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Lithium (Li) ion batteries are the most developed energy
storage technology for various applications such as portable

electronic devices, electric vehicles, and sustainable energy gen-
eration systems because of their attractive high gravimetric and
volumetric energy densities compared with other energy storage
technologies. However, since the initial commercial introduction
of Li ion batteries composed of LiCoO2 and graphite as cathode
and anode materials, respectively, in the early 1990s by Sony,
development of lithium ion batteries has fallen behind the rise in
demand for safer, higher energy density and longer life cycle
batteries. A variety of transition-metal oxide nanoparticles (NPs)
have attracted great attention owing to their high theoretical
electrochemical capacities.1�10 Poizot et al.1 first introduced the
concept of utilizing nanosized transition-metal oxides (MO,
where M is Co, Ni, Cu or Fe) for Li ion battery applications
because they were suggested to have even higher theoretical
capacities than graphite because of their unique conversion
reactions. However, large volume expansion during Li insertion/
extraction destabilizes the structure of the MO and leads to a
decrease in electrical contact between the current collector and
active metal oxide, resulting in poor cyclability and rate capabi-
lities.2 Although diverse approaches, including the development
of carbon-based composites with unique nano- and microstruc-
tures have been investigated in an attempt to overcome these
drawbacks,3�10 ample opportunity remains to improve substan-
tially the cell cycle and rate capabilities of electrode materials for
use in Li ion batteries.

Graphene has also attracted significant attention in recent
years because of its extraordinary electrical conductivity (as high

as 2200 S/m, depending on synthesis methods),11 high surface
areas of >2600 m2/g, chemical stability, and a distinct 2-D
nanostructure. Because of the unique properties of graphene, it
has been extensively investigated in the fabrication of free-
standing, thin film materials because of recent technological
trends focusing on flexible and portable devices.12,13 Moreover,
graphene has been proposed to provide exemplary theoretical
capacities of 1116 mAh/g,14,15 three times higher than commer-
cial graphite, with its application demonstrated in high-capacity
Li-ion battery assemblies.16 Graphene as a conductive matrix has
also been applied to Co3O4,

17 Fe3O4,
18 and Mn3O4

19 nanocom-
posites, which demonstrated superior performance as anode
materials for Li ion batteries compared with previously reported
results. Specifically, these combined transition-metal/graphene
nanocomposites achieved high rate capabilities and reversible
capacities with good cycle performance due to the addition of
flexible graphene layers. The graphene layers were noted to
provide a highly conductive structure in conjunction with a large
surface area to support good contact between the MO NPs. In
addition, graphene was effective in enhancing and maintaining
the mechanical strength of the nanocomposite during volume
changes as well as suppressing the aggregation of NPs during Li
ion insertion/extraction.

In the present study, novel free-standing layer-by-layer (LBL)
assembled graphene-MnO2 nanotube (NT) thin film composites
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ABSTRACT: Free-standing layer-by-layer assembled hybrid graphene-
MnO2 nanotube (NT) thin films were prepared by an ultrafiltration
technique and studied as anodes for lithium ion batteries. Each thin layer
of graphene provides not only conductive pathways accelerating a
conversion reaction of MnO2 but also buffer layers to maintain electrical
contact with MnO2 NT during lithium insertion/extraction. In addition,
the unique structures of the thin film provide porous structures that
enhance Li ion diffusion into the structure. The graphene-MnO2 NT
films as anode present excellent cycle and rate capabilities with a
reversible specific capacity based on electrode composite mass of 495
mAh/g at 100 mA/g after 40 cycles with various current rates from 100
to 1600 mA/g. On the contrary, graphene-free MnO2 NT electrodes
demonstrate only 140 mAh/g at 80 mA/g after 10 cycles. Furthermore,
at a high current rate of 1600 mA/g, the charge capacity of graphene-MnO2 NT film reached 208 mAh/g.
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were developed for use as anode materials in Li ion batteries.
Numerous transition-metal oxides have been investigated for use
as Li ion anode materials. In the present study, MnO2 was
selected because of the attractive economic and performance
benefits. Specifically, Mn is very abundant and inexpensive, along
with being environmentally friendly. Moreover, MnO2 is recog-
nized to have a high theoretical capacity (1232 mAh/g) based on
heterogeneous Li2O andMnmetal conversion reactions.7,20 The
free-standing, graphene-MnO2 nanocomposite film was assem-
bled by a unique LBL assembly method, providing numerous
advantages as Li ion anode materials, including: (1) During the
formation of a LBL graphene-MnO2 NT thin film, MnO2 NT
will hinder the restacking and ordering of graphene, allowing for
a more porous structure to enhance Li ion diffusion during
battery operation. (2) Graphene is in adequate contact with all
MnO2 NT providing a fast electron pathway with 2-D electron-
conducting behavior between the MnO2 NT. (3) The nanos-
tructured thin film (∼10 μm) shortens the diffusion path length
for fast lithium ion transport into the electrode to enhance
directly the power rating of the external circuit. (4) The mechan-
ical and electrical properties of both graphene and MnO2 NT
enable the formation of strong, flexible electrodes, free of both
binder and conducting additives. Each of these factors favor
excellent electrochemical performance, and this graphene-MnO2

