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ABSTRACT: Developing electrode materials with high rate
as well as prolonged cycle is particularly necessary for the ever-
growing market penetration of electric vehicles and hybrid
electric vehicle. Herein, we demonstrate a facile and efficient
strategy to synthesize MnO/C hybrid via freeze-drying
followed by thermal treatment in N2 atmosphere. The MnO
nanosheets are firmly anchored onto carbon layers to form
MnO/C hybrid. When used as an anode in lithium-ion
batteries, the typical MnO/C hybrid displays a high initial
Coulombic efficiency of 83.1% and delivers a high capacity of
1449.8 mAh g−1 after 100 cycles at 0.3 A g−1. Furthermore, the
typical MnO/C hybrid can still maintain significantly high
capacity of 1467.0 mAh g−1 after 2000 cycles at 5 A g−1, which may be the best performance reported so far for MnO-based
materials. The superior electrochemical performance of the MnO/C hybrid may be attributed to its unique microstructure
features such as effective conductive pathway of carbon sheets, firm connection between MnO and carbon sheets, and small-sized
MnO.
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1. INTRODUCTION

Low-dimensional nanostructured materials including nano-
particles (NPs), nanosheets (NSs) and nanowires have shown
a competitive superiority in lithium-ion batteries (LIBs).1−4 By
the merits of large surface area and miniscule atomic scale
thicknesses, two-dimensional (2D) NSs, such as graphene and
transitional metal oxides, have attracted tremendous attention
in the fundamental scientific areas and display a wide potential
for many technological applications because of their fascinating
mechanical, electrical, and optical properties.1,5,6 When used as
anode materials in LIBs, the unique structural and mechanical
strength could endow the sheet-structured materials with
excellent stability to alleviate the structure and volume changes
of the electrodes generated during the intercalation−dein-
tercalation process. Similar to NPs, NSs also can reduce the Li-
ion diffusion length and display large contact interface, thus
enhancing the reaction kinetics efficiently.1,2 Thus far,
considerable efforts have been made to design NS/NP-based
materials to obtain highly efficient lithium-storage materials.
For instance, Huang et al. synthesized BiOI nanosheets using
commercial BiI3 powder and demonstrated that the resultant
material displayed significant potential as high-energy anode
material for LIBs.2 Cheng et al. reported the synthesis of NiO
nanosheet/graphene composites by a hydrothermal reaction
and related electrochemical measurements demonstrated the
superior lithium-storage performance because of the synergistic
effect between NiO NSs and graphene.7 Lou’s group prepared

anatase TiO2/graphene hybrid NSs with the fast lithium storage
through a two-step method with the addition of organic
additive.8 The lithium diffusion was facilitated in TiO2 NSs with
(001) high energy faces, which leads to the excellent cyclic
capacity retention and superior high-rate performance. Peng et
al. prepared CuO NSs/graphene paper and investigated its
lithium-storage performance.9 As a binder-free anode material,
the as-formed composite can deliver a capacity of 736.8 mAh
g−1 after 50 cycles. Mitlin’s group created electrodes consisting
of MnO NPs anchored by graphene-like carbon sheets via
hydrothermal carbonizing and activation of carbon sheets along
with the deposition of MnO-precursor.10 The resultant material
exhibited good cyclic stability and high rate capacity.
Nowadays, the ever-growing market penetration of electric

vehicles and hybrid electric vehicle requires the improvement of
energy power, densities, and cycle endurance of electrode
materials in LIBs.11−15 As attractive candidate anode materials
for LIBs, MnO-based materials have received tremendous
research interest because of their appealing properties including
low conversion potential and voltage hysteresis (<0.8 V)
coupled with high theoretical capacity (756 mAh g−1).13−18

Besides, the natural abundance and the environmentally
friendly characterization also promote the development of
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MnO-based materials in LIBs. However, the inferior electrical
conductivity and the severe volume change during the cycling
process limit the enhancement of electrochemical performance
and prevent the subsequent widespread applications.19−21

