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A B S T R A C T

Seawater electrolysis for hydrogen production is pivotal for sustainable energy but limited by catalyst corrosion, 
active-site blockage, and side reactions. Platinum (Pt)-based catalysts exhibit outstanding intrinsic activity to
ward the hydrogen evolution reaction (HER), yet their practical application in seawater electrolysis is hindered 
by high cost, natural scarcity, and insufficient stability. This review systematically summarizes recent advances 
in high-performance Pt-based HER catalysts for seawater electrolysis. It first outlines the fundamental HER 
mechanisms in seawater and the intrinsic activity/stability issues of Pt-based catalysts. Subsequently, a 
comprehensive overview of performance-enhancing strategies is presented, encompassing structure engineering, 
single-atom design, alloy construction, heterostructure configuration, heteroatom doping, and support selection, 
with particular emphasis on anti-chloride corrosion and anti-precipitation mechanisms. Finally, critical chal
lenges (e.g., Pt cost, lack of unified standards) and future prospects (e.g., low-Pt catalysts, AI integration, in-situ 
characterization, system optimization) toward industrialization are discussed, providing a roadmap for the 
design of efficient, stable, and cost-effective Pt-based catalysts for seawater hydrogen production.

1. Introduction

Energy is fundamental to global industrialization and human societal 
development [1–3]. Currently, fossil fuels account for over 80% of the 
world’s energy consumption [4]. However, the energy crisis and envi
ronmental degradation triggered by their extensive use underscore the 
urgent need for clean energy development [5–8]. Although hydrogen 
serves as an ideal energy storage medium, current production methods, 
dominated by steam methane reforming, struggle to meet low-carbon 
targets [9–13]. In contrast, integrating water electrolysis with solar or 
wind energy addresses the intermittency of renewable energy sources 
and provides a sustainable pathway for large-scale hydrogen production 
[14–16]. Seawater, constituting ~97% of Earth’s total water resources, 
serves as an abundant natural electrolyte, significantly alleviating issues 
of freshwater scarcity and uneven distribution [17–19]. Nevertheless, 
catalyst corrosion, active site blockage, and competitive side reactions 
caused by the complex chemical components of seawater severely 
impede the efficiency of seawater electrolysis [20–22]. Thus, the 
development of efficient and stable electrocatalysts for the hydrogen 

evolution reaction (HER) in seawater remains a paramount scientific 
and technological challenge.

Platinum (Pt) is universally recognized as one of the most efficient 
HER electrocatalysts, attributed to its near-optimal hydrogen adsorption 
energy and favorable d-band center position [23–25]. However, the 
scarcity and prohibitive cost of Pt impede its large-scale industrial 
application [26–28]. In recent years, transition metal-based materials (e. 
g., Ni, Fe, Co, Mn oxides, alloys, hydroxides, nitrides, phosphides, sul
fides) have been explored as alternatives for seawater electrolysis 
[29–31]. Regrettably, their low efficiency, poor stability, and high 
overpotential limit further application, especially in long-term, high-
current seawater catalytic electrolysis [32–34]. Despite its high cost and 
limited reserves, Pt remains the most widely used electrocatalyst for 
HER. Yet, Pt-based materials suffer from insufficient stability in 
seawater electrolysis, stemming from poor dispersity, Cl− -induced 
corrosion, and surface passivation by Ca2+/Mg2+ precipitates [35,36]. 
Therefore, the rational design of Pt-based electrocatalysts with robust 
Cl− corrosion resistance, anti-precipitation, and retained high activity is 
pivotal for advancing seawater electrolysis technology.
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The field of water/seawater electrolysis for hydrogen production has 
witnessed exponential growth in recent years [37–41]. However, exist
ing reviews predominantly focused on the oxygen evolution reaction 
(OER) or the design of Pt-based HER catalysts in alkaline media, with 
limited attention dedicated to seawater-specific systems [42–45]. To the 
best of our knowledge, no review has comprehensively summarized the 
strategies for optimizing Pt-based materials for seawater electrolysis. 
Hence, it is imperative to summarize the latest progress to disseminate 
methods for enhancing the activity and stability of Pt-based HER cata
lysts in seawater. This review presents a critical overview of recent ad
vancements in Pt-based catalysts with exceptional HER performance in 
seawater (Fig. 1). It begins by briefly introducing the basic HER mech
anisms and the intrinsic activity/stability issues of Pt in seawater elec
trolysis. Subsequently, it elaborates on various strategies for improving 
the performance of Pt-based HER catalysts in seawater, including 
structure engineering, single-atom design, alloy construction, hetero
structure configuration, heteroatom doping, and support selection. For 
each strategy, emphasis lies on the principles of enhancing catalyst ac
tivity and stability, particularly methods for resisting Cl− corrosion and 
precipitation in seawater. Finally, the current challenges and future 
prospects for the industrialization of Pt-based catalysts in seawater 
electrolysis are discussed.

2. General characteristics of HER in seawater

2.1. Basic mechanisms

Seawater electrolysis adheres to the fundamental principles of water 
electrolysis, consisting of two half-reactions: OER at the anode and HER 
at the cathode [46–48]. This section focuses on the cathodic HER 
mechanisms in seawater (Fig. 2a). The HER proceeds via the adsorp
tion/desorption of hydrogen intermediates (H*) through two primary 
pathways: the Volmer-Tafel pathway or Volmer-Heyrovsky pathway 
[49–51]. At high H* coverage on the electrode surface, adjacent H* 
species couple to form H2 (Tafel step). At low coverage, H* reacts with 
solvated protons (in acidic media) or water molecules (in alkalin
e/neutral media) and electrons to generate H2 (Heyrovsky step) [52]. 
The reaction pathways in acidic and alkaline/neutral media are 

described by Eqs. (1)-(6), where * denotes catalyst active sites [53–55].
In acidic medium: 

Volmer step: H3O+ + e− + *→ H* + H2O                                       (1)

Heyrovsky step: H3O+ + e− + H*→ H2 + H2O + *                          (2)

Tafel step: H* + H* → H2 + 2*                                                      (3)

In alkaline/neutral medium: 

Volmer step: H2O + e− + *→ H* + OH− (4)

Heyrovsky step: H2O + e− + H* → H2 + OH− + *                          (5)

Tafel step: H* + H* → H2 + 2*                                                      (6)

A fundamental difference between acidic and alkaline/neutral 
chemical environments lies in their reactant species. Hydronium ions 
serve as the primary reactant in acidic media, whereas, water molecules 
are the main reactants in alkaline/neutral media [57]. This difference 
has substantial implications for reaction kinetics. Extracting H* through 
water decomposition in alkaline solutions demands additional energy, 
resulting in a slower reaction rate (Fig. 2b-c) [56,58–60]. For example, 
the reaction rate of Pt in alkaline media is markedly slower, typically 
2–3 orders of magnitude lower than in acidic media [61,62].

Seawater, with a pH ranging from 8.0 to 8.3, is nearly neutral. 
Although high salinity ensures good conductivity, the scarce H3O+ (10− 8 

mol/L) and OH− (10− 6 mol/L) in seawater hinder water dissociation, 
leading to a higher energy barrier than in acidic or alkaline media 
[63–65]. Despite the theoretical decomposition voltage of ~1.23 V, 
practical seawater electrolysis requires higher potentials due to cathode 
alkalization-induced precipitation. The resulting insoluble metal hy
droxides cover active sites and impede the adsorption and activation of 
H2O, significantly increasing the cathodic overpotential [66,67]. 
Meanwhile, the anodic OER is inherently a sluggish four-electron pro
cess, entailing a high overpotential [68,69]. Consequently, a higher 
applied voltage is required to drive an adequate current density for 
efficient seawater splitting.

2.2. Intrinsic activity

The intrinsic HER activity of Pt is governed by a complex interplay of 
factors, including the d-band center (εd) position, crystal facet orienta
tion, particle size, composition, and morphology [70–75]. These factors 
are intricately linked to the physicochemical properties of Pt and its 
interactions with reactants and reaction intermediates [76]. Further
more, in seawater media, parameters such as pH, temperature, and 
salinity cannot be overlooked.

Among these factors, the εd position plays a pivotal role in deter
mining the adsorption strength of intermediates (e.g. H*) [83,84]. As 
proposed by Nørskov et al., the relative position and filling state of the 
metal’s εd with respect to the Fermi level govern its ability to adsorb and 
activate reaction intermediates (Fig. 3a) [77,85]. A higher εd shifts the 
Pt-H anti-bonding orbital closer to or even above the Fermi level, 
reducing electron occupancy in the anti-bonding state and enhancing H* 
adsorption. Conversely, a lower εd increases anti-bonding electron oc
cupancy, weakening H* adsorption. This relationship is quantitatively 
described by the adsorption free energy change (ΔGad) [86]. Nørskov 
et al. first established a volcano-shaped relationship between the 
experimental exchange current densities (j0) and the theoretical ΔGH* 
(Fig. 3b), where Pt’s ΔGH* lies near the volcano peak, indicating optimal 
H* adsorption/desorption kinetics and underpinning its superior HER 
activity [78,87]. Yan et al. extended this framework to alkaline media, 
demonstrating that alkaline HER activity on various monometallic sur
faces also conforms to a volcano relationship with the calculated 
hydrogen binding energy, with Pt retaining the highest HER activity 
(Fig. 3c) [79]. McCrum et al. further highlighted the role of OH* 
adsorption in alkaline HER, noting that Pt exhibits inefficient H2O 

Fig. 1. Schematic summary of cutting-edge strategies to enhance the catalytic 
activity and long-term stability of Pt-based catalysts for seawater 
hydrogen evolution.

Q.-W. Shi et al.                                                                                                                                                                                                                                  Materials Science & Engineering R 170 (2026) 101234 

2 



dissociation due to strong Pauli repulsion between its fully occupied 5d 
orbitals and H2O orbitals (Fig. 3d) [80]. In seawater environments, this 
limitation is exacerbated by surface degradation (e.g. atomic recon
struction, dissolution, agglomeration) at high current densities, which 
deactivates active sites [88,89]. Rational catalyst design, such as pro
tecting existing active sites or introducing functional groups, is therefore 
critical for enhancing seawater electrolysis efficiency [90–93].

Crystal facet orientation also significantly influences Pt’s HER ki
netics [94,95]. Different crystal facets, such as (111), (100), and (110), 
exhibit distinct adsorption geometries and reaction pathways [96]. For 
example, Marković et al. demonstrated using Pt single-crystal disk 
electrodes that the HER activity follows the trend Pt(111) < Pt(100) 
< Pt(110) in both acidic and alkaline electrolytes (Fig. 3e) [81]. This can 
be attributed to differences in H* adsorption states and reaction mech
anisms across facets. In seawater, however, selective Cl− adsorption on 
specific facets (e.g., high-index planes) reduces catalytic anisotropy and 
accelerates Pt dissolution via the formation of chloride complex (e.g., 
PtClx− ), leading to active-site depletion [97,98]. Additionally, particle 
size, composition, and morphology modulate activity via surface area 
effects and electronic confinement [99]. For instance, as the particle size 
decreases, Pt nanoparticles exhibit higher specific surface area and 
atomic utilization. However, this is accompanied by an increased pro
portion of low-coordination atoms and elevated surface energy, 
rendering them thermodynamically more unstable [100]. Consequently, 
the nanoparticles are prone to aggregation, oxidation, and Ostwald 
ripening on the support [101,102]. This challenge is particularly acute 
in high-chloride seawater environments. Cl− tends to adsorb onto 
low-coordination sites, forming soluble complexes that lower the 
dissolution potential and accelerate catalyst corrosion [103].

