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h i g h l i g h t s
< Free-standing anodes for lithium ion battery were successfully prepared.
< These anodes are substrate- and binder-free with high flexibility and conductivity.
< The mesoporous g-MnO2 particles were well-dispersed throughout all the anodes.
< A high reversible capacity of 934 mA h g�1 (0.01e3.0 V) was maintained after 150 cycles.
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a b s t r a c t

Free-standing heterogeneous hybrid papers based on mesoporous g-MnO2 particles and acid-treated
single-walled carbon nanotubes (a-SWCNTs) for lithium-ion battery anodes are successfully prepared
by simple vacuum filtration. The mesoporous g-MnO2 particles with high surface areas are well
dispersed throughout these anodes by being bound in nanoporous a-SWCNT networks. Furthermore,
these anodes exhibit a high electrical conductivity of 2.5 � 102 S cm�1 with high flexibility, which makes
them substrate- and binder-free. For 50 wt% mesoporous g-MnO2 particle-loaded anodes, a high
reversible capacity of 934 mA h g�1 (0.01e3.0 V) is maintained after 150 cycles.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Nanostructured design of electrode materials is becoming
increasingly important for advanced electrochemical energy
storage devices because of the unusual physical and electrical
properties endowed by confining the dimensions of such materials
[1e3]. Among the great number of nanostructured materials,
carbon nanotubes (CNTs) have received a great deal of attention
due to their excellent electrical, mechanical, and thermal properties
[4e9], and many strategies involving the use of CNTs have been
proposed to make advanced battery electrodes [10e18]. Free-
standing CNT electrodes in particular have strong points; for
example, they have no need for binders such as polyvinylidene
fluoride or current collectors such as copper (w10 mg cm�2) and
aluminum (5 mg cm�2), and they exhibit high flexibility. They also
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have an advantage in terms of mass transfer and the amount of
active area due to their nanoporous morphologies [16e18].
However, the electrode systems composed of only CNTs have low
capacity compared to heterogeneous hybrid systems.

Various transition metal oxides have been widely studied as
anodematerials for lithium-ion batteries (LIB) because of their high
capacitance, great capacity retention, and high discharging rates
[19e27]. Manganese oxide (MnO2) in particular has attracted
attention as an electrode for LIBs due to its high storage capacity,
low cost, environmental friendliness, and natural abundance [23e
27]. However, its practical applications are limited due to its poor
electrical conductivity and significant volume expansion/contrac-
tion during repeated cycling processes. To solve these problems,
a porous MnO2 nanostructure can be an effective way to suppress
the fast capacity fading because the porous structure can accom-
modate a large volume change during charge/discharge cycling. Xia
et al. reported a porous nanoflaky MnO2/CNT nanocomposite
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anode, which exhibited a reversible capacity of approximately
600 mA h g�1 after 50 cycles [25]. This is a considerable improve-
ment compared to an earlier report that a coaxial MnO2/CNT array
electrode can deliver a reversible capacity of approximately
500 mA h g�1 after 15 cycles [26]. More recently, Li et al. reported
interconnected porous MnO nanoflakes that exhibited
708.4 mA h g�1 at the 200th chargeedischarge cycle after cycling
with various current densities up to 2460mA g�1 [27]. These results
demonstrate the importance of a nanostructured design for
inducing high performance of anode materials.

In this study, we designed a unique structure in which meso-
porous g-MnO2 particles were tightly bound by acid-treated single-
walled carbon nanotubes (a-SWCNTs) via simple vacuum filtering
methods. The mesoporous g-MnO2 particles were evenly dispersed
in nanoporous a-SWCNT networks in a tightly bound state, which
induced highly flexible free-standing heterogeneous hybrid papers
(FHHPs) with no binder or current collector. The FHHPs showed
great cycle stability, high reversible capacity, and good rate capa-
bility during repetitive charge/discharge tests as LIB anodes.

2. Experimental

2.1. Preparation of a-SWCNTs and mesoporous g-MnO2 particles

As-received single-walled carbon nanotubes (SWCNTs, Iljin,
Korea) were treated with acid using a procedure reported else-
where [28]. Briefly, the as-received SWCNTs were treated in an acid
mixture (sulphuric acid/nitric acid ¼ 3:1 (v/v) at 60 �C for 6 h. The
mesoporous g-MnO2 particles were prepared by template-free self-
assembly under ultrasound irradiation [29].

2.2. Preparation of FHHPs based on a-SWCNTs and mesoporous
g-MnO2 particles

The a-SWCNTs and mesoporous g-MnO2 particles were
dispersed separately in distilled water by ultrasound treatment.
Then, the a-SWCNT dispersion and mesoporous g-MnO2 particle
dispersion were mixed and stirred for 30 min. The a-SWCNT/
mesoporous g-MnO2 particle dispersion was then vacuum filtered
on an alumina template membrane. After being washed several
times by ethanol, the hybrids were dried at room temperature for
24 h.

