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a b s t r a c t

Metallic iron (�-Fe)/manganese–zinc ferrite (Fe3−x−yMnxZnyO4) nanocomposites have been successfully
synthesized for the first time using microwave hydrothermal treatment of alcoholic solutions of chloride
precursors and sodium ethoxide. This new type of nanocomposites, never obtained by conventional
eywords:
icrowave
ydrothermal synthesis
anocomposites

synthesis, can now be produced in a short period (e.g. 15 s). The powders were characterized by X-ray
diffraction, transmission electron microscopy and magnetic properties were measured. In most cases,
three classes of crystallites were observed; one of them is composed of grains of about 100 nm in size
where the metal is inserted into the oxide. For all samples, 20% of metallic iron was routinely obtained
using the microwave flash synthesis. Consequently, the microwave heating appears to provide an efficient
source of energy in producing metallic iron nanoparticles protected against oxidation by an oxide matrix.
etallic iron

anganese–zinc ferrite

. Introduction

Manganese zinc ferrites are typical examples of soft ferrites
hich have become important to industry because of their mag-
etic and dielectric properties [1,2]. They are widely used in
echnology as materials for coil cores in microwave broadband
omponents. Many physical properties of polycrystalline ferrites
epend on their microstructure which, in turns, strongly depends
n the preparation processes [3]. Various techniques have been
sed to synthesize these compounds: solid state reaction [4],
o-precipitation process [5], hydrothermal route [6] and sol–gel
ethod [7] can be found in the literature. Typical drawbacks of

onventional preparation methods are phase inhomogeneity, var-
ous particle size distribution and poor magnetization properties

hen fine particles, with narrow size distribution, are desirable for
roducing ceramics with enhanced reliability. Microwave synthe-
is is an alternative way to produce inorganic compounds because
icrowave heating is an in situ mode of energy conversion very

ttractive for chemists [8–10]. Since 20 years, Stuerga et al. have

esigned an original monomode microwave reactor called the
AMO system (french acronym of Reacteur Autoclave MicroOnde)
11–13]. This device is able to produce rapid bulk heating and to
aise temperature of ethanol from ambient to 160 ◦C in 15 s (pres-
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sure is ∼1 MPa and heating rate is close to ten degrees per second)
[14]. RAMO system has allowed production of various nanoma-
terials [15–20]. In particular, metal/ferrites nanocomposites were
obtained by disproportionation in an alcoholic medium of iron
ethoxide into metallic iron and magnetite [21]. Insertion of metal-
lic iron in manganese zinc ferrite could improve magnetization
of manganese zinc ferrites samples. In the same spirit, this paper
presents the first attempt to adapt the microwave one-step flash
synthesis for the production of metallic iron/manganese–zinc fer-
rite nanocomposites.

2. Experimental

Nanocomposites were synthesized according to the protocol described in pre-
vious study [14]. All the chemicals reactants, FeCl2·4H2O (Prolabo, Normapur),
MnCl2·4H2O (Prolabo, Normapur), ZnCl2 (Prolabo, Normapur), sodium ethoxide
(EtONa, Aldrich, 96%) and ethanol (Prolabo, Normapur, 96%) were reagents grade,
and then, used without further purification. Ethanol and sodium ethoxide were
employed to achieve concomitant olation and oxolation reactions [20]. Concen-
trations were chosen according to results obtained in previous studies [14,21].
Consequently, the iron salt concentration was fixed at 0.2 M, the manganese salt
concentration at 0.025 M, the sodium ethoxide concentration at 1 M and various con-
centrations were tested for zinc salt. The reactants have been treated by microwave
induced thermal hydrolysis with RAMO system. Different heating times (from 15 s
to 10 min) were tested. After this thermal treatment, the as-synthesized powders

were centrifuged and washed with distilled water in order to eliminate sodium
and chloride ions. Finally, they were lyophilizing in order to remove any remaining
solvent and prevent agglomeration of particles.

XRD measurements were performed at room temperature using a D5000
Siemens diffractometer equipped with a monochromatic beam Cu K� (� = 0.139 nm)
focused with a secondary curved graphite monochromator. Patterns were collected

dx.doi.org/10.1016/j.jallcom.2010.12.096
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Fig. 1. X-ray diffraction patterns of samples produced from [EtONa] = 1 M,
[
d
c

i
R
p
e
(
p
w
d
t
t
T
(
E

v
s
w

3

s
1
i
p

-

∗

∗
∗

∗

2 minutes

1 minute

∗

∗
∗ 10 minutes

∗
15 seconds 

In
te

n
s
it
y
 (

a
. 
u
.)

