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In seawater, severe hydroxide-based precipitation on the hydrogen evolution reaction (HER) electrode
surface is still a major stumbling block for direct seawater electrolysis. Here, we design a direct seawater
HER electrode with excellent anti-precipitation performance based on an Ni(OH), nanofiltration
membrane in situ grown on nickel foam (NF) at room temperature. The positively charged Ni(OH),
membrane with nanometer-scale cracks realises an ion sieving function, which apparently hinders the
transfer of Mg?*/Ca®* ions to suppress precipitation, while rapidly transporting OH~ and H,O to ensure
HER mass transfer. Therefore, the Ni(OH),-membrane-decorated seawater HER electrode reduces
precipitation by about 98.3% and exhibits high activity and stability. Moreover, in the application of
a direct seawater electrolyser and magnesium seawater battery, the Ni(OH), membrane-decorated
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Introduction

Hydrogen, a carbon-free fuel, can provide a practicable strategy
to mitigate climate change and achieve carbon neutrality,"*
since it is generated through water electrolysis powered by clean
energy, such as seawater electrolysis powered by off-shore wind
power.*” Compared with conventional alkaline and proton
exchange membrane (PEM) water electrolysis, seawater elec-
trolysis directly uses the seawater as a waterhead, which reduces
the cost of hydrogen production by getting rid of the equip-
ments to produce ultra-pure water.>® However, impurity ions in
seawater, e.g. Cl~ (20.06 g kg™ ' H,0) and Mg”" (1.33 g kg™ "
H,0), are known to bring about challenges of the chlorine
evolution reaction (CIER) on the oxygen evolution reaction
(OER) electrode, equipment corrosion by Cl™, and the precipi-
tation of hydroxides on the hydrogen evolution reaction (HER)
cathode.' ™ Due to the effect of blanket cathode precipitation
on the size of the active area, over 50% of the HER electrode
current density is lost after only 24 hours of operation.'**
Moreover, HER electrode precipitation also causes problems for
other applications, such as electrochemical sewage treatment,
sodium hypochlorite production from seawater, and metal
seawater batteries.'*** Therefore, an ideal method to solve HER
electrode precipitation is urgently needed for applications.

Dalian National Laboratory for Clean Energy, Dalian Institute of Chemical Physics,
Chinese Academy of Sciences, Dalian 116023, China. E-mail: edwang@dicp.ac.cn
(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d3s5c04532¢

1830 | Chem. Sci,, 2023, 14, 1830-11839

solve HER electrode precipitation in seawater via an ingenious electrode structure design.

The development of reported methods for solving HER
electrode precipitation caused by Mg”" and Ca** ions in
seawater can be categorized into four types: (i) the addition of
acid or inhibitor to the electrolyte, which avoids the formation
of precipitate on the HER electrode, such as sulfuric acid to
prevent precipitation and CO, to dissolve CaCOj3;**** (ii) opti-
mizing the operating conditions or electrolyser structure, such
as current density, electrolyte flow rate, and ion exchange
membrane, that can scour the precipitate on the electrode by
hydrogen gas bubbles and electrolyte, or an Na' exchange
membrane to alleviate the formation of Mg>" and Ca®*
precipitates;*** (iii) washing with acid, that can dissolve the
alkaline precipitate;** and (iv) direct pre-removal of Mg>" and
Ca”" ions, which eliminates the main precipitate-forming ions,
as used in the chlor-alkali industry for example.” Some of these
methods can efficiently prevent the formation of precipitate,
but incidental problems make large-scale application for
seawater electrolysis difficult, such as acid consumption and
corrosion because of acid addition or wash, and the high cost of
the pre-removal of the ions. If the HER electrode surface could
itself prevent the formation of precipitate, such as a Cr,O; Lewis
acid layer, which hinders the transfer of the OH™ produced by
the HER electrode to lower the electrode surface pH,* this
would be more significant for real applications. Several groups
have revealed this phenomenon and the reason for the precip-
itation adsorption on the HER electrode, but studies of how to
obtain an anti-precipitation HER electrode in seawater are
limited.**

