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amorphous Ni–Co–Fe phosphide
as a versatile electrocatalyst towards seawater
splitting and aqueous zinc–air batteries†

Masumeh Moloudi, a Abolhassan Noori, *a Mohammad S. Rahmanifar,b

Maher F. El-Kady,c Ebrahim Mousali, a Nahla B. Mohamed,cd Xinhui Xia, ef

Yongqi Zhang,g Ajayan Vinu, h Mewin Vincent, i Damian Kowalski,i

Richard B. Kaner *cj and Mir F. Mousavi *a

Electrocatalysis provides a desirable approach for moving toward a sustainable energy future. Herein,

a rapid and facile potential pulse method was implemented for a one-pot electrosynthesis of the

amorphous Ni–Co–Fe–P (NCFP) electrocatalyst. The 2 mg cm−2 loaded electrode displayed excellent

trifunctional electrocatalytic activities toward the hydrogen evolution reaction (hHERj=10 = 102 mV), oxygen

evolution reaction (hOER
j=10 = 250 mV), and oxygen reduction reaction (EORR

1/2 = 0.73 V) in alkaline solutions.

Interestingly, even a lower overpotential of hHERj=10 = 86 mV was obtained at a super-high mass loading of

18.7 mg cm−2, demonstrating its feasibility for industrial-level applications. The NCFP electrocatalyst also

offered superior catalytic activity in alkaline seawater electrolysis at industrially required current rates

(500 mA cm−2). When implemented as an air cathode catalyst of an aqueous and quasi-solid state zinc–

air battery, both devices delivered excellent performance. This study provides insights into

a transformative technology towards a sustainable energy future.
Introduction

Since fossil fuels are by far the largest contributor to environ-
mental deterioration and climate change, ending our reliance
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on fossil fuels and investing in clean and renewable energy
sources is becoming increasingly urgent. Hydrogen has the
potential to be a game-changer in fostering a more sustainable
future because of its intrinsically high energy density
(∼282 kJ mol−1), environmentally benign nature, light weight,
and near-zero carbon emissions.1 However, hydrogen produc-
tion by electrochemical water splitting, depends on highly
effective electrocatalysts to minimize the overpotentials for the
hydrogen evolution reaction (HER) and the oxygen evolution
reaction (OER).2,3 Given that freshwater is scarce (3.5% of the
total), splitting seawater is a critical step towards a viable
hydrogen industry, with the added benet of producing fresh
drinking water.4–6 On the other hand, metal–air batteries have
also been explored as clean energy carriers, wherein the OER
and oxygen reduction reaction (ORR) are key electrocatalytic
processes.7–11 Thus, tailoring advanced materials based on non-
noble-transition metals12–14 as either mono-, bi-, or multi-
functional electrocatalysts towards the HER, OER, and ORR
has been a hot topic.15–18 Amorphous materials have opened
their place among the HER, OER, and ORR electrocatalysts and
have even surpassed their crystalline counterparts.19,20 This
catalytic activity enhancement can be ascribed to several key
parameters including a larger electrochemically active surface
area (ECSA), efficient ion transport, exibility, self-healing and
self-reconstruction capabilities due to their disordered atomic
structure that enables them to redistribute stress and recover
from damage, abundant catalytically active defect sites or
© 2025 The Author(s). Published by the Royal Society of Chemistry
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dangling bonds, and the possibility to be tailored in an optimal
elemental ratio with the desired catalytic performance.21–23

Transition metal phosphides (TMP), with the merits of abun-
dant resources, tunable composition, and high electrical
conductivity, have been explored as attractive electro-
catalysts.24,25 The higher electronegativity of phosphorus
induces electron delocalization, forming partially positively
charged metals and negatively charged phosphorus (Md+–

Pd−).26,27 This electronic structure closely resembles the active
site of hydrogenase, wherein metals function as hydride (H−)
acceptors and phosphorus serves as proton (H+) acceptors,
essential for the HER/OER/ORR processes.28 Phosphorus also
enables ne-tuning of the band gap and increases the density of
states near the Fermi level, ensuring an abundance of charge
carriers, akin to noble metals, which is critical for efficient
electrocatalytic processes.29Moreover, the covalent nature of the
M–P bonds contributes to exceptional long-term stability of
TMPs, while the coexistence of metallic M–M bonds with non-
metallic M–P and P–P bonds imparts high chemical stability
and mechanical durability. This unique bonding framework
also facilitates compositional versatility, allowing TMPs (MxPy)
to span a broad range of stoichiometric congurations with
different x : y ratios.30,31 Such structural and electronic synergies
underline the immense potential of TMPs in advancing next-
generation electrocatalysts.32 However, developing multi-
elemental electrocatalysts is an effective approach owing to
the synergistic interplay among the different elements and
modulation of the electronic properties of the catalysts for
energy-efficient adsorption of reaction intermediates.33,34

Although multi-elemental electrocatalysts have demonstrated
efficient catalytic activity for the HER or OER, few have shown
bifunctional activities towards both the HER and OER in the
same electrolyte. Note also that noble metal-based OER and
HER electrocatalysts rarely show any bifunctionality.35 In addi-
tion, most of the synthetic strategies reported thus far suffer
from intricacy, high cost, inadequate scalability, undesired by-
products, and environmental concerns.

Herein, a facile, green, and one-pot electrosynthesis method
is reported for the preparation of an amorphous Ni–Co–Fe–P
(NCFP) electrocatalyst using NaH2PO2 as a green phosphorus
source (Fig. 1). The chemical compositions, morphology, and
thickness of the electrocatalyst lm were tailored via real-time
tuning of the potential pulse parameters. The trifunctional
NCFP electrocatalyst displayed excellent catalytic activities
towards the HER, the OER, and the ORR, with superb applica-
tions for overall water/seawater splitting and zinc–air batteries.

Experimental section
Materials

NiCl2$6H2O (>98%), CoCl2$6H2O (>98%), FeCl3$6H2O (>98%),
NaH2PO2$H2O (99%), CH3COONa (99%), HCl (>37%), KOH
(>99%), KCl (>99%), NaCl (>99%), ethanol (>99%), zinc coarse
powder with a particle size in the range from 0.3–1.5 mm (14–50
mesh ASTM), and RuO2 were obtained from Merck (Germany).
Poly(vinyl alcohol) (PVA, MW = 72 000), Naon solution
(5 wt%), PTFE solution (60 wt%) and Pt/C catalyst (20 wt%, with
© 2025 The Author(s). Published by the Royal Society of Chemistry
an average particle size of #5.0 nm, loaded on graphitized
carbon) were purchased from Sigma-Aldrich (USA). Zinc foil (0.1
mm, 99.9% purity) and nickel foam (0.27 mm) were obtained
from a local market. Seawater was collected from the Caspian
Sea in Iran. All other chemicals were of analytical reagent grade
and used without further purication. All aqueous solutions
were prepared with doubly distilled water.
Instrumentation

