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INTRODUCTION

Lightweight, mechanically strong and highly efficient
energy storage devices have attracted significant attention due
to their potential applications in portable and wearable consu-
mer electronics, including electronic paper, roll-up displays,
flexible biosensors and implantable medical devices [1-6].
Among the many types of energy storage devices, supercapa-
citors, which also termed as ultracapacitors, having energy
density greater than that of electrolytic capacitors (10 Wh Kg-1)
and can be safely charged or discharged in seconds with excep-
tionally long cycle life (> 100,000 cycles) [6-10]. However,
the successful design of supercapacitors depends on the various
parameters such as nature of electrode materials, electrolytes
and the device architecture [9,10]. Owing to its excellent cycle
life, carbon based nanomaterials are widely applied as the
electrode materials in supercapacitors [1,11-14]. Till now,
noteworthy progress has been made on the development of
carbon nanostructured supercapacitor electrodes by under-
standing its charge storage mechanisms [13-17]. Among the
various carbon nanostructures, two dimensional graphene
nanosheets is claimed to be robust and captivating electrode
material for supercapacitors due to its outstanding properties
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such as high electrical conductivity, surface-to-volume ratio
and extraordinary theoretical capacitance (550 Fg-1) [18-21].
Since the first experimental report on the exceptional capaci-
tance performance of graphene-based supercapacitors [22],
its scientific and technological significance is now becoming
more widely recognized [23]. However, despite of much effort,
the performance of graphene-based supercapacitors, especially
in terms of their power delivery, has not yet been remarkably
improved.

In recent years, some energy storage materials that store
and release energy through redox reactions have attracted
increasing interest as flexible electrode materials, since they
have higher specific capacitance than carbon materials [24,25].
Decoration onto graphene of pseudo capacitive materials such
as manganese dioxide [26-30], ruthenium dioxide [31,32],
titanium dioxide [33,34], cobalt oxide [35,36], nickel and zinc
cobaltate (NiCo2O4/ZnCo2O4) [37,38], nickel hydroxide
[Ni(OH)2] [39] and cobalt nickel sulfide (CoNi2S4) [40] has led
to significant improvements in electrode capacitance. Among
the various reported pseudo capacitive materials, MnO2 has
attracted much attention due to its low cost, environmental
friendliness and high theoretical specific capacitance [27]. By
decorating the surfaces of graphene fibers with MnO2, Zheng



et al. [41] and Chen et al. [42] have enhanced the electro-
chemical performance of graphene fiber–based electrodes.
However, in the resulting materials, the capacitance of the
hybrid fibers is mainly dominated by the pseudo capacitive
behaviour induced by the MnO2 coated on the graphene surface,
while the double layer capacitance induced by graphene sheets
is seldomly utilized due to the graphene agglomeration.
Furthermore, owing to its low electronic conductivity, only
thin surface layer of MnO2 can participate in the redox reactions
and additional rise of the mass loading of MnO2 usually lead
to increased electrode resistance, decreased specific capaci-
tance and reduced MnO2 utilization rate. Such unfavourable
dependency on thickness is a critical issue for low-conductivity
electrode materials resulting in poorer transport of electrons
and/or ions [43]. Thus, increasing the loading content of MnO2

without sacrificing its utilization rate is still challenging task.
Thus, it is highly desirable to develop a scalable and low-cost
approach to fabricate ideal MnO2–graphene hybrid materials
with outstanding flexibility, high conductivity, large specific
surface area and excellent capacitance for supercapacitor
applications.

Herein, hierarchically structured hybrid nanostructures of
MnO2 nanowires and graphene (G-MnO2-NW) were fabricated
by a simple hydrothermal synthesis route and were shown to
yield excellent capacitive performance. The MnO2 nanowires
not only acted as effective spacers to inhibit the restacking of
graphene nanosheets, thereby increasing the specific surface
area (130.1 m2 g–1), but also provided pseudocapacitance that
improved the overall performance. Meanwhile, the highly con-
ductive graphene nanosheets wrapping the MnO2 nanowires
facilitated electron transport in the nanowires and thus ensured
a high MnO2 electrochemical utilization rate. The prepared
G-MnO2-NW based supercapacitor electrodes displayed better
specific capacitance value (255 Fg-1 @ 0.5 Ag-1), cycling stability
(90 % capacitance retention over 1000 cycles) and energy and
power density (of up to28.56 Wh Kg-1 and 810 W kg–1,
respectively), when compared to MnO2-NW electrodes.