Generally speaking, the former results in the poor rate
capability, whereas the latter often leads to the disintegration
of the electrode and subsequent electrical disconnection from
the current collector.22−24 Consequently, only if these two
aspects are fully taken into consideration, the outstanding
performance of MnO-based electrodes can be expected to be
achieved.
Herein, we demonstrate a facile strategy for anchoring MnO

NSs onto carbon sheets to form MnO/C hybrid via freeze-
drying followed by thermal treatment under a N2 atmosphere.
Compared to the previous methods on the synthesis of NSs-
based materials,25−27 the current approach avoids the usage of
templates, which is more efficient and time-saving. When used
as an anode in LIBs, the resultant MnO/C hybrid shows
distinct features: (1) an effective conductive pathway of carbon
sheets interconnecting active materials can significantly
improve charge transfer efficiency; (2) the firmly anchoring
of MnO NSs on carbon sheets can not only effectively prevent
the aggregation of MnO NSs, but also greatly alleviate the
formation of unstable solid electrolyte interphase (SEI) layer
upon repetitive volume changes and chemical interaction
between electrolyte and electrode; (3) small-sized MnO NSs
can efficiently mitigate the volume changes during discharge−
charge processes. In view of these advantages, the resultant
MnO/C hybrid displays high initial Coulombic efficiency, long-
term cyclability and excellent rate capability when served as an
anode material. Even at a high current density of 5 A g−1, a
capacity up to 1467.0 mA g−1 can still be achieved after 2000
cycles. Interesting, it was found that there exists a
reconstruction for the MnO NSs with the electrochemical
reaction. Specifically, the MnO NSs have transformed into
ultrafine MnO NPs after repeated discharge−charge processes,
which display better dispersion in the carbon sheets. These
MnO NPs can introduce more electrochemically active sites,
which also contribute greatly to the impressive electrochemical
performance of the MnO/C hybrid electrode. To the best of
our knowledge, this research may be represent the best
performance reported so far for MnO-based materials.

2. EXPERIMENTAL SECTION
Synthesis of MnO/C NSs. In a typical synthetic procedure, 0.3 g

of Mn(OAc)2·4H2O was dissolved into 15 mL of deionized water.
Then, 0.5 g of Pluronic F127 was added. The resultant mixture was
magnetically stirred to obtain a homogeneous solution. After 30 min,
the solution was treated with liquid nitrogen rapidly and further freeze-
dried for 24 h at −50 °C with a pressure of 20 Pa. Finally, the obtained
loose precursor was calcined at 700 °C for 3 h under N2 atmosphere
with a heating rate of 3 °C min−1 to yield the target product (the

typical MnO/C sample). For comparison, pure MnO and other MnO/
C hybrids with different carbon contents were prepared by adjusting
the usage of F127 (0.0, 0.3, 1.0, and 1.5 g) while keeping other
conditions constant, and pure carbon was prepared by directly
carbonizing freeze-dried F127.

Characterization. The field emission scanning electron micros-
copy (FE-SEM) was used to investigate the surface morphology by a
JEOL S-4800 SEM unit. The transmission electron microscopy
(TEM) and the energy-dispersive spectroscopic spectrum (EDS)
element mapping of the sample were recorded using a JEOL 2010F
microscope operated at 200 kV. The powder X-ray diffraction (XRD)
measurements were performed on a Bruker D8 X-ray power
diffractometer with the voltage of 40 kV and the current of 40 mA.
Moreover, the cycled electrode materials were characterized by XRD
and TEM techniques. Before testing, the electrodes obtained by
disassembling the cells were washed by dimethyl carbonate (DEC)
and then dried at the vacuum condition. Raman data were collected by
using an Invia Raman spectrometer (633 nm laser for excitation). X-
ray photoelectron spectra (XPS) were recorded by applying
ESCALAB 250 spectrometer (PerkinElmer) to characterize the surface
composition. The carbon contents of the as-resultant samples were
calculated by an elemental analyzer (Vario EI) and a thermogravi-
metric (TG) instrument (DTG-60AH, from 25 to 700 °C with a
heating rate of 10° min−1). The freeze-drying was completed by a
Freeze Drier (FD-1C-50).

