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Herein, a simple hydrothermal method was used to synthesize cobalt hydroxide/nickel sulfide and cobalt
foam (Co(OH)2/NiS@CF) composite electrode. By simply heating cobalt foam in the aqueous solution
containing cobalt nitrate, nickel nitrate, and thiourea, Co(OH)2/NiS nano stereoscopic website was
synthesized on Cobalt foam. X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), and
electrochemical tests were used to characterize these composite electrodes. When the molar ratio of
Co(NO3)2:6H20 to Thiourea of 4:5, Co(OH)2/NiS@CF exhibits excellent performance under these tests.
The specific capacitance was 1260 F/g at 1.0 A/g. The composite electrode had 92.3% capacitance
retention after 2000 charge-discharge cycles at 1.0 A/g.

Keywords: Cobalt foams (CF); Co(OH)2; Sulfuration; Composite materials; Electro-chemical
properties

1. INTRODUCTION

With the rise of the global economy and population, energy issues have gotten attention from
researchers. The development of clean energy (solar energy, tidal energy, wind energy, etc.) has
alleviated the energy crisis and environmental problems[1-3]. However, these energies usually need
mechanical energy or photothermoelectric effect to convert into electricity, and the conversion efficiency
is low[4-6]. Electrochemical energy conversion/storage devices have attracted extensive attention in the
past several decades. For example, supercapacitors manifest outstanding power density, high-efficiency
charge and discharge performance, long cycle life, and large capacity[7-10]. The energy storage of
supercapacitors is limited by electrode material. The key factors that affect the electrode material are
morphology, porosity, and specific surface areas. Of late years, many scholars dedicate to the study


http://www.electrochemsci.org/
mailto:zhangcy@jsut.edu.cn

Int. J. Electrochem. Sci., 17 (2022) Article Number: 221276 2

electrochemical performance of porosity[ 11-13]. Transition metal hydroxides with high specific capacity,
low cost, and environmental friendliness also have the potential to be an electrode material for
supercapacitors| 14].

In recent years, many researchers have designed electrochemical energy storage with
morphology and material composition on three-dimensional (3D) conductive current collectors (Ni foam
or Cu foam) to improve energy storage performance[15-18]. Metal foams have three-dimensional
frameworks with good mechanical strength, excellent electrical conductivity, and porous morphology,
providing large surface area and multidimensional electron transport pathways. This property can avoid
the blocking of active sites and reduce the overload caused by ionic resistance and charge transfer[19,20].
At the same time, the porous channel and high specific surface area are beneficial to improve the activity
of materials, so these characteristics make the metal foams more suitable for supporting the catalytic
active material than the metal body itself[21]. Many previous studies have used commercial nickel foam,
but the poor pore structure, low porosity, and large pore size (450 - 3200 um) restrict its development.
This results in a large gap between actual and expected performance[22].

In previous reports, the metal foam has been used to research electrocatalysis. For example,
Zhang et al. embedded petal-shaped Co304 composed of microstrips in the large pores of the cobalt foam
through the hydrothermal process and calcination process, and finally, Co304@Co foam showed high
oxygen evolution activity[23]. The direct contact between Co3O4 microstrip and cobalt foam greatly
increased the surface area of the reaction and improved the catalytic activity of the composite. Among
the known studies, there is litter literature about the application of cobalt foam in electrode materials,
and there is also a large space for development in improving the performance of electrode materials. Dai
et al. synthesized Co foam@Co0304 porous nanosheet arrays by in situ oxidation reaction[24]. The
nanosheets with a thickness of 3 nm were filled with micropores with a diameter of about 5 nm. The
prepared Co foam@Co304 material had high specific capacitance but very small resistance. It also
showed significant long-term stability, maintaining 77.5% permittivity after 20,000 charges.

Fu et al. fabricated a self-supporting electrode (cobalt foam) by in situ growth of
C0304(Co304/CF)[25]. The contact between the needle-like Owing to the needle-like Co304 and cobalt
foam caused the working electrode’s electrochemical performance to improve on charge-transport
properties and electrocatalytic activity. Zhao et al. used a one-step hydrothermal method to in situ grow
an urchin-like ternary nanocomposite (NRC) on cobalt foam[26]. As-synthesized NRC@Co foam had a
hierarchically porous structure, which delivered excellent electrochemical performances. The specific
capacitance at a current density of 0.56 A/g was 10237.5 F/g, and the permittivity was maintained at
117.8% after 14,000 charges and discharges.

