
This may be the author’s version of a work that was submitted/accepted
for publication in the following source:

Zhang, Rui, Huang, Jun, Chen, Guangliang, Chen, Wei, Song, Chang-
sheng, Li, Chaorong, & Ostrikov, Ken
(2019)
In situ engineering bi-metallic phospho-nitride bi-functional electrocata-
lysts for overall water splitting.
Applied Catalysis B: Environmental, 254, pp. 414-423.

This file was downloaded from: https://eprints.qut.edu.au/128906/

c© Consult author(s) regarding copyright matters

This work is covered by copyright. Unless the document is being made available under a
Creative Commons Licence, you must assume that re-use is limited to personal use and
that permission from the copyright owner must be obtained for all other uses. If the docu-
ment is available under a Creative Commons License (or other specified license) then refer
to the Licence for details of permitted re-use. It is a condition of access that users recog-
nise and abide by the legal requirements associated with these rights. If you believe that
this work infringes copyright please provide details by email to qut.copyright@qut.edu.au

License: Creative Commons: Attribution-Noncommercial-No Derivative
Works 4.0

Notice: Please note that this document may not be the Version of Record
(i.e. published version) of the work. Author manuscript versions (as Sub-
mitted for peer review or as Accepted for publication after peer review) can
be identified by an absence of publisher branding and/or typeset appear-
ance. If there is any doubt, please refer to the published source.

https://doi.org/10.1016/j.apcatb.2019.04.089

https://eprints.qut.edu.au/view/person/Ostrikov,_Kostya_=28Ken=29.html
https://eprints.qut.edu.au/128906/
https://doi.org/10.1016/j.apcatb.2019.04.089


Accepted Manuscript

Title: In situ engineering bi-metallic phospho-nitride
bi-functional electrocatalysts for overall water splitting

Authors: Rui Zhang, Jun Huang, Guangliang Chen, Wei Chen,
Changsheng Song, Chaorong Li, Kostya Ostrikov

PII: S0926-3373(19)30411-4
DOI: https://doi.org/10.1016/j.apcatb.2019.04.089
Reference: APCATB 17688

To appear in: Applied Catalysis B: Environmental

Received date: 3 January 2019
Revised date: 23 April 2019
Accepted date: 26 April 2019

Please cite this article as: Zhang R, Huang J, Chen G, Chen W, Song C,
Li C, Ostrikov K, In situ engineering bi-metallic phospho-nitride bi-functional
electrocatalysts for overall water splitting, Applied Catalysis B: Environmental (2019),
https://doi.org/10.1016/j.apcatb.2019.04.089

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.

https://doi.org/10.1016/j.apcatb.2019.04.089
https://doi.org/10.1016/j.apcatb.2019.04.089


 

1 
 

In situ engineering bi-metallic phospho-nitride bi-

functional electrocatalysts for overall water splitting 

 

Rui Zhanga,1, Jun Huangb,1, Guangliang Chena,, Wei Chenb,*, Changsheng Songa,*, Chaorong Lia, 

Kostya (Ken) Ostrikovc   

 

aKey Laboratory of Advanced Textile Materials and Manufacturing Technology and Engineering 

Research Center for Eco-Dyeing & Finishing of Textiles, Ministry of Education, Zhejiang Sci-Tech 

University, Hangzhou 310018, China 

bCollege of Physics and Electronic Information, Gannan Normal University, Ganzhou, Jiangxi 341000, 

China 

cSchool of Chemistry, Physics and Mechanical Engineering, Queensland University of Technology, 

Brisbane, QLD 4000, Australia 

 

* Corresponding authors. 

E-mail addresses: glchen@zstu.edu.cn (G. Chen), chwbetter@163.com (W. Chen), cssong@zstu.edu.cn (C. Song) 
1 These authors contributed equally to this work. 

 

Graphical Abstract 
 

Bi-metallic N-NiCoP bi-functional electrocatalysts for overall water splitting are fabricated using N2-

PH3/Ar plasmas. The overpotientals of N-NiCoP/NCF for HER and OER at a current density of 10 mA 
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cm-2 are 78 and 225 mV, respectively. The catalyst retains structural integrity under harsh water 

electrolysis conditions for 100 h. 

 

 
 

 

Highlights 
 A rigid NiCo alloy foam converted into a hydroxide form without heavy metal ions; 

 Simultaneously doping hydroxide compound by N and P by highly-reactive N2/PH3 plasma; 

 The active crystal plane of (311) occurred in the in-situ fabricated N-NiCoP ; 

 The N-NiCoP/NCF displays excellent and ultra-stable HER and OER performances.  

