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In this study, the synthesis of Mn3O4 (husmannite) nanoparticles was carried out in two different alkali
media under sonication by ultrasonic bath and conventional method. Manganese acetate was used as
precursor, sodium hydroxide and hexamethylenetetramine (HMT) as basic reagents in this synthesis.
An ultrasonic bath with low intensity was used for the preparation of nanomaterials. The as prepared
samples were characterized with X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy,
transmission electron microscopy (HRTEM, TEM), energy-dispersive spectrum (EDS), and superconduc-
ting quantum interference device (SQUID) analysis. The XRD patterns exhibit the nanocrystals are in pure
tetragonal phase. The chemical composition was obtained by EDS analysis and confirmed the presence of
Mn and O in the sample. According to the TEM and HRTEM results, both nanorods and nanoparticles of
Mn3O4 were obtained in the presence of ultrasonic irradiation. The average size of nanoparticles was
10 nm, and the size of nanorods was 12 nm in diameter and 100–900 nm in length for the samples pre-
pared in basic medium with sodium hydroxide. In the conventional method with the same basic medium,
the nanorod was not observed and the nearly cubic nanoparticles was appeared with an average size of
2.5 nm. The selected area electron diffraction (SAED) patterns revealed that the nanocrystals are poly-
crystalline in nature. When HMT was used as a basic reagent in the presence of ultrasonic irradiation,
it was led to a higher size of nanoparticles and nanorods than when sodium hydroxide was used as a basic
reagent. The average size of nanoparticles was about 15 nm and its shape was nearly cubic. The diameter
for nanorods was 50 nm and the length was about a few micrometers.

The magnetic measurements were carried out on the sample prepared in sodium hydroxide under
ultrasonic irradiation. These measurements as a function of temperature and field strength showed a
reduction in ferrimagnetic temperature (Tc = 40 K) as compared to those reported for the bulk
(Tc = 43 K). The superparamagnetic behavior was observed at room temperature with no saturation
magnetization and hysteresis in the region of measured field strength.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

A great deal of attention has been paid to the synthesis of soft
magnetic materials which have been extensive applications in
electronic and information technologies [1]. Magnetism of materi-
als in the nanosize scale is of extreme importance due to their
potential applications in different fields such as high-density
recording media, ferrofluid technology, magnetic resonance imag-
ing, etc. [2–5]. When the crystallite sizes of magnetic material
reduce to a few nanometers, energy considerations favor the for-
mation of single domain particles, which could exhibit unique
properties such as superparamagnetism [6,7].

Up to now, researchers have proposed several synthesis ap-
proaches such as co-precipitation [8], sol–gel [9], hydrothermal
ll rights reserved.

ntezari).
method [10], thermal decomposition [11], solvothermal method
[12], and microwave assisted method [13]. However, most of these
approaches contain multi-step synthetic processes or protection
from oxygen, involving unfavorably high growth temperatures
and long reaction times. Currently, there is a trend toward simple,
low temperature solution method for the nanoparticle preparation.
One of the novel and simple method for the synthesis of nanoma-
terial in the low temperature is sonochemistry [14–17]. Sono-
chemistry as an effective and powerful technique is used for the
synthesis of different compound in the normal condition. Sono-
chemically synthesized materials are highly active in catalysis
due to their particles size and high surface area [18]. The chemical
effects of ultrasound appear from acoustic cavitations, that is, the
formation, growth and implosive collapse of bubbles in a liquid
[19]. The implosive collapse of the bubbles generates a localized
hot spot through adiabatic compression or shock wave formation
within the gas phase of the collapsing bubble. The conditions
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formed in these hot spots have been experimentally determined,
with transient temperatures of �5000 K, pressure of 1800 atm
and cooling rates in excess of 1010 K/s [19]. Most of the research
for the synthesis of nanomaterials was focused on the preparation
of nanomaterials by using high intensity ultrasonic probe [20–22].

