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ABSTRACT: The electrochemical performance of the pseudocapacitive materials is
seriously limited by poor electron and ions transport. Herein, an advanced integrated
electrode has been designed by growing the pseudocapacitive materials, including
CoxNi1−x(OH)2, CoxNi1−xO, and (CoxNi1−x)9S8, on a three-dimensional hollow
carbon nanorod arrays (HCNA) scaffold. The HCNA scaffold not only can provide
large surface area for increasing the mass loading of the pseudocapacitive materials,
but also is with good electrical conductivity and hollow structure for facilitating fast
electron and electrolyte ions transport, and thus improve the electrochemical
performance. Particularly, in comparison with CoxNi1−x(OH)2 and CoxNi1−xO
nanosheets, (CoxNi1−x)9S8 nanosheets on the HCNA scaffold exhibit better
electrochemical performance. The discharge areal capacitance of the
(CoxNi1−x)9S8/HCNA electrode can be achieved to 1.32 F cm−2 at 1 mA cm−2,
∼1.5 times as that of the CoxNi1−x(OH)2/HCNA electrode. The rate capability
performance is also improved. 71.8% of the capacitance is retained with increasing
the discharge current density from 1 to 10 mA cm−2, in contrast to ∼59.9% for the CoxNi1−x(OH)2/HCNA electrode.
Remarkably, the cycling stability is significantly enhanced. ∼111.2% of the initial capacitance is gained instead of decaying after
the 3000 cycles at 8 mA cm−2, while there is ∼11.5% loss for the CoxNi1−x(OH)2/HCNA electrode tested under the same
condition. Such good electrochemical performance can be ascribed by that (CoxNi1−x)9S8 exhibits the similar energy storage
mechanism as CoxNi1−x(OH)2 and CoxNi1−xO, and more importantly, is with better electrical conductivity.
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1. INTRODUCTION

Electrochemical capacitors, also called supercapacitors, have
attracted great interest because of their fast charge and
discharge rate, high power density (1−2 orders of magnitude
higher than lithium ion batteries), and long cycle life.1 In
general, two major types of electrochemical capacitors exist
depending on the underlying energy storage mechanism:
electric double-layer capacitors (EDLCs) and pseudocapaci-
tors.2 EDLCs store energy by the electrostatic accumulation of
charges in the electric double-layer near electrode/electrolyte
interfaces. However, it cannot achieve high enough energy
density to meet the ever-growing need for peak-power
assistance in electric vehicles. In contrast, pseudocapacitors
can obviously enhance the specific capacitance and energy
density by using interfacial reversible faradaic reactions to store
energy.
Traditional pseudocapacitive materials mainly include transi-

tional metal oxides/hydroxides,2,3 such as manganese oxides,4,5

cobalt−nickel oxides,6,7 cobalt−nickel layered double hydrox-
ides (LDHs),8,9 etc. However, their conductivity is typically too

low to support fast electron transport toward high rate
capability. An improved method is to search for new electrode
materials with good electrical conductivity and high specific
performance. Transition metal sulfides, such as CoSx, NiSx, and
NiCo2S4, are with higher electrical conductivity and quasi-
energy storage mechanism as the oxides, which recently have
been investigated as a new type electrode material for high
performance pseudocapacitors.10−15 However, in the prepara-
tion process of the electrodes, the polymer binder should be
introduced to load the electrode materials to the current
collector. Thus, the pseudocapacitive materials cannot achieve
the optimal performance because of poor electron transport
and long electrolyte ion diffusion paths.
To approach the optimal performance, in theory, the

thickness of the pseudocapacitive materials should be infinitely
small, which can ensure the complete utilization of the
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pseudocapacitive materials for energy storage because of the
fast electron and electrolyte ions transport. The feasible method
is to develop a three-dimensional (3D) charge conducting
nanostructured scaffold for loading the active materials,4,16−19

which owe their enhanced rate capability to the large surface
area and the short diffusion paths for both electron and
electrolyte ions. Carbonaceous nanomaterials are being widely
explored as electrode and scaffold materials because of their low
cost, low toxicity, better chemical stability, and better electrical
conductivity, as compared with the ZnO,20,21 SnO2,

