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Plate-shaped y-Fe,O3; nanocrystals have been successfully prepared in a water system by
a simple reduction—oxidation method at room temperature and under ambient pressure.
The reactions contain two steps: first, Fe(ll) is reduced into Fe atoms by y-ray irradiation
in nitrogen atmosphere; then, Fe atoms are oxidized into y-Fe,O3 in air. XRD, TEM, EDXA,
XPS, and Mossbauer spectrum were used to characterize the final product. The magnetic
characterization showed that the y-Fe,O3; nanocrystals have a specific saturation magnetiza-
tion of 83 emu/g and a coercivity of 320 Oe (25.5 kA/m). A possible formation mechanism of
the plate-shaped y-Fe,O3; nanocrystals was suggested.

1. Introduction

The design and synthesis of various nanomaterials
are the subjects of intense current research because of
their special electronic, optical, magnetic, and physico-
chemical properties. Many techniques have been devel-
oped for the synthesis of nanoscale compounds with
semiconductor nanocrystals in particular. However,
relatively little work exists for magnetic materials of
similar dimensions.1=3 In recent years, the preparation
of magnetic nanomaterials has gradually attracted
much interest, since these materials have many poten-
tial applications in information storage, color imaging,
bioprocessing, magnetic refrigeration, gas sensors, fer-
rofluids, and so on.*~1® Among a variety of magnetic
materials, y-Fe,O3 powders have been widely used for
the longest period of time due to their excellent ferri-
magnetic properties.

It is well-known that water irradiated by y-rays can
generate many active particles such as hydrated elec-
trons and hydrogen atoms, which can reduce metal ions
to metal atoms owing to their strong reduction. Early
in 1985, J. Belloni et al.!! successfully obtained cobalt
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and nickel nanoparticles from a colloid solution irradi-
ated by y-rays at the first time. Then, many noble
metals, some nonnoble metals, or bimetallic alloys!?—14
were prepared by y-ray irradiation technique at room
temperature and under ambient pressure. In 1999, the
above technique was employed to reduce -FeOOH by
S. Wang and H. Xin.?® The yielded product proved to
be nanocrystals of FesO4. In brief, y-ray irradiation have
been extensively used to prepare nanocrystalline metals,
alloys, oxides, and sulfides in the past decade.1?2-16

The conventional route for the synthesis of y-Fe,O3;
powders is the controlled oxidation of Fe3O4, but the
total preparation process is cumbersome

Fe”" — Fe(OH), — a-FeOOH/a-Fe,0, —
Fe;,O, — y-Fe, 04

Recently, to obtain y-Fe,O3 nanocrystals conveniently,
many methods have been studied. For instance, Ziolo
et al. 8 reported the matrix-mediated synthesis of
y-Fe>O3 nanocrystals in agueous solution using FeCl,-
4H,0 as raw material. Chhabra et al.” also prepared
nanocrystalline y-Fe,O3 particles from a microemulsion-
mediated reaction. Chen and Xul? successfully fabri-
cated y-Fe,O3 nanocrystals employing the hydrothermal
synthesis route. However, relatively high temperature
or long reaction time was needed in these methods and
the obtained products were often spherical particles. In
this paper, we design a simple and novel room-temper-
ature reduction—oxidation route for the preparation of
y-Fe,03 nanocrystals based on the characteristic of Fe-
(0) atom of being easily oxidized by air. The reactions
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Figure 1. XRD pattern of the as-prepared y-Fe,O3 nanocrys-
tals.

contain two steps: First, Fe(ll) is reduced into Fe atoms
by y-ray irradiation in nitrogen atmosphere; then, Fe
atoms are oxidized into y-Fe,O3 in air. All reactions
occur at room temperature and under ambient pressure.

2. Experimental Section

In a typical experiment, appropriate amount of analytically
pure FeSO,-7H,O was dissolved into distilled water. To
scavenge some oxidative radicals such as *OH produced during
y-ray irradiation and maintain the reductive atmosphere of
the system, isopropyl alcohol, a scavenger of oxidative radicals,
was also added into the system. After the solution had been
bubbled with nitrogen for 40 min, NH3-H,O was introduced
into the system to adjust pH value to above 11. Then the
system was continuously bubbled with nitrogen for 20 min to
remove oxygen. Finally the system was irradiated in the field
of a 2.22 x 10% Bq ®°Co y-ray source with the absorption dose
of 60 kGy at the dose rate of 50 Gy/min. After irradiation, the
produced black precipitates were collected, placed in air for
24 h, washed with distilled water several times, and dried in
air at room temperature.