According to the above references, we used cobalt foam as a self-support material and loaded
metal materials on its surface because of its extensive specific surface area. As shown in Fig. 1, the cobalt
foam (CF) was pretreated firstly, and then the Co-Ni bimetallic precursor was obtained by the
hydrothermal method, which was then calcined in a tube furnace and then subjected to hydrothermal
treatment to complete the sulfuration. Finally, Co(OH), was synthesized in the Co(OH)2/NiS@CF
composite and tested its electrochemical performance in an alkaline electrolyte. The effect of
sulfurization degree on the microstructure and electrochemical properties of Co(OH)2/NiS@CF was
investigated.
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2. EXPERIMENTAL

2.1. Materials

All reagents in experiments were of analytical level and used without further treatment. Cobalt
Nitrate Hexahydrate, Nickel Nitrate Hexahydrate, Urea, and Thiourea were supplied by Shanghai
Aladdin Biochemical Technology Co., Ltd. Ammonium fluoride and Ethanol were supplied by
Sinopharm Group Chemical Reagent Shanghai Co., Ltd. Cobalt foam was supplied by Kunshan
Guangjia New Material Co., Ltd. Acetone was supplied by Shanghai Lingfeng Chemical Reagent Co.,
Ltd. Deionized water was used throughout the study.

2.2. Pretreatment of CF

The cobalt foam collectors (CF, 1 cm % 2 cm) were carefully washed with 3.0 M HCI for 30 min
and then washed respectively with acetone (BLE), ethanol (EtOH), and deionized water (DIW) for 10
min to remove surface impurities. Afterward, CF was dried in the oven.

2.3. Preparation of Co(OH)»/NISx@CF material

Firstly, 0.58 g Co(NO3)2:6H20, 0.29 g Ni(NO3)2:6H20, 0.6 g CO(NHz): and 0.6 g NH4F were
added to 40 mL DIW. The mixture was stirred at room temperature until well mixed to ensure that both
sides were in full contact with the solution, and then the mixed system was moved to a 50 mL Teflon-
lined stainless steel autoclave. The as-prepared CF was immersed into the Teflon-lined stainless steel
autoclave and kept at 100 °C for 6 h. After completion of the reaction, the temperature was cooled to
room temperature. CF was removed from the Teflon-lined stainless steel autoclave and washed with
DIW and EtOH to remove impurities. And then the CF dried in an oven at 60 °C for 12 h. Furthermore,
the as-prepared CF was placed in a tube and then heated at 350 °C for 2h at the heating rate of 5 °C/min
under flowing N gas.

The amount of Thiourea was added to 35 mL DIW, under constant mechanical stirring to obtain
a transparent solution. CF prepared above was immersed in a transparent solution slowly to ensure that
it can sufficiently contact with the solution. And then CF was poured into a Teflon-lined stainless steel
autoclave for hydrothermal reaction. The obtained precipitate was thoroughly washed three times with
EtOH and DIW respectively. Placing it in an oven to dry completely and setting aside. Among them,
Thiourea is a sulfur source, and the molar mass ratio of cobalt source to thiourea was respectively 4:3,
4:4, and 4:5. According to different ratios, the corresponding composites were denoted as
Co(OH)2/NiSx@CF (x=3, 4, 5).

Fig. 1 shows the fabrication process of the Co(OH)2/NiSx@CF.

2.4. Material characterization

X-Ray Diffraction (XRD) of all as-synthesized samples was collected on SmartLab 9 kw.
Scanning electron microscope (SEM) images and Energy Dispersive X-ray (EDX) were obtained from
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Zeiss Sigma 300.

2.5. Electrochemical measurements

All electrochemical characterization and performance were tested by an electrochemical
workstation (CHI760E, China) using a standard three-electrode at room temperature. The cyclic
voltammetry (CV), the galvanostatic charge-discharge (GCD), and the electrochemical impedance
spectrum (EIS) were performed in 6.0 M KOH. The Co(OH)2/NiSx@CF, a Pt sheet, and saturated a
calomel electrode (Hg/HgO) were used as the working, counter, and reference electrodes respectively.
The exposure area on the working electrode for electrochemical testing was approximately about 1 cm
x 1 cm. CV was tested by starting cycling between 0.15 and 0.3 V at scan rates within 5 - 80 mV/s. GCD
was tested in a potential window between 0.15 and 0.3 V at different current densities within 1.0-5.0 A/g.
EIS was conducted in the range from 0.01 - 100000Hz with an alternating amplitude of 5 mV. The
specific capacitance (Cs) values of Co(OH)2/NiSx@CF is estimated using equation (1):

Cs= (I x At)/(m x AV) (1)
Where Cs (F/g) is the specific capacitance, / (A) is the discharge current, m (g) is the weight of
material on the working electrode area, Af (S) is the discharge time, and AV (V) is the potential window.

