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W
ith the rapid development of
portable electronic devices and
hybrid electric vehicles, recharge-

able lithium-ion batteries with high storage
capacity and cycling stability are consid-
ered to be the versatile, clean, and promis-
ing power source. However, owing to the
relatively low capacity of 370 mAh g�1,
high sensitivity to electrolyte, and poor
cycling stability and rate capability, the
commercial anode material of graphitic
carbon could not meet the high power
and energy density requirements of next-
generation lithium-ion batteries. Unlike
conventional graphite materials, transi-
tion metal oxides, as first reported by
Tarascon and co-workers,1,2 are based on
an unusual conversion reaction mechanism

and display extremely high reversible
capacities.
Among various transition metal oxides,

manganese oxides (MnO,3�20 MnO2,
21�26

Mn2O3,
27,28 andMn3O4

29�31) have attracted
considerable interests because of their
excellent electrochemical properties. In par-
ticular, MnO has a high theoretical capacity
(756 mAh g�1), a low operation potential
(1.032 V vs Li/Liþ), as well as its natural
abundance and environmental benignity,
which is a promising anode material for
lithium-ion batteries.11�14 Nevertheless,
the use of pure MnO is still hampered by
low rate capability arising from kinetic lim-
itations and rapid capacity fading resulting
from severe agglomeration and drastic vo-
lume change during the charge/discharge
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ABSTRACT Hollow porous micro/nanostructures with high surface

area and shell permeability have attracted tremendous attention.

Particularly, the synthesis and structural tailoring of diverse hollow

porous materials is regarded as a crucial step toward the realization of

high-performance electrode materials, which has several advantages

including a large contact area with electrolyte, a superior structural

stability, and a short transport path for Liþ ions. Meanwhile, owing to

the inexpensive, abundant, environmentally benign, and renewable

biological resources provided by nature, great efforts have been devoted

to understand and practice the biotemplating technology, which has

been considered as an effective strategy to achieve morphology-

controllable materials with structural specialty, complexity, and related unique properties. Herein, we are inspired by the natural microalgae with its special

features (easy availability, biological activity, and carbon sources) to develop a green and facile biotemplating method to fabricate monodisperse MnO/C

microspheres for lithium-ion batteries. Due to the unique hollow porous structure in which MnO nanoparticles were tightly embedded into a porous carbonmatrix

and form a penetrative shell, MnO/C microspheres exhibited high reversible specific capacity of 700 mAh g�1 at 0.1 A g�1, excellent cycling stability with 94%

capacity retention, and enhanced rate performance of 230 mAh g�1 at 3 A g�1. This green, sustainable, and economical strategy will extend the scope of

biotemplating synthesis for exploring other functional materials in various structure-dependent applications such as catalysis, gas sensing, and energy storage.

KEYWORDS: microalgae . biotemplate . MnO/C . hollow . porous structure . lithium-ion batteries

A
RTIC

LE



XIA ET AL. VOL. 7 ’ NO. 8 ’ 7083–7092 ’ 2013

www.acsnano.org

7084

process.3�10 To date, tremendous efforts have been
made to tackle the above problem. An effective strat-
egy is synthesizing nanosized particles to shorten the
diffusion length for electrons and lithium ions.5,8,9 The
second approach is constructing nanocomposites with
a carbonaceous matrix, which acts as both a volume
buffer and a conductive network to absorb the internal
stress and increase the electrical conductivity.3,4,7�9,13

The third strategy is fabricating hollow or porous
micro/nanostructures in the electrodematerials. These
hollow or porousmicro/nanostructures with cavity and
void space can enhance the capacity retention by
reversibly accommodating large volume changes.32,33