The crystal structures of the as-prepared catalysts were obtained
using a powder X-ray diffractometer (XRD, Philips X'Pert MPD
X-ray diffractometer with Cu Ka radiation, l = 1.5406 Å,
generated at 40 kV and 40 mA with a step size of 0.02° s−1). XRD
spectra were analyzed using Xpert soware. X-ray photoelectron
spectroscopy (XPS) measurements of the samples were recorded
using an X-ray photoelectron spectroscope (Specs model EA10
plus, Bestec Co, Germany), with Al Ka radiation (15 kV). All XPS
spectra were calibrated based on the C 1s photoemission peak
at 284.8 eV as a reference and analyzed by Casa XPS soware.
The surface morphology and topological features of the mate-
rials were characterized using a eld emission scanning elec-
tron microscope (FE-SEM, Philips) and a high-resolution
transmission electron microscope (HR-TEM, FEI Tecnai F20).
For structural investigation of the materials, fast Fourier-
transform (FFT) and selected area electron diffraction (SAED)
patterns were obtained from the HR-TEM images. The compo-
sitional distribution of the elements was investigated using
a high-angle annular dark-eld scanning transmission electron
microscopy (HAADF-STEM)mode of an FEI Tecnai G2 F20 Super
Twin microscope and also using an energy dispersive X-ray
spectrometer (EDS, as an attachment to an SEM instrument).
The ex situ Raman spectra of the pristine electrode and the in
situ Raman spectra of the electrode were collected at selected
potentials under HER/OER conditions using a Thermo Scien-
tic DXR3 Raman microscope tted with a 532 nm laser. The
laser power was maintained at 3 mW for OER and 1 mW for
HER reaction for the maximum clarity of the spectrum in the
respective systems. Measurements were carried out with a 10×
objective with a 0.25 numerical Olympus aperture. Collected
Raman spectra were subjected to uorescence background
correction for better resolution of the Raman bands. Measure-
ments were repeated three times at three different electrode
spots to ensure reproducibility. The Fourier transform infrared
(FT-IR) spectra of the samples were obtained using a NICOLET
FT-IR 100 spectrometer with KBr pellets. The X-ray absorption
ne structure (XAFS) investigations were carried out at the
energy scanning EXAFS beamline (BL-9) of the Indus-2
Synchrotron source (2.5 GeV, 300 mA) at the Raja Ramanna
Centre for Advanced Technology (RRCAT), Indore, India at
room temperature. The EXAFS data were converted and
normalized into K-space and R-space using the Athena soware,
following established protocols.36

The electrochemical studies were conducted using a Bio-
Logic SP-300 potentiostat/galvanostat (BioLogic, France)
controlled via EC-Lab v11.36 soware. Electrochemical charac-
terization of the electrocatalysts was evaluated in a three-
Chem. Sci., 2025, 16, 9484–9500 | 9485
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Fig. 1 Schematic illustration of the electrosynthesis of the NCFP electrocatalyst and its applications. (a) Electrosynthesis of the NCFP elec-
trocatalyst that lasts for just 2min (see inset) (b) illustration of the practical application of themultifunctional NCFP electrocatalyst for overall (sea)
water splitting and zinc–air batteries.
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electrode (3E) cell setup in which a double-junction Ag/AgCl/Sat.
KCl was used as a reference electrode, a platinum plate served
as a counter electrode, and the electrocatalyst-deposited Ni
foam (1.0 × 1.0 cm2) was used as a working electrode. All of the
potentials, collected with reference to a double junction Ag/
AgCl/sat. KCl in the 3E cell setups, were converted to a revers-
ible hydrogen electrode (RHE) scale, where ERHE = EAg/AgCl +
0.197 V + 0.059 pH. Hydrodynamic voltammetry to study the
ORR using a rotating disk electrode (RDE) or rotating ring-disk
electrode (RRDE) was carried out using a Princeton Applied
Research Instrument model 636A Electrode Rotator (supplied
by Ametek) connected to an Autolab PGSTAT30 Potentiostat/
Galvanostat (Eco-Chemie, The Netherlands) and controlled via
Nova 2.1.4 soware. The area of the glassy carbon (GC) RDE was
0.159 cm2, and the RRDE electrode consists of a GC disc of 0.198
cm2 and a GC ring with an internal diameter of 6.0 mm and an
external diameter of 8.1 mm. In the RRDE studies, a potential of
9486 | Chem. Sci., 2025, 16, 9484–9500
1.05 V vs. RHE was applied to the ring electrode. Electro-
chemical impedance spectroscopy (EIS) studies were carried out
over an alternative voltage amplitude of 5 mV by sweeping the
AC frequency from 1 kHz to 10 mHz and the experimental data
were t using Zt in EC-Lab soware. A Solartron 1470A
multichannel battery test unit (Solartron Analytical, UK)
equipped with Cell Test soware (v. 3.5.0) was used for the
durability study of the catalytic activities and cycle stability
tests. All the electrochemical studies were conducted at room
temperature.
Electrosynthesis of NCFP

The NCFP electrocatalyst was electrosynthesized at room
temperature in a typical three-electrode cell setup comprising
a piece of Ni foam (1 × 1 cm2) pre-treated using a HCl (1.0 M)
solution as a working electrode, platinum plate as a counter
electrode, and Ag/AgCl as a reference electrode. The
© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrosynthesis solution consists of NiCl2$6H2O (0.05 M),
CoCl2$6H2O (0.05 M), and FeCl3$6H2O (0.05 M) as well as
CH3COONa (0.2 M) (pH ∼4.5–5.5), as a buffer to maintain pH
stability37 and NaCl (0.1 M) as a supporting electrolyte to
enhance ionic conductivity. Prior to the electrosynthesis
process, NaH2PO2$H2O (0.2 M) as a green phosphorus
precursor was added to the above mixture and stirred for 2 h.
Note that the sum of the molarities of the metallic species (NiII,
CoII, FeIII) was lower than that of phosphorus. The electrosyn-
thesis process was conducted via a potential pulse technique
that involved applying two cathodic potential pulses; an opti-
mized nucleation potential pulse of−1.5 V for 0.3 s, followed by
a growth potential pulse of −0.75 V for 0.3 s. These double
potential step pulses were repeated for 200 cycles (2.0 min) to
provide a mass loading of ∼2 mg cm−2.

