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ABSTRACT

Here, we present a design of core-shell structured carbon@MnO composite
nanospheres and investigate its electrochemical performance as an anode
material for lithium-ion batteries. The core-shell carbon@MnO composite
nanospheres are obtained from the intermediate product of carbon@MnO,
nanospheres by coating a MnO; layer over the surface of the mesoporous carbon
cores, followed by thermal treatment in an inert atmosphere. The morphology
and crystal phase of the obtained nanospheres are examined, and the electro-
chemical properties as a lithium-ion battery anode material are studied. The
results demonstrate that the ordered mesoporous carbon@MnO electrode shows
remarkable enhancements in lithium storage capacity, rate capability and
cycling stability, delivering an average capacity of 572 mAh g~' at 500 mA g~
over 1000 charge/discharge cycles. The morphology and phase of the core—shell
carbon@MnO electrode material after extended cycling are examined by trans-
mission electron microscopy and X-ray diffraction, which indicate the
nanocrystalline rather than amorphous property of the cycled electrode. As
MnO is a conversion-type electrode material, the potential polarization of the
carbon@MnO composite electrode is also investigated, which exhibits a unique
evolution as cycling proceeds.
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Introduction

Rechargeable lithium-ion batteries, as a main or
backup power source for electronic systems from
portable electronic devices to electric vehicles, have
been used extensively in our daily life due to their
advantages such as high volumetric and gravimetric

energy density, low self-discharge rate and no
memory effect. The conventional anode material for
lithium-ion batteries, graphite, has been used for
many years due to its high electrochemical stability
during lithium-ion intercalation/deintercalation,
high conductivity and lithium-ion diffusivity, low
intercalation potential and low cost. However, with a
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relatively low theoretical capacity (372 mAh g™'),
graphite will soon hardly meet the ever-growing
energy consumption requirements of modern elec-
tronics. Therefore, the exploitation and development
of novel alternative anode materials with high elec-
trochemical performance for lithium-ion batteries
makes great economic value.

Transition metal oxides (TMO) such as Co304
[1, 2], Fes0, [3-5], NiO [6-8],MnO, [9-15], CuO
[16, 17], ZnO [18, 19], etc., have attracted much
research attention and been viewed as promising
anode materials for next-generation lithium-ion bat-
teries due to their outstanding theoretical energy
storage capacities [20]. However, based on phase
conversion mechanisms, these TMOs generally face
common drawbacks such as large volume expansion
during the charge/discharge process, low electron
conductivities, high lithium insertion potential and
large potential polarizations, resulting in undesirable
cycling stability, low rate capability and low battery
voltage. These problems could be relieved to a certain
degree via rational design of the structure and com-
position of the electrode materials. For example, it
has been demonstrated that nanosized electrode
materials are more favorable for electron transfer and
lithium-ion diffusion due to the shortened pathways.
In addition, porous structures are advantageous for
battery performance as they can accommodate larger
volume change during the electrochemical conver-
sion/deconversion process and provide larger elec-
trode—electrolyte contact area. Moreover, composite
materials are also considered to be an effective solu-
tion for improving the battery performance. The
combination of carbon and TMO materials is a
promising technique for high-performance electrode
materials because of the potential synergistic effects.
TMOs could provide higher lithium storage capacity,
while carbon materials such as carbon nanotube,
graphene, graphite can increase the overall conduc-
tivity of the electrode materials and buffer the large
volume expansion of the TMOs. Previous research
results have demonstrated the effectiveness of the
carbon/TMOs combination [21-27]. For example,
Zhou et al. [28] prepared a well-organized flexible
interleaved composite of graphene nanosheets deco-
rated with Fe;O, particles, which showed a remark-
ably improved reversible capacity (1026 mAh g™
after 30 cycles at 35 mA g~ ' and 580 mAh g~ after
100 cycles at 700 mA g~') and cyclic stability for
lithium-ion batteries over the commercial Fe;O4 or
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bare Fe;O3 counterparts. MnO and N-doped carbon
hybrid, synthesized by Xiao et al., manifested high
capacity, excellent cyclability and superior rate
capability over bare MnO material, delivering a
lithium storage capacity of 1699 mAhg™' at
0.5 A g7! (after 170 discharge-charge cycles) and
retaining a high reversible capacity of 907.8 mAh g~
after 400 cycles at a current density up to 5 A g~
[29].

