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Abstract: The direct electrolysis of seawater for the production of green hydrogen 

energy is an economically attractive approach. However, this technique confronts 

technical problems because to the oxygen evolution reaction (OER) weak stability 

and inadequate selectivity due to competition with the chlorine evolution process. 

This work focuses on improving the stability of the electrode and electrolysis 

efficiency. The phosphating NiCoP active layer with 3D porous morphology was 

created by electrodeposition on the B-doped diamond (BDD) as an electrode inspired 

by the bifunctional catalysis strategy. The successfully constructed unique cube-on-

nanosheets structure in the NiCoP active layer enables the electrode to exhibit 

excellent electrocatalytic performance. The porous NiCoP/BDD (Por-NiCoP/BDD) 

electrodes showed good catalytic activity in alkaline-simulated seawater with the 

OER and hydrogen evolution reaction (HER) overpotentials of 400 and 261 mV, 

respectively, at a current density of 100 mA cm-2. More importantly, the electrode 

exhibits interesting stability of the catalytic performance and structural in alkaline-

simulated seawater electrolysis, with the current density decaying by only 1.52 % and 

4.06 % after OER and HER processes for 50 h, respectively. This work expands the 

valuable application scenarios of BDD electrode and provides novel ideas for the 

development of seawater electrolysis. 
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1. Introduction 

The energy crisis triggered by global environmental changes and the immoderate 

use of non-renewable energy source has received significant attention. A consensus 

regarding the development of efficient, and clean new energy sources for sustainable 

development has been reached [1-3]. Hydrogen is considered an ideal new energy 

source with the properties of environmentally friendly and high energy density of up 

to 142 MJ, which is expected to replace traditional fossil fuel [4-6]. Development of 

efficient and economical hydrogen production technologies has become a major 

research topic [6-8]. Hydrogen production from freshwater electrolysis is a green 

approach that has been heavily reported in the past decade. However, freshwater, an 

indispensable resource for life, accounts for only 3.5% of global water resources, and 

a large portion is located in polar glaciers. Seawater, one of the richest natural 

resources on earth, accounts for 96.5% of the global water resources, is readily 

available for making seawater electrolysis more likely to be used as a long-term water 

electrolysis process for hydrogen production [9]. Nevertheless, electrolyzing seawater 

for hydrogen production still experiences technical challenges, such as electrode 

stability and the competition between the OER and the chlorine evolution reaction 

[10]. Additionally, electrolysis of seawater requires overcoming a higher anode OER 

energy barrier compared with freshwater [11]. Consequently, the development of 

stable electrodes loaded with dual electrocatalysts with excellent catalytic activity in 

the complex seawater environment is crucial for hydrogen production to achieve the 

sustainable development of green hydrogen energy. Current research on electrodes is 

focused on improving retarded HER and OER kinetics, reducing excessive 

overpotential in non-acidic ambient. Developing novel bifunctional catalysts with 

good performance that can balance OER and HER activities under moderate 

electrochemical conditions for seawater electrolysis is fundamentally and practically 

crucial. 

Among the non-platinum-group-metal bifunctional catalysts, transition metal 

selenides (TMS) are considered as promising HER catalysts and OER precatalysts 



because of their developed oxidized surfaces with active substances that catalyze 

water electrolysis [12]. However, the practical application of TMS is less satisfactory 

because it is prone to failure in complex seawater environments [13-14]. Currently, 

transition metal phosphides (TMPs) have attracted widespread attention due to their 

excellent HER performance, which benefits from the proton/hydride-acceptor sites on 

the material surface, producing a “synergistic effect” [15-16]. In particular, the 

synergistic effect of bimetallic phosphides catalysts such as FeCoP [17], NiCoP [18-

20], and CoMoP [21], is more obvious, which greatly promotes the HER catalytic 

performance. Typically, this active catalyst is attached to nickel foam to form an 

electrode for seawater electrolysis. However, electrodes based on nickel foam face 

challenges in long-term stability in complex seawater [22-23]. It is well known that 

boron doped diamond (BDD) is an excellent semiconductor with strong corrosion 

resistance and long-term stability, which has made outstanding contributions in the 

field of electrochemistry. Thanks to this, it has a higher stability compared to 

conventional nickel foam in complex solutions, especially alkaline solutions [24-25]. 

