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A novel technique was used for the synthesis of manganese oxide nanocrystal by applying an external mag-
netic field (EMF) on the precursor solution before sonication with ultrasonic bath. The results were compared
in the presence and absence of EMF. Manganese acetate solution as precursor was circulated by a pump at
constant speed (7 rpm, equal to flow rate of 51.5 mL/min) in an EMF with intensity of 0.38 T in two exposure
times (tMF, 2 h and 24 h). Then, the magnetized solution was irradiated indirectly by ultrasonic bath in basic
and neutral media. One experiment was designed for the effect of oxygen atmosphere in the case of magnetic
treated solution in neutral medium. 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 superconducting quantum interference device (SQUID) analysis. In
neutral medium, the sonication of magnetized solution (tMF, 24 h) led mainly to a mixture of Mn3O4 (haus-
mannite) and c-MnOOH (manganite) and sonication of unmagnetized solution led to a pure Mn3O4. In point
of particle size, the larger and smaller size of nanoparticles was obtained with and without magnetic treat-
ment, respectively. In addition, the EMF was retarded the nucleation process, accelerated the growth of the
crystal, and increased the amount of rod-like structure especially in oxygen atmosphere. In basic medium,
a difference was observed on the composition of the products between magnetic treated and untreated solu-
tion. For these samples, the magnetic measurements as a function of temperature were exhibited a reduction
in ferrimagnetic temperature to Tc = 39 K, and 40 K with and without magnetic treatment, respectively. The
ferrimagnetic temperature was reported for the bulk at Tc = 43 K. A superparamagnetic behavior was
observed at room temperature without any saturation magnetization and hysteresis in the measured field
strength. The effect of EMF on the sample prepared in the basic medium was negligible but, in the case of neu-
tral medium, the EMF affected the slope of the magnetization curves. The magnetization at room temperature
was higher for the samples obtained in neutral medium without magnetic treatment. In addition, a horizontal
shift loop was observed in neutral medium at low temperature.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction the precipitation of paramagnetic and diamagnetic inorganic salts.
Numerous papers focused on the effect of magnetic field on the
crystallization and precipitation of organic and inorganic com-
pounds [1–5]. Freitas et al. [1] studied the influence of magnetic
field on the crystallization of the zinc sulfate-water and copper sul-
fate-water. Nývlt and Kricková [2], found that the magnetic field
increased the nucleation kinetics during crystallization of MgSO4

from aqueous solutions. Higashitani et al. [3], studied the influence
of magnetic exposure on the formation of CaCO3 crystals. They
used a magnetic flux density less than 0.3 T with an exposure time
more than 10 min. Under these conditions, the nucleation of CaCO3

was suppressed but the growth of crystals was accelerated [3]. In
addition, the magnetic exposure accelerated the formation of ara-
gonite crystals [3]. Madsen [4] investigated the magnetic field on
ll rights reserved.

ntezari).
It was concluded that only phosphates and carbonates with dia-
magnetic metal ion are affected, through enhancement of nucle-
ation and growth rates. Mitrovic [5] studied the effect of
magnetic field on the crystallization of MnCl2�4H2O.

Recently a new attention has been paid to the synthesis of
nanomaterials especially transition-metal oxides which are due
to its extensive applications [6]. Up to now, it has been proposed
several synthesis approaches for the preparation of nanomaterial
[7–10]. However, based on the best of our knowledge, there is no
report about the fabrication of nanostructure material using mag-
netic field exposure on the precursor solution.

Manganese oxide and oxohydroxide nanostructures have
attracted considerable attention because of their potential
applications in many fields including separation, chemical sensing
devices, biology and electronics [11,12]. There are many works
about the synthesis of manganese oxide with classical and solvo-
thermal methods [13,14]. These approaches require long reaction
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time such as 12–72 h at different temperatures and pressures. An-
other method used for the preparation of manganese oxide is sol–
gel [15]. The sol–gel method has some disadvantageous like expen-
sive, time consuming, and polluting. The conventional high-temper-
ature calcinations of the products lead to inconsistency in product
quality and it is an uneconomical procedure [16].