There are different fabrications of magnetic nanocrystals with
different morphology. Most of them focused on the synthesis of
3D spherical nanoparticles. In the past few years great efforts have
been developed to the fabrication of 1D nanomaterials like vapor
deposition [23], solvothermal reaction [24], and surfactant-as-
sisted method [25] for their unique properties. Ultrasonic irradia-
tion could offer an attractive method for the preparation of 1D
nanomaterial [26–29]. Owing to more efficient mixing [30] and
faster mass transfer of the reactants [31] under action of microjet
and shock wave of the ultrasound, the proper use of ultrasonic irra-
diation can significantly improve crystal nucleation and growth.
The ultrasonic wave probably has the ability to improve ori-
ented-attachment of primary nanoparticles and lead to 1D
nanoparticle [27].

Spinel oxides having the general form of AB2O4, offer a rich
system for the study of complex magnetic order. Both the tetrahe-
dral A sites ion and the octahedral B sites ion can be magnetic
[32,33]. One of the magnetic spinel materials is Mn3O4 with spinel
structure. Mn3O4 is a complex oxide of manganese containing both
di- and tri-valent manganese. The formula can be represented as
Mn2+(Mn3+)2O4, which Mn3+ is in octahedral position and Mn2+ is
in tetrahedral position of the spinel structure [34]. Bulk Mn3O4

exhibits a tetragonal Jahn–Teller distortion at the Mn3+ site at high
temperature to the I41/amd space group [35]. The synthesis of
Mn3O4 has gained significant attention due to its wide range appli-
cations, such as high density magnetic storage media, catalysts, ion
exchange, molecular adsorption, electrochemical materials, solar
energy transformation, and soft magnetic materials [36–41].
Mn3O4 has also been shown different applications in industry such
as catalyst for oxidation of CH4, the selective reduction of nitroben-
zene, the decomposition of waste NOx [42–46], the oxidation of C3
organic compound like propane, propene, acetone, acrolein [47], as
a pigment [48], and in batteries [49]. The nanometer sized Mn3O4

powder with remarkably increased surface area and different
morphologies are expected to display better performance in the
all-above mentioned applications. There are many works which re-
ported the synthesis of Mn3O4 with classical and solvothermal
methods [50,51]. These methods require long reaction time in
the range of 12–72 h at different temperatures and pressures.
Another method which was used for the preparation of Mn3O4 is
sol–gel [52]. This method has been known to be expensive, time
consuming, and polluting. The conventional high-temperature cal-
cinations for preparation of Mn3O4 lead to inconsistency in product
quality and it is uneconomical [53]. Ozkaya et al. [53] were used an
oxidation–precipitation method based on the oxidation of manga-
nese sulfate and hydrolyzing with NaOH and concentrated NH3 at
100 �C using stirrer method [53]. Sodium nitrate solution was
added into the reaction mixture dropwise for overnight. They
found that the samples obtained by NaOH were spherical with
average size of (14 ± 5) nm and the samples obtained by using
NH3 were a mixture of spherical and ellipsoids [53]. Li et al. [54]
have synthesized Mn3O4 with average size of 10 nm via esterifica-
tion process with alcohol and Mn(Ac)2,4 H2O in the range of
90–150 �C. Chen et al. [55] have synthesized different morpholo-
gies of Mn3O4 (nanoparticles, nanorods, and nanofractals) by
control the dropping speed of NaOH solution. Yang et al. [56] were
obtained (1-D) nanorods of Mn3O4 using high temperature calcina-
tion of c-MnOOH. Mn3O4 nanowires were obtained via solvother-
mal treatment of c-MnOOH in polypropylene glycol at 180 �C for
24 h [57]. Park and co-workers synthesized Mn3O4 nanoparticles
by decomposition of [Mn(acac)2] (acac = acetylacetonate) in
oleylamine at 180 �C [58]. Qian and co-workers [59] have synthe-
sized Mn3O4 nanorods in alcohol–water mixtures, using KMnO3

