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Fe;O4 nanoparticles were synthesized by a wet chemical method using Fe(lI1)/Fe(Il) —
hydrazine dihydrochloride systems. The structure, morphology, and magnetic properties of
magnetite were examined by X-ray powder diffraction (XRD), infrared spectroscopy (IR),
scanning electron microscopy (SEM), Mdssbauer spectroscopy and superconducting
quantum interference device (SQUID). Almost all the particles exhibit superparamagnetic
like properties at room temperature. This behavior can be correlated with the size of the
particles which ranged between 20-70 nm.
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1. Introduction

Discovered more than 2000 years ago, magnetite (FesOy4), a ferromagnetic ore oxide, is the
oldest magnetic known material. Because of its natural magnetic properties, magnetite has been of
great interest in a multitude of applications, including magnetic storage media, magnetic sensors,
catalysts, pigments, magnetic ink and toner, magnetic paper [1-11]. There are also promising in
vivo/in vitro biomedical applications [12-21]. For all of these applications the quality of magnetite
was a research challenge over the years. However, still now, attention has been focused to develop
simple and reproducible syntheses methods of Fe;O, with controlled structure and morphology
which strongly affect the properties of the magnetic material.

The most common synthesis method of Fe;O, known from 1900 was the coprecipitation of
an aqueous solution of ferrous and ferric ions by a base [22-24].

A non-conventional coprecipitation named “the wet ferritization method” was proposed by
Japanese researchers [25,26]. A simple hydrothermal method to obtain polycrystalline magnetite
particles has been proposed later [27]. In order to obtain ultrafine Fe;O, nanoparticles, various
methods were developed, such as hydrothermal route [28-30], sol-gel synthesis [31,32], thermal
decomposition [33], microwave synthesis [34], chemical precipitation from microemulsion [35],
electron and ultrasound irradiation [36,37].

It is well known that magnetite (FesO,) is not thermodynamically stable under oxidizing
conditions and it will be oxidized to a-Fe,O5 [38]. For this reason, in order to protect the magnetic
precipitates, argon or other inert gas must be employed to eliminate the oxygen in the reaction
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system. This difficulty could be eliminated by introducing an oxidant-resistant reagent. Among the
reductants, hydrazine hydrate has received much attention because of its strong reducing ability,
low cost and environmental friendliness [24, 28, 30, 38-41]. In the same time, hydrazine reduces
the diameter of magnetite nanoparticles and makes perfect its crystallinity [42].

There are many reports on the synthesis of Fe;O4 nanoparticles, most of them through
hydrothermal reaction by using hydrazine hydrate (N,H4-H,O) as a reductant [24,28,29,39,40].

In this paper, we propose a very simple precipitation route to synthesize magnetite (Fe;O,)
nanoparticles, by using hydrazine dihydrochloride (N,H4-2HCI) instead of hydrazine hydrate
(N2H4-H0).

2. Experimental
2.1. Synthesis

Iron(l1l) nitrate (Fe(NO;);-9H,0), iron(ll) sulfate (FeSO,-7H,0), iron(lll) chloride
(FeCls-6H,0), iron(Il) chloride (FeCl,-4H,0) and hydrazine dihydrochloride (N,H4-2HCI) were
used as starting materials. All reagents used were of analytical grade without further purification.

2.1.1. Systems Fe?* : 2Fe®*" : nN,H,-2HCI (where n = 4; 8)

Iron(I11) nitrate and iron(I1) sulfate were dissolved in minimum amount of distilled water.
Then an aqueous solution of hydrazine dihydrochloride was added. We have chosen two molar
ratios of metal ions and hydrazine dihydrochloride 1:2:4 and 1:2:8, respectively. This solution was
stirred, followed by the slow addition of NH,OH 25% solution until pH of 10-11 was reached. The
solution color could be seen to alter from orange to black, leading to a black crystalline magnetic
powder. The precipitate thus obtained was filtered, washed with water (until the pH~7) and dried
on P40y (Magnetite 15 is magnetite obtained from the system Fe** : 2Fe* : 4N,H,-2HCI;
Magnetite 16 is magnetite obtained from the system Fe?* : 2Fe® : 8N,H,-2HCI).

2.1.2. System Fe?* : 3N,H,-2HCI

Ferrous chloride was dissolved in a minimum amount of distilled water, to which
hydrazine dihydrochloride aqueous solution was added. The molar ratio of metal ion and
hydrazine dihydrochloride was 1:3. The pH was reached to 10-11 by addition of NH,OH 25%
solution, under continuous stirring. The solution turned from green to black, indicating the
formation of magnetite. The precipitate was filtered and washed with water for several times (until
the pH~7) and dried on P,0O4, (Magnetite 18).

2.2. Physical measurements

The phase content was examined using the Bruker D8 Advance X-ray powder
diffractometer with CuK, radiation (A = 1.5406 A).

Scanning Electron Microscopy (SEM) was used to examine the surface morphology, using
a Zeiss EVO LS10 environmental SEM microscope.

The IR spectra of the magnetic powders were recorded on KBr pellets with a JASCO
FTIR 4100 spectrophotometer in the 4000-400 cm™ range.

Mdossbauer spectra were recorded at room temperature with WissEl Mdssbauer
spectrometer using a 20 mCi *’Co(Rh) source. The sample thickness was ~7 mg Fe/cm?.

Magnetic data were obtained with a Quantum Design MPMS SQUID susceptometer.