25             30             35             40             45             50             55             60   

2 théta (°) 

under inert atmosphere, these spurious phases were not detected.

F
c

Fe2+] = 0.2 M, [Mn2+] = 0.025 M and [Zn2+] = 0.05. The *correspond to metallic iron
iffraction lines and the • to zinc oxide diffraction lines. The other diffraction lines
orrespond to the spinel phase.

n the 25–60 2� range with a step increment of 0.03 and 100 s of counting time.
ietveld refinements [22] by using the XND program developed by Bérar [23,24]
ermitted to estimate the percentage of each phase. High resolution transmission
lectron microscopy (HRTEM) fitted with an energy-dispersive X-ray spectroscopy
EDSX) system was used to gather microstructural information about the as-
roduced powders. The individual grain compositions and the phase distribution
ithin particles were investigated by selected area electron diffraction (SAED) and
ark field imaging. The powders were embedding into an Epon 812 resin and then cut
hin slices using an ultramicrotome equipped with a diamond knife. The 60–90 nm
hick sections were then collected on a holey, carbon coated, 200 mesh copper grid.
he samples were examined with a TOPCON 002B microscope operating at 200 kV
point to point resolution of 0.18 nm) and equipped with an ultrathin window KEVEX
DX spectrometer.

Metallic iron and manganese zinc ferrite present magnetic properties. The irre-
ersibility of magnetization mechanisms is traduced by a hysteresis cycle. In this
tudy, the hysteresis cycles of the composite were recorded at room temperature
ith a Foner type apparatus EG&G 155.

. Results and discussion

The iron salt concentration was fixed at 0.2 M, the manganese
alt concentration at 0.025 M, the sodium ethoxide concentration at
M while various concentrations were tested for zinc salt. Depend-

ng on zinc chloride concentration, XRD analysis showed different
rofiles:
For [Zn2+] > 0.025 M, metallic iron and manganese–zinc ferrite
were present but small quantities of zinc oxide (ZnO) were also
detected whatever the holding time was (see Fig. 1).

ig. 3. TEM micrographs for [Fe2+] = 0.2 M, [Mn2+] = 0.025 M, [Zn2+] = 0.025 M and [EtONa
ontains metallic iron.
Fig. 2. X-ray diffraction patterns of Fe/manganese–zinc ferrite produced from
[EtONa] = 1 M, [Fe2+] = 0.2 M, [Mn2+] = 0.025 M and [Zn2+] = 0.025. The *correspond
to metallic iron diffraction lines. The other diffraction lines correspond to the spinel
phase.

- For [Zn2+] ≤ 0.025 M, metallic iron and manganese-zinc ferrite
were obtained without any other phase.

A study versus the heating time was also done for
[Zn2+] = 0.025 M. Fig. 2 displays the XRD patterns obtained
after different holding time (15 s to 10 min). All the samples
showed well-defined X-ray diffraction patterns with very low
backgrounds indicating a good crystallization since no final heat
treatment was carried out on powder. They exhibited a spinel
phase Fe2+yMn1−x−yZnxO4 and a metallic phase Fe0. This mixture
was never obtained by conventional synthesis in boiling KOH
[25–27] mainly due to the systematic presence of large quantities
of zinc oxide (ZnO).

Small quantities of akaganeïte (�-FeOOH) or hematite (�-Fe2O3)
were detected for all conditions. When mixing was carried out
These impurities were also formed by oxidation of ferrous ions by
ambient oxygen of air during mixing of the two solutions.

The morphology of the as-produced powders has been inves-
tigated in details using transmission electron microscopy. Three

] = 1 M treated 10 s (a) and treated 10 min (b). M correspond to the crystals which
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Fig. 4. Diffraction pattern performed of the grains of Fig. 3b.

lasses of crystallites were observed whatever the heating duration
as (Fig. 3):

1) Elementary spherical grains with a diameter close to 10 nm.
2) Particles in form of lozenge with a size between 50 and 200 nm.
3) Grains without particular form with a size between 50 and

200 nm marked M.

