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a  b  s  t  r  a  c  t

Graphene  oxide  (GO)  in situ  composited  with  MnO2 nanowires  was  achieved  through  a  hydrothermal
process.  The  morphology  and  structure  of  the  products  were  investigated  by using  field  emission  scanning
electron microscopy,  high  resolution  transmission  electron  microscopy,  X-ray  photoelectron  spectra  and
X-ray  diffraction.  The  results  showed  that  the  product  consisted  of  �-MnO2 nanowires  with  the diam-
eter  of 20∼40  nm  and  the  length  of  0.5∼2  �m that  well  dispersed  on the  surfaces  of  GO. The  excellent
electrochemical  performance  of  as-prepared  GO/MnO2 hybrids  was  obtained  due  to  the  unique  chem-
ical  interactions  between  GO and  MnO2. The  maximum  specific  capacitances  of  360.3  F/g measured  by
nO2

ybrid
upercapacitors
lectrochemical capacitance

chronopotentiometry  at a current  density  of 0.5  A/g  were  obtained  in  a 1 M  Na2SO4 aqueous  solution.
This  value  is much  higher  than  that  of pure  MnO2 nanowire  electrodes  (128.0  F/g)  and  commercial  MnO2

microparticles  electrodes  (22.8  F/g). Furthermore,  GO/MnO2 nanowires  hybrids  also  exhibit  good  cycling
stability  with  more  than  93%  capacitance  retention  over  1000  cycles.  The  present  synthesis  strategy  may
be  readily  extended  to the preparation  of  other  hybrids  based  on  GO  nanosheets  for  potential  applications
in  energy  storage  and  conversion  devices.
. Introduction

Supercapacitor made of metal oxide nanomaterials has
ttracted an increasing efforts for its high power density, fast
nergy release and largely improved energy density that is close to
attery devices [1–5]. Two type of electrode materials being widely
tudied for supercapacitor application are nanoscale carbon [6,7],
nd transition metal oxides materials [8,9]. Carbon nanostructures
re of high electrical conductivity favoring the fast energy storage
nd releasing and the inert structure also supports highly stable
lectrical double layer capacitance [10,11]. Transition metal oxides
re of theoretical super-large pseudocapacitance endowing ultra-
igh energy density of supercapacitor [12].

Among transition metal oxides, manganese dioxide (MnO2) has
een mostly studied electrode material for supercapacitors thanks
o its high theoretical capacity, environmental compatibility, safety,

ow environmental toxicity, and cost effectiveness [13,14]. How-
ver, a large specific volume change commonly occurred in the
ost matrix of bulk MnO2 electrode during the cyclic charging/
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E-mail addresses: lhlu@whut.edu.cn (L. Lu), chliang@issp.ac.cn (C. Liang).

013-4686/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.electacta.2013.11.036
© 2013 Elsevier Ltd. All rights reserved.

discharging processes, thus leading to pulverization of the elec-
trodes and rapid capacity decay. To minimize the volume change
of MnO2 and increase the electrochemical interface of MnO2 elec-
trode, one-dimensional (1D) nanostructured MnO2 has been found
to be of good candidate for its low density and good permeation
[15–17]. Nevertheless, 1D MnO2 nanoparticle does not deliver ideal
specific capacitance for its poor electrical conductivity and elec-
trochemical dissolution during cycling [18,19]. Thus improving
materials’ performance substantially to meet the requirements of
practical applications is urgently desirable.

To circumvent the obstacles, carbonaceous materials have been
chosen as a component for preparing MnO2-based composites of
effectively improved electrical conductivity and electrochemical
stability [20]. Compared to other carbon materials such as graphite,
active carbon, and carbon nanotubes, graphene is a flat monolayer
of carbon atoms with perfect sp2-hybridized two-dimensional car-
bon structure [21,22]. The superior electrical conductivity [23],
excellent mechanical flexibility[24], high thermal and chemical
stability [25], extremely high specific surface area (2630 m2/g)

and easy functionalization make graphene good substrate to pro-
duce graphene-based functional composites [26,27]. Moreover, GO
has abundant active polar functional groups making it of simi-
lar performance with that of surfactants [28–30]. For example,