Herein, an Ni(OH), ion sieving membrane coated on the
surface of 3D NF was in situ fabricated as an anti-precipitation
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HER electrode in seawater. Combined theoretical calculation
and experimental tests, the Ni(OH), ion sieving membrane can
efficiently hinder the transfer of Mg>*/Ca®>* ions and rapidly
convey the HER related OH ™ and H,O due to the positive charge
and nanometer-scale cracks. Due to the excellent anti-
precipitation performance, rapid mass transfer, and syner-
gistic effect between Ni(OH), and NF, the Ni(OH),-NF electrode
can reduce most of the precipitation on the surface, and exhibit
higher HER performance than that of an NF electrode. In
application to a direct seawater electrolyser and magnesium
seawater battery, the Ni(OH),-membrane-coated electrode also
obviously adsorbed less precipitation and displayed higher
stability.

Results and discussion
Precipitation on a seawater HER electrode

To understand which ion in seawater led to the precipitation, the
seawater-related Mg>*, Ca**, SO,>~ and HCO;~ ions were sepa-
rated. As shown in Fig. 1a, the NF-based HER electrodes were
measured in 3.5% NaCl without or with the different ions at the
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same concentration in seawater under 1 mA cm > for 200 h.
Distinctly, the precipitation was mainly caused by the Mg>" ion
and partly by the Ca®" ion, because the precipitation mass on the
electrode surface suddenly increased from 1.4-9.0 mg cm ™2 to
215-229 mg cm > when the electrolytes contained Mg>" ions,
and the HER electrodes were fully covered by a burly white
precipitate. The main components of the precipitate on the
electrode surface were Mg(OH), and adsorbed NaCl, as identified
by XRD (Fig. 1b). It is speculated that the pH on the seawater HER
electrode surface would increase rapidly at the beginning of HER
operation, as schematically illustrated in Fig. 1c, which was
much higher than the pH of Mg(OH), deposition.*>** Therefore,
the Mg”* ions in seawater would preferentially deposit on the
surface of the HER electrode, and then the Mg(OH), precipitate
on the electrode would act as deposition sites for the newly
formed Mg(OH),.** As a result, the seawater HER electrode would
be covered with Mg(OH),-based precipitate.

Synthesis and characterization of the Ni(OH), membrane

To solve the precipitation on a direct seawater HER electrode,
an Ni(OH), membrane was in situ synthesized on NF (1 cm x 2
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Fig.1 (a) Mass of precipitation on the electrode in different electrolytes (inset: photographs of the HER electrode after measurement). (b) XRD

pattern of the precipitation. (c) A schematic illustration of the precipitation mechanism on the HER electrode surface in seawater.
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cm) via a simple soaking process in 0.1 M NiCl, for 3 days at 25
+ 1 °C, as schematically illustrated in Fig. 2a. During the
soaking period, the NF was etched by the dissolved oxygen and
Cl™, and then the generated OH ™ reacted with the excess Ni** to
generate a positively charged Ni(OH), membrane ({ = +23.8 mV
in 1 mM NaOH, Fig. 2b) on the NF surface. Due to the positive
charge, the Ni(OH), membrane can hinder the passage of Mg**
and Ca”" ions through the membrane from the electrolyte to the
NF surface, as will be discussed in detail below.

As disclosed in Fig. 2c, the diffraction peaks appearing at
19.3°, 33.1°, 38.5°, and 52.1° were assigned to the characteristic
(001), (100), (101) and (102) facets for Ni(OH), (JCPDS no. 74-
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2075), respectively. It is noteworthy that the c-axis-related
diffraction peaks were broadened due to the disordered and
expanded Ni(OH), layers. The higher redox peak current of Ni(u)
to Ni(m) for the Ni(OH),-NF electrode compared to the NF
electrode further verified that the NF surface was covered with
Ni(OH), (Fig. S11). The morphology of the Ni(OH), membrane
on NF was studied with field emission scanning electron
microscopy (SEM). As shown in Fig. 2d, Ni(OH), was uniformly
coated around the 3D NF surface to form the membrane. The
surface of the Ni(OH), membrane was formed by continuous
scarf-like Ni(OH), sheets with rugged pores (Fig. 2e). In the
membrane matrix, with a thickness of ~520 nm (Fig. 2f), the
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Fig. 2 (a) Schematic illustration of in situ growth of the Ni(OH), membrane on NF. (b) Zeta potential of the Ni(OH), membrane stripped from

