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A facile two-step strategy is adopted to construct free-standing composite paper of MnO, nanoflakes/polyaniline (PANI)

nanorods hybrid nanostructures on reduced graphene oxide (RGO) for flexible supercapacitor electrode application.MnO,

nanoflakes are firstly grown on RGO paper via electrodeposition method, followed by assembly of PANI nanorods between

MnO, nanoflakes by in situ polymerization using camphorsulfonic acid as dopant. The morphology and structure of

composite paper are characterized and the electrochemical properties are systematically investigated. The interconnected

PANI nanorods deposited on the interlaced MnO, nanoflakes have a length of ~100 nm and diameter of ~30 nm, creating

plenty of open porous structures which are beneficial for ion penetration into the electrode. The RGO/MnO,/PANI

composite paper shows a large specific capacitance of 636.5 F g* at 1.0 A g™ in 1.0 M Na,SO, electrolyte and excellent

cycling stability (85% capacitance retention after 10° cycles). The optimized composite structure with more electroactive

sites, fast ion and electron transfer, and strong structural integrity endows the ternary composite paper electrode with

outstanding electrochemicalperformance.

Introduction

Nowadays, energy and environmental issues have become
increasingly prominent due to the rapid growth of economy.
To address these problems, considerable work has been
devoted to searching renewable and clean energy as well as
efficient energy storage and conversion technologiesl's.
Supercapacitors (SCs), as one of the most important energy
storage systems, have received a great deal of interest for
their large power density, fast charge-discharge rate and long
cycling life and safety. Recently, flexible, lightweight and highly
efficient energy devices have become very popular in the
modern markets. As such, flexible SCs have aroused significant
attention due to their lightweight, small size, ease of handling,
and high-flexibility %, as compared with conventional SCs. To
date, much effort has been put into design and preparation of
flexible SCs, and significant progress has been made >,
Nevertheless, the energy storage densities of flexible SCs still
have yet to be further improved to meet their practical
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applications.

The performance of flexible SCs significantly depends on
the structure and electrochemical activities of electrode
materials. An ideal flexible electrode material should have
good electrochemical properties, great mechanical strength
upon bending or folding, and balanced porous structure to
adapt large strain without any loss of performances. In this
regard, have brought substantial
opportunities over the past few years for developing advanced
flexible electrodes owing to their good conductivity, high
910, Especially,
graphene-based flexible electrodes have received intensive

carbon  materials

surface area and favorable mechanical integrity

interest because of their excellent electrochemical stability,
good structural, electrical and mechanical properties "
Recently, this research filed is focused on the synthesis of free-
standing, binder-free and flexible electrodes by assembling
individual RGO nanosheets into a macroscopic RGO-based
papers (or films) 1214 However, the drawbacks during its
processing are also obvious, that is, irreversible agglomeration
and restacking of graphene nanosheets and low specific
surface area of the paper (or film) > which inevitably lead to
low specific capacitance and poor cycling stability of graphene-
based paper electrodes.

One effective way to solve such problems is to assemble
pseudocapacitive materials (e.g. conducting polymers and
metal oxides) on RGO paper to construct high performance
composite electrodes. The special synergistic effects between

J. Name., 2013, 00, 1-3 | 1
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RGO and pseudocapacitive materials may endow composite
electrodes with high conductivity, large specific capacitance,
and relatively high accessible surface area, and thus improve
their energy density, power density, and cycling life. In such a
case, various electroactive materials such as Mn028’16, Fe30417,
PANI ¥ and polypyrrole20 grown on RGO substrate for
flexible SCs applications have been developed. More recently,
in order to get flexible electrodes with better electrochemical
performance, combination of the flexible substrate with two
electroactive materials into a ternary composite system 2123
has become a hot research spot. Of the pseudocapacitive
materials, MnO, and PANI are the two most common classes
of electrode materials for SCs applications owing to their
respective advantages in electrochemical activity. Therefore, it
is naturally expected to achieve optimal performance by
rationally designing RGO/MnO,/PANI ternary composite
electrode. However, the great challenge here is to construct an
optimum electrode architecture which not only provides rich
accessible active area for electrochemical reaction, but
facilitates the kinetics of ion/electron transport throughout the
electrode.

