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ABSTRACT: Flexible/bendable electronic equipment has attracted great
interest recently, while the development is hindered by fabricating flexible/
bendable power sources due to the lack of reliable materials that combine both
electronically superior conductivity and mechanical flexibility. Here, a novel
structure of manganese oxide, like fabric foam, was constructed, which was
then cocooned with a carbon shell via chemical vapor deposition. Serving as a
binder-free anode, the self-knitted MnO,@Carbon Foam (MCF) exhibits high
specific capacitance (850—950 mAh/g), excellent cycling stability (1000
cycles), and good rate capability (60 C, 1 C = 1 A/g). Moreover, a flexible full

MCF (anode)
\\\

(Cathode)

lithium battery was designed based on an MCF anode and a LiCoO,/Al cathode, and the outstanding performance (energy
density of 2451 Wh/kg at a power density of 4085 W/kg) demonstrates its promising potential of the practical applications.
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B INTRODUCTION

Recently, there has been stronger interest in flexible/bendable
electronic equipment such as smart mobile devices, paper-like
gadgets, wearable devices, wireless sensors, and rollup dis-
plays,' ™ which is an emerging and promising technology for
the next-generation electronic products.” Compared with
conventional electronics, the strong points of flexible
electronics are portable, lightweight, bendable, and even
wearable or implantable.” "> Lithium-ion batteries, because of
their relatively high energy and power densities, power a wide
range of electronic devices including mobile phones, laptop
computers, electric vehicles, etc."”'* However, the use of
traditional rigid battery packs as a power source remains a
bottleneck hindering the progress of wearable electronics due
to a lack of reliable materials that combine electronically
superior conductivity, high mechanical flexibility, and high
stability in electrochemical environments.'>'®

Manganese dioxide (MnO,), a traditional metallic oxide
material, has received considerable attention'’ because of its
low-cost, environmental benignity, high theoretical capacity of
~1230 mAh/ g,18 and relatively low electrochemical motivation
force in comparison with other metal oxides such as Fe203‘19
CoOx,20 and Cu,O;”' these make it a promising anode material
for application in lithium-ion batteries.””*’ Therefore, MnO,
has been studied widely, which mostly focuses on various
morphologies (such as nanowires, nanorods, nanosheets, and
nanotubes) and different crystalline phases (such as @, f, 7, and
8).2*~* However, few of them are applied to flexible devices
without binder resulting from the absence of ideal structural
flexibility and integrity.

In this paper, distinguished from common nanowires, a novel
structure of manganese oxide, like fabric foam, was synthesized.
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The structural integrity of ultralong MnO, nanowires was well
preserved and exhibited excellent mechanical flexibility, which
met the needs of a binder-free flexible electrode. Furthermore, a
carbon shell was designed via chemical vapor deposition
(CVD) to improve the electrical conductivity and structural
integrity of the inner wires greatly, which have limited MnO,
from use in high-performance lithium-ion batteries before.””*!
Therefore, the constructed unique MnO,@C core-shell Foam
structure can endow it with high specific capacitance and
maintain excellent cycle stability as a binder-free anode.

B EXPERIMENTAL SECTION

Synthesis of Self-Knitted a-MnO, Fabric Foam. The fabric
foam consisting of ultralong @-MnO, nanowires was synthesized via a
hydrothermal method.>* In a typical process, a homogeneous solution
of KMnO, (0.8 mmol) and NH,CI (0.8 mmol) in 40 mL of H,0 was
transferred into a 50 mL Teflon-lined stainless steel autoclave and
heated at 200 °C for 20 h; it was then allowed to cool down at room
temperature. The product was collected and rinsed with deionized
water for several times, followed by drying overnight.

Synthesis of @-MnO, Nanowires@Carbon Core-Shell Nano-
structures. The as-prepared a-MnO, nanowires were coated with
carbon by the CVD method at 450 °C for 1.5 h, using argon gas 100
standard cubic centimeters per minute (SCCM) and acetylenel0
SCCM.

