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We report a facile process for the controllable synthesis of the Mn;O,4 nanocrystals with different
sizes and shapes, which includes dots, rods, and wires in the presence of the surfactants dodecanol and
oleylamine. It is notable that the uniform-sized nanocrystals were achieved under mild experimental
conditions and the common inorganic salt, such as manganese(Il) nitrate, was adopted as the
precursor. Furthermore, the as-prepared monodisperse nanocrystals, as ideal building blocks, can be
rationally assembled into three-dimensional (3D) MnsOy4 colloidal spheres, using a facile ultra-
sonication strategy. In particular, the 3D colloidal spheres can be successfully converted to LiMn,0y4
nanocrystals, which show distinct electrochemical performance, mainly depending on their crystal-

linity and size.
Introduction

In the past few decades, nanomaterials with controlled
size and shape have been investigated in great detail, because
of their remarkable physical and chemical properties.'>
In particular, because of their unique material properties
and potential for desired nanostructures, transition-metal
oxide nanocrystals and their assemblies have been widely
utilized in various fundamental research and technologi-
cal applications, such as lithium ion batteries, gas sensors,
catalysis, and energy storage.’ > Therefore, it is not surpri-
sing that long-term endeavors have focused on the synthe-
sis of monodisperse metal oxides nanocrystals and their
use as nanobuilding blocks in conveniently constructing
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ordered superlattice assemblies with advanced functions.
Until now, versatile synthetic strategies have been deve-
loped to achieve such nanomaterials with tunable sizes
and dimensions, including thermolysis of various metallic
precursors, the hot-injection method, sol—gel processes,
and the reverse-micelle method.**

Manganese oxides have been the key topics among the
transition-metal oxides, because of their potential appli-
cations in diverse areas, including rechargeable lithium
ion batteries, catalysis, molecular adsorption, and mag-
netics.”® Until now, a range of methods have been deve-
loped to synthesize high-quality monodisperse manganese
oxide nanocrystals.®*~!'" However, in many cases, the
synthetic processes are based on the decomposition of
toxic organometallic precursors at high temperatures in
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hazardous coordinating solvent systems. Furthermore,
only a few methods have been devised to synthesize Mn;Oy4
nanomaterials with one or more dimensions. Recently, our
group developed a selected-control low-temperature hydro-
thermal method to synthesize one-dimensional (1D) MnO,
nanostructures.'? In this paper, we present a facile one-step
synthetic route to achieve uniformly sized Mn;O4 nanocryst-
als with high yield and distinct shapes of dots, rods, and wires.
It is noteworthy that the as-prepared nanocrystals were
obtained under mild experimental conditions and the com-
mon inorganic salt, such as manganese(Il) nitrate, was
adopted as the precursor. Moreover, the as-prepared hydro-
phobic spherical or elongated nanoparticles were used as
building blocks to be rationally assembled into three-
dimensional (3D) Mn;0, colloidal spheres with a facile
ultrasonication strategy. In addition, for further electro-
chemical application, the colloidal spheres were chemically
converted to LiMn,O4 nanomaterials in a simple solid-state
reaction. More importantly, the as-obtained nanocrystals
showed distinct electrochemical performance.

Experimental Section

Synthesis. Mn3;0,4 nanocrystals were prepared via a hydro-
thermal method in 10-mL Teflon-lined autoclaves. A typical
synthesis of Mn30O4 nanocrystals was as follows:

For almost-spherical Mn3;04 nanoparticles: 1 mL Mn(NOs),
solution (50 wt %) was added to the 10-mL autoclave containing
9 mL oleylamine under agitation. Then, the above solution was
sealed, and hydrothermally treated at 200 °C for 24 h. After the
reaction was cooled to room temperature, the products were
washed with ethanol and then dispersed in nonpolar solvents.
For the elongated nanoparticles, I mL Mn(NOs), (50 wt %)
(or 500 uL) was added to the mixed solution containing 5 mL
dodecanol and 4 mL oleylamine (or 2 mL dodecanol + 3 mL
oleylamine) under agitation, followed by heating at 200 °C for
10 h, respectively.

