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At present, platinum is the most efficient electrocatalytic hydrogen evolution catalyst, which can effectively accelerate the 

kinetic reaction process of hydrogen evolution. Therefore, it is very important to develop a non-noble metal catalyst with 

low cost, high catalytic activity and high stability for hydrogen production from water electrolysis. Up to now, transition 

metal sulfides, oxides, carbides, nitrides and phosphates have been proven to have good electrocatalytic activity. Among 

them, bimetallic phosphates have become the research hotspot in this field because of their high catalytic activity compared 

with others. In this study, transition metal salts, urea and ammonium fluoride were used as raw materials for in situ growth 

of transition metal dihydrohydride NiCo2/LDH on NF substrate based on hydrothermal reaction, the bimetallic phosphates 

NiCo2/NF grown on the NF substrate were obtained. The experimental results show that the prepared NiCo2P/NF catalyst 

exhibits excellent electrocatalytic performance. In alkaline media, a catal current density of 10 mA/cm2 can be obtained 

at an overpotential of 97 mV, with a Tafel slope of only 21 mV/dec. Moreover, its electrocatalytic activity can be 

maintained for more than 10 h, which is consistent with the before the experiment. This is mainly attributed to: the 

NiCo2P/NF derivative possesses the characteristics of a multimetal phosphide derived from transition metal elements Ni 

and Co after hydrothermal and phosphidation treatment. Its nanowire urchin-like heterostructure exposes more 

catalytically active sites, effectively promoting mass transfer and charge transfer accelerating the hydrogen evolution 

kinetics reaction process, and enhancing the catalytic performance with high catalytic stability. 

Keywords: clean energy, water electrolysis for hydrogen production, catalytic electrode, transition metal phosphides, 

electrocatalytic activity. 

 

1. INTRODUCTION  

Since the 21st century, the two major issues of energy 

and environment have become burning hot, and the 

exploration and development of renewable clean has 

become a research hotspot [1]. Among various renewable 

energies, hydrogen is widely recognized as a green, efficient, 

and stable clean energy, and is an ideal substitute for 

traditional fuels. At present, although the global annual 

hydrogen production is large [2], most of it still uses 

traditional fuels to produce hydrogen, and the energy and 

problems have not been effectively solved. Therefore, the 

development of clean energy efficient hydrogen production 

technology has potential application value. Noble metal 

catalysts, despite their high HER catalytic activity, are 

limited in their application development due to their high 

cost and extremely low reserves. 

Non-noble and non-metallic catalysts have been widely 

studied to explore alternatives to noble metal catalysts. So 

far, the transition metal compounds, including transition 

metal carbides [3], sulfides [4], phosphates [5], borides [6], 

selenides [7] and heteroatom-doped carbon materials 

formed by the combination of transition metal elements, are 

widely tested. Among various transition metal compounds, 

transition metal phosphides are the closest to Pt, making 

them a potential effective substitute for precious metals. 

Up to now, transition metal phosphates are mostly in the 

form of powders, which have many disadvantages in 
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conductivity, electrode preparation time and electrocatalytic 

stability [8]. The in-situ production of catalysts on metal 

substrates is considered as an effective solution, which can 

improve the conductivity of the catalyst while eliminating 

defects of the catalyst powder properties. 

This study uses transition metal salts, urea, and 

ammonium fluoride as raw materials to generate transition 

metal hydroxide NiCo2/LDH in-situ on NF substrates via 

hydrothermal reactions. After phosphating treatment, the 

bimetallic phosphide NiCo2P/NF grown on the NF substrate 

is obtained. 

Polarization curve tests were conducted using linear 

sweep voltammetry (LSV). Double-layer capacitance (Cdl) 

tests were performed using voltammetry (CV). Charge 

transfer kinetics during the HER process were investigated 

using electrochemical impedance spectroscopy (EIS), and 

the stability of the catalysts was studied using cyclic 

voltammetry and chronoamperometry. 

The test results show that the prepared NiCo2P/NF 

nanowire urchin-like heterostructure promotes mass transfer 

and charge transfer, accelerates the hydrogen evolution 

kinetics reaction process, and improves the catalytic 

performance. In a 1mol/L KOH electrolyte, an overpotential 

of only 97 mV is needed to achieve a catalytic current 

density of 10 mA/cm2, with a Tafel slope of 121 mV/dec, 

and the electrocatalytic activity can be maintained for more 

than 10 h. 
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2. EXPERIMENT 

2.1. Raw material 

The NiCl2·6H2O, CoCl2·6H2O, NaH2PO2, CH4N2, and 

KOH required for the experiment were all from Shanghai 

Aladdin Biochemical Technology Co., Ltd. The C2H6O was 

from National Medicine Chemical Re Co., Ltd. NH4F was 

from XiLong Chemical Co., Ltd. The NF was from 

Changsha Linyuan New Material Co., Ltd. The H2O was 

from Pall PURELAB TM Plus laboratory ultra-pure water 

from the USA. The Pt/C was from Shanghai Macklin 

Biochemical Technology Co., Ltd. The key elements and 

their proportions needed for the experiment are shown in 

Table 1. 

