FULL PAPER

DOI: 10.1002/ejic.200500983

Facile and Selected-Control Synthesis of p-MnQO, Nanorods and Their
Magnetic Properties

Guangli Wang,!?! Bo Tang,*!#! Linhai Zhuo,/* Jiechao Ge,!?! and Mei Xuel?!

Keywords: -Manganese dioxide / Nanostructures / Hydrothermal synthesis / Magnetic properties

Single crystal f-MnO, nanorods were successfully synthe-
sized employing a facile in-situ redox precipitation hydro-
thermal process. The effects of various experimental condi-
tions on the morphology of the products were investigated.
The mechanism of formation of the nanorods was investi-
gated and discussed based on the experimental results. The

magnetic measurement of the nanorods with a diameter of
25-40 nm and a length of 240-440 nm indicates that the Néel
magnetic transition temperature is about 6 K higher than that
of the bulk f-MnO, crystal.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

1. Introduction

One-dimensional (1D) nanocrystals such as nanorods,
nanowires, and nanotubes have been the focus of consider-
able interest.l!'3] As a consequence of their low dimension-
ality and quantum confinement effect, they can show
unique electronic, optical, and magnetic properties that are
anomalous when compared to the bulk materials.[*-71 Man-
ganese dioxide can form many kinds of polymorph, such as
a-, B-, v-, and &-types, each offering distinctive properties
and applications. Applications include as molecular sieves,
ion sieves, in catalysis, as cathode materials for secondary
rechargeable batteries, and as new magnetic materials.®1%
Bach et al.l'3! have especially pointed out that the electro-
chemical properties of MnO, strongly depend on param-
eters such as powder morphology, crystalline structure, and
bulk density. One-dimensional nanostructures are the
smallest structures known for the efficient transport of elec-
trons, and they may provide the possibility of detecting the
theoretical operating limits of a lithium battery.['* '3l MnO,
also possesses an interesting magnetic structure.['*2% To
date we have found nothing in the literature on the mag-
netic properties of nanosized MnO,. Therefore, develop-
ment of a controllable synthesis method for one-dimen-
sional MnO, nanostructures was deemed very important to
be able to explore their novel properties as well as examine
potential applications for MnO,. Much effort has been put
into preparing nanocrystalline MnO, with different crystal-
lographic forms; such as nanorod-shaped and nanofibrous
a- and Tokorokite-type MnQO,,?!! B-MnO, nanorods,?? y-
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MnO- nanowires,”3! and 3-MnQ, nanofibers.?1 Although
Li et al. have reported on the hydrothermal synthesis of -
MnO, nanowires and B-MnO, nanorods by oxidizing
MnSO, with KMnO, or K,S,0s, respectively,*?! the con-
trol of both morphology and the phase of the one-dimen-
sional B-MnQO, nanostructures using the direct reaction
route is still challenging.

In this paper, we report a facile in-situ redox precipi-
tation hydrothermal synthesis method for the selected con-
trol synthesis of single-crystal B-MnO, nanorods. The ef-
fects of various experimental conditions on the morphology
and particle size of the products were studied. The mecha-
nism of formation of the nanorods was investigated and
discussed. The magnetic properties of the as-obtained
nanorods with diameters of 25-40 nm and lengths of 240-
440 nm were characterized.

2. Results and Discussion

2.1. Characterization

X-ray powder diffraction (XRD) patterns reveal the
phase and purity of the as-obtained products. As shown in
Figure 1, all of the reflection peaks can be indexed to a pure
tetragonal phase of -MnO, [JCPDS 24-0735, space group
P4,/mnm(136)] with lattice constants a = 4.3998 A and ¢ =
2.8695 A. The sharp peaks indicate that the product is per-
fectly crystallized. No other impurity peaks were observed,
demonstrating the high purity of the products obtained un-
der current experimental conditions.

A typical TEM image of the as-prepared sample is
shown in Figure 2 (a), which indicates that the final product
consists of nanorods with diameters of 25-40 nm and
lengths ranging from 240 to 440 nm. More detailed struc-
tural information for these nanorods was obtained from
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Figure 1. XRD pattern of the as-obtained product.
high-resolution  transmission  electron  microscopy

(HRTEM) images and selected area diffraction (SAED)
patterns. The HRTEM image (Figure 2, b) of an individual
nanorod shows that the nanorod is structurally uniform
with an interplanar spacing of about 0.315 nm, which cor-
responds to the (110) plane of tetragonal B-MnO,. Selected
area electron diffraction patterns taken from the individual

Figure 2. The (a) TEM image and (b) HRTEM and SAED (inset
image) patterns of the as-prepared sample.
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nanorod (shown in the inset image in Figure 2, b) reveal its
single crystal nature, and can be indexed to the [001] zone
axis of tetragonal 3-MnO,.

