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Abstract

Water splitting will be one of the most strategic techniques in the upcoming hydrogen-based economy. 

In this context, the development of efficient and low cost Pt-free electrocatalysts is crucial to make it 

economically viable. The present work proposes a low cost and scalable methodology to produce 

electrocatalytic layers based on nickel phosphide for hydrogen evolution reaction (HER). In particular, a 

nickel-phosphorus solid solution is electrolytically codeposited together with red phosphorus particles. 

This approach overcomes the compositional limit typical of electrodeposited Ni-P by providing a 

supplementary phosphorous source directly embedded in the layer and makes possible to synthesize high-

P phosphides like Ni12P5 and Ni2P. Obtained composites are subjected to different annealing cycles to 

precipitate phosphides, evidencing a major influence of process conditions on the final phase 

composition. XPS reveals the presence of a phosphorus-depleted region in correspondence of the surface 
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of the samples. Finally, layers are tested to assess their electrocatalytic performances and the effects of 

annealing time and catalyst loading are investigated. Samples with an optimized content of Ni2P evidence 

the lowest overpotential values, with 224 mV at 10 mA/cm2 and good stability over time.

Keywords

Nickel phosphide; red phosphorus; codeposition; electrocatalysis; hydrogen evolution reaction

1. Introduction

Modern world is dominated by a constantly increasing need of sustainable and renewable energy 

production technologies1. In this context, many critical topics in modern research are strictly connected 

to energy. The most critical part of the sustainable energy supply chain is the production step, which 

must be necessarily based on carbon-free sources. However, also storage strategies play a fundamental 

role for an efficient energy supply strategy, especially in the case of intermittent energy sources like solar 

or wind2. Consequently, electrochemistry is at the forefront in research on energy, with the development 

of highly efficient batteries, accumulators and storage technologies3. Between long-term storage 

techniques, hydrogen is probably one of the most promising. The great interest in hydrogen handling 

arises from the possibility, widely demonstrated, of using fuel cells as devices for sustainable energy 

conversion4,5. Moreover, hydrogen will be fundamental, in perspective, for usage in nuclear fusion power 

plants6 currently under development. Hydrogen is highly advantageous as energy storage medium, since 

it can be obtained easily from water and the final product of its oxidation is again water. The absence of 

dangerous emissions, like CO2, and the good energy density per unit mass7 make hydrogen very attractive 

for technological applications.
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As already outlined, hydrogen can be obtained from water via electrolysis8.  During this process water 

splits, hydrogen evolution reaction (HER) takes place at the cathode and oxygen evolution reaction 

(OER) at the anode. In normal conditions, HER requires an electrochemical overpotential to happen on 

the electrode surface9. For this reason, electrocatalysts are routinely employed to lower the energy barrier 

required for molecular hydrogen generation. HER on an electrocatalyst requires considerably lower 

overpotentials with respect to non-electrocatalytic surfaces10–12. In general, noble metals are classical 

catalysts for HER, yielding optimal overpotentials12. These materials are however also costly and rare, 

and exactly these reasons induced researchers to investigate possible low-cost alternatives for both HER 

and OER13–15. Consequently, a wealth of electrocatalytic materials have been developed in the last few 

decades. Notable examples range from metals/alloys16,17 and their nanoparticles18 to metal sulfides19, 

selenides20,21, phosphides22–25, nitrides20,26 or carbides20,26.

The electrocatalytic material considered in the present work is nickel phosphide, one of the most 

promising candidates to substitute Pt based catalysts. In general, all the existing compounds of Ni and P 

present some degree of electrocatalytic activity22,27,28, which depends in particular on the phosphorus 

content29,30. Nickel phosphides, and the Ni2P compound in particular, are characterized by low HER 

overpotential and long-term stability when in thin film, nanostructured or not, or nanoparticle form31. As 

an example, Read et al.32 reported an overpotential of 128 mV at 10 mA/cm2 in the case of Ni2P supported 

on Ni and obtained reacting organophosphines with commercial Ni foils. The peculiar synthesis route 

followed by Read et al. offers the opportunity to discuss Ni2P fabrication, which is not trivial. The 

production of pure Ni2P phase, with no secondary compounds, requires strictly controlled synthesis 

routes. The material, especially in the form of nanoparticles (NPs) or nanowires, can be obtained by 

decomposition of metal-phosphine moieties31, by hydrothermal synthesis33–35 or by direct 

phosphorization of Ni36–38. Conversely, thin films and nanofoams can be prepared by direct 

phosphorization of Ni films obtained by electrodeposition or sputtering39,40. It should be emphasized that 
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most thin films manufacturing methodologies involve the presence of poisonous P compounds, like 

phosphine41, or elemental phosphorus at high temperatures. Both are dangerous, but the latter is 

particularly unsafe due to the possible formation of the white P allotrope, which is explosive and 

poisonous42, from P vapors condensing in cold zones of the synthesis equipment43. Moreover, methods 

like direct phosphorization are relatively laborious and do not optimize P usage, resulting in considerable 

material waste. It is therefore of interest the development of a low-cost direct phosphorization 

methodology that reduces elemental P usage and provides a good control over final electrocatalyst 

stoichiometry.

