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a  b  s  t  r  a  c  t

Hydrothermally  reduced  graphene/MnO2 (HRG/MnO2)  composites  were  synthesized  by  dipping  HRG
into  the  mixed  aqueous  solution  of  0.1  M KMnO4 and  0.1  M  K2SO4 for  different  periods  of  time  at  room
temperature.  The  morphology  and  microstructure  of  the  as-prepared  composites  were  characterized  by
field-emission  scanning  electron  microscopy,  X-ray  diffraction,  Raman  microscope,  and X-ray  photoelec-
tron spectroscopy.  The  characterizations  indicate  that  MnO2 successfully  deposited  on HRG surfaces  and
the  morphology  of the  HRG/MnO2 shows  a three-dimensional  porous  structure  with  MnO2 homoge-
nously  distributing  on  the  HRG  surfaces.  Capacitive  properties  of  the  synthesized  composite  electrodes
were  studied  using  cyclic  voltammetry  and  electrochemical  impedance  spectroscopy  in  a  three-electrode
experimental  setup  using  1 M  Na2SO4 aqueous  solution  as  electrolyte.  The  main  results  of  electrochem-
upercapacitor ical  tests  are  drawn  as  follows:  the  specific  capacitance  value  of  HRG/MnO2–200  (HRG  dipped  into  the
mixed  solution  of  0.1 M KMnO4 and  0.1  M K2SO4 for 200  min)  electrode  reached  211.5  F g−1 at  a  potential
scan  rate  of  2 mV  s−1;  moreover,  this  electrode  shows  a  good  cyclic  stability  and  capacity  retention.  It
is anticipated  that  the  synthesized  HRG/MnO2 composites  will  find  promising  applications  in  superca-
pacitors  and  other  devices  in  virtue  of their  outstanding  characters  of  good  cycle  stability,  low  cost  and
environmentally  benign  nature.
. Introduction

Supercapacitors, one of the most promising electrochemical
nergy storage systems, have attracted much attention due to their
igh energy density and long cycle stability [1–3]. Generally, it can
e classified into two categories on the basis of the energy stor-
ge mechanism, i.e., electric double layer capacitors (EDLCs) and
seudocapacitors [4].  The typical electrode materials of EDLCs are
arbon materials with high surface area, which are convenient to
tore energy in the double layer formed on the surface of carbon
aterials. While, in the case of the pseudocapacitors, the most used

lectrode materials are conducting polymers and metal oxides,
hich transfer the faradic charges between electrolyte and elec-

rode [4].
As a newly found carbon material, graphene has become one

f the most studied objectives by material scientists in recent
ears since Geim and Novoselov succeeded in isolating it from

raphite crystals as an individual two-dimensional object [5].
hanks to its unique physical, chemical, electrical, and mechanical
roperties, this new material has shown promising prospects for
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several advanced technological applications, including graphene-
based composites, Li-ion batteries, fuel cells, chemical detectors,
solar cells, and supercapacitors [6–12]. Recently, the applica-
tion of graphene in supercapacitors has been attempted by some
researchers. For instance, Stoller et al. [13], Vivekchand et al. [14],
and Wang et al. [15] reported that the supercapacitor devices based
on graphene materials exhibit good electrochemical performance.
However, the actual capacitive behavior of pure graphene is much
lower than the anticipated value due to the fact that it usually
suffers from serious agglomeration during preparation. To boost
the electrochemical performance of graphene based supercapac-
itors remains a great challenge. On the other hand, it has been
found that carbon materials combine with pseudocapacitive elec-
trode materials, such as polyaniline (PANI), polyprrole (PPy), RuO2,
IrO2, and MnO2, etc., can improve the capacitance of carbon-based
supercapacitors [16–18].  Recently, graphene based composites
with pseudocapacitive materials have been investigated widely,
such as graphene-PANI [19–29],  graphene-PPy [30–32],  graphene-
RuO2 [33], graphene-MnO2 [34–37] and other graphene-metal
oxide/hydroxide composites [38–44].  Among these pseudocapac-

itive materials, manganese oxide materials, especially MnO2, are
very attractive because of their distinctive structures and physic-
ochemical properties as well as environmental compatibility and
low cost [45]. However, the poor electrical conductivity and
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Scheme 1. Illustrations for the form