Compounding efficient catalysts with BDD as a substrate is a piece of research worth 

exploring. 

Herein, we created a variety of 3D porous hierarchical nano-island-like 

CoNiP/CoP multi-phase heterostructures with various Ni/Co ratios on BDD via 

phosphorizing a NiCo precursor produced by electrodeposition. The porous 

morphology and elemental distribution of the electrode surface were characterized by 

scanning electron microscope (SEM) and energy dispersive spectrometry (EDS. 

Transmission electron microscope (TEM) was used to observe the microcrystalline 

structure and properties of the sample. The catalyst material composition and 

chemical bonding were also analyzed through X-ray diffraction (XRD) and X-ray 

photoelectron spectroscopy (XPS). Finally, the HER, OER and long-term stability 

performance of the Por-NiCoP/BDD electrode were characterized by electrochemical 

tests in a alkaline-simulated seawater. 

2. Materials and methods 



2.1 Methods of sample preparation 

All reagents were acquired commercially and utilized without additional 

purification, including nickel sulfate hexahydrate (NiSO4·6H2O), Co sulfate 

heptahydrate (CoSO4·7H2O), ammonium sulfate ((NH4)2SO4), ammonia (NH4OH), 

sodium hypophosphite monohydrate (NaH2PO2·H2O), dilute hydrochloric acid (HCl), 

caustic soda (NaOH), anhydrous ethanol (C2H5OH), and sodium chloride (NaCl). 

BDD (10 mm Í 10 mm Í 0.65 mm), stainless steel plate (self-made), and deionized 

water were also used. 

An electrodeposition approach was used to create a group of multi-phases NiCoP 

heterostructures produced on BDD, which was then phosphorized. Before depositing, 

the BDDs electrode was cleaned in 1 M HCl and 1 M NaOH by ultrasonic cleaning 

for 30 min in sequence. Subsequently, the BDDs were rinsed with anhydrous ethanol 

and deionized water in sequence, and the cleaned BDDs were dried at 60 °C to 

exclude the influence of impurities on the depositing process. The cleaned BDD 

surface was firstly electrodeposited with a porous NiCo layer by a DC power supply 

at the constant current to 0.5 A. The electrolyte composition was 100 mL of a mixed 

solution of NiSO4·6H2O, CoSO4·7H2O, 1 M (NH4)2SO4, and ammonia (contents of 

5%, 10%, and 20%). The concentration ratio of NiSO4·6H2O and CoSO4·7H2O was 

0.67, 1.5, and 4 (0.04 M: 0.06 M, 0.06 M: 0.04 M, and 0.1 M: 0.025 M). During 

electrodeposition, the BDD and stainless steel plate were used as the cathode and 

anode, respectively. The geometric area of the BDD immersed in the electrolyte 

during electrodeposition was 0.5 ×1.0 cm-2. The electrodeposition was carried out at 

25 °C for 60 min, and the Por-NiCo/BDD electrode was finally obtained. During the 

phosphatization, Por-NiCo/BDD was placed in the core of a tube furnace, with 1.0 g 

NaH2PO2H2O placed upstream and near the Por-NiCo/BDD. The furnace was heated 

to 450 °C at a rate of 5 °C /min in an Ar atmosphere and maintained for 2 hours. After 

the heat treatment, the furnace was naturally cooled to room temperature. Finally, the 

metallic NiCo precursor was converted into NiCoP after phosphorization. Fig. 1 

depicts the preparation process. 



 

Fig. 1. Por-NiCoP/BDD electrode preparation diagram. 

