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Table 1 Mean concentration of ions in seawater at 20 ‘C'®!

Amount of substance in per Mass in per kilogram

Ton

kilogram of water/mol of water/g
Cl 0.56576 20.0579
Na* 0.486 16 11.176 8
S0 0.02927 28117
Mg** 0.05475 1.3307
Ca*" 0.01065 0.4268
K 0.01058 0.4317
HCO5~ 0.001 83 0.1117
COs* 0.00027 0.0162
Br- 0.000 87 0.069 5
B(OH); 0.00033 0.0204
B(OH), 0.000 10 0.0079
F- 0.000 07 0.0013
Sr* 0.000 09 0.0079
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Fig. 1 Pourbaix diagrams for oxygen evolution reaction (OER) and chlorine oxidation reaction (CIOR) under varying pH
conditions!"”; (b) Maximum allowed overpotential (from Pourbaix diagrams) of OER catalysts to achieve 100% selectivity

toward OER!'"
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Fig. 2 (a) Schematic diagram of the cowpea-like structure of MoO;@CoO/CC; (b) The water electrolysis performance of the

seawater electrolyzer composed of MoO;@CoO/CC and commercial Pt/C, which is tested in the simulated seawater
electrolyte of 6 mol/L KOH + 1.5 mol/L NaCl and natural seawater!""
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Jj is current density; MOEE is multi-layered oxygen-evolution electrode; RHE is reversible hydrogen electrode.

K3 (a, b) NiFeB, 7E 30%(Jf £4%1) KOH F1 0.5 mol/L NaCl HEfFFE 1) OER PERENNA; () ZHHEIREIR S,P-(Ni, Mo, Fe)
OOH/NiMoP/A Jifi S #¢ J 7E fl M ¥ K b 1) 8 2T B R = s (d) S,P-(Ni, Mo, Fe)OOH/NiMoP/A Jii ki 4= ¥ 7K

o 2
Fig. 3 (a, b) OER performance tests of NiFeB, in an electrolyte solution of 30% (in mass fraction) KOH and 0.5 mol/L NaCl; (c)
Schematic diagram of the oxygen/hydrogen evolution catalysis of the sandwich-like layered S,P-(Ni, Mo, Fe)

OOH/NiMoP/wood aerogel in alkaline seawater; (d) The overall seawater electrolysis performance of S,P-(Ni, Mo, Fe)
OOH/NiMoP/wood aerogel®® !
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&, AT BT Co/Co;04@C . Co/Cos04@C
FEREN K A A2 v B 41 1 & 2% HER #1 OER
T

Guo ZIZE S Ak i 1 4k 577 (Cr05-Co0,) L 5]
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P123 is non-ionic triblock copolymer EO,0PO;0EO,y; HMT ishexamethylenetetramine; DA is 2, 4-dihydroxybenzoic acid; SO is sodium oleate.

Bl 4 (a) Co-NsP, &R EE; (b) Co-NsP, I SEM MR H; (¢)+ (d) Co-NsP, 7E5 7 1 mol/L KOH F R AR 7K Hh iy e gt 7K 1k 4!

Fig. 4 (a) Schematic diagram of the synthesis of Co-N;P;; (b) SEM image of Co-N;Py; (c) and (d) The water electrolysis
performance of Co-N;P; in natural seawater with 1 mol/L KOH™)!

3.1.3 Fe JEMEMLF  Fe EMBMEAREE R RUH
B R AL R/ 2] T )12 557 . Huang 25108
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CaFeO,|FePOy AL . MK Mg 2> i 3 BRAIK
CaFeO, M3 Iy 2 Gtk 72, (Hi@ L FePO,
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T FePOy 2 M 93 55 70 2 ¥ S8 A A2 OB il s
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MEERENABEE 10 h. CaFeO,|[FePO, i£ 2
10 mA-cm > JT i (AT S8 LA 209 710 mV
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oK R e HTHEARIEEM. FEiEA SR
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EUR AL PERE, 7E 261 mV A1 225 mV 3T B4z Bk
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KOH+ i /K ¥ 8 fif W 38 % 100 mA-em ™ Al
500 mA-cm > HLITEE A 1.811 V AT2.004 V HLIE,
I HAE 100 mA-cm * HLIT E R R EIB4T 48 h, J&
TR H K R A R AR S R BRI T
3.1.4  HAhiyE 4 EAEMAF BT Ni. Co. Fe
FefEibin, IRZE — BHAERIRER Cu. Mn.
W 255 4 JR AL 7110, Haq 5P il f fh 2 4

