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Abstract

Self-stabilized and well-defined chlorine-doped carbonated cobalt hydroxide nanowires have been obtained as a
binder-free electrode via a facile method. The Co material has a unique well-defined needle-like structure, composed of
highly aligned monomer with the diameter of about 3-10 nm and numerous surface pores, which makes it have
potential for high-performance electrochemical capacitors. The test results show the directly acquired Co-CINWs(NiE)
electrode in three-electrode system can reach the specific capacity of more than 2150 F/g under the current density of
1 A/g, accompanied by a good cycling stability of 94.3% capacitance retention after 500 cycles, and exhibits a high
energy density of 41.8 W h/kg at the power density of 1280.7 W/kg when using it as the positive electrode of an
asymmetric supercapacitor. After making a comparison of the current material with the conventional electrodes, we
can find that a better electrochemical performance can be achieved with a more convenient one-step method.
Therefore, we, in this work, may provide a new type of manufacturing concept for future electrode treatment.
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Introduction

As a kind of energy storage and conversion device, super-
capacitor has attracted tremendous attention owing to its
fast charging and discharging rate, high power density,
long cycle life, and high reliability advantages [1, 2]. In re-
cent years, it has supplemented the deficiency of the trad-
itional energy storage and conversion equipments in many
important applications and prospect fields such as military
electronic equipment, electric vehicles, portable com-
puters, etc. [3-7]. Generally, supercapacitors can be di-
vided into two types according to their different electron
storage mechanisms: traditional electrical double-layered
capacitors (EDLCs) which store energy by accumulation
of charges in the electrical double layer via electrostatic
interactions, and pseudocapacitors which store energy via
Faradaic redox reaction at electrode surface [8-11].
Among the various pseudocapacitance materials,
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ruthenium oxide exhibits excellent electrochemical per-
formance, but high cost, low porosity, and toxic nature se-
verely limit its commercial application [12]. Therefore,
some cheaper and more environmentally friendly but
highly capacitive metal oxides/hydroxides such as NiO,
Co304, Fe304, Fe,03, V505, Co(OH),, and Ni(OH), have
become the most promising candidates [13]. Co(OH),,
displaying the obvious advantages of well-defined revers-
ible redox reactions with high theoretical specific capacity,
has been considered as a particularly attractive potential
material [14]. The study finds that high capacitance per-
formance reflects in a special morphological structure
with high specific surface area [6, 15-18]. From previous
reports, Mahmood and his co-workers synthesized
chlorine-doped carbonated cobalt hydroxide (Co(CO3)g 35
Cly20(OH);.101.74H,0) nanowires with extraordinary cap-
acitance and excellent energy density along with high rate
capability and stability. Such high capacitance and energy
densities are thought to be attributed to the unique struc-
ture of the Co(CO3)g35Cly20(OH);.19 nanowires, in which
hydrophilic nature can significantly enhance the
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wettability of the electrode surface, and the existence of
counter structure stabilizer anions (Cl~ or/ and CO3%")
effectively controls the polarization of the electrode
[19]. Inspired by the superiorities of such work, the
prospect in terms of optimizing the structural and elec-
trochemical properties by doping of some elements into
Co(OH), is foreseen.

At the same time, in order to obtain high specific sur-
face area and other special morphology, the researchers
begin to innovate in structure [17, 20-23]. When active
material was attached to the other electrode material
surface, it could form a parcel core-shell structure or
layered three-dimensional structure, which could ensure
the effect of the active material and electrolyte ion con-
tact in improving the reaction efficiency. For example,
Shude Liu and his co-workers proposed a supercapacitor
electrode comprising a three-dimensional self-supported
hierarchical MnCo-layered double hydroxides@Ni(OH),
[MnCo-LDH@NIi(OH),] core—shell hetero structure on
conductive nickel foam [24]. The resultant MnCo-
LDH@NIi(OH), structure exhibited a high specific cap-
acitance of 2320 F/g at a current density of 3 A/g, and a
capacitance of 1308 F/g was maintained at a high
current density of 30 A/g with a superior long cycle life-
time. However, due to the different characteristics of
materials, the preparation method has been facing with
the problems of complicated operation, harsh reaction
conditions, and low success rate. Therefore, a more
handy preparation measure to obtain uniform and or-
derly electrode materials with high electrochemical per-
formances is highly desired [25].

