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It is desirable to be able to use seawater directly for electrocatalytic splitting and hydrogen production. However, challenges

DOI: 10.1039/x0xx00000x

such as electrode corrosion and chlorine gas evolution limit its practical application. In this study, a transition metal-based

phosphide/phosphate (Ni-NiPO) catalyst on Ni foam was developed to improve charge transfer and suppress parasitic

reactions. To improve stability and selectivity, a chloride ion-selective forward osmosis (FO) membrane was integrated into

the system, which effectively minimised chlorine oxidation and corrosion. The FO membrane exhibited excellent stability

(48 hours) and OER selectivity at pH 8. In addition, the application of a 100 mT magnetic field improved the OER kinetics,

reducing the overpotential from 0.45 V to 0.31 V. It is shown that the combination of the Ni—NiPO catalyst, FO membrane

and an applied magnetic field significantly improves the control of the OER reaction.

Introduction

Rising concerns over environmental pollution and the global
energy crisis have driven significant efforts toward developing
clean and sustainable energy sources. Among these, hydrogen
stands out as an abundant, renewable, and clean fuel, making it
a highly promising alternative to fossil fuels. One of the most
environmentally friendly and sustainable approaches for large-
scale hydrogen production is electrocatalytic water splitting.?
Achieving an efficient hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER) during electrocatalysis with a
minimal overpotential is critical for advancing water-splitting
technologies and reducing the amount of electricity
consumed.?® The energy required to conduct the four main
stages (production, storage, safety, and utilisation) should be
reduced for an economically viable hydrogen economy. Energy
is needed for water purification and reaction activation for the
production stage in the H, economy. The aim is to use
substantially less energy for the overall process compared to
the energy content of the produced H,. To stimulate the
reaction, energy is needed in terms of overpotential, which can
come either from conventional energy (fossil fuel) or alternative
energy (wind, solar, hydro) for HER or OER.® Due to the slow
kinetics, OER requires a large overpotential that significantly
hinder the overall efficiency.' 7 So, to reduce the overpotential
of the electrocatalytic reaction, modification of the
electrocatalyst and electrolytes is often approached. While
iridium- and ruthenium-based catalysts are currently
considered the most effective and stable for OER, their large-
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scale application is hindered by limited availability and high
cost. Consequently, designing cost-effective, high-performance
OER electrocatalysts derived from earth-abundant elements
has become an urgent priority.® Transition metal (TM)-based
oxides/phosphides have been regarded as the most promising
OER electrocatalysts due to their unfilled 3d, low cost, and
relatively high efficiency. However, a relatively large
overpotential is still required by the OER, even when using TM-
based electrocatalysts.® 2 This indicates that substantial
improvements cannot be achieved solely through the design
and regulation of electrocatalyst materials. To push beyond
these intrinsic material limitations, the introduction of external
stimuli has emerged as a promising strategy. Stimuli such as
visible light, magnetic fields, and heating can provide additional
driving forces that enhance charge transfer, accelerate reaction
kinetics, and influence spin selection during catalytic
processes.1® 11 |n particular, light-assisted catalysis (photo-
electrocatalysis) can not only supply extra energy to lower
activation barriers but also promote the generation of energetic
charge carriers, thereby synergistically improving reaction
efficiency.12 13 Similarly, magnetic and electric fields can
modulate the spin states of intermediates and tune the
electronic structure of active sites, which is especially relevant
for reactions governed by spin selection rules.!® Within this
framework, the spin-sensitive nature of the OER is particularly
noteworthy. Since OER involves the conversion of singlet-state
reactants (OH™ or H,0) into triplet-state O, molecules, spin
selection becomes a critical factor in determining the overall
reaction rate. Recent studies have highlighted that aligning the
spin states of intermediates can significantly reduce kinetic
barriers, thereby improving catalytic efficiency.'* This has led to
a growing interest in spintronic approaches to catalysis, where
magnetic interactions are intentionally harnessed to optimize
electrocatalytic performance.
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One major problem with electrocatalysis, which is usually
neglected, is the availability of fresh water for efficient splitting.
As freshwater accessibility is low, the potential of direct use of
seawater should be further explored as a source of clean
energy. Due to the relatively small potential difference in
between the OER reaction and oxidation of chlorine ions
unwanted chlorine oxidation reactions may take place at the
anode to form hypochlorite or hypochlorous acid.!> 16 In
addition, CI™ ions can accelerate electrode degradation through
corrosion or by directly reacting with catalyst surfaces, forming
unstable metal chloride-hydroxide layers. These processes
diminish the catalytic performance. To address this issue,
conventional approaches rely on freshwater purification, which
itself requires substantial energy input, undermining the overall
sustainability and economic feasibility of hydrogen production.
Other than this, several strategies have been explored:
operating in alkaline media to improve OER selectivity,
designing chloride-resistant catalysts, and employing protective
or selective membrane technologies. Hybrid approaches, such
as integrating forward osmosis (FO) membranes or seawater
reverse osmosis (SWRO) with electrolysis, can provide
desalinated water directly to the electrolyzer, bypassing energy-
intensive purification steps while mitigating chloride-related
side reactions.” 18 Recent research highlights that combining
material design with system-level solutions, including pH
control, membrane architecture, and catalyst engineering,
offers a practical pathway toward sustainable, large-scale
seawater electrolysis for clean hydrogen production.’*?! FO
membranes can effectively desalinate seawater before it enters
the electrolyzer, thereby mitigating Cl™-induced side reactions
and corrosion. This hybrid FO-electrolysis approach not only
bypasses the need for energy-intensive water purification steps
but also improves the long-term stability and efficiency of large-
scale electrolyzer setups, ultimately enhancing economic
viability.

