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ABSTRACT

A new nanostructured 3-D honeycomb NiCo02Ss (NC-1) has been successfully prepared by a simple
hydrothermal method assisted sulfuration procedure. The morphology of the 3-D honeycomb was
investigated by FESEM and TEM, and the results suggest the NC-1 has a highly porous structure. Its
chemical composition was characterized by XRD and XPS and the results indicate that the NC-1 is the
pure phase of NiCo2Sa. In order to study the effect of morphology on the electrochemical performance,
we have also prepared needle-, flake- and petal-like nanostructured NiCo2S4 on Ni foam. When they
were used as supercapacitor electrodes, the NC-1 exhibited the highest electrochemical performance
among these four kinds of electrodes. Its maximum specific capacity was over 14 mAh cm? at 1 mA
m2 and it still yielded 7.96 mAh cm even at 50 mA cm™. The NC-1 remained 99.64% of the initial
capacity after the long-term test of 1000 cycles. Consequently, the NC-1 has the promising potential as
an energy storage system in the future and it can also be used as an ideal substrate for other active

materials involving a faradaic process.

Keywords: 3-D honeycomb NiCo2Ss; needle-like and flake-like nanostructure; stability;
supercapacitor
1. Introduction

Energy is closely related to all kinds of aspects in our daily life, and consequently, energy storage
is a very vital issue [1-4]. With the increased demand for effective, safe and benign store energy,

supercapacitors have been attracting attention because of their long-term stability, fast charge rate,
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friendly to the environment and safety[5, 6]. Supercapacitors are bridges between batteries and
traditional capacitors, therefore, they could have a high power density and energy density[7, 8]. The
energy in supercapacitors can be stored either by double layer capacitors (EDLCs) or pseudo-capacitors.
However, EDLCs, in which the capacity is due to the reversible ion adsorption on porous carbonaceous
electrodes, have a limited specific capacity, while pseudo-capacitors, storing energy by a faradaic
reaction between the active material and electrolyte, could provide a much higher capacitance than the
EDLCs[9]. Transitional metal oxides, for example MnO>, having a faradaic behavior during the charge
storage process, are used as electrode materials for pseudo-capacitors[10-13]. However, their intrinsic
conductivity is poor, limiting the power density and reducing the cycling performancel[5, 9, 10, 14]. In
order to achieve a much higher capacity and rate performance, electrode materials having a high

electronic conductivity are necessary.

Recently, transitional metal sulfides have been identified as alternative electrode materials for high
performance supercapacitors[15-17]. It has been demonstrated that nickel sulfide and cobalt sulfide are
good electrode materials for supercapacitors which possess an excellent electrochemical performance[18,
19]. It is noted that when the NiCo02Sa is used as an electrode material, the supercapacitors have a much
higher conductivity and significant redox properties than using the corresponding single component
sulfide as electrode materials[20, 21]. Various NiCo2S4 with different morphologies, such as a nanosheet,
nanotube and nanosphere, have been reported. These NiCo2S4show good electrochemical properties [15,
22-25]. Wang and coworkers synthesized NiCo.S4 nanotube arrays aligned on carbon fiber paper for
supercapacitor electrodes, which presented an area specific capacitance of less than 1 F cm? at 4 mA
cm2[26]. Li and coworkers prepared NiCo,S. arrays on Ni foam and the specific capacitance was over
5 F cm? at 2 mA cm?[27]. Lemu Girma Beka obtained cockscomb flower-like NiCo02Ss, and it
manifested 4.1 F cm at a 2.4 mA cm current density[28]. It is known that the redox process reacts on

an active material surface or near-surface, therefore the 3-D nanostructured NiCo02S4 possessing an



effective surface area will inevitably reveal a better electrochemical performance with respect to the 1D
and 2D counterparts. Meanwhile, it can retain the original structure under long-time and high loading
current conditions.