2.2  Samples characterization 

Transmission Electron Microscopy (TEM) and Field Emission Scanning 

Electron Microscope (FESEM) as well as Energy Disperse Spectroscopy (EDS) were 

recorded on a JEM-2100 microscope TEM and JSM-5610L FESEM, respectively. 

XRD patterns were obtained on a BRUKER D8 diffractometer with Cu Kα radiation. 

XPS was investigated by a Thermo Fisher Scientific, which operates under the high 

vacuum (2Í10-7 mbar) with aluminum Kα monochromatized radiation at the 1486.7 

eV X-ray photon source. XPS data were analyzed using Thermo Advantage and 

energy corrections on high-resolution scans were calibrated by reference the C 1s 

peak of adventitious carbon to 285.0 eV. 

2.3 Electrochemical measurements 

The electrochemical measurements of as-prepared samples, including CV, LSV, 

EIS, HER, OER, and chrono-current (i-t) were carried out via an electrochemical 

workstation (CH1760e) in 1 M KOH and alkaline-simulated seawater containing a 

mixture of 1 M KOH and 3.5% NaCl at room temperature. The as-prepared samples 

as the working electrode, graphite rod as the counter electrode, and Hg/HgO or 

Ag/AgCl as the reference electrode were used in testing. Ag/AgCl reference electrode 

was used for HER and OER tests. Hg/HgO reference electrode was used for CV test. 

The test details were described in the Results and Discussion section. 

3. Results and Discussion 



The optimum Ni/Co concentration deposition conditions were determined based 

on the HER and OER performance of each electrode sample tested in 1 M KOH 

solution after deposition. The catalytic performance of the Por-NiCo/BDD electrode 

deposited in different Ni/Co concentrations is shown in Fig. 2. The linear scanning 

voltammetric (LSV) curves of the HER and OER tests in 1 M KOH solution for the 

Por-NiCo/BDD electrode samples deposited in the different Ni/Co concentrations 

(Figs. 2a-b). Fig. 2c shows the overpotential of HER and OER for each Por-

NiCo/BDD electrodes at 50 and 100 mA cm-2 current density. From Fig. 2c, the Ni/Co 

concentration in electrolyte affected the electrocatalytic performance of the Por-

NiCo/BDD electrode. The Por-NiCo/BDD electrode deposited in the Ni/Co 

concentration ratio of 1.5 exhibited the smallest HER and OER overpotentials, 

indicating that this electrode has the best electrocatalytic performance. Therefore, the 

Por-NiCo/BDD electrodes mentioned below in this work were prepared at a Ni/Co 

concentration ratio of 1.5 without any other special instructions. 

 
Fig. 2. Evaluate the electrocatalytic activity of electrodes made with varying ratios of Ni/Co 

concentration. (a-b) Plot the electrodes' overpotential at current densities of 50 mA cm-2 and 100 
mA cm-2. (c) Linear sweep polarization curves obtained in 1 M KOH at a scan rate of 5 mV s−1. 



The NiCo precursor on BDD was made up of porous agglomerates that resemble 

island-like structures with the size range from 5 to 15 µm (Figs. 3g-h), contrasting 

sharply with the pristine BDD smooth pyramid surface (Figs. 3a-b). The apparent 

change in morphology proved the completion of the complexation of the NiCo 

structure on the BDD. In this work, we attempted to control the pore size and porosity 

of the NiCo layer by changing the content of ammonia to further improve the specific 

surface area of the electrode. During the depositions, the content of ammonia 

exhibited a significant effect on the morphology of the NiCo layers when a 3D porous 

morphology was prepared by the bubble dynamic template method (Figs. 3c-h). Three 

sets of experiments were designed with all other conditions held constant and 

ammonia levels of 5 %, 10 %, and 20 %. The pore size of the NiCo layer deposited at 

an ammonia level of 5 % was unevenly distributed and the surface of the spherical 

agglomerated particles was smooth (Figs. 3c-d). When the ammonia level increases to 

10 %, the surface of the NiCo layer was distributed with pores of uniform size (25-40 