3. Results and discussion

It is well known that in alkaline medium, hydrazine can serve either a reducer or an
oxidant [28,29,39,40]:
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As a reducer:

N,H, + 40H == N, + 4H,0
As an oxidant:

N,H, + 2H,0 — 2[NH,OH]*

In reaction system containing NH,OH and N,H,; there are two processes forming
magnetite. In the first process:

NH,OH <—=NH,* +OH-
Fe?* + 2Fe3* +80H- — Fe,0, + 4H,0

In the second process, hydrazine acting as an oxidant can form [NH;OH]"; the [NH;OH]" cations

can also react with Fe?* to form Fe;O,;
+60H-

3Fe?* + [NH;OH]* ———Fe,0, + NH,  + 3H,0

In the same time, by these reactions, the hydrazine eliminates oxygen from the system,
protecting Fe? ions. The synthesis takes place at high pH level. The key factor that influences the
magnetite formation is the amount of alkali.

Taking account both the hydrazine behavior in alkaline medium and the lack of data
regarding the obtaining of magnetite in the presence of the hydrazine dihydrochloride, we studied
the systems:

Fe?*:2Fe**:nN,H,-2HCI (where n = 4; 8),
Fe*":3N,H,2HCI.
Magnetite nanoparticles are successfully obtained from all these systems.

3.1. XRD characterization
The XRD patterns show that the samples are pure FesO, without impurity phases and

match well with the standard pattern of Fe;O, [JCPDS nr. 79-0419] (Fig. 1). The lattice parameters
given by Rietveld refinements and the average particle sizes are listed in Table 1.
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Fig. 1. XRD patterns of: (a) Magnetitel5; (b) Magnetite16; (c) Magnetite18
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Table 1. Rietveld refinement parameters and saturation magnetizations for Fe;O,4 obtained
from the systems Fe(l11)/Fe(l1)-hydrazine dihydrochloride

Sample Lattice parameter Particle dim. Saturation
A All reflections magnetization
M
(A) (nm) (emu-g™)
Magnetitel5 8.3709 23 74.70
Magnetite16 8.3853 39 79.85
Magnetite18 8.3930 70 79.45

3.2. SEM of nanoparticles

The SEM measurements shown in Fig. 2, revealed homogeneous nanopowders with
particle sizes in the range 20-70 nm.

Fig. 2. SEM image of: (a) Magnetitel5; (b) Magnetite16; (c) Magnetite18
3.3. IR spectra of Fe;0,

The IR spectra of the samples exhibit a broad intense band around 560-570 cm™,
assignable to the Fe-O of the FesO,4 [43, 44]. In Fig. 3 is presented the IR spectrum for sample
Magnetite 18.
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Fig. 3. Infrared spectrum of Magnetite18
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3.4. Magnetic properties analysis

Above the Verwey temperature, Ty =120 K, magnetite has a cubic spinel structure, space
group 227 - Fd3m, with lattice parameter a =8.3910 A and the oxygen atoms arranged in a face
centered-cubic lattice. In the tetrahedral sites (A) the lattice can hold Fe** while in the octahedral
positions (B) there are both Fe** and Fe* ions. Due to a fast electron hopping between iron ions in
octahedral sites, only two magnetic sextets can be observed in the room temperature Mdssbauer
spectra of bulk magnetite with the characteristic magnetic fields of 491 kOe for tetrahedral
positions and 453 kOe for octahedral ones [27].

Sample Magnetite 15 exhibits a six line pattern with strongly distorted (non lorentzian)
lines suggesting a hyperfine distribution due to the corresponding particle size distribution (Fig.
4a). The best fit was obtained in a model of hyperfine filed distributions where the minimum value
is close to 21.9 kOe and the maximum value of about 48.1 kOe. The values are lower than
corresponding for bulk magnetite in agreement with XRD results that gives a mean particle size of
about 23 nm.

The best fit for sample Magnetite 16 was obtained taking into account two magnetic
sublattices corresponding to tetrahedral and octahedral positions of iron ions in the magnetite
lattice (Fig. 4b). The hyperfine fields given by the fit with Lorentzian lines are 486 kOe for
tetrahedral sites and 453 kOe for octahedral ones. This behaviour suggests a higher particle size as
confirmed by XRD measurements (~ 39 nm).

Sample Magnetite 18 displays nearly the characteristic pattern of the bulk magnetite
sample (Fig.4c). However the hyperfine magnetic field of about 485 kOe for the tetrahedral sites is
a little bit lower than of the standard magnetite (491 kOe). For the octahedral site the value of 455
kOe is close to the standard magnetite (453 kOe).
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Fig. 4. Mossbauer spectra of: (a) Magnetite15; (b) Magnetite16; (c) Magnetite18
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Figs. 5-7 show the hysteresis loops of the magnetite samples at 300 K and 5K. Almost all
the particles display superparamagnetic like properties at room temperature since the remanence of
the particles is equal to zero and the coercivity is almost negligible in the absence of an external
magnetic field. This behaviour can be correlated with the size of the particles, which ranged
between 23 nm and 70 nm. Morrish and Yu [45] have shown that Fe;O, particles single domain
appeared when their diameter is ~ 50 nm or less. The saturation magnetization (M;) of the samples

(Table 1) is smaller than that of the Fe;0, bulk materials (M, ~ 92 emug™) [29,46].
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Fig. 5. Hysteresis loops of Magnetite15 registered at temperature: (a) 5K and (b) 300K
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Fig. 7. Hysteresis loops of Magnetite18 registered at temperature: (a) 5K and (b) 300K

4. Conclusions

Magnetite nanoparticles were synthesized by a wet method using the systems
Fe(l11)/Fe(I) — hydrazine dihydrochloride. The XRD patterns showed pure FesO,, only. The M;of
the magnetite nanoparticles is lower than that of bulk value. Almost all the particles possess
superparamagnetic like properties. The size of the particles ranged between 20-70 nm.

By our best knowledge this report is the first one obtaining magnetite nanoparticles in the
presence of hydrazine dihydrochloride. This method is expected to be generally applicable for the

preparation of other nanoferrites.
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