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Hierarchical nanostructured electrodes with excellent electronic properties and high specific surface areas
have promising applications in high-performance supercapacitors. However, high active mass loading and
uniform structure are still crucial in fabricating such architectures. Herein, Co(OH), nanoflakes were
homogeneously deposited on nickel nanowire arrays (NNA) through a hydrothermal approach to form
an NNA@Co(OH), (NNACOH) composite electrode. The as-synthesized one dimensional (1D) system
had a lavender-like structure with a high mass loading of 5.42 mg cm™2 and a high specific surface area
of 745 m? g~1. Due to the unique electrode structure characteristics, the electrode could deliver a high
specific capacitance of 891.2 F g~! at the current density of 1 A g~! (corresponding to an areal
capacitance of 4.83 F cm™2 at 5.42 mA cm™2). The capacitance could still maintain a high value of 721 F
g~ when the current density is increased to 50 A g~ In addition, the electrode showed superior cycle
stability with a capacitance retention of 89.3% after charging/discharging at the current density of
10 A g*l for 20 000 cycles. A flexible asymmetric supercapacitor (ASC) was assembled by employing
NNACOH as the positive electrode and activated carbon (AC) as the negative electrode. It delivered
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1 Introduction

To address the critical challenges of both the energy crisis and
deteriorating ecological environment, great efforts have been
devoted to developing clean and sustainable energy storage
technologies such as batteries and electrochemical capacitors.
Electrochemical capacitors, also known as supercapacitors,
have attracted tremendous attention due to their unique prop-
erties such as high power density, fast charge-discharge
process, and long cycling life, which make them promising
candidates for next-generation energy storage devices.'”
Generally, supercapacitors can be classified into two categories
based on their energy storage mechanisms:* electric double-
layer capacitors (EDLCs) that store charges physically on the
surface during the charging process, and pseudocapacitors that
store energy through reversible faradaic reactions during the
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electrodes), showing the state-of-the-art energy storage ability of the Co(OH), cathode material at

charging process.> Nevertheless, the practical applications of
supercapacitors are still limited due to their low energy densi-
ties.>® Besides, the rate capabilities and cycle stabilities of
pseudocapacitors are usually inferior to those of EDLCs due to
insufficient charge transfer and structural instability.*”#®
Therefore, enhancing energy densities as well as improving rate
capabilities and cycle stabilities of pseudocapacitors simulta-
neously is a critically important yet challenging task.’

The energy storage performance of a supercapacitor depends
greatly on the electrochemical activity and the kinetic feature of
the electrode, which can be modulated by controlling the
composition and morphology of the electrode.'®** Transition
metal compounds have been intensively studied for energy
storage applications over decades.”® Various metal oxides,
hydroxides and sulfides have been developed as electrodes for
supercapacitors."*’* Among all available pseudocapacitive
materials, Co(OH), has recently attracted great attention due to
its high theoretical specific capacitance (about 3460 F g~ ') and
relatively low cost.'®® Furthermore, it has well-defined elec-
trochemical redox activity and unique layered structure with
large interlayer spacing, which can facilitate the diffusion of
electrolyte into electroactive material.” To date, Co(OH), and its
composites with various morphologies have been synthesized
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through various methods such as electrodeposition and
hydrothermal reactions.">* Nonetheless, the capacitances of
Co(OH), based electrodes reported in literatures are still far
lower than its theoretical value,**** which is primarily due to the
low electronic conductivity and insufficient active sites of the
electrode materials that result in sluggish electrode kinetics and
low specific capacitances and low rates.”®* A conventional
approach to improve the transport of electrons is to involve
conductive additives and polymer binders with the active
material powders, so as to improve the conductivity of the
electrode. But the introduction of non-active materials inevi-
tably compromise the energy density of the electrode.?® Another
approach is to use conductive substrates (e.g. nickel foam,
carbon clothes, graphene, and carbon nanotube, etc.) as the
current collector to fabricate free-standing electrodes, in which
the conductive substrates act as a highly porous conductive
network, enabling better access of ions and electrons to the
active sites, leading to enhanced electrode performances.*?>*%
For example, Hercule et al synthesized Co(OH), sheets on
nickel foam substrate with high specific capacitance and
excellent cycle stability.* Wang et al. grew Co(OH), needle
arrays on carbon nanotube foams and the composite exhibited
higher specific capacitance and improved rate capability.**
However, reticular conductive backbones such as nickel foam
and stainless steel mesh are not satisfactory due to their limited
specific surface area which results in depreciated volumetric
energy density of the electrode.* Nanostructured carbon based
scaffolds still face the challenge of distributing the inorganic
active materials evenly on the substrates in a facile method due
to the weak interaction between the inorganic active materials
and the carbon scaffold.?® Therefore, it is imperative to develop
a technology that is able to control the size and morphology as
well as the distribution of Co(OH), on the substrate to make full
utilization of interstitial spaces and active materials. With all
these considerations, we propose the controlled growth of thin
Co(OH), nanoflake arrays on a well-aligned ultrafine reticular
metallic conductive substrate to form a hierarchical electrode
through a hydrothermal method. This structure can not only
mitigate the contact resistance of the substrate and the active
materials and facilitate the transport of electrons and shorten
the transport distance of ions, but also improve the electrode-
electrolyte contact, which is of great assistance to improve the
performance of the electrode.***” Nonetheless, it is a challenge
to achieve such an electrode with a high mass loading of active
materials.