In this paper, the mesoporous chlorine-doped carbon-
ated cobalt hydroxide nanowires (Co-CINWs) are directly
grown on the nickel foam to prepare the nickel foam elec-
trode (Co-CINWSs(NiE)) by a facile one-step hydrothermal
method based on the performance advantages of
Co(OH),. The electrochemical performance test is per-
formed with Co-CINWSs(NIE) directly as the working elec-
trode, which provides a key measure to enhance both
specific capacitance and energy density for its reasonable
realization of the inner active sites of the bulk materials
for storage energy. Meanwhile, the performance compari-
son is performed with the conventional electrode. It pro-
vides a feasible reference method for the increasement of
capacitance and the application development of Co mate-
rials, and also offers new ideas for the structure and pro-
duction of capacitor industrialization in the future.

Methods

Synthesis of Co-CINWs on Ni Foam

Ni foam was obtained from Canrd Co., Ltd., China. Prior
to use, it was treated with 0.5 M HCI under ultrasonic
for 0.5 h, and then dried at 80 °C for 12 h after washing
by a great amounts of deionized water and ethanol to
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remove surface ions. All other chemicals were analytical
grade and purchased from Sinopharm Chemical Reagent
Co., Ltd. in China without further treatment before use.

Firstly, 3.5 g CoCly-6H,0 and 0.9 g CO(NH,), were dis-
solved in 100 mL deionized water under magnetic stirring,
lasting for 30 min until the solid was completely dispersed
and dissolved. The obtained homogeneous solution was
then transferred into stainless steel autoclave with several
clean nickel foams fixed by stainless steel clips (the quality
of the nickel foam was measured in advance), making sure
the nickel foams are completely submerged, and placing
at 120 °C with a thermal reaction of 20 h. After cooling to
room temperature, the nickel foams were fetched out and
washed with deionized water to remove impurities ad-
hered on the surface. Finally, the samples were selected in
the vacuum, drying in an oven for 10 h for use.

Material Characterizations

The structures and morphologies of the products were ana-
lyzed by field-emission scanning electron microscopy (SEM
MIRA3 TESCA) and transmission electron microscope
(TEM FEI Tecnai). X-ray diffraction (XRD) patterns were
collected with a SIEMENSD500 diffractometer with Cu Ka
radiation (A =0.15056 nm). X-ray photoelectron spectros-
copy (XPS) was carried out on ESCALAB 250 with Al Ka
radiation to examine the chemical compositions and chem-
ical valence states of the samples. N, adsorption-desorption
isotherms were obtained by an ASAP 2020 instrument at
77 K. The BET and QSDFT methods were respectively used
to determine the specific surface areas and the pore size
distributions of the materials.

Electrochemical Measurements

The Co-CINWSs(NIE) electrode was treated under a pres-
sure of 8 MPa, with the geometric area, mass load, and
thickness of 1 cm™>, 3 mg, and 0.25 mm. respectively.
To characterize the electrochemical behaviors of the
(Co-CINWSs(NiE)), CHI660E (Chenhua, Shanghai) elec-
trochemical workstation was used in a three-electrode
electrochemical cell with a Pt counter electrode and a
Hg/HgO reference electrode in 6 M KOH solution.
Cyclic voltammetry (CV), galvanostatic charge and dis-
charge (GCD) measurements were observed in the
process of test. Electrochemical impedance spectroscopy
(EIS) was tested by applying an AC voltage with 5 mV
amplitude in a frequency range from 0.01 Hz to 100 kHz
at open circuit potential. The products obtained in the
same experiment but without growing on nickel foam
were also collected for obtaining the working electrode
plates (Co-CINWSs(E)) made by polytetrafluoroethylene
(PTEE) sticking method. The specific capacitance of the
samples was calculated according to Eq.(1):
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B I x At (1)
T AV xm

where C is the specific capacitance (F/g), I is the current
(A), At is the discharge time (s), AV is the potential window
(V), and m is the mass of the electroactive electrode (g).

Moreover, an asymmetric supercapacitor with the
Co-CINWSs(NIE) electrode (positive electrode) and acti-
vated carbon (AC, negative electrode) were tested in a
two-electrode configuration. The optimal mass ratio for
positive electrode to negative electrode was calculated
by the equation below:

m;/m_=C.V_/C V., (2)

where m means the mass of active materials, C repre-
sents the gravimetric specific capacitance, and V is the
potential window (in the three electrode configuration).
To obtain the electrochemical performances, the specific
capacitance, specific energy density, and specific power
density of the cell were respectively calculated according
to:

IAt

¢~ mAU (3)
C.AU>

¢~ 2C>< 3.6 )
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where I (A) shows the charge/discharge current, m (g)
represents the total active mass of the two electrodes, At
(s) means the discharge time, AU (V) is the potential
window, and C, (F g_l), E. (W h kg_l), and P. (W kg_l)
are the specific capacitance, energy density, and power
density of the cell, respectively.