Electrochemical Measurements. For the preparation of
electrode, the active material, sodium carboxymethyl cellulose binder
(CMC), conductive additive acetylene black were mixed with a weight
ratio of 8:1:1 and ball-milled for 30 min. The mixture was then further
milled into homogeneous slurry using deionized water as the solvent.
The as-formed slurry was casting onto Cu foil uniformly and dried in a
vacuum oven at 120 °C for 36 h. The mass loading of the active
material was around 1.12 mg. Lithium foil was used as both counter
electrode and reference electrode; a 1 M solution of LiPF6 in ethylene
carbonate (EC)/dimethyl carbonate (DMC)/diethyl carbonate
(DEC) (1:1:1, vol %) was served as an electrolyte. Coin-type cells
(CR2025) were assembled within an argon-filled glovebox. Before the
electrochemically measurement, the prepared cells were aged in the
glovebox for 24 h to make the electrode fully infiltrated by the
electrolyte. Cyclic voltammetry (CV) measurement was carried out on
a CHI-760E electrochemical workstation at a scanning rate of 0.1 mV
s−1 with a potential window between 0.01 and 3 V. The impendence
spectra were acquired by applying a sine wave with amplitude of 5 mV
over the frequency range from 100 kHz to 0.01 Hz. The capacity of
the MnO/C hybrid electrode is calculated on the basis of the total
mass of MnO and carbon.

3. RESULT AND DISCUSSION

The preparation process of the MnO/C hybrid is schematically
illustrated in Figure 1, which involves the freeze-drying, the
carbonization of Pluronic F127 and the in situ formation of
MnO NSs in N2 atmosphere. Briefly, a transparent solution is
first obtained after complete dissolution of Mn(OAc)2 in
deionized water. After the addition of Pluronic F127 into the
above solution, the as-formed viscous mixture was fully mixed
by violently stirring. During this process, the Mn(OAc)2

Figure 1. Schematic illustration of the fabrication process of the MnO/C hybrid.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b02171
ACS Appl. Mater. Interfaces 2015, 7, 12840−12849

12841

http://dx.doi.org/10.1021/acsami.5b02171


molecules may be well-dispersed among the assembled
Pluronic F127 molecules; the hydrogen bonds between
Pluronic F127 and the surrounding water molecules could be
beneficial for stabilizing the viscous solution. Then the as-
obtained homogeneous and transparent solution was immersed
into liquid nitrogen immediately and then treated with further
freeze-drying. Finally, the freeze-dried sample was calcined in a
continuous flux of N2. During this process, Pluronic F127 was
carbonized into carbon sheets along with the in situ
decomposition of Mn(OAc)2 into MnO phase. Here, it should
be noted that the sheet morphology of the resultant carbon
may result from the effective cross-linking effect among the
dispersed Pluronic F127 molecules under the driving force of
hydrogen bonding in water.28−31 The freeze-drying process
introduced in our experiments can prevent the reaggregation of
F127 micelles, and thus the cross-linked structure between
F127 monomers was maintained effectively, which may
contribute to the final sheet morphology (Figure S1,
Supporting Information). Then, the cross-linked F127 with
well-dispersed structure was in stiu carbonizated into carbon
sheets at a high temperature of 700 °C under a N2 atmosphere.
If the freeze-drying process was not used, the carbon obtained
directly from the carbonizing of F127 exhibits an irregular bulk
morphology with rare sheets (Figure S1, Supporting

