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Abstract

:

All around the world, researchers have raised concerns about the superlative geometrical, electronic, thermal, chemical and mechanical properties of carbon nanoparticles (CNPs). CNPs with low cost, high performance and prominent intrinsic properties have attracted extensive interest for numerous applications in various fields. Although CNPs have been studied mainly as transistors and sensors, they could also be considered as heat producers. However, this option has scarcely been studied. In this research, a CNP-based electro-thermal building block is synthesized by the arc discharge method in a carbonic medium (high-density polyethylene), and its behavior is investigated. It is shaped in the form of a metal–semiconductor–metal structure (MSM) between metallic electrodes, and in addition, the formation of two back-to-back Schottky diodes is analyzed and their use as CNP-based electro-thermal building blocks are reported.
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1. Introduction


Carbon nanoparticles (CNPs) have caught the significant attention of researchers due to their outstanding electrical, mechanical and optical properties that make them useful components in various fields, such as lithium ion batteries, transistors, diodes, logic gates, sensors and field emitter manufacturing. On the other hand, CNP composites are well known for their physical, chemical and especially electrical properties [1] but heat generation by these materials is a device-limiting factor. However, as an electro-thermal component, they have scarcely been studied, although their thermal effect in the form of a CNP and high-density polyethylene (HDPE) interconnected network inside a polymer matrix has been reported [2,3]. It is notable that CNP-based heating elements indicate great potential as industrial equipment because of their light weight, clean energy production without the emission of by-products, controllability and low production cost [4,5,6,7]. For example, the heating capacity of Single wall carbon nanotube (SWCNT) films by coating them in glass, regarding the time and input power, indicates a rapid thermal response and stable reversibility [8]. Additionally, multi wall carbon nanotubes (MWCNTs) can be used as temperature sensors, which has been revealed by electrical resistance investigations of free-standing MWCNT films versus temperature [9]. Moreover, the conductive MWCNT/polymer composite has been used as a stain sensor by characterizing its electrical properties [10]. Additionally, carbon nanotubes (CNTs ) have been reported as conductive filler materials in polymer composites, which are useful for controlling the temperature in these composites as heating elements or sensors [11]. In addition, several studies reported on the application of nanoparticles such as CNTs, graphene and silver nanowires in flexible transparent thin film heaters [12,13]. Additionally, the effect of electro-thermal heating on CNT/polymer composites has been measured and it was indicated that the thermal degradation of CNT/polymer composites is more than for air convection heating [14]. Furthermore, the CNT ratio in the polymer composites as an important factor has been reported and it was indicated that a higher CNT ratio leads to a higher conductivity [15]. Since the performance of an electro-thermal device can be simulated by its electrical resistivity (slope of the V-I characteristic), that converts electrical energy into thermal energy, therefore, this report is focused on current–voltage (I-V) characteristic analysis. The current flow consequently determines the amount of thermal energy and heat generation, and thermal energy can be controlled by controlling the CNP resistance as well [16,17,18,19]. Accordingly, examining different samples with different electrodes plus changing the distances between the electrodes gives rise to the investigation of temperature-dependent CNP networks [20,21,22]. In this research, CNPs are synthesized by the arc discharge method in a carbonic medium (high-density polyethylene), and heat production based on fabricated CNPs as an electro-thermal building block is explored.




2. Experimental Framework


In this study, CNPs are obtained by the pulsed arc discharge method which is done by employing a pulsed high voltage inverter, as shown in Figure 1. To raise the HDPE temperature to the melting point, it is placed inside a quartz tube on top of a heater and the next step is to measure the I-V characteristic with a signal generator together with an oscilloscope. Finally, the presence of DC voltage-transmitted heat by a non-contact thermometer, which is focused on the CNPs, is investigated.



In this method, two pointed rods (either steel rods (for results and comparison, see Appendix A) with 0.5 mm diameters or graphite rods with 2 mm diameters are used as electrodes and are placed face to face inside a carbonic source (HDPE), as shown in Figure 2. The HDPE polymer is heated up to its melting point which provides the spark path inside the carbonic polymer that is being used as a carbon source.



