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ABSTRACT: Large-area Co(OH),-based supercapacitor elec-
trodes composed of nanotube arrays grown on a 3D nickel-
foam (CONTA) electrode and sucker-like nanoporous films
grown on a 3D nickel-foam (COSNP) electrode were
prepared with a facile electrochemical method for applications
in energy storage. These nanoporous Co(OH), electrodes
were fabricated with the codeposition of Cu/Ni film on the
nickel foam, then etching of Cu from the Cu/Ni layer to form
Ni nanotube arrays and sucker-like Ni nanoporous layers, and
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further cathodic deposition of Co(OH), on the prepared nanoporous Ni substrates. The CONTA and COSNP electrodes
exhibited specific capacitances of 2500 and 2900 F/g in a voltage range of 0.65 V (capacitance of the substrates deducted from
the total) at 1 A/g in a three electrode cell, respectively. The COSNP electrode demonstrated an excellent supercapacitive
performance with specific capacitances 1100 F/g at 1 A/g and 850 F/g at 20 A/g in a voltage range of 1.2 V in a two electrode
cell. The remarkable performance of COSNP electrodes correlated with a large conversion of the Co oxidation state during the
charge/discharge cycling were examined by in situ X-ray absorption near edge structure (XANES).
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1. INTRODUCTION

With ever-increasing global warming and the approaching
depletion of fossil fuels, a target of much research is to develop
sustainable and renewable clean production of alternative
energy from the sun, wind, and so on!™® Among all advanced
battery systems, lithium-ion batteries have captured the
movable electronic market, but to serve the upcoming markets
for energy storage on a large scale, much improved capacity of
energy storage is immediately needed>”® In recent years,
electrochemical capacitors (ECs) have obtained great attention
as an important device to store energy owing to their large
power densities, good life-cycle, and fast-recharge capability.'®
They have hence became progressively attractive for use in
global customer electronics, devices for hybrid electric vehicles,
and medical systems. Pseudocapacitors, in which the
capacitance is recognized dominantly to the reversible and
continuous oxidation/reduction reactions of electrodes as an
intermediate system between Li-ion batteries and dielectric
capacitors,'* have attracted considerable attention because not
only are the corresponding energy densities better than those of
typical carbonaceous materials with electric double layer
capacitors but also their power densities are greater than
those of Li-ion batteries. Carbon materials—carbon nanotubes,
graphene, activated carbon and mesoporous carbon nano-
wires’ *—provide electric double-layer capacitors with specific
capacitance (C,,) generally smaller than 250 F/g, and also small
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energy densities because the corresponding energy storage is
constructed on the offered active surface area.” Transition metal
oxides are attractively recognized as promising materials for
pseudocapacitors because they enable offering several oxidation
states for useable charge storage with oxidation/reduction
reactions to reach great performances."”* Hydrous RuQ, is one
of the famous materials with great capacitances;lo’11 however,
its toxic nature and high cost limit its commercial use. Among
other transition metal oxides, Co(OH), can be a hopeful
material as a material alternative to RuO, because of its
environmentally benign nature, low cost, great theoretical
capacitance (larger than 3000 F/g), structural property, tunable
surface, controllability of the shape or the size, excellent
electrochemical performance in alkaline solutions through the
capability to interact with the ions in electrolytes not only all
over the surface but also in the bulk, and then beneficial
pseudocapacitive performances.'” Some Cyp of Co(OH), even
exceed those of RuO,,'*'* but most observed specific
capacitances for Co(OH), are normally less than 1000 F/
g.ls_21 The poor electrical conductivity of Co(OH), increases
both the charge transfer resistance and the sheet resistance of
these electrodes, which, in work reported to date, has led to a
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Figure 1. Scheme of electrochemical preparation of highly porous nanoarchitectured Co(OH), electrodes.

capacitance much less than the theoretical value and a poor rate
capability.'*'®** Various methods, such as modification with
nanostructured carbon and synthesis of nanostructures with
unique morphology, have thus been applied in attempts to
improve the Co(OH), supercapacitor performance.lé_22
Despite the extensive research, there is a noteworthy barrier
to the performance of these pseudocapacitors; namely, the
restricted capability of the continuous cyclability, charge/
discharge performance, and a large scale.