The EDSX analysis indicated a large percentage of iron,
anganese, zinc and oxygen in all particles. Nevertheless, this mea-

urement has not allowed us to distinguish the spinel phase from
etallic iron. Phase composition of different grain types was deter-
ined by SAED on diffraction pattern (Fig. 4) and dark field imaging.

rystallites (1) and (2) corresponded to manganese–zinc ferrite
hase only when grains (3) were composed of metallic iron (white
arts)/manganese–zinc ferrite (black parts) (Fig. 5). These particles
resented a composite structure.

The formation of spinel phase crystallites (1) and (2) can be
xplained by an oxidation process. Indeed, when the two solu-
ions are mixed, the precipitate of Fe(OEt)2 obtained is most
ikely partially oxidized in Fe(OEt)3 by oxygen of air or by small
mounts of water present in ethanol. The manganese zinc ferrite
e2+yMn1−x−yZnxO4 is produced via hydrolysis and condensation
ue to presence of Mn(OEt)2, Zn(OEt)2, Fe(OEt)2 and Fe(OEt)3 in

olution as described by:

−x−yMn(OEt)2 + xZn(OEt)2 + 2Fe(OEt)3 + yFe(OEt)2 + 4H2O

→ Fe2+yMn1−x−yZnxO4 + 8EtOH (1)

ig. 5. TEM dark field micrograph of metallic iron/manganese–zinc ferrite synthe-
ized from [Fe2+] = 0.2 M, [Mn2+] = 0.025 M, [Zn2+] = 0.025 M and [EtO−] = 1 M treated
0 min. White parts correspond to metallic iron and black parts to manganese–zinc
errite.
-100

Fig. 6. Hysteresis cycle recorded at 300 K on the sample [Fe2+] = 0.2 M,
[Mn2+] = 0.025 M, [Zn2+] = 0.025 M and [EtONa] = 1 M treated 10 min.

According to previous investigations [14], hydrolysis and con-
densation generated two classes of crystallite: one produced at
ambient temperature (1) when the second is formed during
microwave heating (2).

The formation of composite crystallites (3) is most likely related
to the disproportionation of Fe(OEt)2 [14,21] under microwaves
in an alcoholic media following by hydrolysis and condensation
processes (1). Then, the disproportionation reaction is:

3Fe(OEt)2 → 2Fe(OEt)3 + Fe0 (2)

A competition between dismutation process under microwave
heating and oxidation process at ambient temperature and under
microwaves has also occurred in the reactor during synthesis pro-
cess.

The amount of each phase for the samples was difficult to mea-
sure using TEM because of the presence of biphasic particles. In
addition, presence of adsorbed water leads to an underestimated
amount of metallic iron through thermogravimetric route. Anyway,
a first estimation using Rietveld refinements on XRD patterns gave
a metallic phase percentage close to 20% whatever the holding
time was. It is important to note that XRD patterns and metal-
lic iron proportion do not vary after long duration storage and
remains identical after two years in air in a pill-box. This result
demonstrated clearly that metallic iron particles in nanocomposite
structure do not suffer from ambient air oxidation.

In order to compare properties of nanocomposites with tra-
ditional manganese zinc ferrites, the samples were characterized
by magnetic measurements. Fig. 6 presents the hysteresis cycle
recorded at 300 K for a sample heat treated 10 min. The magne-
tization was completely saturated for a Field of 8000 Oe with a
saturation magnetization (S) in the range of 90 emu g−1 for all the
powders. These results indicated a higher magnetization obtained
for a lower field compared to manganese–zinc ferrite nanopar-
ticles (60 emu g−1) produced by conventional methods [28–30].
These results suggest that metallic iron enhance magnetization
of nanocomposite powders as expected. On the contrary, coer-
cive field was very low (50–80 Oe). A comparison with powders
obtained by other synthesis process was impossible because these
nanocomposites were never obtained by other synthesis modes
to our knowledge. However, the nanometric grain size and the
microstructure could most likely explain these low coercive field
values.

4. Conclusion

For specific operating conditions, the microwave-heating
of alcoholic ferrous chloride solutions with sodium ethoxide
can lead in a very short time (a few minutes) to metallic
iron/manganese–zinc ferrite nanocomposites. The RAMO system

combines the iron (II) disproportionation with very fast heat-
ing rate of microwave to obtain these compounds. Conventional
hydrothermal treatments of the same solutions cannot produce
such nanocomposites. It is difficult to explain why the microwave
heating drives the reaction along a different pathway compared
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