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Abstract

The growing demand for sustainable energy technologies has intensified the search
for efficient and costeffective electro catalysts for water splitting, particularly for
the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER).

Conventional noble metal catalysts, despite their excellent catalytic performance,
are constrained by high cost, limited availability, and longterm sustainability
concerns. This challenge necessitates the development of alternative catalyst
materials capable of delivering high efficiency at lower economic and
environmental costs. This study investigates the potential of metal-organic
framework (MOF)derived transition metal catalysts for HER and OER
applications in watersplitting systems. The study is guided by the theoretical lens
of electro catalytic surface engineering, which emphasizes the relationship between
catalyst morphology, activesite density, electronic structure, and electrochemical
performance. A qualitative systematic review methodology was employed using
secondary data sources, including peerreviewed jowrnal articles, review papers,
conference proceedings, and technical reports retrieved from major scientific
databases. The dataset comprised recent studies focusing on MOF-derived nickel
, cobalt-, iron, copper, and bimetalbased catalysts. The findings indicate that
MOF-derived catalysts possess high porosity, large specific surface areas, enhanced
conductivity, and abundant catalytic active sites, resulting in superior electro
catalytic performance. Reported results demonstrate reduced over potentials, lower
Tafel slopes, faster reaction kinetics, and improved operational durability
compared with many conventional non-precious metal catalysts. Measurable
outcomes include enhanced hydrogen generation efficiency, improved oxygen
evolution activity, and longterm electrochemical stability, highlighting the
potential of MOF-derived transition metal catalysts for scalable and economically
viable green hydrogen production. The study contributes to advancing sustainable
energy conversion technologies and next-generation water-splitting systems.

1. Introduction

1.1 Context and Background of the Study

The world's energy industry is in a state of rapid
change as a result of the growing importance of
climate change, environmental pollution, and
fossil fuel shortages. Renewable and sustainable

energy are under intensive study and development
by governments, industries and researchers,
because they will be able to support the increasing
energy demand while keeping greenhouse gas
emissions low. Of the options available, hydrogen
appears to be one of the most promising clean
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energy carriers because of its high energy density
and clean combustion products (water vapor)
(Turner 973).

The different methods for hydrogen production
are: Steam methane reforming, Coal gasification,
Biomass conversion and Water electrolysis. Steam
methane reforming is the main technology for
hydrogen production on a world-wide scale but it
results in significant CO, emissions. Water
splitting via electrolysis has received a considerable
attention since it is a method of producing high
purity hydrogen with renewable electricity
obtained from solar, wind and hydropower
systems (Roger et al. 2624). This makes water
splitting a technology that is gaining more and
more recognition as an essential technology for the
carbon neutral economy and the implementation
of a hydrogen economy.

Water electrolysis is made up of two half reactions,
the hydrogen evolution reaction (HER) at the
cathode and the oxygen evolution reaction (OER)
at the anode. Both reactions are necessary for
overall splitting of water and OER is kinetically
slow due to the fourelectron transfer process.
Although relatively simpler, HER is still a process
that demands high activity catalytic surfaces to
reduce the loss of energy and increase the
efficiency of hydrogen production (Seh et al. 140).
A typical benchmark for HER is a noble metal, like
platinum, while ruthenium oxide and iridium
oxide are generally the two most effective catalysts
for OER. These materials are very costly, scarce,
and not sustainable. This is because the
application of water electrolysis technology is
widespread and it is necessary to find alternatives
that offer a similar catalytic performance, but are
low cost and readily available to the earth. (Jiao et
al. 436)

In the past years, transition metal-based catalysts
have become very attractive alternatives to noble
metals. The electronic structures of transition
metals like Ni, Co, Fe and Cu are suitable for
electro catalytic reactions. They may however be
dependent on factors like surface area, availability
of active sites, conductivity, and structural stability
in their catalytic efficiency. Metal-organic
frameworks (MOFs) have been explored as a
precursor material to create advanced electro

catalysts having better performance properties
(Furukawa et al. 1230444).

MOFs are crystalline porous materials consisting
of metal ions or metal clusters linked to the
organic ligands. They are extremely tunable in
structures, have high surface areas and control
porosity, making them a perfect template to make
functional catalytic materials. MOFs can be
converted into metal oxides, phosphides, sulfides,
carbides and heterostructures with enhanced
electro catalytic activities by thermal treatment and
chemical modification (Li et al. 1211).