The capability of EC is governed principally by its
electrochemical kinetics and activity of the electrode. As a
result, to develop the performance of ECs at large rates, it is of
great importance to raise the rates of electron transport in
electrode and electrolyte ions and at the electrolyte/electrode
interfaces and to contain sufficiently electro-active materials
disclosed on the surface for the faradaic oxidation/reduction
reaction.'® An ideal scheme is binder-free (self-supported)
nanoarchitectured electrodes, which are normally constructed
as one dimension or two dimension toy bricks and directly
made on the current collector. This type of electrode is typically
expected to bestow various benefits, for example low diffusion
resistance to ionic species, satisfactory electrical conductivity,
huge electro-active surface area, and easy electrolyte pene-
tration.”> >* More exactly, pathways of both electrons and
electrolyte ions in these nanoarchitectured electrode materials
are simultaneously built to enable effective energy storage at
large rates, to realize a maximum application of electro-active
electrodes at high current density.

We here describe a facile electrochemical synthesis of 3D
Co(OH), based nanoarchitectured electrode materials with
great capacitance, satisfactory rate capability, and a large area.
To confirm the rapid diffusion of ions and hence the enhanced
efficiency of electrolyte penetration, we employed a Ni foam
substrate with uniform and large pores, large electrical
conductivity, and huge supporting area as the current collector;
the arrays of Ni nanotubes (NTA) and sucker-like Ni
nanopores (SNP) were grown on 3D nickel foam. Co(OH),
was further grown vertically on these substrates to form the
CONTA and COSNP electrodes, respectively, leaving many
macro-meso-micropores for ion access and transport. The
preparation of the 3D Co(OH),-based nanoarchitectured
electrodes is a fully electrochemical procedure (see Figure 1).
It has many benefits of simplicity, reliability, great accuracy, and
low-cost.>™>° Both CONTA and COSNP electrodes thus
exhibit specific capacitances 2500 and 2900 F/g at 1 A/g,
respectively, based on the total mass of Co(OH), (very close to
the theoretical value of 3450 F/g)"* in solution (KOH, 1 M) in
the potential range from —0.2 to +0.45 V (vs SCE). As the
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current density is increased to 20 A/g, the Csp of 1800 and 2360
F/g of CONTA and COSNP electrodes, respectively, are
maintained, indicating the superior power performance. A
satisfactory cycling performance and high-rate capability were
verified in these electrodes. We compared the pseudocapacitive
behavior of the flake-like Co(OH),/Ni foam electrode and
explained the change of oxidation state of Co ions of these
different electrodes in KOH solution with in situ XANES. The
supercapacitor displays efficient charge compensation in the
Co(OH),/Co00, redox reaction during charge/discharge cycles
with a great change of ~1.79 of the Co oxidation state.

2. EXPERIMENTAL SECTION

2.1. Materials Synthesis. All chemicals were of reagent quality
and used without an extra purification. Nickel foam (area ~50 cm?)
was etched in HCI (1M), soaking in NiCl, (0.01 M), washed with
water in an ultrasonic bath, and used as the working electrode after
drying so that effective adhesion was obtained. Cu/Ni films were
further electrodeposited on the nickel foam substrate from the solution
containing NiCl, (0.5 M), NiSO, (0.5 M), CuSO, (0.01 M), H,BO,
(1 M, pH = 3.8), and dimethyl sulfoxide (DMSO, 5%), or without
DMSO. All electrodeposition was performed at 27 °C in three
electrode system with the platinum counter electrode and the
saturated calomel reference electrode (SCE). The Cu/Ni layer was
electrodeposited at —0.78 V; the total deposited charge was measured
at 150 C. Then Cu was selectively dissolved from the electrodeposited
Cu/Ni layer at 0.8 V until 15 pA/ cm? to grow the Ni nanoporous film.
The loading amount of Ni nanoporous film (exclude the Ni foam) was
on average 15 mg or 0.3 mg cm™> (XP10SDR Mettler Toledo).

