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ABSTRACT

Various MnO, nanostructures with controlling phases and morphologies, like a-MnO, nanorods, nanotubes, na-
nocubes, nanowires and S-MnO, cylinder/spindle-like nanosticks have been successfully prepared by hydrothermal
method, which is simply tuned by changing the ratio of Mn precursor solution to HCI, Mn(Ac),4H,O or
CsH1,04 H,0, surfactants and reaction temperature and time. The study found out that temperature is a crucial key to
get a uniform and surface-smooth nanorod. High ratio of KMnO, to HCI leads to well dispersed MnO, nanorods and
changing the precursor of HCI into Mn(Ac), 4H,0 or C¢H1,04H,O results in forming nanowires or nanocubes. Dif-
ferent shapes such as cylinder/spindle-like nanosticks could be obtained by adding surfactants. Since the properties
rely on the structure of materials firmly, these MnO, products would be potentially used in supercapacitor and other

energy storage applications.
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1. Introduction

Nanostructured manganese dioxides (MnO,) have been
considered as an ideal electrode material for energy sto-
rage, such as supercapacitors (also known as electroche-
mical capacitors (ECs)) [1-4], high-capacity lithium ion
batteries [5], lithium-air batteries [6-8] for their advan-
tages of low cost, earth abundance, environmental friend-
liness and superior performance in energy capacity. So far,
numerous efforts have been devoted to synthesize MnO,
nanostructures and a variety of strategies have been de-
veloped, including thermal decomposition, coprecipita-
tion [9], simple reduction [10,11], solid-phase process,
hydrothermal method [4], sol-gel [12], microwave pro-
cess [13], etc. Among these methods, hydrothermal syn-
thesis has attracted more attention because it is easily
controlled on the shape of materials, which are simple
processed and in large scale. For example, Li ef al. [14]
used hydrothermal route to obtain 3D urchinlike 5-MnO,
constructed of self-assembled nanorods; Qiu et al. [15]
synthesized MnO, nanomaterials by hydrothermal treat-
ment and investigated their catalytic and electrochemical
properties. However, the phase and morphology of the

“Corresponding author.

Copyright © 2013 SciRes.

MnO; nanostructrues are still not well controlled. Since
the properties of electrochemical devices extremely rely
on the crystalline phase and morphology of MnO, nano-
structures [16], developing a simple route to synthesize
various phases and shape for MnO, nanostructures is of
fundamental importance. Herein, we demonstrate a one-
step hydrothermal route to synthesize MnO, nanostruc-
tures with well controlling of their phases and morpho-
logies, including a-MnO, nanorods, nanotubes, nanocu-
bes, nanowires and f-MnO, nanosticks, which are simply
tuned by changing the molar ratio of Mn precursor solu-
tion to HCI, Mn(Ac),"4H,0 or C¢H,04-H,O, surfactants
as well reaction temperature and time. We also propose
the formation mechanism of MnO, nanostructures. These
MnO, products would be potentially used in supercapa-
sitor applications and other energy storage devices.

2. Experimental Section
2.1. Synthesis

All of the chemical reagents are analytically pure and
used as received without further purification. KMnOy,
Mn(Ac),-4H,0, C¢H ;04 H,0O and PVP were purchased
from National Chemical Agent. HCI was purchased from
Huping Chemistry Industry.
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2.1.1. KMnO, and HCI asthe Precursors

In a typical synthesis, 2.5 mmol KMnO,4 was dissolved
completely in deionized water and then transferred into a
100 mL Teflon-lined stainless steel autoclave, following
dropwise adding of 12 mol/L HCI aqueous solution (The
molar ratio of KMnQO, to HCl is controlled at 1:8, 1:4 and
1:2). And more deionized water was added to reach 80%
fill rate for the autoclave. Hydrothermal treatments were
carried out at 180°C, 160°C or 140°C for 24 h, 18 h or 12
h, and then the autoclave was cooled down to room tem-
perature naturally. White precipitates were collected by
centrifugation, and washed with deionized water and
ethanol several times to remove impurities. Finally, the
precipitates were dried in air at 60°C for 5 h.

2.1.2. KMnO4 and Mn(Ac),-4H,0 or CgH1,06-H
the Precursors

A stock solution labeled A was prepared by dissolving
2.5 mmol KMnO, into deionized water to make a solu-
tion with volume of 40 mL. Another stock solution label-
ed B was prepared by dissolving 5 mmol Mn (Ac),-4H,O
(or C¢H,04H,0) into deionized water to make a solu-
tion with volume of 40 mL. Brown precipitate was form-
ed immediately when mix A with B solution. After it be-
comes a uniform turbid solution by stirring, it was trans-
ferred into a 100 mL Teflon-lined stainless steel auto-
clave, and carried out under hydrothermal treatment at
180°C or 140°C for 12 h or 24 h, and then the autoclave
was cooled down to room temperature naturally. White
precipitates were collected by centrifugation, and washed
with deionized water and ethanol several times to remove
impurities. Finally, the precipitates were dried in air at
60°C for 5 h.

