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Abstract: Freestanding porous CosSg nanoneedle bundles arrays on Ni foam were in-situ synthesized by a facile ion exchange

reaction and were directly used as the electrode for supercapacitors. The structure and morphology were characterized by X-ray

diffraction (XRD), scanning electron microscope (SEM), and transmission electron microscope (TEM). Cyclic voltammetry (CV),

chronopotentiometry (CP) and electrochemical impedance spectroscopy (EIS) were adopted to evaluate the electrochemical property

of the porous CoySg nanoneedle bundles arrays electrode in 3 mol/L KOH solution. The results show that the specific capacitance of

the porous CosSg nanoneedle bundles arrays is 1400 F-g™' at a current density of 4 A-g” and the arrays exhibit good cycling stability.

The excellent electrochemical performance can be ascribed to the porous nanostructure of CoySg nanoneedle bundles arrays and the

3D conductive nickel foam, which can increase the contact areas between electrode and electrolyte and improve the conductivity of

the whole electrode.
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Coupled with the critical climate change and energy
crises, exploiting environmentally friendly, renewable,
low-cost energy storage and conversion systems become
very urgent. Supercapacitors and batteries (Li-ion batteries,
fuel cells, etc.) are considered as the two most practical and
effective devices for electrochemical energy conversion and
storage'' ™. Supercapacitor (SC, also called electrochemical
capacitor) has been paid much attention to during the past
decade for its advantages such as high rapid charging and
discharging rate, high power density and long cycle life™>.
Supercapacitor can be classified into pseudocapacitor and
electric double layer capacitor (EDLC) based on the
storage[7].
pseudocapacitors arising from the rapid reversible faradic

mechanism of charge Generally,
process of redox-active materials can provide much higher
specific capacitances than EDLCs ™ ®. Although many

attempts have been dedicated to explore efficient and
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inexpensive redox-active materials including transition
metal hydroxides“o], oxides!"", sulfides!”, and conductive
polymers'"*! designing and developing facile methods to
with planned
morphologies  and

produce electrode materials chemical

component, unique controlled
microstructures are still highly desired.

Recently, nanostructured transition metal sulfides have
been considered one of the most popular non-noble metals
for pseudocapacitor electrode due to their excellent
electrochemical properties and high conductivity!'¥. Among
cobalt sulfides with different
components, including Co4S;, CoySg, CoS, Co;S,, Co,Ss,

and CoS,, make them with different properties meet the

them, stoichiometric

requirements for various application'*!. Up to now, various
morphologies of cobalt sulfides-based materials including
three-dimensional flower-like (en

nanotubes!”,

hierarchical structure

[18]

nanosheet-like  films' ™, nanoparticles
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decorated graphene composite!'”! have been prepared and
applied in supercapacitors. However, it is still a challenge
to optimize the composition and morphology of cobalt
sulfides-based  electroactive  materials, which can
dramatically improve their performance to achieve large
specific  capacitance and long-term stability for
supercapacitors.

In this paper, the porous Co,Sg nanoneedle bundles arrays
on Ni foam have been synthesized by a simple two-step
hydrothermal route and directly acted as electrodes for
supercapacitors. This binder-free and porous structure can
enhance electron and ion transportation, and improve the
electrochemical performance. The porous CosSg nanoneedle
bundles arrays exhibited high specific capacitance (1400
F'g'1 at a current density of 4 A'g'l) and excellent long
cycle stability, offering great potential application in

supercapacitors.
1 Experimental

1.1 Materials

Cobalt nitrate hexahydrate, urea, ammonium fluoride,
sodium sulfide, potassium hydroxide and hydrochloric acid
were all analytical grade and used without any further
purification. Deionized water was used throughout.
Battery-grade Ni foam was purchased from ChangSha
Lyrun Material. Co. Ltd (thickness: 1 mm; areal density:
320 g/m?; PPI (pore/inch): 110; pore size: 0.2~0.6 mm).
1.2 Synthesis of Co(COs3)5(OH)-0.11H,0 precursor

Typically, 5 mmol of Co(NO;),:6H,0, 25 mmol of
CO(NH,), and 10 mmol of NH4F were added into 40 mL of
deionized water. Then the homogeneous solution was
poured into Teflon-lined stainless steel autoclave. After that,
a piece of Ni foam (2 cm x 2 ¢cm) was treated with 6 mol/L
HCI, washed by deionized water, and then put into the
above solution. The top side of Ni foam was uniformly
coated with a polytetrafluoroethylene tape to avoid solution
contamination. The autoclave liner was heated at 120 °C for
9 h, and then cooled to ambient temperature naturally. The
reacted Ni foam was cleaned in deionized water under
ultrasonator for 10 min, and then dried in vacuum at 60 °C
for 5 h. The reactions involved in this step can be explained

as follows:
Co*" +xF —[CoF]*?" (1)
H,NCONH,+2H,0—2NH, +C0;> (2)
[COoF,]"?+0.5C0O,>+OH+0.11H,0—
Co(CO3)5(0OH)-0.11H,0+xF (3)

1.3 SynthesisofporousCosSgnanoneedlebundlesarrays

Typically, 1 mmol Na,S was dissolved in 40 mL
deionized water and transferred into a 50 mL Teflon-line
stainless steel autoclave. Then the Ni foam coated with
precursor was immersed into the autoclave. The autoclave
was heated to 120°C and kept at this temperature for 5 h
and then was allowed to cool to room temperature naturally.

