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As a promising method for hydrogen (H,) production, seawater electrolysis has gained increasing attention
as seawater is the most abundant water resource on Earth. The development of high-performance
bifunctional electrocatalysts that facilitate both hydrogen evolution reaction and the oxygen evolution
reaction and efficient electrolyzers are the key factors for H, production from seawater. This review
endeavors to provide a comprehensive analysis of the progress and challenges associated with
bifunctional electrocatalysts for seawater splitting, along with efficient electrolyzers. We start with a brief

overview of the fundamental aspects, including the involved reaction mechanisms and the evaluation
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Accepted 27th Novernber 2023 parameters relevant to bifunctional electrocatalysts for seawater splitting. Subsequently, recent

advancements in bifunctional electrocatalysts and electrolyzers designed for overall seawater splitting
DOI: 10.1039/d3ta06083g are summarized and discussed. Finally, we propose perspectives for the future development of highly

rsc.li/materials-a efficient bifunctional electrocatalysts and electrolyzers for seawater splitting.

1. Introduction characteristic.”> At present, the dominant industrial

approaches to H, production, including natural gas reforming,
As the global demand for clean energy continues to rise, methanol reforming, and coal gasification, pose substantial
hydrogen (H,) is increasingly recognized as the optimal energy ~environmental challenges due to their substantial carbon
option in the low-carbon era due to its high energy density of dioxide (CO,) emissions and the generation of other detri-
approximately 284 k] mol™' and environmentally friendly mental byproducts.>* Water electrolysis offers a promising
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alternative for green H, production. Currently, the commercial
water splitting technology includes proton exchange membrane
(PEM) water electrolysis and alkaline (ALK) water electrolysis,
which both rely on fresh water as the electrolyte.”® Considering
the lack of fresh water, the study of seawater (about 96.5% of the
world's water resource)® electrolysis is receiving increasing
attention. By utilizing the abundant seawater resources and
integrating with renewable energy sources, such as solar and
wind power, seawater electrolysis holds significant potential in
facilitating the transition to a sustainable and environmentally
friendly energy landscape.'® Nevertheless, the complex compo-
sition of natural seawater presents some formidable challenges
when it comes to realizing large-scale industrial applications of
its electrolysis process.

Seawater electrolysis faces challenges similar to electrolysis
using fresh water in facilitating both hydrogen evolution reac-
tion (HER) and oxygen evolution reaction (OER) simulta-
neously. HER in seawater can be hindered by impurities like
dissolved cations (e.g., Mg>* and Ca®"), bacteria, microorgan-
isms, and particles that may clog or damage electrodes,
reducing durability. OER faces challenges from electrochemi-
cally active anions (Cl™), which can interfere with the reaction.
Interestingly, Qiao's team recently reported a positive effect of
Cl™ in alkaline seawater electrolysis, rather than the commonly
perceived negative effect."'> They found that the adsorption
sites for C1™ on the surface of NiFe layered double hydroxide
(LDH) catalysts are Fe sites rather than Ni sites. This means that
Cl™ can inhibit the leaching of Fe while creating more active Ni
sites, thereby increasing the activity and stability of the catalyst.
This is a novel and interesting point of view that provides a new
perspective and idea to understand and optimize processes and
catalysts for alkaline seawater electrolysis. Nevertheless, the
limitation is that it only explores one specific catalyst, NiFe
LDH, which may not be applicable to other types of catalysts or
other ions in seawater. In general, both HER and OER reactions
often suffer from limited rates and voltage requirements.*® In
particular, a higher voltage range of 1.8-2.0 V is required,
exceeding the theoretical voltage of 1.23 V.**

In order to realize the large-scale H, production from
seawater electrolysis, electrocatalysts and electrolyzers are two
key factors. Most reported catalysts are used for HER™™ or
OER,**** so two different electrocatalysts must be applied in the
seawater electrolysis process. If there are efficient bifunctional
electrocatalysts, which have the ability to promote the reaction
of HER and OER simultaneously, the overall seawater splitting
process will be easier to carry out. Bifunctional catalysts not
only enhance reaction rates and reduce the required voltage,
but also contribute to achieving higher electrolysis efficiency,
potentially reducing the cost of H, production. Meanwhile, the
study of bifunctional catalysts is conducive to the exploration of
novel catalytic mechanisms and principles, and provides guid-
ance for the design and synthesis of more efficient catalysts.
Therefore, the development of bifunctional catalysts with high
activity and low cost is key to achieve efficient H, production
from seawater.

Efficient seawater splitting also relies on the design of effi-

cient, high-performance, and cost-effective seawater

This journal is © The Royal Society of Chemistry 2024

View Article Online

Journal of Materials Chemistry A

electrolyzers. In addition to PEM and ALK electrolyzers that are
more mature in the commercial market, there are anion
exchange membrane electrolyzers*?® and solid oxide electro-
lytic cells (SOEC).*” They are relatively new and costly compared
to the above two technologies. However, when these electro-
lyzers are used directly for the seawater electrolysis, the complex
natural composition of seawater significantly impacts the
process, such as the physical or chemical clogging of the ion
exchange membranes and corrosion of the metal components.
Effectively addressing these issues is critical for the widespread
adoption of seawater electrolysis technology. Research and
development efforts are primarily dedicated to improving the
durability of ion exchange membranes to prevent clogging and
exploring alternative corrosion-resistant materials for the metal
components. Moreover, exploring new materials and engi-
neering approaches to withstand the harsh conditions inherent
in seawater will facilitate improving the overall performance
and durability of seawater electrolyzers. In conclusion, the
selection and design of catalyst materials can influence the
structure and performance of the electrolyzer. A well-planned
electrolyzer design can maximize the utilization of the catalyst
activity and enhance the electrolysis efficiency.

Several recent reviews have discussed the electrocatalysts for
seawater splitting from different perspectives, mainly single-
function OER catalysts®®** and design strategies of electro-
catalysts.>>** Recently, our team completed a review covering
both lab-scale fundamental research and pilot-scale reactor
levels, as well as future trends in the field of seawater electrol-
ysis.*> However, there are few reviews that are particularly
focused on bifunctional electrocatalysts and electrolyzers for
overall seawater splitting. In this review, we begin by intro-
ducing the fundamentals of seawater electrolysis, including the
principles of the reactions involved and the parameters used to
evaluate the performance of bifunctional catalysts. Subse-
quently, we present a comprehensive overview of recently re-
ported bifunctional catalysts for seawater splitting, focusing on
their activity and stability. Common bifunctional catalysis
materials for seawater electrolysis encompass noble metal-
based catalysts and transition metal-based catalysts such as
transition metal phosphides, borides, chalcogenides, nitrides,
oxides, and hydroxides. Furthermore, we delve into recent
advancements in electrolyzers, encompassing both membrane
and membrane-free systems, and provide a detailed analysis of
these developments. Finally, we discuss future research direc-
tions and highlight opportunities to promote the practical
application of seawater electrolysis systems and technologies.

2. Principles of electrolytic seawater
2.1 Reaction mechanisms

2.1.1 Oxygen evolution reaction. OER occurs at the anode
and is the rate-limiting step in the H, production process by
water electrolysis. Specifically, OER is a four-electron transfer
process with a very complex mechanism (e.g., AEM or LOM),****
and a slow kinetic reaction, resulting in a high overpotential.
The reaction equations at different situations are shown in (1)
and (2). Furthermore, the reaction process is depicted in Fig. 1a,
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Fig. 1 (a) The mechanism of OER on an electrode surface. Reprinted
with permission.*® Copyright 2017, The Royal Society of Chemistry. (b)
Activity trends for OER as a function of AGo+ — AGon= for rutile and
anatase oxides. The activity is expressed by the value of the over-
potential to achieve a certain value of current density. Reprinted with
permission.*® Copyright 2011, Wiley-VCH.

where the red and blue curves represent reactions under alka-
line and acidic conditions, respectively.** Here, ‘M’ symbolizes
the active site, while ‘MOH’, ‘MO’, and ‘MOOH’ represent the
three active intermediates.

Acidic:

2H,0 — O, + 4e~ + 4H* (1)
Alkaline:
40H™ — O, + 2H,0 + 4e~ ()

Fig. 1b compares the effectiveness of the first row of transi-
tion metal oxides as oxygen generation catalysts under acidic or
alkaline conditions based on their redox properties.*® The figure
shows that RuO, and IrO, are the best catalysts for oxygen
generation due to their low redox potentials and high electrical
conductivity. However, they are costly and do not perform well
in hydrogen generation reactions. Therefore, some more
economical and sustainable bifunctional catalysts, such as Co
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phosphates/phosphides and Ni-S composites, have been
developed, which are highly active in both oxygen generation
and hydrogen generation reactions and have good electro-
chemical stability.

2.1.2 Hydrogen evolution reaction. The HER occurs at the
cathode, and the reaction paths are shown in Fig. 2a. Depend-
ing on the type of adsorption, HER has two reaction mecha-
nisms, called Volmer-Heyrovsky mechanism and Volmer-Tafel
mechanism.”” Under different pH situations, the reaction
equations are shown in (3) and (4):

Acidic:

2¢” + 2HJr g H2 (3)
Alkaline:
2H,O + 2¢~ — H, + 20H™ (4)

Fig. 2b shows the curve relating the logarithm of the HER
exchange current density (logj,) for different metals to the
strength of the metal-hydrogen (M-H) bond in an acidic envi-
ronment.*® This volcano curve allows a quick comparison of the
activity of different metals. However, this volcano curve only
considers the effect of the M-H bond energy (or the properties
of the metal) on the HER Kkinetics, and does not take into
account other factors, such as the pH of the solution. Perhaps, it
seems more convincing that this plot becomes a 3D volcano plot
obtained with pH as the third axis.