Ni(NO),-6H,0
('O(NO})Q'()H:O CO.S=4.3
L, S g ) .

Hydrothermal sulfuration
&_ |.|

CE calcine

Co:S=4:4

Figure 1. Synthesis scheme of Co(OH)>/NiSx@CF composites.
3. RESULTS AND DISCUSSION

Fig. 2 shows XRD patterns of Co(OH)>/NiSx@CF. The XRD patterns of the three materials have
the same characteristic peak positions with different peak intensities. For CF, the diffraction peaks at
41.7°,44.7°,47.6°, and 62.7° could correspond to the (100), (002), (101), and (110) planes of Co (JSPDS
05-0727). The obvious diffraction peaks at 19.1°, 32.6°, 38.0°, 51.5°, and 59.7° could correspond to the
(001), (100), (011), (012), and (003) planes of Co(OH)> (JSPDS 74-1054) after cobalt foam and metal
salt complete hydrothermal reaction and sulfuration. The peaks of NiS appear at 18.4°, 32.2°,37.3°,50.1°,
and 59.7° could correspond to the (100), (300), (220), (410), and (012) planes. Co(OH)2/NiSx@CF was
successfully obtained from the analysis of XRD. Co(OH)2/NiS@CF has strong crystallization peaks
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when the molar mass ratio cobalt source to thiourea is respectively 4:5.
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Figure 2. XRD patterns of CF and Co(OH)2/NiSx@CF.

The morphologies of the Co(OH)>/NiSx@CF were characterized by SEM. As shown in Fig. 3a,
it is observed that the microstructure of cobalt foam exhibits a three-dimensional skeleton structure and
metal compounds are easy to be loaded because of their rough surface. From Fig. 3b, the microstructure
of Co(OH)2/NiSs@CF exhibits interconnected nanosheets and forms a three-dimensional network under
hydrothermal reaction. This three-dimensional network not only avoids cluttered stacking in space but
also increases the specific surface area. The increase of specific surface area leads to more active removal
of active sites in contact with the electrolyte, which improves the electrochemical performance. At the
same time, as a current collector with good electrical conductivity, cobalt foam can enhance the ability
of charge transfer. The SEM image in Fig. 3c reveals that the microstructure of Co(OH)2/NiS4@CF
exhibits urchin-like microspheres. Urchin-like microspheres can add more catalytically active sites.
From Fig. 3d, the microstructure of Co(OH)2/NiS3@CF exhibits a nanoarray shape and was crimped
into a three-dimensional structure.
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Figure 3. SEM images of CF (a), Co(OH)/NiSs@CF (b) Co(OH)»/NiS4@CF (c), and
Co(OH)2/NiS3@CF (d).

Figure 4. EDX and Elemental mapping of Co(OH)2/NiSs@CF.

The EDX analysis (Fig. 4) of Co(OH)2/NiSs@CF reveals that the material contains Co, Ni, O,
and S elements, confirming that Co(OH)>/NiSs@CF was successfully synthesized. From Table 1, the
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atomic ratios of Co, Ni, O, and S are 60.0 %, 11.5 %, 22.6 %, and 5.9 %. Good sulfuration treatment can
effectively improve the electron transfer rate.

Table 1. The element distribution in Co(OH)2/NiSs@CF.

Element Weight percent % Atomic percent %
O 9.7 22.6
Co 72.1 60.0
Ni 15.4 11.5
S 2.8 59

Fig. 5(a-c) shows the CV curves of Co(OH)2/NiSx@CF. The CV at all the scanning rates ranges
from 5 to 80 mV/s. All CV curves of Co(OH)2/NiSx@CF show no oxidation reduction peak, which
indicates the electrochemical stability and energy storage of the electrode material based on the double
electric layer. Meanwhile, as the scanning rate is increased, the current also is increased, the phenomenon
indicates that the electrode material has high ion transfer and high-rate electrochemical properties. All
CV curves show the characteristics of double-layer capacitance, the rectangular-like shape refers to the
accumulation of capacitance by electrolyte ions at the interface between electrode and electrolyte. In
addition, even if on a high scanning rate, the shape of CV curves can be kept unaltered. This proves that
these materials have high-rate electrochemical properties[27]. On the other hand, the CV curves of
Co(OH)2/NiSs5@CF material has the largest area at the same scanning rate, which indicates that the
material has the best electrochemical performance under these conditions of sulfuration.
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Figure 5. The CV of Co(OH)2/NiS3@CF (a) Co(OH)2/NiS4@CF (b) Co(OH)2/NiSs@CF (c), and CF (d).
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Figure 6. GCD curves of Co(OH)>/NiSs@CF (a) Co(OH)>/NiS4@CF (b) Co(OH)2/NiS;@CF (c), and
CF (d).

