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Abstract: The MnCO; with different structures was synthesized at room temperature or by hydrothermal method.
The MnCO; phase obtained at room temperature could be transferred to Mn,0; plates by heat treatment at 600 °C.
In contrast, porous Mn,O; nanostructures can be obtained after the heat treatment of MnCO; precursors prepared
by hydrothermal method. Interestingly, Mn,O; phase can be also formed by heat treatment of the MnCO; phase
obtained at room temperature(Mn-RT) at 120 °C. The products were characterized by means of XRD, SEM. The
results clearly demonstrate a structure evolution from MnCO; precursors to Mn,Os structures on the completion of
the reaction. The formation mechanism of the above materials was further investigated by TEM and FTIR. The
capacitive properties of the Mn,0; materials were characterized by cyclic voltammetry. The results show that the

morphologies and structures of Mn,0; samples play important roles on their capacitances.
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Nanostructured materials for energy storage and
conversation have been received more and more
attention due to their potential applications in the fields
of portable electronic devices and hybrid electric
vehicles (HEVs)™, Supercapacitors become promising
energy storage devices because of its high power
density, high cycle efficiency, and long cycle life 9.
Precious metal oxides can show ideal pseudocapacitive
behaviors, however, the high cost limits their practical

7 Over the past decades, manganese

applications
oxides (MnO,) have been explored due to its low cost,
variable oxidation states, excellent capacitance and
cycle performances™?, Various manganese oxides with
controlled morphologies and structures have been
successfully synthesized using different approaches
including hydrothermal method"*", sol-gel process!'**,

[22]

electrochemical route ™) template synthesis ™, and

B3 For example, MnO,

solution-chemical synthesis
film electrode showed a capacitance as high as
1 380 F g, in which MnO, spherical grains were
fabricated by a coprecipitation method using KMnO,
and MnSO, as the reagents!"”. Mn,0; nanoparticles can
be formed via hydrothermal processes of aqueous KMnO,4
solutions with the addition of different alcohols™!, while

Mn203

properties for the reduction of O, can be synthesized

nanowires with excellent electrocatalytic
controllably based on the systems containing Mn (NOs),
and sodium dodecylbenzenesulfonate (SDBS) ™. Our
recent results show that organized mesoporous carbon
decorated with Mn,O; nanoparticles can be used as the
electrode materials for supercapacitor and Mn,0;
nanoparticles display high specific capacitances as
calculated from the content of MnyO; phase in the
electrode and the increase in capacitance of the
composite electrode ™. However, the relationship
between the structures and capacitances of Mn,0;
nanomaterials still need to be further clarified.

In this paper, the morphology-controlled synthesis
of Mn,0O; nanostructures as well as their effect on the
capacitance is studied. It is found that MnCO;
aggregates or Mn,O; nanostructures can be obtained
based on the systems containing biomolecule L-cysteine

and KMnO,. These results are different from our earlier

results that hexagonal y-MnS nanorod crystals can be
controllably fabricated after the hydrothermal processes
of the mixed solutions containing manganese (II) salts

7. The present experimental results

and L-cysteine
reveal that hexagonal Mn,0; nanoplates can be obtained
after high-temperature treatments of the room-
temperature products (Mn-RT) prepared from the
reaction of KMnO, and L-cysteine. However, porous
Mn,0; nanostructures are formed after heat treatments
of MnCO; precursors synthesized by hydrothermal
treatments of Mn-RT samples. The electrochemical
properties of these Mn,O; nanostructures are studied by

cyclic voltammetry.
1 Experimental

1.1 Materials

Alcohols, KMnO,, Na,SO, and L-cysteine were of
analytical grade (Sinopharm Chemical Reagent Comp-
any) and used without further purification. Acetylene
carbon black (99.99%) and polytetrafluorothylene latex
(PTFE, 60% ) were purchased form Strem Chemicals
and Sigma-Aldrich, respectively.
1.2  Synthesis of Mn,O; nanoplates and porous