Currently, there is a trend toward simple, low temperature solution
method for the preparation of nanoparticle. One of the novel and sim-
ple method for the synthesis of nanomaterial is sonochemistry [17,18].
Sonochemistry as a unique and powerful technique is used for the syn-
thesis of different compounds in the normal condition. Synthesis of
material via ultrasonic irradiation led to high activity in catalysis due
to their particles size and high surface area [19]. The chemical and
physical effects of ultrasonic irradiation originate from acoustic cavita-
tions, which is, the formation, growth and implosive collapse of bub-
bles in a liquid [20]. The implosive collapse of the bubbles produces a
localized hotspot via adiabatic compression or shock wave formation
within the gas phase of the collapsing bubble. This harsh condition gen-
erates transient temperatures of �5000 K, pressure of 1800 atm and
cooling rates in excess of 1010 K/s which determined from hotspots
theory [20]. Most of the works for the synthesis of nanomaterials by
ultrasonic waves were focused on the preparation of nanomaterials
by using high intensity ultrasonic probe [21–23].

There are some works in the literature about the synthesis of
Mn3O4 with ultrasonic irradiation using high intensity ultrasonic
probes [24–26]. Recently, we have reported for the first time the
synthesis of Mn3O4 nanoparticles in different basic media by ultra-
sonic bath as a low power ultrasonic irradiation source [27].

Regarding to the morphology and shape of nanomaterials, most
of the works focused on the synthesis of 3D nanoparticles. In the
past few years, a great attention has been paid to the synthesis
of 1D nanomaterials for their unique properties in electronics, pho-
tonics, sensing device, etc. [28,29]. This structure was synthesized
by vapor deposition [30], solvothermal reaction [31], and surfac-
tant-assisted method [32]. Ultrasonic irradiation could offer an
attractive method for the preparation of 1D nanomaterial [33,34].
Due to more efficient mixing [35] and faster mass transfer of the
reactant under action of microjet and shock wave of cavitation pro-
cess [36], ultrasonic irradiation can significantly improve crystal
nucleation and growth. It was suggested that the ultrasonic wave
probably has the ability to improve oriented-attachment of pri-
mary nanoparticles and lead to 1D nanoparticle [34].

This study focuses on the synthesis of manganese oxide nano-
particles using bath ultrasonic irradiation in neutral and basic
media. In the absence of ultrasonic irradiation, no product was ob-
tained in neutral medium. The precursor solutions were exposed to
EMF (0.38 T) and then sonicated. As our best knowledge, there is no
report about the sono-synthesis of nanomaterial using a treated
solution with EMF and also this is the first report about the synthe-
sis of nanorod structure at low temperature and normal condition
without any further post treatment.
2. Experimental

2.1. Material

Manganese(II) acetate, 4H2O, and sodium hydroxide were pur-
chased from Merck Company. Milli-Q water was used with a resis-
tivity not less than 18.2 MX cm�1.
2.2. Procedure

2.2.1. Preparation of manganese oxide without EMF
Manganese acetate was used as a precursor for the synthesis of

manganese oxide nanoparticles. In neutral medium (pH 6.8), 4.6 g
of the precursor compound was dissolved in 30 mL milli-Q water.
The prepared solution was poured in an erlenmayer as a sono-
chemical reaction vessel. The erlenmayer was placed at the top
of the water in the bath and then sonicated. The optimum horizon-
tally position for the reaction vessel in the bath is important. The
vessel should be located at the position with the maximum distur-
bance on the surface of liquid inside the vessel. The same glass ves-
sel should be used each time as the differences in the thickness of
the glass base influence on the ultrasonic power transferred into
the reaction system. The amount of transferred energy to the reac-
tion is low and normally it is in the range of 1–5 W cm�2 [37]. The
synthesis was carried out with Branson 8510E-DTE ultrasonic bath,
commonly used for cleaning purposes in laboratories (40 kHz-
overall dimensions: 24 in. � 18 in. � 14.5 in.; internal dimensions:
19.5 in. � 11.5 in. � 6 in.). Based on different applied conditions,
the total aging time of sonication was 180 min and the tempera-
ture was set at 60 ± 2 �C. The reaction products were centrifuged,
washed with distilled water and dried at 100 �C. It should be men-
tioned that the visual induction period (the time requires to change
color from colorless) for the appearance of nanoparticles was about
5 min. In the basic medium, the pH of solution was adjusted at 8.0
by adding dropwise (1 drop/min) of sodium hydroxide to control
the pH of solution before sonication. All experiments were carried
out in ambient condition under air atmosphere. Also, one experi-
ment was run in the absence of ultrasonic irradiation (stirrer meth-
od) in neutral medium and the other conditions were the same as
experiment under ultrasonic irradiation and neutral medium. In
the basic condition, Rohani Bastami and Entezari, compared the
stirrer method with ultrasonic irradiation [27].