The reaction involved in this step can be illustrated as
follow:

Co(CO3)5(OH)-0.11H,0+S* —>Co0ySg+CO;*+H,0  (4)

The resulting Ni foam was taken out, washed several
times with the water and ethanol, and then dried at 60 °C for
4 h. The load mass of CoySs nanoneedle bundles is about
2.45 mg‘cm'z.
1.4 Characterization of materials

The XRD patterns of the samples were gained by a
Rigaku/Max-3A X-ray diffractometer with CuKa radiation.
FE-SEM photos and EDS graphs were performed on a
Supra 55 Sapphire apparatus with a system for energy
dispersive X-ray analysis. TEM were performed under an
accelerating voltage 200 kV on a JEOL-2010 microscope
and the TEM images were gained with the selected area
electron diffraction (SAED) patterns. The N, adsorption-
desorption isotherm was determined using the Brunauer-
Emmett-Teller (BET) equation by a surface area analyser
SSA-4200 (Builder).
1.5 Electrochemical measurements

All electrochemical tests were recorded by employing an
electrochemical (CHI  660E,
Chenhua). The supercapacitor performance measurements
were performed on a three-electrode system at room
temperature. The Ni foam (1 cm %1 cm) loaded with CoySg

workstation Shanghai,

nanoneedle bundles arrays, platinum plate, saturated
calomel electrode (SCE) and 3 mol/L KOH solution were
applied as the working electrode, counter electrode,
reference electrode, and electrolyte, respectively. The
specific capacitance (C, F-g™') can be calculated by the
following equation:

=1L AL (5)

M AV

Where I(A), At(s), M(g) and AV (V) represent the discharge
current, discharge time, the mass of active materials and
potential window, respectively.

The energy density (E, W-h-kg") and power density (P,
W-kg") of the electrode materials were evaluated by the
following equations:

E:lCVZ (6)
2
P=FE/A\t (7

2 Results and Discussion

2.1 Structural characterization

The composition and morphology of the precursor and
the as-obtained porous CoySg nanoneedle bundles arrays
were characterized by XRD, SEM and TEM. For the sake of
decreasing the impact of the nickel foam substrate on the XRD
signals, both precursor and the porous CoySg nanoneedle
bundles arrays powders were scratched from nickel foam
substrate. Fig.1a gives the XRD pattern of the precursor, and
all of the diffraction peaks can be perfectly suited to
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Fig.1 XRD pattern (a); SEM images (b~d) of the precursor on nickel foam (the inset in Fig. 1b shows the pristine Ni foam before growth)

Co(C0s3),5(OH)-0.11H,0 (JCPDS 48-0083). Fig.1b illustrates
a typical low-magnification SEM image of the precursor
loaded on Ni foam substrate. In comparison with the pristine
Ni foam (inset in Fig.1b) with a smooth surface, it can be
found that a mass of precursor are covered on the Ni foam.
From the high-magnification SEM image (Fig.1d), we can see
that each nanobundle is composed of tens of nanoneedles with
smooth surface and the average diameter about 90 nm.

Fig.2a gives the XRD pattern of the final sample
synthesized by the hydrothermal sulfuration process. The
diffraction peaks can be completely indexed to
face-centered cubic CoySg (JCPDS 65-1765). The crystal
structure of CoySg is shown in Fig.2b, in which 1/9 of Co
atoms are coordinated to the S octahedral and 8/9 of the Co
atoms are paired with the S tetrahedron to form a

4 Fig.2c gives an overall

closed-packed cubic structure
morphology of the CoySg sample, whose morphology and
size are very close to those of the precursor (Co(COs3)gs
(OH)'0.11H,0). Nevertheless, high-magnification SEM
image (Fig.2d) shows that the nanoneedles become rough,
porous and composed of many irregular nanoparticles after
hydrothermal sulfuration process. The EDS analysis of the
porous Co,Sg nanoneedle bundles verifies that  the
element component is Co and S (nickel and a very low
oxygen signal come from the Ni substrates and moisture
and oxygen on the high-surface-area sample) (Fig.2e).
Taking the above result of the XRD, it is justified that
porous CoySg nanoneedle bundles have been successfully
prepared via the second hydrothermal sulfuration process.
The TEM image (Fig.2f) further demonstrates typical
porous structure of the Co¢Sg nanoneedle bundles. The