Table 1. Key elements and ratio description of the experiment 

Num Key elements Proportion 

1 CoCl2·6H2O 2 mmol 

2 NiCl2·6H2O 1 mmol 

3 CH4N2O 10 mmol 

4 NH4F 1 mmol 

5 Distilled water 50 ml 

6 NaH2PO2 1 g 

During the experimental process of designing and 

preparing nickel-cobalt metal derivatives, the following 

points should be noted: 1) select appropriate raw material 

and ensure the stability of material quality; 2) adhere to 

laboratory safety regulations and operating procedures, and 

wear personal protective equipment such as goggles, gloves, 

and laboratory; 3) ensure that the laboratory has adequate 

ventilation facilities to prevent the accumulation of toxic or 

harmful gases generated during the experiment from 

exceeding limits; 4) in the experimental operation steps, 

strictly control experimental parameters, record 

experimental data, and pay attention to any problems or 

unexpected situations that may arise during the process; 5) 

after the experiment is completed, the product needs to be 

thoroughly cleaned and dried to avoid moisture absorption 

or contamination during storage. 

2.2. Synthesis of NiCo2/LOH 

The NF was immersed in 2 mol/l HCl solution and 

C2H6O solution, respectively, for about 30 min to remove 

the surface grease and oxide layer, after which the washed 

NF was cropped to 5 cm × 0.5 cm for use. Dissolve 2 mmol 

CoCl2·6H2O, 1 mmol NiCl2·6H2O, 10 mmol CH4N2O and 

1 mmol NH4F in 50 ml distilled water and stir evenly for 

about 30 min. The resulting liquid was slowly poured into 

the Teflon-lined autoclave containing NF, and then 

hydrothermally reacted at a high of 120 ℃ for 6 h, and then 

stopped and cooled to room temperature, to obtain the 

transition metal hydroxide NiCo2/LDH grown in-situ on the 

foam nickel substrate. 

2.3. Synthesis of NiCo2P/NF 

With NaH2PO2 as the phosphorus source, NiCo2/LDH 

was placed upstream of the combustion boat, and 1 g 

NaH2PO2 was placed downstream of the combustion boat, 

with the upstream and downstream distinguished by the gas 

flow direction. Under the protection of the Ar atmosphere, 

the tubular furnace was heated to 300 ℃ at a heating rate of 

15 ℃/min maintained for 2 h before natural cooling, and the 

bimetallic phosphide NiCo2P/NF could be obtained. 

2.4. Material characterization and electrocatalytic 

performance testing 

X-ray diffraction (XRD) was used for phase analysis of 

NiCo2P/NF, scanning electron microscopy (SEM) and 

transmission microscopy (TEM, HRTEM) were used for 

morphology and microstructure analysis of NiCo2P/NF, and 

energy dispersive spectroscopy (EDS) was used for 

elemental composition analysis of NiCo2P/NF. 

Based on the three-electrode system, the catalytic 

performance of NiCo2P/NF was tested using an 

electrochemical workstation (CHI), including polarization 

curve analysis using LSV, electrochemical active area 

analysis using double-layer capacitance (Cdl), charge 

transfer kinetics analysis using electrochemical impedance 

(EIS), and catalytic stability analysis using cyclic 

voltammetry and chronoamperometry. 

3. RESULTS AND ANALYSIS 

3.1. Phase analysis 

The XRD patterns of the transition metal dihydrides 

NiCo2/LDH and the transition metal phosphides NiCo2P/NF 

are shown in Fig. 1. 
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Fig. 1. The XRD patterns 

Fig. 1 demonstrates that there are strong diffraction 

peaks at the positions of 2θ at 11.7°, 34.5°, 38.6°, 44.8°, 52.5° 

and 76.7°. The diffraction peaks correspond to (003), (009), 

(015), (021), (028) and (038) crystal faces of NiCo2/LDH 

respectively (JCPDS card number: 03-0953) [9]. Fig. 1 

demonstrates that the transition metal phosphates 

NiCo2P/NF exhibit strong diffraction peaks at 2θ at 41.8°, 

45.3°, 48.95° and 54.28°, the diffraction peaks correspond 

to (111), (201), (210) and (002) crystal faces of NiCo2P/NF 

(JCPDS card number: 71-2336) [10] respectively, which 

indicates that NiCo2P/NF materials have been successfully 

prepared. 