as a starting manganese source and Na2SO3 as a reducing agent
at 140 �C. Also, Mn3O4 nanorods with an average width and length
of 6.6 ± 1.2 nm and 17.4 ± 4.1 nm were obtained by using Mn(Ac)2,
4H2O in DMF-H2O media for aging time of 3 months [60]. In the
other research work, different manganese salts were used for the
synthesis of Mn3O4 nanoparticles via solvothermal reaction in
DMF as solvent. The size of Mn3O4 nanocrystals was 22.5 ±
7.3 nm and 7.3 ± 1.4 nm prepared using MnCl2 and Mn(CH3COO)2,
respectively, at 160 �C for 24 h [61]. Also, Mn3O4 nanoparticles
were obtained using polyol process by using Mn(CH3COO)2 as pre-
cursors and diethylene glycol [62].

There are some works about the synthesis of Mn3O4 with ultra-
sonic irradiation using high intensity ultrasonic probes [63–65].
But there is no report regarding to the synthesis of Mn3O4 nanopar-
ticles by using ultrasonic bath as a low power ultrasonic irradia-
tion. Gopalakrishnan et al. [63] synthesized Mn3O4 nanoparticles
with an average size of 15 nm using high intensity ultrasonic
irradiation. They used Mn acetate as precursor in neutral media.
Rohani and Entezari [64] reported the synthesis of Mn3O4 nanopar-
ticles with average size of 4 nm via high intensity ultrasonic irradi-
ation in neutral media with Mn acetate as precursor. Gedanken and
co-workers prepared 30–40 nm Mn3O4 nanoparticles with Mn ace-
tate as precursor in basic media (pH 8.3) by using high intensity
ultrasonic irradiation [65]. There is no report about the formation
of Mn3O4 nanorods using high intensity ultrasonic irradiation.

This study focuses on the synthesis of Mn3O4 nanoparticles by
using ultrasonic cleaning bath as a low power source of irradiation.
Based on our knowledge, there is no report up to now about the
synthesis of Mn3O4 in such a low power ultrasonic irradiation
and mild conditions. Nanocrystalline Mn3O4 was obtained by two
different basic reagents at pH 8.0 and compared with the conven-
tional method. It was shown that ultrasonic irradiation can be led
to nanorod structure in normal conditions without any further post
treatment.
2. Experimental

2.1. Material

Manganese(II) acetate 4H2O, sodium hydroxide, and hexameth-
ylenetetramine were purchased from Merck Company. Mili-Q
water was used with a resistivity not less than 18.2 MX cm�1.
2.2. Procedure

In all experiments, 4.6 g of manganese acetate was dissolved
in about 30 mL of mili-Q water and the temperature was ad-
justed at 60 ± 2 �C with aging time of 180 min. In the tempera-
ture below 60 �C, the induction period for the formation of the
particles was very long. The pH of solution was controlled at
8.0 by adding of sodium hydroxide or adding 7.2 g of HMT in
the manganese acetate solution. The sodium hydroxide solution
was added dropwise to control the pH (1 drop/min) of solution
before sonication. The prepared solution was transferred into
an erlenemayer as a reaction vessel and placed on the top of
the water in ultrasonic bath. All experiments were carried out
in ambient conditions under air atmosphere. It is important to
find the optimum position of the reaction vessel in the bath.
The simplest method is to locate the vessel horizontally on the
top of the water where it shows the maximum disturbance on
the surface of liquid inside the vessel. The same erlenemayer
was used each time since differences in the thickness of vessel
can affect on the ultrasonic power transfer into the reaction ves-
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sel. The amount of acoustic power reaches to the reaction is nor-
mally low between 1 and 5 W/cm2 [66]. In the conventional
method, the prepared solution was stirred vigorously instead of
ultrasonic irradiation and the other conditions were the same
as sonication method.