2.2. Materials Characterization. All nanoporous samples were
analyzed with the energy dispersive spectroscope (EDS), scanning
electron microscope (SEM, JEOL 6500F), and transmission electron
microscope (TEM, JEOL 2000F). The crystal structure was measured
by X-ray diffraction (XRD) techniques at BLO1C2 of NSRRC, and the
XRD peaks were changed to Cu Ka X-ray radiation. The change of the
Co oxidation state in these electrodes was considered at several
potentials in solution with Co K-edge XANES spectra recorded in the
fluorescence yield mode. An electrochemical cell with the Kapton
window transparent to fluorescence was adopted. Before studying the
absorption spectrum at an applied potential, we kept the working
electrode at the established potential for 20 min to permit the COSNP
to get the steady state. Co K-edge XANES experiments were
conducted at BL17C1 and 01Cl. All of the X-ray absorption energies
were calibrated with a Co K-edge absorption inflection point at 7709
eV of the Co foil, which were estimated before every test. X-ray
photoemission spectroscopy (XPS) was also applied to probe the Co
oxidation state at BL20A.

2.3. Electrochemical Measurements. Co(OH), was cathodically
deposited on the surface of the developed nanoporous Ni substrate
materials in the solution containing Co(NO;), (0.1 M), Co-
(CH,C00), (0.1 M), NH,NO, (0.05 M), and NaNO; (0.05M). A
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Figure 2. High magnification SEM images of the Ni—Cu alloy films as deposited on nickel foam obtained on constant potential electrodeposition at
—0.78 V (a) in solution (without DMSO) and (b) in solution (containing DMSO, 5%). (c,d) High magnification SEM images of the Ni
nanostructure films after Cu was selectively etched from a and b, respectively. (e,f) Low magnification SEM images from c and d, respectively.

cathodic potential of —0.7 V was used to produce the total conducted
charge of 60 C. The loading amount of Co(OH),, on average 25 mg
(or 0.5 mg cm™), was weighed with the microbalance (XP10SDR
Mettler Toledo) at an accuracy of 0.01 mg. The same amount of
Co(OH), was electrodeposited on nickel foam to make the
counterpart electrode. Electrochemical performances of these electro-
des were measured in KOH solution (1 M, 27 °C) using cyclic
voltammetry (CV); it was carried out in the potential range —0.2 to
+0.45 V (vs SCE) at scan rates of 10 mV/s. An electrochemical
impedance spectroscopy (EIS) experiment was studied using the
frequency range from 0.1 Hz to 100 kHz with an amplitude of 10 mV.
All electrochemical measurements were made with a potentiostat
(AUTOLAB). Electrochemical performances of these assembled
symmetrical supercapacitor devices were also investigated via CV
and charge/discharge measurements in two electrode system, wherein
KOH solution (1 M) served as electrolyte and a cellulose paper
membrane served as separator. The symmetric device was tested with
the voltage range 0 to 1.2 V using CV and charge/discharge methods
at various current densities.