The successful preparation of NiCo2/LDH and 

NiCo2P/NF in the above experimental results is completely 

in line with the experimental expectations which confirms 

that based on transition metal elements, multi-transition 

metal phosphides can be effectively prepared according to 

hydrothermal reaction, phosphating treatment and other 

treatment methods. 
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3.2. Morphology analysis 

The morphology characterization of the transition metal 

dihydride NiCo2/LDH and transition metal phosphide 

NiCo2P/NF by XRD is shown in Fig. 2 and Fig. 3. The SEM 

image is magnified about 8000 times. 

As shown in Fig. 2, the synthesized transition metal 

dihydrohydride NiCo2/LDH exhibits a nanowire sea urchin-

like structure with nanowires growing uniformly and 

densely on nickel foam with an elongated diameter of 

approximately 7 μm. The nanoseaurchin with a high-density 

nanowire composition has a larger surface area, which can 

expose more active sites, the three-dimensional porous 

skeleton provided by the foam nickel substrate makes the 

electron transfer rate at the active sites faster. 

1μm
 

Fig. 2. SEM image of NiCo2/LDH 

As shown in Fig. 3, the transition metal phosphide 

NiCo2P/NF generated by phosphating still maintains the 

nanowire sea urchin morphology of NiCo2/LDH, without 

significant structural changes, which is attributed to the high 

stability of Co(OH)2, allowing them to maintain its original 

structure after phosphating. After phosphating treatment, the 

diameter of NiCo2P/NF grows to about 8 μm, which is larger 

than that of NiCo2/LDH, indicating that after low-

temperature phosphating, the diameter of the nickel-cobalt 

composite phosphide now increases, and the internal 

overlapping leaves more pores, which greatly increases the 

contact area between the electrode and the electrolyte, 

improving the diffusion of the electrolyte and migration of 

charges. 

1μm

 

Fig. 3. SEM image of NiCo2P/NF 

The HRTEM image of NiCo2P/NF is shown in Fig. 4, 

with clear lattice fringes and a spacing of 0.3 nm, 

corresponding to the (111) crystal plane of NiCo2P [11]. 

 

Fig. 4. HRTEM image of NiCo2P/NF 

Fig. 5 shows the HAD-STEM image of NiCo2P, from 

which we can see that the sample is composed of multi-

layered nanosheets, forming nanorods. These nanosheets 

significantly increase the specific surface area, enhancing 

the number of active sites. The active material grown on the 

surface increases the contact area with the electrolyte 

accelerating the charge transfer rate, and further improving 

the electrochemical performance. 

 

Fig. 5. HADDF-STEM image of NiCo2P/NF. 

The phase structure characteristics analysis of the 

experimental results of NiCo2/LDH and NiCo2P/NF are 

somewhat different from the expectations, mainly reflected 

in: 1) previously, the derivatives of NiCo2(CO3)1.5OH3 and 

NiCoP/NF prepared on hydrothermal reaction and 

phosphorization treatment have a nanorod array structure, 

but their exposed specific surface area is lower than that of 

NiCo2/LDH and NiCo2P/NF; 2) the prepared NiCo2P/NF 

has a high degree of structural similarity with the precursor 

NiCo2/LDH, and NiCo2P/NF further elongates based on the 

nanourchin wire structure, which increases the reaction 

active sites and can effectively enhance the transfer rate and 

improve the electrochemical performance. 

3.3. XPS analysis 

The XPS patterns of NiCo2P/NF are shown in Fig. 6, 

indicating that the elements of the sample include Ni, Co P, 

O, and C. It is speculated that the C element mainly 
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originates from incompletely converted hydroxide 

precursors. 
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Fig. 6. XPS spectrum of NiCo2P/NF 

The high-resolution XPS spectrum of Ni 2p is shown in 

Fig. 7. It can be seen that two strong peaks at 863.1 eV and 

882.3 eV appear in the Ni 2p region, corresponding to 

Ni 2p3/2 Ni 2p1/2, and satellite peaks appear at 867.2 eV and 

881.7 eV [12]. 
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Fig. 7. HR-XPS spectra of Ni 2p 

