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Mn3O4 hollow spheres for lithium-ion batteries
with high rate and capacity†

Guoqiang Jian,‡a Yunhua Xu,‡b Li-Chung Lai,c Chunsheng Wang*b

and Michael R. Zachariah*ab

This work focuses on development of Mn3O4 hollow spheres with high cycling capacity and high rate

capability in lithium ion batteries. Hollow Mn3O4 spheres are synthesized by an aerosol based “droplet to

particle” strategy. The synthesis process involves producing and heating aerosol precursor droplets in air

flow at 600 �C to induce exothermic reactions and gas blowing to form the single phase hollow Mn3O4

spheres. The hollow Mn3O4 spheres, as an anode material, deliver a highly stable cycle performance with

capacity retention of �980 mA h g�1 for over 140 cycles at 200 mA g�1 and an excellent rate capability

by retaining 300 mA h g�1 at high current density of 10 000 mA g�1.
Introduction

Rechargeable lithium ion batteries (LIBs) are a key component
in portable electronics, and have become the most promising
power medium in plug-in electric vehicles and integrated units
for grid systems. To meet the demands from these fast growing
industries, advanced electrode materials with high energy
density, and good rate capability are desired to replace the
current graphite-based anode materials.1 Electrode materials
for next generation LIBs should be economical to manufacture,
pose minimal environmental hazard, possess high capacity,
good stability and excellent rate performance.2,3 Pioneering
work by Tarascon et al.4 has demonstrated that nanostructured
transition metal oxides can be used as high capacity anode
materials via a conversion reaction mechanism (MOx + 2xLi 4
M + xLi2O). Recently, manganese and cobalt oxides have
attracted attention for their high theoretical capacity and are
now among the most explored metal oxide electrode mate-
rials.5–13 Compared with cobalt oxides, manganese oxides have
the advantage of nontoxicity, abundance and low cost. However,
although Mn3O4 has a high theoretical capacity (937 mA h g�1)
and is isostructural with Co3O4, its electrochemical perfor-
mance has been reported to be poor.14,15

Despite these earlier disappointing results, recent progress
combining the designing of nanomaterials, with optimized
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structures, and composite components, have greatly improved
the electrochemical performance of Mn3O4, including coating
Mn3O4 with conductive carbon layers,16 or forming composites
with graphene or carbon nanotubes,17–21 mesoporous Mn3O4

nanotubes22 and spongelike Mn3O4 nanostructures.23 The best
results show capacities of �900 mA h g�1 at 40 mA g�1 (ref. 19)
and 390 mA h g�1 at a high current density of 1600 mA g�1.17

However, these performance improvements, come at the cost of
using expensive components i.e. graphene based materials, or
mesoporous architectures to accommodate the volume changes
during lithiation/delithiation.

Use of hollow nanostructures has been proposed as an
effective approach for high performance electrode mate-
rials.24–26 The unique nature of hollow structures, including
high surface area, thin walls, and hollow interior, enables
electrode materials with larger electrode–electrolyte contact
area, reduced diffusion path, as well as free interior space for
alleviating structural strain and volume expansion.25 Many
synthetic efforts have been devoted to the fabrication of the
hollow metal oxides nanostructures, however, most approaches
are wet chemistry based methods.27 Relative to wet chemistry
methods, aerosol processes are usually relatively low cost, offer
high purity products, and more importantly a continuous
production process.28,29 We have recently successfully fabricated
hollow CuO spheres by aerosol spray pyrolysis route, useful for
nanoenergetic gas generators applications.30

In this work, we extend this aerosol based strategy used to
make hollow CuO, to fabricate hollow Mn3O4 spheres using a
scalable aerosol “droplets to particle” route with the introduc-
tion of gas-blowing agents-sucrose and H2O2. In this method,
the gas-blowing agents act as a gas bubbling template to form
thin wall (�5–10 nm) Mn3O4 hollow spheres. These novel
hollow Mn3O4 structures employed in the LIBs demonstrated
high reversible capacity of �980 mA h g�1 at 200 mA g�1 over
J. Mater. Chem. A
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140 cycles and an excellent rate capability by retaining a
capacity of 300 mA h g�1 at an ultra-high current density of
10 000 mA g�1. To the best of our knowledge, this is the best
electrochemical performance for Mn3O4 anode materials to
date.