3. RESULTS AND DISCUSSION

3.1. Characterization. Figure 1 illustrates our research
strategy for the Co(OH),-based electrodes composed of

nanotube arrays grown on a 3D nickel foam (CONTA)
electrode and sucker-like nanoporous films grown on a 3D
nickel foam (COSNP) electrode with a facile electrochemical
method. The electrochemically synthesized nanotube arrays
(NTA) or sucker-like nanoporous films (SNP) aid as the
mainstay for the succeeding electrodeposition of Co(OH),
nanorods. The resulting NTA or SNP can be electrodeposited
on nickel foam substrates. Figure S1 (in the Supporting
Information) displays two CV curves of nickel foam electrodes
studied in a solution (NiSO, 0.5 M, NiCl, 0.5 M, CuSO, 0.01
M, H;BO; 1 M) with 5% dimethyl sulfoxide (DMSO) or
without DMSO, respectively. In light of Figure SI1, the
electrodeposition of Cu/Ni films and hence etching of Cu
from Cu/Ni films were finished in the original solution with
merely exchanging the potential at —0.78 or 0.8 V. The SEM
morphologies of NTA and SNP on the nickel foam substrate
are presented in Figure 2. Figure 2a and b show images of Cu/
Ni layers electrodeposited at —0.78 V with a charge of 3 C/cm’.
Figure 2a displays the granular image of the electrodeposited
layer from the plating solution without DMSO, of which the
Cu/Ni atomic ratio was roughly 55:45 (verified by EDS). In
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Figure 3. High magnification SEM images of (a) the Co(OH), nanorods grown on NTA and (b) the Co(OH), nanorods grown on SNP. (c,d)
TEM images of the Co(OH), nanorods from a and b, respectively. (e) XRD patterns for Co(OH), nanorod films; (f) Co 2p XPS spectra of the

Co(OH), nanorod films.

Figure 2b, through the film deposited from the plating solution
containing DMSO (5%), fresh granules appeared to form on
earlier ones, developing into a protuberant architecture (Cu/Ni
atom % = 55/45). The granules inclined to collect and overlay
into bunches when total charge was enhanced. Figure 2c and d
display the nanostructures established from the Cu/Ni layers in
Figure 2a and b when being etched at 0.8 V. As presented in
Figure 2¢, an NTA of diameter of about 50 nm and a pore
density of approximately 10'* cm™ were observed. As shown in
Figure 2d, the morphologies gradually became SNP structures,
because the bunching of the Cu/Ni granules caused formation
of interconnected pores above etching. The layers with pore
sizes range from 30 to 80 nm and have a thickness of about 5
pum. The microscopic analyses showed that the NTA and SNP
with great density grew uniformly on the skeletons of the
nickel-foam substrate, as presented in Figure 2e and f
developing the hierarchical structure. Nickel foam adhered
much more effectively to the NTA and SNP than to a flat
substrate. As a thicker film formed, a 3D hierarchically porous
structure appeared more attainable. In Figure S2a, XRD
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patterns of Cu/Ni films without and with DMSO before and
after etching at 0.8 V reveal that Cu portion was eliminated.
Figure S2b displays Cu 2p;/, XPS spectra taken from films
electrodeposited at —0.78 V without and with DMSO (5%).
The XPS signal of binding energy (932.7 eV) corresponds to
zero-valent Cu.*® After etching, the samples were analyzed also
with XPS, as presented in Figure 3b. As presented, the Cu 2p;/,
peak intensity significantly reduced after etching. These effects
verify that, because of the conformation of oxide layers in the
plating solution, Ni transformed, passivated, and maintained on
the nickel foam, whereas Cu was eliminated under anodic
potential. These given in Figures 2 and S2 show that the central
portion was Cu and was preferentially etched when anodic
potential was employed, creating hollow Ni nanostructures,
such as NTA or SNP. Chemical separation in deposited Cu/Ni
granules was noticed in previous literature.**> As a result, we
have prepared a quick electrochemical method to create Ni
nanostructures. The NTA and SNP with a porosity of 3D were
applied to load Co(OH), nanorods.
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Figure 4. Electrochemical characterization of CONTA, COSNP, and Co(OH), electrodes recorded in the KOH solution. (a) CV curves of these
electrodes at a scan rate of 10 mV s™". (b) Galvanostatic charge—discharge curves of these electrodes at the same current density of 1 A g™". (c)
Specific capacitance as a function of current density. (d) Long-term cycling performance of these electrodes. SEM images of () CONTA and (f)

COSNP electrodes after 10 000 cycles.