Herein, we develop a facile two-step strategy to design and
fabricate novel ternary composite by assembling MnO,/PANI
heterostructured nanocomposite on RGO paper for high
performance flexible SCs. MnO, nanoflakes are firstly grown on
RGO paper via electrodeposition method and then PANI
nanorods are embedded between intersecting MnO,
nanoflakes by chemical oxidative polymerization. This unique
nanoarchitecture ensures a fast electron transfer, a short ion
transport/diffusion path, and more electrochemical active
sites. Based on the optimizing structure and fascinating
synergistic effect between individual component, the flexible
RGO/MnQO,/PANI paper electrode exhibits
significantly enhanced electrochemical properties, such as
much high specific capacity (636.5 F g’1 at 1.0 A g'l), superior
cycling stability (85% capacitance retention after 10* cycles)
and good rate capability.
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F
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composite

PANI nanorods

MnO:2 nanoflakes ‘é

Aniline

Polymerization

Fig. 1 Schematic illustration of the preparation process of RGO/MnQO,/PANI
nanocomposite.

Experimental

Materials

2| J. Name., 2012, 00, 1-3

Hydroiodic acid (57 wt.% in H,0), the Anopore inorganic
membrane (47 mm in diameter and 0.2 um in pore size) and
camphorsulfonic acid (CSA, 98%) were supplied by Sigma
Aldrich. Graphite flakes (2-15um) were obtained from Alfa-
Aesar company. Aniline bought from Shanghai Chemical
Reagent Co. distilled under vacuum before use.
Ammonium persulfate (APS, 98%) and other chemicals were
used as received.

was

Synthesis of RGO paper and RGO/MnO,nanoflakes composite
paper

GO were synthesized by the modified Hummers method 2,
RGO paper was then obtained using hydroiodicacid (HI) as the
reducing agent by the following procedure. First, 25 mg of GO
was ultrasonically dispersed in distilled water (50 mL) for 2 h,
followed by the filtration to produce a GO paper. After drying
in the air, the GO paper was peeled from the filter and
immersed into the hydroiodic acid (45%) at 85 °C for 3 h.
Finally, the RGO paper was obtained by washing with distilled
water and ethanol. The RGO/MnO, composite paper was
prepared by electrodepositing of MnO, on the RGO paper (1 x
2 sz)_ All electrodeposition experiments were performed on
an Autolab PGSTAT-302N electrochemical workstation
(Metrohm, Netherlands) with a standard three-electrode cell,
where a RGO paper was the working electrode, a platinum
plate and an Ag/AgCl used as the counter electrode and
reference electrode, respectively. The anodic
electrodeposition of MnO, nanoflakes was performed in
aqueous solution containing 0.1 M Mn(CH3COO), and 0.1 M
Na,SO, at a voltage of 0.8 V, and the deposition time was 5
min. Subsequently, the RGO/MnO, composite was washed
with water and dried at 25 °C.

Synthesis of RGO/PANI and RGO/MnO,/PANI composite paper

0.6 mL of aniline was injected into 40 mL of 0.1 M CSA
solution, 20 mL of 0.4 M APS solution was then rapidly added
into the above solution under stirring. After being stirred
vigorously for 2 min, the RGO paper and RGO/MnO, composite
paper was dipped into the mixture respectively very carefully
without stirring and kept for another 6 h at room temperature.
After quick rinsing with water, the resultant RGO/PANI and
RGO/MnO,/PANI papers were placed in the air overnight and
then dried at 60 °C for 2h under vacuum.

Materials characterization and electrochemical measurements

The morphology of the samples was investigated using a field-
emission scanning electron microscope (FE-SEM, HITACHI
S4800) and transition electron microscopy (TEM, JEOL 2100F).
The specific surface area of samples was measured using the
methylene blue adsorption method conducted on a UV-vis
spectrometer (UNICO UV-2102PC) at room temperature.
Raman spectra were measured on an Acton Raman
spectrometer using a 531.4 nm laser as the excitation source.
Fourier transformation infrared spectra (FTIR) of the samples
were measured from KBr sample pellets on a Nicolet 5700
spectrometer. X-ray photoelectron spectroscopy(XPS) spectra

