Facile hydrothermal synthesis of ultra-long manganese oxyhydroxide nanorods and
their transformation into MnO, and Mn,O; nanorods
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Single-crystal manganese oxyhydroxide (MnOOH) nanorods with high aspect ratios have been successfully prepared employing a simple
hydrothermal route based on the redox between potassium permanganate (KMnQO,) and polyvinyl pyrrolidone (PVP). By adjusting the
reaction temperature, reaction time and the mass ratio of PVP/KMnO,, MnOOH nanorods with lengths up to 20 um and diameters in the
range of 100—400 nm could be facilely prepared in high yield. The as-prepared MnOOH nanorods were characterised by X-ray diffraction,
scanning electron microscopy, transmission electron microscopy, high-resolution transmission electron microscopy and Fourier
transformed infrared spectroscopy. The formation mechanism of MnOOH nanorods was preliminarily discussed based on the Ostwald’s
ripening process. Furthermore, MnO, and Mn,0O3 nanorods with high aspect ratios were synthesised by calcination of MnOOH nanorods.

1. Introduction: Manganese-based nanostructures have attracted
tremendous attention because of their outstanding structural
diversity [1], physical and chemical properties [2] and potential
applications in many fields such as sensors [3], catalysts [4],
batteries [5] and supercapacitors [6]. Many approaches including
solvothermal or hydrothermal routes [7], the sol-gel technique
[8], electrochemical deposition [9], ultrasonic [10], thermal
decomposition [11], vapour phase growth [12], gamma or
microwave irradiation [13] and the chemical precipitation method
[14], have been developed for synthesis of wvarious
manganese-based nanostructures. Although much effort has been
made and some successes have been achieved, the synthesis of
manganese-based nanostructures with controllable phase,
morphology and size, especially the preparation of
one-dimensional manganese-based nanostructures in a controlled
way, remains a big challenge [15]. Among the manganese-based
compounds, manganese oxyhydroxide (MnOOH) has attracted a
great deal of attention because of its potential applications in
many fields such as catalysis [16] and supercapacitors [17].
Meanwhile, it can be readily transformed into several different
manganese oxides, such as Mn;O4 [18], MnO, and Mn,O3;,
which have been extensively used as catalysts and electrode
materials [19-22]. In this Letter, we report a simple hydrothermal
route to synthesis of MnOOH nanorods under mild conditions
based on the redox between potassium permanganate (KMnQy)
and polyvinyl pyrrolidone (PVP). MnOOH nanorods with high
aspect ratios were achieved by simply tuning the mass ratio of
PVP/KMnO,, reaction temperature and reaction time.
Furthermore, uniform MnO, nanorods were synthesised by
calcination of MnOOH nanorods at 300°C. Also, Mn,0O3
nanorods were obtained at 400 or 600°C.

2. Experimental

2.1. Materials: KMnO,4 and PVP (K-30) were purchased from the
Sinopharm Chemical Reagent Co. Ltd. The water used
throughout the experiments was thrice-distilled water.

2.2. Synthesis of MnOOH nanorods: A suitable amount of PVP
was dissolved in 15.0 ml of thrice-distilled water, and then 0.20 g
KMnO, was added into the above solution. After stirring
vigorously, the resultant solution was transferred to a 25 ml
Teflon-lined pressure vessel, stainless steel autoclave. The
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autoclave was sealed and heated in an oven at a given
temperature for different times. The pressure vessel was allowed
to cool to room temperature naturally. The precipitate was
collected by centrifugation and washed with water and ethanol
several times, then the precipitate was dried in air.

2.3. Calcination preparation of MnO, and Mn,0; nanorods: MnO,
and Mn,0O; nanorods were prepared from MnOOH nanorods.
MnOOH nanorods were put into a crucible. The crucible was
then transferred into a muffle furnace. The temperature of the
muffle furnace was raised to the designated temperature and
maintained at this temperature for 10 h. Finally, the black powder
was collected.

2.4. Characterisation: X-ray diffraction (XRD) analyses were
performed on a Bruker D8 advance diffractometer with Cu Ko
radiation (A=0.15406 nm). Scanning electron microscopy (SEM)
images were obtained with HITACHI-3400s and HITACHI-4800.
TEM images were observed on a Tecnai-12 transmission electron
microscope (TEM) operating at 120kV. High-resolution
transmission electron microscopy (HRTEM) characterisation was
performed with an FEI Tecnai G2 F30 S-TWIN field-emission
TEM operating at 300kV. A Fourier transformed infrared
spectroscopy (FTIR) spectrum was obtained using a Nicolet 200
model Fourier transformed infrared spectrometer.

3. Results and discussion

3.1. XRD analyses of MnOOH nanorods: The structure of
as-prepared MnOOH nanorods was determined by XRD. A
typical XRD pattern of MnOOH nanorods is shown in Fig. 1. It
can be seen that the MnOOH nanorods were well crystallised. All
of the reflections in Fig. 1 can be attributed to a monoclinic
phase of MnOOH with lattice constants a=5.304 A, b=5277 A,
c=5304 A, compatible with literature values (JCPDS No.
88-0649) [23]. The XRD result preliminarily indicates that high
purity MnOOH nanorods could be synthesised through the redox
between KMnO,4 and PVP.