The potential of a few kV between two electrodes is generated by the high-voltage system when the polymer is melted, which leads to the creation of plasma in the quartz chamber and the ionization of the HDPE carbon source. Therefore, by breaking the molecular bonds of the polymer and separating the carbon atoms, the carbon ions are accumulated on the tips of both electrodes and grow until they are joined to each other, and this process leads to CNP production. Consequently, a complete circuit is created and therefore electric charges can flow. It is notable that all measurements are done in ambient conditions (temperature = 300 K, pressure = 1 atm). Additionally, the produced nanoparticles are surrounded by an HDPE–polymer composite, which makes the fabricated device more stable and increases the strength of the structure [23,24]. This type of arrangement is known as a metal–semiconductor–metal (MSM) structure, with two back-to-back Schottky diodes. Our sample mainly consists of multiwall CNTs (MWCNTs) that have been previously reported in several analyses by our team to have a size on the nanometer scale [25,26,27,28,29]. In addition, as shown in Figure 3a, a finger-shaped qualitative surface morphology is identified by scanning electron microscopy (SEM) and in the focused part, the presence of cylindrical nanoparticles a few hundred nanometers in size is revealed (Figure 3b).



According to the SEM images, the excess MWCNTs that are overlaid by HDPE chains similar to the composites reported by W. Ding et al. [23] are realized. Additionally, the nano-focus image of the fabricated CNPs is carried out, as shown in Figure 4, which leads to the estimated size of the particles.



As shown in Figure 4 (for high resolution, see Appendix B), on the surface of the carbon strand, the minimum and maximum points are about 240 micrometers away from each other which, based on the SEM image, can be used as a CNP length indicator as well. The surface analysis indicates numerous micro-cracks in the strand which form a mechanically delicate structure in the fabricated strand since the strand structure is covered by a polymer network and the strand is stable for typical electro-thermal element applications.



To investigate the performance of the CNP–polymer composite as an electrical heating building block, continuous DC power is applied to the fabricated MSM structure with graphite electrodes. Furthermore, the temperature variation is analyzed by a non-contact infrared thermometer with a 0.1 K accuracy. The corresponding characteristics are demonstrated in Figure 5, Figure 6, Figure 7 and Figure 8 for three samples with graphite electrodes that stay close to the same initial resistances, named A, B and C.



As can be seen from the graph in Figure 5, the I-V characteristics of the CNP-based devices show the same non-Ohmic behavior that can be expressed in semiconducting materials. Moreover, electrical current flow in the CNP-based devices gives rise to heat production, so they are considered as a heating device in this research. In addition, the variation of temperature as a function of the applied voltage is measured and shown in Figure 6.



As shown in Figure 6, the experimental data are fit to a nonlinear equation y = a + b × xc by using the Levenberg–Marquardt algorithm, which indicates a clear trend of increasing temperature by increased applied voltage in all samples by graphite electrodes. Correspondingly, it is concluded that for small voltages from zero up to 7 volts, there is not a significant temperature variation due to applied voltage, but for voltages more than 8, a dramatic temperature variation for the applied voltage is reported, which can be expressed as a heat generation threshold voltage. It is eminent that for all samples, temperature variations are proportional to the current deviation, in the other words, since sample C passes more current, it therefore generates higher thermal energy as well. Based on the experimental data, the resistance variations under applied voltages are extracted and it is shown that the resistance variation of the CNP-based MSM structures under applied voltage is initially increased, but decreases with higher applied voltages, as shown in Figure 7.



From the resistance variation, it can be seen that the resistance value increases notably by voltage in all samples for small applied voltages but decreases in higher applied voltages, which can be explained by the semiconducting behavior of synthesized samples as a basic phenomenon in the heat emission process. Furthermore, extracted resistance variation by temperature change is shown in Figure 8.



