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Abstract

:

MnZn ferrite precursor powders were prepared by the nano in situ composite method. Three surfactants, which include polyethylene glycol 400 (PEG-400), cetyltrimethyl ammonium bromide (CTAB), and sodium dodecyl sulfate (SDS), were usedM and the impact of the surfactants on the precursor sol solutions and precursor powders was studied. X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, Raman spectroscopy, a field emission scanning electron microscope (FE-SEM), a transmission electron microscope (TEM), a Zeta potential meter, a BET surface analyzer, and a vibrational sample magnetometer (VSM) were used to characterize the precursor sol solutions and the precursor powders. The results showed that these surfactants can improve the dispersion state and Zeta potentials of sol particles and increase the specific surface areas of the precursor powders. Moreover, the precursor powders were composed of MnZn ferrite, and some were amorphous. CTAB was the optimum surfactant and the zeta potential of the sol particles and the specific surface area of the precursor powders named P-0.1CTAB are 10.7 mV and 129.07 m2/g, respectively. In addition, the nano-particles that were made up of the P-0.1CTAB precursor powders had smaller sizes and more uniform particle distributions than the others. The magnetic properties’ improvement was attributed to the addition of surfactants, and CTAB is the optimal type. In addition, the novel nano in situ composite method will inspire fresh thinking and investigation into the research of ferrite.
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1. Introduction


MnZn ferrite (MZF) is one of the typical spinel materials, which are also technologically important materials because of their high magnetic permeability, high saturation magnetization, high resistivity, and low core losses [1,2,3]. The conventional ceramic process is the most popular method to prepare MZF. However, the scope of application of these traditional products is limited due to large and non-uniform particle size and inducing impurities [4]. To a certain extent, the properties of this magnetic material depend on the purity, size and morphology of the powders, and the optimization of powder characteristics will be a useful strategy in the material manufacturing process [5]. Ultrafine/nano MZF powders possess the characteristics of small particle size and large specific surface area, which are a strong guarantee for high quality materials. However, it is easy for coarsening and agglomeration to happen during the powder preparation process, ascribed to the thermodynamic instability. In previous studies, various surfactants have been utilized in the different synthesis processes of ferrite nanoparticles to improve this poor phenomenon [5,6,7,8,9,10,11,12]. When these surfactants are adopted to chemically modify the surfaces of those particles, the repulsive energy between the particles increases, these particles are in a thermodynamic stable state, and most of the particle sizes exhibited are much smaller. These studies showed great results. However, a gap in real engineering applications still exists as these routes always possess relatively complex and rigorous preparative processes. Therefore, a facile and rapid method should be employed, while optimizing the powders’ characteristics by adopting surfactants. Recently, the nano in situ composite method has been successfully applied to fabricated MZF [13,14]. What is more, these methods are also applied in producing tungsten matrix composites, and the results are perfect [15,16,17]. In this way, the nano in situ composite method have great prospects for industrial product MZF or MZF powders due to their low operating temperature, easy operation, short process, and high degree of uniformity. According to previous studies [13,14,18], the preparation of high-quality MZF precursor powders is a prerequisite step, and the target products can only be obtained after subsequent necessary calcination, sintering, and other processes. What is more, the optimization of the characteristics of precursor powders through surfactants is an effective means to obtain high-quality MZF precursor powders. However, there are no specific reports about optimizing the process of preparing MZF precursor powders in this new method. Based on the above descriptions, in this manuscript, the authors used the nano in situ composite method to prepare MZF precursor powders, discussed the results by adding various surfactants, and optimized the selected type of surfactant, and it will be an interesting theme.




2. Experimental Procedure


2.1. Material Preparation


The raw materials used in the experiments were Fe(NO3)3·9H2O, Zn(NO3)2·6H2O, and 50 wt.% Mn(NO3)2 solution (industrial-grade). PEG400, CTAB, and SDS were the surfactants and deionized water was used throughout the experiments. All chemical reagents were used without any further purification. The nano in situ composite method with different surfactants was adopted to prepare MnZn ferrite precursor powders and the preparation process is explained in Figure 1. Firstly, Fe(NO3)3·9H2O, Zn(NO3)2·6H2O, and 50 wt.% Mn(NO3)2 solution dissolved into deionized water according to the desired components (Mn0.5Zn0.5Fe2O4) and different kinds of surfactants of 0.1 wt.% amount were added into the above saline mixture solution to avoid agglomeration during the preparation process, and the sol solution was stirred for half an hour to keep it uniform. After that, the precursor solution was pumped into a rotary atomizer, where it was transformed into a spray of small droplets. These droplets were then brought into contact with a stream of hot air, which resulted in rapid evaporation of the moisture while the droplets were suspended in the drying air. Then, precursor powders with uniform distribution of different elements were yielded. The inlet temperature of spray drying was 250 °C, the solution feed rate was 30 mL/min, and the atomizer rotating speed was 28,000 rev/min. Moreover, there were different kinds of precursor powders, named P-None, P-0.1CTAB, P-0.1SDS, and P-0.1PEG. The P-None without surfactant served as the control.