Information). As for the formation of carbon-anchored MnO
nanosheets, the possible reason may be that the Mn-based salts
can be well-dispersed in the cross-linked F127 micelles during
the freeze-drying process, which will confine the decomposition
of Mn(OAc)2 to form MnO nanosheets. The carbon contents
of MnO/C hybrids obtained with 0.3, 0.5, 1.0, and 1.5 g of
Pluronic F127 determined from thermo-gravimetry (TG)
analysis (Figure S2, Supporting Information) are 15.1, 24.8,
38.2, and 50.0%, respectively. The resultant MnO/C-24.8%
sample was defined as the typical MnO/C hybrid and we use
this sample as an example to detailedly investigate its
composition and structure below.
The composition of the product was first characterized by X-

ray diffraction (XRD) and Raman spectroscopy. The typical
XRD pattern shown in Figure 2a suggests that the diffraction
peaks located at about 35.1, 40.5, 58.7, 70.3, and 73.8° can be
indexed as (111), (200), (220), (311), and (222) reflections of
cubic MnO (JCPDS No: 07−0230). No other diffraction peaks
belonging to impurities can be detected, indicating the effective
formation of pure MnO through the current method. Raman
spectroscopy further confirmed the formation of MnO and
carbon in the resultant sample (Figure 2b). Specifically, the
peak observed at 651.7 cm−1 can be ascribed to the Mn−O
vibration according to the literature.32 The other two obvious

Figure 2. (a) XRD pattern and (b) Raman spectrum of the typical MnO/C hybrid. (c) XANES spectra of the typical MnO/C hybrid and pure MnO.
(d−f) TEM images and (g) HRTEM image of the typical MnO/C hybrid. (h) STEM image and the element mapping images of Mn, O, and C. (i)
EDS spectrum of the typical MnO/C hybrid.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b02171
ACS Appl. Mater. Interfaces 2015, 7, 12840−12849

12842

http://dx.doi.org/10.1021/acsami.5b02171


peaks at 1321.5 and 1592.0 cm−1 can be ascribed to typical D
and G bands of carbon, respectively.33−36 Besides, to further
understand the interaction between MnO and carbon, we
applied the X-ray absorption near-edge structure (XANES)
spectrum to investigate the electronic structure of the typical
MnO/C hybrid (Figure 2c). Compared to that of pure MnO
sample, the Mn K-edge XANES spectrum of the typical MnO/
C hybrid exhibits a decreased peak intensity at the Mn site,
confirming the existence of interaction between the MnO and
carbon.24 This interaction will be beneficial for the well-
anchoring of MnO NSs on the carbon sheets, thus exerting
positive effect on its electrochemical performance.
The representative transmission electron microscopy (TEM)

image displayed in Figure 2d indicates that the typical hybrid
has sheet/sheet morphology and no single sheet was detected
beyond the carbon layers. However, from field-emission
scanning electron microscopy (FE-SEM) image (Figure S3,
Supporting Information), we only observed a general sheet
mophology of typical MnO/C hybrid. The magnified TEM
image indicates that the MnO NSs present circle-like shape
with an average diameter of about 20 nm. More importantly,
Figure 2e, f shows that the MnO NSs were firmly embedded in
the carbon sheets, which will be particularly beneficial for their
lithium storage performance. Specifically, the firm connection
between small-sized MnO and carbon sheet not only reduces
the migration and aggregation of MnO and maintains more
active sites,24,30 but also leads to good electrical connection
between them, both of which would have positive effects on
electrochemical performance of MnO/C hybrid.37 In addition,
the firm connection can also alleviate the volume change during
cycling and facilitate the stabilization of SEI film on the MnO
surface.13,17,35,37 In a word, the firm connection between MnO
and carbon layer will be beneficial for the related electro-
chemical performance. High-resolution transmission electron
microscopy (HRTEM) reveals the lattice fringe with
interplanar spacing of 0.26 nm, which can be assigned to the
(111) plane of cubic MnO phase (Figure 2g). Furthermore, the

