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Lithium-lon Batteries

Walnut-Like Multicore—Shell MnO Encapsulated Nitrogen-
Rich Carbon Nanocapsules as Anode Material for Long-
Cycling and Soft-Packed Lithium-lon Batteries

Guoyin Zhu, Lei Wang, Huinan Lin, Liaobo Ma, Peiyang Zhao, Yi Hu, Tao Chen,
Renpeng Chen, Yanrong Wang, Zuoxiu Tie, Jie Liu,* and Zhong Jin*

Metal oxide-based nanomaterials are widely studied because of their high-
energy densities as anode materials in lithium-ion batteries. However, the
fast capacity degradation resulting from the large volume expansion upon
lithiation hinders their practical application. In this work, the preparation of
walnut-like multicore—shell MnO encapsulated nitrogen-rich carbon nano-
capsules (MnO@NC) is reported via a facile and eco-friendly process for
long-cycling Li-ion batteries. In this hybrid structure, MnO nanoparticles are
uniformly dispersed inside carbon nanoshells, which can simultaneously act
as a conductive framework and also a protective buffer layer to restrain the
volume variation. The MnO@ NC nanocapsules show remarkable electro-
chemical performances for lithium-ion batteries, exhibiting high reversible
capability (762 mAh g~' at 100 mA g') and stable cycling life (624 mAh g~
after 1000 cycles at 1000 mA g'). In addition, the soft-packed full batteries
based on MnO@ NC nanocapsules anodes and commercial LiFePO, cath-

such as IVA-group materials,®® metal
sulfides,® and metal oxides.'>"1%] Metal
oxides, such as MnO,,!'*?] have attracted
much attention as potential anode mate-
rials due to the low electromotive force
value, high theoretical capacity, as well
as their environmental friendliness and
abundance. Nevertheless, there are two
major issues that impede their application:
(1) The inferior electronic conductivity of
metal oxides is unfavorable for the electro-
chemical lithium ion insertion/extraction
reactions. (2) The drastic volume change
during the charge-discharge cycles leads
to pulverization of metal oxides and
also poor cyclability.'1*-2!l Therefore, the
rational design and realization of hybrid

odes present good flexibility and cycling stability.

1. Introduction

Rechargeable lithium-ion batteries (LIBs) have been widely
used as the power sources to fulfill the demands for portable
electronics and electric vehicles because of the high-energy
density and long cycling life.'* However, due to the low the-
oretical capacity (372 mAh g7!) of graphitic carbon anodes,
the commercial LIBs are nearly reaching the performance
limitation.’! Thus, extensive efforts have been dedicated to
developing advanced anode materials with higher capacity,
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nanostructures are required to improve
the electrochemical performances. To
this end, intensive attention has been
paid to the controllable nanoengineering
of metal oxide-based ultrafine nanostructures.?2-2282% These
nanostructures can improve the contacts of electrode—elec-
trolyte interface, shorten the path for lithium-ion diffusion
within active material particles, and alleviate the structural
strain of volume change during the repeating Li* insertion/
extraction processes. An efficient strategy is the construction
of well-organized composites integrated by nanostructured
metal oxides and carbon materials.?7:3%31 The carbon mate-
rials can enhance the conductivity, prevent the pulverization
of active material nanoparticles, and decrease the undesirable
side reactions between the electrode and electrolyte. However,
this strategy usually involves complicated preparation and
structure control processes for the composite electrode mate-
rials. It remains a challenge to develop a facile and universal
approach to prepare uniform metal oxide nanoparticles encap-
sulated carbon frameworks with desirable compositions and
morphologies.
In this work, we propose a facile method that incorporates
a hydrothermal reaction step and a following heating step to
prepare ultrafine MnO nanoparticles encapsulated nitrogen-
rich carbon nanocapsules (MnO@NC) with walnut-like multi-
core-shell structure. In this approach, polyaniline (PANI) was
used as carbon precursor, which can provide high content of
nitrogen heteroatom doping, which is beneficial to the wetta-
bility and electronic conductivity of carbon shells. Meanwhile,
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the PANI-derived carbon shells can effectively prevent the
aggregation and pulverization of MnO nanoparticles. As
expected, the MnO@NC nanocapsules with the synergistic
advantages of uniformly dispersed MnO nanoparticles and
conductive carbon shells exhibited remarkable lithium storage
performances. Furthermore, soft-packed full batteries based on
commercial LiFePO, cathodes and MnO@NC anodes showed
remarkable flexibility and cycling stability.