 

 

ABSTRACT 

In situ engineering highly active and ultrastable bi-functional electrocatalysts based on metal ions 

from transition metal alloys that are simultaneously suitable for hydrogen evolution reaction (HER) and 
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oxygen evolution reaction (OER) is one of the key unresolved challenges on the way to energy-efficient 

hydrogen fuel production by water splitting. One such novel catalyst based on polyhedron N-doped Ni-

Co phosphide is burgeoned directly from the Ni-Co foam (N-NiCoP/NCF) using a facile and eco-

friendly approach without involving heavy metal ions. The N-NiCoP/NCF catalyst exhibits superior 

activity in 1.0 M KOH for overall water splitting, evidenced by the low overpotentials of 78 mV for 

HER and 225 mV for OER at a current density of 10 mA cm-2. The excellent electrocatalytic activity of 

N-NiCoP is attributed to the increased Fermi level due to effective N-doping and the abundant exposed 

active crystal planes (311) of heterostructured Co2NiP4 phase. Importantly, the N-NiCoP/NCF catalyst 

shows ultra-stable electrocatalytic performance while retaining structural integrity in both HER and 

OER processes during continuous reactions for over 100 h. These results open new avenues for in situ 

engineering of transition-metal based electrocatalysts used for renewable energy generation. 

Keywords: Metal phosphide, Electrocatalysis, Overall water splitting, N-doping, Plasma processing 

1. Introduction 

Electrocatalytic water splitting is one of the most promising processes for virtually inexhaustible 

and carbon emissions-free hydrogen fuel generation [1,2]. The process involves two separate reactions 

for hydrogen evolution reaction (HER) on a cathode and oxygen evolution reaction (OER) on the anode, 

usually both requiring different catalysts [3-8]. Despite decades of research it remains challenging to 

develop a universal (bi-functional) catalyst for the both reactions and reduce the energy costs (lower the 

over-potentials needed to achieve the benchmark current of at 10 mA cm-2 in industrial electrolyzers) 

and achieve stable catalyst performance under industry-relevant conditions [9-11]. Solution of this 

challenge is expected to be a radical breakthrough in the electrocatalysis and relevant energy materials 

and electrochemistry fields and is poised to help hydrogen economy become a common reality in the 

coming years. 

In recent years, compared with other transition metal derivatives (e.g., sulfides [12-14], nitrides 

[15,16], and selenides [17-19]), electrocatalysts based on transition metal phosphide (TMP) have 

emerged as highly-promising candidates for overall water splitting, with enormous potential for broader 
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applications in the green and sustainable energy fields [20-25]. However, their performance as bi-

functional electrocatalysts has been severely hampered owing to several major fundamental limitations 

in the ability to (i) control their conductivity and electron bands by hetero-atom doping (e.g., N-doping 

for HER and P-doping for OER) [8,26,27], (ii) create highly-catalytically reactive crystal facets, and (iii) 

produce micro- and nanocrystalline features without additional deposition steps of one or more metals, 

ultimately leading to unsatisfactory operation stability under harsh real-world (e.g., strongly basic, pH 

14) conditions.  

These problems are particularly severe for one of the most promising NiCo systems, where it is 

extremely difficult to (i) evolve stable NiCo nanoscale features without additional metal deposition and 

(ii) achieve simultaneous incorporation of N and P atoms in sufficient amounts to be effective in the 

both HER and OER processes, importantly (iii) while retaining or even improving the stability of 

operation. Furthermore, we are not aware of successful attempts of effective control of the reactive 

facets of NiCo phosphides (NCPs), specifically targeting the HER and OER performances. 

Here, we develop and demonstrate our innovative solution stemming from a new concept based on 

conversion of a rigid NiCo alloy foam into a hydroxide form, followed by the effective, simultaneous 

doping by N and P using highly-reactive N2/PH3 plasmas. This solution not only allowed us to control 

the reactive planes (e.g., dominant (311) facets), the effective N and P dopant incorporation, but also to 

dramatically increase the catalyst activity and stability under industry-relevant conditions. We further 

use numerical simulations to discover the mechanisms of effective control of the Fermi level and 

electron conductivity leading to the outstanding overall catalyst performance including the energy 

efficiency and long-term stability. More importantly, we demonstrate that the catalyst structure retains 

integrity undergoing a harsh HER or OER process for 100 h. This innovative combination of the 

approaches has never been successfully used for the NCPs energy materials systems and is promising 

well beyond the water electrolysis field. 

 

2. Experimental section 
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2.1. Chemicals and Reagents 

Ni-Co foam (NCF) (thickness: 0.5 mm) was obtained from Kunshan Jiayisheng Electronics Co., 

Ltd. Ethyl alcohol (CH3CH2OH, 99.7%), acetone (CH3COCH3, ≥ 99.5%), sodium hydroxide (NaOH, 

96.0%), ammonium persulfate ((NH4)2S2O8, 98.0%), sodium hypophosphite (NaH2PO2, 99.0%), 

potassium hydroxide (KOH, ≥ 85.0%), Pt/C (20 wt %), and ruthenium oxide (RuO2, 99.9%) were 

purchased from the Hangzhou Mike Chemical Instrument Co., Ltd. All chemicals were of analytical 

grade, and used without further purification. Deionized water was used in all experiments. 