2.2. Characterization


2.2.1. Zeta Potential Analysis Method


A Malvern Zetasizer Nano ZS analyzer (Malvern, UK) was applied to evaluate the Zeta potentials of the stable precursor solutions. The samples should be clean and free of impurities.




2.2.2. BET Analysis Method


The surface areas of the precursor powders were characterized by the Brunauer–Emmett Teller (BET) method of adsorption of nitrogen gas. The automatic specific surface analyzer (Quadrasorb Monosorb, Quantachrome Instruments, Boynton Beach, FL, USA) was applied in this characterization.




2.2.3. XRD Analysis Method


Phase analysis was carried out by powder the X-ray diffraction method (Advance D8, Bruker, Fällanden, Switzerland) using Cu Kα radiation (λ = 0.15406 nm) in the 2θ range from 5–80° at room temperature. The linear step size was 0.02°.




2.2.4. FTIR Spectroscopy Analysis Method


The FTIR spectrums of the samples were recorded in range (4000–400 cm−1) by a Nicolet-6700 infrared Fourier spectrometer (ThermoFisher, Waltham, MA, USA). The KBr disk method was adopted for this purpose.




2.2.5. Raman Spectroscopy Analysis Method


The Raman spectrums of the samples were recorded in the range of 100–2000 cm−1 on the excitation wavelength of 632.8 nm by a LabRAM HR800 Raman spectrometer (Horiba Jobin Yvon, Palaiseau, France).




2.2.6. SEM Analysis Method


The morphologies and elemental distribution of the precursor powders were investigated by a scanning electron microscope (SEM, Nova NanoSEM 230, FEI, Brno, Czech Republic). All of the samples were gold sputtered before being used in the SEM analysis.




2.2.7. TEM Analysis Method


The bright field images and high-resolution morphologies (HRTEM) of the precursor powders were observed using a transmission electron microscope (TEM). Micrographs of the stable precursor solutions were also obtained by TEM. The devices models are Tecnai G2 20S-Twin (FEI, Brno, Czech Republic) and JEOL 2100F (JEOL, Tokyo, Japan). The acceleration voltage was tested at 200 kV.




2.2.8. VSM Analysis Method


Magnetization measurements at the maximum magnetic field of 30,000 Oe were carried out using an MPMS XL-7 vibrational sample magnetometer (VSM, Quantum Design, San Diego, CA, USA) at room temperature.






3. Results and Discussion


3.1. Analysis of Precursor Sol Solutions


3.1.1. Zeta Potential Analysis


When reagents are dispersed in water, due to the surface charge of the sol particles, they tend to attract the ions of opposite charges in the water which leads to the formation of an electrical double layer (EDL) [19]. P-None, P-0.1CTAB, and P-0.1PEG showed positive Zeta potentials (Table 1). The Zeta potential will increase with the increase in the EDL when the cationic surfactant CTAB is added. PEG 400 is a non-ionic surfactant, and it will be adsorbed on the surface of sol particles via a hydrogen bond to increase the EDL. Thus, the Zeta potential increased because of the addition of PEG 400. However, the molecular weight is small, so the increase is not obvious. Conversely, the Zeta potential of P-0.1SDS was negative, and this may owe to the nature of the anionic surfactant of SDS.




3.1.2. TEM Analysis


The sol particles were spherical shaped, and they were several nanometers in length which matched with the size of the common sol particles (Figure 2). Obviously, the P-0.1CTAB (Figure 2b) exhibited uniform distribution of particles, while the other samples showed various degrees of aggregation. The phenomenon was underlined by the red circle areas. Moreover, the phenomenon also showed the varying trend of Zeta potential of the precursor sol solutions.





3.2. Analysis of Precursor Powders


3.2.1. XRD and BET Analysis


There were two low intensity peaks in all samples, which index to the (311) and (440) plane of MnZn ferrite (Figure 3). In addition, they can also be treated as hill-like broad peaks. This means that the materials are microcrystal or semi-crystalline [20]. Note that during the preparation of precursor sol solutions and at the earlier stage of spray drying, the formation of mixed polymerized precursors may occur owing to the polycondensation of nitrate aquacomplexes via OH-bridges [21]. Their decomposition and reaction enables the preparation of highly homogeneous products. However, the preparation process is especially rapid, and the products will be microcrystal or semi-crystalline. Moreover, it was easy to see that the composition was not affected by adding the surfactants. The BET specific surface areas show that the sample P-0.1CTAB has the highest specific surface (Table 2). Generally, the smaller the particle size, the larger the specific surface area of the particles. The smaller the diameter of the particles, the larger the number of particles per unit volume and the larger the total surface area. Thus, the specific surface areas obtained for the samples reveal that P-0.1CTAB has the smallest particle size. This is also the result of the large Zeta potential of P-0.1CTAB. The high activity of the smaller particles will promote the densification of the bulk material when small particle size powders are used as the raw material. In addition, when the fine powders are directly used as a product, their high adsorption characteristics can be utilized to promote their purification ability, etc.




