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Electrophoretic Deposition of MnO,@Carbon Nanotubes
Film with Nest-Like Structure as High-Performance Anode

for Lithium-lon Batteries

Jiagi Li,”” Yang Yang,” Jing Wang,” Peng Zhang,*™ and Jinbao Zhao*®

A binder-free nest-like structured MnO,@carbon nanotubes
anode for lithium-ion batteries (LIBs) was prepared through a
facile electrophoretic deposition (EPD) method. Through the
EPD process, both MnO, nanowires and carbon nanotubes
(CNTs), as starting materials, were interwoven tightly to form a
uniform co-deposited film, possessing a nest-like architecture.
After annealing the film under an inert atmosphere, the MnO,
nanowires transformed into Mn;O, and MnO, as confirmed by

1. Introduction

Because of the excessive exploitation of fossil fuels, energy
crisis is threatening the human existence. Alternative energy
conversion and storage systems have been extensively studied.
After originally commercialized by the SONY Company, high-
capacity rechargeable lithium-ion batteries (LIBs) are regarded
as one of the most promising sustainable chemical power
sources to replace fossil fuels power devices.? As the most
common commercial anode in LIBs, graphite shows the limited
theoretical capacity of only 372 mAhg™', far away from the
demand for large-scale utilization.”’ By contrast, transition metal
oxides (Fe,0, Mn,0, Co,0, Zn,0, NiO, etc) can react with
lithium in a different way: conversion reaction (M,0,+2y Li* +
2y e <y Li,04+x M, M=transition metal).”’ All oxidation states
of transition metal oxides can be used to store Li ion, exhibiting
high theoretical capacities (>600 mAhg™").**’ Among the wide
variety of transition metal oxides, manganese oxides (MnO, Mn,
0O;, MnO, and Mn;0,) have received much attention due to
their low operation potential, high abundance, low toxicity and
environmental friendliness.” Nevertheless, the extensive appli-
cation of manganese oxides as anode in LIBs is still a big
challenge because of their rapid capacity decay arising from
the intrinsically low electrical conductivity (~107° to
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the X-ray diffraction patterns. The nest-like electrode formed a
porous and integrated conductive framework and provided the
buffer space for the volume change of manganese oxides
during cycling processes. As a result, this MNnO,@CNTs electrode
exhibited excellent cycling performance with a reversible
capacity of 1152.1 mAhg™' at 0.2 Ag™' and a superior cycling
stability with 88.0% capacity retention at 1Ag™' after 200
cycles.

107 Scm ™) and structural deformation resulting from huge
volume change during the cycling processes.”

Two approaches are proposed to address the concerns. One
method is to synthesize nanostructured manganese oxides
with special morphology, such as hollow/porous nano-
spheres,”™ nanowires,” nanobelts,"” sponge-like structure,"™
etc. These novel particles with nanostructure can shorten the
diffusion paths of lithium ions and provide the buffer space to
accommodate the volume changes during the cycling proc-
esses. In addition, the bigger specific surface area of nano-
particles could allow the electrolyte to contact with the
electrode materials sufficiently, which could facilitate the
lithium-ion transportation. The other method is to introduce
carbonaceous materials as a buffer matrix, which can not only
improve the electrical conductivity of electrode materials but
also construct a stable skeleton to avoid the collapse of the
electrode structure.®™'? A lot of efforts have been made to
embed the manganese oxides with special morphology into
the carbonaceous materials in order to combine the advantages
of two approaches mentioned above."® However, as far as we
know, the conventional coating method is still used to fabricate
these composite materials as the LIBs anode, which has a
significant disadvantage.

In the conventional process, a mixing slurry involving active
materials, conductive additive (acetylene black), polyvinylidene
fluoride (PVDF) binder and N-methyl-2-pyrrolidone (NMP)
solvent is coated onto the current collector (copper foil). The
use of the polymer binder can cause extra weight of inactive
materials, leading to reduction of specific capacity. Besides,
polymer binder will hinder the transportation of both lithium
ions and electrons. In the previous reports,¥ we have
successfully fabricate binder-free Si-based anodes through an
electrophoretic deposition (EPD) method. This economical and
versatile coating technique has many advantages including
good uniformity, controllable coating thickness, short prepara-
tion time and simplicity of large-scale fabrication."” Based on
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the previous works, we modify this method to prepare LIBs
electrode composed of manganese oxides nanowires and
carbon nanotubes (CNTs).

