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Cost-effective and environmentally-friendly synthesis of 3D Ni2P 
from scrap nickel for highly efficient hydrogen evolution in both 
acidic and alkaline media 

Yao Lin,a Liangbo He,a Tao Chen,a Dan Zhou,a Li Wu,b Xiandeng Hou,b and Chengbin Zhenga,* 

Due to their high abundance and potential to become alternatives to expensive platinum catalysts for large-scale hydrogen 

production through electrochemical water splitting, transition metal-based catalysts for hydrogen evolution reaction (HER) 

have attracted intense interest over the past years. Despite tremendous efforts, environmentally-friendly and cost-

effective synthesis of transition metal HER catalysts from scrap metal remains a challenge because of their large amounts 

of impurities. Herein, a simple strategy combining room temperature photochemical vapor generation with low 

temperature deposition and phosphorization was developed to synthesize 3D Ni2P catalyst from either pure nickel salt or 

bulk scrap nickel. 3D NiO nanoparticles (NPs) were prepared for the first time via room temperature photochemical vapor 

generation and low temperature (160 °C) deposition. Following complete phosphorization at low temperature, the 3D NiO 

NPs were converted to a highly active 3D Ni2P NPs HER catalyst. Owing to its 3D nanostructure, the synthesized  Ni2P NPs 

exhibited prominent electrocatalytic performance and excellent stability in both acidic and alkaline media toward the HER 

with a low overpotential of 69 mV and 73 mV at 10 mA cm−2. Moreover, the chemical vapor generation and deposition 

processes could be precisely controlled and monitored with use of a miniaturized microplasma optical emission 

spectrometer. 

Introduction 

To address the increasing global energy demands and 

environmental concerns resulting from fossil-fuel combustion, 

numerous efforts have been devoted to explore efficient 

catalysts for hydrogen production since hydrogen is regarded 

as an ideal and renewable energy source with outstanding 

energy storage density and perfect environmental friendliness. 

Among the strategies used to produce hydrogen, considerable 

research efforts have been devoted to electrochemical water 

splitting because of its unique advantages: unlimited reactant 

availability, good manufacturing safety, stable output and high 

product purity.1─2 Electrochemical water splitting usually 

requires high-performance electrocatalysts to improve the 

hydrogen evolution reaction (HER). Although precious metals, 

particularly Pt catalysts, exhibit high catalytic performance, 

they are often limited in practical application due to scarcity 

and high cost. To date, nickel phosphide catalysts with various 

structures such as hollow Ni2P,3─4 Ni12P5/Ni5P4 nanoparticles,5─6 

Ni5P4-Ni2P and NiP2 nanosheets7─8 and Ni2P nanoarrays9─10 

show excellent catalytic activity toward HER, making them a 

promising alternative to use of Pt catalysts. 

Although hydrothermal, eletrodeposition and thermal 

decomposition methods are currently available for preparation 

of nanostructured precursors of nickel HER catalysts,11─14 the 

need for highly pure nickel salts and organic compounds as the 

nickel source, as well as the concomitant toxic waste 

produced, render these methods non-environmentally-friendly 

and less economical. By contrast, chemical vapor deposition 

(CVD) can significantly reduce waste production and retains 

great potential for large-scale production of nickel based 

catalysts. However, toxic, expensive and unstable nickel 

carbonyl is required for this process.14─16 Nickel has been 

extensively used in the steel and energy industries because of 

its excellent ductility and corrosion resistance, including 

production of corrosion-resistant alloys, catalysts and nickel 

metal hydride batteries.17─18 During large-scale applications of 

nickel in industrial engineering, almost half of the extracted 

nickel is employed only once before being lost either as 

production waste, directed to landfill, or used as a trace 

component in recycled iron or copper alloys.19─21 Thus, it is 

highly attractive to develop an approach for simple synthesis 

of nickel HER catalysts from scrap nickel because it not only 

remarkably alleviates the potential environmental pollution of 

scrap nickel but also significantly decreases the cost of 

preparation of nickel HER catalysts. Clearly, the above 

mentioned methods cannot be used for the preparation of 

nickel based catalysts from scrap nickel contaminated with 
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large amounts of impurities. Therefore, it is necessary to 