For Mn;04 nanorods: Typically, | mL of Mn(NO3), solution
(50 wt %) was dissolved in the mixed solution containing 3 mL
of dodecanol and 6 mL of oleylamine under stirring and hydro-
thermally treated at 200 °C for 10 h. Short rods were also
obtained when 2 mL of Mn(NO3), solution was added into
8 mL of oleylamine at ~200 °C for 5—10 h.

For Mn3;04 nanowires: Briefly, 400 or 250 uL of Mn(NO3),
solution (50 wt %) was added to the mixed solution containing
6 mL of dodecanol and 3 mL of oleylamine under stirring and
hydrothermally treated at ~170 °C for 10 h.

Synthesis of Mn30, Colloidal Spheres. Ten milliliters of the
as-prepared Mn3;O,4 nanocrystals solution (~10 mg/mL in
hexane) was injected into 100 mL of sodium dodecylsulfonate
(SDS) solution (1 mol/L). The mixed solution then was magne-
tically stirred at 5000 rpm for 1 h. The colloidal spheres were
obtained after the above solution was heated at 70 °C for 2—3 h
to evaporate the hexane. The final products were obtained by
centrifuging.

Synthesis of LiMn,O,4 Nanocrystals. Typically, LIOH - H,O
and the as-prepared Mn30y4 colloidal spheres, mixed with a
molar ratio, were added into 3 mL of high-purity ethanol under
agitation and dried at room temperature. The mixed powder
was then calcined at 450—750 °C in air for several hours.
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Figure 1. TEM images of the as-prepared samples: (a) TEM image, (b)
size distribution, and (c) HRTEM image of the spherical Mn;O,4 nano-
particles; (d) TEM image, (e) size distribution, and (f) HRTEM image of
the elongated Mn;O4 nanocrystals; and (g) TEM image and (h) HRTEM
image of the short Mn;0O,4 nanorods.

Electrochemical Investigation. Electrochemical measurements
were performed using coin-type cells. The working electrode was
constructed by making a slurry of the active material, acetylene
black, and polyvinylidene fluoride (PTFE), using a weight ratio
of 80:10:10. Lithium metal was used as the counter electrodes,
and the separator was a Celgard 2300 microporous membrane. A
1 mol/L solution of LiPFg dissolved in the mixture of ethylene
carbonate/dimethyl carbonate (EC/DMC), with a 1:1 volume
ratio, was used as the electrolyte. Cell assembly was carried out
in a glovebox filled with high-purity argon gas. The charge/
discharge tests were performed within a range of 3.0—4.3 V at
different current densities.

Characterization. The phase purity of the products were exam-
ined on a Bruker Model D8 Advance X-ray powder diffractometer
with Cu Ko radiation (A = 1.5418 A). The size and morphology of
the products were determined by transmission electron microscopy
(TEM) (JEOL Model JEM 1200EX, operating at an accelerating
voltage of 100 kV), scanning electron microscopy (SEM) and high-
resolution TEM (HRTEM) (FEI Tecnai Model G2 F20 S-Twin,
operating at an accelerating voltage of 200 kV).
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Figure 2. Typical TEM images of the long Mn;O,4 nanorods: (a, b) low-resolution TEM images of the obtained nanorods; (¢) high-resolution TEM image
of an individual rod (the inset at the bottom is a magnified image of the lattice fringe and the inset at the top is the corresponding FFT pattern of the rod.
According to the HRTEM image and the FFT, the nanorod’s growth direction is (001).