Starting from these premises, we developed a novel and highly scalable manufacturing strategy for 

electrocatalytic Ni2P. As first step, we electrochemically codeposited a metastable Ni-P solid solution 

matrix together with elemental phosphorus particles44–46. An annealing step was then performed to favor 

P interdiffusion in the Ni-P matrix and formation of phosphide phases. A similar approach has been 

employed in the past for the fabrication of corrosion resistant copper-phosphorus alloys47. In the process 

described in the present work, the necessity of codepositing Ni-P with P arises from the fact that 

electrochemical deposition of Ni-P alone from modified Watts electrolytes is not capable of yielding the 

correct stoichiometry for Ni2P (33 % at. P) due to the compositional limit (25 % at.) in P content typical 

of electrolytic deposition44,45. A possible way to overcome this limit is the codeposition of elemental P 

particles with Ni-P. It must be emphasized that, by doing this, the source of P for phosphorization is 

directly embedded in the deposited layer, with no need of a P containing atmosphere. Both P contained 

in the Ni-P solid solution and elemental red P contribute to the formation of Ni2P. Since elemental P is 

confined inside the coating, negligible P outgassing in the external atmosphere is allowed and white P 

formation is avoided. Additionally, an optimal P usage can be guaranteed by applying the approach here 

described, which allows fast and easy electrocatalytic layers production on a variety of substrates.
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2. Experimental section

2.1 Electrocatalytic layers synthesis

All the chemicals employed were acquired from Sigma Aldrich and used as received. Base deposition 

bath for Ni-P contained 180 g l-1 NiSO4 · 6H2O, 24 g l-1 NiCl2 · 6H2O, 30 g l-1 H3PO4, 20 g l-1 H3PO3. 

pH of the electrolyte was corrected to 2 using NaOH. Before performing Ni-P/P codeposition, red P 

particles were added to the bath, which was then subjected to a sedimentation process to remove larger 

P particles. The details of such sedimentation process, which resembles similar processes reported in 

literature48, are as follow: an excess of 40 g of red phosphorous was dispersed in 200 ml Ni-P electrolyte 

using sonication in order to break particles aggregates. A 250 ml beaker was employed to contain the 

resulting 200 g l-1 suspension. After 50 s, the upper part of the liquid was removed and the solid 

precipitated on the bottom was discarded. The final suspension of P in the Ni-P electrolyte thus obtained, 

which was characterized by a P content much lower than the initial 200 g l-1, was sonicated again to 

disperse P particles and kept under stirring before deposition. Ni-P/P deposition was performed at 20 mA 

cm-2, 50 °C and vigorous stirring. Deposition time was fixed at 90 min, except for the test carried out to 

evaluate the effect of catalyst loading. Copper plates were employed as substrates. Before deposition, 

their surface was cleaned with acetone and deoxidized with a 6.5 % HNO3 solution (5 s immersion time). 

After the deposition step, samples were washed thoroughly with demineralized water to eliminate 

residual P particles from the surface and carefully dried with N2. Annealing was performed in a tubular 

oven, in presence of a N2 protective atmosphere. Annealing time and temperature were varied as 

described in the text.
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2.2 Electrocatalytic layers characterization

SEM characterization was performed by mean of a Zeiss EVO 50 electron microscope, equipped with 

an Oxford Instruments Model 7060 EDS module. Samples were observed directly on their surface and 

also on their cross sections. To prepare the latter, samples were cut, incorporated in epoxy resin and 

polished to a mirror like finish. The instrument employed to perform TEM analysis was a Philips CM 

200. XRD spectra were acquired using a Philips PW 1830 diffractometer in thin films configuration with 

Cu Kα radiation (λ = 1.5406 Å). The XPS measurements were carried out with a PHI 5600 UHV apparatus 

equipped with a hemispherical electron analyzer and a monochromatized X-ray source (Al Kα = 1486.6 

eV, E = 0.48 eV). The high-resolution spectra were acquired in constant step energy mode with Epass 

=23.8 eV. The overall energy resolution was 0.8 eV. The pressure in the experimental chamber during 

experiments was 1.2 × 10−9 mbar. The binding energy scale was calibrated via the Au 4f7/2 core level line 

(located at 84.00 eV) of a clean polycrystalline Au sample. To remove superficial contaminants and 

oxides the samples were sputtered at selected time intervals with a PHI 04-303 differential ion gun 

operating in rastering mode. The argon ion energy was set at 2 keV with ion current on the sample of 5 

μA (pressure in the main chamber up to ~ 1 x 10-8 mbar). Voigt line-shape and Shirley background were 

used to fit the peaks and the background respectively. Least square curve-fitting was performed using 

the programs KolXPD and Igor Pro.

2.3 Electrochemical characterization

Electrocatalysis tests were carried out using the active phosphide-containing material as working 

electrode in an electrochemical cell comprising graphite as counter electrode and a 3 M KCl Ag/AgCl 

standard electrode as reference. A 0.5 M H2SO4 solution was used as electrolyte. Tests were performed 

at ambient temperature and under vigorous stirring. Potential was varied at 2 mV/s in all the tests except 
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the multicycle analysis, where the scan rate was changed to 50 mV/s. No ohmic correction was applied, 

but the reference electrode was kept as close as possible to the working electrode to limit potential drops. 