Here in this work, by using a facile one-step surfactant-free
hydrothermal method, we successfully grew thin Co(OH),
nanoflakes with open porous structure on 1D well-ordered,
highly-conductive and hydrophilic NNA substrate,*® and ob-
tained the NNACOH composite electrode with metallic hierar-
chical array structure. The lavender-structured composite
electrode showed both a high mass loading and a high specific
surface area, and delivered a greatly enhanced specific capaci-
tance with an improved rate capability and excellent cycle
stability. An asymmetric supercapacitor was assembled by
employing the composite electrode directly as the positive
electrode and an activated carbon (AC) electrode as the negative
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electrode, which not only had excellent mechanical flexibility,
but also delivered a high energy density together with a high
power density. The superior performance of the electrode could
be attributed to the rational design of its structure: by control-
ling the morphology and porosity of the Co(OH), nanoflakes
grown on NNA, we fabricated the well-ordered, hierarchical,
lavender-structured NNACOH electrode with abundant electro-
chemical active sites, improved electrolyte-electrode contact,
and facilitated electron/ion transport, which greatly enhanced
the performance of the electrode.

2 Results and discussion

Fig. 1 shows the process flow of the fabrication process of the
NNA//AC ASC device in this work. The preparation of NNA
follows our previous study with a modified condition.*® The
NNACOH composite electrode was prepared by growing
Co(OH), nanoflakes on NNA through a facile hydrothermal
reaction. The mass loading of the active material was measured
by calculating the mass change of the NNA before and after the
hydrothermal reaction and was measured to be 5.42 mg cm 2.
An ASC was assembled by employing the NNACOH composite
directly as the positive electrode and activated carbon (AC) as
the negative electrode (see Experimental section for details).

X-ray diffraction (XRD) was conducted to investigate the
crystallinity of the composite material. Fig. 2a provides the XRD
pattern of the NNACOH composite material electrode. The
diffraction peaks of the composite can be well indexed to
metallic nickel and B-Co(OH), (JCPDS card no. 30-0443), with
the peaks at 44.5°, 51.8° and 76.4° corresponding to the (111),
(200) and (220) planes of metallic nickel, and the peaks at 19.1°,
32.5°, 37.9° and 61.5° corresponding to the (001), (100), (101)
and (111) planes of B-Co(OH),, which indicates the successful
fabrication of the NNACOH composite material electrode. The
Brunauer-Emmett-Teller (BET) measurement was conducted to
study the porosity of NNACOH and nickel foam@Co(OH),
(NFCOH). Fig. 2b shows the nitrogen adsorption-desorption
isotherm of NNACOH. The type-II sorption behaviour with
a hysteresis loop in the P/P, range of 0.4-1.0 indicates that it has
multi-model and hierarchical porosity, ie., with mesopores
together with macropores.” The NNACOH sample has a pore
volume of 0.46 cm® g~" and a high specific surface area of 74.5
m® g, which is much higher than NFCOH (specific surface
area about 5.8 m”> g~ ' and total pore volume about 0.06 cm?® g™,
Fig. S1}). X-ray photoelectron spectroscopy (XPS) was conducted
to investigate the chemical states of the Co(OH), electrode
material. Fig. 2c shows the full XPS spectrum of NNACOH, from
which we can deduce the existence of Ni, Co, and O elements in
the composite electrode. Fig. 2d shows the XPS spectrum of Co
2p. The peaks at around 781.5 eV and 797.6 are attributed to the
Co 2p3/, and the Co 2py,,, respectively. The XPS spectrum of O
1s of the sample is presented in Fig. S2,T and the peak located at
around 532 eV can be assigned to OH™. The results in Fig. 2
suggest that B-Co(OH), is successfully grown on NNA with good
crystallinity and controlled porous structure.