In this paper, a nest-like anode structure is synthesized via
the EPD route starting from MnO, nanowires and CNTs. The
zeta potentials of MnO, nanowires and CNTs dispersing in the
acetone are positively enhanced due to the addition of I..
During the deposition process, these two one-dimensional
elements interlace mutually to build a nest-like electrode on
copper foil. After a heat treatment, MnO, nanowires will
transform into MnO, nanowires consisted of MnO and Mn;0,.
This porous bionic architecture composed of one-dimensional
materials can provide the buffer space to accommodate the
volume changes of MnO, and can be maintained in good
condition during the cycling processes as anode in LIBs.
Furthermore, the electrical conductivity of the electrode is also
enhanced owing to the introduction of CNTs. Therefore, this
MnO,@CNTs electrode, as the anode for LIBs, is able to exhibit
superior specific capacity, rate performance and structural
stability.

2. Results and Discussion

The principle of EPD fabrication is illustrated in Figure 1. When
an electric field is applied between the two electrodes, the

Cu foil

Pt foil
o L~

—— MnO, nanowires
~~ CNTs
o Proton

Figure 1. Schematic of the EPD process.

charged particles will move in a definite direction. The MnO,
nanowires and CNTs are dispersed into the acetone to form
EPD suspension. However, these two particles have relatively
small T potentials (Table 1) and subside rapidly, which is
unfavorable for the EPD process. After adding |, into the
suspension, the I, reacts with acetone to release protons."® The
generated protons are adsorbed onto the surfaces of particles,
making them acquire higher positive T potential. As shown in
Table 1, the T potentials of MnO, nanowires and CNTs are
dramatically promoted after the addition of I,. The positive
charges adhering on the particles will repel with each other to
form a stable colloid suspension, which is critical for uniform
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Table 1. Zeta potential of MnO, nanowires and CNTs suspended in acetone
and an acetone + 1, bath.

Concentration in suspension [g-L™]

Sample MnO, nanowires CNTs I, T potential [mV]
1 1 0 0 32.51
2 1 0 1 66.30
3 0 0.4 0 46.80
4 0 0.4 1 61.92
5 1 0.4 1 64.61

deposition. Meanwhile, the enhanced € potential will accelerate
the mobility of particles under applied electric field.

Figure 2a presents the XRD pattern of as-prepared MnO,
nanowires which reveals that the precursor can be indexed to

nO, (024-0735)
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Figure 2. XRD patterns: a) as-prepared 3-MnO, nanowires and b) the
MnO,@CNTs film deposited by using the EPD method.

B-MnO, (024-0735). The XRD pattern of the post-annealing
MnO,@CNTs electrode is given in Figure 2b. The diffraction
signals of Cu foil (070-3038) are so strong that the other peaks
are relatively weak. As can be seen, the $-MnO, precursor
transforms into MnO (078-0424) and Mn,0, (001-1127) after the
heat treatment, owing to the reduction reaction with mixed
carbon nanotubes. The small peak at 26° is consistent with the
XRD pattern of the used CNTs. Therefore, this MnO,@@CNTs
electrode consists of two kinds of valence manganese oxides
(MnO and Mn,;0,) and carbon nanotubes. Besides, the XRD
pattern of the MnO,@CNTs materials scraped from the Cu foil
are also displayed in Figure S2.