A typical room temperature X-ray photoelectron spec-
trum of the as-synthesized sample is shown in Figure 3.
Only the peaks of Mn(2p3/2, 2pl1/2) and Ols can be ob-
served. The binding energies of Mn(2p3/2) and Mn(2p1/2)
are 642.32 and 653.95 ev, respectively, which are well in ac-
cordance with MnO, [Mn(2p3/2) = 642.1 ev and Mn(2pl/
2) = 653.8 ev].[>>) The estimated relative ratio of O to Mn
is 2.16:1, which is caused by the interference of oxygen in
the air for the XPS study.

2. 2. The Effect of Reaction Conditions on the Morphology
and Particle Size of the Products

2. 2. 1. The Effects of Ammonia on the Morphology and
Particle Size of the Products

It was found that the concentration of ammonia as well
as the way the ammonia was added had significant effects
on the morphology of the products. Uniform nanorods
were obtained (as shown in Figure 2, a) when ammonia was
added dropwise. Pouring ammonia into the mixture of
Mn(NO3) and H,0, led to the product being composed of
big rod-like structures (200-400 nm in diameter and more
than 10 um in length) and nanoparticles (Figure 4, a). The
concentration of ammonia also significantly affected the
morphology of the products. In our synthetic system, the
concentrations of Mn(NOs3), and H,O, were kept constant
and ammonia was added dropwise with different concentra-
tions. As the concentration of ammonia was varied (0.25,
0.5, 1, 2 M) the morphology changed from a spindle mor-
phology (Figure 4, b), to nanorods (Figure 2, a), a mixture
of nanorods and nanoparticles (Figure 4, ¢), and finally to
nanoparticles (Figure 4, d). From the above results, we can
see that the precipitator ammonia in our synthetic system
has significant effects on the morphology of the products.

11000

10000

89000

8000

7000

Counts(s)

8000 |-

5000 |

3000

545 540 535 &30 525 620

Binding Energy {eV)

Figure 3. Room temperature X-ray photoelectron spectra of the as-obtained sample.
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Figure 4. (a) 0.5 M ammonia was added by pouring, (b-d) ammonia was added dropwise with different concentrations; (b) 0.25 M; (c)

1M; (d) 2m.

2.2.2. Effects of H,0, on the Morphology of the Products

Increasing the amount of H,O, to 2 mL, while the other
experimental conditions were kept constant, led to a mor-
phology of the products similar to that shown in Figure 4
(a). The as-obtained products are composed of rod-like
structures (400-500 nm in diameter and 10-20 uym in
length) and nanoparticles.

2.2.3. Effects of Temperature on the Morphology of the
Products

Temperature also affected the morphology and particle
size of the final products. At a lower temperature such as
130 °C, only nanoparticles could be obtained (Figure 5, a).
Upon increasing the temperature to 140 °C, we obtained a
mixture of nanoparticles and nanorods (Figure 5, b). Nano-
rods could be obtained in the temperature range 180-
250 °C. The TEM image in part ¢ of Figure 5 shows that
MnO, obtained at 180 °C consists of uniform nanorods
with a diameter of 15-30 nm and lengths of 150-200 nm,
whereas the product obtained at 210 °C is on average 20—
30 nm in diameter and has a length of 200-300 nm as
shown in part d of Figure 5. Upon increasing the tempera-
ture to 250 °C, the product was found to consist of uniform
nanorods with a diameter of 25-40 nm and lengths of up
to 240-440 nm as shown in Figure 2 (a). From the above
results, we can see that the diameter and length of the nano-
rods increase slightly with increasing temperature. It is ap-

parent that higher temperatures favor the anisotropic
growth of the crystals and nanorod formation.

The phases of nanorods obtained in the temperature
range 180-250 °C were examined by the X-ray powder dif-
fraction technique, which demonstrated that all the phases
were pure B-MnQO,. In contrast to solution-based methods
for the growth of one-dimensional nanostructures in which
the problem of phase control of the products often exists,*”
the present synthetic process can be performed over a wide
range of hydrothermal reaction temperatures.

2.3. Possible Growth Mechanism of the Nanorods
The chemical reaction can be formulated as:

Mn2+ + H202 +2 NH3'H20 - MHOZ'XHzo +2 NH4+ + H20
M

hydrothermal
MnO,xH,0 — > MnO, + x H,0 2)
reaction

As illustrated in the chemical equation above, when am-
monia was added to the mixture of hydrogen peroxide and
manganese nitrate, the precipitation and oxidation reaction
occurred together [Equation (1)], accompanied by the de-
composition of hydrogen peroxide. After the in-situ redox
precipitation process, we obtained MnO,-xH,O. In the hy-
drothermal process, MnO,xH,O dehydrated to MnO,
[Equation (2)]. In order to investigate the growth process of

Figure 5. The products obtained at different hydrothermal reaction temperatures for 12 h: (a) 130 °C; (b) 140 °C; (c) 180 °C; (d) 210 °C.
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Figure 6. TEM image of the as-obtained samples at different hydrothermal reaction times: (a) 5 min; (b) 15 min; (c) 1 h.

