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Abstract. In this study, the performance of manganese oxide nanorods/reduced graphene oxide (MnOx/rGO) composite
papers as anode for lithium-ion battery is investigated. The self-supporting and flexible composite papers are fabricated
via traditional vacuum filtration. The crystal structure, chemical state and morphology are determined by XRD, XPS and
SEM, respectively. And the electrochemical performance is measured by means of cyclic voltammetry (CV) and galvanostatic charge/discharge (GCD) techniques. It is proved that the MnOx/rGO papers exhibit layer-by-layer structure in
which rod-shaped MnOx is sandwiched among the rGO sheets. As anode for lithium-ion batteries, the capacity of MnOx/
rGO paper can be stabilized at 518 mAh g-1 for 1500 charge/discharge cycles.
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Introduction

Lithium-ion batteries (LIBs) have attracted much attention
for their practical application [1–5]. The targets for the
development of LIBs are to improve the cycle stability,
specific capacity and energy density to satisfy the continuously increasing energy requirement [6–9]. In recent
years, the design of wearable devices raises much more
requirements for the energy storage batteries [10–12]. The
commercial anode material, graphite, cannot meet the
current needs, because of the relatively low theoretical
specific capacity (372 mAh g-1) [13]. The specific
capacity of transition metal oxides as anode material is
three times higher as compared to graphite, and metal
oxides have low price and simple preparation process
[14]. However, during charge/discharge process, the metal
oxides will have a volume deformation, which causes the
structure collapse and limits the practical application of
transition metal oxides [15]. Therefore, it is an ideal way
to use the skeleton to reduce the volume deformation of
metal oxides effectively [16,17]. Here, graphene is a
potential candidate of skeleton to prevent the structure
collapse of metal oxides due to its good conductivity and
large specific surface [18,19]. Further, its 2-dimensional
structure could help to set up the self-standing and binder-free paper with flexibility [20,21]. As literature
reported, V2O5 nanorod/reduced graphene oxide (rGO)

[22] and MnO2 nanotube/graphene [23] have been fabricated for supercapacitors, which exhibited a high specific
capacitance, energy density and good stability even after
1000 charge/discharge cycles. SnO2/graphene [24,25] and
Co3O4/rGO [26] with scrolled structure exhibited a high
reversible capacity for lithium-ion storage and a good
cyclic stability. The uniform Co3O4 nanoparticles well
dispersed on the surfaces of graphene nanosheets [27]
exhibited an initial reversible lithium storage capacity of
722 mAh g-1. TiO2/graphene/mesoporous TiO2 sandwichlike nanosheets [28] delivered an extra high capacity, an
excellent high-rate capability and long cycle life when it
was used as anode in lithium ion batteries. Free-standing
and flexible V2O5 nanowires/graphene composite film
[29] was directly used as flexible electrode. The discharge
capacity of composite film maintained at 252 mAh g-1 at
current density of 50 mA g-1. The good electrochemical
performance of these composites is due to the synergistic
effect between graphene and metal oxides.
In this paper, we prepared a type of self-supporting and
binder-free MnOx nanorod/rGO composite papers without
any conductive agents and binders through vacuum filtration method. They were used directly as anode for lithium
ion batteries. The structure and electrochemical performance were systematically investigated. And the composite
material showed excellent cycle stability and relatively high
specific capacity.
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sheets ([ = 14 mm) for further use. The detailed synthesis
procedure is shown in figure 1.

Chemicals

Graphite powder, 325 mesh, was purchased from Alfa
Aesar. PluronicÒ F127 was purchased from Sigma-Aldrich.
Hydrated hydrazine ([98%), hydrogen peroxide (30%),
hydrochloric acid (37%), phosphorus pentoxide (C98.5%),
sulphuric acid (98%), potassium persulphate (C99.0%),
potassium permanganate (C99.5%), ammonium persulphate
(AR), manganese sulphate (C99.0%) and ammonia (25%)
were purchased from Shanghai Aladdin Bio-Chem Technology Co. Ltd., China. All chemicals were used as
received without any purification. All aqueous solutions
were prepared by ultrapure water (resistivity [18 MX cm).

