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Octahedral-like NiFexO, ferrite nanocrystals were synthesized using EDTA-assisted hydrothermal
method under mild conditions. XRD and FTIR analysis were used for composition and structure inves-
tigation. XRD analysis revealed a pure ferrite phase with high crystallinity. Morphological investigation
by SEM showed octahedral nanocrystals with an average particle size of ~40 nm. Crystallite size cal-
culated from XRD peak broadening resulted in an average crystallite size of 39 nm, matching well with
the SEM observations. TEM analysis and corresponding electron diffraction confirmed the octahedral
morphology and single crystallinity of octahedral nanoparticles. Magnetic measurements showed that

NiFe2O4 octahedrons have smaller coercivity than bulk ferrite due to the low shape anisotropy.

Key Words: Octahedral nanocrystals, ferrites, magnetic nanoparticles, hydrothermal synthesis, coer-
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Introduction

Ferrospinel compounds are a very important group of magnetic materials due to their extensive use in a
wide range of applications from low to high permeability devices including electronics, ferrofluid, magnetic
drug delivery microwave devices, and high density information storage devices.!~® They have the general
formula of AFe;O4 (where A: Fe, Co, Ni, etc.) and a unit cell contains 32 O-atoms in a cubic close packing

with 8 Td (tetrahedral) and 16 Oh (octahedral) occupied sites. Among the ferrospinels, the inverse type is
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particularly interesting due to its high magnetocrystalline anisotropy, high saturation magnetization, and
unique magnetic structure.’
Nickel ferrite (NiFe2Oy4) is an inverse spinel in which half of the ferric ions fill the tetrahedral sites

(A-sites) and the rest occupy the octahedral sites (B sites). Thus, the compound can be represented by

the formula (Fe3h)[NizhFelt]02~, where the round and the square brackets represent A and B sites,
respectively.” NiFe;O, is used in applications including high density magnetic recording media, magnetic
refrigeration, magnetic liquids, microwave absorber, and repulsive suspension for leviated railway systems,
as catalysts for the benzoylation of toluene with benzyl chloride and gas sensing capabilities towards low
concentrations of chlorine gas.®?°

NiFe;O4 exhibits unusual physical and chemical properties when its size is reduced into the nano-
region. The solid state reaction method has been conventionally used for the synthesis of nickel ferrites.
There are some disadvantages of this technique, such as higher operating temperatures, inhomogeneity of
the product, poor stoichiometry, and larger crystallite size. All of the listed qualities have a strong influence
on its magnetic properties. To overcome these problems, wet chemical routes, such as sol-gel, combustion,
and polyol synthesis are investigated for the synthesis of nano-crystalline oxide powders. Owing to the
extremely small dimensions of nano-structured materials, a major portion of the atoms lie at the grain
boundaries, which in turn is responsible for superior magnetic, dielectric, and mechanical properties in these
materials compared to their conventional coarse grained counterparts.'?=19

Among the methods that have been used to prepare ferrite nanoparticles,'~2* the hydrothermal
method is one of the abundantly used method because it is economical and has a high degree of composi-
tional control.?’ In addition, the hydrothermal synthesis route does not require extremely high processing
temperatures. For example, ferrites can be prepared via the hydrothermal method in the temperature range
of 120-160 °C, whereas the solid state method requires a temperature of 800 °C.26 Hydrothermal synthesis
of several ferrites has been reported earlier;2”’~2° however, there is no report on the synthesis of octahedral
NiFe;O4 nanocrystals using an EDTA-assisted hydrothermal method. Therefore, our work focuses on the
synthesis and comprehensive characterization of octahedral NiFeoO4 nanocrystals using the EDTA-assisted

hydrothermal method.

Experimental

Instruments

The structural characterization was performed using a Huber JSO-DEBYEFLEX 1001 X-ray Diffractometer
(XRD) with Cu K,, radiation operated at 40 kV and 35 mA.

FTIR spectra were obtained on a Mattson Satellite Infrared Spectrometer on samples diluted with
KBr.

Scanning electron microscopy (SEM) analysis was performed in order to investigate the microstructure
and morphology of the sample using a FEI XL40 Sirion FEG digital scanning microscope. Samples were
coated with gold at 10 mA for 2 min prior to SEM analysis.

Transmission electron microscopy (TEM) analysis was performed using a Philips-FEI Tecnai G2
T20 at 200 kV accelerating voltage in order to investigate the morphology and crystallinity of synthesized
nanoparticles.

Magnetic measurements were performed by the Quantum design vibrating sample magnetometer
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(VSM). The magnetization behavior of the synthesized material was scanned in the magnetic field range of

0 to 16 T at different temperatures.

Synthesis

Nanocrystals of NiFe;O4 were prepared through an EDTA-assisted hydrothermal process. EDTA (0.5 g)
was dissolved in 50 mL of distilled water (S1). The starting aqueous solution (S2) of FeCls-6H20O and NiCl,
(Ni/Fe mole ratio of 1:2) were prepared by dissolving respective chemicals in S1 under strong mechanical
stirring. An aqueous solution of 4.4 M NaOH (S3) was introduced dropwise into S2 solution in a Teflon-lined
autoclave under continuous mechanical stirring. The addition of S3 was stopped at pH 12 where a black
precipitate formed. The autoclave was then placed in an oven and kept at 160 °C for 15 h. Afterwards,
the autoclave was allowed to cool down to room temperature by natural convection. The product was then
washed several times with distilled water and absolute ethanol, followed by drying at 100 °C under vacuum
for 3 h (Figure 1).

