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Abstract: We have developed a
method for the synthesis of metal
oxide nanocrystals with controllable
shape and size, which is based on the
direct thermal decomposition of metal
nitrates in octadecylamine. Mn;0,
nanoparticles and nanorods with differ-
ent lengths were synthesized by using
manganese nitrate as the decomposi-

crystals such as NiO, ZnO, CeO,, CoO,
and Co;0, were also prepared by this
method. These nanocrystals were then
assembled into 3D colloidal spheres by
a surfactant-assisted self-assembly pro-
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cess. Subsequently, calcination was car-
ried out to remove the surfactants to
obtain mesoporous metal oxides, which
show large pores, good crystallization,
thermally stable pore mesostructures,
and potential applications in various
fields, especially in catalysis and lithi-
um-ion batteries.

tion material. Other metal oxide nano-

Introduction

The development of strategies for the synthesis of nanome-
ter-size crystallites has been among the key research topics
in the field of nanoscience, not only for the significant scien-
tific interest in understanding the kinetics and thermody-
namics process of crystal growth, but also for the novel
properties of these nanomaterials that differ drastically from
their bulk counterparts and their potential applications in
many chemical and biological fields.'"® Metal oxides, as an
important class of materials, have been intensively pursued
in recent years because of their unique size-dependent elec-
trical, optical and magnetic properties, which are expected
to find useful applications in lithium-ion batteries, catalysis,
magnetic storages, sensors, etc.’ %

There have been many methods for the synthesis of metal
oxide nanocrystals.'>?! Among them, the most successful is
the thermolysis of various organometallic precursors (such
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as metal acetylacetonates, metal cupferronates, metal alkox-
ides, and metal carbonyls) in complex organic solvent sys-
tems, which is largely inspired by the success of the synthesis
of high-quality semiconductor nanocrystals in nonaqueous
media.?*?*! For example, Alivisatos et al. reported that y-
Fe,O; nanocrystals were synthesized from the thermal de-
composition of an iron cupferron complex.™™ Two years
later, the Hyeon group also reported the synthesis of y-
Fe,O; nanocrystals by using an organometallic compound,
Fe(CO)s, as the precursor.'™ In the following years, the Sun
group synthesized nearly monodisperse Fe;O,, CoFe,O,, and
MnFe,O, nanocrystals by using metal acetylacetonates as
the precursors in the presence of 1,2-hexadecanediol, oleyl-
amine, and oleic acid in phenol ether.'*'®! In 2004, Peng
et al. synthesized monodisperse magnetite nanocrystals by
decomposing the iron-oleate complexes in 1-octadecene."”!
However, to meet the demand in future applications of
metal oxide nanocrystals, there still requires much effort in
the exploration of size, shape controllable synthetic process
and general precursors.

In this paper, we develop a general strategy to synthesize
various metal oxide nanocrystals, namely, direct thermal de-
composition of metal nitrates in octadecylamine. This simple
process can be described concisely in Equation (1):

M(NO;), edealamine, \f0 ) (nanocrystals)
JFXNOZ -+ x/4 02
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As the surface of as-formed MO,, nanocrystals is protect-
ed by octadecylamine, the particles are stable and well dis-
persed in most hydrophobic solvents. Then, these as-ob-
tained nanocrystals are used as building blocks to construct
mesostructures. Various mesoporous metal oxides prepared
with the bottom-up process show large pores, good crystalli-
zation and thermally stable pore structures. Furthermore,
their performances in lithium-ion batteries have been exhib-
ited to demonstrate the potential applications of these meso-
porous metal oxides.

