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Abstract: Non-noble, high efficient and excellent durability electrodes are desirable for water 

splitting. Herein, a facile strategy has been proposed to in-situ grow nitrogen-doped carbon 

dots (NCDs) decorated Ni3S2 on Ni foam (NCDs/Ni3S2/NF) by hydrothermal treatment of Ni 

foam in water solution of thiourea and NCDs. Interestingly, coral-like NCDs/Ni3S2/NF 

composites are unprecedentedly prepared without any templates, where the Ni3S2 nanorods 

mainly expose high-index facets {021}. The resultant NCDs/Ni3S2/NF composites are directly 

used as self-supported electrodes for overall water splitting which deliver a current density of 

10 mA cm-2 at 1.50 V with excellent durability in 1.0 M KOH solution.  

 
1. Introduction 

Hydrogen has been considered as an alternative clean energy for fossil fuels, and 

electrochemical water splitting is a well-established technology for producing hydrogen to 

store and transport peak excess electricity from intermittent renewable energy resources (such 

as wave power, wind and solar energy) [1]. However, the water electrolysis usually requires 

high overpotentials for both oxygen evolution reaction (OER) and hydrogen evolution 
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reaction (HER) to deliver considerable reaction rates. To be specific, around 50% (1.8 ~ 2 V 

instead of 1.23 V) excess potential is required in an industrial electrolyzer, which limits the  

possibility of massive hydrogen production in a cost-effective manner [2]. Therefore, more 

active electrocatalysts for OER and HER are desired. At present, Ir/Ru-based oxides [3] and 

Pt-group materials [4] are normally used as the benchmark electrocatalysts for OER and HER, 

respectively. Nevertheless, their scarcity and high cost restrict their application on a global 

scale. Therefore, tremendous efforts have been devoted to design and synthesize high efficient 

OER and HER catalysts from earth-abundant elements [5-12]. Ni3S2, a low-cost metal 

chalcogenide that exists in nature, shows high conductivity and intrinsic metallic behavior 

rendering it potential candidate for overall water splitting [13]. However, most of the Ni3S2-

based materials give unsatisfied electrocatalytic performances toward OER and/or HER, and 

poor durability during long-term operation [14-16]. In recent years, Carbon dots (CDs) have 

demonstrated great potential application as electro-/photo- catalysts due to their ultrafine sizes 

(<10 nm) and environmental friendly features [17-19]. By heteroatom doping, the application 

of CDs are further expanded [20]. Especially, the nitrogen-doped CDs (NCDs) can form 

composites with metal compounds to enhance its intrinsic electrocatalytic performance [21]. 

Herein, a template-free strategy has been proposed to in-situ grow NCDs/Ni3S2 nano arrays  

on the surface of Ni foam as a self-supported electrode for water splitting. The hierarchal 

structure and decorated NCDs enhance the activity and durability of Ni3S2 in electrocatalytic 

water splitting. 

2. Experimental 

2.1. Chemicals and reagents  

Ni foam (NF) was purchased from Suzhou Jia Shi De Foam Metal Co. Ltd. Pt/C (20 wt%), 

Nafion (5 wt%) and RuO2 were purchased from Sigma-Aldrich Chemical Reagent Co. Ltd. 

Thiourea, ammonium hydroxide (25–28 wt%) and dichloromethane were purchased from 

Sinopharm Chemical Reagent Co. Ltd. Petroleum coke calcinated at 1500 °C and the oil 
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source of petroleum pitch were from China National Offshore Oil Corporation. Highly 

purified water (18.2 MΩ at 25 °C) was provided by a Millipore system. 

2.2. Synthesis of NCDs 

The proposed method to prepare NCDs is shown in Fig. 1a. Petroleum coke (10.0 g) was 

added into the mixture of 30 mL dichloromethane and 1.0 g petroleum pitch (as a binder) to 

form a paste. After evaporating most dichloromethane, the as-prepared paste was moulded 

into a discoid precursor by hot-compaction treatment. A disk electrode with the diameter of 

~28 mm (~2.7 g) was obtained after calcinating in a tube furnace under N2 at 800 °C for 2 h. 