HER/OER/ORR measurements

The electrocatalytic HER/OER performances of the electro-
catalysts were studied by recording the linear sweep voltam-
metry (LSV) curves in a KOH (1.0 M) electrolyte at a scan rate of
1 mV s−1. The overall water/seawater splitting process was
conducted in a two-electrode cell made from the NCFP1 elec-
trocatalyst as the cathode and the NCFP2 electrocatalyst as the
anode (NCFP1(−)‖NCFP2(+)). The ORR studies were conducted
in a standard three-electrode cell setup with a glassy carbon
(GC, 0.159 cm2) rotating disk electrode (RDE) in a KOH (0.1 M)
electrolyte. To prepare the RDE, 0.5 mg of the electrodeposited
NCFP lm was carefully scratched off from the Ni foam, mixed
with 2 mg of carbon black and 15 mL of Naon (5 wt%), and
dispersed in 485 mL of ethanol. Then, the mixture was sonicated
in an ultrasonic bath to obtain a homogeneous catalyst ink. The
prepared catalyst ink contains 20 wt% NCFP2 to ensure
comparability with typical standard catalysts. The as-prepared
catalyst ink (10 mL) was nally drop-cast onto the surface of
a pre-cleaned GC RDE (mass loading= 0.31 mg cm−2) and dried
at room temperature. For comparison, a mixture of commercial
20 wt% Pt/C, RuO2, and carbon black were prepared in the same
way.

Methods for detecting OCl−

To check the selectivity of the electrocatalyst towards the
desired HER and OER processes, the possible formation of Cl2
was checked using an o-Tolidine indicator. The o-Tolidine
indicator was prepared by dissolving 0.1 g o-Toluidine in
15 mL of concentrated hydrochloric acid, followed by diluting
the solution to 100 mL with DI water. 200 mL of electrolyte that
underwent the OER was taken out from the seawater splitting
cell, mixed with 600 mL of o-Toluidine indicator solution and
200 mL of 0.5 M H2SO4. The changes in the color of the solution
from colorless to yellow, when ClO− is present, was monitored
using UV-vis spectroscopy at a wavelength of 437 nm.

Zn–air battery assembly and electrochemical test

The homemade parallel plate aqueous Zn–air battery (ZAB) was
fabricated using Zn coarse powder as a negative electrode
(thickness #0.35 mm). The positive electrode was a piece of Ni
© 2025 The Author(s). Published by the Royal Society of Chemistry
foam (NF) one side of which was coated with the electro-
deposited NCFP lm or Pt/C + RuO2 and its other side was
coated by ∼10 mg of a gas-diffusion layer (GDL) (thickness
#0.45 mm). Note that during the NCFP electrodeposition
process, the electrocatalyst is also slightly electrosynthesized on
the second side of the NF substrate. The GDL slurry was
prepared by dispersing active carbon and carbon black (CB) in
100 mL of ethanol solution containing 10 mL of PTFE (40 wt%).
Aer drying, the air cathode was pressed at 50 kg cm−2 and the
total thickness of the cathode was 0.45 mm. The electrolyte was
a KOH (6.0 M) solution containing Zn(OAC)2 (0.2 M) as an
additive, and a cellulosic paper or Celgard M824 was utilized as
a separator. In order to assemble a quasi-solid-state exible Zn–
air battery, a piece of exible Zn foil (0.1 mm) was used as an
anode, the same air cathode as outlined previously was used as
a cathode, and a PVA-in-KOH gel containing Zn(OAC)2 was
utilized as an electrolyte, with no need for a separator. The
Zn(OAC)2-containing solid-state PVA-in-KOH electrolyte was
prepared by dissolving PVA powder (1.0 g, Mw = 72 000) in
10 mL of deionized water at 90 °C under stirring for 2 h. Next,
1.0 mL of KOH (18 M) containing zinc acetate (0.2 M) was added
and stirred at 95 °C for an additional 1 h. Then the gel was
poured into a Petri dish and frozen at −20 °C for 12 h to obtain
the solid-state Zn(OAC)2-incorporated PVA-in-KOH lm. Before
using it as a solid-state electrolyte, the lm was thawed to room
temperature and dipped into KOH (6.0 M). Finally, the NCFP/
NF/GDL air electrode and Zn foil were attached to the two
sides of the gel electrolyte lm (1 × 1 cm2), and then two pieces
of laminate paper (exible acrylic tape) were used to seal the
solid-state Zn–air battery.

Results and discussion
Microscopic and spectroscopic characterizations

Tuning of the texture, surface morphology, and interfacial
properties of the electrocatalysts signicantly affect their elec-
trocatalytic activities.38–40 Under optimized conditions (see ESI
Fig. S1–S6†), the resulting NCFP catalyst (either NCFP1 as the
best performing HER electrocatalyst or NCFP2 as the best
electrocatalyst for the OER) displayed a 3D porous texture. The
NCFP1 particles display a vertically aligned and interconnected
nanowall morphology (Fig. S7†), whereas the NCFP2 particles
exhibit a spherical morphology with worm-like nanostructures
(∼30 nm diameter) (Fig. 2a–c). The morphological differences
observed between as-synthesized NCFP1 and NCFP2 are
attributed to variations in Fe content, which likely inuence the
preferential growth facets, thereby leading to distinct morpho-
logical shapes. The porous worm-like morphology (preserved
aer long-term operation, Fig. S8†) not only facilitates the
transport of ions into and out of the material, but also provides
large, accessible active sites for catalytic activity.41 Constituent
elements of the NCFP electrode and a homogeneous distribu-
tion of them were determined using an FE-SEM-energy disper-
sive X-ray spectroscope, EDS (Fig. S9–S11, ESI†). Bright eld
TEM veried the highly porous nature of the NCFP2 catalyst,
showing well-resolved brils arranged into discrete networks
(Fig. 2d–f). This 3D hierarchical texture benets fast ion
Chem. Sci., 2025, 16, 9484–9500 | 9487
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Fig. 2 Electron microscopic characterization of the NCFP catalyst. (a–c) The FE-SEM images of the catalyst at different magnifications. (d and e)
The bright field TEM images of the catalyst. (f) The high-resolution TEM image, (g) the SAED pattern, and (h) the FFT image of the NCFP catalyst. (i)
The HAADF-STEM image and (j) the corresponding elemental mapping of Ni, Co, Fe, O, and P elements.
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transport, active site accessibility, and ultrafast escape of the H2

and O2 bubbles. The HR-TEM image without lattice fringes
(Fig. 2f), along with the electron diffraction ring pattern of the
SAED (Fig. 2g) that was further complemented with an FFT
image (Fig. 2h) revealed the fully amorphous nature of the NCFP
catalyst. The HAADF-STEM image and the corresponding high
spatial resolution elemental mapping conrm the uniform
distribution of the Ni, Co, Fe, P, and O elements throughout the
catalyst (Fig. 2i and j).
9488 | Chem. Sci., 2025, 16, 9484–9500
The powder X-ray diffraction (XRD) pattern of the as-
synthesized NCFP2 catalyst (similar to NCFP1) displayed
a broad peak at 2q = 45.91° (Fig. 3a), which represents irregu-
larities in the periodic distribution of the atoms, and implies its
amorphous nature.