Two experiments were run by rapidly and dropwise (1 drop/
min) addition of NaOH solution (10%, w/v) into manganese acetate
solution to pH 8.0. The obtained precipitates before and after son-
ication with ultrasonic bath were characterized by FTIR.
2.3. Characterization and instrument

The size and morphology of the Mn3O4 were characterized
using a JEOL-2010 TEM operating at 200 kV of accelerate voltage.
The TEM (LEO 912 ab, ziess Germany, 120 kV) was also used for
the characterization of the product. The sample was dispersed in
ethanol and dropped on the copper grid before loading to the
instrument. The XRD of Mn3O4 was recorded on Bruker, D8AD-
VANCE, Germany (X-ray Tube Anode: Cu, Wavelength: 1.5406 Å
(Cu Ka) Filter: Ni). The FTIR of the samples were recorded using
Nicolet 6700 in the range of 400–4000 cm�1 with ATR accessories.
The magnetization measurements were carried out using a Mag-
netic Property Measure System (MPMS, Quantum design) under
magnetic fields up to 10000 Oe at 300 K and 10 K.

The ammonia concentration from decomposition of urotropin
(HMT) was measured by UV–visible spectrophotometer (Unico
2800) through the addition of nessler reagent to the solution.

The ultrasonic equipment used for the synthesis of nanomateri-
als was a Branson 8510E-DTE ultasonic bath which is commonly
used for the cleaning purposes in different laboratories (40 kHz-
overall dimensions: 24 in. � 18 in. � 14.5 in.; internal dimensions:
19.5 in. � 11.5 in. � 6 in.).
2.4. Calorimetry

The real transducer‘s efficiency for electrical to sound conver-
sion which is called acoustic power was determined by calorimet-
ric method. Since the ultrasonic irradiation of a liquid produces
heat, recording the temperature as a function of time leads to the
acoustic power estimation by the following equation [67]:

P ¼ m � Cp �
dT
dt

� �
ð1Þ

where, m is the mass of the sonicated liquid (g), Cp is the specific
heat of medium (water, 4.2 J (g K)�1), and dT/dt is the temperature
rise per second.The ultrasonic intensity of bath sonicator at 30 �C
was 0.30 W cm�2 and the ultrasonic density was 0.011 W cm�3.
2.5. Formation of H2O2

Hydrogen peroxide concentration was determined iodometri-
cally [68]. In this method, iodide ion is oxidized by H2O2 in neutral
or slightly acidic solutions. The iodide reagent was prepared imme-
diately before use by mixing equal volumes (1.25 mL) of solution A
(6.6 g of KI, 0.2 g of NaOH, 0.02 g of ðNH4Þ6Mo7O24 � 4H2O in 100 mL
of mili-Q water) and solution B (2 g of potassium hydrogen phthal-
ate in 100 mL of mili-Q water). The sample solution (2 mL) was
added to the described mixture of solution. Then, the absorption
of I�3 was measured at 351 nm. By measuring the concentrations
at different times, the rate of formation of H2O2 was
0.752 lM min�1 at 60 �C.
2.6. Sono-decomposition of HMT

HMT was used as a generator of hydroxyl ions. It is well-known
that HMT produces OH� ions in solution according to the following
reactions:

ðCH2Þ6N4 þ 6H2O! 4NH3 þ 6HCHO ð2Þ

NH3 þH2O! NHþ4 þ OH� ð3Þ

The decomposition of HMT in the presence of ultrasonic irradi-
ation was followed by dissolving 7.2 g of HMT in 30 mL of mili-Q
water. The prepared solution was transferred into an erlenemayer
as a reaction vessel and placed on the top of the water in ultrasonic
bath as described above. The aging temperature and aging time
were 60 ± 2 �C and 1 h. The concentration of ammonia in a sample
was determined by addition of nessler reagent according to the
following equation [69,70]:

2ðHgI2 � 2KIÞ þ NH4OHþ 3NaOH

! OHg2NH2Iþ 3H2Oþ 4KIþ 3NaI ð4Þ

The addition of nessler reagent led to a color from yellow to
brown based on the concentration of ammonia. The measurement
was carried out at the wavelength of 480 nm.

