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 ABSTRACT 

A highly active and stable oxygen evolution reaction (OER) electrocatalyst is

critical for hydrogen production from water splitting. Herein, three-dimensional

Ni3S2@graphene@Co9S8 (Ni3S2@G@Co9S8), a sandwich- structured OER electro-

catalyst, was grown in situ on nickel foam; it afforded an enhanced catalytic 

performance when highly conductive graphene is introduced as an intermediary

for enhancing the electron transfer rate and stability. Serving as a free-standing 

electrocatalytic electrode, Ni3S2@G@Co9S8 presents excellent electrocatalytic 

activities for OER: A low onset overpotential (2 mA·cm−2 at 174 mV), large anode 

current density (10 mA·cm−2 at an overpotential of 210 mV), low Tafel slope 

(66 mV·dec−1), and predominant durability of over 96 h (releasing a current 

density of ~ 14 mA·cm−2 with a low and constant overpotential of 215 mV) in a 1 M 

KOH solution. This work provides a promising, cost-efficient electrocatalyst 

and sheds new light on improving the electrochemical performance of com-

posites through enhancing the electron transfer rate and stability by introducing

graphene as an intermediary. 

 
 

1 Introduction 

Traditional energy consumption approaches have 

caused serious problems, including climate change, 

extreme weather, haze, and diseases. Therefore, 

researchers have focused on searching for cleaner 

energy sources [1–6]. Hydrogen, with a higher calorific 

value and no emissions, is considered as a green energy 

source and is one of the most promising clean-energy 

candidates [7–9]. Among the methods for hydrogen 

generation, water splitting by electrocatalysts is 

regarded as the most promising approach because it 
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does not produce pollutants and greenhouse gases 

[10–12]. Precious metal catalysts have proven highly 

effective for water splitting, but their applications are 

tremendously limited by their high cost, scarcity, and 

poor durability [13–15]. Recently, tremendous efforts 

are being to develop more economical catalysts, and 

great progress has been achieved, especially for the 

hydrogen evolution reaction (HER) [16–21]. However, 

the oxygen evolution reaction (OER), the other 

important process of water splitting by electrocatalysts, 

is still the bottleneck of the entire water electrolysis 

process because of its sluggish kinetics [22–30]. 

A three-dimensional (3D) catalytic electrode is a 

novel structure for high-performance electrocatalysts; 

it can be prepared by directly depositing catalysts 

onto a 3D structured substrate or self-assembling the 

materials into a 3D structure. The 3D structure can 

effectively reduce the overpotential that results from 

the binder and contact resistance, which is inevitable 

in the process where an active powder catalyst is 

formed in the electrode [31, 32]. Additionally, the 3D 

catalytic electrode has attracted increasing attention 

and extensive research efforts [33–38]. For example, 

Shanmugam et al. directly synthesized an NiCo2S4 

nanowire on nickel foam as a 3D bifunctional 

electrocatalyst; it presented excellent activity and 

stability for overall water spitting [39]. Fan et al. built 

hierarchical porous NiMoN on free-standing carbon 

cloth as a 3D electrocatalyst for HER [37]. Our previous 

work also demonstrated that a 3D catalytic electrode 

based on different 3D substrates can exhibit excellent 

performances for water splitting [40–42]. However, it 

is still challenging to design and synthesize an excellent 

3D nanostructured material to further and effectively 

reduce the overpotential of OER. 

Herein, we constructed a 3D structured free-standing 

Ni3S2@graphene@Co9S8 (Ni3S2@G@Co9S8) electrode on 

Ni foam in situ using a two-step hydrothermal 

process. The highly conductive graphene acts as an 

intermediary layer that can greatly enhance the 

electron transfer rate between the sulfides. Moreover, 

the introduction of the graphene layer can improve 

the durability of the composites by serving as the 

protecting layer to ensure a uniform coating of Co9S8 
on Ni3S2. Lastly, Ni3S2@G@Co9S8 was grown on 

conductive Ni foams in situ, providing an excellent 

stability and conductivity. Due to the synergetic effects 

from the above-mentioned individual constituents and 

the complex structure, the resulting Ni3S2@G@Co9S8 

electrocatalyst presented outstanding electrocatalytic 

activities with a low onset overpotential (2 mA·cm−2 

at 174 mV), large anode current density (10 mA·cm−2 

at an overpotential of 210 mV), low Tafel slope    

(66 mV·dec−1), and predominant durability of over  

96 h in a 1 M KOH solution. 