The survey X-ray photoelectron spectroscopy (XPS) spectrum
of the NCFP2 catalyst (Fig. 3b) indicates the formation of
a metal phosphide that contains some oxidized species as well.
The high-resolution spectrum of Ni 2p suggests that Ni is in its
+2 oxidation state, attributed to Ni–P.42 The peaks at the binding
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Spectroscopic characterization of the NCFP catalyst. (a) XRD patterns of the bare Ni foam and the NCFP catalyst scratched off from the Ni
foam substrate. (b) The survey XPS spectra of the NCFP catalysts before and after the OER. High-resolution XPS spectra of (c) Ni 2p, (d) Co 2p, (e)
Fe 2p, as well as (f) P 2p before (top) and after (bottom) the OER operation.
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energies of 857.0 and 874.8 eV are related to NiPOx (Fig. 3c).43

The XPS spectrum of Co 2p can be deconvoluted into four
components: the rst doublet at 780.6 eV and 797.0 eV can be
assigned to Co3+ 2p3/2 and Co3+ 2p1/2, and the second doublet at
782.8 eV and 798.2 eV can be ascribed to the splitting peaks of
Co2+ 2p3/2 and Co2+ 2p1/2, conrming the Co–P and Co–P–O
bonds (Fig. 3d).44 The peaks of Fe species appear as Fe2+ 2p3/2 at
711.57 eV (Fe–P), Fe2+ 2p1/2 at 724.5 eV (Fe–P–O), Fe3+ 2p3/2 at
715 eV, and Fe3+ 2p1/2 at 728 eV (Fe–P–O) (Fig. 3e).45–48 The high-
resolution spectrum of P 2p exhibits two main peaks at binding
energies of 130.3 (2p3/2) and 131.5 eV (2p1/2) (Fig. 3f), conrming
the metal phosphide formation (Fig. 3f).44 The low-intense peak
located at 132.7 eV is attributed to the surface-oxidized phos-
phorus species; the strong hydrophilic property of which
enhances the intimate contact between the electrocatalyst and
the electrolyte.

TMPs undergo a phase transformation from metal phos-
phide precatalysts to metal oxides/(oxy)hydroxides, which are
true catalysts under the OER condition.49 To reveal this struc-
tural change, the XPS spectra of the NCFP electrocatalysts were
also recorded aer the OER/HER operation (Fig. 3c–f, bottom
spectra), the detailed discussion of which can be found in the
© 2025 The Author(s). Published by the Royal Society of Chemistry
ESI (Fig. S12 and S13).† Comparison of the spectra for as-
synthesized and post-OER electrocatalysts reveals an increase
in the area under the deconvoluted peaks for M3+ species rela-
tive to M2+ states. This suggests partial oxidation of M2+ to
higher oxidation states, forming oxides or oxyhydroxides under
the oxidative OER environment. Higher-valent metal species
play a key role in the OER process by stabilizing reactive oxygen
intermediates like *OH, *O, and *OOH, which are critical for
facilitating the oxygen evolution. The empirical formulas of the
pristine and post-operational NCFP1 and NCFP2 electro-
catalysts, obtained from FE-SEM-EDS (indicating the subsurface
composition) and XPS (implying the surface composition), are
summarized in Table S1,† indicating P is preferentially leached
out of the electrocatalyst surface under long-term operation.
Electrochemical studies

OER and HER studies. Prior to electrochemical studies, the
as-synthesized NCFP catalysts were activated via cyclic voltam-
metry (CV) treatment in a KOH (1.0 M) solution. The NCFP2
catalyst displays the highest activity toward the OER with the
lowest overpotential of 250 ± 3 mV to attain a current density of
Chem. Sci., 2025, 16, 9484–9500 | 9489
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10 mA cm−2 without iR drop compensation (Fig. 4a), which is
even lower than that of the RuO2 benchmark electrocatalyst (h10
= 265 mV). Interestingly, at a high current density of 100 mA
cm−2, the superiority of NCFP2 (h100 = 299 mV) over RuO2 (h100
= 356 mV) becomes more pronounced. Fig. 4b shows that the
20 wt% Pt/C, a benchmark HER catalyst, renders the best HER
catalytic performance (h10 z 0 mV). Even though Pt ranks at the
top of the HER electrocatalyst, the HER activity of the NCFP1
catalyst (h10 = 102 ± 2 mV) classies it among the most
promising alternatives to Pt noble metal (Table S2†). NCFP2
Fig. 4 The OER, HER, and OWS electrocatalytic activities of the as-pr
activities of the NCFP catalysts along with the RuO2 or Pt/C benchmark c
rate of 1.0 mV s−1. (c) The OER and HER Tafel slopes of the catalysts ex
normalized activity (amass), ECSA-normalized activity (aECSA), and (e) ra
a multi-step constant current technique at different current densities fro
30 min at each step. (f) Overall OER and HER polarization curves of the N
KOH), synthetic seawater (1.0 M KOH + 0.5 M NaCl), highly salty electr
seawater) in three-electrode cell setups. (g) The LSV polarization curves o
the aforementioned four different types of electrolytes. (h) The HER and (i
and (j) the extracted overpotentials (without iR compensation) at differe

9490 | Chem. Sci., 2025, 16, 9484–9500
shows a low Tafel slope of 34.1 ± 2.1 mV dec−1 (Fig. 4c and
S14†), which is far lower than that of RuO2 (62.8 mV dec−1),
demonstrating that the formation of MOOHads is likely the rate-
determining step.50,51 For the HER, the Tafel slope of 46.2 ±

1.3 mV dec−1 for NCFP1 indicates that the evolution process
mostly follows through the Heyrovsky step (Volmer–Heyrovsky
mechanism).52 The ECSA value of NCFP2 was 77.9 cm2, NCFP1
177.3 cm2, and that of RuO2 was 14.2 cm2, indicating the better
intrinsic catalytic activity of NCFP (Fig. S15†). Furthermore, the
mass-normalized (amass) and ECSA-normalized (aECSA) activities
epared electrocatalysts. The LSV curves for the (a) OER and (b) HER
atalysts as well as the bare Ni foam in a 1.0 M KOH electrolyte at a scan
tracted from the LSV curves, presented in panels (a and b). (d) Mass-
te capability studies of the NCFP2 and NCFP1 electrocatalysts using
m ±10 to ±120 mA cm−2 and back to ±10 mA cm−2 with a duration of
CFP catalysts at four different types of electrolytes: freshwater (1.0 M

olyte (1.0 M KOH + 1.0 M NaCl), and alkaline seawater (1.0 M KOH +
f the NCFP1‖NCFP2 and Pt/C‖RuO2 cells at a scan rate of 1.0 mV s−1 in
) OER polarization curves of the NCFP1 catalyst in different electrolytes,
nt rates from ±100 up to ±500 mA cm−2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of NCFP2 were calculated as 165.17 A g−1 and 3.86 mA cm−2,
and those of NCFP1 and RuO2 were obtained as aNCFP1mass =