EDS spectrum confirms the presence of Mn, O, and C
elements. Their scanning transmission electron microscopy
(STEM) images (Figure 2h) clearly show the distribution of
these three elements, which is in good agreement with the
result from the TEM images.
Additionally, X-ray photoelectron spectroscopy (XPS) was

further employed to give more insight into the chemical
composition of the as-synthesized typical MnO/C hybrid. As
shown in Figure 3a, in the survey spectrum, the detected peaks
of Mn 2p, Mn 3s, Mn 3p, O 1s, O KLL, and C 1s indicates the
presence of Mn, O, and C in the sample. The C 1s XPS
spectrum (Figure 3b) can be resolved into three peaks at ca.
284.6, 286.3, and 288.9 eV, which correspond to sp3C−sp3C,
C−O−C, and C−O, respectively.14,38 The Mn 2p high-
resolution spectrum (Figure 3c) shows two obvious signals at
ca. 641.8 and 653.8 eV with a spin-energy separation of 12.0 eV,
which can be attributed to the Mn 2p3/2 and Mn 2p1/2,
respectively, confirming the formation of MnO.14,39,40 The O
1s high-resolution spectrum shown in Figure 3c is fitted into
four peaks at ca. 529.7, 530.8, 532.3, and 535.7 eV,
corresponding to Mn−O, −OH, C−O−C, and C−O,
respectively.40 These results indicate the successful trans-
formation of Mn2+/F127 into MnO/C hybrid.
In view of superior structure feature, we tested the

electrochemical performance of the resultant MnO/C hybrids
in a half-cell configuration versus Li metal. The specific capacity
is calculated on the basis of the whole sample (MnO and C).
The cyclic voltammograms (CVs) of the typical MnO/C
electrode for the first three cycles are shown in Figure 4a. In the
first cycle, the reduction peak at ca. 0.10−0.20 V is observed,
corresponding to the complete reduction of Mn2+ to Mn0; the
peaks at 0.63 and 1.25 V can be assigned to the irreversible
reactions between Li and MnO accompanying with the
formation of SEI layer.17,18,41 From the second cycle, the
reduction peak at 0.10−0.20 V shifts to ca. 0.38 V, which can be
ascribed to the formation of Li2O and metallic Mn.14 In the
anodic process, an obvious peak at ca. 1.32 V is observed, which

Figure 3. (a) Survey XPS spectrum, (b) C 1s high-resolution spectrum, (c) Mn 2p high-resolution spectrum, and (d) O 1s high-resolution spectrum
of the typical MnO/C hybrid (the fitted curves are marked with color lines).
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should correspond to the oxidation of Mn0 to Mn2+. Both the
reduction and oxidation curves almost overlap with the
subsequent cycles from the second cycle, indicating excellent
electrochemical reversibility of the typical MnO/C electrode.
Galvanostatic measurements of the discharge−charge cycles are
performed on the typical MnO/C electrode at 0.3 A g−1, where
several representative cycles (first, second, 10th, 20th, 40th,
60th, 80th, and 100th) are displayed (Figure 4b). A long
voltage plateau at ca. 0.45 V in the discharge process and an
obvious plateau at 1.20−2.00 V in the charge process before 10
cycles are clearly observed, matching well with the CV analysis.
After 10 cycles, a charge slope at ca. 2.10 V oxidation curves
almost overlap with the subsequent cycles from the second
cycle, indicating along with a discharge slope at ca. 1.0 V appear
and gradually broaden, and meanwhile, the previous long
discharge plateau shifts to lower voltage (ca. 0.4 V), which are
consistent with those of manganese oxides with higher
oxidation states,14 indicating an ever-increasing capacity and
Li+ reactivity.14,42 XRD measurement was also used to

understand the transformation process of the typical MnO/C
electrode during the discharge−charge process. As shown in
Figure 4c, when the cell was discharged to 0.01 V after 10 and
50 cycles, respectively, the electrochemical reaction results in
the formation of metal Mn, whereas in the corresponding
charged state, the MnO phase can be regenerated after 10
cycles. However, the XRD analysis of the electrode after 50
cycles indicated the formation of pure Mn2O3, suggesting the
enhanced kinetics of conversion reactions upon cycling. This
result is in agreement with the galvanostatic analysis.
To further understand and confirm the electrochemical

mechanism of the MnO/C hybrid, we investigated the
electrode after different cycles at different states by TEM
measurements. As displayed in Figure 4d, e, the electrode after
10 cycles still shows a morphology similar to that of original
typical MnO/C hybrid. Its lattice spacings of 0.20, 0.22, and
0.31 nm in the HRTEM images further confirm the formation
of metal Mn and MnO complying with Mn2O3 at discharged
and charged states, respectively. However, after 50 cycles

