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Transition metal sulphides are becoming one of the promising materials for energy storage applications.
Particularly, an advanced electrode material architecture, which gives favourable electronic and ionic
conductivity, is highly in demand. Herein, a hierarchical NiCo,S; honeycomb/NiCo,S4 nanosheet core—
shell structure is reported for supercapacitor applications. The core—shell structure was in situ grown on
a nickel foam via two consecutive hydrothermal processes, followed by an electrochemical deposition
process. Moreover, we tuned the deposition cycle to get abundant active sites with gaps of suitable sizes
between the walls of the honeycomb structure for efficient electrolyte diffusion routes. The 3D
honeycomb core structure was used as superhighway for electron transport to the current collector,
while the ultrathin shell structure offered a large surface area with short electron and ion diffusion paths,
thus leading to the faster kinetics and higher utilization of active materials. Thus, using the synergistic
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came up with an excellent specific capacitance of 17.56 F cm™ at a current density of 5 mA cm™
the highest cycling stability of 88.2% after 5000 cycles of charge-discharge process. Such advanced
electrode architectures are highly promising for the future electrode materials.
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1. Introduction

Energy storage devices are expected to be one of the most
important devices in the coming era of internet of things and
electric vehicles. Among the existing energy storage technolo-
gies, recently, supercapacitors are one that are growing rapidly
because of their high power density," resulting from their
surface charge storing mechanism and long cycling stability.>™*
However, supercapacitors have low energy density, which limits
their practical applications.® Thus, it is important to rationally
design electrode materials that can deliver high energy density
without the compromise of good power density and cycle
stability. In the past decade, supercapacitor technology has
experienced an impressive performance improvement by using
the concept of a nanostructured material design.® However,
most of the reported electrode materials have their respective
advantages and limitations to satisfy the challenging require-
ments in practical applications. Carbon-based materials exhibit
excellent electrochemical aspects, such as conductivity and
cycling stability, but suffer from low specific capacitance.>'®
Transition metal-based materials deliver higher specific capac-
itance than carbon materials.* However, transition metal-based
electrode materials suffer from poor rate capability and short
cycling time.
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advantages of the core material and the shell material, the as-synthesized optimized electrode material

2 and

Among transition metal-based electrode materials, nickel
cobalt sulphides are one of the promising electrode materials
for supercapacitor applications due to their low cost and natural
abundance."”*® However, they suffer from poor capacity reten-
tion and short cycling stability. Their poor capacity retention is
attributed to poor electrical conductivity and ion diffusion
kinetics at higher current densities, while the short cycling
stability is attributed to large volume changes during charge-
discharge process, which lead to cracks.

So, the design of transition metal sulphide electrode mate-
rials with advanced architectures that leads to enlarged specific
surface area, controlled porosity, and increased conductivity,
which can result in fast electrode kinetics and long cycling
stability, are highly in demand.*?* Thus, different architectures
of transition metal sulphides are proposed to solve these issues,
among which hierarchical core-shell structures are highly
interesting architectures.”*° In such designs, the core structure
can considerably enhance the electronic conductivity by using
the direct path to the current collector, which increases the rate
capability. However, the shell structure gives remarkable elec-
trochemical active sites by direct access to the electrolyte.
Particularly, three dimensional open structures with controlled
core-shell structures, which can provide short diffusion paths
for ions along the shell structure and facilitate electron transfer
to the current collector along the core structure, are highly
attractive.

This journal is © The Royal Society of Chemistry 2019
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In this study, we report a hierarchical NF/NiCo,S, honey-
comb/NiCo,S, nanosheet core-shell structure (NF/NCS/NCS) for
supercapacitor applications. The NCS core with the honeycomb
3D open structure could serve as an excellent scaffold to support
NCS ultrathin and porous nanosheets and facilitate electron
transport to the current collector. Moreover, the ultrathin
nanosheets of NCS with multiple active sites were an interesting
architecture for improving the specific capacitance of the as-
synthesized active material. Moreover, we tuned the shell
structures by changing the deposition cycle to get an optimized
shell structure. Thus, the best core-shell material exhibited an
excellent electrochemical performance of 17.56 F cm > at
a current density of 5 mA cm™?, which is by far better than
materials without shell structures, with an electrochemical
performance of 6.05 F cm ™~ at a current density of 5 mA cm ™2,
Moreover, the as-synthesized best electrode showed an excellent
cycling stability of 88.2% after 5000 cycles of charge-discharge
process, which is by far better than the materials without shell
structures. Therefore, considering the excellent properties of
the core structure to serve as a super electron pathway and the
forest-like structure shell with abundant active sites, the as-
synthesized electrode material is an excellent candidate for
future energy storage applications.

