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Abstract
Three-dimensional Mn3O4 nanostructures were synthesized by a soft chemistry templating process using a block copolymer as the
structure-directing agent. This material has a unique structure of intertwining nanowires which are grown from faceted Mn3O4 particles
and aligned spatially perpendicular to or along each facet. The magnetic measurements of such nanostructured ﬁlms show clear signs of
magnetic shape anisotropy, indicating that this templating synthesis approach could be a promising method to develop Mn3O4 nanostructures with desired anisotropic properties through dimensionality control.
Ó 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Mn3O4 is an important functional oxide material due to
its attractive magnetic [1–4], electrochemical [5] and catalytic properties [6–8]. It is an important raw material for
the synthesis of soft magnetic materials [9] and an intercalation compound in electrode materials for rechargeable
lithium batteries [5]. This material has attracted interest
as an eﬀective catalyst for the oxidation of methane and
the selective reduction of nitrobenzene [6]. In addition, it
can be used as a catalyst to limit the emission of NOx
and CO in waste gases [7,8].
Owing to their large speciﬁc surface area and the superior properties arising from a quantum size eﬀect over their
bulk counterparts, nanoscaled materials have aroused considerable research interest, and many novel nanomaterials
have been synthesized in recent years [10–18]. The behavior
of nanomaterials strongly depends on the size, shape,
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dimensionality and morphology of their internal structures.
Therefore, the application and controlled synthesis of
nanomaterials have generated considerable interest from
researchers over the past few years.
Most of the research in this area has focused mainly on the
size and shape control of quasi zero-dimensional (0-D) nanoparticles or one-dimensional (1-D) nanowire/nanotubes.
There have been very few reports [19,20] on the control synthesis of three-dimensional (3-D) nanostructures. In fact, the
3-D control and assembly of nanoscaled building blocks to
form complex functional architecture or ordered superstructures is the key in developing more sophisticated nanodevices
and is expected to oﬀer great opportunities for exploring
their novel properties and for the fabrication of new nanodevices. However, dimensionality control and synthesis/assembly of complex nanostructures remain the most intricate and
challenging areas in the study of nanoscale materials.
In this paper, we report the synthesis of Mn3O4 nanostructures with 3-D nanowire networks by a soft chemistry
templating process using a block copolymer as the structure-directing agent. The resulting material has a unique
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structure of intertwining nanowires which are grown from
faceted Mn3O4 particles and are aligned spatially perpendicular to or along each facet. The density and length of
the nanowires can be adjusted by controlling the growth
time. In addition, such nanostructured ﬁlms show clear
signs of magnetic shape anisotropy, making this templating
synthesis approach a promising method to develop Mn3O4
nanostructures with desired anisotropic properties through
dimensionality control. To the best of our knowledge, the
synthesis of such 3-D Mn3O4 nanostructures has never
been reported, although several techniques for the preparation of 1-D nanowires or nanorods have been developed
[21–25]. In addition, this research represents the ﬁrst time
that metal oxide nanowires were synthesized through a
block copolymer templating method, although there are
reports of a templating synthesis of 1-D silicon-base rods
or ﬁbers [26–29] and mesoporous metal oxides [30–32]
using a block copolymer.

The as-synthesized products were then characterized
by scanning electron microscopy (SEM: FEI XL30-SFEG)
and high-resolution transmission electron microscopy
(HRTEM: JEOL JEM-2500SE). The samples for TEM
were prepared by dispersing the products in ethanol with
the aid of ultrasonication followed by direct deposition of
the suspension onto holy carbon copper grids. Convergent
beam electron diﬀraction with a sub-nanometer probe size
and maximum mini-condenser lens current was used for
the nanodiﬀraction study of nanowires. X-ray diﬀraction
patterns were obtained on a Scintag XDS 2000 X-ray powder diﬀractometer using Cu Ka radiation.
Magnetic measurements were performed on a Quantum
Design Superconducting Quantum Interference Device
(SQUID) magnetometer on a free-standing ﬁlm sample of
Mn3O4 after removal from the silicon substrate. Hysteresis
loops were measured at 5 K in a magnetic ﬁeld of up to
±70 kOe.

