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ABSTRACT: We present a high-capacity pseudocapacitor based on a hierarchical network
architecture consisting of Co3O4 nanowire network (nanonet) coated on a carbon fiber paper.
With this tailored architecture, the electrode shows ideal capacitive behavior (rectangular shape
of cyclic voltammograms) and large specific capacitance (1124 F/g) at high charge/discharge rate
(25.34 A/g), still retaining ∼94% of the capacitance at a much lower rate of 0.25 A/g. The muchimproved capacity, rate capability, and cycling stability may be attributed to the unique
hierarchical network structures, which improves electron/ion transport, enhances the kinetics of
redox reactions, and facilitates facile stress relaxation during cycling.
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capacity (∼111 F/g), yet the rate capability and capacitance
retention are still unsatisfactory. Nanonet, a random network of
nanotubes, nanowires, or nanofibers, has been recently
proposed as an advantageous architecture for transparent
electrodes in optoelectronic devices due primarily to high
transparency, better network conductance and fault tolerance.14,15 Considering the similar requisite characteristics of
electrodes in optoelectronic devices and in supercapactiors, we
introduced oxide thin films with nanonet structures into
supercapacitors in order to effectively enhance the specific
capacitance and charge−discharge kinetics because the
improved electron and ion percolation may enhance ionic
and electronic transport through the electrode system.
Since many transition metal oxides exhibiting high
pseudocapacitance have low electronic conductivity, these
materials are often incorporated into highly conductive
nanostructured carbons (e.g., carbon nanotube, graphene, or
carbon aerogel) or directly deposited on metal foils.16−18 The
use of carbon current collector and polymer binders (or
additives) in the former approach adds extra cost, contact
resistance, and weight. Furthermore, the large weight and
limited electron path of metal foil supported electrodes may
adversely affect the energy density. Low-cost carbon fiber paper
(CFP), a network of microsized carbon fibers, has been
extensively employed in proton exchange membrane fuel cells
(PEMFC) as electrode substrate to support the catalyst,

lectrochemical capacitors are promising power sources for
many portable systems and automotive applications due to
their high power density, excellent pulse charge−discharge
characteristics and long cycle life.1−4 Of all the metal oxides
investigated as electrode materials for pseudocapacitor,
hydrated ruthenium oxide is reported to be the most
advantageous one, offering high specific capacitance with
excellent cyclability.5 However, the high cost has impeded
their usage in practical applications. A number of transition
metal oxides have been studied as alternative electrodes such as
Co3O4, MnO2, V2O5, and NiO.6−9 To date, the pseudocapactiors with such electrodes invariably suffer from low
capacitance, poor rate capability, and deterioration in performance associated with faradic redox reactions.10 Recently, oxideAg (or Au) hybrid electrodes were shown to improve specific
capacitance and charge/discharge rate.11,12 For example,
nanoporous MnO2−Au electrode11 demonstrated a specific
capacitance of ∼170 F/g at 20A/g, which is ∼28.3% of the
value at 0.3A/g.
It has been well established that electrodes with proper
nanostructures may enhance not only power density (or rate
capability) but also cycling stability.1 While a wide variety of
nanostructures have been created and tested, it still represents a
grand challenge to identify the most promising structure or
architecture that dramatically enhance the capacity while
maintaining the excellent rate capability and charge−discharge
cycling life. For example, cobalt oxides with a broad range of
morphologies were successfully fabricated, including threedimensional (3D) oval-shaped microparticles, 2D nanosheets,
and 1D needlelike nanorods.13 It was demonstrated that these
porous Co3O4 structures exhibit enhanced initial specific
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μm ensure sufficient mechanical strength and create an
electrically conductive network. It is well established that the
percolation geometry of a network is characterized by the ratio
of stick areal density D (cm−2) to the percolation threshold
density Dperc described by eq 120

conduct current, and allow gas transport.19 Because of the
certain analogy in electrochemical reactions between supercapacitors and fuel cells, CFP may be a promising current
collector and backbone for conformal coating of transition
metal oxides for supercapactiors without using any insulating
binders. Individual carbon fibers in CFP are well-connected and
the conductive network and appropriate pore channels create
an efficient electron percolation path as well as enable effective
electrolyte access to the electrochemically active materials
without limiting charge transport.
In this report, we present our findings on fabrication of a
cobalt oxide nanonet thin film supported on a conductive
carbon fiber network paper and demonstrate that such
hierarchical nano/micro network architectures dramatically
enhanced redox kinetics at high charge/discharge rates while
maintaining electrochemical and structural stability.
Figure 1a shows some typical microstructures of the carbon
fiber paper (from FuelCellStore) used in this study. The wellinterconnected carbon fibers with an average diameter of ∼5