Figure 3 shows the SEM images of as-prepared -MnO,,
CNTs and EPD-fabricated MnO,@CNTs electrode. As illustrated in
Figure 3a, the B-MnO, possesses nanowire morphology with
diameters of <120 nm and lengths of <5 um. The SEM image
of CNTs is also displayed in the Figure 3b. These two linear
materials along with the conductive additive are dispersed into
the acetone and adhered onto the Cu foil via electrophoretic
deposition. After annealing under argon atmosphere, the
MnO,@CNTs electrode film is obtained, which is only composed
of MnO, nanowires and CNTs without binder. The micro-
structure of as-prepared electrode is presented in Figure 3c. It
can be clearly seen that the MnO, and CNTs are still maintained
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Figure 3. SEM images: a) as-prepared $-MnO, nanowires, b) CNTs, c) surface
of the EPD-fabricated MnO,@CNTs film, and d) a cross-section of the EPD-
fabricated MnO,@CNTs film.

one-dimensional morphology after the thermal treatment. Then
the two basic elements interlace mutually to build a nest-like
architecture, forming a lot of pores on the surface of the
electrode. This kind of bionic structure can provide buffer space
for accommodating the MnO, volume changes and avoid the
collapse of the electrode structure during the cycling process.
Meanwhile, the CNTs interlacing tightly with the MnO, nano-
wires could provide an integrated electron conductive network.
The thickness of the deposited film is 9.7 um, as seen from the
cross-section (Figure 3d) of the electrode film. And the
electrode materials are tightly attached to the Cu foil, without
noticeable cracks. The EDS mapping images (Figure 4) demon-

":‘

Figure 4. EDS mapping images of co-deposited MnO,@CNTs electrode.

strate that the MnO, nanowires and CNTs are evenly co-
deposited onto the Cu substrate.

The electrode materials are also investigated by TEM after
subjected to ultrasonic exfoliation (shown in Figure 5). It is
obviously to distinguish the MnO, nanowires and CNTs from
Figure 5a. The HRTEM image of MnO, nanowires (Figure 5c)
shows the crystalline lattice fringes with two different interlayer
spacing. The spacing of 0.31 nm is attributed to the (112) planes
of Mn;O, and the spacing of 0.26 nm is consistent with (111)
planes of MnO, suggesting the MnO, is composed of two
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Figure 5. TEM images: a) MnO, nanowires and b) CNTs. c) HRTEM image of
MnO,.

different phases. This is corresponding to the XRD pattern of
the MnO,@CNTs electrode.

XPS profiles of the MnO,@CNTs electrode are showed in
Figure 6 for the purpose of determining different oxidation
states of the MnO,. The MnO,@CNTs electrode is composed of
C, O and Mn elements, as presented in the survey peaks
(Figure 6a) with characteristic C (1), O (15s), Cu (2p) and Mn
(2's, 2p, 3 s and 3p). The peak of Cu (2p) originates from the Cu
foil. The high-resolution XPS spectrum of Mn 2p with Mn 2p;,,,
(653.12 €V) and Mn 2p,,, is given in Figure 6b. The Mn 2p;,,
peak are deconvoluted into two peaks with the binding
energies of 642.55eV and 641.20 eV, which are attributed to
Mn** and Mn?", respectively. The area ratio, which is
equivalently to the molar ratio, of Mn?" versus Mn** is 3.12:1.
Therefore, it can be concluded that there is extra MnO except
for Mn;0, (Mn;0,=1 MnO,+2 MnO, considering from the
stoichiometric ratio), which means the MnO, is composed of
MnO and Mn;0,."”

The content of CNTs are measured by the following process:
the electrode materials are peeled off from the co-deposited
electrode by ultrasonic treatment in the deionized water. Then
the electrode materials are obtained by centrifugation and
freeze drying. Subsequently, the CNTs content in electrode
materials measured by the elemental analysis instrument is
20.69 %.

Figure 7 shows the electrochemical performance of
MnO,@CNTs electrode. Figure 7a represents the CV curves of
the MnO,@CNTs electrode performed from 3.0 to 0.01V at the
scan rate of 0.1 mVs™'. As a comparative figure, the selected
discharge/charge profiles of the MnO,@CNTs electrode at the
current density of 0.2 Ag™' between 0.01V and 3V are also
displayed in Figure 7b. In the first cathodic cycle, three
reduction peaks are observed from the CV curves. Two small
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Figure 6. XPS spectra of MnO,@CNTs electrode: (a) survey scan, (b) high resolution of Mn 2p peaks.
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Figure 7. a) CV curves of the EPD-fabricated MnO,@CNTs electrode at a scan rate of 0.1 mVs ™. b) Selected discharge/charge profiles of the EPD-fabricated