dx.doi.org/10.1016/j.electacta.2013.11.036
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
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ig. 1. Illustration of three steps for GO/MnO2 hybrid formation. (I) exfoliation of g
heets  and MnO2 through hydrogen bonding, (III) hydrothermal treatment at 160 ◦

u  et al. reported a high-voltage asymmetric electrochemical
apacitor based on graphene as negative electrode and MnO2
anowire/graphene composite as positive electrode in a neu-
ral aqueous Na2SO4 solution with high energy density [31].
eng et al. obtained hybrid nanostructures of quasi-2D ultra-
hin MnO2/graphene nanosheets for high-performance in-plane
upercapacitor [32]. Mao  et al. prepared nanostructured MnO2
ith different morphologies (amorphous, lamellar and needle-like)

s incorporated with tetrabutylammonium hydroxide stabilized
raphene with different mass ratios and investigated their elec-
rochemical properties [33]. However, the achievement of this
omposite structure requires complex and accurate control of the
xperimental condition, which is unfavorable for their large scale
sage. And the performance of reported materials needs to be fur-
her improved.

Here, we report the fabrication of highly uniform GO/MnO2
anowire composite on a gram-scale in an aqueous solution
ithout any catalysts or templates untilized. The electrochemical
roperties of as-obtained nanocomposites electrode were inves-
igated together with electrodes from pure MnO2 nanowires and
ommercial bulk MnO2 particles for comparison. The electrochem-
cal specific capacitance of GO/MnO2 composite electrode is as high
s 360.3 F/g. Cyclic stability test shows that 93% preservation could
e preserved after 1000 time cycles.

. Material and methods

.1. Materials

Natural graphite powder (325 mesh) and polyvinylidene
ifluoride (PVDF) was commercially obtained from Alfa-Aesar.
ydrochloric acid (37%, HCl), concentrated sulfuric acid (98%,
2SO4), and potassium permanganate (KMnO4) were purchased

rom Shanghai Chemical Reagent Co., Ltd (China). Sodium nitrate
NaNO3), sodium sulfate (Na2SO4), potassium persulfate (K2S2O8),
hosphorus pentoxide (P2O5) hydrogen peroxide (30%, H2O2),
nd manganese sulfate (MnSO4) were purchased from Sinopharm
hemical Reagent Corp (China). All reactants were used as received
ithout further purification. Double distilled water was used dur-

ng the experimental process. The experiments were carried out at
oom temperature and humidity.

.2. Preparation of GO

GO was synthesized by the modified Hummers’ method [34,35].
n detail, 3 g of graphite was put into a mixture of 12 mL  of con-
entrated H2SO4, 2.5 g of K2S2O8, and 2.5 g of P2O5. The solution
as heated to 80 ◦C and kept stirring for 4.5 h in oil bath. Then the
ixture was diluted with 500 mL  of water, and the product was
btained by filtering using 0.2�m Nylon film and dried under ambi-
nt condition. Thereafter, 15 g KMnO4 was added gradually with
tirring, to prevent the temperature of the mixture from exceeding
0 ◦C. The ice bath was then removed and the mixture was stirred
te oxide into GO sheets, (II) formation of MnO2 nuclei and interaction between GO
4 h to produce GO/MnO2 hybrid materials.

at 35 ◦C for 2 h. The reaction was terminated by adding 700 mL  of
water and 20 mL  of 30% H2O2 solution. Finally, the GO was recov-
ered by filtration and drying.

2.3. Synthesis of GO/MnO2 nanowires

1.736 g MnSO4, 3.936 g KMnO4 and 0.040 g GO were initially dis-
solved in 100 mL  water and vigorously stirred for 1 h. And then, the
mixture was further transferred into a 50 mL  Teflon-lined autoclave
and subsequently heated at 160 ◦C for 24 h. When it cooled down to
room temperature naturally, the products were harvested by cen-
trifugation and washed with water, and were finally dried at 80 ◦C
for 4 h.

2.4. Material characterization

The crystal structure of the products was characterized
by X-ray diffraction (XRD) using a DX-2000 X-ray powder
diffractometer. The morphology and structure of the synthe-
sized materials were investigated by using S4800 field emission
scanning electron microscopy (FESEM) attached with Inca Energy-
dispersive X-ray spectroscopy (EDX) and a Tecnai G2 F20 S-Twin
High resolution transmission electron microscopy (HRTEM). The
Brunauer-Emmett-Teller (BET) specific surface area values were
performed using ASAP2020 instrument. The electronic valence
states of nanocomposite were analyzed by X-ray photoelectron
spectra (XPS) using a Thermo ESCALAB 250 with Al K  ̨ line at 150 W.