22

Zn2SnO4,
23 NiO,24 H-TiO2,

25 and NiCo2O4 3D scaffolds.26,27

However, in the as-reported graphene paper and hydrogel
scaffold, graphene layers tend to self-aggreation because of the
interlayer π−π interaction, and thus decrease the surface area
and inhibit electrolyte ion transport.28−31 In addition, the
fabrication processes of CNTs and graphene 3D scaffolds via
chemical vapor deposition are so complex that limit their
practical applications.32−34 Herein, we report a facile method to
synthesize hollow carbon nanorod arrays (HCNA) on the
carbon fiber (CF) paper as a highly conductive 3D scaffold, on
which (Co, Ni)-based compounds, including CoxNi1−x(OH)2,
CoxNi1−xO and (CoxNi1−x)9S8 nanosheets, are grown via a
facile electrodeposition process and subsequent thermal
decomposition or vulcanization process.

2. EXPERIMENTAL SECTION
2.1. Preparation of the ZnO/C Nanorod Arrays Grown on

the Carbon Fiber (CF) Paper. To fabricate a three-dimensional
hollow carbon nanorod arrays (HCNA) grown on the CF were
prepared via a sacrificial template method. The details were described
as follows: First, the ZnO nanorod arrays grown on the CF were
typically prepared by the colloid pretreatment method.35 Anhydrous
zinc acetate and ethanolamine were dissolved into 2-methoxythanol.
The concentrations of both ethanolamine and zinc acetate were 5 mM.
The carbon fiber paper (1 cm × 2 cm) was put into the solution for 10
min, taken out, dried and annealed at 300 °C for 30 min to form the
ZnO seeds. The processes were repeated for three times. Then, the
carbon fiber paper containing the ZnO seeds was immersed in the 50
mM of Zn(NO3)2 and 50 mM of hexamethylenetetramine (C6H12N4)
solution for 12 h at 95 °C to form ZnO nanorod arrays. The carbon
fiber papers with ZnO nanorod arrays are then vertically inserted into
50 mM of glucose solution, which was sealed in a Teflon-lined
stainless autoclave. The Teflon-lined stainless autoclave was
subsequently placed in an oven, heated to 180 °C and kept at that
temperature for 12 h. After it was cooled down, the carbon fiber paper
was taken off, washed with DI water, and dried. Finally, the samples
were thermally treated at 700 °C under Ar atmosphere with a heating
rate of 10 °C min−1 for 1.0 h, forming the ZnO/C heterstructured
nanorod arrays on the carbon fiber paper.
2.2. Synthesis of CoxNi1−x(OH)2, CoxNi1−xO and (CoxNi1−x)9S8

Pseudocapacitive Materials on the Hollow Carbon Nanorod
Arrays (HCNA). The pseudocapacitive materials including
CoxNi1−x(OH)2, CoxNi1−xO, and (CoxNi1−x)9S8 are grown on the
hollow carbon nanorod arrays (HCNA) via a facile electrode-
deposition process and subsequent thermal decomposition or
vulcanization process. The details were described as follows: First,
the CoxNi1−x(OH)2 precursors are formed on the ZnO/C
heterstructured nanorod arrays in a standard three-electrode glass
cell at 25 °C by the potential static with −1.0 V for 8 min, where the
ZnO/C heterstructured nanorod arrays were as the working electrode,
the saturated calomel electrode (SCE) as the reference electrode, and
a Pt wire as the counter-electrode. The electrolyte was 0.1 M of CoCl2
and NiCl2 solution, with Ni2+/Co2+ concentration ratio of 1:1. Then,
the CoxNi1−x(OH)2 precursors were transformed into the CoxNi1−xO
via a thermal decomposition process at 400 °C for 1.0 h under Ar
atmosphere with a heating rate of 5 °C min−1, and were vulcanized in
0.2 M of thioacetamide at 95 °C for 12 h to form (CoxNi1−x)9S8.