3.2.2. FTIR Spectroscopy Analysis


The FTIR spectra of the precursor powders were recorded at room temperature and are shown in Figure 4. There were two main peaks presented in all samples at 582 cm−1, 578 cm−1, 574 cm−1, 584 cm−1 and 466 cm−1, 468 cm−1, 462 cm−1, 467 cm−1 for P-None, P-0.1SDS, P-0.1CTAB, and P-0.1PEG, respectively. The high frequency (ν1) band corresponds to the inherent stretching vibration of the metal ion–oxygen ion bond on the A-sites of the MnZn ferrite, while the low frequency (ν2) band corresponds to the bending vibration of the metal ion–oxygen ion bond on the B-sites. The differences in the ν1 and ν2 bands’ position are expected because of the difference in (Fe3+-O2−) for the B sites and A sites [22]. These band positions for the FTIR spectra of the samples, which are consistent with the characteristics of the absorption band of MnZn ferrite crystals, show that MnZn ferrites exist in the samples. Furthermore, a slight variation is observed in the ν1 and ν2 bands’ positions with different surfactants which is due to the variation in the size of the particles. A similar result in CoFe2O4 magnetic nanoparticles synthesized via the co-precipitation method by M. Vadivel et al. is reported [9]. All the samples exhibited a broad peak in the range of 3400–3421 cm−1 which corresponds to the hydroxide group of the moisture present in the samples [23]. The bands at 1626 cm−1 and 1625 cm−1 correspond to the H-O-H scissoring from free or absorbed water in all samples [24]. A peak at 1384 cm−1 is assigned to the C-N bond [25] and corresponds to the remaining CTAB. More than that, the 1384 cm−1, 1355 cm−1, and 829 cm−1 peaks can be attributed to the NO3− in the FTIR spectra [26,27]. A peak at 2426 cm−1 is attributed to symmetric stretching of the (-CH2-) group [25]. The band that appeared in the range 1047–1051 cm−1 in the spectra corresponds to the C-O single bond in PEG and SDS [28]; this also indicates the truth of the residual PEG400 and SDS.




3.2.3. Raman Spectroscopy Analysis


Figure 5 shows the Raman spectra of the different samples. There were peaks at 653 cm−1, 644 cm−1, 633 cm−1, and 632 cm−1 for P-None, P-0.1SDS, P-0.1CTAB, and P-0.1PEG, respectively. According to the group theory, there will be five Raman active (A1g + Eg + 3T2g) modes for ferrites which belong to the cubic spine structure with the Fd-3m space group [29]. Thus, the A1g modes are presented in these samples, and the mode is due to symmetric stretch of the M-O bond in the MO4 groups (M = Fe, Mn, Zn) of the MnZn ferrites [30]. Nitrates were the main raw materials, and there will be a little bit of nitrate residue after the corresponding process, and the peaks at 1048–1053 cm−1 are effective proof [31]. Moreover, the shift in the Raman peak positions of the MnZn ferrite to a lower or higher wavenumber is related to changes in the chemical bonds and the crystal symmetry. In other words, a vibrational frequency (raman shift) is dependent on both the bond strength and the reduced mass of the vibrating species. The bond strength is influenced by the degree of covalence and the bond length. Since the two types of cations are randomly distributed in the spinel lying between the normal and inverse, only a change in the frequency is induced [30].




3.2.4. SEM Analysis


The morphologies of the precursor powders are shown in Figure 6. Some particles showed nearly hollow sphere shapes with seemingly smooth surfaces, while some particles displayed distorted hollow spheres shell features. These distorted hollow sphere shapes may be caused by the concentration gradient within the droplets during the fast preparation process. A similar kind of surface topography in ZnFe2O4 powders via a simple spray drying process was also reported [32]. However, the difference is that the precursor powders prepared in this work do not have cores. As shown in Figure 6, the sphere shell of P-0.1SDS possessed many holes, the P-0.1PEG displayed thick sphere shells, while P-0.1CTAB showed small-sized sphere powders. After careful observation, it was discovered that the surfaces of all spheres are composed of many nano-particles. In addition, these larger images can reveal the fact. The elemental mapping images of the P-None and P-0.1CTAB (Figure 6e,f) exhibits the uniform distribution of Fe, Mn, Zn, and O components all over the powders, and this is convenient to form small-sized MnZn ferrite particles with well-distributed element compositions.