2.1.3 Chlorine evolution reaction (CER). The composition
of seawater is extremely complex, encompassing a high
concentration of NaCl, along with other ions present in lower
quantities, such as SO,>~ (250,>~ — S,05>” +2e” (E°=2.01V
vs. SHE, pH = 0), 250,>~ — $,05>" + 2e~ (E° = 2.01 V vs. SHE,
pH = 14)), Br (2Br~ — Br, +2e~ (E° = 1.09 V vs. SHE, pH = 0),
2Br~ +60H  — BrO; +3H,0 +6e” (E° = 0.61 Vvs. SHE, pH =
14)),*> and more. When seawater is utilized as a raw material for
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Fig. 2 (a) The mechanism of HER on the surface of an electrode in acidic solutions. Reprinted with permission.?” Copyright 2014, The Royal
Society of Chemistry. (b) Volcano plot for the HER on metal electrodes in acidic media. The log of the exchange current density jg is plotted
versus the M—H bond energy for each metal surface. Reprinted with permission.*® Copyright 1972, Elsevier.
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electrolysis, aside from the HER and OER that can occur, other
ions in the seawater can also participate in the reaction. This
can influence the progression of the two necessary reactions,
HER and OER, within the electrolysis system. Dresp et al.*® have
conducted a comprehensive review summarizing some of the
potential redox reactions that occur in seawater electrolysis.
Among these reactions, CER is a strong opponent to OER. As
depicted in Fig. 3a, Cl™ reacts differently at different pH
conditions, and the primary reactions that occur during
seawater electrolysis are the 2C1~ — Cl, + 2e~ (E® = 1.36 V vs.
SHE, pH<3.5)and CI” +20H™ — ClO™ + H,0 +2¢e"~ (EO =0.89V
vs. SHE, pH > 7.5).* The OER is a complex process involving the
transfer of four electrons, which presents kinetic challenges.
Conversely, the CER only requires the participation of two
electrons, providing a kinetic advantage. In other words, from
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a kinetic perspective, CER is more likely to occur than OER.** In
addition, the potential difference between the CER and the OER
at pH values greater than 7.5 is a maximum of 480 mV. However,
from the thermodynamic perspective, the anode favors the OER
over the CER due to the higher overpotential required for the
latter process (Fig. 3b). This distinction in electron transfer
pathways highlights the diverse nature of redox reactions that
can occur during the electrolysis of seawater. Understanding
and characterizing these reactions will be crucial for optimizing
the efficiency and overall performance of seawater electrolysis
systems. In addition, the pH values near the electrode surface
can fluctuate dramatically (Fig. 3c), and buffers or additives are
typically employed to control pH.** Buffer solutions like 1 M
KOH (pH = 14), 0.1 M borate (pH = 9.2), carbonate (pH = 8.6),
and 0.1 M phosphate (pH = 7) have been attempted by various
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Fig. 3 (a) Pourbaix diagram for the artificial seawater model. A chlorine system, in the case of dissolved 0.5 M NaCl aqueous solution and no

other chlorine sources, with a total chlorine species (ct.¢) of 0.5 M. The electrode potential for OER is also included (assuming oxygen partial
pressure of 0.21 atm = 0.021 MPa). Two red square points show the operating potentials (vs. SHE) after 1 h constant current electrolysis (10 mA
cm~2) with the NiFe layered double hydroxide (NiFe LDH) catalyst in 0.1 M KOH + 0.5 M NaCl (pH 13) and 0.3 M borate buffer + 0.5 M NaCl (pH
9.2) electrolyte. The light blue box highlights our proposed design criterion. (b) The maximum allowed overpotential of the OER electrolyzer
catalysts to ensure 100% selective water splitting. Values are obtained as the difference between the standard electrode potentials of the 3
relevant chloride oxidation reactions (chlorine, hypochlorous acid, and hypochlorite formation) and the OER versus pH. The dashed area
corresponds to oxygen-selective overpotential-pH conditions where the thermodynamics point to 100% selective oxygen evolution. Above the
limiting lines, chlorine-based reaction products are thermodynamically feasible, yet may be limited by kinetic overpotentials. Reprinted with
permission.*® Copyright 2016, Wiley-VCH. (c) The current density—surface pH relation obtained by cyclic voltammetry in H,-saturated,
unbuffered solutions of bulk pH 1-13. Reprinted with permission.>® Copyright 2011, Elsevier. (d) Comparison of water electrolysis with the OER
and with small-molecule oxidation reactions. Reprinted with permission.*® Copyright 2022, Wiley-VCH.
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researchers.”* Considering the challenges of OER, some
researchers hope to decouple the OER reaction and replace it
with another easier anode reaction, thereby boosting H,
production. Fig. 3d is a schematic diagram of the bipolar system
built for electrochemical water splitting.*®* Obviously, HER
couples a small molecule oxidation reaction that can substitute
for the OER, which provides an option for reducing the working
potential.

2.2 Evaluation parameters for catalysts

2.2.1 Overpotential. In the ideal state, the operating
potential required for an electrochemical reaction is the equi-
librium potential. However, the actual working potential in
a reaction often needs to overcome the hindrance of kinetic
processes and exhibits a value higher than the equivalent
equilibrium potential, and the difference between them is the
overpotential, which directly reflects the catalytic activity of the
electrolytic reaction.”* According to the Nernst equation,® the
actual working potential can be expressed by eqn (5), where E,
Eo, T, R, F, N, C,, and Cg represent the working potential of the
actual reaction, the standard potential of the reaction, absolute
zero (—273.15 °C), ideal gas constant (8.314 J mol " K1),
Faraday's constant (96 485 C mol "), the number of electrons
transferred in the reaction, the concentration of oxidation
products, and the concentration of reduction products,
respectively. Then, the overpotential can be expressed by eqn
(6).

Nernst equation:

RT. G,
In—

E=FE+— 5
0+nF Cr (5)

Overpotential formula:
n=E - E (6)

The presence of an overpotential means that more energy
than thermodynamics is required to drive the related reaction.
With a lower overpotential of the catalyst at the specified
current density, a better catalytic ability of the catalyst for the
target reaction can be achieved. For overall water splitting, the
overpotential is the part of the cell voltage that is over 1.23 V vs.
RHE.

2.2.2 Tafel slope. The Tafel slope can provide an invaluable
reference for exploring reaction mechanisms, especially in
elucidating the rate-determining steps and reaction pathways.
For HER in alkaline situation, the theoretical Tafel slopes of
120 mV dec™*, 40 mV dec *, and 30 mV dec* correspond to the
Volmer-Heyrovsky step, the Heyrovsky step, and the Tafel step
as the rate-determining step, respectively.”® To explain this
parameter clearly, it is first necessary to introduce the Butler-
Volmer formula® that represents the kinetic relationship in
electrochemical experiments, as shown in eqn (7), where, i, i, 1,
E, a,, and «, denote the current density, exchange current
density, number of electrons transferred in the reaction, the
applied voltage, anode electron transfer coefficient, and
cathode electron transfer coefficient, respectively. At high anode
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potential situation, the current mainly comes from the anode,
then eqn (7) can be simplified to eqn (8), where n indicates the
overpotential; this is the Tafel formula. Then, the logarithm of
both sides of the Tafel formula is taken, which can be changed
to eqn (9), where b indicates the Tafel slope. Also, b can be
expressed as eqn (10), where it can be seen that smaller Tafel
slope values indicate faster kinetics and better catalytic activity
of the catalyst. Basically, the smaller the value of the Tafel slope,
the faster the current density increases, indicating faster
kinetics and better catalytic activity of the catalyst.

Butler-Volmer formula:
4 ex anFE )
P\"RT

) [ (aanFE
i=|exp| —pr

Tafel formula:

nF
i =iy exp (alng) (8)

Logarithm of both sides of the Tafel formula:

log(i) = log(ip) +% )

Tafel slope formula:
dn  2.303RT

b= dlog(i) aF (10)

2.2.3 Faraday efficiency. The Faraday efficiency (FE) can be
understood as the percentage of actual production to theoret-
ical production. Its magnitude is influenced by temperature,
electrolyte concentration, applied voltage, solution acidity and
even the purity of the electrode material. The specific calcula-
tion can be seen in eqn (11), where m is the actual number of
moles of product, n is the number of electrons in the reaction, F
is the Faraday constant (the amount of electricity contained in
one mole of electrons), I is the current, and ¢ is the time. A good
catalyst should have a high FE, and the ideal catalyst should
have 100% Faraday efficiency.

mxnxF
FE= —— 11
Ixt (11)

2.2.4 Stability. The stability of a catalyst is the duration
time that maintains a stable activity during the catalytic
process, which means the working current density without
attenuation. The longer the reaction lasts, the better the cata-
Iytic stability of the catalyst. In addition, the stability of the
catalysts includes various aspects, such as chemical stability,
thermal stability, anti-toxic stability, and mechanical stability.
Usually, this evaluation index can be reflected by measuring the
chronoamperometry (CA) and chronopotentiometry (CP) curves
of different catalysts. The degree of overlap between the linear
scanning voltammetry (LSV) curves before and after the stability
test can also serve as an indicator of the stability quality.

