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Introduction

Magnetic nanoparticles have been of significant interest for
various applications such as data information storage [1, 2],
biomedical drug delivery [3], magnetic resonance imaging
[4], and energy harvesting [5] due to their unique charac-
teristics as a function of size. To improve the functionality
of magnetic sensors various studies are being conducted on
magnetic material-metal composites [6—11]. In this study,
we focused on the synthesis of ceramic—metal core—shell
particles via an aqueous method as schematically illus-
trated in Fig. la [12]. MnFe,O,4 core particles were syn-
thesized by a solvothermal method, and then Ni shells were
coated onto the core particles by ionic interaction between
Ni* ions and negatively charged MnFe,O, particles. The
motivation behind the synthesis of nanoparticles is that
they could potentially lead to the realization of new type of
magnetic field sensors that utilizes thermal detection to
quantify the changes in external magnetic field. An oscil-
lating magnetic field in the surrounding will induce eddy
current in the conductive shells that could result in the
joule heating of the core. Furthermore, the oscillating
magnetic field will induce strain in the core due to mag-
netostriction which will create deformation in the matrix.
The result of these two effects will be to create a finite
temperature difference with the surrounding. Ceramic—
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metal core—shell particles are also promising for designing
composites that exhibit electromagnetostrictive (EMS)
effect where current flowing on conductive shells could
induce a magnetic bias in insulating magnetostrictive
grains, resulting in an induced strain in the grains through
electromagnetoelastic coupling. If a ferroelectric layer is
present on top of the metal shell in the configuration
ceramic/metal/ceramic, then the strain from magnetostric-
tive grains will result in generation of electric charge on
ferroelectric layer. Sensing can be conducted by monitor-
ing the output electric charge as a function of applied
magnetic field. The immediate advantage of such an
approach is that the entire EMS effect would be electrically
controllable. However, the first and foremost challenge in
achieving these effects is to control the thickness of the
nickel shell in range of 1-5 nm which are coated on
magnetostrictive cores with diameters of few hundred
nanometers.

Experimental

First, particles of MnFe,O, were synthesized by copre-
cipitation of Mn" and Fe"™ (Mn?*/Fe*" = 0.5) in ethyl-
ene glycol. Staring materials of MnCl,-4H,O (0.50 g,
2.5 mmol) and FeCl;-6H,O (1.35 g, 5 mmol) were dis-
solved in ethylene glycol (40 mL) after which 3.6 g of
NaAc and 1.0 g of polyethylene glycol was added to the
solution. The mixture was stirred vigorously for 30 min
and then sealed in an autoclave. The autoclave was heated
to 200 °C for 24 h and slowly cooled to room temperature
resulting in the formation of MnFe,O, particles. These
particles were retrieved, washed several times with ethanol
and dried at 60 °C for 6 h. To characterize the magnetic
response of individual particles through magnetic force
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Fig. 1 a Schematic diagram of the procedure used to synthesize MnFe,04—Ni core—shell particles, b Zeta-potentials of MnFe,O, particles for
2 < pH < 12, ¢ SEM image of MnFe,O, particles, d XRD pattern of MnFe,O, particles, and e M-H curve of MnFe,0, particles

microscopy (MFM), MnFe,O, particles were spread on a
glass substrate by repeated dipping. For this purpose,
0.1 mg of MnFe,0, was added into 15 mL ethanol and the
colloidal solution was sonicated for 10 min. After which a
glass substrate was vertically dipped five times in this
colloidal ethanol solution and subsequently dried at room
temperature.

Next, MnFe,0,—Ni composite core—shell particles were
synthesized by an aqueous method as illustrated in Fig. la.
One milligram of MnFe,O, was added into 15 mL of
aqueous solution with pH = 10: where the pH magnitude
was adjusted by adding HNO; or TEAOH (tetraethylam-
monium hydroxide). Particles of MnFe,O, suspended in
the aqueous solution (pH = 10) possessed a negative
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surface potential of —40 mV, as shown in Fig. 1b. The raw
materials of 0.08 g of NiCl,-6H,O0 and 0.23 g of
NiSO,4-6H,O were added to the solution, and the mixture
was then sonicated for 10 min, resulting in the formation of
MnFe,0,4-Ni core—shell particles. During this step, the Ni*
ions dissociated in the aqueous solutions, and subsequently
were coated onto the negatively charged MnFe,O, parti-
cles. The MnFe,0,—Ni core—shell particles were washed
several times with distilled water and methanol, and then
dried at room temperature.

Structural phase analysis of the MnFe,O, particles
was done by X-ray diffraction (D/MAX-2500, Rigaku).
Magnetic properties were measured by magnetic force
microscopy or MFM (Vecoo DI 3100a) and a vibrating
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sample magnetometer (VSM 7304, Lake Shore Cryotronics).
The zeta-potential of the aqueous solutions was measured
by a Zetasizer Nano (Malvern). The shell morphology and
Ni concentration of the MnFe,04-Ni core—shell particles
were characterized by a field emission scanning electron
microscope (FE-SEM, LEO/Zeiss 1550, Zeiss), in con-
junction with energy dispersive spectroscopy (EDS).
Detailed structural and microstructural analyses of the
synthesized particles were performed by a high-resolution
transmission electron microscopy (HRTEM, Titan 300,
FEI).

