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Abstract. In this work we report a simple electrodeposition method to synthesize novel 

MoS2/Ni-P hybrid electrocatalyst for the first time. Compared with pure MoS2 and Ni-P, the 

hybrid MoS2/Ni-P exhibits the better electrocatalytic activity for HER in alkaline media and a 

excelletn stability of MoS2/Ni-P can be obtained. The enhancement of HER performances may 

be owing to the excellent conductivity of Ni-P and the synergistic effect between Ni-P and 

MoS2. The simple synthesizing hybrid materials through electrodeposition process provide an 

efficient approach for MoS2-based electrocatalysts for HER in large-scale industrial alkaline 

water electrolyzers. 

1. Introduction 

Hydrogen (H2) as clean energy provides a promising solution to new energy vehicles fuels as well as 

to large-scale energy storage. Presently, more than 95% of H2 comes from fossil fuel feedstock. 

Electrocatalytic production of H2 with precious metals as catalyst in alkaline water is broadly 

considered to be sustainable strategy [1-4]. However the emplyment of precious metals is largely 

restricted due to their high price and low reservation [5-7]. Since years nickel alloys were broadly 

employed as cathode material for alkaline water electrolysis. Among nickel-metal alloys, NiMo alloys 

are thought to have additional mechanisms for hydrogen evolution reaction (HER) catalysis [8-11]. As 

metal-nonmetallic alloy Ni-S was widely studied, especially their preparation methods as well as their 

influences on the HER activity [12-14]. Catalytic activities and alloy structures (amorphous, crystal or 

their composition) influenced by P content in nickel alloys were reported in several studies [15-17].  In 

recent years, MoS2 as one of the most fascinating transitional chalcogenides has been studied in 

various fields [18-20]. To enhance the HER properties, phase transformation from 2H-MoS2 to the 

metallic 1T-MoS2 [21], gentle oxidation [22], functional structural design [23], and stabilizing the 

edge layers with organic molecules [21] have been extensively attempted. Promoters such as gold [24], 

coreeshell MoO3 [25], macroporous and mesoporous carbon materials [20, 26], grapheme [27], and 

graphene oxide [28] have been employed as electrical conduction supports to increase the intrinsic 

activity. 

In spite of numerous studies on the HER activities of Ni-P alloy and MoS2 nanostructures in 

alkaline water electrolyses, the composition of the advantages of these two materials were seldom 

studied. Inspired by this, we are interested in a hybrid cathode catalyst from both materials through 

composited electrodepostion. There are three reasons. First, Ni-P alloy has excellent corrosion 
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resistance and mechanical stability, also at an operating temperature 330 - 380 K. This could fulfill the 

operating requirements in industrial alkaline water electrolysis application. Second, MoS2 

nanostructure is an effective catalyst for HER since it owns much large specific surface area and more 

activity sites. Third, electrodeposition is an economical and reliable method for large-scale cathode 

production. Herein, we report a stepwise electrodeposition strategy to synthesize hybrid cathode for 

alkaline water electrolyses. By using stepwise strategy, firstly Ni-P coating was deposited on nickel 

basis. The P amount, coating layer structure and coating thickness can be controlled. In second step, 

MoS2 prepared by a simple facile hydrothermal method was installed on the Ni-P coating. The hybrid 

surface structure obtained via stepwise deposition is favorable to alkaline water electrolysis by 

assisting both mass and charge transportation. This work is therefore a valuable solution reference to 

industrial water electrolyses practice. 

2. Experiments 

2.1. Preparation of Cathode 

Cathode was prepared with nickel foam (500 g/m
2
, Changle new power Co., Ltd., China) which was 

firstly polished mechanically to mirror finish, cleaned with ethanol and distilled water successively. 