2.2.2. Preparation of manganese oxide with EMF
In neutral medium, 4.6 g of manganese acetate was dissolved in

30 mL milli-Q water. This solution was circulated in the presence of
EMF for 24 h and 2 h by circulating pump (Scheme 1). The EMF was
generated by a couple of permanent magnets with intensity of 0.38 T
and the solution was circulated through the EMF with flow rate of
51.5 mL/min. The magnetized solution was poured in an erlenemayer
as a sonochemical reaction vessel and then placed on the optimum po-
sition in the bath and sonicated. The time of sonication, the tempera-
ture, and the position of erlenmayer in the bath were the same as
sonication without EMF. The visual induction periods in this case were
in the range of 25–30 min, and 8–10 min for 24 h and 2 h circulating in
the presence of EMF, respectively. The reaction products were centri-
fuged, washed with distilled water and dried at 100 �C. One experiment
was run in the O2 atmosphere. In this case, the magnetized solution for
24 h was purged with O2 for 1 h before sonication and the purge of oxy-
gen was continued during the sonication. The visual induction period
was about 10 min. Also, one experiment was run under the same
conditions with Ar atmosphere in neutral pH with and without EMF.

The induction period for the colloidal dispersion of manganese
oxide were monitored by UV–vis absorption spectroscopy. Fig. 1 shows
the UV–vis absorption spectrum in the case of manganese oxide in neu-
tral media without EMF. At the beginning (before sonication), the UV–
vis spectrum of a freshly prepared solution of manganese acetate in
milli-Q water exhibited a wide absorption band with an onset at
400 nm (Fig. 1). After 5 min, this band becomes wider and the onset
shifts to about 600 nm which related to the induction period.

In the basic condition, the pH of solution was adjusted at 8.0 by
adding of sodium hydroxide dropwise (1 drop/min) in the magne-
tized solution and the total volume was fixed at 30 mL. The other
conditions were the same as neutral medium.

2.3. Characterization and instrument

The size and morphology of the samples were characterized
using a JEOL-2010 TEM operating at 200 kV of accelerate voltage.



Scheme 1. Experimental setup for circulation of manganese acetate solution in EMF.

Fig. 1. UV–vis absorption spectra of manganese acetate solution (4.6 g, milli-Q water 30 mL) immediately after preparation (0 min) and during the sonication.
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The TEM (LEO 912 ab, ziess Germany, 120 kV) was also used for the
characterization of the product. The sample was dispersed in eth-
anol and dropped on the copper grid before loading to the instru-
ment. The XRD of the products was recorded on Bruker, D8
ADVANCE, 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 10,000 Oe at 300 K and 10 K.

A pump by Ecoline VC360 ISM 1076 model was used for circu-
lating the solution through the EMF. The hydrogen peroxide con-
centration was measured by UV–vis spectrophotometer (Unico
2800).

2.4. Calorimetry

The ultrasonic intensity of bath sonicator at 30 �C was mea-
sured through calorimetric method [38] and it 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 [39]. By measuring the concentrations at different times,
the rate of formation of H2O2 was 0.752 lM min�1at 60 �C.
3. Results and discussion

3.1. XRD analysis

The XRD patterns of the samples under different conditions
using low power ultrasonic irradiation (bath sonicator) show the
crystalline nature of the products (Supplementary Figs. S1–S3).
The products are well crystallized and the XRD peaks of the sam-
ples can be indexed to (101), (112), (103), (211), (220), and
(224) for the tetragonal hausmannite structure in accordance with
JCPDS card of Mn3O4 (JCPDS-24-0737) under different conditions.
In the absence of EMF, the products are pure and no peaks have
been detected for the impurity phases. The XRD pattern of the
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samples in the presence of EMF shows a mixture of phases in the
product. Table 1 summarizes the composition of the products with
different tMF.