EXPERIMENTAL

Preparation of graphene oxide: Graphene oxide (GO)
was synthesized using natural graphite (Sigma-Aldrich) by
means of an improved synthesis method suggested by Marcano
et al. [44]. In this method, a 9:1 mixture of concentrated sulfuric
acid/phosphoric acid (H2SO4/H3PO4, 540:60 mL) was added
to the mixture of graphite flakes (5 g) and potassium perman-
ganate (30 g). The reaction mixture exothermically heated itself
from room temperature to 35–40 °C and was further heated to
50 °C under stirring condition for 12 h. The reaction mixture
was then cooled to room temperature and poured onto a
mixture of ice (~500 mL) and 30 % hydrogen peroxide (Alfa
Aesar; 5 mL). The resulting product was washed sequentially
with ethanol, water and acetone. The obtained product was
dried at room temperature under a low vacuum of 40 mmHg,
yielding a pale green powder [45].

Preparation of graphene–MnO2 nanowire composites:
All chemical reagents used are of analytical grade and were
used without further purification. In a typical hydrothermal
synthesis, the stoichiometric composition of graphene oxide

(0.25 g); manganese(II) acetate (Mn(CH3COO)2·4H2O; 1.99 g),
sodium sulfate (1.98 g) and ammonium persulfate ((NH4)2S2O8;
1.92 g) were added to the water/1-decanol mixture (110/70 mL)
and subjected it to stirring for about 0.5 h. After stirring, the
resulting solution was transferred into a Teflon-lined stainless
steel autoclave, sealed and allowed to react by keeping it at
140 °C for 24 h in an oven. After the reaction, the autoclave was
taken out and cooled to room temperature. The as-synthesized
sample was washed with deionized water and dried at 60 °C
to yield G-MnO2-NW composites. For comparison purposes,
pristine MnO2 nanowires (MnO2-NW) were synthesized by
the similar procedure without the addition of graphene oxide.

Characterization and electrochemical measurements:
X-ray diffraction studies of MnO2-NW and G-MnO2-NW
nanowires were conducted using an X-ray diffractometer
(M18XHF-SRA, Mac Science Co. Ltd., Japan) equipped with
a CuKα radiation source operated at 40 kV and 40 mA. XRD
patterns were obtained at room temperature while scanning at
1°/min in the 2θ range of 10–80°. Thermogravimetric analysis
of MnO2-NW and G-MnO2-NW was conducted over the
temperature range of 25–900 °C at the heating rate of 10 °C/
min in air (TGA Q5000 IR/SDT Q600, TA Instruments). Surface
analysis of MnO2-NW and G-MnO2-NW was conducted using
a Perkin-Elmer 2000 FT-IR spectrophotometer (Perkin-Elmer
Inc., USA). FT-IR characterization of nanowire samples
pelletized in KBr was performed in transmission mode over
the IR range of 4000–400 cm–1. Surface compositions of and
functional groups present in the nanowire samples were deter-
mined by means of X-ray photoelectron spectroscopy (K-Alpha,
Thermo Electron). MnO2-NW and G-MnO2-NW were struc-
turally characterized by means of Raman spectroscopy (RFS/
100s, Bruker, Germany). Specific surface areas of the nanowire
samples were determined by means of the BET method using
a surface area analyzer (BEL Sorp-II mini, BEL Japan Co.,
Japan). Morphological characterization of nanowire samples
was carried out by means of field emission scanning electron
microscopy (FE-SEM, LEO SUPRA 55, Carl Zeiss, Germany)
using the acceleration voltage of 15 kV and by means of TEM
(Jeol JSM-2010, Japan) using the acceleration voltage of 200
kV. The nanowires were prepared for TEM measurements by
dispersing them in ethanol, depositing them onto a carbon-
coated copper grid and drying them under vacuum.

