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Ternary composites as electrode materials have attracted extensive attention due to their excellent

electrochemical performance in energy-storage technologies as compared to single or binary

composites. Herein, we demonstrated a facile two-step method to construct a new hierarchical

nanocomposite by combing buckypaper (BP) with g-MnOOH nanorods and polyaniline. BP is used as

a conductive substrate for the synthesis of free-standing hierarchical electrodes. The structural

characterizations revealed the growth of a hierarchical porous structure of the ternary electrode. The

synthesized polyaniline@g-MnOOH–BP ternary composite electrode shows a maximum specific

capacitance of 567.5 F g�1 at a current density of 0.5 A g�1 and a relatively high areal capacitance of

301.2 mF cm�2 at a current density of 0.27 mA cm�2. This intriguing result is ascribed to the good

combination of BP, g-MnOOH, and PANI. We believe that this ternary composite electrode has potential

in portable, environmentally friendly, and wearable applications for next generation energy-storage devices.
1. Introduction

With the rise of an ever-growing market of portable electronics
and the automobile industry in recent few years, renewable and
efficient energy-storage devices are urgently required. Super-
capacitors (SCs) are typical devices for energy-storage systems
due to their lower cost, higher power density and moderate
energy density, faster charge/discharge process, longer cycle
life, and environmental friendliness as compared to the other
types of energy-storage devices such as Li-ion batteries.
Recently, signicant attention has been paid towards the
development of thin lm capacitors that are increasingly
required for light and wearable micro-devices in many new
emerging energy-storage elds. Carbon nanomaterials, such as
graphene,1–3 multiwalled carbon nanotubes (MWCNTs),4–7 and
carbon nanobers (CNFs),8 as a lm electrode have been one of
the most popular materials for SCs. Some groups have fabri-
cated porous graphene papers1 and MWCNT papers (bucky-
papers),7 which show good electrochemical performance owing
to the excellent properties, such as high conductivity, good
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stability, and outstanding mechanical properties, of the two
kinds of nanomaterials.9–11 Furthermore, carbon nanomaterials
work as a lm electrode directly without any binder, and this
free-standing interconnected structure builds a conductive
network due to the self-assembly effect and van der Waals
forces.

Based on the advantages of carbon-based SCs, many pseu-
docapacitive materials were combined to obtain more electron
storage12 due to their multi-oxidation states for electron transfer
and reversible adsorption. To date, many types of active mate-
rials (such as metal oxides/hydroxides and conductive poly-
mers13 etc.) have been used as alternatives for designing
electrodes for SCs with high cycling stability and high energy/
power density. Among them, manganese oxyhydroxide
(MnOOH)14,15 is abundant in natural storage with a stable tri-
valence under ambient conditions, which is a good candidate as
an electrode material. Compared to MnO2, MnOOH has an
inherent redox reaction during the facile electron-transfer
process and is the main electroactive species for charge
storage/delivery in the redox transition of the corresponding
manganese oxide.16,17 Recently, Li et al.18 reported that MnOOH
nanorods, synthesized by the solvothermal method, showed
a specic capacitance of 132 F g�1; however, the poor electronic
conductivity oen hindered the electrode utilization for SCs.
Sun et al.15 fabricated the reduced graphene oxide@MnOOH
(RGO@MnOOH) aerogel composite, which exhibited a higher
specic capacitance of 327 F g�1. Similarly, Zhang et al.19

fabricated an a-MnOOH–CNT lm electrode by an electropho-
retic deposition process that showed a higher capacitance than
RSC Adv., 2017, 7, 44523–44530 | 44523
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the single MnOOH electrode, with the specic capacitance and
areal capacitance of 327 F g�1 and 200 mF cm�2, respectively.
More recently, a ternary composite electrode exhibited higher
capacitance than the binary composite electrode, which became
a new research focus.20 Among the pseudocapacitive materials,
polyaniline (PANI), a conductive P-type conjugated polymer, has
been studied as an active material13 in the binary composite
electrode. PANI is a kind of classical pseudocapacitive material,
similar to some metal oxides. However, it is very hard to control
the growth of PANI because of excessive agglomeration, which
leads to a decrease in accessible surface areas and inferior ionic
exchange.