3.2.5. TEM Analysis


TEM technology was adopted to reveal the features of the precursor powders and the analysis results are shown in Figure 7. As shown in the pictures, the spherical shell fragments of all samples were composed of many nano-particles. The P-None showed a non-uniform particle size distribution due to the nucleation and growth of aggregation particles. Comparatively, P-0.1CTAB showed uniform particle distribution and exhibited the best characteristics among the samples. The lattice fringes correspond to a group of atomic planes within the nano-particles. The distance between the two adjacent planes was ~0.309 nm for P-None and it was indexed to the (220) plane of MnZn ferrites. Similarly, the interplanar spacing was ~0.252 nm, ~0.248 nm, ~0.29 nm, ~0.257 nm, and ~0.297 nm for P-0.1CTAB, P-0.1PEG, and P-0.1SDS, and they were indexed to the (311), (222), and (220) planes of the spinel ferrites, respectively. The yellow dotted line areas in Figure 7d,f,h present the residual surfactants and they may be due to the lower fabrication temperature. In addition, a similar result showed that some surfactants remained/coated on the manganese ferrite nanoparticles surface in the surfactant-assisted co-precipitation method, reported by Kornkanok Rotjanasuworapong [33]. These phenomena also coincide with the FTIR results in this work. Moreover, there were some amorphous regions which were marked as blue circles. Thus, these samples are all microcrystal or semi-crystalline, which is consistant with the XRD results.




3.2.6. Magnetic Properties Analysis


The hysteresis loops of the precursor powders are shown in Figure 8. The hysteresis loops did not show any magnetic saturation up to the maximum applied magnetic field of 30,000 Oe. The maximum magnetizations were 1.02–1.19 emu/g for the different samples. According to the above results, the precursor powders are microcrystal or semi-crystalline and composed of very few MnZn ferrites, and some are amorphous. Thus, the phenomenon that all samples had non prominent magnetic properties is reasonable. After carefully analysis, the magnetic properties were improved due to the addition of surfactants. The best result was generated by adding CTAB.






4. Conclusions


MnZn ferrite precursor powders were prepared by a novel nano in situ composite method. These powders had hollow spherical shapes and were composed of many nano-particles. The precursor powders are microcrystal or semi-crystalline and composed of MnZn ferrite, and some are amorphous. When the surfactants were added, the composition of the precursor powders was not affected, and the size and distribution of the nano-particles became better. The P-0.1CTAB precursor powders showed thinner spherical shells and a larger specific surface area than others, and the uniformly distributed nano-particles are also obvious. In addition, the magnetic properties’ improvement was attributed to the addition of surfactants. CTAB is the optimal surfactant to modify the features of MnZn ferrite precursor powder after comprehensive consideration. Moreover, the existing fine particle characteristics and high activity can be maintained after subsequent suitable processes. This will provide effective support for obtaining excellent MnZn ferrite materials in the long-term.
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Figure 1. Schematic illustration for the synthesis of the precursor powders by the nano in situ composite method with various surfactants. 
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Figure 2. TEM micrographs of the precursor sol solutions: (a) P-None, (b) P-0.1CTAB, (c) P-0.1SDS and (d) P-0.1PEG. 
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Figure 3. XRD patterns of the precursor powders. 
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Figure 4. FTIR spectra of the precursor powders. 
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Figure 5. Raman spectra of the precursor powders. 
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Figure 6. SEM and elemental mapping images of the precursor powders: (a) P-None, (b) P-0.1CTAB, (c) P-0.1PEG, and (d) P-0.1SDS; (e) elemental mapping images of P-None; and (f) elemental mapping images of P-0.1CTAB. 
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Figure 7. TEM micrographs and HRTEM micrographs of precursor powders: (a,b) P-None, (c,d) P-0.1CTAB, (e,f) P-0.1PEG, and (g,h) P-0.1SDS. 
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Figure 8. Hysteresis loops of the precursor powders. 
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Table 1. Zeta potentials of the precursor sol solution samples.






Table 1. Zeta potentials of the precursor sol solution samples.





	Samples
	P-None
	P-0.1SDS
	P-0.1CTAB
	P-0.1PEG





	Zeta potential (mV)
	5.24
	−9.57
	10.7
	5.89
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Table 2. Specific surface areas of the precursor powders.






Table 2. Specific surface areas of the precursor powders.





	Samples
	P-None
	P-0.1SDS
	P-0.1CTAB
	P-0.1PEG





	Specific surface area (m2/g)
	28.22
	96.32
	129.07
	91.37
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