MnO,@CNTs electrode at a current density of 0.2 Ag™". ¢) Cycle performances of the EPD-fabricated MnO,@CNTs electrode as well as Mn;0, and MnO

electrodes prepared with conventional methods. d) Rate performances of three electrodes at various current densities. e) High rate performance of the EPD-
fabricated MnO,@CNTs electrode at 1 Ag™". f) Nyquist plots of EPD-fabricated MnO,@CNTs as well as Mn;0, and MnO electrodes fabricated with conventional

methods after 10 cycles.
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peaks at 0.67 V and 1.07 V observed in the first cathodic CV
curves and disappearing afterwards can be ascribed to the
decomposition of the electrolyte solvent and the formation of
the solid electrolyte interphase (SEl) layer, as well as initial
reduction of Mn;0,.* These two peaks are consistent with the
two sloping ranges in the initial discharge cycle shown in
Figure 7b. The first sloping range in the initial discharge cycle
of Figure 7b between 0.9V and 1.2V is consistent with the
small peak at 1.07 V in the CV curves while the second short
sloping range between 0.45 V and 0.69 V is corresponding well
to the small peak at 0.67 V in the CV curves. The intensive and
sharp cathodic peak at 0.163V in the CV curves, which is
consistent with the well-defined voltage plateau observed at
0.35 V in the first discharge cycle of Figure 7b, agrees with the
conversion of Mn’" to metallic Mn accompanied by the
formation of Li,O. This obvious cathodic peak shifts to 0.37 V in
the subsequent cycles because of electrode polarization. In the
anodic process, the strong oxidation peak at around 1.28 V and
the broad shoulder peak at around 2.20 V appearing in the CV
curves are corresponding to the long quasi-plateau at around
1.20 V and the succeeding voltage sloping above 2.35 V during
the first charging process in the discharge/charge profiles,
respectively. The oxidation of Mn° to Mn>* coupled with the
decomposition of Li,O can be account for the strong anodic
peak at 1.28 V. While the shoulder peak corresponds to further
oxidation of Mn0O."*? The CV curves become overlapped well
with each other after the second cycle, indicating the good
reversible electrochemical reactions of the MnO,@CNTs elec-
trode in the subsequent cycles.

Figure 7c compares the «cycling performances of
MnO,@CNTs, Mn;0,-CO and MnO-CO electrodes at 0.2 Ag™". At
the first cycle, MnO,@CNTs, Mn;0,-CO and MnO-CO electrodes
exhibit discharge capacities of 1583.8, 1167.7 and
1034.6 mAhg™, respectively. The initial coulombic efficiency of
MnO,@CNTs electrode is 65.23%, while that of Mn,0,-CO and
MnO-CO electrodes can only reach 41.07% and 41.03%,
respectively. After the first cycle, the coulombic efficiency of
MnO,@CNTs electrode rises directly to 98% while it does not
increase to 98% until the 30th cycle for Mn;0,-CO electrode
and the 10th cycle for MnO-CO electrode. Therefore, the as-
prepared MnO,@CNTs electrode has better electrical conductiv-
ity than the comparative samples synthesized via the conven-
tional slurry coating method. In the subsequent cycles, the
capacities of Mn;0,-CO and MnO-CO electrodes fade dramati-
cally and finally sustain at 190 and 230 mAhg™', respectively.
However, MnO,@CNTs electrode maintains a steady high
capacity at the initial 40 cycles. After 40 cycles, the capacity of
MnO,@CNTs electrode shows a rising tendency which is
normally observed for manganese oxides anode."® Reversible
capacity as high as 1152.1 mAhg™"' after 100 cycles is achieved,
with the discharge capacity retention of 72.7%. The cycle
performance of EPD-fabricated MnO,@CNTs film without an-
nealing process is also investigated at the current density of
0.2 Ag™' (Figure S1). The coulombic efficiency of MnO,@CNTs
electrode in the first cycle is only 32.46% although the
discharge capacity could reach the relatively high value of
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1673.65 mAhg™". The discharge capacity decays fast in the
subsequent cycles.

