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Developing high-performance bifunctional electrocatalysts for
hydrogen and oxygen evolution reactions (HER and OER) is essential
to future renewable energy systems. Herein, a three-dimensional (3D)
porous NiCoP foam on Ni foam (NiCoP foam/NF) is designed and
employed as an outstanding bifunctional electrocatalyst for overall
seawater splitting, requiring only 328 mV and 356 mV overpotentials
for the HER and OER, respectively, at an industrial-level current
density of 1000 mA cm 2. Moreover, the 3D NiCoP foam/NF-
assembled two-electrode electrolyzer can operate at a low cell
voltage of 1.97 V to obtain 1000 mA cm~2 and present a stable
response for over 300 h in alkaline seawater, underscoring its potential
for sustainable energy applications.

Hydrogen (H,), recognized as a highly promising alternative to
traditional fuels, stands out due to its high energy density (142
MJ] kg™') and environmentally friendly nature.*® Electro-
chemical water splitting, involving an anodic oxygen evolution
reaction (OER) and a cathodic hydrogen evolution reaction
(HER), offers a green and efficient approach to producing
sustainable H,.>” Particularly, given the abundant availability
of seawater on earth, direct electrolysis of seawater has garnered
increasing attention for large-scale H, production, but the high
concentrations of the chloride anion (Cl™) in seawater can lead
to the undesirable chloride evolution reaction competing with
anodic OER and even continuously corrode the electrode, which
greatly restricts the development of seawater splitting
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technology.®"” Using a bifunctional water-splitting electro-
catalyst operating efficiently for both the OER and HER has
advantages of simplifying the system and lowering the cost.™® As
such, it is of great importance to develop high-activity, robust,
and non-precious bifunctional electrocatalysts for overall
seawater splitting in the same electrolyte.'**"

In this context, there has been a surge in research to explore
earth-abundant transition metal-based materials as cost-
effective bifunctional electrocatalysts for electrocatalytic
seawater splitting, including oxides,>** hydroxides,***
sulfides," phosphides,**?® nitrides,* etc. In particular, transi-
tion metal phosphides (TMPs) with excellent catalytic activity
and good corrosion resistance have been widely reported as
efficient bifunctional electrocatalysts for overall seawater split-
ting, for instance, Mo-CoP,,”® Fe-Ni,P,”> and Co-Fe,P.**
Significantly, the negatively charged P in TMPs enhances water
molecule splitting into H* or OH*, and optimizes the free
energy of adsorbed hydrogen atoms, thus boosting the catalytic
efficiency.*** Simultaneously, the phosphate anion obtained by
the oxidation of P can impose a repulsive effect on Cl™, thus
averting the corrosion of the electrode by Cl°, further
enhancing the material's durability.”* In addition, both theo-
retical and experimental results have shown that the enhanced
catalytic activity of TMPs can be achieved by the introduction of
additional metal atoms, for the electronic regulation and
synergistic effects, so bimetallic ternary phosphides usually
show better catalytic performance than the counterpart single
metal binary phosphides.***

Herein, we employ NiCoP foam on Ni foam (NiCoP foam/NF)
as a superb bifunctional electrocatalyst for overall seawater
splitting, using the dynamic hydrogen bubble template (DHBT)
method followed by phosphidation. Remarkably, the resulting
NiCoP foam/NF catalyst, with its unique three-dimensional (3D)
porous structure, exhibits excellent electrocatalytic activity. It
achieves low overpotentials of just 328 mV for the HER and
356 mV for the OER at a high current density (j) of 1000 mA
cm™2. Moreover, the 3D NiCoP foam/NF-assembled two-
electrode electrolyzer can operate at a low cell voltage of

This journal is © The Royal Society of Chemistry 2024
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1.97 V at 1000 mA cm™ 2 and present a stable response for over
300 h in alkaline seawater, outperforming most recently re-
ported electrocatalysts.

