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Abstract:



Size control of core@shell nanostructures is still a challenge. Carbon encapsulated iron nanoparticles (CEINPs) were synthesized by arc discharge plasma method in this study. CEINPs size can be controlled by varying gas composition, due to change in plasma properties. The morphology and structural features were investigated using scanning electron microscopy, transmission electron microscopy (TEM) and high-resolution TEM. Magnetic properties were studied to confirm the changes in CEINPs size by using superconducting quantum interference device. In order to evaluate the carbon shell protection and ensure the absence of iron oxide, selected area electron diffraction technique, energy-dispersive x-ray spectroscopy and electron energy loss spectroscopy were employed. Moreover, the degree of carbon order–disorder was studied by Raman Spectroscopy. It was concluded that arc discharge method is a suitable technique for precise size control of CEINPs.
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1. Introduction


Iron nanoparticles (INPs) comprise an important class of nanobiomaterials and have many potential applications in resonance imaging contrast enhancement, tissue repair, drug delivery, cell separation, hyperthermia [1], polymerase chain reaction [2], tissue engineering [3] and deoxyribonucleic acid detection [4]. Moreover, INPs exhibit great potential for applications including data storage [5], water purification [6] and as catalysis [7]. Stability is one of the main requirements for almost any application of INPs. The instability, large aggregation, and rapid bio-degradation of the pure uncoated (naked) magnetic nanoparticles could be overcome by replacement of the naked magnetic nanoparticles by the encapsulated ones [8]. Coating metallic cores by silica [9], carbon [10,11] and precious-metal [12] are examples of popular inorganic coating approaches. Although, to date, most studies have been focused on the development of polymer or silica protective coatings, recently carbon-coated magnetic nanoparticles are receiving more attention, because carbon-based materials have many advantages over polymer or silica, such as high chemical and thermal stability, better conductivity, as well as biocompatibility of carbon-based materials [13]. It is noteworthy that in many cases the protecting shells not only stabilize the nanoparticles, but can also be used for further functionalization, for instance with other nanoparticles or various ligands, depending on the desired application [14]. Consequently, synthesis of carbon encapsulated iron nanoparticles are of interest due to their unique properties and potential applications.



Thus far, several smart strategies have been employed to prepare carbon encapsulated iron, nickel, cobalt and magnetic oxides nanoparticles including combustion method [15], hydrothermal reaction [16], detonation synthesis [17], chemical vapor condensation [18], electron beam irradiation [19], laser ablation [20] arc discharge [21], co-carbonization [22] and thermal decomposition [23]. In contrast, these synthesis methods have particular advantages according to their applications. The two important carbon based materials, fullerenes and nanotubes were obtained by arc discharge method [24,25]. CEINPs (carbon encapsulated iron nanoparticles) can be produced in a single step by arc discharge method. This means that the iron particles can be covered by carbon during the growth process. Because no lengthy chemical process is involved in the arc discharge method, it can be easily implemented and adapted for mass production [26]. The advantage of the arc-plasma over other common techniques for the production of CEINPs, such as chemical vapor deposition or laser ablation, is the feasibility to produce high-pure nanoparticles with good surface activity, showing very small iron sizes due to the short residence times of the nuclei in the plasma and the high temperatures used as well as the high cooling rates. In previous work, Aguiló-Aguayo and coworkers showed the difference in morphology/composition of CEINPs obtained with arc-plasma and chemical vapor deposition. As a consequence of that difference, a distinct thermal-induced behavior of the CEINPs was observed [27].



