PROCEEDINGS OF SPI

SPIEDigitalLibrary.org/conference-proceedings-of-spie

Cycling performance of Mn203
porous nanocubes and hollow
spheres for lithium-ion batteries

Qian Sun

Tik Lun Leung

Kam Chun Sing
Aleksandra B. Djurisi¢
Mao Hai Xie

Alan M. C. Ng
Hangkong Li

Kaimin Shih

SPIE.

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 8/16/2017 Terms of Use: https://spiedigitallibrary.spie.org/ss/TermsOfUse.aspx



Cycling Performance of Mn,0; Porous Nanocubes and Hollow Spheres
for Lithium-ion Batteries

Qian Sun®, Tik Lun Leung®, Kam Chun Sing®, Aleksandra B. Djuri$i¢**, Mao Hai. Xie", Alan. M. C.
Ng°, Hangkong Li¢, Kaimin Shih®
"Department of Physics, The University of Hong Kong, Hong Kong, China;
°Department of Physics, South University of Science and Technology of China, Shenzhen, China;
‘Department of Civil Engineering, The University of Hong Kong, Hong Kong, China

ABSTRACT

Mn,0O; is a promising anode material for lithium ion battery. Two different kinds of structures of Mn,O; were
synthesized via solution processes, the Mn,O; porous cubes and hollow spheres. Scanning electron microscope images
and transmission electron microscopy images clearly show the structures. Electrochemical impedance spectroscopy and
cyclic voltammetry measurements were used to characterize their electrochemical properties. As anode materials for
lithium ion batteries, Mn,O; porous cubes performed similarly as Mn,O; hollow spheres. Both samples started with high
initial capacities (1583.2 mAh/g and 1550.7 mAh/g) which were reduced to 173.3 mAh/g and 162.0 mAh/g at 100"
cycle at a current density of 100 mA/g. The decrease is likely due to morphology destruction the materials in charging
and discharging process.

Keywords: Lithium ion battery, Mn,0;, Morphology, Porous structures, Porous cubes, Hollow spheres

1. INTRODUCTION

In recent years, lithium ion batteries (LIBs) are widely used in different areas of electronics in daily life due to their
outstanding advantages, for example high energy density, long cycling life and environmentally friendly [1-4].
Researchers are working on improving the energy density and safety of the LIBs as more applications demand higher
capacity such as vehicles [5-7]. Nowadays, the most common LIBs in the market are based on graphite anode, whose
theoretical capacity is only 372 mAh/g [8-10]. Metal oxides are promising anode materials for they have high capacity
and large amount in environment. Transition metal oxides (MO,, M= Co, Ni, Cu, Mn, etc) are most commonly studied.
Among the metal oxides, Manganese (III) oxide (Mn,03) is promising due to its theoretical capacity is as high as 1018
mA/g and its abundance in the environment [1]. However, as anode materials for LIBs, Mn,O; has poor cycling stability
like other transition metal oxides, due to large volume expansion during charging and discharging process [1, 11].
Hollow and porous structures of Mn,O; were synthesized by researchers to absorb the large volume change during
cycling process [12-18]. Su et al. synthesized Mn,O; hollow microspheres via solvent-thermal method. The battery with
hollow spheres as anode material could reach a reversible capacity of 580 mAh/g at current density of 500 mA/g after
140 cycles [11]. Huang et al. prepared porous Mn,0O; cubes which have initial capacity of 1473 mAh/g and could deliver
845 mAh/g even after 50 cycles [19].

The porous and hollow structures are both effective in buffering the volume changes and therefore keeping the cycling
stability of battery. To investigate the effect of hollow structure morphologies, we prepared Mn,O; porous cubes and
Mn,0O; hollow spheres in same crystal structure in this work and study them as anode materials for LIBs. Solution
process is used in both synthesis of the Mn,0; porous cubes and Mn,O; hollow spheres, followed by annealing in the air
and the synthesis procedures are simple and efficient. It is found that these two structures of Mn,0; as anode electrodes
of LIBs performed similarly for first 100 cycles at a current density of 100 mA/g. Thus, either different synthesis
approach or additional volume change buffering strategies are needed to improve the performance.
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2. EXPERIMENTAL DETAILS