A standard commercial 20 % Pt catalyst was characterized together with the samples produced and used 

as a reference material to compare electrocatalytic properties. Each electrocatalysis test was performed 

on two samples and the best result is reported in the paper. In all cases, a deviation of more than 5.5 % 

between the tests was never observed.

3. Results and discussion

3.1 Electrocatalytic layers manufacturing process

A highly scalable and low-cost process, consisting of two distinct steps, was followed to obtain Ni2P 

electrocatalytic layers. The first part of the method was based on the codeposition on a Cu substrate 

(Figure 1a) of a Ni-P matrix, which is a solid solution of the two elements, with microparticles of 

elemental red phosphorus (Figure 1b). In order to maximize the overall amount of phosphorus, it was 

convenient to deposit a high-P alloy as matrix for the composite. For this reason, a modified Watt’s bath 

able to yield 22.8 % at. P was employed for the experimentation. Red P particles were uniformly 

dispersed in such electrolyte, allowing them to be codeposited inside the matrix. Initially, as received 

particles were characterized and found to have mean diameters ranging between one hundred nanometer 

and some micrometers. After dispersion, largest particles (more than 1-2 μm) were removed from the 

solution introducing a sedimentation step before codeposition. The procedure yielded a more uniform 

distribution of the particle diameters. Figure 1d depicts the TEM appearance of the particles employed. 

Their structure is amorphous, as evidenced by the SAED pattern reported in Figure 1e.
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The second step of the process was a controlled annealing treatment performed to promote interdiffusion 

and phosphides precipitation (Figure 1c). During this step, elemental phosphorus diffused inside the Ni-P 

matrix and reacted to form compounds with Ni. In addition, P dissolved in the solid solution reacted with 

Ni as well. The final desired result was a homogeneous layer containing only phosphides, whose relative 

percentage was tuned by modifying annealing parameters.

Figure 1. Electrocatalytic layers manufacturing process: Cu substrate (a), Ni-P/P codeposition (b), 

annealing to favor interdiffusion and phosphides precipitation (c); TEM image of P microparticles (d); 

SAED of P microparticles (e); SEM picture of the Ni-P/P codeposit before annealing (f); false color 

elemental mapping for the Ni-P/P codeposit before annealing (g), P is highlighted in orange and Ni is 

highlighted in blue.
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3.2 Ni-P/P codeposition

In the first step of the manufacturing process, Ni-P was codeposited with red P microparticles suspended 

in the electrodeposition bath. To maximize P content, a high quantity of microparticles was added. Initial 

P concentration, equal to 200 g l-1, decreased to roughly 70 g l-1 after the sedimentation process. The 

main visible effect of the codeposition was the significant increase in surface roughness. Figure S1 

depicts the appearance of Ni-P deposited without P particles, while Figure 1f shows the appearance of a 

layers containing the microparticles. The particle-free layer is characterized by a smooth surface, 

presenting a Ra roughness value of 154 ± 24 nm. Conversely, it is evident that morphology is greatly 

altered by the codeposition with P. Figure 1f depicts an irregular and rough surface, on which the particles 

are clearly visible. From the quantitative point of view, roughness Ra increased to 683 ± 87 nm. The 

second visible effect of the codeposition is the notable increase in P content, which nearly doubled to 43 

% at. (from the 22.8 % at. of the matrix without particles). To put in evidence P particles distribution, 

SEM elemental mapping was performed on the surface of the codeposit before annealing. Figure 1g 

depicts the result obtained, with P highlighted in orange and Ni in blue. It is evident from the image that 

red P particles are reasonably well dispersed inside the matrix. Obtaining a good dispersion is useful for 

the subsequent interdiffusion step, since homogeneously distributed particles imply that the thickness of 

matrix between them is roughly constant. Thus, elemental P, which diffuses isotropically around the 

particles themselves, does not accumulate in some zones of the coating or becomes depleted in some 

others.

3.3 Ni-P/P annealing

After codeposition, Ni-P/P layers were subjected to annealing at standard pressure in a N2 protective 

atmosphere. Ni-P/P annealing is the most critical step of the process to obtain a pure Ni2P phase. The 
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nickel-phosphorus phase diagram is characterized by the presence of many compounds49, including Ni3P, 

Ni12P5, Ni2P, Ni5P4, NiP and NiP2. Final phase composition is therefore expected to depend on the 

parameters selected for the annealing treatment.

Figure 2a depicts the SEM appearance of a sample after 2 h annealing at 400 °C. Isolated P particles are 

no more present, as confirmed by elemental mapping. Overall morphology is similar to the non-annealed 

sample (Figure 1f), with the only exception of some fibrous bush-like structures that are clearly visible 

on the surface. When analyzed with EDS, such structures do not evidence a composition significantly 

different with respect to the surrounding zones of the sample. Different combinations of annealing time 

and temperature yielded similar morphologies, as visible in Figure S2 for a sample annealed at 400°C 

for 1 h. Composition of the material after annealing was quantitatively assessed by mean of EDS analysis 

(table 1).

Table1. Layers composition before and after annealing in different conditions.

T ann. (°C) T ann. (h)
P before 

ann. (% at.)

P after ann. 