 

2.2. Materials preparation 

2.2.1. In situ synthesis of NiCo(OH)x/NCF 

Firstly, the NCF (1.5×2.5 cm) was carefully cleaned with acetone (15 mL), ethanol and water in 

an ultrasound bath, respectively. Then, the cleaned NCF was dried in an oven at 50 °C for 4 h. The 

NiCo(OH)x/NCF was prepared with a hydrothermal based method, and the detail processes were 

performed as followed: (1) The 2.5 M of sodium hydroxide and 0.125 M ammonium persulfate were 

dissolved into 20 mL deionized water, magnetically stirring to form a transparent solution; (2) After that, 

the solution and the NCF were transferred to a 30 mL Teflon-lined stainless-steel autoclave, and the 

autoclave was maintained at 180 ℃ for 18 h in an electric oven. After that, the bulk crystal structure of 

NiCo hydroxide on NCF precursor was taken out, and washed with deionized water for three times. 

Lastly, the NiCo(OH)x/NCF was oven-dried at 50 ℃ for 2 h. For a comparison, the samples with 

different reactive temperature and reagent concentration were also prepared using a similar process. In 

order to navigate among the different samples used in our work, we have summarized the nomenclature 

of different samples, as shown in Table S1. 

 

2.2.2. Synthesis of N-NiCoP/NCF 

The NiCo(OH)x/NCF samples fabricated with the optimized parameters were placed in a plasma 

enhanced chemical vapor deposition (PECVD) system, where the temperature was maintained at 250 ℃. 
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The two ring-shaped electrodes encircling the quartz tube were connected to a commercial radio-

frequency source (Changzhou Rishige Co. Ltd., 13.56 MHz). The NaH2PO4 (1 g) contained in a 

stainless device was heated at 300 ℃ to produce the PH3 gas, and the argon (Ar) and nitrogen (N2) gases 

(ratio: 50/50 sccm) carried the PH3 monomer to the PECVD system, where the reactive pressure was 50 

Pa. Under the operation of Ar/N2 plasma (60 W) with PH3 monomer for 2 h, the NiCo(OH)x/NCF was 

transformed to the N-NiCoP/NCF, and the mass loading on the NCF surface was about ~2.085 mg cm-2. 

In addtion, the effect of reactive gases (Ar: 100 sccm; N2: 100 sccm) on the physicochemical structure 

of NiCoP/NCF catalyst was also investigated. For comparison, the NiCoP/NCF was also treated with 

similar reactive conditions in the PECVD device without generating plasmas. Meanwhile, the NiCoP 

was also prepared by treating the NCF substrate with the N2-PH3 plasma at 250 ℃.  

 

2.3. Materials Characterization 

The morphology of the samples was characterized by using a JSM-6700F field-emission scanning 

electron microscopy (FE-SEM, JEOL, Japan) and transmission electron microscopy (TEM, Model 

JSM-2100, JEOL, Japan). The crystalline phases of N-NiCoP/NCF were analyzed with an X-ray 

diffractometer (XRD, Thermo Fisher Scientific, USA) using a Cu Kα radiation source at 35 kV. X-ray 

photoelectron spectroscopy (XPS, K-Alpha, USA) with the X-ray source operating at 300 W (Al Kα: 

1486.6 eV) was utilized to examine the surface chemical composition of as-prepared samples. It should 

be noted that the high resolution peaks of the elements were deconvoluted using XPSPEAK41 software, 

and the base line was linear or Shirley modle accroding to the peak profiles. The frame structures of the 

materials were detected by a Raman spectroscope (Model: Lab Ram HRUV) equiped with a DPSS laser 

source with the 532 nm wavelength, and the amount of N-NiCoP/NCF was determined by a precision 

microbalance (delta: 0.001 mg).  

 

2.4. Electrochemical Measurements 
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All of the HER and OER electrochemical tests were performed in a standard three-electrode 

system on an electrochemical workstation (Model CHI660E, Shanghai Chenhua Instrument Co., Ltd.). 

A carbon rod was employed as a counter electrode, and the Hg/HgO acted as the reference electrodes 

for measuring HER and OER activity of the catalyst, respectively. All the tests were carried out in 1 M 

KOH [28]. The loaded NCF were tailored into 0.5 cm × 0.5 cm samples and directly acted as the 

working electrodes for the electrochemical tests. The cyclic voltammetry (CV), linear sweep 

voltammetry (LSV), electrochemical impedance spectroscopy (EIS) and chronoamperometry tests were 

performed. The working electrodes were activated by using a CV test at a scan rate of 50 mV s-1 for 800 

sweep segments. LSV was conducted at a scan rate of 1 mV s-1, and the HER and OER performances 

can be analyzed by the obtained LSV and Tafel curves. All the potentials were calibrated with respect to 

the reversible hydrogen electrode (RHE) according to Nernst equation in 1 M KOH as follows: E vs 

RHE = E vs Hg/HgO + 0.095 + 0.059pH [29], and all of the potentials in the LSV polarization curves 

were iR-corrected with respect to the ohmic resistance of the solution. EIS were recorded in the 

frequency range from 100 kHz to 0.1 Hz with 10 points per decade by using an AC voltage with the 5 

mV amplitude. For long-term CV cycling tests of HER and OER reactions, the N-NiCoP/NCF 

electrodes were tested at a scan rate of 100 mV s-1 for 10000 cycles first, and the final CV polarization 

curves were recorded at a scan rate of 1 mV s-1 again. The stability of the catalyst electrodes were 

assessed by chronoamperometry with a constant current of 10 mA cm-2. The mass loading on the NCF 

surface was about ~2.085 mg cm-2 for the N-NiCoP/NCF electrode. As a comparison, the NCF coated 

with 20 wt % Pt/C and RuO2 at the same mass loading rate (2.085 mg/cm2) act as the negative electrode 

and the anode, respectively. Meanwhile, the approaches used for analyzing electrocatalytic activity of 

