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Magnetite (Fe;O,4) particles are prepared by a hydrothermal method using ethylene glycol as the solvent. Aging time is a very important factor
in the reaction process. The properties and morphology of the products with different aging times are investigated. In the initial stage of the
reaction (1 and 2 h), the main powders were iron hydroxides. Fe;O, particles generated (3 h) and grew into spherical shapes (4—10 h) with the
extended aging time. The particle size and the specific saturation magnetisation also varied with aging time. By analysing the powders and the

liquids during the reaction, a probable mechanism is studied.

1. Introduction: Magnetic materials have aroused considerable
attention in the past decades because of their potential
applications in the communication, storage, mechanics and
biomedical fields [1-4]. Magnetite (Fe30,) has attracted the most
attention because of its excellent magnetic properties, good
biocompatibility and low toxicity [5-7].

There are plenty of methods to synthesise Fe;Oy4, such as the
microemulsion method [8, 9], coprecipitation method [10],
gel-sol method [11], high-temperature decomposition method
[12], hydrothermal method [13] and so on. The hydrothermal
process has been proven to be an effective and convenient
method to prepare many kinds of single crystals with different
morphologies and functions. The high temperature and high pres-
sure in the autoclave result in rapid nucleation and faster growth
of the newly formed particles, leading to the formation of small-
sized particles [14-16].

Deng et al. [17] prepared single-crystal ferrite microspheres by a
hydrothermal method using ethylene glycol as the solvent and redu-
cing agent, this synthetic method is easy to operate with no require-
ment of protective gas to avoid the oxidation of Fe?*: therefore, it is
widely used now. The physical and chemical properties of the
products are greatly affected by the synthesis parameters in this
process. Jean et al. [18] found that the size and morphology of the
Fe30, powders were influenced by the Fe** concentration. The
amount of sodium acetate also affected the size and the morphology
of the final products, which were investigated by Zhang et al. [19].

The effect of aging time on powder synthesis is studied in some
papers [20, 21]. However, there are few researches on the aging
time in the process of hydrothermal synthesis. In this context, we
focus on the role of aging time in the hydrothermal process of pre-
paring magnetic particles. The influence of aging time on the
morphology and magnetic properties is presented. Furthermore,
we discuss a possible formation process of Fe;Oy.

2. Experimental

2.1. Synthesis: A measure of 5 mmol of ferric chloride (FeCl;-6H,0)
was dissolved in 20 ml of ethylene glycol (C,HgO,) to form a clear
solution. Then 3.6 g of sodium acetate (CH;COONa) and 4 ml of
polyethylene glycol-200 were added into the above solution. After
the mixture was stirred vigorously for 30 min, the solution was
transferred into a Teflon-lined stainless-steel autoclave (50 ml
capacity), and heated at 200°C for different times. The detailed
preparation conditions are listed in Table 1. As the autoclave was
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cooled in air to room temperature, the obtained products were
centrifuged and washed with deionised water and ethanol three
times. Then the samples were dried at 60°C and finally ground to
powders.

2.2. Characterisation: X-ray diffraction (XRD) patterns were
characterised on a Rigaku Dmax-rc diffractometer with Ni-filtered
Cu Ko radiation (V=50kV, I=80mA). Fourier transform
infrared spectroscopy (FTIR) was conducted on a Bruker Vertex
70 spectrometer over a range of 400-4000 cm™' at a resolution
of 4 cm™'. The size and morphologies of the powders were
analysed using a Hitachi SU-70 scanning electron microscope
(Hitachi company, Japan), which was operated at 5-20 kV. An
energy-dispersive spectrometer unit attached to the Hitachi SU-70
scanning electron microscope was used to verify the elements of
the powders. Magnetic properties were studied using a JDM-13E
vibrating sample magnetometer with a maximum magnetic field
of 15 kOe at 298 K.

3. Results and discussion: The XRD patterns of samples S1-S10
are shown in Fig. 1. The diffraction peaks of S1 and S2 are
excessive, broad and difficult to be distinguished, indicating the
crystallinity of powders are poor (Fig. 1a). As shown in the energy-
dispensive spectrometer (EDS) graph, the main elements are Fe and
O (Fig. 2, H cannot be detected by EDS). We consider the
diffraction peaks at about 24°, 36° and 48° represent Fe(OH);
(JCPDS File No. 46-1436), FeOOH (lepidocrocite, JCPDS File No.
44-1415) and FeO(OH) (ferrihydrite, JCPDS File No. 46-1315),
respectively. This indicates the initial products of the reaction were
ferric hydroxides. Characteristic diffraction peaks of Fe;O4 appear
in S3, which means the formation of Fe;O, (Fig. la). The
diffraction intensities of Fe;O, are enhanced in S4-S10. Meanwhile,
the characteristic peaks of ferric hydroxides disappear, all peaks
match well with the structure of Fe;0, (JCPDS File No. 75-1609).
These results show that ferric hydroxides are completely
transformed into well-crystallised Fe;O4 (Figs. 15 and ¢).

The morphological changes of the samples were observed by
scanning electron microscope (SEM) to compare the structural
results obtained by XRD. Fig. 3 demonstrates that the aging time
has a significant effect on the morphology and size of the products.
The granules of S1 exhibit large size and irregular polygon shapes
(Fig. 3a), while they obtain smaller size and smoother shapes in S2
(Fig. 3b). A remarkable difference is found in Fig. 3¢ (S3), spheres
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Table 1 Aging time of samples

Samples SO SI S2 S3 S4 S5 S6 S7 S8 S9 S10

agingtime,h 0 1 2 3 4 5 6 7 8 9 10

with diameters of about 200 nm are formed on the surface. In add-
ition, the SEM micrographs of S4-S10 contain Fe;O, spheres only
(Figs. 3d—j). These are in accordance with the XRD profiles.