Combustion synthesis is autothermal process and has inherent advantages, including the use of low cost materials and the simplicity of the production protocol [28]. However, this method seems not suitable for encapsulating metallic nanoparticles by carbon. Borysiuk et al. produced and compared CEINPs by using both arc plasma and combustion synthesis methods [29]. According to their experiments, the combustion sample has much higher content of carbon, indicating that the Fe particles were not covered by graphite layer totally, and were dissolved in the etching process. In contrast the Fe-containing particles are much more abundant in arc-plasma samples and they are covered by thicker graphite layers, effectively protecting them during etching process [29]. A hydrothermal process has been reported by Wang et al., they found that only Fe nanoparticles did not favor the formation of CEINPs due to the oxidation of Fe nanoparticle by H2O during the reaction [30]. However, maintaining and or increasing quality in parallel with quantity of nanoparticles needs to be improved by arc discharge method. Moreover, plasma instability, high temperature and chemical pollution during the process are drawbacks examples of arc discharge technique. Common objectives of current synthesis methods are improving uniformity, enhancing coating protection and controlling particles composition, shape and size. In addition, due to the lack of comprehensive understanding of the optimal parameters and formation mechanism most of the current fabrication processes are empirical, which means a large number of experimental trials are required to optimize any given process.



In the present study, a modified arc-discharge reactor (patented) has been employed [31]. CEINPs were obtained using different gas compositions to form plasma. All the other parameters were kept at optimum values based on previous experiments [32,33,34]. Accordingly, the objective is to study influences of argon/helium arc plasma on CEINPs morphology and magnetic properties. Controlling CEINPs size is an important issue for a vast range of applications from nano-scale electronic devices [35] to biomedical applications such as drug delivery, hyperthermia and MRI imaging [36,37]. The control over the iron size distribution and composition is especially important for biomedical applications where superparamagnetic nanoparticles are required. High-pure alpha-iron cores are required to exhibit high saturation magnetization in comparison with iron oxides or iron carbides. In addition, iron particles smaller than 10 nm are needed to exhibit superparamagnetism at room temperature.



CEINPs are attractive due to their stable characteristics under harsh conditions (e.g., under acidic or basic conditions, reactive atmospheres or high temperatures) [38]. Moreover, the carbon shell of CEINPs can be functionalized, for instance with surface acidic groups in order to investigate the treatment of melanoma cancer [39]. It is worth mentioning that nanoparticles can control the basic functions of cells, and potentially kill cancer cells, by virtue of their size alone without the need for drugs [40] because nanoparticles of different sizes are taken up by cancer cells with different efficiency. Potentially, the morphology and magnetic properties of CEINPs shown in this research work are suitable for biomedical applications.




2. Materials and Methods


2.1. Synthesis of CEINPs


CEINPs were synthetized by a modified arc discharge apparatus [31]. Arc discharge schematic diagram is shown in Figure 1 [34]. The two existing 99.99% pure graphite rods serve as anode and cathode inside the glass chamber. Cathode graphite rod was sharpening at an angle near to 20° and placed almost perpendicular to the anode electrode as shown in the inset image of Figure 1. Each graphite rod was fixed to one stainless steel rod. The stainless steel rods are rotatable in vertical axis from outside of the glass chamber. The synthesis and collection process was taken place inside a spherical glass chamber. In order to ensure the absence of oxygen, a rotary vane pump was used for making vacuum inside the glass chamber down to a pressure of 1 Pa. Afterward, Ar and/or He gas mixtures ([Ar]/[Ar + He]) as the ratios of 1, 0.75, 0.50, 0.25 and 0 were introduced at set flow rate. Based on the utilized gas percentage, the CEINPs samples are named as presented in Table 1. The pressure was always kept at near atmospheric pressure condition by a micro valve connected to a pump. An arc was generated between anode and cathode by a programmable constant power supply which was set at 40 A for each production run of 5 min (the voltage was varied about 18 V). Precursor consists of ferrocene (0.5 wt %) dissolved in isooctane. Ferrocene is a solid organometallic compound which should be dissolved to use in a liquid state. A syringe pump along with an injector regulates the droplets flow of precursor to the plasma zone (droplet flow rate 1 mL/min). Finally, obtained particles were separated through a magnetic filtration.


Figure 1. Schematic diagram of arc discharge setup.



[image: Applsci 07 00026 g001]






Table 1. Samples names and corresponding gas condition.