Then, they were immersed into 3 mol/L of HCl solution at room temperature for 3 min, followed by 

cleaning with distilled water for the preparation of Ni-P coating. Ni-P coating was prepared by 

stepwise pulsed electrodeposition. The solution contained 300 g/L NiSO4·6H2O as nickel salt, 50 g/L 

NiCl2·6H2O, 40 g/L H3BO3·6H2O, 20 g/L NaH2PO2·H2O, 0.25 g/L sodium dodecyl sulfate as buffer 

agent. Ammonium hydroxide was used to adjust the solution pH within 4.0 - 5.0 during deposition 

process. Deposition temperature 40 C, current 25 mA/cm
2
, pulse frequency 500 Hz, duty ration 1:10, 

deposition time 15 min. 

2.2. Preparation of Amorphous MoS2 

1.5 g (NH4)6Mo7O244H2O was dissolved in 20 ml of distilled water, and then 15 ml of N2H4H2O 

(85%, wt%) as reducing agent was injected. The mixture solution was stirred for 0.5 h, and then 5.0 g 

Na2S9H2O dissolved in 20 ml of distilled water and 20 ml of hydrochloric acid was injected and 

stirred for another 10 min. The final solution was transferred into a 200 ml Teflon-lined stainless steel 

autoclave and heated at 230 C for 12 h. After filtering, black powders were collected, dried at 60 C 

for 5 h and then retained for use. 

2.3. Preparation of Cathode Catalyst 

MoS2 nanoflowers on Ni-P coating was prepared by pulsed electrodeposition. The solution contained 

300 g/L NiSO4·6H2O as nickel salt, 45 g/L NiCl2·6H2O, 40 g/L H3BO3·6H2O, 15 g/L NaH2PO2·H2O, 

0.25 g/L sodium dodecyl sulfate as buffer agent, 3 g/L MoS2 nanoparticles. Ammonium hydroxide 

was used to adjust the solution pH within 4.0 - 5.0 during deposition process. Deposition temperature 

40 C, current 35 mA /cm
2
, pulse frequency 500 Hz, duty ration 1:10, deposition time 1 h. 

3. Results and Discussions 

3.1. Structure Characterization 

X-ray powder diffraction (XRD) patterns for samples prepared with MoS2 nanostructure, Ni-P and 

MoS2/Ni-P as hybrid structure were recorded via D/max-

radiation ( = 0.154 nm). The XRD patterns present low diffraction peaks of (002) compared to 

commercial bulk MoS2 [18], which indicates a poor crystallinity in MoS2 nanostructures. However, 

the slight (100) and (110) diffraction peaks still can demonstrate the existence of MoS2 on the hybrid 

structure. It is noteworthy that all the peaks are significantly broadened than the pristine 2H-MoS2 

(JCPDS Card No.73-1508) due to the worse crystallinity and smaller particle size. High HER activity 

can be expected because of the absence of (002). 
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Figure 1. XRD of the MoS2, Ni-P and hybrid MoS2/Ni-P 

 

 

Figure 2. SEM of Ni-P (A) and MoS2/Ni-P (B, C, D), and TEM images of MoS2 (E, F). 

 

Microstructures were observed by scanning electron microscopy (SEM) Nova NanoSEM 230 (FEI, 

USA) and transmission electron microscopy (TEM) JEM-2010F (JEOL, Japan). The Ni-P and 

MoS2/Ni-P hybrid structure were selected to represent the typical morphologies and structures. As 

shown in Fig. 2A, Ni-P film deposited on the nickel surface are composed of many isolated small bulk 

nanoplates with different diameter ranging from 100 nm to 300 nm. The morphology of the 

electrodeposited hybrid MoS2/Ni-P is shown in Fig. 2B. It can be seen that Ni-P as the substrate 

contributes to the good dispersion of MoS2, exhibiting smaller nanoparticles. In addition, the 

electrodeposited Ni-P does not cover up the edges of MoS2. Therefore, the hybrid MoS2/Ni-P takes the 

advantages of both MoS2 and Ni-P, which ensures better HER activity. The SEM images provide a 

general view, and show that the catalysts are nanoflowers with a diameter of 100 - 500 nm, assembled 



4

1234567890‘’“”

ICMSE 2018 IOP Publishing

IOP Conf. Series: Materials Science and Engineering 397 (2018) 012135 doi:10.1088/1757-899X/397/1/012135

by lamellar nanosheets (Fig. 2C and D). It can be observed by TEM that these nanosheets are about 

100 nm in length and 10 nm in thickness, respectively, as shown in Fig. 2E. 

