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Porous manganese oxide (Mn2O3) microspheres have been successfully fabricated through
annealing the solvothermal lab-made MnCO3 precursor. Experimental results reveal that
polyvinyl-pyrrolidone (PVP) plays a pivotal role in controlling the size and uniformity of the
MnCO3 microspheres. The carbon-coated MnO porous microspheres (MnO@C) with a speciﬁc
surface area of 45.6 m2 g  1 and pore size of ca. 30 nm were obtained by carbonization of
pyrrole coated porous Mn2O3. The carbon layer with a thickness of ca. 3 nm was deposited on
the surface and the inner wall of pores. Electrochemical tests demonstrated that the asprepared porous MnO@C electrode materials possessed a reversible capacity of 525.4 mAh g  1
after 100 cycles at a current density of 100 mA g  1 and the capacities of 590.6, 478.8, 353.8
and 238.2 mAh g  1 at 100, 200, 400, and 800 mA g  1, respectively. The MnO@C porous
materials exhibit higher cycling and rate performances than the corresponding porous Mn2O3
mainly attributed to the carbon coating, which could efﬁciently buffer the volume change
during the lithiation/delithiation and improve the electronic conductivity among MnO particles.
& 2014 Elsevier Ltd. All rights reserved.
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Introduction
As the sustainable and renewable power storage resources
for various removable electronics, electric vehicles (EVs)
and hybrid electric vehicles (HEVs) [1–3], lithium ion
batteries (LIBs) have attracted remarkable attention due
to their available high voltage, high energy density and long
life-time. In the past few decades, graphitic carbon with
both electrochemical and mechanical stability has been
employed widely as anode materials of LIBs. However, with
a low theoretical capacity (372 mAh g  1), poor rate performance and limited cycle life especially at elevated temperatures, graphite anodes have difﬁculty to meet the
increasing demand for batteries with higher energy density
and longer cycling life. Recently, researchers have been
focusing on exploring high capacity anode materials to
replace graphite [4] by forming nanocomposites with metal
oxides possessing higher theoretical capacity [5–7] including
Fe2O3 [8–11], NiO [12–14], CoO [15,16] and CuO [17]. Among
the transition metal oxides, owing to their special physicochemical performances, low cost, environmental friendliness and abundant resources, manganese oxides have
provided many potential applications in catalysis [18,19],
ion exchange [20,21], molecular adsorption [22], biosensing
[23], energy storage [24], and LIBs [25], etc. Particularly, in
the past few years, manganese oxides including MnO [26],
Mn2O3 [27], Mn3O4 [28] and MnO2 [29,30] have been
investigated as high-capacity anodes for LIBs due to their
high theoretical capacity (756 mAh g  1 for MnO, 1019 mAh
g  1 for Mn2O3, 937 mAh g  1 for Mn3O4, and 1233 mAh g  1
for MnO2) and high energy density [28,31]. However, similar
to other pure metal oxide anodes, the poor cycling performance resulted from large volume expansion/shrinkage and
agglomeration during the lithiation/delithiation and the low
rate performance arising from the kinetic limitations still
challenge manganese oxides serving as LIB anode materials
[32]. To improve the cyclic performances of the metal
oxides anodes, various strategies have been reported
including the downsizing particles [26], carbon coating
[33], constructing hybrid nanocomposites [34–36]. In
essence, beneﬁted from the shortened electron diffusion
length, increased electrical conductivity, and buffered
volume expansion, these strategies have given an improvement on the cycling stability. For example, MnOx nanoﬁlms
and nanoﬁbers have shown a capacity of 425 mAh g  1 after
25 cycles at a current density of 0.125 C (about 94 mA g  1)
and exceeded 450 mAh g  1 for 50 cycles at a current
density of 0.5 mA cm  2, respectively [37,38]. MnO particles
(0.5–1.5 μm) coated with carbon delivered a capacity of
400 mAh g  1 at a rate of 400 mA g  1 [26]. The MnO/C
nanocomposites exhibited a reversible capacity larger than
680 mAh g  1 after 50 cycles as well as a rate capability of
196 mAh g  1 at a current density of 1600 mA g  1 [39].
Hollow porous MnO/C microspheres fabricated by a biotemplating method showed a reversible speciﬁc capacity of
702.2 mAh g  1 after 50 cycles at a rate of 100 mA g  1 [40].
The enhanced lithium-ion storage performance could be
attributed to the downsizing of particles which shorten the
diffusion path of Li + ions and electrons and increase the
contact surface between the active materials and electrolyte. In addition, the introduction of carbon in the composites not only served as a buffer to cushion the stress from
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volume expansion of active materials and maintained the
structural integrity of anode materials during cycling, but
also improved the electrical conductivity and avoided
aggregation between active materials.
Inspired by the above research studies, constructing
manganese oxide porous structure coated with carbon will
be more beneﬁcial for its LIB application since porous
structure could provide large contact surface between
manganese oxide nanoparticles and electrolyte and abundant diffusion path for Li + ions and electrons. In this work,
porous MnO microspheres coated with carbon (MnO@C)
were prepared by carbonizing coated pyrrole to form the
carbon layer and by reducing the Mn2O3 produced simply
from the solvothermal lab-made MnCO3 precursor to form
porous MnO for the ﬁrst time. The electrochemical measurements demonstrate that the as-prepared MnO@C porous
microspheres exhibit superior cycling and rate performances.

