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ABSTRACT: Manganese oxides are promising high-capacity
anode materials for lithium-ion batteries (LIBs) yet suffer from
short cycle life and poor rate capability. Herein, we
demonstrate a facile in situ interfacial synthesis of core—shell
heterostructures comprising nitrogen-enriched porous carbon
(pN-C) nanocoating and manganese oxide (MnO,) nano-
tubes. When MnO,/pN-C serves as an anode material for
LIBs, the pN-C coating plays multiple roles in substantially
improving the lithium storage performance. In combination
with the nanosized structure and nanotubular architecture, the
MnO,/pN-C nanocomposites exhibit an impressive reversible
capacity of 1068 mAh g™ at 100 mA g~', a high-rate delivery
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of 361 mAh g~' at 8 A g”', and a stable cycling retention up to 300 cycles. The surface pN-C coating strategy can be extended to
design and fabricate various metal oxide nanostructures for high-performance LIBs.
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1. INTRODUCTION

Increasing social concern about fossil depletion and global
climate change has stimulated worldwide research interests in
the sustainable and renewable energy storage systems." Until
now, rechargeable lithium ion batteries (LIBs) remain
dominant as power sources in areas from portable electric
devices to thriving electric vehicles to smart utility grids due to
their high energy density, high voltage, and no memory
effect.”® However, the commercial graphite anode suffers from
low theoretical capacity (372 mAh g ') and slow reaction
kinetics, which cannot meet the ever-increasing energy
demands. Hence, it is imperative to develop advanced anode
materials with high reversible capacity, long cycle life, good rate
capability, low cost, and environmental benignity. To date,
significant achievements have been gained in various promising
anode materials with high theoretical capacity, such as metal
oxides Sn and Si.”* Among the metal oxides investigated for
LIBs, manganese oxides (MnO,) are received tremendous
interest owing to their high theoretical capacity (e.g,, 1232 mAh
g~ for MnO,), low discharge plateau (0.3—0.6 V), narrow
potential hysteresis, low cost, natural abundance of Mn sources,
and eco-friendliness.”® Nevertheless, the critical problems of
poor cycling stability and inferior rate capability become major
obstacles for practical implementation of MnO, to LIBs. The
reasons for poor cycle life are the substantial volume changes
and particle agglomeration during the repetitive lithiation/
delithiation processes, resulting in both mechanical failure and
loss of electrical connection from the current collector (i.e.,
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pulverization). The other drawback of inferior rate capability of
MnO,, results from its extremely low electrical conductivity.
Generally, the most effective strategy to address the above
issues of MnO, requires a combination of carbon hybridization,
nanostructuring, and configuration design. This is because
carbon hybridization can cushion the large stress caused by
volume expansion/contraction, protect the MnO, from
chemical corrosion and agglomeration, and increase the
electrical conductivity of the composite.”® Meanwhile, reducing
the MnO,, size to nanoscale can accommodate partial volume
change, shorten the electron/ion transport distance, and create
more contact interfaces that favor the reversible redox reaction
between Li* and MnO,”'° Additionally, the structure
configuration can influence the electrochemical utilization of
active materials at different rate conditions; for example, a stiff
carbon framework is not good for Li* transport into the interior
MnO,, while MnO,, grown on the exterior surface of carbon
matrix may lead to a rapid degradation.'’ Recently, there have
been many reports with regard to various MnO,/C nano-
composites with improved performance, such as MnO, (e.g,
MnO, Mn;0,)/C nanorods/nanotubes/nanoplates/nanopar-
ticles,>7'® MnO, (e.g, MnO, Mn;O, or MnO,)/gra-
phene,*'*"** MnO,/carbon nanotubes (CNTs),'"***° and
MnO,/carbon nanofibers.****” Table S1 (Supporting Informa-
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tion) summarizes the electrochemical performance of MnO,-
carbon composite electrodes. As shown in the table, compared
to the graphene, CNTs, carbon nanofibers, and ordered
mesoporous carbon that load MnO, nanoparticles, surface
carbon coating is more favorable for MnO, with large
dimensional sizes, such as nanorods and nanotubes. On
another hand, the scale-up production may prefer to the low-
cost surface carbon coating method. The coating strategy
usually includes chemical vapor deposition, hydrothermal
method, and some other solution-based chemical precipitation.
However, scarcely can the MnO,/C nanocomposites prepared
by these methods surpass a high reversible capacity of 1000
mAh g_1 over a 100-cycle test, which is not enough for practical
implementation. This may be because most carbon coatings
often act as an elastic protecting and electrical conducting layer
but scarcely make an electro-active contribution to the overall
capacity.

