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Chao Zhang *a and Tianxi Liu *a

Inspired by multi-scale structures mimicking Setaria viridis, herein, arrays of vertically aligned polyaniline

(PANI) nanowires on MoO3/polypyrrole (PPy) core–shell nanobelts have been successfully synthesized

via a two-step wet-chemistry strategy, including a simple in situ oxidative polymerization of pyrrole on

MoO3 nanobelts, followed by an in situ oxidative polymerization of aniline on the MoO3/PPy core–shell

nanobelts. By mimicking the hierarchically multi-scale topography of Setaria viridis for tailoring the

nanostructures and functions of the electrode materials, in the resultant MoO3/PPy/PANI composites,

the MoO3 nanobelt core acts as the “stalk” surrounded by conducting polymers, whereas the

intermediate PPy functions as the buffer “grain” connecting the MoO3 and PANI nanowires, which

provides good structural stability as well as an efficient electron transfer pathway. Moreover, the

outermost PANI nanowire arrays act as the “bristles” allowing fast transport of ions and electrons

between the electrodes. Due to their compositional and structural superiority, the as-obtained MoO3/

PPy/PANI composites deliver excellent electrochemical energy storage performance including a high

specific capacitance of 1315 F g�1 at 0.5 A g�1, a high energy density of 63 W h kg�1 and an excellent

cycling stability (capacitance retention of 86% at 10 A g�1 after 20 000 cycles). The easy synthesis and

excellent electrode performance of the MoO3/PPy/PANI composites make them attractive candidates as

promising electrode materials for high-performance supercapacitors.
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Introduction

Supercapacitors, one of the most promising electrochemical
energy storage systems, have attracted enormous attention in
various applications in electric vehicles, portable electronics,
etc.1,2 Compared with batteries, supercapacitors possess
tremendously superior properties such as high power density,
long cycle lifetime, low cost and easy operation.3 Generally,
supercapacitors can be classied into two categories according
to their diverse energy storage mechanisms, namely, electric
double layer capacitors (EDLCs) and pseudocapacitors.4 EDLCs
typically store energy by reversible adsorption/desorption of
ions on the surface of electrode materials like high-surface-area
carbon materials such as graphene,5 carbon nanotubes,6 and
carbon black.7 In contrast, pseudocapacitors store energy by
electron charge transfer derived from the faradaic reactions of
conducting polymers6,8,9 and transition metal oxides.10–13 Pseu-
docapacitors basically have larger capacitance values compared
with those of EDLCs owing to their ability to store energy in the
bulk phases of electrodes.14 However, the irreversible agglom-
eration of pseudocapacitive materials upon cycling would lead
to a dramatic degradation of capacitances.14 Besides, the
unsatisfactory electrical conductivity of pseudocapacitive
materials inevitably leads to slow faradaic redox kinetics, which
J. Mater. Chem. A
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would dramatically hinder the practical application of pseudo-
capacitive materials.15,16

To solve these problems, many efforts have been made to
improve the electrochemical performance of pseudocapacitive
materials by rationally designing hierarchically nanostructured
composite materials, simultaneously enhancing ion/electron
transport.17,18 In particular, the design of electrode materials
with a nanowire array structure is attractive for achieving high
performance in terms of electrochemical energy storage due to
their large surface area, short diffusion paths for ions and
electrons and excellent structural stability upon cycling.19 In
addition, the construction of composite electrode materials
tends to create fascinating electrodes combining the advantages
of each component with a unique synergistic effect. Therefore,
the composition of various pseudocapacitive materials associ-
ated with outstanding electrode performance has been exten-
sively investigated.20,21 However, it still remains challenging to
exploit composition rules for the design and synthesis of
composite electrodes made up of conducting polymers and
transition metal oxides to achieve an outstanding electro-
chemical performance.

The abundance of natural structures with well-known
stability, geometry conguration, surface wettability and
mechanical properties provides endless inspiration and clues
for the rational design of nanostructured active materials with
the desired performance.22,23 Setaria viridis is a plant commonly
found around the world, and it has extremely high structural
stability especially under harsh wind conditions. Specically,
a biomimetic Setaria viridis-inspired imprinted adsorbent to
remove drug contaminants from wastewater was prepared
using a two-step surface-initiated atom transfer radical poly-
merization in a green alcohol/water solvent mixture.24 However,
the morphology of this adsorbent is not as perfect as that of
Setaria viridis. Still, this adsorbent showed good thermal and
chemical stability as well as enhanced adsorption selectivity
and kinetics for environmental applications. In the spikelet
structure of Setaria viridis, the inner stalk functions as the
supporting material surrounded by vertically aligned thin
bristles, and the small intermediate grains connect the stalk
and the bristles together. Learning from the delicate multi-scale
structures of Setaria viridis, we propose the construction of
biomimetic electrode architectures employing a two-step in situ
oxidative polymerization inspired by Setaria viridis. The Setaria
viridis-like structure is advantageous for use as a high-
performance electrode material for supercapacitors. First, the
inner “stalk” not only provides large ion reservoirs but also
homogeneously immobilizes the conducting polymer shells.
Second, the intermediate “grain” could effectively connect the
inner and the outer part to improve the structural stability of the
whole electrode material. Third, the outermost “bristles” allow
fast adsorption/desorption of H+ ions in the frameworks and
rapid transportation of electrons. Herein, as a proof-of-concept,
a MoO3 nanobelt is chosen to function as the stalk, and verti-
cally aligned polyaniline (PANI) nanowire arrays are chosen to
function as the outermost thin bristles. Furthermore, an ultra-
thin polypyrrole (PPy) shell is used to bridge the MoO3 nano-
belts and PANI nanowire arrays, and is chosen to function as the
J. Mater. Chem. A
intermediate grains. In the ternary composites, the MoO3 core
consists of a bilayer network of edge-sharing MoO6 octahedra.
The bilayers are stacked and bonded to adjacent layers by van
der Waals forces, which make the structures suitable for the
insertion of ions such as H+ ions, and its multiple oxidation
states can readily enable rich redox reactions for energy
storage.25–27 The small intermediate grains of PPy can function
as the buffer and connection layer between the MoO3 stalk and
the PANI bristles, which could improve the conductivity
throughout the electrodes and thus improve the electron
transfer. The outermost PANI bristles have a large surface area
due to their nanowire array morphology, which is ideal for
preventing their agglomeration upon cycling as well as allowing
fast transport of H+ ions and electrons.
Experimental
Materials

