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Abstract

One-step room-temperature synthesis of nanocrystalline Mn3O4 hausmannite, without heating posttreatment, was carried out fro
simple dissolution of manganese(II) acetate in a mixture ofN ,N ′-dimethylformamide (DMF) and water. Homogeneous nanocrystals
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
〈001〉 direction. Magnetization measurements on a powdered sample showed ferrimagnetic behavior at low temperatures. Unde
cooling (ZFC) measurement at 100 Oe, the observed blocking temperature (T B) was 37 K.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Manganese oxides are materials with a wide range of
plications, such as batteries, catalysts, and electrochr
and magnetic materials[1–3]. In particular, Mn3O4 is known
to be an effective and inexpensive catalyst to limit the em
sion of NOx and CO, which provides a powerful method
controlling air pollution. This material has also attracted
terest as an active catalyst for the reduction of nitrobenz
or oxidation of methane. It has been shown to be a corros
inhibiting pigment for epoxy–polyamide and epoxy–es
based primers and top coating[1,3,4]. Moreover, Mn3O4 has
been used as one of the raw materials in the manufac
of soft magnetic materials such as manganese zinc fe
which is useful for magnetic cores in transformers for pow
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supplies[5–7]. Nanometer-sized Mn3O4, with notable in-
creased surface area and greatly reduced size, is expec
display better performance in these aspects of applicatio

Manganese oxides crystallize in several different str
tures with varied proportions of Mn in different oxidatio
states (+2,+3 and+4) [8]. Mn3O4 is an oxide with the nor
mal spinel structure. The stable room-temperature pha
tetragonal hausmannite (space groupI41/amd) with Mn3+
and Mn2+ ions occupying the octahedral and tetrahedral
sitions of the spinel structure, respectively. The octahe
symmetry is tetragonally distorted due to the Jahn–Te
effect on Mn3+ ions [9]. Mn3O4 is a model spinel com
pound for many experimental and theoretical investigatio
however, the majority of these are related to the bulk ma
ial [8–13].

Usually, when heated to about 1000◦C in air, all ox-
ides, hydroxides, carbonates, nitrates, and sulfates of m
ganese can form Mn3O4. In addition, it has also been re
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m
pec-
ported that precipitated manganese dioxide can be red
to Mn3O4 under a hydrogen atmosphere at 200◦C [3]. Fur-
thermore, in the last decade, solution chemical synth
techniques such as the sol–gel process and the solvo
mal method have been employed to prepare hausman
however, these processes still require posttreatment at d
ent temperatures[14]. Recently, Qian and co-workers[15]
reported a one-step low-temperature (140◦C) synthesis of
Mn3O4 nanorods in alcohol–water mixtures, using KMn3
as a starting manganese source and Na2SO3 as a reducing
agent.

On the other hand, DMF and dimethyl sulfoxide (DMS
have been proved to be very useful solvents in nanop
cle synthesis[16–21]. Their high dielectric constants allo
charge separation, turning them into good solvents for io
solids and polar or polarizable molecules.

Thus, herein we present a facile one-step process fo
preparation of nanocrystalline Mn3O4 from Mn(OAc)2·H2O
in DMF–H2O (10%) at room temperature and its spect
scopic, structural, and magnetic study. The present co
bution constitutes a very important advance in nanostruc
Mn3O4 preparations, especially for those applications
require clean nanostructured materials.

2. Experimental

2.1. Materials

Manganese acetate tetrahydrate, Mn(OAc)2·4H2O (99%
Aldrich), N ,N ′-dimethylformamide, DMF (99.8% Aldrich)
and acetone, CO(CH3)2 (Fermont 99.7%), were purchas
and used as received, without further purification. Ultrap
water (18 M�/cm) was obtained from a Barnsted E-pu
deionization system.