2.5. Electrochemical Measurement

The working electrodes of electrochemical capacitors were
formed by mixing the synthesized powder with 15 wt.% graphite
and 5 wt.% PVDF binder of the total electrode mass. The mixtures
were pressed onto nickel foam current collectors with an area of
10 × 10 mm2 to form electrodes. The electrochemical measure-
ments were done in a three-electrode experimental setup on a CHI
660D electrochemical workstation using 1 M Na2SO4 aqueous as
electrolyte. Pt foil and a saturated calomel electrode (SCE) were
used as the counter and reference electrodes, respectively. The
specific capacitance CS (F/g), of the electrode material was calcu-
lated from the discharge curve according to the following equation
[36,37]:

CS = I�t/ (�Vm) (1)

Where: I is the discharge current (A), �t is the discharge time
(s), �V is the voltage change (V) excluding IR drop in the discharge
process, and m is the mass of the electrode material (g) excluding
the binder and conductive graphite.
3. Results and Discussion

Fig. 1 present the designed formation processes for obtaining
GO/MnO2 nanowires hybrids. GO sheets have their basal planes
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ecorated mostly with epoxy and hydroxyl groups, while carbonyl
nd carboxyl groups are located at the edges by the modified
ummers’ method [38]. These functional groups, acting as anchor

ites, enable the subsequent in situ formation of nanostructures
ttaching on the surfaces and edges of GO sheets. The structural
ramework of MnO2 is made of basic MnO6 octahedron units, which
re linked in different ways to produce MnO2 crystals with different
rystallographic forms and morphologies. At the initial stage, Mn2+

ons, formed by the dissolution of MnSO4, favorably bind with the
 atoms of the negatively charged oxygen-containing functional
roups on GO sheets via an electrostatic force [39]. With the addi-
ion of a solution of KMnO4 at a relatively higher temperature, a
arge number of Mn4+ ions nuclei were formed in a short time from
he redox reaction occurring between Mn2+ and Mn7+. The chemi-
al reaction involved in the growth of �-MnO2 is according to the
quation (2):

MnSO4 + 2KMnO4 + 2H2O → 5MnO2 + 2H2SO4 + K2SO4 (2)

The MnO2 molecules may  form bonds with O atoms of the func-
ional groups via an intermolecular hydrogen bond or a covalent
oordination bond, acting as anchor sites for the crystals growth.

Fig. 2 shows the XRD pattern of GO, MnO2 nanowires and

O/MnO2 nanowires hybrid. A clear XRD peak of GO is cen-

ered at 2�= 9.66o, which is corresponding to the (001) reflection
f stacked GO sheets, suggesting the introduction of oxygen-
ontaining groups on GO sheets [40]. In the XRD pattern of

ig. 3. SEM images of (a) GO, (b) commercial MnO2 microparticles, (c) MnO2 nanowire
RTEM image of (f) GO/MnO2 hybrid.
Fig. 2. XRD patterns of GO, MnO2 nanowires and GO/MnO2 composite.

GO/MnO2, all the peaks of GO/MnO2 hybrid and MnO2 were dis-
tinguishable. The diffraction angles at 2�=12.98o, 18.24o, 25.72o,

28.86o, 37.66o, 41.90o, 49.80o, 56.28o, 60.32o, 65.60o and 69.24o,
can be assigned to (100), (200), (220), (310), (211), (301), (411),
(600), (521), (002) and (541) crystal planes of a pure tetragonal the
�-MnO2 phase (JCPDS, card no: 44-0141, a = 9.7845 Å, c = 2.8630 Å),

s and (d) GO/MnO2 nanowires hybrid, EDX spectrum (e) of GO/MnO2 hybrid, and
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ig. 4. The nitrogen adsorption-desorption isotherms of GO/MnO2, MnO2

anowires and commercial MnO2 particles.

espectively. The XRD peak positions and shapes of GO/MnO2 are
imilar with those of MnO2, no obvious diffraction peaks of GO were
bserved. Previous studies have shown that the diffraction peaks
ecome weakened or even disappear whenever the regular stacks
f GO are separated by inorganic units [41,42].

