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anganese monoxide octahedron
negative-electrode for lithium-ion batteries with
enhanced performance†

Huili Cao,a Xinzhen Wang,a Hongbo Gu,b Jiurong Liu,*a Liqiang Luan,c Wei Liu,*c

Yiran Wangd and Zhanhu Guo*d

Trimanganese tetraoxide (Mn3O4) octahedra have been successfully synthesized by a one-pot

hydrothermal process with the assistance of polyvinyl pyrrolidone (PVP). PVP is observed to be beneficial

to control the morphology and agglomeration of octahedra. The growth mechanism has been proposed

on the basis of control experiments. The manganese monoxide octahedra with a carbon coating

(MnO@C) are generated after carbonizing the pyrrole carbon precursor. The as-prepared MnO@C

exhibits a reversible capacity of 503 mA h g�1 after 100 cycles at a current density of 100 mA g�1 and a

capacity of 526, 432 and 304 mA h g�1 at a current density of 200, 400 and 800 mA g�1, respectively.

The MnO@C also shows much better cycling and rate performance compared with Mn3O4 due to the

presence of the carbon coating, which efficiently buffers the volume change during the lithiation/

delithiation and improves the electrical conductivity among manganese monoxide (MnO) octahedra.
Introduction

As advanced energy storage devices, lithium ion batteries (LIBs)
are the most preferred power sources for electric vehicles (EVs)
and hybrid electric vehicles (HEVs) due to their advantages of
high voltage, high energy density and long life.1–3 At present,
graphite has been widely used as a negative electrode material
because it offers both electrochemical and mechanical stability.
However, its theoretical capacity of only 372 mA h g�1 restricts
its application in LIBs for high-power elds.4 In order to further
improve the battery performances, research interests start to
focus on exploring the negative electrode materials with high
capacity to replace graphite.5,6 For example, transition metal
oxides (TMOs) such as iron oxide (Fe2O3),7 nickel oxide (NiO),8

cobalt oxide (CoO)9 and copper oxide (CuO)10 have attracted
great attention due to their higher theoretical capacity than
graphite as reported by Poizot et al.11,12 However, most TMO
electrodes suffer from several disadvantages such as poor
electrical conductivity, high overpotential and large volume
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expansion.13,14 Therefore, many efforts have been devoted to
achieve excellent performance in terms of high specic
capacity, good cycling performance and reasonable rate
performance in the past few years.

Recently, MnO has been regarded as a promising LIB nega-
tive electrode material because of its low conversion potential,
low voltage hysteresis, natural abundance, environmental
benignity, low cost, and relatively low electromotive force (EMF)
(1.032 V vs. Li+/Li).15–17 However, similar to other pure TMO
negative-electrode with volume expansion arising from the
formation and decomposition of Li2O during the charge–
discharge process, poor cycling performance is still a challenge
to pure MnO negative electrode materials for practical appli-
cations.18,19 Therefore, various efforts have been devoted to
studying the MnO/C composite electrode materials.20–22 Nor-
mally, the carbon coating is an effective way to obtain the
enhanced electrochemical performance of MnO. Carbon
coating could serve as a buffer to cushion the stress from the
formation and decomposition of Li2O during cycling and to
mitigate the agglomeration of MnO particles. Meanwhile, the
carbon coating could enhance the electrical conductivity of the
electrodes.21

Previous researches have indicated that the synthesis of
nano/micron crystals with engineered shape and architecture is
of great importance to their properties and applications.23,24 Up
to now, the MnO/C composites with various morphologies and
structures have been synthesized such as nanopeapods,25

nanorods,26 porous nanotubes,27 porous microspheres,28 nano-
wires,29 etc. For example, Su et al.13 prepared the MnO/C porous
microspheres with a reversible capacity of 846 mA h g�1 at
This journal is © The Royal Society of Chemistry 2015
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100mA g�1 as negative-electrode for LIBs through topochemical
conversion of MnxZn1�xCO3 precursors by an ultrasonic-
assisted co-precipitation method. Qiu et al.17 prepared the
lantern like MnO@N–C negative electrode materials for LIBs
with a reversible capacity of 640 mA h g�1 at 0.2 A g�1, which
was fabricated from lantern-like MnCO3 coated with polydop-
amine precursor by calcining. Li et al.29 synthesized the
MnO@C core–shell nanowires for LIBs application with a
reversible capacity of 801 mA h g�1 at 500 mA g�1 by a
hydrothermal-annealing method. All of these researches indi-
cated that the design and fabrication of MnO@C with novel
morphologies and structures had a profound effect on the
performances of the electrode materials. Inspired by the above
research studies, constructing manganese oxide nanocrystals
coated with carbon will be benecial for its LIB application. The
downsizing crystals with carbon coating could not only buffer
the volume expansion, but also increase the electrical conduc-
tivity of electrodes.

