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A composite electrode consisting of hybrid nanonet/nanoflower NiO deposited on carbon fiber paper
(CFP) scaffolds demonstrates much-improved areal capacitance (0.93 F/cm2) while maintaining high rate
capability (~83% capacitance retention for cycling rate from 0.1 to 10 mA/cm2) and excellent cycling life
(~70% capacitance retention after 10, 000 cycles). These performance characteristics are attributed to the
unique electrode architecture and the nanostructures of NiO. While the nanonet NiO with high surface
area greatly facilitates the redox reactions for charge storage, the porous nanoflowers further extended the
active sites for the redox reactions, leading to fast faradic reactions for efficient energy storage.
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The development of low cost, flexible, and environmentally
friendly energy storage devices is highly desired for many
applications, especially portable electronic devices and electric
vehicles.1-3 Pseudo-capacitance resulting from either rapid
adsorption of charges or fast faradic reactions is typically 10
times greater than the electric double layer capacitance.1, 4
Typical low-cost pseudo-capacitive electrode materials include
transition metal oxides such as NiO, Co3O4, MnO2, H2Ti6O13,
V2O5, NiCo2O45-10 and conducting redox polymers such as
polyanilines, polypyrroles, and polythiophenes.11, 12 Engineering
these materials at nanoscale is currently being pursued to
overcome the limitations of slow ion and electron diffusion in
conventional electrode structures.6, 13, 14 Compared with the single
nanostructures, multi-functional, hybrid nanostructures are shown
to deliver enhanced performance or novel functionalities that are
required to meet the on-board energy demands.15
One of the primary challenges that remain for efficient use of
hybrid nanostructures lies in the creation of an integrated smart
architecture, in which structural features and electroactivities of
each component are fully manifested.16 Also, combining different
nanostructures into a single hybrid structure is often required to
employ complex or multi-step synthesis process.15 Additionally,
while single or hybrid nanostructures are found to improve
transport properties to some extent, the electrochemical
utilization of active electrodes (of high mass loading) is still poor,
resulting in poor performance due to inadequate use of active
materials for pseudo-capacitive electrodes.17 These systems may
show very high gravimetric capacitances and discharge rates, but
these characteristics do not scale linearly with the weight or
thickness of the active electrode materials. Thus, “areal”
capacitance (in F/cm2) is another critical parameter that
determines the practically achievable energy density. However,
the areal capacitances of many pseudo-capacitor electrodes are
This journal is © The Royal Society of Chemistry [year]
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still relatively low, leading to poor volumetric energy density. For
example, much-improved gravimetric capacitances of NiO-based
electrodes have been recently achieved via implementing thin
nanostructured films, yet the demonstrated areal capacitances are
typically in the range of 0.01-0.1 F/cm2.18-21 Very recently, a
hierarchical and porous array of Co3O4 nanowire core and NiO
shells exhibited an improved areal capacitance of 0.25 F/cm2, but
it showed a poor electrochemical stability; only ~56.7% of the
initial capacitance was retained after charge-discharge for 6000
cycles.14, 22 Further, as the weight or thickness of NiO active
electrode material increases, the rate capabilities decrease rapidly
and so does the capacitance retention (ratio of the capacitance at
high to that at low charge-discharge rate).23
It is recently reported that the highly porous structure of carbon
fiber papers (CFP), a widely used component in proton exchange
membrane fuel cells (PEMFC), may allow for a large mass
loading of active materials for pseudo-capacitive electrodes,
much larger than that on flat metal substrate per unit electrode
area, 5, 6 and they can be easily stacked together without
performance loss. Here we report a pseudo-capacitor based on
CFP supported hybrid nanonet/nanoflower NiO electrode,
demonstrating significantly-improved electrochemical utilization
of active materials (of high mass loading) for efficient charge
storage. A high areal capacitance of ~0.93 F/cm2 (~840 F/g) is
achieved with capacitance retention of 83% (for current densities
from 0.1 to 10 mA/cm2) of the hybrid electrode, indicating
excellent rate capability. Such hybrid-structured capacitor also
exhibited significantly improved cycling performance with
negligible capacitance degradation after over 3000 chargedischarge cycles.