Experimental section
Synthesis of hollow Mn3O4 spheres

Hollow Mn3O4 spheres were synthesized by an aerosol spray
pyrolysis method, as illustrated in Fig. 1. 1.00 g manganese(II)
nitrate tetrahydrate (Mn(NO3)2$4H2O) ($97.0%, Sigma-
Aldrich), 0.171 g of sucrose (C12H22O11) (Sigma-Aldrich) and
5 ml of hydrogen peroxide solution (30 wt% H2O2) (Sigma-
Aldrich) were dissolved in 15 ml deionized water as precursor
solution. Precursor solution was then atomized to form aerosol
droplets by a homemade collision-type atomizer using
compressed air (0.24 MPa). The geometric mean diameter of
atomized formed aerosol droplets was measured to be �1 mm
using a laser aerosol spectrometer. The aerosol droplets were
rstly passed through a silica-gel diffusion dryer to removemost
of the water and then led to a tube furnace set at 600 �C. The
normal particle residence time in the heating zone was esti-
mated to be around 1 s. The nal products of hollow Mn3O4

spheres were collected on a 0.4 mm HTTP lter (Millipore).

Materials characterization

The synthesized materials were characterized by transmission
electron microscopy (TEM) and selected area electron diffraction
(SAED) (JEOL JEM 2100F), and powder X-ray diffraction (XRD)
(Bruker D8 Advance using Cu Ka radiation). Aer 140 cycles of
charge/discharge at a current density of 200mA g�1, the electrode
materials were characterized with the scanning electron micros-
copy (SEM, Hitachi SU 70). The thermal analysis experiment was
conducted in a thermogravimetric analysis (TGA) system (SDT
Q600, TA Instruments) under ow of air (100 cm3 min�1), at a
heating rate of 10 �C min�1. Nitrogen adsorption/desorption
measurement was carried out at 77 K using an Autosorb-iQ
analyzer (Quantachrome Instruments). The sample was evacu-
ated overnight at 573 K and 1 mmHg before the measurement.

Electrochemical characterization

The hollow Mn3O4 spheres, carbon black and sodium carboxy-
methyl cellulose (CMC) binder were mixed together at the
weight ratio of 70 : 15 : 15 to form a slurry and cast onto a
copper foil with a loading of 0.5–1.0 mg cm�2 using a doctor
Fig. 1 Schematic formation of hollow Mn3O4 spheres in a “droplet to
particle” aerosol spray pyrolysis process.

J. Mater. Chem. A
blade, followed by an overnight drying in a vacuum oven at
100 �C. Employing a coin cell assembly, lithium foil acts as the
counter electrode, 1 M LiPF6 in a mixture of ethylene carbonate/
diethyl carbonate (EC/DEC, 1/1 by volume) functions as the
electrolyte, and Celgard®3501 (Celgard, LLC Corp., USA) as the
separator. Cyclic voltammogramwas recorded by a Solatron 1260/
1287 Electrochemical Interface (Solartron Metrology, UK) at a
scanning rate of 0.1 mV s�1 between 0 and 3 V. An Arbin battery
test station (BT 2000, Arbin Instruments, USA) was used to test the
electrochemical performance. Rate capability was examined at
different current densities from 200 to 10 000 mA g�1.
Results and discussion
Synthesis of hollow Mn3O4 spheres

The synthesis strategy of the hollow Mn3O4 spheres is based on
an in situ gas blowing mechanism in single aerosol droplets, as
schematically illustrated in Fig. 1. It consists of atomizing
precursor solutions that contains Mn(NO3)2, sucrose, and H2O2,
into aerosol droplets and dispersing them inside a carrier gas-
air. The aerosol droplets undergo solvent (H2O) evaporation,
chemical reaction and sintering to form hollow particles.
Sucrose and H2O2 in the precursor, act as in situ gas blowing
agents to produce CO2 and H2O. Together with the inherent gas
generation properties of the nitrate salt, the gas blowing agents
promote the formation of hollow structure, as discussed in our
recent publication.30