2. Results and Discussion

The overall preparation route of walnut-like multicore-shell
MnO@NC nanocapsules is detailed in the Experimental Sec-
tion of the Supporting Information and schematically illustrated
in Figure 1a, which involves two steps: (1) As an intermediate
product, Mn;O,@PANI nanocapsules were first synthesized
by a hydrothermal reaction step with a solution containing
KMnO,, Mn(NOj3),, and aniline. (2) The as-prepared Mn;0,@
PANI nanocapsules were thermally treated in N, atmosphere
to prepare MnO@NC nanocapsules. During the calcination,
the Mn3;0, nanoparticles were reduced to MnO nanoparticles
and the PANI shells were carbonized into N-doped carbon
nanocapsules.

The morphologies of as-prepared Mn;O,@PANI interme-
diate product and MnO@NC nanocapsules were investigated
by scanning electron microscopy (SEM) and transmission
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electron microscopy (TEM). The Mn;O,@PANI nanocapsules
exhibited irregular shapes (Figure 1b). After calcination at
800 °C in N, atmosphere for 4 h, the MnO@NC nanocapsules
were finally prepared, with the average size slightly smaller
than the precursor Mn;O,@PANI nanocapsules (Figure 1c).
The corresponding energy-dispersive X-ray spectrometry (EDX)
elemental mappings (Figure 1d) display a uniform distribution
of C, N, O, and Mn elements in MnO@NC nanocapsules. From
the TEM images (Figure le-g), it could be seen that MnO nan-
oparticles with an average diameter of =15 nm were uniformly
encapsulated and confined in the carbon nanoshells (Figure 1f),
forming a walnut-like morphology. Such an intriguing nano-
structure can efficiently improve the electrical conductivity and
prevent the aggregation and breakage of MnO nanoparticles.
A doser look from high-resolution TEM (HRTEM, Figure 1g)
revealed an interplanar spacing of 0.26 nm, derived from the
(111) planes of MnO.?l After the etching of MnO cores by
HCI solution (Figure Sla—c, Supporting Information), the mor-
phology of hollow N-doped carbon nanoshells exhibited a uni-
form thickness of =5 nm, suggesting that the N-doped carbon
nanoshells of MnO@NC nanocapsules were homogeneously
coated on ultrafine MnO nanoparticles.

The crystalline structures of as-synthesized samples were
investigated by X-ray powder diffraction (XRD). As shown in
Figure 2a, the diffraction peaks of Mn;O,@PANI nanocap-
sules were assigned to tetragonal Mn;0, (JCPDS No. 24-0734),
where PANI showed no recognizable peak due to its polymeric
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Figure 1. a) Schematic illustration of the preparation process of MNO@NC nanocapsules. b) SEM image of Mn;O,@PANI nanocapsules as the inter-
mediate product. c,d) SEM image and elemental mappings (C, N, O, and Mn elements) of MNO@NC nanocapsules. e-g) TEM and HRTEM images

of MNO@NC nanocapsules.
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Figure 2. a) XRD patterns of Mn;O,@PANI intermediate product and MnO@NC nanocapsules. b) Raman spectrum, c) survey XPS spectrum,

and d) high-resolution Mn 2p XPS spectrum of MNO@NC nanocapsules.