A T BRI 48 Cu0-CuO gk EHEALT,
AT F T AEB I F A K R, 7E 400 mV 1)
P EA RIAE] T 500 mAqem IR, I HAE
2% LI B B V4L TAE 100 h 5 R I HAR ke e ok,
PR B 50 32 9

Izumiya 25 7E MnO, HEAL AT W &
BT (Mn-W)O, 467 54 MnO, AL, (Mn-W)O,
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meiGae, FR, W EFREAREK T (Mn-W)O,
A A, S8 T RIHERSEE, M T
AR MAR BG4 & T H OER g, 18
100 mA-cm > F, (Mn-W)O, M EHIIE AU 290 mV.
3.2 HER &5
3.2.1 Ni/Co Z:f#4b7  HR¥E Sabatier JFFH, FEAH
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H U T EE R N FE R R . BR T Pt 2 Ak, 1 iE
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AL AR T TR ol

Hemmatik £ FH K 04 i T 38 T 90 K
FEF [ 7> 2% NiO 1t Bk (NRAHM-NiO) f# ft. 7] .
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NRAHM-NiO BA £ & WiEEAr fl. BRI AT
Rk T J Tk PR RS K I 3R T, RS OB S,
JEILH T AR HER LTS PE(B] Sa~F 5¢). Wil
5d fliw, TERLHLHEZK (1 mol/L KOH+0.5 mol/L NaCl)
H, NRAHM-NiO ¥ 7 500 mV [#)id H A7 B o] ik 2]
500 mA-cm* [f) HER B E, HAEZHRTEE T

FEIZAT 100 ho AL FINE AT REMEALITE 2.01
V L R BES A F] 500 mA-em RIS, AR
T Pt/C||PY/C Al Pt/C||IrO, 255 &8 R G0, B EE N
R, ZEEEAREKP BRI R OER BT
(Bl 5e), I HEAANREN ORI, Bl
AT AT AR ST o

®2 TESEEERBRIBK OER EULF

Table 2 OER catalysts for direct seawater electrolysis based on transition metals

