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Effect of static magnetic field on preparation of manganese oxides by hydrothermal process
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The influence of magnetic field on the preparation of nanomaterials has been the subject of interest to researchers for a long time. In our experiment, manganese oxides were prepared through hydrothermal synthesis at different temperature under static magnetic field. Then the products were analyzed with SEM and TEM. It can be found that, the shape of product was changed by the magnetic field. The manganese oxides prefer to form nanowires in zero magnetic fields. However, when the magnetic flux density reached 6T, the shape of the product we have got was polyhedral. And the microstructure of product is characterized by means of the X-ray diffraction patterns. It can be found that, MnOOH was prepared in zero magnetic fields. Increasing the magnetic field intensity, the product was composed of Mn 3 O 4 . Magnetic field changed the hydrothermal reaction in thermodynamic aspect, which made the hydrothermal reaction turn to generate the product with higher susceptibility.

Introduction

Over the past few years, manganese oxides of various oxidation states and different structures have been attracting considerable research interest due to their promising application potentials in catalysis [1], ion exchange [2], molecular adsorption [3], magnetic field [4], secondary batteries [5], and supercapacitors [6][7][8]. Manganese oxyhydroxides, MnOOH, are of considerable importance in many technological applications, e.g., electrochemical reaction, battery and electrochromic. Mn 3 O 4 is a potentially interesting electrode material for electrolytic supercapacitors because of its low cost, environmental compatibility, and intrinsically high capacity. [9] On the basis of the above application potentials, various methods have been developed to synthesis manganese oxides with desired shape in order to obtain ideal functions for their unique applications. A high external magnetic field could be obtained easily with the development of superconducting technology. Magnetic fields have been recently introduced as an efficient tool to influence morphology and magnetic property of magnetic materials. A lot of researchers have already reported that static magnetic field can modulate the growth and final morphology of materials. Wang [10] found that single-crystalline nanowires of Fe 3 O 4 were formed under 0.35T magnetic field, while square and hexagonal particles were formed under zero magnetic fields. On the other hand, the magnetic field can affect the chemical reaction. Wang [11] obtained γ-Fe 2 O 3 nanotubes under 12T magnetic field, while the assynthesized samples were a single phase of α-Fe 2 O 3 . Due to the effect of static magnetic field, manganese oxides/oxyhydroxides were prepared by low-temperature hydrothermal synthesis under high magnetic field. In this communication, we report the preparation of manganese oxides/oxyhydroxides by a hydrothermal process in a static magnetic field, and the effect of the static magnetic field and temperature on the morphology and magnetic property of nanoparticles was studied.

Experiment and Characterization

The chemical reagents used in the work were manganese (Ⅱ) chloride tetrahydrate (MnCl 2 •4H 2 O, CAS No.:13446-34-9) and sodium hydroxide (NaOH, CAS No.:1310-73-2).All chemicals were analytical grade and purchased from Sinopharm Chemical Reagent Co.Ltd. In a typical process, 0.004 mol of MnCl 2 •4H 2 O was put into distilled water at room temperature to form an aqueous solution.20ml alkaline solution of 3M NaOH was slowly dripped into the above solution to precipitate Mn 2+ ions during constant magnetic stirring, and then a brown suspension solution was formed. The suspension solution was transferred to a stainless steel Teflon-lined autoclave (15ml effective volume) with a filling 80% volume of the autoclave for hydrothermal treatment. The autoclave was sealed and maintained at 120℃ for 4h with and without magnetic field. Finally, they were cooled down to room temperature. The products were filtered and washed with distilled water and absolute ethanol for few times, and then dried in an oven at 60℃ for 8h. A schematic diagram of the apparatus used in this experiment is shown in Fig. 1. The autoclave was put in the center of the magnetic field. The magnetic field (up to 6T) was applied parallel to the longitudinal direction and the temperature in the furnace chamber could be adjusted automatically by the temperature controlling apparatus. The morphologies of as-prepared samples were observed by a transmission electron microscopy(TEM)and highresolution transmission electron microscopy(HRTEM) (JEOL JEM-2010F, Japan).The crystal structures were characterized by X-ray diffraction(XRD; Rigaku D/MAX-2200,Tokyo, Japan) with Cu Kα radiation (60kV and 40mA). The magnetic properties were also measured using a vibrating sample magnetometer (VSM, LakeShore 7407, America) at room temperature. 