Ni(OH),—NF electrodes and precipitated Mg(OH),. (c) XRD pattern of the Ni(OH), membrane. (d—f) Typical SEM, and (g, h) TEM images of the
Ni(OH), membrane (inset: SADE). (i) N, isothermal absorption/desorption and (j) pore size distribution curves of the Ni(OH), membrane stripped
from the Ni(OH),—NF electrodes. (k) High-resolution XPS spectra for Ni 2p of the Ni(OH), membrane before and after testing in seawater.
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rugged pores were completely filled with amorphous Ni(OH),.
Therefore, the solutions must pass through the amorphous
Ni(OH), sheets to cross over the membrane, but not through the
pores. To obtain detailed structural information about the
Ni(OH), membrane, a transmission electron microscopy (TEM)
investigation was carried out. The TEM and selected area elec-
tron diffraction (SADE) results further verified the porous and
amorphous structure of the Ni(OH), membrane (Fig. 2g). Under
higher magnification (Fig. 2h), the crack-like defects were
randomly distributed on the Ni(OH), sheets with a width of 0.4-
2.0 nm and a length of 7.9-26.2 nm. The defects supply enough
high-speed channels for the water and ions to cross over the
Ni(OH), membrane, which will be discussed in detail via the
simulation below.

Brunauer-Emmett-Teller (BET) analysis showed that the
Ni(OH), membrane possessed a specific area of 66.9 m> g
(Fig. 2i); the pore size was distributed over 2.5 nm and centred
around 20 nm (Fig. 2j), which was in agreement with the TEM
results. The surface chemical state of the Ni(OH), membrane
was investigated with X-ray photoelectron spectroscopy (XPS).
As revealed in Fig. S2,T the Ni(OH), membrane contained only
Ni, O, and C elements. For the Ni 2p XPS spectra (Fig. 2k), the
two spin-orbit doublet peaks at 856.4 and 874.3 eV with two
shake-up satellites at 862.0 and 880.0 eV belong to Ni(OH),. The
absence of an Ni(0) binding energy peak in Fig. 2k further
confirmed that the surface of NF was fully coated with the
Ni(OH), membrane. The species of Ni(OH), was also demon-
strated by the O 1s XPS spectra at a binding energy of 531.7 eV
(Fig. S31). Moreover, impurities of H,O and CO;>~ were found
in the Ni(OH), membrane in the O 1s XPS spectra (the CO;>~
can also be confirmed by the C 1s XPS spectra, Fig. S41). The
impurity mass was calculated to be about 5.8% from the
thermal gravimetric analysis (TGA, Fig. S5T) curves. In short, the
positively-charged Ni(OH), membrane with nanometer-scale
cracks was in situ uniformly coated on the 3D NF.

Anti-precipitation performance

Firstly, we studied the precipitation mass influenced by the
thickness of the Ni(OH), membrane on the NF electrode, which
was controlled by soaking time. From 1 to 5 days (Fig. S61), the
thickness of the Ni(OH), membrane grew from ~350 nm to
~1010 nm, as detected by SEM. During the measurement, we
found that the Ni flake, Ti mesh and graphite rod as counter
electrode (CE) in seawater all suffered from corrosion and
a chlorine evolution reaction. To avoid or reduce the effect of
the CE on the working electrode (WE) as much as possible, we
chose a pure Mg rod as the counter electrode. During the test,
the Mg CE would be oxidized into Mg®". When the WE was
separated from the CE by AEM, the generated Mg>* would not
affect the WE. Without the AEM, the Mg”" would diffuse to the
WE cell to supplement the consumed Mg>". Compared to an NF
electrode, the Ni(OH),-NF electrodes deposited less precipita-
tion after 12 h of measurement at 10 mA em™” in seawater when
the WE and CE were separated with AEM (marked as SW + AEM,
Fig. 3a, S7 and S87). Due to the lower precipitation, the Ni(OH),-
NF electrodes exhibited higher stability than the NF electrode