Results and Discussion

In our synthetic process, Mn;O,4 nanocrystals with
various sizes and shapes are achieved under different
conditions (see Experimental Section for details). Figure 1
shows the typical TEM image of the as-obtained Mn;0y4
nanoparticles. Almost-spherical Mn;O,4 nanoparticles are
obtained in the presence of oleylamine. Figurela shows
that the average diameter is 25.9 & 1.4 nm. Notably, the
almost-monodisperse nanoparticles possess a narrow size
distribution (Figure 1b). The HRTEM image shown in
Figure 1c clearly reveals the highly crystalline nature. The
lattice fringe spacing corresponds to the (211) plane of
tetragonal Mn3;0,4 nanoparticles. In contrast, with in-
creasing Mn>" concentration (2 mL) and shortening the
reaction time, Mn;O4 nanocrystals with rodlike morpho-
logy are also obtained. Figure 1g indicates that most of
the Mn;O4 nanorods are ~20 nm in diameter and ~80 nm
in length, with an aspect ratio of ~4. The HRTEM image
(Figure 1h) illustrates that the alkylamines selectively
bind to the surfaces of crystallites and render the epitaxial
growth along the (001) directions.

To investigate the dependency of surfactants on the
morphology of the nanocrystals, the mixed solvents of
dodecanol and oleylamine are also employed. In this case,
upon varying the volume and composition of the solvent,
the size and shape of Mn3;0O4 nanocrystals can be tuned.
As shown in Figures 1d—f, elongated Mn;O,4 nanoparti-
cles are obtained with a width of 22.2 + 0.9 nm and a
length of 36.7 4+ 3.6 nm. The HRTEM image (Figure 1f)
indicates that the elongated nanocrystals have good
crystallinity. In contrast, long Mn3O4 nanorods with the

aspect ratio of ~9 are achieved in the presence of 3 mL of
dodecanol and 6 mL of oleylamine. Figure 2 shows the
TEM images of the obtained nanocrystals. The length of
the Mn;0,4 nanorods increases to ~180 nm and the dia-
meter is ~20 nm. The HRTEM image of the individual
nanorod (Figure 2c) shows that the growth direction
is along the (001) direction. The fast Fourier transform
(FFT) pattern (the inset) is also consistent with the results.
Moreover, a decrease in the reaction temperature (down to
~170 °C) can result in the formation of ultralong nanowires
(more than 20 um) with uniform diameters of ~12 nm
(Figure 3). Figure S4 in the Supporting Information shows
the energy-dispersive X-ray spectrum (EDS) of the ob-
tained nanowires. Meanwhile, uniform Mn;O, nanorods
with a width of ~10 nm and a length of ~30 nm are also
obtained (see Figure S5 in the Supporting Information).
Figure S1 in the Supporting Information shows the powder
XRD patterns of the as-obtained nanocrystals. All the
peaks are in agreement with the tetragonal phase of
Mn304 (JCPDS File Card No. 24-0734).

Based on the experimental results, we may propose the
nucleation and growth mechanism of Mn;0O4 nanocryst-
als. In our system, oleylamine seems to play a crucial
factor as an alkalescent medium. When Mn*" was added
to the sole solvent of oleylamine at a relatively lower
temperature for several hours, Mn(OH), nanoparticles
could be obtained (see Figure S2 in the Supporting
Information). Therefore, we assume that, with the injec-
tion of the aqueous solution of Mn”", the nuclei of
Mn(OH), were formed in the presence of oleylamine at
the early stage, followed by the nucleation of Mn3Oy4
nanocrystals, because of the presence of H,O under the
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Figure 3. (a) SEM image and (b) TEM image of the as-obtained ultralong Mn3;O4 nanowires.
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Figure 4. SEM images of (a) the as-prepared 3D Mn;04 colloidal spheres and (b) LiMn,0,4 with octahedron-like morphology.

elevated temperatures. In our experiment, maintaining a
sufficient concentration of Mn?" is favorable to the
preferential growth of Mn3;0,4 nanorods along the (001)
directions. To our knowledge, surface energy plays a vital
role in the anisotropic growth of the nanomaterials and
the growth rate is exponentially proportional to the sur-
face energy under the kinetic growth process.'* The
experimental results revealed that the selective adsorption
of surfactants onto the lower energy surfaces leads to the
formation of the Mn;O,4 nanorods or elongated nano-
particles, which has a {001} surface with higher energy."*
However, we found that, with increased annealing time,
most of the as-prepared Mn3;O4 nanorods eventually were
converted to dotlike nanoparticles. The experimental
results indicated that dotlike shapes are thermodynami-
cally more stable, compared to the rodlike shapes, which
is in accord with the results by Peng’s group.!""!* Mean-
while, in our experiment, both oleylamine and dodecanol
act as the structure-directing agents, which largely affect
the monodispersity and morphology of the as-prepared
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nanocrystals. The solvent composition plays a critical
role in the system. Upon appropriately increasing the
amount of dodecanol at lower temperature, the nuclea-
tion process seems to be limited, and, thus, the growth
process will be accelerated, leading to the formation of
Mn;04 nanowires.