While these intrinsic attributes define the theoretical potential of Pt- 

based catalysts, their performance in practical seawater electrolysis is 
profoundly governed by the complex operating environment, in which 
the pH value plays a pivotal role. Previous mechanistic studies have 
indicated that pH directly dictates HER activity by modulating proton 
and electron transfer rates, which are critical during seawater splitting 
(Fig. 3f) [82,100,104]. Beyond kinetic factors, variations in pH can alter 
the orientation of interfacial water molecules and the connectivity of the 
hydrogen-bonding network, and may even induce surface reconstruc
tion of the catalyst [105–107]. Crucially, the lack of buffering capacity 
in near-neutral seawater exacerbates this challenge. During electrolysis, 
the continuous consumption of H2O and accumulation of OH− at the 
cathode cause the local interfacial pH to surge by 5–9 units relative to 
the bulk seawater [108,109]. This locally alkaline environment drives 
impurity cations (Ca2+, Mg2+) into rapid supersaturation, leading to the 
formation of hydroxide precipitates that cover active sites, hinder mass 
transport, and ultimately result in rapid catalyst deactivation. In addi
tion to pH, seawater temperature and salinity exert significant effects 
[103]. Temperature variations alter intermediate adsorption and surface 
morphology. While heating accelerates reaction kinetics, excessive heat 
compromises catalyst stability, underscoring the need for thermally 
robust materials. Meanwhile, the high salinity of seawater not only ac
celerates catalyst degradation but also causes Cl− to chemically adsorb 
onto the surface of Pt-based catalysts, occupying active sites and 
inhibiting the adsorption/desorption of H intermediates, thereby 
significantly reducing the activity and efficiency of HER [110].

2.3. Stability issues

While seawater holds immense promise as a resource for hydrogen 
production, its complex composition poses substantial challenges to the 

Fig. 2. (a) The HER mechanisms operating in acidic and alkaline/neutral conditions. Computed free energy diagrams for (b) Volmer-Tafel and (c) Volmer-Heyrovsky 
routes at the thermodynamic reversible potentials [59]. Copyright 2020, American Chemical Society.
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stability of the electrolysis process (Fig. 4a) [98,111,112]. Unlike the 
anode, where competitive side reactions are the primary concern, the 
durability of materials for cathodic HER is predominantly compromised 
by the presence of Cl− , Ca2+, Mg2+, SO4

2− , CO3
2− , and some trace ele

ments [113–116]. High Cl− concentrations can induce significant 

deactivation and dissolution of active sites, particularly affecting 
Pt-group metals, which have a strong tendency to form stable chloride 
coordination complexes (Fig. 4b) [117]. The degradation of active sites 
follows a sequential process of adsorption, dissolution, and hydrolysis, 
as described by Eqs. (7)-(9) [39,118,119]. Although prior research on Pt 

Fig. 3. (a) Variation in adsorbate (H*) binding as a function of the metal’s d-band center position [77]. Copyright 2023, The Royal Society of Chemistry. (b) 
Volcano-type relationship between exchange current density (j0) and DFT-derived hydrogen adsorption free energy (ΔGH*) on pure metal surfaces [78]. Copyright 
2005, The Electrochemical Society. (c) Variation of exchange current density with theoretically derived hydrogen binding energy on single-metal surfaces [79]. 
Copyright 2013, The Royal Society of Chemistry. (d) A comparison of simulated (solid line) and experimental (circles) HER rates on Pt(553), Pt(553) with step edges 
decorated by Mo*, Re*, Ru*, Rh*, or Ag*, and Pt(111) electrode. Diamond symbols mark experimental rates for Mo*- and Re*-modified steps, plotted against 
DFT-derived potentials: 1 ML O* on Mo* and 1/3 ML OH* + 2/3 ML O* on Re* [80]. Copyright 2020, Springer Nature. (e) HER polarization curves for Pt(hkl) 
electrodes under rotating conditions (3600 rpm) in 0.1 M KOH [81]. Copyright 1996, The Royal Society of Chemistry. (f) Experimentally obtained polarization curves 
for the Pt(111) versus pH, measured at 1600 rpm with a 50 mV s− 1 scan rate [82]. Copyright 2013, Macmillan Publishers.

Fig. 4. (a) Typical composition of natural seawater [111]. Copyright 2024, The Royal Society of Chemistry. Stability challenges of Pt-based HER catalysts in seawater 
electrolysis, including (b) chlorine corrosion, (c) Ca2+/Mg2+ precipitates and (d) electrodeposition of dissolved ions.
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dissolution by chlorides over the past decade has primarily focused on 
high-temperature fuel cells, it has provided valuable mechanistic in
sights and analytical methodologies for detecting Pt dissolution in 
seawater electrolysis [120,121]. Techniques such as in-situ channel-flow 
multi-electrode detection and inductively coupled plasma mass spec
trometry have been pivotal in characterizing these phenomena [122]. 

Adsorption: Pt +Cl− → PtClads + e− (7)

Dissolution: PtClads + xCl− → PtClx− (8)

Hydrolysis: PtClx− + xOH− → Pt(OH)x
− + xCl− (9)

Beyond Cl− -induced corrosion, an increase in local pH at the cathode 
promotes the precipitation of Ca(OH)2 and Mg(OH)2 (Fig. 4c) [123, 
124]. Although dissolved inorganic carbon (primarily HCO3

− ) can miti
gate the pH rise to some extent, it leads to the generation of CO3

2− , which 
promotes the transformation of Ca(OH)2 into the less soluble CaCO3. 
These hydroxides physically block active sites, compromising the 
long-term stability of catalysts. It is worth noting that CO3

2− , along with 
other anions such as SO4

2− and PO4
3− , may also exert beneficial effects on 

seawater electrolysis [39,125]. These anions can form a preferential 
adsorption layer on the positively charged anode surface, repelling 
surface Cl− via electrostatic forces and thus inhibiting the formation of 
chloride-hydroxide species. Alternatively, they may play a positive role 
by spontaneously intercalating into the interlayers of layered double 
hydroxides during the electrolysis process. Additionally, dissolved 
transition metal ions in seawater (e.g., Cu2+, Pb2+, Cd2+) can undergo 
cathodic electrodeposition within specific potential windows (Fig. 4d) 
[98]. Microbial contaminants (biofouling) and suspended particulate 
matter further exacerbate catalyst deactivation by physically obstruct
ing active sites [103].

It is important to further clarify that the core contradictions in 
different electrolyte systems are distinctly different. In the acidic 
simulated seawater system, Pt dissolution induced by Cl− is the domi
nant failure mechanism [126–128]. To address Cl− corrosion, one 
approach involves forming a physical barrier through the construction 
of coatings or membrane structures (such as an in-situ generated metal 
oxide/hydroxide layer) to isolate active sites from Cl− [88,129]. The 
other strategy is to modify the electronic structure of the catalyst via 
alloy construction, heterointerface charge transfer, or heteroatom 
doping, inducing electrons to migrate to high-electronegativity active 
sites and form a charge enrichment layer [130,131]. This layer not only 
electrostatically repels Cl− but also reduces the chemical adsorption 
energy between Cl− and active sites, thereby enhancing catalytic ac
tivity and stability in high-salt environments [132]. In the alkaline 
seawater system, precipitation caused by cathodic alkalization consti
tutes a key bottleneck. To mitigate this, strategies include controlling the 
pH gradient near the electrode interface (local microenvironment 
regulation) or leveraging the catalyst’s electronic structure and surface 
characteristics to suppress the supersaturation of hydroxides or car
bonates [133–135]. Additionally, functional modification of the carrier 
surface (forming ligand compounds) is an effective means to inhibit 
precipitate formation [36]. In the natural neutral seawater system, 
challenges are more complex. Besides slow reaction kinetics, the most 
distinctive feature compared to simulated seawater is severe biofouling. 
Biofilms and inorganic precipitates synergistically cover active sites and 
may induce localized corrosion. Therefore, for the natural seawater 
environment, it is essential to move beyond single material modifica
tions and implement a multi-faceted synergistic system design, encom
passing catalyst design, electrolyte regulation, and electrolyzer 
structural innovation [136].

Although anti-chlorine corrosion and anti-precipitation strategies 
were discussed separately above, such a distinction overlooks the 
mechanistic synergy. In fact, certain strategies can achieve a synergistic 
effect against both Cl− corrosion and precipitation by modulating the 
surface electronic structure of Pt-based catalysts. For instance, 

regulating the electronic structure via alloying construction, hetero
structure configuration, or heteroatom doping can induce charge 
enrichment at Pt active sites [35,137]. This utilizes electrostatic repul
sion to repel Cl− and, to some extent, inhibits the accumulation of OH−

on the Pt, thereby reducing precipitate coverage. Furthermore, intro
ducing metal oxides with unfilled orbitals in their electronic structure 
(such as V2O3 and Cr2O3) allows for the construction of Lewis acid layers 
[133,138]. These layers not only capture OH− through strong in
teractions, reducing the tendency of Ca2+ and Mg2+ in seawater to 
precipitate, but also further repel Cl− via surface-enriched negative 
charges. This strategy, based on electronic structure modulation, suc
cessfully achieves dual synergistic protection against both Cl− corrosion 
and precipitation blockage through the enrichment of charge at the 
catalyst’s active sites.

3. Design strategies for advanced Pt-based electrocatalysts

Given the abundance of seawater and its potential for direct elec
trolytic hydrogen production, Pt-based catalysts for seawater electrol
ysis have garnered significant attention in recent years. Extensive 
research has focused on enhancing the activity and durability of Pt- 
based catalysts for the HER in seawater environments, leading to the 
development of a series of design strategies for high-performance Pt- 
based materials. These strategies are systematically discussed below and 
summarized in Table 1.

3.1. Structure engineering

Structure engineering involves the precise modulation of catalyst 
nanostructure, morphology, crystalline phase, and other architectural 
features [171,172]. By increasing the active surface area and optimizing 
mass/electron transfer kinetics, this approach enhances the density and 
utilization efficiency of active sites, thereby improving the HER activity 
of Pt-based catalysts in seawater [173,174]. Additionally, rational 
morphological and structural designs can significantly enhance corro
sion resistance in harsh electrolytic environments [175,176].

Designing Pt-based catalysts with proper morphologies can optimize 
electron transport pathways and accelerate reaction kinetics, mitigating 
chloride-induced corrosion and enabling efficient HER in seawater 
[177]. For example, Yang et al. employed a solvothermal method to 
synthesize PtNi alloys with diverse morphologies (ranging from nano
branches to nanoparticles) by adjusting the feed ratio of Pt and Ni pre
cursors [139]. Among them, the Pt48Ni52 alloy with a hierarchical 
structure of nanobranches and nanoparticles achieved optimal electron 
accumulation around Pt (Fig. 5a). Compared with other morphologies of 
PtNi alloys and commercial Pt/C, this alloy exhibited the lowest over
potential (51 mV at 10 mA cm− 2) in 1 M KOH + seawater (Fig. 5b). 
Furthermore, it demonstrated higher stability than Pt/C, with only a 
small increase in overpotential during a 10 h chronopotentiometry (CP) 
test. This enhanced performance was attributed to the electron-rich ef
fect arising from electron accumulation on Pt, which electrostatically 
repelled Cl− and inhibited their coordination with Pt (Fig. 5c). Although 
this design involves some empirical trials, it provides valuable insights 
for enhancing catalyst resistance to chloride corrosion through 
morphology adjustment.