In this work, we demonstrate a novel route to fabricate
MnO@C octahedra as negative-electrode for LIBs. The Mn3O4

octahedra are rstly prepared through the hydrolysis reaction of
manganese acetate under a hydrothermal condition using poly-
vinyl pyrrolidone (PVP) as morphology directing agent. The
inuence of PVP and the formation mechanism have been
proposed. The MnO@C octahedra are obtained aer a carbon-
ization process using pyrrole as a carbon source accompanied
with the reduction of Mn3O4 to MnO. The electrochemical
measurements demonstrate that the as-prepared MnO@C
octahedra could serve as negative electrode materials for LIBs
exhibiting excellent cycling and rate performances.
Experimental
Materials

Manganese acetate (Mn(CH3COO)2$4H2O, 99.0%), polyvinyl
pyrrolidone (PVP, (C6H9NO)n, MW 40 000), white polyvinylidene
uoride (PVDF (C2H2F2)n, MW 500 000–700 000), N-methyl-2-
pyrrolidone (NMP) and pyrrole (C4H5N) were purchased from
Sinopharm Chemical Reagent Co., Ltd, China. Carbon black, Li
foil and Celgard 2300 were purchased from Hefei Kejing
Material Technology Co., Ltd, China. LiPF6 (dissolved in
ethylene carbonate, dimethyl carbonate, and ethylene methyl
carbonate with a volume ratio of 1 : 1 : 1) was purchased from
Shenzhen Biyuan Technology Co., Ltd, China. All the chemicals
of analytical grade were used as-received without further
purication.
Synthesis of MnO@C octahedra

In a typical process, PVP (0.5 g) and Mn(CH3COO)2$4H2O (4
mmol) were dissolved in 60 mL deionized water with magnetic
stirring to form a transparent solution. Aer being stirred for 10
min, the mixed solution was transferred into a Teon-lined
stainless-steel autoclave with volume of 100 mL. This solution
was subsequently sealed and heated at 150 �C for 3 h. The
resultant precipitate was centrifuged and washed with deion-
ized water and ethanol for ve times, respectively, and then
This journal is © The Royal Society of Chemistry 2015
dried in an oven at 80 �C for 10 h for characterizations and
further usage.

The carbon coating was carried out by mixing the as-
prepared product of 1.5 g with 0.5 mL pyrrole in a stainless
steel autoclave and heated in a furnace at 550 �C for 5 h.

Characterizations

X-ray powder diffraction (XRD) pattern was obtained by a
Rigaku Dmax-rc X-ray diffractometer with Ni ltered Cu Ka
radiation (V ¼ 40 kV, I ¼ 50 mA) at a scanning rate of 4� min�1.
The microstructure of the nal product was examined using a
JSM-6700F eld emission scanning electron microscope (SEM)
at an accelerating voltage of 20 kV and electric current of 1.0 �
10�10 A, and a JEOL JEM-2100 high-resolution transmission
electron microscope (HR-TEM) operated at 200 kV. The X-ray
photoelectron spectra were recorded on a Kratos Analytical X-
ray photoelectron spectrometer (XPS) using Al Ka (hv ¼ 1486.6
eV) radiation as the excitation source under a condition of
anode voltage of 12 kV and an emission current of 10 mA.

Electrochemical measurement

To prepare the working electrode, the active material, carbon
black, and PVDF with a weight ratio of 8 : 1 : 1 were mixed in
NMP to form a homogenous slurry, which was coated on a
copper foil substrate and dried in a vacuum oven at 120 �C for
12 h. The CR2025-type cells were assembled using Li foil as
counter and reference electrode, Celgard 2300 as separator, and
1 M LiPF6 as electrolyte. The assembly was performed in a glove
box lled with argon atmosphere. As the active material, the
weights of Mn3O4 and MnO@C on one working electrode are
both 3.27 mg. The performance of the cell was evaluated gal-
vanostatically in the voltage range from 0.02 to 3 V at various
current densities on a LAND CT2001A battery test system.