In sonication of the magnetized samples under the neutral med-
ium and ambient atmosphere, a small quantity of MnO2 as an
impurity was obtained for tMF, 2 h. But, a longer time of magnetiza-
tion (tMF, 24 h) led to a mixture of Mn3O4 and MnOOH with a few
amount of MnO2 and Mn2O3. Table 1 shows the presence of 24.7%
manganite (MnOOH) phase in the sample with tMF, 24 h. It indi-
cates that the tMF affects on the production phase. Another point
is the lattice parameter (c) for Mn3O4 phase which increased by
increasing the tMF. When O2 atmosphere was used in the neutral
medium, a mixture of Mn3O4 and MnOOH with a few amount of
Mn2O3 were obtained. According to the XRD peaks, it is proposed
that the EMF may be led to the decrease of crystal growth in the
(101), (211) and (103) axis and increase of crystal growth in
the (224) axis.

In the basic condition, the impurity phases are MnO2 and
Mn2O3. It is not observed any peaks corresponding to the MnOOH
phase and the amount of impurities is nearly similar for different
tMF. In addition, the crystal growth was not changed significantly
in the presence and absence of EMF. In this case, the lattice param-
eter was also increased with tMF.

3.2. FTIR analysis

The FTIR analysis on the prepared samples was performed (Sup-
plementary Fig. S4). The vibrational spectra of manganese oxides
can be divided into three sections in the range of 200–450 cm�1,
450–600 cm�1, and 600–750 cm�1, where stretching, bending, and
wagging vibrations of MnOn units are showing up [40]. Two signifi-
cant absorption peaks are observed in the range of 450–650 cm�1 for
all of the samples. The vibration frequency at 602 cm�1 is the char-
acteristic of Mn–O stretching modes in tetrahedral sites, whereas
the vibration frequency at 494 cm�1 corresponds to the distortion
vibration of Mn–O in an octahedral environment. The peak in the
range of 3380–3410 cm�1 could be assigned to mOH vibration of
weakly bonded (physisorbed) water molecules. The vibration band
at 1100 cm�1 is due to d1-OH and the peak around 1170 cm�1 is
due to d2-OH. In O2 atmosphere, the observed intense band at
2080 cm�1 possibly belongs to binary combinations involving OH
librations of manganite (cOH + dOH) and the band at 2670 cm�1 is
fundamental OH stretching related to the hydrogen bonding with
an O@H� � �O length of 2.6 ÅA

0

which originated from manganite [41–
43]. The third vibration band, located at a weaker wave number
417 cm�1 can be attributed to the vibration of manganese species
(Mn3+) in an octahedral site [16,44]. For the samples obtained in ba-
sic medium, strong and broad peaks were observed with maximum
at 3410, and 3390 cm�1 which are due to the physisorption of water
molecule from the solution and absorbed OH� from basic reagent for
tMF, 0 h and 24 h, respectively. Also, in the presence of EMF the peak
at 1570 cm�1 is related to dH2O.

3.3. Morphology, size, and size distribution

The TEM images of manganese oxides in neutral media under
different conditions show the cubic and the rod-like structures
(Supplementary Fig. S5). The TEM results confirm that the amount
Table 1
Type of manganese oxide nanoparticle according to the XRD pattern in different condition

Conditions tMF = 0 h tMF = 2 h

Bath Mn3O4 (100%) Mn3O4 (95%), MnO2 (5%)
Bath-NaOH Mn3O4 (100%) Mn3O4 (86%), MnO2 (5%), Mn2

Bath-O2 Mn3O4 (100%)
of nanorods is higher in the samples obtained with EMF especially
under O2 atmosphere. Figs. 2a, 3 a and 4a represent the HRTEM
images of the samples in neutral medium with and without EMF.
It reveals that the particle size can be varied with conditions. In
neutral medium without EMF, smaller nanoparticles with an aver-
age size of 38 nm and a few amounts of nanorods with an average
diameter of 25 nm and a length in the range of 200–400 nm were
obtained. In neutral medium with EMF, a larger size of nanoparti-
cles was obtained with an average diameter of 82 nm. Also, nano-
rods were obtained with an average diameter of 70 nm and the
length in the range of 650–1300 nm (Fig. 3). By using O2 atmo-
sphere in neutral medium and in the presence of EMF, the average
size of nanoparticles was about 60 nm and the nanorods were in an
average diameter of 21 nm and a length in the range of 200–
500 nm. The size distribution was obtained from the HRTEM and
the monodisperse nanoparticles were achieved in the neutral med-
ium without EMF. In the presence of EMF, less uniformity in size
was obtained and the nanorods were existed in the form of
bunches specially in the O2 atmosphere due to agglomeration (Figs.
3a and 4a). According to these results, the size of nanoparticles and
nanorods increased in the presence of EMF at longer times (tMF,
24 h). The interplanar spacing was 2.8 ÅA

