PROCEEDINGS OF ECOS 2026 - THE 39™ INTERNATIONAL CONFERENCE ON
EFFICIENCY, COST, OPTIMIZATION, SIMULATION AND ENVIRONMENTAL IMPACT OF ENERGY SYSTEMS

28 JUNE - 03 JULY, 2026, CONSTANTA, ROMANIA

The Key Role of MOFs in Hydrogen Production from
Seawater sing Alkaline Electrolysis: Mini Review

Ivelina Tsacheva®”, Dzhamal Uzun®

@ Institute of Polymers, Bulgarian Academy of Sciences, Acad. G. Bonchev Street, Sofia, 1113, Bulgaria,
itsacheva@polymer.bas.bg
b Institute of Electrochemistry and Energy Systems “Academician Evgeni Budevski”, Bulgarian Academy
of Sciences, Acad. G. Bonchev Street., Bl. 10, Sofia, 1113, Bulgaria; dzhamal.uzun@iees.bas.bg

Abstract:

Seawater electrolysis is an environmentally friendly and effective strategy for producing green hydrogen.
However, a major drawback of electrochemical systems is that they are susceptible to damage from the
aggressiveness of salty seawater. Therefore, a key parameter affecting the performance of the electrode is its
resistance to this aggressive seawater. The development of metal-organic framework (MOF) electrocatalysts
is a promising approach to solve the problems associated with direct alkaline seawater electrolysis. The use
of Mg, Mo, Ni, and Ti in MOF-based catalysts can increase operational efficiency and reduce the cost of
electrode materials for hydrogen production on an industrial scale. Thus, MOFs can be said to be an alternative
to critical, expensive materials. In this review, we reviewed scientific literature between 2021 and 2026 on the
use of MOFs in alkaline seawater electrolysis systems.
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1. Introduction

Hydrogen generated by water electrolysis provides a clean energy carrier and high energy density, unlike
conventional production from fossil fuels [1, 2]. The dependence of traditional electrolysis technologies on
purified water, which is a limited resource, accounting for less than 1% of the planet’'s water supply, is an
obstacle to their widespread application. Seawater electrolysis is emerging as a substitute in this situation,
utilizing the most abundant water source in the world [3]. The complex chemistry of the marine environment
poses significant technological obstacles to direct seawater electrolysis, despite its great potential. High
concentrations of chloride ions, which feed the competing chlorine evolution reaction (CIER) at the anode, are
the main barrier. In addition to producing hazardous byproducts and severely corroding electrode materials,
CIER reduces the Faraday efficiency of the intended oxygen evolution reaction (OER). Furthermore, in alkaline
systems, calcium and magnesium ions precipitate as insoluble hydroxides, such as Mg(OH)2 and Ca(OH)2.
The life of the electrolyzer is significantly reduced as a result of the rapid deposition and blocking of catalytically
active sites [4]. Although electrocatalysts are known to have high activity, they lack the required stability and
selectivity. This is necessary for seawater separation, especially those based on noble metals such as
ruthenium (Ru), iridium (Ir) and platinum (Pt). These metals are not applicable for industrial applications due
to their high cost and limited availability. As a result, current research is focused on the creation of complex
base metal catalysts that can support high current densities while withstanding the harsh conditions of saline
electrolytes [5-7]. Due to their special structural characteristics, metal-organic frameworks (MOFs) have
recently emerged as a revolutionary class of materials for seawater electrolysis. Due to their incredibly large
surface areas, highly structured crystal structures, and variable porosity, MOFs allow for precise molecular
engineering. To inhibit CIER and improve OER selectivity, their porous architectures can be carefully designed
to preferentially pass water molecules while resisting hazardous ions such as chlorine. Furthermore, the
synergistic effects between organic linkers and metal centers (such as Fe, Ni, Co, Mg, and Mo) offer a solid
basis for the development of stable, multifunctional electrocatalysts that are economical and efficient [8-
10].This mini review's objective is to examine the advancements in MOF-based electrocatalysts for alkaline
seawater electrolysis throughout the previous five years. We discuss over MOFs as electrocatalyst, challenges
to producing hydrogen from seawater via alkaline electrolysis, and future directions. The purpose of this work
is to emphasize how important MOFs are to electrochemical alkaline seawater electrolysis systems.
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2. MOFs as electrocatalyst for hydrogen production from
seawater electrolysis

MOFs are a promising class of electrocatalysts that bridge the gap between homogeneous and heterogeneous
catalysis. Their special crystal structure, which is composed of organic linkers coordinating metal nodes, offers
a flexible structure to enhance the complex reactions involved in seawater splitting [11].

2.1. Structural advantages for seawater electrolysis

MOFs, due to their large electrochemically active surface area and high intrinsic porosity, are attractive for
seawater electrolysis. The tunable pore size of MOFs can function as a “molecular sieve,” unlike bulky metal
oxides. It is possible to sterically confine or repel larger or deleterious ions, including sulfates and chlorides,
while facilitating the flow of water molecules and hydroxide ions to the active sites by careful design of the
framework. To achieve high current densities at low overpotentials, these features offer a high density and
accessible active sites [12].

2.2. Increasing selectivity and suppressing CIER

The competition between the OER and the CIER is the most significant barrier in alkaline seawater electrolysis
(Figure 1). MOF electrocatalysts improve the efficiency of the reaction by modifying the electronic structure
[13]. To promote the adsorption of OER intermediates, the coordination environment around the metal sites
(such as Ni, Fe, and Co) can be controlled. According to recent studies, the addition of certain metals, such
as titanium (Ti) or molybdenum (Mo), to the MOF lattice creates a protective barrier or negatively charged
surface layer that electrostatically repels chlorine ions, resulting in an increased OER selectivity [14-15].
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Figure 1. Direct alkaline seawater electrolysis cell. The anode is functionalized with a multi-metal MOFs (Ni,
Fe, Ti, Mo).