Pt/C, calculating the electrochemical double layer capacitances (Cdl) and turn over frequencies (TOF) 

followed the established protocols as reported previously [28,30]. The amounts of evolved H2 and O2 

gases were measured by a water drainage approach in a vacuum-grade reactor. The reactor had two 

separate reaction chambers that were connected by a narrow gap (0.5 cm) to allow the alkaline 

electrolyte to be the same in both chambers. Two electrodes, one sample-supporting electrode and the 
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other a counter-electrode (carbon rod), were respectively fitted into the two chambers. The number of 

moles of the collected gases that were generated from the reactions was calculated using the ideal gas 

approximation.    

 

2.5. DFT Calculations 

Theoretical calculations have been performed within the framework of density functional theory 

(DFT) by the Vienna an initio Simulation Package (VASP) as implemented in our former work [31]. 

The exchange-correlation energy was treated in the generalized-gradient (GGA) using Perdew-Burke-

Ernzerhof PBE method [32]. The N-NiCoP model was approximate constructed on the 5×5 supercell 

with 4 N doped in Ni4Co21P21. The cutoff energy of plane wave was chosen at 300 eV. For the structure 

optimizations, 6×6×6 Monkhorst-Pack (MP) grids were used. The changes in total energies between 

two successive iteration steps were less than 10-5 eV, and all the Hellmann-Feynman force acting on 

each atoms was lower than 0.001 eV/Å.  

 

3. Results and discussion 

3.1. Fabrication and characterization 

The whole fabrication process for N-NiCoP/NCF is summarized in Fig. 1a. The commercial Ni-Co 

foam not only acted as a substrate material, but also served as a precursor for providing transition metal 

elements, which make full use of the three-dimensional skeleton structure and good electron transport 

ability of NCF. The in situ formed bulk crystal structure of NiCo hydroxide on NCF (NiCo(OH)x/NCF) 

is treated with the N2/Ar-PH3 plasma to achieve simultaneous N-doping and phosphating. The 

photographs of the plasma discharges sustained in different gases are shown in Fig. 1b. Normally, the 

intermediate NiCo(OH)2 structure keeps tight relationship with the latter fabricated NiCo phosphides. 

Therefore, the effect of the growth parameters for NiCo(OH)2 on the HER and OER performances of N-

NiCoP was firstly investigated. As shown in Fig. S1, Fig. S2 and Fig. S3, the reaction time, temperature 

and reagent ratio (NaOH/(NH4)2S2O8) for NiCo(OH)2 growth noticeably influence the electrocatalytic 
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activity of N-NiCoP, and the optimized parameters for NiCo(OH)2 preparation are determined (reaction 

time: 18 h, reaction temperature: 180 ℃, and reagent ratio: 0.75). Fig. S4a and S4b show the SEM 

images of NiCo(OH)2/NCF fabricated under the optimized reaction conditions, and the many 

microsized polyhedron NiCo(OH)2 burgeoned from the NCF frame. When the NiCo(OH)2/NCF was 

treated with different kinds of PH3-Ar/N2 plasma at 250 ℃ (Fig. S5), the HER and OER performances 

of the NiCoP samples increased greatly, especially with the PH3/N2 plasma treatment. The reason for 

explaining the phenomenon may be that the reactive species of N and P generated in PH3/N2 plasma 

(Fig. S6) simultaneously reacted with NiCo hydroxides, and the N-doping enhanced the concentration 

of charge carriers and the electronic conductivity [8].  

Fig. 2a and 2b exhibit the SEM images of polyhedron N-NiCoP/NCF, and the morphology of N-

NiCoP shows a similar profile with that of NiCo(OH)2/NCF, as well as the profile of fabricated 

NiCoP/NCF without using plasma (Fig. S4c and S4d). It should be noted that some cracks occurred on 

the crystal surface of N-NiCoP, and it may be very useful for exposing larger reaction areas in the 

electrocalalytic process, thereby causing higher HER and OER activity. Fig. 2c shows the elemental 

mapping of Co, Ni, P and N on the surface of N-NiCoP/NCF. The homogeneous distribution of these 

elements on the produced catalyst indicates the N atoms were successfully doped into the NiCoP.  