Nitrogen-enriched porous carbon (pN-C) nanostructures,
such as pN-C nanofibers,”*** N-doped graphene® and N-
doped CNTs,>" have been demonstrated to show much
improved capacity (e.g,, 1363 mAh g™" for pN-C nanofibers™®)
) compared to the pristine carbon nanostructures. The
heteroatom of nitrogen in the carbon structure can not only
enhance the electrochemical activities of carbon but also
increase the electrical conductivity for better reaction kinetics.
In addition, the porous nanostructures can provide numerous
electro-active sites for Li* storage. Hence, it would be of
particular fascination to combine pN-C with MnO, nanostruc-
ture by constructing a unique heretostructure, aiming to make a
full utilization of both components. Some works report the
exploitation of MnO,/nitrogen-doped carbon composites with
improved performance; however, in their strategies, carbon
structures are used as sacrificial supports for depositing MnO,,
nanoparticles.'”**** That is, MnO, nanoparticles are easy to
stay at the exterior surfaces of carbon matrix, which may
deteriorate the cycling stability. Alternatively, it is expected that
surface pN-C coating strategy can address this critical issue.
Nevertheless, it remains a great challenge to develop a general,
flexible and effective method to integrate a uniform pN-C
coating with different MnO,, structures.

In this work, we report a general solution-based approach to
synthesize MnO,/pN-C core—shell nanostructures. One-
dimensional (1D) MnO, nanotubes is used to demonstrate
this design strategy. Figure la illustrates the typical synthesis
protocol. The core issue is to chemically form uniform
polypyrrole (PPy) coating on the surface of MnO, structures
via in situ interfacial polymerization using MnO, as reactive
templates. MnO,/pN-C nanocomposite with well-constructed
core—shell nanotubular configuration can be obtained after a
simple thermal pyrolysis (carbonization). Benefiting from the
multiple functions of the pN-C nanoshells and the unique
nanoarchitecture (Figure 1b), the MnO,/pN-C nanocomposite
exhibits superior lithium-storage performance, such as high
reversible capacity of ~1100 mAh g_1 at 100 mA g_l, excellent
rate capability and long-span cyclability

2. EXPERIMENTAL SECTION

2.1. Material Synthesis. All chemical reagents were of analytical
grade and used as received. MnO, nanotubes were prepared based on
our previous work,® via a hydrothermal reaction in a KMnO, + HCl
aqueous system at 150 °C for 12 h. The synthesis of MnO,/PPy was
carried out through an in situ chemical reaction between MnO, and
pyrrole monomers in an acidic solution. Typically, 100 mg of the as-
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Figure 1. Schematic presentation of the (a) synthesis and (b) energy
storage characteristics of MnO,/pN-C nanotubular heretostructure.

collected brown MnO, powder was dispersed in 20 mL of 0.1 M HCI
solution under ultrasonication for 30 min. Afterward, 25 ul of pyrrole
monomers was added dropwise to the above suspension under
rigorous magnetic stirring. The color of the suspension evolved quickly
from brown to black. The in situ reaction was maintained for 4 h to
complete the polymerization process. The resulting black products
were filtered and washed using ethanol and deionized water three
times, respectively. Then the as-received MnO,/PPy composites were
heated to 600 °C at a ramping rate of 3 °C/min under the protect of
N, gas flow, and hold at this temperature for 2 h. To clarify the role of
pN-C coating in the electrochemical performance, we fabricated
MnO,/C nanostructures by using glucose as carbon precursor with
other conditions unchanged according to ref 15. Meanwhile, pure PPy
nanotubes were synthesized by controlling the MnO,/pyrrole molar
ratio at 1:1,% and the MnO, and pN-C were prepared from the MnO,
and PPy under the same carbonization treatment.