To achieve an entirely electrochemical construction of a
nanoporous supercapacitor electrode, we tried deposition of
Co(OH), nanorods on the prepared NTA and SNP. Figure 3a
and b show the image of cathodically electrodeposited
Co(OH), nanorods on developed NTA and SNP templates,
respectively. As these figures show, Co(OH), nanorods of a
width of only a few nanometers were uniformly dispersed on
nanosize Ni tubes and Ni suckers, respectively, even inside
pores, growing micro-, meso-, and macroporous architecture.
The thickness of the Co(OH), layer is ~40 nm on the surface
of nanosize Ni tubes and Ni suckers, respectively. The evidence
appears to support that the Co(OH), electrodes as prepared
have a 3D hierarchically porous structure throughout the entire
layer with great surface area. The TEM images shown in Figure
3c and d demonstrate that the products have rod-like
nanostructures. The structural information and purity of the
samples were further characterized by XRD measurements, as
presented in Figure 3e. Besides two strong peaks related with
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the nickel substrate shown in Figure 3e, the XRD pattern of
Co(OH), nanorods displays a brucite-like phase, corresponding
to the peak positions (JCPDS No. 30-0443) wherein the
diffraction peaks at 19.0°, 32.4°, and 37.9° conform to the
(001), (100), and (101) peaks. Further evidence for the
chemical state of the Co(OH), nanorods as deposited was
acquired from XPS, as displayed in Figure 3f. The Co 2p XPS
shows two main features at 781 and 796.2 eV, conforming to
Co 2p;, and Co 2p) ,, respectively. These features endorse the
existence of the Co(Il) state in CONTA and COSNP
electrodes as prepared, which matches the previous reference.*®
On the basis of these results, the 3D Co(OH), nanorods as
deposited are fabricated successfully in our work. Figure S3
displays the SEM image of unmodified Co(OH), electrodes
with nickel foam substrates. On the nickel foam substrate,
Co(OH), nanostructures were watched to compose uniform
and highly porous nanoflake-like film, which fully covered the
skeleton of nickel foam. The BET surface area of these
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electrodes was determined to be 98 m* g”! (normalized by the
mass of Co(OH),) for unmodified Co(OH),, 163 m* g™" for
the CONTA, and 198 m* g~' for the COSNP electrode (see
Figure S4, Supporting Information). BET tests were finished by
studying the entire architecture, and thus, minus the blank
nickel foam. Such CONTA and COSNP with 3D nanostruc-
tures and large specific surface areas have the greatest
probability to deliver a great performance in biosensors,
electrochemical sensors, and ECs.

3.2. Electrochemical Characterization. To explore the
mechanism of energy storage and electrochemical capability of
these Co(OH), electrodes as deposited, we employed CV and
charge/discharge measurements in KOH aqueous solution with
the three electrode cell. The C;, based on CV and the charge/
discharge cycle can be measured as follows:

Cp=Q,/AV (1)

@)

where Q,, denotes the specific voltammetric charge combined
from CV (the mass of Co(OH),), AV is the potential range
(0.65 V x 2), I is the applied constant current density (1 A/g),
At is the duration of the charge/discharge cycling, and w is the
mass of Co(OH),. CV curves for these Co(OH), electrodes as
deposited at a scan rate of 10 mV/s with a scan range from
—0.2 to +0.45 V are shown in Figure 4a. The CV consists of a
pair of strong oxidation/reduction peaks over the full scan
range. The result shows that capacitance features are mostly
controlled by faradaic oxidation/reduction reactions and not by
simple double layer capacitance. A large oxidation/reduction
current and noticeable oxidation/reduction peaks indicate
outstanding pseudocapacitive performance for CONTA and
COSNP electrodes. Figure 4a also displays a CV of the
unmodified Co(OH), electrode. Through the scan result, two
smaller redox couples superimposed on the wide oxidation/
reduction background were identified, also meaning that
reversible pseudocapacitive redox processes of Co(OH), were
included. On the basis of the literature, faradaic oxidation/
reduction reactions happening on the surface of Co(OH),
electrodes can be expressed as follows:"*~'®

Co(OH), + OH™ < CoOOH + H,0 + e~

C, = IAt/AVw

©)

and reactions beyond the oxidation/reduction peaks at slightly
larger potentials can be presented as follows:

CoOOH + OH™ < Co0, + H,0 + ¢~ 4)

As shown in Figure 4a, the currents of the CONTA and
COSNP electrodes are much greater than those unmodified
Co(OH), electrodes, representing that CONTA and COSNP
electrodes have great electrochemical reaction activity, which
also conforms to the performance. The bare Ni nanoporous
substrate was not immensely exposed to an electrolyte and
contributed to an evident oxidation/reduction signal in Figure
4a. The Cy’s of these electrodes were calculated from CVs
corresponding to eq 1. The calculated C,s of CONTA and
COSNP electrodes are ~2500 and ~2900 F/g (based on the
mass of Co(OH),), respectively. In contrast, unmodified
Co(OH), electrode displays a Cy, of merely ~800 F/ég, which
is near that normally reported from the literature.'>'*'*~>* The
evidence appears to support that a superior pseudocapacitance
results from the 3D hierarchical nanoarchitecture. In particular,
the introduction of a 3D SNP structure into the Co(OH),
electrode caused an increased maximum current, which is
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answerable for a charge performance greater than that of the
unmodified Co(OH), electrode. Figure 4b displays the
comparison of charge/discharge voltage—time profiles for the
CONTA, COSNP, and Co(OH), electrodes at 1 A/g. The
results consistent with CV and the plateaus in charge/discharge
curves also represent the presence of faradaic reactions. The
charge/discharge curves of COSNP and CONTA are extremely
symmetrical without a noticeable i, drop at lower current
density, meaning a quick I-V reply and outstanding electro-
chemical reversibility. According to eq 2, the C,, of the
CONTA and COSNP electrodes were calculated to be 2500
and 2900 F/g, respectively, which are 3-fold higher than that of
the Co(OH), electrode (800 F/g) and which were close to the
values from CV, again confirming the surprising capacity for
energy storage. Even though the value is less than the
theoretical value for Co(OH), (about 3460 F/ g),14 it is greater
than other Co(OH), electrodes.">™** Figure SS presents
charge/discharge curves of the COSNP electrode at various
current densities as indicated. A sluggish decrease of
capacitance with the increase of current densities was
principally owing to an incremental voltage drop and
insufficient active material involved in the oxidation/reduction
reaction at larger current densities. However, CONTA and
COSNP still show a large C,, of 1800 (~72% retention) and
2360 F/g (~81% retentions at 20 A/g (see Figure 4c),
respectively. The result can be attributed to a huge specific
surface area, fluent ion channels and high density active sites of
CONTA and COSNP because of the 3D hierarchical
nanoarchitecture, which can successfully enhance the utilization
and performance of electrodes at large current densities. In
contrast, the relatively poor rate capability of the Co(OH),
electrode is attributed to a diffusion limitation of the ion at
large current densities stemming from the time constraints.>*
As shown in Figure 4d, the long-term stability of CONTA,
COSNP, and Co(OH), electrodes was measured during
charge/discharge cycling through 10000 cycles at S A/g.
After 10 000 complete cycles, the Co(OH), electrode offered
large capacitance loss (about 32%) vs initial capacitance, while
CONTA and COSNP electrodes remained stable at 95% and
92% retention, indicating satisfactory cyclic stability of these 3D
hierarchical nanoarchitectured electrodes. Figure 4e and f
illustrate the electrode after being scanned for 10 000 complete
cycles; the results indicate that the developed hierarchical
nanoarchitectured structure is preserved upon further cycling.
These values are extremely similar to that reported from
Co(OH), electrodes."*"** The nanoporous Ni could perform
as the template for restraining the recohesion of Co(OH), and
support confinement of the active materials, avoiding
dissolution or detachment during cycles.”® The possibility was
considered that the Ni is possibly electrochemcally oxidized and
contributed to the redox peaks. The improved capacitance was
possibly caused by the incorporation of Ni oxide (or hydroxide)
into Co(OH), through long-term cycles. The great oxidation/
reduction current is perhaps also due to the synergistic effect of
Co/Ni oxide materials,*® but further research is required. On
the basis of the electrochemical impedance spectroscopy (EIS)
curves in Figure S6, this result confirms that the 3D hierarchical
nanoarchitectured structure has great electronic/ionic con-
ductivity, which promotes an extremely improved performance.
Good performance is attributed mainly to the unique 3D
hierarchical structures of CONTA and COSNP electrodes.
Herein, the Co(OH), nanorods grown directly on NTA or
SNP have some benefits for applications in supercapacitors. (1)
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Figure 6. (a) CV curves of the COSNP symmetric supercapacitor at various scan rates in the KOH solution. (b) Galvanostatic charge—discharge
curves of the COSNP symmetric supercapacitor at various current densities. (c) Ragone plots of various CONTA, COSNP, and Co(OH),
symmetric supercapacitors and other hydroxide-based supercapacitors reported in the literature. (d) Long-term cycling performance of symmetric