In this study, 3-D honeycomb NiCo2Ss materials have been designed and synthesized by a modified
hydrothermal method accompanied by a sulfuration procedure. Unlike other reporters, the substrate Ni
foam was fixed on a “base” in the whole process. Due to that base, the 3-D honeycomb NiCo0,Ss materials
can be robustly grown on a Ni substrate without any organic binder, which could ensure a strong
mechanical adhesion and electrical contact with the conductive substrate. These reasonable synthesis
processes could avoid inactive area and improve the utilization of the active materials even at a high
loading current. When the 3-D honeycomb NiCo2Ss; materials on a Ni foam substrate are directly used
as supercapacitor electrodes, the supercapacitor shows an excellent electrochemical performance; the
maximum specific capacity is significant greater than 14 mAh cm, and remains at 99.64% of the initial
capacity after a long-term life test.

2. Experimental
2.1 Preparation of NiCo.S4 with different morphologies

All the reagents of analytical grade were used without further purification.

Preparation of NiCo02S4 precursor on Ni foam: Ni foam was cut into two pieces with a specific
configuration. The one whose size was 35*30 mm was used as the substrate and the other was selected
as the base. They were then washed in acetone, 0.1M HCI, ethanol and deionized water (DI water) in
sequence with the assistance of sonication for 15 min, except for the acid at 30 min. For a typical
synthesis of the NiCo2S4 precursor, 4 mmol NiCl; 6H20 and 8 mmol CoCl. 6H20 were magnetically
stirred in 160 mL of DI water, followed by adding a calculated amount of NH4F and 48 mm urea. The
mixed solution was then transferred to a Teflon-lined stainless steel autoclave (TLSSA) loaded with pre-

treated Ni foams and maintained at 100°C for 5 h. After cooling to ambient temperature, the sample was



washed 3 times while sonicated. It should be noticed that the Ni substrate should be tightly fixed on its
base even under the condition of high temperature and high pressure. Therefore, the NiC02S4 can be
uniformly grown on the substrate.

Preparation of NiCo2S4 on Ni foam: the precursor on the Ni foam was directly transferred into 60

mL DI water with 0.3902 g NazS, then sealed and maintained in the TLSSA at 160°C for 12 h. Finally,

the sample was washed and dried in a vacuum oven.
A series of experiments were performed under the same condition other than the amount of NH4F

and the samples were indexed, which was discussed in the results section.

2.2 Characterization

The crystal structure and chemical and physical compositions of the as-prepared NiCo0.Ss were
characterized by powder X-ray diffraction (XRD; RIGAKU), and the chemical state and elemental
composition were studied by X-ray photoelectron spectroscopy (XPS; KRATOS). The morphology was
observed by a field emission scanning electron microscope (FESEM; HITACHI). The transmission
electron microscopy (TEM) images were recorded by a JEM-F200 (JEOL) operated at 200 kV. The

electrochemical performance was conducted in a three-electrode system using a Solartron 1287/1255B.

2.3 Electrochemical measurements

The electrochemical property of all the electrodes was studied in 3 M KOH using a three-electrode
system with an Hg/HgO and a piece of platinum gauze(2*2 cm?) as the reference electrode and counter
electrode, respectively. NiCo,S4 on the Ni foam was cut into 1*1 cm? pieces and directly employed as
the working electrode. Each sample prior to testing was treated under vacuum for 30 min. Cyclic
voltammograms (CV) and galvanostatic charge-discharge (GCD) curves were obtained using a Solartron
1287 and 1255B electrochemical station, and the GCD curves, which were carried out at different current

densities in a fixed potential window, were used to calculate the specific capacities. Electrochemical



impedance spectroscopy (EIS) was recorded by a Solartron 1255B. The specific capacities of electrodes

could be obtained from their discharge curves according to Eq. (1) as follows:
C=AtxI

where | (mA cm2) refers to the current density; A t (s) is the discharge time.