Scanning electron microscope (SEM) and transmission
electron microscope (TEM) were conducted to investigate the

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Schematic illustration of the process flow of fabrication of the NNACOH//AC ASC this work. First, Co(OH), is grown on NNA through
hydrothermal reaction. Then the ASC is assembled by using the NNACOH electrode as the positive electrode and the AC electrode as the
negative electrode.
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Fig. 2 (a) XRD pattern of the NNACOH sample; (b) Nitrogen adsorption—desorption isotherm of the NNACOH sample, the inset showing the
pore-size distribution. (c) Full XPS of the NNACOH sample; (d) Co 2p XPS of the NNACOH sample.
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morphology and structure of the as prepared NNACOH sample.
The SEM image of pristine NNA (Fig. S31) shows that the surface
of NNA is smooth. Fig. 3a shows that the electrode maintains
the array-like structure of NNA. Fig. 3b presents the enlarged
view of Co(OH), anchored on NNA, showing that the Co(OH),
are interconnected petal-like thin flakes with abundant pores.
Nickel foam was also used as the substrate to grow Co(OH),
through the same method under the same condition (see
experimental section). The mass loading of NFCOH is about
5.23 mg cm 2, and its SEM image is presented in Fig. S41 for
comparison with NNACOH, from which we can see that the
Co(OH), flakes are less uniformly grown on nickel foam, which
may result in the loss of activity for the Co(OH), sheets that do
not have good contacts with the substrate. This can be attrib-
uted to the lower specific surface area of nickel foam, which
results in the planar and smooth surface of nickel foam at
nanoscale. This did not happen to NNA, as the surface of NNA is
curved at nanoscale, which facilitates the radial growth of
Co(OH), uniformly on NNA. Fig. 3c and d present the TEM
images of the NNACOH composite electrode, showing that the
composite has a hierarchical structure. The dark area in the
middle of the composite is attributed to NNA, and the light area
on the fringe of the composite is attributed to Co(OH), flakes.
Fig. 3e presents the HRTEM image of the Co(OH),. The lattice
fringes of the (100) plane (0.276 nm) and (101) plane (0.237 nm)
can be clearly observed, indicating good crystallinity of the
sample. Fig. 3f shows the selected area electron diffraction
(SAED) pattern of the Co(OH),. The diffraction rings can be
indexed to the (001), (100) and (101) plane of B-Co(OH), (JCPDS
card no. 30-0443), which is in good accordance with the XRD
result. The SEM and TEM results reveal the hierarchical
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structure of the NNACOH composite, with the Co(OH), flakes
covering uniformly on NNA.

The electrochemical performance of the as-synthesized
NNACOH composite electrode was evaluated in a three-
electrode system, with NNACOH directly used as the working
electrode, a platinum foil as the counter electrode, a saturated
calomel electrode (SCE) as the reference electrode, and a 1 M
KOH aqueous solution as the electrolyte, respectively. The CV
curves of the NNACOH electrode with the potential window
from —0.10 to 0.50 V at the scan rate ranging from 1 to 100 mV
s~ ' is presented in Fig. 4a. As can be seen, all curves show two
pairs of well-defined redox peaks instead of rectangular shape,
indicating the pseudocapacitance of the electrode. The CV
curves show no distortion even at a high scan rate of 100 mV
s~ ', indicating that the electrode is favorable for fast faradaic
reactions. The NNA contributes to negligible capacitance to the
NNACOH electrode, which can be seen from the cyclic voltam-
metry (CV) curves of both the NNACOH electrode and NNA
(Fig. S57). Fig. 4b presents the galvanostatic charge/discharge
(GCD) curves of the electrode with the potential window from
—0.10 to 0.50 V at the current density ranging from 1to 50 Ag ™.
The quasi-triangular shape with a plateau at about 0.1 to 0.3 V
confirms the pseudocapacitance of the electrode. The plateau
can be attributed to the following reversible redox reactions:*

Co(OH), + OH™ « CoOOH + H,0 + ¢~ (1)
CoOOH + OH™ < Co0O, + H,O + ¢~ (2)

Fig. 4c presents the CV curves of NNACOH and NFCOH at the
scan rate of 20 mV s~ . It can be seen that the curve of NNACOH

Fig. 3

(a) SEM image of the NNACOH sample at low magnification; (b) SEM image of the NNACOH sample at high magnification; (c) TEM image

of the NNACOH sample at low magnification; (d) TEM image of the NNACOH sample at high magnification; () HRTEM image of the NNACOH

sample; (f) SAED pattern of the NNACOH sample.
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Fig.4 (a) CV curves of the NNACOH electrode at different scan rates; (b) GCD curves of the NNACOH electrode at different current densities; (c)

CV curves of the NNACOH electrode and the NFCOH electrode at the scan rate of 20 mV s™%; (d) GCD curves of the NNACOH electrode and the
NFCOH electrode at the current density of 5 A g~%; (e) rate capability of the NNACOH electrode and the NFCOH electrode; (f) cycle stability at the
current density of 10 A g~* of the NNACOH electrode and the NFCOH electrode.