efficiently separate nickel from such impurities prior to the 

preparation of nickel based catalysts. Chemical vapor 

generation (CVG) is a technique that can convert nonvolatile 

precursors (usually ionic species) to their volatile species and 

further transfer them to the gas phase, accomplishing efficient 

separation of targets from complex matrices.22 This 

methodology has been widely adopted as a sample 

introduction strategy for analytical atomic spectrometry to 

improve sensitivity and selectivity.23─24 With such a CVG 

technique as photochemical vapor generation (PVG), Ni2+ can 

be efficiently converted to volatile Ni(CO)4 and separated from 

complex impurities in the presence of formic acid and UV 

irradiation. Such a process has been used for the sensitive 

detection of nickel in complex samples with advantages of 

ease of implementation, elimination of chemical reductant and 

no matrix interference.25─27 However, to the best of our 

knowledge, there is no report about the preparation of HER or 

other catalysts by coupling room temperature PVG to a low 

temperature CVD and phosphorization process. 

Here, for the first time, we introduce a simple conversion 

strategy with advantages of freedom from multiple synthetic 

steps and high deposition temperature, which can transform 

scrap nickel directly to the 3D precursor of Ni2P nanoparticels 

supported on carbon cloth (Ni2P NPs/CC). 

Results and discussion 

As outlined in Figure 1a, nickel can be efficiently extracted 

into formic acid solution from scrap nickel through a simple 

ultrasound-assisted acid extraction. It must be noted that 

formic acid not only acts a reagent to dissolve nickel, but also 

serves as a necessary medium for the PVG of Ni. Subsequently, 

as exhibited in Figure 1b, the solution containing nickel is 

transported to a PVG reactor for UV irradiation, generating 

volatile Ni(CO)4, which can easily decompose to NiO 

nanoparticles on carbon cloth (NiO NPs/CC) at low 

temperature (100−180 °C). According to previous studies,8 

nickel based phosphides can be synthesized via a low 

temperature phosphorization of NiO based on thermal 

decomposition of Na2HPO2.  

As can be seen in Figure 1c, the color of the extraction 

solution gradually turns dark-green with increasing extraction 

time, consistent with the analytical results obtained by 

inductively coupled plasma mass spectrometry (ICP-MS) (see 

Table S1 in Supporting Information (SI)), indicating the mass of 

nickel in the extraction solution increases with extraction time. 

The amount of nickel in solution can reach 160 and 210 mg 

after 4 and 8 h, respectively, demonstrating the feasibility of 

efficient extraction of nickel from its scrap precursor. 

Furthermore, it was also found that large amounts of 

impurities exist in the extraction solution (Table S2) and hinder 

direct preparation of nickel HER catalyst from scrap nickel by 

the previously reported methods. An earlier reported 

miniature microplasma optical emission spectrometer28

 

 
 

Figure 1. (a) Schematic diagram of Ni2P NPs/CC preparation via acidic 
extraction, PVG, low-temperature CVD and phosphorization. (b) A 
detailed diagram of PVG. (c) Effect of varying extraction time of nickel 
solution extracted from scrap nickel bulk by ultrasound-assisted 
dissolution using formic acid. 

 

was utilized to monitor the generation efficiency and CVD 

efficiency of Ni(CO)4 via detection of the intensity of the nickel 

specific atomic emission line before and after the CVD. These 

processes not only guarantee the efficient generation and 

deposition of the volatile Ni(CO)4, but also warn of any leakage 

of Ni(CO)4 to the environment, eliminating this potential threat 

to the operator. The detailed spectral results are described in 

Figure S1−S4 of SI. 

In order to obtain the optimum temperature for the 

synthesis of NiO and resultant Ni2P NPs/CC, power X-ray 

diffraction (XRD) was used to investigate the effect of pyrolysis 

temperature on the phase and structure of the products. As 

can be seen from Figure 2a, the phase and structure of NiO 

were remarkably affected by the pyrolysis temperature. There 

were broad amorphous features and no peaks indicative of 

crystalline phases at pyrolysis temperatures below 140 °C. The 

particles began to crystallize and grow in size when the 

pyrolysis temperature was higher than 140 °C, illustrating that 

the pyrolysis temperature is critical for the formation of the 

crystalline precursor. In addition, the diffraction peaks can be 

mainly attributed to phase-pure NiO (JCPDS card No. 04-0836). 