μm). Compared with the ammonia level of 5 %, the boundaries between the spherical 

agglomerated particles obtained at the ammonia level of 10 % were obvious, and the 

surface of the particles becomes rough, which was conducive to increasing the active 

specific surface area and exposing more catalytic active site (Figs. 3e-f).  Further 

increased the ammonia level to 20 %, a significant difference in the pore size was 

observed (Figs. 3g-h) even though the pore structure was uniformly distributed. Some 

of the pore diameters even reached 80 μm. It is clear that the surface morphology of 

the NiCo layer can be controlled by adjusting the ammonia level, and too high 

ammonia level promotes the rapid generation of bubbles, which in turn leads to an 

enlarged pore size.  



 
Fig. 3. (a-b) SEM images of pristine BDD, (c-h) Por-NiCo/BDD SEM plots deposited at the 

ammonia level of 5 %, 10 % and 20 %, respectively. 

The performance of Por-NiCo/BDD electrodes regulated by ammonia levels was 

comprehensively analyzed in combination with electrochemical testing. Figs. 4a-c 

shows the CV curves of the Por-NiCo/BDD electrodes in 1 mol/L KOH solution at 

different sweep speeds in the range of 0-0.1 V versus Hg/HgO to investigate the 

variation of ammonia content on the electrochemical specific surface area (ESCA) of 

the plated 3D porous NiCo layers. A positive relationship exists between ESCA and 

Cdl values ( 𝐸𝑆𝐶𝐴 = 𝐴 · 𝐶!"/𝐶# , A: geometric area of the motor in cm2, Cs: surface 

two-layer capacitance of an ideal flat electrode in μF cm-2) [4,11]. Fig. 4d shows the 

curves of the relationship between the current density difference ∆J and the sweep 

speed (i.e., bilayer capacitance) converted from the CV curves for each electrode. The 

Cdl of the electrode deposited at the ammonia of 10 % is 1.894 × 10-5 mF cm-2, which 

is about 2.29 times higher than of the 5 % (8.254 × 10-6 mF cm-2) and about 1.75 

times higher than that of 20 % (1.083 × 10-5 mF cm-2). This resulting shows that the 

ESCA of the BDD electrode deposited at the ammonia of 10 % was improved 

compared with the other two groups, mainly due to the uniform distribution and the 

consistent pore size of the porous electrode surface. Further, the electrodes deposited 



at the ammonia level of 10 % had the best catalytic activity with HER and OER 

overpotentials of 271 and 407 mV at 100 mA cm-2, respectively, which were lower 

than those deposited a 5 % (306 and 454 mV) and 20 % (291 and 423 mV) (Figs. 4e-

f). The good porous structure effectively increases the contact area between the 

electrolyte and the catalyst, which exposes more active sites, which is in line with 

SEM observation. 

 
Fig. 4. Comparison of electrocatalytic performance of electrodes deposited at different ammonia 
level: (a-c) CV curves for Por-NiCo/BDD electrodes deposited at the ammonia of 5 %, 10 % and 2 
0 % in 1 M KOH solution at different sweep speeds in the range of 0 to 0.1 V vs. Hg/HgO, (d) the 



relationship curves between current density difference ΔJ and sweeping velocity, (e-f) linear 
sweep polarization curves acquired at a scan rate of 5 mV s−1 in 1 M KOH. 

The NiCoP layer obtained after phosphating treatment has a similar morphology 

to the NiCo layer, but more sheet structures grow on the agglomerated particles 

formed a cauliflower-like porous structure (Figs. 5a-f). High magnification SEM 

images reveal that the surface of NiCoP was rougher than that of the NiCo layer (Figs. 