0

, corresponding to (1 0 3)
plane of Mn3O4 and 2.4 ÅA

0

, corresponding to (2 1 1) plane of
Mn3O4 for the nanoparticles obtained in the absence and presence
of EMF, respectively (Figs. 2c and 3b). The selected-area electron
diffraction pattern (SAED) of the nanoparticles are shown in Figs.
2e, 3c, and 4c. Actually, the nanocrystals are singlecrystalline in
nature. But, the SAED patterns exhibit too many nanoparticles
which led to polycrystalline pattern.

According to the TEM image, the size of nanoparticles is smaller
in the basic condition than the neutral one (Supplementary
Fig. S6). The samples in the basic medium consist mainly cubic
nanoparticles with an average size of 14 nm, and 10 nm in the
presence and absence of EMF. Some rod-like structure was also ob-
tained in both conditions. In the absence of EMF, the diameter of
rod-like was around 12 nm and the length was in the range of
100–900 nm. In the presence of EMF, the average diameter was ob-
tained around 19 nm and the length was in the range of 900 nm to
a few micrometers. In both cases, some of the nanoparticles were
attached on the surface of the nanorods. There were not significant
differences between the samples in the presence and absence of
EMF in the basic condition. The HRTEM image, the corresponding
SAED pattern, and the lattice image are shown in Fig. 5a–e. The
HRTEM confirms the results obtained with XRD about the tetrago-
nal phase of Mn3O4 and the observed lattice spacing of 2.6 Å and
2.9 Å correspond to the (1 0 3) and (1 1 2) planes of tetragonal
Mn3O4, respectively. The chemical composition of the nanoparti-
cles has been analyzed using EDS analysis (Supplementary
Fig. S7). These nanoparticles obtained in the basic condition with-
out EMF. The Cu peaks are the signal detected from the TEM grid.
This result confirms the presence of Mn and O in the prepared sam-
ples. The EDS analysis of the other samples was found similar to
that of the latter case (not shown).

3.4. Magnetic measurements

The hysteresis loops for the samples in neutral and basic media
at 300 K are displayed in Fig. 6a, and b. All samples present a
s.

tMF = 24 h

Mn3O4 (64.22%), MnOOH (24.7%), MnO2 (6%), Mn2O3 (5%)
O3 (9%) Mn3O4 (81.75%), MnO2 (9%), Mn2O3 (9.5%)

Mn3O4 (85%), MnOOH (12%), Mn2O3 (3%)



Fig. 2. (a, b) HRTEM, (c) lattice image, (d) histogram showing the particle size distribution measured from (a), and (e) SAED pattern of manganese oxide nanocrystal using
ultrasonic irradiation in neutral medium without EMF (scale: a, b, 100 nm; c, 5 nm; e, 51 nm).
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superparamagnetic behavior at room temperature. The magnetiza-
tion versus field (M–H) is linear and no coercivity is observed. The
hysteresis loop in the single domain is disappearing when the par-
ticle size becomes so small that the maximum anisotropy energy
reaches to the thermal energy. Under this condition the ferro or
ferrimagnetism called ‘‘superparamagnetism’’ as it does not show
any hysteresis in M–H graph and the magnetization never get sat-
urated even at very high applied field. It has also been reported
that the nanorods can exhibit superparamagnetic behavior
[45,46]. The reaction conditions can affect on the maximum mag-
netization at room temperature. The maximum values of magneti-
zation are 3 emu/g, 2 emu/g, and 0.8 emu/g in the field of
20,000 Oe for the samples obtained in neutral medium with differ-
ent time of magnetization (tMF, 0 h, 2 h , and 24 h), respectively. In
the field of 10,000 Oe, the amount of magnetization changes to
1.5 emu/g, 1.2 emu/g, and 0.3emu/g, respectively. It is indicated
that the amount of magnetization decreased with increasing of
tMF. In the basic condition, the maximum value of magnetization
was 0.5 emu/g in the field of 10,000 Oe for both samples, with
(tMF, 24 h) and without EMF. It means that in the basic medium,
the presence or absence of EMF has no effect on the magnetization
value. It is worth to mention that the loops are shifting in neutral
medium and the amount of shift increases with the increase of tMF.
It is not well understood what cause gives rise to a shift of the hys-
teresis loop of the superparamagnetic nanomaterials along the
field axis. It might be related to the presence of c-MnOOH as an
impurity phase in the sample. These observations about the mag-
netization of manganese oxide nanoparticles at room temperature
are completely new.

