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Abstract Cobalt ferrite nanoparticles have been prepared by the combination of chemical precipitation, mechanical alloying and subsequent heat treatment. Sodium chloride was added before milling in order to avoid agglomeration. From XRD measurements it was found that the cobalt ferrite phase could form directly during mechanical milling of the precipitated hydroxide / oxidhydroxide precursor. Long-term milling caused contamination and growth in particle size. In order to reduce these two undesirable effects, a revised processing route, milling at a lower speed for a relatively shorter time and further heat treatment, was adopted. CoFe 2 O 4 nanoparticles were obtained after a simple washing process with deionised water. TEM measurements showed that the nanoparticles had a fairly uniform structure and a mean particle size of approximately 10 nm. Anisotropic nanoparticles were obtained after magnetic annealing at 3008C.  2000 Elsevier Science S.A. All rights reserved. ¨ spectroscopy Keywords: Nanostructures; Magnetically ordered materials; Nanofabrication; Magnetization; Mossbauer



1. Introduction The synthesis of spinel ferrite nanoparticles has been investigated intensively in recent years because of their potential applications in high-density magnetic recording, microwave devices and magnetic fluids [1,2]. Various preparation techniques, such as sol-gel methods [3], citrate precursor techniques [4] and mechanical alloying [5–7], are used to produce ferrite nanoparticles. As is well known, chemical precipitation is an economical way to produce ultrafine powders [8,9]. However, coarse particles may form after the dehydration process due to agglomeration. In this paper we describe the synthesis of cobalt ferrite by the combination of chemical precipitation, mechanical alloying and subsequent heat treatment. Anisotropic particles were produced by magnetic post-annealing at 3008C. Experiments were conducted to determine the optimum milling conditions in order to obtain uniform cobalt ferrite nanoparticles with good magnetic properties.



2. Experimental Cobalt ferrite powder was prepared in two steps: (1) *Corresponding author. Tel.: 165-874-7899; fax: 165-776-3604. E-mail address: [email protected] (Y. Shi).



co-precipitation, and (2) mechanical alloying of the coprecipitation precursor. The starting materials used in this study were FeCl 3 powder (purity 99%), CoCl 2 powder (purity 96%) and NaOH pellets. In the co-precipitation processing route, the solution of metal salts contained Co 21 and Fe 31 in the ratio 1.1:2, which is close to the ionic ratio of 1:2 for the ferrite phase CoFe 2 O 4 . The small excess of Co was believed to balance the Co loss because of the solubility of cobalt ions in water during processing. Mixtures of cobalt and iron hydroxide (or oxidhydroxide) precursors were formed when the sodium hydroxide solution was added. Before the mechanical alloying process, the precursor was dried in a freeze-dryer. A mixture of the precursor powder and sodium chloride powder was milled using a Fritsch Planetary miller in a hardened steel vial together with several grinding balls. Fifteen millimetre diameter steel balls were used, and the ball-to-powder mass charge ratio was 10:1. The weight ratio of precursor and sodium chloride was 1:6. The mixture was milled at 200 rpm for 30 h and then further milled at 300 rpm for 64 h. The as-milled powders and powders after heat treatment were washed with deionised water several times. After removal of sodium chloride by washing, cobalt ferrite nanoparticles were obtained. The structure was determined using X-ray diffraction (Philips PW 1820 diffractometer with Cu Ka radiation).
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The microstructure and particle size were studied by transmission electron microscopy (JEM 100 CX II TEM). ¨ Mossbauer studies of nano-size cobalt ferrite particles for ¨ phase analysis were carried out with a Mossbauer spectrometer (Ranger Scientific Instruments MS-1200). Energy dispersive X-ray analysis (EDX, XL30-FEG Philips) was used to determine element concentrations. Magnetic measurements were carried out using a superconducting vibration sample magnetometer (Oxford Instruments) at room temperature. The saturation magnetization was measured at the maximum field of 90 kOe. Powder was pressed into f5 mm pellets before magnetic measurements. The sample annealed at 6008C was post-annealed under a magnetic field. Magnetic annealing was carried out on the surface of a Sm 2 Co 17 permanent magnet at 3008C for 2 h.
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X-ray diffraction spectra of the powders in the precursor form, after mechanical milling and after subsequent annealing at 8008C, are shown in Fig. 1. Except for the broadened humps, no clear diffraction peaks of crystalline phases were observed in the XRD pattern of the hydroxide / oxidhydroxide precursor. After milling with sodium chloride at 300 rpm for 62 h and removal of sodium chloride by washing, the diffraction diagram indicates that the CoFe 2 O 4 phase was formed. The calculated lattice parameters of the as-milled samples are consistent with those of conventional CoFe 2 O 4 powder. The X-ray diffrac-