Sodium molybdate dihydrate (Na2MoO4$2H2O, AR), sodium
chloride (NaCl, AR), hydrochloric acid (HCl, 37%), ethanol (AR
grade), concentrated sulfuric acid (H2SO4 96.5–98%) and
ammonium persulfate (APS, AR) were purchased from Sino-
pharm Chemical Reagent Co. Ltd. Pyrrole and aniline mono-
mers (AR grade) were obtained from Sigma-Aldrich and distilled
before use. Deionized water (DI water) was used throughout the
experiments. All these chemicals were used as received without
further purication unless specied.
Preparation of MoO3 nanobelts

The MoO3 nanobelts were synthesized using a literature
method.28 In a typical procedure, Na2MoO4$2H2O (1.21 g) and
NaCl (0.6 g) were fully dissolved in 60 mL of DI water with
vigorous stirring. The pH of the solution was adjusted to 1.0
with 3 M HCl. The solution was transferred into a 100 mL
Teon-lined stainless-steel autoclave and heated at 180 �C for
24 h. The powder products were collected by ltration, washed
with DI water, and then dried at 60 �C under vacuum.
Preparation of MoO3/PPy composites

MoO3/PPy with a core–shell structure was prepared by in situ
oxidative polymerization of pyrrole on the MoO3 template using
APS as an oxidizing agent. 20 mg of MoO3 nanobelts were
dispersed in 80 mL of DI water by vigorous stirring and then the
desired amounts of pyrrole were added and the resulting
mixture stirred at 0 � 2 �C. Control of the reaction temperature
was achieved by using a cryogenic coolant circulating pump
(DLSB-5/20). 20 mL of the APS solution was then added drop-
wise, and the mole ratio of APS to aniline was 1/2. Aer reacting
for 12 h at 0 � 2 �C, the precipitates were ltered, washed with
DI water and dried under vacuum at 60 �C for 12 h. A series of
samples prepared with different initial amounts of pyrrole (i.e.,
100, 200 and 400 mL) were labelled as MoO3/PPy-1, MoO3/PPy-2,
and MoO3/PPy-3, respectively. For comparison, neat PPy was
also prepared through the above-mentioned process in the
absence of MoO3.
This journal is © The Royal Society of Chemistry 2018
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Preparation of MoO3/PANI composites

The MoO3/PANI binary composites were prepared by in situ
oxidative polymerization of aniline on the MoO3 template using
APS as an oxidizing agent. Firstly, the desired amounts of MoO3

nanobelts were suspended in 60 mL of 0.5 M H2SO4 solution.
5 mmol of aniline was added, and the suspension was stirred at
0 � 2 �C. 40 mL of 0.5 M H2SO4 solution containing APS was
added dropwise with an APS/aniline mole ratio of 1/2 and the
reaction was kept stirring for another 12 h at 0 � 2 �C. Finally,
the precipitates were ltered, washed with DI water, and then
dried under vacuum at 60 �C for 12 h. A series of samples
prepared with different initial amounts of MoO3 (i.e., 50, 100
and 200 mg) were labelled as MoO3/PANI-1, MoO3/PANI-2, and
MoO3/PANI-3, respectively. For comparison, neat PANI was also
prepared through the above-mentioned process in the absence
of MoO3.
Preparation of MoO3/PPy/PANI and MoO3/PANI/PPy
composites

The MoO3/PPy/PANI ternary composites were synthesized by an
in situ chemical oxidative polymerization of aniline using the as-
prepared MoO3/PPy-2 as a template, while the MoO3/PANI/PPy
composites were synthesized by an in situ chemical oxidative
polymerization of pyrrole using the as-prepared MoO3/PANI-2
as a template. The processes were similar to those used for
the preparation of MoO3/PANI and MoO3/PPy binary compos-
ites. Typically, for the synthesis of MoO3/PPy/PANI, MoO3/PPy
(100 mg) was suspended in 80 mL of 0.5 M H2SO4 solution.
5 mmol of aniline was added, and the suspension was stirred at
0 � 2 �C. 20 mL of 0.5 M H2SO4 solution containing APS was
added dropwise with an APS/aniline mole ratio of 1/2, and the
reaction was kept stirring for 12 h at 0 � 2 �C. Finally, the
precipitates denoted as MoO3/PPy/PANI were ltered, washed
with DI water, and then dried under vacuum at 60 �C for 12 h.
For the synthesis of MoO3/PANI/PPy, 20 mg of MoO3/PANI was
dispersed in 80 mL of DI water by vigorous stirring and then the
desired amounts of pyrrole were added and the resulting
mixture stirred at 0� 2 �C. 20 mL of the APS solution was added
dropwise, and the mole ratio of APS to aniline was 1/2. Aer
stirring for 12 h at 0 � 2 �C, the precipitates denoted as MoO3/
PANI/PPy were ltered, washed with DI water, and then dried
under vacuum at 60 �C for 12 h.
Characterization