This study was aimed at the fabrication of a new ternary-
composite electrode that was combined with BP, g-MnOOH,
and PANI. In recent studies, many kinds of MnO2 and PANI
nanocomposites have been fabricated due to their good elec-
trochemical performances.21–25 However, there are less studies
on the use of g-MnOOH for supercapacitors; in this study,
a g-MnOOH nanorod array grown on the conductive BP was rst
fabricated by a reaction between KMnO4 and SDS. Because of
the nanorod array structure, the large surface area of g-MnOOH
is completely accessible to grow PANI. This new hierarchical
structure not only ensures good electronic conductivity between
BP and g-MnOOH nanorods, but also restrains the agglomera-
tion of PANI to boost the electrochemical performance. More-
over, the PANI nanosheets directly grown on the surface of
MnOOH nanorods would supply more electronic paths. The
interconnected porous structures would increase the accessible
area and enhance the ability of the ion insertion/deinsertion
process. The hierarchical ternary lm of porous PANI nano-
sheets would exhibit higher specic capacitance and areal
capacitance than those reported in a previous study.19
2. Material and methods
2.1. Preparation method of BP

For the synthesis of BP, 200 mg MWCNTs (Chengdu Organic
Chemistry Co., LTD) were ground for half an hour and then
dispersed in deionized water (500 ml) containing 1 wt% of
surfactant X-100. A uniform dispersion was achieved by stirring
MWCNTs in the sonication bath for 30 min. The dispersion was
ltered through a cellulose membrane (0.45 mm) to form
buckypapers, and the resulting lter cake was rinsed with
deionized water to wash away the residual surfactant. Then, the
lter cake was dried in an oven at 60 �C for 20 h and then peeled
from the lter membrane.
2.2. Synthesis of the g-MnOOH–BP (MBP) composite

g-MnOOH coated on BP was synthesized using a simple
hydrothermal method. Herein, 0.3 g of potassium permanga-
nate (KMnO4; Aladdin Reagent, AR) was added to 40 ml of
0.02 M sodium lauryl sulfate (SDS; Sinopharm Chemical
Reagent, CP) solution, and the mixed solution was stirred for
30 min to fully disperse KMnO4. Then, the obtained mixed
solution and BP were transferred to a 50 ml Teon-lined auto-
clave that was then maintained at 150 �C for 12 h under
44524 | RSC Adv., 2017, 7, 44523–44530
autogenous pressure. Upon cooling to room temperature, the
g-MnOOH–BP composite was obtained by washing with
distilled water. Finally, the composite was dried at 60 �C for
12 h. Similarly, the single g-MnOOH sample without BP was
synthesized under the same condition.

2.3. Synthesis of PANI@g-MnOOH–BP (PMBP) and PANI–BP
(PBP) composites

In a typical procedure, 0.6 g of aniline monomer (Aladdin
Reagent, AR) was dispersed in a 30 ml of 0.15 M camphor
sulfonic acid (CSA; Aladdin Reagent, 99%) solution via sonica-
tion for 10 min.26 Similarly, 1.8 g ammonium peroxydisulfate
(APS; Aladdin Reagent, 99.99%) was added to 30 ml ultrapure
water under continuous stirring for 10 min. Both kinds of
solutions weremixed together for 1 min, and g-MnOOH–BP and
BP were, respectively, immersed in the mixed solution for 6 h at
room temperature without stirring. Finally, the resultant prod-
ucts were rinsed with deionized water and dried at 60 �C for 6 h.

2.4. Characterization

The morphology and structure of the synthesized nano-
composites were analyzed by eld emission scanning electron
microscopy (FE-SEM, NOVA NanoSEM450), transmission elec-
tron microscopy (TEM; JEOL JEM-2100), Raman spectroscopy
(Renishaw inVia plus, semiconductor laser, 532 nm), X-ray
diffraction (XRD, Cu Ka radiation, PANalytical B.V. Empy-
rean), and X-ray photoelectron spectroscopy (XPS, VG ESCALAB
250Xi). Electrochemical performance was measured via
a conventional three-electrode electrochemical workstation
(Modulab CHI660E) using a platinum plate (20 � 20 mm2) as
the counter electrode and Ag/AgCl as the reference electrode in
a 1 M Na2SO4 aqueous solution as an electrolyte. The loading of
the ternary electrode is 9.2 mg, and the mass percentages of BP,
g-MnOOH, and PANI in the PMBP composite electrode are
51.1%, 16.3%, and 32.6%, respectively.

