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Gonzalo Garcia

Smart Materials for Carbon Neutrality: Redox-Active MOFs for Atmospheric CO2 Capture by
Electrochemical Methods
Reprinted from: Catalysts 2025, 15, 1134, https://doi.org/10.3390/catal15121134 . . . . . . . . . 4

Samuel Akinlolu Ogunkunle, Fabien Mortier, Assil Bouzid, Jack Jon Hinsch, Lei Zhang,

Zhenzhen Wu, et al.

Navigating Alkaline Hydrogen Evolution Reaction Descriptors for Electrocatalyst Design
Reprinted from: Catalysts 2024, 14, 608, https://doi.org/10.3390/ catal14090608 . . . . . . . . . . 32

Sai Che, Yu Jia and Yongfeng Li

Design and Synthesis of Self-Supported Water-Splitting Transition Metal-Based Electrocatalysts
via Electrospinning
Reprinted from: Catalysts 2025, 15, 205, https://doi.org/10.3390/catal15030205 . . . . . . . . . . 52

Saira Ajmal, Junfeng Huang, Jianwen Guo, Mohammad Tabish, Muhammad Asim Mushtaq,

Mohammed Mujahid Alam and Ghulam Yasin

Substrate Engineering of Single Atom Catalysts Enabled Next-Generation Electrocatalysis to
Power a More Sustainable Future
Reprinted from: Catalysts 2025, 15, 137, https://doi.org/10.3390/catal15020137 . . . . . . . . . . 79

Adelina A. Zasypkina, Nataliya A. Ivanova, Dmitry D. Spasov, Ruslan M. Mensharapov,

Matvey V. Sinyakov and Sergey A. Grigoriev

Recent Advances in the Development of Nanocarbon-Based Electrocatalytic/Electrode
Materials for Proton Exchange Membrane Fuel Cells: A Review
Reprinted from: Catalysts 2024, 14, 303, https://doi.org/10.3390/catal14050303 . . . . . . . . . . 127

Shashanka Rajendrachari, Gireesha R. Chalageri, Rayappa Shrinivas Mahale, Emre Altas,

Yashwant Chapke and Vinayak Adimule

Investigation of Electrocatalytic Applications of Various Advanced Nanostructured Alloys—An
Overview
Reprinted from: Catalysts 2025, 15, 259, https://doi.org/10.3390/catal15030259 . . . . . . . . . . 151

Naomi Helsel and Pabitra Choudhury

Non-Platinum Group Metal Oxygen Reduction Catalysts for a Hydrogen Fuel Cell Cathode: A
Mini-Review
Reprinted from: Catalysts 2025, 15, 588, https://doi.org/10.3390/catal15060588 . . . . . . . . . . 185

Hengxing Qiu, Shilong Wen, Qiuju Fu and Xuebo Zhao

Oxygen Reduction Reactions of Catalysts with Asymmetric Atomic Structures: Mechanisms,
Applications, and Challenges
Reprinted from: Catalysts 2025, 15, 615, https://doi.org/10.3390/catal15070615 . . . . . . . . . . 207

v



Hany M. Abd El-Lateef, Mai M. Khalaf and Ibrahim M. A. Mohamed

Advances in Phosphorus-Based Catalysts for Urea Electrooxidation: A Pathway to Sustainable
Waste to Energy Conversion Through Electrocatalysis
Reprinted from: Catalysts 2024, 14, 937, https://doi.org/10.3390/catal14120937 . . . . . . . . . . 241

vi



About the Editor

Vincenzo Baglio

Vincenzo Baglio is a Research Director at the CNR – Institute of Advanced Technologies for

Energy “Nicola Giordano” in Messina, Italy. He obtained a B.Sc. degree in Chemistry from the

University of Messina (Italy) and a Ph.D. in “Materials for Environment and Energy” from the

University of Rome “Tor Vergata” (Italy). His current research focuses on energy conversion and

storage, particularly in the fields of fuel cells, electrolysers, and metal–air batteries. Vincenzo

Baglio has published more than 250 articles in international journals, 10 book chapters, 1 book,

and 1 international patent. He has also contributed to approximately 400 national and international

conferences, including more than 30 invited or keynote presentations.

vii





Editorial

Feature Review Papers in Electrocatalysis

Vincenzo Baglio

Institute of Advanced Energy Technologies “Nicola Giordano”, Consiglio Nazionale delle Ricerche, Via Salita
Santa Lucia sopra Contesse, 5, 98126 Messina, Italy; vincenzo.baglio@itae.cnr.it

Electrocatalysis lies at the heart of many of the technologies required for a sustainable
energy future, enabling the efficient interconversion of chemical and electrical energy
under mild conditions and with direct compatibility with renewable power sources. From
hydrogen production and fuel cells to carbon dioxide capture, environmental remediation,
and electrochemical sensing, advances in electrocatalyst design are critical to overcoming
kinetic limitations, reducing energy losses, and improving durability and scalability. In
recent years, remarkable progress has been witnessed, driven by deeper mechanistic
understanding, precise control of active sites at the atomic and molecular level, and the
emergence of advanced materials architectures.