nature. After carbonization in N, atmosphere, the MnO@
NC nanocapsules exhibited strong diffraction peaks at 34.9°,
40.6°, 58.8°, 70.2°, and 73.9°, which were indexed to the (111),
(200), (220), (311), and (222) crystal planes of cubic phase MnO
(JCPDS No. 75-0626).2¢1 The diffraction hump between 20°
and 30° was attributed to the N-doped carbon shells. In addi-
tion, a broad diffraction peak observed from HCl-etched con-
trol sample was ascribed to the (002) planes of hollow N-doped
carbon nanoshells (Figure S1, Supporting Information). All
of these results indicate that the Mn;O,@PANI nanocapsules
were turned to MnO@NC nanocapsules, and the MnO nano-
particles were well dispersed in the carbon nanoshells. Raman
spectroscopy was conducted to evaluate the graphitization
degree of carbon nanoshells, as shown in Figure 2b. Two broad
Raman peaks at around 1335 and 1589 cm™! were assigned
to the D and G bands of partially graphitized carbon, respec-
tively.?? The intensity ratio of D and G bands (Ip/I¢) was calcu-
lated to be 0.91, suggesting the presence of structural distortion
caused by defects and N-doping. In addition, a small Raman
band was found at 644 cm™!, which was ascribed to the Mn-O
vibration of MnO.?”33 Figure S2 (Supporting Information)
shows the Fourier transform infrared spectrum of MnO@NC
nanocapsules, exhibiting a strong absorption band at 1610 cm™!
originated from the C=C stretching vibration.?l The absorp-
tion bands at 1371 and 1246 cm™! were assigned to the C—N
and C—O stretching vibrations,?>3¢ respectively. In addition,
a weak band corresponding to the Mn—O—C bonds appeared
at 1112 cm 1,1 suggesting the physicochemical interaction
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between MnO nanoparticles and carbon shells. Thermogravi-
metric analysis (TGA) indicates that the weight content of MnO
in MnO@NC nanocapsules is about 79.6% (Figure S3, Sup-
porting Information).

X-ray photoelectron spectroscopy (XPS) was used to clarify
the compositions of MnO@NC nanocapsules. The survey
XPS spectrum (Figure 2c) implies the presence of Mn, O, C,
and N elements. The high-resolution XPS spectrum at Mn 2p
region (Figure 2d) exhibits two characteristic peaks at 641.3 eV
(Mn 2p3;) and 653.2 eV (Mn 2p; ;) with an energy difference
of 11.9 eV. This result is another proof for the formation of
MnO.?*37l The C 1s XPS spectrum of MnO@NC nanocap-
sules can be deconvoluted into four energy bands located at
284.6, 285.8, 286.7, and 288.6 eV (Figure S4a, Supporting
Information), corresponding to C=C, C—N, C—0—C, and C—O,
respectively.3¥ The N 1s peak (Figure S4b, Supporting Informa-
tion) can be resolved into three peaks centered at 398.2, 400.5,
and 402.0 eV, attributed to the pyridinic-N, pyrrolic-N, and gra-
phitic-N, respectively.}2394 According to the XPS analysis, the
contents of C, N, Mn, and O elements in MnO@NC nanocap-
sules are measured to be 20.5, 1.4, 58.3, and 19.8 wt%, respec-
tively, which are comparable to the TGA (Figure S3, Supporting
Information) and EDX results (Figure S5, Supporting Informa-
tion). The incorporation of N element in carbon framework
can enhance the electrical conductivity and provide more active
sites for Li* insertion.*I=*! To investigate the specific surface
area and pore-size distribution of MnO@NC nanocapsules,
nitrogen adsorption/desorption isotherms were measured. As
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Figure 3. Electrochemical performances of MNO@NC nanocapsules as anode material for LIBs. a) CV curves at a scan rate of 0.2 mV s™' within a
potential window of 0.01-3.0 V versus Li/Li*. b) Discharge/charge curves at a current density of 500 mA g~'. c) Cyclic performance at 500 mA g'. d)

Rate capability in a range from 100 to 5000 mA g

shown in Figure S6a (Supporting Information), the isotherms
of MnO@NC nanocapsules display a typical type I shape, and
the specific surface area calculated by Brunauer—Emmett-Teller
method is 125.2 m? g~! with a corresponding pore volume of
0.17 cm? g!. The pore-size distribution of MnO@NC nano-
capsules is displayed in Figure S6b (Supporting Information),
revealing the abundant micropores centered at 0.6 nm.

The electrochemical performances of MnO@NC nano-
capsules as anode material for LIBs are displayed in
Figure 3. As shown in Figure 3a, cyclic voltammetry (CV) tests
were performed to characterize the electrochemical behaviors
in a voltage window from 0.01 to 3.0 V versus Li*/Li at a scan
rate of 0.2 mV s7L. In the first cathodic scan, the dominant
cathodic peak at 0.11 V corresponds to the initial reduction of
MnO to metallic Mn (MnO + 2Li* + 2~ — Mn + Li,0).2044
Another cathodic peak at 0.59 V was attributed to the formation
of solid electrolyte interphase (SEI) layer.[*l Note that a weak
cathodic peak emerged at =1.36 V in the first cycle, which was
assigned to the reduction of higher oxidation state manganese
(e.g., Mn**, Mn*) originating from the trace Mn,O, impurities
in MnO.[*! For the first anodic scan, a cathodic peak centered
at =1.35 V was observed, representing the reversible oxidization
of Mn to MnO (Mn + Li,0 — MnO + 2Li* + 2e7).* In the sub-
sequent CV cycles, the reduction peak at 0.11 V shifted to about
0.31 V, suggesting the improved kinetics and the stabilization
of SEI layer after the first lithiation process.[2046]