Metal chlorides
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|

4.4M NaOH (until pH=12)
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(XRD, FTIR, SEM, VSM, TEM) (particle size, cell parameter)

Figure 1. Flow chart of experimental procedure.
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Results and Discussion

EDTA plays a crucial role in the formation of octahedral crystals (a strong coordinating agent) by acting
as a hexadentate ligand and wrapping itself around the metal ion with 6 suitable positions (4 oxygen atoms
and 2 nitrogen atoms). The formation of the complex reduces the concentration of free Fe?* and Ni?* in
the solution, and slows down the reaction rate. These are the conditions that are favorable for the growth of
octahedral NiFe;O4 nanocrystals in our synthesis scheme. The proposed scheme has been confirmed earlier
on CoFey;Q, crystals by Zhang et al.3? They also obtained CoFe,O,4 with irregular shape in the absence of
EDTA, or when other coordinating agents such as ethanolamine, ethylenediamine, or pyridine were used.

Our findings, as supported by Zhang et al., on similar systems confirm the significance of the presence of

EDTA on the formation of octahedral nanocrystals.

XRD Studies

Structural characterization of the final product was performed by X-ray powder diffraction analysis. The
XRD pattern is shown in Figure 2 and exhibits typical reflections of (220), (311), (222), (400), (422), (511)
and (440) planes that are indications of the presence of the cubic spinel structure. These diffraction lines
provide clear evidence on the formation of NiFesO,4. All of the diffraction peaks match well with the reported
values (JCPDS file No:10-325) and are indexed with the lattice parameter of a = 8.339 + 1 A. No secondary
phase was detected in XRD, ensuring the phase purity of the final product.
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Figure 2. XRD pattern of EDTA-assisted hydrothermally synthesized NiFe2O4 nanocrystals.

The average crystallite diameter L was estimated by the Scherrer equation using the peak broadening

(FWHM) of the most intense peak (3 1 1):

L= 09X/ Bcosfp

where \ is the wavelength of CuK, (1.54059 A), 6 is the angle of Bragg diffraction, and 3 = B — b. Here
B is the full width at half maximum (FWHM) and b represents the instrumental line broadening.3!-32 Based

on this equation, average crystallite size was calculated as ~39 nm.
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FTIR Studies

FTIR spectra of pure EDTA and nickel ferrite nanocrystals synthesized by the use of EDTA as capping agent
are given in Figure 3. Typical bands observed for EDTA are exhibited by the nickel ferrite nanocrystals
synthesized via EDTA-assisted hydrothermal route. The band observed at 1694 cm™! for EDTA originates
from the free carboxylic groups. A similar band is observed for nickel ferrite nanoparticles capped with
EDTA at 1629 cm~!, with a slight shift to lower wavenumbers.?? It is expected that carboxyl groups will
shift to lower wavenumbers when bound to surfaces. Intrinsic stretching vibrations of the metal at the
tetrahedral site, Mieirq <O, v1, are generally observed in the range of 620-550 cm™'. Octahedral-metal
stretching vibrations, Myee «—0,34736  wy-lowest band, are generally observed in the range of 450-385
cm~1.37 In Figure 3, vy stretching vibration of ferrite was observed at 603 cm ™! and vy stretching vibration

was observed around 450 cm ™! for the spinel structure.
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Figure 3. FTIR spectrum of pure EDTA and EDTA-assisted hydrothermally synthesized NiFe2O4 nanocrystals.

SEM and TEM Studies

SEM was used in order to investigate the morphology of the product and a micrograph is given in Figure
4. A broad size distribution is observed, which consists of nearly octahedral crystals with an average size of
about 40 nm. The facets of the octahedrons are apparently distinguishable as further revealed by the circles
in Figure 4.

TEM analysis was also performed to confirm the observed morphology of nickel ferrite nanoparticles
synthesized by the use of EDTA as a capping agent; a micrograph is presented in Figure 5. Particles exhibited
various sizes in the range of 40-80 nm. Nanoparticles mostly in the form of square and paralelloids, as well
as their truncated forms, were observed. These observed planes corresponded to the central plane of the
octahedral crystals. Selected area electron diffraction pattern (SAED) was taken on one of the crystals and
showed a single crystalline diffraction spot that was indexed as [440] planes in the spinel structure; image

shown in Figure 5 inset.
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Figure 5. TEM micrograph and electron diffraction pattern of EDTA-assisted hydrothermally synthesized NiFe2O4

nanocrystals.

Magnetization Studies

Figure 6 shows the typical hysteresis loops for the NiFe,O4nanoparticles at room temperature and at 10 K,

respectively. Octahedral NiFe;O4 nanocrystals exhibited coercivity (H.) of 70 Oe at room temperature and
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541 Oe at 10 K. The room temperature coercivity is less than that of the bulk ferrite.?® This may be due to
the low shape anisotropy and multiple domains of NiFe;O,4 octahedrons, which allow them to magnetize in

directions along their easy magnetic axes.
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Figure 6. M-H (magnetization-hysteresis) loops of EDTA-assisted hydrothermally synthesized NiFe2O4 nanocrys-

tals.

Conclusion

Single-phase, well-crystallized octahedral nanocrystals of nickel ferrite were successfully synthesized via an
EDTA-assisted hydrothermal method. XRD analysis revealed the high purity of NiFe;O4. The FTIR
spectrum exhibited v; and vo fundamental bands, corresponding to octahedral and tetrahedral sites in the
ferrite structure. Nanocrystals exhibited octahedral morphology as observed from SEM. Average crystallite
size calculated from Scherrer equation as ~39 nm agrees well with the SEM estimated average particle size
of 40 nm. This is a good indication of each particle being a single crystal. TEM analysis and corresponding
electron diffraction revealed that each octahedral particle is a single crystal. The coercivity of octahedral

NiFe;O,4 nanocrystals is lower than that of the bulk ferrite due to the low shape anisotropy.
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