Results and Discussion

Figure 1 shows the XRD patterns of the samples synthesized by hydrothermal process in various magnetic flux densities (MFD). Figure 1 demonstrates that the samples directly extracted were monoclinic MnOOH with lattice constants a=5.3Å, b=5.278Å, and c=5.307Å (JCPDS 41-1379) in zero magnetic fields. Increasing MFD to 0.6T, some diffraction peaks appeared which can be indexed to the tetragonal Mn 3 O 4 with lattice constants a=b=5.762Å and c=9.470Å (JCPDS 24-0734). In addition, the diffraction peaks of Mn 3 O 4 increased while the diffraction peaks of MnOOH decreased with the increase of MFD. When the MFD reached 6T, all diffraction peaks can be indexed to Mn 3 O 4 , accompanied by the disappearance of MnOOH. However, considerable changes in the morphology of the particles could be found when an static magnetic field was applied. In addition to nanowires, some cubic particles were observed in the samples when a 0.6T magnetic field was applied. Moreover, when the magnetic flux density reached 1T and 2T, more and more cubic particles were obtained. Furthmore, a large number of cubic particles formed, accompanied by the disappearance of the nanowires when the strength reached 6T.The results clearly show that the static magnetic field could be responsible for the formation of cubic particles. The former results indicate that the magnetic field affected the phase of samples intensively, because the only difference in preparation method between the samples is the MFD. From a thermodynamic perspective, magnetic field, like temperature, is an independent variable that changes the free energy, and makes the chemical reaction turn to generate Mn 3 O 4 , which may be a major reason. The formation reactions can be expressed by following equations (Equation ( 1) is for formation of MnOOH and Equation ( 2) is for formation of Mn 3 O 4 ).
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When a static magnetic field is applied, the resulting free-energy changes are classified into two terms [10]: the thermal Gibbs free energy, △G T , and the magnetic Gibbs free energy, △G M . Therefore, if a static magnetic field is imposed during the preparation of manganese oxides/ oxyhydroxides, a new equilibrium, (△G T +△G M ), will be reached [START_REF] David R Lide | Handbook of Chemistry and Physics[END_REF].△G T1 is the thermal Gibbs free energy for formation of MnOOH, and △G T2 is the thermal Gibbs free energy for formation of Mn 3 O 4 .△G T1 is lower than △G T2 at 120℃, which indicates that the product of the decomposition for MnCl 2 was MnOOH without a static magnetic field. However, a new equilibrium △G, (△G T +△G M ), will be reached, when a static magnetic field is applied. The magnetic Gibbs free energy, △G M , can be expressed as Equation (3). 
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Fig. 4: Gibbs free energy △G in various magnetic field intensities

Conclusion

It is observed that a static magnetic field can significantly influence the phase and magnetic property of the samples synthesized by low-temperature hydrothermal method. Single-crystalline nanowires(diameter 20 nm and length about 1um) of MnOOH were obtained under zero magnetic fields. However, some cubic particles of Mn 3 O4 were formed when a 1T magnetic field was applied. What's more, the yield of Mn 3 O 4 increased with the increase of MFD. VSM results confirm that all of the samples were superparamagnetic, and the magnetism of the samples was increased with the enhancement of the magnetic field intensity. All results showed that a static magnetic field could destroy the stability of the chemical reaction, and make the chemical reaction turn to generate the products with higher magnetism. It is excited that the process could be a promising technique to synthesize other materials, and the related work is still under investigation.
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 1 Fig. 1: Schematic map of the apparatus for hydrothermal process in a superconducting magnet.

Fig. 2 :

 2 Fig.2: XRD pattern of the samples prepared in various magnetic field intensities Fig 3 displays SEM images of the samples prepared under static magnetic fields, which clearly reveal the effect of magnetic field on the nucleation and growth process of manganese oxides/ oxyhydroxides. It can be found that the products consisted of a large quantity of nanowires (diameter 20 nm and length about 1um) without magnetic field.

Fig. 3 :

 3 Fig.3: SEM images of the samples obtained in various magnetic field intensities (a) 0T, (b) 0.6T, (c)1T,(d) 2T, (e) 4T, (f) 6T

  Fig 4 shows Gibbs free energy △G in various magnetic field intensities, which indicates that the magnetic field makes the hydrothermal reaction turn to generate Mn 3
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