Results and Discussion

Characterization of the Co-CINWs(NiE)

The SEM images in Fig. 1 show the morphology of the
as-prepared Co-CINWs on the nickel foam. In Fig. 1a,
we can clearly know that nickel foam net itself has mul-
tiple layered structure. The electrode ligament formed
by the three-dimensional structure of the nickel foam is
very similar to that of the sponge, providing a natural
frame work for the growth of materials [26]. The illus-
tration shows the material is tightly covered on the
nickel foam. The magnification of the image is presented
in Fig. 1b, from which we found that the needle-shaped
materials are staggered, demonstrating that the growth
structure does not cause compression of the space struc-
ture, but forms a natural three-dimensional space gap.
This distinctive structure can provide more pathways for

Fig. 1 a Layered structure of nickel foam (the illustration shows the material attached to the nickel foam). b The appearance of the material
observed under high magnification. ¢ The monomeric flower morphology. d Material skeleton formed on the surface of foamed nickel
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the inflow and reaction of the electrolyte, which is bene-
ficial for the electrode material in contact well with the
electrolyte [27]. In Fig. 1c, observing the material grown
on the surface of nickel foam, we find that the materials
like the flourishing flowers are interconnected with each
other, which is conductive to fast electron transport,
thus improving the rate performance and reducing the
energy loss. The magnification in Fig. 1d shows the sur-
face of the nickel foam with the material skeleton by
hydrothermal formation, and they exhibit an intertwined
structure of orderly connection, which constitutes a tight
knit conductive network. As we known, the electrode
obtained by the PTFE sticking methods tends to cause
problems such as uneven coating and does not have the
natural spatial structure, which is easy to result in a
drastic reduction of available space and specific surface
area, reduces the utilization of experimental materials,
and leads to significant performance differences ultim-
ately [28]. Relative to that electrode, therefore, there is
no doubt that the structure of Co-CINWSs(NIE) has the
advantage of shortening the transmission distance of
electrons and ions, so that the conductivity of the mater-
ial is greatly improved, providing a good bedding for
electrochemical test [29].

To further explore the superiority of the
Co-CINWSs(NIE) electrode, a SEM test is performed after
the electrochemical test is completed. As seen from Fig. 2a,
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the nickel foam after the extrusion treatment is still hier-
archical and the surface of the nickel foam is closely cov-
ered by the material. As we know, micro/nanometer scale
protrusions are fabricated on commercial nickel foam
(current collector), which can enhance its active sites [30].
A higher surface area of the current collector means more
contact area between the current collector and the active
material, which can boost the transportation of electrons
and ions during electrochemical reactions. Good conduct-
ivity can ensure excellent rate capability for the capaci-
tance under high current densities, so that the poor
conductivity of the Co-based compound material is largely
enhanced, confirmed by that many more needle-shaped
nanowires are embedded in the interstices of nickel foam
at high magnification [31]. In Fig. 2¢, d, the enlarged
image shows that the nanowires are arranged closely on
the framework formed on the nickel foam so that the sub-
strate space is fully utilized to exploit the active materials
for storage energy. This is a structural advantage that is
not possessed by Co-CINWSs(E) prepared by the PTFE
sticking method. The Co-CINWSs(NIE) electrode prepar-
ation method offers a useful and viable approach which
can fully stimulate the performance of the material.

The TEM pictures of Co-CINWs nanowires (scraped
from nickel foam products) are shown in Fig. 3. The
image in Fig. 3a shows that the extracted material re-
mains well acicular, which belongs to a single crystal

Fig. 2 a SEM image of the tested Co-CINWSs(NIE) electrode. b SEM image of the material embedded in the nickel foam inter layers. ¢, d SEM
images of closely aligned growth on the nickel foam skeleton under high magnification
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Fig. 3 a TEM images of Co-CINWs. b SEAD pattern of Co-CINWs. c¢-e TEM images of Co-CINWs at high magnification (showing surface
mesoporous structure in (d), the particles are compactly arranged to form Co-CINWs in (e)). f HRTEM images of the Co-CINWs