Enhancing electron and mass transfer is critical for optimizing the 
overall performance of Pt-based HER catalysts in seawater. Strategic 
structural designs can simultaneously improve both aspects, maximizing 
the utilization of electronic states and active sites [178,179]. For 
instance, Yang et al. developed a gourd-shaped hollow PtNi alloy 
modified with a BiVO4 semiconductor (Fig. 5d) [140]. The work func
tion difference induced spontaneous electron transfer from BiVO4 to 
PtNi, achieving directional electron transfer. Additionally, the unique 
gourd-shaped hollow structure, featuring wide cavities and narrow 
windows formed by the etched PtNi alloy, effectively enhanced mass 
transfer. These design features enabled the catalyst to achieve a very low 
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overpotential (23 mV at 10 mA cm− 2) and exceptional long-term sta
bility (only a 58 mV increase in overpotential after 20 h of testing) in 
1 M KOH + seawater (Fig. 5e). Density functional theory (DFT) calcu
lations revealed that directional electron and mass transfer optimized 
H* adsorption and accelerated HER kinetics (Fig. 5f). While directional 
electron and mass transfer have been realized simultaneously, the 
trade-off of decreased electrochemical active surface area (ECSA) due to 
the larger overall structure highlights the need for further structural 

optimization.
Phase engineering represents a critical facet of structural design, 

centered on modulating the crystallographic arrangement of atoms 
[180]. By precisely tailoring this atomic-level structure and the corre
sponding electronic states, it provides a robust approach to optimizing 
the surface chemisorption properties of catalysts [181]. Notably, 
metastable-phase materials possess higher energy states and more 
reactive surfaces compared to their stable-phase counterparts, enabling 

Table 1 
Summary of representative Pt-based electrocatalysts for the HER in seawater electrolytes.

Catalysts Electrolyte Overpotential mV@mA cm− 2 Tafel slope mV dec− 1 Stability @mA cm− 2 Ref.

Structure Engineering ​ ​ ​ ​ ​
Pt48Ni52 1 M KOH + Seawatera 51@10 ~56 10 h@10 [139]
BiVO4/PtNi 1 M KOH + Seawater 23@10 ~40 20 h@10 [140]
Pt-hcp Ni NBsb Seawater 183@10 ~120 300 h@10 [141]
PtRuNi-Ox 1 M KOH + Seawater 21@10 Not given Not given [100]
Single-atom design ​ ​ ​ ​ ​
Pt-SA/NiV-LDHc 1 M KOH +Seawater 130@1000 ~89 500 h@500 [142]
Pt1/Mn_NiO 0.5 M KOH + Seawater 129@100 ~69 30 h@100 [143]
Pt-Ni3S2/Co9S3-Sv 1 M KOH + Seawater 18@10 ~40 300 h@10 [144]
PtSA-Ni6.6Fe0.4P3 4 M NaCl 408@100 131 120 h@100 [145]
CN@CNPd-Pt 1 M KOH + Seawater 38@10 50 65 h@100 [146]
Alloy construction ​ ​ ​ ​ ​
Cu/PtNi 3.5 wt% NaCl + 1 M KOH 23@10 ~24 20 h@10 [147]
Pt61Ga39@CNTe 0.5 M H2SO4 + Seawater 193@500 Not given 360 h@500 [148]
Ga-CoPt Seawater 249@10 145 169 h@100 [149]
AuRuIrPdPt HEAsf 1 M KOH + Seawater 45@10 ~82 10 h@10 [150]
PtPdNiCoMn HEAs Seawater 62@10 ~148 100 h@100 [151]
Heterostructure configuration ​ ​ ​ ​ ​
PtRu/BNHCSsg Seawater 190@10 Not given Not given [152]
PtNb-Nb2O5@CCh Seawater 440@500 Not given 360 h@500 [153]
Pt/WO3-x@rGOi 0.5 M H2SO4 + 1 M NaCl 5@10 ~26 180 h@30 [154]
Ni/PtNi-G 1 M KOH + Seawater 20@10 32 10 h@10 [155]
PtNs/NiTe-Ns 1 M KOH + Seawater 22@10 36 27@10 [156]
Heteroatom Doping ​ ​ ​ ​ ​
P-PtNi networks 1 M KOH + 0.5 M NaCl 12@10 ~37 120 h@10 [35]
Support Selection ​ ​ ​ ​ ​
NC j-Pt 1 M KOH + Seawater 57@10 ~83 50 h@50 [157]
Pt/CNT-(N2H5)4Mo2S6 1 M KOH + Seawater 20@10 ~33 600 h@10 [36]
P-Pt/NiMoO4@NF k 1 M KOH + Seawater 80@1000 ~52 110 h@100 [137]
Pt-Ni3N@V2O3/NF 1 M KOH + Seawater 21@10 ~23 500 h@500 [133]
Pt/WO2 Seawater 290@10 Not given 500 h@100 [134]
PtRu/WO3-OV 1 M KOH + Seawater 26@10 ~26 20 h@12 [158]
Pt/CoMoO4 1 M KOH + Seawater 92@500 41 120 h@1000 [159]
Pt-Co-Mo 1 M KOH + Seawater 133@1000 ~64 12 h@500 [160]
Pt@RuOx NPs l 0.5 M H2SO4 + Seawater 20@10 ~29 20@50 [161]
Pt@NiFeCo-P 1 M NaOH+ 0.5 M NaCl 20@10 ~19 1000 h@1000 [162]
Pt/CoP 1 M KOH + 0.5 M NaCl 9@10 ~12 100 h@1000 [163]
Pt-Ni@NiMoN/NF 1 M KOH + Seawater 11@10 ~31 100 h@500 [129]
Pt QDs m@Ni3N-MoN/Ti 1 M KOH + Seawater 20@10 Not given 500 h@300 [164]
Pt/Ni-Mo-N-O 1 M KOH + Seawater 40@100 ~53 50 h@20 [165]
1T-MoS2-Pt 1 M KOH + 0.5 M NaCl 66@10 ~64 12 h@10 [166]
Pt/Ni(OH)2/NF 1 M KOH + Seawater 19@10 ~70 200 h@1000 [167]
Pt-CoFe(II) LDHs 1 M KOH + Seawater 21@10 Not given 20 h@100 [168]
Pt-3DNP-MoTC n Simulated seawater ◦ 196@10 Not given 100 h@100 [169]
Pt/T-NiFe-BDC p 1 M KOH + Seawater 160@500 Not given 500 h@500 [170]

a Seawater: Natural seawater,
b NBs: Nanobranches
c LDH: Layered Double Hydroxide
d CN@CNP: CoNiP-CoNi
e CNT: Carbon nanotube
f HEAs: High-entropy alloys
g NHCSs: Nitrogen-doped hollow carbon spheres
h CC: carbon cloth
i rGO: reduced Graphene oxide
j NC: N-doped carbon
k NF: Nickel foam
l NPs: Nanoparticles
m QDs: Quantum dots
n 3DNP-MoTC: 3D network porous Ti3AlC2 with Ti3C2Tx flakes grown on the surface through hydrothermal treatment
o Simulated seawater: Composed of NaCl (77.7 wt%), MgCl2 (10.9 wt%), MgSO4 (4.9 wt%), CaSO4 (3.5 wt%), K2SO4 (2.5 wt%), CaCO3 (0.3 wt%), and MgBr2 

(0.2 wt%).
p BDC: C8H6O4.
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them to maintain high catalytic activity and stability in the harsh 
environment of real seawater [182]. For example, Lu et al. synthesized a 
metastable hexagonal close-packed (hcp) Ni with a low content (3.1 at 
%) of Pt and a nanobranch (NB) morphology via a one-pot method 
(named as Pt-hcp Ni NBs) (Fig. 5g) [141]. The active sites of the 
metastable-phase Ni efficiently cleaved O-H bonds in H2O, thereby 
liberating Pt sites for hydrogen evolution. This catalyst exhibited supe
rior HER performance in seawater, with a lower overpotential of 
137 mV than commercial Pt/C and the stable face-centered cubic (fcc) of 
PtNi (Fig. 5h) and no significant activity decay after 300 h of CP testing 
at 10 mA cm− 2. Mechanistic studies revealed that the active sites of the 
metastable-phase Ni act as an anchor for OH− adsorption, promoting 
water dissociation. Meanwhile, by designating Ni and Pt as dedicated 
sites for OH* and H* adsorption, respectively, effective H* binding is 
achieved while suppressing the undesirable recombination of adjacent 
H* and OH* into H2O, thereby significantly boosting HER efficiency 
(Fig. 5i). This method reduces the energy barrier for the Volmer step, 
fundamentally accelerating HER kinetics.

3.2. Single-atom design

Considering the influence of particle size on the intrinsic activity of 
catalysts, single atom catalysts (SACs) with individual metal atoms as 
well-defined active centers have gained attention [103,183]. Compared 
with traditional catalysts, SACs exhibit nearly 100% atomic utilization 

and unique coordination structures, leading to excellent electrocatalytic 
activity and selectivity [184]. Therefore, reducing the size of Pt nano
particles to single atoms can significantly reduce Pt usage and cost, 
thereby improving Pt atom utilization and facilitating the industriali
zation of Pt-based catalysts for seawater hydrogen production. However, 
due to their high surface energy, single atoms are prone to aggregation 
on supports or overgrowth during long-term reactions, particularly in 
complex marine environments where salts and impurities may exacer
bate this tendency [185]. Thus, developing suitable substrates for 
immobilizing SACs is crucial [186,187].