2.2
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Physical characterization

X-ray diffraction (XRD) patterns were recorded on a Shimadzu DX-6000 advanced X-ray diffractometer using
CuKa as the radiation source with k = 0.154 nm. Raman
spectra (Renishaw, UK) were obtained under a 532.8 nm
excitation laser. X-ray photoelectron spectroscopy (XPS,
AXIS UltraDLD) was performed to study the chemical state
of composites. Field emission scanning electron microscopy
(FESEM) were taken by a Zeiss Sigma 500 operating with
an acceleration voltage of 15 kV and the X-ray energy
dispersive spectra (EDS) were collected by Oxford Aztec
X-Max 80.

Preparation of MnOx/rGO composite

Graphene oxide (GO) was prepared by the modified Hummers’ method as reported previously [30]. The concentration of GO was measured by UV–Vis spectrophotometer.
The MnO2 was prepared as follows: 7.5 mmol (NH4)2
S2O8 and 5.0 mmol MnSO4 were dissolved in 40 ml
deionized water. Then, the mixture was transferred into the
Teflon autoclave and kept at 150°C for 16 h. The product
was washed with ultrapure water and ethanol by centrifugation for at least three times. After drying at 80°C for 4 h,
and followed by grinding, MnO2 was obtained.
The prepared GO suspension was diluted to 100 ml
0.1 mg ml-1 with ultrasonicating for 30 min. The pH value
was adjusted to 10.0 by dropwise addition of NH3H2O.
And then, 10 ll N2H4H2O and MnO2 (0.01, 0.02 and
0.03 g, respectively) were added to the above GO solution.
The mixture was placed in a water bath (90°C) for 1 h.
Afterwards, 0.1 g of F127 was used as dispersant to scatter
the cluster particles, accompanied with ultrasonication.
Finally, the MnOx/reduced graphene oxide (MnOx/rGO)
papers with MnOx to rGO mass ratio of 1:1, 2:1 and 3:1,
denoted as MGP-1, MGP-2 and MGP-3, were obtained
by vacuum filtration with hydrophilic polyvinylidene
fluoride (PVDF) membrane (pore size of 0.22 lm) equipped. After air drying, the papers were cut into circular

Figure 1.

Schematic of MnOx/rGO composite paper fabrication.

2.4

Electrochemical characterization

The half cells were assembled to perform the electrochemical characterization by using the MnOx/rGO paper as
positive electrode, lithium as negative electrode, CelgardÒ
2325 as a separator soaked in electrolyte, respectively. The
electrolyte was 12 wt% LiPF6 in 1:1:1 w/w/w ethylene
carbonate:diethyl carbonate:dimethyl carbonate purchased
from Shenzhen Kejing Star Technology Co. Ltd. The cells
were all assembled in the Ar-filled glove box. Cyclic
voltammetry (CV) was tested by CHI660E electrochemical
work station. The initial charge–discharge, rate capability
and cyclic stability were carried out via Neware battery
testing system.

3.

Results and discussion

Schematic for synthetic procedure of MnOx/rGO paper is
shown in figure 1. The composite paper has good flexibility
with glossily dark surface. It means we developed an
effective route to synthesize free-standing and flexible
MnOx nanorods/rGO paper electrode for energy storage and
conversion.
XRD patterns of GO, rGO, MnO2 and MnOx/rGO have
been shown in figure 2a. The characteristic peak located at
12° shows the successful synthesis of GO. With N2H4H2O
addition, the peak at 12° vanished, followed by rGO peak
appeared at 24.2°, indicating that GO has been completely
reduced into rGO by N2H4H2O. For diffraction of MnO2
nanorod, the peaks appear at 28.7, 37.3, 40.7, 42.7 and
56.6°, corresponding to the lattice plane of (110), (101),
(220), (111) and (211), respectively. It is consistent with the
standard card (JCPDS 24-0735) of the orthorhombic MnO2.
For the pattern of MnOx/rGO composite paper, the locations
of characteristic peaks have totally changed. The peak of
rGO shifts to 26.2°, and the peaks of MnOx appear at 22.5,
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Figure 2. (a) X-ray diffraction of GO, rGO and MnOx/rGO paper, X-ray photoelectron spectrum of (b) Mn 2p and
(c) C 1s of MnOx/rGO paper and (d) Raman spectrum of MnOx/rGO paper with various MnOx to rGO ratios.