structure as revealed by the electron diffraction (SAED)
pattern of the selected nanowires in Fig. 3b. The acicular
nanowires shown in Fig. 3¢ grow about a few microns in
length with the diameter of about tens of nanometers,
indicating a large aspect ratio. From the high magnifica-
tion appearance of Co-CINWs in Fig. 3d and Fig. 3e, it
is found that the surface of the material is closely aligned
with the monomer whose diameter is about 3-10 nm.
The deep diffusion of ions in the crystalline materials
have always been considered a complex issue as electro-
lyte ions cannot diffuse throughout the material if the
thickness of crystalline material is more than 30 nm. In
our case, thus, the Co-CINWs structure is conducive to
the diffusion of the electrolyte because the size of the
material monomer is about 3-10 nm, which shortens
the diffusion distance of the electrolyte and reduces the
reaction path length and resistance [32]. This factor
dominantly allows effective utilization of all the material
in Faradaic redox reaction. In addition, these arrange-
ments make the material display a noticeable mesopo-
rous appearance, which can greatly increase the
ingratiation of electrolyte into the materials since the
electrolyte ions cannot enter the ultrafine pores with the
pore diameters below 2 nm though this pores can cor-
respond to a higher specific surface area. Seen clearly
from Fig. 3d, the pore size of the material is greater than
2 nm, which belongs to the category of mesopores and

therefore is conductive to the electrolyte transportation
[7]. As can be observed in Fig. 3f, the spacing of the lat-
tice fringes is calculated to be ca.0.508 nm, which corre-
sponds to 17.4° indexed to the XRD peak below
according to the standard card of Co(COj3)g3s.
Cly20(OH);.191.74H,0 (JDPS38-0547).

Figure 4a shows the XRD pattern of the material
where all peaks are well-matched to the standard card
(JCPDS 38-0547), confirming the nanowire stoichiomet-
ric composition is Co(CO3)0.35Cly20(OH);.10. From the
XPS scanning spectra in Fig. 4b, we find that the con-
tents of Co, O, Cl, and C account for almost all the ele-
ments in the material, which demonstrates the high
purity. The Co2p core X-ray photoelectron spectroscopy
(XPS) spectrum (Fig. 4c) of the Co-CINWs presents two
major peaks at binding energies of 780.84 and 797.04 eV
with a spin energy separation of ca. 16 eV. These two
peaks correspond to Co2ps;, and Co2p,,, respectively
and are accompanied by two obvious satellite peaks. The
ionic state of the chlorine can also be inferred by the
presence of spin-orbit doublets at 199.60 and 198.10 eV
that can be identified as Cl2p;,, and Cl2p3/, signals, re-
spectively (Fig. 4d).

In order to further obtain the constitution of the
as-synthesized Co-CINWSs(NiE), Raman spectrum of it is
illustrated in the wavenumber range from 0 to
2000 cm ™" and shown in Fig. 4e. Four Raman bands for
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pore size distribution (inset: N2 absorption/desorption isotherms) of Co-CINWs

Co-CINWSs(NIE) observed at about 95, 813, 1045, and
1554 cm™' can be assigned to the bending mode for
Cl-Co-Cl, Co-O-H deformation mode, -OH deformation
mode, and vs; (CO3)*" antisymmetric stretching mode,
respectively, suggesting that the main components are in
agreement with the tests above [33—35]. The inset figure
in Fig. 4f exhibits the N, adsorption/desorption isotherm
of Co-CINWSs(NIE), in which a type IV isotherm coupled
with an obvious H3 character hysteresis loop can be ob-
served, showing the existence of abundant meso- and
macropores distribution onto the Co-CINWSs(NiE), in
consistence with the result by TEM and the pore size
distribution in Fig. 4f. This porous structure in terms of
interconnected meso- and macropores is conductive to
providing continuous channels for fast and unimpeded
ion diffusion and thus ensuring a good accessibility of
ion at the active sites. In addition, there are nearly no
micropores existence in Co-CINWSs(NiE) because of

nearly no N2 volume absorption under the pore sizes
between 0 and 2 nm, which is responsible for the low
specific surface area (about 5 m®/g) but for high crystal-
linity with rich active sites confirmed by XRD above.