Anchoring Pt single atoms on supports with tailored coordination 
environments and electronic structures is an effective strategy to stabi
lize Pt atoms and address Cl− corrosion during seawater electrolysis 
[146]. For example, Wang et al. used a mixed solvent method to anchor 
single Pt atoms on nickel-vanadium layered double hydroxides (LDH) 
(denoted as Pt-SA/NiV-LDH) (Fig. 6a) [142]. The introduction of V in 
Ni-based LDH not only stabilized surface oxygen to maintain surface 
configuration and inhibit reconstruction but also increased active sites 
for water adsorption/dissociation and promoted charge transfer. This 
enabled atomically dispersed Pt to achieve stable coordination with 
Ni/V-coordinated oxygen (Fig. 6b). In addition, the incorporation of Pt 
led to the formation of many oxygen vacancies, which affected the 
redistribution of charges and promoted the adsorption and desorption 
processes of reaction intermediates (Fig. 6c). As a result, Pt-SA/NiV-LDH 
exhibited low overpotentials (130 and 215 mV at 1000 and 2000 mA 

Fig. 5. (a) High-magnification SEM image of the Pt48Ni52 alloy. Inset: schematic model depicting the nanobranch/nanoparticle morphology of Pt48Ni52. (b) HER 
polarization curves of PtNi alloys and commercial Pt/C in 1 M KOH + natural seawater. (c) Schematic illustration showing how the nanobranch/nanoparticle 
structure of Pt48Ni52 promotes electron accumulation and repels chloride ions [139]. Copyright 2022, Wiley-VCH GmbH. (d) High-resolution TEM image of 
BiVO4/PtNi. Inset: structural model of the BiVO4/PtNi. (e) Comparison of HER performance for BiVO4/PtNi and control samples in 1 M KOH + seawater. (f) 
Schematic diagram of directional electron and mass transport in BiVO4/PtNi [140]. Copyright 2023, Elsevier B.V. (g) TEM image of Pt-hcp Ni NBs (NB = nano
branches). Inset: corresponding structural model. (h) Polarization behavior of Pt-hcp Ni NBs, Pt-fcc Ni NBs, and Pt/C toward the HER in natural seawater. (i) 
Schematic representation for the HER mechanism of Pt-hcp Ni NBs [141]. Copyright 2023, American Chemical Society.
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cm− 2) and slight increase in overpotential after 500 h of stability testing 
at 500 mA cm− 2 in 1 M KOH + seawater, demonstrating robust Cl−

resistance (Fig. 6d-e). DFT calculations showed that strong synergetic 
electronic interaction between atomically dispersed Pt and the substrate 
optimized the adsorption/dissociation of H2O*, OH* and H* on the 
catalyst surface (Fig. 6f). The catalyst’s performance at industrial-scale 
current densities highlights its potential for practical seawater split
ting applications.

Surface charge polarization induced by surface structure modulation 
can not only enhance the anchoring stability of Pt single atoms on the 
substrate but also tune their coordination environments via electronic 
metal-support interaction, further improving catalytic performance in 
seawater [188]. Chen et al. anchored single Pt atoms on Mn-doped NiO 
nanosheets via an impregnation method (denoted as Pt1/Mn_NiO) 
[143]. In-situ Mn doping replaced Ni on the NiO surface, enhancing 
support surface polarization, resulting in a positive shift of the d-band 
center for Pt/Mn_NiO, and shortening Pt-O bond lengths. The resulting 
Pt1/Mn_NiO catalyst exhibited a slightly higher overpotential (129 mV) 
than commercial Pt/C (108 mV) at 100 mA cm− 2 in alkaline seawater 
but showed no significant current density decay during the 30 h of CP 
testing. DFT calculations revealed that Mn-induced surface polarization 
redistributed charges at the Pt1/Mn_NiO interface and altered the co
ordination structure, optimizing the energy barrier of the HER 
rate-determining step and H* adsorption strength. While the 
surface-polarization strategy for anchoring single atoms is novel, 

catalyst performance still requires enhancement.
Additionally, introducing defects into carriers can facilitate the 

construction of suitable coordination bonds that stabilize single-atom Pt. 
Simultaneously, these defects act as electron bridges to regulate the local 
electronic structure of active sites, lowering the adsorption free energy 
of intermediates and optimizing HER kinetics in seawater [189]. For 
example, Wang et al. reported anchoring high-surface-exposed single Pt 
atoms onto Ni3S2/Co9S8 with abundant S vacancies (named as 
Pt-Ni3S2/Co9S3-Sv) via electrochemical deposition, utilizing strong Pt-S 
bonds (Fig. 6g-i) [144]. The synergistic effect between Pt-S electronic 
bridges and surface S vacancies triggered d-orbital electron rearrange
ment and regulated local electronic structures between Co/Ni and Pt 
sites. The resulting electrode required only 18 mV overpotential at 
10 mA cm− 2 in alkaline seawater (Fig. 6j), with a 16 mV increase after 
300 h of stability testing. Theoretical calculations showed that local 
electronic structure regulation optimized H2O adsorption/dissociation 
energy barriers at the Co/Ni sites and ΔGH* on Pt single atoms, pro
moting the HER process. This work demonstrates that anchoring single 
Pt atoms via electronic metal-support interactions is an effective strategy 
to enhance their HER activity in seawater.

3.3. Alloy construction

Alloying Pt with one or more other metals can not only enhance Pt 
dispersion and reduce the absolute Pt usage but also modulate the 

Fig. 6. (a) STEM image of the Pt-SA/NiV-LDH catalyst; red circles: Pt single atoms. (b) Pt L3-edge EXAFS spectra of Pt-SA/NiV-LDH and reference samples. (c) EPR 
spectra of NiV-LDH and Pt-SA/NiV-LDH, iR-corrected. (d) Comparison of HER polarization curves between Pt-SA/NiV-LDH and control samples, and (e) long-term 
stability evaluation of Pt-SA/NiV-LDH at 500 mA cm− 2 in 1 M KOH + seawater. (f) Reaction free-energy diagrams of HER on NiV-LDH (with Ov), Pt-SA/NiV-LDH 
(with Ov) and Pt-SA/NiV-LDH (without Ov) [142]. Copyright 2024, Wiley-VCH GmbH. (g) HAADF-STEM image of the Pt-Ni3S2/Co9S8-Sv. (h) The corresponding 
k3-weight FT-EXAFS of Pt in Pt-Ni3S2/Co9S8-Sv, PtO2, Pt-foil and PtS2. (i) EPR spectra of Ni3S2/Co9S8 and Pt-Ni3S2/Co9S8-Sv. (j) HER polarization curves measured on 
different electrodes in 1 M KOH + seawater [144]. Copyright 2024, Elsevier B.V.
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electronic and geometric states of Pt-based catalysts via metallic syn
ergistic effects [43,190]. Consequently, this significantly improves their 
catalytic activity, stability and corrosion resistance in complex envi
ronments such as seawater.

Alloying Pt with 3d transition metals (e.g., Fe, Co, Ni) is widely used 
for seawater hydrogen production [191]. Among them, PtNi alloys 
exhibit excellent catalytic performance due to enhanced OH− adsorption 
and seawater dissociation capabilities but suffer from poor H* desorp
tion [192]. This issue can be mitigated via surface modulation with 
other metal sites that facilitate hydrogen desorption [193]. For example, 
Yang et al. controllably anchored Cu onto PtNi alloy surfaces via an 
adsorption-reduction method (denoted as Cu/PtNi) (Fig. 7a-b) [147]. Cu 
introduction did not alter the PtNi crystal structure but reduced the 
overall work function and cooperated with Ni to transfer electrons to Pt. 
The Cu/PtNi catalyst containing 4 at% Cu exhibited a very small over
potential (23 mV at 10 mA cm− 2) (Fig. 7c) and stability superior to 
commercial Pt/C in 3.5 wt% NaCl + 1 M KOH. Notably, the mass ac
tivity reached 2.32 A mgPt

− 1 for Cu/PtNi, surpassing that of commercial 
Pt/C (0.46 A mgPt

− 1) by a factor of five at 70 mV overpotential. DFT 
calculations revealed that Cu/Pt/Ni multifunctional site synergies pro
moted water dissociation energy and H* adsorption/desorption 
(Fig. 7d). The establishment of multifunctional sites effectively 
enhanced Pt nanoalloy performance in seawater.

However, transition metals tend to dissolve and leach in highly 
corrosive seawater, leading to a significant decrease in material stability 

[194]. An effective strategy is to form Pt alloys with p-block metals, 
which are more stable than transition metals [195]. For example, Wang 
et al. synthesized a series of Pt-p-block alloys loaded onto carbon 
nanotubes (CNT) via a solvent-free microwave method (named as 
PtM@CNT, M = Ga, In, Pb, and Bi) [148]. The alloying of Pt and p-block 
metals in coordination with SMSI enabled stable electronic perturbation. 
Therefore, Pt61Ga39@CNT exhibited a lower overpotential (193 mV at 
500 mA cm− 2) than commercial Pt/C and maintained stability for 360 h 
at 500 mA cm− 2 in 0.5 M H2SO4 + seawater. In addition, despite the 
high Pt content in the Pt61Ga39@CNT catalyst, it exhibited higher mass 
activity compared to commercial Pt/C at 70 mV overpotential. DFT 
calculations showed that PtGa alloy had ΔGH* closest to zero (0.037 eV) 
and εd near the Fermi level, favoring H* adsorption/desorption. Addi
tionally, Ga introduction increased Pt vacancy formation energy, 
enhancing both catalytic activity and stability. While p-block metal 
utilization is less explored than transition metals, it warrants further 
investigation.

Recently, high entropy alloys (HEAs) comprised of five or more 
equimolar metal elements have gained widespread attention due to their 
high strength, corrosion resistance, adjustable composition and syner
gistic effects between each metal, making them promising for seawater 
electrolysis [196–198]. However, conventional synthesis methods (e.g., 
high energy ball milling, solvothermal, microwave) often produce HEAs 
with inconsistent particle composition, size and morphology, affecting 
their structural stability [199]. Choi et al. prepared AuRuIrPdPt HEA 

Fig. 7. (a) High-magnification TEM image of the Cu/PtNi catalyst. Inset: schematic illustration of Cu/PtNi. (b) Energy-dispersive X-ray spectroscopy (EDS) elemental 
mappings for Cu/PtNi with 4 at% Cu content. (c) Polarization behavior toward the HER of commercial Pt/C, PtNi, PtNiCu, and Cu/PtNi (4 at%). (d) Calculated free 
energy diagrams for the Tafel step [147]. Copyright 2023, Science China Press. (e) Schematic illustration of HEA synthesis via continuous-wave CO2-laser irradiation. 
(f) FE-SEM image of HEA-60. (g) HAADF-STEM elemental mapping images of the flower-like structure in HEA-60. (h) Comparison of HER performance among 
HEA-30, HEA-60, HEA-90, and Pt/C in 1 M KOH + 0.5 M NaCl. (i) Long-term overall water splitting (OWS) stability of IrO2(+)ǀǀHEA-60(− ) at a constant voltage for 
10 h. (j) In-situ Raman spectra of HEA-60 recorded during the HER under varying applied potentials in 1 M KOH. (k) Reaction mechanism for the HER catalyzed by 
HEA-60 [150]. Copyright 2024, The Royal Society of Chemistry.
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under varying CO2 laser powers (30%, 60%, and 90% of 25 W total 
power) (Fig. 7e-g) [150]. Moderate laser power (60%) and a regular 
face-centered cubic structure imparted robust durability and structural 
stability to the low-Pt-loading (4.7 at%) HEA-60. The synergistic effect 
of each metal component promoted abundant active sites, high con
ductivity, and rapid charge transfer. Consequently, HEA-60 exhibited 
low overpotentials (45 and 217 mV at 10 and 50 mA cm− 2) in 1 M KOH 
+ seawater and operated stably for 10 h in the IrO2(+)ǀǀHEA-60(− ) 
electrolytic cell (Fig. 7h-i). In-situ Raman spectroscopy indicated that 
Pt/Pd in HEA-60 promoted H2O dissociation, Ru facilitated H* adsorp
tion/desorption, and Au/Ir enhanced overall electrical conductivity 
(Fig. 7j-k). While the HEA structural stability improves Cl− resistance, 
real seawater electrolysis by-products (e.g., precipitates) still affect 
performance, necessitating further optimization.