Experimental section
Materials
Manganese acetate tetrahydrate (Mn(Ac)2  4H2O, 99.0%),
polyvinyl-pyrrolidone (PVP, (C6H9NO)n, MW 40,000), diethylene glycol (DEG, C4H10O3, 99.0%), and urea (CO(NH2)2,
99.0%) were purchased from Sinopharm Chemical Reagent
Co., Ltd. White Polyvinylidene ﬂuoride (PVDF, (C2H2F2)n, MW
500,000–700,000) powders were dissolved in absolute
N-methyl-2-pyrrolidinone (NMP, C5H9NO, 99.0%) solvent in
a weight ratio of 9:91. All the chemicals are of analytical grade
and were used as received without further puriﬁcation.

Preparation of MnO porous microspheres with
carbon coating (MnO@C)
In a typical synthesis, 1.5 g polyvinyl-pyrrolidone (PVP) was
ﬁrstly dissolved in 60 mL diethylene glycol (DEG) to form a
transparent solution. Then 0.003 mol Mn(Ac)2  4 H2O and
0.003 mol urea were added to the above solution under
magnetic stirring until they were completely dissolved. The
obtained brown solution was transferred into a 100 mL
Teﬂon-lined stainless steel autoclave, and subsequently
sealed and heated at 200 1C for 24 h in an oven. After
reaction, the brown precipitate was centrifuged and washed
using deionized water and ethanol for ﬁve times, and then
dried in a vacuum oven at 60 1C for 12 h. The porous Mn2O3
spheres were synthesized by annealing the brown precursor
at 400 1C for 3 h in air. Carbon coating was carried out
through mixing 1.5 g Mn2O3 spheres with 0.5 mL pyrrole in a
stainless steel autoclave, and then heated at 550 1C for 5 h
in a furnace.

Characterizations
The structure of the resultant products was determined by
X-ray powder diffraction (XRD) on a Rigaku D/Max-RC X-ray
diffractometer with Ni ﬁltered Cu Kα radiation (λ =
0.1542 nm, V= 40 kV, I =50 mA) in the range of 10–801 at a
scanning rate of 41 min  1. The morphology and microstructure of the samples were examined by using a JSM-6700F
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ﬁeld emission scanning electron microscope (FE-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 N2 adsorption/desorption isotherms of porous products
were measured at 77 K on a Quadrasorb-SI instrument. The
speciﬁc surface area was calculated with the Brunauer–
Emmett–Teller (BET) model and the pore size distribution
was determined using the Barrett–Joyner–Halenda (BJH)
method. To evaluate carbon content in the resultant
product, thermogravimetric analysis/differential scanning
calorimetry (TGA/DSC, TA Instruments SDT Q600) was
performed in air from ambient temperature to 500 1C at a
heating rate of 101C min  1 using a SDT thermal-microbalance
apparatus.

conﬁrming the high purity of the produced MnCO3. In the
solvothermal condition, the decomposition of urea with the
assistance of crystal water from Mn(Ac)2  4H2O at elevated
temperature generates NH4+ cations and CO23  anions,
which react with Mn2 + to form MnCO3. After being annealed
in air at 400 1C for 3 h, the as-prepared carbonate precursor
was completely converted to Mn2O3 (Figure 1b). All diffraction peaks could be indexed to pure cubic phase Mn2O3
(JCPDS no. 41-1442) [42]. The reactions for the formation of
porous Mn2O3 microspheres can be illustrated as follows:

