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ABSTRACT: Interdispersed MnO nanoparticles that are
anchored and encapsulated in a three-dimensional (3D)
porous carbon framework (MnO@CF) have been constructed,
which display nanosphere architecture with rich porosity,
well-defined carbon framework configuration, and excellent
structure stability. When evaluated as an anode material,
the MnO@CF exhibits relatively high specific capacity of
939 mA h g at current rate of 0.2 A g~ over 200 cycles and
excellent rate capability of 560.2 mA h g™" at 4 A g™'. By virtue

of its mechanical stability and desirable ionic/electronic conductivity, the specific design can be a promising approach to fabricate

high-performance lithium-ion batteries.
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1. INTRODUCTION

There has been an increasing demand for long-term and
high-performance rechargeable lithium-ion batteries (LIBs) for
a wide range of applications from portable electronic devices
to large-scale renewable energy power stations." ™ Graphite,
with low cost, good cyclic stability, and low electrochemical
potential, has been the most commonly used anode material for
today’s LIBs. However, the limited reversible intercalation
capacity (with a theoretical capacity of 372 mA h g™') and
poor rate performance have hindered its application for high-
performance LIBs.” As a promising alternative to carbon-based
anode, transition metal oxides (TMOs, M = Mn, Co, Fe) have
been extensively investigated since the much higher reversible
specific capacity could be achieved by their conversion reaction
Li-storage mechanism.® Among various TMOs investigated for
LIBs, MnO has attracted tremendous attention from researchers
worldwide, owing to it being environmentally benign and the
abundance of Mn,>'® as well as its relatively low conversion
potential and voltage hysteresis in comparison with other
TMOs."'~'* In most cases, however, the application of MnO to
practical LIBs is still largely hampered by their serious capacity
fading upon cycling and/or poor rate capability, mainly ascribing
to the large volume changes and/or ;)oor electronic conductivity
during Li-ion insertion/extraction."> "’

Current techniques to overcome these issues were particle
down-sizing and surface carbon-incorporating to fabricate
MnO/C nanocomposites,'> > which could improve the con-
ductivity of Li-ions/electrons and accommodate the volumetric
stress to enhance their electrochemical performance. However,
the rate performance enhancement of such electrode materials
is still limited, as the availability or percolation of the surface
electronical conducting phase and/or the electrolyte become
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increasingly insufficient with the enhancing rate. Therefore,
it still remains a great challenge to maintain and/or improve
the electronic conductivity of MnO electrodes over continuous
discharge/charge cycles.

Very recently, considerable interest has been focused on
introducing a conductive network (such as carbon nanotubes*'~**
and graphene®***) into electrode materials, which is a promising
strategy to improve the electronic/ionic conductivity and the
structural stability while enabling a high rate capability and
excellent cyclability. For instance, Maier and co-workers
introduced 3D conducting networks into electrode materials
to shorten the electronic paths that exhibit significant enhance-
ment of the rate performances.’®>” However, it is still a
challenge to restrain the severe volume expansion and aggrega-
tion during the cycling processes. Therefore, one promising
design to further improve or optimize the electrochemical
performance is to encapsulate and anchor the MnO nano-
particles in a 3D hierarchical conductive framework, in which
both the surface conductive shell and interconnected conductive
network are simultaneously constructed to effectively enhance
the availability/penetrability of the conducting phase and the
diffusion kinetics of ions/electrons.

In this study, interdispersed MnO nanoparticles that are
encapsulated in three-dimensional (3D) porous carbon frame-
work (MnO@CF) were synthesized, as illustrated in Figure 1.
The 3D carbon framework with a dense network of pores
serves as “electronic wire”, which provides abundant diffusion
pathways to favor fast transportation of Li-ions and electrons
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Figure 1. Schematic illustration for the synthesis of MnO@CEF.

during electrochemical process. Moreover, the 3D carbon
framework with structure stability could eflicaciously accom-
modate the volume changes by providing bounteously elastic
buffer space. Owing to the superior structural advantages, the
resulting composite as a LIB anode exhibited a relative high
reversible capacity, impressive rate capability, and significantly
improved cycling performance in comparison with the
traditional TMOs electrode.