Therefore, if nanosized MnO particles could be as-
sembled or embedded into a conductive matrix and
form a hollow porous micro/nanostructure, it will be
one of the most effective approaches toward high-
performance MnO electrode materials.
There is no doubt that nature is the greatest teacher

in the world. It has already provided us one-, two-, and
three-dimensional elaborate architectures with multi-
ple sizes ranging fromnanoscale tomacroscale.34More
importantly, these biological resources are inexpen-
sive, abundant, and renewable. Therefore, scientists
and engineers are inspired by nature to develop
biotemplating techniques. So far, many classical ex-
amples have been well-established in oxides,35�41

carbides,42�48 metals,49�53 chalcogenides,54�56 even
ternary metal oxides,57�59 and phosphates60�63 with
various biotemplates. Particularly, our recent research
demonstrated that the rational utilization of biotem-
plating strategy can realize high performance of en-
ergy storage/conversion electrode materials.39,42,62

In the present study, we attempt to design and
fabricate a novelMnO/C compositewith hollowporous
microstructures via a facile biotemplating technique.
Compared to other artificial/biological templates, the
natural biological material of microalgae named Nan-

nochloropsis oculata (a sphere-shapedmicroalgae with
an average diameter of 2 μm, abbreviated asN. oculata;
see Supporting Information Figure S1a) used in this
work has three distinguishing features: (i) Easy avail-
ability.N. oculata cells have a fast growth rate. They can
double their biomass in less than 1 day. Additionally,
they are easy to cultivate and harvest. According to the
recent literature, a realistic value of microalgae bio-
mass production lies between 15 and 25 ton/ha/year.64

(ii) Biological activity. The cell wall of N. oculata is
mainly composed of polysaccharides. So N. oculata

cells could adsorb and take up metal ions via electro-
static interactions, which are different from artificial
templates.35,65 (iii) Carbon source. N. oculata cells
are able to accumulate large quantity of lipid inside
their cells, and they contain lots of carbohydrates.64

As a result, they could serve as a natural carbon
source for fabricating a hollow porous carbon matrix
(Figure S1b�d). Hence, we believe that the synthesis of

novel MnO/C electrode materials derived from N.

oculata cells will be a good example to achieve the
perfect combination of nature and technology.

RESULTS AND DISCUSSION

The main process of preparing hollow porous MnO/
Cmicrospheres is illustrated in Figure 1. First,N. oculata
cells were concentrated and purged of unwanted
materials before using. Subsequently, N. oculata cell
solution was added into the KMnO4/Na2SO4 precursor
solution. After the immersion process,N. oculata/MnO2

composites could be easily synthesized via the bio-
sorption and spontaneous redox deposition of metal
ions on the N. oculata surface. In order to ensure that
MnO nanoparticles could be strongly anchored into
composite microspheres, the polystyrene (PS) film
was coated on precursors. During the heat treat-
ment, the carbonaceous organic compounds arising
from N. oculata and PS could both decompose to
carbon, as well as form a reducing atmosphere to
transformMnO2 toMnO. Finally, theseMnO nanocryst-
als will be successfully embedded into porous carbo-
naceous matrices and constituted hollow MnO/C
microspheres.
The typical X-ray powder diffraction (XRD) patterns

of the N. oculata/MnO2 precursor and MnO/C compo-
sites are presented in Figure 2a. There are two obvious
diffraction peaks in the precursor. According to the
previous report,25 this pattern can be assigned to
MnO2 phase (JCPDS No. 42-1169). In this work, the
weak peak signals of N. oculata/MnO2 precursors can
be attributed to the following two reasons. On the one
hand, N. oculata/MnO2 precursors contain lots of
amorphous carbonaceous organic compounds. Thus
the background of the XRD pattern in the low degree
(2θ < 30�) is very high, which will cover some diffrac-
tion peaks of MnO2. On the other hand, N. oculata/
MnO2 precursors are in a poorly crystalline state since
the redox reaction occurs at room temperature
without further heat treatment. From the scanning
electron microscopy (SEM) images (Figure 2b,c), it
clearly depicts that N. oculata/MnO2 precursors are
well-dispersed microspheres with diameters ranging
from 1.5 to 2 μm, which perfectly replicate the mor-
phology and size of N. oculata cells. After an an-
nealing process in a flowing nitrogen atmosphere
at 500 �C for 4 h, all the diffraction peaks can be
indexed to cubicMnOwith an Fm3m (225) space group
(JCPDS No.07-0230) as shown Figure 2a. No other
impurities can be found. These results demonstrate
that the N. oculata/MnO2 precursor coated with PS
could transform successfully to MnO/C composites,
and the biotemplate of N. oculata has no effect on
the crystal structure of MnO. Interestingly, there is
no obvious morphology and size change in MnO/C
composites (Figure 2d,e). The spherical structure can
still be well kept. After a careful comparison, the hollow
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interior feature of MnO/C microspheres can be also
observed, which could be attributed to the pyrolysis
of the tender core of N. oculata during the heat
treatment.
X-ray photoelectron spectroscopy (XPS) measure-