shows a larger enclosed area than that of NFCOH, indicating
that NNACOH has higher specific capacitance. The CV curve of
NNACOH shows two well-defined pairs of peaks. The first pair of
peak at about 0.1 V is attributed to the reversible transition of
Co>"/Co*" based on reaction (1), and the second pair of peaks at
about 0.4 V is attributed to the reversible transition of Co**/Co™*"
based on reaction (2).* The CV curves of NFCOH showed only
one pair of well-defined peaks, with the pair of peaks at about
0.1 V shrinking, which may be due to the formation of Ni/Co
hydroxides. With increasing nickel percentage in cobalt
hydroxide, the redox peak at about 0.1 V tend to disappear, and
the redox peak at about 0.4 V tend to move to higher potential
positions.’ This does not happen to NNACOH, because the mass
of NNA is only 3.13 mg cm™?, which is much lower than the
mass of NF (18.17 mg cm™2). Fig. 4d shows the GCD curves of
NNACOH and NFCOH, and the longer discharge time of the
NNACOH electrode confirms that it has higher specific capaci-
tance. Fig. 4e shows the capacitances of the electrodes as
a function of current density. The capacitance of the NNACOH
electrode was calculated to be 891.2, 877.1, 862.5, 841.9, 806.2
and 721.7 F g~ ' at the current density of 1, 2, 5,10, 20,50 Ag™ ",
with a capacitance retention of up to 80.9% from 1to 50 Ag ™",
while the capacitance of the NFCOH electrode was calculated to
be only 534.3, 501.5, 460.3, 422.8, 351.6, and 256.1 F g ',
respectively, with a capacitance retention of only 47.9% from 1
to 50 A g ' (based on the mass of active materials). The cycle
stabilities of the electrodes were measured by repeatedly
charging/discharging the electrodes at the current density of
10 A g ' and the results are presented in Fig. 4f. The NFCOH
electrode exhibited a relatively poor cycle stability, with

This journal is © The Royal Society of Chemistry 2018

a capacitance retention of only 54.3% after 20 000 cycles, while
the NNACOH electrode has a high capacitance retention of
89.3%, which is the among the highest for Co(OH), based
electrodes and even comparable to that of EDLCs (see Table
S1t). The excellent electrochemical performance of the NNA-
COH electrode can be ascribed to its unique stable hierarchical
open porous structure. NNA act as the robust scaffold to support
Co(OH), flakes, so as to prevent the aggregation of Co(OH),
flakes, and to provide fast electron channels; while thin
Co(OH), flakes with large interlayer spaces act as the active
materials which can provide rich redox sites and rapid electro-
Iyte accessibility, shorten the ion diffusion paths, and release
strain during faradaic process. All these features endow the
composite electrode with fast and high capacity energy
storage.*

Based on our literature survey (Table S17), only a few works
have reported the performance of the Co(OH), based super-
capacitor device. Here, to evaluate the performance of the
composite material at device level, an ASC was assembled with
a thickness of about 400 pm by employing the NNACOH elec-
trode directly as the positive electrode, AC electrode as the
negative electrode, 1 M KOH aqueous solution as the electrolyte,
and glass fiber as the separator, respectively. The working
potential of the device can be extended to 1.6 V. The device was
tested in a two-electrode system. The CV plot of the AC electrode
is presented in Fig. S7.T The quasi-rectangular shape indicates
EDLC behaviour of the electrode. The capacitance of the AC
electrode is calculated to be 74 F g~ * at 1 mV s *. Fig. 5a shows
the representative CV plot of the ASC with the potential window
from 0 to 1.6 V at scan rates ranging from 2 to 100 mV s~ . It can

RSC Adv., 2018, 8, 17263-17271 | 17267
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be seen that the ASC exhibits excellent capacitive behavior with
contributions from both the NNACOH and the AC electrode.
The CV curve showed no distortion even at a high scan rate of
100 mV s, indicating good rate capability of the device. The
GCD curves of the ASC are shown in Fig. 5b. The quasi-
triangular shape with good symmetry indicates good revers-
ibility of the device. Electrochemical impedance spectroscopy
was conducted to investigate the resistance of the device, and
the Nyquist plot of the device is presented in Fig. 5c¢, with the
inset on the top showing the equivalent circuit consisting of
a series resistance (Ry), a charge transfer resistance (R.),
a capacitive element (C1), and a Warburg impedance (W), and
the inset in the middle showing the Nyquist plot of the device in
high-frequency region. The simulated R, and R, of the device
are only 3.1 Q and 1.4 Q, respectively, indicating low contact
resistance and excellent charge transfer ability of the device.
This could be attributed to the fact that the hierarchical struc-
ture of the NNACOH electrode provides an appropriate struc-
ture for both electronic conduction and ionic
transportation.*»** Fig. 5d shows the CV curves of the device at
different bending angles. The shapes of the CV curves stayed
almost unchanged at bending angles from 0-180°, indicating
excellent mechanical flexibility of the device, which makes it
promising for applications in various fields such as the flexible
electronic devices.*** Furthermore, the device can deliver
a maximum energy density of 23.1 W h kg™ at the power
density of 712 W kg ' and still an energy density of
13.5 W h kg™ ! at the maximum power density of 14.7 kW kg ™"
(based on the total mass of electrodes), which outperforms the
flower-like Co(OH),, the Co(OH), nanowires, Co(OH), on