5c, f). CV test results show that the chemical specific surface area of Por-NiCoP/BDD 

electrode was much higher than that of Por-NiCo/BDD and BDD (Fig.6). The TEM 

images of Fig. 5g confirmed the existence of NiCo nanocubes with sizes of around 

200 nm. Fig. 5h shows the presence of NiCoP nanosheets, revealed by the (111) and 

(110) crystal plane of NiCoP nanosheets corresponding to the lattice fringe spacings 

of 0.225 and 0.296 nm, respectively [26]. In the selected area electron diffraction 

(SAED) pattern of Por-NiCoP/BDD hybrids (Fig. 5i), the diffraction rings were 

basically consistent with the (111), (201), and (210) planes of NiCoP. Combining 

SEM and TEM evidence, a unique hierarchical cube-on-sheet structure was 

constructed. The EDS mappings demonstrated that the Co, Ni, and P elements were 

uniformly dispersed on the cauliflower-like agglomerate structure (Fig. 5j). Also, 

EDS confirmed that the deposited Por-NiCoP/BDD electrode had a designed Ni/Co 

atomic ratio of 1.44. The XRD patterns show that the deposited NiCo precursor is 

mainly composed of Ni, Co, and Ni-Co alloy (Fig.5I) [27]. The NiCoP phase was 

generated after phosphating, which was consistent with the literature report [28-30]. 

XRD result confirmed the coexistence of NiCoP and NiCo in Por-NiCoP/BDD, which 

verified the speculation that NiCoP grew on NiCo layer and corroborated the SEM 

and TEM results. 

Table 1. Surface elemental content analysis of Por-NiCoP/BDD samples (from Fig. 5k). 

Elemental wt% At% 
B 1.42 5.64 
C 5.12 18.32 
P 11.93 16.53 

Co 38.95 24.38 
Ni 42.58 35.13 

Overall amount 100.00 100.00 

 



 
Fig. 5. (a-c) Por-NiCo/BDD SEM pictures at varying magnifications, (d-f) Por-NiCoP/BDD SEM 
pictures at varying magnifications, and (g) TEM image, (h) HRTEM images, and (i) SAED pattern 
of the obtained Por-NiCoP/BDD, (j-k) EDS mappings of Por-NiCoP/BDD and (l) XRD pattern. 



 
Fig. 6. (a-c) CV curves of BDD, Por-NiCo/BDD and Por-NiCoP/BDD electrodes in 1 M KOH 
solution at different sweep speeds in the range of 0~0.1 V vs. Hg/HgO, (d) and curves of the 
relationship between current density difference ΔJ and sweeping velocity. 

The element types and elemental chemical states of the deposited NiCoP layer 

were ascertained using the XPS analyzer. From the NiCoP surface, the elements Ni, P, 

C, Na, O, and Co were identified between 0 and 1000 eV. (Fig. 7a). Among the 

elements, Ni, Co, and P were assigned to Por-NiCoP/BD. Na came from the residues 

of the NaH2PO2·H2O phosphating treatment, while the presence of O was due to the 

oxidation of P in the atmosphere [31]. The binding energies of the Ni 2p3/2 splitting 

peaks were mainly clustered at 870.0 and 852.8 eV, which was due to the Ni-P bond 

in NiCoP species (Fig. 7c) [32]. The binding energies of the Ni-O bonds were verified 

at the splitting slits 874.2 and 856.4 eV [32]. The satellite peaks were then located at 

880.0 and 861.5 eV [33]. The two splitting peaks of Co 2p at 793.2 and 778.6 eV were 

derived from the Co-P bonds of the CoNiP phase (Fig. 7b) [34-35]. The binding 

energies of 796.2 and 782.6 eV originate from the splitting slit of Co 2p1/2, 

corresponding to the Co-O bond [36]. The Ni/Co-O bonds were resulted from the 



superficial oxidation of bimetallic phosphide NiCoP when it isexposed in the air 

condition [7]. The P 2p spectrum shows two obvious peaks at 129.2 and 133.2 eV, 

corresponding to the metal phosphides bond and phosphate species (PO43-), 

respectively (Fig.7d) [27]. The binding energy of 129.2 eV negatively shifted from 

elemental P (130.0 eV), suggesting that P atom carries partly negative charge (Pδ-) 

[38]. Therefore, the P atom possesses the ability of trapping positive charge H* during 

HER reaction. Moreover, the formation of phosphate species (PO43-) is caused by 

partial oxidation of the surface exposed to air, which is consistent with the previous 

researches [28,39]. 