Fig. 3 presents typical SEM and TEM images of the as-
ynthesized �-MnO2 nanowires and GO/�-MnO2 hybrid electrode
aterials. As indicated in Fig. 3b and 3c, the size of commercial
-MnO2 is about 0.5∼2�m,  the �-MnO2 nanowires thereby syn-

hesized had a diameter of 20∼40 nm and a length of 0.5∼2�m,
hich were all well separated without adhering to each other. The

EM image in Fig. 3d presents well-dispersed �-MnO2 nanowires
n the surface of GO without excessive wrapping by the GO sheets.
he surface attachment of �-MnO2 nanowires, instead of complete
r partial wrapping by GO, assured full exposure of both GO sheets
nd �-MnO2 nanowires to Na+ and H+ ions during charge/discharge
ycles. Combining the two materials as electrode material may
ffer significant synergistic effects arising from the high electri-
al conductivity and large surface area of GO sheets and potentially
xcellent catalytic performance of �-MnO2 nanowires. The HRTEM
mage in Fig. 3f reveals clear lattice fringes of well-crystallized
-MnO2 nanowire. The distance between the two  fringes was
.69 nm,  corresponding to the (110) lattice planes [43].

Fig. 4 shows the nitrogen adsorption–desorption isotherms for
O, MnO2 nanowires and GO/MnO2 nanowires hybrids. GO/MnO2
anowires hybrids show a distinct hysteresis in the larger range

rom 0.45 to 1.0 P/P0 in Fig. 3a, indicating the presence of mesopores
ossibly formed by the porous stacking of component nanoparticles
44]. The BET surface area of GO/MnO2 nanowires hybrid (128.3

2/g) is much larger than that of MnO2 nanowires (23.7 m2/g),
nd commercial MnO2 microparticles (0.8 m2/g), which may  allow
n efficient contact of GO/MnO2 with the electrolyte.

XPS spectra of C1s, O1s and Mn2p orbitals of the GO/MnO2
ybrid are shown in Fig. 5. Fig. 5a shows the high-resolution spec-
ra of C1s, which can be fitted as three peaks at binding energies
f 284.80, 286.32 and 288.38 eV, implying three different chemi-
al environments of carbon existing in the sample. The peaks at
84.80 eV can be assigned to contributions of C-C (sp2) bonds [45].
hile the peak at 286.32 eV is due to the existence of C-OH bonds

nd the peak at 288.38 eV comes from the existence of C-OOH bonds
46,47]. As indicated in Fig. 5b, the binding energies of Mn  2p3/2

nd Mp1/2 are centered at 642.26 and 653.90 eV, respectively, in
ell agreement with those of pure �-MnO2. Fig. 5c shows the high-

esolution spectra of O1s. In the case of GO/MnO2 hybrid, the curve
Fig. 5. XPS spectra measured at the surface of GO/MnO2.

fitting of O 1s peak basically indicates three components centered at
529.84, 531.50 and 534.22 eV. The O1s peak at 529.84 eV is assigned
to the oxygen bonded with manganese (Mn-O) in �-MnO2 crys-
tal lattice [48]. The latter two peaks are commonly ascribed to the
surface oxygen complexes of carbon phase [49,50]. Clearly, all the
manganese cations in the hybrid material are in the oxidized states.
On the basis of the quantitative analysis of XPS data, the atomic per-
centages of C, O and Mn  are estimated to be 32.6, 45.7, and 21.7%,
respectively.

Fig. 6a 6b and 6c show the charge-discharge curves of the syn-
thesized GO/MnO2, �-MnO2 nanowires and commercial �-MnO2
particles at varied current densities (0.5–5 A/g) within a voltage
range of 0.0 and 1.0 V. According to equation (1), the specific capac-

itance of three samples calculated at 0.5, 1, 3 and 5 A/g is shown
in fig. 6d. The specific capacitance reaches 360.3 F/g at a current
density of 0.5 A/g and remains at 223.6 F/g even at 5.0 A/g in
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ig. 6. Galvanostatic charge-discharge of (a) GO/MnO2, (b) MnO2 nanowires and (c
d)  the specific capacitances calculated by different current densities of GO/MnO2, M

 M Na2SO4 aqueous solution, which was almost triple of that of
ure MnO2 nanowire (128.0 F/g) electrodes and 16 times of that of
ommercial MnO2 microparticle (22.8 F/g) electrodes. The unique
O/MnO2 hybrids not only exhibit high capacitance but also high
table electrochemical performance at high current densities.