(% at.)

P vapor 

pressure 

(mm Hg)

600 3 43 27.1 (molten)

400 2 43 29.4 480 50

400 1 43 30.2 480 50

300 1 43 31.4 21.5 50
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The main trend evidenced by the data reported in Table 1 is a progressive phosphorus depletion in the 

sample when temperature or annealing time increases. This effect is a direct consequence of the relatively 

low melting point of red P, which implies a high vapor pressure that favors evaporation from the surface. 

For example, red P vapor pressure is 21.5 mm Hg at 300 °C and 480 mm Hg at 400 °C50. Also prolonged 

annealing times favor P escape from the coating. At 300 °C and for annealing times longer than 1 h, P 

percentage was found to be lower than the minimum required to obtain a complete layer of stoichiometric 

Ni2P (33.3 % at.). Considering the reduced volume of the coating, it is evident that the total amount of 

evaporated P is very low. This allows optimal P usage, avoiding the presence of high initial amounts of 

elemental P in the oven.

In particular, a comparison can be done with respect to analogous phosphorization approaches that 

involve the use of red P. Normally, following these methodologies, a large excess of P is loaded in a 

reactor and evaporated. Unreacted P deposits on the walls of the reactor or is actively removed by gas 

purging. For example, Wang et al.38 and Mishra et al.51 both used direct phosphorization from red P. 

Wang et al. used 500 mg of red P for each cm2 of treated substrate, while Mishra et al. used 100 mg per 

cm2. In the case of our coatings, P content is nearly stoichiometric, implying an almost ideal usage of P 

during phosphorization. In detail, the mean weight per cm2 of a 8 μm thick Ni-P/P layer was 4.85 mg/cm2. 

Considering a P content of 43 % at., the layer contained 1.38 mg/cm2 of P. It is important to notice that 

this amount of P is present in the layer both as component of the Ni-P solid solution and as elemental red 

P. After annealing, P content decreased from 43 % at. to 31.4 % at. (300 °C; 1h). This variation implied 

a loss of P approximately equal to 0.16 mg/cm2, which is orders of magnitude lower than the amounts 

lost by Wang et al. or Mishra et al.

Page 11 of 40

ACS Paragon Plus Environment

ACS Applied Energy Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Figure 2. SEM image of the Ni-P/P codeposit after annealing (a); SEM cross section (b) and elemental 

line profile (c) of the Ni-P/P codeposit before annealing; SEM cross section (d) and elemental line 

profile (e) of the Ni-P/P codeposit after annealing at 400 °C for 1 h. In the two EDS line profiles, 

elements are represented by the following colors: red for P, green for Ni and blue for Cu.
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Samples were cut and polished to observe their cross section after annealing. Coating thickness was 

measured from the cross-section images, resulting in a value of about 8 μm for a 90 min deposition time. 

Figure 2b depicts the Ni-P/P composite before annealing, while Figure 2d depicts the material after a 1 

h annealing at 400 °C. Red P particles are clearly evident in the first picture, while in the second one the 

cross section looks uniform. This constitutes a first evidence of the formation of a uniform phase after 

reaction between Ni and P. EDS line profiles were acquired on the sample visible in Figure 2b, and the 

analysis revealed a significant P concentration discontinuity in correspondence of P particles (Figure 2c, 

red line). Coherently, P content is not zero in the matrix around the particles due to the presence of P in 

the form of solid solution with Ni. If the same analysis is performed after annealing (Figure 2e), the result 

is significantly different. Concentration profile for the two elements, Ni and P, is roughly constant along 

the thickness of the layer, demonstrating once again the formation of a uniform material.

Phase composition of the materials obtained after annealing was determined via XRD. Ni-P solid 

solutions are in general amorphous above 9 % wt. P, while elemental P particles were found to be 

amorphous as well (Figure 1e). For these reasons, the Ni-P/P composite is expected to be amorphous too. 

This was confirmed by XRD spectrum (Figure S5), where only Cu peaks from the substrate are visible.
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Figure 3. XRD of Ni-P/P annealed at 400 °C for increasing run times (a); XRD of Ni-P/P annealed at 

300 °C for 1 h (b); XRD of Ni-P/P annealed at 600 °C for 3h (c).

After annealing, formation of various phosphides was observed as a consequence of P interdiffusion and 

reaction with Ni. In particular, Ni2P and Ni12P5 peaks were clearly detected. Ni2P (JCPDS ref. code 00-

013-0213) is characterized by a hexagonal crystal structure, exemplified in Figure S4. Its most relevant 

XRD peaks are located at 40.8 ° (111), 44.6 ° (201), 47.3 (210), 54.2 ° (300), 54.9 ° (211), 66.2 ° (310), 

72.7 ° (311), 74.7 ° (400) and 80.9 ° (401). Ni12P5 (JCPDS ref. code 00-022-1190) has a tetragonal crystal 
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lattice (Figure S3) and its most intense peaks are: 20.5 ° (200), 29 ° (211), 32.7 ° (310), 38.4 ° (112), 41.6 