General Characterization. The morphology of the materials was
observed by field emission scanning electron microscopy (FESEM,
SU8010, Japan) and field emission transmission electron microscopy
(FETEM, FEI Tecnai G2 F20 S-TWIN TMP, Hongkong). Elemental
analysis was performed on an X-ray photoelectron spectrometer (XPS,
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Figure 2. (A, B) SEM images of MF and MCF, respectively. (C) XPS spectrum of MCF. (D, E) TEM and high-resolution TEM images of MCF. (F)

XRD pattern of MCF.

Kratos Axis Ultra DId, Japan) and a Powder X-ray Diffractometer
(XRD, X’Pert-Pro MRD, Philips). Thermogravimetric-differential
thermal analysis (TGA, SDT 2960, USA) was carried out on an
SDT 2960, TA Instruments.

Electrochemical Characterization. Coin cells (CR202S) were
assembled by using the as-prepared MCF as the anode, Celgard 2400
as the separator, 1 mol/L LiPF4 dissolved in a mixture of ethylene
carbonate (EC), ethyl methyl carbonate (EMC), and diethyl carbonate
(DEC) (4:3:3 vol %) as the electrolyte, and lithium foil as the cathode.
The anodes were cut into disks with diameters of 1.2 ¢m, and no
binder was used for preparing the electrodes. Typical electrode mass
was 1.1—1.4 mg/cm? The battery assembly was done in an argon-
filled glovebox with H,O and O, less than 0.1 ppm. The galvanostatic
charge—discharge test was tested within a voltage window of 0.01-3.0
V (vs Li*/Li) by using a battery testing system (LAND CT 2001A,
Wuhan, China). Cyclic voltammetry (CV) measurement was
conducted at 0.6 mV/s within the range of 0.01-3.0 V on a CHI
660E (Chenhua Shanghai, China) electrochemical workstation.
Electrochemical impedance spectra (EIS) measurements were

performed by applying an AC voltage with S mV amplitude in a
frequency range from 0.01 to 10° Hz, using the same setup as CV tests.

Full lithium batteries were fabricated based on MCF anodes and
LiCoO,/Al cathodes. LiCoO,/Al cathodes were purchased from
HeFei Ke Jing Materials Technology Co., LDT. The single active
material surface density was 22—22.5 mg/ cm?, and active substances of
mixed-powder proportions were 95.5%, which was more excessive
than the loading density of anodes. In addition, Celgard 2400 served as
the separator and 1 mol/L LiPFy dissolved in a mixture of EC, EMC,
and DEC (4:3:3 vol %) served as the electrolyte. The mass of the
sample was around 6.6—8.4 mg, and the loading density of the MCF
active material was calculated as 1.1—1.4 mg/ cm? The whole assembly
was packaged with a flexible plastic bag by an edge bonding machine.

B RESULTS AND DISCUSSION

The digital photo of MnO, Foam (MF) is present in Figure 14,
which reveals an integrated fluffy porous structure of @-MnO,
nanowires and can exhibit high flexibility even in a flat shape
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Figure 3. (A) Mn 2p, (B) O 1s, and (C) C 1s XPS spectra of MCF. (D) The TGA plot between 0 and 500 °C at an increasing rate of 10 °C/min.
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Figure 4. (A) The foundation test of the MCF electrochemical properties by the cyclic voltammetry obtained in a voltage range of 0.01—3 V (vs Li*/
Li) and a potential scan rate of 0.6 mV/s. (B) Charge—discharge profiles of MCF for the 1st, 2nd, 25th, and SOth cycles in the potential range from

0.01 to 3.0 V with a low current density of 100 mA/g.