Experimental section
80

Fabrication of the electrode: Two types of NiO electrodes with
different morphologies were grown on CFP by a hydrothermal
[journal], [year], [vol], 00–00 | 1
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Material Characterization: The phases, microstructures, and
surface compositions of CFP-supported NiO electrodes were
characterized using X-ray diffraction (XRD) analysis (PW-1800
system), scanning electron microscopy (LEO 1530 field emission
SEM), and X-ray photoelectron spectroscopy (XPS), respectively.
Electrochemical characterization: The electrochemical
performances of supercapacitors were characterized using a
classical two-electrode configuration. The cyclic voltammetry
curves were acquired in a potential range between 0 and 0.8V at
different potential scan rates, and the galvanostatic
charge/discharge cycling were performed in a potential range
from 0 to 0.8 V at different current densities in 2 M KOH
aqueous electrolyte solution. These standard electrochemical
measurements were performed using a Solartron 1286
electrochemical interface and a Solartron 1255 HF frequency
response analyzer. The cyclic stability was evaluated by cyclic
voltammetry at a potential scan rate of 50 mV/s for 3000 to
10,000 cycles, using an Arbin testing system (MSTAT).

Results and Discussion
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caused by the inhomogeneity in surface chemistry of CFP 24. The
carbon fibers (or the functional groups on the surface) may affect
the nucleation and crystal growth, enabling opening of
nanoflowers and thus creating nanowire network on the surface
of carbon substrate.

The CFP used in this study are composed of well-interconnected
carbon fibers with an average diameter of ~5 µm,5, 6 offering
sufficient mechanical strength and flexibility as well as
electrically conductive network. Its excellent electron percolation
pathways make it ideally suited for current collection and for
support of pseudo-capacitive materials in lightweight devices
toward portable and transportation applications. Figure 1(a-e)
shows the microstructures of NiO layers (with a loading amount
of ~0.5 mg/cm2) on CFP fabricated by hydrothermal and
electrodeposition processes. Clearly, the two NiO layers have
very different morphologies. Unlike the single-featured flake-like
microstructure by electrodeposition, the hydrothermal growth
produced interesting hybrid architecture, consisting of nanowire
network (nanonet) on carbon fibers and the nanoflowers filled in
the void space of CFP (Figure 1a-c). The notably diverse
morphologies synthesized in the same reaction bath are likely
2 | Journal Name, [year], [vol], 00–00
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Figure 1. (a) SEM images of NiO hybrid structure fabricated by
hydrothermal process (b) high-magnification nanoflower (c) highmagnification nanowire network (nanonet) on a carbon fiber (d) SEM
images of carbon fiber supported NiO structure fabricated by
electrodeposition (e) high-magnification flake structure (f) X-ray
diffraction patterns of the NiO hybrid electrode fabricated by
hydrothermal growth before and after calcination at 350 oC in air for 2h
(g) Ni2p X-ray photoelectron spectrum of the NiO hybrid electrode with
a Shirley background. The insert is O1s spectrum.

The nanoflower structures, similar to the NiO nanoflower
powder collected in the bottom of the autoclave, were still
retained in the void space or on the as-formed NiO nanowire
network. Compared with the homogeneous microstructure, the
new hybrid structure may offer some unique advantages for
pseudo-capacitive energy storage. According to the percolation
theory,25 it is known that the nano-sized NiO wire network on the
micro-sized carbon fiber network may enable an efficient
percolation for both electrons and ions, leading to reduced
internal resistance and thus fast redox reactions. Meanwhile, the
nanoflowers with rich and multimodal diffusion channels makes
the void volume of CFP hierarchically structured, which may
minimize the diffusion length of the ions. More importantly, the
porous nanoflowers may serve as ion-buffering reservoirs26 that
offer a robust sustentation of ions and ensure sufficiently fast

This journal is © The Royal Society of Chemistry [year]
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and an electrodeposition process, respectively. All CFP substrates
(from Fuel Cell Store, ~0.26 mm thick) were cleaned in 0.1
mol/L H2SO4 solution prior to deposition. In a typical
hydrothermal growth, 0.03 mol/L nickel chloride was made with
120 mL deionized water under vigorous stirring. 0.045 mol/L
CO(NH2)2 was then added into the solution. After all the
chemicals were fully dissolved, the solution was transferred into a
150 mL Teflon-lined stainless steel autoclave. A piece of CFP
was subsequently soaked in the solution, followed by heating the
autoclave in an oven to 150 oC and kept there for 3 or 8 h. For the
electrodeposition method, a three-electrode configuration was
used. NiO layers on CFP were obtained from the galvanostatic
cathodic deposition using an aqueous solution of 0.2 mol/L nickel
acetate and 1 mol/L sodium sulfate. The as-synthesized
electrodes by the hydrothermal or electrodeposition process were
then taken out, cleaned for several times with distilled water and
ethanol, dried at 80 oC for about an hour, and annealed at 350 oC
in air for 2 hours. The final mass loadings of NiO on CFP were
0.5 mg/cm2 when the hydrothermal time was 3 h and
electrodeposition time was 0.25 h. As the corresponding
durations were increased to 8 and 0.66 h, the mass loadings of
NiO increased to 1.1 mg/cm2.
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Figure 2. Cyclic voltammograms of CFP-supported NiO hybrid (a) and
flake (b) electrodes measured between 0~0.8V at scan rates of 2-50 mV/s,
as well as the annealed CFP substrate at a scan rate of 50 mV/s (the inset
of Figure 2a). The CFP was shown to deliver much lower capacitance
than the NiO coated electrodes.