This journal is © The Royal Society of Chemistry 20xx
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were examined on an AXIS Ultra DLD spectrometer (Kratos
Analytical Ltd.) using a monochromatized Al Ka X-ray source
(1486.71 eV). The electrochemical properties of the materials
were measured by a three-electrode cell in 1.0 M Na,SO,
electrolyte on an Autolab PGSTAT-302N electrochemical
workstation at room temperature. The RGO paper or RGO-
based composite paper was used as the working electrode, an
Ag/AgCl and a platinum plate were used as reference and
counter electrodes, respectively. Cycle voltammetry (CV) and
galvanostatic charge—discharge (GCD) curves were recorded
from-0.1 to 0.9 V. The specific capacitance derived from GCD
curves was derived from the discharged time in light of the
following equation: C=(/ At)/(m AV), where [ is the discharged
current (A), At is the discharged time (s), m is the mass of the
electroactive materials (g), and AV is the potential (V).
Electrochemical impedance spectroscopy(EIS) was investigated
in the frequency range of 10°-0.01 Hz.

Results and discussion

Fig. 1 depicts the two-step synthesis strategy of MnO,/PANI
hybrid nanostructures on RGO paper. First, MnO, nanoflake
arrays were electrodeposited on the RGO paper within a mixed
aqueous solution of Mn(CH;COO), and Na,SO,. Then PANI
nanorods were grown onto the MnO, nanoflake backbone via
an oxidative polymerization method assisted by CSA dopant to
form a hierarchically ternary composite. Both MnO, and PANI
are employed as active materials, while the conductive RGO
paper as a current collector guarantees effective ion and
electron transport throughout the electrode.

Journal of Materials Chemistry A
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paper and RGO-based composite paper are very flexible and
bendable, as shown in Fig. 2a. SEM image (Fig. 2b) of RGO
paper indicates curved and wrinkled features on its surface,
which are in favor of MnO, deposition. Fig. 2c further confirms
that the RGO paper consists of densely layered sheets, which
guarantee a high flexiblity and good mechanical strength of
RGO paper. After a thin layer of MnO,/PANI composite grown
on RGO paper, the layered feature of RGO and MnO,/PANI
with one-dimensional nanostructure are clearly observed in
Fig. 2d, where the MnO,/PANI are well grown on the surface
of RGO to form a tightly compact structure with thickness of
~7.2 um.

»

Fig. 2 (a) Digital images of RGO paper (inset shows digital image of RGO/MnO,/PANI),
SEM images of (b) RGO paper, (c) cross-sectional view of RGO paper and (d) cross-
sectional view of RGO/MnO,/PANI.

The digital photographs in Fig. 2a show a free-standing
RGO paper with dark-grey color. The obtained RGO paper
exhibits high conductivity (14.5 Q sq’l) and light weight (1.35
mg cm_z). After growth of MnO,/PANI composite, the surface
of RGO paper becomes blue-green (inset of Fig. 2a). Both RGO

This journal is © The Royal Society of Chemistry 20xx

Fig. 3 SEM images of (a) RGO/MnO, and (b) RGO/MnO,/PANI. TEM images of (c)
MnO,nanoflakes and (d) MnO, nanoflakes/PANI nanorods. The insets in (a) and (b)
show high-magnifications of respective SEM images.

Fig. 3a shows the uniform growth of MnO, nanoflake
arrays on the surface of RGO. The high-magnification SEM
image (Fig. 3a, inset) reveals that the ultrathin nanoflakes are
interlaced with each other and create abundant void spaces
which ensure fast penetration of electrolyte ions into the inner
of electrode materials. It is worth noting that numerous
interconnected PANI nanorods are anchored on the MnO,
skeletons by chemical polymerization of aniline, as evidenced
by Fig. 3b. A high-resolution image (Fig. 3b, inset) indicates
that the PANI nanorods with length of~100 nm and diameter
of ~30 nm are embedded into the space between MnO,
nanoflakes without destroying porous structures, which can
benefit the transportation of the electrons and increase more
electroactive surfaces. To further investigate the morphology
of active materials on RGO paper, TEM images are also
presented. Fig. 3c illustrates that the leaf-like ultrathin
MnO,nanoflakes with thickness of ~5 nm are deposited on the
RGO paper, in good agreement with SEM observation. While
Fig. 3d demonstrates the presence of large amounts of rod-like
PANI nanaostructures on MnO, nanoflakes. In addition, SEM
image (Fig. S1) of RGO/PANI paper indicates that PANI
nanorods are grown aggregately on the RGO paper, which may

J. Name., 2013, 00, 1-3 | 3
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reduce the utilization of PANI
reaction.