Dperc =

4.2362
πLS2

(1)

where Ls is the length of the sticks and Dperc is a critical number
of sticks per unit area at which a stick network starts conducting
globally; 4.236 is a numerical factor related to the “excluded
volume” of the stick. The numerical factors for other
geometrical shapes, for example, disks and squares, have values
of 2.128 and 2.1, respectively.20 The discrepancy in percolation
behaviors indicates that a stick network can use much fewer
materials (or less weight) to maintain sufficient electron path.
Therefore, the carbon fiber paper composed of numerous long
carbon fibers is significantly advantageous for current collector
and support of pseudocapacitive materials in lightweight
supercapacitor toward portable and transport applications.
Further, the pores formed between the microfibers may enable
fast mass transport of electrolytes to all the surface of the
electrochemically active materials, which is critical to high
power density.
To identify which nanostructures are favorable for high-rate
capacitive energy storage, we deposited Co3O4 with various
morphologies directly onto carbon fiber papers using a facile
hydrothermal synthesis route (see X-ray patterns in Supporting
Information Figure S1). While the carbon fiber paper has a very
complex porous structure, this in situ deposition technique
readily produced thin, uniform coatings of Co3O4 on CFP,
thereby retaining the network structure of the CFP. Also, the
directly grown thin films can ensure good mechanical adhesion
and electrical connection to the carbon fiber paper, avoiding the
use of polymer binders and conducting additives (carbon or
metal). Figure 1b,c shows the Co3O4 nanonet, similar to the
carbon fiber network, creating an excellent electron and ion
percolation path with high fault tolerance as well as numerous
suitable pores for efficient ion access, which are more
advantageous than the properties of Co3O4 nanocube coatings
shown in Figure 1d,e. From the eq 1, the percolation threshold
density Dperc for nanonet and nanocube coatings are 0.0571
Co3O4 wires/μm2 and 8.77 Co3O4 cubes/μm2, respectively, if
we assume the average length of nanowires is 10 μm and the
width of square is 400 nm. The large difference in the
percolation threshold represents that under the same loading of
active materials, the nanonet electrode possesses more
electron/ion paths and faster transport of these charge carriers
resulting from its high fault tolerance, possibly leading to higher
mass specific capacitance and better rate capability. Therefore,
Co3O4 nanonet supported on a carbon fiber paper with nano/
micro hierarchical network structures may be a promising
binder-free electrode for supercapactiors. To investigate the
detailed microstructure of Co3O4 nanonet, high-resolution
TEM imaging and selected-area electron diffraction (SAED)
analysis were employed. A typical TEM image of an individual
Co3O4 nanowire is shown in Figure 1f. Consistent with the
observation in SEM, the diameter of the Co3O4 nanowire is in
the range of a few tens of nanometers. All the rings in the
electron diffraction pattern in Figure 1h recorded from the
nanowires in Figure 1f can be uniquely indexed by the cubic

Figure 1. (a) SEM images of carbon fiber paper (CFP) before coating
showing 3D network structures. (b) SEM image of carbon fiber paper
after conformal coating of Co3O4 nanonet. (c) High-magnification
SEM image of Co3O4 nanonet. (d) SEM image of carbon fiber paper
after conformal coating of Co3O4 nanocube. (e) High-magnification
SEM image of Co3O4 nanocube. (f) TEM image of Co3O4 nanowires.
(g) HRTEM image of Co3O4 nanowires. Inset is corresponding fast
Fourier transformation (FFT) pattern. (h) Diffraction pattern of
Co3O4 nanowires.
B
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structured Co3O4 (JCPDS No.00-042-1467, Fd3m, a = b = c =
0.808 nm).
To evaluate the characteristic behavior of carbon fiber paper
supported Co3O4 nanonet and nanocube electrodes for
electrical energy storage, we performed cyclic voltammetry
measurements at different potential scan rates (Figure 2a−d).