2 Experimental 

2.1 Synthesis of Ni@G 

3D Ni@G was prepared by chemical vapor deposition 

(CVD) under atmospheric pressure, where nickel 

foam was used as the substrate and ethanol was used 

as the carbon source (slightly modified from our 

previously reportedmethod) [43]. Firstly, three pieces 

of nickel foam (2 cm × 3 cm) were placed in the 

middle of a quartz tube for 10 min with an argon gas 

flow to completely discharge air. Secondly, the nickel 

foam was heated to 900 °C at a fast heating rate under 

a mixed gas flow (Ar: 40 sccm, H2: 20 sccm) and 

maintained for 15 min to clean the nickel foam. Thirdly, 

ethanol vapor (≥ 99.7%, analytical reagent grade (AR)) 

was introduced into the pipe by bubbling ethanol 

liquid with hydrogen and maintained for 20 min. 

Finally, 3D Ni@G was obtained after rapid cooling to 

room temperature under argon. 

2.2 Synthesis of the 3D Ni@G@Co3O4 precursor 

and Ni@Co3O4 precursor 

The Ni@G@Co3O4 precursor was prepared by a simple 

solvothermal method, as we previously reported [44], 

except the nickel foam was replaced by 3D Ni@G.   

A mixed solution was first prepared by adding 

ammonia (25%–28% solution in water, AR), sodium 

carbonate (0.1 M, ≥ 99.8%, AR), and cobalt nitrate 

(0.1 M, ≥ 99%, AR) in ethylene glycol (≥ 99%, AR) 

with a volume ratio of 12:50:35:20 under magnetic 

stirring. The homogeneous solution (15 mL) was 

transferred into an autoclave with a capacity of 50 mL, 

and 3D Ni@G was submerged at the bottom of solution; 

then, the autoclave was placed in an oven for 12 h  

at 180 °C. 3D Ni@G with the Co3O4 precursor was 
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obtained after adequately rinsing with water and 

vacuum drying overnight. The 3D Ni@Co3O4 precursor 

was obtained using the same procedure, except a 

piece of clean Ni foam was used instead of 3D Ni@G. 

2.3 Synthesis of3D Ni3S2@G@Co9S8, Ni3S2@Co9S8, 

and Ni3S2@G 

Ni3S2@G@Co9S8, Ni3S2@Co9S8, and Ni3S2@G were 

prepared by a simple solvothermal method. A Na2S 

(30 mL, ≥ 98%, AR) solution (containing 75 mg of 

Na2S) was first prepared in a 50-mL autoclave,   

and one piece of the 3D Ni@G@Co3O4 precursor was 

submerged in the solution; then, the autoclave was 

placed in an oven for 24 h at 180 °C. Ni3S2@G@Co9S8 

was obtained after adequately rinsing with water and 

vacuum drying overnight. Ni3S2@Co9S8 and Ni3S2@G 

were obtained following the same procedure, except 

the Ni@Co3O4 and Ni@G precursors, respectively, 

were used instead of Ni@G@Co3O4. 

2.4 Characterization 

The composition and phase of the materials were 

characterized by X-ray diffraction (XRD; Bruker D8 

Advance, Cu Kα energy source) operating at 40 kV 

and 40 mA. Scanning electron microscopy (SEM; 

Hitachi, S-4800) and transmission electron microscopy 

(TEM; JEOL JEM-2010) were used to analyze the 

morphology and nanostructure of the materials. 

Raman spectra of the materials were collected using  

a laser confocal Raman spectrometer (Renishaw in 

ViaReflex, wavelength: 633 nm). The surface elements 

and chemical valence state were analyzed by X-ray 

photoelectron spectroscopy (XPS; PHI 5000 Versa 

Probe, UIVAC-PHI) with Al Kα radiation. 

2.5 Electrochemical measurements 

The OER performances of the materials were examined 

on a Zennium 40667 (ZAHNER) electrochemical 

workstation operating with a standard three-electrode 

system in a 1.0 M KOH solution. Typically, a saturated 

Ag/AgCl electrode (CHI111) was used as the reference 

electrode, a platinum wire was used as the counter 

electrode, and the 3D electrocatalyst was directly used 

as the working electrode without any binder. All the 

obtained data and relative electrode potentials were 

calculated to the standard of a reversible hydrogen 

electrode (RHE) with reference to our previous work 

(Fig. S1 in the Electronic Supplementary Material 

(ESM), E(RHE) = E(Ag/AgCl) + 0.925 V) and without 

internal resistance (iR) compensation [40]. 