The electrochemical performance of MnO2-NW and
G-MnO2-NW was evaluated in three electrode systems. Working
electrodes for three electrode measurements were prepared
by casting a slurry composed of 80 wt. % active material (MnO2-
NW & G-MnO2-NW), 10 wt. % of conductive carbon black
(Super P, TIMCAL) as an additional conductive agent and 10
wt. % of poly(vinylidene difluoride) (Kureha KF100) as a
binder onto stainless steel grid acting as the current collector.
Slurry was prepared by grinding the mixture in the presence
of N-methyl pyrrolidone solvent for 15 min using a mortar.
The stainless steel grid coated with the viscous slurry was dried
at 70 °C for 10 h in an oven. The active material mass loading
in the prepared working electrodes was ~1.0 mg cm–2. The
electrochemical performances of the prepared materials were
evaluated in three electrode assembly using platinum and Ag/
AgCl electrode as counter electrode and reference electrode
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in 1.0 M Na2SO4 aqueous solution. The working electrode with
active mass loading of ~1.0 mg cm-1 for two electrode measure-
ments was prepared by casting the slurry mixture onto nickel
foam and subsequent drying at 70 °C for 10 h in an oven. Dried
coated electrodes were pressed under a 7T load and then
punched out into a desired size. Electrochemical properties of
two and three electrode configurations were studied using
galvanostatic charge–discharge measurements conducted in
the voltage range of 0.01–1.0 V using a battery analyzer (WonA
tech). Cyclic voltammetry measurements were carried out at
5–100 mV s–1 in the voltage range of 0.01 to 1.0 V using an
electrochemical workstation (VersaSTAT 3 Electrochemical
System). EIS studies of the fabricated supercapacitors were
also performed using the electrochemical workstation, by
applying sine waves of amplitude 5.0 mV over the frequency
range of 100 kHz to 0.01 Hz.

RESULTS AND DISCUSSION

Fig. 1 is the schematic representation of hydrothermally
synthesized G-MnO2-NW composites using water/1-decanol
as the medium. The graphene oxide synthesized from natural
graphite by means of the synthesis method used herein is a
nonstoichiometric material consisting of many oxygen func-
tionalities such as phenolic –OH, epoxy, carbonyl and carboxylic
acid groups present both on the basal planes and along the
edges [45-48]. In contrast to earlier reports on graphene-MnO2

composites, we observed planar orientations of MnO2 nano-
wires on the graphene surface. Though the exact reason is
unknown, it is expected that epoxy groups present in the basal
plane of the prepared graphene oxide undergo ring opening
reactions with the 1-decanol solvent during the hydrothermal
synthesis as depicted in Fig. 1. Simultaneously, the manganese
salt reacts with the 1-decanol solvent leading to the formation
of MnO2 nuclei as proposed in Fig. 1. Hydrophobic interactions
between the 1-decanol grafted onto both the MnO2 nuclei and
the graphene oxide are thought to act as a structure-directing

group that leads to the formation of MnO2 nanowires with
preferential planar orientation on the graphene surface, as
proposed in Fig. 1.

To gain more insight into the crystalline nature of the MnO2

nanowires formed on the graphene surface, XRD characteri-
zation was carried out over the 2θ range of 10°–70° (Fig. 2).
Pristine graphene oxide showed a strong XRD peak at 2θ of
9.7° [45]. Contrastingly, several peaks appearing at the 2θ
values of 12.5°, 17.7°, 28.6°, 37.5°, 41.7°, 49.6°, 55.6°, 59.8°,
65.2° and 68.8° were attributed to the (110), (200), (310), (211),
(301), (411), (600), (521), (002) and (541) planes of α-MnO2

(JCPDS card number 44-0141), indicating the formation of
α-MnO2 crystals in the nanowires. Also, the appearance of a
new peak at ~25° corresponding to (002) diffraction of graphite,
along with peaks of α-MnO2 crystals, clearly indicates the pre-
sence of graphene in the G-MnO2-NW system. The appearance
of the graphite (002) peak in the G-MnO2-NW samples revealed
the presence of few layered graphene sheets in this system.
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Fig. 2. X-ray diffraction results of MnO2-NW and G-MnO2-NW

Graphene oxide

Manganese 
source

Decanol grafted graphene oxide

Calcination
Graphene-MnO2

nanowire composites
(G-MnO -NW)2

CH2

CH2

H C2

H C2

H C2

H C2

H C2

H C2

H C2

H C2

H C2

H C2

H C2

H C2

H C2

H C2

H C2

H C2

H C2

H C2

H C2

H C2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

OH
OH

OH
OH

C

C
C

C

C

C

HO

HO
HO

OH

OH

OH

OO
O

O

O
O

O O

O

O

O

O

O

O

O

O

O

O

Fig. 1. Schematic representation of proposed synthesis steps of G-MnO2-NW composites
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The surface chemical composition of the G-MnO2-NW
material was determined using Fourier transform infrared spec-
troscopy (FT-IR). Pristine graphene oxide showed major IR
stretching vibrations at 1710, 1630, 1217 and 1050 cm–1, which
respectively correspond to the –C=O stretching (–COOH group),
C–C stretching (aromatic group), C–O stretching (C–OH group)
and C–O–C stretching (epoxy group) vibrations [45]. The MnO2-
NW samples showed peaks at 3700 cm–1 (–OH stretching of
MnO2 nanowires), 730 cm–1 (Mn–O–Mn stretching mode of
MnO6 core) and 520 cm–1 (Mn–O stretching vibration of MnO6