More information is obtained in Fig. 2F with a higher magnification. It can be observed that the 

MoS2 nanosheets are short with low stacking height, presenting an expanded interlayer distance of 

0.75 nm, larger than the standard value of 0.6 nm, indicating a lattice expansion. There are many 

defects in the stacking structures, which increase the interlayer resistance and will lead to a remarkable 

decrease of the final HER activity. Although the previous XRD and Raman analysis demonstrate the 

absence of (002) peaks and layer stacking along c-axis, there are still stacking structures observed with 

expanded interlayers. This abnormal phenomenon should be attributed to the existence of rich defects, 

which greatly deteriorate the crystallinity, leading to the missing of related XRD and Raman signals. 

Raman spectroscopy was recorded using the instrument LabRAM HR-800 (Hoirba, France). 

Raman spectroscopy was employed to further confirm the MoS2 phase, where the appearance of two 

peaks at 265 and 360 cm
-1

 corresponds to the 
1gE  and 1

2gE  vibration models of hexagonal MoS2, 

respectively, Fig. 3. 
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Figure 3. Raman spectra of various MoS2 samples. 

 

It is known that the  
1gE  and 1

2gE  correlate with the relative vibration mode along the layer of the 

bond between Mo and S. And the 1

2gE  peak presents the in-layer displacements of Mo and S atoms [29, 

30]. The relatively larger 1

2gE  peak width and the weaker intensity suggest that the crystal structure of 

MoS2 may contain substantial defect sites [31]. However, it must be noted that the Raman peak 

corresponding to the out-of plane Mo-S phonon mode (
1gA , 408 cm

-1
) is absent, indicating that the 

relative vibration along the direction of vertical layer of the bond between Mo and S is not significant, 

which is also coincident with the absence of (002) peak in Fig. 1. 

3.2. Electrocatalytic Activity 

The electrochemical measurements were carried out on a three-electrode setup. The electrocatalytic 

activities of CB-MoS2, Ni-P and hybrid MoS2/Ni-P was examined through linear sweep voltammetry 

(LSV) with a scan rate of 1 mV s-1 on an IM6ex (Zahner, Germany) in 1.0 M KOH at room 

temperature. Before the electrochemical measurements, the electrolyte solution was purged with N2 

for 1 h to remove completely the oxygen, and stable polarization curves were recorded after 20 cycles. 

An Ag/AgCl electrode was employed as the reference electrode and a Pt foil as the counter electrode. 

Electrode potentials were recorded vs. reference electrode, which was calibrated with respect to 

reversible hydrogen electrode (RHE). The overpotentials of CB-MoS2, Ni-P and hybrid MoS2/Ni-P 

samples reach 265 mV, 180 mV and 125 mV by j = 10 mA cm
-2

 respectively, Fig. 4. The Tafel slope 

of the hybrid MoS2/Ni-P samples was 51 mV dec
-1

 for HER in alkaline media, which is consistent with 

the most positive onset potential of -125 mV. It is much smaller than that of the CB-MoS2 (185 mV 
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dec
-1

) and Ni-P (105 mV dec
-1

). The smaller Tafel slope demonstrates that the hybrid MoS2/Ni-P 

catalysts possess a superior catalytic performance. 
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Figure 4. The Tafel plots of the MoS2 catalysts derived from the polarization curves. 