125.97 A g−1, aNCFP1ECSA = 1.45 mA cm−2 and aRuO2
mass ¼ 33:63 A g�1,

aRuO2
ECSA ¼ 1:0 mA cm�2 at an overpotential of 350 mV, respectively

(Fig. 4d). The turnover frequency (TOF) for NCFP2 at the OER
overpotential of 270 mV was 0.96 s−1 and that of NCFP1 at the
HER overpotential of 140 mV was 0.76 s−1 (Fig. S16†). The low
Tafel slope along with the high ECSA and TOF clearly indicates
the fast electrocatalytic kinetics of the NCFP catalysts. The OER
(HER) electrocatalysts also demonstrate a fast response to the
changes in the current densities even at a high rate of 120
(−120) mA cm−2 (Fig. 4e). The NCFP electrocatalysts also
preserved >99.7% of the initial output voltage obtained at a rate
of 10 (−10) mA cm−2 aer 320 min of continuous OER (HER)
operation at different rates and nally back to 10 (−10) mA
cm−2. Moreover, the long-term OER (HER) durability studies
indicate that the increments in potential are only ∼3.0% and
1.8% aer 300 h of OER and HER operations, respectively
(Fig. S17†). The long-term stability and durability of the amor-
phous NCFP electrocatalysts are attributed to their remarkable
self-healing and self-reconstruction capabilities. These proper-
ties allow the electrocatalysts to adapt to evolving catalytic
conditions, effectively redistribute stress, and recover from
operational damage. Such attributes make them highly prom-
ising candidates for applications demanding prolonged
stability and reliable performance.

For a viable practical application, a high geometric catalytic
activity along with a high electrical conductivity (Fig. S18†) is
needed. The number of active sites per geometric area can be
increased by increasing the mass loading of the catalyst and/or
by nanostructuring. The big challenge is that as the mass
loading increases, the intrinsic activity per site oen dimin-
ishes, owing to ohmic losses and mass transport limitations.
Thus, a key advantage of a synthesis strategy can be that it does
not lead to the formation of a compact and thick layer of the
catalyst with blocked ion penetration and electron transport
pathways.53,54 The NCFP2 electrodes with mass loadings of 2.0,
5.0, and 14.0 mg cm−2 displayed overpotentials of 250, 264, and
272 mV at a current density of 10 mA cm−2, respectively
(Fig. S19†). However, interestingly, the HER activity of the
NCFP1 catalyst got better with increasing mass loading. The
electrode with a mass loading of 18.7 mg cm−2 exhibited an
overpotential of 86 mV, 18 mV less than that obtained with
a mass loading of 2.0 mg cm−2. It is likely that we are dealing
with a different surface/interface chemistry for the catalyst with
a higher mass loading (see ESI†). The high rate capability and
fast response time of the high mass-loaded electrocatalyst, and
the electrochemical impedance spectroscopy (EIS) studies at the
OER/HER overpotentials are presented in the ESI (Fig. S20 and
21).†

Overall (sea)water splitting. Given the excellent catalytic
performance of the NCFP1 and NCFP2 electrocatalysts toward
the HER and OER processes, an overall water/seawater splitting
cell, NCFP1(−)‖NCFP2(+), was assembled. For comparison, the
control water electrolyzer cell comprised of Pt/C(−)‖RuO2(+)
was also fabricated. The NCFP-based electrocatalysts present
excellent water splitting activity (DEOER-HER= 1.58 V) that is only
© 2025 The Author(s). Published by the Royal Society of Chemistry
slightly higher than that of Pt/C‖RuO2 electrolyzer (DEOER-HER =

1.51 V), though the excellence of the Pt catalytic activity toward
HER is undisputed (Fig. 4f–g and S22a†). These results
demonstrate that water electrolysis using the NCFP1‖NCFP2
electrolyzer could be powered by a single AA battery with
a nominal voltage of z1.5 V.

The applicability of the NCFP1‖NCFP2 electrolyzer for
seawater splitting was also studied (Fig. 4g). The HER and OER
catalytic activities of NCFP1 and NCFP2 were evaluated in
different electrolytes: alkaline water (1.0 M KOH), synthetic
seawater (0.5 M NaCl + 1.0 M KOH), highly salty electrolyte
(1.0 M NaCl + 1.0 M KOH), and alkaline seawater (1.0 M KOH-
added seawater). The trends of the HER and OER over-
potentials and DEOER-HER at a rate of 10 mA cm−2 were as follow:
alkaline water (hOERj=10 = 250 mV, hHER

j=10 = 102 mV, DE = 1.58 V) <
synthetic seawater (hOERj=10 = 260 mV, hHER

j=10 = 130 mV, DE = 1.62
V) < highly salty electrolyte (hOERj=10 = 285 mV, hHER

j=10 = 125 mV, DE
= 1.64 V) < alkaline seawater (hOERj=10 = 295 mV, hHER

j=10 = 131 mV,
DE = 1.66 V) (Fig. 4f). These performance characteristics are
superior to or at least comparable with those of other electro-
catalysts reported in the literature (Table S3†). Additionally, the
faradaic efficiencies (FE) during the overall water splitting in
1.0 M KOH, were almost 100% for both O2 and H2 production
(Fig. S23†). We also measured the FE% of the prototype
NCFP1‖NCFP2 electrolyzer in an alkaline seawater, and
conrmed it using o-Tolidine as an indicator at different time
intervals.55 The FE% was almost 100%, elucidating that the
seawater splitting process is chlorine-free (see ESI for details,
Fig. S24 and S25†). The rate capability studies of the
NCFP1‖NCFP2 electrolyzer shows that the potential remains
constant at each potential step during the 2 h study. The
potential promptly jumps to a new value with an increment of
current density. In contrast, for the Pt/C‖RuO2 cell, neither the
potential remains constant during each current rate nor does
the electrolyzer respond quickly to the increment of the current
density (Fig. S22b†). More importantly, the voltage of the
NCFP1‖NCFP2 cell increased by only 5% compared to the initial
voltage aer 150 h of continuous overall water splitting, which
was much better than that of the Pt/C‖RuO2 cell that displayed
a 17% increment in voltage (Fig. S22†). Interestingly, the
NCFP1‖NCFP2 cell displayed excellent durability in a highly
salty alkaline electrolyte (1.0 M KOH + 1.0 MNaCl), the potential
of which increased by 10% over 150 h of continuous water
splitting operation (Fig. S22c†). The HER and OER LSV curves
and corresponding overpotentials in different alkaline electro-
lytes, up to an industrially-relevant current density of ±500 mA
cm−2 are presented in Fig. 4h–j.