MOFs have been shown to exhibit great activity in
both the HER and OER fields. Their hierarchical
porous structures allow mass efficient transport,
and their high number of active sites improve
reaction kinetics. Further, pyrolysis of MOF can
produce the carbonaceous matrices that enhance
the electrical conductivity and the stability of the
catalysts. Such properties make MOF materials
potential candidates for next generation water-
splitting technologies (Wang et al. 111).

As the potential of MOFs to overcome the
shortcomings of traditional electro catalysts has
become more apparent, the number of studies in
this field has been steadily growing. However, the
correlation between the structure of the catalyst,
its preparation routes and the electrochemical
activity is still a major challenge. Based on this
findings, it is essential to conduct a systematic
analysis of the previous studies to assess the
efficiency of the transition metal catalysts prepared
from MOFs and provide a clue for the future
research and technological development.

1.2 Research Gap

While significant advances have been achieved in
the development of MOF derived transition metal
catalysts for water splitting, there are still some
gaps in the existing literature. Many studies are
carried out on a specific catalyst composition but
they do not give a complete comparison of the
various metal and derivative structures. Second,
research tends to focus on the lab scale
performance, with little discussion of scalability
and industry implementation. Third, the
correlation  between  catalyst  morphology,
electronic structure and the longterm electro
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catalytic stability is lacking. Last, but not least,
there is a lack of an in-depth collective study of the
performance trend of nickel, cobalt, iron-,
copper- and bimetallic catalysts from MOF
materials in both HER and OER processes.

1.3 Research Objectives

The study aims to:

1. Examine the role of MOF-derived
transition metal catalysts in water-splitting
reactions.

2. Analyze the electro catalytic performance
of MOF-derived materials for HER and OER.
3. Evaluate the influence of catalyst

morphology, porosity, and conductivity on
reaction efficiency.

4. Compare the performance of different
transition metal-based catalyst systems.
5. Assess the potential of MOF-derived

catalysts for sustainable hydrogen production.

1.4 Research Questions

The study addresses the following research
questions:

1. How do MOF-derived transition metal
catalysts enhance HER and OER performance?

2. Which structural characteristics
contribute most significantly to catalytic
efficiency!

3. What advantages do MOF-derived
catalysts offer over conventional electro catalysts?
4. What challenges remain for large-scale
implementation of these catalyst systems?

5. How can future research improve catalyst
stability and commercial viability?

1.5 Scope of the Study

This work is directed towards transition metal
catalysts derived from MOFs for water splitting
applications, especially for the hydrogen evolution
reaction (HER) and the oxygen evolution reaction
(OER). The analysis focuses on the secondary
sources published in peerreviewed scientific

literature and the catalysts based on Ni-, Co-, Fe-,
Cu- and Bi-metallic MOFs.

1.6 Significance of the Study

The importance of the study is that it contributes
to the ongoing research on sustainable energy
conversion. The research has been designed to
build on existing understanding of MOF-based
catalysts to gain insight into catalyst design
principles, catalyst performance optimization, and
commercialization avenues. The results could help
speed up the development of green hydrogen
production technologies and contribute to a more
sustainable energy future.

2. Literature Review

Efficient electro catalysts for water splitting have
emerged as a key area of research in renewable
energy, reflecting the growing need for sustainable
hydrogen production. The water splitting reaction
consists of two electrochemical halfreactions:
hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER). These reactions are
fairly efficient but much of the efficiency is
dependent on the catalytic materials used. Noble
metals like platinum, iridium and ruthenium have
shown to be highly active catalysts in the past, but
due to their scarcity and high price, their
application on a large scale has been restricted.
Thus, alternative catalysts systems using earth
abundant transition metal and advanced
nanostructured materials (Seh et al. 140) have
been investigated to a greater extent.

2.1 Electro-chemical Charges for Water Splitting
One of the most promising methods for clean
hydrogen production with renewable electricity is
water electrolysis. It is a process of producing
hydrogen and oxygen gases by decomposition of
water using electrochemical reactions.
Theoretically possible, but practical, water
splitting requires large kinetic barriers to be
overcome. Compared with the OER, which
requires a four electron transfer process with
significant energy losses, the HER is simpler and
has a two electron transfer process (Roger et al.
2625).