3.4. Heterostructure configuration

Heterogeneous catalysts, typically composed of two or more com
ponents, exhibit interfacial interactions (e.g., electronic effects, syner
gistic effects, strain effects) that can effectively accelerate HER kinetics 
in seawater [200–202]. Additionally, the formation of heterostructures 
can protect active components like Pt and enhance long-term stability 
during seawater electrolysis [203].

Unique heterointerfaces in heterostructures can induce electronic 
reconstruction, modulating Pt electronic structures, optimizing inter
mediate binding energy, and accelerating HER kinetics in seawater 

[204]. For example, Zhou et al. used a pre-set reducing agent strategy to 
in-situ reduce Pt4+ and Ru3+ in supramolecular materials assembled 
within nitrogen-doped hollow carbon spheres (named as 
PtRu/BNHCSs), forming PtRu heterostructure clusters (Fig. 8a-b) [152]. 
Electron transfer from Ru to Pt via Pt-Ru bonds rendered Pt 
electron-rich. When PtRu/BNHCS was integrated into anion exchange 
membrane electrolyzers, an amperage-level current density (1 A cm− 2) 
could be achieved at only 1.960 V (25℃), and the HER could be driven 
to run smoothly at this voltage for at least 180 h (Fig. 8c-d). In-situ 
Fourier Transform Infrared Spectroscopy (FTIR), Raman spectroscopy, 
and DFT calculations revealed that the charge transfer between Pt and 
Ru promoted H2O adsorption and activation. Simultaneously, the weak 
H* adsorption on both metals accelerated H* desorption and recombi
nation into H2, collectively enhancing HER performance. Notably, or
dered H2O arrangement at the PtRu/BNHCSs interface influenced H+

migration and OH− occupation of active sites (Fig. 8e), underscoring the 
non-negligible impact of interfacial water structure on HER activity 
[205].

Additionally, synergistic effects at heterogeneous interfaces can 
optimize reaction pathways and active adsorption sites, thereby accel
erating HER kinetics in seawater via synergistic catalysis [206,207]. For 
example, Wang et al. synthesized PtNb-Nb2O5 heterostructure catalysts 
loaded on CNT and carbon cloth (CC) via a solvent-free microwave 
method (Fig. 8f-g) [153]. Due to Pt incorporation and synergistic effect, 
PtNb-Nb2O5@CC exhibited stable HER performance in neutral seawater 
at high current density, with low overpotentials (440 mV at 

Fig. 8. (a) Schematic representation of the synthetic route to PtRu/BNHCSs. (b) SEM, high-resolution TEM images of PtRu/BNHCSs and PtRu heterostructure model 
composed of Pt(111) and Ru(100). (c) Cell voltage versus response current recorded by a RuO2(+)ǀǀPtRu/BNHCSs(− ) electrolyzer. (d) Chronoamperometric (I-t) 
curve of the PtRu/BNHCSs catalyst during continuous hydrogen evolution in a membrane electrode assembly (MEA)-based integrated electrolysis device. (e) The 
ordered arrangement of water molecule structures at the interface of PtRu/BNHCSs catalysts [152]. Copyright 2024, Wiley-VCH GmbH. Characterization of 
PtNb-Nb2O5@CNT: (f) SEM image and (g) TEM image (HR-TEM insert). (h) HER polarization curves of PtNb-Nb2O5@CC and reference samples in neutral-pH 
seawater. (i) DFT-calculated OH* and H* adsorption energies for Pt and Nb site in PtNb and Nb2O5. Inset: atomic model of the PtNb-Nb2O5 interface [153]. 
Copyright 2022, Elsevier B.V.
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500 mA cm− 2 and 570 mV at 1000 mA cm− 2) and 360 h durability at 
500 mA cm− 2 (Fig. 8h). In-situ FTIR, in-situ Raman spectroscopy, and 
theoretical calculations revealed that Nb as the synergistic active site 
preferentially adsorbed OH* (Nb in Nb2O5) and H* (Nb in PtNb), with 
H* migrating to Pt for desorption (Fig. 8i). This synergistic effect pro
vided more active sites for water dissociation, greatly accelerating 
neutral seawater splitting.

Constructing heterogeneous interfaces also enables precise regula
tion of the coordination environments of small-sized Pt nanoparticles, 
effectively enhancing their catalytic activity and stability in seawater 
[170]. For instance, Yue et al. adopted a “ring-shaped cavity induced” 
strategy to anchor small Ptx (~2 nm) within the cavities of poly
oxometalates (POMs, P8W48) supported on graphene oxide [154]. These 
precursors were converted in-situ into Pt/WO3-x@rGO heterostructures 
during pyrolysis. P8W48 contained several coordinated unsaturated ox
ygen atoms, which can effectively anchor Pt with Pt-O-W coordination 
bonds. This interaction facilitated the formation of abundant Pt-O-W 
interfaces, thereby avoiding the aggregation of Pt and exposing many 
active sites. The resulting catalyst exhibited ultra-low overpotentials 
(5 mV at 10 mA cm− 2 and 48 mV at 100 mA cm− 2) and stable activity 
for up to 180 h at 30 mA cm− 2 in acidic simulated seawater (0.5 M 
H2SO4 + 1 M NaCl). Its high performance can be attributed to the pre
cise regulation of Pt coordination environments by the Pt-O-W bonds in 
Pt/WO3-x heterointerface, optimizing electronic structure and H* 
adsorption/desorption. Meanwhile, the rGO substrate promoted the 
dispersion of heterogeneous interfaces and enhanced the electron 
transport capacity. This strategy of utilizing POMs to construct abundant 
heterogeneous interfaces for tailoring the coordination environment of 
Pt nanoparticles effectively enhances their corrosion resistance during 

acidic seawater electrolysis.

3.5. Heteroatom doping

Doping with heteroatoms can adjust the electronic structure and 
surface physicochemical properties of catalysts by precisely controlling 
the type and position of doping without changing the chemical 
composition of the catalyst, ultimately improving catalytic activity, 
stability, and corrosion resistance [208–212]. Especially non-metallic 
atoms such as N, P, S, F, and B have high electronegativity, and the 
addition of these elements has been proven to be an effective strategy for 
repelling Cl− in seawater [213,214].

For PtNi alloys, the electron-rich structure resulting from limited 
electron transfer is insufficient to effectively repel Cl− , making it diffi
cult to maintain long-term stability in seawater [139]. Introducing P 
atoms (with lower electronegativity than Pt) can enhance charge 
transfer, improving Cl− resistance and HER activity. However, a facile 
synthetic method that enables incorporation of an appropriate amount 
(usually <10 at%) of P into PtNi remains challenging [215]. Yang et al. 
recently reported a room-temperature aqueous reduction strategy to 
precisely control the amount (3.4 at%) of P addition into PtNi alloy 
(referred to as P-PtNi networks) for efficient and durable seawater 
hydrogen production (Fig. 9a-b) [35]. This synthesis method not only 
eliminated the need for high temperature and poisonous phosphorus 
sources but also avoided the coverage of active sites. In-situ FTIR tests 
indicated that, compared with the PtNi alloy, the additional electron 
transfer from P to Pt in the P-PtNi network enhanced the resistance to 
Cl− and the adsorption of H2O (Fig. 9c-d), thus resulting in an ultra-low 
overpotential (12 mV at 10 mA cm− 2) in 1 M KOH + 0.5 M NaCl and 

Fig. 9. (a) Synthetic strategy for P-PtNi networks. (b) HAADF-STEM image and associated EDS elemental mappings. Comparison of the absorbance intensity of (c) M- 
Cl and (d) H2O of P-PtNi networks and PtNi networks. (e) HER polarization curves of P-PtNi and reference samples in 1 M KOH + 0.5 M NaCl. (f) Chro
noamperometry measurements of P-PtNi and reference samples at 10 mA cm− 2. Calculated free-energy diagram for (g) the HER and (h) the hydrogen adsorption on 
P-PtNi networks and PtNiP networks. (i) Proposed mechanisms for directional electron transfer and chloride ion repulsion in P-PtNi networks [35]. Copyright 2024, 
Wiley-VCH GmbH.
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maintaining long-term stability for 120 h at 10 mA cm− 2 (Fig. 9e-f). DFT 
calculations revealed that P incorporation enabled synergistic direc
tional electron transfer from P and Ni to Pt, adjusting the Pt electronic 
structure to enhance water dissociation and H* adsorption (Fig. 9g-h). 
Meanwhile, the enhanced electron-rich state of Pt improved the resis
tance to Cl− , maintaining structural stability and electrocatalytic dura
bility in seawater (Fig. 9i). Notably, this work successfully applied 
P-PtNi networks as the cathode in solar-driven seawater hydrogen pro
duction, demonstrating their practical viability.

3.6. Support selection

The selection and design of supports are crucial for developing effi
cient, stable, and economical Pt-based HER catalysts in seawater. On the 
one hand, supports facilitate the dispersion and stabilization of active 
sites, preventing their agglomeration during the reaction process [216]. 
On the other hand, the SMSI between Pt and the support induces elec
tron redistribution, regulating the electronic structure of Pt to optimize 
the adsorption of reaction intermediates and enhance overall catalytic 
performance [217,218]. Additionally, in corrosive seawater rich in Cl− , 
supports with high corrosion resistance effectively improve the 
long-term stability of catalysts. Ideal supports should also exhibit good 
electrical conductivity and tunable hydrophilic/hydrophobic properties 
to facilitate electron transfer and mass diffusion [160,219]. In recent 
years, researchers have successfully anchored Pt nanoparticles or clus
ters on various supports, including carbon materials, oxides, 

phosphides, nitrides, sulfides, LDH, MXenes, etc., providing a rich ma
terial platform for designing high-performance Pt-based HER catalysts 
in seawater [159,164,168,170,220].