nanostructures

In a typical synthesis, aqueous KMnO, (0.474 g)
solution (15 mL) was dropped into aqueous L-cysteine
(0.363 g) solution (15 mL) under stirring. After 5 min
stirring, the solution was transferred to a 40 mL teflon-
lined autoclave. Hydrothermal synthesis was carried out
in an oven at 120 or 150 °C for 24 h. The solid was
collected and washed with distilled water and absolute
ethanol thoroughly, and then dried in an oven at 60 C
for 6 h. The products obtained at room temperature,
120 and 150 C are abbreviated as Mn-RT, MnCO;-120
and MnCO;-150, respectively. These three products
were further calcined in a tube furnace at 600 °C in air
for 3 h to obtain the as-prepared products Mn,0;-RT,
Mn,03-120 and Mn,0s-150, respectively. Furthermore,
Mn,05-RT-L sample is referred to the product of Mn-RT
sample after heat treatment at 120 °C in air for 3 h.
1.3 Characterization

XRD patterns were recorded on a Bruker D8
Advance X-ray diffractometer equipped with graphite
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monochromatized Cu Ko radiation (A =0.154 18 nm)
from 10° to 80°(26) using a solid detector. SEM images
were taken with a JSM-6390LV scanning electron
microscope operated at 20 kV. TEM images were
obtained with a JEM-2000EX transmission electron
microscope operated at 160 kV. FTIR spectra were
measured on a Nicolet5700 FTIR

Electrochemical measurements were performed on a

spectrometer.

CHI760C electrochemical workstation using a three-
electrode cell, platinum wire as the counter electrode
and saturated calomel electrode as the reference
electrode in 1 mol -~ Na,SO, solution, the working
electrode was prepared by mixing the Mn,O; samples
with polytetrafluoroethylene (PTFE) and acetylene
carbon black in a mass ratio of 80:15:5 and was blended
to achieve a homogeneous mixture. The resulting
slurry was then pressed onto a nickel foam grid(1x1 em?)
at 15 MPa. The typical mass load of each electrode
material is about 5 mg. Before measurements, the
working electrodes are dipped into aqueous 1 mol - L.~
Na,S0, solutions overnight. All potentials are reported

against the saturated calomel reference electrode.
2 Results and discussion

Fig.1 shows the XRD patterns of as-prepared
samples. It can be seen from Fig.la that no crystalline
phase is formed in Mn-RT sample, indicating an
amorphous structure. After a hydrothermal process at
120 °C, the XRD pattern of MnCOs-120 in Fig.1b can
be indexed to rhodochrosite MnCO; phase(PDF No. 86-
0172). When the synthesis temperature is up to 150 °C,
the diffraction peaks in Fig.lc of sample MnCO;-150
can also be well-indexed to the same MnCOj; phase, and
the peak at 34.4° ascribed to the(006) peak is strongly
strengthened. Furthermore, the narrow and intensive

diffraction peaks in Fig.1c indicate that the MnCO;-150

20kV  X5,000  5um 13 40 SEI

Fig.2 SEM images of Mn-RT (a), MnCOs-120 (b) and MnCOs-150 (c)
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(a) Mo-RT; (b) MnCO4-120; (c) MnCO5-150

Fig.1 XRD patterns of the as-prepared products

products are well crystallized.

The SEM images of these products are shown in
Fig.2. Mn-RT (Fig.2a) shows clew-like microstructures
composed of nanoparticles and some crossed wire-like
structures with several micrometers long and diameter
scales of tens of nanometers. It can be seen from Fig.2b
that sample MnCO;-120 displays spindle-like shape
with length scale about 1.5~2 pm composed of MnCO;
nanoparticles. However, MnCO;-150 showed larger
micro-aggregate structure composed of MnCO; nanopar-
ticles compared to those of MnCOs-120 (in Fig.2c). It
can be observed that the reaction temperature has a
strong effect on the morphology of the MnCO; products.
The formation of MnCO; micro-aggregates composed of
MnCO; particles could be ascribed to the Ostwald
ripening that large particles grow at the expense of
smaller ones®?. This has been further confirmed by the
results of the intermediate products synthesized
hydrothermally at different reaction times. It can be
observed from Fig.3a and d that both the products
obtained after 2 h reaction at 120 and 150 C ,
respectively, display similar morphology to that of Mn-
RT(in Fig.2a). With the reaction time extended to 4 h,

however, the morphology changes dramatically (Fig.3b

20kV.  X5,000  5pm
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Fig.3 SEM images of the intermediate products synthesized from the mixed systems at 120 °C
(a, b, c)and 150 C (d, e, f)for2 h(a,d),4h(b,e)and 8 h (c, f)