3. Results and discussion

3.1. X-ray analysis

The crystalline nature of the samples obtained in the presence
and absence of ultrasonic irradiation was confirmed by XRD anal-
ysis (Supplementary Figs. S1 and S2). These samples were prepared
in basic medium (pH 8.0) by NaOH, and HMT separately. It reveals
that the XRD peaks in the patterns can be indexed to the (101),
(112), (103), (211), (220), and (224) for tetragonal husmannite
(Mn3O4) structure in accordance with JCPDS card of Mn3O4

(JCPDS-24-0737). There were no impurity phases in the samples
prepared in the presence and absence of ultrasonic irradiation.
The strong intensity and narrow width of diffraction peaks indicate
that the resulting products are in a high crystallinity especially in
the case of sample obtained by HMT. In addition, the narrower
diffraction peaks of the sample in the case of HMT indicate the par-
ticle size should be rather larger. The lattice parameters of the
nanoparticles under two different media were determined (Table
S1). In all cases, the samples synthesized in the presence of ultra-
sonic irradiation had smaller lattice parameters than conventional
method.

3.2. FTIR analysis

The FTIR analysis was performed and the spectra were pre-
sented in Fig. 1. Two significant absorption peaks are observed in
the range of 450–650 cm�1. The vibration frequency at 602 cm�1

is the characteristic of Mn–O stretching mode in tetrahedral sites,
whereas vibration band located at a lower wavenumber, 480 cm�1,
can be attributed to the distortion vibration of Mn–O in an octahe-
dral environment [53,71]. The peak in the range of 3300–
3500 cm�1 is related to the adsorbed water on the samples and hy-
droxyl groups on the surface of nanoparticle.

The FTIR analysis of the precipitates obtained by rapidly and
dropwise addition of NaOH solution before sonication was per-
formed (Supplementary Fig. S3). In the case of rapidly added NaOH,
the broad peak at 2600–3600 cm�1 is due to adsorbed water mol-
ecules and O–H stretching band. The two peaks at 1440 cm�1 and
1580 cm�1 can be assigned to tC–O (sym) and tC–O (asym). It is
suggested that these two peaks are related to the adsorption of



Fig. 1. FTIR spectrum of the Mn3O4.

T. Rohani Bastami, M.H. Entezari / Ultrasonics Sonochemistry 19 (2012) 560–569 563
acetate anion on the surface of precipitates. The peak at 644 cm�1

may be related to the vibration band of Mn–O. In the case of drop-
wise added NaOH, the peaks at 1417 cm�1, 1568 cm�1, and
1627 cm�1 are owing to the symmetric and asymmetric vibration
of C–O from adsorbed acetate anions on the surface of precipitate
too. In this case, two peaks at 630 cm�1 and 527 cm�1are related
to the Mn–O vibration bands.

The FTIR analysis was also carried out on the precipitates
formed with rapidly and dropwise added of NaOH and then soni-
cated by ultrasonic bath (Supplementary Fig. S4). In the case of
sample obtained by rapidly added of NaOH, there is one peak
around 658 cm�1 which is related to Mn–O vibration mode. But,
in the case of dropwise addition of NaOH, two peaks are observed
at 602 cm�1 and 480 cm�1. These observations confirm that the
rate of alkaline addition can affect on the chemical structure of
the products.
Fig. 2. (a, b) TEM images of Mn3O4 nanocrys
3.3. Morphology, size, and size distribution

Fig. 2 (a) and (b) shows the TEM images of Mn3O4 nanocrystals
synthesized by NaOH using ultrasonic bath. These images confirm
the sample consist of nearly cubic nanoparticles with average size
of 10 nm and some rod-like structure. The diameter of rod-like was
around 12 nm and its length was in the range of 100–900 nm.
Some of the particles were attached to the surface of nanorods.

The HRTEM image, the corresponding SAED pattern, and the lat-
tice image of the sample under the ultrasound are shown in
Fig. 3(a)–(d). The observed lattice spacing of 2.6 Å and 2.9 Å
correspond to the (103) and (112) planes of tetragonal Mn3O4,
respectively. The SAED pattern reveals the nanocrystals are poly-
crystalline in nature. The size of nanoparticle according to the
HRTEM image was found to be about 10 nm. The size distribution
was obtained from the HRTEM image and confirms the nearly uni-
form size of the samples.

