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Abstract

:

Spray pyrolysis of an aqueous solution of iron nitrate, proceeded with reduction of the product in hydrogen, gave iron powder with micron-sized hollow particles. Coating these iron particles with SiO2 through tetraethyl orthosilicate hydrolysis prevented interparticle electrical contacts and suppressed DC percolation. This material shows a high ferromagnetic resonance frequency of 18 GHz, low permittivity, and weighs 20% less than common carbonyl iron. Potential microwave applications are for inductors and electromagnetic interference shielding designs.
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1. Introduction


The technology of ultrasonic spray pyrolysis has been known since the end of the last century [1]. It consists of the drying and thermal decomposition of aerosol drops. Ultrasonic spray pyrolysis allows micron-sized powders of metal oxides [2] and metals [3,4,5] to be produced. An ultrasonic atomizer sputters the initial salt solution that undergoes high temperatures. As a result, hollow microspheres are usually formed [6,7]. The reason for the “hollowness” of the particles is the balance between the high evaporation rate of the solvent from the droplet [8] and the diffusion rate of the components of the droplet, e.g., ions, metal clusters, etc. [9]. Both the metal oxides and metals, when an additional reduction stage is implemented, can be produced starting from the metal salt solution. However, the list of metals that have already been studied is limited and further extension is of interest.



Recently, the synthesis of nickel oxide [7] and metallic cobalt [10,11] by the spray pyrolysis technique was reported. It was shown that changes in the frequency of ultrasonic atomization and the concentration of the initial salt solution regulates the particle size of the final product [12,13]. In these papers, nitrate solutions of the Ni and Co (10 wt.%) at 1000 °C were applied as precursors. The frequency of the ultrasonic generator was 1.7 MHz in the experiment with nickel oxide [7] and 1.7–2.2 MHz in the case of Co [10,11]. The typical diameter of the microspheres of nickel oxide and cobalt oxide was 5–7 μm and 1.5 μm [7,11], respectively. The difference in size can be explained by the influence of the frequency of the aerosol generator as well as by differences in surface activity of nickel and cobalt nitrate solutions. In the papers [10,11], cobalt oxide was reduced to the metal in the presence of hydrogen. This two-stage method allows the control of the properties of the product both at a first stage—synthesis of the metal oxide—and at a second stage—reduction of the metal oxide to the metal. For example, elemental composition, morphology, and particle size of oxides (NiO, Co3O4) may be controlled by changing the conditions of the ultrasonic spray pyrolysis. The final particle size, porosity, and purity of the metal can be controlled by changing the temperature during the reduction process.



There are no publications existing in the literature on the synthesis of iron powders using the described two-stage method. Fine iron powders are widely used for magnetic resonance imaging [14], ferrofluids [15], and electromagnetic compatibility [16,17].



It is known that the use of nano-sized magnetic metals (Fe, Co, and Ni) is limited due to uncontrolled oxidation, aggregation [16,18,19], and spontaneous combustion when exposed to air [19]. An effective way to protect these metals from oxidation is to encapsulate chemically-active particles into an inorganic protective shell. A core-shell structure is therefore formed [20,21]. Silica, SiO2, may be used as a protecting material [21,22]. The “Metal@SiO2” core-shell microparticles not only possess improved chemical stability but also show advanced electromagnetic properties since the dielectric diamagnetic shell physically prevents interparticle contacts [23,24]. However, since the process of deposition of the shell on the metal particles is highly substrate-dependent, extensive studies are required for each new powder material.



This paper reports the preparation of hollow iron microspheres via ultrasonic spray pyrolysis. Once obtained, the iron particles were coated with a protective SiO2 coating. Morphology, particle size distribution, chemical composition, and static magnetic properties of the final product were studied. For these purposes, scanning electron microscopy, X-ray diffraction, and Mössbauer spectroscopy were applied. Complex microwave permeability (μ′ + i·μ″) and permittivity (ε′ + i·ε″) were measured by the Nicolson–Ross technique with the use of coaxial waveguide.




2. Materials and Methods


2.1. Preparation of Iron Powder


Nanostructured iron microspheres were prepared using the two-stage method. First, an ultrasonic powder dispenser (Mist Maker, Ontario, CA, USA) was applied to the Fe(NO3)3 water solution (10 wt.%) to create an aerosol. The aerosol was then introduced into a tube furnace Nabertherm RT 50/250/13 (Naberterm GmbH, Lilienthal, Germany), where iron (III) nitrate was subjected to heat treatment at 1000 °C. High temperatures caused chemical decomposition following the reaction (1):


4Fe(NO3)3 → 2Fe2O3 + 12NO2 + 3O2



(1)







The product, which was iron (III) oxide, “Fe2O3”, was collected on a filter and then reduced in a furnace Carbolite HZS 12/600E (CARBOLITE GERO, Neuhausen, Germany) at a temperature of 400 °C with hydrogen. Finally, the metal was passivated in N2 for 12 h.