nanocomposite thin film was demonstrated to have exemplary
rate and cycle capabilities, with performance superior to pure
MnO2 NT as anode materials in Li ion batteries.

Using as-prepared graphene and MnO2 NT, the novel LBL
thin film was fabricated by an ultrafiltration method as described
through a schematic representation (Figure 1). X-ray diffraction
(XRD) patterns displayed in Figure 2 show characteristic gra-
phene patterns with a broad (002) diffraction peak at ∼24�
corresponding to the average d-spacing of graphene layers.
Confirmation of the crystal structure of as-prepared MnO2 NT
is also clearly shown, where all of the diffraction peaks observed
indicate a R-MnO2 phase.

21 Additionally, the diffraction peaks
for the LBL assembled graphene-MnO2 thin film nanocomposite

correspond to individual graphene and MnO2 NT indices,
indicating that the structure of the individual materials is main-
tained following the fabrication of the LBL film.

Figure 3a presents a transmission electronmicroscopy (TEM)
image of the wavy and wrinkled graphene sheets used for the
formation of the free-standing films. Figure 3b shows a represen-
tative atomic force microscopy (AFM) image of graphene sheets
in tapping mode (with a Nanoscope III, Digital Instruments).

Figure 1. Schematic view for constructing (a) graphene and (b) MnO2 layer-by-layer thin films on substrate.

Figure 2. X-ray diffraction patterns of the graphene, MnO2 NT, and
LBL graphene-MnO2 thin film.
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It was found that an average thickness of 1 to 2 nm was achieved
for graphene sheets, which led to the conclusion that nearly
complete exfoliation of graphene sheets down to a few layers was
successful. The AFM image also shows that the size of the
graphene sheets is comparable to those manually peeled off from
pyrolytic graphite. The morphologies of the synthesized MnO2

NTare shownby scanning electronmicroscopy (SEM) inFigure 3c.
The synthesized MnO2 NT having lengths of ca. 1 μm is shown
to have a hollow structure with rectangular open ends clearly
visible is Figure 3c, with diameters ranging from 70 to 80 nm.
Figure 3d shows a TEM image where the wall thickness of the
NTs is observed to be ∼30 nm. An inset of the selected area
electron diffraction (SAED) patterns of the same MnO2 NT
demonstrates the single-crystalline nature of the synthesized
MnO2 NT. SAED is consistent with results from a previous
report attributing the growth of MnO2 NT along the [001]
direction (c axis).21

Cross-sectional investigations for the LBL structures were
carried out by SEM, as shown in Figure 3e,f. The cross-sectional
images of the LBL films in Figure 3e show deposited MnO2 NT
interspersed between layers of graphene, with an overall thickness

of ca. 10μm.Certain graphene layers are difficult to distinguish as
a result of the length of MnO2NTs disrupting layer continuity. It
is proposed that the layered structure of the thin film can facilitate
ion movement and reduce charge transfer resistance between the
graphene layers. Moreover, the separated graphene layers can
significantly enhance the overall electrical conductivity of the
thin film due to the good contact with the MnO2 and can serve
to maintain the stable, rigid electrode structure displayed in
Figure 3f during processing and battery operation.

