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Abstract MnO,/graphene composite was synthesized by
a facile and effective polymer-assisted chemical reduction
method. The nanosized MnO, particles were homoge-
neously distributed on graphene nanosheets, which have
been confirmed by scanning electron microscopy and
transmission electron microscopy analysis. The capacitive
properties of the MnQO,/graphene composite have been
investigated by cyclic voltammetry(CV). MnO,/graphene
composite exhibited a high specific capacitance of 324 F
g{1 in 1 M Na,SO, electrolyte. In addition, the MnO,/
graphene composite electrode shows excellent long-term
cycle stability (only 3.2% decrease of the specific capaci-
tance is observed after 1,000 CV cycles).

Introduction

Supercapacitors, also called electrochemical capacitors
(ECs) or ultracapacitors, have attracted considerable atten-
tion over the past decades because of their higher power
density and longer cycle life than secondary batteries and
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their higher energy density compared to conventional elec-
trical double-layer capacitors[1, 2]. To develop an advanced
supercapacitor device, an active electrode material with high
capacity performance is indispensable [3].

Graphene, with one-atom thick layer 2D structure, is
emerging as a unique morphology carbon material with
potential for electrochemical energy storage device appli-
cations due to its super characteristics of chemical stability,
high electrical conductivity, and large surface area [4-6].
These encouraging characteristics provide such new
materials a wide range of potential applications and have
attracted great interests in developing graphene composites
with other materials [7, 8].

Currently, one obvious challenge is to utilize these 2D
carbon nanostructures as conductive carbon mats to anchor
metal oxide materials to form new nanocomposite hybrid
materials with potential application in optoelectronics and
energy conversion devices. Paek et al. [9] fabricated the
graphene/SnO, composite electrode materials and studied
their application in lithium-ion batteries. Li et al. [10]
reduced graphene oxide with SnCl, to gain graphene/SnO,
composite which achieved a higher specific capacitance of
34.6 F/g in 1 M H,SO4 solution. Recently. Lu et al. [11]
have reported that graphene/ZnO composite film was fab-
ricated by ultrasonic spray pyrolysis and a higher specific
capacitance about 11.3 F/g had been obtained by compar-
ison to pure graphene or ZnO electrode. However, as
promising hybrid electrode materials for ECs, the explo-
ration on graphene-metal oxide composite materials is not
nearly enough so far.

Among all the transition metal oxides, MnO, has been
attracting research interest as it can be used in catalysis and
electrochromic applications, and it is also electrochemical
active in supercapacitors with a high-power nature [12-14].
Recently, Chen et al. [15] have reported that MnO,/graphene
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composite was prepared by direct redox reaction between
MnO,~ and Mn®" on the graphene oxide as electrode
material for supercapacitors. However, the capacitance of
MnO»/graphene composite had only 216 F g~' and such
method was a complicated, time/energy-consuming process.

In this article, MnO,/graphene composite were synthe-
sized by a facile and effective polymer-assisted chemical
reduction method. The synthetic MnO,/graphene compos-
ite have a uniform surface distribution and large coverage
of MnO, nanoparticles onto graphene, MnO,/graphene
composite have a high specific capacitance of 324 F g~ .
The morphology and crystal structure of the composites
were investigated by X-ray diffraction (XRD), scanning
electron microscopy (SEM), and high-resolution transmis-
sion electron microscopy (TEM), respectively. The elec-
trochemical properties of the MnO,/graphene composite
were investigated by cyclic voltammetry (CV) and the
excellent capacitive properties were observed.

Experimental

In a typical synthesis process, natural graphite powders
were oxidized to graphite oxide using a modified Hummers
method [16]. Graphene nanosheets (GNS) were obtained
by reduction of graphene oxide nanosheets (GONS) using
hydrazine hydrate as a reducing agent at 100 °C for 2 h. A
30 mg sample of graphene and 30 mg poly(sodium 4-sty-
rene sulfonate) (PSS, MW, 70,000) was mixed into 35 ml
distilled water under stirring at 90 °C for 5 h, followed by
addition of 40 mg MnSO;4H,O, After another 1 h of stir-
ring 100 pl of concentrated NH;3 and 480 pl of concen-
trated H,O, were stepwise added into the mixture, and the
resulting mixture was refluxed at 100 °C for 6 h. After
being cooled to 50 °C, the suspension was filtered with a
Millopore filter (pore diameter, 0.45 pm) and the product
obtained was washed with distilled water and was dried at
100 °C under vacuum to give MnO,/graphene composite.
The morphology and microstructure of the composites
were characterized using SEM (FEI Sirion200) and TEM
(Hitachi 9000). The crystallographic structures of the
materials were determined by XRD (TTR-III) equipped
with Cu Ko radiation. The capacitive properties of MnO,/
graphene electrode (the diameter (2 mm), the thickness
(0.1 mm), the mass (1.58 x 1074 g)) was investigated by
CV in 1 M Na,SO4 (99,997%, Alfa Aesar) aqueous solu-
tions on a electrochemical working station (CHI 660B).