The morphologies of the as-synthesized products were studied
by eld-emission scanning electron microscopy (FESEM, JEOL
JSM-7001F) and transmission electron microscopy (TEM, JEOL
JEM-2100). The SEM images of the samples aer cycling were
obtained by washing the electrodes with NMP, ethanol and
water several times and then collecting the powder by ltration.
The crystalline phases of the obtained products were charac-
terized by X-ray diffraction on a Bruker D8 Advance. The Raman
spectra were recorded on a DXR spectrometer using a 532 nm
laser line.
This journal is © The Royal Society of Chemistry 2018
Electrochemical measurements

The working electrode was fabricated as follows: a homoge-
neous slurry was fabricated by mixing active materials, acety-
lene black and PVDF (Kynar HSV900, Arkema) in a mass ratio of
8 : 1 : 1, and then the slurry was coated onto a graphite paper
current collector (1 � 1 cm2) followed by drying at 80 �C over-
night. A 0.5 M H2SO4 aqueous solution was used as an elec-
trolyte. For three-electrode measurements, platinum wire and
a saturated calomel electrode (SCE) were used as the counter
and reference electrodes, respectively. For two-electrode
measurements, the pieces of graphite paper loaded with elec-
trode materials were separated with a cellulose separator and
assembled. Electrochemical impedance spectroscopy (EIS) was
performed in the frequency range from 106 to 10�2 Hz with an
AC voltage amplitude of 5 mV. The electrochemical perfor-
mance was evaluated by cyclic voltammetry (CV) and galvano-
static charge–discharge experiments. Eqn (1) was used to
calculate the specic capacitances of active materials from the
galvanostatic charge/discharge curves in a three-electrode
conguration:

Csp ¼ It

mV
(1)

where I is the discharge current, m is the mass of active mate-
rials, t is the discharge time, and V is the working voltage
range.

The energy density (E) and power density (P) based on
a symmetric two-electrode supercapacitor were calculated using
the following equations:

C ¼ It

mV
(2)

E ¼ 1

2
C � 1

3:6
V 2 (3)

P ¼ 3600E

t
(4)

where C is the capacitance of the symmetric two-electrode
supercapacitor device, I is the discharge current, t is the
discharge time,m is the total mass of the two electrodes and V is
the operation potential window. The mass loading of the elec-
trodes was controlled at �1.5 mg cm�2, and two electrodes with
similar active material loadings were assembled into the
supercapacitor devices.

Results and discussion

Fig. 1a illustrates the synthetic route for the MoO3/PPy/PANI
composites consisting of two steps. First, the MoO3 nanobelts
as the growth template guided the adsorption and subsequent
in situ oxidative polymerization of pyrrole using ammonium
persulphate (APS) as an initiator, thus obtaining the MoO3/PPy
core–shell composites. Second, the MoO3/PPy composites were
chosen as the growth template leading to a vertical alignment of
PANI nanowires on their surfaces, thus forming the ternary
composites denoted as MoO3/PPy/PANI. By mimicking the
structure of Setaria viridis (Fig. 1b), in the MoO3/PPy/PANI
J. Mater. Chem. A
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Fig. 1 (a) Schematic illustration of the preparation of the MoO3/PPy/
PANI. (b) Illustration of the MoO3/PPy/PANI electrodes inspired by
a biomimetic Setaria viridis-like structure with efficient charge and ion
transfer within the electrodes.

Fig. 2 SEM images of (a and b) MoO3, (c and d) MoO3/PPy and (e and f)
MoO3/PPy/PANI at low and high magnification, respectively.

Fig. 3 TEM images of (a and b) MoO3, (c and d) MoO3/PPy and (e and f)
MoO3/PPy/PANI at low and high magnification, respectively.
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ternary composites, the MoO3 nanobelt core acts as a large ionic
reservoir due to its two-dimensional (2D) layered structure,
while the intermediate PPy layer accommodates the volume
expansion of embedded MoO3 as well as promoting charge
transfer for the ternary composites. In addition, the outermost
PANI nanowire arrays allow fast adsorption/desorption of H+

ions in the frameworks and rapid transportation of electrons.
Therefore, due to the structural features with largely improved
ion and electron transfer, the resultant MoO3/PPy/PANI
composites exhibit high electrical integrity and structural
stability as a promising electrode material for supercapacitors.

Scanning electron microscopy (SEM) and transmission
electronmicroscopy (TEM) characterizations were carried out to
investigate the morphological evolution from MoO3 to MoO3/
PPy/PANI. The MoO3 templates illustrate a belt morphology
with a width of 150–300 nm, a length of 3–8 mm and a thickness
of 25–40 nm (Fig. 2a and b and S1a and b†). The TEM images of
MoO3 further reveal that the nanobelts have smooth surfaces
(Fig. 3a and b). MoO3 nanobelts were successfully coated with
ultrathin PPy layers by in situ polymerization of pyrrole. The
thicknesses of the surrounding PPy layers on the MoO3 nano-
belts were easily controlled by adding various amounts of
pyrrole (100, 200 and 400 mL) while keeping all other parameters
constant. The resultant MoO3/PPy composites were denoted as
MoO3/PPy-1, MoO3/PPy-2 and MoO3/PPy-3 with increasing
feeding content of PPy. Fig. 2c and d show the representative
SEM images of the as-synthesized MoO3/PPy-2 composites,
while Fig. S2a and b (ESI†) show the SEM images of MoO3/PPy-1
and MoO3/PPy-3, respectively. All the MoO3/PPy composites
exhibit a nanobelt morphology, and an apparent aggregation of
PPy particles could be observed in the MoO3/PPy-3 composites
(Fig. S2b, ESI†). The TEM images of MoO3/PPy-2 (Fig. 3c and d)
clearly show that the edges of the MoO3 nanobelts have
J. Mater. Chem. A
obviously become blunt due to uniform PPy coatings, and the
PPy shell with a thickness of �80 nm is wrapped on the outer
surface of the MoO3 nanobelts. The uniform PPy layers facilitate
the subsequent growth of PANI nanowire arrays on the surface
of the MoO3/PPy due to the presence of pyrrolic groups for the
adsorption and in situ growth of PANI. The TEM images of
MoO3/PPy/PANI (Fig. 3e and f) indicate that vertically aligned
PANI nanowire arrays are uniformly attached on both sides of
the MoO3/PPy. The SEM images of MoO3/PPy/PANI (Fig. 2e and
f) also indicate that PANI nanowires have uniform nanowire
This journal is © The Royal Society of Chemistry 2018
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structures of �100 nm length, reecting that MoO3/PPy
composites are ideal templates for the growth of PANI nanowire
arrays. For comparison, the SEM images of neat PPy (Fig. S3,
ESI†) and PANI (Fig. S4, ESI†) exhibit the morphologies of the
nanospheres and nanobers, respectively.