Figure 3b shows typical galvanostatic discharge/charge
curves for the initial four cycles of MnO@NC nanocapsules at a
current density of 500 mA g'. In the first cycle, the MnO@NC
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nanocapsules delivered a high initial discharge capacity of
1139.4 mAh g! and a charge capacity of 682.1 mAh g'. The
irreversible capacity loss was mainly attributed to the forma-
tion of SEI film, which was common to most of anode mate-
rials. During the initial discharge process, a voltage plateau at
=0.23 V was observed, associated with the reduction of Mn** to
Mn. For the first charge process, a slope between 1.0 and 1.8 V
was ascribed to the oxidation of Mn to Mn?*. Starting from the
second cycle, the discharge plateau shifted to about 0.49 V due
to the enhanced kinetics and the formation of metal nanoparti-
cles and Li,0.10]

The cycling stability of MnO@NC nanocapsules at a cur-
rent density of 500 mA g! over 500 cycles was illustrated in
Figure 3c. The MnO@NC nanocapsules exhibited good cycling
performance with a discharge capacity of 767 mAh g after
500 cycles. Notably, the specific capacity of MnO@NC nano-
capsules after long-term cycling was higher than the theoretical
capacities of MnO (756 mAh g™!). This phenomenon could be
explained by the activation process, where an electrochemically
active gel-like polymeric layer was grown and the oxidation
state of manganese changed from Mn?* to a higher oxidation
state (Mn*") during discharge/charge processes.?6:7]

The rate performance of MnO@NC nanocapsules is shown
in Figure 3d. The discharge capacities of MnO@NC nanocap-
sules were 762, 707, 643, 570, 512, and 454 mAh g! at cur-
rent densities of 100, 200, 500, 1000, 2000, and 3000 mA g},
respectively. Even at high current density of 5000 mA g},
the MnO@NC nanocapsules still delivered a high discharge
capacity of 358 mAh g~!. When the current density was restored
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Figure 4. a) Long-term cycling stability of MNnO@NC nanocapsules at 1000 mA g~' for 1000 cycles. d) Schematic illustration of walnut-like multicore—

shell MNO@NC nanocapsules during lithiation/delithiation processes.

to 500 mA g}, the discharge capacity recovered to 658 mAh g},
suggesting that the MnO@NC nanocapsules have intrinsic
merits for smooth Li* insertion/extraction owing to the syn-
ergistic effect of ultrafine MnO cores and conductive carbon
nanoshells.[2746]

Volumetric-specific capacity is another critical parameter for
electrode materials. The thickness of MnO@NC nanocapsules
electrode with a mass loading of 1.0 mg cm™2 was measured
to be 8.43 pum. Therefore, the volumetric-specific capacity of
MnO@NC nanocapsules was calculated to be 904 mAh cm™3
at the current density of 100 mA g1, which is about two times
higher than graphite-based electrode (441 mAh cm™).4]
This result is also competitive among other anode materials
(Table S1, Supporting Information).[*8-52]

The MnO@NC nanocapsules also show excellent cycling
performance. The discharge capacities and Coulombic effi-
ciencies of MnO@NC nanocapsules at high current density
of 1000 mA g! for 1000 cycles are shown in Figure 4a. The
initial discharge and charge capacity of MnO@NC nanocap-
sules were 1159 and 621 mAh g™, respectively. The discharge
capacity increased to 730 mAh g7 at around 600 cycles.
Note that the capacity increase phenomenon was similar
to that in the cycling tests at 500 mA g~! (Figure 3c), which
also could be ascribed to the activation process mentioned
above. After cycling for 1000 times, the MnO@NC nano-
capsules still delivered a stable discharge capacity as high as
624 mAh g, showing high-capacity retention with a Coulombic
efficiency of nearly 100%. Compared with other previously
reported MnO-based anode materials, the walnut-like mul-
ticore—shell MnO@NC nanocapsules exhibited remarkable
cycling stability, as summarized in Table S2 (Supporting
Information).[20:42-44:52-60]