Using the emulsion-based bottom-up self-assembly
approach,'® we can fabricate 3D Mn;Oy4 colloidal spheres,
using the as-prepared monodisperse spherical or elongated
nanoparticles as building blocks. Figure 4a shows the
typical SEM image of Mn3;0, colloidal spheres with an
average diameter of ~1 um. Moreover, we further investi-
gated their electrochemical application in lithium ion bat-
teries. To our knowledge, the LiMn,Oy is one of the most
promising candidates as a cathode material, because of its
low cost, environmental friendliness, and high abundance,
in comparison to commercial LiCo0,.”% Notably, the
as-prepared Mn3;0, colloidal spheres can be successfully
converted to LiMn,O,4 nanocrystals via a simple solid-state
reaction (see Experimental Section for details). Interestingly,
novel-shaped LiMn,O4 can be tuned during the process.
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Figure 5. (a) Charge—discharge curves at the second cycle at a rate of 0.1 C. (b) Discharge capacity curve versus the number of cycles for LiMn,O,
nanocrystalsata rate of 0.1 C. (Thelabels “17, “2”, and “3” in the figure represent the results from the octahedron-like, commercial, and spherical LiMn,O4

samples, respectively.)

When the mixed powder of Mn304 colloidal spheres
and LiOH-H,O is sintered at a temperature of ~450 °C
for 2 h, the morphology of the obtained LiMn,O4 mainly
remained spherical (shown in Figure S6a in the Supporting
Information). However, upon increasing the reaction tem-
perature to ~700 °C, the SEM image (Figure 4b) shows
that LiMn,O4 with an octahedron-like morphology can
be produced. Meanwhile, the aggregation of small octa-
hedron-like particles is also observed (the area high-
lighted by the arrow in Figure S6b in the Supporting
Information).

The XRD patterns are in good agreement with the stan-
dard pattern for LiMn,O,4 (JCPDS File Card No. 35-0782),
with no peaks of the Mn;O,4 phase detected (see Figure S3
in the Supporting Information). Figure 5a shows the
charge—discharge curves at a constant rate (0.1 C). The
octahedron-like LiMn, Oy sintered at ~700 °C shows higher
capacity, compared to that of the commercial samples.
However, the LiMn,0,4 with spherical structures, which
was sintered at ~450 °C, shows the large potential drops
and a nonflat plateau. Furthermore, the discharge capa-
cities and cycle stability of the materials were also compared
under the same conditions. Figure 5b shows that the
octahedron-like particles exhibit a much higher charge
capacity than the spherical structure. To our knowledge,
the morphology seems to be crucial to understanding the
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electrochemical performance.”*!'® In our experiment,
LiMn,0O,4 nanocrystals were obtained at different sintering
temperatures. Hence, the different electrochemical proper-
ties may mainly pertain to the crystallinity quality and size
of the nanomaterials.

Conclusion

In conclusion, a facile method has been successfully
developed for the synthesis of Mn;0,4 nanocrystals with
the shapes of dots, rods, and wires. Moreover, the result-
ing highly monodisperse nanocrystals can be assembled
into three-dimensional (3D) colloidal spheres. For
further electrochemical application, the as-prepared col-
loidal spheres were chemically converted to LiMn,Oy
nanomaterials in a simple solid-state reaction. More
interestingly, the as-obtained nanocrystals showed dif-
ferent electrochemical performance mainly depending on
the crystallinity and size. We hope that these results will
help to understand and precisely control the shape of
many other metal oxide nanocrystals for constructing
functional macroscopic architectures or devices.
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