2.2. Core-Shell Fe@SiO2 Preparation


A thin SiO2 shell on the surface of the iron particles was prepared by hydrolysis of tetraethyl orthosilicate (TEOS) in a water–ethanol mixture [23,25,26,27,28,29,30]. First, ethanol and TEOS sequentially were added to the iron powder, in a flask. The flask was placed in an ultrasonic bath, where for 5 min the solution was subjected to ultrasonic treatment and constant mechanical stirring. After half an hour, aqueous ammonia NH4OH was added. Ethanol, TEOS, and NH4OH were measured out at a volume proportion of 10:1:1, respectively. The resulting mixture was subjected to ultrasonic treatment for 2 h with additional mechanical stirring every 15 min. In the end, Fe@SiO2 precipitate was decanted using an external magnet and washed with ethanol until transparency of the liquid. The powder was dried for 24 h at 60 °C. The yield of the SiO2 was 10% by weight.




2.3. Analysis Techniques


X-ray diffraction (XRD) was carried out using a Difray 401 diffractometer (JSC Scientific Instruments, Saint Petersburg, Russia). The Bragg–Brentano geometry was applied. XRD was measured from 14° to 140° 2θ with 0.01° 2θ steps. Cr Kα1+α2 radiation (λ = 22,909 Å) was applied.



Mössbauer spectroscopy was studied in transmission geometry and at 78 K. A constant acceleration Mössbauer spectrometer Ms-1104 Em (Kordon, Rostov-na-Donu, Russia) and a 57Co source (Ritverc, 10 mCi) were applied. A UnivemMS 9.08 program was used to decompose the measured spectra. The isomer shifts were determined relative to the α-Fe spectrum at room temperature.



The morphology of the particles was studied using a scanning electron microscopy (SEM) LEO EVO-50 XVP microscope (Carl Zeiss, Jena, Germany) equipped with an Oxford Instruments X-Act 10 mm device (Oxford Instruments, Abingdon, UK) for energy-dispersive X-ray spectroscopy (EDX). Particle size distribution was measured from the SEM-images. For this purpose, several SEM images were applied. Diameters of approximately 800 to 1000 particles were measured and used in the calculations. Transmission electron microscopy (TEM) was performed using a Jeol Jem-1400 microscope (Jeol, Tokyo, Japan); a copper grid with a carbon layer was applied.



Magnetic hysteresis was measured using a vibrating sample magnetometer (VSM) at room temperature. The samples were cold-pressed (52 MPa) discs, 3 mm in diameter, 1 mm in height. Complex microwave permeability and permittivity were measured in a standard 7/3 coaxial airline by the Nicolson–Ross–Weir method [31,32] in the frequency range of 0.1–20 GHz. For the measurement, composites with paraffin wax as dielectric matrix were mixed with the obtained particles, and samples of toroidal form were prepared to fill the cross-section of the coaxial waveguide.





3. Results and Discussion


Three powder products were obtained sequentially in this study. The first step, spray pyrolysis, resulted in a fine powder of iron oxide, “Fe2O3”. Since this was just an intermediate product and no chemical properties were of interest, XRD analysis was not applied for the study of the “Fe2O3”. However, this intermediate product clearly showed as typical for this synthetic technique of hollow structure of particles, when observed in SEM. In the second step, iron oxide “Fe2O3” was reduced to iron, “Fe”, which was the primary goal of the paper. The third step was a modification of the “Fe” particles with a thin SiO2 shell, “Fe@SiO2”, carried out both for an increase in chemical stability and a decrease in interparticle conductivity when mixed with dielectric matrix to form composite material.