2.3. Characterization

The morphologies of the a-SWCNTs, mesoporous g-MnO2
particles, and FHHPs were observed by field emission transmission
Fig. 1. Schematic processing ima
electron microscopy (FE-TEM, JEM2100F, JEOL, Japan) and field
emission scanning electron microscopy (FE-SEM, S-4300SE, Hita-
chi, Japan). The porous properties of the mesoporous g-MnO2
particles were analysed using nitrogen adsorption and desorption
isotherms that were obtained using the surface area and a poros-
imetry analyser (ASAP 2020, Micromeritics, USA) at �196 �C. The
BrunauereEmmetteTeller (BET) surface areas (SBET) were calcu-
lated according to BET theory. X-ray photoelectron spectroscopy
(XPS, PHI 5700 ESCA) was performed using monochromated Al Ka
radiation (hv ¼ 1486.6 eV). X-ray diffraction (XRD, Rigaku DMAX
2500) of the mesoporous g-MnO2 particles was carried out using
Cu Ka radiation (wavelength l ¼ 0.154 nm) operated at 40 kV and
100 mA.

2.4. Electrochemical characterization

The electrochemical performances of the FHHPs based on a-
SWCNTs and mesoporous g-MnO2 particles were evaluated with
a Wonatec automatic battery cycler in a CR2016-type coin cell. The
coin cells were assembled in a glove box filled with argon,
employing a composite electrode with metallic lithium foil and 1 M

LiPF6 (Aldrich 99.99%) dissolved in a solution of ethylene carbonate/
dimethyl carbonate/diethyl carbonate (1:2:1 v/v) as the electrolyte.
The cells were galvanostatically cycled between 0.01 and 3.0 V
versus Li/Liþ at various current densities.

3. Results and discussion

Fig. 1 shows the process of preparing the FHHPs based on a-
SWCNTs and mesoporous g-MnO2 particles. The FHHPs were easily
prepared from an aqueous dispersion of a-SWCNTs and meso-
porous g-MnO2 particles. The a-SWCNTs were homogeneously
dispersed in an aqueous solution, which was possible due to
presence of surface functional groups induced by the acid treat-
ment. Fig. 2(a) shows the XPS C 1s spectra of the a-SWCNTs. The a-
SWCNTs have a eCOO peak at 288.4 eV, as well as a main sp2 C]C
peak at 284.2 eV and an sp3 CeC peak at 285.0 eV. A large number
of oxygen groups (15.49 at%) were introduced to the surface of the
a-SWCNTs, resulting in nanoporous network structures by simple
filtration process (Fig. 2(b)). Mesoporous g-MnO2 particles
synthesized by a rapid synthetic method had a worm-like
morphology and diameters of approximately 800 nm (Fig. 3(a)).
The XRD analysis results revealed that the sample had a hexagonal
g-MnO2 structure with good crystallinity (inset of Fig. 3(b)). The
pore structures of the mesoporous g-MnO2 particles were exam-
ined by measuring the nitrogen adsorption and desorption
isotherms at 77 K using BET methods, as presented in Fig. 3(b). The
ge of preparing the FHHPs.



Fig. 2. (a) XPS C 1s spectra and (b) FE-TEM image of a-SWCNTs.
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isotherm curve exhibits IUPAC type-IV shapes, indicating a meso-
porous structure that can accommodate a large volume change
during charge/discharge cycling. In addition, the surface area of the
mesoporous g-MnO2 particles was 206 m2 g�1. This high surface
area and the porous structure of the active materials can extend the
overall reaction area, which is effective for attaining high reversible
capacity.

As shown in Fig. 4(a) and (b), the mesoporous g-MnO2 particles
were practically well distributed in nanoporous a-SWCNT networks
in a state thoroughly bound by a-SWCNTs. In addition, the FHHPs
had a thickness less than 10 mm, and they spontaneously detached
as flexible and free-standing paper from the alumina membrane
after they were dried (Fig. 4(c) and (d)). The electrical conductivity
of the a-SWCNT paper was 2.8 � 102 S cm�1, which was somewhat
lower than that of pristine SWCNT paper (5.2 � 102 S cm�1). This is
due to the fact that SWCNT functionalization led to imperfection
defects [30]. However, functionalization of SWCNTs by acid treat-
ments can be a good strategy to achieve homogeneous dispersion
of SWCNTs and enhanced mechanical properties of buckypaper
[31e33]. The electrical conductivity of 30 wt% mesoporous g-MnO2
particle-loaded FHHPs (30 wt% FHHPs) and 50 wt% mesoporous g-
MnO2 particle-loaded FHHPs (50wt% FHHPs) were 2.5�102 S cm�1

and 2.4�102 S cm�1, respectively. The high electrical conductivities
are similar to that of a-SWCNT paper, allowing for a substrate-free
and binder-free anode for the FHHPs. Therefore, the FHHPs can
have higher energy and simpler fabrication procedures than
conventional electrodes.