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(Fig. S91). With increasing soaking time, the precipitation mass
reached a minimum value of 3.2 mg cm™> for the Ni(OH),-NF-
3d electrode. In detail, the porous precipitation of Mg/Ca-based
hydroxide or carbonate with a thickness of 6.1 pm was evenly
distributed on the surface of the Ni(OH), membrane (Fig. S2,
S10-S12%). It is worth noting that the Mg and Ca elements were
only distributed on the surface of the Ni(OH), membrane
(Fig. S111), indicating that the Ni(OH), membrane can hinder
the transfer of Mg** and Ca*" from seawater to the NF substrate.
Moreover, the Ni(OH),-NF electrodes displayed higher HER
performance than NF because of the synergistic effect between
Ni(OH), and NF to accelerate the Volmer step of HER.***
Therefore, the potential of Ni(OH),-NF electrodes (—1.078 to
—1.067 V vs. SCE, saturated calomel electrode) was more posi-
tive with 24 to 35 mV than that of the NF electrode (—1.102 V vs.
SCE) at a current density of 10 mA cm ™ (Fig. 3b). The smaller
Tafel slopes and R¢y in EIS of the Ni(OH),-NF electrodes also
confirmed the higher HER activity for Ni(OH),-NF electrodes
(Fig. S13t). Just to be clear, the electrolyte pH kept rising from
~8.1 to 12.8 during the measurement, so the SCE was better
able to act as the reference electrode but not as a reversible
hydrogen electrode (RHE).

To further reduce the precipitation on the electrode surface,
we then added Mg(OH), powder in seawater to obtain a satu-
rated Mg(OH), seawater solution, denoted SW + Mg(OH),. The
Mg(OH), particles were expected to supply nucleation sites in
seawater electrolyte for the newly formed Mg(OH),, resulting in
new Mg(OH), precipitate being deposited in the electrolyte but
not on the HER electrode surface. As shown in Fig. 3c and S14,7
the precipitation on the Ni(OH),-NF electrode in SW + AEM
(3.2 mg cm™>) obviously decreased after the addition of
Mg(OH), in seawater (SW + Mg(OH), + AEM, 0.4 mg cm™2), but
the effect on the NF electrode was insignificant. Additionally,
the electrolytic cell without AEM was also investigated, in which
case the working electrode chamber would be sustainingly
supplied with Mg>" ions from the counter electrode during the
measurement. As a result, in seawater, the precipitation mass
for the Ni(OH),-NF electrode increased significantly from 3.2 to
38.5 mg cm ™2, but only increased slightly from 0.4 to 0.9 mg
ecm~? in SW + Mg(OH), (Fig. 3c). It was demonstrated that the
Ni(OH), membrane assisted by saturated Mg(OH), in seawater
can dramatically reduce the precipitation on the HER surface,
and the reduction in mass percentage reached 98.3%. There-
fore, the lower precipitation on the electrode brought about
higher stability for the Ni(OH),-NF electrode (Fig. S157).

We then evaluated the stability of the Ni(OH), membrane by
prolonging the test time. As demonstrated in Fig. 3d and S16,
the NF and Ni(OH),-NF electrodes were measured under SW +
Mg(OH), + AEM conditions every 20 h to obtain the precipita-
tion mass over a total time of 100 h. The precipitation mass of
the Ni(OH),-NF electrode was much lower than that of NF over
the whole test time. At the time of 100 h, the precipitation mass
of the Ni(OH),-NF electrode was 5.3 mg cm™ 2, which was only
10.9% that of the NF electrode (48.5 mg cm ?). Due to the
accumulation of precipitation, the NF electrode exhibited poor
stability with an increased overpotential of 56 mV compared to
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(a) Mass of precipitation on the electrodes, and (b) the LSV curves of the electrodes under different deposition times. Mass of precipitation

on the NF and Ni(OH),—NF electrodes, (c) under different conditions, and (d) with different measure times. (e) Chronopotentiometry curves of NF

and Ni(OH),—NF electrodes with the electrolyte replaced every 20 h under a current density of 10 mA cm

different kinds of hydroxide-decorated electrodes.

the Ni(OH),-NF electrode at the measurement time of 100 h for
the continuous test (Fig. 3e).