3.6.1. Carbon materials
Carbon materials primarily regulate the electronic structure of Pt 

through Pt-C interaction, optimizing hydrogen adsorption properties 
and stabilizing Pt nanoparticles [221–225]. Compared to traditional 
carbon materials such as CNTs and graphene, metal-organic framework 
(MOF)-derived carbons offer higher specific surface areas, ordered 
porous structures, and superior mechanical/chemical stability, enabling 
more effective anchoring and dispersion of Pt to prevent their corrosion 
or poisoning in seawater [220,226]. For example, Choi et al. modified Pt 
nanoclusters on nitrogen doped porous carbon (NC) derived from ZIF-8 
via a pulsed laser technique (referred to as NC-Pt) (Fig. 10a) [157]. The 
resulting NC-Pt catalyst featured high graphitization and enhanced 
electrical conductivity, while retaining the original polyhedral 
morphology with a large specific surface area, ensuring uniform 
dispersion of Pt nanoclusters (Fig. 10b-c). Consequently, the optimized 
NC-Pt exhibited an overpotential of 57 mV at 10 mA cm− 2 (Fig. 10d) 
and maintained stability with only an overpotential increase by 117 mV 
after 50 h at 50 mA cm− 2 in 1 M KOH + seawater (Fig. 10e). Moreover, 
a two-electrode system using NC-Pt as the cathode and IrO2 as the anode 
achieved a cell voltage of 1.63 V at 10 mA cm− 2 for direct seawater 
electrolysis (Fig. 10f). Structural characterizations and DFT calculations 
revealed that the enhanced performance stems from abundant active 

Fig. 10. (a) Schematic illustration of the pulsed laser synthesis of nitrogen-doped carbon (NC) supported Pt nanoclusters. (b) SEM image and (c) TEM image (HR- 
TEM insert) of NC-Pt-4. (d) HER polarization curves of the as-synthesized ZIF-8, NC, various Pt nanocluster-decorated NC, and commercial Pt/C in 1 M KOH 
+ seawater. (e) Long-term stability assessment of NC-Pt-4 at 50 mA cm− 2 in various electrolytes. (f) LSV polarization curves for the NC-Pt-4(− )ǀǀIrO2(+) and Pt/C(− ) 
ǀǀIrO2(+) electrolyzers during OWS in 1 M KOH + seawater. Inset: schematic of the two-electrode OWS cell configuration. (g) Computed Gibbs free energy profiles for 
the HER on NC, NC-Pt, and Pt-C catalysts. Inset: DFT-optimized atomic structure of NC-Pt (gray: C, violet: N, blue: Pt) [157]. Copyright 2024, Wiley-VCH GmbH. (h) 
TEM image of Pt/CNT-200(N2H5)4Mo2S6. Inset: proposed surface structural model. (i) HR-TEM image and integrated with elemental mappings of 
Pt/CNT-200(N2H5)4Mo2S6. (j) Electrochemical HER performance of Pt/CNT-(N2H5)4Mo2S6 with different contents, Pt/CNT and Pt/C in 1 M KOH + seawater. (k) 
In-situ FTIR comparison of Pt/CNT-200(N2H5)4Mo2S6 and Pt/CNT in different solutions [36]. Copyright 2023, Elsevier B.V.
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sites, high conductivity, high specific surface area, and the interaction 
between Pt and NC, which reduces Pt’s εd and optimizes H* adsorption 
(Fig. 10g).

In fact, the stability of carbon materials in seawater is average [227]. 
A primary challenge is the formation of insoluble precipitates during 
electrolysis, which can block active sites and cause deactivation [228]. 
Research indicates that modifying catalysts with appropriate ligands 
effectively suppresses precipitate formation [229]. For example, Wang 
et al. synthesized a precipitation-resistant Pt/CNT catalyst modified with 
molecular metal chalcogenide complexes ((N2H5)4Mo2S6) via a 
solvent-free microwave method (denoted as Pt/CNT-x(N2H5)4Mo2S6, 
where x represents the amount of solution added) (Fig. 10h-i) [36]. 
Charge transfer among Pt, CNT and chalcogenide complexes created 
strong interactions, regulating the electronic structure of Pt. The 
Pt/CNT-200(N2H5)4Mo2S6 Pt/CNT exhibited a very low overpotential of 
20 mV at 10 mA cm− 2 (Fig. 10j) and maintained stable current density 
over 600 h in alkaline seawater. In-situ FTIR revealed that sulfur in 
(N2H5)4Mo2S6 forms coordination complexes with Ca2+ and Mg2+, 
reducing insoluble precipitate formation (Fig. 10k). In-situ Raman 
spectroscopy and DFT calculations further indicated that the modified 
Pt/CNT catalyst accelerated water decomposition and H* adsorption/
desorption, enhancing HER kinetics in seawater. This strategy can also 
be extended to the synthesis of a series of other molecular metal chal
cogenide complexes, providing a general solution to address the pre
cipitation issue in seawater electrolysis.

3.6.2. Oxides
Many oxides exhibit excellent chemical stability, maintaining 

structural integrity in corrosive environments and resisting decompo
sition or deactivation [230–232]. Engineering SMSI between Pt and 
oxides has proven effective for optimizing the activity and stability of 
Pt-based catalysts [233]. Doping oxides with other elements can further 
enhance this interaction while repelling Cl− . For example, Wang et al. 
loaded Pt onto P-containing NiMoO4 nanorods supported on nickel foam 
(NF) via an impregnation method (referred to as P-Pt/NiMoO4@NF) 
[137]. P addition strengthened the interaction between Pt and NiMoO4, 

promoting electron transfer from P-NiMoO4 to Pt, and forming an 
electron-rich layer at Pt site to electrostatically repel Cl− . As a result, the 
catalyst achieved a current density of 1000 mA cm− 2 at a low over
potential of 80 mV in alkaline seawater, with stability exceeding 110 h 
at 100 mA cm− 2. DFT calculations showed that P doping optimized the 
Pt/NiMoO4 interface electronic structure, bringing ΔGH* (-0.23 eV) 
close to 0 and weakened Cl− adsorption energy, thereby enhancing HER 
performance in seawater. However, the study’s discussion of Cl−

adsorption energy relies solely on theoretical calculations, necessitating 
in-situ FTIR characterization and other techniques to provide direct 
experimental evidence.

Beyond enhancing Cl− resistance, the impact of insoluble pre
cipitates formed during seawater electrolysis cannot be overlooked. 
Studies show that constructing protective layers on catalyst surfaces 
effectively prevents the formation of precipitates [88]. For example, 
Yang et al. developed a catalyst with dual active sites (low-loaded Pt and 
Ni3N) protected by a V2O3 layer introduced via in-situ reduction (named 
as Pt-Ni3N@V2O3/NF) (Fig. 11a) [133]. The Pt-Ni3N@V2O3/NF catalyst 
exhibited a very small overpotential of 21 mV at 10 mA cm− 2 (Fig. 11b) 
and maintained stability for 500 h at 500 mA cm− 2 in alkaline seawater. 
As a Lewis acid layer, V2O3 captured OH− through strong interactions to 
prevent the combination of Ca2+ and Mg2+ with OH− , while the pres
ence of many negatively charged OH− repelled Cl− , mitigating 
seawater-induced degradation (Fig. 11c). DFT calculations indicated 
that V2O3 accelerated water dissociation and formed SMSI with Pt, 
optimizing interfacial electronic structure and H* adsorption energy. 
Similarly, Cr2O3 or TiO2 can also serve as Lewis acid layers to reduce the 
formation of precipitates.

Although certain oxides can serve as exogenous Lewis acid layers to 
suppress precipitate formation, the durability of such amorphous pro
tective layers may be limited under long-term testing. In contrast, 
inhibiting drastic surface pH fluctuations by engineering an oxide- 
derived local microenvironment offers a more stable and durable anti- 
precipitation measure [234]. For example, Qiao et al. reported 
Pt/WO2 catalysts that created dynamic local acid-like environments to 
limit the cathode pH increase, inhibiting precipitation and boosting HER 

Fig. 11. (a) High-resolution TEM image of Pt-Ni3N@V2O3/NF. (b) HER polarization curves for Pt-Ni3N@V2O3/NF and reference samples in 1 M KOH + seawater. (c) 
Schematic illustration of charge repulsion at the catalyst-electrolyte interface [133]. Copyright 2024, American Association for the Advancement of Science. (d) 
High-resolution TEM image of Pt/WO2. (e) HER polarization curves of Pt/WO2 and Pt/C in Ar-saturated simulated seawater (dashed line) and natural seawater (solid 
line). (f) HER mechanism on Pt/WO2 [134]. Copyright 2024, American Chemical Society.
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(Fig. 11d) [134]. Compared to commercial Pt/C, which required 
~296 mV at 10 mA cm− 2 and ~505 mV at 40 mA cm− 2, Pt/WO2 
exhibited lower overpotentials of 290 and 420 mV at the same current 
densities in natural seawater, with durability exceeding 500 h (Fig. 11e). 
Spectroscopic and experimental results confirmed that WO2 acted as an 
active site for H2O adsorption and splitting under negative potential, 
generating HxWOy intermediates that stored protons/electrons and 
transferred H+ to the Pt surface, creating local acidic environments 
(Fig. 11f). This boosted HER in natural seawater and neutralized OH−

generated by water splitting, thus suppressing precipitation. This 
research has eliminated the reliance on strongly alkaline or acidic ad
ditives, reducing the cost of seawater hydrogen production.

3.6.3. Phosphides
Phosphides have emerged as promising Pt supports due to their low 

cost, unique electronic structures, high conductivity, robust Cl− corro
sion resistance, and intrinsic HER activity [33,52,235,236]. Sun et al. 
synthesized thiol-modified Pt nanoclusters via reduction growth and 
loaded them onto nickel-iron-cobalt phosphide nanosheet arrays 
(referred to as Pt@NiFeCo-P) (Fig. 12a) [162]. Thiol ligands stabilized 
Pt clusters through Pt-S bonds, while Co induced a high valence state 
due to electron transfer to Pt. This catalyst delivered very low over
potentials of 20, 68, and 172 mV at 10, 100, 500 mA cm− 2 (Fig. 12b) 
and exceptional stability exceeding 1000 h at 1 mA cm− 2 in 1 M NaOH 
+ 0.5 M NaCl. This enhanced HER performance was attributed to SMSI 
between Pt and NiFeCo-P, which enabled fast charge transfer both 
within the catalyst and at the catalyst/electrolyte interface and provided 
abundant active sites, accelerating the HER process (Fig. 12c). In addi
tion, the high valence Co sites in NiFeCo-P enhanced OH− adsorption 
and facilitated H2O dissociation. This study demonstrates the potential 
for industrial-level seawater hydrogen production through Pt particle 
size reduction and SMSI engineering.

While Cl− is often regarded as a major obstacle to direct seawater 
electrolysis due to its competitive adsorption at the anode and severe 

corrosion of electrodes, recent findings reveal that Cl− can be effectively 
leveraged to enhance HER performance [237]. For instance, Sun et al. 
used electrodeposition to highly disperse Pt onto CoP nanoarrays and 
confirmed the critical role of Cl− in boosting HER activity through 
controlled experiments (Fig. 12d) [163]. Specifically, the introduction 
of Cl− induced a spontaneous transformation of Pt-OH to Pt-Cl coordi
nation on Pt/CoP, accompanied by electron redistribution between Pt 
and CoP. Compared to electrolysis in alkaline solution, adding NaCl 
reduced the overpotential of Pt/CoP by nearly 50% (Fig. 12e). 
Furthermore, when paired with a CoFe LDH anode in a seawater elec
trolyzer, Pt/CoP maintained stable operation at 1 A cm− 2 for 100 h. 
Raman spectroscopy and theoretical calculations revealed that Pt-Cl 
coordination promoted electron transfer from Co to Pt, reducing Pt’s 
electropositivity, enhancing H* adsorption, and lowering the HER po
tential barrier (Fig. 12f). This work challenges the conventional 
perception of Cl− as purely detrimental in seawater electrolysis.

3.6.4. Other supports
In addition to the supports discussed above, nitrides, sulfides, hy

droxides, and MXenes also have unique advantages, showing great po
tential in enhancing the activity and durability of Pt-based HER catalysts 
in seawater.

