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Abstract.A novel one step room temperature synthesis of nanocrystalline Mn,O, hausmannite
was carried out from a simple dissolution of manganese(ll) acetate, in a mixture of N,N’-
dimethylformamide (DMF) and water. Homogeneous nanocrystals like rods were obtained, with
an average width and length of 6.6 + 1.2 nm and 17.4 + 4.1 nm respectively, and a preferential
growth along the <001> direction. Magnetization measurements on a powdered sample showed
a ferrimagnetic behavior at low temperature. The blocking temperature (T,) was observed at 37K

and the Curie temperature (7,) at 40K.

1. INTRODUCTION

Mn,O, has a normal spinel structure, the stable
room temperature phase is tetragonal hausmannite
(space group /4./lamda=5.726 A, c = 9.470 A) with
Mn3*" and Mn?" ions occupying the octahedral and
tetrahedral positions of the spinel structure, respec-
tively. The octahedral symmetry is tetragonally dis-
torted due to Jahn-Teller effect on Mn®* ions [1].
Mn_O, is known to be an effective and inexpensive
catalyst to limit the emission of NO, and CO, which
provides a powerful method to control air pollution.
This material has also attracted interest as an ac-
tive catalyst for the reduction of nitrobenzene or
oxidation of methane. It has shown to be a corro-
sion-inhibiting pigment for epoxy-polyamide and
epoxy-ester based primers and top coating. More-
over, Mn,O, has been widely used as the main
source of ferrite materials, which have applications
in electronic and information technologies [2-6].

Nanometer sized Mn,O,, with notable increased
surface area and greatly reduced size is expected
to display better performance in these aspects of
application.

In the last decade, solution chemical synthesis
techniques such as the sol-gel process and the
solvothermal method have been employed to pre-
pare hausmannite nanoparticles, however these pro-
cesses involve many reagents and require a post-
treatment of heating at different temperatures [1,6-
10].

In this sense, new synthesis methods that allow
obtaining clean products are welcome, in particular
when the final purpose is a technological applica-
tion.

On the other hand, DMF as well as dimethyl
sulfoxide (DMSO) have been proved to be very use-
ful solvents in nanoparticle synthesis [11-16]. Their
high dielectric constants allow charge separation;
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turning them into good solvents for ionic solids and
polar or polarizable molecules.

Thus, herein we present a facile one step pro-
cess at room temperature for the preparation of
Mn_,O, nanoparticles and their structural and mag-
netic study.

2. EXPERIMENTAL

2.1. Materials

Manganese acetate tetrahydrated, Mn(OAc),"4H,0
(99% Aldrich), N,N’-dimethylformamide, DMF
(99.8% Aldrich) and acetone, CO(CH,), (Fermont
99.7%) were purchased and used as received, with-
out further purification. Ultra pure water (18 MQ
cm™) was obtained from a Barnsted E-pure deion-
ization system.

2.2. Synthesis

0.03063 g of Mn(OAc),"4H,0, were dissolved in
DMF (22.5 mL) under vigorous stirring. After this,
2.5 mL of ultra-pure water were added to get a final
concentration of 510°*Min 25 mL of DMF-H,O (10%).
The amber solution was stirred for further 30 min-
utes and the resulting solution left to stand for three
months under normal conditions and the dark brown
precipitate, was recovered by centrifugation (16000
rpm x 10 min), and washed first with water and then
with acetone.

2.3. Instruments

UV-visible absorption spectra, (colloidal dispersion
and powder) were obtained with an Ocean Optics
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USB2000 miniature fiber optic spectrometer. The
Fourier transformed infrared (FTIR) was performed
with a Nicolet Nexus 670 FT-IR infrared spectrom-
eter from 4000 to 400 cm™ with a resolution of 4
cm™, in a KBr wafer. X-ray diffraction pattern was
measured in a D5000 Siemens equipment using Cu
Koradiation (A=1.5406 A). Transmission electron mi-
crophotographs (TEM) were obtained with a JEOL
1200EXII instrument, operating at 60 kV. A drop of
the colloidal dispersion of Mn,O, was deposited onto
a 200 mesh Cu grids coated with a carbon/collo-
dion layer. High-resolution transmission electron
microphotographs (HR-TEM) were obtained with a
JEOL 2000F instrument, operating at 200 kV, using
the same sample preparation as in TEM. The par-
ticle size distribution was determined from digitalized
amplified micrographs by averaging the larger and
smaller axis diameter measured in each particle.
Magnetic measurements were performed on a
SQUID Quantum Design magnetometer, on pow-
dered samples of Mn,O, nanoparticles. The tem-
perature was varied between 2 and 300K according
to a zero field cooling (ZFC) / Field cooling (FC)
procedure at 100 Oe, and the hysteresis loop was
obtained at 5K, in a magnetic field of upto £ 3 T.