The chemical composition of the nanoparticles has been ana-
lyzed using EDS analysis as shown in Fig. 4. The Cu peaks are the
signal detected from the TEM grid. This result confirms the pres-
ence of Mn and O in the nanopowder.

In the case of conventional method, the HRTEM images and the
lattice spacing of Mn3O4 nanoparticles are presented in Fig. 5(a)–
(c). According to these results, no nanorods were obtained in the
absence of ultrasonic irradiation, and the average size of nearly
cubic nanoparticles was 2.5 nm. Based on the SAED pattern which
is shown in Fig. 5d, the structure of nanoparticles is polycrystalline
in nature. The observed lattice spacing of 2.0 Å, 2.4 Å, and 1.5 Å
correspond to the (220), (211), and (224) planes of tetragonal
Mn3O4, respectively. The size distribution of the samples confirms
the nearly uniform size of nanocrystals. The EDS analysis confirms
the presence of O and Mn elements in the sample (Fig. 6).

The increase of particle size and the formation of nanorods in
the presence of ultrasonic waves can be explained by the two
following statements:

(1) It has suggested that NaOH has a strong adsorption on the
surface of nanoparticles [72,73]. This strong capping agent
on the surface of nanoparticles hinders the Ostwald ripening
growth. Therefore, the size of nanoparticles cannot increase
significantly. It is assumed that ultrasonic waves can be led
to an irreversibly desorption of capping agents (NaOH) from
the surface of nanoparticles by cavitational collapse. For this
reason, a larger size of nanoparticles can be observed in the
presence of ultrasonic irradiation.

(2) For the diffusion-controlled crystal growth, it has suggested
that each crystal is surrounded by a diffusion sphere [74]. It
is proposed that ultrasonic irradiation promotes the mass
tal using ultrasonic irradiation (NaOH).



Fig. 3. (a) HRTEM, (b, d) lattice image, and (c) SAED pattern of Mn3O4 nanocrystal using ultrasonic irradiation (NaOH).

Fig. 4. EDS pattern of Mn3O4 nanocrystal using ultrasonic irradiation (NaOH).
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transfer and diffusion of precursors from the bulk into the
diffusion sphere, so the facets along the axis which are more
active should be quickly grow and led to the production of
1D structure. Another important parameter is the thickness
of the diffusion sphere which is reduced by ultrasonic irradi-
ation and this leads to an increase of flux diffusion and faster
growth along the active axis.
In addition, under sonication, an oriented attachment process
can be occurred by mechanism of alignment and coalescence
between the particles. Since it has suggested the oriented
attachments may occur via collisions of aligned nanoparticles in
suspension or rotation of misaligned nanoparticles in contact
toward low-energy interface configuration [75,76].



Fig. 5. (a) HRTEM, (b, c) lattice image, and (d) SAED pattern of Mn3O4 nanocrystal using conventional method (NaOH).

Fig. 6. EDS pattern of Mn3O4 nanocrystal using conventional method (NaOH).
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According to the TEM images for the samples prepared with
HMT in the presence of ultrasonic irradiation (Fig. 7), the amount
of nanorods was less than with NaOH. The average size of nanopar-
ticles was about 15 nm and the shape was nearly cubic. The diam-
eter for nanorods was 50 nm and the length was about a few
micrometers. The size of nanoparticles and nanorods were larger
than the samples obtained by NaOH. This behavior could be
explained based on the chemical decomposition of HMT to ammo-
nium and hydroxide ions in water. The chemical decomposition of
HMT in the presence of ultrasonic irradiation was measured (Sup-
plementary Fig. S5). Based on this Figure, the decomposition was
gradually increased with time up to 40 min and then it was
reached to an approximate constant amount. It is proposed that
the gradual release of ammonium and subsequent OH�1 ions in



Fig. 7. TEM image and size distribution of Mn3O4 nanocrystal using ultrasonic irradiation (HMT).