Figure 4 shows the galvanostatic charge and discharge curves
for (a) the LBL free-standing graphene-MnO2 NT film and (b)
the MnO2 NT powder with carbon black and polyvinyldifluoride
(PVdF) in a weight ratio of 80:10:10 coated on a Cu current
collector. The charge and discharge curves of the LBL graphene-
MnO2 film at a current density of 100 mA/g (based on electrode
mass) demonstrated large irreversible capacities. This was caused
by (i) the irreversible reactions of residual oxygen groups remaining
on graphene during chemical reduction, (ii) the irreversible
conversion reaction of the MnO2 NT by Li ions, and (iii) the
formation of a solid-electrolyte interface (SEI) layer by electro-
lyte decomposition (Figure 4a).8,9,13 The voltage plateau, found

Figure 3. TEM and AFM images of (a,b) graphene; SEM and TEM images of (c,d)MnO2NTwith different magnifications (inset: SAED pattern); and
cross-sectional SEM images of (e,f) LBL graphene-MnO2 NT thin film.
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at 0.35 to 0.40 V, verified the transition-metal oxide conversion
reactions ofMnO2NTwith Li ions, which isMnO2+4Li

+ + 4e�f
Mn(0) + 2Li2O.

20 The charge curve, reflecting a reversible
capacity up to ca. 2.15 V appears to be affected by the conversion
reactions based on the charge curve of graphene-free MnO2 NT
electrode in Figure 4b, whereas the reversible capacity beyond
2.15 V is attributed to graphene. Furthermore, an acute decline of
the irreversible capacity on the second cycle suggested the
formation of an SEI layer during the initial cycle. Following the
development of an SEI, an increase in the charge�discharge
Coulombic efficiency is observed, representing the ratio of
charge to discharge capacity. The initial irreversible capacities
achieved for the LBL free-standing graphene-MnO2 NT film and
graphene-free MnO2 NT electrodes were 581 and 873 mAh/g at
the current rate of 100 and 80 mA/g, respectively (based on the
total mass of electrodes except the current collector). These
values demonstrate that the host graphene matrix enhances the
reversibility of the transition-metal oxide redox reaction, with
highly conductive graphene layers enabling the reduced form of
the MnO2 NT to participate in the oxidation reaction with Li
ions. This effect results in the reversible capacity for the LBL free-
standing graphene-MnO2 NT film to reach 686 mAh/g. The
capacity is lower than theoretical values of MnO2 and graphene,
which are 1232 and 1116 mAh/g, respectively; however, the
capacity is much higher than that of graphene-free MnO2 NT
electrode (294 mAh/g in Figure 4b) as well as nearly twice
that achieved by conventional graphite (∼360 mAh/g).22 It

demonstrates that interspaced graphene layers (ca. 500 nm) can
serve to facilitate electron transport to the MnO2 NTs, along
with their separation allowing ample room for Li ion diffusion
into the electrode structure.23 Figure 4c presents the results of
current rate and cycle testing. After several cycles, fairly stable
capacities for LBL free-standing graphene-MnO2 NT film are
observed, even at high current rates of 1600 mA/g. The 2-D
electron conduction of graphene not only imparts high electron
transport properties but also maintains the structure of MnO2

NT layers within the film. Additionally, the unique LBL structure
of the film can potentially improve Li ion mass diffusion into
active sites of the structure and prevent graphene from restacking
in the film. These effects are shown to improve the rate capability
and cycle stability of the film. Moreover, the excellent rate
capability is caused by the thickness of the thin films (∼10 μm),
which provides a smaller diffusion distance for lithium ions from
the electrolyte to travel to an active site in the film and improves
electron transport to an external circuit and notably also prevents
damage of the electrode by large volume change of MnO2 NT,
improving the electrode stability.24 As a result, the charge
capacity of the LBL graphene-MnO2 film with a current rate of
1600 mA/g to be 208 mAh/g (shown in Figure 4c), which is
significantly better than conventional graphite recently reported
having a capacity of 10�15 mAh/g achieved.22 Contrary to
the results of the LBL thin film, which presents the capacity of
495 mAh/g at 100 mA/g after 40 cycles, Figure 4d demonstrates
that the capacity of graphene-free MnO2 NT electrode is stabilized