Figure 4. (a) CV curves and (b) discharge/charge profiles of the typical MnO/C electrode. (c) XRD patterns and (d−g) TEM images along with
the corresponding HRTEM images of the typical MnO/C electrode after cycling. (d, e) represent the ones after 10 cycles at 0.01 and 3 V,
respectively; (f, g) represent the ones after 50 cycles at 0.01 and 3 V, respectively.) (h) Schematic illustration of discharge−charge mechanism for the
MnO/C electrode (the charged state is selected for the schematic picture).
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(Figure 4f, g), the electrode almost maintains the original
morphology of MnO/C. The products on carbon sheets
become larger and are composed of small NPs. HRTEM
images reveal well-dispersed nanocrystallites with the lattice
fringes of 0.22 and 0.25 nm for the electrode at discharged
state, complying with the value of 0.27 nm at the charged state,
suggesting the existence of Mn as a discharged product and
Mn2O3 as a charged product after 50 cycles. Such a uniform
distribution of NPs in the product is favorable for the
electrochemical activation of the materials, leading to its
enhanced electrochemical performance as an anode.43,44 The
corresponding electrochemical process can be clearly expressed
in Figure 4h.
Furthermore, we also investigated the effect of the carbon

content on the lithium storage of MnO/C hybrid. The MnO/C
hybrids obtained with 0.3, 0.5, 1.0, and 1.5 g of Pluronic F127
were successively denoted as MnO/C-15.1%, MnO/C-24.8%,
MnO/C-38.2%, MnO/C-50.0%. (The related characterization
for MnO/C-15.1%, MnO/C-38.2% and MnO/C-50.0% were
displayed in Figure S4, Supporting Information). Figure 5a
displays the cycling performance of MnO/C samples with
different carbon contents. It can be seen that the typical MnO/
C hybrid (MnO/C-24.8%) delivers a specific capacity as high as
1449.8 mAh g−1 after 100 cycles, which is far higher than
1080.6 mAh g−1 for MnO/C-38.2%, 792.9 mAh g−1 for MnO/
C-50.0%, and 749.6 mAh g−1 for MnO/C-15.1%. On the
contrary, bare MnO exhibits very poor lithium storage
performance and only 433.9 mAh g−1 of specific capacity can
be obtained. Similarly, pure carbon also displays a low
capacityer of ca. 220.1 mAh g−1 (Figure S5, Supporting
Information). Clearly, the MnO/C-24.8% hybrid shows the
best performance among all the samples, indicating the
important role of carbon content in improving the lithium

storage of MnO. Meanwhile, the initial Coulombic efficiency of
the MnO/C-24.8% sample is up to 83.1% and this value can
rapidly reach above 98.0% after the first two cycles, which is
significant for its practical application. The fact that the
reversible capacity increases with the proceeding of cycling may
result from the progressive formation of electrochemistry active
polymeric gel-like films, the interfacial Li storage, or the
generation of LiOH and its sunsquent reversible reation with Li
to form Li2O and LiH.13,17,45−47 The rate performance of the
samples was performed by the stepwise increase with each step
consisting of 10 discharge−charge cycles from 0.3 to 10 A g−1,
and then returning to 0.3 A g−1 (Figure 5b and Figure S5 in the
Supporting Information). The MnO/C-24.8% hybrid displays
the best performance and delivers final discharge capacities of
1123.7, 1098.2, 1032.2, 967.6, 928.1, 873.6, and 778.7 mAh g−1

at current densities of 0.3, 0.6, 0.9, 1.5, 3, 5, and 10 A g−1,
respectively. Figure S6 in the Supporting Information shows
the corresponding diacharge−charge profiles. When the current
density was brought back to 0.3 A g−1, the discharge capacity
reaches a value of 1165.4 mAh g−1 in spite of the cycling at high
current densities, which is close to the capacity of the first 10
cycles at this current density, indicating an outstanding rate
performance. This rate performance of the MnO/C-24.8%
hybrid is far better than those of previously reported high
efficient MnO-based materials (Figure 5c).14,16−18,37,42,45,47−,52