ensely packed structure limit its deep application in developing
igh-performance supercapacitors. Considering for the prominent
lectronic conductivity of graphene and the high capacitance of
nO2, the combination of graphene with MnO2 should exhibit the

mproved electrochemical performance.
Although some works about graphene-MnO2 composites have

een reported [34–37],  the investigation of such composite with
uch simple synthesis method is still an interesting topic. Here,
e present a simple approach to prepare hydrothermally reduced

raphene/MnO2 (HRG/MnO2) composites, which were synthe-
ized by dipping HRG into the mixed solution of 0.1 M KMnO4
nd 0.1 M K2SO4 for different periods of time. The morphol-
gy, microstructure and electrochemical performances of the
s-prepared composites were investigated in detail.

. Experimental

Graphene oxide (GO) was synthesized from graphite powder by
 modified Hummers method and our previous work [46,47]. In
 typical synthesis, graphite powder was first treated at 1050 ◦C
n air for 15 s. And then, thermally treated graphite powder (1 g)

as added to 98% H2SO4 (23 mL)  in an ice bath. KMnO4 (3 g) was
dded gradually under stirring and the temperature of the mixture
as kept to be below 20 ◦C. The above mixture was kept at 35 ◦C

or 30 min. Then, deionized water (46 mL)  was  gradually added
eeping the reaction in an ice bath. After 15 min, the mixture was
urther treated with deionized water (140 mL)  and 30% H2O2 solu-
ion (12.5 mL). The GO was firstly washed with 5% HCl solution, and
hen dialyzed at 60 ◦C with stirring until SO4

2− anions could not be
etected. The GO slurry was dried in a vacuum oven at 60 ◦C.

The hydrothermally reduced graphene (HRG) was  prepared by a
odified method reported by Shi and co-workers [48]. In a typical

ynthesis, 75 mg  GO solid was dispersed in 40 mL  water with the aid
f ultrasonication. Then, the homogeneous dispersion was sealed in

 50 mL  Teflon-lined autoclave and maintained at 180 ◦C for 12 h.
he obtained black solid was filtrated out and dried in a freeze-
rying setup. The detailed structural analysis of the as-prepared
O and HRG are provided in Figs. S1 and S2 in Supporting Informa-

ion section.
To prepare HRG/MnO2 composites, a certain amount of HRG was

ipped into the mixed solution of 0.1 M KMnO4 and 0.1 M K2SO4 for
0 and 200 min, respectively. Then the solids were filtered out and
ried in vacuum at 60 ◦C over night. The samples were denoted as
RG/MnO2–10 and HRG/MnO2–200 based on the different reaction

ime. The mass ratios of MnO2 in the composites were calculated
rom the weight difference before and after dipping in the mixed
olution. The calculated mass ratio of MnO2 in HRG/MnO2–10 and
RG/MnO2–200 were about 25% and 71%, respectively.

The morphology and microstructure of the as-prepared samples
ere characterized by field-emission scanning electron microscopy

FESEM, JEOL JSM-6701F), atomic force microscopy (AFM, VEECO
anoscope IIIa), X-ray diffraction (XRD, Rigaku D/Max-2400

iffractometer using Cu K� radiation and graphite monochrom-
ter, � = 1.54056 Å), Fourier transformation infrared spectra (FTIR,
ruker IFS66V FTIR spectrometer), Raman microscope (Renishaw

nVia Raman microscope with 633 nm line of an Ar ion laser as
 process of HRG/MnO2 composite.

an excitation source), and X-ray photoelectron spectroscopy (XPS,
PHI-5702, Physical Electronics, USA, using a monochromated Al K�
irradiation. The chamber pressure was about 3 × 10−8 Torr under
testing condition. Peak deconvolution of C 1s and Mn  3s was accom-
plished using Origin 7.0).