The high-resolution XPS spectrum of Co 2p is shown in 

Fig. 8, with two strong peaks appearing in the Co 2p region 

at 781.1 eV and 797.2 eV, corresponding to Co 2p3/2 and 

Co 2p1/2, respectively, and shifting towards higher energy, 

with satellite peaks appearing at 786.2 eV and 807.3 eV [13]. 
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Fig. 8. HR-XPS spectra of Co 2p 

The high-resolution XPS spectrum of P 2p is shown in 

Fig. 9, where 129.2 eV, 34.5 eV, and 133.5 eV correspond to 

P 2p3/2, P-O bonds, and P-C bonds, respectively, indicating 

significant electron transfer between NiCo2 and NF, which 

is directly related to the promotion of electron transfer by the 

nanowire sea urchin spatial heterostructure. 
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Fig. 9. HR-XPS spectra of P 2p 

The XPS analysis results of the above experimental 

results for NiCo2/LDH and NiCo2P/NF are exactly as 

expected, are highly similar to the XPS analysis results of 

the NiCo2(CO3)1.5OH3 and NiCoP/NF derivatives prepared 

by thermal reaction and phosphorisation treatment, further 

confirming that the preparation of multi-transitional metal 

phosphides based on transitional metal elements, according 

to hydrothermal reaction and phosphization treatment, has 

obvious electronic interaction between the internal 

components, which effectively promotes electron transfer 

and improves the catalytic performance of the material. 

3.4. Electrocatalytic evaluation 

The electrocatalytic HER performance was evaluated 

by linear sweep voltammetry in an alkaline solution 

(1.0 mol/L KOH and PH = 14). 

3.4.1. Linear scanning curve analysis 

To allow for clear comparative analysis, linear sweep 

voltammetry tests were conducted at a current density of 

10 mA/cm². The linear sweep voltammogram (LSV) in 

Fig. 10 shows that Pt/C requires only 1 mV overpotential at 

a density of 10 mA/cm², while NiCo2P/NF needs 97 mV, 

indicating that under these conditions, the catalytic activity 

NiCo2P/NF is far inferior to that of Pt/C. 
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Fig. 10. LSV curves of Pt/C, NiCo2P/NF and NF 
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However, as the potential continues to increase, the 

current density curve of NiCo2/NF shows a rapid upward 

trend, which can be inferred that the catalytic performance 

of NiCo2P/NF is expected to equal or even surpass Pt/C 

under specific conditions. 

The overpotentials of other catalysts at a current density 

of 10 mA/cm2 are shown in Table 2. These data demonstrate 

that the synthesized bimetallic phosphide NiCo2P/NF 

exhibits outstanding catalytic performance. 

Table 2. Analysis of catalyst 

No Name 
Current 

density 

Over-

potential 
References 

1 NiCo2P/NF 

10 mA, 

cm2 

97 mV This study 

2 Co-VOx-P 98 mV [14] 

3 NiCoP/NF 105 mV [15] 

4 CoP3/CoMoP 110 mV [16] 

5 Co4Ni-P/NTs 129 mV [17] 

6 CoP/NiCop NTs 133 mV [18] 

7 NiCoP-300 150 mV [19] 

8 NiCoP/rGO 209 mV [20] 

3.4.2. Tafel slope analysis 

The Tafel slope curves of Pt/C, NiCo2P/NF, and NF are 

shown in Fig. 11, the values obtained from the analysis (in 

units of m/dec) are: 202, 121, and 56, respectively, that: the 

presence of the urchin-like spatially heterogeneous structure 

significantly enhances the electrocatalytic activity of 

NiCo2P/NF compared to NF there is still a difference 

compared to Pt/C under the current conditions; the Tafel 

slope value of 21 mV/dec for NiCo2/NF is sufficient to meet 

and follow the mer-Heyrovsky mechanismfor 

electrocatalytic hydrogen evolution reaction [21]. 
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Fig. 11. Tafel slopes of catalysts 

3.4.3. Analysis of active area and catalytic mechanism 

Fig. 12 shows the CV curves obtained at different scan 

rates (80 m/s ~ 160 m/s) within the non-Fadaic potential 

window (-0.6 ~ -0.8 vs. RHE). 

The difference in current density vs. scan rate curves 

and the Cdl values of NiCo2P/NF and NF at a potential of -

0.75 V were measured and are shown in Fig. 13. These 

results indicate that the ECSA and catalytic active sites of 

NiCo2P/NF are far superior to those of NF, which is 

consistent with the previous analysis and further confirms 

the excellent performance of the NiCo2P/NF 

nanowireurchin – like spatially heterogeneous structure. 