In this study, we explore a solution to tackle some of the
problems outlined above. Two visions are integrated (i) an
application viewpoint: electrocatalytic water splitting with
catalysts responding to a magnetic field, and (ii) a technical
outlook: a FO membrane coupled to a water electrolysis cell to
directly use desalinated water for splitting. We report an
efficient and robust nickel phosphide/phosphate catalyst to
achieve stable artificial seawater oxidation with an
overpotential of 310 mV in 1 M phosphate buffer at pH 8 under
a magnetic field of 100 mT.

Experimental

Preparation of Ni-NiO electrode

Ni-NiO electrodes were fabricated on Ni-foam substrates using
a hydrothermal method. Prior to fabrication, the Ni-foam was
first ultra-sonificated in deionised water for 10 min followed by
acetone for 10 min. For the synthesis of NiO, 2 mmol
Ni(NOs)226H,0 (Merck, 97%), 20 mmol CO(NHz); (Merck) and
0.5 mmol [N(CHs)s]Br (CTAB) (Merck, 298%) in 20 mL of
deionised water, followed by ultrasonic treatment for 30
minutes. The solution was then transferred to a 50 mL Teflon-
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lined autoclave containing Ni-foam and heated at 120, 3G fet6h.
A precipitate then formed on the Ni-fod) \Whi€ANPad Alreher
calcined at 450 °C for 2 h to obtain nanostructured NiO
deposited on the Ni-foam (Ni-NiO) electrodes.??

Preparation of Ni-NiPO electrode

For the phosphidation step, 0.2 g NaH,PO,*H,0 (299%, Merck)
was used in a furnace with an upstream Ar flow at 300 °C for 2h
to convert nickel oxide to phosphides and form a Ni-NiPO
electrode. During heat treatment, NaH;PO,¢H,0 releases PHs,
which acts as a phosphorus source that reacts with the oxide
and hydroxide precursors.?3 24

Material Characterization

Powder X-ray diffraction (PXRD) data were obtained using a
Bruker D8-Discover X-ray diffractometer with Cu K, radiation to
identify the crystalline phases in the samples. The morphology
of the catalyst materials on the electrodes were characterised
using a field-emission scanning electron microscope (FE-SEM)
JSM-7000F (JEOL) and transmission electron microscope (TEM)
with JEM-2100F (JEOL). The elemental composition and
distribution were investigated with energy dispersive X-ray
spectroscopy (EDS) attached to JSM-IT800 (JEOL). High Angle
Annular Dark Field-Scanning Transmission Electron Microscopy
(HAADF-STEM) images and Energy Dispersive X-ray
Spectroscopy (EDS) elemental mapping were obtained on a
Thermo Fisher Scientific Themis Z operating at 300 kV equipped
with a SuperX EDS detector. X-ray photoelectron spectroscopy
(XPS) (Phi Quantra Il) was carried out to analyse the chemical
composition and valence states of the constituent elements in
the samples. The spectrometer was equipped with an Al Kq
source and operated at 15 kV with a total power of 50 W. A pass
energy of 224 eV was used to measure the survey spectra, while
a pass energy of 55 eV was used to measure high-resolution XPS
spectra. All XPS spectra were calibrated with C 1s high-
resolution spectra, and the backgrounds were removed using
the Shirley method. The binding energies for the Ni 2p high
resolution spectra (2p1/2 and 2ps/2), the O 1s spectra and P 2p
are in accordance with the reported studies.?>-28