2. EXPERIMENTAL SECTION

2.1. Synthesis of MnO@CF. Amounts of 1.5 g of MnSO,-H,0
and 2 g of polyvinylpyrrolidone (PVP, M,, ~ 1300 000) are dissolved
into 200 mL of deionized water under stirring. Then, the NH,HCO;
solution with 7.9 g of NH,HCO;, 100 mL of deionized water, and
20 mL of ethanol is added to the mixed solution with vigorous stirring.
The mixture is kept under stirring for 1 h. After adding 3 g of PVP into
the solution, it is kept stirring for another 1 h. The MnCO;@PVP
nanospheres are obtained by suction filtration. The synthesized products
are dried at 80 °C. Finally, the MnO@CF is obtained by heating at
700 °C for 2 h with a heating rate of 3 °C min™".

2.2. Surface and Structural Characterization. Powder X-ray
diffraction data are collected on a Rigaku D/Max-2400 diffractometer
with Cu Ka radiation. Scanning electron microscopy (SEM, Hitachi
S-4800), transmission electron microscopy (TEM, JEM-2100F), and
high-resolution transmission electron microscopy (HR-TEM, FE
Tecnai G2 F20) are used to investigate the morphnology and micro-
structure of the sample. The specific surface area is determined
by nitrogen adsorption—desorption at 77 K using a Quantachrome
Autosorb-1C-VP analyzer. Thermogravimetric analysis (TGA) is
performed on a NETZSCH STA 449C thermal analyzer under air
atmosphere at a heating rate of 10 °C min™". The carbon and nitrogen
contents are measured by using a Vario EL cube organic element
analyzer. The Raman spectra are acquired on a labRAM ARAMIS laser
Raman spectroscopy under a backscattering geometry (4 = 532 nm).
X-ray photoelectron spectra (XPS) are recorded on a Thermo VG
ESCALAB250 X-ray photoelectron spectrometer.

2.3. Electrochemical Characterization. The electrochemical
experiments are performed using Coin-type cells (CR 2032) with
lithium foil as the anode. The working electrode is fabricated with 80%
MnO@CF, 10% acetylene black and 10% PVDF binder with active
material loading of around 2.5 mg cm™>. Cell are assembled in an argon
filled glovebox with an electrolyte of 1 mol L' LiPF, in ethylene
carbonate/dimethyl carbonate (EC/DMC = 1:1, volume ratio) solution
and a separator of Celgard 2400. Electrochemical data are collected
using NWEARE BTS-610 test system within the potential range of
0.01-3.0 V (vs Li*/Li). A CHI 660D electrochemical workstation
is employed for cyclic voltammograms (CV) tests at a scan rate of
0.1 mV s! between 0.01 and 3.0 V vs Li*/Li. Electrochemical
impedance spectra (EIS) are recorded on a Zahner IM6e electro-
chemical workstation at room temperature, in the frequency range from
10 MHz to 10 mHz.

3. RESULTS AND DISCUSSION

3.1. Structural Characteristics of MNO@CF. The fabrica-
tion process of MnO@CEF is displayed in Figure 1. Manganese
sulfate, ammonium bicarbonate, and PVP react in solution to

produce the MnCO;/PVP nanosphere precursors with a
diameter of ~800 nm (Figure S1, Supporting Information).
During the heat treatment in a N, atmosphere, the MnCOj;
transforms to MnO nanoparticles, while PVP could decompose
into the 3D porous carbon framework. Finally, the MnO@CF
that MnO nanoparticles interdispersed in the carbon frame-
work are successfully obtained. The XRD pattern of the
product in Figure S2 shows that the peaks could be readily
indexed to a well-crystallized cubic phase of MnO (JCPDS card
no. 07-0230). The broad, low intensity diffraction peak in the
range of 15—30° is likely associated with the presence of
carbon. From the SEM images (Figure 2a,b), the well-dispersed
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Figure 2. (a,b) SEM images, (c) TEM image, and (d) HR-TEM image
of the MnO@CF.

