the distribution of electric field with or without the Langmuir probe system. (b) Typical discharge voltage, discharge current, Langmuir probe voltage, and current response characteristics (DC bias voltage from −50 V–50 V) at position X3 in benzene solution discharge under the excitation of 1.6 kV. (c–f) The response characteristics IV curve and the first differential of the Langmuir probes of the negative SPP at different locations of X1 (plasma phase), X2 (plasma–gas phase), and X3 (gas–liquid phase) in benzene, toluene, phenol, and aniline. 
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Figure 3. The SROES characterization of (a) benzene, (b) toluene, (c) phenol, and (d) aniline. (CN particles transit from B2Σ+ to X2Σ+ at 388 nm, Swan bands of C2 diatomic molecules transit from d3Πg to a3Πu at the range of 400–630 nm, and Balmer atomic hydrogen (Hα) is at 656 nm. The continuum evident in the spectral lines in the measurement range of 340–800 nm was fitted by the red dashed line). 
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Figure 4. (a) XRD patterns; (b) Raman spectra; (c) XPS survey spectra of samples from benzene, toluene, phenol, and aniline; (d) high-resolution XPS scans of N 1 s peak for sample from aniline. 
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Figure 5. (a) Energy diagram based on equating the plasma to a semiconductor containing the Fermi energy level of the metal probe (−4.55 eV), the plasma potential, i.e., its Fermi energy level (ϕp), and the HOMO (i.e., ionization potential) and LUMO (electron affinity) parameters of benzene, toluene, phenol, and aniline molecules. (b) Relationship of the potential difference ∆ϕ (the difference value of the plasma potential ϕp and EF-organic of each organic solution) with temperature gradient ∆Te of plasma phase and gas–liquid phase, edge crystallite size Lc from XRD, and in-plane crystallite size La from Raman. (c) Proposed schematic mechanism of growth and formation of carbon products from benzene, toluene, phenol, and aniline. 






Figure 5. (a) Energy diagram based on equating the plasma to a semiconductor containing the Fermi energy level of the metal probe (−4.55 eV), the plasma potential, i.e., its Fermi energy level (ϕp), and the HOMO (i.e., ionization potential) and LUMO (electron affinity) parameters of benzene, toluene, phenol, and aniline molecules. (b) Relationship of the potential difference ∆ϕ (the difference value of the plasma potential ϕp and EF-organic of each organic solution) with temperature gradient ∆Te of plasma phase and gas–liquid phase, edge crystallite size Lc from XRD, and in-plane crystallite size La from Raman. (c) Proposed schematic mechanism of growth and formation of carbon products from benzene, toluene, phenol, and aniline.



[image: Coatings 12 01607 g005]







[image: Table] 





Table 1. Electron density Ne, electron temperature Te, and plasma potential ϕp of different phases of benzene, toluene, phenol, and aniline from Langmuir probe system and plasma blackbody temperature Tb, and electron density Ne-stark of Stark broadening from SROES system.
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Plasma Phase X1

	
Plasma–Gas Phase X2

	
Gas–Liquid Phase X3

	
SROES




	
Ne

(a)

	
Te

(eV)

	
ϕp

(V)

	
Ne

(a)

	
Te

(eV)

	
ϕp

(V)

	
Ne

(a)

	
Te

(eV)

	
ϕp

(V)

	
Te

(eV)

	
Ne-stark

(a)






	
Benzene

	
1.99

	
3.66

	
0.12

	
3.50

	
0.56

	
0.12

	
2.98

	
0.51

	
0.08

	
0.333

	
7.64




	
Toluene

	
2.81

	
3.38

	
0.29

	
5.02

	
0.35

	
0.33

	
3.24

	
0.30

	
0.02

	
0.327

	
4.16




	
Phenol

	
2.53

	
3.18

	
0.15

	
4.76

	
0.60

	
0.55

	
3.70

	
0.50

	
0.20

	
0.335

	
4.80




	
Aniline

	
2.50

	
3.25

	
0.22

	
3.66

	
0.32

	
0.22

	
2.66

	
0.26

	
0.21

	
0.322

	
2.98








(a): ×1024 m−3.
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Table 2. Structural parameters obtained from X-ray diffraction (XRD) and Raman characterization of all the samples synthesized by benzene, toluene, phenol, and aniline.
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Precursor

	
XRD

	

	
Raman




	
2θ/θ

	
d/(nm)

	
Lc/(nm)

	
n

	
IWC-36°/IC002

	
ID/IG

	
I2D/IG

	
La/(nm)






	
Benzene

	
23.66

	
0.384

	
2.248

	
5.854

	
1.850

	
0.89

	
0.34

	
21.69




	
Toluene

	
23.28

	
0.390

	
2.222

	
5.697

	
0.880

	
0.83

	
0.39

	
23.26




	
Phenol

	
24.00

	
0.379

	
1.654

	
4.364

	
0.743

	
0.93

	
0.34

	
20.76




	
Aniline

	
23.74

	
0.383

	
1.708

	
4.460

	
1.089

	
0.91

	
0.48

	
21.24
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