The UV-visible absorption spectra of the resulting solutions
were recorded using an Agilent Cary 5000 UV/Vis/NIR
spectrophotometer. Fluorescence spectroscopy was performed
using a Varian Cary Eclipse Fluorescence spectrophotometer.
The phosphate concentration in the artificial seawater, chloride
concentration in the electrolyte and hypochlorite concentration
formed due to chloride oxidation in the electrolyte were
determined using a method reported by Veroneau et al.1> 2°

Electrochemical Measurements

The electrochemical properties were measured at room
temperature in a standard three-electrode set-up using an SP-
50e potentiostat (Biologic). The catalyst electrodes were used
as working electrodes. Ag/AgCl and platinum electrodes were
used as reference and counter electrodes, respectively. The
electrolytes for the OER analysis were 1 M phosphate buffer
with different pH (pH 6, 7 and 8). The Linear sweep voltammetry
(LSV) curves were collected at a scan rate of 5 mV s,

This journal is © The Royal Society of Chemistry 20xx
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respectively. The iR drop for the LSV curves was directly
compensated by the potentiostat at 85%, and the compensated
resistance was about 2 to 3 Q. LSV curves were obtained after
50 cycles of CV to activate the catalysts. The potentiostatic
electrical impedance spectroscopy (PEIS) was conducted at a
constant potential in the frequency range of 200 kHz to
100 mHz, and fitted using Zfit software. The potentials recorded
from electrochemical tests were calibrated to the reversible
hydrogen electrode (RHE) by using the equation: Erue = Eag/agal +

otd

mapping of Ni-NiPO.

This journal is © The Royal Society of Chemistry 20xx

Journal ofcMaterials Chemistry A

0.059 x pH. The overpotential of OER (noer) was calgulated.using
the equation: NOER = ERHE - 1.23. The nogmb§Qé@é@'Q€é—d%5§ﬁé
current density of 10 mA/cm? for all the experiments. The
electrochemical active surface area (ECSA) of an electrode was
estimated by using the equation: ECSA = Cq4/Cs, where Cq is the
electrochemical double-layer capacitance and is calculated by
measuring the non-Faradaic capacitive current from the scan-
rate dependent cyclic voltammetry (CV) curves. Cs is the specific
capacitance for a flat surface; the reported Cs is generally 30 puF

Ni,P (111)
Ni,P (201)
Ni,P (211)

Figure 1. SEM images of (a) Ni-NiO, (b) Ni-NiPO. (c) HRTEM images of Ni-NiPO. (d) SAED patterns of Ni-NiPO. (e) HAADF-STEM image and EDS

J. Name., 2013, 00, 1-3 | 3
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cm2. The ECSA was used to normalise current and Cqy. The
stability of the catalysts was observed by conducting
chronoamperometry and chronopotentiometry for 36-48 h.
Prior to electrochemical measurements, the electrolyte was
purged with N, gas to remove dissolved oxygen present in the
electrolyte.

Preparation of a forward osmosis membrane coupled water
splitting (FOWS) cell

The forward osmosis cell (FOWS) was constructed by
connecting a 50 ml plastic centrifuge tube containing the
electrolyte consisting of 1 M phosphate buffer (pH 6, 7 and 8),
in which the electrolysis takes place with a three-electrode
configuration (WE, RE and CE) and an external solution of
artificial seawater containing 0.5 M NaCl solution. The two
solutions were in contact via a commercially available forward
osmosis membrane (FO) made of cellulose triacetate from
STERLITECH (FTSH20O Flat Sheet Membrane). The membrane
has limited functionality at pH values higher than 7.

Magneto-electrochemical measurements

Neodymium-based permanent disk magnets of radius 25 mm
and thickness 10 mm were placed outside the electrocatalytic
setup. Two such magnets were placed opposite to each other
on the circumference of the electrocatalytic cells, resulting in a
magnetic field of 100 mT at the centre of the cell. The magnetic
field was measured using a Gauss meter (ZMST-5 Digital Tesla
meter). The magnetic field was applied perpendicular to the
electric field.

Results and discussion

Morphology and Phase Composition

Nanoflakes of nickel oxide/hydroxide were synthesised on Ni-
foam using a hydrothermal technique (hereafter named Ni-
NiO), see Figure la (Figure S1, S2). Subsequently, the nickel
oxide/hydroxide were partially converted into nickel
phosphides and phosphates (hereafter named Ni-NiPO) during
phosphidation in a tube furnace at elevated temperature. The
morphology transformed from nanoflakes to layered
nanoparticles (Figure 1b). The presence and homogeneous
distribution of Ni, P, and O are confirmed from EDS mapping and
from EDS spectra (Figure S3, S4).