Catalyst Electrolyte OER performance Stability Ref.
MnCo/NiSe/NF 1.0 mol/L KOH + seawater 460.2 mV@1000 mA-cm > 200 h@500 mA-cm™ [53]
NiCoHPi@Ni;N/NF 1.0 mol/L KOH + 0.5 mol/L NaCl 365 mV@100 mA-cm > 120 h@200 mA-cm > [54]
CoFe-Ni,P/NF 6.0 mol/L KOH + seawater 304 mV@500 mA-cm > 600 h@500 mA-cm > [55]
Fe,P/Ni3;N/NF 1.0 mol/L KOH + seawater 340 mV@1000 mA-cm > 40 h@500 mA-cm 2 [46]
NiFe-LDH/NF 1.0 mol/L NaOH + 0.5 mol/L NaCl 274 mV@100 mA-cm > 180 h@400 mA-cm > [15]
NiMoN@NiFeN/NF 1.0 mol/L KOH + seawater 398 mV@1000 mA-cm > 100 h@500 mA-cm > [3]
FeNiON/NFF 1.0 mol/L KOH + seawater 289 mV@1000 mA-cm > 40 h@500 mA-cm™> [56]
NiFeO-CeO,/NF 1.0 mol/L KOH + seawater 408 mV@1000 mA-cm > 200 h@1000 mA-cm > [37]
NiFeCrMoO,H, 1.0 mol/L KOH + 0.5 mol/L NaCl 283 mV@350 mA-cm™ 35 h@50, 100, and 500 mA-cm > [57]
Fe,P/Ni| sCoy sN/N,P 1.0 mol/L KOH + seawater 307 mV@500 mA-cm > 40 h@100 mA-cm [20]
Ni;S,@NiFe LDH/NF 1.0 mol/L KOH + seawater 340 mV@1000 mA-cm > 100 h@200 mA-cm™> [39]
Co,(OH);Cl1 1.0 mol/L KOH + 0.6 mol/L NaCl 400 mV@330 mA-cm > 60000 s@130 mA-cm > [58]
Ag/NiFe LDH 1.0 mol/L KOH + seawater 303 mV @1000 mA-cm ? 1000 h@1000 mA-cm™> [59]
Fe(Cr)OOH/Fe;0,4 1.0 mol/L KOH + seawater 241 mV@500 mA-cm > 100 h@400 mA-cm™ [60]
NizN@C/NF 1.0 mol/L KOH + 0.5 mol/L NaCl 314 mV@100 mA-cm 100 h@100 mA-cm > [34]
Ni3S,/Co3S, 1.0 mol/L KOH + seawater 360 mV@100 mA-cm > 100 h@800 mA-cm ™ [61]
0 =
=1 mol/. KOH 4 # NRAHM-NiO-1 mol/L, KOH
=1 mol/L, KOF0.5 mol/L NaCl 4 0.60 |- * NRAHM-NiO-1 moVL KOH+0.5 mol/L NaCl
=1 mol/L KOH+1 mol/L. NaCl ' * NRAHM-NiO-1 mol/L. KOH+natural seawater
7200 _200 [~ 1 mol/I. KOH+seawater s ,‘f > # PbC-1 mol/L KOH+0.5 mol/L. NaCl
& a f E 0.45  + Ni foam-1 molL KOH+0.5 molL NaCl
g —400} <_E)_400 I | 196 mV.deg
: : 0.30 e
E E 2 R
= 6007 S-600} by Bl v Tomvder?
I 3 114 mV.dec!
—_800F . 1 mol/L KOH+0.5 mol/L NaCl —800 y 0.00F Y dec
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5400} £
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Bl 5 (a) NRAHM-NiO 7£ 1 mol/L. KOH+0.5 mol/L NaCl Hffi = (¥ 2t 134k 22 (LSV) ih Z& [ TE WK 4 HL AL A (iR) M 15
(b)NRAHM-NIO EA A L i LSV HIZR (R #ME2); (c) SR f# Tafel #iZk; (d) NRAHM-NiO 7 100 mA-cm 2 A1 500
mA-cm > FH I LA I ZR: (e) NRAHM-NIO ) HER Fil OER jd By A7 {f (7)1

Fig. 5 (a) HER linear sweep voltammetry (LSV) curves (without iR compensation) of the NRAHM-NiO in the mimic seawater

electrolyte (1 mol/L KOH+0.5 mol/L NaCl); (b) HER LSV curves (with iR compensation) in four different electrolytes;
(c) Corresponding Tafel plots; (d) Chronopotentiometric curves of the NRAHM-NiO electrocatalyst; (¢) Overpotentials for
the NRAHM-NiO electrocatalyst (77) for the OER and the HER[®
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Fig. 6 (a) Schematic illustration of the synthesis of VS,@V,C; (b) LSV curves of each catalyst; (c) Performance comparison of

VS,-based catalysts in recent years!"¥
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Extended Abstract

Currently, fossil energy accounts for more than 80% of the global energy supply, and its excessive use has led to serious
environmental pollution and carbon emission problems. Developing green hydrogen as a clean energy carrier is crucial for achieving
carbon neutrality. Using electricity from renewable energy sources to electrolyze water for hydrogen production is an ideal approach.
However, traditional electrolysis relies on high-purity fresh water, which exacerbates water shortages. China is rich in marine
resources, and the coupling of renewable energy sources such as offshore wind power with seawater electrolysis can efficiently and
locally absorb fluctuating electrical energy, having both economic and environmental advantages. Nevertheless, the complex
components in seawater severely limit the electrolysis efficiency and the lifespan of the electrolyzer. The catalyst is the core challenge
for technological breakthroughs. Transition metal-based materials have become the focus of research due to their abundant reserves,
low cost, and corrosion resistance. Therefore, this review elaborately discusses the research progress of transition metal catalysts for
seawater electrolysis.