Fig. 8. (a) M-T curve of Mn3O4 nanocrystal using ultrasonic irradiation and (b)
temperature derivative of magnetization vs. temperature.
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the solution led to slower nucleation and growth process and this
causes an increase on the size of nanoparticles and nanorods.

3.4. Magnetic measurements

It is known that the physical properties of materials are related
to their morphologies and sizes. The magnetic properties of Mn3O4

nanocrystals (mixture of nanorod and nanoparticles) prepared in
the presence of ultrasonic irradiation with NaOH have been stud-
ied by measuring the magnetization as a function of temperature;
field-cooled (FC) with field of 1000 Oe and zero-field-cooled (ZFC).
The magnetization-temperature curves are shown in Fig. 8a. It is
revealed that the magnetization decreases by increasing the tem-
perature up to 39 K and then sharply decreases around 44 K. The
magnetization almost disappeared in the range of 44–295 K. It is
suggested that the increasing of thermal energy especially above
the Tc led to fluctuation of magnetic moment of nanoparticles
and decrease of magnetization. The transition temperature, Tc,
can be determined through the derivative of magnetizations with
respect to the temperature which is given in Fig. 8b. The Tc was
found at 40 K which is lower than the observed temperature for
the bulk of Mn3O4 (43 K) [77,78]. The lower value of the ferrimag-
netic onset temperature (Tc) as compared to the reported value for
the bulk indicates the particles are single domain in nature. This
result is consistent with the linear relationship between crystal
volume V and blocking temperature TB as predicted from the
equation:

kV ¼ 25kBTB ð5Þ

K is the anisotropy constant and kB is Boltzmann‘s constant [79].
Therefore, the Tc or TB reduces with decrease of size and similar
trend was also observed in the literature [58].

Gopalakrishnan et al. [63] reported the synthesis of nanocrytal-
line Mn3O4 by high intensity ultrasonic irradiation and showed
that the Tc for nanoparticles with sizes of 15 nm was 39 K. Qian
and co-workers [80] synthesized nanorod Mn3O4 using PEG-
20000 with diameter of about 100 nm and lengths up to
15–20 lm and showed that the Tc for nanorod was 41 K. They sug-
gested that the shape anisotropy of products have a little influence
on Tc value [80]. In our case, it is proposed that the mixture of
nanoparticles and nanorods led to a lower value of Tc than the re-
sults obtained by Qian and co-workers. Also, the smaller size of
nanorods in our case may affect on the lower value of Tc.

Generally, a bulk ferrimagnetic compound is multidomain in
nature below its ferrimagnetic transition temperatures. The
multidomain character of a ferrimagnetic system can be lost if
the particle size decreases to below a critical size. The same as bulk
ferrimagnetic systems, the single domain ferrimagnetic systems



Fig. 9. Hysteresis loop of Mn3O4 nanocrystal using ultrasonic irradiation (NaOH): (a) room temperature and (b) 10 K.
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also show a hysteresis in their M–H (magnetization vs. field mea-
surement) behavior. The sample shows an obvious ferrimagnetic
behavior at low temperature.

The magnetization curve of sample at room temperature is
shown in Fig. 9a. The M–H curve is linear with the field and has
no coercivity at room temperature. The hysteresis in the single-do-
main ferrimagnetic particles vanishes when the particle size be-
comes so small that the maximum anisotropy energy becomes
close to the thermal energy. In this case, the process of flipping
of the single-domain spin becomes uninhibited [53]. This state of
ferrimagnetism called ‘‘superparamagnetism’’ as it does not show
any hysteresis in its M–H behavior and the magnetization never
get saturated even at very high applied field. In the present case,
the room temperature magnetization curve shows no hysteresis
which indicates the superparamagnetic character of the sample.
It has also claimed that the nanorods can exhibit a superparamag-
netic behavior [80,81]. The saturated magnetization (Ms) was not
reached even at 10 kOe applied magnetic field and the maximum
value of magnetization was 0.5 emu/g in the field of 10 kOe. A large
coercivity and hysteresis loop were observed at temperature below
Tc (10 K) (Fig. 9b). The maximum value for magnetization in 10 K
was about 28.4 emu/g at 10 kOe. The coeresivity and remnant were
3514 Oe and 22 emu/g, respectively. The obtained data exhibit
smaller coercivity in comparison with the value reported by Qian
and co-workers (6177 Oe) [80] and a similar coercivity for the
Mn3O4 as a film (3500 Oe) [82]. The smaller coercivity may be re-
lated to the mixture of nanorods and nanoparticles in the products.
3.5. Proposed mechanism