 

Fig. 7. (a) XPS spectra of Por-NiCoP/BDD, and the corresponding (b) Co 2p, (c) Ni 2p, and (d) P 
2p spectra. 

The HER catalytic activity tests for each phase of the samples were conducted in 

1 M KOH solution or alkaline-simulated seawater (referred to as alkaline-simulated 

seawater unless otherwise specified) containing a mixture of 1 M KOH and 3.5% 

NaCl. The solution was passed through N2 for a period of about 20 min prior to each 



test to prevent the interference of dissolved oxygen. Fig. 8a shows the back-swept 

LSV curves of the pristine BDD, Por-NiCo/BDD, and Por-NiCoP/BDD electrodes in 

1 M KOH solution and alkaline-simulated seawater (labeled as Por-NiCoP/BDD-sea 

in the Fig.8), at the sweep speeds of 5 mV s-1. The pristine BDD electrode showed 

almost no HER performance, and the overpotential of the Por-NiCo/BDD electrode at 

a current density of 100 mA cm-2 corresponded to 271 mV. Meanwhile, the 

overpotentials of the phosphatized Por-NiCoP/BDD electrode in 1 mol/L KOH 

solution and alkaline-simulated seawater at 100 mA cm-2 reduced to 239 and 261 mV, 

respectively. The result suggested that the phosphatization of Ni-Co transition metals 

helped in promoting the HER reaction, especially at high current densities. The Tafel 

curve for HER, transformed from the LSV curve in Fig. 8a, was shown in Fig. 8b. 

The Tafel slope value of 68.55 mV dec-1 for the Por-NiCoP/BDD electrode in the 1 M 

KOH solution was calculated by linear fitting, which was better than 97.41 mV dec-1 

in alkaline-simulated seawater and significantly better than 123.57 mV dec-1 for the 

Por-NiCo/BDD electrode 1 M KOH solution. This finding suggested that the 

phosphatization of Ni and Co also contributed to the HER kinetic reactivity of the 

electrode. The main reason for the increase in its HER reactivity was potentially the 

increase in the ESCA of the sample due to the transition metal phosphatization (Fig.6). 

Meanwhile, the addition of NaCl slightly decreased the HER catalytic activity. The 

actual picture of the HER test device was shown in Fig. 8c, where a large number of 

gas bubbles can be clearly seen generated on the working electrode and quickly 

detach from the electrode, moving upward until they escape from the surface of the 

solution. The charge transfer kinetics at the electrode/electrolyte interface of the 

electrodes was explored by electrochemical impedance spectroscopy (EIS) under the 

test conditions of -1.1 V versus Hg/HgO and in the frequency ranging 10 kHz to 0.01 

kHz. The EIS curves of the BDD, Por-NiCo/BDD, and Por-NiCoP/BDD electrodes in 

1 M KOH solution and alkaline-simulated seawater were shown in Fig. 8d. The 

Nyquist semicircle of the Por-NiCoP/BDD electrodes is the smallest in the 1 M KOH 

solution, indicating that it has the smallest resistance to charge transfer (Rct) and the 

fastest rate of charge transfer in the HER process under this condition. 



 

Fig. 8. For each electrode (a) LSV backscan curve at a sweep rate of 5 mV s-1 in 1 M KOH 
solution or alkaline-simulated seawater, (b) Tafel curve corresponding to a current density of 10 
mA cm-2, (c) the actual picture of HER test devices, (d) EIS curve at a potential of -1.1 V vs 
Hg/HgO. 