core). Alternatively, G-MnO2-NW samples showed peaks at
3710 cm–1 (–OH stretching of MnO2 nanowires), 3540 cm–1

(O–H stretching of phenolic groups in graphene), 2980 cm–1

(C–H asymmetric stretching), 2875 cm–1 (C–H symmetric stret-
ching), 1590 cm–1 (C=C stretching in graphene) along with peaks
attributed to the MnO2 nanowires.

To gain more insight into the surface chemical compo-
sition of the G-MnO2 nanowires, they were subjected to XPS
characterization and the results are given in Fig. 3. XPS survey
scan results of the pristine graphene oxide showed two strong
peaks at 285 and 530 eV, respectively corresponding to the
C1s and O1s transitions (Fig. 3a). Alternatively, MnO2-NW
showed Mn2p (642 eV) and O1s (530 eV) peaks, along with a
small C1s peak (285 eV). Formation of hierarchical G-MnO2-
NW composites was indicated by the significant rise observed
in the C1s peak relative to that of MnO2-NW, along with the
appearance of Mn2p (642 eV) and O1s (530 eV) peaks. This
conclusion is further supported by the relative increase in C/O
peak intensity from 0.39 for MnO2-NW to 0.73 for G-MnO2-
NW. High-resolution Mn2p spectra of both MnO2-NW and
G-MnO2-NW materials showed two symmetrical peaks at
~641.8 and ~653.3 eV, attributed to Mn 2p1/2 and Mn 2p3/2

spin–orbit coupling of MnO2 nanostructures. The resulting

high-resolution scans of Mn 2p1/2 and Mn 2p3/2 in both MnO2-
NW and G-MnO2-NW samples were fitted with twelve
Gaussian–Lorentz peaks, P1–P12 (Fig. 3a,b). The fitted peaks
P1–P6 correspond to 2p1/2 spin–orbit coupling of Mn4+ (P1,
P2), Mn3+ (P3, P4) and Mn2+ (P5, P6), whereas the fitted peaks
P7–P12 correspond to 2p3/2 spin–orbit coupling of Mn4+ (P7,
P8), Mn3+ (P9, P10) and Mn2+ (P11, P12). High-resolution C1s
spectra of graphene oxide showed five components at around
284.5, 285.3, 286.9, 287.7 and 288.4 eV, which can be gene-
rally assigned to C–C/C–H, C–OH, C–O, C=O and O–C=O
respectively (Fig. 3b); MnO2-NW showed four major peaks at
around 284.5, 286, 287.3 and 288.2 eV, respectively attributed
to C–C/C–H, C–O, C=O and O–C=O (Fig. 3c). Interestingly,
no additional peaks were observed for the G-MnO2-NW compo-
sites compared to those observed for the MnO2-NW samples,
though the peak intensities did differ (Fig. 3d). Dramatic
decreases were observed in the intensities of the C1s compo-
nents associated with carbon–oxygen bonds (C–O groups) of
graphene oxide in G-MnO2-NW samples, attributed to the
reduction of graphene oxide by manganese (Mn2+) ions gene-
rated during the hydrothermal reaction. The successful formation
of MnO2-NW and G-MnO2-NW was further evidenced by
deconvolutions of the O1s peaks of graphene oxide, MnO2-NW
and G-MnO2-NW (Fig. 3c, 3e and 3f, respectively). In contrast
to pristine graphene oxide, which showed two peaks corres-
ponding to the C=O (532.0 eV) and C–O (533.0 eV) groups
(Fig. 3c), peaks observed at ~529 eV (Mn–O–Mn) and 531 eV
(Mn–O–C), along with a peak due to C–O–C groups (at 533.0
eV) evidenced the successful formation of MnO2, in the cases
both of MnO2-NW and G-MnO2-NW (Fig. 3e, f).