2. Experimental

3. Results and discussion

Mn3O4 nanostructures were prepared by a soft chemistry
templating synthesis method using a block copolymer as a
structure-directing agent. In a typical experiment, 10 mmol
of MnCl2 (Alfa Aesar, 97%) was dissolved in 10 ml of absolute ethanol aided by sonication, and followed by ﬁltration
(Millipore ﬁlter membrane) to remove the insoluble impurities. Into this ﬁltered solution, 1 g of block copolymer
(BASF, Pluronic P-123, EO20PO70EO20 (PEO-b-PPO-bPEO)) was added with vigorous stirring to form a MnCl2
sol. The resultant sol was aged overnight at room temperature before use. The color of the sol changed gradually from
light yellow to brown. To prepare the Mn3O4 nanostructures, 5 ll of the resultant sol were deposited on a
4 mm  4 mm silicon wafer (with a thin oxide layer) and
dried at room temperature. The silicon wafer was then
heated to 400 °C in air at a heating rate of 5 °C min 1,
and held at that temperature for 5 h. Large quantities of
materials in powder form could be prepared by drying the
sol in a quartz boat at room temperature followed by the
aforementioned calcination procedure.

The SEM images in Fig. 1 show the typical morphology
of such as-synthesized products prepared at 400 °C for 5 h.
As shown in the low-magniﬁcation SEM image in Fig. 1a,
the products consist of unique nanostructures in which
nanowires (grown from faceted nanoparticles) remain spatially orthogonal in three dimensions. The high-magniﬁcation images in Fig. 1b and c clearly demonstrate the
various intriguing features of the nanostructures. The faceted nanostructures are actually the assemblies of many
aligned nanowires densely stacked in diﬀerent facets. Some
nanowires extruded out the edges of the facets, pointing in
diﬀerent directions while always remaining spatially perpendicular (Fig. 1b). Notably, some nanostructures are constructed of nanowires pointing in only two perpendicular
directions due to the way the nanowires are stacked to form
the facets (Fig. 1c), forming a spatially perpendicular 2-D
nanowire network.
The extruding nanowires were grown from bulk assemblies with consumption of the material between the nanowires, as evidenced by the fact that both the density and

Fig. 1. (a) Low-magniﬁcation and (b, c) high-magniﬁcation SEM images of the manganese oxide nanostructures prepared at 400 °C for 5 h.
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length of the nanowires increased considerably when the
calcination time was extended. For instance, Fig. 2 shows
the SEM images of the products prepared by calcinating
the sample at 400 °C for 7.5 h. The higher yield of the
nanowires can be observed from the low-magniﬁcation
SEM image in Fig. 2a. The nanowires shown in Fig. 2b
are about 1–1.5 lm long (much longer than the nanowires
shown in Fig. 1, where most of them are less than 500 nm).
It is worth noting that, at places where the nanowire density is suﬃciently high to totally cover the bulk assemblies,
the features of a perpendicular 2-D nanowire network are
more noticeable (Fig. 2c). The X-ray diﬀraction pattern
(Fig. 2d) reveals that the product is consistent with the spinel structure of Mn3O4. All diﬀraction peaks can be perfectly indexed to the hausmannite structure (JCPDS card
16-0154).
A transmission electron microscopy (TEM) image of the
Mn3O4 nanowires from a bulk assembly is shown in
Fig. 3a. The angle between the nanowires in two neighboring directions is very close to 90°. The nanowire marked by
an arrow is probably a broken segment from the bulk
assembly due to sonication during the TEM sample preparation. The nanowires have diameters in a range of 20–
50 nm. The HRTEM image of the enclosed square area
in Fig. 3a is shown in Fig. 3b. The lattice fringes from
the nanowires (area B in the ﬁgure) have the same orientation as those of the bulk crystal (area A), again evidencing
that the nanowires were grown out of the bulk. Selected
area diﬀraction patterns were recorded for regions A, B
and C in Fig. 3a. The diﬀraction pattern of A is the combination of patterns B and C (Fig. 3c–e). In addition, the
nanowires are assembled into bundles with a thin sheet-like
shape as shown in Fig. 3a (area B). We have also found
that the nanowires in the bundle share the same (or nearly
the same) orientation with less than 1° of diﬀerence,
although they were not single crystals. Therefore they were
grown from the same source.
There are noticeable streaks in the SAED patterns
shown in Fig. 3, and therefore HRTEM images were used
to further identify their origin. Fig. 4a shows an HRTEM
image of a Mn3O4 nanowire with some obvious defects.
When the noise was removed from the fast Fourier transformed (FFT) image of Fig. 4a in the inset using smallsized spot-masks, the inverted FFT (IFFT) image yielded
atomic arrangement with good regularity (Fig. 4b), as
expected. However, when large size spot-masks were used
(inset of Fig. 4c), the IFFT image (Fig. 4c) resulted in irregular atomic arrangements with modulated crystallographic
planes. By selecting masks located between the spots (inset
of Fig. 4d), irregularities in the resulting image (Fig. 4d) are
isolated, showing distortions and modulations along the
atomic planes parallel to the nanowire direction. Fig. 4e
shows an HRTEM image of the same nanowire from a different region with more defects. When the image was treated with an FFT ﬁlter using a mask located between the
spots, irregularities are more visible (Fig. 4f). Atomic
planes are distorted slightly, and are identiﬁed as nanosize