3 Results and discussion 

3.1 Synthesis and structural characterization of 

materials 

Scheme 1 shows the synthetic process for the 3D 

free-standing Ni3S2@G@Co9S8 catalytic electrode on 

the nickel foam template. Firstly, high-quality 3D 

graphene was synthesized on the surface of the nickel 

foam using a CVD process [43]. Secondly, the  

Co3O4 precursor was deposited onto the surface of 

3D graphene (the Ni@G@Co3O4 precursor) using a 

hydrothermal approach. Finally, the free-standing 

Ni3S2@G@Co9S8 electrocatalyst was obtained by 

sulfuration of the Ni@G@Co3O4 precursor using a 

second hydrothermal process. Ni3S2 formed beneath 

the graphene layer in the sulfuration process; thus, a 

high-quality graphene layer with unique electrical 

properties was successfully sandwiched between  

the catalytically active layers of Ni3S2 and Co9S8 to 

enhance the electron transfer rate of the composite 

electrode. 

SEM was employed to study the morphology of 

the Ni3S2/graphene composite. Figure 1(a) shows that 

the graphene layer is successfully synthesized on the  

 

Scheme 1 Schematic illustration of the preparation process for 
3D Ni3S2@G@Co9S8 catalytic electrode. 
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surface of the nickel foam (Ni@G), which consists of 

many large graphene islands (diameter ≈ 20 μm). The 

magnified SEM image in Fig. 1(b) further indicates 

that the CVD-grown graphene presents a smooth 

surface and the same topological structure as that for 

the nickel foam template. After the hydrothermal 

process with Na2S, 3D Ni@G is transformed to Ni3S2@G. 

The graphene in Ni3S2@G is partly cracked, and Ni3S2 

nanoparticles are exposed (Fig. 1(c)) because of the 

volume expansion during the reaction. However, 

Fig. 1(d) indicates that almost all the large-area graphene 

sheets are preserved. The XRD pattern of 3D Ni3S2@G 

(Fig. 1(e)) includes a sharp peak (26.8°) attributed to 

graphene. The other peaks belong to Ni3S2 (JCPDS no. 

PDF#76-1870), except for the three peaks at 44.4°, 

51.8°, and 76.3° attributed to Ni (JCPDS no. PDF#87- 

0712). The Raman spectrum of Ni@G (Fig. 1(f)) exhibits 

a low peak intensity of the D band (~ 1,336 cm−1), 

indicating the high quality of the resulting graphene. 

Moreover, the ratio of the 2D (representing the 

stacking order of graphene) and G band intensity 

indicates that 3D graphene consists of one to several 

layers. Compared with Ni@G, the Raman spectrum 

of Ni3S2@G shows two more peaks at 300.7 and 

347.8 cm−1 from the formation of Ni3S2. The defect 

peak (D band) and the ratio between the 2D and    

G band intensities shows essentially no changes  

with respect to Ni@G, further demonstrating that the 

high-quality graphene layer of Ni@G is well preserved 

during the sulfuration process, which is also consistent 

with the XRD results. These results indicate that the 

CVD and hydrothermal processes can successfully 

produce high-quality graphene and the Ni3S2/graphene 

composite, respectively. 

 

Figure 1 (a) and (b) SEM images of 3D Ni@G, (c) and (d) Ni3S2@G at different magnifications. (e) XRD patterns of Ni3S2@G, and 
(f) Raman spectra of Ni@G and Ni3S2@G. 
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XRD and XPS (Fig. 2) were employed to explore the 

composition of Ni3S2@G@Co9S8. After sulfuration, the 

XRD pattern of the Ni@G@Co3O4 precursor (Fig. 2(a)) 

contains more peaks (15.4°, 25.3°, 29.8°, 47.5°, 52.0°) 