Finally, the ZnO nanorod templates were etched in 1.0 M KOH
solution to form the CoxNi1−x(OH)2/HCNA, CoxNi1−xO/HCNA,
and (CoxNi1−x)9S8/HCNA electrodes.

2.3. Characterization. The morphologies were examined by
scanning electron microscopy (SEM) using NOVA NanoSEM 450 at
an accelerating voltage of 10 kV. Transmission electron microscopy
(TEM) observations were carried out on a FEI-Tecnai G20 U-Twin
operating both at 200 kV. X-ray diffraction (XRD) was performed on a
Philips PW-1830 X-ray diffractometer with Cu kα irradiation (λ =
1.5406 Å). The step size and scan rate are set as 0.05° and 0.025° s−1,
respectively. X-ray photoelectron spectroscopy (XPS) was measured
on a PerkinElmer model PHI 5600 XPS system with a resolution of
0.3−0.5 eV from a monochromated Al anode X-ray source with Kα
radiation (1486.6 eV). The electrochemical characterization was
carried out in a three electrode cell, where the electroactive materials
grown on the carbon fiber paper as the working electrodes, Pt foil
served as the counter electrode, Hg/HgO (1.0 M KOH solution) as
the reference electrode, and 1.0 M KOH aqueous solution as the
electrolyte. The electrochemical capacitor performance was evaluated
on a CHI 660E electrochemical workstation using cyclic voltammetry,
chronopotentiometry, and A. C. impedance techniques.

3. RESULTS AND DISCUSSION
The formation process of an advanced integrated electrode
designed by growing the pseudocapacitive materials on a
HCNA scaffold is schematically shown in Figure 1a. First of all,

ZnO nanorod arrays were uniformly grown and roughly
vertically aligned on the smooth carbon fibers by a simple route
(step I in Figure 1a), which can be seen from the XRD pattern
in Supporting Information Figure S1 and SEM images in Figure
1 b and c. A thin amorphous carbon layer was then deposited
on the surface of ZnO nanorods via the polymerization of
glucose and subsequent thermal reduction processes (step II in
Figure 1a and Figure 1d).
Co2+ and Ni2+ ions were subsequently deposited on the

ZnO/C heterostructured nanorod arrays via the potential static
deposition (step III in Figure 1a). After etching the ZnO
nanorod templates in alkaline solution, it can be seen from the

Figure 1. (a) Schematic graph of the formation process of
CoxNi1−x(OH)2, CoxNi1−xO, and (CoxNi1−x)9S8 nanomaterials grown
on a highly conductive hollow carbon nanotube array (HCNA)
scaffold, and (b−d) SEM images of carbon fiber (CF) paper, ZnO
nanorod arrays, and ZnO/C core−shell nanorod arrays grown on the
carbon fiber paper.
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XRD pattern the deposits are in form of CoxNi1−x(OH)2, and
the diffraction peaks ascribed to ZnO were not found
(Supporting Information Figure S1), further revealing the
complete dissolution of the ZnO nanorod templates. The
CoxNi1−x(OH)2 nanomaterials with nanosheet-shape are
uniformly and completely covered on the surface of HCNA
(Figure 2a and b). The TEM images in Figure 2c and d clearly

show the HCNA is with hollow structure, and CoxNi1−x(OH)2
nanosheets have no porous structure. As a control,
CoxNi1−x(OH)2 nanosheets also can be fully grown on the
surface of CF (Supporting Information Figure S2). As is well-
known, HCNA grown on the CF can obviously provide larger
surface area for growing CoxNi1−x(OH)2 nanosheets, as
compared with pristine CF. Thus, under the same electro-
depositon condition, the as-formed CoxNi1−x(OH)2/HCNA
electrode would have higher surface area than the
CoxNi1−x(OH)2/CF electrode.
The CoxNi1−x(OH)2 grown on the HCNA scaffold can be