spherical structure is preserved after heat treatment, and shows
no obvious morphology change comparing to MnCO,/PVP
precursor. As shown in the TEM image (Figure 2c), MnO@CF
nanospheres have a uniform spherical morphology with a particle
size similar to that of SEM results. It clearly depicts that the
MnO@CF nanosphere is composed of MnO primary nano-
crystals of ~50 nm. Interestingly, after a careful observation, the
external porous feature of MnO@CF nanospheres can be also
found, which could be attributed to the pyrolysis of the MnCOj,
and PVP during the heat treatment. The HR-TEM image in
Figure 2d reveals that the nanospheres are coated by an external
carbon sheath with a thickness around 4—7 nm. It demonstrates
a core—shell nanoarchitecture where MnO nanocrystals are
interdispersed and encapsulated in the carbon sheath. In
addition, it has been reported that the core—shell composites
with thin carbon layers (<3 nm) or thick carbon shell (>8 nm)
are usually unfavorable to deliver an optimal capacity and cycle
stability.'*?*** For the MnO@CEF, the covered carbon with
4—7 nm thickness may be suitable to restrain the large volume
stress and achieve an optimal electrochemical performance.
The Brunauer—Emmett—Teller (BET) specific surface area
and porosity property of the MnO@CF are studied by nitrogen
adsorption—desorption analysis (Figure S3a). The BET specific
surface area is measured to be about 57.3 m* ¢! with a pore
volume of 0.35 cm® g™". The pore size distribution plot of the

dx.doi.org/10.1021/am5027055 | ACS Appl. Mater. Interfaces 2014, 6, 12713-12718



ACS Applied Materials & Interfaces

Research Article

inset in Figure S3a demonstrates the presence of bimodal porosity:
mesopores and macropores. Such porous structure is helpful for
the good contact of MnO with electrolyte, and enhancement of
diffusion kinetics in the solid state.”**° Thermogravimetric analysis
(TGA) is carried out in air to determine the carbon content. In
Figure S3b, a weight loss of 10.4% between 100 and 700 °C can
be detected, which is attributed to the integrative effect of the
weight loss (combustion of carbon to CO,) and the weight gain
(oxidation of MnO). Based on the theoretical value (11.3%) of
the weight increase from MnO to Mn,0Oj, the carbon content in
the MnO@CEF is evaluated to be about 23.7 wt %.

For comparison, MnO nanospheres with carbon coated only
on the surface (S-MnO@C) are synthesized and the morpho-
logy and structure are investigated (Figure S4). Comparing
with MnO@CF, S-MnO@C shows worse dispersibility and
lower specific surface area (13.9 m* g!). In addition, the pore
size distribution of S-MnO@C indicates only mesopores formed
in the sample.

To investigate the carbon framework, MnO is removed from
the MnO@CF using concentrated hydrochloric acid. After
corrosion, SEM images (Figure SSa and b) show that the
spherical structure is well kept with abundant interspace. The
XRD pattern (Figure S5¢) demonstrates that MnO is removed
and the residual was carbon material. The TEM image after MnO
removal is shown in Figure 3a. It is clear that many obvious bright
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Figure 3. (a) Morphonology images; the inset is a HR-TEM image of
carbon. (b) Schematic representation of the MnO@CF nanospheres
before and after MnO removal. (c) Raman spectrum and (d) N Is
XPS spectra of the carbon framework.

regions appear in the sphere, revealing an underlying hierarchical
porous structure which is consistent with the SEM result in
Figure SS. From Figure 3a, it is demonstrated that MnO nano-
particles are interdispersed and encapsulated in the 3D porous