Fig. 2. SEM image and X-ray diﬀraction pattern of the manganese oxide
nanostructures prepared 400 °C for 7.5 h.
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Fig. 3. (a) TEM images of the Mn3O4 nanowires (regions B and C) grown from the bulk crystal (region A). (b) HRTEM of a nanowire in region B and the
bulk crystal (region A) in the enclosed square area in (a) showing lattice fringes with the same morphological features. (c–e) SAED patterns for regions A,
B and C in (a), respectively.

Fig. 4. HRTEM and FFT-ﬁltered images of a single Mn3O4 nanowire. (a) HRTEM image; (b) ﬁltered image of (a) using small size spot-mask; (c) ﬁltered
image of (a) using large size spot-mask; (d) ﬁltered image of (a) using large size between-the-spot-mask; (e) HRTEM image of the same nanowire but from
a diﬀerent region having more defects; (f) ﬁltered image of (e) using 1.5 g mask. FFT images of original or ﬁltered images were placed in the insets.

domains of short-range ordered point-type defects, interplanar distance modulation defects or even planar-type
defects [33–36]. The diﬀraction pattern from the nanowire
with no defect shows regular spots (Fig. 5a) with some
streaks, while the diﬀraction pattern with defects showed
multiple spots and streaks along the line perpendicular to

the direction of the wire length (Fig. 5b). Most nanowires
were found to have defects as proven by multiple spot
patterns.
It is interesting to note that no nanowires grew when
high-purity MnCl2 (Alfa Aesar, 99.99%) was used as the
precursor, as shown in Fig. 6a. To determine the reason,
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Fig. 6. SEM images of products using high-purity MnCl2 precursor: (a)
no NaOH addition; (b) with NaOH addition (2 ppm) in the MnCl2 sol.
Fig. 5. Nanodiﬀraction patterns from diﬀerent locations of a single
nanowire: (a) without defect; (b) with defects. Note multiple spots from
defect structure.

we carried out an induced coupled plasma mass spectrometry (ICP-MS) analysis of the metal elements of a diluted
solution of 99.99% and 97% MnCl2. As shown in Table 1,
the diﬀerence between the high-purity MnCl2 sol and the ﬁltered 97% MnCl2 sol is a small amount of impurity (about
3 ppm Na and 1.9 ppm Mg in the latter case, after ﬁltration
to remove insoluble impurities). We speculate that the formation of the intercrossing structures in our study is probably due to the induced formation of wire-shaped micelles
enhanced by the presence of a small amount of impurity
in the sol.
In general, the formation mechanism of ordered mesostructures in the block copolymer templating technique
involves the cooperative self-assembly of the amphiphilic
block copolymer and the cations of the precursors. In this
study, we have noticed that the color of the MnCl2 sol
changed gradually from light yellow to brown, an indication of the formation of Mn(OH)2 micelles [37]. Therefore,
it is likely elements of Na and Mg were present in the form
of NaOH and Mg(OH)2 in the precursor. This very small
amount of NaOH and Mg(OH)2 impurity might then act
as a catalyst for the hydrolysis of MnCl2 in a controlled
manner (without precipitation) in the nonaqueous media.
It may also act as a promoting agent during the assembly

