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Today’s world of modernization and miniaturization
lays a greater emphasis on more power from smaller
and lighter battery packs (portable electronic devices),
which explains the various and extensive investiga-
tions in this field. Following on from lithium primary
cells (introduced into the market about 25 years ago),
research is currently going on to improve the sec-
ondary lithium battery (or storage battery) technology.
Significant improvements involve the replacement of
the lithium-metal negative electrode by lithium-storing
materials, while the positive electrode is a lithium-
containing compound [1-9].

The spinel structure compounds provide suitable host
lattices for the insertion of electron donor elements such
as lithium, because of the presence of many vacant sites.
The different oxidation states of the metallic elements
that may be present in these solids allow the electron
transfer process to take place during the redox inser-
tion reactions. Thus, several interesting candidates for
applications as electrode in lithium and rocking-chair
batteries have been found among solids with spinel-
related structures [10-12].

The structural formula of an idealized spinel phase is
commonly written (A)tq[B2]onX4. It consists of a cu-
bic close-packed array of X anions with one-eighth of
the tetrahedral interstices (Td) and one-half of the oc-
tahedral ones (Oh) filled by cations. In a normal spinel,
A cations are placed on Td sites and B cations on the
Oh sites. In the inverse spinel, the A cations are now
randomly placed on Oh sites, half of the B cations are
on the Td sites, and the rest of the B cations are on the
Oh sites.

During the few last decades, a lot of effort has been
focused on manganese because of its low cost, low tox-
icity, and familiarity to the battery field. In fact, the
synthesis of the spinel and layered types of manganese
oxides and their lithium insertion reactions have been
studied for possible applications as cathode materials
for rechargeable batteries [13, 14].

We chose to study manganese oxide, the compound
Mn3;04 named hausmannite [15].

Mn3Oy exists in two ordered rock-salt polymorphs:
above 1273 °C, a cubic high temperature phase (space
group Fd3m) exists, and below this temperature,
the compound has tetragonal symmetry (space group
I4,/amd). This one, named hausmannite, is a distorted
spinel structure, with O atoms on position (16 h), Mn2+
ions on (4a) tetrahedral sites ans Mn>* ions on weakly
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distorted (8d) octahedral sites, as shown in the follow-
ing formula:

(Mn2+ 1 )da [Mn3+2]8d0421_ 16h-

Mn30y is only stable at high temperature (in the range
0f 900 to 1700 °C). So, itis very difficult to stabilize Mn
oxidation degrees, and so to synthesize stable Mn3Oy4
below 900 °C, by the usual route [16]. We present here
a new way to obtain stable hausmannite at 190 °C, us-
ing microwave heating. A microwave method is usually
used for synthesis of organic and inorganic materials
[17, 18]. Microwave irradiation enhances the reaction
speed significantly and reduces the reaction tempera-
ture. Energy transfer from the microwaves to the ma-
terial occurs through resonance, which results in rapid
heating. Microwave heating is a core heating process
[19]. Moreover, nanocrystalline materials with average
grain size of less than 50 nm have attracted consider-
able scientific interest because of their unusual physical
and chemical properties [20-23]. In our case, previous
investigations have shown that the microwave synthese
route leads to nanoparticles [24, 25], favoring the sin-
tering step.

Most of the papers describe the use of laboratory de-
vices deriving from domestic ovens. We have designed
an original microwave reactor, the RAMO system
(french acronym of Reacteur Autoclave MicroOnde).
This experimental system consists of a microwave ap-
plicator associated with an autoclave. The microwave
oven and the reactor are specially designed by the au-
thors. Compared to domestic ovens, our microwave
oven allows higher electric field strengths for heat-
ing samples. By varying the position of a plunger, we
can control the resonant frequency of the cavity and
we can increase the effective cavity power by three
orders of magnitude. The microwave generator used
was operated at 2.45 GHz, with a power of 1 KW.
This instrument is a monomodal cavity. The autoclave
is made with polymer materials which are microwave
transparent, chemically inert, and sufficiently strong to
accommodate induced pressures. The required quan-
tity of KMnOy4 was dissolved in ethanol under mag-
netic stirring, in order to obtain a 0.1 M solution [26].
Then the reactant was placed in a Teflon flask in-
serted within a polyetherimide flask. A pressure trans-
ducer and a manometer allowed the pressure within the
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reactor to be measured. We adjusted the microwave
power to allow constant pressure within the vessel.
An incorporated pressure release valve permitted the
use of this experimental device routinely and safely.
Moreover, we introduced inert gas within the reac-
tor to avoid sparking risk with flammable solvents. In
our case, microwave irradiation was performed under
argon atmosphere. The heated volume was approxi-
matively 20 cm?. Solutions were heated under a pres-
sure of 10-11 bars, which corresponds to a temper-
ature of 190 °C. An irradiation of 5 min was ap-
plied. After the treatment, the samples were cooled
to room temperature, then washed with distilled wa-
ter and alcohol. After drying at room temperature, we
obtained a brownish black powder. The results of the
microwave heating experiments show that a solution
of KMnQy in ethanol can absorb microwave radiation
efficiently.