From the TEM (Fig. 2d) and SEM images, it can be seen that different N-NiCoP morphologies 

were formed on the NCF surface, such as octahedral column- and dodecahedron drum-like. However, 

they all belong to the cubic crystal system [27], and the irregular structures indicate that the formed 

NiCo(OH)2 crystal profiles serve as a precursor for the cubic shape. Fig. 2e presents the XRD pattern of 

N-NiCoP/NCF. Compared to the crystal structure of NiCo(OH)2/NCF (Fig. S7), many new crystal 

phases were formed in the N-NiCoP under the exposure to PH3-N2 plasmas, such as the planes of (011) 

at 31.2° for CoP (JCPDS No. 29-0497), (210) at 47.3° for Ni2P (JCPDS No.16-0116), (311) at 36.8° for 

Co2NiP4 (JCPDS No. 02-1074), (211) at 58.5° for Ni3N (JCPDS No. 10-0280), and (220) at 61.3° for 

CoN (JCPDS No. 16-0116). These results indicate that most of the NiCo hydroxides have been 

successfully converted to phosphides.   
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The composition and chemical states of N-NiCoP were investigated by X-ray photoelectron 

spectroscopy (XPS). As shown in Fig. 3a and Table S2, the survey spectrum of N-NiCoP revealed the 

presence of Co, Ni, P, N, O and C elements. Noticeably, the C atoms probably originate from the 

carbon impurity introduced in the fabrication processs of NCF, and the O atoms may be from the 

unconverted NiCo(OH)2 and undecomposed phosphate group (PO4
3-) absorbed on the catalyst surface. 

Fig. 3b exhibits the high resolution spectrum of the Co 2p peak of N-NiCoP, and the Co 2p spectrum 

can be deconvoluted into two peaks at 780.5 and 796 eV, which are attributed to the spin-orbit splitting 

values of the Co 2p3/2 and Co 2p1/2 states in the Co-P bond, respectively [33]. The shake-up peaks at 

803.7 eV and 785.5 eV are the satellite peaks of Co 2p. Compared to the Co 2p of NiCo(OH)2 (bottom 

line of Fig. 3b), new peaks located at 782.2 and 797.4 eV occurred, and they can attributed to the 

oxidized Co species in the CoNiP compound, respectively [20,24]. After phosphorization of NiCo(OH)2, 

the chemical shift of Ni 2p spectrum occurred as shown in Fig. 3c, and the Ni 2p of N-CoNiP peaks 

along with two satellite peaks at 862.3 and 879.7 eV can be fitted with two peaks at binding energies of 

874 (Ni 2p1/2) and 856.5 eV (Ni 2p3/2) for Ni2+ in Ni-P, respectively [34]. Note that the peak at 852.3 eV 

is very near to the metallic nickel (852.6 eV), and it may originate from the NCF substrate [20]. 

Compared to the XPS spectrum of NiCo(OH)2, N 1s peak at 399.5 eV occurred in the CoNiP (Fig. 3d). 

This finding indicates that nitrogen atoms were indeed doped into the CoNi phosphide during the N2-

PH3 plasma treatment. Meanwhile, the deconvoluted N 1s peaks at 399.0 and 399.8 eV correspond to 

the Ni-N and Co-N bonds, respectively [8, 35]. Fig. 3e shows the high-resolution P 2p spectra, which 

contain two peaks at 128.8 and 133.9 eV, corresponding to P 2p3/2 state of N-NiCoP and P-O bonds of 

the PO4
3-/P2O5, respectively [21, 36]. Fig. 3f shows the chemical states of O 1s contained in NiCo 

hydroxide and phosphide. For the two kinds NiCo compound, the peak at 531 eV for O 1s mainly 

originated from the hydroxide groups [37], while the binding energy of 533 eV corresponds to the 

absorbed water and NiCoOx contained in the oxidized NiCoP  [36, 38].  Based on the analyses 

mentioned above, only the shell section of the microsized NiCo(OH)x was phosphorized in the plasma 
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reaction process, as opposed to the previously reported phosphorization of the entire nanostructure [36]. 

Further work is required to improve control of the plasma phosphorization process.  

 

3.2. Hydrogen evolution reaction performance 

The HER performances of the obtained catalysts were measured in 1 M KOH by means of a 

standard three-electrode system. Fig. 4a exhibits the polarization curves of NCF, NiCoP, 

NiCo(OH)x/NCF, N-NiCoP/NCF, and Pt/C. Noticeably, the overpotential of N-NiCoP/NCF for 

delivering a current density of 10 mA cm-2 is only 78 mV (Inset of Fig. 4a), which is much lower than 

those of NCF (209 mV), NiCoP (147 mV), NiCo(OH)x/NCF (119 mV), and NiCoP/NCF without N 

doping (105 mV, Fig. S8a). More importantly, the overpotential of N-NiCoP/NCF is also lower than 

most of newly reported non-precious electrocatalysts (Fig. 4b), such as CoP/CFP-H (128.1 mV) [38], 

Co(SxSe1-x)2 (145 mV) [39], CoP (159 mV) [40], 2D-MoS2/Co(OH)2 (128 mV) [41], CoS2-TiO2 (198 

mV) [42], NiCu-P (175 mV) [43], NiCoFe-P (231 mV) [44], and Ni4.3Co4.7S8 (148 mV) [45], and other 

catalysts (Table S3). 