2.2. Synthesis

A quantity of 0.03063 g of Mn(OAc)2·4H2O, was dis-
solved in DMF (22.5 ml) under vigorous stirring. Afte
this, 2.5 ml of ultrapure water was added for the synt
sis of colloidal Mn3O4 nanorods to get a final concentr
tion of 5 × 10−3 M in 25 ml of DMF–H2O (10%). The
amber solution was stirred for a further 30 min and the
sulting solution left to stand for 3 months to yield a da
brown precipitate, which was separated by centrifuga
(16,000 rpm× 10 min) and washed with acetone.

2.3. Instruments

UV–visible absorption spectra, in colloidal dispersion a
powder, were determined on an Ocean Optics USB2
miniature fiber optic spectrometer. The Fourier transform
infrared (FTIR) spectroscopy was done in a Nicolet Ne
670 FT-IR infrared spectrometer from 4000 to 400 cm−1

with a resolution of 4 cm−1, on a KBr wafer. The X-ray
d

-
;
-

diffraction pattern was measured in D5000 Siemens eq
ment using CuKα radiation (λ = 1.5406 Å). Transmission
electron microphotographs (TEM) were obtained in a JE
1200EXII instrument, operating at 60 kV, by deposition o
drop of the colloidal dispersion of Mn3O4 onto 200 mesh Cu
grids coated with a carbon/collodion layer. High-resolut
transmission electron microphotographs (HR-TEM) w
obtained in a JEOL 2000F instrument, operating at 200
using the same sample preparation as in TEM. The par
size distribution was determined from digitalized amplifi
micrographs by averaging the larger and smaller axis di
eter measured in each particle. Morphology calculation
Mn3O4 crystal were done by the program SHAPE v7.
(free demo fromwww.shapesoftware.com) based on sim
ple geometric considerations according to Bravais–Frie
Donnay–Harker (BFDH) methodology[22–24].

Magnetic measurements were performed on a SQ
Quantum Design magnetometer on powdered sample
Mn3O4 nanoparticles. The temperature was varied betw
2 and 300 K according to zero-field-cooling (ZFC)/fie
cooling (FC) procedure at 100 Oe, and the hysteresis
was obtained at 5 K in a magnetic field of up to±3 T.

3. Results and discussion

3.1. Spectroscopic study

The colloidal dispersion of Mn3O4 was monitored by
UV–visible electronic absorption spectroscopy, as sho
in Fig. 1. At the beginning the UV–visible spectrum
a freshly prepared solution of Mn(OAc)2·4H2O in DMF–
H2O(10%), exhibits a wide absorption band with an onse
440 nm (Fig. 1b); 1 week later, this band becomes wider a
the onset shifts to 558 nm (Fig. 1c). The spectrum remain
unchanged after 3 months, when the Mn3O4 precipitates as
a brown fine powder. The electronic absorption spectrum
the precipitate obtained by diffuse reflectance measurem
(Fig. 1d) shows three well-defined regions, one going fr
250 to 410 nm, another from 410 to 585 nm, and the
one finishing at 810 nm. The first portion is attributed to
allowed O2− → Mn2+ and O2− → Mn3+ charge transfe
transitions, and the last two can be reasonably related to
crystal field transitions,3Eg(G) ← 3T1g, 3A2g(F) ← 3T1g,
3A2g(G) ← 3T1g, 3T2g(H) ← 3T1g, 3T1g(H) ← 3T1g, and
3Eg(H) ← 3T1g, on octahedral Mn3+ species. This spectrum
is similar to the one reported by Boyero et al. for the ha
mannite phase[11].

The precipitate was analyzed by FTIR spectroscopy f
4000 to 400 cm−1. The spectrum (Fig. 2) shows the charac
teristic absorption bands ofυMn–O vibrations at 639, 532
and 409 cm−1, together with a weak band at 1046 cm−1,
which can be attributed toυMn–O–H vibration. Finally,
a broad band at 3423 and an other weak band at 1630 c−1

were observed due to absorbed water. This FTIR s

http://www.shapesoftware.com
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tion

Fig. 1. Left: UV–visible electronic absorption spectra of (a) solvent mixture of DMF and H2O (10%), (b) Mn(OAc)2·4H2O 5× 10−3 M immediately after
dissolving and (c) 1 wk later. This spectrum remains unchanged after 3 months, when Mn3O4 hausmannite precipitates as brown powder. Right: (d) absorp
spectrum of the powder sample.
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Fig. 2. FTIR spectrum of a Mn3O4 nanorod powdered sample.