The electrochemical measurements were performed in a three-
electrode cell system with 1 M Na2SO4 aqueous solution as
electrolyte. The working electrodes were fabricated by mixing the
electroactive materials and poly(tetrafluoroethylene) in a mass
ratio of 95:5 and dispersed in ethanol to produce homogeneous
slurry. The resulting slurry was  coated onto the nickel foam current
collector (1 cm × 1 cm)  using a blade. And then, the electrodes dried
at 80 ◦C for 12 h. The loading mass of each electrode was  about 3 mg.
Platinum wire and Ag/AgCl (KCl-saturated) electrode were used
as counter electrode and reference electrode, respectively. Cyclic
voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) measurements were performed with a CHI 660C electrochem-
ical workstation. EIS was  recorded under the following conditions:
AC voltage amplitude of 5 mV,  frequency range of 105 to 0.1 Hz, and
open circuit potential.

3. Results and discussion

As shown in Scheme 1, the formation procedures of HRG/MnO2
composites are mainly composed of the following three steps, i.e.,
(i) synthesis of GO from graphite; (ii) preparation of HRG using
hydrothermal method followed by a freeze-drying process; (iii)
redox deposition of MnO2 particles onto HRG surfaces in the mixed
solution of 0.1 M KMnO4 and 0.1 M K2SO4 at room temperature.
The proposed depositing mechanism of MnO2 onto HRG can be
illustrated by the following reaction [49,50]:

4MnO4
− + 3C + H2O � 4MnO2 + CO3

2− + 2HCO3
− (1)

Fig. 1a shows the AFM morphological image and the correspond-
ing cross-section analysis of GO on the silicon substrate. It can be
seen that the GO sheets show an average thickness of approxi-
mately 0.85 nm,  which is in agreement with the reported value of
this parameter in the literature [44], indicating that a single-layer
GO sheet has been obtained. Fig. 1b–e gives the FESEM images and
the corresponding EDS patterns of the as-prepared samples of HRG
and HRG/MnO2–200. It is obvious that the HRG exhibits a 3D porous
structure (Fig. 1b). The corresponding EDS spectrum of the HRG
indicates that the HRG is only composed of two  elements, namely,
C and O, as clearly shown in Fig. 1d. After room temperature depo-
sition of MnO2 for 200 min, the porous structure of the sample is
still retained (Fig. 1c). The EDS pattern of HRG/MnO2–200 shown
in Fig. 1e confirms that the existence of the elements of Mn and K
besides C and O, which is different from the EDS pattern of HRG,
demonstrating the successful deposition of MnO2. The appearance
of K K� peaks in the sample suggests K+ co-existing in the MnO2
matrix arising from the precursors, which always happens during
the synthesis process of MnO2 [51,52].
Fig. 2 shows the XRD patterns of GO, HRG, HRG/MnO2–10 and
HRG/MnO2–200 samples. XRD pattern of GO reveals an intense and
sharp peak located at 2� = 11.7◦, corresponding to the characteristic
diffraction peak of GO powder. After the hydrothermal processing,



8162 Z. Li et al. / Journal of Power Sources 196 (2011) 8160– 8165

F f GO; 

H

t
p
i
t
g
t
H

ig. 1. (a) AFM morphological image and corresponding cross-section analysis o
RG/MnO2–200.

he sharp peak at 11.7◦ disappears and a new broad diffraction
eak at 2� = 23.4◦ appears in the XRD pattern of HRG, confirm-

ng the successful conversion of GO to graphene [53]. In addition,

he broad peak profile of HRG slightly lower than the peak of raw
raphite (2�  = 26.5◦, Fig. S3 in Supporting Information), indicating
he destruction of the regular stacking of the graphene sheets in
RG [48,54]. For HRG/MnO2–10 and HRG/MnO2–200 samples, the

Fig. 2. XRD patterns of GO, HRG, HRG/MnO2–10 and HRG/MnO2–200.
(b and c) FESEM images and (d and e) corresponding EDS patterns of HRG and

XRD patterns show two new broad diffraction peaks at 2� = 37.5◦

(2 1 1) and 49.9◦ (4 1 1) indexed to MnO2 (JCPDS No. 44-0141). The
broad nature and low relative intensity of the peak profiles suggest
amorphous nature of MnO2 phase in both samples and the very
small size of MnO2 particles.