Nitrides are attractive catalyst supports due to their high electrical 
conductivity, strong corrosion resistance, moderate binding energy, and 
tunable band structure, making them well-suited for seawater electrol
ysis [34,238–240]. For example, Yang et al. developed a robust elec
trocatalyst with ultra-low Pt loading (0.07 wt%) on nickel-molybdenum 
nitride (Pt-Ni@NiMoN/NF) (Fig. 13a) [129]. In Pt-Ni@NiMoN/NF, Pt 
was preferentially embedded in the Ni phase as an electron donor, 
transferring charge to both Ni and Mo. This catalyst exhibited an 
ultra-low overpotential of 11 mV at 10 mA cm− 2 and sustained 
hydrogen production for 130 h at 200 and 500 mA cm− 2 in 1 M KOH 
+ seawater (Fig. 13b). Notably, an in-situ formed metal oxyhydroxide 
layer on the catalyst surface enhanced Cl− corrosion resistance and 

Fig. 12. (a) HR-TEM image of Pt@NiFeCo-P. (b) iR corrected HER polarization curves of NiFeCo-P, Pt/C, and Pt@NiFeCo-P in 1 M NaOH+ 0.5 M NaCl. (c) 
Schematic illustration of the HER mechanism on Pt@NiFeCo-P [162]. Copyright 2024, Wiley-VCH GmbH. (d) HAADF-STEM image of Pt/CoP electrode. (e) HER 
polarization curves of CoP, 20% Pt/C, and Pt/CoP in 1 M KOH (dotted line) and 1 M KOH + 0.5 M NaCl (solid line). (f) Calculated Gibbs free energy of H* adsorption 
on Pt/CoP. Inset: difference charge density distributions for OH-Pt@CoP and Cl-Pt@CoP (yellow: charge accumulation; cyan: charge depletion) [163]. Copyright 
2024, Wiley-VCH GmbH.

Q.-W. Shi et al.                                                                                                                                                                                                                                  Materials Science & Engineering R 170 (2026) 101234 

14 



minimized adsorption of insoluble precipitates. DFT calculations indi
cated that Pt modulated the electronic structure of Ni@NiMoN/NF, 
promoting H2O adsorption/dissociation and optimizing the H* desorp
tion energy barrier, thereby enhancing catalytic activity (Fig. 13c). This 
study demonstrates cost reduction for seawater hydrogen production via 
ultra-low Pt loading on inexpensive nitrides.

Metal dichalcogenides such as MoS2 are promising Pt supports due to 
their large specific surface area and abundant edge active sites, partic
ularly in the highly active 1 T phase [241]. However, direct Pt loading 
on 1T-MoS2 surface often leads to Pt aggregation and seawater corro
sion. Conversely, confining Pt nanoparticles within interlayer space can 
effectively protect Pt [242]. Chu et al. utilized the strong reducing ability 
of 1T-phase MoS2 to encapsulate Pt nanoparticles within 1T-dominated 
MoS2 nanosheets (donated as 1T-MoS2-Pt) [166]. The abundant defects, 
vacancies, and interlayer spacing in hydrothermally synthesized 
1T-phase MoS2 provided effective anchoring sites for Pt while mitigating 
corrosion. This catalyst exhibited an overpotential of 66 mV at 
10 mA cm− 2 and a 41-mV potential increase after 12 h testing in alka
line simulated seawater. DFT calculations showed that 1T-MoS2 
confinement optimized H* adsorption energy, enhancing Pt mass ac
tivity and overall energy efficiency. This study highlights the potential of 
metal dichalcogenides for in-situ reduction of noble metal ions to form 
protected, efficient catalysts.

LDH offer large specific surface areas, strong synergistic effects with 
active components, and easy synthesis, but they struggle to protect 
active sites from seawater degradation [243]. Constructing Pt-O-M 
bonds via SMSI can enhance the stability of Pt and LDH coupled cata
lyst in seawater [244]. For instance, Meng et al. loaded a low amount 
(1.24 at%) of Pt nanoparticles onto MOF-derived Ni(OH)2 nanosheets on 
NF (named as Pt/Ni(OH)2/NF), forming stable Pt-O-Ni bonds (Fig. 13d) 
[167]. This catalyst inherited MOF-derived structural advantages and 
generated oxygen vacancies during in-situ conversion, promoting 
Pt-O-Ni bond formation. Its superhydrophilicity and large surface area 
facilitated electrolyte adsorption, enabling a very low overpotential of 
19 mV at 10 mA cm− 2 and 200 h durability in alkaline seawater 

(Fig. 13e). DFT calculations show that SMSI-induced Pt-O-Ni bonds and 
oxygen vacancies modify the charge distribution and electronic states of 
Ni(OH)2, facilitating hydrogen adsorption/desorption and promoting 
spillover to Pt sites (Fig. 13f). In oxygen vacancy-rich supports, con
structing Pt-O-M bonds represents a universal strategy for active site 
protection.

MXenes, as emerging two-dimensional materials, are a type of 
transition metal carbide/nitride/carbonitride obtained by selectively 
etching the “A” atomic layer in the MAX phase (M: early transition 
metal, A: elements of group 13 or 14, X: C or N) [245]. Due to their 
unique two-dimensional structure, tunable interlayer spacing, surface 
functional groups (-F, -O, -OH), and large specific surface area, MXene 
has become an ideal support for loading Pt [246]. However, designing 
self-supporting MXene structures remains challenging for reducing 
bubble aggregation and enhancing conductivity during seawater elec
trolysis [219,247]. Zhao et al. reported a study on constructing 
self-supporting electrodes by anchoring Pt on a multi-dimensional 
MXene/MAX substrate prepared using the derivative relationship be
tween Ti3AlC2 and Ti3C2Tx (where T is a terminal functional group, e.g., 
O, F, OH, Cl) (referred to as Pt-3DNP-MoTC) [169]. Hydrothermal Pt 
loading reduced surface -F functional groups, which was more condu
cive to electron transfer. Furthermore, the electron transfer from Pt to O 
species on Ti3CTx indicated a strong interaction between them. 
Pt-3DNP-MoTC exhibited a lower overpotential (196 mV at 
10 mA cm− 2) compared to commercial Pt/C (263 mV at 10 mA cm− 2) 
and maintained stable operation for over 100 h at 100 mA cm− 2 in 
simulated seawater. First-principles calculations revealed that highly 
dispersed Pt nanoparticles with SMSI created multifunctional catalytic 
interfaces, enhancing stability and atomic utilization for HER. This work 
underscores the importance of self-supporting structures for electrode 
performance in harsh seawater environments.

In high current density seawater electrolysis, charge transfer is often 
limited by the poor conductivity and interface resistance between sup
ports and catalysts [125,248]. Insufficient conductivity can lead to a 
sharp increase in ohmic impedance, resulting in severe voltage drops, 

Fig. 13. (a) HR-TEM image of Pt-Ni@NiMoN/NF. (b) HER polarization curves of Pt-Ni@NiMoN/NF and representative reference catalysts in 1 M KOH + seawater. 
(c) Calculated Gibbs free energy of H* adsorption on Pt-Ni@NiMoN. Inset: atomic model of Pt-Ni@NiMoN for water adsorption (Ni: green, Mo: orange, Pt: blue, N: 
grey, O: red, H: white) [129]. Copyright 2023, The Royal Society of Chemistry. (d) HR-TEM image of Pt2/Ni(OH)2/NF. (e) Polarization behavior of Ptx/Ni(OH)2 /NF 
(x = 1–3) and reference catalysts in 1 M KOH + seawater. (f) Free energy profiles of hydrogen adsorption on Pt/Ni(OH)2 and Ov-Pt/Ni(OH)2 (with oxygen va
cancies). Inset: schematic model of the Ov-Pt/Ni(OH)2 interface (Ni: grey, Pt: green, O: red) [167]. Copyright 2023, Elsevier B.V.
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local overheating, and uneven electric field distribution. This forces the 
reaction system to operate at higher overpotentials, thereby accelerating 
component deactivation and reducing energy efficiency. Meanwhile, the 
long-term stability of catalysts is severely challenged by corrosion from 
high-concentration Cl− [98,126]. Poor corrosion resistance renders the 
support highly susceptible to chloride-induced corrosion and irrevers
ible degradation, leading to the loss of active sites and the collapse of the 
skeleton, which results in a sharp decline or even total failure of catalytic 
activity and stability [110]. Conductivity and corrosion resistance often 
present a mutually restrictive seesaw effect. To achieve this performance 
balance, a multi-dimensional synergistic strategy must be implemented. 
For supports with poor corrosion resistance (such as carbon materials), 
an effective strategy is to construct a core-shell structure where the inert 
shell physically blocks the Cl− corrosion while maintaining the high 
conductivity of the core [146]. Additionally, heteroatom doping can be 
employed to regulate surface charge density, effectively repelling Cl−

[35]. For supports with insufficient conductivity (such as metal oxides), 
doping can optimize the band structure and carrier concentration to 
enhance intrinsic electrical conductivity [137]. Furthermore, defect 
engineering (e.g., oxygen vacancy regulation), heterointerface con
struction, and strong metal-support interactions can optimize charge 
transport pathways and lower interfacial potential barriers [154,167]. 
This ensures efficient charge transport at high current densities while 
establishing a robust defense against the corrosion of complex seawater 
environments, ultimately achieving the unification of catalytic activity 
and long-term stability.

Although different design strategies each demonstrate unique ad
vantages in enhancing the activity and stability of Pt-based catalysts for 
seawater hydrogen production, a single performance metric is no longer 
sufficient to meet the requirements of large-scale industrial applications. 
In practical seawater electrolysis scenarios, cost and technical scalability 
have become core evaluation criteria [98,136]. Cost directly determines 
the commercial viability of the technology, while scalability encom
passes key aspects such as mass production feasibility, electrode coating 
uniformity, and mechanical structural integrity [39,119]. Notably, the 
pursuit of “ultra-high activity” or “extreme stability” often comes at the 
expense of “low cost” or “scalability”. To systematically clarify the re
lationships and trade-offs among these critical factors, we have con
ducted a comprehensive comparative analysis of the six major design 
strategies and summarized the key findings in Table 2.

4. Summary and outlook

This review systematically summarizes recent advancements in Pt- 
based catalysts for seawater hydrogen production, aiming to provide 
profound insights into enhancing the activity and stability of Pt-based 
catalysts in complex seawater environments. It begins with an intro
duction to the fundamental principles of HER, as well as the intrinsic 
activity and stability issues of Pt in seawater electrolysis. Subsequently, 
based on cutting-edge research, effective strategies to improve the ac
tivity and stability of Pt-based HER catalysts for seawater electrolysis are 
elaborated, including structure engineering, single-atom design, alloy 
construction, heterostructure configuration, heteroatom doping and 
support selection. Notably, these strategies are also applicable to the 
development of other high-performance HER catalysts.

Despite significant progress in Pt-based catalyst development for 
seawater hydrogen production, several critical challenges hinder their 
industrial application in seawater electrolysis. First, the high cost and 
scarcity of Pt remain the most significant bottlenecks, followed by the 
requirement for simultaneous high activity and stability in real seawater 
conditions [242]. Second, there is a lack of unified testing protocols and 
performance evaluation standards. For instance, the alkaline NaCl 
electrolytes commonly used in laboratory tests are poor surrogates for 
real seawater. Third, the understanding of HER mechanisms and cata
lytic dynamics at the atomic scale remains incomplete [70]. Finally, 
membrane-based seawater electrolyzers serve as a critical bridge for 

advancing Pt-based catalysts from laboratory research toward 
industrial-scale application. Current mainstream water electrolyzer 
technologies include alkaline water electrolyzers (AWEs), 
proton-exchange membrane water electrolyzers (PEMWEs), 
anion-exchange membrane water electrolyzers (AEMWEs), solid oxide 
electrolysis cells (SOECs), and bipolar membrane water electrolyzers 
(BPMWEs) [249]. While each type has its distinct advantages, they all 
face significant challenges when operated directly with natural seawater 
as the feedstock. The complex ionic composition and biological impu
rities in seawater not only disrupt the selective ion transport behavior of 

Table 2 
Comparison of different strategies in terms of stability, cost and scalability.