3.2. Microstructure and morphology of MnOOH nanorods: The
morphologies of the resulting samples were investigated by SEM
and TEM. Fig. 2a shows a typical SEM image of MnOOH
nanorods. The overall morphology of the sample is shown in

325
© The Institution of Engineering and Technology 2013


mailto:
mailto:
mailto:

(-111)

intensity, a.u.

—_
—

~

— i .

o 2=5d

a\a Zo=8 & as
= [—] LI Ny )

S\’ B I | ]
[0 0 Lar] l‘\ltr
< l - ——
A ik A A P

i 1 " 1 i 1 i 1 i 1 " 1 i 1 i i
10 20 30 40 50 60 70 8 90 100
20, deg

Figure 1 XRD pattern of MnOOH nanorods

Figure 2 SEM, TEM and HRTEM, and corresponding FFT pattern, of
MnOOH nanorods synthesised at 160°C for 16 h with the mass ratio
between PVP and KMnO, of 2.0

a SEM image

b Image with higher magnification

¢ TEM image

d HRTEM image

e Corresponding FFT pattern

Fig. 2a. Fig. 2b shows the morphology of the sample with higher
magnification, which indicates that the sample is composed of a
large quantity of MnOOH nanorods. It is interestingly observed
that these MnOOH nanorods have cross-sections of tetragonal
shape. Fig. 2¢ shows a typical TEM image of MnOOH nanorods.
As shown in Fig. 2¢, MnOOH nanorods with high aspect ratios
were obtained. The TEM image shows that the diameter is 100 —
400 nm and the average length is about 10— 15 ym. HRTEM
was used to characterise further the crystal structure of individual
MnOOH nanorods. Fig. 2d provides a representative HRTEM
image of an MnOOH nanorod. The HRTEM image shows many
lattice planes with perfect crystallinity. The inset in Fig. 2d shows
the enlarged view of the square region to identify the lattice
planes forming this MnOOH nanorod. The interplanar distances
of 0.34 and 0.28 nm correspond to the (—111) and (101) planes
of a monoclinic phase of MnOOH. Fig. 2e presents the
corresponding fast-Fourier transform (FFT) pattern. The FFT
pattern indicates the MnOOH nanorod is single crystal in nature.
Calculations indicate that the angle between the (—111) and
(101) planes is 90°, which is consistent with the results of
HRTEM and FFT patterns.
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Figure 3 FTIR spectrum of MnOOH nanorods

3.3. FTIR spectrum analysis: The FTIR spectrum of MnOOH
nanorods is shown in Fig. 3. In the 400-4000 cmi ' range, the
sharp peaks at 449, 485, 594 and 642 cmi™' are attributed to the
vibrations of the Mn—O bonds in MnOOH [24]. The peaks at
1082, 1112 and 1148 cm™! demonstrate the existence of the OH
bondings, respectively, to y-OH, 6-2-OH and 6-1-OH [25]. The
broad peak about 2678 cm™' is the fundamental OH stretching
related to the hydrogen bonding with an O-H-O length of
~2.60A in the structure of the manganite [18]. The peak at
2082 cm™! is interpreted as the combination of the OH stretching
mode at 2678 cm™! and the excited lattice mode at 594 cm™',
that is, 2678 — 594 =2084 cm™"'. This value is very close to that
which Zhang et al. [26] have reported.

3.4. Influential factors on the formation of MnOOH nanorods: The
nature of nanomaterials formed by the hydrothermal route
depends on various factors such as the solvent used,
temperature, reaction time, effective fill level in the pressure
vessel and so forth [27]. The factors mentioned above can be
judicially chosen to obtain the desired architectures. The
morphology and dimensions of the samples were found to
strongly depend on the mass ratios of PVP/KMnOy,, reaction
time and reaction temperature. It is well known that a PVP
molecule contains a carbonyl group, which makes PVP be a
reducing agent, and KMnO, can be easily reduced by PVP to
form manganese oxides with a lower valance state. The
reducing ability of PVP would be affected by the PVP
concentration (the PVP concentration is decreased with the
decreasing of the mass ratio between PVP andKMnQ,). As we
all know, manganese element exists in various valences from
+2 to +7. So, by changing the PVP concentration to adjust the
reducing ability of PVP, manganese-based compounds with
different manganese valance states could be obtained. When the
reaction was carried out at 160°C for 16 h, the morphologies of
samples change from nanorods to nanoparticles with the
decrease of the mass ratios of PVP/KMnO, as depicted in the
SEM images (Fig. 4). MnOOH nanorods are the major products
when the mass ratio is in the range of 2.0 — 0.3 (Figs. 2a and
4a—c). The as-synthesised MnOOH nanorods, typically 10 —
20 pm in length, have tetragonal cross-sections with edge
lengths in the range of 100 — 400 nm, delivering unexpectedly
high aspect ratios larger than 1000. Such a high aspect ratio of
a  one-dimensional  nanostructure is  uncommon  in
solution-based synthesis. MnO, nanoparticles could be obtained
when the mass ratio was decreased to 0.1 (Fig. 4d). The inset
in Fig. 4d shows the XRD pattern of the MnO, sample prepared
under the mass ratio of 0.1 (the lower PVP concentration), which
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Figure 4 SEM images of samples obtained at 160°C for 16 h with various mass ratios of PVP/KMnO,