ments were conducted to confirm the oxidation
states of Mn in N. oculata/MnO2 precursors and
MnO/C composite. As shown in the Mn 2p spectrum
of N. oculata/MnO2 precursors (Figure 3), the binding
energies of Mn 2p3/2 and Mn 2p1/2 are 642.1 and
653.9 eV, respectively, indicating 4þ oxidation state for
Mn.26 Meanwhile, the binding energies of Mn 2p3/2
and Mn 2p1/2 in MnO/C are 641.3 and 653.3 eV,
which are in good agreement with those reported
for MnO.11 Additionally, the quantitative XPS ana-
lyses also indicate that the atomic ratio of Mn to O

is approximately 0.5 in N. oculata/MnO2 precursors
and 1 in MnO/C composite, which are in good accor-
dance with the results of XRD (Figure 2a).
Transmission electron microscopy (TEM) examina-

tion exhibits the detailed microstructure of the MnO/C
sample. As shown in Figure 4a,b, MnO/C microspheres
have a uniform spherical morphology with a particle
size similar to that of SEM results (Figure 2d,e). A highly
porous framework is observed on the shell of MnO/C
microspheres (Figure 4c). The high-resolution TEM
(HRTEM) image taken from the outside edge of the
MnO/C sample (Figure 4d) clearly demonstrates that
this unique porous structure is composed of MnO
nanocrystals anchored into the amorphous carbon
matrix with the distinct fringe spacings of about
0.226 nm, corresponding to (200) planes of cubic

Figure 1. Schematic illustration of the fabrication process of hollow porous MnO/C microspheres.

Figure 2. (a) XRDpatterns of the as-prepared samples (the top isMnO/C sample; the bottom isN. oculata/MnO2 precursor). (b,
c) SEM images of N. oculata/MnO2 precursor. (d,e) SEM images of MnO/C microspheres.
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MnO. Moreover, in order to clarify the roles of PS, the
sample without coating PS was studied, as well. As
seen in Figure S2, abundant MnO2 nanocrystals are
attached to each other on the surface of the sample
without PS coating. Besides, there is no obvious carbon
layer on the surface, which is quite different from the
sample with PS coating. So it can be easily concluded
that PS coating layers, on the one hand, ensured the
phase transformation fromMnO2 toMnO. On the other
hand, PS coating layers also guarantee that MnO
nanoparticles could entirely embed into the carbon
matrix. From the above comparison, the MnO/C sam-
ple obviously will achieve better structural integrity
than the sample without PS coating.
In order to evaluate the actual carbon content and its

quality, thermal analysis and Raman spectroscopy
were both performed. The thermal decomposition
characteristic ofMnO/Cmicrosphereswas investigated

by thermogravimetric analysis and differential scan-
ning calorimetry (TGA-DSC) under oxygen atmosphere
(Figure 4e). A weight loss of 8.1% (W1) up to 150 �C is
due to the dissipation of absorbed water. Subse-
quently, there is a distinct weight loss (W2) of 12.3%
from 120 to 700 �C, which can be attributed to the
integrative effect of the weight loss (arising from the
combustion of carbon to CO2) and the weight gain
(arising from the oxidation of MnO). Meanwhile, two
obvious endothermic peaks can be found at 305
and 352 �C. Zaki et al. reported that MnO will trans-
form toMn2O3 after a heat treatment between 500 and
1050 �C in oxygen atmosphere.66 This oxygenation
process of MnO to Mn2O3 will cause about 11.28%
weight gain. Therefore, the actual amount of carbon
can be calculated from the 12.3% weight loss (W2)
plus the 11.28% weight gain of the oxidation of
MnO. Consequently, the carbon content of MnO/C

Figure 3. Mn 2p XPS spectra of N. oculata/MnO2 precursors (a) and MnO/C composite (b).