2. Experimental
2.1 Material synthesis

In this experimental study, all the materials were used without
any further processing and modifications. There were three key
steps used to synthesize the NF/NCS/NCS core-shell structure.
Step I: the synthesis of a honeycomb-like precursor on a nickel
foam: in detail, 1.9 g of NiCl,-6H,0, 1.9 g of CoCl,-6H,0 and
0.72 g of urea were added into 50 ml of DI water and stirred until
a homogeneous solution was obtained. A nickel foam (NF) of
area 3 x 4 cm” was cleaned in ethanol using ultrasonication for
10 min, followed by cleaning using DI water. Then, the cleaned
NF was diagonally placed in the solution and hydrothermally
treated in an autoclave machine for 6 h at a temperature of
120 °C. Step II: sulfidation process, 2 g of Na,S-9H,0 was added
to 50 ml of DI water and stirred to get a homogeneous solution,
and the precursor sample prepared in step 1 was diagonally
placed in the solution. Then, the sample was hydrothermally
treated for 6 h at a temperature of 160 °C. After normally cooling
down to room temperature, it was washed and dried and a NF/
NiCo,S,; honeycomb scaffold structure was obtained. Step III:
decorating the NF/NiCo,S; honeycomb scaffold by a shell
structure using an electrochemical deposition method. In
detail, 0.1148 mg of CS(NH,),, 0.02376 mg of NiCl,-6H,0 and
0.11892 mg of CoCl,-6H,0 were homogeneously dispersed into
100 ml of DI water. Then, three electrode configuration elec-
trochemical workstation was used to deposit a shell structure

using cyclic voltammetry at scan rate of 1 mV s .

2.2 Structural characterization methods

Different structural characterization techniques, namely, field
emission scanning electron microscopy (FE-SEM, Gemini SEM
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500, Zeiss, Germany), field emission transmission electron
microscopy (FE-TEM, JEOL JEM-F200 (HR)) and X-ray diffrac-
tion (XRD) (Bruker D8 ADVANCE), were used to study the
structure of the as-synthesized materials at different experi-
mental steps.

2.3 Electrochemical characterization methods

A three-electrode configuration electrochemical workstation
was used to study the electrochemical properties of the as-
synthesized material. In the three-electrode configuration the
active material was used as the working electrode, while Hg/
HgO and platinum sheet were used as the reference and
counter electrodes, respectively. The working electrode was
prepared using 1 x 1 cm” of the as-synthesized sample and
pressing NF at 10 MPa to form a thin nickel foil. In all tests, 2 M
KOH was used as an electrolyte. Then, electrochemical charac-
teristic information were collected using cyclic voltammetry
(CV), galvanic charge/discharge (GCD) and electrochemical
impedance spectroscopy (EIS) tests.

The value of areal specific for all samples was calculated
from the GCD plots, using the following eqn (1):***!

I x At

Cy =
AT A xAu

(1)

where C, (F em™?) is the areal specific capacitance, A (cm®) is the
area of the electrode material, I (A) is the discharge current, At
(s) is the discharging time and Au (V) is the operating potential
window.

3. Results and discussion
3.1 Structural characterization

The synthesis process of the NF/NCS/NCS core-shell structure is
schematically presented in Fig. 1. The first step is to synthesize
a honeycomb precursor on the Ni foam substrate via a hydro-
thermal process (Fig. 1, step I). The second step is to transform
a honeycomb-like precursor to a NiCo,S, honeycomb structure
using a sulphidation process.** The third step is the deposition
of NiCo,S, ultrathin nanosheets on the NiCo,S, honeycomb to
form a core-shell (NF/NCS/NCS) structure, as shown in Fig. 1,
step III.

