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We  report  three-dimensional  bicontinuous  nanoporous  Au/polyaniline  (PANI)  composite  films  made  by
one-step  electrochemical  polymerization  of  PANI  shell  onto  dealloyed  nanoporous  gold  (NPG)  skeletons
for the  applications  in  electrochemical  supercapacitors.  The  NPG/PANI  based  supercapacitors  exhibit
ultrahigh  volumetric  capacitance  (∼1500  F cm−3)  and  energy  density  (∼0.078  Wh  cm−3),  which  are seven
eywords:
ybrid materials
anoporous metal
olyaniline
apacitors
upercapacitors

and  four  orders  of  magnitude  higher  than  these  of electrolytic  capacitors,  with  the  same  power  density  up
to ∼190  W  cm−3.  The  outstanding  capacitive  performances  result  from  a novel  nanoarchitecture  in  which
pseudocapacitive  PANI  shells  are  incorporated  into  pore  channels  of highly  conductive  NPG,  making
them  promising  candidates  as  electrode  materials  in  supercapacitor  devices  combing  high-energy  storage
densities  with  high-power  delivery.

© 2011 Elsevier B.V. All rights reserved.
Growing concerns about environmental problems and up-
oming depletion of fossil fuels have stimulated intense research on
lternative electrochemical energy storage and conversion systems
ncluding batteries, fuel cells, and supercapacitors [1–3]. Among
hem, electrochemical supercapacitors (SCs) have attracted much
ttention because of their unique high-power performance associ-
ted with moderate energy density and long lifetime [4,5], which
ridges the gap between these of batteries [1,6] and conventional
lectrolytic capacitors [4,5]. While typical electric double-layer SCs
ased on carbon in various forms [7–11] and metal electrode mate-
ials [12], storing charges with ultrafast charge/discharge rates by
aking use of nonFaradic surface ion adsorption and enhancing

on and electron transports [4,5,7–13], are ideal for applications
hat require short-term power boosts [4,5,13], they only offer the
nergy densities measured in specific capacitance on the order
f ∼100 F cm−3 [14,15]. To circumvent the key limitation of con-
entional electrochemical double-layer capacitors with low energy
ensity, great efforts have been devoted on pseudocapacitive mate-

ials like conducting polymers [16–19] and transition metal oxides
20–24], where the mechanism of fast and Faradic surface redox
eaction offers the high energy storage [4,5,25], complementing
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or even replacing batteries. Polyaniline (PANI) is generally con-
sidered to be the most promising conducting polymers for the
next generation of SC devices because of its high-energy density
owing to multiple redox states and excellent environmental stabil-
ity as well as low cost [19,26,27].  Although a nanoscale approach
addressing the issue of ion transport in electrodes could improve
the capacitive performance [28,29],  the low conductivity of PNAI
(∼10−10 or ∼1 S cm−1 for undoped or doped state) in various
nanostructures [26–29] fabricated by chemical or electrochemical
polymerization cannot satisfy another important requirement, i.e.,
high electron transport in electrodes, for high-power performance
of electrical energy storage devices [30–32].  This essentially lim-
its the widespread and practical uses of PANI based SCs. Here we
show three-dimensional (3D) bicontinuous nanoporous Au/PANI
hybrid films fabricated by electrochemical polymerization for
the high power- as well as high energy-density SC applications.
The free-standing and flexible composite films yield a volumet-
ric capacitance up to ∼1500 F cm−3, 10 times higher than that of
graphene/PANI composites (∼150 F cm−3), as a result of the con-
currently enhanced ion and electron transports due to the intimate
interaction and synergetic effect of highly conductive bicontinuous
Au skeleton and pseudocapacitive PANI shells.