Then two petroleum coke-based electrodes as made were inserted into 150 mL 5 wt% 

ammonia solution as the working electrode and the counter electrode. Static potential of 30 V 

was applied to the system using a direct current (DC) power. After 4 h electrochemical 

oxidation, the anode disk electrode corroded completely, the mixture was filtered by a filter 

membrane (0.22 µm) to remove the larger fractions. Then the alkalescence solution was 

neutralized through evaporating the excess ammonia under 40 °C to obtained dark-yellow 

NCDs solution. Finally, the NCDs powders can be collected through freeze drying. 

 
 

 
 
 
 
 
 
 
 
 

 

 

 
Fig. 1. a) Schematic illustration of the synthesis of petroleum coke-based NCDs. b) TEM and 

HRTEM images (inset) of NCDs. c) The size distribution of  NCDs obtained from multiple 

images. 

2.3. Synthesis of NCDs/Ni3S2/NF and Ni3S2/NF 

c) b) 

a) 
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The proposed method to synthesis NCDs/Ni3S2/NF composites is shown in Fig. 2. To 

remove the nickel oxides layer on the surface of NF, the purchased NF (1 cm × 4 cm) was 

sonicated in acetone and 3 M HCl solution for 20 min in sequence, rinsed with water and 

ethanol separately, then dried by an electric blower. The cleaned NF was immersed into a 60 

mL Teflon-lined stainless steel autoclave filled with a homogeneous mixture of 3 mmol 

thiourea (0.228 g) and 30 mL 1.0 mg/mL NCDs solution, which was sealed and placed in a 

rotating oven at 160 °C for 4 h. The resultant material was rinsed with ethanol and dried at 

60 °C for 1 h. For comparison, Ni3S2/NF was synthesized in a mixture of 3 mmol thiourea 

(0.228 g) and 30 mL deionized water under the same operating conditions. The weight 

increment (x mg) of NF ascribes to the growth of Ni3S2 and the combination of NCDs. To 

evaluate the loading mass more precisely, the weight increment (y mg) of Ni3S2/NF can be 

firstly weighted, Ni3S2 loading = y mg × (M Ni3S2/2MS) = y mg × (240/64) = 3.75y mg, NCDs 

loading = (x - y) mg, the total loading mass = 3.75y mg + (x - y) mg = (x + 2.75y) mg, where 

M is the molecular weight or atomic weight. For NCDs/Ni3S2/NF electrode, the loading mass 

of Ni3S2 is about 3.7 mg cm-2, the loading mass of NCDs is about 0.5 mg cm-2, thus the total 

loading mass is about 4.2 mg cm-2. All the calculated values represent the average results of 

five samples. 

 

Fig. 2. Schematic illustration of the synthesis of coral-like NCDs/Ni3S2/NF electrode. 

2.4. Materials Characterizations 

The XRD patterns of resultant materials were acquired on a PANalytical X-ray 

Diffractometer with Cu Kα radiation (λ= 1.5418 Å). The Raman spectra were recorded by a 
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Renishaw Raman system model 2000 spectrometer. UV-Vis absorption spectra were obtained 

at room temperature by a Gold Spectrumlab 54 UV-Vis spectrophotometer. Fluorescence 

spectra were carried out at room temperature on an F-97 Pro spectrofluorometer. The 

elemental measurement of C, H, and N were acquired on a Varo EL III elemental analyzer. 

Fourier transform infrared (FT-IR) spectra were measured at a Nicolet 6700 spectrometer. 

XPS measurements were conducted on an ESCALAB 250XI X-ray photoelectron 

spectrometer. SEM characterizations were performed on a ZEISS MERLIN scanning electron 

microscope at 20 kV. STEM characterizations were recorded by a JEM2100F scanning 

transmission electron microscopy (JEOL, Japan) at 200 kV. All self-standing electrodes were 

characterized by using the resultant materials directly. 

2.5. Electrochemical measurements 

All electrochemical measurements were conducted on a CHI 760E electrochemical 

workstation (CHI Instruments, Inc., Shanghai) with a standard three-electrode system, 

employing the resultant materials (0.8 cm × 0.8 cm) as the working electrode, a carbon rod as 

the counter electrode and an Ag/AgCl electrode as the reference electrode. All potentials 

reported were calibrated to reversible hydrogen electrode (RHE) according to E(RHE) = 

E(Ag/AgCl) + 0.197 V+ 0.059 × pH [2]. The linear sweep voltammetry (LSV) curves were 

recorded in the range of 0 to -0.6 V versus RHE at a scan rate of 5 mV/s. The long-term 

durability of as-prepared materials was evaluated through chronoamperometric measurements. 