As well-known, the long-term performance and good capability
at high rates play a significant role in electric vehicle and hybrid
vehicle. Therefore, we also tested a long-term cycling
performance of the MnO/C-24.8% hybrid at a current density
of 5 A g−1 for 2000 cycles, and a reversible capacity as high as
1467.0 mAh g−1 can be retained after 2000 cycles. Obviously,
the capacity keeps relatively steady in the first 250 cycles and
subsequently, there is a gradual increase in the capacity in the

Figure 5. (a) Cycling performance of the MnO/C electrodes obtained with different carbon contents at 0.3 A g−1 along with the Coulombic
efficiency of typical MnO/C electrode. (b) Comparison of rate performance of the typical MnO/C electrode with control samples at various current
densities. (c) Rate capability comparison of this work with previously reported MnO-based anodes. (d) Cycling performance of the typical MnO/C
hybrid at 5 A g−1 for 2000 cycles.
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following cyles up to 1000 cycles. On the basis of the related
literatures,13,17,53−58 this phenomenon could be reasonably
explained by following several aspects. First, the progressive
formation of electrochemistry active gel-like film resulting from
the kinetically active electrolyte degradation, can prevent the
aggregation of active materials and alleviate the volumetric
variation on cycling.53−55 Second, more active materials in
carbon sheets may transform into small size nanograins upon
cycling, which can increase the specific surface to some extent,
thus leading to the enhancement of the interfacial Li storage
ability and the increase of capacity.13,17,53 Third, the presence of
Li2O formed during the electrochemical process can not only
effectively restrain the aggregation of active materials, leading to
the retaining of the surface area, but also enhance the capacity
related to the gel-like film.13,56,57 Additionally, Li2O can act as
an oxidant to make the metal valence transform into higher
states and thus there exists a dynamic enhanced process during
cycling, which can partially lead to the increase in the
capacity.56,57 Finally, the as-formed metal nanograins can
catalyze the formation and dissolution of the electrolyte,
enhancing the reversible ability of electrochemical reaction and
leading to more “extra capacities”.13,55,58 The cycling capacity
and stability of the MnO/C-24.8% (the typical MnO/C hybrid)
electrode were also far superior to those of the MnO-based
anodes in the literatures (Table S1, Supporting Information).
To further understand the effect of carbon compositing on

the resulted electrode, we performed electrochemical impe-
dance spectroscopy (EIS) measurement of the typical MnO/C

and bare MnO electrodes. Figure 6a shows Nyquist plots of the
typical MnO electrode after 10 and 100 cycles. The inset one in
the left part displays the equivalent circuit of the impedance
results. That in the right part displays the Nyquist plots of the
MnO electrode after different cycles. As can be seen, these
Nyquist plots have similar features. The high-frequency region
of the semicircle represents the SEI resistance (RSEI) and
contact resistance (Rf), and the high-medium frequency region
represents the charge transfer resistance (Rct) on the electrode/
electrolyte interface, whereas the parts after the semicircle at
low frequency correspond to diffusion barrier layer impedance
(ZT) and semi-infinite diffusion impedance (Zw), respec-
tively.59−62 From Figure 6a, it can be observed that the
semicircle diameter in the high-media-frequency region for the
typical MnO/C electrode after 100 cycles is significantly
smaller than that of the same electrode after 10 cycles,
suggesting a decreased cell impedance with ongoing cycling.
Furthermore, compared with that of the bare MnO (inset one),
the smaller impedance of the MnO/C electrode in the high-
media-frequency region after 100 cycles, illustrates its superior
rate performance as well as the important effect of carbon
incorporation on increasing the electrical conductivity and
reducing the charge-transfer impedance. This conclusion is in
well consistent with the fitted results based on the equivalent
circuit. According to the fitted results, the typical MnO/C gives
charge transfer resistances (Rct) of 140 and 13.3 Ω after 10 and
100 cycles, much smaller than those of the pure MnO (192.3
and 51.6 Ω), exhibiting a decreased charge transfer resistances