3.1. X-ray Analysis


XRD phase analysis (Figure 1) showed that the “Fe” sample contained α-Fe and Fe3O4 phases. The reflections of α-Fe were located at (110) 68.842° 2θ and (200) 106.199° 2θ, respectively. The lattice constant was 2.8633(3) Å, which coincided with the tabular value for the α-Fe, which is 2.867 Å (JCPDS card No. 65-4899). The crystallite size was 20 nm, which was calculated using the Scherrer formula [33]. The reference intensity ratio (RIR) technique [34] was applied for the semi-quantitative phase analysis. The reference standard was Corundum. The following tabular values were used for calculations: I/Ic (α-Fe) = 10.77, JCPDS card No. 65-4899, and I/Ic (Fe3O4) = 5.03, JCPDS card No. 75-33. The RIR calculations showed that the α-Fe content was 95 wt.%, and Fe3O4 was 5 wt.% (≈ 11 at.%). It is noteworthy that the typical uncertainty of the RIR method normally as big as 10%–20%, was even bigger in this particular case, since the diffraction was measured using Cr radiation, but the I/Ic tabular values were given for Cu radiation. XRD results showed no presence of crystalline forms of SiO2, for the Fe@SiO2 sample.




3.2. Mössbauer Spectroscopy


The Mössbauer spectra were recorded at RT and 78 K (Figure 2). They consist of two subspectra, which are better resolved at 78 K (Figure 2b). The major subspectrum includes two sextet components with the hyperfine parameters (Isomer Shifts (ISs) of ~0 mm/s; quadrupole splitting (ΔEQ) of ~0 mm/s, and hyperfine magnetic fields (Hf) of ~33 T at RT and IS ~0.1 mm/s, ΔEQ = 0 mm/s, Hf ~ 33.8 T at 78 K) corresponding to metal Fe0. The sextet with broad lines reflects the non-uniform surrounding of Fe atoms in the metal phase, presumably because of different structural defects. The sextet components of the second minor subspectrum are characterized by higher hyperfine field values (Hf ~ 36–44 T at RT and Hf ~ 37–50 T at 78 K) than that for metal Fe0. According to their isomer shifts, a part of them of ~11 at.% with Is ~ 0.24–0.4 mm/s at RT and Is ~ 0.3–0.45 mm/s at 78 K corresponds to Fe3+, while an another part of ~5–6 at.% corresponds to Fe2+ (Is ~ 0.9 mm/s at 78 K) [35]. This correlates well with the data of XRD phase analysis, which shows Fe3O4 presence, containing both Fe2+ and Fe3+ cations. Despite the components of oxide subspectra being notably broad, overlapping with Fe0 components and of low intensities, the total area can be estimated from the 78 K spectrum as ~15–17 at.%.



According to the results of semi-quantitative XRD, the fraction of the oxide phase is 11 at.%. The quantity of oxide phase established through the Mossbauer measurements (15–17 at.%) was higher than that calculated from the XRD data. This was because X-ray diffraction measured only a crystalline fraction of the specimen while the gamma-resonance is sensitive additionally to disordered matter.




3.3. SEM Analysis


The SEM images showed that the particles of all three products, “Fe2O3” (Figure 3a,d), “Fe” (Figure 3b,e), and “Fe@SiO2” (Figure 3c,f) were spherical with approximate diameter of 1 μm. The spherical shape is typical for powders, obtained with the spray pyrolysis technique [12,36]. The oxide reduction process did not change the average particle size. These spherical particles showed clearly a visible hollow structure (Figure 3). The thickness of “the wall” was about 0.25 of the particle diameter. The reduction of “Fe2O3” to “Fe” resulted in a porous structure (Figure 3), but the size and the “hollowness” of the particles were never affected. It can also be observed that the particles of the “Fe” powder were inhomogeneous, meaning polycrystalline, which is in accordance with the XRD data.



A very thin—sub-50 nm—shell was also observed in the SEM images of the “Fe@SiO2” sample (Figure 3). Local EDX analysis, which was measured from the “Fe@SiO2” sample, confirmed the presence of Si. The silicon to iron ratio was estimated at 15/85 at.%. Both the core-shell “Fe@SiO2” particles and individual SiO2 spheres presented in the powder, which was in accordance with reference [23]. The Fe particles have a porous structure (Figure 3b). After coating, the porous morphology of the iron particles can still be distinguished through a thin SiO2 layer (Figure 3c). Pure SiO2 particles appear as semi-transparent spheres, which is opposed to the complicated nano-structure of Fe@SiO2 particles.



The particle size distribution for the “Fe” and “Fe@SiO2” samples is given in Figure 4. The size range was 0.1–2 μm, the maximum of the both distributions was at 0.6 μm. Individual SiO2 particles influenced the particle size distribution contributing to the region of 0.2–0.6 μm.



The size of the obtained iron particles was lower than those previously reported for Co and Ni [7,11]. The factors that influence the size of the aerosol droplets during atomization are as follows: frequency of ultrasonic treatment, the concentration of the initial salt solution, and the surface activity of the initial salt. Since the concentration of iron nitrate solution was identical to concentrations of cobalt and nickel nitrate solutions applied in refs. [7,11], the difference in particle size of the resulting product was probably caused by a different ultrasonication regime and the surface activity of the chemicals.