carbon framework, as represented schematically in Figure 3b.
Moreover, the BET measurement (Figure S5d) confirms that the
surface area after MnO removal is 3 times higher than the
originals (171.2 and 5§7.3 m* g™, respectively), further implying
the material changes and the hierarchical porous structure of
the 3D carbon framework. Interestingly, the carbon matrix as
revealed in Figure 3a (inset) demonstrates that the carbon
framework is not absolutely amorphous but partically graphitized
because of the clear lattice image, which is quite similar to that
in our previous report.” The graphitic crystalline structure is
further proved by the Raman spectrum (Figure 3c). The ratio
(R = Ig/Ip) of the intensity of the G-band to the intensity of the
D-band is estimated to be 1.29, indicating a relatively high degree
of graphitic crystalline structure.*’ The graphite-like carbon
framework not only could offer the good electrical conductivity,
but also keep the structural integrity of the MnO@CF upon
repeated cycling. Due to the N-containing carbon source of PVP,
the composition of carbon framework is investigated by XPS.
A pronounced N 1s peak is observed clearly for the carbon
framework (Figure S6), which confirms the successful incorpo-
ration of N atoms into the carbon structure. In Figure 3d, three
centered components resolved from the N 1s peak at ~398.6,
~400.3, and ~401.4 eV, representing pyridinic (N1), pyrrolic
(N2), and graphitic (N3) type of N atoms, respectively. The
nitrogen content of carbon framework is confirmed by organic
elemental analyzer to be about 8.26 wt %, while that of the carbon
is 82.89 wt %. Because of the raise of the Fermi level and surplus
of electron after N-doping,>>* the graphite-like carbon frame-
work will exhibit unusual properties in the electronic conductivity.

3.2. Electrochemical Performance of the MnO@CF.
The electrochemical properties of MnO@CF are investigated
by reversible deintercalation and intercalation of Li-ions
between 0.01 and 3.0 V. The specific capacity is calculated
based on the total weight of electrode material; that is, the
carbon weight is included. The discharge/charge curves at
02 A ¢! in Figure 4a shown an initial specific discharge
capacity around 1080 mA h g~', and the initial reversible charge
capacity drops to 832 mA h g~' with an initial Coulombic
effciency as high as 77%. According to previous reports,”'® the
irreversible capacity loss in the first two cycles can be attributed
to the formation of solid electrolyte interphase (SEI) layer
and/or some drastic Li-driven structural/textural changes.
After 200 discharge/charge cycles, a high reversible discharge
capacity of 939 mA h g~' can be obtained. This gravimetric
capacity is much higher than the theoretical capacities of both
graphite (372 mA h g™') and MnO (755 mA h g!). Moreover,
the Coulombic efficiency increased to almost 100% after the
first cycle (Figure 4b). The excellent cycling performance
indicates that the MnO@CF could reversibly react with Li-ions,
and retain a stable structure even after continuous discharge/
charge cycles (Figure S7).

The rate performance at the current densities from 0.2 to
4 A g7 are examined, as shown in Figure 4c and d. As seen in
Figure 4c, the gradually enlarged voltage hysteresis at higher
currents are observed, which may be caused by the kinetic-
limited effects of the electrochemical conversion reaction in
nature.”’ From Figure 44, it could be clearly observed that the
MnO@CEF delivers a discharge capacity of 786.7, 752.4, and
7082 mA h g_1 at relatively small current rates of 1, 1.5, and
2 A ¢!, respectively. Even at the high rates of 3 and 4 A g7,
competitive discharge capacities of 646.0 and 560.2 mA h g™!
can be maintained, respectively. The discharge capacities remain
stable and decrease regularly with the increasing rates, indicating
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Figure 4. (a) Charge—discharge profiles, (b) cycling performance and Coulomb efficiency of the MnO@CEF electrode at current density of 0.2 A g™".
(c) Charge—discharge profiles of MnO@CEF. (d) Rate performance of MnO@CF and S-MnO@C at various current densities from 02 Ag ' to4 Ag™".
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Figure 5. (a) CV curves of MnO@CF obtained at a scan rate of 0.1 mV s™' in the voltage range of 0.01—3 V. (b) EIS spectra after different
discharge/charge cycles at 0.2 A g™". Inset of (b) is the equivalent circuit used.

a good kinetic feature and facile charge transport process of the
MnO@CE. Furthermore, it is noticed that a satisfactory reversible
capacity of 837.6 mA h g™ could be recovered after 60 cycles
upon reducing the current rate to 0.2 A g' (Figure 4d),
indicating an excellent rate performance that the rate capacity is
maintainable even after the repetitive cycles at high rates.