3. Results and discussion

The Fig. 1 simply illustrates the typical fabrication procedure of the NiCo.Ss. In this process, the
initial Ni foam with a smooth surface was first covered by the pink Ni-Co carbonate hydroxide precursor
through the reaction of cations ( Ni?* and Co?" ) and anions (COs? and OH") when they were subjected

to a hydrothermal reaction at 100°C[15, 29]. Remarkably, the metal carbonate hydroxide is in situ grown

on Ni foam surface which contacted with the base instead of the other side (a curved section without
pink materials in the Fig. S1). The precursors can then be hydrothermally converted to the black NiC02S4
by the anion-exchange reaction [15]. Finally, a series of NiC0.S4 materials on Ni foam with different
morphologies were fabricated. Their morphologies were characterized by FESEM and TEM, as shown

in the Fig. 2, 3 and Fig. 4.

The low magnification (Fig. 2a and 2b) shows that the original smooth Ni foam is uniformly
covered by a highly well-defined honeycomb structure on a large scale. From the high resolution FESEM
(Fig. 2c and 2d) images, we can observe that the NC-1 is indeed composed of countless interconnected
honeycomb holes and the diameter of the honeycomb is about 100-200 nm. The Fig.3 presented TEM
images. The Fig. 3a and 3b illustrate NC-1 has network-like structure and it is much more obviously in
the Fig. 3c. The highly well-developed 3-D honeycomb structure not only provides much more
electroactive sites for the faradaic process, but also effectively shortens the distance of the charge transfer

and ion diffusion to the active material surface [30]. Furthermore, NC-1 grew in situ on the conductive



Ni substrate surface, therefore, the 3-D materials can accommodate relatively high stress and volume
change. When employed as an integrated electrode, it could show a high specific capacity and long

stability.

As a comparison, needle-like, flake-like and petal-like NiC0.S4 materials, indexed as NC-2, NC-3
and NC-4 on Ni foam have also been prepared, as shown in the Fig. 4. Based on a low magnification,
the Ni substrates are evenly coated with arrays of NC-2, NC-3 and NC-4. It can be seen that NC-2, NC-
3 and NC-4 do not have a criss-crossed porous structure, which is different from the NC-1.
Consequently, the NC-2, 3 and NC-4 has less active sites located at the surface or near the surface for
the electrochemical reaction. The TEM images of the NC-2 and NC-3 are listed in the supporting
materials. The electrochemical performances of these four NiCo2Ss materials will be discussed later.

It is apparent that NH4F plays a vital role to synthesize these sorts of morphologies in our
experiment. Just as depicted in the Fig. 5, a conclusion about the growth mechanism can be made as
follows; when the amount of NH4F was very limited, the surface of Ni foam can be activated into
effective sites for crystal nucleus growth, and the nucleus just grew up along 1-D direction. As the
amount of NH4F was increased, the partial needle surface was also activated into the active sites, the
nucleus grew up along 2-D direction and finally became into flakes (Fig. S4). When the amount of NH4F
was sequentially increased, the flake became shorter (Fig. 4i). While the amount of NH4F reached to a
certain level, all the needle surface was activated into the active sites, the nucleus grew up along 3-D
direction. The redundant F~ would etch and shuttle through the bulk materials and finally NC-1 was
obtained. Equally important consideration is that the Ni substrate and the base should be tightly fixed in
TLSSA (Fig. S1). Therefore the substrate can keep still even under harsh conditions, which is very
important to prepare NiCo2S4 with uniform morphologies.

The XRD patterns of NC-1, NC-2, NC-3 and NC-4 are shown in the Fig. 6. The strong diffraction

peaks can be readily indexed to the (311), (400), (511) and (440) planes of the cubic NiCo2S4 phase [30].



In addition, the other of 3 remarkable peaks around 44.5< 52.0<and 76.6 “should belong to the Ni foam.
The XRD patterns demonstrate that NiCo2Ss was successfully synthesized. XPS was further performed
to evaluate the chemical composition of the NC-1. Details are shown in the Fig. S8.The full range pattern
in the Fig. S8a indicates that NC-1 is composed of Ni, Co and S elements. The C peak is due to the
carbon tape[31]. The Ni 2p high-resolution spectra could be fitted with two spin-orbit doublets of Ni*
and Ni** and two corresponding shake-up satellites. The binding energy difference of Ni 2ps;. and Ni
2p12 is 20.0 eV, indicating the co-existence of di/tri-valent state. Likewise, in the Co 2p spectra, the
strong peaks demonstrate Co?* and Co** co-existing in the NC-1. According to the S 2p analysis, the

strong peaks can be attributed to S? [25, 29, 32].The XPS results are consistent with the XRD pattern.