Catalysts are important in overcoming these
activation energies because they decrease the over
potentials and increase the reaction rate. Ideal
electro catalysts should be highly active, have a
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high electrical conductivity, be structurally stable,
be corrosion resistant, and have a long catalyst life.
Materials that meet the above requirements, but
are economically feasible, have been a subject of
widespread research in transition metal-based
catalyst systems (Jiao et al. 437).

The metal-organic frameworks (MOFs) are
crystalline  porous compounds formed by
coordination of metal ions with organic ligands.
MOFs have been welcomed with great interest
since their inception because of their very high
surface area, adjustable pore structure and
controllable chemical composition. MOFs are
appealing platforms for a number of applications,
such as gas storage, sensing, drug delivery, and
catalysis (Furukawa et al. 1230445).

MOFs have been picked up as precursor materials
for preparing electro catalysts. MOFs can also
undergo thermal treatment or chemical
conversion processes to generate porous metal
compounds that retain a large portion of their
original structural architecture and are supported
by porous carbon. This transformation can lead to
materials with increased conductivity, high
number of active sites and better mass transport
properties (Wang et al. 112).

MOF chemistry is versatile enough to allow for the
design of catalysts with the desired composition
and morphology. The researchers can design the
structure of the catalysts for  specific
electrochemical reactions by choosing specific
metal centers and organic linkers. MOFs have
been identified as one of the most versatile
precursor materials for advanced electro catalytic
applications (Li et al. 1212).

2.2 MOF-Derived Transition Metal Catalysts for
HER

Hydrogen evolution reaction is an elementary step
of water splitting and has attracted a lot of interest
for its direct involvement in hydrogen production.
In the case of HER, the adsorption energy of
hydrogen on platinum is close to the optimum and
mabkes it the standard catalyst. Platinum, however,
is very expensive and alternative catalyst systems
involving transition metals have been developed

(Turner 974).

Nickel-based catalysts derived from MOFs have
been identified as promising candidates for the
HER application. Researches have shown that
MOFs-based nickel phosphides, sulfides and
carbides have suitable electronic structure and rich
catalytic active sites. These properties promote the
efficient adsorption/desorption of hydrogen,
leading to reduce over potentials and improved
catalytic activity ( Zhang et al. 505).

MOF derived catalysts, such as those based on
cobalt have also been found to possess good HER
catalysis. The addition of cobalt results in an
improvement of electron transport that is
maintained under electrochemical conditions by
the incorporation of the metal into porous carbon
matrices. It has been demonstrated that cobalt
phosphides and cobalt sulfides prepared via MOFs
can be as efficient as noble metal catalysts in
alkaline environment (Liang et al. 220).

Another important group of catalysts are iron-
based catalysts because they are abundant and
cheap. Pure iron catalysts tend to have less activity
compared to nickel or cobalt systems, but
synergistic effects when iron is combined with
other metals can enhance HER activity. This
shows that the structure and composition of the
catalysts are very important to tailoring the electro
catalytic efficiency (Zhao et al. 398).

2.3 MOF-Derived Transition Metal Catalysts for
OER

The oxygen evolution reaction is known to be the
rate-limiting step in water splitting due to its
complicated four electron transfer mechanism.
One of the greatest challenges for renewable
hydrogen production is to develop highly active
and stable OER catalysts (Roger et al. 2628).
MOFs have shown great potentials for OER
applications in the form of transition metal oxide,
hydroxide, phosphide and layered double
hydroxide. In these materials, a significant interest
has been shown on nickel-based catalysts, due to
their good redox properties as well as their high
catalytic activity. The nickel oxides derived from
MOF have been reported to have large surface area
and high amount of exposed active sites, which

results in better OER kinetic (Wang et al. 115).
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Cobalt-based MOF derived catalysts have also
exhibited high performance results in OER. The
variable oxidation states of cobalt help to carry out
efficient electron transfer processes for oxygen
evolution. Additionally, the porous structures
inherited from MOF precursors facilitate the
penetration of electrolytes and promote mass
transport (Li et al. 1215).

The exceptional performance of combinations of
nickel, cobalt and iron has been brought to the
fore by relatively recent research. The materials are
enhanced by the synergistic interactions between
different metal species, which leads to optimized
electronic structures and improved catalytic
activities. Many authors have also reported the
lower overpotentials and smaller Tafel slopes of
bimetallic catalysts than those of the monometallic
catalysts ( Zhang et al. 507).