Reference samples were also prepared to investigate the
effects of different combination orders of MoO3, PPy and PANI.
Therefore, ternary composites were fabricated by reversing the
polymerization sequence of PPy and PANI, as illustrated in
Fig. S5 (ESI†). Direct growth of PANI on the MoO3 nanobelts was
achieved, and a homogeneous immobilization of PANI nano-
wire arrays on the MoO3 nanobelts was observed, and the
resultant composites were denoted as MoO3/PANI-1, MoO3/
PANI-2 and MoO3/PANI-3 with increasing feeding content of
PANI. The SEM images of the MoO3/PANI composites (Fig. S6,
ESI†) indicate that the PANI nanowires become more and more
densely stacked with increasing content of PANI. In addition,
the lengths of the PANI nanowire arrays within the MoO3/PANI
composites are �500 nm (Fig. S7a and b, ESI†), slightly larger
than those within the MoO3/PPy/PANI composites (�400 nm).
The MoO3/PANI/PPy composites were then prepared by using
MoO3/PANI-2 and pyrrole as the template and monomer,
respectively. The SEM and TEM images of the MoO3/PANI/PPy
(Fig. S7c and d and S8, ESI†) indicate that the polymerization
of pyrrole monomers takes place on the surface of MoO3/PANI
composites rather than in the bulk. The outermost shells of the
MoO3/PANI/PPy are densely polymeric coatings instead of
nanowires (Fig. S8a and 8b, ESI†), indicating that the MoO3/
PANI structures are entirely surrounded by the PPy coating.
Unless otherwise specied, in the following text, MoO3/PPy and
MoO3/PANI refer to the MoO3/PPy-2 and MoO3/PANI-2 samples,
respectively.

X-ray diffraction (XRD) measurements were conducted to
monitor the crystal structures of the resultant samples. Neat
MoO3 (Fig. 4a) shows sharp diffraction patterns which can be
indexed to the a-MoO3 phase of the hexagonal crystals (JCPDS
no. 05-0508).29 The MoO3/PANI, MoO3/PPy, and MoO3/PPy/PANI
samples show a series of diffraction patterns ascribed to the a-
MoO3 crystals, indicating that no crystalline changes occur for
the MoO3 upon the in situ polymerization of PPy and PANI. For
neat PPy, a broad diffraction pattern is observed at 2q ¼ �25�,
which is derived from the scattering of amorphous PPy.30 The
PANI sample exhibits two broad peaks at 2q ¼ 21� and 26�,
which correspond to the periodicity parallel and perpendicular
to PANI chains, respectively.31,32 For the MoO3/PPy/PANI
Fig. 4 (a) XRD patterns and (b) Raman spectra of MoO3, MoO3/PPy,
MoO3/PPy/PANI, MoO3/PANI, PPy and PANI.

This journal is © The Royal Society of Chemistry 2018
sample, the diffraction patterns validate the successful
composition of MoO3, PPy and PANI. The interactions between
MoO3 and these conducting polymers were investigated with
Raman spectroscopy (Fig. 4b). The sharp Raman peaks of the
MoO3, which are centered at 242, 290, 338, 380, 660, 818, and
998 cm�1, respectively, indicate the high purity of a-MoO3

crystals.29,33 For neat PPy, there are two broad bands at 1361 and
1560 cm�1, respectively, corresponding to the C]C backbone
stretching and the ring-stretching mode, respectively.34 For neat
PANI, there exist several characteristic peaks revealing the
structures of proton-doped PANI, such as peaks of the out-of-
plane amine ring deformations at 412 cm�1, the C–H out-of-
plane ring deformation vibration at 583 cm�1, the bending of
the quinoid ring at 1165 cm�1, the C–H bending of the benze-
noid ring at 1236 cm�1, the C]C stretching of the benzenoid
ring at 1470 cm�1, the C]C stretching of the quinoid ring at
1587 cm�1, and the aromatic C–H out of-plane bending at
810 cm�1.35 Besides, the characteristic peak of PPy (for neat PPy)
at 1560 cm�1 shis to 1588 cm�1 in the Raman spectra of both
MoO3/PPy and MoO3/PPy/PANI samples, which is attributed to
interactions such as the strong coordination bonding between
PPy and MoO3. A similar blue shi of Raman peaks in the
MoO3/PPy/PANI sample compared with neat PANI conrms that
other strong interactions such as p–p interactions also exist
between the PPy layer and the PANI nanowires.