The specific surface areas of RGO, RGO/MnO,, and
RGO/MnO,/PANI were measured to be 108.6, 87.1 and 78.1
m’ g"l, respectively. Although the specific surface areas of both
composite papers decrease a little bit after deposition of MnO,
and MnO,/PANI nanostructures respectively on the RGO paper,
the values are comparable to those of other free-standing and
flexible materials.

The existence of MnO, and PANI in the ternary composite
can be confirmed by the FT-IR and Raman spectra (Fig. 4). The
FT-IR spectrum of pristine RGO paper shows typical
characteristic peaks of graphene. The strong peaks at 874,
1417, 2852 and 2925 cm? correspond to lateral vibrations of
CH,, deformation vibrations of C-OH, CH, symmetric and
asymmetric stretching vibrations , respectively 2 Whereas the
weak peaks at 1064, 1247, and 1621 cm ™ are assigned to the
C-O stretching vibrations of alkoxy and epoxy groupszs, and
skeletal vibration of graphene 7, respectively. In case of
RGO/MnO,, the broad peak at ~ 3400 cmis ascribed to the H-
O-H bending of absorbed H,0O molecules. In addition, the
peaks at 400-800 cmlare related to Mn-O stretching
vibrations, indicating the presence of MnO, in the RGO/MnO,
composite 8 Meanwhile, the characteristic peaks of graphene
are still observed except that the intensity is weakened due to
the deposition of MnO, nanoflakes on the surface of RGO
paper. As for RGO/MnO,/PANI composite, two typical peaks at
1490 and 1579 cm™ represent C=C stretching vibrations of the
benzenoid and quinonoid rings, respectively. The other peaks
at 819, 1148, 1237, and 1294 cm™® correspond to the out-of-
plane bending of C-H, in-plane bending of C-H, C=N stretching
mode, and C-N stretching vibration, respectively29. These
characteristic peaks are in agreement with the features of pure
PANI, demonstrating the formation of PANI in the
RGO/MnO,/PANI composite. However, the peaks of MnO, and
RGO become weak owing to the growth of PANI nanorod
networks on RGO/MnO, composite paper. The appearance of
PANI and MnO,in the ternary composite can be also verified
by the Raman spectra (Fig. 4b). The RGO paper exhibits two
distinct peaks at 1352 and 1591 cm™ which are assigned to
broad D and G bands, respectively. The high intensity of D
peak implies the presence of residual oxygen functional groups
and other defects 30, which is in accordance with the result of
its FT-IR spectrum. A strong peak in 480-680 cm™ region is
connected with to Mn-O stretching vibration 28, indicating the
presence of MnO, in the RGO/MnO, binary composite paper.
In contrast, the curve of RGO/MnO,/PANI composite shows
obvious peaks corresponding to PANI: the peaks at 1174 and
1565 cm™ are related to the C-H bending and the C=C
stretching of the quinoid ring, respectively. The peak at 1248
cmis associated with the C-H bending of the benzenoid ring,
and the peak at 1342cm™ is referred as C-N* stretching
vibration **. The weak or invisible peaks of MnO,and RGO in
the Raman spectrum of RGO/MnO,/PANI are caused by the
masking effect of PANI.

during the electrochemical

4| J. Name., 2012, 00, 1-3
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Fig. 4 (a) FT-IR spectra and (b) Raman spectra of RGO, RGO/MnO,, RGO/MnO,/PANI.