This journal is © The Royal Society of Chemistry 2024
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2.2.5 Turnover frequency. Turnover frequency (TOF) is the
number of catalytic reactions per unit time per active site at
a given temperature, pressure, reactant ratio, and degree of
reaction, and its numerical magnitude can reflect the intrinsic
activity of the catalyst. Usually, it can be calculated according to
eqn (12), where « is the number of electrons transferred corre-
sponding to the half-reaction that produces one molecule of the
target product or consumes one molecule of the target reactant, N
is the number of catalytically active sites, j is the current density
at a certain state potential, and A is the working electrode area.

jA
TOF = NF (12)

However, it is difficult to determine the number of active
sites, resulting in subtle differences in the calculation of TOF
for different catalytic materials. The active sites (those parts of
the catalyst that really play the catalytic role, often also called
active centre) differs for each catalyst. It can be an atom,
a cluster of surface atoms, a coordination complex, an unsatu-
rated atom on a solid surface or others, which makes it difficult
to obtain TOF accurately. For the OER reaction, the ring current
collected in the rotating ring-disk electrode (RRDE) can be used
to calculate the TOF.* Also, for some single transition metal
materials (Ni, Co, Fe, etc.) undergoing electrocatalysis and
having a known number of redox-transferred electrons, the
number of active sites can be determined by calculating the
redox charge Q (peak area).***” In any case, the characteristics of
different materials are distinct, and the calculation of TOF
should be combined with specific analysis of each work.

3. Seawater treatment

Seawater treatment is an important step in realizing H,
production from seawater electrolysis, which can effectively
remove harmful substances in seawater and improve the effi-
ciency and selectivity of electrolysis. There are various methods
for seawater treatment, which mainly include the following:

3.1 Filtration

Separate solid impurities, microorganisms, organics, etc. from
seawater by physical or chemical means, so as to reduce the
contamination of electrodes and membranes. The advantages
of the filtration method are simplicity and low cost, but the
disadvantages are that it cannot remove calcium and magne-
sium ions in seawater, and it may cause clogging or depletion of
filter materials. Guo et al.*® filtered out solid impurities and
removed microbes in natural seawater (pH = 7.9) before
electrolysis.

3.2 Alkali addition method

By adding alkaline substances such as sodium hydroxide
(NaOH) and potassium hydroxide (KOH) to seawater, the pH of
the seawater is raised, thus inhibiting the oxidation reaction of
Cl™ and increasing the generation of oxygen.** The advantages
of the alkali addition method are that it can improve the

This journal is © The Royal Society of Chemistry 2024
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selectivity of electrolysis and has a low electrolytic voltage, but
the disadvantages are that it requires high corrosion resistance
of the materials used in electrolytic device and will increase the
conductivity of seawater, resulting in an increase in the energy
consumption of electrolysis, and may cause the waste of alka-
line substances or the problem of seawater discharge.

3.3 Acid addition method

By adding acidic substances, such as sulfuric acid and hydro-
chloric acid, to seawater, the pH value of seawater is lowered,
thus inhibiting the precipitation reaction of calcium ions (Ca*")
and magnesium ions (Mg”*), and reducing the scaling of elec-
trodes and membranes. The advantages of the acid addition
method are that it can improve the efficiency of electrolysis and
avoid possible CER side reactions in alkaline electrolytes, but
the disadvantages are that it also requires high corrosion
resistance of the materials used in electrolytic device and will
increase the corrosiveness of seawater, leading to the damage of
electrodes and membranes, and may cause the waste of acid or
the problem of seawater discharge. However, under acidic
conditions, the difference in overpotential between HER and
OER is not significant.

3.4 Salt addition method

Wu et al. used 0.68 g Na,CO; to remove Mg and Ca salts before
application.* This treatment reduces deposition and corrosion
problems during electrolysis and improves the efficiency of
electrolysis; this also changes the pH of the seawater and
increases the cost of the electrolyte, which needs to be replaced
or treated regularly.

The method of seawater treatment should be selected on the
basis of different electrolyzers and electrolysis conditions, while
the cost and effectiveness of seawater treatment, as well as
seawater monitoring and discharge issues, should also be
considered. The aim of seawater treatment is to improve the
feasibility and sustainability of seawater electrolysis for
hydrogen production, contributing to energy and environ-
mental development.

4. Bifunctional electrocatalysts for
seawater splitting

So far, various kinds of catalysts have been reported to catalyze
both HER and OER efficiently in alkaline electrolyte, including
noble-metal-based catalysts and transition-metal-based cata-
lysts. Some bifunctional transition-metal-based electrocatalysts
have been demonstrated to be highly efficient toward HER-OER,
with some even surpassing the performance of benchmark
noble metal catalysts. The following sections will give a detailed
discussion on their synthesis, performance, and the real active
sites.

4.1 Noble metal-based compounds

Platinum (Pt) is widely recognized as the benchmark catalyst for
the HER, while iridium (Ir) and ruthenium (Ru) oxides are
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respectively acknowledged as benchmark catalysts for the
OER.**** This implies that Pt exhibits exceptional catalytic
activity in HER, whereas Ir and Ru oxides demonstrate
outstanding catalytic performance in OER. Given the scarcity
and high cost of precious metals, some researchers have
adopted strategies to reduce the usage of these precious metals,
while preserving their excellent catalytic performance. Mu
et al.® introduced an electrocatalyst for water electrolysis
known as ultralow Ru-incorporated amorphous cobalt-based
oxides (Ru-CoO,/NF), which exhibited exceptional bifunc-
tional electrocatalytic capabilities in both alkaline water and
seawater environments. As a bifunctional catalyst for overall
seawater splitting, it exhibited a lower overpotential of 1390 mV
to achieve a current density of 1 A cm~> compared to Pt/C/
NF||RuO,/NF (1530 mV) under the same conditions (Fig. 4a),
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and the FE was almost 100% (Fig. 4b). According to the content
of the article, the authors asserted that this catalyst's high
activity can be attributed to several factors. The amorphous
structure provides additional active sites and the incorporation
of Ru modulates the electronic structure of cobalt-based oxides,
facilitating charge transfer. Additionally, surface electronic
restructuring of cobalt-based oxides and the formation of B-
CoO(OH) occur during the OER process. Recently, Wu and
colleagues® employed an electroless deposition technique to
synthesize Ru-incorporated amorphous-crystalline Ni(Fe)P,
nanosheets directly on a nickel foam substrate (Ru-Ni(Fe)P,/
NF), as shown in Fig. 4c. These nanosheets were utilized as
a bifunctional electrocatalyst for alkaline seawater electrolysis.
In alkaline seawater, this catalyst exhibited overpotentials of
295 mV for the HER and 375 mV for the OER to attain the large
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Fig. 4 (a) Polarization curves of Ru-CoO,/NF|[Ru-CoO,/NF and Pt/C/NF||RuO,/NF toward overall water splitting in seawater media. Inset: the
value of AE. (b) Diagram of the amount of H, and O released over time in 1 M KOH and seawater media. Reprinted with permission.®? Copyright
2021, Wiley-VCH. (c) Construction route of Ru—Ni(Fe)P,/NF. (d) Polarization curves of Ru—Ni(Fe)P,/NF||[Ru—Ni(Fe)P,/NF and Pt/C/NF||RuO,/NF
toward water splitting in seawater media. () 50 h constant current stability test plot of Ru—Ni(Fe)P,/NF in seawater media. Reprinted with

permission.®® Copyright 2023, Wiley-VCH.
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current density of 1 A cm™?, surpassing the performance of
commercial Pt/C and RuO, catalysts. The assembled electro-
lyzer achieved the same current density at a low voltage of 1.63 V
(Fig. 4d) and demonstrated remarkable stability, sustaining
continuous operation at 1 A em™ 2 for 50 hours with less than
10% reduction in performance (Fig. 4e). The unique
amorphous-crystalline structure of the catalyst provided addi-
tional active sites, expanded the electrochemical active surface
area, and reduced the adsorption free energy of the hydrogen-
containing intermediates, resulting in enhanced HER catalytic
efficiency. Additionally, the incorporation of Ru into the catalyst
adjusted the electronic structure of Ni(Fe)P,, facilitating charge
transfer and reducing the adsorption free energy of the oxygen-
containing intermediates, thus improving the OER catalytic
efficiency.

The incorporation of small amounts of noble metals to
enhance the catalyst performance is regarded as an effective
and practical strategy. By doping trace amounts of noble metals
into cost-effective non-noble metal catalysts, catalyst perfor-
mance can be effectively improved while reducing costs. This
approach not only enhances the catalytic activity but also
improves stability and selectivity, making it more suitable for
practical applications. However, this strategy also presents
several challenges. Firstly, achieving the effective and uniform
dispersion of noble metals within non-noble metal catalysts for
efficient utilization remains a technical challenge. Secondly,
optimizing the doping concentration of noble metals for
optimal performance requires further investigation. Moreover,
for applications involving water electrolysis in complex media
such as seawater, the impact of side reactions like chlorine
evolution needs to be considered. In summary, this is a prom-
ising field worthy of further research. Through continuous
refinement and improvement, an efficient, stable, and cost-
effective seawater electrolysis technology is anticipated.