2.2. Materials Characterization. X-ray powder diffraction (XRD,
Rigaku D/Max 2500PC, Japan) was performed to confirm the
crystallographic information on the samples. Raman spectrum was
recorded on Renishaw Invia RM200 (England) at room temperature
in the spectral range of 200—2500 cm™'. The mass content of the
carbon coating was determined using thermogravimetric analysis
(TGA, TA Instruments SDT-Q600). The morphology and structure
of the samples were observed on a field emission scanning electron
microscopy (FE-SEM, LEO-1530) and a high-resolution transmission
electron microscopy (HRTEM, JEOL 2010). The pore structures were
characterized by N, adsorption measurement at 77 K (Belsorp, Japan).
Brunauer—Emmett—Teller (BET) method and nonlocal density
functional theory (NLDFT) calculation were used to determine the
specific surface area and the corresponding pore size distribution. The
surface chemistry of the nanocomposites was investigated using a PHI
Quantera Imaging X-ray photoelectron spectroscopy (XPS).

2.3. Electrochemical Evaluation. The electrochemical properties
were measured using coin-type (CR2032) half cells. The working
electrodes were fabricated by mixing 75 wt % of active materials with
15 wt % of carbon black and 10 wt % of poly(vinylidene fluoride)
(PVDF) binder in N-methyl-2-pyrrolidone (NMP) solvent. The
resultant slurry was uniformly painted onto a copper foil by a doctor
blade. The obtained electrode was dried overnight at 100 °C in a
vacuum oven. Coil cells were assembled in an argon-filled glovebox
with a metal Li plate as the counter electrode, Celgard 2320 as the
separator, and a solution of 1.0 LiPFy in ethylene carbonate (EC)/
diemethyl carbonate (DMC)/diethyl carbonate (DEC) (1:1:1 by
volume) as the electrolyte. Cyclic voltammetry (CV) measurement
was performed on a Princeton electrochemical workstation. Galvano-
static charge/discharge tests were carried out on a Land Battery
Testing system at various current densities between cutoff potentials of
0.01 and 2.50 V vs Li/Li*.
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Figure 2. (a) XRD patterns of MnO,/pN-C and MnO,. (b) Raman spectrum of MnO,/pN-C.

3. RESULTS AND DISCUSSION

PPy is an excellent carbon precursor candidate that contains a
high theoretical content of nitrogen (~21 wt %).2% The major
challenge in this work is to uniformly deposit PPy on MnO,
surfaces. There are a few reports tryin§ to coat PPy on MnO,
nanorods using FeCl,*”” or Na,$,0;'® as oxidants under the
assistance of surfactants. Because the polymerization occurs
throughout the bulk solution, these methods would give rise to
nonuniform PPy coating onto nanorods and undesirable PPy
nanoparticles without connection to the nanorods. In addition,
the use of organic surfactants in their studies may be
detrimental to the environment. In our previous study,*
MnO, was found to have the capability to polymerize pyrrole
monomers in an acidic condition, because the chemical
oxidative potential of MnO, (ie, MnO, + 4H' + 2¢ —
Mn?** + 2H,0, ¢ = 1.23 V) is much higher than that of pyrrole
momomers (0.7 V). In other words, PPy can be chemically
formed based on in situ interfacial reaction using MnO,
structures as the oxidative templates. This characteristic offers
a general strategy to uniformly deposit PPy coating on a vast
variety of MnO, structures regardless of their morphologies.
The thickness of the PPy coating can be well-controlled by
adjusting the reactant ratio of MnO,/pyrrole. Using this design
strategy, as illustrated in Figure la, we manage to chemically
coat uniform PPy layer on the chosen MnO, nanotubes, and
the final MnO,/pN-C product is obtained by a simple
subsequent carbonization.