3. RESULTS AND DISCUSSION
3.1 Structural study

The colloidal dispersion of Mn,O, was monitored by
UV-visible electronic absorption spectroscopy, as
shown in Fig. 1. At the beginning the UV-visible
spectrum of a freshly prepared solution of
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Fig. 1.UV-visible electronic absorption spectra of (a) solvent mixture of DMF-H,0(10%), (b) Mn(OAc), - 4H,0
510-*M immediately after dissolved and (c) one week later. This spectrum remains unchanged for 3 months,
up to the time when Mn,O, hausmannite precipitates as brown powder. (d) Absorption spectrum of the
powder sample. Right, XRD pattern of Mn,O, nanoparticles. The labeled peaks were used to determine the
average crystallite size. All peaks can be indexed to Mn,O, hausmannite, JCPDS # 24-0734.
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Fig. 2. HR-TEM micrographs of the Mn,O, nanorods. Right, the corresponding electron diffraction pattern.

Mn(OAc),"4H,0 in DMF-H,O(10%), exhibits a wide
absorption band with an onset at 440 nm, one week
later, this band becomes wider and the onset shifts
to 558 nm. The spectrum remains unchanged after
three months, time when the Mn,O, precipitates as
a brown fine powder. The electronic absorption spec-
trum of the precipitate obtained by diffuse reflec-
tance measurement shows three well defined re-
gions, one going from 250 to 410 nm, another from
410 to 585 nm and the last one finishing at 810 nm.
The first portion is attributed to the allowed O*— Mn?
and O% — Mn?*charge transfer transitions, and the
last two can be reasonably related to d-d crystal
field transitions. This spectrum is similar to the one
published by J. Boyero et al. for the hausmannite
phase [8].

The X-ray powder diffraction pattern (Fig. 1, right)
reveals the formation of a nanosized Mn,O,
haussmanite. All diffraction peaks can be perfectly
indexed to the hausmannite structure (JCPDS card
24-0734). The average crystallite size, 20.9 £ 0.19
nm, was calculated from the peak broadening, us-
ing the classical Scherrer-Warren equation over the
(004) and (103) reflections. The relative intensity for
the {001} reflections is twice the reported values,
which reveals a preferential orientation of
nanocrystals along of <001> direction.

The precipitate also was analyzed by FTIR spec-
troscopy from 4000 to 400 cm™. The spectrum shows
the characteristic absorption bands of vMn-O vibra-
tions at 639, 532 and 409 cm', this spectrum was
consistent with that reported for Mn,O, [4,8,9].

On the other hand, TEM micrograph obtained
from a Mn,O, colloidal dispersion sample, allowed
us to confirm a preferential growth of the Mn,O,
nanostructures. The particle size distribution was

determined over 100 nanoparticles, being the aver-
age diameter 6.5 = 1.2 nm and the average length,
17.4 £ 4.1 nm, respectively. The average particle
size, obtained from XRD pattern is in agreement
with the observed average length.

HRTEM micrographs also corroborate the pres-
ence of elongated nanocrystals with dimensions
close to those determined by X-ray and TEM ex-
periments. A representative single elongated
nanocrystal with a dimension of 8.3 nm x 19.3 nm
can be observed in Fig. 2. The interplanar spacing
of 2.89 A corresponds to the (200) plane of tetrago-
nal Mn,O,. In addition, the electron diffraction pat-
tern confirms the nanorods to be composed of
Mn.O,.

Q.Yitai et. al. [17] informed their prepared
nanorods oriented to be oriented perpendicularly to
the normal direction (101) to lattice planes, this di-
rection being one of the natural growing axes for
hausmannite. However, in the present case it is
noteworthy that the rods are oriented with an axial
direction parallel to the <001> zone axis.

A possible explanation of the morphology of
Mn,O, nanoparticles, obtained under the present
reaction conditions, it may be that the growth of the
{101} nanocrystals plane faces depends on the avail-
ability of Mn®", which in turn depends on the oxida-
tion of Mn?*. The growth along the <001> direction
would be favoured by the fact that the density of
Mn®* in the (001) faces is lower than in the natural
expected growing direction (e.g. <110>).