and e). When the reaction time is 8 h, spindle-like
ageregates with the size less than 1 m can be observed
for the products collected at 120 C while somewhat
larger particles and aggregates are formed when the
synthesis temperature is up to 150 °C (Fig.3¢ and f).
The XRD patterns of the products obtained by
different heat treatments are shown in Fig.4. It can be
seen from Fig.4a~c that the diffraction peaks in the
XRD patterns of sample Mn,03-RT, Mn,0:-120 and
Mn,05-150, respectively, can be well indexed to the
same bixbyite Mn,0; phase (PDF No. 41-1442). These
results indicate that both amorphous Mn-RT sample and
crystalline MnCO; products can be transited to Mn,Os;
phases after the heat treatment at 600 °C in air.
Interestingly, it is Mn,O; phase, not MnCO; phase or
MnO, phase, that can also be obtained for the Mn,0;-

Intensity (a.u.)

20/ ()

(a) Mn,05-RT, (b) Mn,05-120, (¢) Mn,05-150 and (d) Mn,Os-RT-L
Fig.4 XRD patterns of the calcined samples

RT-L sample as evidenced by the XRD pattern in Fig.
4d. This is clearly different from that of sample MnCO;-
120 synthesized using sample Mn-RT as the raw
material via a hydrothermal process at 120 °C .
Furthermore, the total weight loss for the formation of
Mn,O; sample from MnCO; precursor under high
temperature treatments is 31%, in good agreement with

the theoretical value calculated from the following

reaction:
4MnCO; + O, = 2Mn,05 + 4CO, 1)
Generally, Mn,O; phases are formed from Mn-
containing  compounds  after  high  temperature

treatments. Recently, it is reported that Mn,O; phases

can be formed during the reaction of KMnO, with active

[26] 125]

mesoporous carbon materials® or specific alcohols™ at
room temperature. Our results show that Mn,0; phase,
not MnCO; or MnO, phase, can be formed from Mn-RT
samples after low temperature treatment although
impurities are also found in the sample according to
the FTIR spectrum(Fig.5a). For example, the peaks at
2922 and 2 850 ¢cm™ ascribed to CH, symmetric and
asymmetric vibrations, respectively, appear, indicating
that the alkyl groups still exist in the Mn,0s-RT-L
samples. Two peaks at 3 422 and 1 630 cm™ in Fig.5a
can be observed, which are assigned to H,O absorbed
by KBr. The FTIR spectra of the Mn,O; samples

obtained after high temperature treatment of the

precursors are obviously different from that of sample
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Fig.5 FTIR spectra of Mn;O-RT-L (a), Mn,O«-RT (b),

Mn:0+-120 (¢) and Mn:0+150 (d)
Mn-RT-L. From Fig.5h~d, it can be clearly seen that all
the Mn,O; samples show similar absorption spectra only
with some differences in absorption intensities of the
characteristic peaks. For example, the peaks at 3 422
and 1630 cm™ can also be observed similar to those of
sample Mn-ER-L. The peaks around 530, 604, and
665 ¢cm™ and the peaks between 1 000 ~1 200 cm ™
assigned to vy, o of Mn,0; phase P, indicating that pure
Mn,0O; phase can be formed after the high temperature
process.

Compare to those results of the precursors shown
in Fig.2, obvious change in the shape of products can be
observed for the Mn,O; samples. Fig.6a shows the SEM
image of sample Mn,0;-RT-L. The sample displays
irregular shapes decreasing greatly in the size of the
aggregates compared with those of Mn-RT samples.
This may be caused by the collapse of Mn-RT samples
under heat treatments. It is interesting to note that
colloidal Mn,O; particles shown in Fig.6b display
narrow size distribution with the size scales less than
150 nm. Spindle Mn,0; microstructures with the length
scales of 1~2 pm composed of colloidal particles can be
observed from sample Mn,0;-120(Fig.6¢), in which the

shape and the size of the aggregates are similar to those
of the MnCOs-120 precursor.
nanostructure aggregates can be obtained for sample

Mn,0;-150 (Fig.6d), in which the contour of MnyO;

aggregates is maintained compared with those of

However, porous

MnCO;-150 samples. It can also be observed clearly
from Fig.6d that the sizes of Mn,0;-150 particles are
smaller than those of Mn,05-120 colloidal particles.