Results and discussion

Figure 1c shows the morphology of the MnFe,O, particles
synthesized by the solvothermal method. The particles had
a high density with a mean size of about 200 nm. These
MnFe,0, particles were formed by agglomeration of pri-
mary nanoparticles with a mean diameter of 15 nm. Phase
formation of MnFe,0,4 was confirmed by XRD, as shown
in Fig. 1d. No measureable trace of any secondary phase
was found in the XRD pattern. At room temperature, the
M-H curves for these MnFe,0, particles exhibited a sat-
uration magnetization of 74 emu/g and a coercivity of 89
Oe, as shown in Fig. le. Figure 2, further confirms that
synthesized individual MnFe,O, particles were magnetic,

I um

Fig. 2 a SEM image, b AFM image, and ¢ MFM image of MnFe,0,
particles onto a glass substrate

which shows MFM images obtained from monolayer,
spread onto a glass substrate.

The zeta-potentials for the MnFe,O, particles were
found to be in the range of +40 mV to —40 mV for
2 < pH < 12 (see Fig. 1b). Higher negative surface char-
ges, such as the particles for pH > 10, were used as a
driving force to coat Ni onto the MnFe,O, particles. In the
alkaline conditions, Ni™ ions dissociating from NiCl, and
NiSQ, interact with the negatively charged MnFe,O, par-
ticles. Figure 3a shows SEM images of Ni-coated
MnFe,O, particles that were synthesized in the pH range of
2-12. The Ni content in the MnFe,0,~Ni composite par-
ticles increased from a total weight percentage of 0.6—
6.3 wt% for 8 < pH < 11, as shown in Fig. 3b. Table 1
lists the measured composition using EDS analysis. The
results of Fig. 3 were utilized to identify the optimum
solution process conditions, and indicate how the metal—
shell thickness ratio can be controlled by varying the pH.
The adhesion between the metal and ceramic was found to
be quite good as further processing did not indicate any
changes in the morphology. Figure 4 shows the magnetic
properties of MnFe,04~Ni core—shell particles. At room
temperature, the saturation and remanent magnetization of
core—shell particles were found to decrease by 43% and
50% with respect to that of core. The decrease in magne-
tization can be associated with the low value of these
quantities for nickel. The core—shell particles were found to
have the coercivity of 100 Oe, similar to that of core
particles.

Figure 5a, b shows TEM images of the MnFe,O, par-
ticles before and after Ni coating. The core—shell particles
in Fig. 5b were synthesized under a pH = 11. Figure 5c
shows a high-resolution TEM image for a MnFe,O,—Ni
core—shell particle. This image reveals that Ni shells uni-
formly coat onto MnFe,O, particles with a thickness of
1 nm. EDS analysis conducted at point 2 (marked in
Fig. 5c) revealed a higher Ni concentration as compared to
Fe, than that at point 1. This confirms that the Ni coating
was limited to the surface of the MnFe,O, particles with
almost no interdiffusion. Figure 6 shows selected area
electron diffraction patterns for (a) MnFe,O, particles and
(b) MnFe,04—Ni core—shell particles. Additional rings
from Ni can be seen in the diffraction pattern of core—shell
particles. Rings from (111) and (200) of Ni were indexed
for the Ni-coated MnFe,O, particles. Thus, by combining
the results of Figs. 5 and 6, we can confirm the uniform
coating onto the MnFe,O, particles.

Conclusion

In summary, MnFe,O,—Ni core—shell particles were syn-
thesized by an aqueous method with shell-thickness
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Fig. 3 a SEM images and b Ni
contents of MnFe,O4—Ni core—
shell particles synthesized for
2<pH<12

Table 1 Weight percent (wt%)
and atomic percent (at.%) of Ni
element of MnFe,O,4—Ni core—

shell particles

controlled in the range of 1 nm. The MnFe,O, core parti-
cles were found to have a saturation magnetization of
74 emu/g and a coercivity of 89 Oe. HR-TEM and SAED
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Fig. 4 M-H curves of MnFe,0, and MnFe,0,—Ni particles
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Fig. 5 TEM images of a MnFe,O, particles and b MnFe,0,—Ni core—shell particles, ¢ HR-TEM image of MnFe,0,—Ni core—shell particles,
d EDS at Point 1 of MnFe,O,—Ni core-shell particles, and e EDS at Point 2 of MnFe,0,—Ni core—shell particles

Fig. 6 Selected area electron
diffraction patterns of

a MnFe,O, particles and

b MnFe,04—Ni core—shell
particles

Ni(111)

_ Ni(200)
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analyses were used to identify that the Ni shells had been
successfully coated onto MnFe,O, core particles with a
uniform thickness.
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