To determine the phases and surface composition of the
obtained electrodes, we performed X-ray diffraction (XRD) and
X-ray photoelectron spectroscopy (XPS) analysis of the CFP
supported NiO electrodes. Because there is no obvious phase
difference between hybrid and flake NiO, only the results of the
hybrid electrode are presented here. Figure 1f represents the Xray diffraction patterns of the as-synthesized and calcined CFP
supported hybrid electrodes. It was found that, apart from the
main peaks of carbon fibers, the as-synthesized electrode contains
Ni(OH)2 and NiO phases. After calcination at 350 oC for 2 h in
air, the peaks related to Ni(OH)2 disappeared, which indicates the
complete conversion of the hydroxide and hence the formation of
a pure cubic NiO phase. Figure 1g shows the high-resolution
Ni2p spectrum of the calcined hybrid electrode with a Shirley
background applied across the Ni2p1/2 and Ni2p3/2 portions. The
Ni2p spectrum is similar to that of a standard NiO sample,27
which is consistent with the XRD results. The spacing of the
three peaks making up the main Ni2p3/2 peak are less than 1.6 eV,
which is consistent with reported data on NiO containing divalent
This journal is © The Royal Society of Chemistry [year]
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(Ni2+) species. The high-resolution O1s spectrum of the hybrid
electrode is also shown in Figure 1 g, with two major oxygen
species at 529.3 and 531.3 eV. The first peak was assigned to an
oxygen atom bonded within a regular oxide crystal (O2-). The
second was assigned to oxygen atoms in positions adjacent to Ni
vacancies [O (def)] within the oxide structure.28
The electrochemical performances of CFP supported NiO
electrodes with hybrid and flake morphologies were characterized
using cyclic voltammetry and galvanostatic charge–discharge
cycling in 2 M KOH aqueous solution. Figure 2a and 2b show the
cyclic voltammograms obtained for symmetric button-type
capacitors (with a mass loading of 0.5mg/cm2) at scan rates of 2,
5, 10, 20 and 50 mV/s in a potential range of 0 to 0.8 V. Under
the identical (calcination and electrochemical testing) conditions,
the bare CFP (without NiO coatings) was found to deliver much
smaller peak current density than the total value, as shown in the
inset of Figure 2a. It is clearly seen that the capacitances
increased a lot with the NiO coating even when most of the
carbon surface were covered. Thus, it is reasonable to conclude
that the capacitive contribution is predominantly from the active
NiO electrode, not from the CFP support and current collector.
For the same mass loading of active electrodes, the CV curves of
hybrid NiO showed a much larger area in the range of potential
scan rates investigated, indicating higher levels of stored charge
and larger specific capacitances than that of flake-like NiO. More
importantly, the NiO hybrid electrode largely retained rectangular
CV loops up to a scan rate of 50 mV/s, which are characteristics
for supercapacitors with excellent capacitance behavior and low
charge transfer resistance, as shown in Figure 2a. Typically, CV
curves tend to deviate from the ideal rectangular shape at high
scan rates, as shown in Figure 2b. This is attributed mainly to the
sluggish ion incorporation into the active electrode material; only
the outer surface or subsurface is utilized for charge storage.29 In
the case of flake electrode, the ion accessibility was limited only
to the exposed surface due to the large-scale planar structure of
low porosity.
The hybrid electrode also demonstrated distinct galvanostatic
charge-discharge behaviors, as shown in Figure 3a. At a mass
loading of 0.5 mg/cm2, the discharge time and hence specific
capacitance are higher than those for NiO with flake-like
morphology based capacitor, which is consistent with the results
of cyclic voltammetry. Despite lower capacitive performance of
the flake electrode, it yielded higher areal capacitance than the
previously reported NiO electrode.17-20 This is most likely
because the CFP is an excellent current collector and backbone
for conformal coating of NiO, greatly facilitating charge and
mass transfer across the electrode/electrolyte interface. The
existing pseudocapacitors based on NiO typically have low
specific capacitance due to its low proton diffusion constant and
low electrical conductivity. While the gravimetric capacitances
can be high in the case of small active mass loading, the areanormalized capacitances are often very small (<0.1 F/cm2).17-21, 30
To determine if the CFP supported NiO electrodes can be readily
scaled up to meet the increasing needs of high areal (volumetric)
energy and power density, a higher mass loading of NiO (1.1
mg/cm2) was achieved by increasing the duration of
electrodeposition or hydrothermal treatment. The chargedischarge curves of electrodes with higher loading of active
Journal Name, [year], [vol], 00–00 | 3
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Figure 3. (a) Typical charge-discharge curves of CFP-supported NiO hybrid and flake electrodes with mass loadings of 0.5 and 1.1 mg/cm2 at a current
density of 1 mA/cm2; (b) Areal capacitances of CFP-supported NiO hybrid and flake electrodes with mass loadings of 0.5 and 1.1 mg/cm2 at different
current densities (c) Schematic illustration of fast electron and ion transport along the micro-sized and nano-sized networks (carbon fiber network and NiO
nanonet) as well as the sustainable electrolyte diffusion from the nanoflower as an ion-buffering reservoir.