Fig. 2a shows a TEM image of the resulting Mn3O4 materials
with a clear hollow structure and ultra-thin walls. The ring
pattern selected-area electron diffraction (SAED) in Fig. 2a
(Enlarged version in Fig. S1†) indicates the polycrystalline
structure of the hollow Mn3O4 spheres. The SAED pattern show
reections corresponding to d-values of Mn3O4 phase. Some
sharp reections with d-values of �0.49, 0.31, 0.25, 0.20, 0.15,
Fig. 2 (a) TEM and SAED images of as collected hollow Mn3O4

spheres; (b) particle size distribution of hollow Mn3O4 spheres based
on TEMmeasurement; (c) high resolution TEM image of hollowMn3O4

sphere; (d) the relationship of wall thickness of hollow Mn3O4 with
particle size. Notes: the total counts are 158 in (b and d).

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 X-ray diffraction pattern of hollow Mn3O4 spheres.
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and 0.14 nm, represent diffraction from (101), (112), (211),
(220), (224), and (400) planes of Mn3O4 phase (Fig. 2a).

The size distribution of as prepared hollow spheres was
obtained by measuring and analyzing a total number of 158
particles in TEM images and plotted in Fig. 2b. Most particles
fall in the range of �90 to 210 nm, and the most probable
particle size is �120 nm. Compared to template-based
approaches for hollow structures, the aerosol approach in this
study shows a relatively wide size distribution (also see SEM
image in Fig. S2†), which is typical of the size distribution from
the atomization of liquids. N2 adsorption/desorption
isothermal curves (Fig. S3a†) show an obvious hysteresis loop,
indicating the existence of mesopores within the sample. This is
further conrmed by the pore size distribution (Fig. S3b†)
which clearly shows a sharp mesopore peak around 5.6 nm. The
specic surface area (calculated by BET method) of the hollow
Mn3O4 spheres is �96 m2 g�1. High resolution TEM image in
Fig. 2c shows that the spheres have ultra-thin walls with
thickness of �5 nm. The wall of the spheres in fact is actually
comprised of small nanocrystals (5–10 nm) with pores, in
accordance with the N2 adsorption/desorption isothermal
results. The shell thickness of 158 hollow spheres in TEM was
measured individually. The relationship of shell thickness
versus sphere particle size is shown in Fig. 2d, indicates that
most particles have a shell thickness of 5–10 nm, but that wall
thickness increases monotonically with the particle size.
Ideally, the wall thickness should be proportional to the initial
droplets size if all gases produced during chemical reactions
were employed to puff the particles, as schematically shown in
Fig. 3. However, this is not the case shown in Fig. 2d, where the
thickness of the wall does not increase linearly with the change
of particle size. Since initial droplets contain the same
concentration of solutes, the amount of gas produced is directly
proportional to the droplet volume. However, the amount of gas
that should escape a particle during blowing should be
proportional to the surface area of the particles. This leads to
the result that larger droplets will lose a smaller faction of gas
and this gas should result in greater expansion and thinner
walls for larger particles.

Powder diffraction in Fig. 4 shows the material to be crys-
talline Mn3O4 phase (JCPDS no. 18-0803), with no observed
impurities, which is in agreement with the SAED analysis.
Interestingly, no phase of Mn2O3 was observed in the product,
although Mn2O3 is the stable phase at 600 �C.31 To study the
Fig. 3 The ideal relationship of wall thickness of hollow particle with
initial aerosol droplet size. Note: the process is based on an ideal gas
blowing assumption that all gases produced in chemical reactions are
used for blowing the particles.

This journal is © The Royal Society of Chemistry 2014
decomposition of Mn(NO3)2$4H2O, TGA and DSC analysis was
performed in air, from room temperature to 1200 �C at a heat-
ing rate of 10 �C min�1, as shown in Fig. 5. Beginning at 37 �C,
we observe an endotherm with no corresponding mass change
which we attribute to melting of Mn(NO3)2$4H2O (m.p.¼ 37 �C).
Three mass loss regimes are observed below 250 �C should be
from endothermic dehydration, and nitrate decomposition. The
overall mass loss between 15 and 250 �C amounts to �64.4%,
and is close to the 65.3% expected for the formation of MnO2