A large coercivity and hysteresis loop are observed at tempera-
ture below Tc (10 K) for the sample prepared in basic medium with
and without EMF (Fig. 7). The saturation magnetization (Ms) is not
reached even at 10,000 Oe applied magnetic field. The maximum
value for the magnetization at 10 K is about 28.4 emu/g and
30 emu/g for the samples in basic condition with tMF, 0 h and
24 h, respectively. It is revealed that the EMF has no significant ef-
fect on the sample in basic condition. The coercivity fields are
3515 Oe for tMF, 0 h and 4518 Oe for tMF, 24 h which are larger than
the value of 2800 Oe for the bulk samples under EMF. The obtained
data exhibit smaller coercivity in comparison with the value re-
ported by Qian and co-workers (6177 Oe) [45]. The smaller coer-
civity may be related to the mixture of nanorods and



Fig. 3. (a) HRTEM, (b) lattice image, (c) SAED pattern , and (d) histogram showing the particle size distribution measured from (a) of manganese oxide nanocrystal using
ultrasonic irradiation in neutral medium with EMF (tMF, 24 h) (scale: a, 200 nm; b, 5 nm; c, 11 nm).

Fig. 4. (a, b) HRTEM, (c) SAED pattern, and (d) histogram showing the particle size distribution measured from (a) of manganese oxide nanocrystal using ultrasonic irradiation
in neutral medium and O2 atmosphere with EMF (tMF, 24 h), (scale: a, b, 200 nm; c, 21 nm).
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nanoparticles in the products. The observed large coercivity force
in the products may also be related to the single-domain nature
of the sample [47].
Magnetization as a function of temperature (M–T curves), FC
(with field of 1000 Oe) and ZFC for the samples obtained in the ba-
sic condition at tMF, 0 h and 24 h are shown in Figs. 8a and 9a. The



Fig. 5. (a) HRTEM, (b, c) lattice image, (d) histogram showing the particle size distribution measured from (a), and (e) SAED pattern of manganese oxide nanocrystal using
ultrasonic irradiation in basic condition without EMF (scale: a, 20 nm; b, c, 5 nm; e, 21 nm).
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magnetization decreases by increasing the temperature up to 39 K
and then both samples sharply decrease around 44 K. The magne-
tization almost disappear in temperatures in the range of 44–
295 K. The transition point in magnetic characteristics of the sam-
ple which is generally called Tc, can be determined more accurately
by the derivative of magnetizations with respect to the tempera-
ture (Figs. 8b and 9b). The transition temperatures, Tc, are found
at 40 K and 39 K for the samples in tMF, 0 h and 24 h, respectively.
These values are lower than that observed for the bulk Mn3O4

(43 K) [48,14]. In the present study, the observation of lower value
of the ferrimagnetic onset temperature (Tc) in respect to the re-
ported value for the bulk indicates that the particles are single do-
main in nature. Goplakrishnan et al. [24] presented the synthesis of
nanocrytalline Mn3O4 by high intensity of ultrasonic irradiation
and showed that the Tc was 39 K for nanoparticles with size of
15 nm. The bulk ferrimagnetic compound is multidomain in nature
below its ferrimagnetic transition temperatures. The multidomain
properties of a ferrimagnetic system can be lost if the particle size
is decreased below a critical size. The sample exhibits an obvious
ferrimagnetic behavior at low temperature.
3.5. Proposed mechanism

Manganese(II) salts aqueous solutions 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 includes Mn(OH)3 or
probably MnO, and MnO2�nH2O. Manganese(II) hydroxide is a
fairly weak base and when heated in the presence of air, it pro-
duces Mn3O4 [49].