4.2 Transition metal phosphides

Generally, transition metal phosphides have good HER prop-
erties because they can provide the appropriate electron trans-
fer capacity, active sites, adjustable structure, and reduce energy
barriers to facilitate the reduction of H' to H,.** At present,
there are mainly monometallic phosphides and bimetallic
phosphides for seawater electrolysis, of which the latter has
been reported relatively more. Recently, Hao's group® depos-
ited cobalt phosphorus-based species on a robust nickel net
(Co-P@NN) by the one-step mild electroless plating method
(Fig. 5a). With different active sites including P for HER and
Co>" for OER, as a bifunctional catalyst, Co-P@NN required
overpotentials of 298 and 235 mV to attain current densities of
500 and 10 mA cm 2 for HER and OER in 1 M KOH with 0.5 M
NacCl solution, respectively. Moreover, the Tafel slopes of 61.5
and 70 mV dec™ ' for HER and OER were lower than that for the
Pt foil electrode (76.4 mV dec ') and IrO,@NN (78.2 mV dec %),
exhibiting faster kinetics. During the overall seawater splitting
process, the two-electrode system with Co-P@NN as the anode
and cathode showed better performance than Pt foil ||IrO,@NN
in 1 M KOH and 0.5 M NacCl electrolyte, accompanied with ultra-

This journal is © The Royal Society of Chemistry 2024
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stability of 2880 h at 500 mA cm > without obvious decay
(6.95%) (Fig. 5b and c). Feng et al.®® constructed a cobalt-based
catalyst rich in phosphorus vacancies (denoted as Co,P,@NC).
According to the paper, this bifunctional catalyst had two
different active sites, including Co(OH), coated on Co,P, for
HER and the new formed active species of CoO(OH) for OER.
The introduction of the P vacancy could optimize the adsorp-
tion energy of active intermediates for HER and accelerate the
reconstruction of active species for OER (Fig. 5d and e). A two-
electrode system used Co,P,@NC as the anode and the
cathode with 1.0 M KOH seawater as the electrolyte, requiring
a low voltage of 1.88 V to afford 1.0 A cm™? and exhibiting no
significant decrease over the 100 h test. Fu et al.*” synthesized
a class of catalysts by growing robust Ni-P nanospheres on
flexible corrosion-resistant hydrophobic asbestos (HA) (Fig. 5f).
The Ni-P and NiOH, compounds are the real catalytically-
active species during the HER and OER process (Fig. 5g).
During the overall seawater splitting process, the ratio of H, to
O, produced is close to 2 : 1, meaning that the FE of this system
is close to 100% (Fig. 5h). Moreover, the overall electrolysis
system composed of this catalyst as the cathode and anode can
work stably for 40 days at a current density of 500 mA cm >
(Fig. 5i).

In addition, bimetal phosphides can improve the catalyst
activity and stability through a synergistic effect of the bimetal.
Ren et al.®® reported a bifunctional catalyst Ni,P-Fe,P/NF with
bi-active neutral P atoms for HER and Ni-/Fe-oxides or
-hydroxides for OER. Moreover, the self-support effect and from
the alloying Ni and Fe with P atoms enhanced the stability and
corrosion resistance of the catalyst. In the two-electrode system
with 1 M KOH seawater electrolyte, Ni,P-Fe,P/NF required
voltages of 1.811 V to attain a current density of 100 mA cm >
for the overall seawater splitting that was superior to the
benchmark of IrO,||Pt/C, and can operate continuously for 48 h.
In a recent study, Luo et al.®® designed a high-performance
bifunctional catalyst doping of Mn atoms in bimetallic
compounds  (Ni,P/Fe,P) by a facile hydrothermal-
phosphorylation method. Owing to the increased number of
active sites, this catalyst exhibited excellent catalytic perfor-
mance. It only needed an overpotential of 358 mV and 470 mV
to drive a large current density of 1000 mA cm ™2 for HER and
OER in alkaline seawater, respectively. Moreover, the two-
electrode system with it as cathode and anode required a tank
voltage of 2.02 V to achieve the current density of 500 mA cm ™2
and could operate steadily for 120 h.

Transition metal phosphides have received much attention
in the study of bifunctional catalysts for the electrolysis of
seawater due to their unique structures and properties. They
represent an important research direction in the field of cata-
lysts, and may play an important role in energy conversion and
other related applications in the future.

4.3 Transition metal oxides and hydroxides

Transition metal oxides and hydroxides have been extensively
studied as catalysts for seawater splitting because of their
unique advantages, including rich electronic structure,
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(a) Ilustration of the synthesis process of the Co—P@NN electrode for the overall water splitting. (b) CP response curves for the overall

NN||Co—-P@NN before and after 2880 h overall seawater splitting). (c) LSV
NN for overall seawater splitting. Reprinted with permission.®> Copyright

2023, Elsevier. (d) Hydrogen evolution of CoP,/Co(OH), and CoP/Co(OH),. (e) Schematic illustration of P vacancies in Co,P,@NC. Reprinted with
permission.®® Copyright 2023, Elsevier. (f) SEM image of NiP,@HA. (g) Schematic illustration showing the HER and OER mechanisms of the
NiP,@HA bifunctional electrode in alkaline simulated seawater. (h) FE curve for the NiP,@HA bifunctional electrode. (i) CP measurement of
NiP,@HA|NiP,@HA at 500 mA cm™2 for 960 h. Reprinted with permission.s” Copyright 2023, Wiley-VCH.

electrochemical activity, and low cost. Especially for OER, they
can lower the energy barrier and promote the desorption of O,.”
Iron oxides, nickel oxides, and cobalt oxides are the three most
common of the transition metal oxide catalyst family. NiFe LDH
has excellent electrocatalytic activity, especially OER. However,
its stability is often unsatisfactory. In order to make it suitable
for seawater splitting, Enkhtuvshin and colleagues™ reported
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a surface reconstructed NiFe LDH (Fig. 6a and b) by RF-plasma
treatment under reducing conditions, which transformed it
into a nanostructure consisting of a crystalline Niz;Fe alloy and
a low-crystalline NiFe (oxy)hydroxide phase. The NizFe alloy
phase as a C1™ blocking layer was able to effectively inhibit the
adsorption and corrosion of Cl™ on the surface of NiFe LDH,
thus improving the selectivity and stability of seawater
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Fig. 6 (a) Schematic illustration of the surface reconstruction process of pristine NiFe LDH catalyst transforming to a mixture of NiFe (oxy)
hydroxide and metallic alloy phases via the RF-plasma process. (b) Positively charged surface layer of Nig oFeg 1(OH), with intercalated potassium
and water molecules. Gray, brown, red, white, purple, and green balls indicate Ni, Fe, O, H, K, and Cl atoms, respectively. SEM images of (c)
pristine NF-LDH and (d) c-NF//a-NF-LDH NS. Reprinted with permission.” Copyright 2023, Wiley-VCH. (e) Schematic illustration of the synthesis
procedure for a free-standing GO@Fe@Ni—Co@NF electrode with corresponding digital images of the electrode in intermediate steps [Il: Ni-Co
hydroxide@NF, IlI: Ni-Co@NF, IV: GO@Fe@Ni—-Co@NF]. (f) Model of the outermost layer structure of the Fe@Ni—-Co@NF catalyst (left) and the
GO@Fe@Ni—-Co@NF catalyst with a GO overlayer (right). (g) Overall alkaline seawater splitting performance of the GO@Fe@Ni-
Co@NF(+)||GO@Fe@NiCo@NF(—) electrolyzer in different electrolytes and temperature. (h) Durability tests (378 h) recorded at a constant current
density of 1000 mA cm™2 of the seawater splitting electrolyzer under 1 M KOH + 0.5 M NaCl (inset images; a digital photograph of anode and
cathode after 378 h of seawater splitting testing under 1 M KOH + 0.5 M NaCl). Reprinted with permission.” Copyright 2023, The Royal Society of
Chemistry.

electrolysis. Meanwhile, the NiFe alloy had efficient reduction
reaction (HER) activity, while the NiFe (oxy)hydroxide phase was
responsible for the oxidation reaction (OER) activity, realizing
the bifunctional catalysis. This material has the structure of
nanosheets that is beneficial for catalytic activity (Fig. 6¢c and d).
According to the data, this bifunctional catalyst could steadily
work for 100 h at current density of 100 mA cm > in concen-
trated alkaline solution (30 wt% KOH and 0.5 M NaCl) during

This journal is © The Royal Society of Chemistry 2024

overall water splitting. Our group also had found that benzoate
anions-intercalated NiFe LDH nanosheet on carbon cloth could
enhance the stability during the process of alkaline seawater
electrolysis.”

Moreover, it is also possible to design a catalyst with
different components in which an oxide can act as a resistance
barrier to chloride ions. For instance, in order to deal with the
challenge caused by Cl7, Lee's group” proposed a method of

J. Mater. Chem. A, 2024, 12, 634-656 | 643


https://doi.org/10.1039/d3ta06083g

Published on 02 December 2023. Downloaded on 4/19/2025 6:57:44 AM.