3.2. Magnetic Study

In bulk and monocrystal, Mn,O, hausmannite is fer-
rimagnetic with a Curie temperature of about 42K
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Fig. 3. Zero field cooled (ZFC) and field cooled (FC) magnetization curves of Mn,O, nanorods under an
applied field of 100 Oe (left). Hysteresis loop at 5K (right).

[18-20]. The Mn,O, nanorods sample shows a ferri-
magnetic behaviour at low temperature, and it is
paramagnetic at room temperature. In the ZFC mea-
surement, the sample was cooled from room tem-
perature to 2K in absence of external magnetic field.
Then, a magnetic field of 100 Oe was applied, and
the magnetization of the sample was measured.
When the temperature approaches 37K, the mag-
netization reaches a maximum and then starts to
decrease. The temperature, at which the thermal
activation overcomes all the energy barriers, is known
as blocking temperature, T, [21, 22] (Fig. 3). This
result is similar to that reported by J. T. Park et. al.
[23] for Mn,O, spherical nanoparticles of 6 nm.
Moreover, in the FC measurement, the sample was
initially cooled to 2K under an applied magnetic field
of 100 Oe. The subsequent magnetization measure-
ment was recorded from 2 to 300K with the mag-
netic field kept at 100 Oe. The FC measurement
showed a Curie temperature of 40K.

Although the hysteresis loop was obtained at
5K in a magnetic field of up to + 30 kOe (Fig. 3), the
saturation magnetization (M ) was not reached,
showing a maximum of magnetization (M__) at
about 26 emu/g, this value represents the 68.4% of
the saturation magnetization in the bulk (Mg Mn,O,
= 38 emu/g) [24]. A remanence ratio (M /M__ ) of
0.77 was estimated from the remanence value (M)
of 20 emu/g. The coercivity (H ) for these nanorods
was of 5.2 kOe.

As expected, the magnetic behavior is under the
influence of rods size. A principal effect of finite size
is the breaking of a large number of bonds on the
surface. Then the surface cations, produce a core
of aligned spins surrounded by a disordered shell.

This can result in a disordered spin configuration
near to the surface and a reduced average net mo-
ment compared to the bulk materials. In addition,
the surface spin states can result in high field hys-
teresis and relaxation of the magnetization [25], as
have been observed for these nanorods.

3.3 Proposed reaction scheme

In general, the preparation of metal oxides requires
a basic medium, and usually NaOH or LiOH are
employed [26].

However, in this work the solvent mixture gener-
ates the basic medium, due to a hydrolysis mecha-
nism [15].

CH
HJLN\ ° 4 H0—= HCOO + NH(CH,),
CH,
1H20

HCOOH + -OH

Besides, the acetate anions are involved in another
hydrolysis equilibrium:

CH,COO" + H,0 — CH,COOH + “OH

Therefore, the medium is basic enough to drive the
formation of Mn(OH),, which is later oxidized to Mn,O,
with a simultaneous reduction of atmospheric oxy-
gen. Itis noteworthy that manganese nanoparticles
are 30 times more efficient at promoting the manga-
nese oxidation reaction than the bulk material [27].

Mn? + 2:0H — Mn(OH), (Initiation)

3Mn(OH),+1/20, — Mn,O,+H,O
(Redox-condensation process)
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Finally, this redox process makes the hausmannite
to be the most stable product. The reaction se-
quence can be resumed as:

DMF-H,0(10%)

3Mn(OAc), + 1/20, Mn,0, + 3H,0

nanorods

4. CONCLUSIONS

We have demonstrated that the dissolution of
manganese(ll) acetate in a mixture of polar solvents
DMF-H,0(10%) at room temperature, can be em-
ployed to obtain Mn,O, nanoparticles in one step.
These nanocrystals have an elongated morphology
(rod-like shape) with a preferential orientation along
<001> direction. The magnetic behavior is under the
influence of rods size, showing high values of rema-
nence ratio and coercivity. It is important to note
that this novel synthesis method is clean, repro-
ducible and requires neither complex apparatus and
sophisticated techniques nor templates, and can
be extended to other transition metal acetates in
order to obtain different metal oxides. This possibil-
ity are currently investigated in our laboratory.
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