—
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carbon nanotube (CNT) and Co(OH),/graphene etc. ever re-
ported in literatures (see the Ragone plot in Fig. 5e), indicating
that the NNACOH electrode is beneficial to achieve better
electrode properties and device functions. The cycle stability
and coulombic efficiency of the device was tested by repeatedly
charging and discharging the device at the current density of
10 A g * for 20 000 cycles, and the results are shown in Fig. 5f,
with the inset showing the device powering twelve light-
emitting diodes in parallel. The device has a remarkable cycle
stability of about 86.3% after 20 000 cycles, with coulombic
efficiencies of nearly 100% in each cycle, which indicates that
the device has a long operation life.

To further demonstrate the performance of the ASC for
practical applications, two ASCs in parallel and two ASCs in
series are connected with each other and tested by GCD.
Fig. S8at shows that when the two ASCs are connected in series
under the same working potential of 1.6 V, a doubled charging/
discharging duration can be obtained. On the other hand, the
working potential can be extended to about 3.2 V (Fig. S8bt)
when the two ASCs are connected in series.

The excellent performance of the electrode and the device
can be attributed to the rational structural design of the NNA-
COH electrode structure. By using a facile hydrothermal
method to uniformly grow Co(OH), nanoflakes on the top of
NNA scaffold, and to control the morphology and porosity of the
electrode structure, a lavender-like hierarchical electrode
structure is obtained with a high mass loading and large
specific surface area. The electrode can not only provide abun-
dant electrochemical active sites and mitigate the contact
resistance between the substrate and the active materials, but
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Fig. 5 (a) CV plot of the NNACOH//AC ASC at different scan rates; (b) GCD curves of the NNACOH//AC ASC at different scan rates; (c) Nyquist

plot of the NNACOH//AC ASC, the insets showing the equivalent circuit and the Nyquist plot in high-frequency region, respectively; (d) CV curves
of the NNACOH//AC ASC at the scan rate of 5mV s~ at different bending angles; (e) Ragone plot of the NNACOH//AC ASC (the energy densities,
and power densities are based on the total mass of electrodes); (f) Cycle stability and coulombic efficiency of NNACOH//AC ASC, the inset

showing the device powering 12 LEDs in parallel when being bended.
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also facilitate electron/ion transport and releases stress during
redox reactions, which can critically enhance its performance.

3 Experimental section

All chemicals are acquired from Alfa Aesar and directly used
without further purification. The detailed synthesis process is
as follows.

3.1 Synthesis of NNA

The NNA is synthesized via a template-free method. Typically,
a piece of Ti foil was deposited with an active seed layer of Pd
through electroless plating. Ni nanoparticles were generated
through the reaction of NiCl, solution and hydrazine at the
temperature of 80 °C, and the Ni nanoparticles were assembled
onto the Pd layer by applying a magnetic field vertical to the Ti
foil. After reacting for 60 min, nickel nanowire arrays were
successfully grown vertically on Ti foil.

3.2 Fabrication of NNACOH

The NNACOH electrode sample was synthesized through
hydrothermal method. In a typical procedure, 1.5 mmol
Co(NO3),-6H,0 and 2.2 mmol hexamethylenetetramine
(HMTL) were dissolved into 30 mL deionized water by contin-
uous stirring to form a transparent pink solution. The solution
was transferred to a 50 mL autoclave and, followed by
immersing a piece of NNA (2 cm x 2 cm) into the solution. The
autoclave was then sealed and heated at 120 °C for 12 h. Then
the sample was taken out and washed with deionized water and
ethanol for several times and dried at 50 °C in air overnight.

3.3 Fabrication of NFCOH

The NNACOH was synthesized using a method similar to the
fabrication of NNACOH. NNA was replaced by a piece of nickel
foam (2 cm x 2 c¢m) in the hydrothermal reaction.

3.4 Fabrication of the activated carbon electrode

The AC electrode was prepared by mixing commercial AC,
acetylene black and PVDF with a mass ratio of 7 : 2 : 1 in NMP
and then dispensed on Ti foil.

3.5 Fabrication of NNACOH//AC ASC

The NNACOH//AC ASC was assembled by using NNACOH as the
positive electrode and AC electrode as the negative electrode.