from decomposition of Mn(NO3)2$4H2O. Upon further heating,
further mass loss around 530 and 925 �C, are associated with
two endothermic peaks, correspond to the formation of Mn2O3

and Mn3O4 respectively.31

We observe single phase Mn3O4 under our synthesis condi-
tions at 600 �C. During synthesis, the gas generation chemistry
which involves the oxidation of sucrose, is exothermic, thus it is
quite possible that the actual particle temperature is higher
than the reactor temperature. This suggests that the sucrose
and H2O2 in the precursor not only act as gas blowing agents,
but may also act as a fast heating source in the particle. In this
context, the aerosol spray pyrolysis process in this report is
Fig. 5 TGA-DSC curves of Mn(NO3)2$4H2O decomposition in air
(heating rate: 10 �C min�1, air flow: 100 ml cm�3).

J. Mater. Chem. A
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similar to the solution combustion synthesis of metal oxide
nanoparticles.32,33 In the solution combustion process for
producing metal oxide nanoparticles, metal nitrate and glycine
(CH2NH2CO2H) are ignited in air, and the energy release from
the combustion reaction is used to drive the formation chem-
istry.33 However, the reaction in our system occurs in a more
controlled manner. Firstly, a less reactive fuel – sucrose in place
of glycine was used. Secondly, the organic fuel (sucrose) is
conned within a single droplet, and the droplet is very fuel
lean with a molar ratio of Mn(NO3)2/C12H22O11 ¼ 8, with addi-
tional oxidizer available from (2H2O2 ¼ 2H2O + O2), as well as
the carrier gas (air). Under such conditions, the combustion is
signicantly moderated from being violent, which would
shatter the droplet/particle, to a condition of a mild exothermic
event resulting in gas-blowing. Nevertheless the exothermicity
appears sufficient to raise the particle temperature such that
Mn3O4 can be formed at only 600 �C (reactor temperature),
rather than the nominal 925 �C from Mn(NO3)2$4H2O
decomposition.
Electrochemical performance

Fig. 6 shows the CV curves in the initial ve scans of the hollow
Mn3O4 electrode materials between 0.0 and 3.0 V at a scan rate
of 0.1 mV s�1. A broad reduction peak around 1.2 V was
observed in the rst scan and disappeared aerwards, which is
ascribed to the decomposition of electrolyte and formation of
solid-state interface lms and the reduction of Mn3+ to Mn2+.
The main reduction reaction to Mn0 occurred at 0.2 V, in the
rst cycle. In the following cycles, it shied to a higher voltage of
0.3 V, which is a common to manganese oxide electrodes, and
was attributed to the structure changes during the lithium
insertion in the rst cycle.11 In the anodic process, the oxidation
of Mn0 to Mn2+ occurred at around 1.3 V, while a broad peak
appears aer 2 V is assigned to the further oxidation of Mn2+ to
Mn3+. The almost identical oxidation/reduction behavior from
the second cycle demonstrates good reversibility, and stability
of the hollow Mn3O4 spheres.
Fig. 6 Cyclic voltammograms of the 1st, 2nd and 5th cycles of hollow
Mn3O4 spheres (scan rate 0.1 mV s�1).

J. Mater. Chem. A
The charge/discharge proles of the hollow Mn3O4 spheres
in the rst two cycles are shown in Fig. 7a. The general trend of
the charge–discharge prole is consistent with previous reports
on Mn3O4 anode materials.17–23 It is seen from the rst
discharge curve that 1.6 to 0.4 V is due to the formation of solid–
electrolyte interface (SEI) and the initial reduction of Mn3O4.19 A
well-dened voltage plateau at 0.4 V is contributed from the
main lithiation reaction of Mn3O4 hollow spheres.23 Similar to
the CV results, the lithiation plateau moves to a higher voltage
of 0.6 V in the second cycle, which implies the structure change
in the rst cycle lowers the lithiation resistance in the second
cycle. The charge curves have two slope plateaus in the ranges of
1–1.5 V and 2.2–3.0 V, corresponding to the oxidation of Mn0 to
Mn2+ and Mn2+ to Mn3+,23 respectively. In the rst cycle, the
discharge and charge capacities were 1066 and 1609 mA h g�1,
Fig. 7 Electrochemical performance of hollow Mn3O4 spheres as
electrode materials. (a) Charge/discharge profiles for the initial two
cycles at a current density of 200 mA g�1; (b) cycling performance at a
current density of 200 mA g�1; (c) rate performance at different
current densities.