Figure 2a shows the XRD patterns of MnO,/pN-C
nanocomposite and the pristine MnO,. All the peaks of the
pristine MnO, can be readily indexed to the pure tetragonal
phase of a-MnO, (JCPDS 44-0141).>> After a carbonization
process, the main diffraction peaks are well-assigned to the
hausmannite Mn;O, phase with tetragonal structure (JCPDS
89-4837).” In addition, there are some minor peaks that can be
ascribed to the cubic phase of MnO (JCPDS 07-0230).%%>%%°
The result reveals that @-MnO, phase has undergone reduction
transitions in the inert atmosphere accompanying with oxygen
release from MnO,."* No diffraction peak of carbon is observed
in the pattern, which may be ascribed to the low content and
amorphous state of carbon. The presence of carbon can be
detected easily using Raman test because carbon is of highly
Raman-active nature. As shown in Figure 2b, the broad peaks
displayed at 1355 and 1593 cm™" are assigned to the D and G
bands of pN-C, respectively. The high intensity of the D band
confirms the amorphous (disordered) structure of carbon,
demonstrating that many defects are abundant in the pN-C.
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The fundamental Raman scattering peak of MnO, at 647 cm ™
is characteristic of the Mn—O vibration mode.*'** The
Raman result validates the presence of carbon and MnO,
components in the nanocomposite, and the carbon content is
estimated to be approximately 18.6 wt % according to the TGA
result (Figure S1, Supporting Information).

The microstructure of the pristine MnO, and MnO,/pN-C
was characterized by SEM and TEM. The panoramic
morphology of the pristine MnO,, as shown in Figure 3a, is,

Figure 3. SEM images of (a and b) MnO, and (c and d) MnO,/pN-C
nanocomposite.

on a large scale, composed of hollow urchin-shape micro-
spheres with diameters in 5—10 pm. From the high-
magnification SEM image of Figure 3b, the three-dimensional
(3D) microspheres are observed to be assembled by 1D radial
nanotubes with smooth surface and clear open ends. During the
preparation process of the MnO,/pN-C nanocomposite, the
microspheres are broken into pieces with hollow cavities being
visible (Figure 3c). This is due to the 3D assembly of
microspheres is driven by weak chemical interactions of van der
Waals forces and hydrogen bonds between nanotubes,” which
are easily ruptured by physical sonication. Nevertheless, the
building blocks of 1D nanotubes are well-preserved (Figure
3d), the surfaces of which become somewhat rough after pN-C
coating. More structural details about the MnO,/pN-C
nanocomposite are obtained from TEM imaging. As shown
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Figure 4. (a and b) TEM images of MnO,/pN-C nanocomposite and (a, inset) the corresponding HRTEM. (c) N, adsorption/desorption
isotherms and (inset) pore size distribution of MnO, and MnO,/pN-C composite.

in Figure 4a, the MnO,/pN-C clearly exhibits a typical
nanotubular structure. The average diameter and the wall
thickness of the nanotubes are ca. 120 and 40 nm, respectively.
Moreover, a very uniform pN-C shell with a thickness of 10—15
nm is coated on the exterior surface of the MnO, nanotubes,
constructing unique core—shell configuration. The HRTEM
image of the MnO, (inset) exhibits well-resolved lattice fringes
with a typical interplane distance of 0.49 nm belonging to the
(101) planes of Mn;O,. The HRTEM of the carbon shell
(Figure 4b) exhibits a porous structure having a large quantity
of nanopores inside. The formation of the porous structure can
be ascribed to the pyrolysis of PPy and possibly the release of
gases during the reduction of MnO,. The porous characteristics
were investigated by N, adsorption/desorption measurement.
Figure 4c shows the resulting isotherms of MnO, and MnO,/
pN-C nanocomposite. The BET specific surface area and pore
volume of the nanocomposite are 148 m*> ¢! and 0.478 cm’
g~!, respectively, which are much larger than those of MnO,
(33 m* g ' and 0.155 cm® g!). From the corresponding pore-
size distribution in the inset of Figure 4c, the MnO,/pN-C
nanocomposite possesses much larger amount of both
micropores and mesopores than MnO,. Based on the TGA
result, the specific surface area of pN-C can be estimated to be
about 651 m* g~". The highly porous structure of the MnO,/
pN-C nanocomposite is beneficial in providing more electro-
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active sites for Li* storage, and facilitating easy access of
electrolyte ions to the active materials with small diffusion
resistance.