Journal of Materials Chemistry A

using an interfacial C1~ blocking layer on the catalyst surface.
They reported an active material in which FeOOH deposited B-
Ni-Co hydroxide with an outer graphene oxide (GO) layer. This
catalyst had a multilayer structure (Fig. 6e and f). The GO layer
formed nanochannels (0.3-0.7 nm), acting as a sieve to block
the ions movement of Cl~ and Na* and allow HO~ and H, gas
penetration. The o-tolidine test suggested that there was no
chloride oxidation product after 378 h during the stability test
(Fig. 6h), which means this catalyst had great selectivity.
Moreover, the metal oxide layer underneath helped to lower the
charge transfer resistance of the catalyst. Using it as the anode
and the cathode to form the alkaline seawater electrolyzer,
a large current density of 1000 mA ¢cm™? was driven at a low
voltage of 2.02 during the overall seawater splitting (Fig. 6g).
Both anion electrostatic repulsion and catalyst surface
reconstruction to form a chloride ion barrier are effective
response strategies to the OER challenge (CER). The efficiency
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and stability of seawater electrolysis can be significantly
improved by changing the surface structure and composition of
the catalyst. These provide the possibility of developing new and
more efficient technologies for seawater electrolysis.

4.4 Transition metal chalcogenides

As mentioned before, the CER competes with the OER, so the
design of catalysts applied to seawater electrolysis must take
this into account. Recently, based on CoFe LDH with good
performance for OER, Zhang's group’™ designed a bifunctional
catalyst by partial selenitization (Se-CoFe-LDH), as shown in
Fig. 7a. This article argued that the introduction of Se during
electrolysis can create an ionic aggregation state around the
electrodes (selenate), thus achieving resistance to Cl™. The
introduction of selenium atoms does not usually act as active
sites for the catalyst. Rather, it is used to modify the internal
structure of the precursor, thereby increasing the active surface
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Fig. 7 (a) Schematic illustration of the synthetic process and seawater electrolysis of Se—FeCo-LDH. (b) The stability test (at 10 mA cm™2) of
alkaline seawater splitting for 245 h. Reprinted with permission.” Copyright 2023, Elsevier. (c) /-t curves of the S—NiFe-Pi/NFF electrolyzer at
a constant voltage of 1.68 and 1.80 V for overall seawater electrolysis, respectively. (d) Corrosion polarization curve in pure natural seawater.

Reprinted with permission.”® Copyright 2023, Elsevier.
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area, and ultimately enhancing the activity of the catalyst.
According to the data, this catalyst both as the anode and the
cathode for overall seawater splitting could work for 245 h
steadily (Fig. 7b). However, its true active sites were the oxides/
(oxy)hydroxides of Fe and Co.

As a homologous element, sulfur also has the same proper-
ties as selenium. Tanveer ul Haq and Yousef Haik™ found that
the introduced S enhanced the hydrophilicity aerophobicity and
ECSA of the free-standing electrode material. Song and
coworkers’ reported a bifunctional catalyst denoted as S-NiFe-
Pi/NFF for overall seawater splitting. They found that the
doping of the S atom distorted the lattice of NiFe-phosphate and
regulated the local electronic environment around the Ni/Fe
active metal, which enhanced the electrocatalytic activity. As
a result, S-NiFe-Pi/NFF||S-NiFe-Pi/NFF required voltage of 1.8 V
to attain a large current density of 500 mA ¢m > and could
continuously work for 100 h (Fig. 7d) because the phosphate
groups repelled Cl™. The values of the corrosion potential and
corrosion current also reflect the reason for good stability. As
shown in Fig. 7d, S-NiFe-Pi/NFF had higher corrosion potential
and lower corrosion current, meaning that it has better resis-
tance to seawater corrosion. Furthermore, a nickel-iron sulfide
nanosheet array on nickel foam (NiFeS/NF)”” was a superb
bifunctional catalyst for seawater splitting that had been proven
by our group. Thus, NiFeS/NF can drive the industrially
demanded current density of 500 mA cm ™ at overpotentials of
300 and 347 mV cm ™ for HER and OER in alkaline seawater.
Additionally, our group reported a bifunctional catalyst Fe-NiS/
NF,”® which could attain a current density of 1000 mA cm > at
1.88 V during the overall seawater splitting.

According to these reported literature studies, the role of S is
not as a true active site. However, it is worth noting that as the
electrolysis process proceeds, sulfur or selenium being an anion
is electronegative with CI™ and appears to be more suitable for
real seawater in terms of chlorine corrosion resistance. Also, S
could combine with Mg>" and Ca*" to solve the problem of HER
caused by the complexity of seawater.”

4.5 Transition metal borides

Transition metal borides can be used as electrocatalysts for the
OER and HER to produce high-purity H, and O,. There are more
than 100 different crystalline phases of transition metal
borides, in which the boron atoms can exhibit a rich variety of
covalent bonding modes, affecting the electronic structure and
catalytic activity.®® There have also been a lot of reports written
about it. For instance, Mandavkar and coworkers®* reported on
a ternary nickel-molybdenum-boron (NiMoB) electrocatalyst
with multi-sphere morphology (Fig. 8a), which was fabricated by
the incorporation of B atoms into the NiMo system. The B
atoms boosted the catalytic property by modifying the electronic
structure to lower the kinetic barriers with the electron enriched
metallic sites and improving the stability of electrodes. As
a bifunctional catalyst, the two-electrode system using NiMoB
as the anode and the cathode could be applied to a variety of
environments, i.e., 1 M KOH (pH ~ 14), 0.5 M H,SO, (pH ~ 1),
1 M phosphate-buffered saline (pH ~ 7), 1 M KOH + seawater,

This journal is © The Royal Society of Chemistry 2024
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1 M KOH + river water, and 6 M KOH at 60 °C, as shown in
Fig. 8b. However, the stability of the two-electrode system used
in those different solutions was not desirable, which hindered
its practical application. In contrast, Fan et al.** reported that
amorphous CoB was successfully “interspersed” on MOF-based
CC via mild one-step and electroless plating. The stability
performance was better than that of NiMoB, and the catalyst has
a nanosheet structure (Fig. 8c). This bifunctional catalyst has
different active sites for HER and OER. The XPS results showed
that the boron oxides (BO,) with the “chimney effect” were
beneficial to the HER, and the Co atoms on the surface oxidized
to CoO(OH) were beneficial for OER. Moreover, the electro-
chemical tests suggested that it required low overpotentials of
266 and 423 mV for HER and OER to attain the large current
density of 500 mA cm ™ ? in simulated seawater (1 M KOH + 0.5 M
NaCl), and could steadily run for about 2500 h during the
overall seawater splitting process (Fig. 8d). Transition metal
borides have other morphologies, such as those shown in
Fig. 8e,* Fig. 8f,** and Fig. 8g.*

Transition metal borides show excellent HER and OER
activities. However, in practical applications, higher energy
inputs may be required, which may increase the overall energy
costs and efficiency issues. Although some transition metal
borides show good stability, our understanding of these cata-
lysts may be incomplete; for example, how it responds to HER
and OER challenges. Seawater is a very complex electrolyte, so
more research may be needed to fully understand and optimize
the performance of these catalysts.

4.6 Transition metal nitrides

Transition metal nitrides (TMNs) are a class of two-dimensional
materials that exhibit high conductivity, high catalytic activity,
and high catalytic stability.*® These characteristics endow them
with a wide range of applications in electrocatalytic energy
conversion. The formation of TMNs results in a narrower d-
band filled state and a wider unfilled state of the metal, which
results in the electronic structure of the TMNs being similar to
that of the noble metal and improves the rate of the electro-
catalytic reaction. For the HER, the change of the electronic
states on the surface of the TMNs brings the Gibbs free energy
of adsorbed hydrogen closer to zero, which improves the cata-
Iytic activity. For the OER, the metal bonding in the TMNs
improves the electrical conductivity and accelerates the electron
transport, thus increasing the catalytic activity.*” Although
TMNs show good activity in HER or OER, the activity remains
limited when used as bifunctional catalysts. In order to
construct efficient bifunctional catalysts, an effective strategy is
to selectively couple materials with HER activity and OER
activity into a heterogeneous structure, which results in the
formation of new active sites to achieve the simultaneous
promotion of HER and OER to realize total hydrolysis.

