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Multidimensional structure of CoNi>S; materials:
structural regulation promoted electrochemical

performance in a supercapacitort

Yue Han, (2@ Shishuai Sun,*® Wen Cui*® and Jiachun Deng?

Multidimensional architectures of CoNi,S,4 electrode materials are rationally designed by engineering the
surface structure toward that of high-performance supercapacitors. The fabrication of a special
morphology is highly dependent on the synergistic effect between the guidance of Co-Ni precursor
arrays and a subsequent sulfidation process. The unparalleled CoNi>S, electrode materials (NS-3) deliver

a significantly enhanced specific capacitance (3784.6 F g~* at 3 A g~1), accompanied by an extraordinary

rate capability (29323 F g~* at 20 A g™% and excellent cycling life. The outstanding supercapacitor
performance stated above stems from the advantages of a multidimensional structure generated by
crosslinking 2D microsheets/1D nanowires/2D ultrathin nanosheets; this structure supplies additional
efficient active sites and a large contact area at the electrode—electrolyte interface, providing faster

transport kinetics for electrons and ions. For practical applications, asymmetric devices based on an NS-
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3 positive electrode and active carbon negative electrode exhibit a high energy density of 38.5 W h kg™*

accompanied by a power density of 374.9 W kg™t (22 W h kg™ at 7615.4 W kg™%). The above results
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1. Introduction

The development of safe and environmentally friendly green
energy technologies to address the current energy and envi-
ronmental crisis is of great significance, and there are prom-
ising prospects for developing sustainable energy for the
economy and society."® As a promising energy storage device,
supercapacitors (SCs) are receiving considerable attention due
to their low cost, high power density, and fast charge and
discharge.”” Based on the energy storage mechanism of SCs,
designing an advanced faradaic pseudocapacitor material as an
electrode is an effective strategy to prepare desired super-
capacitors owing to the higher energy storage capacity of the
material in comparison with those of various materials used in
double-layer energy storage mechanisms.'™* Nevertheless,
a low electron conductivity and short ion diffusion length of the
active materials drastically limit their capacitance behavior."***
To solve bottleneck issues, a key problem is to construct an ideal
electrode material with unique structural and component
characteristics for exposing an abundance of active sites on the
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indicate that the design of multidimensional Co—-Ni—S materials is an effective strategy to achieve
a high-performance supercapacitor.

surface and improving the charge and
mechanism.">*®

The design of low-dimensional nanostructure materials can
evidently boost the electrochemical activity of electrodes by
offering fast redox reaction kinetics, highly accessible active
sites and improving electronic/ionic conductivity.'” Regrettably,
the practical utilization efficiency of the electrode material and
the diffusion distance of electrolyte are low due to an aggrega-
tion of low-dimensional nanomaterial into a bulk or into
bundled stacks.’®?° In comparison, fabricating a multidimen-
sional structure with a high-curvature surface, an abundance of
open channels, and advantageous low-dimensional structural
units is an effective strategy to maximize the utilization effi-
ciency of electrode materials.”** In addition, binary metal
sulfide has attracted much research due to its prominent
characteristics, such as higher electrical conductivity and
higher theoretical specific capacity than those of a unitary metal
sulfide. Therefore, researchers combine the intrinsic advan-
tages of a multidimensional structure and the unique superi-
ority of a binary metal sulfide to improve the electrochemical
performance of materials, especially three-dimensional (3D)
hierarchical cobalt nickel sulfide (Co-Ni-S) materials.*** For
example, a specific capacitance of 1102.22 F g~ * can be achieved
when 3D rambutan-like hierarchical CoNi,S, is used as an
electrode at a current density of 1 A g~ '.>® 3D-nanostructured
CoNi,S,/CogSy nanocomposites have a specific capacitance of
1183.3 F g ' at a current density of 2 A g *.*° The 3D NiCo,S,/

ion transport
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CoxNi(3_S, core/shell nanoarray structure reveals a high
specific capacitance of 1950 F g~" at 10 mA cm™ "3 It is
unfortunate that the above strategies still do not lead to
a satisfactory capacity for practical applications of Co-Ni-S
materials. Inspired by previous reports, there is still a need for
in-depth research on designing additional structures for Co-Ni-
S materials to fulfill a need for high electrochemical
performance.*3*