Electrochemical measurements

In the XRD pattern (Figure 1c), all peaks could be
assigned to cubic MnO (JCPDS no.78-0424) [39] and no other
diffraction peak was observed, suggesting that Mn2O3 has
been reduced to MnO and the formed carbon coating on
the MnO surface was amorphous, consistent with the
subsequent HR-TEM observations. According to the Scherrer
formula, the crystalline sizes of Mn2O3 and MnO samples are
estimated to be 21.2 and 18.1 nm, based on the (222) peak
at 2θ = 32.81 and the (200) peak at 2θ =40.51, respectively.
The low-magniﬁcation SEM image indicates that the
synthesized MnCO3 is microspheres with an average diameter
of approximately 2–3 mm and rough surface, Figure 2a. A
close inspection reveals that the microspheres are in fact
built from two-dimensional nanoﬂakes with a thickness of ca.
30 nm, which are aligned to form a loose ball-like structure to
reduce the surface free energy (inset of Figure 2a) [43]. After
being annealed at 400 1C for 3 h in air, the morphology of the
microspheres had no obvious variation, but the sphere surface became smoother and the size of Mn2O3 microspheres
was increased to 3–4 mm, Figure 2b. Due to the releasing of
CO2 arising from decomposing MnCO3 nanoﬂakes, the formed
Mn2O3 nanoparticles have demonstrated an expanded volume
in the Mn2O3 microspheres. From the TEM image (Figure 3a),
the pores with size of ca. 3–40 nm are observed and the
Mn2O3 microsphere is composed of nanocrystals with a size of
ca. 10–30 nm, which are aggregated together to form porous
structure. The typical lattice fringe spacing is measured to be
0.323 nm, corresponding to the (222) crystal plane of Mn2O3
(inset of Figure 3a). Following the carbon coating on the
porous Mn2O3 microspheres, the morphology and size of
Mn2O3 microspheres had no obvious variation, Figure 2c.
From the higher magniﬁcation TEM image (Figure 3b), the
contrast between the pores and the nanocrystals conﬁrmed
the maintenance of porous structure. It is observed clearly
that the carbon layer with a thickness of ca. 3 nm was
deposited on the surface of porous microspheres and the
inner wall of pores. The typical lattice fringe spacing is
measured to be 0.206 nm, corresponding to the (111) crystal
plane of MnO (inset of Figure 3b). It is noteworthy, from the
XRD measurement (Figure 1), that Mn2O3 has been reduced to
MnO during the carbon coating process, also conﬁrming the
formation of MnO@C porous microspheres.
To investigate the effect of PVP on the morphology of
MnCO3 precursor, the control experiments were operated
with different addition amounts of PVP while the other
experimental parameters were maintained the same as

To prepare the working electrode, the active material,
carbon black, and polyvinylidene ﬂuoride (PVDF) with a
weight ratio of 8:1:1 were mixed in N-methyl-2pyrrolidinone (NMP) to form a homogenous slurry, which
was coated on a copper foil substrate, followed by drying in
a vacuum oven at 120 1C for 12 h. The CR2025-type cells
were assembled using Li foil as counter and reference
electrode, Celgard 2300 as the separator, and 1 M LiPF6
(dissolved in ethylene carbonate, dimethyl carbonate, and
ethylene methyl carbonate with a volume ratio of 1:1:1) as
the electrolyte. The assembly was performed in a glove-box
ﬁlled with argon atmosphere. The performance of the cells
was evaluated galvanostatically in the voltage range from
0.02 to 3 V at various current densities on a LAND CT2001A
battery test system. Cyclic voltammogram (CV) was
obtained by a PARSTAT 2273 electrochemistry workstation
at a scan rate of 0.1 mV s  1 and the potential vs. Li/Li +
ranging from 0.01 to 3 V.

Results and discussion
As shown in Figure 1a, XRD patterns conﬁrmed the formation of MnCO3 from the solvothermal process. All diffraction
peaks match well with the rhombohedral MnCO3 with the
reported cell constants of a= 0.4772 nm and c =1.56397 nm
(JCPDS no. 86-0173) [41] without any other phase detected,

Figure 1 XRD patterns of (a) MnCO3 precursor, (b) Mn2O3
intermediate, and (c) MnO@C.

COðNH 2 Þ2 þ2H 2 O-CO23  þ2NH 4 þ
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ð3Þ
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Figure 3 TEM images of (a) Mn2O3 and (b) MnO@C. The inset
of (a) and (b) are HR-TEM images.