-0 as

2.2. Characterization

The products were characterized by X-ray diffractometer
(XRD; Rigaku D/Max-2550 PC) equipped with Cu-Ka
Radiation; Scanning electron microscope (JEOL, JSM-
5600 LV) equipped with an X-ray energy dispersive spec-
trometer (EDS) (Oxford, IE 300 X).

3. Results and Discussion

To study the role of the molar ratio of KMnO, to HCI,
we made three different samples with the molar ratio of
1:8, 1:4 and 1:2, respectively. The reaction was carried
out at the temperature of 140°C for 12 h. Figure 1 shows
the morphology of the as-prepared products. As it shows
(Figures 1(a)-(c)), the products consist of nanorods with
the length ranging from 1 to 3 um. But when we take a
closer look at Figure 1(b), as revealed in the picture in-
serted, these nanorods are hollow in the center with open
ends, more like nanotubes. We found that the nanorods
synthesized at the molar ratio of 1:8 were aggregated
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Figure 1. SEM images of the as-synthesized products with
the molar ratio of KMnO,4 to HCI of (a) 1:8, (b) 1:4 and (c)
1:2. (d) XRD pattern of the as-synthesized products with
the molar ratio of KMnO, to HCI of 1:4. Red line stands for
the standard XRD pattern for a-MnO,.

to some extent with relatively small diameter (30 - 50 nm)
and some of these nanorods were entangled to form stab-
like spheres with sharp tips, as shown in Figure 1(a).
However, this phenomenon was not observed in the ones
synthesized at the molar ratio of 1:4 or 1:2, as shown in
Figures 1 (b) and (c), in which the diameters are wider
ranging from 80 to 120 nm. It is likely that a larger
amount of HCI (lower ratio of KMnO, to HCI) leads to
the aggragation of nanorods. From the reaction process
point of view, the reactions for the formation of MnO,
use KMnO, and HCI according to the following reactions:
[17].

KMnO, +H,0+HCI — MnO, - H,0+KCI+H,0

It is obvious that more HCI would accelerate the re-
action proceeding to the right, thus more MnO, nuclei
would be produced within the given time, which is more
likely to lead to an aggregation.

The powder X-ray diffraction (XRD; D/max-2550 PC)
pattern was shown in Figure 1(d) for the sample syn-
thesized with the molar ratio of KMnO, to HCI of 1:4.
The peaks were shown up at the 26 angle of 12.6°, 17.9°,
28.7°,36.5°, 41.8°, 49.7° and 60.2°. According to the stan-
dard value (JCPDS: 44 - 0141), those as-prepared pro-
ducts can be indexed to a tetragonal a-MnO; and there is
no characteristic peak from impurities. The sharp shape
and narrow line widths of the diffraction peaks indicate
that the MnO, material is highly crystallized. We also
performed XRD measurement for another two samples
and found out they are in the same crystalline structure.

In order to further explore other parameters that might
make impacts on the morphology of the products, we
studied the synthesis at different temperatures or time.
Moreover, the role of surfactant was also examined. Fig-
ures 2(a) and (b) show the morphology of the as-pre-
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pared MnO, synthesied at the molar ratio of KMnO, to
HCI of 1:2 at the temperature of 160°C and 180°C for 12
h. Similar to the MnO, synthesized at 140°C, the pro-
ucts are made of nanorods with length ranging from 1 to
4 pm and diameter from 50 to 200 nm. Compared with
the MnO, synthesized at 140°C (Figure 1(b)), there are
few fine particles on the surfce of MnO, nanorods and
the higher the temperature is, the fewer the particles on
the surface are, which were replaced by a few short nano-
rods, as shown in Figure 2(b). It is commonly known
that nanostructrues start from forming nuclei and then
these nuclei would grow up to ressemble into different
nanostructures under different conditions. The formation
of rods is favored over that of spherical-shaped nanocry-
stals under the high growth rate regime which usually re-
sults from high temperature [18]. This is why we obser-
ved that higher temperature leads to short nanorods form-
ing on the surface but not the particles. To study the ef-
fect of time, we chose the sample synthsized at 180°C for
12 h and elongate the reaction time to 18 h. As reveals in
Figure 2(c), increasing time doesn’t lead to a big varia-
tion in the morphology of MnO, but the dispersity and
uniformity are becoming better with the reaction time in-
creasing. And the surface of the MnO, nanorods is more
uniform and smoother, and no other impurities on the
surface were observed. Additionally, the diameter of
these nanorods increases to 50 nm but the length is the
same as the ones obtained under lower temperature. Fig-
ure 2(d) reveals the morphology of the as synthesized
MnO, by adding PVP as surfactant and the reaction was
carried out at the molar ratio of KMnO, to HC1 of 1:2 at
140°C for 12 h. It is interesting that the MnO, nanorods
were changed into shorter nanostructures in different
shapes, more like cylinder-like and spindle-like nano-
sticks with the diameter around 1.2 pm. We noticed that
the surface of these nanostructures was not as smooth