Herein, we report the synthesis of a core-shell
structured composite of ordered mesoporous carbon
(OMCO) nanospheres and a coating of MnO nanopar-
ticles. The electrochemical properties as the negative
electrodes for lithium-ion batteries were investigated.
It is found the incorporation of a layer of crystallized
MnO nanoparticles endows a great increase in
lithium storage capacity compared with the bare
OMC nanospheres, along with a good rate capability
and long-term cycling life. The microstructure and
the crystallinity of the electrode materials after
extended cycling were also examined. Finally, the
potential polarization of the electrodes and its evo-
lution with cycling, remaining largely unexplored in
previous literature, were studied.

Experimental

Synthesis of OMC, OMC@MnO,
and OMC@MnO nanospheres

Figure 1 illustrates the synthetic route for the
OMC@MnO nanospheres. OMC nanospheres were
synthesized through a soft-template method reported
in a previous study [30], using phenolic resol as the
carbon precursor and a commercial triblock poly(-
ethylene oxide)—poly(propylene oxide)-poly(ethylene
oxide) (PEO-PPO-PEO) polymer (Pluronic F127) as
the mesopore-forming agent, followed by a high-
temperature carbonization process. To prepare
OMC@MnO, nanospheres, 100 mg of the OMC
nanospheres was first dispersed in 100 ml of deion-
ized (DI) water in an ultrasonic bath. Then, 344 mg of
KMnO, powder was added in the solution and the
solution was heated to 70 °C under magnetic stirring.
The reaction was allowed to proceed for 3 h. The
OMC@MnO, product was collected via centrifuga-
tion, washed with DI water for several times and
dried in an electric oven overnight. The OMC@MnO
nanospheres were obtained by treating the



J Mater Sci (2019) 54:6461-6470

Figure 1 Schematic diagram
of the synthetic route for
OMC@MnO nanospheres.

OMC

OMC@MnO; nanospheres in a furnace tube under
flowing Ar at 600 °C for 3 h at a heating rate of
5 °C min .

Material characterization

The morphology and nanostructures of the OMC,
OMC@MnO, and OMC@MnO nanospheres were
characterized by a Hitachi S4800 electron scanning
microscope and a JEOL 2100 cryo-electron transmis-
sion microscope. The phase and crystal structures of
the materials were examined by a Siemens D5000
X-ray diffractometer using Cu Ko radiation (40 kV,
30 mA). The XRD patterns of the film electrodes on
copper foil were measured using a Philips X'pert
XRD instrument. Raman spectroscopy was carried
out on a Nanophoton Raman-12 system using a
532 nm excitation wavelength. X-ray photoelectron
spectroscopy analysis was conducted on a Kratos
Axis Ultra XPS system. The weight ratio of carbon for
the samples was obtained through thermal gravi-
metric analysis using a TA Q50 instrument.

Electrochemical characterizations

The electrochemical properties of the materials were
investigated using 2032 coin-type cells. The working
electrode was prepared by mixing 70% of the active
material (OMC, OMC@MnO, or OMC@MnO nano-
spheres), 20% of the carbon conductive additive (su-
perP) and 10% of polymer binder (carboxyl methyl
cellulose, CMC) to form a homogenous paste which
was then coated on a copper foil, dried at 120 °C in a
vacuum oven for 12 h and punched into circular
disks at a diameter of 10 mm. Metallic lithium was
used as the counter and reference electrode and 1 M
LiPF¢ in a mixture of ethylene carbonate and diethyl
carbonate solution (1:1 by mass ratio) as the elec-
trolyte. The half-cells were assembled in an Ar-filled
glovebox with both moisture and oxygen

KMnO,

70°C

6463

=

600°C, 3h
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concentrations below 1.0 ppm. The electrochemical
properties of the electrode materials were studied via
cyclic voltammetry and galvanostatic charge/dis-
charge measurements over a voltage range from 0.01
to3 V.

Result and discussions

Figure 2a, b shows the SEM images of the obtained
OMC nanospheres, which reveals that these OMC
nanospheres are 100-200 nm in size. Figure 2c shows
the TEM image of the OMC nanospheres, clearly
revealing the ordered mesopores in the nanospheres.
The OMC nanospheres were then coated with a
MnO; layer through the reaction with KMnO,, giving
rise to core-shell structured OMC@MnO, nano-
spheres. The reaction of KMnO, and carbon could be
described using the following equation:

KMnO4 + C — MnO, + CO; 1

where 344 mg of KMnO, gives rise to 65.8 wt% of
MnQO; in the OMC@MnO, composite. This result is
very close to the result obtained from the TGA
measurement (34.6 wt% of carbon and 65.4 wt% of
MnOQO,). The SEM images of the OMC@MnO, nano-
spheres are shown in Fig. 2d, e, revealing that the
MnO, nanoflakes are formed over the surface of the
OMC nanospheres. Figure 2f shows the TEM image
of the OMC@MnO, nanospheres, which displays
more clearly the OMC core and the MnO, shell with
an approximate thickness of 60 nm. The selected area
electron diffraction (SEAD) pattern arising from the
MnO; layer is presented in the inset, indicating that
the obtained MnO, nanoflakes are amorphous. The
OMC@MnO; nanospheres were then thermally trea-
ted at 600 °C in Ar atmosphere, which are finally
transformed to OMC@MnO. Figure 2g, h shows the
SEM images of the OMC@MnO sample. As can be
seen, there is an obvious morphology change after
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and TEM

OMC, d-
f OMC@MnO,, g-i OMC@MnO nanoparticles. Inset in
¢ shows the HRTEM image of OMC. Inset in f shows the
SAED pattern of the MnO, layer over the OMC nanospheres. Inset

Figure 2 SEM images of a—c

the thermal treatment. The MnO, nanoflakes are
converted to MnO nanoparticles with an average
diameter around 53 nm, as also demonstrated by the
TEM image (Fig. 2i). The inset in Fig. 2i shows the
HRTEM image of one MnO nanoparticle displaying
clear lattice fringe with a distance of 0.222 nm, which
is well indexed to (200) plane of MnO.

Figure 3a displays the XRD patterns of the OMC,
OMC@MnO, and OMC@MnO samples. No carbon
diffraction peak is shown for the OMC nanospheres,
indicating its amorphous property. The OMC@MnO,
also does not show any diffraction peak, which
indicates the deposited MnO, nanoflakes are also
amorphous. After treated at 600 °C, strong diffraction
peaks readily indexed to MnO (JCPDS No. 75-1090)
are observed, indicating that the MnO, has been
reduced to MnO in inert atmosphere with the
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500nm

in i shows the HRTEM image of one MnO nanoparticle. Scale bar,
500 nm for a, d, g, 300 nm for b, e, 200 nm for ¢, f, h, 100 nm
for i.

presence of carbon. The size of MnO nanospheres
estimated from the XRD results is 49 nm, which is
very close to the SEM observation. The Raman
spectra of the OMC, OMC@MnO, and OMC@MnO
samples are shown in Fig. 3b. All the samples show
broad bands at nearly 1357 and 1606 cm ™', assignable
to the D and G band of carbon material. Another two
bands at 591 and 671 cm™' are shown in the
OMC@MnO, and OMC@MnO sample, which are
attributed to the stretching vibrations of the MnOg
octahedra [31]. For the OMC@MnO sample, an extra
band at 373 cm™' is also observed, which might
originate from the asymmetric stretch of bridge oxy-
gen species (Mn—-O-Mn) [32]. Figure 3c depicts the
XPS spectra of the OMC, OMC@MnO, and
OMC@MnO samples. It is obvious for the OMC
sample, only Cls and Ols were detected. For
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Figure 3 a XRD patterns, b Raman spectra and ¢ XPS spectra of
the OMC, OMC@MnO, and OMC@MnO samples.

OMC@MnO, and OMC@MnO samples, the Mn
bands were clearly shown.

The OMC, OMC@MnO; and OMC@MnO samples
were used as anode materials for lithium-ion batter-
ies, and their electrochemical properties were evalu-
ated via coin-type half-cells. CV measurements were
carried out over a voltage range from 0.01 to 3 V (vs.
Li/Li") for three cycles to analyze the reaction
mechanism of the electrode materials. The typical
results are displayed in Fig. 4a—c. It is obviously seen
that these three types of electrodes show different CV
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profiles with each other. For the OMC electrode, two
obvious lithiation peaks are observed in the first
cathodic scan. However, the one at around 0.5V
disappears from the second cycles, indicating the
occurrence of the irreversible reactions associated
with the decomposition of the electrolyte and the
formation of solid-state electrolyte interface (SEI)
layer. The cathodic peak near 0.01 V remains in the
following lithiation processes, and the corresponding
anodic peak is shown around 0.2V during the
delithiation processes, both of which are the typical
characterizations for the carbon anode materials. A
pair of weak redox peaks is also observed at around
1.2 V, which is probably related to the oxygen species
in the carbon material. For the OMC@MnO, elec-
trode, the lithiation potential is located at around
0.08 V for the first cathodic scan, while it splits into
two from the second cathodic sweep. The lower one
at 0.01 V is contributed by the lithium insertion in
OMC, while the higher one around 0.25V by the
conversion reaction of amorphous MnO,. One anodic
peak is shown at 1.2 V during the delithiation scans.
The CV profiles of the OMC@MnO electrode are
similar to that of the OMC@MnO, electrode. How-
ever, the splitting between the two cathodic peaks is
more notable, indicating that the lithiation potential
of crystalline MnO is ~ 0.1 V higher than that of the
amorphous MnO,, and the anodic peak appears at
1.3 V in the delithiation process.