All voltammograms in this study were plotted without iR drop compensation. For comparison, 

benchmark materials (20 wt% Pt/C and RuO2) loaded on NF as the working electrodes were 

prepared, with the same loading mass and working surface area of NCDs/Ni3S2/NF. In a 

typical procedure: (1) 6 mg 20 wt% Pt/C or RuO2 powder and 10 µL 5 wt% Nafion solution 

were dispersed in 800 µL absolutely ethanol, then sonicated for 60 min to gain a 

homogeneous mixture, (2) 363 µL of this solution was drop-casted onto NF (0.8 cm × 0.8 cm) 

with the loading amount of 4.2 mg cm-2, (3) 80 µL of 0.5wt% Nafion solution in absolutely 
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ethanol was pipetted onto the electrode to protect the catalyst, then left to dry in air. The 

electrochemically active surface area (ECSA) is proportional to the electrochemical double-

layer capacitance (Cdl) value in the same material, which can be derived from the linear slope 

of the current density versus scan rate by collecting cyclic voltammograms (CV) in a non-

Faradaic region [22]. To be specific, a series of CV measurements were conducted using a 

two-electrode electrolyzer at various scan rate of 10, 20, 40, 60, 80, 100 mV s-1 in the range of 

0.1 to 0.2 V versus RHE. A linear slope can be calculated through plotting the current density 

between the anode and cathode (janodic – jcathodic) at 0.15 V versus RHE against the scan rate. 

3. Results and discussion 

3.1. Morphology and structural information 

The typical transmission electron microscopy (TEM) image (Fig. 1b) reveals the quasi-

sphere morphology and monodispersity of the as-prepared NCDs, and no other salt particles 

or impurities were observed. The high-resolution TEM (HRTEM) image of NCDs particle 

(Fig. 1b, inset) shows the crystal lattice spacing of around 0.216 nm, which is consistent with 

the (100) lattice planes of graphitic carbon [23]. Through random statistics of 100 particles, 

the NCDs display a narrow diameter distribution with an average diameter of 4.42 ± 0.15 nm 

(Fig. 1c). The formation of NCDs is further confirmed by XRD (Fig. S1a), UV-vis and 

photoluminescence (PL) spectra (Fig. S2) and Raman spectra (Fig. S3). The Fourier-

transform infrared (FT-IR) spectroscopy (Fig. S4) and X-ray photoelectron spectroscopy 

(XPS) (Fig. S5) reveal that the as-prepared NCDs contain various oxygen- and nitrogen-

containing functional groups, especially with a quite high percentage of nitrogen (18.48 wt%, 

Table S1). 

The digital photographs of NCDs/Ni3S2/NF before and after being stretched (Fig. S6a and 

S6b) indicate that this structure is flexible and capable of directly acting as an integrated 

electrode. The crystallographic structure and phase purity of resultant NCDs/Ni3S2/NF are 

given in Fig. 3a. The broader diffraction peak of NCDs around 26° ascribed to (002) plane of 
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graphitic carbon is not quite obvious due to the interference of Ni3S2 and metallic Ni [24]. The 

formation of Ni3S2 (Fig. S7a) and the decorated NCDs (Fig. S7b) can be further confirmed by 

Raman spectroscopy. The XPS spectra in the Ni 2p, S 2p, C 1s, N 1s and O 1s regions are 

shown in Fig. S8–S10. The low-magnification scanning electron microscopy (SEM) images 

of NCDs/Ni3S2/NF in Fig. 3c display a coral-like morphology fully covering the surface of 

NF. The 3D macroporous structure (Fig. 3b) is consistent with the pristine NF (Fig. S11). The 

high- magnification SEM image (Fig. 3d) further reveals that the nanoclusters grow vertically 

on NF, and every nanocluster consists of several nanorods with diameter about 35 nm. The 