without binder (Figure 1B). Figure 1C shows a representative
low-magnification FESEM image of MF, proving MF is
composed of ultralong self-knitted nanowires that is in a
good accordance with the schematic illustration of MF (Figure
1D). Carbon coating on MnO, nanowires was done by CVD
using C,H, as carbon source at a temperature of 450 °C for 1.5
h. As shown in Figure 2A,B, the surface of nanowires is rougher
and the diameter becomes significantly larger, suggesting a
thick layer of carbon shell. For more details, the image of TEM
is provided in Figure 2D and demonstrates that the MF is
covered with a well-defined carbon shell uniformly. The high-
magnification TEM image (Figure 2E) reveals a crystal lattice
space of 0.25 nm for the crystalline MnO, nanostructures.
Further composition analysis of the MCF is carried out using
XPS. In the survey region from 0 to 800 eV (Figure 2C), it is
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evident that Mn, O, and C elements all exist. The higher-
resolution spectrum of Mn 2p in Figure 3A shows clearly that
Mn 2p;;, and 2p,;, are found to be 642.0 and 654.0 eV,
respectively. The values agree well with those reported for
MnO,, indicating that the oxidation state is 4*.>* The peaks at
530.4 and 531.7 €V in the higher-resolution spectrum of O 1s
represent O-Mn and O-C (Figure 3B), further confirming the
synergistic presence of MnO, in the composite.”* The binding
energy at 284.6 eV in the XPS analysis is attributed to C 1s
(Figure 3C), indicating the existence of the carbon shell. The
crystal phase of the sample was analyzed by powder X-ray
diffraction. Figure 2F shows the XRD pattern of the MCF. All
the diffraction peaks correspond to a-MnO, (ICDD-JCPDS
Card No. 44-0141).*>*° In addition, the broad peak of the XRD
pattern at about 26.5° is indexed to the (002) planes of the
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Figure S. (A) Variation in discharge capacity vs cycle number for MCF and MF at current density of 100 mA/g. (B) EIS spectra of MF and MCF
fresh cells in the frequency range of 0.01—10° Hz at room temperature. The inset is an equivalent circuit. (C) Capacity versus cycle number plot of
MCF and MF at different charging rates. (D) Long-term cycling performance of MCF anode at a high current density of 1200 mA/g, and the

efficiency is plotted on the right axis.

graphite carbon,”” which are in accordance with the above
results. Moreover, the plots of TGA are shown in Figure 3D;
the initial weight loss (0—250 °C) is due to desorption of the
surface adsorbed water in MCF. After the degradation of
carbon, the weight loss of the MCF composites is around 25%,
revealing that the content of MnO, in MCF is 75%.

The electrochemical properties of MCF and MF were
directly investigated using CR2025 coin-type cells versus Li/
Li*, depicted in Figure 4. The electrochemical reaction
mechanism of the MF and MCF anodes is more clearly
revealed using CV. The first two CV curves are shown in Figure
S1 and Figure 4A between 0.01 and 3.0 V at scan rates of 0.6
mV/s. As shown in Figure S1, it is obvious that the first CV
curve is somewhat different from the subsequent one. In the
first cycle, a cathodic peak located at about 0.55 V corresponds
to the formation of a solid electrolyte interface (SEI) layer and
the reduction of MnO, with Li ions, which is described by
MnO, + 4Li* + 4e~ — Mn(0) + 2Li,O,”® and another cathodic
peak at about 2.15 V is attributed to the decomposed
electrolyte. Meanwhile, in the first anodic sweep, two oxidation
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peaks at 1.30 and 2.35 V can be observed, indicating that the
electrochemical oxidation reaction may proceed by two steps.
In the second cycle, the 0.55 V reduction peak disappears,
indicating that formation of the SEI layer only takes place
during the first cycle. After coating by a carbon shell (Figure
4A), compared with Figure S1, the area of CV curves becomes
larger because the electrical conductivity is improved and the
capacity of MCF increases. It can be seen that the MF
characteristic peaks described above still exist in the MCF CV
curves, and all reduction and oxidation peaks in the second
cycle overlap well with those in the first cycle, suggesting good
electrochemical reversibility and structural stability.*

The charge—discharge profiles of MCF at a current density
of 100 mA/g are shown in Figure 4B. In the first cycle, the
potential plateau in the range of 0.2—0.55 V corresponds to the
lithiation process, while that in 1.2—1.5 V to the delithiation. It
is remarkable to note that the initial discharge and charge
capacities are 1411.9 and 927.0 mAh/g and the Coulombic
efficiency in the initial cycle is 66% and increases to ca.100% in
the subsequent cycles. The capacity loss may be caused by SEI
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Figure 6. (A) Cycling performance of flexible full battery up to 80 cycles at current density of 200 mA/g. (B) Schematic illustration for the
fabrication of full battery. (C—E) Practical applications of flexible full battery.