Wang et al.®® synthesized a cobalt molybdenum nitride
supported on nitrogen-doped carbon nanosheets catalyst
(MoN-Co,N) using a metal-organic framework (ZIF-67)
template (Fig. 9a), which consisted of cobalt molybdenum
nitride with HER activity and nitrogen-doped carbon
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Fig. 8 (a) SEM image of the NiMoB electrode, where Mosg indicates 50% of Mo and 50% Ni. (b) Two-electrode stability in 1 M KOH, 0.5 M H,SO4
and 1 M PBS at 500 mA cm™2. Reprinted with permission 8 Copyright 2022, Elsevier. (c) High-resolution TEM image of the CoB@MOF@CC
electrode. (d) Chronopotentiometry curve (V—t) of CoB@MOF@CC for overall water splitting at 500 mA cm™2 (inset: photograph of CoBa@-
MOF@CC for overall water splitting). Reprinted with permission.#2 Copyright 2022, Wiley-VCH. (e) SEM image of the crystalline Co,B* catalyst.
Reprinted with permission.®* Copyright 2023, Wiley-VCH. (f) SEM images of Co—Mo—-B/CoMoO,_,/CF; the insets show the morphology at low
magnifications. Reprinted with permission.®* Copyright 2021, The Royal Society of Chemistry. (g) SEM image of Fe-B-O@FeB,/HC. Reprinted

with permission.®> Copyright 2023, Elsevier.

nanosheets with OER activity, creating new active sites and
enhancing the catalytic efficiency of alkaline seawater electrol-
ysis. During its use as the anode and cathode to assemble the
two-electrode system for overall seawater splitting, it required
1.70 V to attain the current density of 100 mA cm > (Fig. 9b) and
could steadily operate over 62 h. They found the introduction of
molybdenum facilitates the performance of HER and OER
(Fig. 9c and d). Ojha's team® reported a bifunctional catalyst:
Ni;N and Fe;N nanoparticles encapsulated in a nitrogen-doped
carbon (NC) layer were prepared by a one-pot method under
ambient conditions using polyacryloylhydrazine (PAHz) as
a reductant and encapsulant, followed by high-temperature
treatment under nitrogen ambient to obtain Niz;N and Fe;N
nanoparticles. The NC-Ni;N and NC-Fe;N nanocomplexes were
coated on the surface of nickel foam (NF), on which a FeOOH
layer was grown to form a FeOOH-NC-Ni;N/Fe;N hetero-
structure electrode (Fig. 9e). The results showed that the

646 | J Mater. Chem. A, 2024, 12, 634-656

presence of metal nitrides improved the conductivity and
charge transfer ability of the electrodes, which reduced the
overpotentials for the OER and HER (Fig. 9f). In particular, the
efficiency of the OER and HER increased when the content of
Ni;N is increased.

These works make use of heterogeneous structures to
improve the performance of the catalysts, whereby the kinetic
and thermodynamic properties of the reaction can be optimized
by forming interfaces between different materials. This is an
effective strategy for designing bifunctional catalysts by
combining components that can act on HER and OER
separately.

4.7 Other compounds

Increasing the number of active sites and improving the
intrinsic activity of the catalyst are two effective methods to
enhance the electrocatalytic performance of catalytic materials.

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 (a) Schematic illustration of the synthesis of MON-Co,N nanosheets. (b) Overall water/seawater splitting performance of MoN—-Co,N/
NF|[MoN-Co,N/NF and Pt/C||IrO, pairin 1 M KOH and 1 M KOH seawater. (c) Calculated free energy diagram of H* adsorption on the surface of
Pt, CozN, and MoN—-Co;N. (d) The d-band centers of Co 3d partial DOS for Co,N and MoN-Co,N. Reprinted with permission.® Copyright 2022,
American Chemical Society. (e) Schematics showing the FeOOH coating of the NF, followed by the in situ growth of the NC-NizN or NC-FezN
nanocomposite layer and synthesis of PAHz—Ni/Fe nanoparticles, followed by NC—-NisN/FesN nanocomposite. (f) IR-uncorrected and corrected
LSV traces of NC-NizN,; recorded under two-electrode mode in seawater possessing 2 M KOH. Reprinted with permission.®® Copyright 2023,

American Chemical Society.

As the size of the nanoparticles decreases, the number of atoms
exposed on the surface usually increases, resulting in changes
in the atomic structure of the surface, the electronic structure
and the surface defects. The number of ligand-unsaturated
atoms can increase as the size of the particle decreases, thus
improving the catalytic activity. Single-atom catalysts (SACs)
have been promising candidates for bifunctional catalysts for
seawater splitting. Recently, Feng et al.®® reported a bifunctional
catalyst for efficient water/seawater splitting, which consisted of

This journal is © The Royal Society of Chemistry 2024

Ru single atoms stabilized by flower-like amorphous MoO;_,
nanoflakes (Fig. 10a-d). The catalyst exhibited excellent activity
and stability for both HER and OER in alkaline media (Fig. 10e
and f), and achieved low voltage and high yield for overall water/
seawater splitting. The high performance was attributed to the
large surface area and abundant active sites of the amorphous
structure, as well as the efficient utilization and synergistic
effect of Ru single atoms. They successfully stabilized single-
atom Ru on an amorphous MoO;_, substrate, harnessing the

J. Mater. Chem. A, 2024, 12, 634-656 | 647


https://doi.org/10.1039/d3ta06083g

Published on 02 December 2023. Downloaded on 4/19/2025 6:57:44 AM.

View Article Online

Journal of Materials Chemistry A Review

a precursor

\
%Ruhi
m,
ey
S

W ,

 Ru SAs-MoO, ,/NF || Ru SAs-MoO, /NF
100 - @ PY/C on NF || RuO,/NF g seawater
100 -
_ 80 - seawater
NE & 504
O 60 g 92090000000999030000009009999023009
< <
E E ]
— 404
20 - -50
0 o
5 T T T T T T -100 T T T T T T T T T T T
1.2 1.3 14 15 1.6 1.7 1.8 1.9 0 5 10 15 20 25 30 35 40 45 50 55 60
Voltage (V) Time (h)
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advantages of the amorphous matrix to enhance both the
performance and stability of the catalyst.

Single-atom catalysts offer the highest degree of atomic
efficiency, leveraging unique quantum size effects and tailor-
made active sites to significantly enhance the catalytic activity
and selectivity. This presents a novel avenue for the develop-
ment of cost-effective catalysts. Furthermore, the amorphous
matrix, characterized by its distinct structure and properties,
offers the advantage of additional active sites and oxygen
vacancies. This feature proves advantageous in enhancing the
catalyst's conductivity and reaction kinetics. It introduces
a novel avenue for designing highly efficient catalysts.

5. Electrolyzers design

In addition to the development of bifunctional catalysts, the
design of the efficient electrolyzer also served as a pivotal factor
in increasing the seawater electrolysis efficiency, and achieving
the sustainable, cost-effective production of H, from seawater. At
present, there are two ways to achieve H, production from
seawater, including direct and indirect seawater electrolysis.
They differ in that indirect seawater electrolysis adds an extra
step of desalination. After desalination, seawater splitting is
equivalent to freshwater electrolysis, which is already in used
industry. As mentioned for ALK and PEM, they are relatively
mature in freshwater electrolysis applications, while SOCE is still
in the laboratory stage. A comprehensive comparison of these
three electrolysis techniques is shown in Table 1. However, it is
relatively difficult to use these electrolyzers directly for seawater
electrolysis, so it is necessary to make corresponding improve-
ments on their basis. Park and his group® proposed a different

Table 1 Comparison of three technologies for water electrolysis3292-94
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type electrolyser coupled with anion exchange membranes,
cation exchange membranes (CEM) and bipolar membranes
(BPMs), as shown in Fig. 11a. Anion exchange membranes and
CEM could achieve unidirectional transport of CI~ and Na"* to
attain the purpose of desalination of brine. And the BPMs could
continual supply OH™ and H' to maintain the pH of anolyte (pH
~ 14) and catholyte (pH ~ 0.5), which was beneficial for reducing
the overpotential of OER. Coupling NiFe LDH as the anode and
NiMo as the cathode, this electrolysis system could achieve the
FE above 95% for O, and H, production at a current density of
100 mA cm > over 20 h. Meanwhile, the direct seawater splitting
has two types of electrolyzers, including membrane electrolyzers
and membrane-free electrolyzers. In the following presentation,
we collect the most recent developments in electrolyzer design
for direct seawater splitting.

5.1 Membrane electrolyzer

As mentioned before, seawater has many complex composi-
tions, which caused difficulties for direct seawater electrolysis.
At present, there are several main strategies to deal with this
problem. Firstly, the use of asymmetric electrolyzers means that
the anode and cathode chambers have different electrolytic
media. In 2020, Strasser et al.®® proposed the concept of asym-
metric electrolyzers. They systematically studied six different
feeding methods (Fig. 11b) to demonstrate the promise for
direct seawater splitting. Recently, Li's®® team designed a pH
asymmetric electrolyzer containing a sodium ion exchange
membrane for direct seawater electrolysis (Fig. 11c), which
prevented both chloride corrosion and calcium/magnesium ion
precipitation problems and captured the chemical potential
between the different electrolytes, thus reducing the required

Type ALK

PEM SOEC

Electrolyte used 20-40 wt% KOH (aqueous)

Perfluorinated sulfonic acid (PFSA) Yttria-stabilized zirconia (YSZ)

Current density (conventional, A 0.2-0.6
cm?)