	
Sample Name

	
Ar100

	
Ar75

	
Ar50

	
Ar25

	
Ar0






	
Gas%

	
100% Ar

	
75% Ar + 25% He

	
50% Ar + 50% He

	
25% Ar + 75% He

	
0% Ar + 100% He











2.2. Characterization


CEINPs morphology have been characterized by Jeol JSM 7100F , Jeol JEM 2100, Jeol JEM 2010F (equipped with GIF spectrometer) (JEOL Ltd., Akishima, Japan) and Hitachi MT800 (equipped with Bruker XFlash detector 4010 (Hitachi High-Tech Manufacturing & Service Corp., Ibaraki, Japan) for scanning electron microscopy (SEM), high resolution transmission electron microscopy (HRTEM), and transmission electron microscopy (TEM) images. TEM was equipped with electron energy-loss spectroscopy (EELS) and energy dispersive X-ray (EDX). The magnetic properties of the CEINPs have been investigated by a superconducting quantum interference device (SQUID). The SQUID model was MPMS XL-5 (Quantum Design International, San Diego, CA, USA). The degree of carbon shell order–disorder was studied by Horiba RAMAN spectroscopy equipped with laser detector synapse CCD (HORIBA Scientific, Edison, NJ, USA).





3. Results and Discussion


CEINPs have been synthesized using different gas composition by arc discharge method. The samples name and gas composition condition are presented in Table 1. The morphology of CEINPs was studied by SEM, TEM and HRTEM. A representative SEM and TEM images in Figure 2a,b show CEINPs in agglomeration form. HRTEM image in Figure 2c clarifies a clear core@shell structure and sharp interface between them and carbon shell hermetically closed the iron core. It was observed that the structures of CEINPs are almost spherical. TEM and HRTEM images are in agreement with reported images of CEINPs core/shell nanostructure in the literature [41,42,43]. The CEINPs sizes were determined from the data obtained by SEM, TEM and HRTEM micrographs using ImageJ (1.50i, National Institute of Health, Bethesda, MD, USA). Moreover, iron nanoparticles of CEINPs were identified from HRTEM images and coefficient of variation were calculated using data analysis and Graphing Software—OriginLab (b9.3.226, OriginLab Corporation, Northampton, MA, USA). Coefficients of variation for iron nanoparticles are shown in Table 2. Ar100 sample shows more monodispersion size distribution comparing to other samples (the mean value of the Fe core size is 3.4 nm). The Ar100 size distribution histogram is presented in Figure 3. This result suggests the use of argon over helium in large scale production not only due to the monodispersion of CEINPs but also because of availability and cost reason.


Figure 2. (a,b) SEM (scanning electron microscopy) and TEM (transmission electron microscopy) images of CEINPs (carbon encapsulated iron nanoparticles), respectively; and (c) HRTEM (high resolution transmission electron microscopy) image from a single iron core at carbon shell nanostructure, the iron core is visible in black spot.
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Figure 3. Size distribution histogram of iron core when pure argon is used.
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Table 2. This table contains the iron core coefficient of variation (CV) for each simple.







	
CEINPs 1 Sample

	
Ar100 (Pure Argon)

	
Ar75

	
Ar50

	
Ar25

	
Ar0 (Pure Helium)






	
CV

	
0.17

	
0.21

	
0.30

	
0.22

	
0.21








1 CEINPs: carbon encapsulated iron nanoparticles.








CEINPs HRTEM images are shown in Figure 4. HRTEM images reveal influences of argon/helium plasma on CEINPs morphology. It is evident that the diameters of CEINPs increases with increasing argon gas concentration and diameters of iron nanoparticles (core) decreases with increasing argon gas concentration. Size variation of CEINPs shows, if we consider equal volume of each sample the iron concentration decrease from Ar0 to Ar100.