Figure 4. (a,b) TEM images of MnO/C microspheres. (c) High-magnification TEM image taken from the edge of an individual
MnO/Cmicrosphere. (d) Typical HRTEM image ofMnO/Cmicrospheres. (e) TGA-DSC curves ofMnO/Cmicrospheres. (f) Raman
spectrum of MnO/C microspheres.
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microspheres is about 23.6%. In the Raman spectrum
(Figure 4f), a small peak observed at 630 cm�1 belongs
to Mn3O4 rather than MnO. Mai et al. found that MnO
will easily transforms to Mn3O4 because of the local
heating effect and photochemically induced transfor-
mations under beam irradiation.20 Two obvious peaks
around 1341 and 1586 cm�1 are related to the A1g

vibrationmode of the disordered carbon (D-bond) and
the E2g vibrationmode of the ordered graphitic carbon
(G-bond), respectively.9 A small ID/IG intensity ratio of
0.94 indicates a high ordering degree of carbon in the
sample, which is favorable to enhance the electrical
conductivity and keep the structural integrity of MnO/
C during charge�discharge processes.3,39,62

To further verify the porous hollow structure and the
composition of MnO/C microspheres, cross section
scanning transmission electron microscopy (STEM)
images and line-scan elemental mapping are supplied.
Figure 5a vividly presents the hollow nature of MnO/C
mircospheres. Combined with the intensity profiles of
elementals along the red straight line, each element
signal (Figure 5d�i) exhibits the similar tendency,
which is coincident with the STEM image and further

indicates the hollow structure in the MnO/C micro-
sphere. Additionally, the detailed elemental compo-
sitions were examined using energy-dispersive spec-
troscopy (EDS) (Figure S3). The main elements are C,
Mn, and O. Trace elements of Mg, Ca, and K can also be
detected; however, the contents are extremely low,
which can almost be ignored. Hereby, these trace
elements from N. oculata only have no effect on the
composition of the MnO/C sample. Moreover, the
porous texture of the MnO/C sample with a wide pore
size distribution in the range of 10�100 nm can be
identified clearly in Figure 5b. Such highly porous
structure could be derived from the decomposition
of carbonaceous organics (lipid in core and polysac-
charides in cell wall) in N. oculata cells and PS coating
layers during the carbonization process. The Bru-
nauer�Emmett�Teller (BET) specific surface area and
porosity were studied by nitrogen adsorption�desorp-
tion analysis (Figure 5c). The BET specific surface area of
N. oculata-templated MnO/C microspheres is mea-
sured to be about 76.9 m2 g�1, which is higher than
that of previously reported MnO-based electrodes
(Table S1). The Barrett�Joyner�Halenda (BJH) pore

Figure 5. (a) Cross section STEM image of MnO/C microspheres. (b) High-magnification STEM image of the surface of
MnO/C microspheres. (c) Pore size distribution curve calculated from the adsorption branch by the BJH model. The
inset is the nitrogen adsorption�desorption isotherm loop. (d�i) Corresponding results of line-scan STEM-EDS
analysis.
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size distribution calculated from adsorption branches
demonstrates the presence of bimodal porosity: 11 nm
mesopores (2�50 nm) may be derived from the inter-
leaved carbonmatrix, and 87 nmmacropores (>50 nm)
might be arising from the interspace voids of the
carbon matrix. These results are consistent with the
STEM result in Figure 5b. Such porous structure can
facilitate good contact of the internal active materials
with electrolyte, leading to a fast transportation of Liþ

ions.10,11 Meanwhile, the high specific surface area and
porosity also are able to favorably alleviate the volume
variation during the Liþ insertion/extraction, resulting
in a relatively high reversible capacity and excellent
cycling performance.14�17