Fig. 3. XRD pattern of Mn3O4 nanoparticles. The peaks marked were u
to determine the average crystallite size. All peaks can be indexed to Mn3O4
hausmannite, JCPDS No. 24-0734.

trum was consistent with reported references for Mn3O4
[3,11,12].

3.2. Structural study

The X-ray powder diffraction pattern (Fig. 3) reveals the
formation of a nanocrystalline product consistent with
spinel structure of Mn3O4. All diffraction peaks can be per
fectly indexed to the hausmannite structure (JCPDS C
24-0734). The average crystallite size of 20.9 ± 0.19 nm
was calculated from the peak broadening method, using
Fig. 4. TEM micrograph of Mn3O4 nanorods and the particle size distrib
tion histograms.

classical Scherrer–Warren equation over the (004) and (
reflection. The relative intensity for the {00l} reflections
twice the size of the reported values, which reveals a pre
ential orientation of nanocrystals along the〈001〉 direction.

On the other hand, TEM micrograph obtained from
Mn3O4 colloidal dispersion sample (after two weeks of
synthesis) allowed us to confirm preferential growth of
Mn3O4 nanostructures (Fig. 4). The particle size distribution
was determined over 100 nanorods, being average width
length of 6.5± 1.2 nm and 17.4± 4.1 nm, respectively. The
average particle size obtained from the XRD pattern is
agreement with the average length value observed.

HRTEM micrographs also corroborate the presence
elongated nanocrystals with dimensions close to those
termined by X-ray and TEM experiments. InFig. 5, a rep-
resentative single elongated nanocrystal with a dimen
of 8.3 × 19.3 nm, can be observed; the interplanar sp
ing of 2.89 Å corresponds to the (200) plane of tetrago
Mn3O4. In addition, the electron diffraction pattern confirm
the nanorods to be composed of Mn3O4.

Qian and co-workers[15] reported their prepared nan
rods to be oriented perpendicular to the normal direc
of (101) lattice planes, this being one of the natural gro
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Fig. 5. HR-TEM micrographs of the Mn3O4 nanorods. Right, the corresponding electron diffraction pattern.
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Fig. 6. Expected crystal habits for Mn3O4 according to Bravais–
Friedel–Donnay–Harker method, calculated with SHAPE software,
sion 7.1.2.

ing directions expected for hausmannite. However, in
present case it is noteworthy that the rods are oriented
an axial direction parallel to the〈001〉 zone axis. Tetragona
Mn3O4 is expected to crystallize in a crystal habit as sho
in Fig. 6(left); depending on the synthesis conditions, (0
faces can appear with more or less importance[25]. Fig. 6
(right) shows the calculated morphology for one Mn3O4
crystal, obtained with the SHAPE v7.1.2 program. In
latter case, the calculated crystal habit was done as
ing a favored growth along the〈001〉 direction. In this case
the morphology matches exactly with the experimental
sults.

A possible explanation regarding the morphology
Mn3O4 nanoparticles obtained under the present reac
conditions may be that the growth of the {101} nanocr
tals plane faces depends on the availability of Mn3+, which
in turn depends on the oxidation of Mn2+ (the oxidation
process will be discussed later). The growth along the〈001〉
direction seems to be favored by the fact that the den
of Mn3+ in the (001) faces is lower than that in the natu
expected growing direction (e.g.〈110〉) (Fig. 7).