formation and decomposition of the electrolyte during the first
electrochemical reaction that is in alignment to the results of
the CV tests. After 50 cycles, both discharge and charge
capacities of MCF are stabilized at about 840 mAh/g, which are
extremely close to the 2nd and 25th cycle, further indicating
that the materials are extraordinarily stable during cycling. To
better understand the much-improved electrochemical per-
formance achieved by the carbon coating, SEM was performed
on the MF and MCF electrodes after cycling. From Figure S2A,
obvious morphology changes of the MF electrodes are
observed due to volume expansion. In contrast, the MCF
nanowires are protected very well (Figure S2B), which
demonstrates that the outer carbon coating prevents pulveriza-
tion effectively and improved the stability of the MCF
electrodes.

To evaluate the electrochemical performance of MF and
MCEF electrodes, the samples were tested by galvanostatic
charge—discharge measurements in the voltage window of
0.01-3.0 V. The cycling performance of MCF and MF
electrodes is depicted in Figure SA at a current density of 100
mA/g. Though the initial (first cycle) irreversible discharge
capacity of the MF anodes reaches up to 1298 mAh/g, the
second cycle discharge capacity just remains 372 mAh/g.
Moreover, the MF electrodes deliver a low reversible capacity
of 190 mAh/g after 50 charge—discharge cycles, whereas that of
MCEF electrodes exhibit higher discharge capacity and tend to
stabilize at approximately 840 mAh/g, suggesting that the MCF
electrodes obtain a better stability.

Additionally, the electrochemical dynamical behaviors of MF
and MCF were identified by EIS measurements. All the samples
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were measured at room temperature using fresh cells. As shown
in Figure 5B, both MF and MCF electrodes show a semicircle
at high-medium frequency and an inclined line at low
frequency, which correspond to charge transfer and diffusion,
respectively. The inset shows an equivalent circuit model
according to the simulation. In this circuit, Ry represents the
Ohmic resistance of the electrode system, including the
electrolyte and the cell components. Rqp represents the
interfacial charge transfer resistance, which is connected to
the semicircle in the high frequency region. R represents the
resistance of the SEI film. CPE is the double layer capacitance.
Zyy represents Warburg impedance, which is described as a
diffusive resistance of the Li ion within the electrode
pores.**™* The related values for resistance of Rs, R; and
Rer are depicted in Table S1. The very high frequency
impedance is similar for each material, which is expected since
this impedance is a measure of bulk electrolyte resistance in the
cell. Because of a carbon layer, the Rcp of MCF electrodes is
lower than that of MF, which illustrates that the conductivity is
improved greatly by the carbon shell.****

Besides, the rate capability of the obtained MCF and MF
electrodes is given in Figure SC. The electrochemical properties
of as-synthesized MCF were studied by charging/discharging at
different current rates ranging from 0.1 to 60 C (1 C =1 A/g).
Fairly stable capacities at various rates can be observed clearly.
At lower rates, the discharge capacities at 0.1, 0.3, 0.6, 0.9, 1.8,
3.6, and 6 C are 840, 690, 580, 520, 425, 320, and 240 mAh/g,
respectively. Even at a high rate of 60 C, the capacity of MCF
electrodes stays at about 86 mAh/g and pretty close to 36 C
(100 mAh/g) with the Coulombic efficiency approaching
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almost 100%. At the first rate of 0.1 C, the capacity of 840
mAh/g can be obtained. When the cycling current was set back
to 0.1 C, the electrode could still retain a large reversible
capacity of 820 mAh/g. This finding reveals that almost 97.6%
of the initial capacity at 0.1 C is recovered. The electrochemical
studies prove that the MCEF electrodes exhibit a superior
reversible capacity, excellent cycling performance, and good
rate capability. These results are in sharp contrast to the MF
electrodes, which show continuous capacity decrease during the
first 10 cycles and drop to 210 mAh/g at 0.3 C (30% of the
MCF) with the same experimental conditions. Worse still, at a
high current density, the discharge capacity only remains at
about 30—40 mAh/g, which demonstrates that the improved
rate performance is most likely due to the superior electronic
conductivity of the MCF.