The cyclic voltammetry (CV) curves of the MoO3/PPy elec-
trodes in the acidic electrolyte are showed in Fig. S9a (ESI†). The
shapes of the CV curves are distorted with mirror-image
symmetry, and a couple of oxidation/reduction peaks are
observed, indicating that faradaic capacitances exist in the
MoO3/PPy electrodes. The MoO3/PPy-2 electrode shows rela-
tively larger specic capacitances than those of the MoO3/PPy-1
and MoO3/PPy-3 electrodes at the same discharge current
density (Fig. S9b, ESI†). A higher charge storage ability is found
in the MoO3/PPy-2 sample, indicating that an appropriate
thickness of the PPy layer is crucial for boosting the electro-
chemical properties of the MoO3/PPy composites due to the
balance between the diffusion path length and the electrical
conductivity derived from the ultrathin PPy layers. Moreover,
well-dened redox peaks corresponding to the doping and de-
doping of protons in the PANI chains during the charge/
discharge processes were observed in the CV curves of the
MoO3/PANI electrodes (Fig. S10a, ESI†), suggesting that they
have pseudocapacitive characteristics. The current density in
the MoO3/PANI-2 electrode was larger than those of the MoO3/
PANI-1 and MoO3/PANI-3 electrodes, revealing the higher
specic capacitance of the MoO3/PANI-2 electrode (Fig. S10b,
ESI†). The uniformly distributed PANI nanowire arrays on the
MoO3 nanobelts not only improve the electrochemical utiliza-
tion of PANI but also shorten the diffusion path length for both
ions and electrons.

Fig. 5a illustrates the CV curves of the MoO3/PPy/PANI
composites and their single components and binary MoO3/
PANI and MoO3/PPy composites at a scan rate of 10 mV s�1.
From the CV curves of the MoO3/PANI/PPy electrode at various
scan rates (Fig. S11, ESI†), the oxidation and reduction peaks
ascribed to PANI are not that obvious compared to those of the
J. Mater. Chem. A
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Fig. 5 (a) CV curves of the MoO3, MoO3/PPy, MoO3/PPy/PANI, MoO3/
PANI, PPy and PANI electrodes at a scan rate of 10 mV s�1. (b) CV
curves of the MoO3/PPy/PANI electrode at scan rates ranging from 5
to 200mV s�1. (c) Galvanostatic charge/discharge curves of the MoO3,
MoO3/PPy, MoO3/PPy/PANI, MoO3/PANI, PPy and PANI electrodes at
1 A g�1. (d) Specific capacitances of the MoO3, MoO3/PPy, MoO3/PPy/
PANI, MoO3/PANI, PPy and PANI electrodes at current densities
ranging from 0.5 to 10 A g�1. (e) EIS curves of the MoO3, PPy, PANI,
MoO3/PPy, MoO3/PANI and MoO3/PPy/PANI electrodes at open-
circuit potentials. The inset of (e) shows the EIS curves of these elec-
trodes in the high-frequency region. (f) Cycling stability of the MoO3,
MoO3/PPy, MoO3/PPy/PANI, MoO3/PANI, PPy and PANI electrodes for
3000 charge/discharge cycles at a current density of 2 A g�1.
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MoO3/PPy/PANI electrode, indicating that a lower capacitance
contribution of PANI is achieved because the inner PANI within
the MoO3/PPy/PANI composites does not make good contact
with the electrolytic ions. Therefore, the immobilization of PANI
on the outer layer shows superiority in terms of the order of
construction of the core–shell structure with respect to PPy and
PANI in these ternary composites. The reversible redox reac-
tions of the neat PANI electrode reveal oxidation peaks at 0.2
and 0.5 V and reduction peaks at 0.04 and 0.42 V, respectively.
The peaks centered at 0.2 and 0.5 V are attributed to the redox
transition of PANI from a semiconducting state to a conducting
state and then to pernigraniline.36 The MoO3/PPy/PANI elec-
trode shows similar redox peaks to those of PANI and MoO3/
PANI electrodes, but exhibits a larger CV surrounding area than
those of its single components and binary composites at the
same scan rate, indicating that the MoO3/PPy/PANI electrode
has larger specic capacitances than those of neat conducting
polymers or MoO3/conducting polymer binary composite elec-
trodes. The excellent capacitance and rate capability of the
MoO3/PPy/PANI architectures are explained as follows: (i) the
MoO3/PPy core–shell structures within the ternary composites
provide highly conductive paths for electron transport as well as
a well-dened substrate for the decoration of PANI nanowire
J. Mater. Chem. A
arrays, and (ii) the PANI nanowire arrays within the MoO3/
PPy/PANI composites exhibit enhanced electrode/electrolyte
interfacial areas. Fig. 5b presents the CV curves of the
MoO3/PPy/PANI electrode at scan rates ranging from 5 to
200 mV s�1. The shape of these CV curves with mirror-image
features does not signicantly change even at a high scan rate
of 200 mV s�1, demonstrating an ideal capacitive behavior with
an excellent rate capability.