transformed into CoxNi1−xO via the thermal decomposition
process (Step IV in Figure 1a and Supporting Information
Figure S1). The as-formed CoxNi1−xO nanomaterials conserve
the nanosheet-shape, and are completely grown on the HCNA
(Figure 3a and b). As seen from Figure 3c and d, it is found that
the CoxNi1−xO nanosheets are with porous structure, which
were formed by the water loss during the thermal treatment
process. The lattice fringes with an interlayer distance of 0.24
nm in Figure 3d corresponds to the lattice fringe of the (001)
crystal planes of CoxNi1−xO (JCPDS 03−065−6920), in
consistent with the XRD pattern.
The CoxNi1−x(OH)2 nanosheets were vulcanized in the

thioacetamide solution to form (CoxNi1−x)9S8, of which the
XRD pattern in Figure S1 is accordance with the standard
pattern JCPDS 03−065−6801. The hollow structure of HCNA
can be seen from the high magnification SEM image in inset of
Figure 4a. The (CoxNi1−x)9S8 nanomaterials are in the
nanosheet-shape, just like CoxNi1−x(OH)2 and CoxNi1−xO
nanosheets, and are completely grown on the surface of HCNA
(Figure 4a−c). The corresponding TEM image in Figure 4c
clearly reveals that the (CoxNi1−x)9S8 nanosheets are with
porous structure. The lattice fringes with an interlayer distance
of 0.23, 0.25, and 0.35 nm in Figure 4d are agreement with the
lattice fringe of the (331), (400) and (220) crystal planes of

(CoxNi1−x)9S8, respectively, in consistent with the XRD
pattern. EDX spectrum of (CoxNi1−x)9S8/HCNA in Supporting
Information Figure S3 reveals that there is O element in the
(CoxNi1−x)9S8/HCNA composites, which should be acribed to
HCNA, in consistent with XPS results discussed below. In
addition, Co, Ni and S elements originate from (CoxNi1−x)9S8.
Cu and C elements are from Cu grid, carbon film, CF, and
HCNA. Together with XRD and EDX results, it is found that
CoxNi1−x(OH)2 on the HCNA scaffod was completely
transformed into (CoxNi1−x)9S8.
To gain further information on the structure and

composition of the (CoxNi1−x)9S8/HCNA electrodes, we resort
to X-ray photoelectron spectroscopy (XPS) measurement and
the results be shown in Figure 5. The full XPS spectrum of
(CoxNi1−x)9S8/HCNA is presented in Figure 5a. In the C 1s
spectrum (Figure 5b), the binding energies at 284.5 and 288.0
eV are corresponding to C−C and CO, respectively. The
peak at 531.5 eV in the O 1s spectrum should be ascribed to
the binding energy of O−C rather than O−M (MCo, Ni)
(Figure 5c),9 which originates from HCNA. As regards the Co
2p XPS spectrum, it shows a doublet containing a low energy
band (Co 2p3/2) and a high energy band (Co 2p1/2) at 780.3
and 796.0 eV, respectively (Figure 5d). The spin−orbit splitting

Figure 2. (a, b) SEM and (c, d) TEM images of the CoxNi1−x(OH)2/
HCNA electrode.

Figure 3. (a, b) SEM and (c, d) TEM images of the CoxNi1−xO/
HCNA electrode.

Figure 4. (a, b) SEM and (c, d) TEM images of the (CoxNi1−x)9S8/
HCNA electrode.
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value of Co 2p1/2 and Co 2p3.2 is over 15 eV, suggesting the
coexistence of Co2+ and Co3+.36 Ni2+ is dominant in the
products, as seen from that the Ni 2p3/2 peaks (855.0 eV) is
close to 854.9 eV for Ni2+ but much lower than 857.1 eV for
Ni3+ (Figure 5e).37 The peak centered at ∼162.0 eV in the S 2p
spectrum is accordance with the binding energies of M−S
(MCo, Ni) (Figure 5f).10 The additional peak at ∼168.4 eV
can be attributed to sulfur species in high oxidation state, which
probably is due to the surface oxidation of (CoxNi1−x)9S8.