Fig. 2 shows typical SEM images of the NF/NCS honeycomb
core structure and NF/NCS/NCS core-shell structures at
different magnifications. As it can be clearly seen in Fig. 2a, free-
standing and well-aligned NCS honeycomb are grown on the Ni
foam substrate via a hydrothermal process. The walls of the
honeycomb have a thickness of around 70 nm. In Fig. 2b and c,
open free space can be clearly observed between the walls of the
honeycomb structure, which is large enough to incorporate
additional active materials in order to increase the specific
capacitance of the device. Thus, we wrapped the walls of
honeycomb with ultrathin nanosheets by a deposition process.
Fascinatingly, we tuned the amount of the nanosheet-like shell
on the walls by controlling the deposition cycle to balance
electrolyte ions penetration into the active materials and the
amount of active materials used as a shell. Thus, we prepared
different samples by varying the deposition cycle numbers. The

RSC Adv., 2019, 9, 32338-32347 | 32339
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Fig. 1 Schematic of the experimental process.

samples are labelled as NF/NCS/NCS-0 sample prepared using
0 cycles of deposition (it is simply sample without shell (Fig. 2a-
¢)), NF/NCS/NCS-5 sample prepared using 5 cycles of deposi-
tion, NF/NCS/NCS-10 sample prepared using 10 cycles of
deposition, NF/NCS/NCS-15 sample prepared using 15 cycles of
deposition and NF/NCS/NCS-20 sample prepared using 20
cycles of deposition. Fig. 2d-f show the SEM image of NF/NCS/
NCS-5. The SEM images clearly show that an ultrathin sheet
shell material is grown on the walls of the NCS honeycomb
structure. As the deposition cycles increased to 10 cycles (NF/
NCS/NCS-10), the size of nanosheets covering the core struc-
ture proportionally increased. When the deposition cycle is
further increased to 15 cycles (Fig. 2j-1), the free space between
the walls is almost completely closed and the backbone core
structure is completely covered by nanosheets. As the cycle
number is increased to 20 cycles, the core structure is
completely buried and the shell material with a forest-like
structure with big trees is obtained (Fig. 2m-o). Thus, as the
deposition cycle number is increased from 0 to 20 cycles, clear
variation in the size of the shell structure is observed. In
general, such a hierarchical 3D open structure directly grown on

32340 | RSC Adv., 2019, 9, 32338-32347

Step 111

Step 11

NF/N iCOzS4

a current collector is highly desirable for supercapacitor
applications.

For further understanding the structure of the as-
synthesized material, we performed the TEM analysis. Fig. 3
shows typical FE-TEM and HRTEM images of NF/NCS/NCS-10.
Fig. 3a and b clearly show that the surface of the wall (core
structure) is wrapped with sheet-like structure, forming a typical
core-shell structure. Fig. 3c shows the TEM images of the shell
structure. Clearly, the TEM images show that ultrathin nano-
sheets are clearly grown on the surface of the core structure.
Moreover, the high-resolution TEM (HRTEM) images are shown
in Fig. 3d-f. Clearly, Fig. 3d shows a clear core-shell structure,
where the core material is highly crystalline and the shell
material is less crystalline compared to the core material. To
confirm the crystal structure of the core-shell material, the
magnified image of Fig. 3d is shown in Fig. 3e. The lattice
fringes 2.8, 2.3, 1.8 and 1.6 nm can be indexed to the 311, 400,
511 and 440 crystal planes of NiCo,S, (PDF #20-0782). It can be
seen from Fig. 3d and e that the shell material is relatively in an
amorphous phase compared to the core material; to confirm
this, we have shown additional HRTEM images in Fig. 3f taken
from the tip of Fig. 3c.