The TEM images of Mn,O; samples are shown in
Fig.7. The TEM image (Fig.7a) of sample Mn,O;-RT
displays plate-like nanostructures with clear edges and
somewhat irregular~hexagonal shapes. The sizes of the
Mn,O5-RT colloid plates are of 50~120 nm in accord
with those of SEM observations (Fig.6B). The selected
area electron diffraction (SAED) pattern of a single
Mn,0O; plate in the inset in Fig.7a shows that Mn,O;
colloidal plates are single crystalline. The TEM image
of sample Mn,05-120 (Fig.7b) reveals that the porous
spindle microstructures are composed of irregular
colloidal Mn,O5 particles with the sizes similar to those
of Mn,0;-RT. The SAED patterns of a single particle, as
depicted in the inset in Fig.7b, shows that Mn,0s
particles are single crystalline. Interestingly, sample
Mn,05-150 shows similar morphology with those of
Mn,05-120 and is composed of Mn,O; nanoparticles
with the size of 30~60 nm(Fig.7¢). The SAED pattern in
the inset in Fig.7¢ shows the single crystal nature of a
single Mn,0; nanoparticle.

Cyclic voltammograms (CV) for Mn,O; samples at
different scan rates are shown in Fig.8. The CV curves
of the samples are rectangular profiles at low scan rates,
indicating the existence of an ideal capacitive behavior
important for a system to be highly reversible. The
specific capacitance of Mn,03-150 in Fig.8Ca is 93 F-
¢! at the scan rate of 2 mV +s™', which is the highest in

the present study. For sample Mn,0;-120 and Mn,0;-

10 40 SEI 20kV  X25,000 1pm 10 21 SEI

20kV  X8,000 2pm 0005 09 40 SEI

20kV  X20,000-1pm 0004 09 20 SEI

Fig.6 SEM images of MnyO;-RT-L (a), Mn,05-RT (b), Mn,05-120 (c) and Mn,05-150 (d)
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0 nm

Fig.7 TEM images of Mn,0s:-RT(a), Mn,05-120 (b), and Mn,05-150 (c)

RT, the specific capacitances are found to be 72 and 67
F-g¢™(Fig.8Ba and Aa), respectively. If the scan rate is
changed to 5 mV s 7', the calculated specific
capacitances for sample Mn,03-150, Mn,0;-120 and
Mn,05-RT are 58, 50 and 51 F g, respectively. The
CV curves are not nearly rectangular at a scan rate of
10 mV +s™, as shown in the ¢ curves in Fig.8, indicating
that the ohmic resistance of the samples is large at a
high scan rate®. The main difference in the specific

capacitance for these Mn,O; samples may be attributed

to the difference in the size and structure nature of the
synthesized materials. As pseudocapacitance is related
to the actual redox reactions occurring in the system,
the reactivity of the samples may be strengthed by large
surface area small particles with a facile diffusion of
electrolyte ions. It should be pointed that the specific
capacitance values of the Mn,O; samples are smaller
than those of MnO, samples!"®., This may be caused by
the existence of the 3* oxidation state of Mn leading to

the reduction in the specific capacitance.
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Fig.8 CV curves of sample Mn,05-RT (A), Mn,05-120 (B) and (C) Mn,0;-150 in aqueous Na,SO, solutions at
different scan rates of 2 mV+s™ (a) 5 mV-s™ (b) and 10 mV-s™ (c)

3 Conclusions

Mn,0; plates and nanoparticle aggregates were
synthesized through high temperature treatment of Mn-
containing precursors obtained from the mixed systems
of KMnQO, and L-cysteine. Mn,0; phase could also be
obtained after the heat treatment of the room-
temperature products in air at 120 °C. It is found that
Mn,0; colloid plates with sizes of 50 ~120 nm and
Mn,0; colloidal/nanoparticles are single crystalline. The
specific capacitance of Mn,0; samples is increased with
the order of Mn,05-RT, Mn,05-120 and Mn,05-150 at a
low scan rate, where the morphology and size of the
samples have strong effect on their capacitance. The
formation mechanism of Mn,0O; nanostructures and the

relationship between Mn,O; nanostructures and their

electrochemical properties are suggested.
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