Electrochemical Performance of the Co-CINWs(E) Electrode

The electrochemical behaviors of Co-CINWS(E) are in-
vestigated by CV and GCD in a three electrode cell with
a Hg/HgO reference electrode using 6 M KOH as aque-
ous electrolyte. Figure 5a corresponds to the CV curve
obtained for Co-CINWSs(E) at sweep rates of 2, 5, 10,
and 20 mv/s, in which all the CV curves are full and em-
body a symmetrical redox peak. With the increase of the
scan rate, the peak position of the curve shifts, indicat-
ing that the capacitance performance comes from the
activity material reactions, and nickel foam network is
not involved in the relevant chemical reactions. The
charge and discharge curves of Co-CINWSs(E) at
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different current densities are shown in Fig. 5b, with the
typical characteristics agreeing well with the CV curves.
The specific capacitance of the electrode material
reaches 975, 950, 900, 825, and 640F/g under the
current density of 1, 2, 3, 5, and 8 A/g, respectively. Des-
pite the better capacitive properties, there is a clear sig-
nificant difference compared to Co-CINWs (NiE), which
is evident from Fig. 5c. Figure 5d shows the EIS
spectrum of the Co-CINWSs(E) electrode, and it can be
obtained that the Faradaic resistance reflected by the
diameter of the semicircle is about 2 Q. Such large re-
sistance will inevitably lead to high hindrance of electron
during the charge storage process. In Fig 5e, we perform
a CV cycle test on Co-CINWS(E) and find that the ma-
terial is still able to exhibit a good and full redox curve,
demonstrating the ability of the material to retain its
properties after 500 test cycles. Hence, after investigating
the electrochemical behavior of Co-CINWSs(E), we find
that Co-CINWs have the potential to become excellent
capacitive material, and a better performances by pro-
moting the application rate of active sites will be dis-
played if seeking a facile and effective way to improve
the conductivity of it.

Electrochemical Performance of the Co-CINWs(NiE) Electrode
To examine the optimization of the Co-CINWSs(E)
electrode, CV curves of Co-CINWSs(NIiE) are tested
with the same three-electrode configuration and
shown in Fig. 6a. It can be observed that a full and
neat curve is presented no matter what kind of scan
rates from 2, 5, 10, and 20 mV/s. Moreover, each
curve involves in a good redox symmetry, which fully
demonstrates that the material has excellent pseudo-
capacitance characteristics [36]. As the scan rate in-
creases, there is a reduced effective utilization area of
the material with a slight shift in the peak, resulting
in electrochemical performance decline due to the re-
sistance and polarization of the electrode material
[37, 38]. At higher scan rates, we can conclude that
Co-CINWSs(NIE) has high rate capability because the
redox peaks of the material species are still obvious.
In addition, the current increases as the increasing of
scan rates, which confirms the ability of it to conduct
ions and electrons more efficiently. The main reason
for the redox peaks is mainly attributed to the charge
transfer between Co® */Co® * ions and the OH™ ions
in the electrolyte involved in the reaction [39]. After
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reviewing the literature [40], the redox peaks corres-
pond to the following reactions:

Co(OH), + OH «<CoOOH + H;O+e”
CoOOH + OH «<CoO,; + H,O + e

Figure 6b shows the GCD curve of the material at a
current density of 1 A/g. It is found that the shape of
the GCD curve has an obvious plateau, which proves
that the material undergoes a redox reaction corre-
sponding to the CV curves. It can be observed that the
voltage drops suddenly due to the internal resistance of
the material in the part of the discharge curve [41].
Moreover, we can also infer from Fig. 6b and Fig. 5c that
the capacitances exhibited by the optimal sample
Co-CINWSs(NIE) are higher than that by the addition of
a single Co-CINWSs(E) and nickel foam, demonstrating
that the combination of Co-CINWSs and nickel foam by
direct growth have the promotion contributions to en-
hance the charge storage capability of the electrode,
which means nickel foam can not only provide

capacitance by itself but also can act as backbones to
guarantee good electrical contact and mechanical adhe-
sion and therefore increase the utilization rate of
Co-CINWs, as obviously seen in SEM figures in Fig. 1.
Figure 6c gives the GCD curves at different current
densities, with a specific capacitance of 2150 F/g at a
current density of 1 A/g (higher than that of many re-
cent published works in Table 1), corresponding to a ion
specific capacitance of 4996 F/g of Co, which shows an
excellent charge storage capability for Co-CINWSs(NiE)
[42]. Additionally, the rate performance and the
long-term stability of the electrode are further obtained
according to the specific capacitances of the
Co-CINWS(NIE) electrode at different current densities
and given in Fig. 6e. Although the performance of the
capacitor decreases, the high power characteristic is still
exhibited. The specific capacities of the capacitors are
maintained at 1985, 1872, 1599, and 944 F/g at current
densities of 2, 3, 5, and 8 A/g, respectively. The dis-
charge capacitance is tested in Fig. 6d for multiple cycles
to test the stability of Co-CINWs(NIE), 94.3% of the spe-
cific capacitance at initial cycle of which can be
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Table 1 Comparison of the performance of our work with the literatures based on three-electrode system