TEM image in Fig. 3e shows that the NCDs/Ni3S2 nanoclusters possess a smooth surface and 

the NCDs are fully embedded in Ni3S2 nanorods with a slight aggregation that the diameter of 

NCDs increase to ~6 nm (the black dots are NCDs which result in a decreased density of 

surrounding Ni3S2). In the HRTEM image taken from the NCDs/Ni3S2 nanorods (Fig. 3f), 

three sets of lattice fringes are observed, giving interplanar distance of 0.24 and 0.28 nm 

corresponding to the (003) and (110) crystallographic planes of hexagonal Ni3S2 phase 

[13,25], and the angle between the two facets is 55.4°, which indicates that the exposed facet 

of the Ni3S2 nanoclusters is {021} high-index facet (Fig. S12). The lattice fringe with an 

interplanar spacing of 0.22 nm is in accordance with the (100) lattice planes of petroleum 

coke-based NCDs. Fig. S13 shows STEM image and the corresponding elemental mapping 

images of C, N, O, Ni and S demonstrate the uniform distribution of C, N, O, Ni and S 

elements in the NCDs/Ni3S2/NF electrode. Based on all above observations, a coral-like 

NCDs/Ni3S2/NF composite with NCDs/Ni3S2 nanoclusters uniformly distributed on the NF 

substrate is successfully prepared.   
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Fig. 3. a) XRD pattern of NCDs/Ni3S2/NF. b, c) Low- and d) high-magnification SEM images 

of NCDs/Ni3S2/NF. e) TEM and f) HRTEM images taken from NCDs/Ni3S2 nanoclusters. 

As a controllable experiment, pure water without NCDs was used in the hydrothermal 

treatment. The resultant NF was covered by irregular Ni3S2 nanosheets (Fig. S14 and S15), 

which is similar to previously report [13]. This suggests the NCDs play crucial roles during 

the synthesis of NCDs/Ni3S2/NF composites. To be specific, by comparing the XPS spectra of 

Ni 2p in Ni3S2/NF and NCDs/Ni3S2/NF (Fig. S16a), the NCDs cause a red shift of Ni 2p, 

which is attributed to the electron-donating behavior of NCDs [26]. Presumably, the 

electrostatic interaction between NCDs and Ni may promote the growth of Ni3S2 into coral-

like nano arrays, which deserve  further study in the future. 

3.2. Activities of NCDs/Ni3S2/NF toward OER 

The OER performance of NCDs/Ni3S2/NF was investigated in 1.0 M KOH electrolyte with 

a three-electrode system, in which the NCDs/Ni3S2/NF was used as self-supported electrode, 

employing a carbon rod as counter electrode and an Ag/AgCl electrode as reference electrode. 

For controllable experiments, similar measurements for bare NF, RuO2 modified NF 

(RuO2/NF) and Ni3S2/NF were also implemented. As shown in Fig. 4a, the NCDs/Ni3S2/NF 

a) c) 

d) 

b) 

f) e) 
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electrode exhibits much higher catalytic activity toward OER than bare Ni foam, RuO2/NF 

and Ni3S2/NF. NCDs/Ni3S2/NF requires an overpotential of only 340 mV to reach 200 mA 

cm-2, which is 71 mV lower than that of RuO2/NF. This performance is also superior to that of 

many noble-metal-free bifunctional electrocatalysts reported elsewhere (Table S2). The 

oxidation peaks around 1.4 V vs RHE are mainly ascribed to the oxidative transformation of 

Ni II to NiIII [27]. But it’s noteworthy that the peak of NCDs/Ni3S2/NF exhibits extremely 

stronger current intensity than that of Ni3S2/NF, which may arise from the intrinsically 

electronegative behavior of NCDs, leading to additional electronic transfer steps under 

positive voltage. The OER kinetics was also estimated by corresponding Tafel plots (η versus 

log(j)) of these electrodes (Fig. 4b). The Tafel slope for NCDs/Ni3S2/NF is 67 mV dec-1, 

which is smaller than that of bare Ni foam (170 mV dec-1), RuO2/NF (129 mV dec-1) and 

Ni3S2/NF (136 mV dec-1), indicating a more rapid OER rate for NCDs/Ni3S2/NF. The 

durability of NCDs/Ni3S2/NF was characterized by measuring polarization between 1.0 and 