In the present work, we attempt to increase the electro-
chemical performance of CoNi,S, by tuning its morphology and
microstructure. The four types of CoNi,S, morphology are
fabricated by a two-step synthesis strategy utilizing hydro-
thermal and sulfidation processes. The formation mechanism
of the multidimensional CoNi,S, structure is discussed by
a systematic investigation of the growth and sulfidation process
of the Co-Ni precursor that results in the regulation of the
microstructure. Among the four types of CoNi,S, materials, the
rational design of NS-3 as a free binder electrode exhibits
optimal electrochemical performance compared with that of
other samples (3784.6 F g~ at 3 A ¢~ ). Such excellent electro-
chemical performance of NS-3 originates from the merit of
multidimensional structural arrays directly grown array on Ni
foam (NF) consisting of crosslinked two-dimensional (2D)
microsheets/one-dimensional (1D) nanowires/2D ultrathin
nanosheets, which not only provides a wealth of porous chan-
nels and active sites for faradaic reactions but also possesses
better transport performance of ions and electrons than other
samples possess. Furthermore, the asymmetric supercapacitors
ASC device of the NS-3 electrode coupled with active carbon (AC)
displays a high energy density (38.46 W h kg™' at a power
density of 374.9 W kg™, 22 W h kg™ " at a power density of
7615.4 W kg™ ).

2. Experimental
2.1 Material synthesis

The reaction chemicals reagents are cobalt nitrate hexahydrate
(Co(Nos),-6H,0), nickel nitrate hexahydrate (Ni(NO;),-6H,0),
ammonium fluoride (NH,F), urea (CON,H,), and sodium
sulfide (Na,S-9H,0), which are the analytical grade. The surface
of NF (3 x 1 x 0.1 cm) is cleaned by the 3 M hydrochloric acid,
acetone, ultrapure water and analytically ethanol in turn for
30 min. Subsequently, the NF are dried at 60 °C in an vacuum
drying oven. The mass of the treated nickel foam was denoted as
M,.

Preparation of the Co-Ni precursor. Co(Nos),-6H,0 (1
mmol), Ni(NO;),-6H,0 (0.5 mmol), different NH,F concentra-
tions (0, 1, 2, 3, 4, 6 and 9 mmol) and CON,H, (6 mmol) are
mixed in 40 mL of deionized water by magnetic stirring. Then,
the mixed solution is transferred into a 50 mL Teflon stainless
steel autoclave, and a piece of cleaned NF is slowly immersed.
The sealed autoclave is placed in a drying oven for a drying time
of 8 h at 120 °C. After the experiment is finished, the sealed
autoclave is cooled to room temperature. The obtained Co-Ni
precursor is cleaned with ultrapure water and absolute ethanol
to remove any residual chemical reagent adsorbed on the
surface of the precursor and then it is dried at 60 °C in a vacuum

7542 | RSC Adv, 2020, 10, 7541-7550

View Article Online

Paper

oven. The Co-Ni precursor samples are marked as NP-0, NP-1,
NP-2, NP-3, NP-4, NP-6, NP-9 according to the amount of
NH,F used. The mass loading of precursor on nickel foam is
denoted as M, The mass loading of NP sample on each square
centimeter of nickel foam is calculated by (M, — M;)/3.
Preparation of the Co-Ni-S. The prepared solution,
including 40 mL of ultrapure water and 0.2 mmol of sodium
sulfide (Na,S-9H,0), is transferred into 50 mL Teflon-lined
autoclave. Then, the synthesized Co-Ni precursor is
immersed. The sealed autoclave is placed in a drying oven for
a drying time of 4 h at 120 °C. The obtained Co-Ni-S materials
are cleaned with ultrapure water and absolute ethanol to
remove the residual chemical reagent adsorbed on the surface
of the material and then the material is dried at 60 °C in
avacuum oven. The final samples are marked as NS-0, NS-1, NS-
2, NS-3, NS-4, NS-6, and NS-9 according to the amount of NH,F
used. The mass loading of final vulcanized sample on nickel
foam is denoted as M. The mass loading of NS samples on each
square centimeter of nickel foam is calculated by (M; — M;)/3.

Finally, the calculated mass loading of NS-3 is 1.36 mg cm 2.