Results and Discussion

Mn;0, nanocrystals: We employed the decomposition of
manganese nitrate as a model system for studying the
growth of oxide nanocrystals with our facile method. Mn;O,
nanocrystals with different shape and size can be obtained
by directly decomposing manganese nitrate in octadecyl-
amine under controlled conditions (see the Experimental
Section). The transmission electron microscopy (TEM) and
high-resolution TEM (HRTEM) images as shown in
Figure 1 were taken to determine the morphology of prod-
ucts. Figure 1A displays the as-synthesized particle-shaped
Mn;O, nanocrystals. The lattice fringes visible in the
HRTEM image (Figure 1B) are indicative of the high crys-
tallinity of these particles and the interplanar distance of
0.250 nm can be indexed to plane (211) of tetragonal phase
Mn;0,. Figure 1C,D shows the TEM images of Mn;O, nano-
rods with different size and the HRTEM image (Figure 1E)
demonstrates that the rods are well crystallized. Figure 1F
reveals the crystal-lattice image of an individual Mn;O,
nanorod. The measured spacing of the lattice planes are
0.237 and 0.205 nm, and are consistent with the separations
of (004) planes and (220) planes of tetragonal phase Mn;0,.
The plane (004) is perpendicular to the axis of nanorod, in-
dicating that the nanorod grows along the [001] direction.
An X-ray powder diffraction (XRD) experiment was carried
out to determine the structure and composition of the
sample. As shown in Figure 2, all the peaks in the pattern
can be readily indexed to a pure tetragonal phase of Mn;0,
(JCPDS 24-0734). No peaks of any other compositions
(such as MnO or MnO,) are detected, indicating that Mn;0,
is the only product of decomposition of manganese nitrate
in octadecylamine.

Based on the above TEM results, we can see that the
shape and size of as-obtained Mn;O, nanocrystals can be in-
fluenced by concentration of manganese nitrate, decomposi-
tion temperature, and reaction time. If the monomer con-
centration is low, as soon as the Mn;O, nuclei are formed,
they will be capped by ligands of octadecylamine quickly.
Then the classical Ostwarld ripening process will take place
and lead to the formation of Mn;O, particles.’”*! When the
concentration increases, the system will have a higher chem-
ical potential, which is in favor of the growth of elongated
nanocrystals. This process is in accord with the theory pro-
posed by Peng’s group.”~! Additionally, when we decom-
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Figure 1. TEM and HRTEM images of Mn;O, nanocrystals. A) Mn;0,
nanoparticles. B) HRTEM image of an individual Mn;O, nanoparticle.
C) Mn;0, long nanorods. D) Mn;0, short nanorods. E) HRTEM image
of Mn;O, nanorods. F) Crystal-lattice image of an individual Mn;O,
nanorod.
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Figure 2. XRD patterns of as-prepared metal oxide nanocrystals.

pose manganese nitrate at higher temperature and shorter
time, the nucleation process of nanocrystals will be acceler-
ated, whereas the growth process will be limited, leading to
the formation of Mn;O, nanocrystals with smaller size.
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Other metal oxide nanocrystals: The formation of other
metal oxide nanocrystals was found to be very similar to
that of Mn;0, nanocrystals. XRD measurements (Figure 2)
were used to prove the successful synthesis of these materi-
als. TEM images shown in Figure 3 tell us that various metal

200 nm
e

Figure 3. TEM images of metal oxide nanocrystals. A) NiO nanoflowers.
B) ZnO triangular nanoplates. C) CeO, nanoflowers. D) CeO, nano-
cubes. E) CoO nanopolyhedrons. F) Co;0, nanocubes.

oxides with unique morphologies can be prepared by this
powerful method and the control of growth process of these
nanocrystals can be achieved by modifying the reaction con-
ditions. Figure 3A,B display the as-obtained NiO nanoflow-
ers and ZnO triangular nanoplates with an average size of
20 and 100 nm, respectively, when we used nickel nitrate
and zinc nitrate as the decomposition precursors separately.
For CeO, nanocrystals, if we decompose cerium nitrate with
a higher monomer concentration, at a higher temperature,
and with a shorter time, then flower-shaped CeO, can be
synthesized (Figure 3C), whereas if the reaction conditions
are changed to that of lower monomer concentration, lower
temperature, and longer time, we will obtain cube-shaped
CeO, (Figure 3D). For the decomposition of cobalt nitrate,
cobalt oxides with different compositions (CoO and Co;0,)
and morphologies (polyhedron and cube) can be synthesized
under different conditions. Figure 3E shows the TEM image
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of CoO nanopolyhedrons, and the inset displays the obvious
polyhedral structure of the nanocrystals, while Figure 3F
shows the TEM image of Co;O, nanocubes, and the inset
displays the self-assembly property of the nanocrystals.