The phase of the as-prepared product was identified by
X-ray powder diffraction (XRD) patterns employing a scanning
rate of 0.02°/s in 26 range from 10 to 70°, using a Japan Rigaku
D/max ya X-ray diffractometer equipped with graphite mono-
chromatized Cu Ka radiation (1 = 0.154178 nm). The mor-
phology and particle size of the product were determined by
transmission electron microscopy (TEM), which was taken on
a Hitachi model H-800 transmission electron microscope with
an accelerating voltage of 200 kV. Mdéssbauer spectrum (MS)
was recorded on the MS-500 spectrometer at room temperature
in constant acceleration mode between —10 and 10 mml/s.
Energy-dispersed X-ray analysis (EDXA) of the final product
was taken on a JEOL-2010 transmission electron microscope
using an accelerating voltage of 200 kV. The surface valences
and the composition of the final product were analyzed
according to X-ray photoelectron spectra (XPS) of the sample,
which were recorded on an ESCA Lab MKII instrument with
Mg Ka radiation as the exciting source. A direct current B-H
magnetometer made in Shanghai (VSM-9500) was used to
evaluate the magnetic properties at room temperature.

3. Results and Discussions

The XRD pattern of the as-prepared product is given
in Figure 1. According to the Scherrer’s equation, the
mean size of the product is calculated to be about 27
nm. No other compound peak appears in Figure 1.
However, since the XRD patterns of y-Fe,O3; and Fe304
are very similar, it is difficult to distinguish the two
phases simply from XRD patterns. Even so, comparing
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Figure 2. Mdssbauer absorption spectrum of the final product
measured at room temperature.

Table 1. The d Values of the As-prepared Sample and
JCPDS Card Nos. 39-1346 and 19-629

sample no. 39-1346 no. 19-629 hkl
d value 2.9497 2.953 2.967 220
2.5149 2.5177 2.532 311
2.0849 2.0886 2.0993 400
1.7039 1.7045 1.7146 422
1.6078 1.6073 1.6158 511
1.4754 1.4758 1.4845 440

with the d values of the experiment and JCPDS card
nos. 39-1346 and 19-629 (see Table 1), one can find that
the result of the experiment is much closer to that of
no. 39-1346. To ascertain the phase of the final product,
the Mossbauer spectrum (MS) of the sample shown in
Figure 1 was measured. Since the MS of y-Fe,03, which
is a sextet peak,!8 obviously differs from that of Fe3Oy,
which is two sextet peaks,' the form of the final product
can be discriminated. Figure 2 shows the experimental
and calculated MS of the as-prepared product. The
corresponding hyperfine parameters are 6 = 0.328 mm/
s, @SO= 1.032 mm/s, which are typical of iron(l11).18
The broad lines of the magnetic sextets and the smooth
inner slopes suggest the existence of a wide size
distribution of the obtained iron oxide. At the same time,
the form of the final product is further proved by EDXA.
Figure 3 gives two patterns of EDXA obtained in two
different areas. The element ratio of Fe:O is calculated
to be 41.75:58.25 and 37.67:62.33, respectively, which
are very close to the stoichiometry of Fe;Os. In Figure
3, the appearance of Cu peaks results from copper net
used in the experiment.

In addition, the oxidation—reduction titration method®
was also used to analyze the content of iron in the final
product. First, an appropriate amount of final product
was dissolved with heat in HCI aqueous solution with
the volume ratio of 1:1 (HCI:H,0). Then, Fe3" ions were
reduced to Fe?" ions, employing SnCl, as the reductant.
Finally, Fe?* ions were titrated with 0.1002 mol/L K-
Cr,07 standard solution in a mixed solution of 1mol/L
H,SO,4 and H3PO,, using sodium diphylamine sulfonate
as the indicator. Here, H3PO, was used mainly for
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Figure 3. EDXA patterns of the final product obtained in two different areas: (a) 41.75:58.25 and (b) 37.67:62.33.

Table 2. The Process and Results of Chemical Analysis

vol of 0.1002 mol/L avg mole
expt contentof K,Cr.O7consumed moleratio ratio of
no. sample (g) (mL) of Fe:O Fe:O
1 1.0342 12.4 1:1.486
2 1.1008 13.1 1:1.497 1:1.489
3 1.0097 121 1:1.484