We were keen to provide descriptive information about the
mechanism of the NCFP electrocatalytic activities using a theo-
retical method such as density functional theory (DFT). Unfor-
tunately, reliable theoretical studies cannot be performed on
amorphous materials with no long-range crystalline order. This
is especially challenging for the NCFP electrocatalysts for which
different arrangements of elements are possible from their
empirical formula. Nevertheless, taking inspiration from the
mechanisms reported for crystalline metal phosphides coun-
terparts, it can be postulated that P (d−) functions as a proton
Chem. Sci., 2025, 16, 9484–9500 | 9491
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(H+) acceptor, and transition metals (d+) serve as hydride (H−)
acceptors to weaken the M–H bond.56 In an alkaline electrolyte,
the concentration of protons is exceedingly low, thus, the
Volmer step (formation of M–H* intermediate) is critically
important for the HER catalysis. Importantly, Ni/Co/Fe-
containing materials have a large number of unpaired d-
orbital electrons, which tend to form chemical adsorption
bonds with H*. This strong proton-accepting characteristic of
the TMPs could trigger the dissociation of the water molecules,
and subsequently lead to the evolution of hydrogen. Interest-
ingly, P atoms attract electrons from the metals to promote
hydrogen desorption. Thus, the coexistence of TM and P
balances the Gibbs free energy change for H* adsorption to
approach zero, enhancing the HER efficiency.52,56–58

For OER electrocatalysis, the TMP precatalyst undergoes
structural and phase transformation to form the OER true
catalyst.59 This phase transformation involves partial dissolu-
tion of P and vacancy formation, enhancing the OER catalytic
capability through M–O bonding of reaction intermediates. The
transition metal oxide true catalysts are likely oxidized to metal
oxyhydroxide (MOOH) species, which lose protons to generate
MO–O peroxo intermediates, eventually breaking M–O bond to
release O2.60–62 In general, P atoms tune the electronic structure
of the metallic active sites, improving charge transport and
creating a relatively larger number of valence electrons.20,63–65

Such a P-induced electronic rearrangement triggers favorable
adsorption of the reaction intermediates. In addition to elec-
tronic effects, the high electrocatalytic activity of the developed
materials can also be ascribed to their structural effects. The
fabricated defect-rich amorphous TMP increases the contact
area between the catalytic active sites and H2O/OH

− reactants
and promotes electrocatalytic activity. The synergistic effects
among the constituent elements also signicantly boost its
catalytic capability, as demonstrated by control experiments on
monometallic and bimetallic Ni/Co/Fe phosphides (ESI,
Fig. S26 and Table S4†). Potential-dependent in situ Raman
studies were carried out to gain a deeper understanding of the
dynamical processes during the HER and the OER (Fig. 5).
Notably, the Raman spectrum of the pristine electrocatalysts
exhibits a sharp peak at 480 cm−1 that can be attributed to the
M–P (M = Ni, Co, Fe) bonds. Upon immersion of the pristine
NCFP electrocatalyst into KOH electrolyte, the intensity of the
480 cm−1 peak slightly decreased, while a broad shoulder
centered at around 700–900 cm−1 emerged, corresponding to
the symmetric stretching mode of P–OH.66–68 During the HER,
as the potential decreased from 0 to −1.20 V vs. Ag/AgCl, the
intensity of the 480 cm−1 peak gradually increased, albeit with
minor variations (Fig. 5a). Conversely, the broad shoulder
centered at higher wavenumbers slightly faded away (Fig. 5b).
These observations indicate that the genuine metal phosphide
phase is largely preserved during the HER process, with only
minor variations experienced by the NCFP electrocatalyst. In the
process toward OER, the Raman spectrum of the electrocatalyst
displayed a sharp peak at 480 cm−1 along with a broad shoulder
centered around 700–900 cm−1 upon immersion into KOH
electrolyte (Fig. 5c). As the applied potential was increased
during the OER process, the intensity of the 480 cm−1 peak and
9492 | Chem. Sci., 2025, 16, 9484–9500
the 700–900 cm−1 shoulder remained nearly constant. However,
two additional features emerged: a shoulder at 400–500 cm−1

(attributed to M–O bending vibration, Eg) and another at 500–
600 cm−1 (associated with M–O stretching vibration, A1g).69,70

These new features intensied as the potential approaches 0.5 V
vs. Ag/AgCl. It seems that, during the OER, the NCFP2 phase
rapidly transformed into metal hydroxide and/or oxyhydroxide
phases.71–73 However, as the potential was increased beyond
0.5 V, the two previously emerged shoulders in the 400–
600 cm−1 range faded away (Fig. 5d), suggesting the breakage of
the M–O bond in M–O–O peroxo intermediate and release of O2.
This phenomenon has been observed in transition metal-based
electrocatalysts, where oxyhydroxide-related Raman signals
diminish at high anodic potentials due to bond cleavage and
the subsequent evolution of oxygen.73,74 The diminution of the
peaks at potentials beyond 0.5 V can also be attributed to the
interference of the Raman laser with O2 bubbles as the OER
became more severe.75 Raman characterization of the structural
stability is provided in the ESI (Fig. S27).† The in situ Raman
spectra corroborate the results obtained from XPS character-
ization of both the pristine and post-OER electrocatalyst and
accord well with the essential role of peroxo complex formation
as previously reported for crystalline TMP electrocatalysts.76 FT-
IR characterization of the pristine NCFP2 electrocatalyst and the
one aer applying potential of 0.6 V vs. Ag/AgCl provide addi-
tional evidence that metal phosphide precatalyst converts to
metal (oxy)hydroxide/oxides true catalyst under operation (see
ESI, Fig. S28†). To validate the electrochemical reconstruction
and get a deep understanding about reaction kinetics during
the OER process, operando EIS studies were performed (ESI,
Fig. S29 and Table S5†).

Due to the amorphous nature of the NCFP electrocatalysts
and their structural transformation during OER operation,
additional structural information was inferred from X-ray
absorption spectroscopy (XAS), including both X-ray absorp-
tion near edge structure (XANES) and extended X-ray absorption
ne structure (EXAFS). Fig. 6a–c show the XANES spectra of the
as-synthesized and post-OER NCFP2 at the Ni, Co, and Fe K-
edges, respectively. Comparing the XANES spectra of the as-
synthesized and post-OER NCFP2 electrocatalysts at the Ni,
Co, and Fe K-edges reveals an increase in the unoccupied states
in the d orbitals.27 The increase in the valence state of Ni and Fe
is more pronounced than that of Co, indicating that Ni and Fe
likely undergo more severe structural changes during the OER
process. Considering the position of the absorption edges of the
Ni foil (Ni0), Co foil (Co0), and Fe foil (Fe0), as well as the NiO
(Ni2+), CoO (Co2+), and Fe2O3 (Fe