2.2. Material characterization

The crystal structure and chemical compositions of the
prepared Co-Ni-S electrode materials are analyzed by X-ray
diffraction (XRD, Rigaku SmartLab D/max 2500 PC) operated
at 40 kV using Cu Ko radiation from 10 to 80 angles at a scan-
ning rate of 6° min~". The element distribution and chemical
state of the electrode materials are tested by the X-ray electron
diffractometer (XPS, ESCALAB 250Xi). Observation and analysis
of surface micro-nano structures are processed by field-
emission scanning electron microscopy (SEM, Quanta FEG
250) operated at 8 kV. Transmission electron microscope (TEM,
JEM 2010FEF operated at 1200 kV) is also run to further observe
the microstructure of the prepared material.

2.3. Electrochemical performance measurements

The electrochemical tests are performed by an AUTOLAB87348
electrochemical instrument. The performance of the obtained
samples (1 x 1 cm) directly used as the working electrode is first
performed in a three-electrode system with a 2 M KOH aqueous
solution as the electrolyte. The reference and counter electrodes
are Hg/HgO and Pt foil, respectively. Testing methods include
cyclic voltammetry (CV), galvanostatic charging/discharging
(GCD) and electrochemical impedance spectroscopy (EIS). The
specific capacity C (F g ') can be calculated using eqn (1):

C = IAlImAV (1)

where I corresponds to discharge current (A g~'), At represents
the discharge time (s), m is the loading amount of electroactive
materials (mg) and AV refers to the working voltage (V) range.
In a two-electrode system, the obtained Co-Ni-S nano-
structure material (NS-3, 1.36 mg cm™2) is directly used as the
positive electrode. A slurry of active carbon (AC), carbon black,
and polytetrafluoroethylene (PTEE) in a weight ratio of
80:10:10 is coated on an NF to fabricate the negative
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electrode. The prepared asymmetric supercapacitors (ASC)
include a positive electrode of NS-3, a negative electrode of AC,
a one-piece separator of cellulose paper, and an electrolyte of
2 M KOH. During the assembly of the ASC, the charge balance
theory (¢" = g~) determines the mass loading ratio of the two
electrodes as follows:

my CAV.

m  C.AV. 2)

The energy density E (W h kg™ ") of ASCs is related to the
power density P (W kg™') and can be defined by the following
eqn (3) and (4):

_ CA X AVA2
E= 2x3.6 (3)
P 3600 x E (4)
At

where C,, AV,, and At represent the specific capacitance,
voltage range and discharge time of the ACSs, respectively.

3. Results and discussion

Fig. 1 clearly shows the synthesis process of the multidimensional
Co-Ni-S structure by a two-step growth method. In the first step,
hierarchical Co-Ni precursor arrays are vertically formed on NF via
an in situ hydrothermal reaction between Co”* and Ni** ions, and
hydrolysis products released from CoN,H, and NH,F. The
precursor can be described as NiCo,(COj3);5(OH);, which is
confirmed by XRD (Fig. S11).*® Subsequently, a hybrid-
dimensional CoNi,S, structure can be obtained from an anion
exchange reaction between S* derived from Na,S solution and
anions (OH™ and CO,>") derived from the Co-Ni precursor, which
is also confirmed by XRD results (Fig. S2t). Interestingly, four
different morphologies of Co-Ni precursor can be constructed
during the whole experimental process with different amounts of
NH,F (step I). After the second step of hydrothermal vulcanization,
the different nanostructures of the Co-Ni-S array are well fabri-
cated by the induction of Co-Ni precursor, as shown in Fig. 1b-e
(step II). When no NH,F is added in the step I, the final obtained
Co-Ni-S nanostructure (NS-0) from step II reveals that a large
number of 1D nanowire arrays accompany the formation of 2D
nanosheet clusters at the tip of the nanowires (Fig. 1b). When
1 mmol of NH,F is added, the images of obtained NS-1 show that
1D nanowires are obviously wrapped by 2D ultrathin nanosheets
(Fig. 1c). When the amount of NH,F added increases to 3 mmol,
the structure of NS-3 is composed of 2D microsheets (length of =5
pm) and 1D nanowires (diameter of =50 nm) decorated by 2D
ultrathin nanosheets uniformly covering the Ni foam surface,
which forms an architecture with a large area connected with
a highly porous structure (Fig. 1d). 1D hollow nanotube arrays of
NS-6 are finally formed when the amount of NH,F rises to 6 mmol
(Fig. 1e).