 

To get a direct site-to-site comparison, the rough estimation of TOFs following Jaramillo’s method, 

makes it possible to compare the activity of hybrid MoS2/Ni-P with other catalysts. The so-called TOF 

here was actually defined as the peratom exchange rate of Mo, where the active sites were probably 

located. The hybrid MoS2/Ni-P catalysts possess much higher TOF value of 0.04 s
-1

, compared to CB-

MoS2 (0.007 s
-1

 [18]), indicating an excellent intrinsic HER activity. 

4. Durability Tests 

Besides the HER activity, the stability is another important criterion to evaluate the HER 

electrocatalyst. The performance of a real operating electrolyser system highly depends on operating 

temperature, catalyst surface structure, absorption of hydrogen within the catalyst structure, adsorption 

of organics onto the catalyst surface or deposition of less active metals from impurities or component 

corrosion. To study the cathode stability in acidic environment, long-term potential cycling stability of 

MoS2/Ni-P and typical industrial Ni-S-Mo electrodes were conducted in an alkaline electrolyses cell 

from Beijing Wenli Technology Co., Ltd. The operating temperature was 80  5 C, pressure 0.006 

MPa, electrolyte 30% KOH, H2 production 0.3 m
3
/h, current density 1500 A m

-2
. 

The industrial Ni-S-Mo electrode was prepared by Beijing Wenli Technology Co., Ltd using a 

stepwise electrodeposition which is an established process at the company for years. The long-term 

stability test was carried out on the prepared MoS2/Ni-P electrode and the industrial Ni-S-Mo 

electrode. Cathode using the electrode, the anode using pre-treated foam nickel, cathode and anode 

sandwiched between the industrial diaphragm (2 mm thickness). The stability of the electrode during 

the electrolysis process was analyzed by measuring the change in the cell voltage with time. As can be 

seen from Fig. 5, the starting cell voltage of the MoS2/Ni-P electrode is lower than that of the 

industrial Ni-S-Mo electrode and Ni-P electrode. And there is a decrease in the cell voltage of the 

electrode at the electrode initial stage, which may be due to the fact that the precipitation of the 

electrode surface S or the falling of the particles exposes more active sites of the electrode so that the 

activity of the electrode has been briefly raised [32]. The MoS2/Ni-P electrode remained relatively 

stable after a brief decrease in the cell voltage, while the electrolytic cell voltage using the industrial 

Ni-S-Mo electrode increased rapidly. Due to the deposition of four layers at industrial Ni-S-Mo 

electrode, the internal stress is high; the coating stability is affected, and falls off easily during the 

electrolysis. With incorporation of particles, a certain internal stress in the coating at the stepwise 

electrodeposition of MoS2/Ni-P electrode was released, so the stability is higher. The coating peeling 

off at Ni-S-Mo electrode is more serious after 500 h electrolysis, than the MoS2/Ni-P electrode, Fig. 6. 
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Figure 5. Cell voltage as a function of cell operating time. 

 

 

Figure 6. Industrial Ni-S-Mo electrode and MoS2/Ni-P electrode after 500 h stability tests in alkaline 

water electrolyses cell. 

 

Compared with the above-mentioned supports, the hybrid MoS2/Ni-P cathode exhibits the 

advantages of facile fabrication, anticorrosion, prominently electrical conductivity, and the 

promisingly electrocatalytic activity of HER. 

5. Conclusions 

In summary, a simple electrodeposition method has been used to synthesize novel MoS2/Ni-P hybrid 

electrocatalyst for the first time. Compared with pure MoS2 and Ni-P, the hybrid MoS2/Ni-P exhibits 

the better electrocatalytic activity for HER in alkaline media. Moreover, the excellent stability of 

MoS2/Ni-P can be obtained. The enhancement of HER performances may be owing to the excellent 

conductivity of Ni-P and the synergistic effect between Ni-P and MoS2. Thus, synthesizing hybrid 

materials through electrodeposition process can provide an efficient approach for MoS2-based 

electrocatalysts for HER in large-scale industrial alkaline water electrolyzers. 
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