Fig. 7a presents the cyclic voltammetry (CV) curves of GO/MnO2,
-MnO2 nanowire and commercial �-MnO2 particle electrodes
ithin the electrochemical window from -0.2 to 0.8 V under the

can rate of 5 mV/s. GO/MnO2 electrodes yielded the largest cur-
ent and resulted in much higher capacitance, which is believed to
e due to the synergistic effects from GO and MnO2 nanowire of
omposite electrodes that further boosts the electrical conductiv-
ty and contributes the redox-based pseudocapacitance. CV curves

f GO/MnO2 nanowires at different potential scan rates ranging
rom 5 to 100 mV/s are shown in Fig. 7b. At 5 mV/s, GO/MnO2 show
lmost ideal capacitive behavior. Due to the internal resistance of
nO2 nanowire electrode, the curve is gradually distorted from

Fig. 7. CV curves of (a) GO/MnO2, MnO2 nanowires and commercial MnO2 parti
mercial MnO2 particle electrodes at current density of 0.5, 1.0, 3.0 and 5.0 A/g, and
nanowires and commercial MnO2 particles.

rectangular shape as the scan rate increases. The large CV loops
result from the superposition of electric double-layer capacitance
and pseudocapacitance rising from the reaction between electrode
and the H+ or Na+ ion from the electrolyte [51], and the electro-
chemical reaction can be expressed as follows [52]:

MnO2 + C+ + e− ↔ MnOOC(C+ = Na+, H+) (3)

At a low current density, the diffusion of ions from the elec-
trolyte can gain access to almost all available area of the electrode,
leading to a complete insertion reaction, and therefore a higher
capacitance. When the scan rate increases, the effective interac-
tion between the ion and the electrode is greatly reduced, there is
a reduction in capacitance.
Fig. 8 shows the cyclic electrochemical performance of
the GO/MnO2 nanowires electrode by galvanostatic charging-
discharging at a current density of 0.5 A/g within a voltage range
of 0.0 and 1.0 V for 1000 cycles, which reveals that cycling does

cles at 5 mV/s, and (b) GO/MnO2 nanowires hybrids at different scan rate.
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ig. 8. Cycle performance of (a) GO/MnO2, (b) MnO2 nanowires and (c) commercial
nO2 particles measured at current density of 0.5 A/g.

ot cause noticeable degradation of the nanostructure electrode.
ore than 93% of the initial capacitance was preserved after 1000

harge-dischange cycles. The unique nanosheet-nanowire struc-
ure of GO/MnO2 nanowires composite effectively prevents the
ggregation of GO and MnO2 nanowires and consequently provides
igh specific surface area, which is favorable for fast hydrated ion
ransport in the electrolyte to the surfaces of both GO and MnO2
anowires. Furthermore, the superior electrical conductivity of GO
an significantly decrease the internal resistance of electrode by the
onstruction of a conductive network. MnO2 nanowires with small
iameters is also helpful for shortening ion diffusion path, which
an greatly reduce the charge transfer resistance and ionic diffusion
esistance [53]. This kind of relatively low-cost GO/MnO2 compos-
te combines high capacitance and long cycling life in green neutral
queous electrolytes rather than acetonitrile or alkali-based sol-
ents. Therefore, the present GO/MnO2 nanowires could be of an
ttractive candidate material for supercapacitor electrodes.

. Conclusions

In summary, a novel route for easy and scale synthesis of
O/MnO2 nanowires hybrid was developed based on a controllable
hemical approach. The electrode made from GO/MnO2 compos-
te exhibited good capacitive performance as high as 360.3 F/g at
.5 A/g. Moreover, more than 93% of the original capacitance of
O/MnO2 could be preserved after 1000 cycles of charge-discharge.
his simple and green material preparation technique may  be
xtended to the synthesis of other GO based nanocomposteshy-
rids, and the GO/MnO2 nanowires hybrid here expected to be used
or potential electrode materials for practical supercapacitors.
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