1.8 V for 5000 cycles (Fig. 4c), the material gives almost the same polarization curve before 

and after scanning. Furthermore, the long-term electrochemical stability of NCDs/Ni3S2/NF 

electrode was also probed in 1.0 M KOH (Fig. 4d). Even after a duration of 24 h, its 

composition almost remains unchanged, as revealed by XRD pattern (Fig. S17a) and XPS 

spectra (Fig. S8, S9c and S10c). NCDs/Ni3S2/NF can largely retain the coral-like morphology 

(Fig. S17b), but it undergoes noticeable morphology changes during the reaction, which can 

be attributed to the oxidation of Ni3S2 in OER process. In particular, after 5000 cycles of OER 

reaction, the intensity of the peak of metallic Ni (852.1 eV, Fig. S8b) [28] turns weaker and a 

blue shift to 852.9 eV appears, indicating that the surface of NCDs/Ni3S2/NF may have been 

partly oxidized. 
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Fig. 4. a) LSV curves of NCDs/Ni3S2/NF, bare Ni foam, RuO2/NF and Ni3S2/NF at a sweep 

rate of 5 mV/s without iR drop compensation. b) Tafel plots of NCDs/Ni3S2/NF, bare Ni foam, 

RuO2/NF and Ni3S2/NF for OER. c) LSV curves for NCDs/Ni3S2/NF before and after 

potential sweeps between 1.0 and 1.8 V for 5000 cycles. d) Time-dependent current density 

curve of NCDs/Ni3S2/NF. 

3.3. Activities of NCDs/Ni3S2/NF toward HER  

The HER performance of NCDs/Ni3S2/NF was investigated in 1.0 M KOH electrolyte with 

a similar three-electrode system to OER performance, in which the NCDs/Ni3S2/NF was used 

as self-supported electrode. For controllable experiments, similar measurements of bare Ni 

foam, 20 wt% Pt/C on Ni foam (Pt-C/NF) and Ni3S2/NF were also implemented. As shown in 

Fig. 5a, NCDs/Ni3S2/NF exhibits an excellent catalytic activity toward HER, with an 

overpotential of 187 mV to drive 20 mA cm-2, which is 171 and 131 mV lower than that of 

bare Ni foam and Ni3S2/NF. Compared to most reported noble-metal-free bifunctional 

electrocatalysts, NCDs/Ni3S2/NF exhibits a relatively lower overpotential (Table S2). The 

corresponding Tafel slopes of NCDs/Ni3S2/NF, bare Ni foam, Pt-C/NF and Ni3S2/NF are 127, 

c) 

a) b) 

d) 
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222, 72 and 151 mV dec-1, respectively (Fig. 5b). The durability of NCDs/Ni3S2/NF was 

evaluated by measuring polarization between 0 and -0.6 V for 5000 cycles (Fig. 5c). During 

the long-term electrochemical stability testing at a static overpotential of 187 mV, 

NCDs/Ni3S2/NF also shows a higher current with excellent durability (Fig. 5d). These 

incremental phenomena may arise from the synergistic effect of NCDs/Ni3S2 nanoclusters and 

metallic Ni generated by cathodic reduction. More specifically, along with the multi-cycling 

of HER reaction, slight amount of high valence Ni over NCDs/Ni3S2 nanoclusters may be 

randomly reduced into metallic Ni as evident from the corresponding Ni 2p XPS spectra (Fig. 

S8b) where the intensity of the peak at 852.1 eV indexed to metallic Ni [28] turns stronger 

and a red shift appears after long-term HER testing, indicating the electrical conductivity and 

electron transfer rate of NCDs/Ni3S2/NF are improved.   Furthermore, the unfilled d orbitals 

of high valence Ni in Ni3S2 have strong electrostatic attraction to OH-, which markedly 

accelerate the key step of water electrolysis (H2O + e- → Had + OH-) [29]. Meanwhile, 

transition metals including Ni are good at adsorbing and recombining the reactive hydrogen 

intermediates (Had) [30]. Thus, the hydrogen production will be more efficient with numerous 

NCDs/Ni3S2-Ni system on NCDs/Ni3S2/NF. The morphology and microstructure of 

NCDs/Ni3S2/NF are nearly unchanged, neglecting the slight merge of nanorod edge, as 

evident from its XRD pattern (Fig. S18a), SEM image (Fig. S18b) and XPS spectra (Fig. S8, 