supercapacitor made from the COSNP electrode.

The NTA or SNP substrate with nano/microscale voids/zigzag
flow ditches provides the electrode with ultraefficient mass
transport and high effective surface area. (2) Every Co(OH),
nanorod is connected directly to the NTA or SNP framework
with successful mechanical adhesion, which produces the quick
electron transport pathway and minimizes the interface
resistance and further eliminates the demand for conductive
additives or binders required in common electrodes. (3)
Extremely dispersed Co(OH), nanorods further increase the
contact area between electrolyte/electrode and assist fast ion
diffusion, hence increasing electrochemical kinetics. This
micro-, meso-, and macroporous architecture between nano-
rods provides the OH™ ion buffering pool,23 which confirms that
enough of a redox reaction can happen even at a high current
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density. It also indicates that great C,;, is doable at high current
densities with the suitably fabricated hierarchical nanoarchitec-
tured framework. High C,, can reduce the oxide amount (the
primary cost) applied for the supercapacitor, keeping natural
resources. CONTA and COSNP as electrodes thus exhibit
superior capacitive performances. The COSNP electrode shows
a performance better than that of the CONTA, in terms of C,,
and rate capability, but CONTA has a lower surface area
(~30%) than COSNP. Except surface area, a perfect
nanostructure of the electrode is of key importance to achieve
efficient electron transport. In Figure 1, SNP substrates provide
many pathways for ion diffusion and electron transport,
therefore increasing their pseudocapacitive performance. To
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confirm the notion, we studied pseudocapacitive characteristics
of all electrodes in solution with in situ XANES.

Figure Sa displays Co K-edge XANES spectra of COSNP in
situ studied under seven potentials in the sequence —0.2 V, +0.1
V, +0.3 V, +0.45 ,V then +0.3 V, +0.1 V, and finally —0.2 V.
The XANES spectra of the COSNP electrode shifted to larger
energy with enhancing the potential and backtracked practically
to the early place as the potential was inverted. According to
threshold energy (E,) derived from XANES spectra in Figure
52,>7%8 the average oxidation state of the COSNP electrode in
solution was established in a sequence displayed in Figure Sb.
(Co, CoO(II), Co304 Co,05(III), and CoO,(IV) were also
analyzed, respectively.) Figure Sb shows the average oxidation
state of Co ions deduced from Co K-edge XANES spectra of
the COSNP, CONTA, and Co(OH), electrodes in the
sequence —0.2 V, +0.1 V, +0.3 V, +0.45 V, then +0.3 V, +0.1
V, and finally —0.2 V in KOH solution, respectively. The
change of Co oxidation state from —0.2 V to +0.45 V with
COSNP is about 1.79, which is higher than that with CONTA
and Co(OH),. These results confirm that the 3D nanoporous
structure reduces the distances of ionic/electronic transport in
COSNP and then enhances the kinetic capability, promoting
the significant C,, seen in Figure 4, which is the key factor for
an ideal electrochemical capacitor.