For comparison, the electrochemical performance of
S-MnO@C is also investigated. It is found that the capacity
of the S-MnO@C fades to 708.2 mA h g™" at the 200th cycle,
though its initial capacity is close to MnO@CF (Figure S8).
Meanwhile, in Figure 4d, it could be clearly seen that the
reversible capacity of S-MnO@C shows a sharp decline with
increasing current density, and retains little capacity at a high
rate of 4 A g'. The results demonstrate that the improvement
in electrochemical performance of the MnO@CEF, in terms of
cycling performance and rate capability, should be attributed to
the 3D N-doped graphite-like carbon framework structure.

To understand the superior electrochemical performance
of the MnO@CEF electrode, CV and EIS studies are carried
out to investigate the physical/chemical behavior during the
discharge/charge cycling. In Figure Sa, a cathodic peak at 1.4 V
in the first cycle can be assigned to the reduction of Mn*" or

1

2716

Mn*" to Mn**, which could be originated from a trace of Mn,O,
impurity from the partial oxidation of the Mn?* in the MnO@
CF."® In addition, the reduction peaks at 0.75 and 0.24 V
correspond to the formation of solid electrolyte interface (SEI)
layer and the irreversible decomposition of electrolyte.'>'® From
the second cycle onward, the sharp peak at 0.42 V in the anodic
sweep and the smooth peak at about 1.3 V in the cathodic
sweep could be ascribed to the reversible redox conversion
reaction between lithium and MnO to form Mn° and Li,O
(Li® + MnO — Li,0 + Mn°)."*'® The excellent reversibility
of curves in the following cycles reveals the improvement of
reaction kinetics and structure stability after the first lithiation.
It is worth noting that an oxidation peak at ~2.11 V becomes
evident in the following cycles, which is also reflected in
Figure 4a that may correspond to the decomposition of the
polymer/gel layer at high oxidation potential above 2.0 V,'°
and/or the Mn?* reoxidized to a higher oxidation state.'®'®
The electrochemical impedance spectra of the MnO@CF
(Figure Sb) and S-MnO@C (Figure S9) are investigatd. The
Nyquist plots of MnO@CEF of different cycles shows similar
shapes, exhibiting a good cycling stability. An equivalent circuit
model base on the EIS result is built up as shown in the inset of

dx.doi.org/10.1021/am5027055 | ACS Appl. Mater. Interfaces 2014, 6, 12713-12718



ACS Applied Materials & Interfaces

Research Article

Figure 5b. The intercept of the high-frequency semicircle on the
Z' axis can be attributed to the resistance of electrolyte (R,).
R¢ and R, are the resistance of the SEI layer and the charge
transfer, respectively. The slope line at low frequency is related
to Warburg impedance (Z,,), corresponding to the diffusion of
lithium ions into the bulk electrode. The fitting values of kinetic
parameters of MnO@CF and S-MnO@C electrodes are listed
in Table S1. It is worth noting that the R, of MnO@CF is
much lower, about half of its counterpart, implying much faster
charge transfer at the electrode/electrolyte interface. This result
further demonstrates that the 3D N-doped graphite-like carbon
framework in the MnO@CF serves as a conductive pathway,
as illustrated in Figure 6, ensuring the effective ambipolar
diffusion of Li-ions and electrons in the interfaces of electrolyte/
electrode.*

Electrons from
current collecto\

@
&)

Figure 6. Schematic conduction/diffusion of electrons and Li ions
within the MnO@CF particles.

4. CONCLUSIONS

In summary, interdispersed MnO nanoparticles anchored and
encapsulated in a 3D porous carbon framework are successfully
fabricated. When evaluated as the anode material for LIBs,
the MnO@CF exhibits high specific capacity and rate
capability, and excellent cycling stability. The construction of
MnO@CF induced a simultaneous improvement in several
electrochemical key parameters, which can be understood by
the following reasons. The 3D porous N-doped graphite-like
carbon framework could create abundant percolated conductive
pathways to effectively facilitate Li-ion/electron transfer by
its electrochemical reactivity and electronic conductivity.
In addition, the good elasticity and mechanical stability of
this 3D carbon structure could effectively buffer the internal
stress caused by volume variation of MnO materials
accompanying Li-ion insertion/extraction processes. By virtue
of its superior structural advantages, the specific 3D conductive
framework design can be a promising approach to fabricate
high-performance LIBs.
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