3. Results and discussion
3.1. Morphology and composition characterizations

The overall process for the fabrication of BP, MBP, and PMBP
composites is illustrated in Fig. 1. The BP was rst ltered
through a vacuum pump; aer the reaction by the hydrothermal
method at 150 �C for 12 h, the as-obtained MBP composite
became brown, and the cross-sectional view of MBP is shown in
Fig. S1.† Aer the polymerization of the aniline monomer on
MBP, the surface of the PMBP composite became dark green.
The cross-sectional view of PMBP is shown in Fig. S2.†

Typical XRD patterns of the as-prepared BP, hierarchical
MBP, and PMBP composites are shown in Fig. 2. The diffraction
peak of pure BP at �26� corresponds to the (002) plane of
MWCNTs. Aer the hydrothermal process, the diffraction
patterns of the MBP composite are perfectly indexed on the
monoclinic unit cell for g-MnOOH with the parameters a ¼
0.53 nm, b ¼ 0.5278 nm, and c ¼ 0.5307 nm (JPSDS, no.
41-1379).27–29 Diffraction peaks of pure g-MnOOH shown at 2q¼
26.1�, 33.9�, 35.5�, 37.2�, 40.4�, 41�, 51.7�, 53.7�, and 54.8� well
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic for the fabrication of BP, MBP, and PMBP composites.
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match the (11�1), (020), (111), (20�2), (210), (211), (22�2), and
(11�3) planes. Based on the diffraction patterns of the ternary
lm PMBP composite, it can be concluded that the peaks at
�20� and �26� (ref. 20) correspond to the planes of PANI, and
the diffraction peak of g-MnOOH was covered by PANI except
for the most intense peak at 26.1�.

FE-SEM images in Fig. 3a and b show the BP and g-MnOOH
nanorod arrays growing on BP, which reveal that the carbon
nanotubes and g-MnOOH nanorods array are tightly inter-
connected. g-MnOOH obtained by the hydrothermal method
exhibits a rod-like morphology, and its length varies from 1 to
5 mm and the diameter varies from 20 to 200 nm. The as-
synthesized novel nanostructures exhibit abundant void spaces
that ensure that more aniline monomer is fully adsorbed on the
surface of MWCNTs and g-MnOOH nanorods. Fig. 3c shows
some shorter but wider PANI nanorods growing on MBP, indi-
cating that the aniline monomers have initiated the polymeriza-
tion on the surface of g-MnOOH or grown as PANI nanorods on
BP. High-magnication image of PMBP is shown in Fig. S3.†
There are many small PANI nanoparticles on the surface of these
bers. In addition, the rough surface of PANI supplies more
positions for a sufficient electrochemical reaction between an
electrode and electrolyte, which would have a contribution to
enhance the electrochemical performance of the PBMP electrode.
The EDS mapping images in Fig. 3d conrm the existence of C,
Mn, N, and O elements in PMBP. Moreover, the uniform distri-
bution of Mn and N elements indicates homogeneous growth of
g-MnOOH and PANI nanostructures on BP.

The morphology of active materials on BP was analyzed by
TEM. Fig. 4a shows the TEM image of an individual g-MnOOH
Fig. 2 XRD patterns of the BP, MBP, and PMBP composite.

This journal is © The Royal Society of Chemistry 2017
nanorod and the inset shows its fast Fourier transform (FFT)
pattern. The diffraction points from the FFT pattern are easily
observable, indicating the crystalline nature of g-MnOOH
nanostructures. Fig. 4b shows the high-resolution TEM
(HRTEM) image of the g-MnOOH nanorod, and the inset shows
the local enlarged image. In the magnied image, the lattice
fringe of g-MnOOH can be observed with an interplanar
distance of 0.34 nm corresponding to the (11�1) plane.27 PANI
is coated on the surface of MBP; this results in the growth of
PANI nanostructures around CNTs and g-MnOOH, as indicated
by the TEM image shown in Fig. 4c. The position 1 and position
2 show the structures of PANI@g-MnOOH and PANI@CNTs,
which indicate that conductive PANI acts as a bridge for effec-
tive electronic pathways between CNTs and the surface of
g-MnOOH. The HRTEM image of PMBP and the enlarged image
of PMBP are displayed in Fig. 4d. The magnied image
demonstrates the existence of amorphous PANI around the
g-MnOOH nanostructures. The interplanar distance of the
g-MnOOH lattice fringes was calculated to be 0.34 nm, which
corresponded to the (11�1) plane.