the nanorods, we carried out the hydrothermal reaction at
250 °C for different periods of time. Figure 6 (a) shows the
TEM image of the sample obtained after heating for 5 min,
there are only nanoparticles with a diameter of 15-60 nm.
The sample was characterized by XRD, but no peak was
detected, indicting that crystallization did not occur for
these nanoparticles. Figure 6 (b) shows the samples ob-
tained after heating for 15 min, which indicates that there
are nanoparticles with diameters of 40-60 nm and a few
short nanorods. The smaller nanoparticles in Figure 6 (a)
are not seen in Figure 6 (b). After heating for 1h, the
amount of nanorods is more than that shown in Figure 6
(b), and the amount of nanoparticles has dramatically de-
creased (Figure 6, ¢). The TEM image of the product ob-
tained after heating for 12 h indicates that the product is
composed of nanorods and the nanoparticles are no longer
seen (Figure 2, a). The above study demonstrates that the
nanorods are grown from the small nanoparticles. We be-
lieve that the mechanism of formation of the MnQO, nanor-
ods follows the Ostwald ripening process.!>°l

3. Magnetic Property of the As-Synthesized
B-MnQO, Nanorods

The magnetic properties of the as-synthesized B-MnO,
nanorods with a diameter of 25-40 nm and a length of 240-
440 nm were characterized. Figure 7 shows the magnetiza-
tion vs. temperature curve of the as-synthesized p-MnO,
nanorods at an applied field of 1000 Oe. A kink is observed
at 98 K in Figure 7, which corresponds to the Néel mag-
netic transition temperature 7. This temperature is higher
than that of the bulk MnO, crystal (Ty = 92 K),[?7281
which may be because of the special morphology and the
effect of surface spins of the as-obtained nanorods.?*—3
Strangely, a discontinuity is seen in the temperature range
30-50 K in Figure 7. From the XRD and XPS studies, we
know that the products we obtained were of high purity. So
the reason for the discontinuity cannot be any impurity in
the products, but may be caused by the special morphology
and uncompensated surface spins of the nanorods.[?%-31-32
At 293 K, a nearly linear M—H curve (Figure 8) reveals that
a superparamagnetic state exists at this temperature.
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Figure 7. Magnetization vs. temperature curve of the as-obtained
nanorods at an applied field of 1000 Oe.
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Figure 8. The magnetization vs. applied magnetic field of the as-
obtained nanorods.

4. Conclusion

In summary, a simple in-situ redox precipitation hydro-
thermal synthesis method has been developed to synthesize
single-crystal B-MnO, nanorods. The reactant ammonia
and peroxide hydrogen as well as the hydrothermal reaction
temperatures can greatly influence the morphology of the
final products. Compared to the previous solution-based
methods for the growth of 1D nanostructures in which the
problem of phase control of products often exists, the pres-
ent synthetic process can be performed over a wide range
of hydrothermal temperatures. The magnetic measurements
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indicate that the Néel temperature of the as-synthesized B-
MnO, single crystals is about 98 K, which is about 6 K
higher than that of the bulk -MnO, crystals. The nanorod
materials produced also may show possible novel electronic
and catalytic properties induced by their dimensionality.

Experimental Section

MnO, nanorods were obtained by an in-situ redox precipitation
hydrothermal synthesis method. In a typical experiment, hydrogen
peroxide (1 mL, 30%) was added to an aqueous solution of manga-
nese nitrate (12 mL, 0.3 mol/L) whilst stirring to form a homogen-
eous solution, then ammonia (5 mL, 0.5 mol/L) was added to the
mixture dropwise. Upon the addition of ammonia, the precipitation
of Mn?* by ammonia to Mn(OH), and the oxidization of Mn-
(OH), by H,0O, were achieved immediately accompanied by the
decomposition of H,O,. A brown suspension of MnO,*xH,O pre-
cipitated during the in-situ redox precipitation reaction. The re-
sulting suspension was transferred into a 20-mL Teflon-lined auto-
clave up to 80% of the total volume. The sealed autoclave was
heated at 250 °C for 12 h. The resulting black solid product was
collected, washed several times with distilled water and absolute
ethanol, centrifuged, and dried under vacuum at 60 °C for 3 h.

The phase and purity of the products were identified using X-ray
powder diffraction (XRD) patterns collected with a Japan Rigaku
Dmax-yA X-ray diffractometer with Cu-K, radiation (4 =
1.54178 A). A scan rate of 4°/min was applied to record the pat-
terns in the 20 range from 10 to 80°.The morphology and particle
size of the products were determined with a Hitachi Model H-800
transmission electron microscope (TEM) operated at 200 kv. Struc-
tural information for the nanocrystals was obtained from selected
area diffraction (SAED) patterns and high-resolution transmission
electron microscopy (HRTEM) images obtained using a
JEOL-2010F transmission electron microscope at an acceleration
voltage of 200 kv. Electron diffraction patterns were obtained from
samples during HRTEM measurements. X-ray photoelectron spec-
tra were collected with a PHI5300 model XPS spectrometer with
an Al-K, radiation source. Magnetic properties were investigated
with a superconducting quantum interference device (SQUID)
magnetometer (MPMS-7).
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