Raman spectrum of pure graphene oxide included a
D-band peak (K-point phonons of A1g symmetry) at 1354 cm–1,
typically assigned to defects and disordered structures of the
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graphene oxide lattice. Another peak observed at 1586 cm–1

was assigned to the G band (E2g phonon of carbon), arising
from the vibration of sp2-bonded carbon atoms in the hexagonal
lattice of graphene oxide. In comparison, the D and G Raman
bands of the G-MnO2-NW material were located at different
positions, 1350 and 1590 cm–1 respectively. A systematic lite-
rature search revealed that metal oxide nanoparticles deposited
on a graphene oxide surface usually increase the ratio of D
and G band intensities (ID/IG), supporting the assumption that
there is an electronic interaction between the nanowires and
graphene. In the present investigation, the intensity ratio of
G-MnO2-NW (ID/IG = 1.10) was larger than that of the pure
graphene oxide (ID/IG = 0.92), indicating a decrease of sp2

domains in the former due to the presence of planar MnO2

nanowires on the graphene layers [49]. Additionally, the
G-band peak position was hypsochromically shifted from 1584
cm–1 for graphene oxide to 1590 cm–1 for G-MnO2-NW, corro-
borating the p-type doping effect (i.e., electron withdrawal)
of MnO2 nanowires on graphene [50]. In addition, the
appearance of two sharp Raman bands at 574 cm–1 and at 640
cm–1 in the G-MnO2-NW samples indicated the formation of
a well-developed tetragonal structure with a (2 × 2) tunnel
[51,52]. The size of the (2 × 2) tunnel is about 0.46 nm, which
is suitable for intercalation–deintercalation of electrolyte
cations; this may be the reason for the high pseudo capacitive
behaviour of the synthesized material [53].

FE-SEM micrographs were acquired of MnO2-NW and
of G-MnO2-NW prepared using graphene oxide and the results
are included in Fig. 4. A low-magnification SEM image of
MnO2-NWs showed that these nanowires had interconnected
porous network morphology, as revealed in the high-magni-
fication SEM image (Fig. 4). Similarly, G-MnO2-NW consisted
of randomly oriented MnO2 nanowires of porous network
morphology impregnated on the graphene surface (Fig. 4).
The observed SEM results agreed well with the results reported
by various research groups on MnO2 nanowires and their compo-
sites with graphene [54-57]. In contrast to the pristine graphene
oxide [45], which had a wrinkled morphology (micrograph
not shown), a plate-like morphology with several impregnated
nanowire structures was observed on G-MnO2-NW samples,
confirming the successful formation of hierarchical MnO2

nanowires on the graphene oxide surface (Fig. 4).
To gain more insight into the morphological features of

MnO2-NW and G-MnO2-NW, they were characterized by field
emission transmission electron microscopy (Fig. 5). Low and
high-magnification TEM images of a MnO2-NW sample revea-
led that the synthesized nanowires were tens of micrometers
long and 20 nm in diameter on average. G-MnO2-NW was
found to consist of a hierarchical structure of MnO2 nanowires
impregnated between the graphene nanosheets (Fig. 5).

Table-1 includes the surface areas calculated by means of
the BET method from nitrogen adsorption–desorption curves.

Fig. 4. FE-SEM micrographs of MnO2-NW and G-MnO2-NW
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Fig. 5. Transmission electron micrographs of MnO2-NW and G-MnO2-NW

The surface areas of graphene oxide and MnO2-NW were thus
calculated to be 48.5 and 62 m2 g–1, respectively. Significant
improvement in surface area (130.1 m2 g–1, 110 % increment)
was noted for the G-MnO2-NW composites, relative to the
MnO2-NW. Pore size distributions and average pore sizes were
estimated based on the Barrett–Joyner–Halenda (BJH) method.
The broad pore size distribution and average pore sizes of
MnO2-NW (distribution, 3–75 nm; average, 5 nm) and G-MnO2-
NW (distribution, 3–88 nm; average, 8 nm) were slightly lower
than those of graphene oxide (distribution, 3–90.2 nm; average,
17.3 nm) corroborating their mesoporous nature. It can be
interpreted from these results that the high BET surface area
and low porosity of the long MnO2 nanowire architecture can
provide shortened diffusion paths for electrons and ions, which
can enhance supercapacitor performance [56].