Active materials Electrolyte Current density (A g™ Specific capacitance (F g™") Ref.
NixC03.,04 2 M KOH 1 1479 [47]
1GO/Co,(CO3)(OH),) 3 M KOH 1 998 [48]
CuyCo,,CH 6 M KOH 1 789 [49]
C030,@MSDCN 6 M KOH 1 1307 [50]
Co304 nanowire 3 M KOH 05 4185 [51]
GS/NiCo-LDH 6 M KOH 1 1980.7 [52]
NiCo-LDH/RGO 3 M KOH 2 19111 [53]
CNF@Ni-Co LDH 1 M NaOH 1 1378.2 [54]
Co-CINWS(NIE) 6 M KOH 1 2150 This work

maintained after 500 cycles. In our further test, how-
ever, the active material separation from the electrode
is observed beyond 500 cycles, which may derived from
the structure change of the bulk materials taking part
in the Faradaic redox reaction, bringing about the in-
accurate calculation of the specific capacitance based
on the mass of Co-CINWs under a given current dens-
ity. In order to uncover such confused issue, therefore,
our ongoing work will involve in tracking the reversibil-
ity of the electrochemical strains occurred during cyc-
ling. As shown in Fig. 6f the electrochemical
impedance spectra of the material before (MBT) and
after (MAT) the test consist of a semicircle in the first
half and a slash in the second half. It is generally ac-
cepted that the real axis intercept at high frequency
represents the electrolyte resistance and the contact re-
sistance between the active material and the current
collector [43]. The straight line in the low-frequency
area is ascribed to the ion diffusion resistance [30]. It
can be seen that MBT has a smaller real axis intercept
value at a high frequency than MAT, which means that
MBT has a relatively smaller equivalent series resist-
ance. In addition, it can be observed that the straight
line for MBT has a higher slope than that for MAT,
which also indicates that MBT can display a better ion
diffusion. The slope of the two in the low-frequency re-
gion gradually tilts toward the y-axis, indicating that
the electrolyte ions can rapidly diffuse into the pore
structure of the material. The rate-controlling step of
the reaction can be determined according to the elec-
trochemical reaction on the surface of the electrode
material such that the electrode material has good elec-
trical properties.

In order to further evaluate the charge storage capabil-
ity of Co-CINWSs(NIE) in practice, an asymmetric super-
capacitor (ASC) wusing Co-CINWs(NiE) and AC
respectively as positive electrode and negative electrode
was fabricated. Figure 6g illustrates the CV curves of
Co-CINWSs(NiIE) and AC measured in a three-electrode
system with the potential window of AC of -1 to 0 V

and Co-CINWSs(NIE) from 0 to 0.6 V. Therefore, it is ex-
pected that the as-fabricated ASC can be worked to
1.6 V. As shown in Fig. 6h, the CV curves of ASC under
different scan rates show a pair of apparent peaks, dem-
onstrating the typical faradaic characteristics [44]. Add-
itionally, a specific capacitance of 117.5 F/g can be
obtained from the GCD curve at 1 A/g in Fig. 6i, in ac-
cordance with a high energy density of 41.8 W h/kg at
the power density of 1280.7 W/kg, higher than many re-
cently publicized works [45, 46]. When the current
density is enlarged to 8 A/g, the ACS can still exhibited
an energy density of 21.2 W h/kg under a high power
density of 6397.3 W/kg. This result clearly suggests that
the ACS with the Co-CINWSs(NIE) as positive electrode
exhibits a high energy density without sacrificing the
high power density though a bulk redox reaction is
involved, reflecting a possible method to keep a high
energy storage capability under fast charge and discharge
processes.

Conclusion

In summary, a Co-CINWSs(NIE) electrode is fabricated
via a facile one-step hydrothermal method. The active
material Co-CINWSs is deposited on commercial nickel
foam to form a free-standing supercapacitor electrode.
After the optimization of the structure of the
Co-CINWS(E) electrode prepared by PTEFE sticking
method, the Co-CINWSs(NIE) electrode displays a high
specific capacitance of 2150 F/g under the current
density of 1 A/g, with a large energy density of 21.2 W
h/kg under a high power density of 6397.3 W/kg even
when the current density is up to 8 A/g. These results
reveal that Co(CQO3)35Cly20(OH);.101.74H,0O NWs are
very promising candidates for the next generation of
energy storage devices. On this basis, the structural ad-
vantages of nickel foam make the active materials fully
reflect the capacitive properties. The electrode design
concept described in this paper makes it possible to de-
velop high-energy supercapacitors.