Results and discussion
Characterizations of Mn3O4 and MnO@C octahedra

The morphology and microstructure of the as-prepared Mn3O4

products have been investigated by SEM and TEM. As shown in
Fig. 1a, the SEM image indicates that the synthesized Mn3O4 is
well-dened octahedral crystal with good dispersibility. The
high magnication SEM image, Fig. 1b, shows that the surfaces
of the octahedron are fairly smooth with no defects observed
and the size of each edge is about 200 nm. The TEM images also
conrm that the obtained sample has an octahedron structure
with a size of about 200 nm (Fig. 1c). The corresponding
selected area electron diffraction (SAED) pattern presents a
single-crystal nature of the Mn3O4 octahedron (inset of
Fig. 1c).30 The typical lattice fringe spacing is measured to be
around 0.49 nm, corresponding to the (101) crystal plane of
Mn3O4 (Fig. 1d).

The phase and purity of the as-prepared Mn3O4 is studied by
XRD. As shown in Fig. S1,† all diffraction peaks can be indexed
to the tetragonal hausmannite structure of Mn3O4 (JCPDF 24-
0734), which has a space group of I41/amd (It's one of the
crystallographic space groups. I41 stands for one of the
RSC Adv., 2015, 5, 34566–34571 | 34567
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Fig. 1 SEM images (a and b) and TEM images (c and d) of Mn3O4

octahedra at different magnifications. The inset of (c) is the selected
area electron diffraction (SAED) pattern of Mn3O4 octahedra.

Fig. 2 (a) SEM images and (b) TEM microstructures of as prepared
MnO@C octahedra; (c) XRD pattern and (d) XPS spectra of MnO@C
octahedra.
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tetragonal crystal system symbols.) and lattice parameters of
a ¼ b ¼ 5.762 Å and c ¼ 9.47 Å. No peaks of any other phase are
detected, illustrating the high purity of Mn3O4 prepared
through the reaction of Mn(CH3COO)2 and H2O under the
hydrothermal process.

A series of experiments by varying the reaction time and the
amount of PVP were carried out to further reveal the formation
process of Mn3O4 octahedra. Fig. S2† shows the time-dependent
experiments conrming that the suspended particles begin to
form during the hydrothermal reaction aer 30 min and the
morphology of octahedra with wide of 20–100 nm has been
obtained (Fig. S2a†). As the hydrothermal reaction continues,
the size of the Mn3O4 octahedra increases and the number of
small octahedra is reduced gradually (Fig. S2b–d†). As the
reaction time is prolonged to 1.5 h, most Mn3O4 octahedra with
a size of about 160 nm are obtained with few octahedra smaller
than 100 nm existing (Fig. S2d†). When the reaction time is
maintained for 3 h, the octahedra grown to ca. 200 nm and the
small particles disappeared completely (Fig. 1a). PVP, a kind of
nonionic surfactant, has been widely applied to assist the
preparation of nano-/micro-scale materials.31–37 In order to
investigate the effect of PVP on the formation of the nal
product, the control experiment is operated by varying the
amount of PVP. Experimental results show that the product can
be obtained in the absence of PVP, and the obtained sample
aggregates are assembled by the nanowires and nanoparticles
rather than the formation of octahedra morphology (Fig. S3a†).
The bers are also Mn3O4, which has been identied by XRD
and point EDX of SEM. When the added amount of PVP
increases to 0.2 g, octahedra with size of 100–200 nm are
obtained and most of the as-prepared octahedrons are
agglomerated together, Fig. S3b.† The well dispersed Mn3O4

octahedra are observed as 0.5 g PVP is added into the reaction
(Fig. 1a). When the added amount of PVP increases to 1.0 or 1.5
g, octahedra can be obtained but a new octahedron will be
grown on the surface of each octahedron (Fig. S3c and d†).
34568 | RSC Adv., 2015, 5, 34566–34571
These results indicate that PVP plays an important role as the
surface modier to control the size and agglomeration of the
Mn3O4 octahedra.