The fabrication of nanoporous Au/PANI composite films was

accomplished by electrochemical polymerization of aniline occur-
ring on the internal surface of 3D nanoporous gold (NPG) films
using potentiodynamic method in a classic three-electrode setup
(Fig. 1a, also see Method in Supporting Information for details).

dx.doi.org/10.1016/j.jpowsour.2011.09.006
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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Fig. 1. (a) Schematic diagram showing the fabrication of 3D nanoporous Au/PANI composite films by electrochemical polymerization. (b) SEM image of nanoporous gold
dealloyed for 8 h in HNO3. Inset: the wrinkled films illustrating that nanoporous gold films exhibit excellent flexibility. (c) Typical top-view and cross-section (inset) SEM
micrographs of nanoporous Au/PANI composite films electroplated for 10-cycle plating.

Fig. 2. (a) Representative TEM micrograph of nanoporous Au/PANI composite electroplated for 3-cycle electroplating. Inset: high resolution TEM image of Au/PAIN interface.
(b)  Thickness of PANI shells associated with volume fraction as a function of the cycle number of electrochemical polymerization. (c) UV–vis extinction and (d) Raman spectra
of  as-dealloyed NPG, PANI, and nanoporous Au/PANI composite films.
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Fig. 3. (a) Configuration of the highly flexible supercapacitors based on nanoporous Au/PANI composite films. (b) Cyclic voltammograms at the scan rate of 40 mV s−1 and
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c)  galvanostatic charge/discharge curves at 4.2 A cm for supercapacitors based o
olumetric capacitance of bare NPG and nanoporous Au/PANI composites as a func

he NPG films used in this work were prepared by chemically
ealloying Ag65Au35 (at.%) leaves in concentrated HNO3 for 8 h,
uring which less noble Ag is selectively dissolved while remained
u forms a open and bicontinuous nanoporous structure con-
isting of quasi-periodic gold ligaments and nanopore channels
ith the characteristic length of ∼30–40 nm (Fig. 1b) [12,33].

he unique nanoarchitecture enables NPG films to simultaneously
xhibit ultrahigh electrical conductivity up to 1.85 × 105 S cm−1

t room temperature (Fig. 1S, in Supporting Information) as well
s good flexibility, as illustrated by the scanning electron micro-
cope (SEM) micrograph (inset of Fig. 1b) of the wrinkled specimen
roduced by thermal contraction of an underlying pre-strained
olystyrene substrate, where the gold ligaments do not break even
ith the curvature radius of tens nanometers [34]. Meanwhile, the
ore channels in NPG allow aniline monomers to diffuse into the
hole film and be polymerized to PANI to coat on the internal sur-

ace. Fig. 1c shows a typical top-view SEM image of nanoporous
u/PANI after electrochemical polymerization, clearly demonstrat-

ng the uniform coating of PANI and the good maintenance of 3D
icontinuous nanoporosity (see the cross-section SEM image in the

nset of Fig. 1c). This is further verified by representative bright-
eld transmission electron microscope (TEM) micrographs shown

n Figs. 2 and 2S for nanoporous Au/PANI composites with different
olume fractions that were precisely tuned by adjusting the num-
er of sweeping cycles during the potentiodynamic polymerization
Fig. 2b). The hybrid nanostructure can be clearly identified by the

ontrast between the bright PANI shell and the dark gold skele-
on. Interfacial analysis revealed by high-resolution TEM (inset of
ig. 2a) demonstrates the intimate interaction between Au and
ANI via the formation of chemical bonds. This unique interfacial
 electrodes of bare NPG and nanoporous Au/PANI with different compositions. (d)
f discharge current density. The electrolyte is the 1 M HClO4 solution.