Fig. 4 is the FTIR spectra of the mix solution of SO and the upper
liquid of S6. Most of the functional groups represented by the peaks

are indicated in the Figure. Comparing the two curves, the peak at
1713 em™" in SO moved to 1726 em™" in S6, which is attributed to
the transform of a carboxy group to an aldehyde group. Moreover,
there are two new peaks at 2119 and 1943 cm™' in S6, they are
assigned to the vibration of C°C triple bond and C=C=C double bond.

FeCl;-6H,0 that dissolves in C,H¢O, will form a weak yellow
transparent solution. When CH3;COONa was added into the above
solution, we observed a reddish-brown precipitate, which testified
that a new product was formed. If there was no CH;COONa,
there would no particles generated in the end. Meanwhile, the
ratio of FeCl; to CH;COONa must be lower than 1:3; otherwise
reddish-brown products would appear, which is regarded as
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Figure 2 EDS spectra of SI
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Figure 3 SEM images and size distribution of samples
a—j S1-S10

Fe,0;. These show that CH;COONa plays an important role in the
Fe;0,4 formation process; it would react with FeCl; to form an inter-
mediate. The vibrations of C=C and C=C=C indicate that there
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may be an elimination reaction of C,H¢O, in the reaction. On
account of this, there is occurrence of an aldehyde group in the
spectra; we suppose that the new product in the upper liquid is
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Figure 4 FTIR spectra of solutions of SO and S6

HOCH,CHO. XRD analysis showed that the prime powders are
ferric hydroxide, and then turn into Fe30,4. To generate Fe3O,,
ferrous and ferric irons are required. However, there is no character-
istic diffraction peaks of ferrous hydroxide in Fig. 1; this is probably
because of the oxidation of ferrous hydroxide into ferric hydroxide.
On the basis of the above-mentioned analysis results, the possible
reaction process is

average particle size, nm
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Figure 5 Dependence of average particle size and standard deviation on
the aging time of samples S3—S10
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Figure 6 Specific saturation magnetisations of samples SI1-S4 (Figs. 6a to d, respectively)
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particle size was complicated (Figs. 3d—j). The size first increases,
then decreases and increases finally, which presents a regular cycle
of change with aging time, shown in Fig. 5. Therefore, we conclude
the growth mechanism of Fe;0, particles as follows.

The high temperature and pressure environment will spur the
thermal motion of molecules. When the concentration of the
solute in the solution is higher than that of the grain nucleation
needed, it begins to nucleate and growth occurs. The increase in
particle size was because of the chemical reaction in the system
at this moment. In this Letter, Fe;0,4 began to nucleate when the
aging time was 3 h (Fig. 3¢). Then the products completely trans-
formed into Fe;0,4 when the aging time was 4 h. Random aggrega-
tion of the resultant crystallites minimised the total interfacial
energy, leading to a spherical structure (Fig. 3d). As there were
no other products except Fe;O4, we consider the system was in
equilibrium when the aging time goes to 5h. According to
Ostwald ripening, as smaller particles hold higher interfacial
energy than bigger particles, there is a tendency for smaller particles
to dissolve into the surrounding medium and precipitate on the
surface of larger particles and larger ones to grow, by the transfer
of the solute through the solvent from particle to particle [22].
Therefore, the particle size grew bigger in S5, S7 and S9. The
sealed autoclave can be considered as a closed system. The water
generated in the reaction will be gasified at 200°C, which could
alter the gas pressure of the system and break the balance of dissol-
ution and precipitation in the Fe;O, formation process. These
changes make the reactions proceed in the opposite direction; the
grown particles dissolve again and become small, as seen in S6,
S8 and S10. As the steady temperature of the system offers
energy for continuous crystal growth, the crystallite size and the
particle size will increase when aging for a long time [17].

The specific saturation magnetisations (o) of S1-S4 are shown
in Fig. 6; the results agree with the results of XRD and SEM.
The curve is disorderly and unsystematic at first because the main
products are iron hydroxide. When a tiny amount of Fe;O,
emerged in the products, the curve became symmetrical. Distinct
Fe;04 particles are observed in S3; therefore, the curve turns into
a typical magnetic hysteresis loop with low o,. Prolonging the
aging time to 4 h or more, o, increases rapidly because of the
good crystallisation of Fe;04. The o, can reach up to 71.42 emu/
g. The average crystallite sizes that are calculated based on the
XRD patterns and the specific saturation magnetisations of
S4-S10 are shown in Fig. 7. It is clearly seen that o has almost
the same changing trend with the dimensional variation of crystal-
lite, which can be explained by the research that the magnetic prop-
erties of magnetite particles strongly depend on their crystallite size
and the structure [23-25].
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Figure 7 Average crystallite size and specific saturation magnetisation of
samples with different aging times: S4—-S10
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4. Conclusion: Aging time plays an important role in the formation
of Fe;0,4 and grain growth. The products change from iron hydroxide
to Fe;04 with the extension of aging time. The sizes of Fe;O,4 spheres
also vary with aging time, which can be illustrated by the Ostwald
ripening and chemical equilibrium. The specific saturation
magnetisations of the particles are greatly affected by the products
and the crystallite size. Therefore, to obtain Fe;04 with proper size
and o,, aging time should be controlled carefully. A possible
reaction process is given according to the test results.
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