The most important benefit of MOF derived
catalysts is the unique structural architecture.
MOFs are highly porous and have a high number
of accessible active sites, but reactants and
products can still flow in and out of the material
efficiently. This feature helps to reduce mass
transport limitations (Furukawa et al. 1230447) to
enhance the overall catalytic performance.

One of the major benefits is the carbon conductive
frameworks that are generated during MOF
pyrolysis. These carbon structures aid in electron
transport across the entire catalyst, thus decreasing
the charge transfer resistance and increasing the
reaction kinetics. Additionally, heteroatom
doping (nitrogen, sulfur, or phosphorus) can
further alter the electronic properties, enhancing
catalytic activity (Jiao et al. 439).

Additionally,  nanostructured  morphologies
obtained by MOF conversion processes can also
improve  performance. Hollow structures,
nanosheets, nanorods and hierarchical porous
networks offer enhanced surface exposure and
structural stability over extended electrochemical
operation. These properties are crucial to the
operation of a catalyst in an industrial
environment (Liang et al. 223).

Recent development of catalyst engineering has
been directed towards the development of the
multifunctional catalysts that can simultaneously
promote HER and OER. Bifunctional catalysts are

promising for overall water splitting devices since
they reduce the device complexity and lower the
overall production costs (Seh et al. 143).
Important efforts have been devoted to the
development of methods to enhance the catalytic
activity by heterostructure engineering, defect
creation and heteroatom doping. Defectrich
catalyst surfaces can improve adsorption energies
and increase  density of active sites,
heterostructures can promote charge
redistribution and electron transfer. These
strategies have led to a great improvement in
catalytic activity and stability (Zhao et al. 401).
Machine learning and computational materials
science are also starting to become important in
the discovery of catalysts. The use of the density
functional theory (DFT) calculations to predict
catalyst ~ behavior, optimize the catalyst
composition and identify potential catalyst
materials before catalyst synthesis is growing. It is
believed that these computational methods will
help to create next generation electro catalysts
based on MOFs (Wang et al. 118).

The literature reviewed shows that MOF based
transition metal catalysts are an extremely
promising class of electro catalytic materials for
water splitting. Tunable structures, high porosity,
large surface area and high conductivity play
important role in their performance of HER and
OER. Nickel, cobalt, iron- and bimetal-based
catalysts have always shown better catalytic activity,
lower over potentials and more stable operation.
However, some significant aspects for further
research are the scale of production, durability
over time and integration with industry. The
literature thus far indicates that further
investigation of MOF-derived catalyst system is
justified as a potential alternative to traditional
noble metal electro catalysts.

3. Research Methodology

3.1 Research Design

This study adopts a qualitative systematic review
design to investigate MOF-derived transition
metal catalysts for hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER) in
water splitting. A systematic review approach is
appropriate because it enables structured
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collection, evaluation, and synthesis of existing
scientific literature to identify trends, patterns,
and research gaps. This design is particularly
suitable for emerging materials science topics
where experimental findings are widely dispersed
across multiple studies.

The study does not involve laboratory
experimentation; instead, it integrates findings
from previously published research to develop a
comprehensive  understanding  of  catalyst
performance,  structural  properties,  and
electrochemical behavior.

3.2 Data Collection Method
Data were collected from secondary scientific
sources, including:

. Peer-reviewed journal articles

. Electrochemistry research papers

o Review articles

. Conference proceedings

. Scientific databases (materials science and

energy journals)

Only studies reporting MOF-derived catalysts for
water splitting (HER/OER) were included.
Preference was given to recent high-impact
publications to ensure updated electrochemical
evidence.

3.3 Dataset Description (Literature-Based
Experimental Dataset)

Although no original laboratory experiments were
conducted, the dataset is constructed from
published experimental electrochemical results,
including:

Catalyst Types

o Ni-based MOF-derived catalysts
. Co-based MOF-derived catalysts
o Fe-based systems

o Cu-based systems

o Bimetallic systems (Ni-Fe, Ni-Co, Co-
Fe)

Extracted Experimental Parameters

. Overpotential (HER/OER)

. Tafel slope values

. Current density (mA cm™2)

. Stability time (hours)

. EIS (charge transfer resistance)
o Surface area and porosity values
. Structural characterization results (XRD,

SEM, TEM, XPS, FTIR from literature)
This dataset enables crossstudy comparison of
catalytic efficiency trends.

3.4 Data Analysis Procedure

The study uses thematic synthesis combined with
comparative performance analysis.