Information on the structure and composition of the Co-Ni-
S samples are verified by TEM analysis (Fig. 2). The typical TEM
images of NS-0 show that the tip of 1D nanowires are the cluster

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

(a) ;*5 o Ni
| = |

Abide Al

Fig. 1 (a) Schematic illustration of the Co-Ni-S multidimensional
structural morphology synthesized by a hydrothermal (step 1) and
sulfidation (step Il) process. SEM images of the NS-0 sample (b); NS-1
sample (c); NS-3 sample (d) and NS-6 sample (e).

of ultrathin nanometer sheet (Fig. 2a—c). However, the overall of
1D nanowires of NS-1 and NS-3 are covered by ultrathin or silk-
like 2D nanosheets (Fig. 2d-i), which is consistent with the SEM

wupsz’ 0

Fig. 2 HRTEM and SRED images of the NS-0 sample (a—c); NS-1
sample (d—f); NS-3 sample (g—i); and NS-6 sample (j—1).
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results. When NH,F is used in large quantities, TEM images of
NS-6 show the clearly 1D nanotubes structure with the average
diameter (thickness) of 100 nm (12 nm) consisting of a large
number of 0D nanoparticles (Fig. 2g-i). The HR-TEM image
displays the visible lattice fringe spacing of 0.166 nm, 0.284 nm
and 0.235 nm, corresponding to the distance of (440), (311) and
(400) planes of the CoNi,S,, which is consistent with the results
of XRD. Our results indicate that although the addition ratio of
moles of cobalt nitrate to nickel nitrate is 2 : 1 in the reaction
solution, the ratio of Co : Ni in the obtained samples is 1 : 2 due
to its special reaction conditions. The SEM and TEM results also
indicate that the structure of synthesized samples belong to
multi-dimensional mixed.

View Article Online

Paper

It is worth mentioning that the special morphology of NS-3
composing the crosslinked 2D microsheets/1D nanowires/2D
ultrathin nanosheets is different from that of previous
reports. An EDS and XPS analysis are conducted to determine
the elemental composition and binding energy information of
the NS-3 samples (Fig. 3). Fig. 3a—e reveals the uniform distri-
bution of Co, Ni, and S elements in the structure, which can also
be detected by the XPS peaks (Fig. 3f). The peaks at 778.8 and
794.4 eV imply the existence of Co**, while the peaks at 781.3
and 796.8 eV match with Co®" in the Co 2p spectrum with two
satellites (denoted as “sat”) (Fig. 3g).** The Ni 2p peaks are
positioned at 853.1 and 873.5 eV indexing to the Ni** and at
856.8 and 874.6 eV corresponding to Ni** (Fig. 3h). Fig. 3i shows
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Fig. 3

(a) EDS analysis of the NS-3 sample. (b—e) Overlapped elemental mapping image of NS-3 and the corresponding elemental distribution

mapping images of the NS-3 sample. XPS spectra of the NS-3 sample: (f) survey, (g) Co 2p, (h) Ni 2p, and (i) S 2p.
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the presence of S>~ related to the peaks of 162.9 and 161.6 eV,
which correspond to S 2p*? and S 2p*?, respectively. Further-
more, peaks at 168.1 and 169.2 eV are observed due to the
presence of sulfur vacancies from the metal-S site at the
surface, which generates additional active sites and enhances
the intrinsic conductivity of the material.>****

To clarify the evolution mechanism of the multidimensional
morphology, especially for NS-3, we first study the evolution
process of the Co-Ni precursor morphology affected by the
reaction time (Fig. S3T). At an early stage of growth (0.5 h), the 2D
microsheets uniformly and vertically grown on the Ni foam are
dominant (Fig. S3a and bt). With increasing reaction time to 1 h,
1D nanowires gradually appear on the edge of the 2D microsheets
(Fig. S3c and df). When the reaction time is prolonged to 8 h, the
length and diameter of the 1D nanowires with a high density are
further increased. Interestingly, these 1D nanowires not only
grow on the edges of the 2D microsheets but also penetrate their
surface, forming 3D structures (Fig. S3e and ft). The hierarchical
Co-Ni precursor finally evolve into 1D nanowire arrays with
lengths of several micrometers after a reaction time of 12 h
(Fig. S3g and ht). Experimental results show that a short reaction
time will help the formation of 2D microsheets, and a long
reaction time will be favorable to form the 1D nanowires. With
the change of reaction time, the evolved morphology of the Co-Ni
precursor (Fig. S31) are mainly related to NH,F in the reaction of
step I. The chemical reactions involved in the preparation of Co-
Ni precursors are as follows:**?*°