From nanocrystals to colloidal spheres: After the synthesis
of the various metal oxide nanocrystals, they were assem-
bled into 3D colloidal spheres by means of a bottom-up
self-assembly procedure (see Experimental Section) that has
been developed by our group recently."? The XRD patterns
(Supporting Information, Figure S1) demonstrate that the
compositions of these metal oxides will not change during
the assembly process and Figure 4 shows the TEM images
of these colloidal spheres. Take NiO as an example, from
Figure 4A we can see that this strategy can assemble NiO
nanoflowers to colloidal spheres very effectively and no sep-
arate nanocrystals are found. It also can be clearly observed
that the colloidal spheres are composed of nanocrystals
from the TEM image of a single sphere (Figure 4A, inset).
The as-obtained NiO spheres are polydisperse and the diam-
eters range from 300 nm to 1.5 um, which is also confirmed

B) Size distributions (s)
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Figure 4. A) and C) TEM images of NiO colloidal spheres at different
magnifications. B) DLS pattern of NiO spheres. D)-F) TEM images of
CoO, Mn;0,, and CeO, colloidal spheres, respectively.
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by the dynamic laser scattering (DLS) result (Figure 4B).
However, we can separate them by centrifugation at differ-
ent rotating speeds because there are obvious differences in
the mass among various-sized spheres. Figure 4C shows the
NiO spheres with smaller size (300-500 nm in diameter).
Other metal oxide nanocrystals such as CoO nanopolyhe-
drons, Mn;0, nanoparticles, and CeO, nanoflowers can also
be assembled into their corresponding colloidal spheres. All
of the products above are polydisperse and have diameters
that range from 200 nm to 2 um. We can obtain spheres with
narrower size distribution by means of centrifuge separation,
for example, CoO spheres with average diameter of 1 um
(Figure 4D), Mn;O, spheres with average diameter of
300 nm (Figure 4E), and CeO, spheres with average diame-
ter of 500 nm (Figure 4F).

Formation of mesoporous metal oxides: To obtain the meso-
porous materials that have attracted intensive interest in
recent years,F** it is necessary to remove surfactants by
calcining the as-prepared metal oxide colloidal spheres. If
the spheres are calcined under Ar atmosphere, Mn;O, will
be reduced to MnO by carbon in the surfactants; NiO will
also be partially reduced to Ni; whereas CoO can not be re-
duced. If this process is done in air, Mn;O, and CoO will be
oxidized to Mn,0O; and Co;0, respectively, while NiO can
keep the composition. These results are demonstrated by
XRD measurements (Supporting Information, Figure S2).
During calcination, both under Ar atmosphere and in air,
the structures do not collapse. Figure 5 shows the scanning
electron microscope (SEM) images of mesoporous NiO,
MnO, and CoO materials. From their high-resolution SEM
images, we can see clearly that the microspheres are made
up of cumulate nanocrystal building blocks, resulting in the
formation of large-pore mesoporous architectures. The N,
adsorption—desorption data (Figure 6) from Brunauer—
Emmett-Teller (BET) measurements and the corresponding
Barrett-Joyner—Halenda (BJH) pore-size distribution data
(Figure 6, insets) for NiO, MnO, Mn,0;, CoO, and Co;0,
materials show that mesopores exist in these materials.
Their average pore diameters are 20, 10, 30, 30, and 20 nm
indicated by pore size distribution curves.

To investigate the change of surface area for these metal
oxides from nanocrystals to mesoporous structures, we first
calcine the nanocrystals with the same conditions as corre-
sponding mesoporous metal oxides, and then compare their
BET surface area. The results are collected in Table 1, from
which we can see that there is clear increase in surface area
after the creation of mesoporous structures from nanocrys-
tals. This is attributable to the removal of surfactants.
Before calcination, the surfactants in the colloidal spheres
occupied large space. This bottom-up procedure shows us a
new idea and a novel synthetic strategy for mesoporous ma-
terials. A notable advantage of this method is that most
nanocrystals can be used as building blocks and the assem-
bly process is independent of their respective chemical com-
positions, which means that if we can get the nanocrystals of
any material, then we can obtain their corresponding meso-
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Figure 5. SEM images of the calcined products. A) and B) NiO. C) and
D) MnO. E) and F) CoO.

porous products. We can even synthesis hybrid mesoporous
materials by mixing two or more kinds of crystals in the as-
sembly process and tune the pore size by controlling the
size of nanocrystals (ongoing work in our group). Another
advantage is the good crystallization and thermal stability of
these mesoporous materials that shows promise for their po-
tential applications in catalysis and lithium-ion batteries.