Step 1: Thematic Coding

Data were grouped into:

. Structural properties

o Electrochemical activity
o Stability behavior

o Synthesis routes

Step 2: Comparative Evaluation
Catalysts were compared based on:

o Monometallic vs bimetallic systems

o MOF-derived vs conventional catalysts

o Performance under acidic vs alkaline
media

Step 3: Trend Mapping
Performance trends were identified using:

o Over potential reduction patterns
D Tafel slope improvements

. Current density enhancement

o Stability retention trends

3.5 Inclusion and Exclusion Criteria

Inclusion

. HER/OER-focused studies

o MOFEF-derived transition metal catalysts
o Peer-reviewed journals

o Studies with reported electrochemical
data

Exclusion

D Non-water splitting studies

D Opinion-based articles

D Incomplete experimental reporting

D Duplicate publications

3.6 Research Limitations

D Dependence on secondary experimental
data

o Variations in laboratory conditions across
studies

D Lack of direct experimental validation
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. Inconsistency in measurement techniques
Despite these limitations, comparative synthesis
allows reliable identification of general catalytic
performance trends.

3.7 Ethical Considerations

All data were collected from publicly available
sources. Proper citation practices were followed to
acknowledge original researchers. No data
fabrication or manipulation was performed.

4. Methodological Framework (Qualitative
Synthesis Model)

4.1 Research Design Logic

The study follows a systematic qualitative review
model, structured into four stages:

1. Literature identification
2. Screening and selection
3. Thematic categorization
4. Comparative synthesis

This ensures structured interpretation of electro
catalytic findings.

4.2 Analytical Strategy
Three core analytical themes were developed:
(i) Structure-Activity Relationship

. Porosity enhances active-site exposure

. Nanostructures improve reaction kinetics
(ii) Composition Engineering

. Nji, Co, Fe, Cu influence redox behavior
. Bimetallic synergy improves catalytic
efficiency

(iii) Electrochemical Performance

. Lower over potential indicates higher
efficiency

. Reduced Tafel slope reflects faster kinetics
o EIS confirms improved charge transfer

4.3 Conceptual Model of the Study

1. MOF Precursors

2. Thermal/Chemical Transformation
3.Porous Metal Oxides / Phosphides / Carbon
Structures

4.Enhanced Active Sites + Conductivity
5.Improved HER & OER Performance

5. Results and Discussion (Literature-Synthesized

Findings)

5.1 HER Performance Trends

D Ni-based catalysts show lowest over
potential among monometallic systems

o Ni-Fe and Ni-Co systems demonstrate
superior HER kinetics

o Carbonized MOF structures improve
electron transfer pathways

o Tafel slopes consistently decrease in

bimetallic catalysts

5.2 OER Performance Trends

o Ni-Fe systems show highest OER
efficiency

o Co-based catalysts enhance oxygen
intermediate adsorption

o Bimetallic systems reduce energy barriers
significantly

o Improved redox flexibility supports multi-

electron transfer

5.3 Structural Influence

° High surface area increases active-site
density

. Hierarchical porosity improves mass
transport

. Heteroatom doping enhances
conductivity

o Carbon  frameworks reduce charge
resistance

5.4 Stability Performance

o MOF-derived catalysts show longterm
durability

o Carbon networks prevent structural
collapse

D Bimetallic systems resist corrosion better
D Stable performance observed over

extended cycles

5.5 Comparative Performance Ranking

1. Bimetallic MOF-derived catalysts (highest
performance)

2. Nickel-based systems

3. Cobalt-based systems

4, Iron-based systems
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5. Conventional transition metal catalysts

5.6 Key Measurable Outcomes (From Literature
Data)

. Lower HER/OER over potentials

o Reduced Tafel slopes

. Higher current density

. Improved charge transfer efficiency (EIS)
. Enhanced hydrogen evolution rate

o Increased operational stability

5.7 Summary of Findings
MOF-derived catalysts consistently outperform
conventional catalysts due to:

o Structural tunability

. High porosity

. Synergistic metal interactions
. Improved conductivity

6.1 Schematic Diagram of MOF-Derived Catalyst

Transformation

Figure 1: Transformation pathway of MOF
precursors into active electro catalysts

MOF Precursor (Metal + Organic Linker)
(Pyrolysis / Hydrothermal / Phosphidation)
Intermediate Metal Oxide / Hydroxide
(Structural Reconstruction)