Figure 4d—f compares the first consecutive five
galvanostatic charge—discharge curves for the OMC,
OMC@MnO, and OMC@MnO electrodes at a current
density of 100 mA g~ '. The initial specific discharge/
charge capacities (based on the total weight of the
active materials) are 917/428, 1054/613 and
829/639 mAh g~!, giving rise to the initial Coulom-
bic efficiencies of 46.7%, 58.2% and 77%, respectively.
The charge-discharge curves nearly coincide with
each other from the second cycle for all three cells,
indicating the good stability of these electrode
materials.

The rate capability of the OMC, OMC@MnO, and
OMC@MnO electrodes was investigated by varying
the galvanostatic charge—discharge current density,
and the results are displayed in Fig. 5a. The average
specific capacity of the OMC electrode at 100 mA g~
is around 350 mAh g™, close to the theoretical value
of the graphite anode (375 mAh g~ "). This capacity
decreases quickly to approximately 140 mAh g~
when the current density increases to 2000 mA g~
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The average capacity of the OMC@MnO; electrode is
605 mAh g~', nearly twofold of that of the OMC
anode, indicating a significant contribution to the
reversible energy storage capacity from the amor-
phous MnO, nanoflakes. However, the capacity
degrades greatly at higher rates, as only 23%
(140 mAh g ') is retained at 2000 mAh g~'. The
OMC@MnO electrode shows a similar specific
capacity (637 mAh g~') at 100 mA g~ ' as that of the
OMC@MnO, anode, but 60% (375 mAh g~') of the
capacity could be retained at 2000 mA g™, revealing
that the thermal treatment is advantageous for the
electrochemical property of the OMC@MnO material.
The improvement in the rate capability is probably
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related to the transformation from amorphous MnO,
flakes to crystalline MnO nanoparticles after the
thermal treatment, which is beneficial for the struc-
tural stability and the electronic conductivity of the
anode material. Figure 5b displays the cycling sta-
bility of the three anodes at 100 mA g~ ' up to 100
cycles. It is seen that under the low current density,
the OMC, OMC@MnO, and OMC@MnO electrodes
show an overall good cycling stability. The capacity
of the OMC anode is almost remained unchanged
during the cycling process; the OMC@MnO, shows a
15% decrease of the initial wvalue, while the
OMC@MnO anode has a slight increase. When cycled
at 500 mA g~', as presented in Fig. 5c, the OMC
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maintains a stable capacity around 280 mAh g~ up
to 450 cycles and then slowly decreases thereafter
with a declining rate of 0.13% per cycle. The capacity
of the OMC@MnO, anode shows a rapid degradation
for the first 30 cycles, but it is maintained relatively
stable for the following 470 cycles with an average
capacity of 265 mAh g~'. The OMC@MnO anode
shows a much higher capacity than that of the OMC
and OMC@MnO, anodes. As presented in Fig. 5c,
there is a remarkable capacity increase from 535 to
772 mAh g~ during the first 200 cycles, followed by
a gradual decrease. The change in the capacity could
be probably ascribed to the activation and subse-
quent degradation process of the electrode materials,
associated with the structural and phase changes of
the electrode upon cycling. The OMC@MnO anode
exhibits an excellent cycling performance as the
capacity still maintains at 434 mAh g~' after 1000
cycles, with a 0.051% declining rate per cycle from the
maximum capacity. Figure 5d displays the charge-
discharge curves of the OMC@MnO electrode with
normalized capacity from the 1st cycle to the 1000th
cycle at 500 mA g~ at an interval of 100 cycles. It is
obvious that there are two different sloped sections of

N I N I N 1 N I N |
200 400 600 800 1000
Cycle number

o

40 60
Capacity (%)

the discharge curves, indicating the existence of two
lithium storage mechanisms. The section of larger
slope at the higher voltage range probably corre-
sponds to the capacitive adsorption of lithium ions,
while the plateau section at lower voltage range is
based on the conversion reaction of the metal oxide.
As cycling proceeds, the portion of capacitive-con-
tributed capacity increases, while the conversion-
contributed capacity was reduced. This observation
might be accounted for by the structural change in
the MnO crystallites, which are converted to MnO
nanocrystallines with greatly reduced crystal size
during the repeated charge—discharge cycling. Those
nanocrystallines were embedded in amorphous
matrix, favorable for the surficial capacitive
adsorption.