Based on the above experiment results, the growth process of
the Mn3O4 octahedra can be proposed to “capping-molecule
assisted growth” mechanism and the reactions for the forma-
tion of Mn3O4 octahedra are illustrated as follows:38

CH3COO� + H2O / CH3COOH + OH� (1)

6Mn2+ + 12OH� + O2 / 2Mn3O4 + 6H2O (2)

Under hydrothermal condition, CH3COO
� is hydrolyzed to

CH3COOH, resulting in an increased OH� concentration. Then,
the Mn3O4 is formed through the reaction of Mn2+, OH� and O2.
At the beginning of the reaction, the Mn3O4 crystal nucleus is
formed through the above reactions. If PVP does not exist in the
reaction system, the Mn3O4 crystal grows randomly into
agglomeration without irregular shape, Fig. S3.† As PVP is
introduced into the reaction system, the Mn3O4 crystal nucleus
can be capped effectively by PVP during the hydrothermal
reaction process.39–41 Aer that, the interaction between PVP
and various crystallographic planes of Mn3O4 can reduce the
growth rate with high energy and enhance the growth rate with
low energy by reducing the surface free energy, leading to the
formation of Mn3O4 octahedra.

The MnO octahedra with carbon coating are obtained by a
carbon coating process using pyrrole as carbon source. The
morphology of the octahedra has no obvious variation during
the coating process but a few of octahedra are fractured into
small particles as shown in Fig. 2a. This phenomenon may be
caused by the volume expansion of octahedron during the redox
reaction between Mn3O4 and carbon. The MnO@C octahedra
can be observed clearly in the TEM image (Fig. 2b), and a few of
octahedra were smashed to smaller MnO@C nanoparticles with
size of ca. 20–50 nm during the carbon coating process. The
This journal is © The Royal Society of Chemistry 2015
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carbon layer with thickness of ca. 5–15 nm is deposited on the
surface of MnO octahedra as shown Fig. S4† and is thicker than
that (ca. 5 nm) of Fe3O4@C nanorods3b by the same carboniza-
tion process due to the larger particle size of Mn3O4 (ca. 300
nm). The typical lattice fringe spacing is measured to be 0.26
nm, corresponding to the (111) crystal plane of MnO (inset of
Fig. 2b). In the XRD patterns, all peaks can be indexed well with
cubic manganosite MnO (JCPDF 07-0230) and no other
diffraction peak is observed (Fig. 2c), suggesting that Mn3O4 has
been completely reduced to MnO during the carbon coating
process and the carbon coated on the surface of MnO is
amorphous structure. The XPS spectrum of MnO@C is recorded
as shown in Fig. 2d to investigate the oxidation states of Mn in
the product. The binding energies of Mn 2p3/2 and Mn 2p1/2 at
641.2 and 652.8 eV, respectively, are attributed to the charac-
teristic binding energy peaks of MnO, which is in agreement
with those of the previous literature.42,43 The XRD and XPS
results conrm that Mn3O4 has been completely reduced to
MnO through carbon coating process.

Electrochemical performance of MnO@C octahedra

For a better understanding of the as-prepared MnO@C
octahedra to serve as negative-electrode in LIBs, the electro-
chemical performances were investigated. The working elec-
trodes are also fabricated from the as-prepared Mn3O4

octahedra for comparison. Fig. 3a and b shows the selected
discharge/charge curves of Mn3O4 and the MnO@C octahedra
at a current density of 100 mA g�1 between 0.01 and 3 V,
respectively. In the rst discharge curve as shown in Fig. 3a,
the Mn3O4 sample shows a voltage decrease to 0.37 V, corre-
sponding to the insertion of Li ions into Mn3O4 to form Lix-
Mn3O4. The plateau at 0.37 V can be assigned to the reduction
of Mn3+ and Mn2+ to Mn0.44,45 The rst charge curve shows a
slope from 1.0 to 1.5 V, indicating the oxidation of Mn0 to
Mn2+. For the MnO@C sample, the rst discharge curve shows
a plateau at 0.25 V due to the reduction of Mn2+ to Mn0.46 The
voltage plateau is at about 1.3 V during the charge process,
attributing to the oxidation from Mn0 to Mn2+.47 The rst
discharge specic capacities of Mn3O4 and MnO@C are 1276
and 1098 mA h g�1, respectively, which are higher than that of
their theoretical capacities (937 mA h g�1 and 755 mA h g�1).
Fig. 3 Galvanostatic discharge/charge curves of the 1st, 2nd, 5th, and 80th

100 mA g�1.