For further analysis of the BP, MBP, and PMBP hierarchical
composites, Raman spectroscopy was employed using a laser
with an excitation wavelength of 532 nm. Fig. 5 depicts the
existence of two prominent peaks around 1349 and 1579 cm�1

for BP, which are assigned to the D- and G-band, respectively. It
can be observed that the peak corresponding to the G-band has
a higher intensity than that of D-band; this reveals that the
CNTs have good crystallinity and BP has good conductivity as an
electrode.30 The other six main peaks located at 334, 382, 526,
553, 617, and 643 cm�1 originate from the Mn–O vibrational
modes of g-MnOOH, corresponding with those reported by
Bernard et al.31 This demonstrates the formation of g-MnOOH
in the MBP binary composite. For the PMBP composite, the
peaks at 1159 and 1213 cm�1 are related to the C–H bend of the
quinoid ring and benzenoid ring, respectively. The peak at
1336 cm�1 is attributed to the C–N+ stretching vibration, and
the peak at 1500 cm�1 is associated with the C]C stretching
mode of the quinoid ring. The peaks corresponding to
g-MnOOH become weak and invisible; this indicates that the
g-MnOOH nanorods are covered by PANI.32

The chemical binding states of the as-prepared PMBP
composite were analyzed by XPS, as shown in Fig. 6. Fig. 6a
shows that the C 1s spectrum can be divided into three
constituent peaks centered at 284.5 eV, 285.3 eV, and 286.5 eV,
RSC Adv., 2017, 7, 44523–44530 | 44525
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Fig. 3 FE-SEM images of (a) BP, (b) MBP, and (c) PMBP and corresponding (d) EDS mappings of carbon, manganese, nitrogen, and oxygen
elements for the area shown in (c).
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corresponding to the C–C/C–H, C–N/C]N, and C–O bond
resonances, and the existence of the C–O bond indicates the
abundance of oxygen functional groups on the surface of
MWCNTs.33 The N 1s spectrum, as shown in Fig. 6b, is resolved
into three peaks at 398.6 eV, 399.5 eV, and 400.38 eV, con-
rming the formation of PANI in the PMBP composite,34 which
matches well with the peak of the C–N/C]N bond in the C 1s
spectrum. The Mn 3s spectrum displays splitting due to parallel
spin coupling between the 3d and 3s electrons during photo-
electron ejection, as depicted in Fig. 6c. The valence of the Mn
element is estimated from the following equation:

DE z 7.88 – 0.85n (n, 2 # n #4)

For theMn 3s spectra, the peak-to-peak separation is 5.35 eV,
indicating the 3+ oxidation state for Mn, which is similar to
those previously reported for g-MnOOH.35 This result is in
agreement with the XRD patterns of the MBP composite. Fig. 6d
shows the O 1s spectrum, which is divided into three sub-peaks
that well t the peaks of C–OH/O–C–O, Mn–OH/C]O, and
Mn–O bonds. The peaks of Mn–OH and Mn–O bonds strongly
demonstrate the existence of g-MnOOH; this is in good agree-
ment with some typical reports.22,27
3.2. Capacitive performance of the ternary composite

The capacitive performance of the BP, PBP, MBP, and PMBP
composite electrodes was evaluated by cyclic voltammetry (CV)
44526 | RSC Adv., 2017, 7, 44523–44530
and galvanostatic charge/discharge (GCD) techniques in a 1 M
Na2SO4 electrolyte solution using a three-electrode system. The
CV curves of BP, PBP, MBP, and PMBP composite electrodes
have been obtained at a scan rate of 5 mV s�1, as shown in
Fig. 7a. It is observed that the CV curve for the BP electrode has
a negligible area as compared to the CV curves of the PBP, MBP,
and PMBP composite electrodes. This reects that the inuence
of BP's capacity is very small and thus ignorable. Among the
three kinds of electrodes, PMBP shows highest specic capaci-
tance, indicating an excellent electrochemical performance.
The enhanced electrochemical performance of the ternary
PMBP composite electrode originates from the combined
effects of the three components. The porous structure of the
free-standing BP electrode has good conductivity owing to the
tight connection of the MWCNT network, which would supply
a conductive path for g-MnOOH. The g-MnOOH nanorod array
not only works as a nanostructure template to grow the PANI
layer, but also provides void space to grow PANI nanorods on
BP. PANI acting as a conductive path connects g-MnOOH
nanorods and BP together; this offers a special method to
decrease the internal resistance of the free-standing electrode.36