S9b and S10b). Additionally, the NCDs/Ni3S2/NF is also effective for HER in acidic media, 

which is completely different with previous report on Ni3S2/NF (Fig. S19-S21) [13], which 

suggests the NCDs/Ni3S2/NF have a potential for HER in the whole range of pH value. 
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Fig. 5. a) LSV curves for NCDs/Ni3S2/NF, ba re Ni foam, Pt/C and Ni3S2/NF at a sweep rate 

of 5 mV/s without iR drop compensation. b) Tafel plots of NCDs/Ni3S2/NF, bare Ni foam, 

Pt/C and Ni3S2/NF for HER. c) LSV curves for NCDs/Ni3S2/NF before and after potential 

sweeps between 0 and -0.6 V for 5000 cycles. d) Time-dependent current density curve of 

NCDs/Ni3S2/NF at a static overpotential of 187 mV over 24 h.  

3.4. Activities of NCDs/Ni3S2/NF toward overall water splitting 

Given that NCDs/Ni3S2/NF exhibits remarkable bifunctional electrocatalytic property for 

OER and HER in 1.0 M KOH. An electrolyzer using NCDs/Ni3S2/NF as both anode and 

cathode was assembled for overall water splitting. The system affords a current density of 10 

mA cm-2 at 1.50 V (Fig. 6a), which is only 20 mV higher than noble catalyst Pt-C/NF || 

RuO2/NF. Surprisingly, NCDs/Ni3S2/NF even requires a smaller applied potential compared 

with Pt-C/NF || RuO2/NF when the current density > 80 mA cm-2. Finally, the 

NCDs/Ni3S2/NF electrodes exhibit excellent stability for 24 h electrolytic reaction (Fig. 6b). 

The excellent performance of NCDs/Ni3S2/NF for overall water splitting is attributed to the 

following reasons. (1) NCDs promote the growth of Ni3S2 to coral-like morphology with 

c) 

a) b) 

d) 
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more high-index facets {021} exposed, which can provide more desirable surface atomic 

structures (such as more atomic steps [31,32]) for catalytic process than low-index faceted 

Ni3S2 [13]. (2) The coral-like architecture of NCDs/Ni3S2/NF provides large active areas and 

numerous accessible catalytic sites, which can be evident from the fact that NCDs/Ni3S2/NF 

has more than 15 times higher electrochemical active area than Ni3S2/NF (Fig. S22). (3) The 

presence of NCDs embedded in Ni3S2 nanorods effectively increases the fast charge transfer 

pathways (Fig. S23) and protect NCDs/Ni3S2/NF from corrosion or agglomeration in alkaline 

and acidic solution, contributing to its prominent catalytic stability.  

 

 

 

 

 

 

 

 

 

 

Fig. 6. a) Polarization curves of electrolyzers containing NCDs/Ni3S2/NF-NCDs/Ni3S2/NF, 

Ni3S2/NF-Ni3S2/NF, Ni foam-Ni foam or Pt/C-RuO2 couple for overall water splitting at a 

scan rate of 5 mV/s without iR drop compensation. b) Chronoamperometric curve of water 

electrolysis for NCDs/Ni3S2/NF in a two-electrode configuration with constant current density 

of 10 mA·cm-2. c) Photographs of an electrolyzer with NCDs/Ni3S2/NF as both anode and 

cathode, powered by a single-cell AAA battery of 1.5 V. 

4. Conclusions 

a) b) 

c) 
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In summary, a novel one-step electrochemical approach has been developed for facile 

synthesis of NCDs from petroleum coke using ammonia solution as electrolyte, during which 

the tedious dialysis and purification steps are avoided. The NCDs can be well dispersed in 

water and promote the in-situ formation of well-defined coral-like NCDs/Ni3S2/NF 

composites by hydrothermal method. The coral-like NCDs/Ni3S2/NF composites can be 

directly used as both anode and cathode for water splitting, possessing superior catalytic 

activity and durability. This work marks a significant step toward the massive preparation of 

NCDs and the development of NCDs-modified non-noble electrocatalysts. 
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