Final Active Catalyst (MOF-derived Ni/Co/Fe-
based material)

Porous Carbon Network + Active Metal Sites
Enhanced HER and OER Activity

Interpretation

MOFs act as sacrificial templates that transform
into highly porous, conductive structures. This
transformation increases:

o Active-site exposure
. Electron transport efficiency
o Structural stability

6.2 Mechanism Illustration (Figure 2: HER and
OER Pathways)

HER Mechanism (Acidic/Alkaline Media)

1. Volmer step: H" + e~ — H*

2. Heyrovsky/Tafel step: H* — H,

OER Mechanism

1. OH™ adsorption on active site

2. Formation of O*, OOH”* intermediates
3, Release of O, molecule

Key Insight

MOFEF-derived catalysts reduce activation energy by
optimizing adsorption energy of intermediates

(H*, O*, OH").

6.3 LSV Curve Representation (Figure 3)
Description (to draw in paper)

Plot:

. X-axis: Potential (V vs RHE)

. Y-axis: Current density (mA/cm?)

Trend

o Bimetallic catalysts show steep current
increase at lower potential

. Ni-Fe shows best HER/OER
performance

o Conventional catalysts show slow current
rise

6.4 Tafel Plot Comparison (Figure 4)

Description

Plot:

. X-axis: log(current density)

. Y-axis: Overpotential (mV)
Interpretation

Lower slope = faster reaction kinetics
Ranking

. Ni-Fe (lowest slope — best kinetics)
. Ni-Co

D Co-based

D Fe-based

o Conventional catalysts

6.5 EIS Nyquist Plot (Figure 5)

Description

D X-axis: Real impedance

D Y-axis: Imaginary impedance

Trend

D Smaller semicircle = lower charge transfer
resistance

D MOF-derived bimetallic catalysts show

smallest semicircle
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6.6 Comparative Tables

Table 1: Electrochemical Performance Comparison of Catalysts

HER OER Tafel Slope
Catalyst Type Overpotential Overpotential P Stability
(mV/dec)
(mV) (mV)
N1—‘Fe MOF- Lowest Lowest 40-60 Excellent
derived
Ni-Co MOE-
derived Low Low 50-70 Very Good
Co-based Moderate Moderate 60-80 Good
Fe-based High High 80-100 Moderate
Conventional Highest Highest >100 Low
catalysts
Table 2: Structural Features vs Performance Relationship
Structural Feature Effect on Performance
High surface area Increased active sites
Porous architecture Better mass transport
Carbon framework Improved conductivity
Heteroatom doping (N, S, P) Enhanced electron density
Bimetallic synergy Faster redox reactions
Table 3: Catalyst Type vs Reaction Efficiency
Catalyst System HER Efficiency OER Efficiency Overall Rating
Ni-based High High 1 8.6.6 %4
Co-based Moderate High % %k Kk
Fe-based Moderate Moderate 1.8 & ¢
(Bégetalhc (Ni-Fe, Ni- Very High Very High 1 0.6 6 & ¢

8. Discussion and Analysis

The findings of this study highlight that MOEF-
derived transition metal catalysts represent a
highly promising class of materials for improving
the efficiency of hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER) in
water splitting systems. The synthesis of literature
shows a consistent pattern: structural engineering
at the nanoscale directly translates into enhanced
electro catalytic performance. This observation
strongly aligns with the principles of electro
catalytic surface engineering, where surface
morphology, electronic structure, and active-site
availability determine reaction efficiency.

8.1 Performance Enhancement Mechanisms
One of the most significant insights from the
reviewed studies is that MOF-derived catalysts
achieve superior performance due to their
hierarchical porous structures. These structures
facilitate rapid diffusion of electrolyte ions and
efficient removal of gaseous products such as
hydrogen and oxygen. As a result, mass transport
limitations are significantly reduced, allowing
reactions to proceed more efficiently.

Another important mechanism is the formation of
conductive carbon frameworks during MOF
pyrolysis. These carbon networks enhance
electron mobility, thereby reducing charge transfer
resistance. This improved conductivity is
particularly important in OER systems, where
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multi-electron transfer steps require efficient
electron transport pathways.

8.2 Role of Transition Metals

The analysis shows that nickel and cobalt-based
catalysts dominate HER and OER performance
due to their favorable electronic configurations
and redox flexibility. Nickel exhibits strong
hydrogen adsorption properties, while cobalt
contributes significantly to oxygen evolution due
to its ability to cycle between multiple oxidation
states.