It is concluded that the value of resistance decreases significantly with increased temperature during the heat generation process which is similar to the non-Ohmic materials. Additionally, it gives evidence for the semiconducting behavior of synthesized samples. On the other hand, in two terminal devices, such as diodes or Schottky contacts, the Schottky equation is mainly responsible for the current voltage characteristic:


   I    =      I   s  (  e   v    nv  T        + 1 )  



(1)




where n, v and vT are the ideal factor, applied voltage and thermal voltage = e, respectively (in the presented model, Is = 1 micro A, v as a variable, vT = 0.026, and v and n as fitting parameters are considered). In addition, in the presented equation, the saturation current in the doped semiconductor junction can be calculated by:


    I s  =      qn   2    A (    D n         N   A   L n    +    D  pn          N   D   L p    )   



(2)




where A, Ln, Lp, Dn and Dp are the area, electron diffusion length, hole diffusion length and electron or hole diffusivity, respectively. As shown in Figure 9, most CNP-based nano-strands follow the Schottky trend.



As indicated in Figure 9, an acceptable agreement between the Schottky model and the produced CNP-based strands is reported, therefore, the material can be categorized as a non-Ohmic material. Moreover, based on the analyzed data, it is shown that by increasing the emitted heat from the samples, the resistance value is decreased. In the other words, the temperature escalation in the CNP-based building block is associated with the common temperature-dependent behavior of non-Ohmic materials.




3. Conclusions


Effective and accurate heating devices with industrial and laboratory applications lead to the utilization of new methods and resources, such as carbon-based materials. The low production cost, as well as the remarkable property of CNPs, recommends their application in device development processes. Therefore, in this research, a CNP-based strand structure is introduced as a heating building block. Moreover, its different characteristic parameters are analyzed for the synthesized samples. Additionally, its behavior under fundamental theoretical work is confirmed and an acceptable agreement is reported. Furthermore, the results indicate that the temperature increases by enlarging the applied voltage value. Thus, temperature variation can be controlled by applied voltage on the CNP-based heating element. In industrial heating elements, a series of CNP networks is suggested, which causes a higher temperature rise. Since the CNP-based electro-thermal components are almost stable structures in the presence of very high temperatures, together with their cheap production methods, this encourages us to nominate them as future heating elements.
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Appendix A. I-V, R-T and R-V Characteristics for MSM Structures with Steel Electrodes
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Figure A1. Characteristics of the CNP-based electro-thermal MSM with steel electrodes. 
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Figure A2. Extracted resistance variation under applied voltage for the MSM with steel electrodes. 
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Figure A3. Extracted resistance deviation with respect to the generated temperature in the CNP-based MSM with steel electrodes. 
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Figure A4. The I-V characteristic comparison between fabricated CNPs with steel (green) and graphite (red) electrodes which indicate the same behavior. 
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Figure A5. High-resolution nano-focus image. 
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Figure 1. The schematic presentation of the experimental setup. 
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Figure 2. The real device (top), and its schematic representation (bottom). 
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Figure 3. SEM images of (a) a bulk nanoparticle strand and (b) a zoomed in image of the marked area in (a), which displays the presence of cylindrical nanoparticles in the core of the synthesized strand. 
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Figure 4. The nano-focus image of the carbon strand surface (left) and random illustration of the carbon nanoparticle (CNP) strand surface. The right image shows the position of points −10 to 231 micrometers apart on the surface. 
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Figure 5. Current–voltage (I-V) characteristics of the CNP-based graphite samples. 
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Figure 6. Temperature variation versus applied voltage for CNP-based electro-thermal components with graphite electrodes. 
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Figure 7. Extracted resistance variation under applied voltage for CNP-based metal–semiconductor–metal (MSM) structures with graphite electrodes. 
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Figure 8. Resistance deviation with respect to the generated temperature of the CNP-based electro-thermal device with graphite electrodes. 
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Figure 9. The comparison between the behavior of fabricated CNPs and the theoretical aspect. 
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