Ni**(Co*™") + xF~ — [Ni(Co)F,]* >~ 5)
Co(NHa), + HyO — 2NH; + CO, .
CO, + H,0 — CO;* + H' ?7)
NH;-H,0 — NH;" + OH™ ®)

[Ni(Co)F,]*2~ + (1 — 0.5)CO;*~ + yOH™ + nH,0 —
Ni(Co)(OH),(CO3*")(1 — 0.5)y-nH,0 + xF~ (9)

At the beginning, the Ni*" and Co** metal ions first coordi-
nate with the F~ released from the NH,F to form the [Ni(Co)
F,]* ?~ in the mixed solution before heating. As the tempera-
ture of reaction chamber increases, the CO(NH,), can hydrolyze
to OH™ and CO;>", which can reacts with metal ions slowly
released form the [Ni(Co)F,]* 2~ to form the Co-Ni
precursor.>**® At the same time, the presence of F~ in the
solution generated form the hydrolysis of NH,F can corrode the
Co-Ni precursor. In the early stage of the reaction, the hydro-
lysis of NH,F generates the low concentration of F~ in the
system, which is benefit to the formation of 2D microsheets
with high specific surface area and low surface energy.*
However, the hydrolysis rate and strength of NH,F are signifi-
cantly enhanced with the increasing of reaction time, leading to
a sharp decrease of PH value. Meanwhile, the etching of Co-Ni
precursor by high concentration of F~ is further deepened,
which drives the growing of 1D nanowires preferentially at the
rough (etch) edges of 2D microsheets. With further etching of
2D microsheets and growth of 1D nanowires, 2D microsheets

This journal is © The Royal Society of Chemistry 2020
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fully evolve into 1D nanowires with high density (Fig. S3g and
ht). To further prove the correct of our analysis, we also study
the evolution process of the Co-Ni precursor morphology
affected by the different amounts of NH,F under the same
reaction time (Fig. S4t). The results of growth process of the Co-
Ni precursor affected by the concentration of NH,F indicates
that the stability of morphology is in the order of nanowires >
microsheets > nanosheets in the presence of a high concen-
tration of NH,F. When the reaction time is the same, the higher
concentration of NH,F will result in the deeper degree of
etching of the generated Co-Ni precursor, helping the forma-
tion of nanowires, which efficiently support our above analysis.

The sulfidation process is also responsible for the formation
of the multidimensional structures. The Ni-Co precursor arrays
are successfully converted to CoNi,S, arrays with a hybrid-
dimensional structure based on the anion exchange reaction
in the presence of aqueous Na,S-9H,0. It should be noted that
the morphology after the sulfidation process is changed
compared with that of the Ni-Co precursor. Obviously, the 1D
nanowires of NS-3 are covered by 2D ultrathin nanosheets,
while the 1D nanowires of NS-6 transform into 1D nanotubes. In
fact, the precursor of 1D nanowires of NS-6 are highly etched by
the large concentration of F~, creating a large point defect,
which will accelerate the efficiency of sulfidation reactions and
lead to the growth of 1D nanotubes.*” This can be certified by
the results of the TEM images of NS-9, showing that the char-
acteristics of the 1D nanotube structure that consist of 0D
nanoparticles are more distinct (Fig. S51). Therefore, there is
a synergistic effect between the guidance of the Co-Ni precursor
arrays and the sulfidation process when forming the multidi-
mensional morphology of the CoNi,S, arrays.

To further explore the performances of the electrode materials
in relation to their structure, a series of tests are first run in
a three-electrode system as described by the section of electro-
chemical performance measurements. Remarkably, the NS-3
electrode has the largest integral area and longest discharge
time than those of the other electrodes in the CV and GCD curves,
as shown in Fig. 4a and b; thus, it possesses the largest specific
capacity. A more detailed performance of the NS-3 electrode is
further investigated in Fig. 4c. With an increase in the scanning
rate, the peak position of the cathode moves toward the lower
potential attributed to the polarization effect. The related peaks
of the redox reaction match the following reaction equations:*>**

CoS + OH™ < CoSOH + ¢~ (10)
CoSOH + OH™ « CoSO + H,0 + ¢~ (11)
NiS + OH™ < NiSOH + e~ (12)