3.4. TEM Analysis


The SiO2 shell appeared as a semi-transparent layer on a surface of non-transparent iron cores. The difference in transparency was due to the difference in electron density of these two materials. TEM images showed that the SiO2 coating was uniform and of 20 nm thickness on the iron particle surface (Figure 5). Individual SiO2 particles were also observed in the TEM images which was in accordance with the SEM analysis.




3.5. Magnetic Properties


The saturation magnetization (MS) of the “Fe” and “Fe@SiO2” samples was 184 ± 9 emu/g and 157 ± 12 emu/g, respectively. The measurement results are presented in Figure 6.



The saturation magnetization for carbonyl iron (CI) ranges from 190 to 250 emu/g [37,38]. CI is usually considered as widespread commercially available etalon of pure iron powder. According to [37], the MS value depends on the size of the magnetic particles and is 190 ± 8 emu/g for purses 2–5 microns in size. As was reported earlier, the chemical process of the deposition of the SiO2 onto the surface of iron particles did not influence the chemical state of the iron [23]. Since the only reason for the decrease of ~15% in the MS value of the “Fe@SiO2” powder in comparison with the MS of the pure “Fe” powder was the substitution of iron with some of the mass of the diamagnetic phase, the fraction of the SiO2 shell was estimated at 15 wt.%. This value roughly equals 25 vol.%, taking into account the density of amorphous silica of 2.10 g/cm3 [39] and the measured 6.1 g/cm3 density of the hollow microspheres through displacement of liquid. According to EDX results, the volume fraction of SiO2 is 16 wt.%.



The coercivity HC of the hollow Fe particles was 157 ± 11 Oe, which was higher than that of carbonyl iron (3–20 Oe [40,41]). The high HC value was probably caused by the presence of the oxidized surface and defect nanostructure of the particles. According to [10], high HC values (250–400 Oe) are typical for cobalt ferromagnetic particles obtained by the spray pyrolysis technique.



The value of the measured pycnometric density for the “Fe” sample (6.1 g/cm3) is lower than for CI (7.8 g/cm3, this value was measured under exactly the same conditions as the density of the “Fe” powder) which gives a potential advantage when used in composites with a large portion of magnetic filler due to lower weight of composite.




3.6. Microwave Measurements


The microwave permeability (μ′ + i·μ″) and permittivity (ε′ + i·ε″) of the composites with a wax matrix and a filler mass fraction of 33, 50, and 66 wt.% were measured. The results are given in Figure 7 and Figure 8 for the “Fe” and “Fe@SiO2” samples, respectively. The complex microwave permeability of the composites was similar for both “Fe” and “Fe@SiO2” particles. The permeability of the composites with “Fe@SiO2” particles was lower by approximately 14% than composites with “Fe” particles (Figure 9, Table 1). This was due to the presence of the diamagnetic phase, SiO2.



The maximum of the imaginary part of the permeability for composites with both types of particles was around 10 GHz. For composites with “Fe” particles, the maximum was at a slightly lower frequency.



The permeability of the composites with “Fe@SiO2” particles increased proportionally with the increase of concentration of the particles (Figure 9) which meant there was no significant magnetic interaction between the particles at these volume fractions of inclusion particles. The permeability of composites with “Fe” particles appeared to increase non-proportionally with the increase of volume fraction. The maximum of the imaginary part of the composites with “Fe” particles shifts slightly to lower frequencies with the increase of volume fraction. This means that for composites with “Fe” particles there is a noticeable dipole–dipole interaction between particles.



The permittivity was clearly higher for composites with “Fe” particles with noticeable frequency dependence of complex permittivity which indicated some conductivity of the composites, especially for higher volume concentration of particles. The dielectric loss tangent was much higher for composites with “Fe” particles.



The probable cause for such a difference in frequency dependences of complex permittivity is a more effective agglomeration of the particles in “Fe” composites. The particles in “Fe@SiO2” composites are isolated which prevents them from forming conduction paths in agglomerates and they have a minimum distance from each other due to the SiO2 layer. The SiO2 layer also somewhat reduces the magnetic interaction between particles in composites.