Mass ratios of PVP/KMnQO,4
al0
b 0.5
c03
dO0.1

can be indexed to 0-MnO, (JCPDS No. 44-0141) [28]. MnOOH
and MnO, are formed, indicating that manganese compounds
with different oxidation states of +3 and +4 have been
obtained, respectively.

Comparative experiments were carried out at other temperatures.
Fig. 5a shows the SEM image of the sample prepared at 100°C. It
can be observed that the sample consists of large quantities of small
particles. Only a few nanorods are obtained as shown in Fig. 5b

Figure 5 SEM images of samples obtained with various temperatures
Temperature (°C)

a 100

b 120

¢ 140

d 180
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when the experiment was conducted at 120°C. When the tempera-
tures were increased to 140 or 160°C, the products were dominated
by nanorods (Figs. 5¢ and 2a). However, the morphology trans-
forms to the mixture of nanorods and nanoparticles as shown in
Fig. 5d at higher temperature (180°C). The above results indicate
that suitable conditions are needed to obtain MnOOH nanorods.
In general, a higher temperature is favourable for the reduction of
KMnO,. Here we chose 160°C as the synthetic temperature
because the reaction can be completed more quickly.

To understand further the formation process of MnOOH nano-
rods, we carried out time-dependent experiments at 160°C
(Fig. 6). At an early stage (3 h of hydrothermal reaction), the pro-
ducts were mainly composed of small nanoparticles, accompanying
a few rod-like architectures (Fig. 6a). When the reaction time was
prolonged to 12h, the products were basically composed of
MnOOH nanorods besides several nanoparticles (Fig. 6b).
However, uniform MnOOH nanorods were obtained when the reac-
tion time was raised to 16 h (Fig. 2a). It could be deduced that many

a

Figure 6 SEM images of samples obtained at 160°C with different reaction
time

Mass ratio between PVP and KMnOy: and reaction time (h)

al
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Figure 7 XRD patterns of MnOOH nanorods after calcination at various
temperatures
Temperature (°C)
a 300
b 400
¢ 600

MnOOH nuclei form at the beginning of the reaction and as the
reaction goes forward, MnOOH nanoparticles would grow to
form rod-like architectures by Ostwald’s ripening process [29]. In
this process, PVP molecules should act not only as reactants but
also as crystal growth modifiers [30]. PVP molecules in solution
would have preferential absorption abilities to different crystal
faces of MnOOH, which would affect the growth rates along differ-
ent crystal axes during the Ostwald’s ripening process and result in
the growth of nanoparticles into MnOOH nanorods [31].

3.5. Morphology-conserved  transformation from  MnOOH
nanorods to MnO, and Mn,Oj3 nanorods: The crystal structure of
the samples prepared with different calcination temperatures was
examined by XRD. Fig. 7 shows the XRD patterns of the
samples produced by calcining MnOOH nanorods at various
temperatures. MnOOH was transformed into MnO, when the

Figure 8 SEM images of MnOOH nanorods after calcination at various
temperatures

Temperature (°C)

a 300

b 400

¢ 600
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calcination temperature was 300°C. The XRD pattern in Fig. 7a
confirmed the formation of MnO, (JCPDS No. 24-0735) with no
other crystalline phase. All the diffraction peaks in Figs. 76 and ¢
can be readily indexed to the pure phase of Mn,O; (JCPDS No.
24-0508) with lattice constants a=9.4161 A, b=9.4237 A, c=
9.4051 A. The XRD results showed that Mn,O; was obtained
when the calcination temperature was raised to 400 or 600°C.
The formation process of MnO, and Mn,O5 can be described as
the following equations

4MnOOH + 0, "% 4MnO, + 2H,0 )
4MnOOH **=% “2Mn,0, + 2H,0 )

The morphologies of calcination samples prepared at various tem-
peratures are depicted in Fig. 8. Compared with Figs. 2a and b,
we can see that the morphologies of MnOOH nanorods were well
reserved in the MnO, and Mn,O; nanorods samples, and no
obvious difference was observed.

4. Conclusion: Single crystal MnOOH nanorods with lengths up to
20 um and diameters in the range of 100400 nm have been
synthesised on a large scale using a simple hydrothermal reaction
between KMnO, and PVP. The formation mechanism was
preliminarily discussed on the base of Ostwald’s ripening
process. In addition, uniform MnO, and Mn,O3 nanorods with
high aspect ratios were produced facilely by calcination of
MnOOH nanorods.
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