The electrochemical properties of the a-SWCNT paper, and 30
and 50 wt% FHHPs as LIB anodes with no substrates and no binders
were evaluated via constant current charge/discharge cycling in the
Fig. 3. (a) FE-SEM image and (b) nitrogen adsorption and desorption isotherm of meso
potential range 0.01e3.0 V at various current densities. During the
first charge process (cathodic process) at a current density of
50 mA g�1, the profile of the a-SWCNT paper anode without mes-
oporous g-MnO2 particles shows a large specific capacity in a range
below 0.5 V without a distinguishable plateau (Fig. 5(a) and (b))
[34,35]. The reversible capacity is 397 mA h g�1 with a coulombic
efficiency of 57%. This is equivalent to Li1.1C6, the capacity of which
is slightly higher than the ideal value for graphite. In case of FHHP
anodes, the profiles exhibit an additional plateau at approximately
0.4 V according to the reaction between MnO2 and Li, compared to
that of the a-SWCNT paper anode (Fig. 5(a) and (b)) [23,25,29,36].
The reversible capacities of the 30 and 50 wt% FHHPs are 658 and
741 mA h g�1, respectively, with coulombic efficiencies of 57% and
58%. After the second cycle, the FHHPs had a smaller irreversible
capacity with coulombic efficiencies of above 88%. Fig. 5(c) shows
the rate capabilities of the 30 and 50wt% FHHPs at different current
densities ranging from 100 to 1000 mA g�1. To confirm the high
reversible capacity, the rate capability was examined again at
100 mA g�1. As the current density was increased, the (discharge)
specific capacity of the 30 and 50wt% FHHPswasmaintained at 51%
and 48%, respectively, on the basis of the value at 100 mA g�1 and
quickly stabilized with a minimal change in capacity. In addition,
when the current density returned to the initial value of
100 mA g�1 after 20 cycles, both anode materials successfully
recovered their original capacity. Fig. 5(d) shows that the 30 wt%
FHHPs exhibited a stable charge capacity up to 150 cycles except for
an initial fluctuation; after 150 cycles, a specific capacity of
754 mA h g�1 was maintained. For the 50 wt% FHHPs, there were
some capacity fluctuations during the cycling test up to 150 cycles.
However, the sample maintained a specific capacity above
porous g-MnO2 particles (inset of (b): XRD data of mesoporous g-MnO2 particles).



Fig. 4. FE-SEM images of the FHHPs: (a) and (b) upper surface, (c) fracture surface, and (d) optical image.

Fig. 5. Galvanostatic charge/discharge profiles of (a) the 30 wt% FHHPs and a-SWCNT paper and (b) the 50 wt% FHHPs and a-SWCNT paper in the potential range from 0.01 to 3.0 V
at a current density of 50 mA g�1 (discharge). Specific capacity vs. cycle number for the (c) 30 (red circles) and 50 wt% FHHPs (black squares) cycled at different current densities.
Cycling performance of the (d) 30 (red circles) and 50 wt% FHHPs (black squares) at 50 mA g�1. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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800 mA h g�1 overall, except for the initial 5 cycles. Moreover, after
150 cycles, a specific capacity of 934 mA h g�1 could be maintained.
These specific capacity values surpass that of mesoporous g-MnO2
particles (approximately 400 mA h g�1 at 70 mA g�1) [29] because
of the nanostructured form with good dispersion of mesoporous
g-MnO2 particles and a great electroconducting pathway from the
a-SWCNT networks. In addition, the nanoporous structure, in
which the mesoporous g-MnO2 particles were thoroughly bound
by a-SWCNTs, induced the good cycling stabilities.

4. Conclusions

FHHPs based on mesoporous g-MnO2 particles bound by
a-SWCNTs for LIB anodes were successfully prepared by simple
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vacuum filtration. The 30 and 50 wt% FHHPs had high electrical
conductivities of 2.5 � 102 and 2.4 � 102 S cm�1, respectively, in
addition to good rate capabilities and great cycle stabilities. Supe-
rior reversible capacities of 754 and 934 mA h g�1 (0.01e3.0 V) for
the 30 and 50 wt% FHHPs, respectively, remained after 150 cycles.
FHHPs have potential for application as a substrate- and binder-free
electrode with higher energy and simpler fabrication procedures
than conventional electrodes.
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