° (321), 41.7 ° (400), 44.4 ° (330), 47 ° (420), 49 ° (312), 56.2 ° (501), 60.1 ° (422), 68.6 ° (620). To 

optimize Ni2P formation, various annealing conditions were explored. In Figure 3a, the effect of 

annealing time was investigated by keeping constant the annealing temperature at 400 °C and varying 

the treatment time between 1 and 3 hours. Conversely, the effect of annealing temperature was 

investigated by keeping constant annealing time at 1 h and varying the annealing temperature. Figure 3b 

contains the data obtained at 300 °C, Figure 3a shows the data at 400 °C and Figure 3c depicts the 

behavior observed at 600 °C. In general, annealing temperature and time had a great effect on final phase 

composition of the electrocatalytic layer. At 400 °C, Ni2P was found to coexist with Ni12P5 in all 

conditions. However, annealing time was found to alter the relative ratio between the two phases. By 

comparing the relative height of the most intense peaks for Ni2P (111) and Ni12P5 (312), it was 

qualitatively noticed that higher annealing durations tend to enrich the final material with Ni12P5. The 

latter is the compound containing, in comparison with Ni2P, less phosphorus. This phenomenon, which 

matches well with P depletion observed in table 1, can be attributed to P evaporation from the surface. 

In particular, evaporation occurred simultaneously with phosphides precipitation inside the coating. 

Consequently, phosphides with less P formed.

Temperature was observed to have an effect even greater compared to annealing time. As stated, at 400 

°C and 1 h annealing time, phase composition of the coatings comprises both Ni2P and Ni12P5. If 

annealing temperature is lowered to 300 °C, however, phase composition of the layers dramatically 

changes, as evidenced in Figure 3b. In this condition, the layer contains mainly a pure Ni2P phase, with 

a minor amount of Ni12P5. On the contrary, if the temperature is increased to 600 °C, the layer is 

characterized by the presence of pure Ni12P5 phase. Once again, P evaporation from the layer was in 

competition with phosphides formation and thus actively controlled the phase composition of the final 

material.
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The crystallite size of Ni2P was estimated from the full-width-at-half-maximum (FWHM) of the most 

intense XRD peak using Scherrer equation. For Ni2P, the (111) reflection (40.8 °) was considered. For 

Ni12P5, the (312) reflection was employed (49 °). Samples annealed at 300 °C for 1 h were characterized 

by a crystallite size of 50 ± 6 nm (on the Ni2P peak). Conversely, samples annealed at 400 °C for 2 h 

presented a crystallite size of 157 ± 22 nm (on the Ni2P peak), while samples annealed at 600 °C for 3 h 

exhibited a crystallite size of 412 ± 38 nm (on the Ni12P5 peak). As expected, higher temperatures and 

longer annealing times induced a remarkable crystallite growth in the material.

According to XRD measurements, layers obtained after annealing at 300 °C for 1 h are composed almost 

entirely of Ni2P. However, XRD is not able to give detailed information about the distribution of the 

phases inside the coating and the local composition of the surface. For this reason, XPS was performed 

to determine the chemical state of the elements present in the first few nm close to the surface.
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Figure 4. High resolution XPS spectra in the Ni 2p region (a) and in the P 2p region (b) of the pristine 

sample; Ni 2p region (c) and P 2p region (d) of the sample after 19 minutes of sputtering; relative at. % 

of Ni and P (e, upper panel) and relative at. % of P compound and oxide (e, lower panel) as a function 

of the sputtering time; relative at. % of Ni2P and Ni12P5 (f, upper panel) and ratio of Ni2P and Ni12P5 (f, 

lower panel) as a function of the sputtering time.

Page 17 of 40

ACS Paragon Plus Environment

ACS Applied Energy Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



The XPS spectra were acquired on the sample annealed for 1 h at 300 °C. Depth profiling was carried 

out up to 19 min, that is about 15 nm below the native surface. After the removal of the outmost layer, 

happening at around 4 min of sputtering, no further spectral evolution could be observed. The survey 

spectra up to 7 min are given in Figure S6.  High resolution XPS spectra of the Ni 2p region together 

with the peak fitting are shown in Figures 4a and 4c.  The first figure exhibits the data acquired on the 

pristine sample, giving then information about the non-treated surface, the second one at the end of depth 

profiling corresponding to 19 minutes of sputtering, By looking at the data of the pristine sample, the Ni 

2p3/2 peak at 853.2 eV, with a satellite at 861.3 eV, and Ni 2p1/2 peak at 870.4 eV, with a satellite at 879.9 

eV, are assigned to nickel in the form of Ni-P phosphides52. Nickel oxide is probed by the 2p3/2 peak at 