It is known that the sonochemical reaction does not happen in-
side the cavity which is due to the ionic structure of precursors
(manganese acetate). Therefore, the reaction can facilitate at the
interface of the bubble or in the bulk of the solution. A proposed
mechanism for the formation of Mn3O4 under ultrasound from
aqueous manganese acetate in air atmosphere is as follows:

H2O �!ÞÞÞÞÞÞÞH� þ OH� ð1Þ

OH� þ OH� ! H2O2 ð2Þ

In addition, according to Okitsu et al. [50], OOH radicals can be
formed by the reaction of H radicals with O2 molecules in air atmo-
sphere and then the recombination of OOH radicals form H2O2:

H� þ O2 ! �OOH ð3Þ

2�OOH! H2O2 þ O2 ð4Þ

The oxidant (H2O2) arises by ultrasound can initiate the oxidation of
Mn2+:



Fig. 6. Hysteresis loop of manganese oxide nanocrystal using ultrasonic irradiation
in (a) neutral medium, and (b) basic condition with different tMF at room
temperature.

Fig. 7. Hysteresis loop of manganese oxide nanocrystal using ultrasonic irradiation
in basic condition with different tMF at 10 K.

Fig. 8. (a) M–T curve of manganese oxide nanocrystal using ultrasonic irradiation in
basic condition, (b) temperature derivative of magnetization vs. temperature (tMF,
0 h).
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3MnðCH3COOÞ2 þ 2H2OþH2O2 �!
ÞÞÞÞÞÞÞ

Mn3O4 þ 6CH3COOH ð5Þ
As the amount of products was negligible in Ar atmosphere, Eq. (5)
cannot be the main reaction. The results exhibited that air and O2

have crucial role in neutral medium, therefore, the main reaction
should be as follows:

3MnðCH3COOÞ2 þ 3H2Oþ 1
2

O2 �!
ÞÞÞÞÞÞÞ

Mn3O4 þ 6CH3COOH ð6Þ

In addition, in the basic solution, the following reactions can be oc-
curred [51]:

6Mn2þ þ 12OH� þ O2 ! 2Mn3O4 þ 6H2O ð7Þ

The main finding of the experimental investigation in the presence
and absence of EMF can be summarized as follows:

(1) The results show that the increase of EMF exposure time
from 2 h to 24 h led to increase of induction period, increase of par-
ticle size, increase of nanorods, and decrease of magnetization in
neutral medium.

(2) The magnetic field exposure was retarded the nucleation
rate and accelerated the crystal growth. The same behaviors were
observed by others [3,52]. The induction period in the presence of
EMF was longer than its absence. The average size of nanoparticles
in the presence and absence of EMF was 82 nm and 38 nm, respec-



Fig. 9. (a) M–T curve of manganese oxide nanocrystal using ultrasonic irradiation in
basic condition and (b) temperature derivative of magnetization vs. temperature
(tMF, 24 h).
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tively. When oxygen atmosphere was used in the reaction media,
the induction period was reduced which confirms the acceleration
of nucleation rate. By increasing of O2 concentration as precursor,
the amount of nuclei was increased and led to decrease of the size
(60 nm) in comparison with magnetic treatment without oxygen.

(3) The EMF can be led to an increase of dissolved oxygen con-
centration in the water from gas phase [53]. The obtained mixture
of hausmannite and manganite in the presence of EMF might be
related to the oxidation of Mn3O4 by oxygen (Eq. (8)) [42,54]:
1
3

Mn3O4 þ
1

12
O2 þ

1
2

H2O!MnOOH ð8Þ
Therefore, the c-MnOOH phase can be synthesized with magnetic
treatment of manganese acetate solution. In addition, in the pres-
ence of excess oxygen (O2 atmosphere) as oxidizing agent, the fol-
lowing reactions were proposed:
4MnOOHþ O2 ! 4MnO2 þ 2H2O ð9Þ
6MnO2 ! 3Mn2O3 þ
3
2

O2 ð10Þ
1

3Mn2O3 ! 2Mn3O4 þ 2

O2 ð11Þ
For this reason, the amount of c-MnOOH decreased by increasing of
oxygen in the solution with respect to the sample obtained by mag-
netic treatment with tMF, 24 h in ambient atmosphere.