3+) reference samples, it can be
inferred that the average valence state of metal centers in
NCFP2 is slightly lower than +2.71 To gain deeper insights into
the coordination environment of the Ni, Co, and Fe atoms
within the as-synthesized and post-OER samples, the Fourier
transformed (FT) EXAFS spectra were recorded. Fig. 6d–f illus-
trate the FT-EXAFS spectra of the NCFP2 electrocatalyst along
withmetal foils andmetal oxide reference samples at the Ni, Co,
and Fe K-edges. The spectrum of the as-synthesized electro-
catalyst at the Ni K-edge displays one peaks at 2.23 Å, which can
be attributed to the presence of Ni–P moiety; the spectrum at
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 In situ Raman measurements of NCFP electrocatalysts. The stacked in situ Raman spectra (left) and the corresponding contour plots
(right) of the NCFP electrocatalysts in a 1.0 M KOH electrolyte during the (a and b) HER. and (c and d) OER. All potentials are referenced against an
Ag/AgCl electrode.
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the Co K-edge displays two peaks at 2.18, and 3.00 Å, which can
be assigned to the presence of Co–P and Co–Co(Fe) moieties;
and the spectrum at the Fe K-edge displays two peaks at 1.97
and 2.91 Å, which can be ascribed to the presence of Fe–P and
Fe–Fe(Co) moieties, respectively. The spectra of the post-OER
electrocatalyst at the Ni K-edge and Co K-edge preserve the
M–P and M–Mmoieties, although their intensities are changed;
and the spectrum at the Fe K-edge shows two peaks at 2.48 and
3.22 Å, which can be ascribed to Fe–P and Fe–Fe bonds.77–80 The
bonding characteristics were further validated using wavelet
transform (WT) analysis (Fig. 6g–i). We t the recorded EXAFS
spectra of the as-synthesized and post-OER electrocatalysts in R-
space with the spectra of various metal phosphide standards
(Fig. 6j–l and Table S6†). For the as-synthesized NCFP2 elec-
trocatalyst, the Ni K-edge EXAFS spectrum in R-space ts well
with Ni3P in the rst coordination shell (Fig. 6j, top), and the
coordination number of Ni is ∼3 (refer to Table S6† for the
precise t values). Similarly, the Co K-edge tting in R-space
shows a good match with Co2P, with a coordination number of
∼3 for Co (Fig. 6k, top), and the Fe K-edge tting aligns with
Fe2P, with a coordination number of 4 for Fe (Fig. 6l, top).
However, the scenario for the post-OER electrocatalyst differs
© 2025 The Author(s). Published by the Royal Society of Chemistry
slightly. The Ni K-edge EXAFS spectrum of the post-OER elec-
trocatalyst in R-space still ts well with the Ni3P path in the rst
coordination shell, but the coordination number of Ni increases
to 5 (Fig. 6j, bottom). The Co K-edge spectrum ts with CoP,
showing a coordination number of ∼4 for Co (Fig. 6k, bottom),
and the Fe K-edge spectrum ts with Fe3P, with an Fe coordi-
nation number of ∼5 (Fig. 6l, bottom). The increase in the
coordination number of metallic species in the post-OER elec-
trocatalysts as corroborated by the experimental data, provides
indirect yet signicant evidence supporting the potential
transformation of NCFP into higher-valent metal oxides or
oxyhydroxides (M3+ and MOOH) during the OER process. The
absence of strong spectral shis in XAS to conrm metal oxide/
oxyhydroxide formation could be attributed to several factors:
(i) partial conversion of the precatalyst, rather than bulk
transformation; (ii) the formation of amorphous or highly
disordered oxyhydroxides, which may result in diffuse or
indistinct spectral features; and (iii) a dynamic equilibrium
wherein the oxyhydroxide layer forms only under applied
potential and reverts to a less oxidized or intermediate state
upon removal from the electrochemical environment.59,81

Consequently, the bulk-sensitive EXAFS technique may not
Chem. Sci., 2025, 16, 9484–9500 | 9493
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Fig. 6 XAS characterization of the as-synthesized and post-OERNCFP2 electrocatalyst. Normalized XANES spectra of the NCFP2 electrocatalyst
along with metal foils and metal oxide reference samples at (a) Ni K-edge, (b) Co K-edge, and (c) Fe K-edge. The k2-weighted FT-EXAFS spectra
of the NCFP2 electrocatalyst along with metal foils and metal oxide reference samples at (d) Ni K-edge, (e) Co K-edge, and (f) Fe K-edge. WT
contour plots of the as-synthesized (left) and post-OER electrocatalyst (right) at (g) Ni K-edge, (h) Co K-edge, and (i) Fe K-edge. (j–l) Fitting the
EXAFS spectra of the as-synthesized (top) and post-OER (bottom) electrocatalysts to the standardmetal phosphides at the (j) Ni K-edge (k) Co K-
edge, and (l) Fe K-edge, and determining the coordination number.
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prominently detect these surface changes, particularly if the
reconstructed layer is thin.

ORR studies. The catalytic activity of the NCFP catalysts
toward ORR was investigated alongside their OER activity,
highlighting their potential for use in metal–air batteries.
Characteristic CVs and hydrodynamic voltammograms of the
electrocatalysts are presented in ESI (Fig. S30–S32 and Table
S7).† The electron transfer number (n) and H2O2 formation were
computed from the current generated on the disk and ring of
a rotating ring-disk electrode (Fig. 7a). The number of electrons
exchanged per O2 molecule for NCFP1, NCFP2, and Pt/C were
3.53, 3.98, and 3.99, respectively, with an H2O2 yield of <2%,
suggesting a nearly 4e− reduction pathway (Fig. 7b). The
excellent durability, outstanding methanol tolerance effect, and
synergistic effects among the constituent elements of NCFP are
presented in ESI (Fig. S33–S35 and Table S8†).
Rechargeable Zn–air battery assembly

A zinc–air battery (ZAB) was fabricated to assess the feasibility of
NCFP application in energy conversion and storage devices
(Fig. 7c and d). The Zn‖NCFP2 ZAB delivered an open circuit
voltage (OCV) of 1.458 V, which is even slightly higher than that
of the Zn‖Pt/C + RuO2 battery (1.442 V) (Fig. S36a†). Fig. 7e
presents charge–discharge polarization curves and power
density plots obtained from the discharge proles of the
Zn‖NCFP2, Zn‖Pt/C + RuO2, and Znfoil‖NCFP2 ZABs (note that
wherever Zn alone is used as the anode, zinc is in a powder
form). As can be seen, the Zn‖NCFP2 ZAB exhibits a lower
charge–discharge voltage gap (Vgap = 0.51 V) compared to the
9494 | Chem. Sci., 2025, 16, 9484–9500
Zn‖Pt/C + RuO2 (Vgap = 0.53 V) and Znfoil‖NCFP2 ZABs (Vgap =

