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High quality mono-phase MnO nanowires were successfully synthesized by vapor phase deposition on a
silicon substrate. By involving the silicon into the reaction, MnO nanowires, Mn–Si oxide microwire/
nanowall radial heterostructures and silicon oxide nanowires were able to be selectively obtained. The
obtained MnO nanowires have a single crystal fcc structure with the average diameter of 150 nm and
length up to 100 lm. The vapor–solid (VS) mechanism was proposed as the dominant mechanism in
growing the MnO nanowires. Controlled synthesis of MnO nanowires provides the possibility of exploring
their potential in applications such as catalysts, battery technology and magnetic materials.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Due to their variable oxidation states, manganese oxides have
attracted substantial attention because of their superior magnetic,
electrical and chemical properties, which promise great potential
in superconductivity [1,2], catalysts [1,3,4], sensors [4], battery
[4–8], corrosion resistant [1] and high temperature [1] applica-
tions. In recent years, considerable research has been focused on
nanostructured manganese oxides. It has been well documented
that nanostructured manganese oxides possess unique magnetic
[9,10], electronic [11,12] and optical [13] properties, showing quite
different behaviors compared to their counterparts in the bulk
phase due to their anisotropic features in morphology, size and
shape [1,5,8]. For instance, studies on MnO nanoparticles and
nanorods have shown that these nanostructures exhibit ferromag-
netic behavior while bulk MnO is anti-ferromagnetic [5,9,14]. Seo
et al. [15] reported the size dependent magnetic behavior of colloi-
dal Mn3O4 and MnO nanoparticles, which can be used for sensor
applications. Apart from magnetic properties, it has been reported
that MnO nanocrystals have higher oxygen reduction activity com-
pared to bulk MnO in alkaline aqueous solutions [8]. Yang et al.
[10] showed that one-dimensional manganese monoxide nano-
structures exhibit catalytic function on the oxidation and decom-
position of methylene blue dye with H2O2. Chen et al. [11] also
showed that manganese oxide nanorods have high specific capac-
itance and a good reversibility, which makes them an excellent
candidate as an electrode material for electrochemical capacitors.
In addition, properties of the manganese oxide nanostructures
ll rights reserved.
can also be readily modified by tailoring their size and structure
[8]. More recently, Lahann [16] reported that MnO nanowires
could separate water and oil.

In terms of preparation approaches, several methods have been
developed to synthesize nanostructured manganese oxides with
different morphologies, such as heat treatment of nanostructured
precursors of c-MnOOH [10], thermal decomposition of Mn-
Surfactant complexes [5], reflux [18], sol–gel [19] and different
types of hydrothermal processes [4,6,17,20–22]. Recently, coral-
like Mn2O3 nanostructures [12], MnO nanoparticles [23], mixture
of MnO and Mn2O3 nanowires have been obtained by vapor depo-
sition. However, it still remains a major challenge to synthesize
high quality mono-phase MnO nanowires [12,17,23,24] due to
the uncontrollable phase transformation of multivalent manganese
oxides (MnO2, Mn2O3 and Mn3O4).

In the present work, we report a straightforward way of synthe-
sizing high density, single crystalline MnO nanowires with mono-
phase using a vapor phase deposition method. In addition, the final
product can be tuned between MnO and SiO2 nanowires as well as
their heterostructures by controlling experimental parameters. The
influence of experimental parameters on the final product was sys-
tematically investigated and the growth mechanism of the prod-
ucts was proposed.
2. Experimental procedure

Manganese oxide nanowires on a silicon substrate were synthe-
sized by a simple vapor phase deposition method. In this method,
metallic manganese powder (99%, Aldrich) was used as the source
material. Before the growth procedure, a silicon wafer was coated
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with a 5 nm thin gold layer as catalyst using an Emitech K550X
sputter coater. The manganese source was placed in an alumina
boat and the silicon substrate (Si) was placed over the powder cov-
ering the source. The distance between the powder and the sub-
strate was carefully controlled. The boat was placed at the center
of a quartz tube and transferred into a horizontal high temperature
resistance furnace. The system was heated to 900–1000 �C at con-
trolled heating rates (5–50 �C min�1) for 2 h. During the process a
constant flow of high purity argon (200 sccm) was maintained.
Various parameters such as the temperature of the system, heating
rate and source/substrate distance were varied to control the mor-
phology and structure of the products. After the furnace was cooled
down to room temperature, the final products were collected from
the substrate and the Mn powder.