Zhao et al. Nanoscale Research Letters

(2018) 13:415

Abbreviations

ASC: Asymmetric supercapacitor; Co-CINWs: Chlorine-doped carbonated
cobalt hydroxide nanowires; Co-CINWs(E): Co-CINWs stuck on the nickel
foam; Co-CINWSs(NIE): Co-CINWs grown on the nickel foam; CV: Cyclic
voltammetry; EDLCs: Electrical double-layered capacitors; GCD: Galvanostatic
charge and discharge measurements; MBT and MAT: The electrochemical
impedance spectra of Co-CINWs(NIE) before and after cycling

Acknowledgments

This work was funded by the Research Fund for the Doctoral Program of
Higher Education of China (Grant No. 20100162110068) and the National
Natural Science Foundation of China (Grant No. 61275174).

Authors’ Contributions

YZ and SL prepared the materials and draft the manuscript. YZ, SL, HL, and
WX designed the work. YZ, SL, and BZ carried out the structure analyses and
electrochemical performance tests of the samples. JZ edited the whole
manuscript. All authors had read and approved the final manuscript.

Authors’ Information
All authors are from School of Physics and Electronics, Central South
University, Changsha 410083, China.

Competing Interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 13 September 2018 Accepted: 9 November 2018
Published online: 27 December 2018

References

1.

— = 0V 00 NOULI A~ WN

N

20.
21.
22.
23.
24.
25.

26.

Cao X, Shi Y, Shi W, Lu G, Huang X, Yan Q, Zhang Q, Zhang H (2011) Small
7:3163

Chen K, Liu FEI, Liang X, Xue D (2017) Surf Rev Lett 24:1730005

Cheng Y, Lu S, Zhang H, Varanasi CV, Liu J (2012) Nano Lett 12:4206

Chen K, Xue D (2018) Nanotechnology 29:024003

Lu Q, Chen JG, Xiao JQ (2013) Angew Chem Int Edit 52:1882

Chen L, Wei B, Zhang X, Li C (2013) Small 9:2331

Yuan C, Li J, Hou L, Zhang X, Shen L, Lou XW (2012) Adv Funct Mater 22:4592
Liu S, Hui KS, Hui KN (2016) ACS Appl Mater Interfaces 8:3258

Liu S, Hui KS, Hui KN (2015) ChemNanoMat 1:593

Jiang J, Li'Y, Liu J, Huang X, Yuan C, Lou XW (2012) Adv Mater 24:5166
Yuan C, Yang L, Hou L, Shen L, Zhang X, Lou XW (2012) Energy Environ Sci
5:7883

Klimont AA, Stakhanova SV, Semushin KA, Astakhov MV, Kalashnik AT,
Galimzyanov RR, Krechetov IS, Kundu M (2017) J Surf Invest: X-ray,
Synchrotron Neutron Tech 11:940

Rajendran R, Shrestha LK, Kumar RM, Jayavel R, Hill JP, Ariga K (2015) J Inorg
Organomet Polym Mater 25:267

Cao L, Xu F, Liang YY, Li H-L (2004) Diamond nanorods from carbon nanotubes
Hu Z Li S, Cheng P, Yu W, Li R, Shao X, Lin W, Yuan D (2016) J Mater Sci 51:2627
Xu'Y, Wang X, An C, Wang Y, Jiao L, Yuan H (2014) J Mater Chem A 2:16480
Li J, Xiong S, Li X, Qian Y (2013) Nanoscale 5:22045

Chen K, Song S, Liu F, Xue D (2015) Chem Soc Rev 44:6230

Mahmood N, Tahir M, Mahmood A, Zhu J, Cao C, Hou Y (2015) Nano
Energy 11:267

Ping J, Wang Y, Lu Q, Chen B, Chen J, Huang Y, Ma Q, Tan C, Yang J, Cao X,
Wang Z, Wu J, Ying Y, Zhang H (2016) Adv Mater 28:7640

Chen K, Song S, Xue D (2015) J Mater Chem A 3:2441

Chen K, Sun C, Xue D (2015) Phys Chem Chem Phys 17:732

Chen K, Xue D (2016) J Mater Chem A 4:7522

Liu S, Lee SC, Patil U, Shackery |, Kang S, Zhang K, Park JH, Chung KY, Chan
Jun S (2017) J Mater Chem A 5:1043

Zhou W-J, Xu M-W, Zhao D-D, Xu C-L, Li H-L (2009) Microporous
Mesoporous Mater 117:55

Gao R, Zhang D, Maitarad P, Shi L, Rungrotmongkol T, Li H, Zhang J, Cao W
(2013) J Phys Chem C 117:10502

27.