The electrochemical performance of MnO/C micro-
spheres was evaluated by assembling CR2025 coin-
type cells. The specific capacity is calculated by deduct-
ing the carbon content in this work. In Figure 6a, one
pair of distinct redox peaks can be clearly identified
from the cyclic voltammogram (CV) curves. The sharp
reduction peak close to 0.1 V in the first cathodic sweep
agrees well with the reduction of Mn2þ to Mn0 and the
formation of solid electrolyte interface (SEI) layers.7

Then, it shifts to 0.3 V from the second cycle onward,
suggesting an irreversible phase transformation due
to the formation of Li2O and metallic manganese.4,5,11

A wide oxidation peak around 1.3 V appears in the
anodic sweep, which can be attributed to the oxidation

of Mn0 to Mn2þ.7,8 The profiles of CV curves in the
subsequent cycles are overlapped well, demonstrating
the good reversibility of the electrochemical reaction.
The charge�discharge profiles of theMnO/C sample

at a current density of 0.1 A g�1 between 0.05 and 3 V
are displayed in Figure 6b. Two distinct long voltage
plateaus at around 0.5 and 1.2 V can be observed
clearly during the discharge/charge process, matching
well with the above CV analysis. The first discharge and
charge capacities of the MnO/C sample are 1021.9 and
755.6 mAh g�1, respectively. The large capacity loss in
the first cycle is mainly attributed to the irreversible
processes such as electrolyte decomposition and in-
evitable formation of the SEI layer.3�7,9 However, from
the second cycle onward, the MnO/C electrode
shows the fascinating cycling stability (Figure 6c). The
Coulombic efficiency steadily reaches around 99%
accompanied by the cycle number increasing. At the
end of the 50th cycle, a reversible capacity as high as
702.2 mAh g�1 can still be retained. Moreover, when
the current density is increased from 0.1 to 3 A g�1, the
discharge and charge capacities remain stable and
decrease regularly with an enhanced rate (Figure 6d).
The corresponding reversible capacities at 0.1, 0.2,
0.5, 1, and 3 A g�1 are 741.8, 611.4, 452.6, 262.4, and
234.7 mAh g�1, respectively. It is noticed that the
capacities at higher currents faded rapidly, and the sep-
arations between the discharge plateaus and charge

Figure 6. (a) CV curves at a scan rate of 0.1mV s�1. (b) Charge�discharge profiles ofMnO/C electrodes at different cycles with
a current density of 0.1 A g�1. (c) Cycling performance and Coulombic efficiency at a 0.1 A g�1 current density. (d) Rate
performances of MnO/C electrodes.
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plateaus were enlarged gradually in Figure S4. How-
ever, a satisfactory reversible capacity of 705 mAh g�1

still could be restored after another 60 cycles upon
reducing the rate to 0.1 A g�1. This phenomenon is
mainly due to the kinetic-limited effects of the electro-
chemical conversion reaction in nature, rendering a
higher overpotential and a lower capacity at a higher
current. To further compare the electrochemical per-
formance of various MnO-based anodes, we summa-
rized the detailed information in Table S2. Apparently,
in comparison to the previous literature,3�20 our sam-
ple exhibits the remarkable specific capacity, the out-
standing cycling stability, and excellent rate perfor-
mance, which can be attributed to its unique hollow
porous structure.
The direct evidence of the structural stability of

the MnO/C electrode was revealed by TEM. Figure 7a
clearly exhibits the TEM image of the MnO/C electrode

charged to 3 V after 50 charge/discharge cycles. These
hollow porous MnO/C microspheres could maintain
their original morphology. From the HRTEM image
(Figure 7b), there is an amorphous layer on the surface
of the MnO/C sample, which can be identified as the
stable SEI layer. Meanwhile, lots of crystalline domains
are well anchored in the carbon matrix. The fringe
spacing values of these domains are about 0.22 nm,
corresponding to (200) planes of MnO. No pulveriza-
tion or size variation can be found in the MnO/C
microspheres after repeated cycling, indicating that
the hollow porous structure and carbon matrix
can effectively accommodate the strain and stress of
volume change and prevent the detachment and
agglomeration of MnO during charge/discharge pro-
cesses, which consequently enhances the cyclic stabi-
lity and rate capability.
Figure 8 shows the Nyquist plots of the MnO/C