The masses of the positive and negative electrodes were
balanced according to the equation below:

my — C§+A V- (3)

m_  Cs AV,
where m, and m_ are the masses of the positive electrode and
the negative electrode, respectively; Cs; and C_ are the specific
capacitances of the positive electrode and the negative elec-
trode, respectively; AV, and AV_ are the voltage ranges of the
positive electrode and the negative electrode, respectively.
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3.6 Material characterizations

The crystal structure of the samples was characterized by X-ray
powder diffraction patterns (XRD, Rint-2000V/PC, Rigaku,
Japan). The morphology of the sample was studied by Field-
Emission Scanning Electron Microscopy (FE-SEM, Carl Zeiss,
ZEISS SUPRA55). The structure of the sample was investigated
Field-Emission Transmission Electron Microscopy (FEI Tecnai
G” F30). X-ray photoelectron spectroscopy (XPS) was conducted
on X-ray photon-electron spectrometer (XPS, Thermo Fisher,
ESCALAB 250X). The textural characterizations of the samples
were performed by nitrogen adsorption at 77 K in a micro-
meritics ASAP 2020 apparatus, and the specific surface areas
were measured via Brunauer-Emmett-Teller (BET) method.

3.7 Electrochemical measurements

The electrochemical properties of the single electrodes were
measured at room temperature in three-electrode configuration
in 1 M KOH solution, with NNACOH as the working electrode,
a Pt foil and a saturated calomel electrode as the counter elec-
trode and the reference electrode, respectively. The electro-
chemical measurements of devices were conducted in two-
electrode configuration with NNACOH as the positive elec-
trode and AC as the negative electrode. The electrochemical
properties of the samples were all evaluated using a VMP3
electrochemical working station.

The capacitances of the active materials were calculated
from GCD curves according to the following equations:

IA¢
= @

where I is the current density, At is the discharge time, m is the
mass of active materials, V is the potential range, and Cj is the
specific capacitance of the electrode.

The capacitances of the devices were calculated from GCD
curves according to the following equations:

1At
MAV

(5)

Casc =

where I is the current density, At is the discharge time, M is the
total mass of positive and negative materials (M =m, + m_), Vis
the potential range, and Cjygc is the specific capacitance of the
asymmetric supercapacitor.

The calculations of energy and power density of ASC are
based on the total weight of the two electrodes in the ASC
according to the following equations:

CascAV?
B (6)
E CascAV?
e 2
At 2At )

where E is the energy density, P is the power density, Casc is the
capacitance of the asymmetric supercapacitor, AV is the
potential range, and At is the discharge time.

Electrochemical impedance spectroscopy (EIS) measure-
ments were made in the frequency range of 0.01-100 000 Hz by
applying an alternating current voltage with 5 mV perturbation.
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4 Conclusion and outlook

In summary, we synthesized the NNA@Co(OH), composite
electrode by growing Co(OH), nanoflakes on highly conductive
NNA through a facile hydrothermal method, and obtained the
NNACOH composite with high specific surface area. The
composite electrode exhibited a high specific capacitance of
891.2 F ¢ ' and a high rate capability with a capacitance
retention of 80.9% from 1 to 50 A g '. The electrode also
exhibited an excellent cycle stability, with a capacitance reten-
tion of 89.4% after 20 000 cycles at 10 A g '. An asymmetric
supercapacitor consisting of the NNACOH cathode coupled
with an AC anode delivered a high energy density of
23.1 W h kg™ " at the power density of 712 W kg~ ' and still an
energy density of 13.5 W h kg™ " at the maximum power density
of 14.7 kW kg~ ' (based on the total mass of the electrodes). In
addition, it showed excellent mechanical flexibility, which
made it promising for practical applications in various energy
storage fields. The excellent performance of the electrode could
be ascribed to its stable and open-porous hierarchical structure,
which not only facilitated the transport of electrons and ions,
but also contributed to the release of strain during charging/
discharging process. In short, by rationally designing the
structure and elaborately controlling the fabrication process of
the electrode, we successfully boosted the energy storage
performance characteristics significantly for the Co(OH), based
electrode system. We expect that our work will also inspire
development of other pseudocapacitive electrode structures for
energy storage applications.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors thank the National Key Basic Research Program of
China (Project No. 2014CB932400), the National Nature Science
Foundation of China (Project No. 51578310 & 51607102), China
Postdoctoral Science Foundation (Project No. 2016M601001),
Guangdong Province Science and Technology Department
(Project No. 2015B010127009 & 2015A030306010), Guangzhou
Government (Project No. 201604016072), and Shenzhen
Government (Project No. JCYJ20170412171720306) for financial
supports.

Notes and references

1 P. Simon and Y. Gogotsi, Nat. Mater., 2008, 7, 845-854.

2 G. Wang, L. Zhang and J. Zhang, Chem. Soc. Rev., 2012, 41,
797-828.

3 H. Chen, L. Hu, M. Chen, Y. Yan and L. Wu, Adv. Funct.
Mater., 2014, 24, 934-942.

4 B. Zhao, D. Chen, X. Xiong, B. Song, R. Hu, Q. Zhang,
B. H. Rainwater, G. H. Waller, D. Zhen, Y. Ding, Y. Chen,
C. Qu, D. Dang, C.-P. Wong and M. Liu, Energy Storage
Materials, 2017, 7, 32-39.