The phase identification was performed by
X-ray powder diffraction (XRD) using a diffrac-
tometer SIEMENS Kristalloflex type F, with Fe K,
radiation. A typical XRD pattern of microwave syn-
thesized Mn30y is given in Fig. 1. All the diffraction
lines can be indexed on a body-centered tetragonal unit
cell witha = b = 5.7858 A, and ¢ = 9.1916 A, which
is in good agreement with literature. Furthermore, we
applied the following Scherrer formula in order to
calculate the diameter d (A) of the particles:

. k-A
" H-cos®

where k is the shape factor (respectively 0.9 and 1 for
a Lorentz or Gauss line), A, the radiation Fe K, wave-
lenght (10%), and H, the half-width of line for a considered
®-peak (radians).

After calculation, we obtained a particle size equal to
30.7 nm. So, the microwave heating allowed us to syn-
thesize nanoparticles of well-crystallized hausmannite-
Mn30;,. The size distribution of the particles was ob-
tained by photon correlation spectroscopy (PCS) using
a MALVERN 4700 apparatus with a 25 mW He-Ne
laser (A = 633 nm). This system allows measurement
of particles in the range 3 nm—3 pm. The sample tem-
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Figure 1 XRD pattern (using Fe K, ) of hausmannite-Mn30O4 synthe-
sized by microwave heating.
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Figure 2 Size distribution obtained by PCS for Mn3O4 solution.

perature was 25 °C. Generally, particles are subject to
the Brownian motion; the frequency and amplitude of
this movement depends on the particle size. The appli-
cation of the Stokes-Einstein equation allowed us to in-
fer the average size of particles and the size distribution
[27-30]. Experimentally, powder was dispersed in dis-
tilled water under ultrasound. Fig. 2 describes a typical
narrow size distribution. We can conclude that this one
was monomodal and the average size was roughly 600
nm. This result showed that the 30 nm particles were
agglomerated, probably by ultrasonic application. The
morphology of the particles was examined by transmis-
sion electron microscopy (TEM) in a Jeol JEM 100 C
model. The powder was dispersed in ethanol, and the
suspension was deposited on carbon-coated grids and
further evaporated. Fig. 3 shows the morphology of
hausmannite-Mn30,4. Agglomerated particles can be
observed (confirming the PCS results) with a distri-
bution size averaging from 30—40 nm, according to the
previous Scherrer calculation.

Finally, the BET (Brunauer-Emmet-Teller) method
allowed us to calculate specific areas. It consists of
studying gas adsorption (or desorption) by the sam-
ple solid with an AUTOSORB 1 device. The absorbed
gas was nitrogen. The determinate specific area value
was about 43.11 m?/ g. Moreover, the averaged diame-
ter d’ of the hausmannite particles using the following
relation was calculated:

J = 2
p-S

with p as Mn3O4 density, and S as specific area.

Applying the above formula with p = 4.856 g/cm?,
the particle size was found to be about 28.7 nm. This
value is close to the one found using the Scherrer for-
mula, and so confirms the XRD and TEM results.

In conclusion, single-phase tetragonal Mn3O4 called
hausmannite can be synthesized very quickly (a few
minutes only) by microwave heating at a temperature
close to 190 °C. The powder was well crystallized and
the particles were nanometric, with a size of about
30 nm (evidenced by Scherrer calculation, TEM, and
BET method). Photon correlation spectroscopy (PCS)
showed that after ultrasonic treatment, Mn3O,4 grains
were agglomerated to form bigger particles (of about
600 nm). The use of a microwave process offers a new
way for the synthesis of nanometer particles with a
high crystallinity. In the future, hausmannite-Mn3O4



Figure 3 Morphology of haunsmannite-Mn3Oj.

will be electrochemically intercalated (with lithium)
and then tested as cathode material for rechargeable
batteries.
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