The Ni-NiPO sample was further investigated by use of
transmission electron microscopy (TEM). Low-resolution TEM
images show a similar morphology to what is observed in SEM
(Figure 1c: inset). High-resolution TEM reveals interplanar
distances of 0.19, 0.22 and 0.24 nm, which can be attributed to
the (201), (111), and (211) planes of the Ni>P phase (Figure 1c).
The SAED pattern shows (111), (201), and (211) planes of the
Ni,P phase (Figure 1d), in agreement with previous studies of
Ni>P.30 31 High-angle annular dark-field scanning TEM (HAADF-
STEM) clearly shows formation of nickel phosphide nanoflakes
(Figure 1le). Energy-dispersive X-ray spectrometry mapping
shows a relatively homogeneous distribution of oxygen,
indicating the presence of phosphates.

4| J. Name., 2012, 00, 1-3

Powder X-ray diffraction (PXRD) pattern of Ni-NiQ.agree with
the diffraction files of NiO (PDF 47-1049) attd BONHOH)% (PDPI1ZA
0117), see Figure S5.3% 33 The diffraction peaks at 26 = 20.6,
28.6, 37.6, and 63.3 can be indexed to the (001), (100), (101),
and (111) planes of NiO and the 26 = 37.6, 43.7, and 63.3 can be
indexed to the (101), (200), and (111) planes of B-Ni(OH),,
respectively along with the 20 peaks of Ni-foam at 44.5 (111)
and 51.9 (200).%°

After phosphidation, the PXRD pattern of Ni-NiPO shows Ni,P
(PDF 04-003-1863) with the diffraction peaks at 26 = 40.9, 45.6,
47.6, 52.6, 53.1, and 59.3 indexed to (111), (201), (210), (110),
(300), and (211).3* Also, the presence of nickel phosphates is
observed in the Ni-NiPO catalyst. Several broad diffraction
peaks match with the phosphate phases of Niy(POs)s (PDF 01-
076-1557), Ni,P,0; (PDF 04-014-1816) and Niz(POa4)s (PDF 00-
035-0987).3° Thus, a partial conversion of oxides and hydroxides
to phosphates occurs along with the formation of nickel
phosphide (Ni;P) during phosphidation, see Figure 2a.

Further, from Raman spectroscopy, it is observed that in Ni-NiO,
four Raman scattering peaks are present at 510, 742, 1085, and
1490 cm™%, that can be ascribed to the first-order longitudinal
optical (LO1) phonon mode of the Ni—O lattice vibration, the
second-order transverse (TO2), the second-order longitudinal
optical (LO2) phonon modes, and the two-magnon (2 M) mode
of the NiO, respectively (Figure S6a) in accordance with the peak
assignments by Terlemezoglu et al.3® Only non-stoichiometric
NiO shows LO1 mode indicating the presence of defects, such
as nickel vacancies. Raman spectra of crystalline Ni,P are often
weak or silent in the typical 100—1000 cm~ range because Ni—P
modes couple poorly to Raman scattering. Instead, the peaks
observed usually correspond to oxide species or their
electrochemical transformations.3” In addition to NixP, also
weak P—O-P (799 cm™) and P-O (1159 cm™l) peaks are
observed in the Ni-NiPO electrocatalyst, confirming presence of
phosphates (Figure S6b).3>

XPS Characterisation

The surface oxidation states and electronic structure of the
catalysts were analysed using X-ray photoelectron spectroscopy
(XPS). All XPS spectra were calibrated using C 1s high-resolution
spectra, and the backgrounds were removed using the Shirley
method. As shown in Figure S7, the survey spectrum of Ni-NiO
shows Ni 2p and O 1s, and for Ni-NiPO, also P 2p is observed.
The Ni 2p high-resolution spectra for Ni-NiO are well-fitted with
two spin-orbit doublets, 2pi/2 (872 eV) and 2ps;2 (854 eV),
considering the 2:1 area proportion for the spin-split to 2ps;
and 2p1/2, as well as shakeup satellites (860.6 and 879.6 eV), see
Figure 2c. Both doublets are peak-fitted into the oxidation
states of Ni; +3 for 855.4 and 873.2 eV; and +2 for 853.8 and
871.2 eV. Similarly, the O 1s spectra of the Ni-NiO precursor, in
Figure 2d, can also be fitted to two species, which include metal-
oxide-bound species (529.2 eV) (lattice oxygen: O.), and oxygen
vacancies on the surface (530.8 eV) (Oy). For Ni-NiO, O, and Oy

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. (a) Powder X-ray diffraction pattern for Ni-NiPO. Deconvoluted high-resolution XPS spectra of Ni-NiO and Ni-NiPO (b) P 2p, (c) Ni 2p, (d)

O 1s.

are observed, confirming the formation of Ni-O bond and Ni-OH
bond.