tion pattern of as-milled powder after further annealing at 8008C for 1 h showed the presence of a-Fe 2 O 3 besides CoFe 2 O 4 . The powder annealed at 8008C had sharp diffraction peaks. The sharpness of the major peaks and the diffraction line narrowing of the annealed sample are probably due to a better crystallinity and / or an increase in grain size. In order to determine the origin of the a-Fe 2 O 3 phase during heat treatment, the co-precipitated precursor was directly annealed at 8008C for 1 h in air. In Fig. 2 it can be seen that pure CoFe 2 O 4 was formed and the a-Fe 2 O 3 phase could not be detected. Based on the results of Figs. 1 and 2, it can be concluded that the presence of a-Fe 2 O 3 is perhaps due to Fe contamination during mechanical alloying because of the use of a steel vial and balls. It is possible that the contaminant iron reacted with the precursor and dissolved in the cobalt ferrite phase, since no free Fe or Fe 2 O 3 were detected in the X-ray diffraction patterns in the as-precipitated state. The Co-ferrite phase should have an Fe-rich composition, so that the ratio of Co to Fe is significantly below 1:2. A Co-ferrite phase with an Fe-rich composition is not stable during heat treatment at 7008C or above. The phase will decompose into a mixture of Co-ferrite, with a composition close to CoFe 2 O 4 , and Fe 2 O 3 . Similar results have been reported previously [5]. In this work, particle size and microstructure were studied by a transmission electron microscope (TEM). All the samples were washed with deionised water before TEM measurement. TEM micrographs are shown in Fig. 3. The precursor displays a relatively broad particle size distribution in the range 5–25 nm, as shown in Fig. 3a. It can also be seen that the particle size of the cobalt ferrite formed directly by annealing precursor powder at 8008C for 1 h without mechanical alloying increased to around 50 nm. After adding NaCl, the cobalt ferrite particles formed



Fig. 1. XRD patterns of the precursor, the powder after mechanical milling and after subsequent heat treatment at 8008C.



Fig. 2. XRD patterns of the precursor and the precursor after heat treatment at 8008C.



3. Results and discussion



3.1. Cobalt ferrite formed directly during mechanical alloying
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Fig. 3. Transmission electron micrographs of powders: (a) precursor, (b) after annealing at 8008C for 1 h, (c) after mechanical milling at 300 rpm for 64 h, (d) after mechanical milling at 200 rpm for 64 h and annealing at 6008C for 1 h.



directly during mechanical milling at 300 rpm for 62 h had a uniform structure and the mean particle size was around 20 nm, as shown in Fig. 3c. In order to study the formation of cobalt ferrite, room ¨ temperature Mossbauer spectroscopy was applied to these particles using a 57 Co source. Fig. 4 shows the room ¨ temperature Mossbauer spectra of samples taken from different steps of the processing route. As shown in Fig. 4a, the co-precipitated precursor exhibits a non-magnetic doublet, indicating that the hydroxide precursor is paramagnetic at room temperature. Fig. 4b shows the disappearance of the central quadrupole doublet and the appearance of a magnetic sextet corresponding to CoFe 2 O 4 . This indicates that CoFe 2 O 4 formed during ball-milling for 62 h and no a-Fe 2 O 3 was detected, confirming the X-ray diffraction results shown in Fig. 2. One additional sextet for a-Fe 2 O 3 is seen in Fig. 4c,d, which indicates the a-Fe 2 O 3 phase formed after sub-



sequent annealing at 700 or 8008C in air for 1 h. It can be calculated that the Fe contamination is about 10 wt%, ¨ based on the Fe 2 O 3 amount in the Mossbauer spectra (Fig. 4c,d). The ferrite powder milled at 300 rpm for 62 h was annealed at different temperatures for 1 h. Fig. 5 shows the coercivity, Hc , and saturation magnetization, Ms , of samples annealed at different temperatures up to 9008C. Hc increased slightly from 0.74 to 1.07 kOe after annealing at 3008C. At higher temperatures, the coercivity increased continuously and reached its maximum value of 2.1 kOe after annealing at 6008C. Above this temperature, the coercivity decreased with increasing temperature. The decrease in Hc may be associated with the particle size increase during heat treatment. Ms exhibited no obvious change below 5008C, and decreased as the temperature increased further. This result confirmed the direct formation of cobalt ferrite during mechanical milling. The
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Fig. 5. Coercivity, Hc , and saturation magnetization, Ms , measured at a field of 90 kOe as a function of the annealing temperature after milling at 300 rpm for 62 h.



mixture after annealing at 6008C followed by magnetic annealing at 3008C for 2 h. The powder was pressed into a pellet before magnetic annealing. The magnetic field was applied perpendicular to the pellet plane. It can be seen that the coercivity Hc and remanent magnetization Mr of the compressed pellet in the direction perpendicular to the pellet plane (Hc' 5 2.11 kOe, Mr' 5 7.33 emu / g) were clearly higher than those in the parallel direction (Hci 5