occurring on the interfaces. The nanonet structure could
provide more electron/ion paths and faster transport of these
charge carriers resulting from its high fault tolerance, thus
leading to swift and reversible redox reactions as described by
eqs 2 and 3 and hence to ideal rectangular CV curves
(especially at low scan rates). In addition, the carbon fiber
network serves as an efficient current collector. It is thus
interesting to note that the nanocube electrode, despite the
lower electrochemical performance than the nanonet electrode,
yielded higher capacitance and better capacitive behavior than
the previously reported Co3O4 electrodes.13,23,24 This implied
that the embedded carbon fiber network may enhance not only
the conductivity of the composite electrode but also the charge
transfer rate of the Co3O4 electrodes due probably to improved
interface between Co3O4 and carbon fiber during annealing.
With such a hierarchical nano/micro network structures, the
Co3O4 nanonet electrode supported on carbon fiber paper
showed excellent capacitive behavior, while maintaining high
capacitance at high cycling rates.
Further, we characterized the charge−discharge behaviors of
the cobalt oxide nanonet and nanocube electrodes under
galvanostatic conditions. As shown in Figure 3a,b, the

Figure 2. Cyclic voltammograms of CFP-supported Co3O4 nanonet
and nanocube electrodes measured between 0−0.8 V at a scan rate of
(a) 5, (b) 10, (c) 50, (d) 100 mV/s. The CFP was shown to deliver
negligible capacitance (see Supporting Information Figure S2).

Since the contribution of the carbon fiber paper to the
capacitance is negligible (Supporting Information Figure S2),
the total capacitance arises primarily from the redox
pseudocapacitance of the loaded Co3O4. The absence of
redox peaks in all the voltammograms indicates that the
supercapacitors are charged and discharged at a pseudoconstant
rate over the entire voltammetric cycles.11 At lower potential
scan rates such as 5 and 10 mV/s (Figure 2a,b), the Co3O4
nanonet electrode showed perfectly symmetrical rectangular
shapes with higher current density than nanocube electrode,
representing an ideal capacitive behavior. Typically, the CV
curves are significantly distorted with increasing potential scan
rate, as evidenced by the nanocube electrode operated at 50
and 100 mV/s (Figure 2c,d). This is attributed mainly to the
limited ion incorporation into the active electrode material;
only the outer surface or subsurface is utilized for charge
storage.21 In contrast, the nanonet electrode still retained
excellent “rectangular-shape” cyclic voltammograms at 50 and
100 mV/s, which appear even better than that for Au−MnO2
electrode operated under similar conditions.11 To date, the
most plausible elementary processes associated with the
capacitive behavior of cobalt oxide can be described as follows22

Co3O4 + OH− + H2O ⇔ 3CoOOH + e−

(2)

CoOOH + OH− ⇔ CoO2 + H2O + e−

(3)

Figure 3. Typical charge−discharge curves of CFP-supported Co3O4
nanonet and nanocube electrodes at low (a) and high (b) constant
currents. (c) iR drop of the cells measured at different current
densities. Inset shows electrochemical impedance spectra collected at
open circuit voltage (OCV) under the influence of an ac voltage of 10
mV. (d) Specific capacitances of CFP-supported Co3O4 nanonet
(mass loading of 0.4, 0.7, and 1.4 mg/cm2) and nanocube electrodes (a
mass loading of 0.7 mg/cm2) at different current densities. The mass
loading of 1.4 mg/cm2 was obtained via laminating two CFP
electrodes.

discharging time of the nanonet electrode was significantly
increased in comparison with that of the nanocube electrode at
both high and low current densities, suggesting that nanonet
structure offered a much larger charge capacity, which was
consistent with the CV curves. Moreover, the voltage−time
profiles for the charging and discharging of the nanonet
electrode were linear and symmetric, an indication of a high
Coulombic efficiency and excellent reversibility. Conversely, the
discharge profile of the nanocube electrode clearly consists of