Figure 3b illustrates the variations in areal capacitance values
with increase in current density for single capacitors with NiO
hybrid and flake electrodes at mass loadings of 0.5 and 1.1
mg/cm2. At all the current densities investigated, the hybrid
electrode showed an obvious improvement in its capacitive
behavior as compared to the flake-like morphology as the NiO
mass loading was increased. The hybrid NiO electrodes with the
mass loading of 1.1mg/cm2 exhibit the highest areal capacitance
of 0.93 F/cm2 (~840 F/g of active material and 84F/g of total
weight, including CFP current collector and substrate), which is
better than most numbers reported for supercapacitors (Table 1).
In particular, the areal capacitance greatly exceeds the values
recently reported in the literature (<0.1 F/cm2) 18-21, suggesting a
potential for practical applications. The pronounced discrepancy
in dependence of charge storage on NiO mass loading further
4 | Journal Name, [year], [vol], 00–00
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reveals the advantage of the hybrid electrode for high
performance capacitors. Moreover, the hybrid electrode at high
mass loading still retained excellent rate capability. For example,
at a current density of 10 mA/cm2, the areal capacitance of the
hybrid electrode with NiO loading of 1.1 mg/cm2 (0.77 F/cm2)
was about 83 % of that measured at 0.1 mA/cm2 (0.93 F/cm2).
Typically, the specific capacitance dramatically decreases with
the increase in discharge current density (less than 50%
capacitance retention 23). It is due to the fact that the higher rate
prevents the accessibility of ions to all the pores of the electrode
because of the slow diffusion; this becomes worse in the case of
high mass loading of NiO 17. For the flake electrode with a NiO
mass loading of 1.1 mg/cm2, an areal capacitance of 0.25 F/cm2 at
10 mA/cm2 was achieved, merely retaining 44 % of the
capacitance at a low rate of 0.1 mA/cm2. The remarkable rate
This journal is © The Royal Society of Chemistry [year]
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accessibility resulting from the planar structure of the flake
electrode. In stark contrast, the hybrid electrode at a mass loading
of 1.1 mg/cm2 exhibited greatly extended charge-discharge time
as well as an ideal linear and symmetric curve. The specific
capacitance increased with the weight of NiO, suggesting that the
NiO electrode contributed primarily to the total capacitance.

Published on 22 April 2013. Downloaded by Georgia Institute of Technology on 20/05/2013 21:14:11.
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electrode material at a current density of 1mA/cm2 are also shown
in Figure 3a. Obviously, the flake electrode experienced only a
slight increase in discharge time and a deviation of linear
discharge, suggesting that the electrochemical utilization of flake
NiO is not effectively improved under higher mass loading. This
phenomenon may be ascribed to the limited electrolyte
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capability of the hybrid electrode is encouraging, especially
considering that the electrodes with high mass loading of NiO are

Table 1 Areal capacitance for several typical supercapacitor electrodes.
Ni-NiO core shell
nanowire arrary
(Ref. 7)

MnOx
(Ref.6)