Cell voltage (V) 1.8-2.4
Operating temperature (°C) 60-90
Hydrogen production purity >99.8%

Electrolyte quality requirements
Dynamic responsiveness
Lifetime (h)

Maintainability

Technology maturity level
Operating pressure (bar)
System efficiency (%)

Energy consumption (kW h N~*
m—3

Advantages

Disadvantage

Stabilized power supply
Relatively strong

60 000-90 000

Strong alkali corrosion, low cost
Commercialization stage

10-30

60-75

4.5-5.5

Mature technology, low cost

Low energy efficiency; weak

Sc,03-Zr0,
MgO-ZrO,
Ca0-ZrO,
0.0-3.0 (up to 20) 0.0-2.0
1.8-2.2 0.95-1.3
70-80 600-1000
>99.99% —
Stabilized power supply Stabilized power supply
Stronger Weaker

30 000-90 000

Non-corrosive media; low cost
Preliminary commercialization
20-50

70-90

3.8-5.0

Good renewable energy
applicability

Requires high purity water, precious Requires high temperature; poor

applicability to intermittent energy metal catalysts

sources; high operation and
maintenance costs
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10 000-30 000

Lab-stage
1-15
85-100
2.6-3.6

High conversion efficiency

durability; easy to deteriorate
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cells. Reprinted with permission.®* Copyright 2023, Elsevier. (b) Schemes for anion exchange membranes electrolyzers using independent
electrolyte feeds with different electrolyte composition. Reprinted with permission.®> Copyright 2020, The Royal Society of Chemistry. (c)
Scheme for the asymmetric electrolyzer with sodium ions exchange membrane. Reprinted with permission.?* Copyright 2023, Springer Nature.
(d) Schematic diagram of a typical SES (left) and the liquid—gas—liquid phase transition-based migration mechanism of the water purification and

migration process and the driving force. Reprinted with permission.®* Copyright 2022, Springer Nature.
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voltage. Ptga—Nig ¢—Feo4P; was chosen as the cathode and
NisFe,P; as the anode, while the electrolyte for the anode was
4 M NaOH and that for the anode was 4 M NaCl to achieve
overall seawater splitting. In this way, the asymmetric electro-
lyzer exhibits a large current density of 400 mA cm™> at low
voltage of 1.66 V at 80 °C, corresponding to the electricity price
of US$1.36 per kg of H,, which is lower than the Department of
Energy (DOE) 2025 target of US$1.4 per kg of H,. Secondly,
designing some special membranes. Xie et al®” developed
a phase change migration-driven in situ direct electrolytic H,
production from seawater without desalination. They con-
structed a micron-scale gas phase isolation zone in seawater by
using a waterproof breathable membrane and permeable layer
(Fig. 11d). This design leveraged the inherent pressure differ-
ence caused by the self-humidifying electrolyte and seawater,
facilitating the movement of water vapor. As a result, water
vapor spontaneously transitioned from the seawater side,
diffused through the membrane, and was absorbed and lique-
fied on the electrolyte side. According to their report, the
designed electrolyzer could operate stably in natural seawater
for more than 72 h. Moreover, using bipolar membrane-based
devices is also a great method. For example, Marin et al.*®
introduced a novel bipolar membrane electrolyser for seawater
electrolysis to produce H, and O,. It consists of a cation-

View Article Online
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exchange layer and an anion-exchange layer, which can effec-
tively control the ion transport and reaction environment.
Compared with PEM, the bipolar membrane electrolyzer
significantly inhibits the penetration and oxidation of chloride
ions, thus avoiding the generation of harmful free chlorine
species at the anode. Furthermore, the bipolar membrane
electrolyzer has higher stability and selectivity for seawater
electrolysis over a long period of time, whereas the PEM elec-
trolyzer fails quickly.

5.2 Membrane-less electrolyzer

Because the membrane has the disadvantage of high cost and
limited lifespan, the membrane-less electrolyzers offer an alter-
native approach. Membrane-less electrolyzers can be mainly
classified into two types based on the type of electrodes
employed, including membrane-less flow-by electrodes and flow-
through electrodes (Fig. 12a).” Among them, the microfluidic
electrolyzer caught the attention of some researchers. In 2013,
the use of the microfluidic electrolyzer for energy conversion was
first demonstrated,'® and could attain the current density of 100
mA cm 2 at 2.5 V. Recently, some researchers applied it for
seawater splitting. They proposed that a microfluidic alkaline
membrane-less electrolyzer (WLAEM)'** (Fig. 12b) may resolve the
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Fig. 12 (a) Emerging membrane-less electrolyzers based on flow-by electrodes (left) and flow-through electrodes (right). Reprinted with

permission.’*®* Copyright 2017, Elsevier. (b) Stacked, multilayer structure of a typical state-of-art electrolyzer can be implemented on a single chip
using microfluidics. Reprinted with permission.®® Copyright 2021, American Chemical Society. (c) Schematic illustration of the electrolysis cell:
the main body (in red) is 3D printed with stereolithography technology. The electrodes (in yellow) are pressed into the devised slots and the
assembly is covered by a transparent PMMA plate. A flexible sealing film is sandwiched in between this plate and the 3D printed part to prevent
leaking. The inset shows the final assembled device with attached fluidic connectors. Reprinted with permission.**2 Copyright 2019, The Royal
Society of Chemistry.

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. A, 2024, 12, 634-656 | 651


https://doi.org/10.1039/d3ta06083g

View Article Online

Review

Journal of Materials Chemistry A

*914]01393] ) Se HOX I T SUlsn paure)qo a1am S)sA[eIed [euonounjiq asay jo sadojs [9Jel, oyl ,,

6€T —0°¢8 00S ® 0T¥ ‘00S ® 6S¢ 00T ® 0S — 00T ® Z8'T Iayemeas + HOM N T AD/00D-0°nD
o £F ‘59 00S ® ¥6T 00S ® 00¢ — 00S ® 89°T Ioyemess + HOM I T “OLL®g0D-pH-ny
LET 1°6T ‘7'eh 00S ® £0€ ‘00S ® T¥FT 0S ® 0F — 00S ® ThL'T 1918MB3S + HOXM N T dIN/NSTOD TIN/d%ed
9¢T 1£°69 ‘S0°S¥  000T ® T°09% ‘000T ® 1°0LT 00S ® 007 — 000T ® TT'C 191eMBIS + HOM N T AN/ASIN/ODUN
SET 6S ‘S6 0T ® 04¢ ‘0S ® S.T 0T® T — 0T ® S9'T Iayemeas doD-f0%4a-d
PeT G'€S ‘9°6F 00€ ® 0F¥ ‘00€ ® L¥T — 00T ® €46'T 00T ® 608°T Ioyemeas + HOM W T AN/HAT-A0D-NY
€eT L8'FVT ‘6S°S8T 00T ® 0¥¥ ‘00T ® L9¢€ 00T ® ¥¢T — 00T ® 69°T I9yemess + HOM N T AN/HD0D-S%3y-25%3y
(43 8€T ‘0¢ 0Z ® 08¢ ‘0T ® S0T — 0¢ ® 7eT 0 ® L6'T Iayemeas AN/SMN “0%d%0D/d%0D-<0"011
1€1 68°09 ‘80°S8 000T ® £6¥ ‘000T ® €£S¢ 00T ® 00T 00T ® £0'C 00T ® €£°T 1918MEBIS + HOM N T A1/f0%4-INNY
0€T 0¥ ‘T9¢ 0S ® 08¢ ‘0T ® 9¢ — 00T ® ¥8°T 00T ® €£°T I91eMEBIS + HOM N T AN/NFIN-D
67T 9'¢h ‘e°Sh 00S ® S/€ ‘00S ® 2T 00S ® 0T 00T ® 66'T 00T ® TS9'T 19)eMEIS + HOM N T (% ') SHA'1(1)20D-3d
8¢CT 89 ‘T¥ 00T ® 197 ‘000T ® 6¥C 00S ® 0§ 00T ® TL'T 00T ® 67T [DBEN N S0+ HOMX I T AdD/ OUI/AAD
LTT LOT “0S 00T ® 06¥% ‘00T ® 98¢ 0T ® 0¢ 00T ® C'C 00T ® ST'C I9Jemeds + HOM N T IND®NYUNODINSA
92T £ WS 0T ® 0€T ‘0T ® 6°S9 0S ® 0§ 0T ® 6S°T 0T ® 9S°T 191eMB3S + HOM N T dEIN/D*OIN-SIND®IN
STl TP ‘8TT 0S ® L6€ ‘0T ® 6F1 00T ® 0¥ — 0T ® SL'T [DENIN S0+HOMW T U ST dIN®ILL
4! — 00T ® 7°98C ‘0T ® 8°I8T 00T ® SOT — 0T ® SS'T [DEN N S0+ HOMX W T HOOR4/HA'T 24IN
€Tl 8'6L S LL 00T ® S9€ ‘00T ® ¥LT 00T ® 0¥ — 00T ® 98°'T [DEN N S0+ HOMX I T AN/NEIN®IdHODIN
k44" £°89 ¥'C8 00S ® LTV ¢/ 0S ® 09 — 00T ® 99T [DBN W S0+ HOMXW T [80-[93-Ved-2dIN
121 LSFY ‘TL°80T 00T ® 067 ‘0T ® 8¥T S'6® T — 0T ® 89°T Iayemeas DAg-24p0
(114 €6 ‘L9 0T ® S¥T ‘0T ® ¥ET 00S ® 0§ 00S ® 626'1 00S ® Z¥8'T Ioyemeas + HOM I T ADN-%S0D
88 9°G¢E ‘T'T8 00S ® 7€¥ ‘005 ® TSE 00T ® 29 — 00T ® 2T Iayemeas + HOM N T N“0D-NOW
6TT GGV L16 00S ® £6T ‘00S ® 85T 00T ® 0T — 00S ® 198°T 197eMB3S + HOM IN T 1980198 Poom/dJOININ/HOO(Sd‘OIN‘IN)-d‘S
811 €7 ‘68 00S ® 76€ ‘00S ® ST 002 ® 09 — 00C ® 6L°T Ioyemess + HOM W T AN/SAIN
LIT 8%°8S ‘€T°L9 00T ® £6T ‘00T ® 76T 00T ® 8¢C = 00T ® €£T [DENWW S0+ HOMXW T Ad4/d24-doD®D
91T 81T ‘80T 000T ® 0£€ ‘0001 ® 01T 000T ® 00T — 0001 ® 26'T 191eMB3S + HOX N T A1®"d0D34-4
STT — i8¢ 00T ® 08T ‘00T ® 6¥T 005 ® ¢T — 00S ® €6'T I91emeas + HOM W T ON®J-24IN
491 S LS 00T ® 997 ‘00T ® TTT 00T ® 72T 00T ® L6'T 00T ® 69°'T [DEN N S0+ HOMX W T AN/d%2d-0D
€It G¢ ‘68 0T ® 092 ‘0T ® 8ST 0T ® 00T — 00T ® 9T°C I91eMBIS + HOM N T AN/*d0D-O0N
Tt S9 ¥ 0C ® 61T ‘0T ® 8¢ 0S ® 0§ — 00T ® €£°T 191eMBe3S + HOX N T COON-94/2dIN
TTT €L 911 00S ® 0%S 00S ® 8% (Do 09) 0¥T ® 891 00S ® 1¢°C 00S ® 10'C [DEN N S0 + HOM N T OIN-INHVIN
0Tt T°CS ‘T'LPT 0S ® S9¢ ‘0S ® 05T 00T ® 08T 0T® 19T 0T ® 8S°'T Iayemeas + HOM N T AN/ODONA
S8 ¥$°69 ‘29°LS 00T ® 8S€ ‘00T ® SET 00¥ ® 89T 00 ® T£°C 00Z ® 90'C [DBN W S0+ HOMX I T DH/*d2d®0-9-24
60T 'Sy i— 00S ® 09% ‘0T ® L6 00T ® 00T — 0T ® $S'T [DEN N S0+ HOMX N T HAT-24IN®O0DUN
80T — 0T ® €41 ‘0T ® ¥6 0T ® ¥¢ — 0T ® 2S'T I9Jemeas + HOM N T Helu geic
L0T 06 ‘69 00T ® STE ‘00T ® 0CC 09 ® 0¢ 00T ® 18T 00T ® €£°T Ioyemeas + HOM W T HA'T 2IIN® OOININ-S
90T 18°LY ‘6% ¥F — 0€ ® 00T 00T ® S8°T 00T ® 84L°T 197eME3S + HOM N T AN/YO%d0D-nY
89 0°8S ‘098 000T ® TE¥ ‘000T ® 68¢ 00T ® 8% — 00S ® $00°C Ioyemess + HOM I T AN/d%d-d°IN
SOT LY. 9'6€ 00T ® 087 ‘00S ® 9¢F 00T ® 00T 00T ® S0'C 00T ® ¥8°T I9yemeas + HOM N T AD/S00N®ZSFIN
70T TS ‘0.8 0T ® 89¢ ‘05 ® €8T 0T ® 0§ — 0T ® 19T Ioyemess + HOM W T SAOD®JNDA
20UaIJY (;_99p AW) MTO (;_wd ® AW) JTO (p_wo vu ® ) (rrud vV @ A) (;_wd vy @ A) A[0109[H 15A[e38201309[H