Some of the samples demonstrated clear resonance behavior of the imaginary part of the permittivity at frequencies around 10 GHz and higher with corresponding frequency dependence on the real part. Such a resonance effect can be attributed to emerging higher-order modes (TE11 in this case) on the boundary of the sample in the coaxial waveguide with subsequent resonance absorption of electromagnetic energy [42]. Although these losses are attributed to a real loss of energy in the coaxial waveguide with a sample, they are not inherent to the effective properties of the samples.



At frequencies below 1 GHz, there were noticeable systematic errors that were at the same frequencies for all samples regardless of the concentration. These errors were due to the fact that samples had little reflection at these frequencies. One possibility to reduce such errors is to increase the length of the samples but there is a trade-off with other effects: the resonance on higher-order modes and half-wavelength resonance—the longer the sample with the same parameters, the lower the frequencies of these resonances. The error arises from the fact that at these frequencies very little energy reflects from the sample and because the Nicolson–Ross method needs both complex reflection and transmission coefficients in order to calculate complex permeability and permittivity, otherwise small residual calibration errors become significant.



Concerning the comparison between quantitative and semi-quantitative evaluations of the chemical composition of the studied samples, carried out using different analytical techniques, the following was revealed. Studying the “Fe” powder, the quantitative estimation of the “ordered” oxide phase, Fe3O4, was established at 5 wt.% through XRD measurements. This value may be converted to 11 at.% of iron. For the same sample, the quantity of “disordered”, or metastable oxide phase was found to be 15–17 at.%. These two values match well. Investigating the “Fe@SiO2” powder, quantity of the “SiO2” phase was found to be 15 wt.% according to the difference in saturation magnetization between Fe and Fe@SiO2. At the same time, the true value was estimated at 15 at.% (which is roughly equal to 17 wt.%). These two values also coincided well.





4. Conclusions


Iron powder of hollow particles with an average diameter of 0.6 μm was synthesized by a spray pyrolysis method proceeded by reduction in hydrogen. Due to oxidation with atmospheric oxygen, this iron powder contained 11–17 at.% of the oxide phase according to the semi-quantitative XRD and Mössbauer spectroscopy. The density of this powder as it was estimated through the pycnometric experiment was by 20% lower than that of commercial carbonyl iron.



A uniform SiO2 coating of sub-50 nm thickness on the metal surface was obtained by hydrolysis of tetraethyl orthosilicate in water–alcohol solution. The SiO2 shell physically prevented percolation by eliminating the effective conductivity of the composites with the paraffin wax matrix. The SiO2 content was estimated at 15–16 wt.% taking into account saturation and magnetization EDX data. The obtained powders, “Fe” and “Fe@SiO2”, are suitable for cold pressing, unlike the commercial carbonyl iron.



The saturation magnetization of the “Fe” powder fits in the range of values typical for commercial carbonyl iron. But, the coercivity of the powder particles was moderately high (157 ± 11 Oe). The SiO2 coating effectively reduced the real and imaginary permittivity when measured in composites with paraffin wax. The resulting material may possibly be applied for electromagnetic compatibility solutions.
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Figure 1. X-ray diffraction of the synthesized “Fe” powder. Intensity is given in logarithmic scale. 
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Figure 2. Mössbauer spectrum measured of the synthesized “Fe” powder at (a) room temperature (RT) and (b) 78 K. 
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Figure 3. Scanning electron microscopy images: (a,d) “Fe2O3”, (b,e) “Fe”, and (c,f) “Fe@SiO2” particles. 
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Figure 4. Particle size distribution measured from the SEM images of the “Fe” and “Fe@SiO2” powders. 
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Figure 5. Transmission electron images of the “Fe@SiO2” particles. 
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Figure 6. Normalized hysteresis loops measured from the “Fe” and “Fe@SiO2” cold-pressed samples. 
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Figure 7. The measured frequency dependences of microwave permeability (μ′ + i·μ″) and permittivity (ε′ + i·ε″) of the composites comprising the paraffin wax matrix and the “Fe” powder. 
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Figure 8. The measured frequency dependences of microwave permeability (μ′ + i·μ″) and permittivity (ε′ + i·ε″) of the composites comprising the paraffin wax matrix and “Fe@SiO2“powder. 
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Figure 9. Static real permeability (μs) dependences on the filler concentration for the “Fe”-wax and the “Fe@SiO2”-wax composites. 
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Table 1. Static real permeability (μs) for the “Fe”-wax and the “Fe@SiO2”-wax composites.
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	Filler Concentration
	μs, “Fe”-Wax Composite
	μs, “Fe@SiO2”-Wax Composite





	33 wt.%
	1.5
	1.3



	50 wt.%
	1.6
	1.4



	66 wt.%
	2.1
	1.8
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