Figure 6. (a) Nyquist plots of the typical MnO/C hybrid and bare MnO (the right inset) after different cycles at 0.3 A g−1. The left inset is the
corresponding equivalent circuit model. TEM images of the MnO/C electrode: (b, c) after 100 cycles at 0.3 A g−1; (d, e) after 2000 cycles at 5 A g−1.
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after carbon hybridization. Besides, the SEI resistances (RSEI) of
the typical MnO/C electrode are calculated to be 9.5 and 9.4 Ω
after 10 and 100 cycles, respectively. Meanwhile, bare MnO
presents lower values of 27.2 and 19.3 Ω. The slighter change
in RSEI for the former implies that the typical MnO/C electrode
has a more stabilized SEI layer, which was believed to be
ascribed to carbon hybridization in the electrode.16,34,63

To disclose the morphology of typical MnO/C electrode
after cycling, we applied TEM analysis (Figure 6b−e). Both of
the electrode materials after 100 cycles with a discharged state
at 0.3 A g−1 and 2000 cycles at 5 A g−1 display similar
morphology, which almost preserved the overall shape.
However, the original sheet/sheet morphology was trans-
formed into ultrafine particles/C sheets. Even after 2000 cycles
at high current density (5 A g−1), small NPs can still
homogeneously disperse on the carbon matrix without obvious
aggregation, suggesting the excellent structural stability of the
current restructured electrode. HRTEM images indicate the
formation of Mn particles (lattice fringes with an interplanar
distance of 0.24 and 0.22 nm) during the lithiation process. The
homogeneous distribution of small NPs may make them
connect electrochemically with the carbon more closely and
benefit for the charge transfer; meanwhile, the smaller size of
the NPs will partially alleviate the volume changes and
significantly reduce the Li+ transport path, all of which
contributed to the final excellent electrochemical perform-
ance.13,14,20

On the basis of the above analysis, the excellent performance
of the current electrode material can be attributed to the
following several aspects. First, the presence of carbon can not
only enhance the electrode’s conductivity and stabilize the
stability of SEI film on the surface of electrode, but also relieve
the volume changes during the cycling effectively.34,63 Second,
the close connection between MnO and C can reduce the
aggregation of MnO NPs and generate more active sites.24,35

Third, MnO with small size will induce abundant active sites,
reduce the transfer path of Li+, and mitigate the pulverization of
the electrode material. All of these aspects contribute to the
long-term cycling ability and excellent rate capability of the
MnO/C hybrid.

4. CONCLUSION

In summary, a facile integration of carbon sheets with MnO
NSs was reported as an effective strategy to significantly
improve electrochemical performance of MnO. The as-formed
MnO/C hybrid presents excellent Li storage properties and
outstanding rate capability. On the one hand, the highly
electrical conductive carbon sheets can not only stabilize the
MnO NSs against self-agglomeration and provide a conductive
channel to improve the charge transfer efficiency but also
alleviate the formation of unstable SEI upon repetitive volume
changes during cycling. On the other hand, the carbon sheets
can effectively buffer the volume changes of MnO during the
electrochemical reaction process. The superior cyclability and
rate performance of the as-formed MnO/C hybrid can be
attributed to the synergistic effects of carbon component and
good reconstruction of the MnO NSs during cycling. The high-
rate and long-term cycling properties demonstrated that the
current material is highly promising in high-power LIBs.
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