17270 | RSC Adv., 2018, 8, 17263-17271

View Article Online

Paper

5 S.Gao, Y. Sun, F. Lei, L. Liang, J. Liu, W. Bi, B. Pan and Y. Xie,
Angew. Chem., Int. Ed. Engl., 2014, 53, 12789-12793.

6 P. Vialat, C. Mousty, C. Taviot-Gueho, G. Renaudin,
H. Martinez, J.-C. Dupin, E. Elkaim and F. Leroux, Adv.
Funct. Mater., 2014, 24, 4831-4842.

7 Z. 1i, J. Wang, L. Niu, J. Sun, P. Gong, W. Hong, L. Ma and
S. Yang, J. Power Sources, 2014, 245, 224-231.

8 H. Chen, L. Hu, Y. Yan, R. Che, M. Chen and L. Wu, Adv.
Energy Mater., 2013, 3, 1636-1646.

9 G. Du, P. Liu, X. Yang, J. Zhang, X. Wang and X. Sun, RSC
Adv., 2015, 5, 38324-38329.

10 M. R. Lukatskaya, B. Dunn and Y. Gogotsi, Nat. Commun.,
2016, 7, 12647.

11 G. Li, R. Li and W. Zhou, Nano-Micro Lett., 2017, 9, 46.

12 Y. Tang, Y. Liu, S. Yu, S. Mu, S. Xiao, Y. Zhao and F. Gao, J.
Power Sources, 2014, 256, 160-169.

13 X. Zheng, H. Quan, X. Li, H. He, Q. Ye, X. Xu and F. Wang,
Nanoscale, 2016, 8, 17055-17063.

14 H. Pang, X. Li, Q. Zhao, H. Xue, W.-Y. Lai, Z. Hu and
W. Huang, Nano Energy, 2017, 35, 138-145.

15 T. Xu, L. Zhao, Z. Wu, Y. Liu, Z. Zeng, K. Zhu and G. Li, Mater.
Lett., 2017, 186, 74-77.

16 R. Della Noce, S. Eugénio, T. M. Silva, M. J. Carmezim and
M. F. Montemor, J. Power Sources, 2015, 288, 234-242.

17 Y.K.Kim, S. 1. Cha and S. H. Hong, J. Mater. Chem. A, 2013, 1,
9802.

18 R. Wang, X. Yan, ]J. Lang, Z. Zheng and P. Zhang, J. Mater.
Chem. A, 2014, 2, 12724-12732.

19 V. Gupta, T. Kusahara, H. Toyama, S. Gupta and N. Miura,
Electrochem. Commun., 2007, 9, 2315-2319.

20 J.-K. Chang, C.-M. Wu and I. W. Sun, J. Mater. Chem., 2010,
20, 3729.

21 T. Zhao, H. Jiang and J. Ma, J. Power Sources, 2011, 196, 860-
864.

22 Q. Huang, J. Wang, F. Liu, X. Chang, H. Chen, H. Lin and
S. Han, RSC Adv., 2016, 6, 16745-16750.

23 P. Dai, T. Yan, L. Hu, Z. Pang, Z. Bao, M. Wu, G. Li, J. Fang
and Z. Peng, J. Mater. Chem. A, 2017, 5, 19203-19209.

24 C. Wang, H. Qu, T. Peng, K. Mei, Y. Qiu, Y. Lu, Y. Luo and
B. Yu, Electrochim. Acta, 2016, 191, 133-141.

25 Z. Yu, Z. Cheng, X. Wang, S. X. Dou and X. Kong, J. Mater.
Chem. A, 2017, 5, 7968-7978.

26 C. Zhao, F. Ren, X. Xue, W. Zheng, X. Wang and L. Chang, J.
Electroanal. Chem., 2016, 782, 98-102.

27 D. Yu, Y. Wang, L. Zhang, Z.-X. Low, X. Zhang, F. Chen,
Y. Feng and H. Wang, Nano Energy, 2014, 10, 153-162.

28 L. Shen, J. Wang, G. Xu, H. Li, H. Dou and X. Zhang, Adv.
Energy Mater., 2015, 5, 1400977.

29 C. Zhao, X. Wang, S. Wang, Y. Wang, Y. Zhao and W. Zheng,
Int. J. Hydrogen Energy, 2012, 37, 11846-11852.

30 X. Wu, Z. Han, X. Zheng, S. Yao, X. Yang and T. Zhai, Nano
Energy, 2017, 31, 410-417.

31 K. M. Hercule, Q. Wei, A. M. Khan, Y. Zhao, X. Tian and
L. Mai, Nano Lett., 2013, 13, 5685-5691.

32 C. Xu, Z. Li, C. Yang, P. Zou, B. Xie, Z. Lin, Z. Zhang, B. Li,
F. Kang and C. P. Wong, Adv. Mater., 2016, 28, 4105-4110.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra02844c