This journal is © The Royal Society of Chemistry 2015
The enhanced capacity in the Mn3O4 and MnO@C can be
attributed to the decomposition of electrolyte and the
formation of SEI lms.48 The component of the lms mainly
includes a variety of Li salts, whose formation could also
consume Li from the electrode in the cells.49 Though the
capacity of the rst discharge for MnO@C is lower than that
for the Mn3O4 sample arising from a higher theoretical
capacity of the Mn2O3 (1018 mA h g�1) than that of MnO (755
mA h g�1), from the second discharge/charge cycle, the
MnO@C shows good capacity retention due to the efficient
buffering effect of the carbon coating on the volume change
and the enhanced electrical conductivity supplied by the
surface carbon layer. In addition, the initial coulombic effi-
ciencies (CE) are 68.5% and 48.6% for MnO@C and Mn3O4,
respectively. The large rst cycle irreversible capacity may be
attributed to the formation of SEI layer and pulverization of
the active materials.50

Fig. 4a presents the cycling performances and CE of Mn3O4

and MnO@C materials at the charge and discharge current
density of 100 mA g�1. The MnO@C shows favorable cycling
stability and delivers a stable reversible capacity of 503 mA h
g�1 aer 100 cycles. The CE of MnO@C quickly reaches 96.5%
in the second cycle, and even in the subsequent cycles, it still
remains more than 98%. For the Mn3O4 sample, although the
rst discharge capacity reaches 1276 mA h g�1, the reversible
capacity decreases successively to ca. 300 mA h g�1 aer 20
cycles, and it needs more cycles (aer 20 cycles) to reach a
stable CE above 98%. The better cycling stability and higher
capacity retention of the MnO@C than those of Mn3O4 indi-
cates that the carbon coating signicantly improves the
cycling performance. In addition, the reversible capacity of
the as-prepared MnO@C is higher than that of the reported
MnO/C powders (470 mA h g�1 aer 50 cycles) obtained by the
thermal treatment of the mixed MnCO3 and sucrose47 and the
cycling performance is more excellent than that of the
MnO@C nanoplates (563 mA h g�1 aer 30 cycles), prepared
via thermal treatment deposition of acetylene with the
precursor of Mn(OH)2 synthesized by hydrothermal method.51

The rate capability of MnO@C is displayed in Fig. 4b. The
MnO@C achieves reversible capacities of 682, 602, 526, 432
and 304 mA h g�1 at current densities of 50, 100, 200, 400 and
cycles for (a) Mn3O4 and (b) MnO@C octahedra at a current density of

RSC Adv., 2015, 5, 34566–34571 | 34569
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Fig. 4 (a) Cyclic performance and coulombic efficiency (CE) of Mn3O4 and MnO@C octahedra at the current density of 100 mA g�1, and (b) rate
performance of MnO@C octahedra.
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800 mA g�1, respectively. It is noted that when the current
density is returned to 50 mA g�1 aer the rate performance
test, the reversible capacity returns back to 681 mA h g�1,
suggesting that the high current charge–discharge process
has little effect on the prepared negative electrode materials.
In summary, although the theoretical capacity of Mn3O4 is
much higher than that of MnO, the MnO@C exhibits higher
reversible capacity than Mn3O4 aer 100 cycles. It is believed
that the carbon layer can efficiently buffer the volume change
during the lithiation/delithiation process, and the carbon
layer coated on the MnO surface is favorable to improve the
electrical conductivity among the MnO particles, nally
enhance the cycling and rate performances of MnO@C
composites.21
Conclusions

In conclusion, a facile approach has been demonstrated to
fabricate the Mn3O4 and Mn@C octahedra assisted by PVP as
surfactant and used as negative-electrode in LIBs. The intro-
duced PVP as a surfactant during hydrothermal system is
crucial to control the morphology and dispersity of Mn3O4. The
formation mechanism of the octahedron morphology has been
discussed based on the experimental results. The as-prepared
MnO@C octahedra aer a carbonization process exhibit a
remarkable enhancement of electrochemical properties
including cycling and rate performances compared to Mn3O4

octahedra.
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