Substrate

TCO glass

CFP

Active materials
thickness
Electrod thickness

~900 nm

Active materials
loading
Specific capacitance
(active materials)
Specific capacitance
(including current
collector)
Areal capacitance

10

Co3O4 nanowire@MnO2
core/shell
(Ref. 3)

Hybrid NiO
(our work)

Al

ITO, Ti, Fe−Co−Ni alloy

CFP

~100 nm

250~279μm

1~2 μm

~300 nm

~ Several mm
(estimated)

~0.26mm

0.3-0.4mm

~ Several mm
(estimated)

~0.26mm

0.13 mg/cm2
(estimated)
140~179 F/g

0.16 mg/cm2

15 mg/cm2

1.5 mg/cm2

1.1 mg/cm2

2530 F/g

143 F/g

~480 F/g

~840 F/g

unclear

~63 F/g

38.65 F/g
(estimated)

unclear

84F/g

0.02 F/cm2
(estimated)

0.64 F/cm2

2.1 F/cm2
(estimated)

0.7 F/cm2
(estimated)

0.93 F/cm2

The significantly increased capacitance is attributed to the
fast, reversible surface redox reactions on the hybrid
electrode. For nickel oxide as a pseudo-capacitive electrode,
the surface Faradic reaction can be expressed as follows 23

Porous
carbon
(Ref.2)

40

NiO + OH − ↔ NiOOH + e −

15

20

25

30

35

The rate of this redox reaction depends on the rate of the mass
and charge transfer, which may be facilitated by the unique
hybrid nanonet/nanoflower structure, as seen in Figure 3c.
Compared with the disk and square networks, the stick
network has lower percolation threshold and better fault
tolerance 25. The NiO nanonet electrode thus offers more
electron/ion paths and faster transport of these charge carriers,
leading possibly to lower charge transfer resistance. The
embedded carbon fiber network with efficient electron
percolation may enhance not only the conductivity of the
composite electrode but also the charge transfer rate across
the nanonet, which is due probably to improved interface
between NiO and carbon fiber during annealing. Further, the
NiO nanoflowers enable the void volume of CFP
hierarchically structured, offering effective electrolyte access
to the electrochemically active materials without limiting
mass transport. In particular, the hierarchical pore channels of
nanoflowers may serve as ion-buffering reservoirs that could
provide fast and sustainable diffusion of electrolyte ions.26
The much-improved charge and mass transport demonstrates
that smart hybrid architecture can be designed by fully
exploring the distinct capacitive features of individual
nanostructures and effectively combining them into a single
hybrid structure. The NiO hybrid electrode was thus shown to
yield high electrochemical utilization of active materials as
well as generate rapid electrochemical response even at high
current densities for electrode with high mass loading of NiO,

This journal is © The Royal Society of Chemistry [year]
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indicating that this hybrid architecture is ideally suited for fast
and efficient charge storage.
To further understand the electrochemical processes of these
two capacitive devices, electrochemical impedance spectroscopy
(EIS) was employed in this study. Figure 4a shows the Nyquist
plots of NiO hybrid and flake electrodes at a NiO mass loading of
1.1 mg/cm2. From the low frequency data, the areal capacitance
(C) can be calculated using the equation C = -1/(2πfZ"), where Z"
is the imaginary part of the impedance and f is the frequency. For
example, the hybrid electrode exhibited a specific capacitance of
0.89 F/cm2 at frequency 0.05 Hz, which is in agreement with the
result of the galvanostatic discharge curves. Moreover, the
impedance spectra can be modeled by an equivalent circuit that is
used to extract physically meaningful properties of these two
capacitive devices. The semicircle in the high-frequency range
corresponds to the charge-transfer resistance (Rct) and doublelayer capacitance mainly caused by the Faradic reaction, which
was involved with the intercalation and deintercalation of ions.
The charge transfer resistance of hybrid electrode is calculated to
be 1.21 Ω cm2, much lower than that of the flake electrode (2.57
Ω cm2). The low resistance is due not only to the electrically
conductive carbon fiber network, but also to the NiO nanonets
with efficient electron/ion percolation path as well as the
sustainable ion diffusion from the ion-buffering reservoir (i.e.,
NiO nanoflower), which may promote the charge transport and
transfer processes. Another appreciable difference in the Nyquist
plots is the slop in the low-frequency range, which represents the
diffusive resistance (Warburg impendence, W) of the electrolyte
diffusion in porous electrode and ion diffusion in active materials
(NiO in this study). Generally, this kind of ion diffusion is slower
in active materials than in electrolyte; therefore, the linearity is
assumed to be the semi-infinite diffusion in solid materials. The
NiO hybrid electrode has more ideal straight line along the
imaginary axis, indicating lower diffusion resistance.31 This may
be attributed to the porous carbon substrate and nano size
structures of NiO net that minimize the electrolyte diffusion
Journal Name, [year], [vol], 00–00 | 5
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still free of binders or other additives.
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Figure 4. (a) Electrochemical impedance spectra of supercapacitors with
CFP-supported NiO hybrid and flake electrodes (1.1 mg/cm2) measured
under open circuit voltage conditions. (b) Cycling performance of CFPsupported NiO hybrid electrode at mass loadings of 0.5 and 1.1 mg/cm2
(3000 CV cycles at a scan rate of 50 mV/sec).