following reasons: since it can react with Fe3" ions
obtained during chemical titration to produce stable
Fe(HPOQy),~ ions. Thus, the potential of Fe3™/Fe?*"
(Eres+/re2+) Will be decreased and the error of experiments
will also be reduced. Moreover, since Fe(HPO,),™ ions
have no color in aqueous solution, the change of the color
of the indicator will not be disturbed and the sensitivity
of the indicator will be enhanced. The above experiment
was repeated three times, and the final results are listed
in Table 2. As seen in Table 2, an average element ratio
of Fe:O is about to be 1:1.489, which is very close to the
stoichiometry of Fe,Os3. This result also further confirms
that the final product is the cubic y-Fe,O3 phase.
TEM images of the final product are shown in Figure
4. As seen in Figure 4a, y-Fe,O3 powders consist of many
rodlike crystals with various dimensions. In Figure 4b,
however, a kind of plate-shaped structure is found. We

consider that the morphology of the final product should
be plate shaped, and this kind of rodlike structure was
formed only by the overlap of the plate-shaped y-Fe,O3
nanocrystals. In the meantime, it is difficult to measure
the dimensions of the final product in the TEM images
due to this kind of a plate-shaped structure.

Figure 5 shows magnetic characterization of the
y-Fe,O3 nanoparticles, which was measured at room
temperature. The as-prepared y-Fe,Oz nanocrystals
have a specific saturation magnetization of 83 emu/g,
and the coercivity of the product is as high as 320 Oe
(25.5 KA/m).

Figure 6 is the XPS pattern of the product. The results
of Fe 2psy2, Fe 2p12, and O 1s electron binding energies
are shown in Figure 6 and Table 3, which are very
similar to the values recorded in the literature.2!
Through calculation of peak area, the atom ratio of Fe
and O is about 2:3. As seen in Table 3, the valences of
Fe and O are +3 and —2 in proper order.

A possible formation process of the plate-shaped
y-Fe,O3 nanocrystals was suggested according to the
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Figure 4. TEM images of y-Fe,O3; nanocrystals: (a) rodlike structure and (b) plate-shaped structure.
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Figure 5. Hysteresis measurements of y-Fe,O3 nanocrystals
at room temperature.

designed route. First, the Fe?" ions reacted with NH3-
H,0 to produce Fe(OH), in nitrogen atmosphere. Then,
the system was irradiated by y-rays. Many active
products were generated during the radiolysis of water

HZO ~A~—> eaq ,

H', "OH, H,0", etc. )

Among these active products, the hydrated electron
and the hydrogen atom were strong reductive particles.
They could reduce Fe(OH), into iron atoms. Meanwhile,
some oxidative particles such as hydroxyl radicals could
prevent the iron atoms from producing and must be
scavenged, so isopropyl alcohol was introduced into the
system. Although the hydrogen atoms could be also
scavenged by isopropyl alcohol, the reducing reaction
was not affected since Fe(OH), was reduced mainly by
the hydrated electron

"OH(H") + CH,CH(OH)CH, —
H,0(H,) + (CH;),C(OH)" (2)
Fe(OH), + 2e,,” — Fe + 20H"~ 3)
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Figure 6. XPS patterns of the product.

Table 3. Binding Energies and Valences of the Final

Product
electron level binding energy (eV) valence
Fe 2pa; 711.7 +3
Fe 2p1/2 725.5
O1s 531.7 -2

Since the new radicals produced in eq 2 were also
reductive, the reducing atmosphere of the system was
maintained and the yield of iron atoms was further
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improved. Although the yielded iron atoms were very
active, they could exist in the basic and reducing
conditions. However, during the reduction of Fe(OH),,
since a layer-shaped structure existed between Fe2™ and
OH~ions in Fe(OH),,22 Fe?* ions could be attacked only
along certain direction by the hydrated electrons. Thus,
it was possible that the produced iron particles had a
certain shape. When these iron particles were treated
in air, they were quickly oxidized by oxygen in air. Thus,
the plate-shaped y-Fe,O3; nanocrystals were obtained.
This process can be written in a simplified way

NZ' eaq7

N2
FeSO, ——— Fe(OH),

4 NH4OH y-irradiation reduction

air

y-Fe,0,

oxidation
4. Conclusion

The plate-shaped y-Fe,O3z nanocrystals have been
successfully prepared in aqueous solution through a

(22) Goto, H.; Alashi, G. U.S. Patent 3,047,428, 1962.
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simple reduction—oxidation route at room temperature
and under constant pressure. No extra reducing reagent
was introduced into the system owing to the usage of
the y-ray irradiation technique, and the obtained prod-
uct could be easily collected and treated. No a-Fe,O3
phase was shown in the XRD pattern of the sample.
Although the XRD pattern of Fe3O, is very close to that
of y-Fe,03, there are obvious differences in their Moss-
bauer spectra. Furthermore, the final product was also
proved to be a highly pure y-Fe,O3; form by EDXA and
chemical analysis. The researches indicated that the
experiment would not succeed till three conditions were
realized—nitrogen protection, basic condition, and re-
ductive atmosphere.
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