The 3D self-supported NiCoP foam, characterized by its
highly porous structure, was synthesized as depicted in Fig. 1a
(see the ESIt for more preparative details). The crystalline phase
composition of the NiCoP foam/NF was characterized by X-ray
diffraction (XRD). As displayed in Fig. 1b, the XRD pattern
presents diffraction peaks that match well with a NiCoP crystal
phase (PDF No. 71-2336) and metallic Ni (PDF No. 70-1849). The
scanning electron microscopy (SEM) images of NiCoP foam/NF
(Fig. 1c) suggest full coverage of the porous structure on nickel
foam (Fig. S17). Notably, the pore side walls were formed from
more “loosely” packed NiCoP clusters, together like a cauli-
flower (Fig. 1c inset), leading to a secondary porosity on the
nanoscale. The SEM and corresponding energy-dispersive X-ray
(EDX) elemental mapping images (Fig. 1d) show a uniform
distribution of Co, Ni, and P elements, suggesting the
successful preparation of phosphides. The high-resolution
transmission electron microscopy (HRTEM) image (Fig. le)
displays a lattice spacing of 0.23 nm assigned to the (111) lattice
plane of NiCoP.** Additionally, the Co,P foam/NF (Fig. S21) and
Ni,P foam/NF (Fig. S3t) counterparts were also fabricated and
characterized for comparison. The surface chemical state of the
NiCoP foam/NF can be determined by X-ray photoelectron
spectroscopy (XPS). In the Co 2pj, core-level spectrum
(Fig. S4aft), three distinct peaks are observed: a satellite peak at
785.9 eV, a peak for oxidized Co-PO, (Co>") at 781.2 eV, and
a peak at 778.2 eV corresponding to the partially charged Co
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Fig. 1 Synthesis and structural analysis of NiCoP foam/NF. (a) Sche-
matic illustration of the fabrication procedure of NiCoP foam/NF. (b)
XRD pattern of NiCoP foam/NF. (c) SEM images of NiCoP foam/NF. (d)
SEM and the corresponding EDX elemental mapping images of NiCoP
foam/NF. (e) HRTEM image of the NiCoP.
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species (Co’*, 6 is likely close to 0) caused by Co-P bonds. The
Co 2p,, region, characterized by peaks at 792.7, 797.6, and
802.8 eV, is associated with Co-P, oxidized Co species, and the
satellite, respectively.*”*® The Ni 2p;, spectrum (Fig. S4bt)
reveals three peaks at binding energies of 852.6, 856.1, and
860.8 eV, corresponding to partially charged Ni-P species (Ni’",
0 is likely close to 0), oxidized Ni-PO, (Ni**), and the satellite
peak, respectively.* Additionally, the Ni 2p,/, region exhibits
two peaks at 869.7 eV (Ni-P) and 873.8 eV (oxidized Ni species),
and one satellite peak at 879.3 eV.** In the P 2p XPS spectrum
(Fig. S4ct), the two peaks at 129.0 and 130.1 eV are indicative of
P 2p,,, and P 2p;p,, respectively, while the broad feature near
around 133.0 eV is attributed to the phosphate species (P-0O).*°

The electrochemical HER activity of the catalysts was evalu-
ated in a strong alkaline seawater environment (1 M KOH +
seawater). Fig. 2a displays the linear sweep voltammetry (LSV)
curves of NiCoP foam/NF, Co,P foam/NF, Ni,P foam/NF, the
benchmark Pt/C/NF, and blank NF. The NiCoP foam/NF can
drive the current densities of 100, 500, and 1000 mA cm 2 at
notably lower overpotentials of 171, 262, and 328 mV, respec-
tively (Fig. 2b), which are superior to the counterparts of Co,P
foam/NF (221, 313, and 390 mV, respectively), Ni,P foam/NF
(233, 430, and 600 mV, respectively), Pt/C/NF (279, 384, and
493 mV, respectively), and blank NF (222, 462, and 688 mV,
respectively). Moreover, the required overpotential of just
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Fig. 2 Hydrogen evolution catalysis. (a) LSV curves and (b) the over-
potentials for different electrocatalysts in 1 M KOH + seawater. (c)
Comparison of overpotentials required to achieve aj of 1000 mA cm™2
between NiCoP foam/NF and other self-supported catalysts in alkaline
seawater. (d) Tafel plots of different electrocatalysts in 1 M KOH +
seawater. (e) Nyquist plots of NiCoP foam/NF, Co,P foam/NF, and Ni,P
foam/NF in 1 M KOH + seawater. (f) Chronopotentiometry testing of
NiCoP foam/NF at a j of 1000 mA cm™~2 in alkaline seawater.
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328 mV at 1000 mA cm 2 is competitive with most reported HER
electrocatalysts in alkaline seawater, as detailed in Fig. 2c and
Table S1. The Tafel slope is a key parameter to illustrate the
kinetic information of the catalysts. Remarkably, the NiCoP
foam/NF exhibits a Tafel slope of 21.88 mV dec ' (Fig. 2d),
significantly lower than those of Co,P foam/NF (36.58 mV
dec™), Ni,P foam/NF (100.55 mV dec ), Pt/C/NF (72.95 mV
dec™"), and blank NF (114.98 mV dec '), which demonstrates
the fastest HER kinetics of NiCoP foam/NF. Electrochemical
impedance spectroscopy (EIS) further revealed enhanced reac-
tion kinetics and charge transfer capabilities in NiCoP foam/NF,
evidenced by a lower charge transfer resistance compared to
Co,P foam/NF and Ni,P foam/NF (Fig. 2e). Cyclic voltammetry
curves were used to calculate the double-layer capacitance (Cqj),
which is dependent on the electrochemically active surface area.
The Cq; of NiCoP foam/NF was measured at 12.55 mF cm >
(Fig. S57), higher than those of Co,P foam/NF (9.16 mF cm ?)
and Ni,P foam/NF (2.65 mF cm™?), confirming the larger elec-
trochemically active surface area of NiCoP foam/NF, thereby
enhancing its HER catalysis capabilities compared to other
foams. The multi-current step chronopotentiometry curve
(Fig. S61) shows rapid potential stabilization at each step,
indicating the remarkable mass transport capability of NiCoP
foam/NF for the HER. Long-term stability is a crucial factor for
industrial seawater electrolysis due to its direct impact on the
lifespan of the catalyst and, consequently, the cost of hydrogen
production. To this end, the electrochemical HER stability test
of NiCoP foam/NF was conducted at a high j of 1000 mA cm ™2 in
alkaline seawater over 300 h (Fig. 2f). The potential remained
almost constant with a minimal degradation of 37 mV.
Furthermore, the SEM images (presented in Fig. S71) and XRD
pattern (shown in Fig. S87) of NiCoP foam/NF reveal that the 3D
porous structure and the crystalline phase of the material are
well preserved after the HER stability test.