Compositional analysis and surface electronic state of the
elements of RGO/MnO,/PANI composite paper
performed by means of XPS (Fig. 5). The XPS analysis of Fig. 5a
indicates the presence of C, N, O and Mn elements in the
obtained ternary composite. Fig. 5b illustrates the XPS
spectrum of Cls spectra which can be resolved into three
peaks centered at 284.5 (C-C), 285.3 (C-N) and 286.5 (C-0)*.
The relatively weak signal of C-O reflects effective reduction of
GO to RGO. For N 1s spectrum (Fig. 5c), the main peak is
devided into three peaks corresponding to various eletronic
state: the nitrogen cationic radical at 400.1 eV (N), the
quinoid amine at 399.5 eV and the benzenoid amine at 397.5
eV (-N=) 33, Based on the above-mentioned analysis, the doped
state of PANI is formed in the composite. Fig. 5d presents the
high-resolution Mn 2p spectra, where the peaks at 642.05 and
653.85 eV with a spin energy separation of 11.8 eV correspond
to Mn 2p3;, and Mn 2p;,, respectively, which s
similar to those previously reported for Mn0234'35.
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Fig. 5 (a) Wide scan survey XPS spectrumof RGO/Mn0,/PANI, (b) XPS C1s spectra of
RGO/MnO,/PANI, (c) XPS N1s spectra of RGO/MnO,/PANI, (d) XPS Mn2p spectra of
RGO/MnO,/PANI.

To evaluate the electrochemical capacitive behavior of
RGO/MnO, nanoflakes/PANI nanorods ternary composite
paper as flexible and free-standing electrode for SCs, cyclic
voltammetry (CV), galvanostatic charge/discharge (GCD) and
electrochemical impedance spectroscopy(EIS) were performed
with a three-electrode system in 1.0 M Na,SO, solution within
the potential window of -0.1~0.9 V. As the hierarchical
MnO,/PANI nanostructures grown on the RGO, the
RGO/MnO,/PANI composite papers are expected to exhibit

This journal is © The Royal Society of Chemistry 20xx
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excellent performance as flexible SCs electrode materials. In
order to clarify the effect of the ratios of the three
components on the specific capacitance, the ternary
composites with various mass percentage of RGO, MnO, and
PANI were measured by GCD at 1.0 A g'1 (Fig. S2a), and the
specific capacitance of composites are plotted in Fig. S2b. An
appropriate ratio of three components is important for the
RGO/MnO,/PANI composite with optimal performance. The
composite with 52.7% RGO, 36.7% MnO, and 10.6% PANI
possesses the maximum specific capacitance of 636.5 F g'l.
While the PANI content further increases beyond 17.3%, the
capacitance of the composite decrease significantly. The
excess PANI nanorods not only block up the open spaces in the
composite but also reduce the active areas, which inevitably
weaken the electrochemical performance of the ternary
composite. Therefore, the mass percentage of RGO, MnO, and
PANI in the RGO/MnO,/PANI composite in our experiment is
controlled at 52.7%, 36.7% and 10.6%, respectively.

Fig. 6a shows the CV curves of the RGO/MnO, composite
paper measured at various scan rates. A pair of weak redox
peaks can be observed in the CV curves at lower scan rates
due to the reaction (MnO, + Na" + e’= MnOONa) of MnO, in
composite electrode % These CV curves are nearly
rectangular, reflecting good capacitive performance and
excellent RGO/Mn0O, composite paper
electrodes. However, at higher scan rates (e.g. 100 mV s*), the
CV profile deviates much from rectangle and no evident redox
peaks are observed. These phenomena are attributed to the
polarization of the desolvation process of the hydrated sodium
ions and relatively low conductivity of MnO, on RGO paper37.
In comparison to RGO/MnO, binary composite, the
RGO/MnO,/PANI ternary composite exhibits the characteristic
quasi-rectangular shapes with perceptible redox peaks at all
scan rates from 5 to 200 mV s (Fig. 6b). This is because PANI
nanorod networks embedded into the MnO,nanoflakes further
improve the electrical conductivity of the composite and also
increase the contact area between electrode and electrolyte,
which is in favor of charge transfer and ion transport.
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GCD profiles of RGO/MnO,/PANI at various current densities, (d) CV curves of RGO,