The general electrochemical performances of the Ni foam and the four products were characterized
by CV and GCD and the results in the Fig.7a show the CV curves of Ni foam and NC-1, NC-2, NC-3,
NC-4 at 50 mV s, It is obvious that the contribution of the Ni substrate is negligible while the NC-1
has a maximum enclosed area. The results imply that the NC-1 has the highest capacity [26, 33, 34],
which can also be proved by the GCD results. As shown in the Fig. 7b, the NC-1 possesses the longest
discharge time, about 4000 s. The good capacitor performance of the NC-1 can be ascribed to its unique
structure, as we discussed in the Fig. 2 and Fig. 4. According to the above consideration, a

comprehensive electrochemical measurement was implemented for the NC-1.

The electrochemical performances of NC-1 were characterized by CV and GCD in detail. As
depicted in the Fig. 8a, the CV curves of the NC-1 at different scan rates are shown. It is noted that the
shapes of the CV curves have no obvious changes with the increased scan rates. The curves at all the
scan rates remarkably possess a pair of redox peaks, indicating its faradaic behaviors [28, 35, 36]. This
can be explained as follows. When the working electrode undergoes a linear sweep voltage, on the one

hand, its chemical reaction rate will unavoidably be accelerated, associated with an enhanced



corresponding current. On the other hand, the reactant concentration on/near electrode surface decreases.
As it drops to zero, the concentration gradient reaches a maximum. Meanwhile, both the mass transfer
rate and passing current achieve their maximum values. The diffusion layer then becomes thicker and
the concentration gradient decreases with the increase in time. Therefore, the corresponding current
gradually decreases, consequently, a peak emerges in the positive scan. In addition, we can observe that
the redox peaks of the NC-1 move to more negative and positive positions when the scanning rates are
improved [36-38]. This is caused by the internal resistance and concentration polarization resistance
which are more evident at the higher scanning rates. The charge-discharge patterns of the NC-1 at
different current densities are shown in the Fig. 8b. Every charging curve consists of two segments
almost perpendicular to the X axis and a segment parallel to the X axis. The first abrupt potential change
is created by the ohmic resistance due to its follow property. When a certain current passes through a
working electrode, the double layer of the NC-1 is charged because of the electrochemical reaction
hysteresis. The concentration polarization then gradually emerges and finally establishes. Then, there is
a plateau in the charging curve. As the interface reactant is totally exhausted, the double layer is sharply
recharged. Therefore, a new sudden potential appears. These results are consistent with its CV curves,
suggesting that its electrochemical properties are from the faradaic reaction instead of the double layer.
It can also be seen that all the curves have symmetric shapes, suggesting that the NC-1 had a high
coulombic efficiency and reversibility [39-41]. The discharge curves are used to calculate its specific
capacities according to the mentioned equation and the results are depicted in the Fig. 8c.

The Fig. 8c shows the area specific capacity of the NC-1. It can be seen that the maximum value
even reaches more than 14 mAh cm when the current density is 1 mA cm™. The area specific capacities
become lower with the increased current densities. This may be induced by its internal resistance and
deficient kinetic. However, its capacity still reaches ca.7.96 mAh cm™ even at 50 mA cm, suggesting
its good conductivity and reversibility [18, 24, 39, 42]. The NC-1 electrode also has a good cyclic

stability, as shown in the Fig. 8d. The cycle performance was tested by consecutive GCD processes at



10 mA cm? in the window range of 0-0.55 V for 1000 cycles. The gradual increase in the specific
capacity is caused by the active process in the electrode. Although it has declined after 50 cycles, the
specific capacity still retains 99.96% after 1000 cycles because of the outstanding conductivity and good
reversibility in KOH. The inset in the Fig. 8d is the last 20 cycles, and the unchangeable curves

demonstrate that the NC is very stable.