Consistently, the NiO NPs obtained at different temperatures 

also affects the formation of crystalline nickel phosphide. As 

displayed in Figure 2b, major diffraction peaks at 30.4°, 31.7°, 

35.3°, 40.7°, 44.6°, 47.3°, 54.1° and 54.9° index to the (110), 

(101), (200), (111), (201), (210), (300), and (211) planes of Ni2P 

phase (JCPDS No. 65-1989) 29-30 can evidently be achieved 

when the temperature is higher than 160 °C. The intensities of
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Figure 2. XRD patterns of NiO NPs (a) and Ni2P NPs/CC (b) prepared at 100, 140, 160 and 180 °C. For comparison, simulated patterns of 

crystalline NiO and Ni2P are also shown at the top. (c) Low- and (d) high-magnification SEM images of NiO NPs/CC prepared at 160 °C. The 

corresponding (e) low- and (f) high-magnification SEM images of Ni2P NPs/CC. (g) SEM and the corresponding element distribution mapping of 

Ni2P NPs/CC. (h) (i) Ni2P NPs crystals dispersed on the TEM at different magnifications, (inset: ligament size histogram; the enlarged area of lattice 

fringes). 

 

the diffraction peaks from NiO NPs become fairly weak after 

phosphorization, illustrating that complete conversion of 

nickel oxide to nickel phosphide is achieved at temperatures 

above 160 °C. To further demonstrate the advantages of PVG, 

the resultant NiO NPs were dissolved in formic acid and 

analyzed by ICP-MS. The results (Table S3) reveal that 

impurities found in the initial extraction solution cannot be 

detected, indicating that the nickel can be efficiently separated 

from this complex matrix via the PVG process. Thus, the 

activity of Ni2P NPs/CC influenced by impurities was nearly 

eliminated. The results, summarized in Table S2 and S3, also 

imply that about 60% of nickel contained in scrap nickel can be 

utilized to form the NiO. 

Scanning electron microcopy (SEM) and transmission 

electron microscopy (TEM) were employed to study the 

microstructure of as-prepared catalysts. It is intriguing that the 

morphology of the NiO NPs consists of relatively regular 

nanoparticles with 200−300 nm in size (Figure 2c and d). After 

phosphorization, the surface is composed of relatively loose 

nanoparticles with a coral-like morphology, as shown in Figure 

2e and f. The particle sizes are maintained while a more coral-

like structure is obtained. The corresponding elemental 

mapping images by energy-dispersive X-ray spectroscopy (EDX)  

further indicate the well-defined spatial distribution of Ni, P, 

and C in the basal plane and the incorporation of Ni2P coated 

by carbon cloth (Figure 2g). To further investigate the pyrolysis 

process, Ni2P NPs grown on the CC were exfoliated to solution 

by sonication and were dispersed on a carbon-coated copper 

 

 
 

Figure 3. (a) XPS spectra of Ni (2p) and (b) P (2p) regions for Ni2P 

NPs/CC. NiO precursors were obtained at 160 °C using an 8 h formic 

acid extraction solution from scrap nickel, and the Ni2P NPs/CC was 

prepared through a complete phosphorization at 300 °C.
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grid for TEM analysis. The TEM image (Figure 2h) shows that 