28.
29.
30.

38.
39.

40.
41.
42.
43.

45.
46.

47.
48.

49.

50.
51,
52.
53.
54.

Page 10 of 10

Cai S, Zhang D, Shi L, Xu J, Zhang L, Huang L, Li H, Zhang J (2014)
Nanoscale 6:7346

Kobayashi M, Miyoshi K (2007) Appl Catal B Environ 72:253

He S, Zhao Y, Wei M, Evans DG, Duan X (2012) Ind Eng Chem Res 51:285
Wang G, Zhang L, Zhang J (2012) Chem Soc Rev 41:797

Ruifeng Z, Chuizhou M, Feng Z, Qunging L, Changhong L, Shoushan F, Kaili
J(2010) Nanotechnology 21:345701

Cheng JP, Li M, Zhang WF, Wu JS, Liu F, Zhang XB (2013) RSC Adv 3:13304
Liu X-D, Meng D-D, Hagihala M, Zheng X-G, Guo Q-X (2011) Chinese Phys B
20:077801

Frost RL, Lépez A, Scholz R, Xi Y, Belotti FM (2013) J Mol Struct 1051:221
Yang JJ, Cheng H, Frost RL (2011) Spectrochim Acta A Mol Biomol
Spectrosc 78:420

Cheng JP, Fang JH, Li M, Zhang WF, Liu F, Zhang XB (2013) Electrochim
Acta 114:68

Liu J, Jiang J, Cheng C, Li H, Zhang J, Gong H, Fan HJ (2011) Adv Mater 23:2076
Li F, Zhang YX, Huang M, Xing Y, Zhang LL (2015) Electrochim Acta 154:329
JiJ, Zhang LL, Ji H, Li Y, Zhao X, Bai X, Fan X, Zhang F, Ruoff RS (2013) ACS
Nano 7:6237

Wu D, Xiao T, Tan X, Xiang P, Jiang L, Kang Z, Tan P (2016) Electrochim Acta 198:1
Huang L, Chen D, Ding Y, Feng S, Wang ZL, Liu M (2013) Nano Lett 13:3135
Chen K, Yin S, Xue D (2015) Nanoscale 7:1161

Liu S, Zhao Y, Zhang B, Xia H, Zhou J, Xie W, Li H (2018) J Power Sources
381:116

Lin J, Jia H, Liang H, Chen S, Cai Y, Qi J, Qu C, Cao J, Fei W, Feng J (2018)
Adv Sci 5:1700687

Wang R, Yan X, Lang J, Zheng Z, Zhang P (2014) J Mater Chem A 2:12724
Peng H, Ma G, Sun K, Zhang Z, Li J, Zhou X, Lei Z (2015) J Power Sources
297:351

Wang X, Yan C, Sumboja A, Lee PS (2014) Nano Energy 3:119

Leng X, Wu L, Liu Y, Li C, Wei S, Jiang Z, Wang G, Lian J, Jiang Q (2016) J
Mater Chem A 4:17171

Liu S, Hui KS, Hui KN, Jadhav W, Xia QX, Yun JM, Cho YR, Mane RS, Kim KH
(2016) Electrochim Acta 188:398

LiuY, Yu W, Hou L, He G, Zhu Z (2015) RSC Adv 5:75105

Chang B, Gu Z, Guo Y, Li Z, Yang B (2016) J Alloys Compd 676:26

Yan T, Li R, Li Z (2014) Mater Res Bull 51:97

Cai X, Shen X, Ma L, Ji Z, Xu C, Yuan A (2015) Chem Eng J 268:251

Lai F, Huang Y, Miao Y-E, Liu T (2015) Electrochim Acta 174:456

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Abstract
	Introduction
	Methods
	Synthesis of Co-ClNWs on Ni Foam
	Material Characterizations
	Electrochemical Measurements

	Results and Discussion
	Characterization of the Co-ClNWs(NiE)
	Electrochemical Performance of the Co-ClNWs(E) Electrode
	Electrochemical Performance of the Co-ClNWs(NiE) Electrode

	Conclusion
	Abbreviations
	Acknowledgments
	Authors’ Contributions
	Authors’ Information
	Competing Interests
	Publisher’s Note
	References