The electrocatalytic OER activity of NiCoP foam/NF, Co,P
foam/NF, Ni,P foam/NF, RuO,/NF, and blank NF was tested in
alkaline seawater, and the related LSV curves are shown in
Fig. 3a. Mirroring the HER results, NiCoP foam/NF demon-
strates the highest catalytic activity among these catalysts.
Specifically, the NiCoP foam/NF requires an overpotential of
only 291 mV to achieve 100 mA cm ™%, which is significantly
lower than those of Co,P foam/NF (337 mV), Ni,P foam/NF (423
mvV), RuO,/NF (453 mV), and NF (518 mV), as shown in Fig. 3b.
Ni,P foam/NF, RuO,/NF, and NF are incapable of reaching
a high j of 1000 mA cm™? in the applied potential range. For
NiCoP foam/NF, the overpotential required to achieve 1000 mA
em ™2 (N1000) is only 356 mV, whereas 1400 of 537 mV is obtained
for Co,P foam/NF, reflecting the excellent OER activity of NiCoP
foam/NF. Furthermore, the excellent catalytic activity (11900) Of
NiCoP foam/NF is competitive with most reported OER elec-
trocatalysts in alkaline seawater, as detailed in Fig. 3c and Table
S2.1 The OER kinetics of these catalysts are further assessed
through Tafel slope analysis, presented in Fig. 3d. The Tafel
slopes of NiCoP foam/NF, Co,P foam/NF, Ni,P foam/NF, RuO,/
NF, and NF are 17.87, 29.47, 72.83, 91.24, and 128.25 mV dec ™},
respectively, indicating the more favorable OER kinetics of
NiCoP foam/NF. Additionally, the multi-current step
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Fig. 3 Oxygen evolution catalysis. (a) LSV curves and (b) comparison
of the overpotentials for different electrocatalysts in 1 M KOH +
seawater. (c) Comparison of overpotentials at 1000 mA cm™2 for
NiCoP foam/NF and other electrocatalysts in alkaline seawater. (d)
Tafel plots of different electrocatalysts in 1 M KOH + seawater. (e)
Chronopotentiometry testing of Ni,P foam/NF, Co,P foam/NF, and
NiCoP foam/NF at a j of 1000 mA cm™2 in 1 M KOH + seawater
electrolyte at room temperature. (f) UV-vis absorption spectra of
electrolysis following an electrolysis durability test for NiCoP foam/NF,
Co,P foam/NF, and Ni,P foam/NF ataj of 1000 mA cm2in1MKOH +
seawater.