SAED pattern of the CoySg sample (inset in Fig.2f) consists
bright indicating the
polycrystalline nature of the porous CoySg nanoneedle
bundles. The formation of CoySg from precursor (Co(COj), s
(OH)'0.11H,0) is an anion exchange process. The

of several diffraction rings,

formation of the porous structure of CosSg can be explained
by the ion diffusioneffect and Kirkendall effect™’. During
the sulfuration process, S* ions firstly reacted with the
surface metal ions of Co(COj3)y5(OH)-0.11H,0 nanoneedles
to form a thin CooSg layer. The formed barrier layer then
presented the S* ions from further diffusing and reacting
with the core Co>" ions. So the following reaction
progresses by the diffusion of the Co>" from core to surface
would be the dominant process and this unequal diffusion
process could produce voids close to the interface to form
porous structure of CoySg nanoneedle bundles arrays. The
porous microstructure of CooSg nanoneedle bundles was
further studied by the BET analysis. The N, adsorption and
desorption isotherms and the corresponding pore size
distribution are provided in Fig.3, giving the specific
surface area and total pore volume are 147 m>-g" and 0.48
m’-g", respectively. The porous microstructure can
enhance the contact between electrode and electrolyte and
bring more electroactive sites during the charge-discharge
process. Therefore, the obtained porous CoySg nanoneedle
bundles arrays can be a promising candidate for
supercapacitors.
2.2 Electrochemical performance analysis

The supercapacitor characters of the porous CoySg
nanoneedle bundles arrays on nickel foam were studied by a
three-electrode configuration in 3 mol/L KOH electrolyte.
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Fig.2 XRD pattern (a); crystal structure (b); SEM images (c, d); EDS spectrum (e); TEM image and SAED pattern (f) of the as-obtained

porous CoySg nanoneedle bundles arrays synthesized at 120 °C for 5 h
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Fig.3 N, adsorption-desorption isotherms and the corresponding

pore size distribution of CoySg nanoneedle bundles arrays

Fig.4a displays the curves of cyclic voltammetry (CV) at
different scanratesin a potential window of 0~0.4 V vs. the
SCE. A pair of redox peaks can be seen in all curves,
indicating that the capacitances of the CoySg nanoneedle
bundles arrays on nickel foam are primarily related to the
pseudocapacitive mechanism. Furthermore, with the scan

rate increasing, the intensities of the redox current peaks
also increase and the peaks position gradually shift to
higher potential. The redox peaks are still obvious at the
high scan rate of 50 mV-s’, indicating that the CoySg
nanoneedle bundles arrays on nickel foam served as
electrode are very stable. The reversible redox reaction
could be expressed as the following equation'”'":

CoySs+OH —CoySsOH+e” (®)
The GCD curves at different current densities were
performed in the potential range of 0~0.4 V (Fig.4b). From it,
we can find that all the curves have a symmetric shape. The
discharge time decreases with the current density increasing
and all the specific capacitances corresponding to different
current densities can be calculated using Eq.(6). The specific
capacitances of porous CosSg nanoneedle bundles arrays are
1400, 1241, 1120 and 991 F'g'l at current densities of 4, 8, 16
and 24 A-g”, repectively (Fig.4c). From the Ragone plot of
the porous CooeSg nanoneedle bundles arrays (Fig.4d), we can
find that the energy density decreases from 29.6 to 20.9
W-h'kg" and at the same time the power density increases
from 785 to 4681 W-kg' with the current density increasing
from 4 to 24 A-g’'.
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Fig.4 CV curves at different scan rates (a); GCD curves at different current densities (b); specific capacitances calculated from

galvanostatic charge-discharge curves (c); Ragone plot showing energy density vs. power density (d) of the porous Co¢Ssg

nanoneedle bundles arrays

The cycling stabilities of porous CoySg nanoneedle
bundles arrays on Ni foam were evaluated using a
long-term galvanostatic charge/discharge process at 16
A-g”' (Fig.5a). Notably, the porous Co,Ss nanoneedle
bundles arrays electrode is very stable and the specific
capacitance slightly increases from 1120 F-g”" to 1160 F-g”'
after 1000 cycles, which may be related to the full
activation of the porous active electrode materials during
the cycles'®*’!| and kept basically unchanged in the
subsequent 1000 cycles. Such an outstanding faradaic
pseudocapacitance characters of the CoySg nanoneedle
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bundles arrays may be due to the good conductivity and
rather low resistance that is evaluated via electrochemical
impedance spectrum (EIS). Fig.5b exhibits the Nyquist
plots of the porous Co¢Sg nanoneedle bundles arrays
electrode before and after 2000 charge/discharge cycles tested
at an open circuit potential in the frequency from 0.01 to 10’
Hz. The impedance spectra were fitted by the electrical
equivalent circuit (inset in Fig.5b), in which R, Ry, Cy, Cr,
and are the electrolyte resistance, the faradaic interfacial
charge transfer resistance, the constant phase element
accounting for a double-layer capacitance, the faradaic
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Fig.5 Cycling behavior of the porous CoSg nanoneedle bundles arrays at 16 A*g™" for 2000 cycles (a); EIS spectra before and after

cycle tests (b)
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1) The freestanding porous CooSg nanoneedle bundles
arrays on Ni foam has been synthesized based on the
anion-exchange reaction.

2) Owing to the porous nanostructure of CogSg
nanoneedle bundles and the three-dimensional structure of
Ni foam, the CoySg nanoneedle bundles arrays exhibit an
outstanding electrochemical performance (1400 F-g' at 4
A-g' and excellent cycling stability), indicating a
promising electrode material for high-performance
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