structure ensures the occurrence of the PANI/Au charge transfer,
verified by the UV–visible (UV–vis) extinction spectrum and Raman
spectrum of nanoporous Au/PANI. In the UV–vis spectrum dis-
played in Fig. 2c, the buildup of polarization charges on the
dielectric side of the interface gives rise to the noticeable red shift
of localized surface plasmon (LSP) peak of nanoporous Au/PANI
composite film in comparison with that of bare NPG and PANI
films, and the LSP resonance shifts to longer wavelength as the
thickness of PANI layer is increased (Fig. 3S)  [35]. Raman spec-
trum of nanoporous Au/PANI collected under the excitation of
632.8 nm laser is presented in Fig. 2d. The Raman peaks of PANI shift
slightly to the higher frequency after combined with NPG, suggest-
ing that chemical reactions take place at polymer/metal interface
[36]. These fascinating structural properties enable nanoporous
Au/PANI films to exhibit two  advantages for enhancing ion and elec-
tron transport kinetics in the nanocomposite electrode materials:
(i) well interconnected porous channels not only allow rapid ion
transport in the electrodes but also provide extremely large spe-
cific surface area of electrode/electrolyte interface, facilitating the
full use of large pseudocapacitance of PANI; (ii) the bicontinuous
Au network with ultrahigh electrical conductivity and the excellent
contact between PANI and Au ligaments assists the fast electron
transport in electrodes, as proved by the low internal resistance in
the electrode assembly (Fig. 4S).

Electrochemical performances of the nanoporous Au/PANI elec-
trodes were measured based on a two-electrode SC device (Fig. 3a),

which was constructed with two  nanoporous Au/PANI composite
films as both electrodes and current collectors and one piece of cot-
ton paper as a separator. In a 1 M HClO4 aqueous electrolyte, the
cyclic voltammograms (CVs) of the nanoporous Au/PANI composite
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Fig. 4. Electrochemical performances of all-solid-state supercapacitor based on nanoporous Au/PANI composite with 10-cycle electrochemical polymerization. (a) Comparison
of  cyclic voltammograms of supercapacitors devices in the H2SO4-PVA gel electrolyte and 1 M HClO4 solution. The scan rate is 40 mV s−1. (b) Volumetric capacitance as a
function  of discharge current. Inset: the voltage–time profiles of nanoporous Au/PANI supercapacitors in the H2SO4-PVA gel electrolyte and 1 M HClO4 solution. (c) Bend-
angle dependence of capacitance retention. Inset: digital picture showing all-solid-state devices with excellent flexibility. (d) Ragone plot comparing the power and energy
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ensities of the all-solid-state nanoporous Au/PANI supercapacitor to the reported 

lectrodes as a function of cycling number of potentiodynamic
olymerization at the scan rate of 40 mV  s−1 are shown in Fig. 3b.
he redox peaks associated with much higher current densi-
ies than that of bare NPG based SC indicate the presence of
seudocapacitance from PANI, on which the energy storage and
elivery are realized by Faradic redox reaction accompanied by

eucoemeraldine/emeraldine and emeraldine/pemigraniline struc-
ural conversions [26,27,31].  Fig. 3c displays the representative
alvanostatic charge/discharge curves of nanoporous Au/PANI
ased SC devices at the current density of 4.2 A cm−3, demonstrat-

ng that the discharge time of the SC based on the nanoporous
u/PANI composite with 10-cycle plating is much longer than these
f ones based on bare NPG as well as nanoporous Au/PANI films
ith 3- and 6-cycle plating. In comparison with the triangular-

hape of the voltage–time profile of the pure NPG based SC
ith double-layer capacitance, the discharge curves of nanoporous
u/PANI based SCs consist of two voltage stages: one is in the range
f 0 to ∼0.7 V with much longer discharging duration contributed
rom both double-layer capacitance and Faradic pseudocapaci-
ance of nanoporous Au/PANI composite; the other is the stage
f ∼0.7 to ∼0.83 V with short discharging duration as a result
f the double-layer capacitive behavior of porous nanostructure
31]. The increases of current densities in CVs and discharge times
ith the increasing cycling number of electrochemical polymer-
zation reveal the strong dependence of capacitive behavior of the
anoporous Au/PANI electrodes on the loading amount of PANI as
ell as the nanoporosity, as shown in Fig. 3d that plots the volumet-

ic capacitances (Cv) of nanoporous Au/PANI composite electrodes
 of carbon-based ones [8].