To study HER kinetics of different catalysts, the Tafel slopes of the catalysts given in Fig. 4a were 

calculated using the log-scale. As shown in Fig. 4c, the Tafel slope value of N-NiCoP/NCF is only 83.2 

mV dec-1, which is far smaller than those of NiCoP/NCF (138.4 mV dec-1, Fig. S8b), NiCo(OH)x/NCF 

(157.1 mV dec-1), and NiCoP (178.7 mV dec-1), and it follows the Volmer-Heyrovsky mechanism [46]. 

Meanwhile, the high HER performance of the N-NiCoP/NCF catalyst is also evidenced by the higher 

H2 turn over frequencies (TOFs) than those of NiCoP/NCF and NiCo(OH)x/NCF (Table S4).  

To evaluate the electrocatalytic stability in a strong alkaline medium, a long-term performance test 

of N-NiCoP/NCF was carried by comparing the LSV curves before and after 10000 CV cycles. 

Impoprtantly, the final polarization curve nearly overlaps the initial one (Fig. 4d). Moreover, the ultra-

stable characteristic of in situ fabricated N-NiCoP/NCF is further confirmed by the I-t curves with a 

testing time of 100 h, and the initial current density only decreased from 10 to 8.3 mA cm-2. Fig. S9 

exhibits the morphology and elemental mapping of N-NiCoP/NCF undergoing 100 h HER test. One can 
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notice that top surfaces of some N-NiCoP/NCF polyhedrons were ablated, and the concentrations of Ni, 

P and N atoms decreased, which was also proven by the XPS analyses (Fig. S10), XRD (Fig. S11), and 

Raman (Fig. S12) for the sample measured after 10000 CV cycles.  

Fig. 4e shows the Nyquist plots (EIS) of NCF, NiCoP, NiCo(OH)x/NCF and N-NiCoP/NCF, and 

the semicircle diameter corresponds to the interfacial charge transfer resistance (Rct). It is clearly 

revealed that N-NiCoP/NCF exhibits much smaller EIS value (1.5 Ω) than other electrode materials, 

indicating a faster charge-transfer rate of N-NiCoP/NCF in the alkaline medium for HER process. The 

amount of H2 was measured by a water drainage method, as shown in Fig. 4f, and the N-NiCoP/NCF 

afforded a highly stable H2 evolution rate of 650 μmol h-1 cm-2, which is much higer than those of Fe-

Ni3S2/NF (500 μmol h-1 cm-2) [47] and NiFe-P/NF (380 μmol h-1 cm-2) [48]. In addition, the measured 

data matched well with the theoretical H2 amount, indicating an almost 100% Faradaic efficiency for 

HER [49].  

 

3.3. Oxygen evolution reaction and overall water splitting 

The OER performance of N-NiCoP/NCF was also investigated in 1 M KOH solution using the 

same three-electrode configuration. Fig. 5a shows the OER polarization curves of NCF, NiCoP, 

NiCo(OH)2/NCF, N-NiCoP/NCF, and the commercial RuO2 electrodes in 1.0 M KOH. It can be 

observed that an overpotential of 225 mV for N-NiCoP/NCF is required to deliver a current density of 

10 mA cm-2. Although the value is still higher compared to precious RuO2 (135 mV), it is far lower than 

the NCF (371 mV), NiCoP (336 mV), NiCo(OH)2/NCF (260 mV), the NiCoP/NCF (250 mV, Fig. S8c), 

and other reported state-of-the-art non-precious electrocatalysts (Fig. 5b and Table S5). The results 

mentioned above indicate that N-doping by N2-PH3 plasma is a very effectrive approach for fabricating 

transition metal phosphides for overall water splitting.  

The OER activity of the resulting electrocatalysts was further assessed by the Tafel slope 

originated from LSV curves of Fig. 5a. As the results shown in Fig. 5c and Fig. S8d, the Tafel slopes for 

NCF, NiCoP, NiCo(OH)2/NCF, NiCoP/NCF, N-NiCoP/NCF and RuO2 are 136, 109, 85, 81, 67 and 46 
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mV decade-1, respectively. The Tafel slope value of N-NiCoP/NCF is close to that of RuO2, and is 

much smaller than that of NiCoP/NCF fabricated without plasma, thus revealing the robust OER 

kinetics of N-NiCoP/NCF in the alkaline medium which is also proven by the larger TOFs in the OER 

process (Table S6).  

The durability of electrocatalysts is very important for continuous OER operation. Fig. 5d presents 

the polarization curves of N-NiCoP/NCF before and after 10000 cycles in 1 M KOH, and the LSV 

curves nearly overlap. It indicates that the in situ prepared N-NiCoP/NCF exhibits excellent long-term 

electrocatalytic stability, which is further confirmed by the low drift of current density (10 to 7.25 mA 

cm-2) in the 100 h continuous OER electrolysis (the inset of Fig. 5d), the stable chemical structures (e.g. 

XPS: Fig. S10, XRD: Fig. S11, Raman: Fig. S12) for the sample measured after 10000 CV cycles, 

especially the unchanged morphology (Fig. S13) after the 100 h OER test. Fig. 5e exhibits the 

generation amount of O2 for N-NiCoP/NCF stimulated with a current density of 10 mA cm-2 in 1 M 

KOH, and the generation efficiency is about 400 μmol h-1cm-2, which is far higher than the NixCo3-

xS4/Ni3S2 (12 µmol h-1) [50].  