The morphology, structure and composition of the resultant
products were characterized by Hitachi S-4500 field-emission
scanning electron microscope (SEM) operated at 5.0 kV and energy
dispersive X-ray spectrometer (EDX), Rigaku–Miniflex X-ray dif-
fractometer, using CuKa (k = 0.154 nm) radiation operated at
30 kV and 15 mA, Philips CM10 transmission electron microscope
(TEM) and selected area electron diffraction(SAED) operated at
80 kV, a Jeol 2010 field emission gun high resolution electron
microscope (HRTEM) operated at 200 kV and Kratos Axis Ultra
Al(alpha) X-ray photoelectron spectrometer (XPS) operated at
14 kV.

3. Results and discussion

Manganese oxide nanowires were synthesized on a silicon sub-
strate after optimization of various growth parameters. The gen-
eral morphology of the products was initially observed by SEM.
Figure 1a shows a typical SEM image of the product. It reveals that
Figure 1. (a) SEM images of manganese oxide nanowires synthesized on a silicon substr
manganese oxide nanowires. (c) XRD pattern of these nanowires on a silicon substrate.
the product consists of dense nanowires with sharp tips that cover
the silicon substrate uniformly. The length of the resultant nano-
wires is up to 100 lm. Furthermore SEM observations of the cross
section of nanowires deposited on the silicon substrate (Figure 1b)
indicate the formation of layer between the substrate and nano-
wires with a thickness of around 100 nm. EDX results from this
layer reveal that this layer is mainly composed of manganese, oxy-
gen and silicon. The EDX spectrum of the nanowires, as shown in
Figure 1c, indicates that the nanowires are mainly composed of
manganese and oxygen. The weak silicon peak in the spectrum
comes from the substrate and the intermediate layer. Figure 1d
displays the XRD pattern taken from the products on silicon sub-
strate. The main diffraction peaks at this spectrum are assigned
to the (1 1 1), (2 0 0), (2 2 0), (3 1 1) and (2 2 2) crystal planes of
MnO (PDF No. 07-0230), respectively, indicating that the nano-
structures have well-crystallized face centered cubic (fcc) MnO
crystal structure. In addition to these peaks, several weaker peaks
can be identified in the XRD pattern which roughly can be assigned
to compounds of manganese, silicon and oxygen such as Mn2SiO4

(PDF No. 35-0748).
TEM observations indicate that diameter of the nanowires

ranges from 70–300 nm with a mean value of 150 nm. Figure 2a
shows a typical TEM image of a single nanowire with a diameter
of around 170 nm. The selected area electron diffraction (SAED)
pattern (Figure 2b) taken from this nanowire reveals the single
crystalline nature of the nanowire and the reflections can be in-
dexed as the (1 1 1), (2 0 0) and (1 �1 �1) crystal planes of the fcc
MnO phase, which is consistent the XRD results. HRTEM analysis
(Figure 2c) of manganese monoxide nanowires shows that the
nanowire possesses a relatively smooth surface. The lattice fringes
in Figure 2c clearly confirm the high quality crystallinity of the
nanowire. The inter-planar spaces measured as 0.25, 0.25 and
ate, showing uniform coverage of manganese oxide nanowires. (b) EDX spectrum of



Figure 2. (a) TEM image of a MnO nanowire with a diameter of about 170 nm. (b) SAED pattern of the nanowires corresponding to fcc-MnO phase. (c) HRTEM image of single
manganese oxide nanowires. (d) HRTEM image of MnO core–shell nanostructure. (e) HRTEM image of crystalline shell. (f) SAED pattern of the core shell nanostructure.
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0.22 nm corresponding respectively to the (1 1 1), (1 �1 �1) and
(2 0 0) planes of MnO crystal structure. Further HRTEM analysis
of manganese monoxide nanowires reveals some regions of the
nanowires exhibit core/shell structures (Figure 2d). Core shell for-
mation of MnO nanostructures has been reported by other
researchers synthesizing manganese monoxide nanoparticles [5].
This has been related to the formation of more stable manganese
oxides on the outer layers of the nanostructures. In this study
the shell layer has a distinct interface with the inner part shown
in Figure 2e. The three inter-planar spacing of these layers mea-
sured as 0.31 nm suggest a cubic structure similar to the crystal
structure of MnO nanowires. The SAED pattern of these nanowires
shown in Figure 2f can be indexed as the crystal planes of the fcc
MnO phase similar to previous pattern. However in this pattern
there are very week reflections which can be related to the crystal
layer covering the nanowires. This shell layer can be related to the
partial oxidation of MnO nanowires in room temperature forming
a more stable manganese oxide on the nanowires.