The GCD curves of CF and Co(OH)2/NiSx@CF at current densities within 1.0-5.0 A/g are shown
in Fig. 6. It can be observed that the resulting material after sulfuration takes longer to charge and
discharge than the original. Electrochemical properties can be improved under the action of sulfuration.
When Co:S is 4:5, the corresponding material has the longest charging time. Fig. 7a shows the specific
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capacitance of four electrodes at 1.0 A/g. The specific capacitance of CF is 669 F/g, while the specific
capacitances of Co(OH)»/NiSx@CF (x=3, 4, 5) are 1100 F/g, 1160 F/g, and 1260 F/g. At the same current
density, the specific capacitance of Co(OH)>/NiSs@CF is the biggest. That's probably because the 3D
network structure not only increases the specific surface area and ion transport capacity but also increases
the available active sites. The following chemical reactions show the oxidation reaction: [28,29]

Co(OH), + OH" <> CoOOH + H,0 + ¢ )
CoOOH + OH" > CoO, + Ho0 + & 3)

NiS + OH" <> NiSOH + ¢ ()
NiSOH + OH" <> NiSO + H,0 + ¢ (5)

The EIS of the Co(OH)2/NiSx@CF is shown in Fig. 7b. CF alone has no semicircle, indicating
low charge transfer resistance on the electrode surface. Co(OH)>/NiSx@CF with different degrees of

sulfuration have semicircles of varying sizes.
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Figure 7. The specific capacitance (a) and the EIS (b) of CF and different ratios of Co(OH)2/NiSx@CF.
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The resistances of Co(OH)2/NiSx@CF (x=3, 4, 5) were 0.63 Q, 0.15 Q, and 0.10 Q by calculating
the sizes of the semicircle. According to the data, the obtained Co(OH)2/NiSx@CF composite electrode
material has better electrocatalytic activity than pure CF. The reason may be that in situ growth of
Co(OH)2/NiS on the cobalt foam reduces the resistance of the electrode and facilitates the interfacial
electron transfer.

Fig. 8 shows the cyclic stability of CF and Co(OH)2/NiSx@CF at 1.0 A/g, it can be observed that
Co(OH)2/NiSx@CF which grows directly and vulcanized on the surface of cobalt foam improves
significantly cycle performance, the composite material has stronger cycling performance than pure CF.
Especially Co(OH)»/NiSs@CF shows the most excellent performance, after 2000 charge-discharge
cycles, the remained specific capacitance is 93.2%. We believe the excellent cycling performance of
Co(OH)2/NiSs@CF is due to Co(OH)2/NiS with a 3D network structure.
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Figure 8. Cyclic stability of CF and Co(OH)2/NiSx@CF at 1.0 A/g.

Table 2. Comparison of the electrochemical property of the Co(OH)2/NiSs@CF composite in this
work with previously reported materials.

Specific Current

Electrode Material ~ Test Solution capacitance (F/g)  density (A/g) Reference
Co(OH). 1.0 M KOH 756 4.0 [30]
Ni-Co(OH)» 1.0 M KOH 1664 5.0 [31]
NiCo2S4@PPy/NF 3.0 M KOH 2554.9 2.54 [32]
Ni/Co LDH 6.0 M KOH 1575 1.0 [33]

Co(OH)/NiSs@CF 6.0 M KOH 1260 1.0 This work
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4. CONCLUSIONS

In summary, Co(OH)2/NiSs@CF with a 3D network structure was successfully fabricated by a
two-step hydrothermal method. The prepared Co(OH)2/NiSs@CF electrode for its electrochemical and
structural properties had good performances. The material’s structural properties revealed the successful
synthesis of 3D net-work material that eventually could deliver the energy storing purpose perfectly. The
3D network of Co(OH)2/NiSs@CF provided more electroactive sites and a pathway for electron transfer
and electrolyte diffusion. This resulted in the remarkable specific capacitance of 1260 F/g at a current
density of 1.0 A/g, and the resistance was only 0.10 Q. The sample also showed excellent stability of
93.2% capacitance retention over 2000 charge-discharge cycles at 1.0 A/g. In addition to the wide
composite material, Co(OH)2/NiSs@CF in this study may be accounted as a new scheme in the field of
supercapacitors.
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