Furthermore, PANI coated on MBP offers abundant porous
morphology and thus relatively large surface area, which
shortens the ion diffusion paths during the charge/discharge
process and sequentially enhances the electrochemical perfor-
mance. As pseudocapacitive materials, the g-MnOOH nanorods
and PANI nanorods would show more excellent electrochemical
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) TEM image of the g-MnOOHnanorod, (b) HRTEM image of the g-MnOOHnanorod, (c) TEM image of PANI@CNTs and PANI@MnOOH,
and (d) HRTEM image of the PANI@MnOOH nanostructures. The inset in (a) shows the FFT image, and the insets in (b & d) show the enlarged
images of respective nanostructures.
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performance than the binary nanorods; this indicates the
positive synergistic effect of g-MnOOH and PANI. Fig. 7b shows
the CV curves of the PMBP composite electrode at different scan
rates. The cathodic peaks shi towards positive potential and
the anodic peaks shi towards negative potential with the
increase of potential scan rates from 1mV s�1 to 20 mV s�1. The
more detailed CV curves of g-MnOOH and PANI are shown in
Fig. S4.† The areas of the CV curves for the binary composite
electrodes (MBP and PBP) are larger than those for the corre-
sponding components at the scan rate of 5 mV s�1; this indi-
cates that the PMBP composite electrode has largest specic
capacitance among all electrodes.
Fig. 5 Raman spectra of BP, MBP, and PMBP.

This journal is © The Royal Society of Chemistry 2017
Fig. 8a shows the GCD measurements that were performed
for the PBP, MBP, and PMBP composite electrodes. Fig. 8a
depicts the comparison between the GCD curves of PBP, MBP,
and PMBP composite electrodes at the current density of
0.8 A g�1, which indicates that PMBP exhibits a good electro-
chemical performance. The specic capacitance was calculated
using the following equation:

Cg ¼ (I � Dt)/(V � m)
Fig. 6 XPS spectra of (a) C 1s, (b) N 1s, (c) Mn 3s, and (d) O 1s for PMBP.

RSC Adv., 2017, 7, 44523–44530 | 44527
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Fig. 7 CV curves of (a) BP, PBP, MBP, and PMBP at a scan rate of 5 mV s�1, and (b) PMBP at scan rates of 1, 2, 5, 10, and 20 mV s�1.
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where Cg, I, t, V, and m represent the specic capacitance
(F g�1), the discharge current (A), the discharge time (s),
potential window (V), and the mass of active materials (g),
respectively. Fig. 8b depicts the capacitance performances of
PBP, MBP, and PMBP electrodes. It is evident from the whole
range of current densities that the ternary electrode has higher
specic capacitance than the binary electrodes. The PBMP
electrode exhibits the highest specic capacitance of 480.7 F g�1

as compared to the PBP electrode (205.7 F g�1) and the MBP
electrode (234.2 F g�1) at a current density of 0.8 A g�1.
Specially, PMBP and PBP electrodes still deliver high capaci-
tances of 567.5 F g�1 and 250 F g�1, respectively, at the current
density of 0.5 A g�1. However, the specic capacitance of the
MBP electrode cannot be measured because it cannot be
charged to 0.8 V at the same current density.

Based on the calculation results, the ternary composite
electrode shows a much higher specic capacitance than the
other binary composite electrodes; this indicates that PMBP
displays the best performance owing to the good conductivity of
Fig. 8 (a) CD curves of PBP, MBP, and PMBP at the current density of 0.8
at different current densities. (c) CD curves of PMBP at different current d
PBP, MBP, and PMBP.

44528 | RSC Adv., 2017, 7, 44523–44530
the PANI nanorod network and coverage of PANI on g-MnOOH
and BP.