Finally, we also tried to obtain other hydroxide membranes
decorated on NF with the same fabrication conditions as the
Ni(OH), membrane, such as FEOOH-NF, Co(OH),-NF, Ni,Fe,
LDH-NF, Ni,Co, LDH-NF, and Mg,Al; LDH-NF electrodes. For
these electrodes, only the Ni,Co, LDH/NF electrode formed an
Ni(OH),-membrane-like structure (Fig. S177), which exhibited
higher anti-precipitation performance than the other elec-
trodes, but much lower than that of the Ni(OH),-NF electrode
under SW + Mg(OH), + AEM conditions (Fig. 3f, S181). When the
Ni(OH), membrane was changed to nanosheets, such as an
Ni(OH),-NS-NF electrode, it displayed similar anti-precipitation
performance to the Ni,Co; LDH-NF electrode. This indicated
that the excellent anti-precipitation performance of the
Ni(OH),-NF electrode arose from the special structure of the
Ni(OH), membrane. Moreover, these hydroxide membranes
would reduce the HER performance of NF, or display lower HER
performance than that of the Ni(OH),-NF electrode (Fig. S197).

Anti-precipitation mechanism

As described above, the Ni(OH), membrane reduces the
precipitation by hindering the transfer of Mg>" from the elec-
trolyte to the electrode surface. To understand the mechanism,
we quantified the transfer rate of Mg®" and compared it with the
other ions. For the Ni(OH), membrane on NF it was difficult to
obtain the mass transfer rate of Mg>", so we fabricated

1834 | Chem. Sci, 2023, 14, 1830-11839

~2_(f) Mass of precipitation on the

numerous Ni(OH),-NF electrodes and treated them with ultra-
sound to obtain an Ni(OH), membrane turbid liquid. Via
a vacuum filtration method,* an Ni(OH), membrane with
a thickness of 1.4 um on a nylon filter membrane was prepared
(Fig. S207).

The Ni(OH), membrane was then sealed with a 2 cm”
opening in copper tape, and clamped in the test setup (Fig. 4a
and S21%). Prior to the conductivity test, the relationship
between conductivity (¢) and concentration (c) was determined
for NaOH, NaCl, KCl, CaCl,, MgCl,, NaNO;, Na,CO;, and
Na,SO, solutions, which was log(s) = a + log(c) (Fig. S221). Then
the conductivity change with time was measured for different
concentrations of NaOH and MgCl, solutions (Fig. S237).
Finally, the ion permeation rate through the nylon membrane
(substrate) and the Ni(OH),-membrane-coated substrate was
obtained. As shown in Fig. 4b, the ion permeation rate of the
NaOH solution increased linearly with concentration for both
substrate and Ni(OH),-membrane-coated substrate, and the
slopes for these two lines were very close. This suggested that
the NaOH passed through the Ni(OH), membrane almost
without resistance, as the ion difference values of the perme-
ation rates between the Ni(OH),-membrane-coated substrate
and the substrate were the ion hindrance rates in the Ni(OH),
membrane. However, for MgCl, solution (Fig. 4c), the linear
slope of the Ni(OH),-membrane-coated substrate was much
lower than that of the substrate, indicating the obvious resis-
tance for MgCl, to pass through the Ni(OH), membrane. The