RGO/PANI, RGO/MnO, and RGO/MnO,/PANI at the scan rate of 20 mV s ™.
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Fig. 6c presents GCD curves of the as-synthesized
composite paper electrode. All the charge and discharge
curves show nearly linear and symmetric at various current
densities (1-50 A g'l), and a fast /-V response implies good
capacitive behavior of RGO/MnO,/PANI composite paper
electrode. Even at large current density of 50 A g'l, the GCD
curves are also close to symmetrical charge/discharge profiles
with small deviations from linearity, suggesting fast diffusion
of ions and low equivalent series resistance (ESR) % To further
evaluate the role of MnO, and PANI, CV curves of RGO paper,
RGO/Mn0O,, RGO/PANI and RGO/MnO,/PANI composite are
carried out under the same scan rate of 20 mV 5"1, as shown in
Fig. 6d. The CV curve of pristine RGO paper is in rectangular
shape, demonstrating ideal capacitive behavior based on
electrical double layer charge storage. After incorporation of
MnO, nanoflakes, PANI MnO,/PANI
nanostructures into RGO substrate, respectively, binary and
ternary composites show much larger integrated area within
the current-potential curves than RGO, indicating significantly
improved capacitance due to the presence of MnO, and PANI
pseudocapacitive materials. Moreover, the integrated area
increases in the order of RGO<RGO/PANI<RGO/MnO,
<RGO/MnO,/PANI, demonstrating the higher specific
capacitance of ternary composite than that of binary
composite. The cross-linked PANI nanostructures embedded
into the space between the MnO,nanoflakes not only reduce
the internal resistance of composite electrode and increase
the active surface areas for pseudocapacitive reactions, but
also provide a pathway for continuous charge transfer. In
addition, PANI nanorods grown on the surface of MnO,
nanoflakes can effectively restrain the MnO, particles from
dissolution in the electrolyte and thus enhance
electrochemical utilization. Therefore, the ternary composite
possesses the highest specific capacitance among the three
materials.
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Fig. 7 (a) GCD profiles of RGO, RGO/PANI, RGO/MnO, and RGO/MnO,/PANI at 1.0 A g'l,
(b) Specific capacitances of RGO/PANI, RGO/Mn0O, and RGO/MnO,/PANI at different
densities, (c) Nyquist plots of RGO, RGO/PANI, RGO/MnO, and
RGO/MnO,/PANI, inset is the enlarged section of Nyquist plots in the high frequency
region, (d) Cycling stability of RGO/MnO,/PANI at a current density of 20 A g'l, inset
shows the last 10 cycles of the charge-discharge curves.
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To further evaluate the contribution of MnO,/PANI
hierarchical composite on RGO paper as flexible electrode, the
GCD curves of RGO, RGO/PANI, RGO/MnO,, and
RGO/MnO,/PANI measured at the current density of 1.0 A g
'are plotted in Fig. 7a. As expected, the RGO/MnO,/PANI
composite electrode possesses the longest discharge time,
indicating the highest specific capacitance which is calculated
to be 636.5 F g'1 at 1.0 A g'l, much higher than that of
RGO/MnO, (366.6 F g), RGO/PANI (317.0 F g') and pristine
RGO paper (27.5F g'l). Moreover, this value is even larger than
that of other MnO,/PANI/graphene ternary composite528’39’40.
The results further confirm that the ternary composite exhibits
superior electrochemical performance due to good synergistic
effect between MnO, nanoflakes and PANI nanorods and
hierarchical assembly facilitating ion access into the composite
interior. The changes of specific capacitance are also in
consistent with the result of their CV tests. Rate capability is
also crucial to evaluate the power performance of SCs, which
can be determined by using GCD technique under various
current densities. Fig. 7b depicts the rate performance of both
composite electrodes. It is evident that the RGO/MnO,/PANI
ternary composite yields significantly higher capacitance than
RGO/MnO, binary composite during the whole current density
range. The capacitance retention of the RGO/MnO,/PANI
composite is 53.8% as current density increases from 1.0 to 50
A g'l, whereas that of RGO/MnO, and RGO/PANI is only 49.7%
and 51.3% respectively under the same condition.

The higher capacitance and better rate capability of
RGO/MnO,/PANI composite are ascribed to the advantages of
its unique structure. First, the PANI nanorods embedded into
the interlaced MnO, nanoflakes not only increase the
electroactive sites for a fast and reversible Faradaic reaction,
but also create plenty of open spaces in the composite for easy
penetration of the electrolyte into the electrode interior.
Second, ultrathin MnO, nanoflakes and PANI nanorods with
small diameter can reduce the diffusion paths for
electrons/ions and facilitate fast kinetics and high charge-
discharge rates, ensuring the high utilization of MnO, and
PANI. Third, the MnO,/PANI hybrid nanostructures strongly
adhere to the surface of RGO paper, avoiding the addition of
conductive additives/polymer binder during the fabrication of
electrodes, and thus enhancing the utilization of the
electroactive material that contributes to the total capacitance
Furthermore, incorporation of
into the composite

and the rate capability z
nanometer-sized PANI
conductivity, reduces charge transfer resistance and enables
fully ionic access, thus favoring higher capacitance. In addition,
the RGO substrate serves as conductive paths to provide
excellent interfacial contact for MnO,/PANI composite, and
the strong synergistic effect between them also results in the
enhanced electrochemical performance.