This Special Issue, entitled “Feature Review Papers in Electrocatalysis”, brings together
nine comprehensive reviews that collectively reflect the breadth, maturity, and forward
momentum of the field. The contributions span fundamental concepts, materials chemistry,
theoretical descriptors, and device-level considerations, highlighting how rational electro-
catalyst design can address key challenges in energy conversion, storage, and sustainability.

Several contributions focus on advanced materials platforms and atomic-scale design princi-
ples. Single-atom catalysts (SACs), reviewed in Contribution 6, represent an advancement
in electrocatalysis due to their maximized metal utilization and well-defined active sites.
This work provides a thorough analysis of substrates, metal–support interactions, coordina-
tion environments, and synthesis strategies while critically discussing how structural and
electronic regulation governs activity, selectivity, and stability across reactions such as ORR,
OER, HER, CO2RR, and NRR. Complementarily, Contribution 2 highlights asymmetric
atomic-structure catalysts for the oxygen reduction reaction, demonstrating how symmetry
breaking through heteroatom doping, defect engineering, or cluster formation can disrupt
linear scaling relationships and significantly enhance catalytic performance. Together, these
reviews underscore the importance of precise active-site engineering beyond conventional
structure–activity paradigms.

The role of carbon-based and metal–nitrogen–carbon (M–N–C) systems in fuel cell tech-
nologies is addressed in Contributions 3 and 9. Contribution 3 critically reviews recent
advances in Fe–N–C catalysts as platinum-group metal-free alternatives for PEM fuel cells,
emphasizing synthesis strategies such as MOF-derived templates and cascade anchoring
that improve active site density and durability in acidic media. Contribution 9 broadens the
perspective by examining structured carbon components in electrocatalyst layers, revealing
key correlations between composition, degradation resistance, and fuel cell performance
under harsh operating conditions. Together, these reviews provide valuable insights into
reducing cost while extending the lifetime of fuel cell devices.

Electrocatalysis for small-molecule activation and sustainable chemical transformations is
another central theme of this issue. Contribution 1 explores electrochemical CO2 capture us-
ing redox-active metal–organic frameworks, positioning these materials at the intersection

Catalysts 2026, 16, 207 https://doi.org/10.3390/catal160302071
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of coordination chemistry, electrochemistry, and materials engineering. By defining what
constitutes true redox activity in MOFs and proposing cross-cutting performance metrics,
this review advances the rational design of energy-efficient, cyclic CO2 capture systems.
Contribution 7 focuses on phosphorous-based catalysts for the electrocatalytic oxidation
of urea, highlighting their dual role in wastewater treatment and energy generation. This
work demonstrates how compositional tuning and surface engineering can unlock efficient
and durable waste-to-energy pathways.

Water electrolysis and hydrogen production are addressed from both materials and theo-
retical perspectives. Contribution 5 reviews self-supported transition metal-based electro-
catalysts fabricated via electrospinning, emphasizing how this versatile technique enables
high surface area, efficient mass transport, and robust electrode architectures for HER and
OER. Contribution 8 complements this experimental focus by reviewing energy-based theo-
retical descriptors for alkaline HER, illustrating how parameters such as water dissociation
barriers and hydroxyl adsorption free energies can guide catalyst design and identify true
active sites.

Finally, Contribution 4 expands the scope of electrocatalysis into electrochemical sensing,
reviewing advanced alloy-based modifiers for carbon paste electrodes. By showcasing stain-
less steel, high-entropy alloys, and shape-memory alloys for the detection of biologically
and environmentally relevant analytes, this contribution highlights how electrocatalytic
principles extend beyond energy applications and can reshape analytical electrochemistry.

Taken together, the reviews in this Special Issue illustrate the dynamic and interdis-
ciplinary nature of electrocatalysis, where advances in theory, materials chemistry, and
device engineering converge. We hope that this collection will serve as a valuable reference
for both established researchers and newcomers to the field, stimulating further innovation
toward efficient, durable, and scalable electrochemical technologies for a sustainable future.

Acknowledgments: The Guest Editor sincerely thanks all the authors and reviewers whose valuable
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extended to the journal Special Issue Editor for her invaluable support in managing the Special Issue.