3.3. Building Symmetric Supercapacitors. To evaluate
their practical applications, we assembled a symmetric super-
capacitor using our electrodes as cathode and anode electro-
des,® * as illustrated in Figure S7. In preparation of
symmetric supercapacitors, all weights of positive/negative
electrodes were optimized according to the single electrode
measurement results to guarantee more efficient utilization of
the active materials. Figure 6a shows the CV of the COSNP
symmetric supercapacitor at different scan rates. The redox
peaks on the CV are watched; the current increases with the
scan rate increasing from 10 to 500 mV/s, but there is no
significant distortion of CV even at 500 mV/s, meaning the
rapid charge/discharge characteristics of this device. These CV
curves shown in Figure 6a also show that cell voltage of this
device can be as high as 12 V. To further assess the cell
performance, we performed charging and discharging tests at
different current densities; the results are shown in Figure 6b.
The device was able to deliver a high C,, of 1100 F/g (based on
total mass of electroactive materials) at 1 A/g and 850 F/g at
20 A/g. According to the results, we determined energy density
(E) and power density (P) of symmetric supercapacitor
devices; these relationships between energy and power are
displayed as a Ragone plot in Figure 6c. With galvanostatic
charge/discharge plots based on two-electrode cells, the C,, of a
single electrode, the E, and the P were established from
chronopotentiometric curves according to' 3940

_ 2
E = 1/2CSPAV (5)

P =E/At (6)

where AV is cell voltage (i.e, 1.2 V) and At is time to full
charge (or discharge). The COSNP symmetric supercapacitor
exhibited an ultrahigh energy density of 220 Wh/kg at a low
power density of 0.3 kW/kg and a high power density of 16
kW/kg at an energy density of 49 Wh/kg. Maximum energy
densities of CONTA and Co(OH), symmetric supercapacitor
are 156 Wh/kg (0.3 kW/kg) and 23 Wh/kg (0.2 kW/kg),
respectively. Especially remarkable is that maximum energy
density acquired from the COSNP symmetric supercapacitor is
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significantly greater than those of supercapacitors based on
amorphous Co(OH), (54.7 Wh/kg),"® Co(OH), nanostruc-
tures (19.5—85 Wh/kg),'>'71?2022434% Co(OH),@graphene
(16.5—40.8 Wh/kg),u’45 Co(OH),@ionic liquid (37.6 Wh/
kg),l6 amorphous Ni(OH),//AC (12.6 Wh/kg),34 Ni(OH),/
Ni foam (82.7 Wh/kg),”* Ni,Co,_, LDH@ZTO//AC (23.7
Wh/kg),** Ni—Co LDH//RGO (188 Wh/k§),47 and oxy-
hydroxide@nanoporous Ni—Mn (28.1 Wh/kg).* The COSNP
symmetric supercapacitor shows great long-cycle stability even
at S A/g as shown in Figure 6d (~87% of initial C,p after 10 000
cycles). These findings indicate that COSNP and CONTA are
hopeful electrodes for supercapacitors with superior perform-
ance and might open huge opportunities for electrochemical
energy conversion and storage devices.

4. CONCLUSION

Co(OH),-based supercapacitor electrodes of low cost and large
area were fabricated through an easy and template-assisted
deposition followed by a facile electrochemical method. The
procedure involves the electrodeposition of Cu/Ni film on
nickel foam, etching of Cu from the Cu/Ni layer (leaving Ni
nanotube arrays or sucker-like Ni nanoporous films, respec-
tively), and cathodic deposition of Co(OH), on nanoporous Ni
substrates. Because of their unique 3D nanostructures, the
CONTA and COSNP electrodes exhibited specific capacitances
of 2500 and 2900 F/g at 1 A/g, respectively, and outstanding
long-cycle stability, a retention of 95% and 92% after 10 000
cycles. The symmetric supercapacitor based on the COSNP as
electrodes were assembled; it exhibited a C,, of 1100 F/g at 1
A/g and a high E of 220 Wh/kg. Moreover, the device has
outstanding cycle stability—only 13% loss after 10 000 cycles,
making it promising as an attractive candidate for electro-
chemical energy storage devices.
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