2.1 Preparation of Mn,0O; porous cubes

In a typical synthesis, 0.474 g of KMnO,4 was added into 35 mL ethylene glycol (EG) in a round bottom flask and keeps
stirred. After 20 minutes, 1.2 g of NH4;HCO; dissolved in 15 mL distilled water was added into the above brown solution
and then stirred for another 20 minutes at room temperature. Then the flask was put into an oil bath at 80 °C and stirred
vigorously for 9 hours and cooled down naturally. The white products were collected after the flask cooled down and
washed with deionized water and ethanol three times respectively. Then the solid was dried in vacuum oven at 60 °C
overnight. Finally, the porous structure was obtained by annealing the powder at 550 °C for 8 hours [19].

2.2 Preparation of Mn,0O; hollow spheres

Preparation of MnCO; microspheres. At first, 0.75g (4.44mmol) of MnSO,4 H,0 and 0.75g of Polyvinylpyrrolidone
(PVP) MW10000 was dissolved in 60 mL of deionized water under stirring. After the solution was clear, 30 mL of 0.6 M
NaHCO; was added into the solution and stirred for 1 hour. A white suspension was obtained. The suspension was
allowed to settle, and the precipitate was washed with deionized water and ethanol for several times. At last, MnCOs;
microsphere was obtained after dried in vacuum oven at 60 °C for 12 hours [20].

Preparation of Mn,0; hollow spheres. 0.3 g of MnCO; microsphere was dispersed in 30 mL of deionized water under
stirring. Then 7.5 mL of 0.06 M KMnO, was added into it and allowed to react for 2 minutes. After that, 15 mL of 2 M
HCI was then slowly dropped into the mixture for 2 minutes. The black solid obtained was after being washed with
deionized water and dried at 60 °C for 6 hours, followed by heating to 500 °C for 10 hours with ramp rate 10 °C/min
[20].

2.3 Materials characterization

As-prepared products were characterized by scanning electron microscope (SEM, Hitachi S-4800), transmission electron
microscopy (TEM, Philips CM100) to compare the morphology. X-ray diffraction (XRD) patterns were measured on a
Bruker D8 advance diffractometer using Cu Ka radiation (A= 0.154184 nm) as radiation source.

2.4 Electrochemical measurements

Electrochemical measurements were completed in a coin-cell (CR2032). Working electrode was made by mixing active
material (70%), Super-P@Li carbon black (20%), and polyvinylidene fluoride (10%). The mixture was dried in vacuum
at 60 °C for 12 hours before coating on Cu foil. The coated foil was dried at 120 °C in vacuum for 12 h to remove solvent.
Then the disk-shaped electrodes with 14 mm diameter were cut and the coin-cells were assembled in a glove box filled
with argon. The electrolyte (purchased from MTI Corporation) consisted of 1.0 M LiPFy in a mixture of ethylene
carbonate/dimethyl carbonate/diethyl carbonate (1: 1: 1 in volume). Lithium metal (15.6 mm in diameter, 0.25 mm in
thickness) was used as a counter-electrode. The galvanostatic performance was measured by a Land battery test system
(LAND-CT2001A) at current density of 100 mA/ g between 3.0 V and 0.01 V. In average, 2.5 to 3.0 mg active material
was loaded on Cu foil. The specific capacities were calculated on the basis of the weight of the active material of each
electrode. Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (C-V) measurements were both
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carried out using a BioLogic VMP3 electrochemical workstation. EIS measurements were conducted by employing an ac
voltage of 5 mV amplitude in the frequency range of 0.01 to 100 kHz, while C-V was measured at the rate of 0.2 mV/s

between 0.01 Vand 3.0 V.

3. RESULTS AND DISCUSSION

Figure 1 presents X-ray diffraction (XRD) patterns of the Mn,0O; porous cubes and Mn,O; hollow spheres. As it is
shown in the figure, the major diffraction peaks (211), (222), (400), (332), (431), (440) and (622) are indexed from cubic
with Ia-3 space group Mn,0O; (JCPDS: 71-0636) in both XRD patterns. The peaks are sharp and intense, which indicate
that the samples are highly crystalline. It is clearly seen that there is a small amount of MnO, (JCPDS: 72-1982) in
Mn,O; porous cubes, while no impurities are found in Mn,O; hollow spheres. The impurity in Mn,O; porous cubes may
be caused by incomplete thermal decomposition of MnCOj in air (4MnCO; + O, — 2Mn,05 +4CO; 1) [19].
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Figure 1. XRD patterns of the Mn, O3 porous cubes and Mn,O; hollow spheres. The peaks are labelled according to JCPDS
file 71-0636.