This journal is © The Royal Society of Chemistry 2014
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Fig. 8 SEM image of hollow Mn3O4 spheres after 140 cycles at a
current density of 200 mA g�1.
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respectively. The irreversible capacity in the rst cycle (34%) was
mainly attributed to the formation of SEI lms. In the second
cycle, the Coulombic efficiency is higher than 99%. The
reversible capacity is around 980 mA h g�1, higher than the
theoretical value of 937 mA h g�1 for the conversion reaction:
Mn3O4 + 8Li+ + 8e� / 3Mn(0) + 4Li2O. The extra capacity was
also observed for other metal oxide materials and an interfacial
mechanism has been proposed, in which the excess lithium was
stored in the boundary regions between nanosized metal
particles and Li2O grains produced by the conversion
reaction.34,35

The cycling stability of the hollow Mn3O4 spheres
was examined by charging/discharging between 0.0 and 3.0 V
at a current density of 200 mA g�1. The cycling performance
was shown in Fig. 7b. The hollow Mn3O4 sphere anode
exhibits a superior stability with no capacity loss except the
rst two cycles. The capacity retention is �980 mA h g�1 in
the 140th cycle. The Coulumbic efficiency of the hollow
Mn3O4 spheres approaches 100% aer the second cycle,
indicating a stable reversibility. This has drawn attention to
the fact that the lithium ion storage of the hollow Mn3O4

materials in this study is superior to those Mn3O4 anode
materials reported in the literature.14–23 Apparently, the
unique structure of thin-walled hollow structure is respon-
sible for the improved electrochemical performances.
However, while increasing the lithium ion storage capacity,
the hollow structure does inevitably lead to a reduced volu-
metric energy density.

The rate capability of hollow Mn3O4 materials was
evaluated at current rates of 200–10 000 mA g�1 (Fig. 7c). At
200 mA g�1, it delivers a reversible capacity of �950 mA h g�1,
which is comparable to capacity at 200 mA g�1. Even at a very
high rate of 5000 and 10 000 mA g�1, the hollow Mn3O4 spheres
can deliver capacities of as high as 520 and 300 mA h g�1,
respectively. The 300 mA h g�1 capacity obtained at the high
current of 10 000 mA g�1 is still comparable to the graphite
anode, one currently used in commercial batteries. Such a
remarkable rate capability of the Mn3O4 hollow structure is
superior to those with carbon coating and graphene wrapped
manganese oxide anode materials,17–21 represents the best rate
performance of Mn3O4 anode materials. Apparently, the excep-
tional rate capability is beneted from the unique thin wall
hollow structure, which provides a signicantly reduced path for
both electron and ion diffusion.25

As mentioned above, the unique structure of the hollow
Mn3O4 spheres is responsible for the good cycling performance
and rate capability. The morphology of the hollow Mn3O4

spheres aer 140 cycles was investigated with SEM (Fig. 8) and
TEM (Fig. S4†). Compared with the TEM image (Fig. 1) and SEM
image (Fig. S2†), the SEM image of the cycled electrodes show
no obvious morphology changes, demonstrating a robust
structure of the hollow spheres, which can effectively alleviate
the structural strain and accommodate the large volume change
during repeated lithiation/delithiation. TEM image (Fig. S4†) of
hollow spheres aer cycling show no obvious change regarding
the wall thickness compared with the as synthesized hollow
spheres (Fig. 1).
This journal is © The Royal Society of Chemistry 2014
Conclusion

In summary, this work reports hollow Mn3O4 spheres with an
ultra-thin shell which demonstrates superior electrochemical
performance as anode materials in lithium-ion batteries than
any previously reported in the literature. The hollow Mn3O4

spheres exhibited good stability, with high capacity retention of
�980 mA h g�1 over 140 cycles, and exceptional rate capability.
The outstanding electrochemical performance is attributed to
its unique structure, of a hollow interior and ultra-thin wall.
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