Raman spectroscopy has been used to investigate the vibrational
properties of the as-prepared samples. Fig. 3 gives the Raman spec-
tra of HRG, HRG/MnO2–10 and HRG/MnO2–200. The G band around
1590 cm−1 and the D band around 1325 cm−1 are observed in the

Raman spectrum of the HRG, corresponding to the E2g phonon of
sp2-bonded carbon atoms in a two-dimensional hexagonal lattice,
as well as the defects and disorder carbon in the graphite layers,

Fig. 3. Raman spectra of HRG, HRG/MnO2–10 and HRG/MnO2–200.
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Fig. 4. (a) Mn 2p and (b) Mn 3s XPS spectra of HRG/MnO2–200.
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espectively. As for the Raman spectrum of the HRG/MnO2–10, two
ew distinct peaks located at 553 and 633 cm−1 appeared, which
an be attributed to the Mn–O stretching vibration in the basal
lane of MnO6 and the symmetric stretching vibration (Mn–O) of
he MnO6 group, respectively [55,56].  Similarly, the peak located
t 559 cm−1 was also observed in the spectrum of HRG/MnO2–200.
hese results suggest the integration of MnO2 and HRG. On the
ther hand, the intensity ratio of the D to G bond (ID/IG) is generally
ccepted that the ID/IG reflects the defect density of carbonaceous
aterials. For HRG, the ID/IG value was calculated as 1.14. Compared
ith HRG, the ID/IG values of HRG/MnO2–10 and HRG/MnO2–200
ecreased to 1.10 and 1.01 (Table 1), indicating the obvious defect
ecrease after deposition of MnO2 particles onto HRG surfaces.

XPS was used to provide further evidence for the successful
eposition of MnO2 on HRG surfaces and to examine the valent
tate of MnO2 in HRG/MnO2. Fig. 4a shows the Mn  2p spectrum of
RG/MnO2–200, in which the peaks of Mn  2p3/2 and Mn 2p1/2 are

ocated at 642.4 eV and 654.1 eV, respectively, with a energy sep-
ration of 11.7 eV, are in good agreement with the reported data
f Mn  2p3/2 and Mn  2p1/2 in MnO2 [57], indicating the successful
eposition of MnO2 on the HRG surfaces. Additionally, it is well
nown that the energy separation between the two  peaks of Mn
s doublet (�Eb) can be used as an indicator of Mn  oxidation state

n manganese oxides. A lower valence of Mn  leads to a wider split-
ing of the Mn  3s peaks. As reported by Chigane et al., the �Eb
f Mn3+ and Mn4+ oxides are 5.41 and 4.78 eV, respectively [58].
rom Fig. 4b, it is found that the �Eb of the as-deposited MnO2 in
RG/MnO2–200 is 4.94 eV, representing a coexistence of trivalence
nd tetravalence.

Both CV and EIS measurements were generally applied to eval-
ate the electrochemical properties of the as-prepared electrode
amples. Fig. 5a shows the CV curves of HRG, HRG/MnO2–10 and
RG/MnO2–200 electrodes at a scan rate of 40 mV  s−1 in 1 M
a2SO4 electrolyte. It is clear that all of the CV curves for HRG

lectrode are almost ideally rectangular, exhibiting the typical elec-
rochemical double-layer capacitive behavior with a very rapid
urrent response on voltage reversal at each end potential and high

able 1
aman spectra data of HRG, HRG/MnO2–10 and HRG/MnO2–200.

Mn–O (cm−1) D (cm−1) G (cm−1) ID/IG

HRG – 1325 1590 1.14
HRG/MnO2–10 553/633 1332 1587 1.10
HRG/MnO2–200 559 1344 1582 1.01
reversibility [35]. Obviously, HRG/MnO2–10 and HRG/MnO2–200
electrodes show higher integrated area than HRG electrode, which
indicates that the excellent electrochemical performance. The spe-
cific capacitances (Cs) were calculated from the CV curves according
to the following equation:

Cs =
∫

I dV

��Vm
(2)

where I (A) is the response current, � (V s−1) is the potential scan
rate, �V  (V) is the potential window, and m (g) is the mass of active
electrode material. The calculated Cs values of HRG, HRG/MnO2–10
and HRG/MnO2–200 electrodes at 40 mV  s−1 are 74.5, 102 and
135.5 F g−1. In comparison with HRG, the improved electrochemi-
cal performance of HRG/MnO2–10 and HRG/MnO2–200 electrodes
is mainly attributed to the pseudocapacitance of MnO2 phase
and partially from intrinsic electrical double layer capacitance of
HRG. Therefore, it is reasonable to believe that the capacitance
behavior of HRG/MnO2–200 electrodes is much better than that
of HRG/MnO2–10 due to the fact that higher MnO2 loading brings
more pseudocapacitive contribution.