XPS was used to examine the surface elemental composition
and chemical state of the MnO,/pN-C nanocomposite. The
survey spectrum in Figure Sa shows the presence of C, N, Mn,
and O element signals with no trace of impurities. The core
level spectrum of Mn 2p (Figure Sb) displays a Mn 2p;,, peak
at 641.7 eV and a Mn 2p, , peak at 653.4 eV with a spin-energy
separation of 11.7 eV, which agrees well with those reported for
MnO,.****" The core level spectrum of N 1s in Figure Sc can
be readily resolved into two subpeaks centered at 398.4 and
400.2 eV, representing hexagonal pyridinic nitrogen (N-6) and
pentagonal pyrrolic nitrogen (N-5), respectively.”**>**** The
C—N bonding structures are also confirmed by the C 1s core
level spectrum analysis. As shown in Figure 5d, the spectrum
can be deconvolved into four components centered at 284.6,
285.5, 286.6, and 288.8 eV, corresponding to sp’—sp*C, N—
sp?C, N—sp>C, and C—O type bonds, respectively.''® This
indicates that a large portion of N atoms in the PPy ring were
converted into pyridinic nitrogen during carbonization process.
These distinctive N-configurations are most likely to distribute
at the basal-planes and edges in the graphene structure, as
illustrated in inset of Figure Sc, thereby creating a large amount

of edge/basal defects that hold higher electronegativity and
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Figure S. (a) The survey spectrum of the MnO,/pN-C nanocomposite and the core level spectra of (b) Mn 2p, (c) N 1s, and (d) C 1s.

higher reactivities for Li* penetration/adsorption.>”** In

addition, the N-6 configuration is sp*-hybridized, which can
enhance the electron donor/acceptor properties (ie. con-
ductivity) of neighboring carbon atoms.”” More importantly,
the high nitrogen content of the PPy precursor can ensure a
high level of nitrogen doping in the pN-C layer, the N/C
atomic ratio of which is measured to be 11.4% from the XPS
results. The high-level content of nitrogen in the pN-C is
supposed to be favorable for enhanced electrochemical
properties, such as Li* storage capacity and rate capability.
The electrochemical performance of MnO,/pN-C nano-
composites is evaluated as anode materials for Li-ion batteries.
CV measurement was first carried out to understand the
electrochemical behavior during the charge/discharge cycling.
Figure 6a,b exhibit the first three CV curves of the MnO, /pN-C
nanocomposite and pure MnO, nanotube electrodes at a scan
rate of 0.2 mV s~ in the range of 0.0—2.5 V, respectively. As
shown in Figure 6a, the cathodic peak at around 0.65 V in the
first cycle is associated with the irreversible decomposition of
electrolyte accompanying with the formation of the solid
electrolyte interface (SEI) layer on the electrode sur-
face.”****** The reduction process below 0.4 V with a sharp
peak at 0.16 V corresponds to a multistep electrochemical
lithiation reaction of MnO,, with Li. It is worthy to point out
that the formation of SEI layer in the nanocomposite electrode
is prior to the reduction of MnO,. As for the pure MnO,
electrode (Figure 6b), a broad cathodic peak centered at 0.15 V
is ascribed to the concurrent process of the formation of SEI
layer and the reduction of MnO,. The big difference indicates
that the wrapped pN-C coating can modify the surface
chemistry of MnO,, which may be favorable for building stable
electrode/electrolyte interfaces. The preformation of the SEI
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layer can also safeguard the structural integrity of the
nanocomposite during the cycling operation. From the second
and onward cycles, the main reduction peak shifts to 0.43 and
0.38 V for the MnO,/pN-C nanocomposite and pure MnO,
electrodes, respectively. It can be observed that the peak of the
second cycle is nearly overlapped to that of the third cycle for
the nanocomposite electrode. However, there is a significant
decrease in the peak intensity for the pure MnO, electrode in
the third cycle. This evidence suggests that the nanocomposite
electrode shows better cycling stability and reversibility than
the MnO, electrode. During the anodic scan, the main peak at
around 1.30 V is ascribed to the oxidation (delithiaton)
reaction of metallic Mn. The charge potential is much lower
than those of other metal oxides, such as Fe;0, (1.7 V), Fe,0,
(1.6 V), Co;0, (2.0 V), CoO (1.8 V), NiO (1.9 V), CuO (2.1
V), and RuO, (2.4 V).>"* The low potential would lead to a
higher working voltage when the anode serves in a full cell,
which can therefore offer a higher energy density. In addition, a
small oxidation peak at around 2.1 V is observed in the MnO,/
pN-C anode, indicating the Mn* in the nanocomposite can be
reoxidized to a higher oxidation state. The unique phenomenon
can be attributed to the conductive pN-C layers, which enhance
the charge-transfer kinetics and the reaction activity that can
generate more capacity.'>*° According to the above descrip-
tion, the formation of Mn and Li,O and the regeneration of
MnO, can be expressed by the following conversion reaction:

MnO, + 2xLi < xLi,O + Mn

As an effort to elucidate the improved lithium storage
performance of the MnO,/pN-C electrode, we performed
galvanostatic charge/discharge cycling tests. Figure 6¢ and
Figure S2 (Supporting Information) shows the typical charge/
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electrode at 0.5, 1, and 2 A g_l.

discharge voltage profiles of MnO,/pN-C, MnO,/C, and
MnO, electrodes at a constant current density of 100 mA
g ' In the first cycle of the MnO,/pN-C electrode, the
discharge curve is composed of a short voltage plateau at ~0.7
V, a long plateau at ~0.25 V and a sloping curve down to the
cutoft voltage of 0.005 V, which corresponds to the SEI layer
formation and the reduction of MnO, by Li" insertion,
respectively. The discharge voltage plateau shifts to 0.4—0.5 V
from the second cycle. These results are in good agreement
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with the CV analysis. It can be observed that the electrode
delivers high lithium storage capacity of 1553 mAh g™' and high
reversible capacity of 1057 mAh g™". A capacity comparison for
MnO,/C and MnO, electrodes is observed to be 1159/782 and
1823/1037 mAh g, respectively. The larger reversible capacity
of the MnO,/pN-C electrode suggests that the active materials
provide more accessible sites for Li* insertion/extraction. The
initial Coulombic efficiency of 68.1% is common and
comparable to most carbon/metal oxide anodes (for details,

DOI: 10.1021/acsami.5b01388
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Figure 8. (a) Rate performance and (b) Nyquist plots of the MnO,/pN-C, MnO,/C, and MnO, electrodes; (inset) magnified view of Nyquist plot

area indicated by the green circle.

see Table S1, Supporting Information) but still much higher
than that of pure MnO, electrode (56.9%). The efficiency
increases dramatically to 96% in the second cycle and remains
over 98% thereafter. In addition, the irreversible capacity loss in
the first cycle is caused by the inevitable formation of SEI film,
the decomposition of electrolyte and/or some side reactions of
pN-C with Li*.*** It is worth noting that there is a significant
difference in the second and onward discharge curves between
the MnO,/pN-C electrode and the MnO,/C and MnO,
electrodes. As indicated by the shadow area shown in Figure
6(d), the discharge capacity of the MnO,/pN-C electrode
reaches 255 mAh g™ in the potential range of 0.55—2.5 V,
which is much larger than those of MnO, and MnO,/C
electrodes. Given that the active MnO, component mainly
contributes capacity in the potential below 0.55 V, the
additional capacity is believed to be mostly from the pN-C
component. The discharge profiles are also consistent with
those of PPy-derived pN-C nanofibers.”® This phenomenon
indicates that the pN-C plays a remarkable electro-active role in
the lithium storage process. In fact, pN-C possesses two factors
that are responsible for the enhanced lithium storage capacity:
(1) the high-level nitrogen doping creates a large quantity of
electro-active sites, such as the pyridine-like defects with low
energy barrier for Li* penetration and high surface affinity for
Li* adsorption;*> and (2) the highly porous structure provides
numerous nanopore reservoirs for Li" storage and sufficient
electrode/electrolyte interfaces for charge transference.