The galvanostatic charge/discharge curves at various current
densities in the voltage window of �0.2–0.8 V were measured to
further investigate the capacitance performances of these elec-
trodes. The MoO3/PPy/PANI electrode possesses the longest
discharge time compared with other electrodes (Fig. 5c), indi-
cating its higher specic capacitance among various electrodes.
Besides, it is worth mentioning that the MoO3/PPy shows
a higher specic capacitance than neat MoO3 and PPy, which
can be ascribed to reduced internal resistances due to the
surrounding PPy layers on the MoO3.37 From calculations of the
discharge time from the galvanostatic charge/discharge curves,
the relationships of the specic capacitances as a function of
the current densities for all the samples were calculated and are
shown in Fig. 5d. The specic capacitances of all the electrodes
decrease with the increase of current density. The reason might
be that at the high current density, the lack of contact between
the electrode and the electrolyte contributes to incomplete
redox reactions. The MoO3/PPy/PANI electrode shows higher
specic capacitance in comparison with other electrodes at
various current densities, indicating that the combination of
MoO3 with these two conducting polymers might effectively
enhance the specic capacitances by the synergistic effects of
each component. A desirable specic capacitance of 1315 F g�1

is obtained for the MoO3/PPy/PANI electrode at a current
density of 0.5 A g�1, compared to 159, 135, 527, 297 and 660 F
g�1 for the MoO3, PPy, PANI, MoO3/PPy and MoO3/PANI elec-
trodes, respectively. Even at a high current density of 10 A g�1,
the specic capacitance of the MoO3/PPy/PANI still remains at
672 F g�1, while specic capacitances of only 316 and 394 F g�1

are obtained for neat PANI and MoO3/PANI electrodes.
In order to calculate the theoretical value of the ternary

composite electrode, the weight content of each component in
the MoO3/PPy/PANI composites needs to be quantied. There-
fore, thermal gravimetric analysis (TGA) of the MoO3, MoO3/
PANI, andMoO3/PPy/PANI in air at a heating rate of 10 �Cmin�1

was conducted and the results are presented in Fig. S12 (ESI†).
Neat MoO3 remains stable over the entire temperature range
below 600 �C. The MoO3/PPy exhibits a weight loss of �25 wt%
between 50 and 600 �C, owing to the combustion of PPy. The
PPy content in the MoO3/PPy is determined to be �25 wt%. For
theMoO3/PPy/PANI, the weight loss at 50–200 �C corresponds to
the removal of the adsorbed water. The weight ratio of MoO3/
PPy/PANI could also be determined from the TGA curves
taking into account that the residual weight at 600 �C refers to
the MoO3. Therefore, the content of MoO3 within theMoO3/PPy/
PANI is �12.5%, and the content of PPy and PANI is �4.2 wt%
and �83.3 wt%, respectively. Theoretical and literature results
indicate that the theoretical specic capacitances (Cs) of MoO3,
PPy and PANI are 2700, 620 and 750 F g�1.38–40 For the MoO3/
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 (a) CV curves of the MoO3/PPy/PANI//MoO3/PPy/PANI
symmetric supercapacitor at different scan rates. (b) Galvanostatic
charge/discharge curves of the MoO3/PPy/PANI//MoO3/PPy/PANI
symmetric supercapacitor at various current densities. (c) Specific
capacitance of the MoO3/PPy/PANI at various current densities. (d)
Ragone plots of the assembled symmetric supercapacitor of MoO3/
PPy/PANI in comparison to other electrodes from the literature.
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PPy/PANI composites with the measured MoO3 : PPy : PANI
mass ratio, the theoretical specic capacitance of the compos-
ites is calculated to be 988.3 F g�1. The practical specic
capacitance of the MoO3/PPy/PANI composites in this study is
found to be 1315 F g�1 at a current density of 0.5 A g�1, which is
higher than the theoretical capacitances. The practical specic
capacitance is a combination of electrical double-layer capaci-
tances and pseudocapacitances while the theoretical capacity
only takes the pseudocapacitances into consideration.41

Besides, the MoO3/PPy/PANI composites with the unique PANI
nanowire arrays could greatly enhance the efficiency of ion
diffusion. In addition, the specic capacitances of the MoO3/
PANI/PPy electrode at various current densities are shown in
Fig. S13 (ESI†). The capacitance of theMoO3/PANI/PPy electrode
only reaches 780 F g�1 at a current of 0.5 A g�1 and remains at
351.5 F g�1 at 10 A g�1, which are much smaller than those of
the MoO3/PPy/PANI electrode. The signicantly enhanced
capacitance of MoO3/PPy/PANI might be attributed to improved
conductive pathways which promoted the electron and proton
transfer processes.42 Furthermore, the inner part (MoO3/PPy) in
the ternary composites not only offers a much larger surface
area to load a large amount of PANI effectively with a high
electrochemical utilization of PANI, but also acts as a nanoscale
framework to provide more insertion and extraction paths for
ions. Electrochemical impedance spectroscopy (EIS, Fig. 5e) was
performed and Nyquist plots were measured to analyze the
capacitive properties of these electrodes. The slope segments in
the low-frequency region represent the ion diffusion resistances
of the electrodes.17 The MoO3/PPy/PANI and PANI exhibit larger
slopes than the other samples, demonstrating that the MoO3/
PPy/PANI and PANI electrodes exhibit lower ion diffusion
resistances due to the introduction of the highly porous struc-
tures. In the high-frequency region, the intercepts of the x-axis
give the electron transfer resistances (Rs). The Rs of MoO3, PANI,
PPy, MoO3/PPy, MoO3/PANI and MoO3/PPy/PANI are 1.12, 0.76,
0.73, 0.62, 1.23 and 0.73 U, respectively. The Rs value of the
MoO3 efficiently decreases when combined with PPy, revealing
an excellent interfacial contact between the MoO3 nanobelt and
the immobilized PPy. However, when the PANI nanowires are
grown on the surface of MoO3, the Rs of MoO3/PANI is not as low
as that of MoO3/PPy, indicating an inferior interfacial contact
between the MoO3 and the PANI nanowire arrays. Moreover, the
MoO3/PPy/PANI and MoO3/PPy electrodes show smaller elec-
tron transfer resistances as compared to the other samples. The
results indicate that the introduction of the PPy layer acceler-
ates the electron transfer and therefore efficiently decreases the
interfacial contact resistances of the composites.