The morphologies were characterized by SEM. Figure 2(a) and (b) show the Mn,O3 porous cubes after 550 °C annealing
in different scales. The low-magnification image in figure 2(a) clearly displays the Mn,0O; porous cubes. The sizes of
uniform cubes were in range of 1.5 - 2 um. The high-resolution SEM image of figure 2(b) presents the structure more
clearly that it is obvious that many pores can be seen in the cubes. However, the Mn,O; hollow spheres were quite
different in morphology. As displayed in figure 2(c), the hollow spheres were in different diameters, varied from less
than 1.0 um to more than 2.0 um. Besides, we can clearly find out that the spheres are hollow inside, since some of the
spheres exhibit openings the surface. The surface of the spheres was porous structure as can be seen in figure 2(d). The
porous and hollow structures were further characterized by transmission electron microscopy (TEM). As shown in figure
3(a), whole view of a Mn,0O3; porous cube can be seen with porous structures, and the pores are clearer especially in the
edge. In figure 3(b), the darker outside edge and bright inside part in the image obviously indicate the hollow sphere.
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T
Figure 3. TEM images of (a) the Mn,O; porous cubes and (b) Mn,O; hollow spheres.

The lithium-storage properties and cycling stabilities were measured by the standard half-cell configuration. Figure 4
shows the cycling performance and coulombic efficiency of the two kind’s structures of Mn,Os;. We can clearly tell that
both batteries were performed almost the same in cycling and stability. Large initial discharge capacities of 1583.2
mAh/g and 1550.7 mAh/g in the first cycle was obtained of Mn,O; porous cubes and Mn,0; hollow spheres respectively
at the current density of 100 mA/g. Then the capacities dropped to 741.0 mAh/g and 709.2 mAh/g separately in the 2"
cycle and both of them decrease slowly afterwards with charging and discharging went on. At about 30" cycles, the
capacity of the Mn,O; porous cubes was 244.5 mAh/g and slowly decreased to 173.3 mAh/g at 100™ cycles. The same
trend was found in Mn,Os hollow spheres, whose capacities were 222.4 mAh/g at 30" cycle and dropped to 162.0 mAh/g
at 100™ cycles. The Coulombic efficiency of these two kinds of structures is both above 90% from 6™ cycle and 98%
from 32" cycles. From figure 4, it can be figured out that the capacities dropped quickly from the 1* cycle to the 20"
cycle, and the decreasing trend became slow from 20™ to 100™ cycle with discharging-charging process. The high initial
capacity may because of the large theoretical capacity of Mn,O; (1018 mAh/g) and the excess capacities could be
generated by the irreversible decomposition of the electrolyte at low voltages. The decrease may be caused by the
structure destruction of the Mn,0; and solid electrolyte interphase (SEI) layer formation which is caused by electrolyte
decomposition [2, 21]. The Mn,0; is based on conversion (redox) reaction [14] with the counter electrode (Lithium
metal) in charging and discharging process. In the conversion reaction process, there are large volume changes after and
before the reaction, which easily destroys the nano structure of the material, and results in decrease of capacity. Besides,
the SEI layer on the surface of the electrode is a barrier of the diffusion of Li ions in charging and discharging process,
which is an important reason for capacity decrease as well [22].
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Figure 4. Cycling performance and Coulombic efficiency of the Mn,Oj; porous cubes and Mn,Oj3 hollow spheres at a
current density of 100 mA/g.