In order to identify the bifunctional electrocatalytic activity of N-NiCoP/NCF for overall water 

splitting, a two-electrode electrolyzer system using the N-NiCoP/NCF as the anode and cathode 

electrodes in 1 M KOH (N-NiCoP/NCF//N-NiCoP/NCF inset in Fig. 5f) was designed. One can notice 

that the electrode still exhibits an excellent HER and OER activity in the tested potential region, and the 

overpotentials for generating a current density of 10 mA cm-2 in the HER and OER processes are about 

79 mV and 1.48 V, respectively. Therefore, the electrolyzer only needs a very low cell voltage of 1.56 V 

to afford a current density of 10 mA cm-2 for the overall water splitting producing vigorous gas 

evolution on both electrodes (inset in Fig. 5f). Remarkably, the electrocatalytic activity of microsized 

polyhedron N-NiCoP/NCF is clearly better than most of the state-of-the-art nanomaterials, such as 

NiCoP/NF (1.57 V) [20], N-Ni3S2/VS2 (1.65 V) [26], NiCo2S4/CC (1.68 V) [51], f-CoP/CoP2/Al2O3 

(1.656 V) [25], CoMnCH/NF (1.68 V) [52], and other bifunctional electrocatalysts (Table S7). 
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3.4. Understanding N-NiCoP with DFT Simulations 

In order to understand the effect of N doping on the electrocatalytic activity of CoNiP, the density 

functional theory (DFT) calculations (Vienna ab initio Simulation Package, VASP) were performed 

according to the built crystal models of CoP, Co0.84Ni0.16P and Co0.84Ni0.16P0.84N0.16 structures (see Fig. 

6a and Fig. S14). As shown in Fig. 6b, the calculated density of states (DOS) of CoP, Co0.84Ni0.16P and 

Co0.84Ni0.16P0.84N0.16 electrocatalysts are continuously crossing the Fermi level, indicating their intrinsic 

metallic properties which is very useful for increasing the electron transfer rate in the electrocatalytic 

process [8]. Noticeably, using the Ni and N doping one can effectively tune the electronic structure of 

CoP. Compared to the DOS distribution of CoP shown in Fig. 6b (gray line), the main peak near the 

Fermi level (-0.2 ~ 0 eV) in Co0.84Ni0.16P (the magnified red peak in the inset of Fig. 6b) shifts to a 

lower energy level, which may be mainly caused by the coupling effect of Ni-2p and P-2p covalent 

pairs [55]. Specifically, the Fermi level of Co0.84Ni0.16P increases obviously when the N atoms are 

successfully doped into the catalyst lattice by N2 plasma (the blue peak in the inset of Fig. 6b). 

Consequently, the free energy value (ΔGH*)  of Co0.84Ni0.16P0.84N0.16 (-0.21eV) is much lower than the 

catalyst-H* state of Co0.84Ni0.16P (Fig. 6c), indicating a low energy barrier for absorbing H* in the HER 

process. The whole electron transfer process is sketched in Fig. 6d, and substantially less energy 

∆𝐸(∆𝐸<∆𝐸′) is required for N-doped CoNiP to produce H2 gas in the alkaline media. 

 

3.5. OER and HER enhancement mechanism 

Based on the experimental and theory results, the in situ fabricated N-NiCoP/NCF polyhedron 

exhibits highly-active and ultra-stable electrocatalytic performances for both HER and OER in an 

alkaline medium. The  reasons for the superior bi-functional activity and stability of N-NiCoP/NCF are 

as follows:  

(i)  The NiCo alloy foam acting as a substrate of N-NiCoP exhibits the high electrocatalytic 

activity for HER and OER (Fig. 4 and Fig. 5). Meanwhile,  the obtained electrocatalyst features the 

core/shell (NiCo(OH)x/NiCoP) structure, and the multiple crystal phases (e.g., Ni2P, CoP, Co2NiP4, 
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CoN, Ni3N ) of N-doped NiCoP form rich heterointerfaces, which are very useful for increaing reaction 

kinetics of the HER and OER processes; 

(ii) The N2/PH3 plasma formed a higher density of P and N on the catalyst surface than can be 

achieved by a similar thermal process without plasmas (Fig. S15 and Table S1). Moreover, the N-

doping changes the Fermi level (Fig. 6b and Fig. S14), causing a higher electrical conductivity, which 

can increase the electron transfer rate and improve the bi-functional electrocatalytic performances [11]; 

(iii) The DFT results indicate that the N-NiCoP has a lower absorption free energy of H (ΔG(H*)) 

and the H*-state more easily occurs on the catalyst surface, enhancing the whole catalytic activity for 

HER. 