Figure 4. The size variations of CEINPs components are evident in HRTEM images. The 100% helium is used to synthesize Ar0 sample, by adding and increasing 25% argon, the carbon shell formed larger and iron core formed smaller, as can be observed in Ar25 image, the same trend is shown in Ar50, Ar75, and Ar100 images, respectively. (a) Ar0; (b) Ar25; (c) Ar50; (d) Ar75; (e) Ar100.
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In addition to point to point observations by TEM and HRTEM, magnetic properties of CEINPs were considered in order to confirm morphology changes. SQUID device were utilized to characterize CEINPs magnetic properties. In principle, magnetic nanoparticles have attracted attention because of the possibility of manipulating them by an external magnetic force. Superparamagnetic behavior provides multifunctional effects such as controlled heating capability under an alternating magnetic field, which is suitable for hyperthermic treatment of cancer [44]. The superparamagnetic state is defined for a system of no interacting single domain nanoparticles, whose susceptibility follows the Curie law, and its magnetization curve can be described by the Langevin function [45,46]. Due to the unique core@shell structure of CEINPs, the carbon shell avoid interaction between iron nanoparticles. The normalized magnetizations M/Ms as a function of H/T ratio together with the Langevin fitting of the data for all samples at room temperature (300 K) have been analyzed. Accordingly, effective moment has been calculated. Figure 5 is an example graph showing that these particles have a coercivity close to zero and have no hysteresis. The ratio of remnant to saturation magnetization at room temperature ranges from Mr/Ms ~ 0.020 to 0.05 which clearly indicates that all the samples are in a superparamagnetic state. Figure 6 summarizes the dependence of normalized moment (µ) and saturation magnetization (emu/g) on the mean iron core diameter. Saturation magnetization and moment (µ) is found to increase when the iron nanoparticle size is increasing. These results are in agreement with HRTEM observations. Similar trend and size dependency for iron saturation magnetization have been reported in the literature [47,48,49,50].


Figure 5. Temperature magnetization data to saturation magnetization MS, are reported as a function of the H/T ratio together with the Langevin fit of the data.
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Figure 6. Effects of iron core sizes on normalized moment (µ) and saturation magnetization (emu/g) versus argon gas percentage. The error bars correspond to iron core size dispersion.
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Zero-field-cooling (ZFC) and field-cooling (FC) magnetization as a function of temperature measured at 100 Oe have been analyzed. ZFC and FC graphs are plotted in Figure 7. The blocking temperature was determined as the peak temperature of the M(T) curve after ZFC [51]. For ZFC curves, as the temperature increases, the magnetization shows an increase because the magnetic moment is thermally activated along the magnetic field direction. For samples Ar100, Ar75, Ar50, Ar25 and Ar0, the transition temperature from ferromagnetic to superparamagnetic state or blocking temperature, Tb, peaks can be observed in the ZFC curve at about 24 K, 26 K, 30 K, 41 K and 55 K, respectively. By contrast, the Tb value of Ar0 is almost double of Ar100 Tb, due to the larger iron particles. This result is in agreement with HRTEM observations of iron core diameter. The finding that Tb increases as the size of the nanoparticles increases is consistent with conventional Stoner–Wohlfarth theory: the energy barrier, over which the magnetization of the nanoparticles should be thermally activated, increases as the size of the nanoparticles increases [52]. The sizes of iron core nanoparticles were estimated from HRTEM images. Dependency between Tb and iron core size is plotted in Figure 8. From the results obtained, it is concluded that the gas composition used in the arc-plasma can have an influence on the Fe core size distribution as well as total size of the CEINPs. Above blocking temperature, the particles are free to align with the field during the measuring time and ZFC curve superimposes with FC curve, this state is called superparamagnetic, because the particle behaves similarly to paramagnetic spin but with a much larger moment [53]. ZFC and FC curves demonstrate that all samples are in superparamagnetic state above 260 K. Ar100 sample is superparamagnetic at low temperature (above 220 K), therefore it is a suitable CEINPs for specific applications that operate at extremely low temperature such as applications in aerospace industry.