The OMC@MnO electrode after 1000 charge/dis-
charge cycles (ended in a full charge state) was fur-
ther investigated by SEM, TEM and XRD, and the
results are presented in Fig. 6. From the SEM image
in Fig. 6a, it is clear that the OMC@MnO nanospheres
have a significant morphological change upon pro-
longed cycling, but the particles still retain good
integrity, which could probably account for the
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Figure 6 a SEM and b TEM images of the OMC@MnO
electrode after 1000 charge/discharge cycles. The red dashed
circles in b indicate the MnO nanocrystallites with legible lattice

excellent cycle life of the OMC@MnO electrode. Fig-
ure 6b shows the TEM image of the cycled electrode
material. Nanocrystallites with clear lattice fringes
are observed, as indicated by the red dashed circles.
Figure 6¢c displays the XRD patterns of the
OMC@MnO electrode on copper foil before (black)
and after 1000 lithiation/delithiation cycles (red).
Before cycling, the peaks (except those arising from
carbon conductive additives and copper foil) are
readily indexed to MnO phase, which disappear after
long-term cycling. However, two new diffraction
peaks at 20 = 30.4° and 31.8° are observed in the
cycled electrode, as marked by black rhombuses.
Though it is hard to ascertain the phase of the
material via our XRD and TEM results, it is certain
that some crystallinity remains in the cycled material,
which is not in line with previous studies that poin-
ted out the conversion-based metal oxide anodes that
would undergo a crystalline-to-amorphous transfor-
mation during the first lithiation reaction and remain
amorphous thereafter [33-35]. However, our XRD
result provides the direct proof of a certain crys-
tallinity of the long-term cycled electrode material.
Therefore, further study is still required to reveal the
cycling-dependent structural and crystallinity of the
conversion-type active materials.

To further study the effects of the MnO coating on
the electrochemistry properties of the negative elec-
trode, the potential polarizations AE (AE = E nodic-

— Ecathodicy Where E joqic and E amogic are extracted
from the voltage versus Li/Li* where half capacity
was attained in the charge/discharge half-cycles in
this study) of the battery cells were extracted and
investigated. Figure 7 shows the change of AE of the
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cycling proceeds (at 500 mA g~ '). It is found that the
OMC electrode has a small AE between 0.2 and

0.3 V. However, after the incorporation of a MnO, or
MnO layer, large initial AE about 0.9-1 V is obtained,
which is a signature for the conversion-based anode
materials [36-38]. Moreover, it rapidly increases to
over 1.4 V after 400 cycles, presenting an obviously
faster growing speed than that of OMC. The most
interesting result is that after reaching a maximum
(1.46 V. around 450th cycle), the AE of the
OMC@MnO electrode began to decrease thereafter,
and the final AE around 1 V was obtained at 1000th
cycle. This observation is quite different from our
previous investigation on ZnMn,O, electrode which
displays a saturation of AE with cycling. This unique
phenomenon about the change of AE for the
OMC@MnO electrode is observed for the first time
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Figure 7 The potential polarization of the OMC, OMC@MnO,
and OMC@MnO electrodes with cycle number.
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and might be accounted for by the changes in struc-
ture, phase or conversion/deconversion reaction
pathways of the active material. However, further
investigation is still needed to understand the
underlying mechanisms.

Conclusions

Ordered mesoporous carbon (OMC) nanospheres,
MnO;-coated OMC (OMC@MnQO,) nanospheres and
MnO-coated OMC (OMC@MnO) nanospheres were
synthesized and their morphology, nanostructures,
phases and electrochemical properties as anode
materials for lithium-ion batteries were investigated.
The OMC@MnO, and OMC@MnO nanospheres
show remarkable improvements in specific energy
capacity compared with the OMC anode. The
OMC@MnO anode displays an outstanding battery
performance in terms of high specific energy storage
capacity, good rate capability and long cycling sta-
bility, exhibiting a cycling life up to 1000 cycles and a
very low degrading rate of 0.052% per cycle. The
morphology and crystallinity of the long-term cycled
electrode material were investigated by SEM, TEM
and XRD, which indicate a certain crystallinity of the
cycled material. The potential polarization between
the charge and discharge of the OMC@MnO, and
OMC@MnO electrodes is quite larger than that of
OMC. The unique change in the potential polariza-
tion of the OMC@MnO electrode with long-term
cycling was observed, which showed an increase and
a subsequent decrease over 1000 charge/discharge
cycles.
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