Result and discussion

Figure la shows the SEM image of graphene nanosheets.
As shown, the transparency of the graphene suggests a thin
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film over the entire substrate. The wrinkles observed were
probably caused by the oxygen functionalization and the
resultant defects during the preparation of graphene oxide
(GO) [17]. Generally, graphene can attain large surface
area owing to such unique two-dimensional structure,
which allows the sheets to adjust themselves physically to
adapt the different types of electrolytes [18, 19]. From
tapping-mode, AFM image in Fig. lc, it can be seen that
the thickness of the GO is about 1.3 nm, which demon-
strates that the graphene oxide sheets exist as one layer
carbon sheet. We also performed the BET surface area
measurement on pure graphene nanosheets by N, adsorp-
tion. The pure graphene nanosheets have a specific BET
surface area of 93.7 m%/g. Figure 1b is the SEM image of
PSS-assisted synthesized MnO,/graphene composite. The
graphene nanosheets were covered by densely packed and
homogeneous MnQO,. Figure 1d is the typical TEM image
of graphene/MnO, composite. As shown in this figure, the
sizes of the MnQO, are in the range of 10-20 nm and have a
good distribution as well as a high surface coverage onto
graphene. PSS used here as the polymer to assist the syn-
thesis of the composites serves as a bifunctional molecule
both for solubilizing graphene into an aqueous solution and
for tethering Mn>" precursor onto graphene surfaces to
facilitate the follow-up chemical deposition of MnO, to
eventually on-spot grow MnO, nanoparticles onto
graphene.

The phases of the prepared MnO,/graphene composite
were investigated by the XRD analysis, and the XRD
pattern of the prepared MnO,/graphene was shown in
Fig. 2. The peaks at 26 around 26° and 44.5° correspond to
the (0 0 2) and (1 0 0) crystal plane of graphene, the peaks
at 28.8°, 32.80°, 34.40°, 38.80°, 42.60°, 44.30°, and 65.50°,
as shown in the XRD pattern of MnO,/graphene film,
correspond to the (3 10), (03 1),(131),(521),and (00
2) planes of MnO,, respectively. All the reflection peaks of
the products can be indexed as pure MnO, which is in good
agreement with the literature values. No any other impu-
rities were detected, which further proved the high pure
MnO, deposits were successfully prepared [20, 21].

CV is considered to be a suitable tool to characterize the
capacitive behavior of the electrode materials [22]. A
large-current, rectangular-type CV and symmetry in anodic
and cathodic directions are the indications of the ideal
capacitive behavior of the electrode materials. Figure 3a
shows the typical CVs of the as grown graphene (curve 1)
and MnO,/graphene composite(curve 2) electrodes at a
scan rate of 50 mV s~ 'in 1 M Na,SO, aqueous solution
under a potential range from 0 to 1 V. It can be seen that
the MnO,/graphene composite electrode has a near rect-
angular-shaped and symmetric CV, and its CV current
density is much larger than that of the as grown graphene
electrode. These suggest that the capacitive behavior
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Fig. 1 SEM images of a as-synthesized graphene and b graphene/MnO, composite film. ¢ Tapping-mode AFM image of graphene oxide and
height profile plot showing the 1.3 nm thickness for individual graphene oxide sheets. d TEM image of MnO,/graphene
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Fig. 2 XRD patterns of the MnO,/graphene composite

shown in curve 2 is mainly because of the existence of
MnO, layer and the MnO,/graphene composite electrode
has excellent capacitive performance.

Itis well known that a rectangular-shaped CV over a wide
range of scan rate is very important in supercapacitors for
their practical capacitive application. The CVs of the MnO,/
graphene composite electrode at different scan rate are
shown in Fig. 3b. As seen in Fig. 3b, the CV current density
increases gradually with the increase of the scan rate of CV,
but the curves do not have ideal rectangular shape. Why this
material doesnot have rectangular CV curves? So far, we
cannot know the exact reason about this result, and we just
can figure out a possible one. In this article, PSS is used to
assist the MnO, nanoparticle to deposit onto graphene.
However, the polymer PSS’s electrical conductivity is poor,
which slows down the electron transfer of the anodic reac-
tion, therefore the anodic peak is not evident and the CV
curves are not ideally rectangular and symmetrical.
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Fig.3 a CV of the graphene (curve 1) and MnO,/graphene
composite (curve 2) electrodes at a scan rate of 100 mV s'in1M
Na,SO,4 aqueous solutions; b CV of the MnO,/graphene composite
electrode in 1 M Na,SO, aqueous solutions at different scan rate.
1M 10mV s~ (2)50mV s~ (3) 100 mV s (4) 150 mV s~}