¨ Fig. 4. Mossbauer spectra: (a) precursor, (b) after mechanical milling at 300 rpm for 64 h, (c) after mechanical milling at 300 rpm for 64 h followed by annealing at 7008C for 1 h (dashed line sextet for a-Fe 2 O 3 ), (d) after mechanical milling at 300 rpm for 64 h followed by annealing at 8008C for 1 h (dashed line sextet for a-Fe 2 O 3 ).



presence of a-Fe 2 O 3 , as shown in Fig. 4, is responsible for the decrease in Ms after annealing at higher temperature in air, because a-Fe 2 O 3 is antiferromagnetic and its contribution to Ms is negligible. Ms at temperatures above 8008C is not shown in Fig. 5 because of the evaporation of sodium chloride. Fig. 6 shows room temperature hysteresis loops of as-milled cobalt ferrite nanoparticles and sodium chloride



Fig. 6. Room temperature hysteresis loops of as-milled cobalt ferrite nanoparticles and sodium chloride mixture after annealing at 6008C followed by magnetic annealing at 3008C for 2 h in the directions perpendicular to the pellet plane (- - -) and parallel to the pellet plane (———). The magnetic field during magnetic annealing was applied perpendicularly to the pellet plane.
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1.35 kOe, Mri 5 4.78 emu / g). The magnetic anisotropy can be explained by diffusion anisotropy [5].



3.2. Cobalt ferrite formed at a lower rotation speed during mechanical milling The formation of the cobalt ferrite phase by the revised processing route, mechanical milling at 200 rpm for 62 h and subsequent annealing at 6008C for 1 h in air, is demonstrated in Fig. 7. The magnetization of the washed sample is 70.1 emu / g measured under the maximum applied field of 90 kOe, which is lower than the saturation magnetization for bulk CoFe 2 O 4 (80 emu / g [10]). There are two possible reasons for the reduction in magnetization. One is the lower concentration of Fe 31 in the starting material, which causes the actual Co-to-Fe ratio in the final product is to be higher than 1:2. EDX measurements (Co / Fe 1:1.8, at%) confirmed this postulation. On the other hand, our sample is still not saturated even in an applied field of 90 kOe, which possibly results from superparamagnetism. The superparamagnetism of our sample due to the small particle size is the second possible reason. A nearly seven-fold increase in saturation magnetization for the sample after washing can be observed compared with that of the unwashed sample. Considering the starting material was mixed with six (weight) times sodium chloride and the weight loss was caused by thermal decomposition of the hydroxide precursor due to the generation of H 2 O gas, this result was expected. Also, a reduction in Hc on washing was observed, which could be explained by the NaCl separation effect. A similar separation effect was observed in our previous work [11].



Fig. 7. Hysteresis loops of washed and unwashed cobalt ferrite samples that were prepared by the second processing route, annealing at 6008C for 1 h.



Fig. 3d shows a micrograph of the ferrite particles which were milled at 200 rpm for 62 h and further annealed at 6008C before removal of sodium chloride. It can be seen that the cobalt ferrite nanoparticles prepared using the revised processing route had a smaller average particle size (|10 nm) than the cobalt ferrite that formed directly during mechanical alloying. It is clear that the particle size increased to some extent after milling at a relatively higher rotation speed for a longer time instead of reducing the particle size. From Fig. 8 it can be seen that cobalt ferrite was formed after milling at 200 rpm for 62 h and that a-Fe 2 O 3 was not detected in the sample annealed at 8008C. At room ¨ temperature, the Mossbauer spectrum cannot resolve the A site (tetrahedral site) and B site (octahedral site). The average hyperfine field for the two sites deduced from the ¨ Mossbauer spectrum of the nanoparticles shown in Fig. 8c is 48.5 kOe, which is in good agreement with the reported



¨ Fig. 8. Mossbauer spectra: (a) precursor, (b) after mechanical milling at 200 rpm for 64 h and (c) after mechanical milling at 200 rpm for 64 h followed by annealing at 8008C for 1 h.
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value for cobalt ferrite [12]. This demonstrates that the contamination during milling can be greatly reduced by choosing suitable milling condition.



4. Conclusions In this paper we have presented a promising technique for the relatively large scale preparation of cobalt ferrite nanoparticles with a narrow particle size distribution. X¨ ray diffraction and Mossbauer measurements confirmed the formation of CoFe 2 O 4 during mechanical milling. Sodium chloride was added to the precursor before mechanical milling in order to avoid agglomeration. A TEM study showed that the cobalt ferrite particles prepared in this way have a fairly uniform structure and a mean particle size of around 10 nm. The magnetic properties were measured using a VSM at room temperature. This work shows that high-quality cobalt ferrite nanoparticles can be produced by the combination of co-precipitation, mechanical milling and further heat treatment followed by a simple washing process. Hard magnetic nanoparticles are interesting in applications such as magnetic coatings and ferro-fluids.
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