856.4 eV and the 2p ½ peak at 873.8 eV. The satellites located at 6-8 eV above the main peaks contain 

overlapped contribution of phosphide and oxide species. Thus, those broad peaks were fitted with a single 

curve, whose FWHMs decreases as well as position shifts towards lower binding energies as a function 

of the sputtering time reaching constant values after 4 minutes of sputtering (see Figure S7). These 

coexisting effects, namely peak shrinking and energy shift, could be associated to the loss of oxidized 

nickel present in the outermost layers, unveiling the predominance of Ni-P bonds in the bulk. The area 

ratio for the two spin orbit peaks (2p1/2: 2p3/2) was imposed to be 0.5 either for the phosphide and for the 

oxide features. All the spectra of the pristine sample exhibit a shift of about 0.5 eV towards higher binding 

energy with respect to the sputtered sample (stabilized after 2 minutes of sputtering), i.e. the peak is 

located at 852.7 eV (see Figure S7). Since the same shift is also present for the carbon peak (not shown), 

it indicates a moderate charging of the air-exposed surface of the specimen, which could be due to the 

presence of oxides, in particular to phosphorous bonded to oxygen (see below). The main Ni 2p feature 

was fitted with two distinct peaks, related to the contribution of Ni12P5 and Ni2P, respectively53. Peak 

fitting was performed imposing the constrain of a 0.2 eV difference between the two peaks, as reported 

in literature54. The quantitative analysis provides a trend of decrease of Ni12P5 phase as a function of the 
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sputtering time, as well as an increase of Ni2P phase. Figure 4f, which reports the ratio between Ni2P and 

Ni12P5, shows a brutal rise during the first seconds of sputtering and then an almost linear increase. After 

the first three minutes of sputtering the total amount of either nickel and phosphorus are almost constant, 

indicating that no preferential sputtering in the alloy is observed (see Figure 4e, upper panel). Moreover, 

the abrupt decrease of the phosphorus oxide during the first sputtering minutes indicates that P is mainly 

oxidized in the outermost layers, even if a small and slightly decreasing P5+ survives also at the end of 

the sputtering procedure (Figure 4e, lower panel). The fact that a very small content of oxidized species 

is present, also once the surface layers have been removed, could be associated to a deep oxygen diffusion 

induced by thermal treatment. Table S1 reports the positions of the Ni 2p3/2, of the fitted peaks and the 

distance between the Ni 2p3/2 and the satellite as a function of the sputtering time.

The high resolution P 2p spectra were acquired at the same sputtering steps as Ni 2p, and Figures 4b and 

4d show the pristine sample and after 19 min of sputtering. Two main peaks are visible in the first 

spectrum: P in the Ni-P phosphides (129.6 eV) and P in the 5+ oxidation state (133.6 eV)55. Since the P 

2p peak has closely spaced spin-orbit components, namely Δ=0.9 eV, the spin-orbit splitting was imposed 

in the peak fitting together with the area ratio (2p1/2: 2p3/2) of 0.5. Depth profiling highlights as the 

phosphorous oxide is mainly on the surface of the pristine sample and suddenly removed by the ion 

sputtering (see also Figure 4e, lower panel, and Figure S8). However, a residual amount of oxide remains 

into the bulk, again probably due to the thermally-induced diffusion of oxygen inside the specimen. On 

the other hand, the restrained broadening of the peak centered at 129.4 eV could be related to 

phosphorous in various phosphide phases. This value of binding energy is about 0.3 eV lower with 

respect to elemental phosphorous, indicating a certain charge transfer typical of P in the form of 

phosphide. Nevertheless, the ratio trend, compared with the XRD results, reasonably leads to the 

assumption that both compounds are present in the material volume analyzed by XPS, which corresponds 

to few nm close to the surface.
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3.4 Kinetic considerations on phosphides formation

The precipitation of Ni2P and Ni12P5 in the layers subjected to annealing presents kinetic peculiarities 

that should be discussed, especially in the light of the results obtained. Ni phosphides precipitation in 

electrodeposited Ni-P alloys is a well-known process56. In a normal high-P solid solution, however, 

precipitation takes place at appreciable rates only at relatively high temperatures (indicatively over 350 

°C)56–58. This consideration easily justifies the microstructure observed for the Ni-P/P layers annealed at 

400 °C or 600 °C, but not the phase composition observed at 300 °C. Such temperature, applied for a 

comparatively short time of one hour, should not allow the almost complete conversion to phosphide to 

occur. On the contrary, the material obtained in the present work shows a well crystallized structure, with 

a very limited amorphous fraction. To explain this result, it can be guessed that a key contribution is 

given by the dispersion of elemental P in the Ni-P matrix. P is a highly reactive specie in its elemental 

form, especially at high temperatures. When P diffuses in the Ni-P matrix, it may react with Ni 

accelerating phosphides formation. In addition, the P/Ni-P interface might provide preferential sites for 

the nucleation of phosphide particles. When Ni2P forms in close proximity of a P particle, it may also 

accelerate P diffusion, considering that Ni2P presents preferential diffusion of P along certain 

crystallographic planes59. Presently, the dominant mechanism cannot be identified and further studies are 

required. High vapor pressure of P constitutes a major challenge for phase optimization, since it can 

promote P evaporation from the outer surface of the coating. Consequently, P reaction and evaporation 

are reasonably in competition, with high temperatures and annealing times enhancing the latter. 

Obviously, the surface of the coating is a location of preferential evaporation, and this consideration can 

probably explain its composition. As highlighted by XPS data, the surface presents a phase composition 

shifted towards Ni12P5 (which contains less P than Ni2P).
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3.5 HER electrocatalytic performances

After annealing, coatings were tested to assess their HER catalytic performances. Experiments were 

conducted in a 0.5 M H2SO4 solution, following the standard methodology present in most literature 

references for acidic HER testing. Effects of annealing time, temperature and catalyst loading were 

investigated. Moreover, the catalytic behavior of the Cu substrate and of a 20 % Pt commercial catalyst 

was assessed for comparison. The latter presented the behavior visible in Figure 5a, with a reference 

overpotential of 36 mV at 10 mA cm-2 (η10). Cu was characterized by the behavior reported in Figure 5a, 

with a η10 of 418 mV.