38

The XPS results indicate that CoxNi1−x(OH)2 reacted with
thioacetamide to form (CoxNi1−x)9S8, in consistent with the
XRD and EDX results and the literatures reported previously.39

The electrochemical performance was then investigated in a
three-electrode configuration using 1.0 M KOH electrolyte, as
shown in Figure 6. Figure 6a shows the cyclic voltammogram
(CV) curves at a scan rate of 5 mV s−1 in a potential window of
0−0.70 V. All CV curves shown here have a pair of redox peaks,

different from the substantially rectangular-shaped CV curves of
the ZnO, ZnO/C, and HCNA electrodes ascribed to the
electric double-layer capacitance (Supporting Information
Figure S4), indicating that the electrochemical performances
mainly result from the pseudocapacitance. The plateaus in the
galvanostatic charge/discharge curves also show the existence
of Faradaic processes and the characteristic of pseudocapaci-
tance in the electrodes (Figure 6b). As compared with that
directly deposited on the CF forming the CoxNi1−x(OH)2/CF
electrode, the CoxNi1−x(OH)2 nanosheets grown on a highly
conductive HCNA scaffold under the same deposition
condition exhibited a larger integrated area of CV curve,
indicating higher speific capacitance. It can be ascribed by that
the HCNA scaffold provided large surface area for enhancing
the mass loading of CoxNi1−x(OH)2, and was in favor of fast
electron and electrolyte ion transport disscussed below. The
CoxNi1−xO/HCNA and (CoxNi1−x)9S8/HCNA electrodes,

Figure 5. (a) XPS full spectra, and in the (b) C 1s, (c) O 1s, (d) Co 2p, (e) Ni 2p, and (f) S 2p regions of the (CoxNi1−x)9S8/HCNA electrode.
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which are transformed from the CoxNi1−x(OH)2/HCNA
composites via the thermal decompostion and vulcanization
processes, respectively, exhibit an anodic and cathodic peak.
The redox peaks correspond to the redox reaction of M-O/M-
OOH and M-S/M-SOH (MCo, Ni),6,12 respectively.
According to the integrated area of CV curves, it is found
that the (CoxNi1−x)9S8/HCNA electrode exhibits the highest
specific capacitance among the (Co, Ni)-based compounds/
HCNA electrodes, in accordance with the galvanostatic
charge−discharge curve shown in Figure 6b. This confirms
that the (CoxNi1−x)9S8 based electrode is superlative for
pseudocapacitive devices.
Rate capability is a critical parameter of electrochemical

capacitors for assessing the potential application, which can be
seen from the symmetry and IR-drop value of the galvanostatic

charge/discharge curves. Shown in Figure 6c is the
representative galvanostatic charge/discharge plots of the
(CoxNi1−x)9S8/HCNA electrode at the current densities of 1,
2, 5, and 10 mA cm−2. As compared with the CoxNi1−x(OH)2/
HCNA electrode, the charge/discharge curves of the
(CoxNi1−x)9S8/HCNA electrodes are with more symmetric
(Figure 6b), and smaller IR-drop value (∼10 mV) at a current
density of 1 mA cm−2. Even increasing to 10 mA cm−2, there is
less than 90 mV for the IR-drop value in the (CoxNi1−x)9S8/
HCNA electrode, much smaller than that in the
CoxNi1−x(OH)2/HCNA electrode (∼190 mV). Thus, the
(CoxNi1−x)9S8/HCNA electrode has a better rate capability
characteristic and superior reversible redox reaction, as
compared with the CoxNi1−x(OH)2/HCNA electrode.