TABLE-1 
PREPARED ACTIVE SAMPLES BET RESULTS 

Samples 
BET N2 

surface area 
(m2g-1) 

Average pore 
size (nm) 

Pore size 
distribution 

(nm) 
Graphene oxide 
MnO2-NW 
G-MnO2-NW 

48.5 
62.0 

130.1 

17.3 
5.0 
8.0 

3~90.2 
3~75.0 
3~88.0 

 
Thermogravimetric analysis was employed to determine the

weight composition of the MnO2 nanowires in the G-MnO2-NW
composites (Fig. 6). In the present work, weight loss of ~15 wt.
% was observed in the temperature range of 30–700 °C for MnO2-
NW samples. These observed weight losses can be divided into
three steps [58]: (i) ~5 % weight loss occurred in the temperature
range of 30–300 °C owing to the loss of physisorbed water,
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(ii) ~2 % weight loss occurred in the temperature range of 300–
500 °C owing to the loss of chemisorbed oxygen and water, (iii)
~8 % weight loss occurred in the temperature range of 500–700
°C owing to the reduction of manganese oxide as well as the loss
of carbon coated on the MnO2-NW samples. In contrast, the
relatively greater weight loss observed over the entire temperature
range for G-MnO2-NW was attributed to the degradation of
graphene sheets upon their exposure to air. The residual weight

of MnO2-NW was 85 % and that of G-MnO2-NW was 42 %; the
difference was attributed to the difference in MnO2 concentration
between these two samples (Fig. 6).

To further explore the potential applications of MnO2-
NW and G-MnO2-NW in energy storage applications, these
materials were used to fabricate supercapacitor electrodes and
its electrochemical performance were evaluated in three elec-
trode configuration using cyclic voltammogram and galvano-
static charge–discharge measurements (Fig. 7). Fig. 7a shows
the cyclic voltammograms acquired for G-MnO2-NW samples
within the electrochemical window from 0.01 to 1.0 V at diffe-
rent scan rates (5, 10, 20, 50 and 100 mV s–1). For comparison
purpose, cyclic voltammogram of MnO2-NW was carried out
at a selective scan rate (20 mV s–1). The ideal pseudo capacitive
behaviour of the MnO2-NW electrode is well corroborated by
the appearance of quasi rectangular CV curve. Owing to its
high surface area and nanowire structure, MnO2-NW provides
well-ordered tunnels for the convenient insertion/extraction
of ions during electrochemical cycling. The electrochemical
reaction between the electrode and Na+ ions of the electrolyte
[26] can be expressed as follows [59]:

2MnO Na e MnOONa+ −+ + (1)

In contrast to MnO2-NW, appearance of quasi-symmetric
curves with relatively higher loop area for G-MnO2-NW
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Fig. 7. Electrochemical characterization results of MnO2-NW and G-MnO2-NW based supercapacitor electrodes: (a) cyclic voltammograms
of G-MnO2-NW–based supercapacitors; (b) first charge–discharge profiles; (c) electrochemical impedance plots; (d) 1000-cycle
capacity retention profiles
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electrodes revealed the combined effect of double-layer and
pseudo capacitive contribution to the total capacitance value
corroborating the synergistic contribution of both graphene
and MnO2 nanowires. The unique microstructure as depicted
in Fig. 1 provides (a) efficient pathway with improved diffusion
rate of Na+ in its bulk state (b) nanowire structure of MnO2

drastically reduce the diffusion length during charge/discharge
process and thereby improves the MnO2 utilization rate (c)
presence of graphene nanosheets enhances the fast electron
transfer throughout the electrode due to its excellent interfacial
contact. As expected, loop area increased with increasing scan
rate for G-MnO2-NW electrodes (Fig. 7a) corroborating the
enhanced charge transfer process.

Since, the discharge current in cyclic voltammetry is not
always constant over the entire potential window, galvanostatic
charge–discharge measurements are often used for calculating
the specific capacitance of an electrode. The charge storage
behaviour of the G-MnO2-NW electrodes was thus measured
under the various current densities (0.5~5 Ag–1) using 1 M
Na2SO4 as the electrolyte (Fig. 7b); the resulting curves were
highly linear and symmetrical at all current densities, demons-
trating stable electrochemical reversibility. For comparison
purpose, galvanostatic charge-discharge measurements of
MnO2-NW electrodes was carried out at a selective current
density (0.5 Ag-1). The hierarchical G-MnO2-NW composite
electrodes displayed excellent charge–discharge characteristics
and good current–voltage response, revealing their excellent
capacitive characteristics, when compared to the MnO2-NW
electrodes. Based on galvanostatic charge–discharge curves,
the specific capacitance (C, Fg–1) at different current densities
can be calculated by using the following equation:

I t
C

V m

× ∆ =  ∆ × 
(2)

where I, ∆V, ∆t and m respectively represent the discharge
current (A), the voltage change ignoring the small potential
drop (V), the discharge time (s) and the mass of the active
electrode material (i.e., MnO2-NW or G-MnO2-NW) in one
electrode (g), respectively [60,61]. The specific capacitance
values of the G-MnO2-NW supercapacitor electrodes are obser-
ved to be 255, 210, 160, 56 Fg-1 on increasing current rates
from 0.5~5 Ag-1. The synergistic contribution of graphene and
MnO2 nanowires on the electrochemical performances is well
corroborated by the significant rise in specific capacitance for
G-MnO2-NW (255 Fg-1 at 0.5 Ag-1), when compared to the
MnO2 nanowire electrode (150 Fg-1 at 0.5 Ag-1). This result is
quite consistent with previous reports published by various
research groups on graphene/MnO2 composites [62-65]. The
fabricated supercapacitor electrodes using the G-MnO2-NW
composites yielded greater gravimetric energy (28.56 Wh kg–1)
and power density (812 W kg–1) compared to the MnO2-NW
based electrodes (energy density, 18.8 Wh kg–1; power density,
251 W kg–1).

EIS measurements were carried out over the frequency
range from 100 kHz to 0.1 Hz to understand its electrochemical
performances. The resulting impedance plots of the super-
capacitor electrodes fabricated using MnO2-NW and G-MnO2-
NW electrodes each consisted of a semicircle in the high-
frequency region and nearly vertical line in the low-frequency

region (Fig. 7c). The equivalent series resistance (Rs) of the
electrode and the charge-transfer resistance (Rct) of the elec-
trode–electrolyte interface are represented by the intersection
on the real axis and the diameter of the semicircle, respectively
[66,67]. G-MnO2-NW had a considerably smaller Rct than
MnO2-NW (~57 % decrement), indicating the formation of a
hierarchical G-MnO2-NW composite structure that increased
the distance between the graphene sheets. This promoted ion
diffusion within the electrode materials, thereby facilitating
efficient utilization of the active materials.

To confirm the electrochemical stability of the MnO2-NW
and G-MnO2-NW electrodes, the supercapacitor electrodes
were subjected to 1000 charge–discharge cycles performed
between 0.01 and 1.0 V under the current density of 0.5 Ag–1

(Fig. 7d). After 1000 cycles, the supercapacitor electrodes
fabricated using G-MnO2-NW electrodes displayed ~90 %
capacity retention, greater than the ~ 70 % retention observed
for those based on MnO2-NW. The unique nanosheet–nanowire
structure of the G-MnO2-NW composite effectively prevented
the aggregation of graphene and MnO2 nanowires during cycling
and consequently provided high specific surface area, which
is favourable for fast transport of hydrated ions in the electro-
lyte to the surfaces of both the graphene and the MnO2 nano-
wires. Furthermore, the superior electrical conductivity of
graphene can significantly decrease the internal resistance of
the electrode by means of the construction of a conductive
network. MnO2 nanowires with small diameters also facilitate
short ion diffusion paths, which can greatly reduce charge-
transfer resistance and ionic diffusion resistance [55,62].

Conclusion

Novel hierarchical graphene–MnO2 nanowire (G-MnO2-
NW) composites were synthesized via hydrothermal synthesis
using a water/1-decanol mixture as the medium. The formation
of high-surface-area graphene–MnO2 nanowire composites
was confirmed by means of FT-IR, XPS, FE-SEM, TEM and
BET analyses. Supercapacitor electrodes fabricated using the
G-MnO2-NW composites as the electrode materials demons-
trated high capacitance (255 Fg–1 at 0.5 Ag-1) and good stability
during charge–discharge cycling (10 % decay after 1000 cycles),
performance superior to supercapacitors fabricated using the
MnO2 nanowire (MnO2-NW) system. Moreover, G-MnO2-
NW–based supercapacitors possessed higher energy density
(28.56 Wh kg–1) and better power density (812 W kg–1) than
the MnO2-NW–based supercapacitor electrodes. We believe
that graphene and graphene-based composites have great
potential application for hybrid electric vehicles and electric
vehicles, which strongly require high-power and high-energy
storage systems.
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