The rate performances of MnO,@CNTs, Mn,0,-CO and MnO-
CO electrodes at series of current densities between 0.01 and
3 Vare displayed in Figure 7d. The MnO,@CNTs electrode shows
excellent performance. The discharge capacity in the first cycle
at 0.2 Ag™' of as-prepared electrode is 1600.9 mAhg™". Then
the average discharge capacities are 924.9, 838.5, 713.2 and
557.6 mAhg™' at gradually raising current densities of 0.5, 1, 2
and 5Ag’", respectively. Even more, the high discharge
capacity of 9848 mAhg™' is recovered when the current
density comes back again to 0.2 Ag~', exhibiting an excellent
cyclic stability of nest-like MnO,@CNTs electrode. As for MnO-
CO and Mn;O,-CO electrodes, the discharge capacities of
various current densities are very low and fade quickly with the
increase of current density.

The high-rate cycling performance of MnO,@CNTs electrode
at 1Ag ' is also given in Figure 7e. For the first 3 cycles the
electrode is activated by discharging and charging at the low
rate of 0.2 Ag™' and then cycled at 1 Ag™' for the subsequent
process. At the beginning of the high rate performance, the
discharge capacity is 951.6mAhg™'. The capacity of
837.4 mAhg™" with the retention of 88.0% can still be obtained
after 200 cycles, indicating an excellent performance at high
current density.

The excellent electrochemical properties of MnO,@CNTs
electrode are attributed to the following aspects: a) the nest-
like architecture offers buffer space for the volume change of
MnO,, which could avoid the collapse of the electrode structure
and keep the structure stable during the cycling; b) the
introduction of CNTs provides a large-scale conductive network,
facilitating the electron transportation among the electrode
materials.

In order to explain the superior electrochemical perform-
ance of the MnO,@CNTs electrode, the Nyquist plots of
MnO,@CNTs, MnO-CO and Mn;0,-CO electrodes after 10 cycles
are presented in Figure 7f, together with the fitted graphs
using the equivalent circuit. All of the curves are composed of
two depressed semicircles and one inclined line. Generally, the
one semicircle located in the high frequency region indicates
the resistance (Ry) and the capacitance (CPE,) of the SEI layer,
while the other semicircle located in the middle frequency
region is related to the charge transfer resistance (R.) through
the electrode/electrolyte interface and the double-layer capaci-
tance (CPE,)."? The inclined line located in the low frequency
region is corresponding to the diffusion of Li ions in the
electrode, known as Warburg impedance (Z,).*® The fitting
data are shown in the Table 2. Obviously, the R; and the R, of
the MnO,@CNTs electrode is much smaller than values of the
two other electrodes. This result indicates that the interaction
of MnO, and CNTs could reduce the resistance of the SEI layer
and promote electron conduction in the electrode. The
advantage of MnO,@CNTs electrode in electron conductivity is
ascribed to two reasons: a) the interpenetrating network
composed of MnO, and CNTs makes the contact between two
elements more closely and allows the excellent conductivity of
CNTs into full play; b) the absence of the binder also alleviates
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Table 2. Impedance parameters of MnO,@CNTs, MnO-CO, and Mn;0,-CO
electrodes.

Electrode® R [Q1] Error [%)] R [Q] Error [%]
MnO,@CNTs 2.49 1.59 49.12 3.20
MnO-CO 14.54 426 212.10 0.76
Mn;0,-CO 39.44 0.72 237.4 1.54

[a] The MnO,@CNTs electrode is fabricated by using the EPD method. Both
the MnO-CO and Mn;0,-CO electrodes are fabricated by using the
conventional method.

the loss of electron conductivity owing to the low conductivity
of the conventional binder.

3. Conclusions

In summary, a nest-like MnO,@CNTs electrode has been
successfully prepared via EPD process. This unique structure
has some major advantages as the anode for LIBs: 1) the nest-
like electrode structure can keep stable during the cycling
process; 2) the porous channels in different dimensions created
by interpenetrating MnO, nanowires and CNTs enable the
electrolyte permeate into the electrode and contact with the
active materials more sufficiently; 3) the introduction of highly
conductive CNTs can facilitate the electron transportation; 4)
the rapid binder-free fabrication of MnO,@CNTs electrode can
also eliminate the influence of the inactive materials. Our results
have demonstrated superior electrochemical performances of
the EPD-fabricated MnO,@CNTs.