(4) The EMF was promoted the formation of rod-like structure,
especially in the presence of O2 atmosphere. In diffusion-controlled
growth process, the incoming flux toward each nanocrystal
depends on the precursor concentration in the bulk solution. At
high concentrations, the incoming precursors were diffused into
the diffusion sphere and consumed mainly by the facet perpendic-
ular to the axis which is more active than the other axis (easy-axis)
of nanocrystals and resulted in a one-dimensional (1-D) growth
stage [55,56]. The chemical potential of elongated nanocrystals
should be high and it requires a relatively high potential medium
which is achieved by a relatively high precursor concentration in
the solution [55,56]. It is also known that, the high precursor con-
centration could be affected the formation of nuclei.
The Gibbs–Thampson equation is the basis of the classical crystal-
lization theory [57]:
Sr ¼ Sbexp
2rVm

rRT

� �
ð12Þ
where r is the radius of the crystal, r is the specific surface energy,
Vm is the molar volume of the substance, Sb and Sr are the solubility
of bulk crystals and crystals with a radius r, R is the gas constant,
and T is the absolute temperature. The Gibbs–Thompson equation
describes that the solubility of a given crystal is strongly dependent
on its size.
By changing Eq. (12) to Eq. (13):
RT ln Sr ¼ RT ln Sb þ
2rVm

r
ð13Þ
If lr and lb show the chemical potential of the crystals with a radius
r and bulk, respectively, Eq. (13) can be converted to Eq. (14):
lr ¼ lb þ
2rVm

r
ð14Þ
For spherical crystals, the number of the surface atoms and the total
atoms should be proportional to the surface area and the volume,
respectively. If the surface atom ratio is defined as d, then:
d ¼ ðk14pr2Þ=ðk24pr3=3Þ ¼ k31=r ð15Þ
k1, k2, and k3 are all proportional constants.
From Eqs. (14) and (15), the chemical potential of crystal propor-
tional to their surface atom ratio and inversely proportional to the
radium of the crystal:
lr / d / 1
r

ð16Þ
Based on the Gibbs–Thompson equation, the minimum stable size
of the nuclei (critical nuclei) which can be formed in the solution re-
quires having a lower chemical potential than the precursors in the
solution. Therefore, the higher amount of precursors led to smaller
size of critical nuclei with higher surface area.
It is proposed that the continuous injection of oxygen as precursor
during the reaction can be led to a high chemical potential of solu-
tion and formation of nanorods with faster growth in the long axis
than the short axis during the reaction. In addition, the high chem-
ical potential of solution can cause a decrease of induction period
from 30 min to 10 min due to the rapid and easy nucleation of
the process. The higher amount of dissolved oxygen in the presence
of EMF can cause the higher amount of nanorods than its absence.
It has suggested that for the diffusion-controlled crystal growth
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each crystal is surrounded by a diffusion sphere [56]. It is assume
that ultrasonic irradiation promotes the mass 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. The other important parame-
ter is the thickness of diffusion sphere which assume that ultrasonic
irradiation can cause the decrease of thickness of diffusion sphere
and increase of flux diffusion and faster growth along the active
axis. In addition, under continuous sonication, the oriented attach-
ment process is occurred by mechanism of alignment and coales-
cence between particles. In the basic medium, NaOH as a basic
agent has a strong capping effect on the surface of nanoparticles
and hinder the OR growth. Therefore, the size of nanoparticles can-
not increase significantly and the size is nearly the same in the pres-
ence and absence of EMF.

(5) The results reveal that the process under Ar atmosphere led
to a few amount of products and also no products were obtained in
the absence of ultrasonic irradiation in neutral medium. These
observations confirm the critical role of oxygen and ultrasonic irra-
diation to obtain the product in neutral medium.

4. Conclusion

Manganese oxide nanocrystals were synthesized via sonication
of magnetized precursor solution in the neutral and basic media.
Based on XRD results, a mixture of mainly Mn3O4 and MnOOH
phases were obtained by using EMF in the neutral medium. But,
sonication of unmagnetized solution led to pure Mn3O4. The rod-
like structure was formed in the presence of ultrasonic irradiation
and the amount of nanorods increased with magnetic treatment
especially in the oxygen atmosphere. The magnetic treatment
was also retarded the nucleation process and accelerated the crys-
tal growth. In basic medium, a difference was observed on the
composition of the products between magnetic treated and un-
treated solution. A superparamagnetic behavior was observed at
room temperature without any saturation magnetization and hys-
teresis in the measured field strength. The effect of EMF on the
sample prepared in the basic medium was negligible but, in the
case of neutral medium, the EMF affected the slope of the magne-
tization curves.
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