This journal is © The Royal Society of Chemistry 2019
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5.0'nm

Fig. 3 (a—c) FE-TEM image of NF/NCS/NCS-10, (d) HRTEM image to illustrate the core/shell structure, (e) HRTEM image to illustrate the crystal
structure of core and shell materials taken from (d) and (f) HRTEM image taken from tip of (c).

crystal plane for all samples. Fig. 4e; shows the XRD spectrum
of the honeycomb pristine core material. It shows peaks at
26.867, 31.659, 38.55, 50.46 and 55.4°, which can be indexed to

lum

the 220, 311, 400, 511 and 440 crystal planes of NiCo,S, (PDF
#20-0782), respectively. The absence of other peaks clearly
demonstrates that a pure crystal phase is prepared. Fig. 4e,

(e)

Intensity (a.u)

(e1)

NF/NiCOzS4

(e2)

Mttt

NF/NiCO:S4/NiC02Sq

(e3)

NF/NiCOzS4/NiCOzS4

2-Theta (degree)

Fig. 4 (a) STEM image where EDS mapping taken, the inset is TEM image where EDS mapping taken, (b—d) EDS image of Co, Ni and S,

respectively, (e) XRD spectra.
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shows the XRD spectrum of a core/shell structure just after
deposition and drying process. There are no clear peaks
observed in this material except the NF peaks. This demon-
strates that the core material was covered with abundant
amorphous shell materials and showed weak crystal peaks.
Thus, to increase the crystallinity of the sample, we annealed
the core-shell material at a temperature of 100 °C for 1 h, and
after annealing the crystal structure was clearly determined
from the XRD spectrum as shown in Fig. 4e;. Thus, the forest-
like shell material has similar crystal structure to that of the
original honeycomb material. Thus, the overall core-shell
material is an NiCo,S; honeycomb/NiCo,S, forest-like sheet
with a cubic crystal structure. Fig. 4e, shows the standard
crystal peaks of NiCo,S, with card number of (PDF #20-0782).

3.2 Electrochemical characterization

Fig. 5 shows a typical comparative electrochemical performance
of NF/NCS/NCS-0, NF/NCS/NCS-5, NF/NCS/NCS-10, NF/NCS/
NCS-15 and NF/NCS/NCS-20 samples. Fig. 5a shows compara-
tive CV curves at a scan rate of 1 mV s~ . All the samples showed
clear redox active peaks, illustrating pseudocapacitive property.
Clearly, Fig. 5a shows that all the samples with a core-shell
structure illustrate better CV areas compared to the sample
without shell. This is attributed to the extra active sites intro-
duced by the nanosheet shell structures to participate in redox
reactions. As the deposition cycle number increased from 0 to
10 cycles, the CV area increased; however, as it further increased
to 15 and 20 cycles, the CV area became decreased and less than
that of the 10 cycle depostion. Thus, sample NF/NCS/NCS-10
has relatively showed the largest CV area compared to all
samples, illustrating its excellent electrochemical performance.
This may be attributed to the suitable sizes of nanosheets
between the gaps of the honeycomb wall structure for sufficient
diffusion of the electrolyte ions through the whole material. To
determine the contribution of the nickel foam current collector,
we included the CV test result of pristine NF in the comparative
CV test. Clearly, as it can be seen from the plot, the NF has
negligible contribution to the specific capacitance of the as-
synthesized material. Fig. 5b shows the relative GCD plots of
different samples at a current density of 30 mA cm™>. All the
GCD plots show nonlinear graphs, illustrating a pseudocapaci-
tive property, which is in agreement with the CV plots. Similar
to the CV plots, the area covered by the GCD plots of sample
without shell structure is less than all other samples, illus-
trating clear advantage of shell structures.

The areal specific capacitance of the as-synthesized mate-
rials is calculated using eqn (1). The maximum areal specific
capacitance obtained is 6.05, 10.5, 17.56, 13.81 and 16.7 F cm >
at a current density of 5 mA ecm ™2 for samples NF/NCS/NCS-0,
NF/NCS/NCS-5, NF/NCS/NCS-10, NF/NCS/NCS-15 and NF/NCS/
NCS-20, respectively. Clearly all samples have showed excel-
lent specific capacitance. Samples with core-shell have shown
much better capacitance performance compared to sample
without shell. This is directly attributed to the introduction of
abundant electroactive sites for faradaic reactions in the shell
part. The difference in capacitance performance for samples