3.3. Magnetic study

In bulk and monocrystal, Mn3O4 hausmannite is ferri
magnetic, with a Curie temperature of about 42 K[26–28];
the Mn3O4 nanorod sample also has ferrimagnetic beha
at low temperatures, being paramagnetic at room temp
ture. ZFC measurement was carried out, cooling from ro
temperature to 2 K without any external magnetic field. Th
a magnetic field of 100 Oe was applied, and the mag
tization of the sample was measured following the rise
-

-

Fig. 7. Crystal model of Mn3O4, the highlighted planes indicate the dire
tion where the Mn3+ concentration is higher.

the temperature. When the temperature approaches 3
the magnetization reaches a maximum and then star
decrease. The temperature at which the thermal activa
overcomes all the energy barriers is known as the blo
ing temperature,TB [29,30] (Fig. 8). This result is similar
to that reported by Park and co-workers[14] for Mn3O4
spherical nanoparticles of 6 nm. Moreover, in the FC m
surement, the sample was initially cooled to 2 K under
applied magnetic field of 100 Oe. The subsequent ma
tization measurement was recorded from 2 to 300 K w
the magnetic field kept at 100 Oe, a transition temper
re≈ 40 K being observed.

Although the hysteresis loop was obtained at 5 K
a magnetic field of up to±30 kOe (Fig. 8), the satura-
tion magnetization (Ms) was not reached, showing a ma
imum of magnetization (Mmax) at about 26 emu/g; this
value represents 68.4% of the saturation magnetizatio
the bulk (Ms Mn3O4 = 38 emu/g) [31]. A remanence ratio
(Mr/Mmax) of 0.77 was estimated from the remanence va
(Mr) of 20 emu/g. The coercivity (Hc) for these nanorod
was of 5.2 kOe.
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5 K
Fig. 8. Zero-field-cooled (ZFC) and field-cooled (FC) magnetization curves of Mn3O4 nanorods under an applied field of 100 Oe (left). Hysteresis loop at
(right).
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As expected, the magnetic behavior is under the influe
of rod size. A principal effect of finite size is the breaking
a large number of bonds on the surface cations, produ
a core of aligned spins surrounded by a disordered s
This can result in a disordered spin configuration nea
the surface and a reduced average net moment compa
the bulk materials. In addition, the surface spin states
result in high field hysteresis and relaxation of the magn
zation[32], as has been observed for these nanorods.

3.4. Proposed reaction scheme

In general, the obtaining of metal oxides requires a b
medium, and usually NaOH or LiOH[25] is employed for
this purpose.

However, in this work, the solvent mixture generates
basic medium, due to a hydrolysis mechanism, turning
solvents into a good source of hydroxyl anions[18]:

Besides, there is another hydrolysis equilibrium with
acetate anions:

CH3COO− + H2O → CH3COOH+ −OH.

Therefore, it is fair to think that the medium is b
sic enough to drive the formation of Mn(OH)2, which
is later oxidized to Mn3O4 with simultaneous reductio
of atmospheric oxygen; it is noteworthy that mangan
nanoparticles are 30 times more efficient at promoting
manganese oxidation reaction than the same materi
bulk [33]:

Mn2+ + 2(−OH) → Mn(OH)2 (Initiation),

3Mn(OH)2 + (1/2)O2 → Mn3O4 + 3H2O
(Redox-condensation process).
o

Finally, this redox process makes the hausmannite
most stable product:

3Mn(OAc)2 + (1/2)O2
DMF–H2O (10%)−−−−−−−−−→ Mn3O4

nanorods
(hausmannite)

+3H2O.

4. Conclusions

We have demonstrated that simple dissolution of m
ganese(II) acetate in a mixture of polar solvents DMF–H2O
(10%) at room temperature can be employed to ob
Mn3O4 nanoparticles in one step. These nanocrystals h
an elongated morphology (rodlike shape) with a preferen
orientation along the〈001〉 direction. The magnetic behavio
is under the influence of the rod size, showing high val
of remanence ratio and coercivity. It is important to n
that this novel synthesis method is clean and reproduc
requires neither complex apparatus and sophisticated
niques nor templates, and can be extended to other trans
metal acetates in order to obtain different metal oxides;
forts aimed at exploring this possibility are currently und
investigation in our laboratory.
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