Open Access Article. Published on 11 May 2018. Downloaded on 3/8/2026 11:45:41 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

33 T. Zhu, H. B. Wu, Y. Wang, R. Xu and X. W. D. Lou, Adv.
Energy Mater., 2012, 2, 1497-1502.

34 T. Xue and ]J.-M. Lee, J. Power Sources, 2014, 245, 194-202.

35 Q. Zhang, X. Wang, Z. Pan, ]J. Sun, J. Zhao, J. Zhang,
C. Zhang, L. Tang, J. Luo, B. Song, Z. Zhang, W. Lu, Q. Li,
Y. Zhang and Y. Yao, Nano Lett., 2017, 17, 2719-2726.

36 Q. Zhang, W. Xu, J. Sun, Z. Pan, J. Zhao, X. Wang, J. Zhang,
P. Man, J. Guo, Z. Zhou, B. He, Z. Zhang, Q. Li, Y. Zhang,
L. Xu and Y. Yao, Nano Lett., 2017, 17, 7552-7560.

37 Y. Zhao, Z. Chen, D.-B. Xiong, Y. Qiao, Y. Tang and F. Gao,
Sci. Rep., 2016, 6, 17613.

38 C. Xu, J. Liao, R. Wang, P. Zou, R. Wang, F. Kang and
C. Yang, RSC Adbv., 2016, 6, 110112-110119.

39 F. Cao, G. X. Pan, P. S. Tang and H. F. Chen, J. Power Sources,
2012, 216, 395-399.

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances

40 J. Jiang, J. Liu, R. Ding, J. Zhu, Y. Li, A. Hu, X. Li and
X. Huang, ACS Appl. Mater. Interfaces, 2011, 3, 99-103.

41 M. Wang, Y. Zhao, X. Zhang, R. Qi, S. Shi, Z. Li, Q. Wang and
Y. Zhao, Electrochim. Acta, 2018, 272, 184-191.

42 M. Wang, F. Jin, X. Zhang, J. Wang, S. Huang, X. Zhang,
S. Mu, Y. Zhao and Y. Zhao, ACS Sustainable Chem. Eng.,
2017, 5, 5679-5685.

43 Z. Chen, D. B. Xiong, X. Zhang, H. Ma, M. Xia and Y. Zhao,
Nanoscale, 2016, 8, 6636—6645.

44 ]. Zhao, C. Li, Q. Zhang, J. Zhang, X. Wang, Z. Lin, J. Wang,
W. Lv, C. Lu, C.-p. Wong and Y. Yao, J. Mater. Chem. A, 2017,
5, 6928-6936.

45 Q. Zhang, J. Sun, Z. Pan, ]J. Zhang, ]J. Zhao, X. Wang,
C. Zhang, Y. Yao, W. Lu, Q. Li, Y. Zhang and Z. Zhang,
Nano Energy, 2017, 39, 219-228.

RSC Adv., 2018, 8, 1726317271 | 17271


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra02844c

	Lavender-like cobalt hydroxide nanoflakes deposited on nickel nanowire arrays for high-performance supercapacitorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02844c
	Lavender-like cobalt hydroxide nanoflakes deposited on nickel nanowire arrays for high-performance supercapacitorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02844c
	Lavender-like cobalt hydroxide nanoflakes deposited on nickel nanowire arrays for high-performance supercapacitorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02844c
	Lavender-like cobalt hydroxide nanoflakes deposited on nickel nanowire arrays for high-performance supercapacitorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02844c
	Lavender-like cobalt hydroxide nanoflakes deposited on nickel nanowire arrays for high-performance supercapacitorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02844c
	Lavender-like cobalt hydroxide nanoflakes deposited on nickel nanowire arrays for high-performance supercapacitorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02844c
	Lavender-like cobalt hydroxide nanoflakes deposited on nickel nanowire arrays for high-performance supercapacitorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02844c
	Lavender-like cobalt hydroxide nanoflakes deposited on nickel nanowire arrays for high-performance supercapacitorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02844c
	Lavender-like cobalt hydroxide nanoflakes deposited on nickel nanowire arrays for high-performance supercapacitorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02844c
	Lavender-like cobalt hydroxide nanoflakes deposited on nickel nanowire arrays for high-performance supercapacitorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02844c
	Lavender-like cobalt hydroxide nanoflakes deposited on nickel nanowire arrays for high-performance supercapacitorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02844c

	Lavender-like cobalt hydroxide nanoflakes deposited on nickel nanowire arrays for high-performance supercapacitorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02844c
	Lavender-like cobalt hydroxide nanoflakes deposited on nickel nanowire arrays for high-performance supercapacitorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02844c
	Lavender-like cobalt hydroxide nanoflakes deposited on nickel nanowire arrays for high-performance supercapacitorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02844c