Figure 7. Zero-field-cooled and (H = 100 Oe) field-cooled magnetization curves of samples: Ar100, Ar75, Ar50, Ar25 and Ar0.
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Figure 8. Dependency of iron core size and blocking temperature versus argon percentage.
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The inert gas to generate plasma appears to be a sensitive parameter to control CEINPs size. The synthesis of nanoparticles by thermal plasmas is an intricate heat and mass transfer process that involves a phase conversion in a few tens of milliseconds, as well as interactions between the thermofluid field, the induced electromagnetic field and the particle concentration field, all of which are described by numerous variables [54]. Despite the strong industrial and scientific interest in the topic, the growth mechanism of the nanoparticles remains poorly understood [54].



The mechanisms for the formation of CEINPs depend on the fabrication technique. Concerning the arc-discharge plasma methods, the detailed pathways of the mechanisms remain unclear. Saito et al. observed a correlation between the vapor pressure of the metal and the graphite encapsulation [55]. Majetich et al. suggested that for the formation of CEINPs, the atomization of the core materials and carbon occurred firstly in the plasma [56,57]. Seraphin et al. observed experimentally that the enthalpy of the carbide formation was decisive for the carbon encapsulation [58]. However, they also observed the exception for some core elements. Bystrzejewski et al. proposed another mechanism where the formation of α-Fe from the vapor phase under a dominating presence of carbon was not possible [59]. They suggested that CEINPs emerged from liquid droplets and then solidified in the cold zone. A more systematic research is required for a clear understanding of the mechanisms of the CEINPs formation.



According to previous studies [32,33,34], optimum parameters are kept constant and only influences of the Argon/Helium and their mixtures are studied to explain growth mechanism from this perspective. Four major phases are considered to describe the formation of CEINPs: evaporation, expansion, growth of iron core and carbon shell. The processes start with vaporization of precursor. The precursor is in the form of a droplet pass through plasma spot between carbon rods of cathode and anode. Cracking of molecules occurred in expansion phase and carbon, iron and hydrogen are available. Haines and co-workers concluded that the sublimation rate of graphite rods under static argon is about two times higher than static helium [60,61]. Due to the higher temperature of argon plasma comparing to helium plasma, more carbon species are available in expansion phase for carbon particles formation.



Nanoparticles rapid production takes place in supersaturated vapor condition. Although inert gases allow any required chemical reactions to occur, they affect the plasma formation and consequently change temperature gradient of plasma. It should also be considered that thermal conductivity of argon is about eight times smaller than helium [62]. Varying the argon–helium gas ratio alters the heat transfer from central of the plasma to outside, when argon concentration increases then temperature gradient increases or in other words cooling rate decreases, as the result it changes the critical radius of carbon shell and iron core particles.



CEINPs are formed through heterogeneous nucleation, which involves formation of a carbon phase (shell) on the surface of iron nanoparticles (core). Heterogeneous nucleation involves decrease in the Gibbs free energy and an increase in surface of interface energy [63]. The nucleus is stable only when its size is larger than a critical diameter. The critical diameter for the formation of a stable iron nucleus depends on the temperature inside the plasma. Higher temperatures allow the formation of smaller iron cores. The use of argon increases the temperature inside the plasma. This could be the mechanism to obtain larger total sizes of the nanoparticles (thicker carbon thicknesses), since higher carbon amounts are present inside the plasma. In addition, the presence of high amounts of carbon might reduce the interaction between the iron cores and limit coalescence among them, promoting smaller iron core sizes. Nanoparticle growth occurs in gas phase [56] and it seems that lower thermal conductivity of argon prolonged the formation time. Accordingly, the CEINPs sizes were changed in this experimental study.