Cyclic voltammetry (C-V) and electrochemical impedance spectroscopy (EIS) were applied to further investigate the
electrochemical properties. The C-V curves were measured from the half cell at the rate of 0.2 mV/s between 0.01 V and
3.0 V at room temperature. Figure 5(a) shows the C-V curves of the electrode of Mn,O; porous cubes, the first cycle
displayed a broad peak at 1.16 V in discharging process, where the reduction of Mn®" to Mn®" may happen, and may be
caused by lithium ions insertion. In addition, there is a small and minor peak at 0.622 V, which may be caused by
irreversible decomposition of the electrolyte to form a solid electrolyte interface. A small peak appears at 0.14 V, which
may be ascribed to the further reduction of Mn** to Mn° [2,4,11,14,19,20,23]. In charging process, an obvious peak
appears at 1.26 V, which may be due to the oxidation of Mn® to Mn?* [2,4,19,20,23]. After the 1st cycle, there are two
reduction peaks and oxidation peaks in the 2™ and 3™ cycles of the two kinds of electrodes, which are corresponded to
Mn** to Mn® and Mn° to Mn*" [1,19]. The reactions are the same in Figure 5(b) of the C-V curves. In the first cycle,
reduction reaction Mn** to Mn*" may occur at 1.27 V in the discharging part, and at the voltage of 0.86 V, irreversible
formation of SEI layer takes place caused by decomposition of the electrolyte. Another peak at 0.04 V is because of the
reduction of Mn** to Mn". In the charging process, a wide peak appears at 1.26 V, which may because of the oxidation of
Mn’ to Mn®* [2,4,11,14,19,20,23]. The C-V curves become repeatable after the 1st cycle, and there are two peaks of
reduction and oxidation respectively in the 2™ and 3™ cycles of the two kinds of electrodes, which are corresponded to
Mn?* to Mn” and Mn’ to Mn?* [23, 24]. The reaction equations are as follows [2, 3, 24, 25]:

2Li" + 3Mn,05 + 2e” — 2Mn;0, + Li,O (D
2Li" + Mn;O, + 2¢” — 3MnO + Li,O ()
MnO + 2Li" + 2¢” <> 4Li,0 + Mn 3)

Impedance studies were conducted of the two structures of Mn,O; by employing an ac voltage of 5 mV amplitude in the
frequency range of 0.01 to 100 kHz. Figure 6(a), it shows the impedance changes of initial batteries and after 5 cycles. It
is obvious that the R, of both materials increases with the increase cycle numbers. This may be mainly caused by the
SEI formation on the surface of the electrode and the destruction of the materials structure [26].

Figure 7 shows the SEM images of the two structures electrodes after 100 cycles of charging and discharging process.
We can clearly tell that the morphologies of the electrodes after 100 cycles are completely different from the original
samples. The electrodes were covered with SEI layers on the surface and the porous cubes and hollow spheres structures
were destroyed in the process of lithium ions insertion and deinsertion.
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Figure 5. Cyclic voltammetry curves of the batteries, (a) the Mn,Oj3 porous cubes and (b) Mn,O3 hollow spheres as the
anode materials.

Based on the mechanism of Mn,0; as anode material of lithium ion batteries, the large volume changes in charging and
discharging process will completely destroy the nano-structures of the initial materials, which resulting in the quick
capacity decrease of the battery. Therefore, buffering the volume expansion is the key point to keep the structures and
cycling stability. Carbon shells, ALD coating or graphene sheet wrapping with the porous structure or hollow structure
may be effective ways to absorb the volume changes of Mn,O; [27-29] and need further investigation.
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Figure 6. (2) Nyquist plots of the Mn,O3 porous cubes and Mn, O3 hollow spheres anode materials initial and after 5 cycles,
(b) equivalent circuit of the anode materials.

Figure 7. (a) SEM image of the Mn,O; porous cubes and (b) Mn,O3 hollow spheres anode electrodes after 100 cycles
charging and discharging.

4. CONCLUSIONS

In this work, two kind’s structures of Mn,0; were prepared via solution process, the porous cube and hollow spheres.
Their morphologies and electrochemical properties were studied. They exhibited similarly as anode materials of lithium
ion batteries with high initial capacities and reached 173.3 mAh/g and 162.0 mAh/g at 100 cycles of the porous cubes
and hollow spheres electrodes separately. For both samples, impedances become larger as the cycle numbers increase.
After 100 cycles of charging and discharging, the porous and hollow structures were both destroyed and covered with
EIS layers on the surface. Due to the volume changes during the charging and discharging process, the structure of pure
Mn,0; are easily destroyed, and therefore leads to the quick decrease of battery capacity.
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