This journal is © The Royal Society of Chemistry 2019
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prepared at different cycle numbers is attributed to the density
of shell structures decorated on the walls. At lower cycle
numbers, few active materials were grown as a shell and few
active sites were obtained. Moreover, at higher deposition cycle
numbers, the open space between the walls of the honeycomb
core structure was totally blocked, which led to a decreased
electrolyte penetration, thus leading to a lower utilization of the
active material. Then, at high deposition cycles, the core-shell
structure could not provide enough space for the intimate
contact between electrode and electrolyte, leading to less
material utilization and low capacitance performance. Thus,
the relatively highest specific capacitance of NF/NCS/NCS-10 is
due to the abundant shell nanosheets grown on the honeycomb
core to provide large active sites with gaps of suitable sizes
between the walls of core-shell for efficient electrolyte diffusion
routes. The ultrathin shell structure offered a large surface area
with short electron and ion diffusion paths, thus leading to
faster kinetics and higher utilization of the active material and
leads to better specific capacitance. To further understand the
electrode performance at different current densities, compara-
tive specific capacitance is plotted in Fig. 5c. Clearly, samples
with a lower shell density showed better rate capability because
of highly open structures, which facilitate the deep penetration
of electrolyte during charge-discharge process. However, as the
density of forest-like shell is increased, it takes time for ions to
diffuse in and out, and rate capability become lower.

In pseudocapacitive material, cycling stability is the key
issue. Fig. 5d shows the comparative cycling stability test results
of NF/NCS/NCS-0, NF/NCS/NCS-5, NF/NCS/NCS-10, NF/NCS/
NCS-15 and NF/NCS/NCS-20. After 5000 cycles of charge-
discharge process at a constant current density of 25 mA cm 2,
the retained capacitance is 76%, 82%, 88.2%, 91% and 79% for
NF/NCS/NCS-0, NF/NCS/NCS-5, NF/NCS/NCS-10, NF/NCS/NCS-
15 and NF/NCS/NCS-20, respectively. Clearly, all materials
have shown good cycling stability. Comparatively, sample NF/
NCS/NCS-5 showed the best retention, while sample NF/NCS/
NCS-10 showed the next highest cycling performance after
5000 cycles of charge-discharge process. The result indicates
that the stability of the device enhanced after grafting the walls
of NCS by ultrathin shells. This is due to the robust hierarchical
structure that protects the collapse of the core structure and
leads to electrochemical degradation in the following ways. (1)
In core-shell structures, the nanosheet shell prevents the elec-
trolyte from directly contacting the core structure and better
structural stability is obtained, while in a pristine NF-NCS
honeycomb, the core directly interacts with the electrolytes,
resulting in swelling and fracture, which thus lead to less
cycling stability. (2) The shell structures are ultrathin structures
and less affected by stress and strain during charge-discharge
process. The cycling capability difference between different
core-shell structures can be attributed to the size and density of
NCS decorated on an NCS core material under the following
conditions. In low density shells, the stress between nanosheets
is decreased and better cycling stability is observed, while for
high density stacked nanosheets, the volume changes during
charge and discharge processes leads to stress, resulting in less
cycling stability. To obtain more information about the

RSC Adv., 2019, 9, 32338-32347 | 32343
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structural stability of our core/shell structure, we conducted
SEM of the NF/NCS/NCS-10 active material after 5000 cycles of
charge-discharge process. Even the SEM image (Fig. 6) shows
a sheet-like structure warped on the core material, and a clear
core/shell structure is obtained illustrating good structural
stability of the as-synthesized active material after long cycling
charge-discharge process. The cycling degradation observed
after 5000 cycles of charge-discharge process may be due to the
dropping of the active materials from nickel foam or the
corrosion nickel foam after continuous charge-discharge
process.