The cycling stability of the electrodes at a current density of
100 mA ¢! is displayed in Figure 7a. It is observed that the
MnO,/pN-C and MnO,/C nanocomposite electrodes exhibit
far superior capacity retention to that of bare MnO, electrode,
suggestive of the effectiveness of surface carbon coating to
promote cycling stability. In addition, the reversible capacity of
the MnO,,/pN-C nanocomposite is much higher than those of
bare MnO,, and pN-C, indicating a strong synergism between
the MnO,, cores and the pN-C shells. The higher capacity with
good cycling retention of the MnO,/pN-C electrode can be
rationalized by the wrapped pN-C coating, which is supposed
to serve three functions: (1) enhance the electrochemical
utilization of the nanocomposite by improving the electron-
transfer kinetics and accommodating the large volume change
of the underneath MnO, during cycling, (2) facilitate the
formation of a stable SEI layer by modifying the surface
chemistry of MnO,, and (3) offer additional electro-active sites
for Li* storage. Moreover, the pure MnO, and MnO,
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nanotubes, which are totally different from the MnO,, nanorods
and nanopartides,%’47 show good cycling behavior after the
initial degradation, presumably suggesting the nanotubular
structure can, to some extent, offer adequate void space for
accommodating the volume change of MnO,. Interestingly, all
electrodes show slightly increasing reversible capacities with
further extended cycling, reaching 1068, 829, 704, 730, and 634
mAh ¢! in the 50th cycle for the MnO,/pN-C, MnO,/C,
MnO,, pN-C, and MnO, electrodes, respectively. This
phenomenon, as reported in the literature,'&>3>3%% g
considered to be related to the formation of a polymeric gel-
like film resulting from kinetically activated electrolyte
degradation and the increasing reaction activity of MnO,
during conversion process. The outstanding cycling stability
of the MnO,/pN-C electrode is further validated by the cycling
tests at different current densities of 0.5, 1, and 2 A g_l, as
shown in Figure 7b. Encouragingly, even at a high current
density of 2 A g/, a capacity of 606 mAh g~ is retained after
300 discharge/charge cycles, which is still much higher than the
theoretical capacity of graphite (372 mAh g™'). Table Sl
(Supporting Information) summarizes the recent lithium
storage performance of MnO,/C composites. The superior
capacity and cycling performance of MnO,/pN-C nano-
composite is much better than those of the most reported
MnO,/C anodes (Table S1, Supporting Information),
particularly more advantageous when comparing with those
using conventional carbon coating, such as MnO/C nanotubes/
nanorods/nanoparticles/nanoplates'>~'*** and Mn;0,/C
nanorods,” indicating the unique pN-C coating is effective to
promote the lithium storage properties.

In addition to the superior capacity and cyclability, the
MnO,,/pN-C nanocomposite electrode shows remarkable rate
capability. As shown in Figure 8a, the half cell was recorded for
every 10 cycles at each progressively increased current density
from 0.05 to 8 A g'. The nanocomposite electrode exhibits
stable capacity at different current densities, even when
suffering from sudden change of the current delivery. The
average reversible capacities are 1086, 1045, 985, 913, 725, 566,
457, and 361 mAh g_1 at current densities of 0.05, 0.1, 0.2, 0.5,
1,2, 4, and 8 A g, respectively. Upon returning to 0.05 A g,
the capacity is recovered to ~1200 mAh g~’, even higher than
the value of the initial cycle. The impressive rate performance is
much better than that of the control electrodes; for example,
the MnO, electrode preserves only 17% (i.e, 140 mAh g~') of
the initial average capacity at the high current density of 8 A
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g~'. These results highlight the capability of the MnO,/pN-C
nanocomposite to meet the requirements of both long cycle life
and high power delivery.