2.3. MOF-Derived Electrocatalysts

It is important to note that many high-performance electrocatalysts are derived from MOFs. Thay can be
transformed into metal phosphides, sulfides, or carbon-encapsulated metal nanoparticles by carefully
regulated pyrolysis or phosphorization. These derivatives (Table 1) frequently have exceptional mechanical
strength and electrical conductivity, both of which are necessary for long-term stability in the corrosive marine
environment [16-17].



Table 1. Examples of MOF electrocatalysts studied in the period 2021-2026.

MOFs Example Reaction Overpotential Advantage Ref.
n mV
Pristine 2D 2D Ni/MOF OER 70 — 350 mV Maximum Atomic Utilization; [18]
HER Highly Tunable Electronic Structure;
Rapid Mass and Charge Transport;
Structural Flexibility for
Composites;
Defined Periodic Structure;
Synergistic Bimetallic Effects.
Bimetallic =~ NixFe;—xSe,  Overall OER - 310 mV/ 100 mA Dual functionality; High current [19]
Water cm2 ; 390 mV / 500 mA density; Optimized adsorption;
Splitting  cm™ Long-lasting durability.
HER 189 mV/ 100 mA
cm2 ;315 mV/ 500 mA
cm?
MOF- CoP/Fe,P Overall HER 259/500 mA cm™2 p-d orbital coupling [20]
Derived Water
Phosphides Splitting
OER
307 mV/500 mA c¢cm 2
MOF- Mo- HER 78 mV/ 10 mA cm™ Enhanced performance. [21]
Derived CuS/NiS/NF
Sulfides Stability.
Hybrid NizP@CeO» HER HER Stability in alkaline [22]
Composites
62 mV/10 mA/cm? natural seawater over 100 h
OER
229 mV/10 mA/cm™

3. Challenges to producing hydrogen from seawater via
alkaline electrolysis

MOF-based electrocatalysts hold great promise for the large-scale commercialization of hydrogen generation
from seawater, but several important challenges need to be addressed.

3.1. Anodic competition and chlorine evolution reaction



The key challenge is the kinetic and thermodynamic competition between the CIER and the OER [4]. The high
concentration of chloride ions in seawater induces the formation of hypochlorite, which is extremely corrosive,
although alkaline conditions theoretically promote OER. Catalyst degradation and reduced Faraday efficiency
result from the continued inability of most MOFs to maintain 100% selectivity for extended periods of time [23-
24].

3.2. Surface scaling and membrane fouling

Alkaline electrolysis leads to natural precipitation of insoluble hydroxides, primarily Ca(OH)2 and Mg(OH)2 as
well. As physical barriers, these solids:

- Blocking of the active catalytic sites of the MOFs [25].
- Increasing the ohmic resistance of the cell [26].
- Obstruction of ion exchange membranes [27].

One significant engineering challenge is controlling this "scaling" effect without costly desalination or ongoing
chemical cleaning.

3.3. Long-term stability of MOF structures

Research efforts have focused on the low stability of MOF electrocatalysts in saline conditions. The structure
of the electrocatalyst used in alkaline seawater electrolysis must be able to chemically attack Cl-ions and high
pH. The rapid release of Hz2 and Oz bubbles can cause mechanical stress that can detach the MOF layers from
the conductive support (such as nickel foam). It is still a challenge to develop MOF electrocatalysts that can
withstand industrial current densities and retain their crystalline structure for thousands of hours [28].

4. Future directions

To move towards industrial implementation of seawater electrolysis based on MOF electrocatalysts, several
strategic directions must be considered.

4.1. Innovative surface protection strategies

Improved surface engineering of MOF electrocatalysts is needed to counteract the formation of Mg/Ca
precipitates and the corrosive behaviour of chloride ions. The rapid release of gas bubbles can be facilitated
by designing hydrophobic/aerophilic surfaces that protect the MOF from physical damage. Furthermore, the
creation of MOFs with specific “ion filter” shells or negatively charged functional groups could successfully
repel Cl- ions and prevent the accumulation of solid hydroxides on the catalytic surface [29-30].

4.2. Green and scalable synthesis

The development of solvent-free or water-based MOF synthesis techniques is necessary for the shift to
industrial scale to lower costs and lessen environmental effect. To create large-area, economical electrodes,
research into continuous flow manufacturing and electrochemical deposition of MOFs directly onto industrial
substrates (such as nickel mesh or stainless steel) would be crucial [31].

4.3. Connecting Renewable Energy Sources

Future research should evaluate the efficiency of MOF electrocatalysts under variable power inputs, typical of
wind and solar power, as saltwater electrolysis is often envisioned for non-grit supplies. A key initial step toward
working “energy-to-hydrogen” solutions is to ensure that MOF-based systems can withstand non-uniform loads
without deterioration in quality [32].

5. Conclusion

A key initial step towards a sustainable green hydrogen economy is the development of efficient and long-
lasting electrocatalysts for alkaline seawater electrolysis. The emerging potential of MOFs as a flexible
electrocatalyst platform is highlighted in this mini review. MOF electrocatalysts offer a rare opportunity to
achieve high OER selectivity while suppressing the chlorine evolution side reaction due to their large surface
area, tunable porosity, and capacity to accommodate several active metal sites, including Ni, Fe, Co, and Mo.
That being said, there are several barriers that need to be overcome before laboratory prototypes can be used
in industrial settings. Still, efforts of scientists need to be focused on long-term structural stability and durability.
In conclusion, strategic engineering of MOF electrocatalysts offers one of the most promising technologies in
the quest for clean, unlimited energy from seawater, despite the ongoing challenges.
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