32344 | RSC Adv., 2019, 9, 32338-32347

To understand the charge and ion transports in these
materials, we conducted EIS test. Fig. 5e and f demonstrate the
electrochemical impedance spectroscopy (EIS) test results of the
as-synthesized materials. The EIS tests were conducted by
applying a 5 V AC perturbation potential within the frequency
range of 100 kHz to 0.1 Hz. It is well-known that the EIS plot has
two key regions, namely, a high frequency region, which gives
information about charge transfer rate,* and a low frequency
region, which gives information about ion transportation in the
active material.>* Fig. 5e shows the low frequency relative EIS
plots for NF/NCS/NCS-0, NF/NCS/NCS-5, NF/NCS/NCS-10, NF/

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 SEM image of core/shell material after 5000 cycles of charge—discharge process at different magnification scales.

NCS/NCS-15 and NF/NCS/NCS-20. At low frequency region, NF/
NCS/NCS-5 exhibits a more inclined line leaning to the imagi-
nary axis, illustrating fast electrolyte ion transportation in the
active material and more ideal capacitance behavior.’>* However,
the highly loaded material NF/NCS/NCS-20 illustrates the least
inclined line, illustrating less ion transportation compared to
the other materials. This can be attributed to the blocking of the
free space between the walls by the shell material and blocks
deep penetration and diffusion of electrolyte ions. Materials
with a more open structure facilitate easy transportation of
electrolyte ions, while stacked/agglomerated structures show
slow ion transportation. In the high frequency region (Fig. 5f),

all the samples have shown almost negligible semicircle, illus-
trating excellent charge transport in all samples.

In summary, the excellent electrochemical performance of
the NF/NCS/NCS core-shell electrode material could be attrib-
uted to the 3D hierarchical core-shell effects between NCS
honeycomb core material and NCS forest-like ultrathin nano-
sheets in the following way. First, the honeycomb 3D open
structure of the core structure served as an excellent open
scaffold to load ultrathin nanosheets with favourable electron
and ion transport along the material. Second, NCS honeycomb
provides highly exposed active sites with accelerated ion diffu-
sion and conductive skeleton, facilitating the electron transfer.

Table 1 Comparison of electrochemical performance of our NF/NCS/NCS with reported literature

Type of electrode Specific capacitance Cycling stability Reference
NiCo,S,/Cobalt sulfide nanosheets 4.74 Fcm™2, 5 mA cm ™2 76.1%, 1500 36
NiCo,S,/Cobalt sulfide 714.2 mF cm ™2, 5 mA cm ™2 65%, 5000 37
Carbon close/NiCo0,S4@NiCo,S 245 mA h em™2, 2 mA cm ™2 86%, 3000 38

NiC0,S;@Ni;S, 4.25 C cm™2, 4 mA em ™2 — 39
CoS@NiCo,S, 7.62 Fcem 2, 5 mA cm ™2 71.7%, 3000 40
NiC0,8,/Co,Nij_yS, 10.9 F cm ™2, 10 mA cm ™2 82%,5000 41
NiC0,S4/Co(OH), 9.6 Fem 2,2 mA cm ™2 70.01, 5000 12

NiCo,S, honeycomb/NiCo,S, nanosheet

This journal is © The Royal Society of Chemistry 2019
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Third, the nanosheets can afford more redox active sites and
shortened ion diffusion pathways. Lastly, the in situ growth of
the core-shell structure on the current collector can avoid
additional conductive additives and polymer binders, thus
providing high mechanical stability and conductivity. Using
these advantages, the as-synthesized material has exhibited
superior electrochemical performance compared with other
reported literature listed in Table 1.

4. Conclusions

In summary, we successfully prepared a 3D hierarchical NF/NCS
honeycomb decorated with NCS ultrathin forest-like nano-
sheets as a core-shell structure electrode material. The 3D
hierarchical core-shell structure was grown by using a hydro-
thermal process, followed by sulfidation and electrochemical
deposition processes. The optimized electrode material
exhibited a high areal capacitance of 17.56 F cm > at a current
density of 5 mA cm™?, which is much better than the device
without a shell structure (6.05 F cm > at the same current
density). In addition, the as-synthesized material exhibited
excellent rate capability and cycling stability compared with the
material without the shell structure. The superior electro-
chemical performance essentially originated from the tuned
core-shell structure with good electrical conductivity, and
abundant electrochemical active sites originated from the core
and shell structures. The proposed design strategy is straight
forward to construct other 3D core-shell electrodes, which can
be used in energy storage and conversion devices.
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