pue JaH Jo sodo[s [9Jel

pue gdH Jjo srenusjodioaQ

Arqels  ‘ony 10 %0a1||D/Ad

a3ey0A 112D

Bumnds Jo3eMeDS )|RISAO 10} SISARIRD0JID8)D 1eUOIDUNYIG payodal Ajjusdal ay) Jo Alewwing g aiqel

"NV 1717:.5:9 G20Z/6T /7 U0 pepeojumoq "€¢0¢ equwiedsd ¢0 uo pausiignd

This journal is © The Royal Society of Chemistry 2024

652 | J Mater. Chem. A, 2024, 12, 634-656


https://doi.org/10.1039/d3ta06083g

Published on 02 December 2023. Downloaded on 4/19/2025 6:57:44 AM.

Review

challenges of conventional membrane-based electrolyzers, and
minimize the number of components and condense the
membrane-based electrolyzers to a single chip, marking a new
paradigm for water splitting. In order to make the micro-
fabrication of the electrolyzer simple, the bifunctional catalyst is
important for this type of electrolyzers. Psaltis et al.'® reported
a novel membrane-less electrochemical reactor (Fig. 12c) that
could perform brine electrolysis at room temperature and
atmospheric pressure without the use of ion-conducting
membranes or separators. Using the 3D printing technology,
they integrated flow plates and fluid ports into a single compo-
nent and used the inertial fluid forces to separate the generated
gases. The results unequivocally demonstrated the reactor's
remarkable capacity to yield exceedingly high-purity (>99%) and
impressive FE (>90%) in the production of hydrogen, oxygen,
chlorine, and sodium hydroxide. These findings are commen-
surate with the performance of commercial brine electrolyzers,
thus underscoring the reactor's potential as a groundbreaking
technology in this scientific domain.

6. Conclusions and perspectives

Seawater electrolysis holds the chance to be a cost-effective and
sustainable approach for the production of H, in the future
owing to the demand of clean energy power and the advance-
ment of related technologies. With growing academic research
results, electrolysis of seawater has become a major topic for
research within the field of H, production. Nevertheless, it is
important to note that research in seawater electrolysis remains
in its early stages and has encountered several significant
challenges. In view of this, this review highlighted the current
advances in bifunctional catalysts capable of converting both
anodic and cathodic reactants, as well as the experimental
findings in nicely designed electrolytic system, with the goal of
helping scientists find feasible bifunctional catalysts for
industrial-scale H, product in seawater. A wide range of
bifunctional materials (noble metal-based material, transition
metal phosphides, chalcogenides, borides, nitrides, oxides, and
hydroxides) as efficient electrocatalysts toward overall seawater
splitting is reviewed (Table 2).

These bifunctional transition metal compounds all exhibit
high activity towards HER and OER. However, they also have
some improvements: the electronic structure and valence states
of oxides are difficult to regulate and have low conductivity;
sulfides, nitrides, phosphides, and borides are relatively
complex to synthesize and are easily oxidized, leading to
a decrease in their catalytic activity and stability. Despite
considerable progress made in recent years of seawater elec-
trolysis, research in the following sub-areas should be priori-
tized in future work:

(1) For seawater electrolysis to become more productive and
stable, the catalyst design is crucial. For example, the catalytic
performance can be improved by investigating state-of-the-art
materials, tailoring compositions, and optimizing active sites.
Developing protective outer/inner-coatings, robust catalyst
structures, and knowing degradation mechanisms are all key
considerations for ensuring long-term operation.
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(2) More powerful bifunctional nano-architectures with
increased well-adjusted catalytic sites should be constructed in
order to facilitate large-scale seawater to H, electrolysis.

(3) Efficiency, scalability, and durability of electrolyzers can
all be improved by upgrading cell configurations, electrodes
materials, and mass transport control.

(4) Only renewable energy sources (e.g., wind power)-enabled
electrolysis represents the carbon-neutral method to reduce the
use of fossil fuels, which makes the H, production truly
sustainable. Researchers should thus create integration strate-
gies to improve energy management systems, allowing for the
efficient exploitation of clean and plentiful renewable energy.

(5) Although different types of bifunctional catalysts exist in
alkaline media, such as metal-sulfur compounds, borides,
oxides, carbide, and phosphides, which can make the necessary
changes in electronic properties and morphology, very few of
them can be directly applied in natural seawater. Researchers
should simulate or even use real seawater for use as an
electrolyte.

(6) Substituting the conventional OER with alternative
oxidation reaction, such as the Selective Methanol Oxidation
Reaction (SMOR),"** holds the promise of significantly
enhancing both energy efficiency and sustainability. This
forward-looking approach not only paves the way for reduced
energy consumption, but also unlocks intriguing possibilities
for simultaneous production of valuable chemicals. This dual
benefit not only enhances the economic viability of the process,
but also aligns with environmental sustainability goals. As we
look ahead, the adoption of such innovative strategies is poised
to play a pivotal role in shaping the landscape of clean energy
production and resource utilization.

(7) At present, research on direct seawater electrolysis is still
insufficient. In the future, we should pay more attention to and
study the technology of in situ direct electrolysis of seawater
without desalination for H, production. This will have signifi-
cant implications for the commercialization of seawater elec-
trolysis for H, production. Such a research direction can not
only promote technological progress, but also help solve energy
problems and achieve sustainable development.

(8) In the majority of research literature on bifunctional
catalysts for seawater electrolysis, the chosen electrolyte (e.g.,
1 M KOH + seawater, 1 M KOH + 0.5 M NaCl) deviates
significantly from the conditions of natural seawater. This
does not contribute significantly to addressing the challenges
of cathodic reactions, such as calcium and magnesium
precipitation. Therefore, future research should focus more
on conditions that closely resemble natural seawater, or even
under actual seawater conditions. This will have significant
implications for achieving the goal of large-scale seawater
electrolysis for hydrogen production. Such a research direc-
tion can not only promote technological progress, but also
help solve energy problems and achieve sustainable
development.
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