(iv) The reaction process of N2-PH3 plasmas increases the catalytic area of N-NiCoP/NCF, 

indicated by the calculated Cdl (18.16 mF cm-2) which is much higher than the NiCo(OH)x/NCF (12.28 

mF cm-2) and NCF (5.97 mF cm-2 ), as shown in Fig. S16. Meanwhile, the synergistic effect of core-

shell heterostructured NiCo(OH)x/N-NiCoP may play an important role in the achieved high 

electrocatalytic activity for overall water splitting [46];  

(v) As the fabricated microsized N-NiCoP polyhedron sprout in situ directly from the NCF frame,  

the resulting strong coupling between the electrocatalyst and the NFC, is favourable to substantially 

improve electrocatalytic performance. In addition, the anti-corrosive properties of microsized N-NiCoP 

in the electrolysis medium are far better than those of the previously reported nanosized phosphides [20, 

36]. As a result, the obtained N-NiCoP/NCF are produced in a sustainable way (which minimizes 

materials use) and exhibits ultrastable electrocatalytic activity, especially for the OER process. 

 

4. Conclusion 

In summary, the N-doped core-shell of NiCo(OH)x/NiCoP polyhedron was in situ fabricated on the 

NCF frame, and the obtained electrocatalyst exhibits an excellent bi-functional activity for overall water 

splitting in an alkaline medium. For HER and OER, the overpotentials of N-NiCoP/NCF for delivering 

a current density of 10 mA cm-2 are only 78 and 225 mV, respectively. Meanwhile, the H2 and O2 
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amounts generated by the N-NiCoP/NCF catalyst at a current density of 10 mA cm-2 are about 0.65 and 

0.4 mmol h-1, respectively. The high electrocatalytic activity and efficiency of N-NiCoP/NCF 

outperformed most of the recently reported non-noble electrocatalysts. More importantly, the in situ 

fabricated N-NiCoP/NCF exhibits ultrastable electrocatalytic performances for HER and OER after the 

100 h test, especially for the OER process where no morphology changes of the N-NiCoP/NCF catalyst 

were observed. This work opens new avanues for in situ fabrication of transition metal based 

electrocatalysts for highly efficient and stable overall water splitting and other applications in energy 

and catalysis fields.    
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Fig. 1. (a) Schematic of in situ fabrication of N-NiCoP/NCF, and (b) The photographs of plasma 

discharges in different gas mixtures.   

 

 

ACCEPTED M
ANUSCRIP

T



 

25 
 

 

 

Fig. 2. The morphology of N-NiCoP sprouted from the NCF frame. Low (a) and high (b) resolution of 

SEM images, and the inset in (a) is NCF frame coated with N-NiCoP, (c) SEM mapping area of N-

NiCoP and the corresponding elemental distribution of Co, Ni, N, and P respectively, (d) TEM images 

of N-NiCoP, and (e) XRD pattern of N-NiCoP/NCF samples.  
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Fig. 3. The XPS spectra of NiCo LDH/NCF before and after treatment with N2-PH3 plasmas. (a) The 

chemical states of elements in N-NiCoP/NCF, and peak fitting of (b) Co 2p, (c) Ni 2p, (d) N 1s, and (e) 

P 2p and (f) O 1s elemental states.  
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Fig. 4. HER performance of the produced catalysts in 1 M KOH. (a) LSV curves and the overpotentials 

at a current density of 10 mA cm-2 (inset), (b) The overpotential comparison between N-NiCoP/NCF 

and other reported electrocatalysts, (c) Tafel slopes obtained from (a), (d) Polarization curves of N-

NiCoP/NCF before and after 104 cycles, and the inset is chronoamperometric curve of N-NiCoP/NCF at 

the current density of 10 mA cm-2, (e) Nyquist curves of NCF, NiCoP, NiCo(OH)2/NCF and N-

NiCoP/NCF, and (f) The H2 amount of N-NiCoP/NCF generated at a current density of 10 mA cm-2. 
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Fig. 5. OER characteristics of the fabricated catalysts in 1 M KOH. (a) LSV curves of different samples, 

(b) The overpotentials of N-NiCoP/NCF and other state-of-the-art electrocatalysts (e.g. CoP [40], CoP 

NR/C [53], NiSe-Ni0.85Se [17], Ni4.3Co4.7S8 [45], MoP/Ni2P/NF [46], Fe2-xMnxP [54], NiCoFe-P [44], 

Co/Co2P [7]) at a current density of 10 mA cm-2, (c) Tafel slopes calculated from (a), (d) Polarization 

curves of N-NiCoP/NCF before and after 104 cycles, and the inset is the long-term stability, (e) The 

generated amount of O2 at a current density of 10 mA cm-2, and (f) Polarization curves of N-

NiCoP/NCF electrodes acting as a bi-functional electrocatalyst for water splitting.  
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Fig. 6. (a) The crystal structures of CoP, Co0.84Ni0.16P, and Co0.84Ni0.16P0.84N0.16 constructed based on 

the XRD and XPS results, (b) The calculated density of states for CoP, Co0.84Ni0.16P, and 

Co0.84Ni0.16P0.84N0.16, (c) HER free energy before and after N doping, and (d) The schematic energy 

level of Ni and N atoms doped into 2H-CoP to form Co0.84Ni0.16P and Co0.84Ni0.16P0.84N0.16, and the 

charge transfer in the HER process. 
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