A better understanding of the rate capability of the
nanocomposite electrode is obtained from EIS analysis. Figure
8b shows the resulting Nyquist plots of the MnO,/pN-C and
MnO, electrodes. The Nyquist profile of both electrodes shares
the common feature of a depressed arc in the high-to-medium
frequency region and a sloped line in the low-frequency region.
The x intercept on the Z' axis at the very high frequency
represents the bulk solution resistance (R;). The compressed
arc can be generally decomposed into two arcs, the diameters of
which are denoted as the SEI film resistance (R;) at the high-
frequency region and the charge transfer resistance (R,) at the
medium-frequency region, respectively. The sloped line
represents the Warburg impedance (Z,,) related to the lithium
ions diffusion into the porous electrode. A simple equivalent
circuit model (Figure 8b, inset) is built to fit the fundamental
parameter values of the elements.*> The fitting results are
summarized in Table 1. The major difference is the R in the

Table 1. Kinetic Parameters of MnO,/pN-C and MnO,
Electrodes

electrode R, (Q) R (Q) R,(Q) CPEl1 (uF) CPE2 (uF)
MnO,/pN-C 3.62 25.87 91.12 8.26 60.53
MnO,/C 3.68 27.16 104.29 7.42 37.36
MnO, 3.75 29.35 197.58 3.69 254

nanocomposite electrode, which is only half of that in the
MnO, electrode. The decreased R reveals that the uniform
pN-C coating provides improved electronic/ionic conductivity
for fast charge transfer reactions. In addition, the sloped line of
the nanocomposite electrode is steeper than that of the control
one, which is indicative of a lower diffusion resistance for rapid
Li" transport due to the highly porous structure. These results
demonstrate favorable reaction kinetics in the nanocomposite
electrode, thereby resulting in excellent rate capability.
Furthermore, we have compared the EIS spectra of the
nanocomposite electrode after different cycles to gain an insight
into the capacity improvement (Figure S3, Supporting
Information). There is a significant decrease of R, upon
cycling. The decreased R, permits better contact between the
active material and electrolyte, creates large electrode/electro-
Iyte interface area for reaction sites, and reduces the internal
resistance to improve the reaction kinetics.'”**

Combining the high reversible capacity, excellent rate
capability and long-term cycling stability, it is believed that
the MnO,/pN-C nanocomposite can serve as a good candidate
of anode materials for high-performance LIBs. The outstanding
electrochemical performance can be well-rationalized by the
multifunctional components and their unique 1D nano-
configuration. Figure 1b presents such a schematic illustrating
the advantages, which include the following aspects. First, the
high capacity can stem from the highly electro-active
components, that is, (1) the pN-C coating with high-level N-
doping provides a large quantity of active sites (e.g., nanopores
and N-induced defects) for lithium storage, which is totally
different from conventional carbon coatings; and (2) MnO,
makes considerable contribution to the overall capacity.
Second, the high-rate performance is ascribed to the improved
reaction kinetics: (1) the porous and nanotubular structure
creates sufficient ion diffusion channels for fast Li* accessibility;
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(2) the 1D nanostructure shortens the solid transport pathways
of Li* and electron for high-speed charge-transfer reactions; and
(3) the N-enriched carbon coating with an intimate connection
to the underneath MnO,, builds up electron transfer highways
throughout the electrode. All these efforts promote maximum
electrochemical harvest from the high-capacity components
even under a high current density. Third, the long cycle life
benefits from the core—shell configuration and hollow interior,
specifically, (1) the uniform carbon coating not only acts as a
“buffering zone” to cushion the large volume change of MnO,
during the lithiation/delithiation processes but also prevents
the agglomeration and pulverization of nanostructures; and (2)
the nanotubular structure affords free “void space” to digest
partial volume variation.

4. CONCLUSIONS

In summary, we have successfully demonstrated a facile in situ
chemically reactive template method to fabricate core—shell
MnO,/pN-C nanotubes. Owing to the high-level N-doping and
porous structure, the uniform pN-C coating plays multiple roles
in the nanocomposite, such as an electro-active component to
improve the overall capacity, an elastic barrier to alleviate the
stress of volume excursions and maintain the structural
integrity, an electrically conducting network to boost the
electron transfer, and a porous matrix to channel Li* accessing
to the active sites. In combination with the unique nanosized
and hollow structure, the MnO,/pN-C nanocomposite anodes
show remarkable lithium storage performance including high
specific capacity, outstanding cyclability and excellent rate
capability, which are highly desirable for advanced LIBs. The
present design strategy also provides an effective and scalable
way to develop other electrode materials with different
nanostructures for energy storage/conversion systems.
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