Figure 4. Galvanostatic charge and discharge curves of (a) LBL graphene-MnO2 NT film, (b) graphene-free MnO2 NT, (c) capacity of LBL graphene-
MnO2NT film at various current rates from 100 to 1600 mA/g with respect to the cycle number, and (d) capacity of graphene-freeMnO2NT at current
rate of 80 mA/g with respect to the cycle number.
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around 140mAh/g with a current rate of 80mA/g after 10 cycles.
The decrease in capacity is likely due to the loss of electrical
contact between the particles caused by the large volume change
during Li ion insertion/extraction. It indicates that the graphene
layers play a role of conductive buffer layers to maintain electrical
contacts with MnO2 NT after the large volume change.

As shown in the rate capability test (Figure 4c), it is proposed
that the unique LBL structure provides fast Li ion transportation
in the thin film and accelerates the charge transfer reaction
between the graphene layers andMnO2 NT layers with migrated
Li ions. This proposal is a critical factor to improve rate capability
and is confirmed by electrochemical impedance spectroscopy
(EIS) measurement compared with graphene-free MnO2 NT
electrode at fully discharged states (Figure 5). The results of EIS
verify that charge transfer resistance of LBL graphene-MnO2 film
is much lower (∼36 ohm) than that of graphene-free MnO2 NT
electrode. In other words, it is confirmed the charge transfer
reactions in the LBL graphene-MnO2 film are faster, improving
the overall rate performance.

In conclusion, an ultrathin, free-standing and LBL assembled
graphene-MnO2 NT film with a unique nanostructure was
prepared as an anode material for Li ion batteries. We propose
that the unique film structures enhance Li ion diffusion to the
active sites of the film, in addition to enhancement of the
electrical conductivity by the large surface area graphene layers.
Consequently, the composite film demonstrated not only 686
mAh/g of reversible capacity at a current rate of 100mA/g, which
is higher than achieved values from conventional graphite, but
also 208 mAh/g at a high current rate of 1600 mA/g. Further-
more, the capacity became stabilized at ∼500 mAh/g after
cycling with various current rates. With the exceptional rate and
cycle capabilities, free-standing LBL thin graphene-MnO2 films are
presented as promising anode materials for Li ion batteries.

’EXPERIMENTAL METHODS

Graphene was produced by the reduction of graphene oxide
prepared by a modified Hummer’s method and has been
described in detail elsewhere.25 MnO2 NT were synthesized by
a hydrothermal reaction using KMnO4 and has also been
described in detail elsewhere.21 Stock solutions of dispersed
graphene and MnO2�NT with concentrations of 0.2 mg/mL

were prepared for film assembly. Composite films were as-
sembled LBL, with each layer prepared by ultrafiltration of
1.2 mL stock solution thoroughly mixed by sonication in
250 mL of deionized (DI) water. By this method, the number
of layers and composition of each were properly controlled.
Following filtration of a 20-layer film (10 layers graphene, 10
layers MnO2 NT, and the composition of the graphene/MnO2

NT nanocomposites is 1:1 (weight ratio)) using a 0.2 μm pore
size alumina membrane (Whatman), the thin-film/membrane
was air-dried and placed in DI water, where it became easily
detached by floatation. The electrochemical performances were
carried out using coin-type cells at the voltage range of 0.01 to
3.00 V, with Li metal as the counter and reference electrode and
1M LiPF6 in 3:7 ethylene carbonate (EC) and dimethyl carbonate
(DMC) as the electrolyte. Various current densities at the voltage
range of 0.01�3.00 V (vs Li metal) were applied for galvanostatic
Li insertion/extraction tests. The EISwas conducted from a 1MHz
to 10 mHz frequency range with a 5 mV amplitude.
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