In the GCD test, the symmetric curves of charge-discharge
time with a distinct plateau prove the excellent reversibility of
the faradaic reaction processes (Fig. 4d). The specific capaci-
tance from the NS-3 GCD curves are determined to be 3784.6,
3510.8, 3399.5, 3131.5, and 2932.3 F g~ ! at 3, 5, 8, 10, and
20 A g~ ", respectively, which are much higher than those of the

RSC Adv, 2020, 10, 7541-7550 | 7545
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Fig.4 (aandb) CVand GCD curves of NS-0-NS-9 under 10 mV s~*and 3A g2 respectively. (c and d) CV and GCD curves of the NS-3 electrode
performed at different scan rates and current densities. (€) Comparison of the curves of the specific capacitance for NS-0-NS-9. (f) EIS of NS-0-
NS-9. (g) Cycling life of NS-0, NS-3, and NS-6 measured at 20 mV s™L. (h) Relationship between the current and scan rate of the NS-3 electrode

material (the inset image are the CV curves from 0.4 to 4 mV s %).
capacitance of the NS-3 electrode.

other comparative NS samples and those of the Co-Ni precur-
sors (Fig. 4e and S6a, b,T respectively).

EIS was performed to evaluate the electrical conductivity of
the electrode materials (Fig. 4f). The tests show that the equiv-
alent series resistance values (R,) determined by the intercept of
the real axis and the charge-transfer resistance (R.) calculated
by the diameter of the semicircle of NS-3 are 0.754 Q and 0.919
Q, respectively; these values are much smaller than those of the
other samples and the Co-Ni precursors (Fig. S6c and df),
suggesting NS-3 has a better electrical conductivity.***
Furthermore, the slope of the line for the NS-3 electrode is
almost perpendicular to the real axis in the low-frequency
region suggesting the outstanding mobility kinetics of the
ions. Fig. 4g shows an 84.6% capacitance retention for the
CoNi,S, electrode (NS-3) even after 2000 cycles, which is supe-
rior to the cyclic stability of NS-0 (77.3%) and NS-6 (65.4%).

The storage mechanism of NS-3 in the redox reaction is also
studied by CV measurements employing low scan rates (0.4 to
4.0 mV s™") (Fig. 4h). The current (i) in relation to the scan rate
(v) can be defined by the equation:***

i=a’ (13)
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(i) Analysis of the surface capacitance contribution toward the whole

Generally, the value of b is confined at 0.5 to 1, which
depends on the slope relationship between log(i) and log(v). A
diffusion-controlled process corresponds to a value of 0.5, while
a capacitance-dominated process corresponds to a b value of
1.0. In this study, the calculated b value for the anodic peaks of
NS-3 is 0.74. Hence, NS-3 exhibits battery-type capacitor
behavior via diffusion processes. In fact, we can analyze the
surface capacitance contribution toward the whole capacitance
in depth according to the following equation:

i(V) = kv + kpy'? (14)
where i(V) represents the total current, k;v refers to the capaci-
tance effect and k,v*? represents the diffusion-controlled
process. By plotting i(V)/v vs. »*'* to calculate the &, and k,
values, we can designate the NS-3 electrode contribution ratios
toward the capacitance effect as being 28.40%, 33%, 38%, 47%
and 56% at scan rates of 0.4, 0.6, 1, 2 and 4 mV s~ ', respectively.
This result evidently indicates that the charge storage is mainly
controlled by the diffusion process at a low scan rate, which is
a typical faradaic characteristic of electrode material.

It is well known that the electrochemical performance of
materials used as supercapacitor electrodes are highly