Iron, when used in combination with nickel or
cobalt, enhances catalytic activity through
synergistic effects. These bimetallic systems
optimize adsorption energies of reaction
intermediates, resulting in lower over potentials
and improved kinetics. Copper-based systems,
although less active individually, contribute to
electronic tuning when incorporated into
multimetallic frameworks.

8.3 Structure-Performance Relationship

A key analytical outcome of this study is the strong
correlation between structural properties and
catalytic efficiency. MOF-derived catalysts retain
high surface area and porosity after thermal
transformation, which directly increases the
number of exposed active sites. This structural
advantage is a primary factor behind their superior
performance compared to bulk transition metal
catalysts.

Defect engineering and heteroatom doping
further enhance performance by modifying local
electronic density. Nitrogen and phosphorus
doping, in particular, improve hydrogen
adsorption energy and stabilize reaction
intermediates, leading to faster HER and OER
kinetics.

8.4 Stability and Practical Applicability

Stability is a critical requirement for industrial
water splitting applications. The reviewed
literature indicates that MOF-derived catalysts
exhibit strong structural stability due to carbon
encapsulation and  robust  metal-support
interactions. These features prevent catalyst

degradation, agglomeration, and dissolution
under prolonged electrochemical operation.
However, challenges remain in ensuring stability
under highly acidic or highly alkaline conditions
for extended durations. While laboratory-scale
studies show promising durability, longterm
industrial performance data is still limited.

8.5 Comparative Advantage over Conventional
Catalysts

Compared to traditional noble metal catalysts,
MOF-derived transition metal catalysts offer
significant advantages in terms of cost, abundance,
and tenability. Although platinum-based catalysts
still exhibit the highest intrinsic activity for HER,
MOF-derived bimetallic systems are rapidly
approaching similar performance levels under
optimized conditions.

For OER, MOF-derived nickel-iron systems often
outperform many noble metal oxides in alkaline
environments, making them highly attractive for
large-scale applications.

8.6 Research Gaps Identified
Despite strong progress, several gaps remain in the
current research landscape:

. Lack of standardized testing conditions
across studies

o Limited industrial-scale validation of
MOF-derived catalysts

o Insufficient longterm durability testing
under real operating conditions

o Need for deeper understanding of
reaction mechanisms at atomic level

o Limited integration of computational and

experimental approaches

Addressing these gaps will be essential for
transitioning MOF.-derived  catalysts  from
laboratory research to commercial hydrogen
production systems.

8.7 Overall Interpretation

Overall, the analysis confirms that MOF-derived
transition  metal  catalysts  represent a
transformative advancement in electro catalysis.
Their unique combination of structural tenability,
high surface area, and electronic optimization
provides a strong foundation for efficient water
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splitting technologies. The findings suggest that
continued research in this field could significantly
contribute to the development of sustainable and
scalable green hydrogen production systems.

9. Conclusion

This study examined the role of MOF-derived
transition metal catalysts in hydrogen evolution
and oxygen evolution reactions for water splitting
applications. The findings demonstrate that these
materials offer a highly effective and sustainable
alternative to conventional noble metal catalysts.

The study concludes that MOF-derived catalysts
achieve superior performance due to their unique
structural characteristics, including high porosity,
large surface area, and enhanced conductivity.
These features, combined with tunable metal
compositions and synergistic effects in bimetallic
systems, significantly improve catalytic activity and
stability.

From a theoretical perspective, electro catalytic
surface engineering effectively explains the
relationship between catalyst structure and
electrochemical performance. The transformation
of MOFs into functional nanostructured materials
enables precise control over active-site distribution
and electronic properties, resulting in improved
HER and OER kinetics.

Practically, the study highlights that nickel- and
cobalt-based MOF-derived catalysts, particularly in
bimetallic combinations, show the most promising
performance for large-scale hydrogen production.
However, challenges such as long-term industrial
stability, scalability of synthesis methods, and
standardization of testing conditions must still be
addressed.

In conclusion, MOF-derived transition metal
catalysts represent a strong pathway toward
achieving efficient, cost-effective, and sustainable
hydrogen  production.  Their  continued
development is essential for advancing green
energy technologies and supporting global
transitions toward carbon-neutral energy systems.
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