During our experimental process, it has been found that the
morphology of the structures is very sensitive to the growth
parameters, such as synthesis source/substrate distance, and heat-
ing rate of the reaction system. In order to control the nanostruc-
tures and to understand the growth mechanism of the MnO
nanowires, the effects of the growth parameters on the nanowires
composition and structure were systematically studied.
3.1. Effect of source/substrate distance

The source/substrate distance was found to be a significant fac-
tor affecting not only the morphology but also composition and
phase structure of the nanostructure. When the distance of
source/substrate is less than 2 mm in the chamber, manganese
oxide nanowires were obtained. Upon increasing the source/
substrate distance to more than 6 mm, the substrate was covered
with high density thin and tangled nanowires with the morphol-
ogy completely different from the manganese oxide nanowires
mentioned above, as shown in Figure 3a. XPS results in Figure 3b
indicate that the nanowires consist of silicon and oxygen with a
stoichiometry ratio of 1 to 2 (SiO2). TEM and SEM observations re-
veal that SiO2 nanowires have a narrow diameter range of about
70 nm. The electron diffraction pattern shown in inset of Figure 4a
indicates the amorphous nature of these nanowires. When the
source/substrate distance was kept at 4 mm, the products were
composed of a mixture of manganese oxide nanowires and silicon
oxide nanowires. The detailed growth mechanisms will be dis-
cussed in section 3.3.
3.2. Effect of heating rate

In our previous studies of growing various metal oxide nano-
wires such as SnO2, and W19O48 nanowires [25,26] by the chemical
vapor deposition method, we found that the formation of these
nanowires is not sensitive to heating rate. In the current work,
however, it has been observed that the final composition and
structure of the product has a strong dependence on the heating
rates of the reaction system. We found that a low heating rate
favored the deposition of manganese oxide nanowires (5 �C min�1

in this case), while keeping other optimized conditions (930 �C,
2 mm source/substrate distance) (Figure 1). The morphology of
deposited structures changed dramatically by increasing the heating
rate of the process while keeping the other conditions unchanged.
Figure 4a shows a low magnification SEM image of microstructures
covering the substrate uniformly with high density deposited at a
heating rate of 50 �C min�1. Higher magnification SEM image in
Figure 4b reveals that these structures are composed of microwires
covered by epitaxial nanowalls. It can be seen that the microwires
are composed of network of nanowires surrounding a shell micro-
wire. To determine the composition of these composite structures,
they were analyzed using EDX mapping. The EDX mapping of a single
composite structure indicates the microwires are mainly composed
of manganese, oxygen and silicon. On the nanowalls, however,
mostly silicon and oxygen are detected, along with very small trace
of manganese, indicating a heterostructure of Si–Mn oxide product.
Our experimental results have shown that increasing the heating
rate (5 to 50 �C min�1) favors the growth of the heterostructure
and restrains the deposition of manganese oxide nanowires. Further



Figure 3. (a) SEM images of silicon oxide nanowires with diameters below 100 nm synthesized by increasing the distance between manganese powder and silicon substrate
to more than 5 mm. (b) XPS results of these nanowires showing 1:2 atomic ratio of Si:O, indicating that these nanowires are mainly SiO2 nanowires.

Figure 4. SEM images of structures synthesized by increasing the heating rate of the experiment to 50 �C min�1. (a) low magnification SEM image showing high-density
microstructures, (b) higher magnification SEM images shows that these structures are composed of micro-wires as core with sheet-like structures covering these wires.

Figure 5. Schematic diagram of manganese oxide nanostructure growth
mechanism.
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experiments on control and characterization of these structures are
being carried out in our group.

The effects of growth parameters of MnO nanowires on the
morphology of nanostructures deposited on silicon substrate are
summarized in Table 1. Based on these results a growth mecha-
nism has been proposed in the following section.

3.3. Growth mechanism

Vapor–liquid–solid (VLS) process has previously been reported
for the growth of MnO nanowires [23,24]. In the present study, sim-
ilar to previous studies a thin layer of gold was sputtered on the
substrate to act as the gold catalyst but based on TEM and SEM
observations no obvious gold particles were detected on the tip of
MnO nanowires. Furthermore, as mentioned above SEM and EDX
studies of the cross section of the interface between the nanowires
and silicon substrate has shown a intermediate layer which is
composed of manganese, oxygen and silicon (Figure 1b and c).
XRD pattern (Figure 1d) revealed the presence of Mn2SiO4 layer
on the substrates. Experimental results show that the formation of
this layer is essential for the formation of high density thin MnO
nanowires. However the formation of this layer is dependant on
the presence of gold layer and high Mn partial pressure. Therefore,
we propose a vapor solid mechanism (VS) here to interpret the
growth of manganese oxide nanowires. Figure 5 shows a schematic
diagram of manganese oxide nanostructures growth mechanism.
Based on this mechanism the growth of MnO nano and microstruc-
tures directly from Mn powder and thin films as byproducts of these
experiments can be explained.