Based on the above analysis and results, it can be con-
cluded that the outstanding cycling stability of MnO@NC
nanocapsules is closely associated with its advantageous
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structural features, as illustrated in Figure 4b. The walnut-
like multicore—shell structure can shorten the Li* diffu-
sion pathway and facilitate the Li* diffusion during cycling.
Moreover, the N-doped carbon nanoshells enable the forma-
tion of SEI layer out of the nanocapsules rather than on the
MnO/electrolyte interface; therefore, the cycling stability can
be improved. For further evidences, SEM and TEM charac-
terizations of MnO@NC electrodes at the full-lithiation state
after 1000 cycles at 1000 mA g~! were performed (Figure S7,
Supporting Information). The overall morphology was still
maintained without obvious structural variation, and the
MnO nanoparticles and carbon nanoshells could be clearly
identified (Figure S6b, Supporting Information), indicating
the high structural integrity after long-term cycling. The
electrochemical impedance spectra of MnO@NC nanocap-
sules before and after 1000 cycles were further investigated,
as shown in Figure S8 (Supporting Information). All Nyquist
plots displayed a depressed semicircle in the high to medium
frequency region, which was related to charge-transfer resist-
ance. The charge-transfer resistance only showed a slight
increase before (71.7 Q) and after cycling (116.3 Q), dem-
onstrating the good conductivity and structural stability of
MnO@NC nanocapsules. Moreover, the cycling performance
of MnO@NC electrode with a high mass loading of 2.0 mg
cm™ at the current density of 1000 mA g is depicted in
Figure S9 (Supporting Information). After 100 cycles, the
MnO@NC nanocapsules still could deliver a high discharge
capacity of 497 mAh g, corresponding to a capacity reten-
tion of 82.4% relative to the discharge capacity of the second
cycle, indicating the good cycle stability of thick electrodes
based on MnO@NC nanocapsules.

By using the MnO@NC nanocapsules as anode material,
we further construct soft-packed batteries to demon-
strate its feasibility. Figure 5a shows the schematic con-
figuration of the soft-packed Li-ion cells, mainly composed
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tery. d) Optical images showing an NJU logo consisting of 34 red LEDs simultaneously powered by the soft-packed battery under continuous bending
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of MnO@NC nanocapsules based anode, commercial
LiFePO4-based cathode, and Celgard separator. Figure 5b
presents the discharge/charge curves of the full battery at
85 mA g7! in the voltage window of 0.01-3.8 V. The specific
capacity was calculated based on the mass of LiFePO, because
the full battery was cathode limited. The soft-packed bat-
tery delivered an initial discharge and charge capacities of
127 and 145 mAh g7}, respectively. The full battery exhibited
good stability with a remained specific capacity of 60 mAh g~!
after 200 cycles (Figure 5¢). Encouragingly, the as-assembled
MnO@NC]||LiFePO, full battery can easily power an NJU logo
consisting of 34 red light-emitting diodes (LEDs), even under
continuous bending (folding) and unbending operations
(Figure 5d and Video S1, Supporting Information), verifying
its good flexibility.

3. Conclusion

In summary, here we propose a facile strategy to prepare
walnut-like multicore—shell MnO@NC nanocapsules with
high performance as anode material for LIBs. Benefited
from the conductive carbon nanoshells that uniformly
encapsulate ultrafine MnO nanoparticles, the electron/ion
transfer kinetics and structural stability during discharge/
charge cycles can be greatly improved. When used as anode
material in LIBs, the MnO@NC nanocapsules showed
remarkable discharge capacity retention (624 mAh g! at
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1000 mA gt after 1000 cycles). Furthermore, the soft-packed
MnO@NC]||LiFePO, full battery showed good stability and
high flexibility. Such superior electrochemical properties
demonstrate that the integration of ultrafine metal oxide
nanoparticles and N-doped carbon nanocapsules is an effi-
cient method to improve the performance of metal oxide-
based anode materials. This work provides a straightforward
and feasible approach for preparing composite electrode
materials for long-cycling LIBs.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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