EIS measurements were performed in order to further eval-
uate the electrochemical properties of HRG, HRG/MnO2–10 and
HRG/MnO2–200 electrodes. Typical Nyquist plots of EIS for these
electrodes are displayed in Fig. 5b. All the impedance plots are com-
posed of a semicircle in the high frequency range and a straight
line (almost vertical) in the low frequency range. The intersection
of the semicircle on the real axis at high-frequency represents the
equivalent series resistance (Rs) of the electrode, while the diame-
ter of the semicircle corresponds to the charge-transfer resistance
(Rct) of the electrodes and electrolyte interface [31]. Comparing the
impedance plots of these electrodes, it is apparent that the values of
Rct gradually increase with increasing MnO2 loading. This result is
partially caused by the low conductivity of the HRG/MnO2 materi-
als after deposition of MnO2. The straight line in the low frequency
range is related to the diffusive resistance of the electrolyte into
the interior of the electrode and ion diffusion into the electrode.
The almost vertical shape, representing the swift ion diffusion in
electrolyte and the adsorption onto the electrode surface, suggests
the ideally capacitive behavior of the electrodes.

To get more information on capacitive performance of the as-
prepared composites, HRG/MnO2–200 electrode was  selected for

the detailed measurements. Fig. 5c displays the CV curves of this
electrode at different scan rates of 5, 20, 40, and 60 mV s−1 in
1 M Na2SO4 electrolyte. All the CV curves are close to a rectangu-
lar shape with high symmetry feature, indicating ideal capacitive
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ig. 5. (a) CV curves of HRG, HRG/MnO2–10 and HRG/MnO2–200 electrodes at a sc
nd  HRG/MnO2–200 electrodes; (c) CV curves of HRG/MnO2–200 electrode at diff
otential  scan rates.

roperty and excellent reversibility of this electrode. The specific
apacitance values as a function of potential scan rate is presented
n Fig. 5d. The specific capacitance values calculated from different
can rates are 211.5, 185, 172, 157, 135.5, 118.5, 104 and 90.5 F g−1

t 2, 5, 10, 20, 40, 60, 80 and 100 mV  s−1, respectively, exhibiting
he large specific capacitances and good power capability of the
lectrode.

The cycling stability of the HRG/MnO2–200 electrode was also
valuated by CV test at a scan rate of 50 mV  s−1 for 1000 cycles. As
hown in Fig. 6, the capacitance of the electrode after 1000 cycle is

maller than that of the first cycle, which may  be ascribed to the
oose of the active materials in electrode and/or the mass losing of
he electrode after 1000 times of cycle.

ig. 6. Cycling stability of the HRG/MnO2–200 electrode measured at 50 mV  s−1.
e of 40 mV  s−1 in 1 M Na2SO4 electrolyte; (b) Nyquist plots of HRG, HRG/MnO2–10
scan rates in 1 M Na2SO4 electrolyte; (d) the specific capacitance as a function of

4. Conclusions

We have demonstrated a facile synthesis of HRG/MnO2 com-
posites by a room temperature redox deposition process, and
investigated their electrochemical properties as supercapacitors.
The opening porous morphology makes the electrolyte readily to
get in touch with the surfaces of materials, which is important for
generating high electrochemical performances. The specific capac-
itance values of HRG/MnO2–200 electrode reached 211.5 F g−1 at
a potential scan rate of 2 mV  s−1 and with about 75% capacitance
retention after 1000 times of charge/discharge cycle in 1 M Na2SO4
electrolyte, indicating a good application potential in supercapaci-
tors as well as other power source systems.
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