Firstly, this review discusses the principles and challenges of direct seawater electrolysis. Seawater electrolysis is similar to pure
water electrolysis, involving two half-reactions, namely the hydrogen evolution reaction (HER) at the cathode and the oxygen
evolution reaction (OER) at the anode. However, compared with pure water electrolysis, the catalysts for seawater electrolysis face
more challenges. The composition of seawater is very complex and varies by region. It has been measured that the total concentration
of all ions in seawater is, on average, 3.5%(in mass fraction), among which the ions with relatively high contents include Cl-, Br’, Na",
Mg2+, Ca?", K7, etc. In addition to the above ions, there are also numerous microorganisms and plankton in seawater, which may lead
to side reactions at the cathode and anode, corrosion by chloride ions, deposition of microorganisms and metal ions, and poisoning of
the catalyst, reducing the efficiency of water electrolysis and the lifespan of the equipment.

In response to the above challenges, this review summarizes the strategies for the development of seawater electrolysis catalysts.
For OER catalysts, the primary consideration is the suppression of chlorine-related chemical reactions. Developing catalysts that can
achieve high OER selectivity and high activity at a lower overpotential and designing catalysts for reactions under alkaline conditions
are ideal solutions to avoid the oxidation reaction of CI". Secondly, anode catalysts need to have good corrosion resistance, and
resistance to Cl” corrosion can be achieved by designing a Cl barrier layer. For HER catalysts, developing highly active HER
catalysts can promote the HER kinetic process and improve the efficiency of seawater electrolysis. At the same time, the cathode also
faces the problems of ClI™ corrosion and the deposition of metal ion impurities (such as Mg?" and Ca®") that can block the active
catalytic sites. Designing metal oxide, hydroxide, and anion barrier layers on the surface of the catalyst can effectively solve the above
problems.

In recent years, in order to reduce the overpotential of the electrolysis process and improve the electrolysis efficiency, selectivity,
and the lifespan of the catalyst, researchers have made great efforts in the field of developing seawater electrolysis catalysts and
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designed various catalysts, including noble metal electrode materials such as Ir and Pt, as well as non-noble metal electrode materials
such as Ni and Co. Noble metal catalysts have excellent performance but have low reserves and high costs, making large-scale
application difficult. Transition metal-based materials have become a research hotspot due to their abundant reserves, low cost, and
corrosion resistance. This review elaborately discusses the research progress of transition metal catalysts for seawater electrolysis,
such as those based on Ni, Co, Mo, Mn, and Cr. This article also compares and analyzes various hydrogen production equipment used
for electrolyzing seawater.

Conclusion and Outlook Although researchers have made significant progress in the development of catalysts for direct seawater
electrolysis, there are still many challenges to be overcome for their practical application. Whether for direct or indirect seawater
electrolysis, developing electrocatalysts with high activity, high selectivity, and long-term stability at industrially relevant current
densities is a prerequisite. However, even though various strategies have been adopted to design anode catalysts with high selectivity
and durability, the corrosion effect and competitive reactions remain the main challenges for seawater electrolysis at high current
densities. In the future, when designing catalysts, it is crucial to have an in-depth understanding of the degradation mechanisms
caused by soluble ions and other impurities in seawater, which is essential for maximizing the activity of the catalyst/electrode,
extending the lifespan of the electrolyzer, and reducing the operating cost. Secondly, the composition of real seawater is complex and
varies globally, which has a significant impact on the efficiency and lifespan of seawater electrolyzers. Despite a great deal of effort,
there is currently no breakthrough strategy that can completely avoid the influence of complex components on direct seawater
electrolysis. It is urgent to study the specific impacts of ions and impurities on these membrane materials and their degradation
mechanisms during the seawater electrolysis process. In addition, combining technologies such as photovoltaic/wind power
generation, seawater electrolyzers, fuel cells, ammonia synthesis, and methanol synthesis is of great significance for solving the
energy and freshwater supply problems in offshore and remote areas.

Keywords seawater electrolysis; transition metal based catalysts; hydrogen evolution reaction; oxygen evolution reaction