Figure 6. Electrochemical performance of the CoxNi1−x(OH)2/CF, CoxNi1−x(OH)2/HCNA, CoxNi1−xO/HCNA, and (CoxNi1−x)9S8/HCNA
electrodes. (a) CV curves at a scan rate of 5 mV s−1. (b) Galvanostatic charge/discharge curves at a current density of 2 mA cm−1. (c) Galvanostatic
charge/discharge curves of the (CoxNi1−x)9S8/HCNA electrode at a current density of 1, 2, 5, and 10 mA cm−1. (d) Discharge areal capacitance
performance. (e) Normalized specific capacitance versus cycle number at a galvanostatic charge/discharge current density of 8 mA cm−2. (b) EIS
Nyquist plots of the CoxNi1−x(OH)2/HCNA, CoxNi1−xO/HCNA, and (CoxNi1−x)9S8/HCNA electrodes. Inset: Equivalent circuit diagram proposed
for analysis of the EIS data.
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The discharge areal capacitance performance calculated from
the galvanostatic charge/discharge curves is shown in Figure
6d. The discharge areal capacitance of the CoxNi1−x(OH)2/CF
electrode is 0.14 F cm−2 at 1 mA cm−2. While the
CoxNi1−x(OH)2/HCNA electrode formed under the same
electrodeposition condition as the CoxNi1−x(OH)2/CF elec-
trode, achieved the discharge areal capacitance to 0.88 F cm−2

at 1 mA cm−2. As compared with the CoxNi1−x(OH)2/CF
electrode, the improvement of the capacitive performance for
CoxNi1−x(OH)2 formed on the HCNA under the same
electrodeposition condition can be contributed by that the
HCNA scaffold with large surface area enhanced the mass
loading of CoxNi1−x(OH)2, and facilitated electron and
electrolyte ion diffusion, just like NiCo2O4 arrays in the
CoxNi1−x(OH)2/NiCo2O4 electrode.26 However, the
CoxNi1−x(OH)2/HCNA electrode exhibited lower discharge
areal capacitance than the CoxNi1−x(OH)2/NiCo2O4 electrode.
It can be ascribed by that the component HCNA exhibited
lower discharge areal capacitance (∼4.71 mF cm−2 at 100 mV
s−1), calculated from the integrated area of CV curve
(Supporting Information Figure S4), as compared with
NiCo2O4 array (∼0.5 F cm−2 at 2 mA cm−2). In addition,
the electrodeposition condition also can influence the capacitive
performance via altering the mass loading of CoxNi1−x(OH)2.
(Co xNi1− x)9S8 on the HCNA transformed from
CoxNi1−x(OH)2 can further increase the discharge areal
capacitance from 0.88 to 1.32 F cm−2. Even at a current
density of 10 mA cm−2, ∼71.8% of the initial specific
capacitance is retained, superior to ∼59.9% for the
CoxNi1−x(OH)2/HCNA electrode. Above results suggest that
the (CoxNi1−x)9S8/HCNA electrode showed higher specific
capacitance and better rate capability performance than the
CoxNi1−x(OH)2/HCNA electrode, may since (CoxNi1−x)9S8 is
with better electrical conductivity,10,13 which is also seen from
the charge transfer resistance (Rct) below, and with mesoporous
structure for facilitating the electrolyte ion diffusion.
Cycle stability is another key parameter in relation to the