Figure 2 FE-SEM images of the prepared (a) MnCO3, (b) porous
Mn2O3 and (c) MnO@C microspheres. The inset of (a) is enlarged
SEM image of MnCO3 microspheres.

those mentioned in the aforementioned typical synthesis.
Without PVP addition, irregular particles with large size
distribution (500 nm–1.5 mm) were obtained (Figure 4a).
After 0.5 g PVP were added in the reaction, a lot of
microspheres with a size of ca. 2.5 mm were observed in
addition to irregular particles (Figure 4b). With increasing
the content of PVP to 1.0 g, the formed MnCO3 precursor
exhibits spheres with a wide size distribution ranging from
1.0 to 7.5 μm and a few spheres were aggregated together
(Figure 4c). Thus, PVP is believed to play an important role
as the surface modiﬁer in controlling the morphology and
size of MnCO3 precursor (Figures 2 and 4). PVP, a kind of
nonionic surfactant, can physically absorb on the surface of
MnCO3 subunits to prohibit the grain growth and link the
subunits to form a more stable morphology during the
reaction process, and thus the applied PVP leads to a
narrow size distribution and good dispersity of MnCO3
spheres [44,45].
As shown in Figure 5, TGA tests have been carried out to
evaluate the carbon content in the synthesized MnO@C
porous microspheres. Based on the analysis of TGA, the
weight losses can be separated into two steps. In step (a),

from room temperature to 150 1C, the weight loss of about
2.5% corresponds to the evaporation of water absorbed on
the surface of porous microspheres. In step (b), an exothermic peak at 200–350 1C, observed in the DSC curve accompanying with an intensive 14.9% weight loss, is attributed to
the oxidation process of carbon to form volatile species,
such as CO and CO2. After 350 1C, a slight weight gain is
observed, suggesting that the oxidation reaction from MnO
to Mn2O3 begins to occur. Previous work has conﬁrmed that
MnO will be oxidized to Mn2O3 after a heat treatment
between 500 and 1050 1C in air [46].
Porous structure can facilitate an efﬁcient contact of the
internal active materials with electrolyte, leading to a fast
transportation of Li + ions. Meanwhile, the high speciﬁc
surface area and porosity are able to favorably alleviate
the volume variation during the Li + insertion/extraction,
resulting in a relatively high reversible capacity and cycling
stability [40,47]. As shown in Figure 6a, the nitrogen
adsorption/desorption isotherms exhibiting a type IV with
a distinct hysteresis loop [48,49] indicate the presence of
mesopores in the Mn2O3 microspheres. From the pore size
distribution curve (inset of Figure 6a), the pore size is
nonuniform ranging from several to 50 nm and the pores
with a size of ca. 15 nm are dominant, consistent with the
HR-TEM observation. The BET surface area of Mn2O3 porous
spheres is 81.2 m2 g  1. After being coated by a carbon
layer, the BET speciﬁc surface area is decreased to
45.6 m2 g  1, and the pore size distribution curve (inset of
Figure 6b) shows that the pores with a size of ca. 30 nm are
dominant in the resultant product. The nitrogen adsorption–
desorption measurements also suggest that carbon entered
into the Mn2O3 porous microspheres and was deposited on
the inner wall of the pores as well as on the surface,
consistent with the HR-TEM observation (Figure 3b).
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Figure 4 FE-SEM images of MnCO3 precursor prepared with
different amount of PVP: (a) 0, (b) 0.5, and (c) 1.0 g.

Figure 5 TGA/DSC curves of MnO@C sample at a heating rate
of 101C min  1 under air ﬂux.

To evaluate the applicability of Mn2O3 and MnO@C porous
microspheres in LIBs as anode materials and the effect of
carbon layer on the cycling stability, the electrochemical
performances were investigated. The discharge/charge curves
of Mn2O3 and MnO@C samples are shown in Figure 7. The ﬁrst
discharge curve of Mn2O3 (Figure 7a) shows that the voltage
rapidly decreases to 0.27 V, and then slowly drops from 0.27 to
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Figure 6 N2 adsorption–desorption isotherms of porous (a) Mn2O3
and (b) MnO@C microspheres. The insets are pore size distribution
curves.

0.02 V, corresponding to the formation of a solid–electrolyte
interface (SEI) ﬁlm on the electrode surface and the reduction
of Mn2O3 to MnO and Mn during the Li insertion process [42].
With decreasing the voltage to 0.02 V, the cell exhibits an
initial speciﬁc capacity of 1162.4 mAh g  1, which is slightly
higher than the theoretical value (ca. 1018 mAh g  1) [41] of
Mn2O3, due to the decomposition of the electrolyte and the
formation of solid electrolyte interphase (SEI) ﬁlms [42,50].
The subsequent charge curve shows no voltage plateau but a
slope from 1.0 to 1.5 V, suggesting the oxidation of Mn0 to
Mn2,3 + [43,51]. A speciﬁc capacity of 313.7 mAh g  1 was
obtained when the ﬁrst charging was ﬁnished, and the initial
columbic efﬁciency (the ratio of charge capacity to discharge
capacity) was only 27%. The large capacity loss can be
attributed to the isolation and cracking of Mn2O3 particles
during these lithiation/delithiation processes [52–54]. From
the second cycle, the discharging plateaus have up-shifted to
ca. 0.5 V, meanwhile, the counterpart charging slope is
decreased slowly, suggesting the irreversible phase transformation because of the formation of Li2O and metallic
manganese after the ﬁrst discharge/charge process [55].
Comparing with the performance of Mn2O3, the voltage/
capacity proﬁles of MnO@C, Figure 7b, are similar to those
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Figure 7 Galvanostatic discharge/charge curves of the 1st,
2nd, 3rd, and 100th cycles for porous (a) Mn2O3 and (b) MnO@C
microspheres.