Therefore, rapid OH− intercalation/deintercalation and swift
electron transfer are essential to achieve fast, reversible surface
redox reactions. For the nanocube structure, its limited
electron/ion path and lower fault tolerance at the same loading
of active materials may limit the rate of the faradic reactions
C
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capacitance of the nanonet electrode was reduced, respectively,
to ∼1011 and ∼948 F/g at 14.06 A/g, still retaining relatively
high specific capacitance at excellent rate capability. The results
suggest that this hierarchical architecture is flexible in areal
capacity and is ideally suited for fast and efficient energy
storage.25 Obviously, the diffusion of the cations in the Co3O4
layer and the transport of electrons would affect the rate of the
charge/discharge process. In our case, the thin nanonet layer
with improved electron/ion percolation and a short diffusion
path, together with the conductive carbon fiber network, can
indeed provide an ideal pathway for ion and electron transport
without kinetic limitations.
To evaluate the durability of the CFP-supported Co3O4
nanonet electrodes, we used cyclic voltammetry to characterize
the long-term charge/discharge behavior at a potential scan rate
of 50 mV/s. Unlike most Co 3O4 electrodes reported
previously,12,26 the nanonet electrode displayed remarkable
electrochemical stability up to 5000 cycles (Figure 4a). Similar
to the Cu nanofiber network reported as a transparent
electrode in optoelectronics, which could maintain their
continuous network structures for conductance while releasing
the strain built up during stretching,15 our hierarchical network
structure appears able to tolerate the stress and/or volume
change associated with reversible intercalation and/or adsorption of charge carrier. The facile stress relaxation of the tailored
structure at the nanoscale effectively enhanced the electrochemical stability. Also, the specific capacitance experienced a
slight increase after 5000 cycles. The improvement is further
confirmed by the time-voltage profile for charging and
discharging at a current density of 0.25 A/g before and after
the long-term cycling (Figure 4b). In particular, the charge−
discharge curve became more linear and symmetric, due most
likely to the improved charge transfer across the surface and
interface.
In conclusion, we have created a hierarchical micro/nano
network structure consisting of CFP coated with Co3O4
nanonet for supercapacitors. With this tailored architecture,
the electrode shows high specific capacitance while maintaining
an ideal capacitive behavior: high rate capability and excellent
cycling stability, making it one of the best electrode systems for
high-performance, lightweight supercapacitors. Further, the
electrode design concept can be readily applied to other
electrode materials (e.g., MnO2 and V2O5) for supercapacitor
and battery applications.

two parts: a resistive component arising from the sudden
voltage drop representing the voltage change due to the
equivalent series resistances (ESR) and a capacitive component
related to the voltage change due to change in energy within
the capacitor. Figure 3c shows the iR drops of the electrochemical capacitors as a function of applied current densities
when the potentials were reversed (Supporting Information
Figure S3). It is clearly seen that the nanonet electrode
displayed much smaller ESR than the nanocube electrode at a
given current density. This observation was further confirmed
by the electrochemical impedance spectroscopy (EIS) measurements (insert of Figure 3c). It is noted that the ohmic

Figure 4. (a) Cycling performance of CFP-supported Co3O4 nanonet
electrode (5000 CV cycles at a scan rate of 50 mV/s), (b) charge−
discharge curves before and after long-term cycling.

resistances of the two systems were similar, indicating that the
interfacial contact between the cobalt oxide coatings and the
carbon fibers were consistent. The smaller diameter of the
semicircle in the impedance spectrum of the nanonet electrode
was an indication of lower charge-transfer resistance. The
internal resistance critically influences the power density or rate
capability of electrochemical capacitors; low capacitance and
deviation from ideal capacitor behavior of nanocube electrodes
are primarily associated with large ESR. Comparing with
nanocube structure, the nanonet enables an efficient
percolation for both electrons and ions, leading to fast redox
reactions and thus reduced internal resistance.
Figure 3d compares the specific capacitances of nanonet and
nanocube electrodes as a function of the applied current
densities (calculated from the discharge curve). In the current
density range investigated, the nanonet electrode yielded
substantially higher specific capacitances than nanocube
electrode. For example, at a mass loading of 0.4 mg/cm2, the
specific capacitance for the nanonet electrode was 1190 F/g at
0.25 A/g, which was more than twice that of the nanocube
electrode (540 F/g at 0.28 A/g) and much higher than the
values reported in the literatures.12,13,23,24 Also, the capacitance
of the nanocube electrode dropped to 255 F/g when the
current density was increased to 14.07A/g, as typically observed
by others.11,12 This is attributed mainly to limited ion
incorporation into the nanocube electrode material, resulting
in a rapid increase in resistance to charge transport with
increasing current density during cycling. However, the specific
capacitance of the nanonet electrode was not kinetically limited
and remained relatively constant at very high current densities,
for example, reaching 1124 F/g at 25.34 A/g, which was
∼94.4% of the value at 0.25A/g. The excellent rate capability is
superior to those of Co3O4 electrodes ever reported, even
better than that of the Co3O4−Ag hybrid electrode.12 When the
mass loading was increased to 0.7 and 1.4 mg/cm2, the specific
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