large amounts of uniform and well-dispersed crystals with 3.4 

± 0.4 nm in diameter are present. Additionally, the lattice 

fringe possesses a spacing of 0.221 nm (Figure 2i), 

corresponding to the XRD peak at 40.7° that belongs to the 

diffraction of Ni2P.3 It is very curious that the Ni2P NPs can be 

exfoliated to yield smaller NPs by sonication. We speculate 

that there are large numbers of pores present in these coral-

like Ni2P NPs. Although the porous structure can be proven 

with BET characterization, it is not easy to obtain sufficient 

mass of Ni2P for the BET characterization because the CVD 

device was too small to accommodate a larger piece of CC to 

collect Ni2P NPs. It is worth noting that as-synthesized Ni2P 

NPs/CC are much smaller than previous reports,3-6 and the 

interconnected coral-like morphology provides higher contact 

area, offering more active sites and significantly improving the 

catalytic activity of the Ni2P NPs/CC.31-32  

X-ray photoelectron spectroscopy (XPS) was applied to 

characterize the state of Ni and P. Figure 3a shows that the 

high-resolution Ni 2p XPS spectrum can be deconvoluted into 

two spin-orbit doublets and two shake-up satellites, in which 

the binding energy for Ni 2p3/2 is observed at 852.7 and 856.5 

eV, along with one satellite peak at 861.6 eV.33-34 The Ni 2p1/2 

spectrum exhibits peaks at 870.2 and 874.3 eV along with a 

satellite centered at 880.4 eV.35 The peaks at 852.8 and 870.1 

eV are assigned to Ni in the Ni2P phase, while those at 856.5 

and 874.3 eV correspond to Ni2+ ions possibly interacting with 

phosphate ions as a consequence of a superficial oxidation.33,36 

The binding energy at 852.7 eV is positively shifted compared 

to that of Ni metal, indicating the Ni in Ni2P has a partial 

positive charge.33 Figure 3b shows the XPS spectrum in the P 

2p region. The peaks located at 128.8 and 129.5 eV are 

assigned to P 2p3/2 and 2p1/2 in Ni2P, respectively,35while the 

peak at 132.7 eV may be attributed to oxidized P species 

arising from superficial oxidation of Ni2P due to air contact.37 

All of the above results confirm that the deposition of 

Ni(CO)4 is an effective means of synthesizing Ni2P, in which the 

pyrolysis temperature plays a key role. It is necessary to 

conduct additional studies to get insight into the relationship 

between electrochemical HER catalytic activity of Ni2P NPs/CC 

and the pyrolysis temperature. Electrochemical HER 

measurements of the catalysts obtained at various pyrolysis 

temperatures (100, 140, 160 and 180°C) were evaluated in 

acidic (0.5 M H2SO4) and alkaline media (1 M KOH). 

Impressively, the HER activity of the as-obtained Ni2P NPs/CC 

increases successively with the rise of pyrolysis temperature 

over the range 100−180 °C (Figure 4a and b). Upon increasing 

the temperature of deposition, the optimal HER activity can be 

obtained at T = 160 °C, which is consistent  with the XRD 

(Figure 2b) of the synthesized Ni2P. Moreover, as shown in 

Figure S5i and l, Ni2P has a ratio of 2:1 towards Ni and P both 

at T = 160 °C, which indicated the optimum deposition 

temperature for the preparation of Ni2P HER catalyst to be 160 

°C. To further evaluate the catalytic activity of these catalysts, 

a current density of 10 mA cm-2 was taken into consideration 

(Figure S6), and the Ni2P NPs/CC deposited at T = 160 °C was 

chosen for subsequent investigation. 

 

 
 

Figure 4. Electrochemical HER measurements. Linear sweep 

polarization curves of obtained Ni2P NPs in the temperature range 

100–180 °C (a) in 0.5 M H2SO4 and (b) 1 M KOH. Linear sweep 

polarization curves for CC, NiO and Ni2P NPs/CC obtained at 160 °C in 

(c) 0.5 M H2SO4, (e) 1 M KOH with a scan rate of 5 mV s–1. (d) (f) The 

corresponding Tafel slopes. 

 

Electrochemical measurements were carefully evaluated in 

acidic and alkaline media. Commercial Pt/C, NiO NPs/CC and 

blank CC with the same geometric surface area (0.5 × 0.5 cm2)  

having a mass loading of 10.8 mg cm-2 were employed as 

references (for details see the Experimental Section in SI). In 

0.5 M H2SO4 (Figure 4c), Pt/C catalyst exhibits the expected 

HER activity with a near zero overpotential. Interestingly, the 

Ni2P NPs/CC HER catalyst only required overpotentials of 69 

and 134 mV to afford current densities of 10 and 100 mA cm−2, 

respectively, while the CC and NiO NPs/CC present negligible 

HER activity, indicating the measured activity is attributed to 

Ni2P NPs/CC. Although the electrocatalytic current density of 

η10 = 69 mV is still higher than that of Pt/C electrode (η10 = 30 

mV), the catalytic performance of the prepared Ni2P NPs is 

comparable to or better than most of the recently reported 

nickel phosphide electrocatalysts operating in an acidic 
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medium (See Table S4). The Tafel slope was examined to 