According to this mechanism, Au–Si alloy droplets can be
formed during the heating process due to the very low eutectic
point (363 �C, [27]) of Au–Si alloy. The liquid surfaces have a large
accommodation coefficient and are therefore preferred deposition
sites for the incoming vapor [28]. In this case, both manganese and
silicon atoms are absorbed by the liquid droplets, in which manga-
nese source is from the evaporated manganese powder and silicon
source is from the silicon substrate. When the distance between
the Mn powder and silicon substrate was very close (2 mm), con-
centrated manganese species were easily absorbed into the semi-
liquid alloy droplets increasing their size and eventually forming
a thin layer composed of the three elements. This layer similar,
to oxidized manganese source powder provides a suitable surface
for the deposition of MnO as nanowires by absorption and reaction
of residual oxygen in the system with Mn species.

As discussed above, the effect of various parameters on the
morphology, composition and structure of the product is supposed
to be related to species and pressure of the formed gaseous atoms
in the reaction chamber. For the source/substrate distance factor,
the distance directly influenced the amount of manganese vapor
reaching the substrate. According to previous reports, it is possible
to synthesize silicon oxide nanowires directly from the silicon sub-
strate using gold as a catalyst governed by solid–liquid–solid (SLS)



Table 1
Summary of the effect of growth parameters on the morphology of nanostructures deposited on silicon substrate.

Temperature (�C) Source/substrate Dist. (mm) Heating rate (�C min�1) Deposited nanostructure

900 930 960 2 2–6 6 5 50

* * * MnO nanowire
* * * MnO nanoparticle

* * * Non-uniform diameter MnO nanowire
* * * MnO nanowire & SiOx nanowire mixture
* * * SiO2 nanowire
* * * MnO-SiOx Composite structure
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[29,30] mechanism in similar experimental conditions. Under the
conditions in the present study, there is a competition between
the growth of manganese oxide nanowires and silicon oxide nano-
wires depending on the degree of supersaturation of manganese
and silicon species within the liquid alloy droplets. At short
distances, the substrate is exposed to a concentrated manganese
vapor enabling higher degree of supersaturation of manganese
species than that of silicon within the liquid droplets, in which
the silicon atoms diffusion is restricted. Therefore, manganese
oxide nanowires are preferentially formed. At larger distances,
when the decrease of local manganese concentration slows down
the growth of manganese oxide nanowires, the growth of silicon
oxide nanowires is enhanced. Therefore, the density of silicon
oxide nanowires increases with increasing the source/substrate
distance, and finally only silicon oxide nanowires are synthesized
at long distances.

In contrast to the growth of silicon oxide nanowires, which is
independent of the heating rate, the achievement of manganese
oxide nanowires is determined to a great extent by the control of
the heating rate. As is known, oxygen partial pressure is a function
of temperature and increases with increasing temperature [31].
Depending on the evaporation and oxidation dynamics of the man-
ganese in the system, a higher heating rate might give a quick
increase of the oxygen partial pressure in the chamber, which
possibly led to high oxidizing rate of the manganese powder and
decreased the vapor pressure of manganese. Hence, a high heating
rate would increase the possibility of growth of silicon oxide struc-
tures from the substrate and would also explain the low density
and thick diameter of the manganese oxide structures. Therefore,
the growth parameters have to be carefully controlled to obtain
manganese monoxide nanowires as the sole phase structure.
4. Conclusions

In summary, high quality and single crystalline MnO nanowires
were successfully synthesized using a simple vapor phase deposi-
tion method on a silicon substrate with a thin layer of gold. SEM
observations showed dense and uniform growth of the nanowires
with the length up to 100 lm. HRTEM images and SAED patterns
provided evidence of the single crystalline, face centered cubic nat-
ure of the MnO nanowires. By tuning the growth parameters, MnO
nanowires, Mn–Si oxide microwire/nanowall heterostructures or
SiO2 nanowires can be selectively obtained depending on the com-
petitive growth rates of manganese oxide or silicon oxide. The con-
trolled synthesis of MnO nanowires and their heterostructures are
expected to find applications in nanodevice technologies. In addi-
tion the obtained MnO nanowires can provide suitable precursors
to synthesize other types of manganese oxide nanostructures such
as MnO2, Mn2O3 and Mn3O4.
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