In order to clarify the transport characteristics of the
charge carriers within the ternary composite paper electrode,
electrochemical impedance spectroscopy (EIS) was employed.
The Nyquist plots of RGO, RGO/PANI, RGO/MnO, and
RGO/MnO,/PANI are given in Fig. 7c. In the low frequency
region, all electrodes show a sloped line, indicating the

increases the
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capacitive behavior. The straight line of RGO/MnO,/PANI
composite electrode is more vertical compared with the other
samples, implying its better capacitive performance due to a
faster ionic diffusion rate of electrolyte ions into this ternary
composite electrode 1 In the high frequency region (inset of
Fig. 7c), the real axis intercept reflects the equivalent series
resistance (R.) which is related to intrinsic resistance of
substrate, ionic resistance of electrolyte and contact resistance
between the active material and current collector **. The value
of R, from the Nyquist plot is 2.48, 14.9, 5.30 and 4.40 Q for
RGO/MnO,/PANI, RGO/MnO,, RGO/PANI and RGO,
respectively. The lowest R, value of RGO/MnO,/PANI
composite electrode reflects that the conductivity and
electroactivity of the composite are remarkably enhanced
after introduction of PANI nanorod networks. In addition, only
RGO/MnO,/PANI composite electrode shows invisible
semicircle, demonstrating a very charge-transfer
resistance (R.) determined by the diameter of the semicircle in
the high frequency region. Similar phenomenon can also be
found for other PANI-based materials ***, Hence, both the
higher ionic diffusion rate and lower charge-transfer resistance
give rise to enhanced specific capacitance of the
RGO/MnO,/PANI composite.

Long-term cycling stability is another important aspect for
evaluating the supercapacitor electrodes for practical
applications. Fig. 7d illustrates the capacitance retention for
RGO/Mn0O2/PANI composite electrode versus cycle number at
the current density of 20 A g’l. The capacitance retention is
slight over 100% during the first 500 cycles and then decreases
gradually all the way, but still keeps 85% after 10* cycles. The
increased capacitance in the beginning can be interpreted as a
result of the electrochemical activation commonly
encountered in electrochemistry processAs. Additionally, the
stable charge and discharge curves for the last 10 cycles (inset
of Fig. 7d) also confirm a good electrochemical stability of
RGO/MnO,/PANI composite electrode. The good stability
comes from the synergistic effect between MnO,/PANI and
RGO. The RGO paper acts as a robust substrate to immobilize
active MnO,/PANI hybrid nanostructures and endows the
structural integrity of hybrid composite on it, and therefore
prevents the dissolution and loss of active materials due to the

low

volume changes during the cycling processls. In addition, PANI
nanorod networks formed between the MnO, nanoflakes also
serve as a protection layer to keep MnO, from dissolution into
the electrolyte. Thus, the free-standing RGO/MnO,/PANI
composite paper with high capacitance,
capability and good cycling stability could be a promising
electrode material for flexible SCs applications.

excellent rate

Conclusions

Combining the efficient electro-deposition method and
chemical oxidative polymerization, a flexible ternary
composite of MnO, nanoflakes/PANI nanorods hybrid

nanostructures on RGO paper has been successfully fabricated
for binder-free supercapacitor electrode applications.
Morphological and structural characterizations indicate the

This journal is © The Royal Society of Chemistry 20xx
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embedding of interconnected PANI nanorods into interlaced
MnO, nanoflakes not only enhances the contact area between
the active material and electrolyte but also facilitate the ions
diffusion. The electrochemical analysis shows that the ternary
composite material possesses large specific capacitance of
636.5F g'1 at 1.0A g'1 and excellent rate capacity (53.8%
retention at 50A g'l). In addition, the capacitance of
RGO/MnO,/PANI can retain 85% of the original value after 10*
cycles at 20 A g'l. The results provide a promising and effective
way to develop high-performance flexible electrode materials
for SCs.
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