© 2023 The Author(s). Published by the Royal Society of Chemistry
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other solutions were measured at a concentration of 1 M using
the same method (Fig. S2471), and the ion permeation rates for
the K', Na*, Ca®>", Mg®>", NO;~, SO,>~ and CO;>" passing
through the substrate and Ni(OH),-membrane-coated substrate
were calculated. As listed in Fig. 4d, the cation permeation rates
decreased with increasing hydrated diameter when passing
through the Ni(OH),-membrane-coated substrate, but with
slight change through the substrate. For anions, the permeation
rates decreased with the increasing hydrated diameter both in
the substrate and in the Ni(OH),-membrane-coated substrate.
The difference in values of the ion permeation rates between the
Ni(OH), membrane-coated substrate and the substrate is the
ion hindrance rate, which represents the ion transfer rate in the
Ni(OH), membrane. As displayed in Fig. 4e, the ion hindrance
rates of Mg”" and Ca®" (2.97 and 2.84 mol m > h™') were much
higher than those of Na* and K* (0.45 and 0.12 mol m > h™ %),
which increased with the hydrated ion diameter. However,
NO; 7, SO,>” and CO;”" exhibited similar hindrance rates (0.29-
0.37 mol m~? h™'), which were close to that of Na". The ion
hindrance feature of the Ni(OH), membrane, strong resistance
for high-valence ions (Mg”* and Ca®") but weak resistance for
low-valence ions (K" and Na') and reverse ions (NO;~, SO,*~
and CO5”"), is consistent with the nanofiltration membrane.
The interlayer distance of the Ni(OH), nanosheets was about
0.46 nm as calculated with the Bragg equation, even though the
atom size was ignored, which was smaller than the hydrated
diameters of the ions as described before, especially for the
anions of NO;~, SO,>~ and CO;*>". The narrow interlayer
distance would result in strong resistance to the transfer of the

© 2023 The Author(s). Published by the Royal Society of Chemistry

anions. If the interlayering of Ni(OH), nanosheets could trans-
fer the ions rapidly, the interlayer distance should be expanded
by ions such as GO or a-Ni(OH),, which could be obviously
detected by XRD.*”** However, as shown in Fig. 4f, the position
and width of the XRD diffraction peaks of the Ni(OH),
membrane were unchanged even though the Ni(OH),
membrane had been immersed in H,O solution with 1 M of
NaCl, NaOH, NaNOj;, Na,CO; and MgCl, for over one month.
This suggested that no or only a very small amount of water or
ions could be inserted in the layer space for the Ni(OH), sheets.
Therefore, it is very difficult for the ions to pass through the
Ni(OH), membrane via the interlayer of Ni(OH), sheets, which
is in accord with reports.**** For the nanometer-scale cracks in
Fig. 2i, the size of cracks with a width of 0.4-2.0 nm was larger
than the hydrated diameters of the ions, which ensured high
permeation for all the tested ions.** However, the high-value
cations of Mg*>* and Ca*" encountered obviously higher resis-
tance than anions with a similar hydrated diameter, which
might be hindered by electrostatic repulsion due to the posi-
tively charged Ni(OH), membrane.

In light of the molecular dynamics simulation, we investi-
gated the ion transfer rate as the ions passed through the
Ni(OH), membrane and were affected by the positive charge.
The optimized model of a monolayer Ni(OH), sheet with an
opening of 3 x 5 Ni atoms is displayed in Fig. 5a. To simulate
the transfer rate of Mg®", Na*, C1~, OH™ and H,0, and to avoid
the deposition interference between Mg®* and OH ", the simu-
lation was divided into MgCl, and NaOH solution systems, as
shown in Fig. 5b and c. The MgCl, and NaOH solution was up to

Chem. Sci., 2023, 14, 1830-11839 | 11835
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the Ni(OH), sheet at 300 K and 1 atm and bounded with
a simulation box. At the top of the MgCl, and NaOH solution,
a transparent wall with 1 atm pressure drove the solution to
pass through the opening on the Ni(OH), sheet (Fig. S25 and
S267). The number of ions and water molecules that passed was
counted by the LAMMPS software package and recorded in
Fig. 5d and e, including the 0-charged and +10-charged Ni(OH),
models. Apart from Mg”*, the number of other ions and water
molecules passing through the Ni(OH), sheet with or without
positive charge was unchanged or changed insignificantly.
According to the slope, the number of ions or water molecules
passing through the Ni(OH), sheet with increasing time, the
mass transfer rate was calculated as shown in Fig. 5f. When the
Ni(OH), sheet was positively charged, the mass transfer rate of
Mg>* dropped by 57.8% from 2.75 to 1.16 no. ns_ ', while Na*
dropped by only 27.6% from 8.15 to 5.90 no. ns™ . The anions of
Cl” and OH ™ and the water molecules were almost unchanged.
This suggested that the positive charge on the Ni(OH), sheet
obviously changed the ion sieving behaviour, hindering high-