Application in lithium-ion batteries: We selected their appli-
cation in lithium-ion batteries to display the potential prop-
erties of these as-obtained mesoporous materials. As we all
know, the MO (M=Ni, Co, Mn, etc.) type oxides demon-
strate a large capacity, long cycle life, and high recharging
rate as anode materials for Li-ion batteries.*”*! Many ef-
forts have been reported to develop their electrochemical
performance.*'*! The utilization of mesoporous metal
oxides as electrodes might be a great help because of not
only the larger surface area, but also the ease for the lithium
ions to diffuse in the mesostructures. Figure 7 (bottom right
inset) shows the cyclic voltammograms (CV) of the mesopo-
rous NiO electrode in the first cycle. In the cathodic polari-
zation process, a reduction peak ranging from 0.3-0.8 V at-
tributes to the initial reduction of NiO to Ni and the forma-
tion of a partially reversible solid electrolyte interface (SEI)

Chem. Eur. J. 2008, 14,2507 -2513
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Figure 6. N, adsorption-desorption isotherm and corresponding pore size distribution curve (inset) for meso-
porous metal oxides.

Table 1. The comparison of BET surface area between metal oxide nano-
particles and corresponding mesoporous structures.

Product BET surface Product BET surface
(nanoparticles) area [m*g ] (mesoporous) area [m*g '] T,
‘Ol Yo L] £ 400
NiO 121 NiOP 16.1 30 % /
CoOF 3.3 CoOl 14.4 2 2000 T i !
Mn;0,! 25.3 MnOU! 30.6 1%
[a] Calcining NiO nanoparticles in air at 350°C for 1 h followed by 500°C 25 § 0 8 16 24 32
for 1h . [b] Calcining NiO colloidal spheres in air at 350°C for 1 h fol- ] Cycle number /\
lowed by 500°C for 1h. [c] Calcining CoO and Mn;O, nanoparticles 2.0 E 0.000 fr—’/
under Ar at 350°C for 1 h followed by 500°C for 1 h. [d] Calcining CoO > | > /
and Mn;O, colloidal spheres under Ar at 350°C for 1h followed by o 2
500°C for 1 h. £151 8 —0.004
> 5
5
[43] U : ot 1.0 © _0.008
layer."” Meanwhile, in the anodic polarization process, one 10 20 30
broad peak recorded at about 2.5 V corresponds to the oxi- o5 Potential LifLI"/\/
dation of Ni to Ni’*. Constant current charge/discharge ’
measurements give us the voltage-specific capacity curve
0.0 T v T

T T

(Figure 7) of the NiO/Li cell, from which it can be seen that 200 400 600 800

in the first discharge, the potential drops rapidly to reach a Spacific/mAh g~

well-pronounced plateau at about 0'62' v, fpllowed by a Figure 7. Charge-discharge curve of the NiO/Li cell. The top left and
gradual decrease to 0.01 V. After the first five cycles, the bottom right insets show the cycle life of the cell and the cyclic voltam-
NiO/Li cell reaches a steady state and the capacity nearly mograms of the electrode made by mesoporous NiO.
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of well-crystallized mesoporous materials. Various mesopo-
rous metal oxides have been successfully synthesized and
the application in lithium-ion batteries has also been exam-
ined briefly. Ongoing work shows the possibility of prepar-
ing mesoporous metals, sulfides, fluorides, phosphides, and
so forth, and tuning the pore size from micro to meso even
macro, as well as fabricating hybrid mesoporous materials.
The tremendous potentiality in catalysis application is also
being studied in our group. We believe that it would be a
significant advance for material science and probably a
bringing of new developments in this area.

Experimental Section

Materials: All the reagents used in this work, including manganese ni-
trate, nickel nitrate, cerium nitrate, zinc nitrate, cobalt nitrate, octadecyl-
amine, ethanol, and cyclohexane were of A.R. grade from the Beijing
Chemical Factory, China.

Synthesis

Mn;0, nanoparticles: 0.1 mL of Mn(NOs3), solution (50 wt %) was added
to 10 mL octadecylamine at 200°C. After 10 min of magnetic stirring, the
system was allowed to cool to 80°C (the melting point of octadecylamine)
and the final products collected at the bottom of the beaker. The Mn;O,
nanoparticles were washed with ethanol several times, and then dispersed
into a non-polar solvent, such as cyclohexane.