than that of Ni@G (Fig. 1(c)); this difference can be 

attributed to the planes (111, 220, 311, 511, 440) of 

Co9S8 (JCPDS no. PDF#73-1442). Furthermore, an XRD 

pattern was collected for the Co3O4 precursor after 

sulfuration under the same conditions (Fig. S2 in the 

ESM), which matches the standard PDF card of Co9S8 

(JCPDS no. PDF#73-1442). These results demonstrate 

that Ni3S2@G@Co9S8 is successfully synthesized. The 

elemental distribution and valence state on the surface 

of Ni3S2@G@Co9S8 were analyzed by XPS. Figures 2(b)– 

2(d) show the high-resolution spectrum of Ni 2p, Co 

2p, and S 2p, respectively. In the high-resolution 

spectrum of Ni 2p (Fig. 2(b)), the Ni 2p3/2 and Ni 2p1/2 

peaks are deconvoluted into five components. The 

peaks at 854.2, 856.0, and 861.3 eV of Ni 2p3/2 

correspond to Ni (III), Ni (II), and the shake-up peak, 

respectively. The peaks at 872.8 and 879.4 eV of Ni 

2p1/2 are attributed to Ni (II) and the shake-up peak, 

respectively [45]. These results are in accordance with 

a previous report [40]. In Fig. 2(c), the Co 2p region is 

deconvoluted into four components. The peaks at 

780.6 and 785.0 eV of Co 2p3/2 can be attributed to Co 

(II) and the shake-up peak. The peaks at 796.4 and 

802.6 eV of Co 2p1/2 correspond to Co (II) and the 

shake-up peak. In the high-resolution spectrum of   

S 2p (Fig. 2(d)), the peak is also deconvoluted into 

four components. The peaks at 161.7 and 162.8 eV 

correspond to S2−, and the two peaks at 165.1 and 

168.5 eV correspond to –C–S– and SO4
2−, respectively 

[46, 47]; these results agree with the XRD results. The 

morphologies of the samples were characterized by 

SEM. Figure S3 in the ESM shows SEM images of the 

Ni@Co3O4 precursor (Figs. S3(a)–S3(c) in the ESM) 

and Ni3S2@Co9S8 (Figs. S3(d)–S3(f) in the ESM) at 

different magnifications. The nanosheets of the Co3O4 

precursor are compactly and uniformly loaded on the 

surfaces of the 3D nickel foam in a vertical manner. 

The morphology of Ni3S2@Co9S8 obtained by sulfuration 

of the Ni@Co3O4 precursor remains unchanged, and 

the diameter of the nanosheet is about 5 μm. By 

comparing the SEM images in Fig. S2 in the ESM and 

Fig. 3, the morphology of the Ni@G@Co3O4 precursor 

is unchanged after the sulfuration, which was also 

observed for the Ni@Co3O4 precursor; therefore,   

the introduction of graphene does not change the 

morphology of the composite. TEM and high-resolution 

 

Figure 2 (a) XRD patterns of Ni3S2@G@Co9S8, (b) Ni 2p XPS spectra, (c) Co 2p XPS spectra, and (d) S 2p XPS spectra. 
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TEM (HRTEM) were further employed to study the 

structure of Ni3S2@G@Co9S8. The Co9S8 nanosheets 

show a more porous structure with pore diameters of 

about 20 nm (TEM image in Fig. 4(a)); these pores 

can provide more active sites for OER catalysis.   

The HRTEM image (Fig. 4(b)) shows that the Co9S8 

nanosheet has an interplanar spacing of 0.57 nm, 

which corresponds to the (111) plane of the cubic 

crystal structure of Co9S8. The elemental analyses   

of Ni3S2@G@Co9S8 (Figs. 4(d)–4(f)) show that Ni, Co, 

and S are uniformly distributed on the 3D frame. 

These results demonstrated that the Co9S8 nanosheets 

are successfully loaded onto the surface of Ni3S2@G. 

3.2 Electrochemical properties 

The 3D structured samples are directly used as  

 

Figure 4 (a) TEM and (b) HRTEM images of Co9S8. (c) SEM 
image and (d)–(f) corresponding elemental analysis images of 
Ni3S2@G@Co9S8. 