31.7, 34.0 and 39.8°, respectively. It is hard to classify the
peaks, because MnO2 was partially reduced to multivalent
manganese oxides during the reduction process. Hence,
XPS is needed to further determine the valent states of
manganese. Figure 2b clearly shows the MnOx/rGO Mn 2p
spectrum. Three characteristic peaks appear at 640.9, 642.3
and 645.1 eV, corresponding to the spin–orbit peaks of
mixed valence Mn2?, Mn4? and Mn3?, respectively [31].
MnO2 was reduced into Mn2O3 and MnO during the
reduction process and still existed in the composites due to
partial reduction. The fitted C 1s spectra of MnOx/rGO
shown in figure 2c present three constituent peaks,
attributing to the C–C bonding, C–O and C=O surface
functional groups.
In figure 2d, the Raman spectra of MnOx/rGO papers in
various MnOx to rGO ratios have been shown. In spectra of
MGP-3, a small peak located at 658 cm-1 is attributed to
Mn–O vibrations in MnOx/rGO paper. For both MGP-1 and
MGP-2, there is no any obvious peak ranging from 550 to
700 cm-1. It indicates MGP-3 behaves with a relatively
higher MnOx concentration in composites. Two

distinguished peaks located at 1349 and 1590 cm-1 are
assigned as D and G bands, respectively [32]. The intensity
ratio of D band to G band (ID/IG) could decide defects and
graphitization degree in rGO. As the ID/IG value is lower,
the degree of graphitization is higher. In this case, the ID/IG
of both MGP-1 and MGP-2 are around 1.33, and ID/IG value
of MGP-3 is about 1.75. It is worth noting that the enhanced
amount of MnOx in composites can increase the defects of
rGO. The consequent effects on the electrochemical performance need to be further discussed.
To understand the morphology of GO, rGO, MnO2 and
MnOx/rGO composites, FESEM measurements were performed. It is observed in figure 3a and b that the GO and
rGO have a normal nanosheet structure with many plications. Hydrothermally synthesized MnO2 (figure 3c) shows
the nanorod structure clearly. The length is around
1.5–2 lm, and the diameter is ranging from 40 to 300 nm.
In figure 3d, MnOx nanorod combined with the rGO
nanosheets at the surface could be observed without any
morphology and size changes. Figure 4 shows the
microstructure and element distribution of MnOx/rGO
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Figure 3.

FESEM of (a) GO, (b) rGO, (c) MnO2 and (d) MnOx/rGO composites.

Figure 4.
paper.

FESEM of (a) surface morphology, (b) cross-section and (c) elemental mapping of MnOx/rGO composite

composite paper. As observed on the surface of the composite paper (as shown in figure 4a), the MnOx nanorods are
found to decorate on the surface of rGO. From the crosssection of paper (figure 4b), it is clearly shown that the
MnOx nanorods are sandwiched inside the rGO layers and
the thickness of the composite paper is 9.463 lm. In addition, elemental mapping and distribution of MnOx/rGO
confirm the existence of C, O and Mn.
Figure 5a shows the CVs of MnOx/rGO paper electrode
tested in half-cell system of lithium-ion battery at the scan
rate 5 mV s-1 under the potential window of 0.01–3 V. As
shown in CV, the MGP-3 has one cathodic peak at 0.42 V

during the discharge process, which attributes to the
reductive reaction of MnOx ? 2xLi? ? 2xe- ? Mn(0) ?
xLi2O. As mentioned previously, MGP-1 and MGP-2 have
no obvious cathodic peaks because of the low loading
amount of MnOx. In the subsequent charging process, the
anodic peak at 1.52 V corresponding to the reversible
reaction is distinguished. Figure 5b shows the galvanostatic
discharge and charge curves of MnOx/rGO composite
papers at 0.1 C (the assumed theoretical capacity is
500 mAh g-1) in the first cycle. It shows that the composite
papers have large irreversible capacity. This is caused by
the irreversible reaction of MnOx and the formation of a
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Figure 5. (a) CV curves of MnOx/rGO in various MnOx to rGO ratios. (b) Discharge and charge curves of first cycle
for MnOx/rGO at 0.1C.