of Mn2O3, showing one plateau at 0.25 V in the ﬁrst discharge
curve and a slope from 1.0 V to 1.5 V in the subsequent charge
curve. Although the initial speciﬁc capacity of 1139.5 mAh g  1
is lower than that (1162.4 mAh g  1) of the porous Mn2O3, from
the second discharge/charge cycle, the porous MnO@C powders show a higher retention capacity (641.7 mAh g  1) than
the porous Mn2O3 (313.7 mAh g  1). This is attributed to the
fact that carbon coating can accommodate the volume change
and reduces the aggregation of MnO nanoparticles during the
lithium insertion and extraction processes, favoring a higher
lithium activity of MnO phase. Moreover, the presence of
carbon coating also increases the electrical contact between
MnO nanoparticles, avoiding effectively the electrical isolation
of the MnO anodes.
Figure 8a and b shows the cyclic voltammetry (CV) curves
of porous Mn2O3 and MnO@C microspheres in the initial
three cycles, respectively. For the porous Mn2O3, two weak
cathodic peaks are observed at about 0.6 and 1.4 V during
the ﬁrst discharge process. But as to the porous MnO@C
microspheres, only one weak cathodic peak is observed at
1.4 V, and no peak at 0.6 V. Moreover, all the peaks
disappeared from the second discharge process. According
to the CV results and previous works [32,56], the peak at ca.
1.4 V can be ascribed to the generation of a solid electrolyte
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Figure 8 Cyclic voltammetry (CV) curves of porous (a) Mn2O3
and (b) MnO@C microspheres at the scanning rate of 0.1 mV s  1
in the range of 0.01–3.0 V.

interphase (SEI) layer including a variety of lithium salts
such as ROCO2Li, ROLi, LiF and Li2CO3 [7,51], while the
cathodic peak at ca. 0.6 V for the Mn2O3 sample (Figure 8a)
is related to the reduction of Mn3 + to Mn2 + [50,56]. The
main cathodic peaks of the Mn2O3 and MnO@C are both close
to 0.01 V, which corresponds to the complete reduction of
MnO to Mn0 accompanying with the formation of amorphous
Li2O [56]. In the ﬁrst charge process, a wide anodic peak at
ca. 1.4 V for both samples is attributed to the oxidation of
Mn0 to Mn2 + and the decomposition of Li2O [55,57]. After
the second cycle, the CV curves tend to overlap, suggesting
that these two electrodes exhibit a gradually enhanced
cycling stability for the insertion and extraction of lithium
ions. Similar phenomena have also been found in other
anode materials [40,49]. The cycling performances of the
porous Mn2O3 and MnO@C microspheres were evaluated by
the LAND CT2001A battery test system, Figure 9a. From the
cycling performance at the current density of 100 mA g  1, it
can be found that the reversible capacity of the MnO@C is
around 525 mAh g  1 after 100 cycles, and the columbic
efﬁciency quickly reaches 93% in the second cycle, even
remains more than 95% from three to 100 cycles. In
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porous MnO@C microspheres exhibited a higher reversible
capacity (525 mAh g  1) than porous Mn2O3 microspheres
(220 mAh g  1) after 100 cycles while the morphology and
porous structure of microspheres were maintained after
carbon coating (Figure 2b and c). It is believed that the
carbon layer can efﬁciently buffer the volume change
during the lithiation/delithiation process, and the carbon
layer coated on MnO surface is favorable to improve the
electrical conductivity among the MnO particles, ﬁnally
improving the cycling and rate performances.

Conclusions
In this work, we demonstrated a facile approach to fabricate
MnO@C porous microspheres with narrow size distribution
and good dispersity. As anode material for Li-ion battery,
these carbon nanocomposites exhibited superior cycling and
rate performances compared with porous Mn2O3 microspheres. The experimental results indicated that carbon
coating is an effective way to improve the electric conductivity of the transition metal oxides as well as acts as a
favorable buffer to the volume change during the lithiation/
delithiation, ﬁnally resulting in enhanced electrochemical
performances.
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