After thermal treatment with NaH,PO,eH,0, the surface
chemistry of the resulting Ni-NiPO is probed with XPS. The +3
state of both Ni 2ps3/; and Ni 2p12 comprises a higher binding
energy shift (0.6 eV) in the peak position due to surface
oxidation after phosphidation, with a partially charged Ni*
(0<&6<2). The partially charged metal ions help to attain
prompt electron transfer ability. It promotes more oxygen
vacancies, which improve the —OH adsorption at the electrode
surface. Along with this, the increased intensity of +2 states of
both Ni 2ps3/; and Ni 2p1/2 proves the phosphide formation from
the oxides. The O 1s core-level XPS spectra of Ni-NiPO can be
divided into three peaks centred at 529.2 (O), 532.0 (Oy), and
534.8 eV, which can be attributed to adsorbed oxygen and
hydroxide species as well as P-O components.3® An increase in
the binding energy of O 1s electrons typically indicates the
presence of other atoms or groups (here, phosphorus) in the
molecule and molecular geometry. Again, an increase in
vacancy oxygen (Oy) is observed for Ni-NiPO compared to Ni-
NiO, which refers to the presence of oxygen vacancies in a
material, particularly in catalysts. These vacancies are defects in
the lattice structure of metal oxides or other compounds
containing oxygen. They are formed during synthesis under
elevated temperatures and reducing atmospheres and play a
crucial role in the stability, diffusivity, and catalytic activity of
the material. The P 2p region clearly represents two different
environments around phosphorus (Figure 2b): metal phosphide
(P 2p3;= 129.2 eV and P 2pis= 130.2 eV) and oxidised
phosphate species P=0O (132.8 eV) and P-O (134 eV) on the
surface. The binding energy of P 2p of Ni-NiPO is negatively
shifted from that of elemental P (130.2 eV), which proposes a

This journal is © The Royal Society of Chemistry 20xx

partial negative charge (6-) on the P atom. The peak at 134 eV
is attributed to an oxidised form of P atoms resulting from
surface oxidation of the phosphide phase to phosphates.

Electrocatalytic performance

Electrocatalytic OER in three-electrode setup in 1M phosphate
buffer electrolyte

To evaluate the electrocatalytic activity, OER was first
performed in an oxygen saturated 1 M phosphate buffer at pH
6, 7, and 8, using the catalyst Ni-NiPO. Linear sweep
voltammetry (LSV) was performed with a conventional three-
electrode setup followed by measurements in the forward
osmosis cell (FOWS) (Figure 3a), using the same setup as in our
previous work.3®> From the initial LSV measurements, the
overpotentials were observed to be 950, 580, and 450 mV at pH
6, 7, and 8, respectively (Figure 3b). The lowest overpotential is
thus observed at pH 8 as alkaline electrolytes provide
stabilisation of key intermediates by the presence of hydroxide
ions. The Tafel slopes, calculated from the LSV measurement,
shows 133, 86 and 77 mV/dec for pH 6, 7, and 8, respectively,
reflecting the improved charge-transfer kinetics (Figure S8).

Electrocatalytic OER with FOWS setup

The next step was to use the FOWS setup, as our aim is to utilize
seawater for electrocatalytic water oxidation. The FOWS cell
was equipped with a three-electrode setup, and the
concentration of the electrolyte was chosen to compensate for
the influx provided by the high surface area of the forward
osmosis membrane. In the FOWS experiments, an external
vessel containing 0.5 M NaCl solution (artificial seawater, 0.5 M
NaCl = 3.5 wt% NaCl) was in contact with the electrochemical

J. Name., 2013, 00, 1-3 | 5
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cell containing the phosphate buffer solution via a forward
osmosis membrane.3? LSV measurements were carried out over
time at three different pH levels (Figure 3c). It is observed that
the overpotentials has increased after 1 and 2 h at pH 6 and 7,
whereas at pH 8 the overpotential remains almost the same
during 2h (Figure 3d, Table S1). The overpotential values are
calculated after repeating the experiments three times. Along
with the lowest overpotential, Ni-NiPO is least affected at pH 8.
To understand the interfacial interaction, impedance
spectroscopy was carried out in 1 M phosphate buffer at
different pH levels. Nyquist plots for Ni-NiPO show that the
decrease in Re (Z) happens rapidly with an increase in pH (Figure
3e). The charge-transfer resistance (Rct) is smallest at pH 8 (12.3
ohm) and highest at pH 6 (35.9 ohm). Also, from the Nyquist
plot, the double-layer capacitance (Cq) was calculated for the
electrolyte 1 M phosphate buffer (Table S2). The Cq increases
as the pH increases from pH 6 (0.8 mF) to pH 8 (1.0 mF). The Cq
was used to evaluate the electrochemically active surface area
(ECSA) of Ni-NiPO, as Cq is directly proportional to ECSA. To
evaluate the stability, chronopotentiometry was also
performed at 10 mA applied current. At pH 7 and 8, the
potential reached up to 0.44 V and 0.52 V, respectively, with
consistency for 48 hours (Figure 3f). But in the case of pH 6, the
achieved potential is initially high (1.36 V) and not so stable over
time, indicating corrosion of the Ni-electrode. The
incorporation of a semipermeable FO membrane markedly
suppresses the concentrations of chloride and its oxidation