Figure 2. SEM images of the as-synthesized products with
the molar ratio of KMnO, to HCI of 1:2 at (a): 160°C; (b):
180°C for 12 h; (c): 180°C, 18 h; (d): 140°C, 12 h; PVP was
added as surfactant.
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as the one made before but wrinkled.

XRD was examined to identify the structure for the
product obtained by using PVP as surfactant. As Figure
3 shows, the peaks appear at the 26 angle of 28.6°, 37.3°,
42.7°, 56.6°, 59.3° and 72.4°. According to the standard
value (JCPDS: 65 - 282), the as-prepared product can be
indexed to a tetragonal f-MnO, and there are no other
characteristic peaks from impurities. The possible reason
for the f-MnO, formation is proposed as follows: PVP
would be absorbed on the surface of MnQO, nuclei at the
beginning of the reaction, resulting in smaller possibility
that K+ could take up the 2 x 2 tunnel site in a-MnQO,.
Thus, K+ was not able to get into the tunnel to serve as
the tunnel stabilizer, finally leading to the formation of
small tunnel size f-MnO,.

Since the molar ratio of KMnO, to HCI, the tempe-
rature and time doesn’t change the shape of the MnO, na-
nosturcture significantly, we used Mn(Ac), 4H,O and
CH,06-H,0 replacing of HCI to explore the effect of
precursors on the shape of MnQO,. In order to make a pa-
rallel comparison, all reactions were carried out at 180°C
for 24 h. As suggests in Figures 4(a) and (b), using HCI
results in forming nanorods with length around 3 pm,
wich is consistent with the previous results. But when
use Mn(Ac),-4H,0 instead of HCI, long nanowires with
the length longer than 5 pm and the diameter of 40 nm
were formed, as revealed in Figures 4(c) and (d). Inte-
restingly, when C¢H1,06'H,O was used, the as-prepared
samples were formed into hexahedron nanocubes with
diameter around 2 pm which are uniform and well dis-
persed (Figures 4(e) and (f)).

Figure 5 reveals the XRD pattern of the assynthesized
products (Figures 4(€) and (f)) prepared by using KMnO,
and C¢H[,04'H,O as the precursors. According to the
standard value (JCPDS: 83-1763), the peaks shown in Fi-
gure 5 are consistent with MnCO; but not MnO, which
we previously obtained. This is similar to the previous
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Figure 3. XRD pattern of the as-synthesized products using
PVP as surfactant. Red line stands for the standard XRD
pattern for f-MnO,.
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Figure 4. SEM images of the as-synthesized products prepar-
ed by usng KMnO, and (a) and (b): HCI; (c) and (d):
Mn(Ac),-4H,0; (e) and (f): C¢H1,0¢-H,0 asthe precursors.
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Figure 5. XRD pattern of the as-synthesized products pre-
pared by using KMnO, and C¢H1,0¢-H,O as the precur-
Sors.

report [19], and MnO, could be further obtained by high
temperature hydrotreatment according to the literatures
[19].

4. Conclusion

In summary, we have synthesized variable MnO, nano-
structures, including a-MnO, nanorods, nanotubes, nano-
cubes, nanowires and S-MnQO, cylinder/spindle-like na-
nosticks which can be achieved by simply tuning the
ratio of Mn precursor solution to HCI, Mn(Ac),-4H,0 or
CsH 1,06 Hy0, surfactants and hydrothermal reaction tem-
perature and time. These morphologies can be simply con-
trolled by only selecting the reactants and controlling ex-

Copyright © 2013 SciRes.

perimental conditions with excellent reproducibility. Syn-
thesis process studies of the MnO, reveal that tempera-
ture is a crucial parameter to get a uniform and surface-
smooth nanorod. High ratio of KMnO,4 to HCl would
lead to well dispersed MnO, nanorods. By adding surfac-
tant, different shape such as cylinder/spindle-like nanos-
ticks could be obtained. Changing the precusor of HCI
into Mn(Ac),"4H,0O or C¢H,04 H,O results in the for-
mation of nanowires or nanocubes. Since the properties
rely on the structure of materials firmly, these MnO, pro-
ducts would be potentially used in supercapacitor and
other energy storage applications.
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