Mn;0, long nanorods: 1 mL of Mn(NO;), solution (50 wt. %) was added
to 10 mL octadecylamine at 200°C. After 10 min of magnetic stirring,
Mn;0, long nanorods were collected and washed.

Mn;0, short nanorods: 3 mL of Mn(NQO;), solution (50 wt. %) was added
into 10 mL octadecylamine at 220°C. After 1 min of magnetic stirring,
Mn;0, short nanorods were collected and washed.

NiO nanoflowers: 1 g of Ni(NO,),6 H,O was added to 10 mL octadecyl-
amine at 180°C. After 10 min of magnetic stirring, NiO nanoflowers were
collected and washed.

ZnO triangular nanoplates: 0.2 g Zn(NO,),-6 H,0 was added into 10 mL
octadecylamine at 200°C. After 10 min of magnetic stirring, ZnO triangu-
lar nanoplates were collected and washed.

CeO; nanoflowers: 1 g of Ce(NO;);6H,0 was added into 10 mL octade-
cylamine at 250°C. After 8 min of magnetic stirring, CeO, nanoflowers
were collected and washed.

CeO; nanocubes: 0.2 g of Ce(NO;);6H,0 was added into 10 mL octade-
cylamine at 120°C. After 2 min of magnetic stirring, the system was kept
at 200°C for 24 h. Then, CeO, nanocubes were collected and washed.

CoO nanopolyhedrons: 0.5 g Co(NOs3),:6 H,O was added into 10 mL oc-
tadecylamine at 250°C. After 20 min of magnetic stirring, CoO poly-
hedrons were collected and washed.

Co;0, nanocubes: 1 g Co(NO;),6 H,O was added into 10 mL octadecyl-
amine at 120°C. After 5 min of magnetic stirring, the system was kept at
200°C for 24 h. Then, Co;0, nanocubes were collected and washed.

Colloidal spheres: The following is a typical synthetic procedure for col-
loidal spheres: 0.3 g of sodium dodecylsulfonate (SDS) was dissolved into
100 mL of deionized water, and then 10 mL of metal oxide nanocrystal
solution (~10 mg/mL, the solvent is cyclohexane) was added. The solu-
tion was magnetically stirred at room temperature for 1h, and then
heated to 80°C and stirred for a further 1 h to evaporate the cyclohexane.
The metal oxide colloidal spheres were obtained by centrifuging and
washing with water.

Mesoporous metal oxides: Mesoporous materials would be obtained by
calcining the as-synthesized colloidal spheres. For mesoporous NiO,
Mn,0;, and Co;0,, we calcined NiO, Mn;0,, and CoO colloidal spheres
in air at 350°C for 1 h followed by 500°C for 1 h. For mesoporous MnO
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and CoO, we calcined Mn;O, and CoO colloidal spheres under Ar at
350°C for 1 h followed by 500°C for 1 h.

Characterization: A Bruker D8-advance X-ray powder diffractometer
with Cuy, radiation (1=1.5418 A) was used for the characterization of
phase purity and crystallinity of the products. A Hitachi H-800 transmis-
sion electron microscope (TEM) was used to measure the size and mor-
phology of all the samples. Scanning electron microscopy (SEM) images
were taken by means of a JSM-6310F scanning electron microscope. Dy-
namic laser scattering (DLS) was used to measure the size distribution of
colloidal spheres. The BET surface area of samples was measured by
using N, adsorption with the single-point method.

Electrochemical measurement: Electrochemical measurements were car-
ried out by using two-electrode cells with lithium metal as the counter
electrode. The working electrodes were fabricated by compressing the
mixture of 85 wt % active materials, 10 wt % acetylene black, and 5 wt %
ploytetrafluoroethylene. The electrolyte solution was LiPFg (1m) dis-
solved in a mixture of ethylene carbonate (EC), propylene carbonate
(PC), and diethyl carbonate (DEC) with the volume ratio of EC/PC/
DEC=3:1:1. Electrochemical performance was investigated by using a
Solartron SI 1260 Potentionstat Analyzer with 1287 Interface and a modi-
fied Arbin charge-discharge unit at controlled temperatures.
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