Figure 5a describes the effect of annealing time on the electrocatalytic properties. Before annealing, 

samples presented a relatively poor electrocatalytic behavior (η10 of 320 mV; Figure 5a), which was 

dramatically enhanced by the permanence at high temperature for varying time lengths. Increasing 

annealing times decreased electrocatalytic performances, with η10 equal to 274 mV for 3h, η10 equal to 

256 mV for 2h and η10 equal to 224 mV for 1h. The reason behind this performance is connected to the 

phase evolution evidenced by XRD and XPS. Longer annealing times favored the formation of Ni12P5, 

which has lower electrocatalytic properties, in place of Ni2P. Samples annealed for 3h are thus 

characterized by a Ni12P5/Ni2P ratio unbalanced towards Ni12P5, resulting in lower performances.
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Figure 5. Electrocatalytic behavior of annealed Ni-P/P layers as a function of the annealing time (a); 

electrocatalytic behavior of annealed Ni-P/P layers as a function of catalyst loading (b); Tafel plots for 

annealed Ni-P/P (c); cycling stability of the Ni-P/P layer annealed at 300 °C for 1 h (d).

Figure 5b describes the effect of catalyst loading. In this case, catalyst loading can be assimilated to 

deposition time, since the amount of material deposited is directly dependent on deposition time. To 

calculate catalyst loading, the amount of Ni-P/P plated at each deposition time was estimated by weight 

difference and divided by the area of the deposit. The following values were obtained: 1.78 mg cm-2 at 

30 min of deposition, 3.61 mg cm-2 at 60 min and 5.92 mg cm-2 at 90 min. As expected, catalyst loading 

increased roughly linearly with deposition time. By looking at Figure 5b, it appears evident that low 

deposition times present η10 values close to that obtained for non-annealed Ni-P/P (326 mV for 30 min 
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and 313 mV for 60 min). Overpotential significantly dropped in the case of 90 min deposition (224 mV), 

indicating that a much more efficient catalytic layer was obtained. The reason for the behavior observed 

presumably resides in the evaporation behavior of P inside the coating. When deposition time is low, 

layer thickness is low as well. In this case, the volume of the coating is small, resulting in preferential P 

evaporation from the surface. Conversely, when the volume of material is large, P can be supplied from 

the bulk to form phosphides with proper stoichiometry. In general, considering the results obtained, it 

appears evident that a higher residual phosphorus level in the layer can be connected to higher HER 

activity, as already evidenced in literature29,60.

To evaluate catalysts kinetic properties, acquired overpotential-current curves were replotted in the form 

of Tafel plots. As shown in Figure 5c, the Tafel slope for the Ni2P containing layer (300 °C; 1 h) was 82 

mV dec-1, which is significantly lower than those of Ni-P/P (129 mV dec-1) and Cu (107 mV dec-1). These 

data suggest favorable HER kinetics, with an acceptable slope if compared to Pt (32 mV dec-1). In 

particular, due to the decrease of 47 mV dec-1, it can be argued that HER is less limited by Volmer 

reaction in the case of annealed Ni-P/P with respect to as deposited Ni-P/P29. Consequently, hydrogen 

adsorbs on the surface of the phosphide layer with much faster kinetics.

Finally, performance stability of the material obtained in optimized conditions (300 °C; 1h) was 

evaluated. Catalyst durability is critical to evaluate practical applicability of any catalyst, and good 

materials present a relative stability for hundreds of cycles. Electrocatalytic layers obtained in the present 

work were cycled 200 times between 0 V and -0.8 V vs. Ag/AgCl at 50 mV s-1 and the resulting current-

overpotential curves were acquired. Ni2P containing catalyst showed a good stability, as evidenced in 

Figure 5d. The overpotential difference Δη10 between cycles 0 and 100 was limited to 5 mV, while the 

overpotential difference Δη10 between cycles 0 and 200 was limited to 8 mV.
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3.6 Comparison with state-of-the-art nickel phosphide electrocatalytic layers

When compared with current literature about hydrogen evolution from nickel phosphides in 0.5 M 

H2SO4, the layers described in the present work exhibit good electrocatalytic properties. Record observed 

overpotential to obtain a 10 mA cm-2 current was 224 mV vs. RHE. It must be emphasized that the surface 

of the layers obtained in the present work is characterized by the coexistence of Ni12P5 and Ni2P, as 

demonstrated by XPS. It is therefore not surprising that the record overpotential observed is more similar 

to literature values typical of Ni12P5 rather than Ni2P, despite the Ni2P present in the bulk of the layers. 

For example, Pan et al.61 report η10 values of 208 mV for Ni12P5 nanoparticles and 137 mV for Ni2P 

nanoparticles obtained via thermal decomposition.  Kucernak et al.29 report a η10 value of 208 mV for 

Ni12P5 nanoparticles obtained from nickel (II) acetylacetonate and trioctylphosphine as precursors. Wang 

et al.34 reported the production of Ni2P-nanorods on Ni foam by mean of direct red phosphorus 

solvothermal reaction. The value of η10 obtained in this case was 131 mV. In analogy with the present 

work, Zhang et al.62 obtained mixed Ni12P5-Ni2P phosphides from thermal treated phosphonates. 