further estimate the inherent property of this new 

eletrocatalyst. From Figure 4d, Pt yields a Tafel slope of 31 mV 

dec–1 as expected. Ni2P NPs/CC exhibits a small Tafel slope of 

55 mV dec–1 in the overpotential region of 50–100 mV, which 

is comparable to most of the reported acid-stable nickel 

phosphide catalysts (Table S4). These data suggest that the 

HER proceeds through a Volmer-Heyrovsky mechanism and 

that the electrochemical desorption step is rate-limited.38-39 

There are, furthermore, few reported nickel phosphides that 

can be compared to Pt in alkaline media.40-41 From Figure 4e, 

we can find that Pt/C represents prominent electrocatalytic 

activity in 1 M KOH, as expected, with an overpotential as low 

as 71 mV at a current density of 10 mA cm−2. The as-prepared 

Ni2P NPs/CC shows an impressively low η10 of 73 mV, which 

compares favorably with Pt/C (η10 = 71 mV). Moreover, Ni2P 

NPs/CC reveals a small Tafel slope of 73 mV dec–1 (Figure 4f), 

which is relatively low compared to reported values for 

electrocatalysts in alkline media, and slightly higher than that 

of Pt/C (63 mV dec–1). These results also demonstrate Ni2P 

retains an efficient Volmer-Tafel mechanism in alkaline media. 

As shown in Figure S7, the exchange current density (j0) of Ni2P 

NPs/CC is calculated to be 0.6158 and 0.5086 mA cm-2 in H2SO4 

and KOH medium, respectively, as extrapolated from the Tafel 

plots. Notably, we have proven that the as-fabricated Ni2P 

NPs/CC shows slightly lower or similar overpotentials both in 

basic and acidic media below current densities of 30 mA cm−2 

with excellent HER activity. Further detailed comparisons with 

other nickel-based phosphide electrocatalysts are presented in 

Table S4. So far, few electrocatalysts have been reported with 

good performance in both acid and alkaline conditions owing 

to their incompatibility.42-43 In our case, the excellent HER 

performance of Ni2P NPs/CC can be potentially due to their 

smaller size and porous structures. 

To further understand the superior HER catalytic activity of 

Ni2P NPs/CC, the electrochemically-active surface areas (jECSA) 

of the prepared catalysts were investigated. As can be seen 

from Figure S8, Ni2P NPs/CC demand overpotentials of 79 and 

91 in 0.5 M H2SO4 and 1 M KOH to deliver a HERjECAS of 10 mA 

cm-2. Based on the cyclic voltammograms (CVs) (Figure S9), in 

the region of 0.31 V and 0.41 V (0.5 M H2SO4) and -0.95 and -

0.85 V (1 M KOH) vs. RHE, the current response is only due to 

the charging of the double layer. The capacitances of NiO 

NPs/CC are calculated to be 4.0 and 2.62 mF cm-2 in 0.5 M 

H2SO4 and 1 M KOH, respectively, with corresponding values of 

5.2 and 7.36 mF cm-2 for Ni2P NPs/CC, indicating Ni2P NPs/CC 

has a higher surface roughness than NiO NPs/CC. 

Electrochemical impedance spectroscopy (EIS) was also 

undertaken. The EIS data summarized in Figure S10 suggests 

that Ni2P NPs/CC has a smaller semicircle radius than NiO 

NPs/CC, indicating a much lower Rct, and thus a higher charge-

transfer rate or more rapid catalytic kinetics.44 The turnover 

frequencies (TOFs) of the HER were estimated according to the 

number of active sites determined from the CV sweep.45 The 

surface concentration of redox active sites was extracted from 

the linear relationship between the reduction peak current 

and scan rates from CVs (Figure S11). The volume-time curve 

 

 
Figure 5. The amount of hydrogen gas theoretically calculated and 

experimentally measured vs. time for Ni2P NPs/CC in 0.5 M H2SO4 (a) 

and 1 M KOH (b). 