The OER catalytic activity analyses of each electrode were also performed in 1 

M KOH solution or alkaline-simulated seawater. The solution was treated with O2 

passage for a duration of about 20 min before each test to saturate the solution with 

oxygen and reduce the effect caused by the insufficient oxygen content of the solution 

during the test. Fig. 9a shows the back-swept LSV curves of the pristine BDD, Por-

NiCo/BDD, and Por-NiCoP/BDD electrodes in 1 M KOH solution and alkaline- 

simulated seawater (labeled as Por-NiCoP/BDD-sea in the Fig.9), at the sweep speeds 

of 5 mV s-1. The pristine BDD electrode lacks OER activity, while the Por-NiCo/BDD 

electrode has an OER overpotential of 426 mV at the current density of 100 mA cm-2 

in 1 M KOH solution and exhibits OER activity. The OER overpotential of the Por-

NiCoP/BDD electrode was further reduced to 328 and 400 mV at 100 mA cm-2 in 1 M 

KOH solution and alkaline-simulated seawater, respectively. This finding suggested 

that transition metal phosphatization helps in promoting further reduction of the OER 



overpotential, especially at high current densities where the decreasing trend of the 

overpotential was evident. The OER overpotential was increased to a certain extent by 

the competition of the Cl- ion precipitation chlorine reaction, as evidenced by the 

difference in the performance of the OER of the Por-NiCoP/BDD electrode in 1 M 

KOH solution versus alkaline-simulated seawater. The Tafel slope value of the Por-

NiCoP/BDD electrode was 67.72 mV dec-1 in 1M KOH solution, which was better 

than 73.71 mV dec-1 in alkaline-simulated seawater and significantly better than 81.44 

mV dec-1 for the Por-NiCo/BDD electrode. The actual picture of the OER test device 

was shown in Fig. 9c, where the gas bubbles can be clearly seen generated on the 

working electrode and quickly detach from the electrode, moving upward until they 

escape from the surface of the solution, which means that water-splitting occurs on 

the electrode. This electrochemical test determined that phosphating contributed to the 

OER kinetic reactivity of the electrode, which originated from the synergistic action 

of the Ni-Co oxide converted in-situ on the surface of NiCoP with the remaining 

highly conductive NiCoP in the interior [36, 40]. The EIS results confirmed the 

resistance of Por-NiCoP/BDD electrode in 1 M KOH solution is the smallest, 

indicating that it has the smallest Rct and the fastest charge-transfer rate in the OER 

process (Fig.9d). The Cl- in the solution hinder the reaction process of OER, making 

the electrode less active. Even so, the deposited Por-NiCoP/BDD electrode in this 

work is still attractive compared with other related seawater electrolysis electrodes 

(Table 2). 

 



 
Fig. 9. For each electrode (a) LSV backscan curve at a sweep rate of 5 mV s-1 in 1 M KOH 
solution or alkaline simulated seawater, (b) Tafel plots, (c) the actual picture of OER test devices, 
(d) EIS curve at a potential of 0.6 V vs Hg/HgO. 
Table. 2. Activity indexes of OER/HER electrocatalysts containing Ni-Co-P and other related 
catalysts. 

Catalyst Electrolytes Electrodes 
Overpotential 

@100 mA cm-2 
(mV) 

Tafel 
Slope  

(mV dec-1) 
Ref. 

Por-NiCoP 1.0 M KOH  BDD HER 239   
OER 328 

68.6   
 67.7 

This 
work 

NiCoP-Se 1.0 M KOH Nickel 
Foam (NF) OER 412     87.2 [4] 

Ni2P 1.0 M KOH NF HER 252    92.0 [6] 

Ni12P5 1.0 M KOH NF HER 393 
OER 360 / [12] 

CoP2 1.0 M KOH NF HER 420 
OER 523  

85.6   
82.5 [22] 

Co3-xPdxO4 1.0 M KOH + 
0.5 M NaCl NF OER 586    60.3 [30] 

CoNiP/CoxP 1.0 M KOH NF HER 257    70.0 [27] 
NiCo 0.5 M H2SO4 NF HER 274          81.2    [41] 

The chrono-current (i-t) method was used in alkaline-simulated seawater to 

investigate the catalytic stability of HER and OER of the Por-NiCoP/BDD-sea 



electrode materials. During the HER and OER processes, the current density of the 

Por-NiCoP/BDD-sea electrode decayed to 95.94 % and 98.48 % of the original 

current density of 100 mA cm-2 for 50 h stability testing, respectively (Figs.10a, c). 