performance of a supercapacitor, and was tested at a charge−
discharge current density of 8 mA cm−2 in the potential range
of 0 to 0.5 V for 3000 cycles, as shown in Figure 6e. The
CoxNi1−x(OH)2/CF electrodes exhibited poor cycling life,
∼24.4% loss after 3000 cycles. After CoxNi1−x(OH)2 was grown
on a highly conducting HCNA scaffold under the same
electrodeposition process, the cycling stability of the as-formed
CoxNi1−x(OH)2/HCNA electrode have slightly improved, ∼
11.5% loss after 3000 repetitive cycles, since the HCNA scaffold
enhances the electron transport from the electrode/electrolyte
interface. In comparison with that deposited on the NiCo2O4
nanorod arrays, in which over 18.7% of the initial specifc
capacitance was lost after 2000 cycles,26 CoxNi1−x(OH)2 grown
on the HCNA can show better cycle stability performance due
to better structural stability and electron transport of HCNA.
After transforming CoxNi1−x(OH)2 to CoxNi1−xO and
(CoxNi1−x)9S8 on a HCNA scaffold, the cycle stability
performance is significantly improved. The specific capacitances
have slightly increased in the initial several cycles, perhaps due
to self-activation process, corresponding to the redox reaction
of CoxNi1−xO and (CoxNi1−x)9S8 to CoxNi1−xOOH and
CoxNi1−xSOH.

12,15,40,41 Even after 3000 repetitive cycles, the
specific capacitance for the CoxNi1−xO/HCNA and CoxNi1−xS/
HCNA electrodes almost has no loss. The improvement of the
cycle stability performance is mainly ascribed to good electrical

conductivity and structure stability of the pseudocapacitive
materials themselves.
To further understand the electrochemical performance

characteristics, we resorted to electrochemical impedance
spectroscopy (EIS) carried out at open circuit potential with
an ac perturbation of 5 mV in the frequency range of 1000 kHz-
0.01 Hz. Figure 6f shows the Nyquist plots thus obtained. The
EIS data was fitted based on an equivalent circuit model
consisting of bulk solution resistance (Rs), charge-transfer
resistance (Rct), double-layer capacitance (Cdl), and Warburg
resistance (W), and the result is shown in inset of Figure 6f.
Notice that the charge-transfer resistance Rct, also called
Faraday resistance, is a limiting factor for the specific power of a
supercapacitor,23 hence low Faraday resistance really means a
high specific power achievable. The Rct values are in sequence
of (CoxNi1−x)9S8/HCNA (12.9 Ω) < CoxNi1−xO/HCNA (13.3
Ω) < CoxNi1−x(OH)2/HCNA (19.8 Ω). To recap, the results
clearly demonstrate the advantages of combining (CoxNi1−x)9S8
for energy storage and a highly conducting HCNA scaffold for
electron and ions transport in the hierarchical nanostructured
materials. The double-layer capacitance (Cdl) is closely related
to the surface area of electrode materials.34,37 As seen from EIS
data, the (CoxNi1−x)9S8/HCNA (1.32 × 10−7 F) and
CoxNi1−xO/HCNA (1.38 × 10−7 F) electrodes have larger
Cdl value, indicating higher surface area, as compared with the
CoxNi1−x(OH)2/HCNA electrode (2.05 × 10−8 F). It can be
ascribed to forming CoxNi1−xO and (CoxNi1−x)9S8 porous
nanosheets to increase the surface area after the thermal
deocomposition and vulcanization processes, as seen from
Figures 3d and 4c.
The energy and power densities are also the important

parameters related to the performance of supercapacitors.
Energy density is the ability to store energy and it determines
how long the supercapacitors can act as a power source. Power
density is the rate of energy transfer per unit volume, area or
mass and it determines how fast the energy could be discharged
or charged. The energy and power densities of the (Co, Ni)-
based compounds/HCNA based supercapacitors under differ-
ent operating conditions are calculated, and shown in
Supporting Information Figure S5. It is found that the
(CoxNi1−x)9S8/HCNA electrode can deliver the areal energy
density of 8.2 μWh cm−2 at a power density of 1.25 mW cm−2,
much higher than that of CoxNi1−x(OH)2/HCNA (4.6 μWh
cm−2), CoxNi1−x(OH)2/CF (0.9 μWh cm−2), and CoxNi1−xO/
HCNA (0.3 μW cm−2) electrodes. These results are also
superior to those reported for TiN nanowire arrays (4 μWh
cm−2),42 and MnO2 coated on hydrogenated-ZnO nanowire
arrays (3.2 μWh cm−2).43