Fig. 6a shows the CV curves of the MoO3/PPy/PANI electrodes
assembled in a two-electrode symmetric supercapacitor at scan
rates of 0–1 V in a 0.5 MH2SO4 electrolyte. The CV curves exhibit
distorted rectangular shapes indicating the contributions of
both pseudocapacitances and electric double-layer capaci-
tances. In addition, the shape of the CV curves remains undis-
torted at a high scan rate of 200 mV s�1, indicating the low
contact resistance and excellent rate capability in the device.43

Fig. 6b presents the galvanostatic charge/discharge curves at
various current densities between 0 and 1 V, and the specic
This journal is © The Royal Society of Chemistry 2018
capacitances of the MoO3/PPy/PANI electrode as a function of
current densities are showed in Fig. 6c. At a current density of
0.5 A g�1, the specic capacitance of the MoO3/PPy/PANI elec-
trode reaches 908.1 F g�1; moreover, the MoO3/PPy/PANI elec-
trode displays an excellent rate performance and still delivers
a large specic capacitance of 502.4 F g�1 at a high current
density of 20 A g�1. The Ragone plots of the two-electrode
supercapacitor cell were calculated and are presented in
Fig. 6d. The supercapacitor using the symmetric MoO3/PPy/
PANI electrodes exhibits an energy density of 63 W h kg�1 at
a power density of 250 W kg�1. The energy density of our
supercapacitors is higher than those of the reported super-
capacitors assembled from electrodes of MoO3@CuO
(7.9 W h kg�1 at 8726 W kg�1),44 MoO3-PPy//MWNTs-MnO2

(21.03 W h kg�1 at 220 W kg�1),45 MoO3-MWNTs (7.28 W h kg�1

at 672 W kg�1),46 MoO3//h-NCS@PANI (34.1 W h kg�1 at
9350.6 W kg�1),47 and graphene/MoO3//graphene/MnO2

(42.6 W h kg�1 at 276 W kg�1).48 Moreover, our supercapacitor
retains 55% of its energy density with an incredible rate capa-
bility as the power density increases from 250 to 10 000 W kg�1,
indicating that these biomimetic Setaria viridis-inspired MoO3/
PPy/PANI composites are quite promising electrode materials
for supercapacitors.

For practical applications, the self-discharge behavior of the
supercapacitor device with a two-electrode conguration of
symmetric MoO3/PPy/PANI electrodes was evaluated by pre-
charging the device to 1 V and then conducting an open-
circuit potential test within 24 h (Fig. S14, ESI†). The super-
capacitor device undergoes a rapid self-discharge process in the
rst few hours and then stabilizes at a constant voltage value
of 0.68 V aer 4 h. Therefore, the device has a desirable volta-
ge retention rate with good prospects for practical develop-
ment.49 Cycling stability is critical to evaluating the
performance of electrode materials for supercapacitors in
J. Mater. Chem. A
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Fig. 7 SEM images of the (a and b) MoO3, (c and d) MoO3/PPy, (e and f)
MoO3/PANI and (g and h) MoO3/PANI/PPy electrodes after 3000
charge/discharge cycles.
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practical applications. The cycling stabilities of the MoO3/PPy/
PANI electrodes and other electrodes are investigated using
repeated galvanostatic charge/discharge measurements at
Table 1 Supercapacitive performance comparison of the biomimetic S
composites in the literature

Electrode materials Electrolyte
Specic
capacitanc

Flower-like PANI/graphene 1 M H2SO4 1510 at 1A
PANI nanotubes/rGO 0.2 M phosphate 1967 at 1A
Hollow graphene/PANI nanospheres 1 M H2SO4 554 at 0.5
1T-MoS2/PANI nanosheets 0.5 M H2SO4 470 at 0.5
Core–shell PPy/PANI nanotubes 1 M H2SO4 419 at 5 m
MoO3/PANI nanobelts 1 M H2SO4 632 at 1 A
Tubular MoS2/PANI 1 M H2SO4 552 at 0.5
MoS2/PPy 1 M KCl 695 at 0.5
Honeycomb-like Fe2O3 nanoake/PPy
arrays

0.5 M Na2SO4 1168 at 1 A

Tubular MoS2/PPy 0.5 M Na2SO4 462 at 1 A
Graphene oxide/PPy/MWNTs 1 M NaNO3 407 at 1 A
Branchlike MoO3/PPy 1 M Na2SO4 123 at 0.27
PANI/C nanowire 1 M H2SO4 189.73 at 0
PANI nanober 1 M H2SO4 636 at 2 A
PANI/RGO aerogel 1 M H2SO4 480 at 1 A
Yolk–shell Ni–CeO2/PANI nanospheres 1 M Na2SO4 866 at 1 A
Setaria viridis-inspired MoO3/PPy/PANI 0.5 M H2SO4 1315 at 0.5