products, thereby minimizing their accumulation opboth.anpde
and cathode surfaces. This improvementPOpAivd N St ioated
to the effective rejection of Cl~ ions via forward osmosis, the
reduced operational potential required for the OER, and the
employment of sodium phosphate as the electrolyte, which
serves as a superior promoter of OER relative to CIOR. Owing to
its selective ion exclusion properties and minimal leaching
through the FO membrane, sodium phosphate represents an
optimal inner electrolyte for FOWS cells operated under near
neutral conditions.

Electrocatalytic OER in artificial seawater + 1 M phosphate
buffer

In a third setup, it was found that during electrolysis of artificial
seawater (0.5 M NaCl) + 1 M phosphate buffer, the performance
is not affected at pH 8 (Figure 4a). However, the stability of OER
at pH 6 and 7 ceases after 3 and 9 hours, respectively. The
overpotential for OER at pH 8 is much lower compared to at pH
6 and 7 and the stability was intact during the testing period of
48 hours. Since the overpotential at pH 8 is low, the risk for CIOR
is also lower compared to at pH 6 and 7 where the overpotential
is closer to the CIOR oxidation potential, which may disrupt a
stable chronoamperometric behaviour due to corrosion of the
catalyst. It is thus clear that the FO membrane plays a crucial
role in the setup where the artificial seawater is separated from
the phosphate buffer via the FO membrane by selectively
transporting water molecules while effectively blocking the
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Figure 3. Electrochemical performance of the Ni-NiPO catalyst in 1 M phosphate buffer (pH 6, 7 and 8). (a) Schematic diagram of the FOWS setup.

(b) Linear sweep voltammetry of Ni-NiPO with conventional three-electrode setup. (c) Linear sweep voltammetry after different contact times

of the Ni-NiPO catalyst with the electrolyte using the FOWS setup. (d) Overpotential of the Ni-NiPO catalyst after different contact times in the

FOWS setup. (e) Impedance spectroscopy: Nyquist plots of Ni-NiPO with FOWS setup. (f) Chronopotentiometry of Ni-NiPO with FOWS setup.
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migration of chloride ions. This selective ion transport is
important because it suppresses unwanted corrosion of the
electrode surface, which otherwise occurs when electrodes are
directly exposed to artificial seawater.®

Electrocatalytic OER in artificial seawater with FOWS setup in
presence of magnetic field

Recently, we have established that the effect of a magnetic field
(B =100 and 200 mT) can enhance the OER efficiency using
mixed metal phosphides (NiCoP and NiCoFeP).*° Inspired by
those results, we applied a magnetic field of 100 mT in parallel
with the electric field, also for the present catalyst in the FWOS
cell for the electrocatalytic OER process,

The LSVs were acquired after different times up to 24 h to
evaluate the effect of an applied magnetic field (B = 100 mT) at
pH 6, 7 and 8 (Figure 4b, S9). It is observed that the
overpotential is lowered in the presence of a magnetic field, and
with time, the overpotential decreases for all three pH values
used. The overpotential achieved after applying a magnetic field
for 24 hours at pH 8 (310 mV) is the lowest compared to pH 7
(390 mV) and pH 6 (620 mV) (Figure S10, Table S3). The
differences with and without an applied magnetic field (100 mT)
in the FOWS setup were investigated, and the overpotential was
measured after different times, see Figure 4c. With time, a
lowering in overpotential is observed when a magnetic field is
applied, while the overpotential increases with time without an
applied magnetic field (Table S1, S3). The results indicate that it
(@) = (b)
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Figure 4. (a) Chronoamperometry for OER with Ni-NiPO catalystin 1 M
phosphate buffer + 0.5 M NaCl at pH 6, 7 and 8 without the FOWS
setup. (b) Linear sweep voltammetry of Ni-NiPO in 1 M phosphate-
buffer (pH 8) with FOWS setup under magnetic field with time interval
(inset: Schematic diagram for the FOWS setup with magnetic field). (c)
Comparison of overpotential of the Ni-NiPO catalyst in 1 M phosphate
buffer (pH 6, 7 and 8) with different time interval (0, 1, 2 h) with FOWS
(blue) (pink) field. (d)
Chronoamperometry for OER with Ni-NiPO catalyst in 1 M phosphate
buffer at pH 6, 7 and 8, under magnetic field (B = 100 mT) with FOWS
setup.