Although (Co, Ni)-based compounds are with high
theoretical specific capacitance, the poor electron and electro-
lyte ion transport results in poor electrochemical performance,
and thus limit the wide application for supercapacitors. To
improve the behavior of electron and electrolyte ion transport,
(Co, Ni)-based compounds are deposited on a 3D HCNA
scaffold. The as-formed (Co, Ni)-based compounds/HCNA
electrodes exhibited superior electrochemical performance,
which is attributed to the following unique features. On one
hand, as compared with that directly deposited on the CF, (Co,
Ni)-based compounds formed on the HCNA scaffold can be in
favor of fast electron transport from the electrode/electrolyte
interface. More importantly, the as-formed HCNA scaffold
exhibits higher electrical conductivity than the oxide scaffolds
reported previously,20−23,26 such as, ZnO, which can be seen
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from the charge transfer resistance Rct of the ZnO (10.1 Ω) and
ZnO/C (2.8 Ω) nanorod arrays in Supporting Information
Figure S6. On the other hand, the HCNA scaffold is with large
surface area for increasing the mass loading of (Co, Ni)-based
compounds, and is with hollow structure for shortening
electrolyte ion diffusion paths. Thus, (Co, Ni)-based
compounds deposited on the HCNA scaffold can show
superior electrochemical performance. In addition, as compared
with CoxNi1−x(OH)2/HCNA and CoxNi1−xO/HCNA electro-
des, the (CoxNi1−x)9S8/HCNA electrode can further enhance
the electrochemical property for supercapacitors, which may be
ascribed to the structural and electrically conductive features of
(CoxNi1−x)9S8. First of all, (CoxNi1−x)9S8 not only has the
similar energy storage mechanism as CoxNi1−xO and
CoxNi1−x(OH)2, but also is with the porous structure to
provide more electroactive sites for energy storage, as seen from
Cdl value. Second, (CoxNi1−x)9S8 is with higher electrical
conductivity than CoxNi1−xO and CoxNi1−x(OH)2, which
promotes the charge transportation, as seen from Rct value.
Thus, integrating the synergistic contribution of (CoxNi1−x)9S8
and a highly conducting HCNA scaffold, the as-formed
(CoxNi1−x)9S8/HCNA electrode achieves the best electro-
chemical performance among the (Co, Ni)-based compounds/
HCNA electrodes.

4. CONCLUSIONS

In summary, we report a highly conductive 3D HCNA as the
scaffold for loading the pseudocapacitive materials including
CoxNi1−x(OH)2, CoxNi1−xO, and (CoxNi1−x)9S8 for high
performance supercapacitors. The HCNA scaffold has excellent
chemical stability, and thus is suitable for the different pH
environments of the electrolytes. More importantly, the HCNA
scaffold is with large surface area for increasing the mass loading
of the pseudocapacitive materials, and with hollow structure
and good electrical conductivity for facilitating electrolyte ion
and electron transport. As compared with CoxNi1−x(OH)2 and
CoxNi1−xO nanosheets, (CoxNi1−x)9S8 nanosheets grown on
the HCNA can achieve better electrochemical performance,
high to 1.32 F cm−2 at 1 mA cm−2, 71.8% of the retention ratio
with increasing the current density from 1 to 10 mA cm−2, and
no decay during the 3000 repetitive cycles. Such high
electrochemical capacitor performance should be ascribed by
that (CoxNi1−x)9S8 not only has the rich redox reaction for
energy storage, in much the same way as CoxNi1−x(OH)2 and
CoxNi1−xO, but also is with better electrical conductivity and
mesoporous structure in favor of electron and electrolyte ions
transport. We anticipate that such a designer hierarchical
architecture will be applicable to more extensive hybrid
materials and energy storage and conversion devices such as
lithium ion batteries, water splitting cells, and photodetectors.
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