Furthermore, the MCF was then tested at a high current
density of 1200 mA/g (Figure SD). It can be seen that the
reversible capacity increases from 300 to 480 mAh/g after 100
cycles and remains at 450 mAh/g after 1000 cycles,
demonstrating strongly the extremely long cycle life and
stability of MCF.

Since the synthesized self-knitted MCF as binder-free anodes
for lithium-ion batteries exhibits high capacity, excellent cycling
stability, and good rate capability, a highly flexible full battery
was fabricated based on an MCF anode, a LiCoO,/Al cathode,
a LiPF; electrolyte, and a polymer separator, respectively. The
mass of the sample is around 6.6—8.4 mg, and the loading
density of the MCF active material is calculated as 1.1—1.4 mg/
cm? As shown in Figure 6A, the electrochemical behavior was
studied by galvanostatic charge—discharge measurements in the
voltage window of 0.01—3.7 V at a current density of 200 mA/
g. During the initial cycles, the capacity is showing an evident
upward tendency from 338 to 800 mAh/g. It can be explained
that the electrolyte can access this composite in depth after the
lithiation and delithiation processes and offer higher electro-
chemical activity. In subsequent cycles, the capacity keeps rising
slowly and stabilizes at approximately 825 mAh/g with a
Coulombic efficiency of 99%. Besides the obtained high
capacity, the MCF electrodes demonstrate satisfactory rate
capability as well. As shown in Figure S3A, the specific capacity
is as high as 825 mAh/g at the current rate of 0.2 C. As the
current rate increases to 1.2 C, the capacity of 720 mAh/g can
still be delivered. It should be noted that, after the continuous
cycling with increasing current densities, a specific capacity as
high as 870 mAh/g could be well recovered at a current rate of
0.2 C, which confirms the excellent Li" storage reversibility. A
schematic illustration is depicted in Figure 6B to explain the
structure of the full battery. The as-assembled flexible battery
was used to control a light-emitting diode (LED) in a flat shape
(Figure 6C). Even if the battery is bent or rolled up
periodically, the LED still works normally (Figure 6D,E),
which exhibits excellent mechanical flexibility of the fabricated
flexible lithium-ion battery and demonstrates its practical
applications in wearable electronics.

For the future potential applications such as hybrid electric
vehicles and multifunctional electronics, LIBs require not only
high energy density (E) but also high power density (P). The
energy density and power density are calculated as

E=CV?%/4 (1)

P=E/t )

where C is the total capacitance of cell, V is the cell voltage, and
t is the discharge time. Ragone plots (Figure S3B) of the
battery describing the relationship between energy density and
power density were obtained to compare with the values
reported for other flexible lithium-ion batteries.*™* At the
power density of 681 W/kg, our devices show an energy
density as high as 2808 Wh/kg, and when the power density
increases to around 4085 W/kg, the full batteries still deliver an
energy density of 2451 Wh/kg, which is much higher than most
of the reported flexible lithium-ion batteries in refs 6, 46, 48,
and 49 and demonstrated the potential of our flexible devices in
the future applications.

Bl CONCLUSION

In summary, self-knitted MnO, Foam composed of ultralong
nanowires was synthesized successfully, and a carbon shell
designed via CVD has improved the electrical conductivity and
structural integrity of the inner wires greatly, which can endow
it with high specific capacitance (850—950 mAh/g), good rate
capability (60 C), and long cycle life (1000 cycles).
Additionally, owing to the novel structure, the integrity is
well preserved and can exhibit high mechanical flexibility, which
meets the need of flexible binder-free anodes for lithium
batteries. A highly flexible full battery was assembled using
MCEF as anode and LiCoQO,/Al foil as cathode that can control
an LED no matter in a flat or bent shape. The outstanding
electrical and mechanical properties of flexible MCF electrodes
and the corresponding power sources (energy density of 2451
Wh/kg at a power density of 4085 W/kg) will stimulate their
wide use in flexible, stretchable, foldable, and wearable
electronic devices.
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