Electrochemical stability is also a significant aspect that
critically influences the feasibility of CFP-supported hybrid NiO
as a practical electrode.32 Charge-discharge cycling of the hybrid
electrodes with active material loadings of 0.5 and 1.1 mg/cm2
were carried out for over 3,000 cycles using cyclic voltammetry
at a potential scan rate of 50 mV/s (Figure 4b). As the active mass
increases, the pseudocapacitive electrode often suffer from
limited cyclability due mainly to the fact that thicker active
electrode could not effectively release the mechanical strain
induced by the ion diffusion into the electrode.22 For the hybrid
electrode, however, no evident loss of capacitances was observed
under both mass loadings. In addition, the hybrid electrode still
6 | Journal Name, [year], [vol], 00–00
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retained a good electrochemical reversibility with
Coulombic efficiency in the first 3000 cycles.

99%

Figure 5. SEM images of the NiO hybrid structure of an
electrode (with oxide loading of 1.1 mg/cm2) on a carbon
fiber after 3,000 cycles: (a) low-magnification of a large area,
(b) high-magnification of a nanoflower, (c) highmagnification of the nanowire network (nanonet), showing
some particle-like morphology, and (d) cyclic voltammograms
at a scan rate of 50mV/s.
To study the chance in microstructure of activity materials
during cycling, we used SEM to examine the surface morphology
of samples with heavy loading of active materials (1.1mg/cm2)
after 3,000 cycles. The SEM images shown in Figure 5 suggest
that some of the initially well-connected nanonet is cracked;
some nanowires appear shorter; and other areas appear to have
nano-particles (marked with a circle on Figure 5 c.). The nanoflower appeared different as well (Figure 5b). Further,
thermogravimetricanalysis (TGA) suggests that the loading
amount of the oxide electrode decreased from 1.1 to 0.87 mg/cm2
after 3,000 cycles. The changes in morphological features
indicate that some of the active oxide materials may be dissolved
in the electrolyte during the charge/discharge cycling process.
However, there was no evidence of capacitance drop after the
first 3,000 cycles; in fact, a little bit improvement in performance
was observed during the first few hundred cycles (Figure 4b),
which could be attributed to an activation process observed for
the NiO electrode materials. However, additional careful
experiments must be performed to identify the detailed
degradation mechanism. We also performed a long-term stability
test of 10,000 cycles at a potential scan rate of 50 mV/s (Figure
5d). While the capacitance remained relatively constant during
the first few thousand cycles, small decrease in capacity became
observable later on. The capacitance decreased to about 70% of
the initial capacitance after 10,000 cycles. Still, the electrode has
better capacity retention than other pseudo-capacitor materials
and is suitable for practical applications. The improved cycling
stability and reversibility can be attributed to a number of factors.
Besides the good electrochemical integrity of nanonet and
nanoflower structures, the strong interfacial contact between NiO
layers and carbon fibers that likely resulted from the in-situ
hydrothermal growth may be another important enabling factor.

This journal is © The Royal Society of Chemistry [year]
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distance. It is thus believed that the combination of low charge
transfer and diffusion resistances is responsible for the high areal
capacitance and much-improved rate capability of the hybrid
electrode.
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10

In summary, we have demonstrated a hybrid-structured NiO on
carbon fiber paper as high-performance pseudo-capacitor
electrodes. The combination of nanonet and nanoflower
structures allows efficient electrochemical utilization of the NiO
electrodes for charge storage because it facilitates rapid transport
of ions and electrons. The unique electrode architecture greatly
reduced the resistance to charge transfer and ion diffusion,
demonstrating large areal capacitance, high rate capability, and
good cycling stability. The electrode has a good potential for the
development of light, compact, and high-performance
supercapacitors for a variety of power-demanding applications.
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