Naked metallic nanoparticles are highly chemical active and easy to be oxidized in air, which results in poor magnetism and dispersibility [64]. One of the advantages of arc discharge technique is possibility of protecting iron nanoparticles by carbon shell in one step. Due to the incomplete carbon shell, the iron cores will oxidize rapidly in contact with air. In this case the carbon shell surface cannot be functionalized properly and their efficiency will be low. For this reason, three methods, selected area electron diffraction (SAED), EELS and EDX, were used to evaluate the carbon shell protection against iron core oxidation. Primarily SAED technique was used to verify iron oxidation issue. The SAED pattern in Figure 9 for CEINPs were successfully indexed to iron (α-Fe) crystal structure as identified by diffraction rings corresponding to the (110) and (112) hkl planes. Electron diffraction from iron oxides was not detected in any of our samples. In general, it should be noted that SAED images of CEINPs reveal diffuse rings that are due to the presence of both nanocrystalline and amorphous phases of carbon.


Figure 9. SAED (selected area electron diffraction) pattern showed pure iron phases, no diffraction point of iron oxides was detected.
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In addition, several points of CEINPs have been characterized by EDX analysis at micro scale and EELS analysis at nanoscale. An example of elemental and composition mapping along with corresponding sample image are presented in Figure 10. As it is shown in Figure 11, detailed results of EELS are in agreement with EDX analysis results. Consequently, only iron peak has been observed from both EELS and EDX analysis and no trace of oxygen or other impurities have been found which shows that all iron particles were well protected by carbon shells.


Figure 10. (a) TEM image at micro scale; (b) chemical mapping in conjunction with TEM image (a), red points accumulation represent appearance of iron in particles; (c) EDX (energy dispersive X-ray) spectrum, red peak corresponds to Fe and blue peak is Cu from grid of the sample.
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Figure 11. (a) An example of TEM image from EELS (electron energy-loss spectroscopy) analysis; (b) EELS spectrum from image (a) (only iron peaks were detected).
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More detailed information of carbon shell characteristics can be achieved by Raman spectroscopy; thereby the degree of carbon order–disorder is studied. The Raman spectra are fitted with Lorentzian function for further analysis. Example spectrum is presented in Figure 12. The G-line and D-line Raman spectra peaks are observed around 1600 cm−1 and 1350 cm−1 respectively. The peak intensity ratio ID/IG is often used to determine the extent of structural disorder (e.g., ID/IG = 0 for a perfect, infinite graphene layer) in graphite and/or the size of the graphitic domains [65]. As shown in Figure 13, the ratio ID/IG is decreasing as the carbon thickness of iron core is getting larger and exhibit higher degree of graphitization. This is probably due to the lower cooling rate of vapor when plasma is generated by argon in comparison to helium plasma. Laplaze et al. pointed out the great influence of the cooling rate of vapors on the structure and yield of nanostructured carbon material; they observed a fast cooling rate when plasma is generated by helium and lower with argon at close flow rate [66]. Raman spectroscopy results indicate that the crystallinity of the carbon shell increases when pure argon is used.


Figure 12. Raman spectrum fitted to Lorentzian function, ID/IG < 1.
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Figure 13. ID/IG packs vs. argon percentage.
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4. Conclusions


Carbon encapsulated iron nanoparticles were synthesized successfully in a controlled manner. CEINPs characterization demonstrated that by changing gas composition of the arc discharge reactor used in the research project, morphological properties of carbon encapsulated iron nanoparticles can be controlled. In addition to SEM, TEM and HRTEM observations, the analysis of effective moment, saturation magnetization and blocking temperature reveals the size changes of CEINPs. It is concluded that by increasing ratios of argon to helium, carbon shell thickness increases and iron core decreases. Diffraction points of iron oxide were not detected from SAED analysis. Moreover, both EELS analysis at nanoscale and EDX analysis at micro scale showed no trace of oxygen in iron cores. These results point to a high efficiency of carbon shell to isolate iron core from a possible external oxidation. According to Raman spectroscopy results crystallinity of the carbon shell increases when pure argon is used. All studied CEINPs exhibit superparamagnetic behavior above 260 K. The results of this study could be helpful in interpreting growth mechanism and controlling carbon and iron core/shell nanostructure sizes using arc discharge method.
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