electrode after 3 and 50 cycles. The electrochemical
impedance spectroscopy (EIS) can be explained on the
basis of an equivalent circuit model, as indicated in
Figure 8. The intercept of the high-frequency semicir-
cle on the Z0 axis can be attributed to the resistance of
electrolyte (Rs). The high-frequency semicircle corre-
sponds to the SEI layer resistance (Rf) and capacitance
(CPE1). The middle-frequency semicircle is associated
with the charge transfer resistance (Rct) and the double-
layer capacitance (CPE2). The slope line at low fre-
quency is related to theWarburg impedance (Zw) of the
lithium-ion diffusion. Generally, the large changes
in Rf mean that the SEI layer is subjected to signifi-
cant microstructural changes caused by the aggre-
gation and pulverization of active materials upon
repeated cycling.19 In this work, a slight change in
Rf implies that the MnO/C electrode has a stabilized
SEI layer, as shown in Table 1. In addition, the obvious
decrease of Rct upon cycling would be ascribed to the
hollow porous structure and the carbon matrix in the
MnO/C electrode. The decreased Rct allows better
contact between the active material and electrolyte,
achieves a high reaction area, and reduces the charge
transfer resistance.62

SUMMARY AND CONCLUSIONS

In summary, we have successfully demonstrated a
green and facile biotemplating method to fabricate
MnO/C microspheres. The live N. oculata cells used
in this work played multiple roles, which acted as

Figure 7. (a,b) TEM and HRTEM images of MnO/C micro-
spheres charged to 3 V after 50 cycles at a 0.1 A g�1 current
density.

Figure 8. Nyquist plots and corresponding simulation re-
sults of MnO/C electrodes at 3.0 V (vs Liþ/Li). The inset is the
equivalent circuit for plot fitting.

TABLE 1. Kinetic Parameters of N. oculata-Templated MnO/C Electrode

CPE1 CPE2

sample Rs (Ω/cm2) Rf (Ω/cm2) Y n Rct (Ω/cm2) Y n

after 3 cycles 5.9 45.6 6.3 � 10�5 0.58 128.5 7.6 � 10�4 0.70
after 50 cycles 4.5 44.6 2.2 � 10�5 0.67 51.4 8.1 � 10�4 0.73
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low-cost biotemplates to adsorb and take up metal
ions via biosorption and acted as sustainable carbon
sources to construct porous carbon matrices by the
decomposition of carbonaceous organics. Owing to
the unique hollow porous structure, MnO/C micro-
spheres displayed superior electrochemical perfor-
mances. The free volume in the hollow interior and
the porosity in the shell could favorably accommodate
the volume changes in electrochemical reactions and
improve the accessibility of MnO hosts to lithium ions.
The porous carbon matrix not only is effective in

enhancing the electrical connectivity between MnO
nanoparticles but also acts as an elastic barrier to buffer
the stress of volume excursions and keep the structural
integrity of MnO/Cmicrospheres. The remarkable elec-
trochemical performance suggests that this unique
hierarchical hollow porous MnO/C could be a promis-
ing anode material for advanced lithium-ion batteries.
We believe that this green, facile, and economical
method will extend the scope of biotemplated synthe-
sis to other materials for various applications such as
catalysis, photonics, and gas sensing.

METHODS

Microalgae Culture. Nannochloropsis oculata cells (N. oculata)
were originally obtained from Marine Biological Culture Collec-
tion Centre (China) and screened for its potential ability of
growth at Zhejiang University of Technology (China). N. oculata
cells were grown in the modified f/2 medium (a common and
widely used general enriched seawater medium, for which the
concentration of the original formulation, termed “f medium”
(Guillard and Ryther 1962), has been reduced by half) in artificial
seawater at room temperature (25( 1 �C) with a light intensity
of 300 μmolm�2 s�1. TheN. oculata cells were collected after 15
days. The composition of artificial seawater (per liter) is as
follows: 0.225 g of NaNO3, 0.045 g of NaH2PO4 3H2O, 0.02 g of
Na2SiO3 3 9H2O, 3.16mg of FeCl3 3 6H2O, 0.18mg ofMnCl2 3 4H2O,
0.023 mg of ZnSO4 3 7H2O, 4.36 mg of Na2 3 EDTA, 0.01 mg
of CuSO4 3 5H2O, 0.012 mg of CoCl2 3 6H2O, 0.07 mg of Na2-
MoO4 3 2H2O, 1 μg of vitamin B1, 1 μg of vitamin B12, and
0.5 μg of biotin.