free-standing electrocatalysts without any binder to 

evaluate their OER activity. All the test data were 

collected after the electrocatalysts had reached a stable 

state by cyclic voltammograms scanning at a rate of 

100 mV·s−1. Linear sweep voltammetry (LSV) curves 

of these 3D electrodes were performed at a rate of 

2 mV·s−1. Figure 5 shows the test results for the OER 

activity. The LSV curves show that the electrocatalytic 

activity of Ni3S2@G@Co9S8 is higher than that of 

Ni3S2@Co9S8, Ni3S2@G, and Ni@G. Additionally, 

Ni3S2@G@Co9S8 exhibits a lower onset overpotential 

(174 mV) than that of Ni3S2@Co9S8 (183 mV), Ni3S2@G 

(242 mV), and Ni@G (271 mV). To deliver a current 

density of 10 mA·cm−2, Ni3S2@G@Co9S8 requires 210 mV, 

while Ni3S2@Co9S8, Ni3S2@G, and Ni@G need 232,  

300, and 345 mV, respectively. Moreover, to deliver 

50 mA·cm−2, Ni3S2@G@Co9S8 requires an overpotential 

of 283 mV. Figure 5(b) shows the Tafel slopes that 

correspond to the LSV curves; Ni3S2@G@Co9S8 presents 

a smaller slope (66 mV·dec−1) than that of the other 

electrocatalysts, which illustrates the better chemical 

dynamics performance for OER. The long-term stability 

performance of Ni3S2@G@Co9S8 was tested using 

chronoamperometry at a constant overpotential of 

215 mV. Initially, the current density gradually increases 

because of the electrocatalyst optimization process; 

then, it maintains a current density of approximately 

14 mA·cm−2 for more than 80 h, which shows an 

excellent stability performance in a 1.0 M KOH solution. 

 

Figure 3 (a)–(c) SEM images of the Ni3S2@G@Co3O4 precursor at different magnifications. (d)–(f) SEM images of Ni3S2@G@Co9S8

at different magnifications. 
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Figure 5(d) shows the LSV curves of Ni3S2@G@Co9S8 

before and after the long-term chronoamperometry 

measurement, and the catalytic activity of the latter  

is slightly higher than that of the former, which 

further demonstrates the superstability performance of 

Ni3S2@G@Co9S8for OER in a 1.0 M KOH solution. For 

comparison, Fig. S4 in the ESM shows chronoampero-

metry measurements and LSV curves of Ni3S2@Co9S8 

before and after the long-term chronoamperometry 

measurement, and the stability is inferior to that of 

Ni3S2@G@Co9S8. The superstability of Ni3S2@G@Co9S8 

can be credited to the introduction of the graphene 

layer because graphene (as an intermediate layer) 

provides excellent material compatibility for reducing 

contact resistance. These results demonstrate that 

Ni3S2@G@Co9S8 is an excellent OER catalyst; furthermore, 

the graphene layer is an effective intermediate layer 

to improve the catalytic performance because of the 

increased electron transport rate between the Ni3S2 

and Co9S8 active materials. 

Figure S5 in the ESM shows the Nyquist plots of 

the Ni3S2@G@Co9S8 and Ni3S2@Co9S8 electrodes. The 

Nyquist plots of Ni3S2@G@Co9S8 show a smaller 

x-intercept and a larger slope than those of Ni3S2@Co9S8, 

which illustrates that the introduction of the graphene 

intermediary layer can improve the conductivity  

and enhance the electron transfer rate. The results 

from the Nyquist plots are in accordance with the 

electrochemical results. 

4 Conclusions 

An effective OER catalyst, Ni3S2@G@Co9S8, was 

grown in situ on Ni foam. An intermediary layer of 

high quality graphene was sandwiched between the 

electrochemically active Ni3S2 and Co9S8 layers. An 

enhanced electrocatalytic performance was observed 

because of the improved conductivity and stability 

endowed by the graphene intermediary layer. 

Ni3S2@G@Co9S8 exhibited a higher electrocatalytic 

performance than that of Ni3S2@Co9S8 with a low onset 

overpotential (2 mA·cm−2 at 174 mV), large anode 

current density (10 mA·cm−2 at overpotential of 

210 mV), low Tafel slope (66 mV·dec−1), and outstanding 

durability of over 96 h (releasing a current density of 

~ 14 mA·cm−2 with a constant overpotential of 215 mV) 

in a 1 M KOH solution. The introduction of graphene 

is critical for the higher electrocatalytic performance 

of 3D Ni3S2@G@Co9S8. This sandwiched structure with 

graphene as the intermediary sheds new light on the 

 

Figure 5 Electrochemical OER activity. (a) LSV curves for Ni@G, Ni3S2@G, Ni3S2@Co9S8, and Ni3S2@G@Co9S8 measured at 
2 mV·s−1, and (b) Tafel slopes of the corresponding LSV curves. (c) Chronoamperometry curve of the Ni3S2@G@Co9S8 electrode at a 
constant overpotential of 215 mV. (d) LSV curves of Ni3S2@G@Co9S8 before and after the chronoamperometry test. 
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design and construction of new and high-performance 

electrochemical materials, such as electrocatalysts. 
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