0.57 V) at a rate of 25 mA cm−2, indicating the better rechar-
geability of the Zn‖NCFP2 ZAB. Additionally, the Zn‖NCFP2
battery delivers a maximum power density of 127 mW cm−2,
which is signicantly higher than that of the Znfoil‖NCFP2 (108
mW cm−2) and the Zn‖Pt/C + RuO2 (93mW cm−2) batteries. The
Zn‖NCFP2 device delivers an outstanding specic capacity of
∼747.1 mA h gZn

−1 (based on the consumed Zn) (91.1% utili-
zation of the theoretical capacity of Zn, 820 mA h gZn

−1) and
a high specic energy of 915.3 W h kgZn

−1 at a discharge rate of
−10 mA cm−2 along with a remarkable rate capability
(Fig. S36b, ESI†), whereas the Zn‖Pt/C + RuO2 ZAB displays
a specic capacity of 718.2 mA h gZn

−1 and a specic energy of
883.6 W h kgZn

−1 at the same rate (Fig. 7f). To fabricate a exible
solid-sate ZAB, the Zn powder anode (compressed on a piece of
Cu mesh) was replaced with a Zn foil and a PVA-in-KOH gel was
used as an electrolyte. Fig. 7g shows that the OCV of the exible
battery is considerably high (1.426 V) and remains constant at
different bending states. The prototype solid-state exible ZAB
also demonstrated excellent practical applicability (Fig. 7h,
Videos S1 and S2†). Impressively, the Zn‖NCFP2 battery exhibits
outstanding stability for about 189 h which is ∼12.5 times more
durable than the Zn‖Pt/C + RuO2 device, operating stably for
only 15 h (Fig. 7i). The Zn‖NCFP2 battery also shows a high
round-trip efficiency of 79% in its initial cycle and 63% in its
nal cycle aer about 189 h. All these characteristics place the
fabricated ZABs in a worthy place among other same-class
batteries (Table S9†).
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The Electrocatalytic ORR/OER activities of the catalysts and their performance in Zn–air batteries. (a) Polarization curves of the as-
prepared catalysts based on the RRDE results in an O2-saturated 0.1 M KOH electrolyte at a sweep rate of 10mV s−1 at 1600 rpm (the ring current
wasmultiplied by 8 for a clear comparison between the samples). (b) Electron transfer number (n) and the H2O2 selectivity (%) calculated from the
RRDE studies. (c) The ORR and OER polarization curves of the NCFP catalysts as well as the control samples in 0.1 M KOH at a rotation speed of
1600 rpm. (d) Schematic illustration of a Zn–air battery based on a Zn powder anode and an NCFP2 air cathode. (e) Charge and discharge curves
and the corresponding power density plots of the NCFP2 and Pt/C air cathodes of Zn‖NCFP2 and Zn‖Pt/C + RuO2 aqueous batteries compared
with a solid-state Znfoil‖NCFP2 battery. (f) Discharge profiles of the Zn‖NCFP2 device at different discharge current densities from 10 to 75 mA
cm−2 and that of the Zn‖Pt/C + RuO2 device at a discharge rate of 10 mA cm−2. (g) Flexibility study; monitoring the OCV of the solid-state
Znfoil‖NCFP2 battery at different bending states. (h) Practical application of the two NCFP2-based solid-state ZABs connected in series in lighting
up 33 green (2.2 V) LEDs and driving a rotor (1.0 V, 30mW). (i) Long-term cycling performances of the ZABs based on the NCFP2 and commercial
20 wt% Pt/C + RuO2 cathodes at a charging/discharging rate of 10 mA cm−2 (each cycle lasts for 10 min).
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The integration of high-performance electrocatalysts in both
zinc–air batteries and seawater splitting systems underscores
their complementary roles in advancing renewable energy
technologies. Efficient trifunctional catalysts not only enhance
the oxygen evolution and reduction reactions in zinc–air
batteries, boosting energy storage capabilities, but also drive
© 2025 The Author(s). Published by the Royal Society of Chemistry
water-splitting reactions for sustainable hydrogen production.
This synergy enables a closed-loop energy cycle where excess
renewable electricity can be stored in zinc–air batteries and later
utilized to generate clean hydrogen from seawater, thus
bridging energy storage and conversion for a sustainable future.
Chem. Sci., 2025, 16, 9484–9500 | 9495
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Conclusions

The Ni–Co–Fe–P amorphous electrocatalyst with outstanding
trifunctional electrocatalytic activities toward the HER, OER,
and ORR, and practical applications for overall seawater/water
splitting and zinc–air batteries was synthesized via a facile
and fast (2 min) potential pulse electrodeposition method. The
composition, morphology, and structure of the electrocatalyst
was easily tailored via adjusting the electrosynthesis parame-
ters. The NCFP1 electrocatalyst displayed a low overpotential of
86 mV at a super-high mass loading of 18.7 mg cm−2, indicating
its viability for industrial-level hydrogen production. A water
electrolyzer based on the NCFP electrocatalysts exhibited a cell
voltage of 1.58 V at 10 mA cm−2. The NCFP electrocatalysts also
displayed excellent activity and durability in the salty aqueous
samples. The gure-of-merits of the aqueous (6.0 M KOH) and
quasi-solid-state (PVA-KOH gel) rechargeable Zn–air batteries
were excellent compared to similar devices. These outstanding
characteristics can be ascribed to: (1) the interplay of Ni, Co,
and Fe in regulating the electronic properties and therefore the
adsorption energies of the reaction intermediates, as well as the
non-metals (P and O) that provide voids via dissolution. (2) The
edge-enriched amorphous structure of the electrocatalyst that
provides abundant active sites. (3) The unique structure of
amorphous nanomaterials, optimizing the multistep reaction
pathway and enhancing the intrinsic activity of each active site.
(4) The amorphous multi-metal phosphide consists of different
amorphous structural units simultaneously, exerting multiple
structural advantages. (5) The porous structure of the electro-
catalyst that facilitates ion transport and gas escape. (6) The
direct electrodeposition on the conductive substrate with no
need for any binder or conductive additive that minimizes
contact resistance and improves the mechanical stability of the
electrocatalyst under vigorous H2/O2 evolution.82 (7) The larger
electrochemically active surface area and the high electrical
conductivity. (8) Flexibility of the amorphous electrocatalysts to
adapt to new catalytic conditions. (9) Self-healing and self-
reconstruction capability.83–85 (10) The possibility to be
tailored in an optimal elemental ratio with the desired catalytic
performance.86 Amorphous materials are likely to become
a widely utilized electrocatalysts for various reactions.87 This
study highlights the importance of composition tuning and
texture tailoring using largely overlooked electrochemical
synthesis approaches via which excellent multifunctional elec-
trocatalytic activity with a very promising application prospect
for seawater electrolysis and metal–air batteries are guaranteed.
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