setup with and without magnetic
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takes a relatively long time for the magnetic domgins.te. aligh
when a magnetic field is applied. Tafel Rfopés &Y Elculatéd
from the LSVs in Figure 4b. They show a gradual decrease from
80 to 42 mV/dec, explaining the improvement in the kinetics in
presence of magnetic field (Figure S11). The Impedance
spectroscopy was performed at pH 8 in a FOWS setup under
magnetic field. From the Nyquist plot, it is observed that the Ret
decreases with time in presence of magnetic field, B =100 mT
(Figure S12, Table S4). The R decreases to 11 ohm from
14.9 ohm after 15 minutes of magnetic field and reaches
7.7 ohm after 60 minutes. It reflects the influence of magnetic
field in enhancing the conductivity during the electrocatalytic
OER. As an external stimulus, a magnetic field enhanced the
efficiency of electrocatalysis and the water splitting process can
be kinetically enhanced. The electrocatalytic effects associated
with the applied magnetic field are explained by the magneto-
hydrodynamic effect, spin selection, and magneto-resistance.l%
41-44 This occurs due to the (i) magneto-hydrodynamic effect; as
the magnetic field is placed perpendicularly to the electric field,
the Lorentz force creates and removes gas bubbles at the
electrode surface, (ii) higher conductivity as the magnetic
domains of the catalyst gets aligned in presence of a magnetic
field to reduce the resistivity (observed in the trend of charge-
transfer resistance) to enhance the mass-transport of the
reaction, and (iii) spin-modification for the spin-dependant
reactions like OER, the magnetic field helps to align the spin of
the oxygen radical to initiate O-O bond easily. 14 These are the
responsible reasons to improve the catalytic activity in presence
of magnetic field.

To evaluate the stability of the Ni-NiPO catalyst when applying
an FOWS setup and magnetic field, chronoamperometry was
performed (Figure 4d). In the electrolyte with pH 8, the current
density is observed to be stable during a 36 h experiment at
10 mA/cm?, while at pH 6 and pH 7, the current density
decreases with time. Further, the stability was studied for 6
days in 1 M phosphate buffer pH 6, 7 and 8, showing a stable
performance (Figure S13). As it observed that the current
density is very stable at pH 8, while the current density is
unstable for pH 6 and 7.

Electrocatalytic OER in 1 M phosphate buffer in presence of
magnetic field

Magneto-electrocatalytic OER in 1 M phosphate buffer (pH 6, 7
and 8) was performed also without the FOWS setup, (Figure
S14). The change in overpotential is then similar to the
overpotential drop while performing in saline water with the
FOWS setup under a magnetic field (B = 100 mT) (Table S5). This
implies that FOWS helps to achieve a similar performance as
when there is no contact with salt water.

The leaching of CI~ and Na* ions into the electrolysis cell and
leakage of phosphate out from the cell through the FO
membrane is crucial during long-term runs. To have a better
understanding of these properties, spectrophotometric analysis
was performed to determine any probable leakages, following
previous studies.’™ 3° The concentrations of chloride ions
(Figure S15) and their oxidation products (Figure S16) were

measured in the inner electrolyte chamber through
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fluorescence spectroscopy and UV-Visible spectroscopy,
respectively. Along with that, the concentration of phosphate
leaching through the FO membrane in the outer electrolyte was
measured with UV-Visible spectroscopy (Figure S17). As
observed, the phosphate leaching is around 0.1 mmol after 48 h
at pH 6, which is around 0.5% of the content in the electrolyte.
However, at pH 7 and pH 8, the phosphate leaching is around
1.1 mmol (5.5% of the electrolyte) and 1.2 mmol (6% of the
electrolyte), respectively, after 48 h. This is mainly due to the
operating limitations of the FO membrane. The amount of
chloride in the electrolyte was ca 42 mmol at pH 6 (8.4% of the
artificial seawater), 51 mmol at pH 7 (10.2% of the artificial
seawater) and 58 mmol at pH 8 (10.4% of the artificial seawater)
after 48 h of continuous operation. The increase in chloride
concentration with increasing pH is also due to the pH
dependent operational limitations of the FO membrane.
However, these influxes are ~10% of the of the chloride ions
from the artificial seawater and the electrocatalysts are thus
less exposed to chloride ions with an FO membrane as
compared to direct seawater splitting. The chloride oxidation
products, such as HOCI/OCI-, produced during the continuous
operation were evaluated to be ca 0.21 mmol at pH 6, 0.17
mmol at pH 7, and 0.14 mmol at pH 8. With increasing pH, the
oxidation products decrease as the overpotential needed for
water oxidation also decreases.