The HER overpotential increased from 256 mV to 273 mV before and after the 

stability testing (Figs.10b). Fig. 10 d depicts the increase of the OER overpotential 

from 399 mV before the test to 406 mV after the test. In addition, EIS testing is a 

valuable method to evaluate the stability of the catalytic layer [42]. The EIS 

information before and after the stability test was recorded. There was only a small 

increase in Rct after 50 h of testing (Figs.10e, f), which showed the stability of the 

NiCoP catalyst layer. The surface morphology and microstructure of Por-

NiCoP/BDD-sea after stability testing were shown in Fig. 11. It can be observed that 

the electrode surface was encapsulated with a thin film, and magnification revealed 

that the overall architecture with porous morphology was not destroyed (Figs. 11a-c). 

As shown in Figs. 11d and g, EDS analysis of the film coated on the catalyst surface 

reveals that the elements K, Cl, Na, and O are newly introduced. These elements were 

attached to the catalyst surface by electrolysis and oxidation reactions when the 

electrode works in the electrolyte. Combined with HRTEM and SAED analyses (Figs. 

11e, f and h), the lattice fringes and diffraction rings are almost unchanged, proving 

that the microstructure of the NiCoP catalyst has not been destroyed for 50h, which 

highlights the structure stability of the Por-NiCoP/BDD-sea electrode. This was also 

emphasized by the XRD patterns after stability testing (Fig.5I). The Por-NiCoP/BDD-

sea electrode with BDD as the substrate exhibits high OER stability mainly because 

the highly stabilized BDD resist the corrosion of Cl- ions, ensuring that the collector 

of the electrode will not be fractured. Long-term electrochemical tests revealed 

interesting performance stability of the deposited Por-NiCoP/BDD-sea electrode. 



 

Fig.10. Por-NiCoP/BDD in alkaline-simulated seawater containing 1 M KOH and 3.5 wt % NaCl: 
(a, b) chrono-current method curves; (c, d) back-sweep LSV curves before and after stabilization 
at a sweep rate of 5 mV s-1; (e, f) EIS curves at a potential of -1.1 V vs Hg/HgO and 0.6 V vs 
Hg/HgO before and after stabilization at a sweep rate of 5 mV s-1. 



 
Fig. 11. (a-d) SEM images of Por-NiCoP electrode after stability testing, and corresponding (e-f, h) 

TEM images and (g) EDS energy spectra. 

4. Conclusion 

In conclusion, Por-NiCoP/BDD electrodes with controllable 3D porous 

morphology for seawater electrolysis were deposited through electrodeposition 

combined with bubble dynamic template methods. The optimal Ni/Co atomic ratio of 

1.5:1 and ammonia level of 10 % were determined to regulate the 3D porous 

morphology to promote the Por-NiCoP/BDD electrode electrocatalytic performance. 

As prepared Por-NiCoP/BDD-sea electrode showed good catalytic activity in 

alkaline-simulated seawater because of the 3D porous morphology provides huge 

specific surface area and high catalytic activity of metal phosphides. The OER and 

HER overpotential of Por-NiCoP/BDD-sea electrode in alkaline-simulated seawater 

were 400 and 261 mV, respectively, at a current density of 100 mA cm-2. Alkaline-

simulated seawater electrolysis for 50 h revealed interesting catalytic properties and 

structural stability of the electrode. The OER and HER overpotentials of the electrode 

decayed by only 1.52 % and 4.06 %, respectively, after stability testing for 50 h. The 

high stability of the BDD substrate was emphasized (i.e., the BDD acts as an intact 

fluid collector to ensure that the electrodes properly work even after the outer layer of 



Ni has been completely corroded). This work provides a valuable reference for the 

design of seawater electrolysis electrodes. 
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