Recorded overpotential was in that case equal to 132 mV. Finally, if the comparison is extended to mixed 

metals phosphides, the electrocatalytic coatings obtained in the present work exhibit overpotential larger 

than the values achieved with materials like Co-Ni-P63 or Fe-Ni-P64 or others65–67. However, it is difficult 

to establish a comparison between different electrocatalytic systems due to the different form of the 

phosphides employed. In fact, electrocatalytic efficiency depends strongly on the crystalline size in the 

case of bulk materials68 and on dimension69 and shape70 in the case of nanoparticles/nanorods.

4. Conclusions

Nickel phosphide electrocatalytic layers were produced employing a low-cost codeposition-annealing 

route. Elemental red phosphorus microparticles were successfully codeposited within a Ni-P matrix to 
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overcome the intrinsic compositional limit of this electrochemical process. Phase control over the final 

phosphides composition was demonstrated by carefully selecting annealing conditions. Relatively low 

annealing times and temperatures, 1 h and 300 °C respectively, were found to be optimal to form phase 

pure Ni2P phase. However, the surface of the phosphide layers was found to be depleted of phosphorus, 

resulting in a phase composition containing significant amounts of Ni12P5. Such altered superficial phase 

composition resulted in electrocatalytic performances intermediate between Ni12P5 and Ni2P. A record 

overpotential of 224 mV vs. RHE was observed at 10 mA cm-2 for layers annealed at 300 °C for 1h, with 

favorable hydrogen evolution kinetics. Finally, a good stability of the hydrogen evolution overpotential 

was observed, resulting in reproducible performances over time. The manufacturing methodology 

described in the present manuscript allows an optimal phosphorus usage to be achieved, since the material 

is directly codeposited in controlled amounts into the layer before annealing. This prevents excessive 

element waste and avoids the necessity of heating high quantities of phosphorus at high temperatures. In 

principle, the method here demonstrated can be applied to other transition metals that form a solid 

solution with phosphorus when electrodeposited, like Fe-P or Co-P. Moreover, the metal matrix can be 

not only a solid solution but also a pure metal. This constitutes an attractive option for the production of 

metal phosphides like CuP or MoP. All the cited phosphides present electrocatalytic properties, which 

makes them attractive alternatives for high cost Pt-based catalysts.

Supporting information

SEM image of an as deposited Ni-P layer; SEM picture of a Ni-P/P sample annealed at 400 °C for 1 h; 

Ni2P and Ni12P5 crystallographic structures; XRD of as deposited Ni-P/P; XPS survey spectra of annealed 

Ni-P/P for different sputtering times; XPS spectra and curve fitting of Ni 2p region for different sputtering 

times; XPS spectra and curve fitting of P 2p region for different sputtering times; peak positions of Ni 
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2p3/2 intermetallic peak, i.e. centroid, Ni12P5 and Ni2P, of Ni-O peak, of satellite and the distance 

between the centroid of Ni 2p3/2 peak and the satellite as a function of the sputtering time.
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Figure 1. Electrocatalytic layers manufacturing process: Cu substrate (a), Ni-P/P codeposition (b), annealing 
to favor interdiffusion and phosphides precipitation (c); TEM image of P microparticles (d); SAED of P 

microparticles (e); SEM picture of the Ni-P/P codeposit before annealing (f); false color elemental mapping 
for the Ni-P/P codeposit before annealing (g), P is highlighted in orange and Ni is highlighted in blue. 
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Figure 2. SEM image of the Ni-P/P codeposit after annealing (a); SEM cross section (b) and elemental line 
profile (c) of the Ni-P/P codeposit before annealing; SEM cross section (d) and elemental line profile (e) of 

the Ni-P/P codeposit after annealing at 400 °C for 1 h. In the two EDS line profiles, elements are 
represented by the following colors: red for P, green for Ni and blue for Cu. 
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Figure 3. XRD of NiP/P annealed at 400 °C for increasing run times (a); XRD of NiP/P annealed at 300 °C for 
1 h (b); XRD of NiP/P annealed at 600 °C for 3h (c). 
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Figure 4. High resolution XPS spectra in the Ni 2p region (a) and in the P 2p region (b) of the pristine 
sample; Ni 2p region (c) and P 2p region (d) of the sample after 19 minutes of sputtering; relative at. % of 
Ni and P (e, upper panel) and relative at. % of P compound and oxide (e, lower panel) as a function of the 
sputtering time; relative at. % of Ni2P and Ni12P5 (f, upper panel) and ratio of Ni2P and Ni12P5 (f, lower 

panel) as a function of the sputtering time. 
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Figure 5. Electrocatalytic behavior of annealed NiP/P layers as a function of the annealing time (a); 
electrocatalytic behavior of annealed NiP/P layers as a function of catalyst loading (b); Tafel plots for 

annealed Ni/P (c); cycling stability of the Ni/P layer annealed at 300 °C for 1 h (d). 
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