 

of the collected H2 was nearly the same as the theoretical one 

calculated according to the cumulative charge (Figure 5), 

which indicates the Faradic efficiency of the catalyst was 

nearly 100%. Long-term durability and stability are also critical 

factors for an HER catalyst. To evaluate these, multiple cycle 

voltammetric scanning was undertaken between +0.1 and −0.3 

V vs. RHE at a scan rate of 100 mV s−1. From Figure S12a and b, 

it is apparent that the polarization curves show negligible 

degradation after 1000 continuous cycles in acidic and alkaline 

media, indicating the high stability of Ni2P NPs/CC under both 

acidic and alkaline conditions. To further prove the stability, 

multi-step chronoamperometric curves of Ni2P NPs/CC were 

examined with constant current density for 16 h in both cases 

(Figure S12c and d). The current remains stable in both acidic 

and alkaline solutions.  

Conclusions 

In summary, we have successfully synthesized Ni2P NPs/CC 

from bulk scrap nickel through a process of formic acid 

extraction, photochemical vapor generation, low temperature 

vapor deposition and phosphorization. The prepared Ni2P 

NPs/CC electrocatalyst presents a low overpotential of 69 and 

73 at a current density of 10 mA cm−2 in 0.5 M H2SO4 and 1 M 

KOH, respectively, indicating that the catalyst is capable of HER 

in both acidic and alkaline media. This strategy is simpler, 

more cost-effective and environmentally-friendlier compared 

to conventional fabrication methods. Also, it presents a wide 

range of application for synthesizing multifunctional HER 

electrocatalysts from readily abundant elements and 

undoubtedly offers a new avenue for efficient utilization of 

scrap metal. 

Experimental section 

Synthesis of NiO NPs/CC 

As illustrated in Figure 1b, a solution containing nickel chloride 

and formic acid is transported to a PVG reactor for UV 

irradiation to generate volatile Ni(CO)4. Nickel solutions 

obtained by ultrasound-assisted acidic extraction with formic 

acid were pumped to the PVG reactor. NiO nanoparticle 
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precursors were obtained by deposition of Ni(CO)4 at 160 °C, 

which was generated by subjecting the extracted formic acid 

solution to UV radiation. The synthesis steps are briefly 

described as follows: a piece of CC (60 mm × 20 mm) was first 

washed with concentrated HCl (37%) and then DIW and 

ethanol to ensure its surface was well cleaned. The extracted 

Ni2+ solution, together with formic acid, was pumped into the 

PVG reactor at a rate of 2 mL min–1. Subsequently, volatile 

Ni(CO)4 from the gas liquid separator (GLS) was directly 

transported to the CVD reactor to achieve nickel deposition. 

The reaction products then flowed into a vessel filled with 

ethanol to collect any Ni(CO)4 that escaped. It is noteworthy 

that the CC was placed in the center of the CVD reactor as a 

substrate before the deposition. The CVD reactor consisted of 

a quartz tube tightly wrapped with a polyimide heating film. 

The size of the quartz tube (80 mm length × 10 mm i.d. × 13 

mm o.d.) is much smaller than a traditional CVD tube. The 

experiments proved that the small tube facilitated deposition 

of Ni(CO)4. 

Synthesis of Ni2P NPs/CC 

According to a typical methodology, Ni2P NPs/CC can be 

prepared through phosphorization of NiO NPs/CC under an 

argon atmosphere. The as-obtained NiO and NaH2PO2 powder 

(0.5 g) were placed at two separate positions in an alumina 

boat and calcined at 300 °C for 2 h. The mass loading of Ni2P 

NPs was measured to be 10.8 mg cm–2. 

Electrochemical measurements 

All electrochemical measurements were conducted at room 

temperature (25 °C) in a typical three-electrode cell. The HER 

performance was evaluated in 0.5 M H2SO4 (pH = 0.28) and 1 

M KOH (pH = 14) solutions using the as-prepared Ni2P NPs/CC 

as the working electrode, a graphite plate as the counter 

electrode, and a saturated calomel electrode (SCE) as the 

reference. For comparison, the HER performance of a bare CC 

and commercially available Pt/C catalyst (1 wt. % Pt) 

supported on a CC was also measured. Linear sweep 

voltammetry was applied to obtain polarization curves with a 

scan rate of 5 mV s–1. The stability of as-prepared Ni2P NPs/CC 

was tested at a constant 100 mV.  
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