This journal is © The Royal Society of Chemistry 2020
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depended on their micro-nano structures, which have different
surface active sites for redox reactions and the channel of
electron and ion transport diffusion.*®*° In fact, the results of
SEM and HRTEM obviously show that the four samples have
different multi-dimensional structures providing the different
ion transport diffusion channel and electrochemically active
sites, as shown in Fig. 5. In addition, EIS tests also show that
there are different equivalent series resistance values and the
charge-transfer resistance for the obtained four samples
(Fig. 4f), implying the different electrical conductivity for the
electron transfer. Although the phase composition of these four
sulfide samples is the same, the charge storage mechanism of
these four sulfide samples is different due to the characteristic
of structure. As the typical materials, the unique multidimen-
sional structures of NS-3 induce remarkable electrochemical
performance increases as a result of the following features: (1)
the units containing low-dimensional micro/nanostructures
(1D nanowires, 2D ultrathin nanosheets and 2D microsheets)
offer additional active sites for redox reactions due to a large
surface area. (2) Multidimensional hybrid structures not only
prevent the stacking of low-dimensional structures but also
provide a large porous channel for accelerating ion transport
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Fig.6 (a) Comparison of the CV curves between NS-3 and AC electrodes at 30 mV s~ (b) CV curves of the NS-3//AC ASCs operated at different
voltage ranges. (c) CV curves of the ASCs working at a scan speed of 10-100 mV s™2. (d) GCD curves of ASCs run at current densities of 0.5-
10 A g% (e) Ragone plots of the ACS devices. (f) Stability test of the NS-3//AC device operated at 3 A g~* over 2000 cycles.
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diffusion and enhancing the probability of electrolyte contact
with the surface of the electrode, especially in the presence of
2D microsheets. (3) The intrinsic conductivity of the electrode
materials is enhanced after the sulfidation process, which was
attributed to the generation of surface defect sites. (4) Multi-
dimensional structures grown on conductive NF substrates
without any additional polymer binder improve the binding
force between the materials and substrates, further ensuring
rapid electron transfer and cycling stability.

ASC devices are fabricated to test the application potential of
the NS-3 positive electrode. The negative performance of the AC
electrode used in the ASC devices is represented in Fig. S7T
under a three-electrode test system. The comparison of CV
curves in Fig. 6a shows that the stable working voltage range of
the NS-3 and AC electrodes are —0.1-0.7 V and —1-0 V at a scan
rate of 30 mV s, respectively. To confirm the stable working
voltage range of the ASC devices, the CV curves are run at
different voltage ranges, as shown in Fig. 6b. It is obvious that
the NS-3//AC supercapacitor can realize an operating voltage of
1.7 V without obvious polarization caused by an oxygen evolu-
tion reaction. In practice, a voltage range of 0-1.5 V provides the
best stability of the device. The corresponding CV profiles of
Fig. 6c at different scan rates reveal the synergistic effect
between the faradaic and electrical double-layer capacitance for
the ASC device. It is interesting to note that no severe defor-
mation can be seen even under a high scan speed of 100 mV s ™"
(Fig. 6¢). The GCD measurements depict symmetric charge-
discharge curves at each current density shown in Fig. 6d. The
results of the CV and GCD analysis imply an excellent transport
performance for ions and electrons and an excellent revers-
ibility of the NS-3//AC ACSs. The calculated specific capacitance
of devices based on the GCD curves is 123.07,118.2, 99, 89.3 and
70.7 F ¢ ' corresponding with current densities of 0.5, 1, 3, 5
and 10 A g~ ', respectively. The plot of energy density with the
change of power density is revealed in Fig. 6e. At a power density
of 374.9 W kg~ " (7615.4 W kg™ '), the device delivers a high
energy density of 38.5 W h kg™ (22 W h kg™"). For the
measurements of cycling stability, the NS-3//AC ACS exhibits
a retained capacitance of 77% compared with the initial
capacitance after 2000 cycles at 3 A g~ (Fig. 6f). In fact, there are
many different aspects between the three-electrode cell and two-
electrode cell resulting in the different performance, such as the
applied voltage and charge transfer across the electrode, the
mass of the active material and thickness of the electrodes.**
Generally, the three-electrode cell yields higher value than those
of the two-electrode cell, which is similar as our work that the
ACS exhibits a lower cycling stability than three-electrode cell.
Even so, our results indicate that the design of multidimen-
sional Co-Ni-S materials is an effective strategy to achieve
a high-performance supercapacitor.

4. Conclusions

In summary, different morphologies of Co-Ni-S materials with
multidimensional structures are designed to improve the elec-
trochemical performance of supercapacitors. There is a syner-
gistic effect between the guidance of Co-Ni precursor arrays in
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relation to the amount of NH,F and sulfidation process when
forming the multidimensional morphology of CoNi,S, arrays.
Based on the advantages of a multidimensional structure
composed of crosslinked 2D microsheets/1D nanowires/2D
ultrathin nanosheets, an optimized NS-3 electrode exhibits an
obviously enhanced specific capacity (3784.6 F g ' at 3 A g™ 1).
Moreover, an assembled NS-3//AC ASC device exhibits an
outstanding energy density of 38.5 W h kg™ " at a power density
of 374.9 W kg " (22 W h kg " at 7615.4 W kg™ ), implying its
great application potential in the next generation of high-
performance supercapacitors.
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