Catalysts Stability 
@mA cm¡2

Cost Scalability 
(Reason)

Ref.

Structure 
Engineering

​ ​ ​ ​

BiVO4/PtNi 20 h@10 Moderate Moderate (Simple 
synthesis process, 
Insufficient 
stability)

[140]

Pt-hcp Ni NBs 300 h@10 Moderate Moderate (Simple 
synthesis process, 
Metastable phase 
instability)

[141]

Single-atom 
design

​ ​ ​ ​

Pt-SA/NiV-LDH 500 h@500 Low Moderate (One- 
step synthesis, 
Difficult to scale 
up)

[142]

Pt-Ni3S2/Co9S3-Sv 300 h@10 Low Low (Complex 
synthesis process, 
Difficult to scale 
up)

[144]

Alloy 
construction

​ ​ ​ ​

Pt61Ga39@CNT 360 h@500 High Moderate (Simple 
synthesis process, 
High Pt content)

[148]

PtPdNiCoMn HEAs 100 h@100 High Low (Insufficient 
stability, High Pt 
content)

[151]

Heterostructure 
configuration

​ ​ ​ ​

PtNb-Nb2O5@CC 360 h@500 High Moderate (Simple 
synthesis process, 
High Pt content)

[153]

Pt/WO3-x@rGO 180 h@30 Low Low (Complex 
synthesis process, 
Insufficient 
stability)

[154]

Heteroatom 
Doping

​ ​ ​ ​

P-PtNi networks 120 h@10 Moderate Moderate (Simple 
synthesis process, 
Insufficient 
stability)

[35]

Support Selection ​ ​ ​ ​
Pt/CNT- 

(N2H5)4Mo2S6

600 h@10 Moderate Moderate 
(Complex 
synthesis process, 
Suitable to scale 
up)

[36]

Pt-Ni3N@V2O3/NF 500 h@500 Moderate Moderate 
(Complex 
synthesis process, 
Suitable to scale 
up)

[133]

Pt@NiFeCo-P 1000 h@1000 Low High (Long 
stability, Suitable 
to scale up)

[162]

Pt/Ni(OH)2/NF 200 h@1000 Low Moderate (Simple 
synthesis process, 
Insufficient 
stability)

[167]
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membranes but also readily induce scaling, fouling, or corrosion on 
membrane and electrode surfaces [39]. Thus, realizing an ideal seawater 
electrolysis system with high activity, high selectivity, and robust sta
bility requires systematic optimization of seawater pretreatment pro
tocols, electrode architectures, membrane materials, and other key 
components [250]. To address these issues, the following future 
research directions are proposed (Fig. 14). 

1) Pt-based catalysts with balanced cost-activity-stability. Indus
trial application of Pt-based electrocatalysts demands simple prepa
ration processes, low costs, scalable electrode/cell designs, and 
compatibility with high-current-density operation and long-term 
durability in practical electrolyzers [207,251,252]. Given the high 
cost of Pt, future research should focus on low-Pt-loading or Pt 
single-atom catalysts to maximize atomic utilization and reduce 
usage. Meanwhile, it is essential to actively integrate biomass pre
cursors and adopt green, simple and scalable preparation processes 
such as corrosion engineering and microwave solid-phase synthesis 
[26,253]. This will effectively overcome the limitations of traditional 
processes in terms of scale-up, uniformity and efficiency, and ulti
mately achieve the green large-scale synthesis of Pt-based catalysts 
[103]. Regarding performance optimization, it is necessary to 
enhance active site density and catalytic activity through the regu
lation of nanostructures and components. Simultaneously, 
multi-dimensional integrated designs involving catalyst bodies and 
coatings should be employed to boost resistance against Cl− corro
sion and precipitation [39,67]. It is also promising to explore the use 
of seawater components to create beneficial interfaces, such as 
dynamically modulating the coordination environment of active 
species (e.g., single-atom Pt) using Cl− . For instance, the PhenPtCl2 
nanosheets synthesized by Zhou et al. feature Phen-Pt intermediates 
that can dynamically coordinate with electrolyte Cl− during the HER, 
theoretically offering the potential to mitigate Cl− corrosion while 
enhancing activity [254]. Furthermore, in practical seawater elec
trolysis, attention must be paid to conductivity, structural damage 
caused by bubble impact, and the overall mechanical stability of the 
electrode under high current densities [255,256]. These stability 
metrics often take precedence over the catalyst’s intrinsic activity. 
While ensuring stability, the key to large-scale promotion lies in the 

comprehensive cost-effectiveness throughout the entire life cycle. 
For example, Tian et al. utilized an ultra-hydrophobic cathode to 
achieve simultaneous hydrogen production and Mg(OH)2 recovery 
from seawater [257]. During stable operation for over 5000 h, the 
production of by-products balanced the cost of hydrogen production, 
bringing the cost down to US$0.61 per kg of H2 and minimizing the 
overall environmental impact. Through multi-faceted optimization, 
Pt-based electrocatalysts with balanced cost, activity, and stability 
for seawater electrolysis are expected.

2) Unified assessment standards. Currently, laboratory evaluation of 
HER performance typically relies on traditional three-electrode sys
tems with NaCl-based simulated seawater electrolytes, which over
simplify the complex environmental variables in real seawater 
electrolysis and fail to accurately reflect catalyst deactivation 
mechanisms [258–260]. For example, studies have shown that bro
mide ions (Br− ) in seawater, alongside Cl− , can cause electrode 
corrosion and degrade catalyst stability [261]. Moreover, significant 
discrepancies in evaluation parameters (e.g., temperature, current 
density, operation duration) across studies hinder data compara
bility and objective catalyst benchmarking [262]. Establishing uni
fied standards covering electrolytic cell design, electrolyte 
composition, operational parameters, and performance metrics (e.g., 
activity, stability, corrosion resistance) is imperative. Such stan
dardization will enable direct comparisons between different cata
lysts, accelerate the development of high-performance Pt-based 
materials, and provide a solid foundation for industrializing 
seawater electrolysis technology.

3) Machine learning-assisted catalyst design. While theoretical 
studies on HER catalyst design have made notable progress, most 
existing models rely on simplified assumptions. Consequently, these 
models often overlook dynamic processes under real operating con
ditions, such as catalyst surface reconstruction and the influence of 
local environmental factors like solvation effects or external electric 
fields on reaction kinetics, and lack universality across different 
systems [263–265]. In contrast, machine learning drives the rational 
design and model establishment of Pt-based catalysts by integrating 
multi-scale databases [55,266,267]. To address challenges in activ
ity, stability, and surface reconstruction, this strategy leverages 
graph neural networks combined with high-throughput screening 
[110]. Based on descriptors such as the d-band center, electron 
localization function, and adsorption free energy, it rapidly identifies 
Pt-based configurations that exhibit high activity, chlorine corrosion 
resistance, and anti-precipitation properties. Simultaneously, algo
rithms synergize with in-situ spectroscopic data to resolve the tran
sient evolution of active sites [125,268]. Furthermore, they couple 
solvation effects and interfacial electric fields into dynamic models to 
accurately predict structural stability and failure thresholds. This 
approach overcomes the inefficiency of traditional trial-and-error 
methods and the limitations of static calculations, thereby acceler
ating the development of efficient and long-life Pt-based catalysts.

4) Advanced In-situ/operando characterization. Advanced in-situ/ 
operando characterization techniques (e.g., Raman, XAS, FTIR, 
XRD) are indispensable for unraveling HER mechanisms at the 
atomic scale and optimizing catalyst structures [269,270]. These 
technologies monitor the dynamic evolution of catalysts in real time 
under operating conditions to identify active sites and provide data 
support for machine learning [271]. Combined with visualization 
techniques such as scanning probes and thermal imaging, 
multi-dimensional real-time tracking of catalyst morphological 
evolution and interface substance distribution can be achieved. 
Furthermore, multi-technique coupling effectively overcomes the 
limitations of single-perspective approaches, constructing a com
plementary view spanning microscopic structures, mesoscopic dy
namics, and macroscopic energy landscapes [42]. However, current 
technologies still face multiple bottlenecks: the difficulty in detecting 
weak signals (such as adsorbed hydrogen species), the risk of 

Fig. 14. The outlook for developing low-cost, high-activity and stable Pt-based 
catalysts to achieve industrialization of seawater electrolysis.
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high-energy beam damage restricting long-term observations, and 
the reliance on theoretical simulations to analyze complex multi
phase signals [272]. More critically, the requirement for transparent 
systems limits their direct application in real, turbid seawater. 
Therefore, future in-situ technologies urgently need to overcome 
these limitations to better accelerate theoretical research and cata
lyst design for seawater electrolysis.

5) System integration and optimization. Beyond catalyst design, 
constructing efficient and industrializable seawater electrolysis sys
tems requires optimizing key components, including electrolytes, 
electrolytic cell architecture, functional membrane materials, and 
scalable electrode designs [273]. Electrolyte optimization requires 
multiple measures. First, pretreatment is essential to remove sus
pended solids and biological contaminants, preventing blockage and 
biofouling. Second, anodic chlorine evolution can be suppressed by 
leveraging alkaline conditions to enhance OER selectivity or intro
ducing organic compounds like hydrazine and urea to replace water 
oxidation [125]. Furthermore, adding sulfates or carbonates allows 
them to adsorb onto the catalyst surface or embed into its structure, 
constructing a negatively charged interface that electrostatically 
repels Cl− [39,127]. Novel electrolyzers and exchange membranes 
have opened a new path for practical seawater electrolysis. For 
example, Li et al. developed a pH-asymmetric feed electrolyzer using 
a Na+ exchange membrane to enable efficient, energy-saving direct 
seawater electrolysis [145]. The membrane inhibits Cl− migration to 
the anode, reducing chlorine evolution side reactions, while 
near-neutral seawater feeding at the cathode minimizes metal hy
droxide precipitation and enhances system longevity. In terms of 
electrode design, the core challenge lies in bridging the gap from 
laboratory scale to industrial square-meter scale. The key is to adopt 
self-supported three-dimensional structures (such as nickel or iron 
foams) that leverage superior mechanical strength and conductivity 
to enhance charge transfer and expose more active sites [274,275]. 
Regarding fabrication, it is essential to optimize techniques like 
spray coating and emphasize green, low-cost scalable strategies, ul
timately developing large-scale, efficient, and economical electrodes 
suitable for seawater splitting to facilitate their massive industrial 
application.

While seawater electrolysis technology is not yet fully industrialized, 
continuous innovations in Pt-based catalysts hold great promise for its 
future development. It is anticipated that Pt-based materials will play a 
pivotal role in advancing industrial-scale seawater electrolysis, 
contributing significantly to global clean energy production and sus
tainability goals.
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