Table 1
Concentration of metals in solution reported in parts per billion
Element

Concentration of metal (ppb)
99.99% MnCl2

97% MnCl2

Li
Be
Na
Mg
Al
K
Ca
V
Cr
Fe
Co
Ni
Cu
Zn

0.6
ND
ND
20
ND
ND
ND
1.1
ND
ND
2.5
5.0
2.3
10

6.4
ND
3030
1930
ND
190
65
0.6
4
ND
7.3
1.9
0.5
8

ND = element not detected.

of wire-shaped Mn(OH)2-blocked copolymer micelles, followed by a progressive conversion into Mn3O4 nanowires
during calcination by removing the copolymer and reacting
the Mn(OH)2 with oxygen in air.
In fact, KOH, amines, KF and HF are all known promoting agents during sol–gel processing [38], and the promoting eﬀect of ﬂuoride in the synthesis of mesoporous
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anisotropy resulting from the alignment of the nanowires
in two perpendicular directions, leading us to believe that
the long axis of the wires in this sample is preferentially
perpendicular to the sheet. This preferential alignment
can also be seen in the SEM image in Fig. 2c.
4. Conclusion

Fig. 7. Hysteresis loops of the Mn3O4 nanowire sheet measured at 5 K.

silica has been described by Voegtillin et al. [39]. SchmidtWinkel et al. [26] found speciﬁcally that the addition of a
small amount of ﬂuoride induced substantial structural
ordering of the silica, forming silica rods consisting of
aligned silica ﬁbers. Therefore, the presence of a small
amount of NaOH and/or Mg(OH)2 in our case might have
played a similar role as the ﬂuoride in Schmidt-Winkel’s
study.
To prove this assumption, we added a small amount of
diluted NaOH/ethanol solution to the high-purity MnCl2
sol. Fig. 6b shows the SEM image of the product from
the high-purity MnCl2 sol with the addition of a small
amount of NaOH (2 ppm), resulting in the growth of nanowires. The addition of a small amount of NaOH in the sol
played a very important role in the growth of Mn3O4 nanowires. While the nanowires shown in Fig. 6b did show
somewhat intercrossing features, no facet structures (as
those shown in Fig. 1a) were obtained, possibly due to
the diﬀerence in the method of introduction of NaOH
impurities. In the case of 97% MnCl2, the impurity was
released slowly and uniformly during the dissolution of
the precursor in the ethanol solvent. When NaOH was
added to the high-purity MnCl2 sol (no matter how carefully it was added), there was always a sudden increase in
the NaOH concentration locally in the sol. This diﬀerence
may aﬀect the hydrolysis of MnCl2, and the growth of the
nanowires.
The magnetic measurement of the Mn3O4 nanowire
sheet sample shown in Fig. 2 was carried out after it was
removed from the silicon substrate. The magnetization
vs. ﬁeld measurement (Fig. 7) was carried out at 5 K in
magnetic ﬁelds either perpendicular (red open circles) or
parallel (black closed squares) to the plane of the sheet.
As shown in Fig. 7, both loops have nearly identical coercivities of 6 kOe. However, there is a signiﬁcant diﬀerence in
the remanence values of the major hysteresis loops. The
remanence of the perpendicular loop is 74%, while it is only
54% for the parallel loop. The perpendicular loop also
reaches positive saturation in a much smaller ﬁeld than
the parallel loop. These trends are clear signs of magnetic

Mn3O4 nanostructures with three-dimensionally intercrossing nanowires have been synthesized using a block
copolymer as the structure-directing agent. The nanowires
were grown out of the bulk structure with planar defects.
The presence of a small amount of NaOH and/or
Mg(OH)2 in the precursor is targeted as the facilitating
agent during the formation of wire-shaped Mn(OH)2blocked copolymer micelles. The magnetic properties of
such nanostructured ﬁlms show clear signs of magnetic
shape anisotropy. It is expected that this templating synthesis approach may facilitate the development of Mn3O4
nanowire ﬁlms with desired anisotropic properties through
the dimensionality control of the nanostructures.
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