solid-electrolyte interface (SEI). The two discharge plateaus
of MGP-3 are distinguished at 0.77 and 0.28 V, which
further illustrate two-step reduction of MnOx into Mn(0).
The charge curve with a plateau ranging from 1.2 to 1.5 V
is corresponding to the reversible reaction mentioned above
[33]. The irreversible capacities of MGP-1, MGP-2 and
MGP-3 were 0, 436 and 1155 mAh g-1 at 0.1 C, respectively. It demonstrates that increased MnOx amount
decreases the reversibility of the redox reaction. However,
the charge capacity increases with more MnOx addition due
to high theoretical value of MnOx. The reversible capacity
of MGP-3 reached to 518 mAh g-1. The capacities of
MGP-1 and MGP-2 were 147 and 217 mAh g-1,
respectively.
Figure 6a shows the rate capability of composites and
rGO papers at 0.2, 0.5 and 1.0C. The rGO paper has the
lowest capacity when compared with the composite papers.
As an anode, the charge capacity of MGP-3 decreased from
526 to 430 mAh g-1 in 5 cycles at the rate of 0.2C, and then

Figure 6.

kept 260 and 120 mAh g-1 at the rate of 0.5 and 1.0C,
respectively. The capacity of MGP-1 and MGP-2 had a
decrease at 0.2C for the first 5 cycles, and stabilized at 0.5
and 1.0C. It indicates that the composites paper could reach
the stabilized status after 5th cycle activation. The cyclic
stability shown in figure 6b further proves it. The measurement for cycle stability started from the 17th cycle at
0.1C. It is clearly shown that the specific capacities of all
composites papers have nearly no changes even after 1500
cycles. The retention rate of charge capacity is 98.9%. The
specific capacity of rGO, MGP-1 and MGP-2 are 48.2,
144.1 and 295.3 mAh g-1, respectively. And MGP-3 has the
highest capacity of 481.9 mAh g-1, because of the highest
amount of MnOx loading. It demonstrates that MnOx addition enhances the interspace between graphene layers and
facilitates electron transport to the MnOx, along with ample
room for Li-ion diffusion into the electrode. It should be
noted that 3:1 is the maximum ratio of MnOx to rGO, the
continuing increase of MnOx amount will cause the

(a) Rate capability and (b) cycling stability of MnOx/rGO composite papers.
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Comparison of MnO2 nanoneedles/rGO powder, MnO2 nanofibres/rGO powder and MnO2 nanorods/rGO paper.

Morphology
MnO2 nanoneedles/rGO powder [34]
MnO2 nanofibres/rGO powder [35]

MnO2 nanorods/rGO paper
This work

Current density (A g-1) Specific capacity (mAh g-1) Voltage (V)
0.123
0.1
0.2
0.5
0.1
0.2
0.5

separation of rGO flakes, followed by the broken paper. As
compared with MnO2 nanoneedles/rGO [34] and MnO2
nanofibres/rGO [35] reported previously, the MnO2 nanorods/rGO paper synthesized in our work has a very good
cyclic stability (as shown in table 1). Although the specific
capacity of composites paper is lower than the other two,
the bended, binder-free and additive-free characters support
its application in flexible energy storage devices.

4.
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Conclusion

The binder-free and self-standing MnOx nanorods/rGO
composites paper has been successfully prepared and
applied as anode for Li-ion battery in this study. The MnOx/
rGO with mass ratio of 3:1 can reach the capacity of
518 mAh g-1 at 0.2C and keep the retention rate of 98.9%
after 1500 cycles at 0.1C. It has been proved that the flexible and free-standing MnOx/rGO paper we synthesized, has
excellent stability as applied in the anode of Li-ion batteries. As a result, the composite paper has a potential to be
used in the field of energy storage and conversion for
flexible devices.
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