Experimental Section

Synthesis of MnO, Nanowires

MnO, nanowires were synthesized by the reported method.”” In a
typical synthesis, 0.02 mol (NH4),5,0,, 0.02 mol MnSO,-H,0 and
0.0175 mol (NH4),504 were dissolved into 80 mL deionized water.
Homogeneous solution was formed after continuously stirring,
which was then sealed into a Teflon-lined autoclave. Followed by a
heat treatment at 140°C for 12 h, the black products were
obtained. After washing with pure water and ethanol for several
times, the final precipitates were dried by freeze-drying for 72 h.

Preparation of MnO,@CNTs Electrodes

The MnO,@CNTs electrode was prepared by the EPD method.
0.05 g as-prepared MnO,, 0.25 g multi-walled carbon nanotubes
slurry (wt% =8%) were added into 50 mL acetone and then the
suspension was ultrasonically agitated for 2 h. After that, 0.05g
iodine was added into the suspension. Then the suspension was
dispersed by the disperser for 2 h. A platinum film and a copper
film immersing in the suspension, separated by the constant
distance of 1.5 cm, were designed as the anode and the cathode,
respectively. The constant voltage applied between the two
electrodes was set to 100V for 40s. At the same time the
suspension was subjected to magnetic stirring for avoiding the
gravitational sedimentation of particles. After dried at 80°C in a
vacuum drying oven for 12 h, the EPD film was thermally treated in
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a tube furnace to enhance the cohesion between MnO, and CNTs.
The treatment temperature was raised to 600 °C with a heating rate
of 5°Cmin~' and kept for 4h under the atmosphere of Ar.
Comparative electrodes were prepared through the conventional
process. The active materials (commercially used MnO or Mn;0,),
acetylene black and PVDF binder were mixed in the weight ratio of
70:20:10 with a few drops of NMP to prepare the slurry. Then the
slurry was coted onto the Cu foil. After that, the foil was dried at
80°C under vacuum overnight, forming slurry coated Mn;O, and
MnO electrodes (named as Mn;0,-CO and MnO-CO electrodes,
respectively).

Characterization

The zeta (C) potential of particles dispersed into the acetone was
measured by NanoBrook 90Plus PALS (Brookhaven Instruments
Corporation). X-ray diffraction (XRD) data were scanned at 2°min™"
from 10° to 90° on the Rigaku miniflex 600(40 kV/15 mA) with
Cu—Ka radiation. X-ray photoelectron spectroscopy (XPS) experi-
ments were carried out on PHI Quantum 2000 Scanning ESCA
Microprobe. The morphological observations and surface distribu-
tions of elements on the deposited film were performed by
scanning electronic microscopy (SEM) on HITACHI S-4800 equipped
with an X-ray spectroscopy accessory (EDS, OXFORD 7593-H).
Transmission electron microscopy (TEM) images were obtained by
JEOL-2100. The content of CNTs in the co-deposited film was
measured by element analysis instrument (Vario EL Ill, Elementar
Analysen System GmbH, Germany).

Electrochemical Measurements

The electrochemical performances were investigated in the coin
cells, with measured electrodes and a metal lithium plate as
working and counter electrodes, respectively. The cells were
assembled under Argon atmosphere in the whole process. The
electrolyte was prepared by dissolving 1 M LiPF¢ in 1:1 v/v ethylene
carbonate/diethyl carbonate mixture. Galvanostatic discharge/
charge cycling tests were operated on a Shenzhen Neware battery
cycler within the voltage range of 0.01~3V (vs Li*/Li). Cyclic
voltammetry (CV) measurement was conducted on the CHI1030c
electrochemical workstation(Shanghai Chenhua) at the scanning
rate of 0.1 mVs™' between 0.01and 3 V. Electrochemical impedance
spectroscopy (EIS) was performed at the frequency range from
0.01 Hz to 100kHz on the Solartron SI 1287 electrochemical
workstation. All of the electrochemical properties were measured
at room temperature.
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