The impedance is tested by a Solartron 1255B and the result is presented in the Fig. 9a. The NC-1
exhibits a small x-intercept and negligible semicircle in the high frequency region, indicating its relative
good conductivity. The former represents the ohmic internal resistance (R.) due to its follow property
and the latter is the charge transfer resistance according to the response time to frequency. The curve is
almost perpendicular to the X axis in the low frequency area, which means good faradaic properties [43].
As shown in the Fig.9b, Ig|Z| is linear with Igw in the low frequency, and the slope is -1/2. In the high
frequency region, Ig|Z| is irrelevant to Igw, which is IgRL. These results can be further proven by the Fig.
7c. The phase angle in the low-frequency area is 80 degrees which is in accordance with the Fig. 9a and
it is equal to O degrees in the high-frequency region that is consistent with the Fig. 9b.

These results demonstrate that NC-1 has an outstanding electrochemical performance. It is known
the morphology, chemical composition and the electrode preparation have a significant influence on its
electrochemical properties [3, 30, 44-46]. The only difference between the NC-1 and the other three
NiCo2S4 materials is the morphology. Therefore, it can be naturally concluded that the 3-D honeycomb
structure of the NC-1 plays the most important role in affecting the electrochemical performance. The
scientific advantages of the 3-D honeycomb morphology can be summarized as; First, the redox reaction
can take place not only on the surface or near the surface region, but also in the bulk of active material
shown in the Fig. 10; second, the 3-D nanostructure of the NC-1has many effective sites for the redox
reaction; third, its thickness is suitable for OH™ penetration, which further increases the utilization of the

active materials; fourth, the charge can be immediately transferred through its developed 3-D network;



fifth, it can alleviate strain stress and volume change during the charge and discharge processes
especially under high loading current densities, which further ensure its durability. Moreover, NiC02S4
is directly in situ grown on a conductive Ni substrate without any binder and the NiCo2S; itself has a

good conductivity comparable to metals [47].

4. Conclusion

We have successfully synthesized a series of NiCo02S4 electrode material, grown in situ on Ni
foam. The obtained NC-1with a 3-D structure has the proper thickness and a developed 3-D network.
When the NC-1 was used as an electrode, the specific capacity is greater than 14 mAh cm™ at the
current density of 1 mA cm and the capacity retains 99.64% of the initial capacity after a long-term
life test. This study provides a new nanostructured 3-D honeycomb NiCo02S4 as a promising candidate
for energy storage systems. The new nanostructured 3-D honeycomb NiCo02S4 also can be used as a
conductive substrate for other active materials in supercapacitors due to its unique structure and good

conductivity.
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Fig.1 Schematic illustration of the synthesis route towards NiCo2S4 on Ni foam
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Fig.3 TEM of NC-1



Fig.5 Possible mechanism for fabrication NiCo2S4 with different morphologies.
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Fig.6 XRD pattern of NC-1, NC-2, NC-3 and NC-4.
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Fig.7 (a) The comparison of CV curves (after 10 cycles) from Ni foam to NC-4; (b) GCD curves
of NC-1, NC-2, NC-3, NC-4 under 1 mA cm™
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Fig.8 Electrochemical performance of NC-1: (a) cyclic voltammograms (CV) curves (after 10
cycles) at different scanning rates (2, 5, 10, 20, 30, 40, 50, 60, 70, 80 mV s™); (b) galvanostatic charge-

discharge (GCD) curves (after 10 cycles) under diverse charge/discharge current densities (1, 3, 5, 10,

20, 30, 40, 50 mA cm); (c) area capacity as a function of the current density and (d) its cycle
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Fig.9 (a) Nyquist profile, (b and c¢) bode plot module and phase of impedance versus frequency
for NC-1
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Fig.10 Illustration of the reaction of NC-1 and OH" in the electrochemical process