1836 | Chem. Sci, 2023, 14, 1830-11839

valence cations with much stronger resistance than those of
low-valence cations, anions and molecules.

Therefore, the positively charged Ni(OH), membrane can
sieve out Mg>" with higher efficiency. For the Ni(OH),
membrane without charge, Mg”* and Na’ can rapidly pass
through the Ni(OH), nanosheet via the crack-like defects, but
not through the interlayer between Ni(OH), layers (left-hand
side of Fig. 5g). But for the Ni(OH), membrane with positive
charge, the electrostatic repulsive force between Mg>" ions and
the Ni(OH), nanosheet would lower the transfer rate of Mg>"
ions, and evidently reduce the mass transfer rate of Mg>" ions
passing through the Ni(OH), membrane (right-hand side of
Fig. 5g). This should illustrate that the higher mass transfer rate
of water and Cl™ was beneficial to passing a greater number of
these than of Mg>*, Na* or OH . Therefore, normalizing the
mass transfer rates to the number (percentage transfer rate)
makes the comparison easier. As listed in Table S1,} the rank of
ion transfer rate was OH~ > Cl~ > Na* > Mg>", which is associ-
ated with the ionic diffusion coefficient.*®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of measurement).

Combining the anti-precipitation performance and ion
transfer behaviour of the Ni(OH), membrane, the anti-
precipitation mechanism of the Ni(OH),-NF electrode is illus-
trated below. For the HER electrode with an Ni(OH), membrane
in seawater (Fig. 5h), the pH on the surface would increase
dramatically at the begin of HER process, but the Mg*" could
not pass through the Ni(OH), membrane to form the precipi-
tate. With increasing time, the out-diffusion of OH™ would raise
the pH on the interface between the Ni(OH), membrane and
seawater to reach the deposition pH, so the formed Mg(OH),
would be deposited both on the Ni(OH), membrane and in
seawater. Hence, in seawater, the Ni(OH), membrane could
reduce the electrode precipitation, but the effect was slight.

When the seawater had saturated Mg(OH), added (Fig. 5i),
the pH on the Ni(OH), membrane surface would reach the
Mg(OH), deposition pH at the initial operation time. After
operation, the seawater pH near the Ni(OH), membrane surface
would soon be slightly higher than the Mg(OH), deposition pH
to deposit Mg”*. Meanwhile, the saturated Mg(OH), particles in
the seawater supplied abundant nucleation sites for the newly
formed Mg(OH),. Therefore, most of the Mg(OH), was depos-
ited in the saturated Mg(OH), seawater, and only a little
Mg(OH), was adsorbed on the Ni(OH), membrane surface. This

© 2023 The Author(s). Published by the Royal Society of Chemistry

is the mechanism whereby the Ni(OH),-NF electrode exhibits
excellent anti-precipitation performance in saturated Mg(OH),
seawater. If the HER electrode without an Ni(OH), membrane
was operated directly in saturated Mg(OH), seawater (Fig. S271),
the much higher pH on the electrode surface would also make it
a faster nucleation site than that in seawater, which could not
decrease the precipitation on the electrode surface.