3.4.4. Electrochemical impedance analysis 

Fig. 14 shows the Nyquist plots of the electrochemical 

impedance of NiCo2P/NF and NF. Compared with NF, 

thequist plot of NiCo2P/NF is more compact, indicating that 

Rct(NiCo2P/NF) < Rct(NF), andCo2P/NF has lower charge 

transfer impedance, thus having stronger charge transfer 

ability, which can effectively enhance the charge transfer 

rate and improve the kinetics of theytic reaction. This is 

completely consistent with the XPS analysis results. 
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Fig. 12. CV curves of NiCo2P/NF at different scan rates 
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Fig. 13. The difference in the current density 
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Fig. 14. Electrochemical impedance spectra (EIS) spectra 

3.4.5. Electrochemical stability analysis 

The electrocatalytic stability test curve is shown in 

Fig. 15 with a current density of 10 mA/cm² and a test time 

of 10 h. From the curve in Fig. 15, it can be seen that 

NiCo2P/NF has stable catalytic activity in constant potential 

test. 

Meanwhile, the catalyst NiCo2P/NF was subjected to a 
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cyclic voltammetry stability test for 3000 cycles, the test 

data is shown in Fig. 16. 
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Fig. 15. Electrocatalytic stability test curve 
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Fig. 16. Polarization curves before and after CV test 

From the analysis of the curve in Fig. 16, it can be seen 

that the LSV curves NiCo2P/NF before and after the test are 

almost coincident, which further indicates that the catalyst 

NiCo2P/NF has high catalytic and satisfactory long-term 

durability. 

According to the above electrochemical test results, 

NiCo2P/NF has excellent catalytic performance, which may 

be due to the morphology of the prepared samples leading to 

higher activity, allowing for lower overpotentials to provide 

higher current densities, lower internal resistance leading to 

faster charge transfer rates, ECSA (exposing more active 

catalytic sites), and the 3D large/medium pore sea urchin-

like structure promoting the transport of active substances 

the release of bubbles. 

The above experimental results show that the 

electrochemical performance analysis of NiCo2P/NF is 

approximately the same as the experimental expectations. 

Previously prepared NiCoP/NF derivatives based on 

hydrothermal reactions and phosphating treatments have 

been proven to have good electrocatalytic performance and 

electrochemical stability. In this study, the NiCo2P/NF 

transition metal phosphide was prepared and evaluated by 

linear voltammetry, Tafel plots, Nyquist, and electrocatalytic 

activity tests, confirming that NiCo2P/NF also has excellent 

electrocatalytic performance. Therefore, the above common 

conclusions confirm that based on transition metal elements, 

the preparation of multimetallic phosphides by 

hydrothermal reactions and phosphating treatments has 

excellent electrocatalytic performance. 

4. CONCLUSIONS 

1. Based on hydrothermal reaction, transition metal 

hydroxide NiCo2/LDH was grown in situ on the nickel 

foam substrate and after phosphating treatment, 

bimetallic phosphide NiCo2P/NF grown on the nickel 

foam substrate was obtained. The electrocatalytic test 

shows that at a current density of 10 mA/cm2, its 

overpotential is 97 mV, the Tafel slope is only 

11 mV/dec, and the activity can be maintained for more 

than 10 h, which confirms that the bimetallic phosphide 

NiCoP/NF has good electrocatalytic performance, and 

it meets the expectations before the experiment. 

2. Characterization techniques analysis: 1) the prepared 

NiCo2P/NF derivatives possess the characteristics of 

multi-metal phosph derived from transition metal 

elements Ni and Co after hydrothermal reaction and 

phosphorization treatment, with a heterostructure of 

nanowire sea urchin, significantly increasing the 

number of exposed catalytic active sites; 2) XPS 

analysis reveals that the heterostructure of nanowire sea 

urchin can mass transfer and charge transfer between 

NiCo2P and NF; 3) the linear voltammogram, Tafel plot, 

and Nyquist plot demonstrate that heterostructure of 

NiCo2P/NF effectively promotes water dissociation, 

accelerates the electrocatalytic hydrogen evolution 

kinetics, thereby enhancing its electrocytic performance 

in various aspects. 

3. This study successfully prepared the NiCo2P/NF 

catalyst with a nanowire urchin-like heterostructure, 

and completed the effective evaluation of the 

NiCo2P/NF catalyst using modern evaluation 

techniques. The research results further confirm that the 

multimetal phosphides derived from transition elements 

Ni and Co after hydrothermal reaction and phosphating 

treatment have good electrocatalytic performance. 

Meanwhile, this study has certain theoretical value for 

the research of catalytic materials for clean energy 

preparation and also enriches the application of 

transition metal phosphides in clean energy preparation. 
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