Aqueous solutions of manganese(II) salts in the presence of
strong bases form the pink-colored, insoluble manganese(II)
hydroxide, Mn(OH)2. In the presence of air and oxygen, Mn(OH)2

is gradually oxidized to form dark-brown products which contains
Mn(OH)3 or possibly MnO, and MnO2 nH2O. Manganese(II) hydrox-
ide is a fairly weak base and when heated in the presence of air, it
forms Mn3O4 [34].

The chemical reactions driven by ultrasonic waves can occur in
three different regions [83,84]: (a) the inner environment of the
collapsing bubble (gas phase), where high temperatures and pres-
sures are produced and causing the pyrolysis of water into H and
OH radicals, (b) the interfacial region between the cavitation
bubbles and bulk solution, and (c) the bulk of the solution. The
temperature in case (b) is lower than the case (a) but, the temper-
ature is still high enough to rupture chemical bonds. In the bulk
solution, the reaction between reactant molecules and OH or H
radicals produced by the cavitation can take place at the medium
temperatures.

In this case, it is known that the sonochemical reaction does
not occur inside the cavity which is due to the ionic structure of
initial reactants (manganese acetate). Therefore the reaction can
facilitate in interface of the bubble or in the bulk of the solution.
A suggested mechanism for the formation of Mn3O4 from aque-
ous manganese acetate in the presence of O2 molecules are as
following:

MnðCH3COOÞ2 !
H2O

Mn2þ þ 2CH3COO� ð6Þ

H2O !ÞÞÞÞÞÞH� þ OH� ð7Þ

According to Okitsu et al. [85], OOH radicals are formed by the reac-
tion of H radicals with O2 molecules under the air atmosphere and
then the recombination of OOH radicals proceed to form H2O2:

H� þ O2 ! �OOH ð8Þ

2�OOH! H2O2 þ O2 ð9Þ

The oxidant generated by ultrasound can be used in reaction (10):

3Mnþ2 þ 6CH3COO� þ H2O2 þ 2H2O!Mn3O4 þ 6CH3COOH ð10Þ

In the basic solution, the following reactions can also be occurred:

3Mn2þ þ 6OH� þ 1
2

O2 !MnðOHÞ2 þ 2MnOOHþH2O ð11Þ

MnðOHÞ2 þ 2MnOOH!Mn3O4 þ 2H2O ð12Þ
4. Conclusion

In summary, this work was focused on the synthesis of Mn3O4

nanocrystal under mild conditions. The pure phase of Mn3O4 was
synthesized by ultrasonic bath with low intensity of irradiation
and conventional method by using manganese acetate as a precur-
sor in the presence of NaOH and HMT at pH 8.0. The results in the
presence and absence of ultrasound were compared. Under ultra-
sound a mixture of nanorods and nanoparticle with nearly cubic
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in shape were observed. But, in the conventional method, there
was not observed any nanorods. The absence of the rod-like struc-
ture in the conventional method might be attributed to the capping
agent like NaOH on the interface of nanoparticles. However, the
desorption of capping agent from the surface of nanoparticles
under ultrasonic irradiation and effective collision of nanoparticles
could be led to production of 1-D structure. The magnetization
measurements showed that the nanopowders were single domain
in nature with the observation of superparamagnetic behavior at
room temperature.
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