Anti-precipitation membrane application

To broaden the application scope of the Ni(OH), membrane and
enhance its seawater HER performance, we chose Pt-based
Ni(OH),-Pt-NF and Pt-NF electrodes to replace the Ni(OH),-
NF and NF electrodes. As displayed in Fig. S28,T the Pt nano-
particles were uniformly dispersed on the surface of NF for the
Pt-NF electrode, and the covered Ni(OH), membrane exhibited
similar structure and thickness to those of the Ni(OH),-NF
electrode. Due to the high activity of Pt, the Pt-NF and Ni(OH),-
Pt-NF electrodes as expected displayed obviously higher
performance than that of the NF electrode (Fig. S29%). To
further verify the anti-precipitation performance of the
membrane-decorated electrode in application, we assembled
a flow-type direct seawater electrolyser equipped with an

Chem. Sci., 2023, 14, 1830-11839 | 11837
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Ni(OH),-Pt-NF HER electrode and Cr,O3;-IrRuO,-Ti OER elec-
trode (Fig. 6a) with a working area of 10 cm”. Moreover, to
lessen the trapped bulky Mg(OH), particles in the NF pores of
the HER electrode, we chose a PP/PE porous membrane as
a diaphragm, and the electrolyte was fed only into the anode
side to filter the bulky particles. Due to the higher pH of SW +
Mg(OH),, the electrolyser in SW + Mg(OH), exhibited much
higher performance than that in seawater (Fig. 6b). The cell
voltage (with 75% iR compensation) at 40 °C of the electrolyser
in SW + Mg(OH), was only 2.69 V at a current density of 500 mA
cm 2, while it was over 3.1 V in seawater and 2.29 V in seawater
with 1 M NaOH. For the 100 h stability test at a current density
of 100 mA cm >, the seawater electrolyser equipped with
Ni(OH),-Pt-NF and Pt-NF electrodes had a similar cell voltage
close to 2.4 V at the beginning (Fig. 6¢). With increasing time,
the seawater electrolyser voltage of the Pt-NF electrode
increased faster than that of the Ni(OH),-Pt-NF electrode. For
example, at a time of 100 h, the voltage reached 2.97 V for the
Pt-NF-electrode-equipped seawater electrolyser, but it was only
2.48 V for the Ni(OH),-Pt-NF electrode. That means the
Ni(OH),-Pt-NF electrode is much more stable than the Pt-NF
electrode in seawater. Combined with the result in Fig. 3, the
higher voltage of the Pt-NF-electrode-equipped seawater elec-
trolyser was mainly caused by the greater precipitation on the
electrode (Fig. 6d and S307). At 100 h, the precipitation mass on
the Ni(OH),~Pt-NF electrode was 0.82 mg cm ™2, which was only
8.1% that of the Pt-NF electrode (10.06 mg cm*). Besides, the
Ni(OH),-Pt-NF electrode also exhibited higher anti-
precipitation performance and stability than the Pt-NF elec-
trode in a magnesium seawater battery (Fig. S317). The results
once again confirmed that an Ni(OH), membrane on the elec-
trode can obviously decrease the electrode surface precipitation
to enhance its stability.

Conclusions

In summary, an Ni(OH), nanofiltration membrane in situ
grown on a 3D NF-based electrode was fabricated at room
temperature via a simple chemical soaking method. Simula-
tions and experiments revealed that the positively charged
Ni(OH), membrane with nanometer-scale cracks evidently
hindered the transfer of Mg”" and Ca®', while rapidly trans-
ferring OH™ and H,O. In seawater, the Ni(OH),-membrane-
decorated Ni(OH),-NF HER cathode reduced the Mg**-ion-
induced precipitation on the electrode surface compared to
the NF cathode. Due to the abundant nucleation sites from the
added saturated Mg(OH), in seawater at the initial operation,
the Ni(OH),-NF cathode further dramatically reduced the
precipitation by about 98.3%. Moreover, the Ni(OH),-NF
electrode exhibited slightly higher HER activity and stability
than the NF electrode due to the rapid transfer of OH™ and
H,O0, the synergistic effect between Ni(OH), and the Ni
substrate, and the excellent anti-precipitation performance. In
the application of a direct seawater electrolyser and MSWB,
the Ni(OH),-Pt-NF electrode also displayed high anti-
precipitation performance and good stability for 100 h of
measurement. We believe that this work highlights a potential

1838 | Chem. Sci, 2023, 14, I830-11839
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strategy to solve HER electrode precipitation in seawater via an
ingenious electrode structure design.
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