chronopotentiometry curve for the OER (Fig. S91) corroborates
the remarkable mass transport capability of NiCoP foam/NF.
Moreover, NiCoP foam/NF also exhibits exceptional long-term
stability in the electrocatalytic OER process. Furthermore,
NiCoP foam/NF exhibits remarkable stability when tested at
a current density of 1000 mA cm ™ in alkaline seawater over
300 h, showing only a minor potential degradation of 32 mV. In
stark contrast, its counterparts, Co,P foam/NF and Ni,P foam/
NF, display inferior performance and lack stability under
similar conditions (Fig. 3e). Further evidence of NiCoP foam/
NF's superior stability is provided by UV-vis spectrophotometer
results (Fig. 3f and S10t), which indicate a negligible generation
of hypochlorite (ClO™) compared to the significant ClO™
generation observed in both Co,P foam/NF and Ni,P foam/NF,
highlighting the superior corrosion resistance and high selec-
tivity of NiCoP foam/NF in seawater oxidation. Additionally, the
SEM images of NiCoP foam/NF following the OER durability test
(Fig. S111) demonstrate that its 3D porous structure remained
well preserved. Remarkably, the XRD pattern (Fig. S121) shows
that the diffraction peaks are consistent with those of the initial
catalyst. Meanwhile, the HRTEM image in Fig. S13f reveals an
amorphous oxyhydroxide layer on the surface of NiCoP, iden-
tified as the active center for the OER.**' This presence of
oxyhydroxide is then further substantiated by the XPS Ni 2p and

This journal is © The Royal Society of Chemistry 2024
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Co 2p spectra, indicating an elevated valence state of Ni and Co
following the reaction. Additionally, a diminished intensity of
the P 2p is observed in Fig. S14c,t where only the broad phos-
phorus PO,*” is detected. PO,*" is thought to play a crucial role
in repelling Cl™ in seawater during the OER test.*>*

In light of the remarkable HER and OER performance cata-
lyzed by NiCoP foam/NF, a self-assembled electrolyzer employ-
ing NiCoP foam/NF as both the anode and cathode was
constructed to investigate overall alkaline seawater electrolysis
(shown in Fig. 4a). The NiCoP foam/NF-assembled two electrode
electrolyzer performs better than the benchmark RuO,/NF||/Pt/
C/NF (Fig. 4b). NiCoP foam/NF||NiCoP foam/NF requires cell
voltages of only 1.28, 1.68, and 1.97 V to achieve current
densities of 100, 500, and 1000 mA cm >, respectively, which are
notably lower than the voltages obtained for the RuO,/NF||Pt/C/
NF with 1.90, 2.39, and 2.80 V, respectively (as shown in Fig. 4c).
Additionally, the electrolyzer retains its excellent performance
over 300 h of steady electrolysis at a j of 1000 mA cm ™ in
alkaline seawater (Fig. 4d). The excellent performance, coupled
with its durability, positions the NiCoP foam/NF-assembled
two-electrode electrolyzer favorably against the most recently
reported bifunctional electrocatalysts in alkaline seawater (as
detailed in Table S3t), which underscores the potential of
NiCoP foam/NF as a highly efficient and durable catalyst,
offering significant promise for sustainable seawater electrol-
ysis applications. The remarkable performance of NiCoP foam/
NF in seawater splitting can be attributed to several key factors:
(1) its 3D porous structure creates more channels for mass
transfer and enables the rapid detachment of bubbles. (2) The
synergistic effects of Ni and Co in NiCoP facilitate efficient HER.
(3) The in situ formation of oxyhydroxides during seawater
oxidation serves as active sites for the reaction. (4) The gener-
ation of PO,*>~ from the oxidation of P during the OER test helps
counteract the effects of C1™.
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Fig. 4 Overall seawater splitting performance. (a) Schematic illustra-
tion of the overall seawater splitting system. (b) Polarization curves of
NiCoP foam/NF||NiCoP foam/NF and RuO,/NF||Pt/C/NF in alkaline
seawater. (c) Comparison of the voltages at different current densities
between NiCoP foam/NF||NiCoP foam/NF and RuO,/NF||Pt/C/NF in
alkaline seawater. (d) Chronopotentiometry testing of NiCoP foam/
NF||NiCoP foam/NF at a j of 1000 mA cm ™2 in alkaline seawater.
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In conclusion, NiCoP foam/NF, with its 3D porous structure,
demonstrates high efficiency and robustness as a bifunctional
electrocatalyst in alkaline seawater for overall seawater split-
ting. It achieves low overpotentials of 328 mV for the HER and
356 mV for the OER at an industrial-level current density of 1000
mA cm 2. Notably, the two-electrode seawater electrolyzer
employing NiCoP foam/NF as both the anode and cathode
consistently delivers 1000 mA cm > at a cell voltage of 1.97 for
over 300 h. Our work not only provides an efficient bifunctional
electrocatalyst for overall seawater splitting but also opens
avenues for further exploration of bimetallic ternary phos-
phides for applications.
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