Fig. 8c represents the GCD curves of the PMBP electrode at
different current densities ranging from 0.5 A g�1 to 4 A g�1

(or from z0.27 mA cm�2 to 2.12 mA cm�2). The GCD curves of
the PMBP electrode show a slight bend, which results from the
pseudocapacitive effect. The areal capacitance was calculated
using the following equation:

Cs ¼ (I � Dt)/(V � s)

where the Cs, I, t, V, and s are the areal capacitance (mF cm�2),
the discharge current (A), the discharge time (s), potential
window (V), and the area of active materials (cm2), respectively.
The PMBP composite electrode retains a high areal capacitance
of 172.6 mF cm�2 at a high current density of 2.12 mA cm�2.
The charge/discharge process took a longer time at low current
density due to the sufficient intercalation and deintercalation of
Na+ ions at the PMBP electrode during the charge/discharge
A g�1. (b) The specific capacitances of PBP, MBP, and PMBP composites
ensities. (d) Retention rates changing with cycle number at 4 A g�1 for

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Nyquist impedance plots of PBP, MBP, and PMBP electrodes.
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process. With an increase in current density from 1.06 to
0.27 mA cm�2, the PMBP composite electrode reaches relatively
high areal capacitive values of 202.7, 242.6, 255.1, and
301.2 mF cm�2. The cyclic stability of the PMBP, MBP, and PBP
composite electrodes was measured through GCD at a current
density of 4 A g�1 for 5000 cycles, as illustrated in Fig. 8d. It is
observed that the specic capacitance of the PMBP composite
electrode decreases slowly, and it retains 77.2% of its initial
specic capacitance aer 5000 cycles, higher than those of the
PBP composite electrode (36.2%) and MBP composite electrode
(48.9%); this indicates its best stability among the three kinds of
electrodes.

To explain the best electrochemical performance of the
PMBP composite electrode among the three kinds of electrodes,
electrochemical impedance spectroscopy (EIS) was employed,
as shown in Fig. 9. The EIS analysis of PBP, MBP, and PMBP
composite electrodes was performed in the frequency range
from 0.1 Hz to 100 KHz at the open circuit potential with an AC
perturbation of 5 mV. All the Nyquist plots show the semicircles
in the high frequency region, which is related to the combined
resistance (Rs) and the charge transfer resistance (Rct). The
PMBP and MBP nanocomposite electrodes show less Rct than
the PBP composite; this indicates that the g-MnOOH nanorod
array plays an important role in decreasing the resistance
between the electrode and solution interfaces and supplies the
3D structure for a more accessible area for sufficient intercala-
tion and deintercalation during the charge/discharge processes.
In the low frequency range, the Nyquist plots are relatively
vertical, and the PMBP and PBP nanocomposite electrodes are
more suitable for fast electrolyte ion diffusion than MBP; this
indicates that the porous structure of PANI on the surface of the
electrode improves the ability of ion diffusion. The lower Rct and
the faster ion diffusion of the PMBP composite electrode indi-
cate the best electrochemical performance; this is in agreement
with the results analyzed form the CV and GCD curves.
4. Conclusion

A uniform PANI@g-MnOOH–BP ternary composite was
synthesized through a facile two-step process. The ternary free-
standing PMBP composite electrode exhibited a high specic
capacitance of 567.5 F g�1 at a current density of 0.5 A g�1 or an
areal capacitance of 301.2 mF cm�2 at a current density of
0.27 mA cm�2 in a 1 MNa2SO4 aqueous solution and good cyclic
This journal is © The Royal Society of Chemistry 2017
stability by retaining 77.2% specic capacitance aer 5000
cycles. Morphological and structural characterization reveal the
growth of PANI, which are either intercalated into the
g-MnOOH nanoparticles or cover the surface of g-MnOOH
nanorods. This enhances the intercalation/deintercalation of
ions on the surface of the PMBP electrode and inter-bridge
g-MnOOH and PANI. Moreover, the high conductivity of BP
improves the electron transfer process and enhances the
mechanical stability of the active material (g-MnOOH@PANI)
acting as a freestanding electrode. The abovementioned results
show that the synthesized hierarchical nanostructures can be
used as a potential candidate for free-standing high-
performance electrode materials for SCs.
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