Synthesis of Hollow Porous MnO/C Microspheres. First, N. oculata
cells were concentrated and washed three times in deionized
water to remove the unwanted materials. Then, 3.951 g of
KMnO4 (0.025 mol) and 3.551 g of Na2SO4 (0.025 mol) were
dissolved into 100 mL of deionized water and formed a
precursor solution for the coating process. Subsequently,
150 mL of concentrated N. oculata cells solution was added
into the above precursor solution and immersed for 1 h at room
temperature. After being immersed, the dark brown precipi-
tates were filtered and washed and dried at 60 �C for 12 h in air.
In order to obtainMnO/Cmicrospheres, 0.2 g of the as-prepared
precursor sample was placed inside an alumina boat, and 2 mL
of 20 wt % of polystyrene (PS) suspended in dimethylforma-
mide (DMF) was dropped onto the as-prepared precursor
sample. Finally, the sample was calcined in a tube furnace at
500 �C for 4 h under a flowing nitrogen atmosphere.

Material Characterization. The phase purity and crystalline
structure of the sample were collected using powder XRD
(X'Pert Pro diffractometer, Cu KR, λ = 1.5418 Å). X-ray photo-
electron spectroscopy (XPS) analysis was conducted using an
Al KR (1486.6 eV) monochromatic X-ray source (Axis Ultra
DLD, Kratos). The thermal analysis was determined by SDT
Q600 (TA Instruments, U.S.A) under oxygen atmosphere at a
heating rate of 10 �C min�1 from room temperature to 800 �C.
Scanning electron microscopy (SEM, Hitachi S-4700) and trans-
mission electronmicroscopy (TEM, FEI, Tecnai G2 F30) equipped
with an energy-dispersive spectroscopy (EDS) detector were
used to investigate the microstructure of the sample and
analyze its elements. The cross section scanning transmission
electron microscopy (STEM) specimens were prepared by sli-
cing the particles embedded in epoxy resinwith a Reichert-Jung
Ultracut E Ultramicrotome. The Raman spectrum was per-
formed on a Renishaw InVia Raman spectrometer under a
backscattering geometry (λ = 532 nm). Nitrogen adsorp-
tion�desorptionwas determined by Brunauer�Emmett�Teller
(BET) tests using an ASAP 2020 (Micromeritics Instruments).

Electrochemical Measurements. The electrochemical perfor-
mance of MnO/C microspheres was evaluated using CR2025

coin-type cells assembled in a glovebox under argon atmo-
sphere. The working electrode was fabricated by mixing the
active material (MnO/C), acetylene black, and polyvinylidene
fluoride (PVDF) binder in the weight ratio of 7:2:1. The loading
mass of each cathode is about 3mg (2�3mg cm�2). The lithium
foil was used as both counter electrode and reference electrode.
A 1 M solution of LiPF6 in ethylene carbonate and dimethyl
carbonate (1:1 in volume) was used as the electrolyte with a
Celgard membrane as the separator. The charge�discharge
tests were performed on a Neware battery test system with
galvanostatic in the voltage range of 0.05�3.0 V at room
temperature. Cyclic voltammograms (CV) tests were per-
formed by a CHI650B electrochemical workstation (Chenhua,
Shanghai, China) in the voltage range of 0.05�3.0 V at a scan
rate of 0.1 mV s�1. Electrochemical impedance spectroscopy
(EIS) measurements were tested with the frequency ranging
from 0.1 to 106 Hz at room temperature by Zahner Zennium
electrochemical workstation.
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