Characterization after electrocatalysis experiments
Characterization by use of SEM, XRD, and XPS of Ni-NiPO were
performed after chronoamperometry for 48 hours in 1 M
phosphate buffer electrolyte at different pH values. SEM shows
that the morphology of Ni-NiPO changes after OER in 1 M
phosphate buffer (pH 6), see Figure S18. In contrast, the
morphology of the same catalyst is fairly intact after reaction at
pH 8. XRD also clearly shows that after reaction at pH 6, the
phosphide phase has mainly been converted to oxides.
However, Ni-NiPO that reacts at pH 8 shows low oxidation, and
the Ni;P phase is still present, see Figure S19. XPS was
performed after OER, see Figures S20-23, and an increase in the
binding energy of Ni 2p is observed due to the presence of
oxygen on the surface of the material. The high-resolution P 2p
spectra lack the P 2p1/; and P 2ps;; peaks for the catalyst after
use at pH 6 and pH 7, while they are present at pH 8. This
indicates the stability of Ni-NiPO after 48 hours of
electrocatalysis at pH 8, as P 2p HRXPS shows intact P 2p1/; and
P 2ps/; peaks together with P-O and P=0 as P 2p. However, in
the case of pH 6 and 7, the absence of P 2p;i;; and P 2psp
supports the chronoamperometric data in Figure 4d, where the
stability of the catalyst at pH 8 is superior to that at pH 6 and 7
due to degradation of the phosphide phase during
electrocatalysis. Along with this, the high-resolution
deconvoluted Ni 2p spectra show a disappearance of the +2
state peak after use at both pH 6 and pH 7, confirming oxidation
of the catalyst. However, at pH 8, the +2 states of Ni 2p coexist
with the +3 states after OER, indicating a better stability of the
catalyst. After electrochemistry, the O 1s peak appeared at 535
eV at pH 8, indicating the presence of strongly bound
physisorbed oxygen species.

8| J. Name., 2012, 00, 1-3

Conclusions

View Article Online
DOI: 10.1039/D6TA00538A
Ni-based phosphide catalysts synthesised on Ni foam and

integrated with forward osmosis membranes are shown to be a
promising method for direct seawater splitting. Powder X-ray
diffraction and X-ray photoelectron spectroscopy verify the
formation of nickel phosphide and phosphate phases from an
oxide precursor. However, the conversion is not complete and
oxide and hydroxide phases also remain after phosphidation.
The electrocatalytic cell is designed with a chloride-ion-selective
forward osmosis membrane to improve performance and
durability by preventing chlorine oxidation and electrode
corrosion.

The forward osmosis membrane effectively suppresses chloride
ion transport while enabling rapid water transfer, reducing
electrode corrosion. The best performance was achieved at
pH 8, where the FO membrane offered superior stability over
48 h and high selectivity for OER compared to CIOR in saline
environments. In addition, the application of an external
magnetic field (~100 mT) improves the oxygen evolution
reaction by lowering the overpotential from 0.45 V to 0.31 V
and promoting the reaction kinetics.

After 48 hours of continuous operation, phosphate leaching is
approximately 1.2 mmol (6% of the inner electrolyte) at pH 8,
and chloride accumulation reached approximately 85 mmol.
The observed increase in chloride accumulation with rising pH
can be attributed to the pH-dependent operating limitations of
the FO membrane. Despite this, the chloride influx remains
around 10% of the total chloride ion concentration in the
artificial seawater (outer electrolyte). By mitigating electrode
degradation and reducing the chlorine evolution reaction (CIOR)
as well as lowering the required overpotential through the
synergistic application of magnetic and electric fields, this work
presents a compelling strategy for the development of efficient
and sustainable seawater-splitting systems.
Furthermore, the FOWS cell with the
phosphide/phosphate/oxide  catalyst outperforms
recently reported electrocatalysts for OER in neutral seawater
(see Table S6). Continued research with different electrolytes
and buffer systems may further improve performance by
increasing ion selectivity and reducing electrolyte transfer. In
addition to the performance and durability of the anode
materials, the stability and catalytic activity of the cathode are
equally important for efficient water splitting. It is worth noting
that the use of an FOWS cell reduces precipitation on the
cathode surface, as demonstrated in the study by Veroneau et
al.’5> Furthermore, the efficiency of the water oxidation process
can be improved by utilizing a superior membrane with better
durability across the pH scale.
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