as a function of applied current densities. Here Cv is calculated
according to the charge/discharge curves, Cv = i/[−(�V/�t)v], with
i being the applied current, −�V/�t  the slope of the discharge
curve after the voltage drop at the beginning of each discharge,
and v the volume of composite electrode. As shown in this plot,
the nanoporous Au/PANI film with 10-cycle plating exhibits a vol-
umetric capacitance up to ∼1500 F cm−3 at the current density of
∼1 A cm−3. Even the current density is increased to ∼80 A cm−3,
the composite electrode maintains the volumetric capacitance of
∼866 F cm−3, which is much higher than these of graphene/PANI
composites (135 [30] and 160 F cm−3 [31]), as well as carbon/MnO2
electrodes (156 F cm−3) at 0.4 A cm−3 [37], and the layer-by-layer-
assembled MWNT/MnO2 electrode (246 F cm−3) at 1.8 A cm−3 [23].

In view of the structural and chemical stability, the all-solid-
state SC based on nanoporous Au/PANI with 10-cycle plating was
assembled by using a gel electrolyte consisting of H2SO4 and
polyvinyl alcohol (PVA) (see the Method for details) [38]. CV
(Fig. 4a) and galvanostatic charge/discharge (inset of Fig. 4b) mea-
surements carried out at room temperature demonstrate that the
all-solid-state device has the capacitive performance comparable
to the one in 1 HClO4 solution. In spite of the slightly lower volu-
metric capacitance possibly due to the lower ionic mobility of gel
electrolyte, the all-solid-state SC has a smaller capacitance decay
(∼18%) compared with the aqueous one (43%) as the discharge cur-

rent densities decreases from ∼1 to 80 A cm−3 (Figs. 3d and 4b).
Moreover, the entire all-solid-state device exhibits the superior
mechanical flexibility (inset of Fig. 4c). As shown in Fig. 4c, the
macroscopic bend of the all-solid-state device from 180 to 10◦
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resents the volumetric Ragone plot (power density P vs. energy
ensity E) of the all-solid-state SC device, wherein the volumetric

 and E are calculated by P = V2/(4Rv)  and E = 0.5CV2/v, respectively.
ere V is the cutoff voltage, C is the measured device capacitance,
nd R = �VIR/(2i) with �VIR being the voltage drop between the first
wo points in the voltage drop at its top cutoff. The location of power
nd energy densities at the up-right region in the Ragone plot
emonstrates the outstanding performance of the SC device based
n nanoporous Au/PANI composite electrodes compared with other
nergy storage devices, such as SCs based on carbon onion and acti-
ated carbon, as well as a 500 �A h thin film lithium ion battery (LIB)
nd an electrolytic capacitor [8]. As we can see, the all-solid-state
evice has the energy density of ∼0.078 Wh  cm−3, which is 104

imes higher than that of conventional electrolytic capacitor with
he similar a power density [8],  and the maximum power density up
o ∼190 W cm−3, which is ∼3.6 × 104 folds higher than that of thin
lm LIB with the maximum energy density of ∼0.0081 Wh  cm−3

8].
In summary, we have fabricated 3D bicontinuous nanoporous

u/PANI composite electrodes, and demonstrated the free-
tanding composite films as a promising electrode material for
igh-performance aqueous and all-solid-state supercapacitors
ith ultrahigh power density, high energy density. The good capac-

tive behaviors of the nanoporous Au/PANI SC devices arise from
he ion and electron transports enhanced by unique bicontinuous
anostructure, where the nanoporosity facilitates the fast ion dif-

usion, and provides the large PANI/electrolyte interface to ensure
he sufficient redox reaction of PANI during charge/discharge pro-
esses, and the 3D interconnected Au network with ultrahigh
lectrical conductivity harnesses the electron transport by remark-
bly decreasing the internal resistance of assembled devices.
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