J. Mater. Chem. A
a current density of 2 A g�1 for 3000 cycles (Fig. 5f). The corre-
sponding galvanostatic charge/discharge curves of the MoO3,
PANI, PPy, MoO3/PANI, MoO3/PPy, MoO3/PPy/PANI electrodes
for 3000 charge/discharge cycles at a current density of 2 A g�1

are provided in Fig. S15† (ESI). A synergetic effect of MoO3 and
individual conducting polymers in the binary composites is
demonstrated from the capacitance retention of MoO3/PPy
(100%) and MoO3/PANI (80.6%), compared with the neat PPy
(46%), PANI (43.1%) and MoO3 (46.5%) electrodes aer 3000
charge/discharge cycles. More importantly, the rationally
combined MoO3/PPy/PANI ternary composites can achieve
a signicant enhancement of cycling stability with an almost
100% retention compared with that of the MoO3/PANI (80.6%),
indicating the necessity for the immobilization of ultrathin PPy
layers on the MoO3 nanobelts. Besides, the life span of the
MoO3/PPy/PANI was investigated with more cycles at a relatively
large current density, and the cycling stability of the MoO3/PPy/
PANI electrode aer 20 000 charge/discharge cycles at 10 A g�1

as well as the corresponding galvanostatic charge/discharge
curves for 101–110 and 19 991–20 000 charge/discharge cycles
were measured and the results are shown in Fig. S16 (ESI†).
Aer 20 000 charge/discharge cycles at 10 A g�1, the MoO3/PPy/
PANI electrode still exhibits a superior capacitance retention of
86%. Additionally, the SEM images of MoO3, MoO3/PANI,
MoO3/PPy and MoO3/PPy/PANI aer the cycling tests were
recorded to illustrate the mechanisms for the largely enhanced
cycling stability of the ternary composites. For neat MoO3 aer
cycling (Fig. 7a and b), severely damaged MoO3 is observed. The
drastic capacitance degradation of the MoO3 could be explained
by its structural instability for the intercalation of H+ ions into
the interlayers of MoO3. When the PPy layer was coated onto the
MoO3, no obvious structural changes in the MoO3/PPy were
observed (Fig. 7c and d), indicating the efficient protection of
the MoO3 core from dissolution and collapse due to the PPy
coating layers. Without the PPy coating, aer cycling, the MoO3/
etaria viridis-inspired MoO3/PPy/PANI with other PANI or PPy-based

e (F g�1)
Rate
performance (F g�1) Cycling stability Ref.

g�1 851 at 15 A g�1 89% (1500 cycles) 50
g�1 639 at 10 A g�1 89.7% (5000 cycles) 51
A g�1 463 at 10 A g�1 80% (2000 cycles) 52
A g�1 340 at 10 A g�1 91% (2000 cycles) 53
A cm�2 375 at 15 mA cm�2 None 54
g�1 379 at 10 A g�1 76.7% (3000 cycles) 55
A g�1 455 at 30 A g�1 88% (1000 cycles) 37
A g�1 500 at 10 A g�1 85% (4000 cycles) 32
g�1 113 at 10 A g�1 97.1% (3000 cycles) 46

g�1 261 at 10 A g�1 82% (3000 cycles) 26
g�1 245.2 at 3 A g�1 92% (1000 cycles) 56
A g�1 104 at 2.67 A g�1 90% (200 cycles) 57
.5 mA cm�2 158 at 10 mA cm�2 95% (10 000 cycles) 58
g�1 626 at 25 A g�1 83% (10 000 cycles) 59
g�1 334 at 40 A g�1 96.1% (10 000 cycles) 60
g�1 280 at 20 A g�1 85.6% (10 000 cycles) 61
A g�1 672 at 10 A g�1 86% (20 000 cycles) This work

This journal is © The Royal Society of Chemistry 2018
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PANI shows a slight aggregation of PANI nanowires to the extent
that the 1D outline of MoO3 is maintained well (Fig. 7e and f).
The maintenance of the nanobelt structure of the MoO3 might
improve the cycling stability of the MoO3/PPy/PANI electrode
(Fig. 7g and h). More importantly, the nanowire arrays of the
MoO3/PPy/PANI composites are roughly maintained aer
cycling, and no obvious changes are observed, revealing the
good interfacial contact between the intermediate PPy, the
inner MoO3 and the outermost PANI. Moreover, compared with
previously reported PANI or PPy-based composite electrodes
for supercapacitors (Table 1), our biomimetic Setaria viridis-
inspired MoO3/PPy/PANI electrodes show competitive capaci-
tances and rate capacitances. It should be specially noted that
the extremely high cycling stability of the MoO3/PPy/PANI
electrodes veries the design of the Setaria viridis-inspired
nanostructures as a promising electrode material with both
high specic capacitance and good cycling stability. The
excellent performance of the MoO3/PPy/PANI electrodes is
attributed to the following reasons: (i) the presence of the
MoO3 nanobelt core acting as a unique template to load con-
ducting polymers with a high surface area with more ion-
accessible sites; (ii) the ultrathin PPy layers acting as a buffer
layer between MoO3 and PANI could effectively overcome the
aggregation of PANI during cycling and provide shortened
pathways for insertion and extraction of ions; and (iii) the
MoO3 nanobelt core itself and the pores of the PANI nanowire
array structure could provide large ion reservoirs especially for
fast insertion and extraction of ions. Therefore, the above-
mentioned optimized nanostructures and synergistic effects
between the MoO3 nanobelts, ultrathin PPy layers and PANI
nanowires effectively endow the resultant MoO3/PPy/PANI
ternary composites with high specic capacitance, excellent
rate capability and excellent long-term cycling stability.
Conclusion

In summary, we have developed a facile strategy to fabricate
MoO3/PPy/PANI ternary composites by mimicking the Setaria
viridis structure, which could efficiently enhance the electrode
performance due to largely improved structural stability and
fast transport of ions and electrons between the electrodes. As
a result, the MoO3/PPy/PANI ternary composites deliver much
higher specic capacitance (1315 F g�1 at 0.5 A g�1) than their
individual components and binary composites. The MoO3/PPy/
PANI ternary composites also exhibit an excellent rate capability
of 672 F g�1 at 10 A g�1, a high energy density of 63 W h kg�1,
and an extremely long cycle life with a capacitance retention of
86% up to 20 000 cycles. The present nanoengineering strategy
can be further extended to prepare various biomimetic nano-
materials for advanced electrode materials through scalable
and low-cost routes.
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