The dependence of the CV current density and the cal-
culated value of the specific capacitance of the MnO,/
graphene composite electrode on scan rate of CV are
shown in Fig. 4a and b. The specific capacitance (C) of the
MnO,/graphene composite electrode based on MnO, is
calculated according to the following equation:

[idv

vMV

S

where i is the CV current density of the MnO,/graphene
composite electrode at 0.5 V in the CV anodic branch, V is
the potential (V), v is the CV scan rate, and M is the mass
of MnQO,/graphene composite. In this article, the contri-
bution of graphene to the specific capacitance of the
composite electrode is very low (curve 1 in Fig. 3a) and
can be ignored in the calculation. From Fig. 4b, it is
noteworthy that a specific capacitance as high as 324 F g™
is obtained at a scan rate of 10 mV s™' and a specific
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Fig. 4 a The dependence of the CV current density of the MnO,/
graphene composite electrode obtained at 0.5 V from the anodic
branch upon CV scan rate. b Dependence of the specific capacitance
of the MnO,/graphene composite electrode upon CV scan rate.
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electrode in 1 M Na,SO, aqueous solutions at a scan rate of
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Fig. 5 a charge—discharge curves of MnO,/graphene electrode at a
constant current density of 1 A g_l. b TGA curve of the MnO,/
graphene composite

capacitance of 276 F g~' is obtained even at a high scan
rate of 150 mV s™'. Only a 15% decrease of the specific
capacitance is observed from 10 to 150 mV s~ '. This
decrease is much less than the value reported in the liter-
ature [23].

To further investigate the capacitive behavior of MnO,/
graphene electrode, galvanostatic charge/discharge mea-
surements were performed at a constant current density of
1 A g, within the potential range of 01 V. As seen from
Fig. 5a, each charge—discharge curve exhibits almost linear
line, indicating typical behavior of supercapacitors. The Cj
is calculated according to Cg = I x At/(AV x m) from the
discharge curves, where [ is the constant discharge current,
At is the discharge time, and AV is the potential drop during
discharge. The average specific capacitances are calculated
to be 325 F g~ for current densities of 1 A g™, the values
is consistent with the order indicated by the CVs. To clarify
the contributions of MnO, nanoparticles and graphene
nanosheets to the overall supercapacitance, we performed a
thermal gravimetric analysis (TGA) on MnO,/graphene
composite (Fig. 5b). It has been determined that the com-
posite contain 52 % MnO, nanoparticles. Therefore, the
supercapacitance contribution of MnO, nanoparticles in
composites can be evaluated to be 623 F g~ '. These results
indicate that the MnO,/graphene electrode has excellent
power characteristics and is a very promising material for
supercapacitor. Such a high specific capacitance indicates

that MnO,/graphene structures may be more favorable for
the electron transfer reaction of electroactive compounds
and MnO, has very high dispersibility.

The long-term cycle stability of the MnO,/graphene
composite electrode was also examined by CV at a scan
rate of 10 mV s~ for 1,000 cycles in 1 M Na,SO, aqueous
solution and the corresponding result is shown in Fig. 4c.
There is only a 3.2% decrease of the specific capacitance
after 1,000 cycles, which indicates that the MnO,/graphene
composite electrode has excellent long-term cycle stability.

Conclusions

MnO,/graphene composite has been synthesized via poly-
mer-assisted chemical reduction method. The as-prepared
composite exhibited an outstanding electrochemical prop-
erty as supercapacitor electrode, because of the electro-
chemical activities of embedded MnO, nanoparticles
functional groups attached to graphene nanosheets, and
activated graphene open network with increased specific
surface area and enlarged interlayer space. These MnO,
particles were ~ 15 nm in size, densely distributed on
graphene nanosheets, and played a crucial role in enhanc-
ing the electrochemical performance. A high specific
capacitance of 324 F ¢~' has been achieved for MnO,/
graphene composite, which is almost doubled over that of
pure graphene nanosheets. In addition, the MnO,/graphene
composite electrode has excellent long-term cycle stability
(only 3.2% decrease of the specific capacitance is observed
after 1,000 CV cycles). Based on low cost, environmental
friendly nature and excellent capacitive properties, the
MnO,/graphene composite is a promising electrode mate-
rial for supercapacitors.
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