Conflicts of Interest: The author declares no conflicts of interest.

List of Contributions

1. Castro-Castillo, C.; Suazo-Hernández, J.; Espinoza-González, R.; Garcia, G. Smart Materials
for Carbon Neutrality: Redox-Active MOFs for Atmospheric CO2 Capture by Electrochemical
Methods. Catalysts 2025, 15, 1134. https://doi.org/10.3390/catal15121134.

2. Qiu, H.; Wen, S.; Fu, Q.; Zhao, X. Oxygen Reduction Reactions of Catalysts with Asymmet-
ric Atomic Structures: Mechanisms, Applications, and Challenges. Catalysts 2025, 15, 615.
https://doi.org/10.3390/catal15070615.

3. Helsel, N.; Choudhury, P. Non-Platinum Group Metal Oxygen Reduction Catalysts for a
Hydrogen Fuel Cell Cathode: A Mini-Review. Catalysts 2025, 15, 588. https://doi.org/10.3390/
catal15060588.

4. Rajendrachari, S.; Chalageri, G.; Mahale, R.; Altas, E.; Chapke, Y.; Adimule, V. Investigation
of Electrocatalytic Applications of Various Advanced Nanostructured Alloys—An Overview.
Catalysts 2025, 15, 259. https://doi.org/10.3390/catal15030259.

5. Che, S.; Jia, Y.; Li, Y. Design and Synthesis of Self-Supported Water-Splitting Transition Metal-
Based Electrocatalysts via Electrospinning. Catalysts 2025, 15, 205. https://doi.org/10.3390/
catal15030205.

6. Ajmal, S.; Huang, J.; Guo, J.; Tabish, M.; Mushtaq, M.; Alam, M.; Yasin, G. Substrate Engineering
of Single Atom Catalysts Enabled Next-Generation Electrocatalysis to Power a More Sustainable
Future. Catalysts 2025, 15, 137. https://doi.org/10.3390/catal15020137.

https://doi.org/10.3390/catal160302072



Catalysts 2026, 16, 207

7. Abd El-Lateef, H.; Khalaf, M.; Mohamed, I. Advances in Phosphorus-Based Catalysts for Urea
Electrooxidation: A Pathway to Sustainable Waste to Energy Conversion Through Electrocatal-
ysis. Catalysts 2024, 14, 937. https://doi.org/10.3390/catal14120937.

8. Ogunkunle, S.; Mortier, F.; Bouzid, A.; Hinsch, J.; Zhang, L.; Wu, Z.; Bernard, S.; Zhu, Y.; Wang,
Y. Navigating Alkaline Hydrogen Evolution Reaction Descriptors for Electrocatalyst Design.
Catalysts 2024, 14, 608. https://doi.org/10.3390/catal14090608.

9. Zasypkina, A.; Ivanova, N.; Spasov, D.; Mensharapov, R.; Sinyakov, M.; Grigoriev, S. Recent
Advances in the Development of Nanocarbon-Based Electrocatalytic/Electrode Materials for
Proton Exchange Membrane Fuel Cells: A Review. Catalysts 2024, 14, 303. https://doi.org/10.339
0/catal14050303.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/catal160302073



Review

Smart Materials for Carbon Neutrality: Redox-Active MOFs for
Atmospheric CO2 Capture by Electrochemical Methods

Carmen Castro-Castillo 1,*, Jonathan Suazo-Hernández 2,3, Rodrigo Espinoza-González 1
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Abstract: The electrochemical capture and transformation of carbon dioxide (CO2) (ECC)
has recently emerged as a transformative alternative to conventional sorbent-based pro-
cesses, enabling fully reversible operation under mild conditions and direct compatibil-
ity with renewable energy sources. This review focuses on redox-active metal–organic
frameworks (MOFs) as electrosorbent materials for the electrochemical capture of CO2.
Rather than encompassing all electrochemical CO2 capture technologies, we use molec-
ular, polymeric, and COF-based systems as a framework to define what makes a MOF
truly “redox-active” for CO2 electrosorption and how its performance can be assessed.
This includes capacitive versus faradic electrosorption mechanisms and design strategies
based on the redox chemistry associated with metal nodes, π-conjugated ligands, and
strongly redox-active units such as tetrathiafulvalene, viologen, and ferrocene. The way in
which defects affect hybrid MOF composites was highlighted, and in situ and operando
spectroscopic techniques have improved the understanding of the reaction mechanism
in carbon dioxide capture and release under controlled potential. Research comparing
carbonaceous materials, redox polymers, and hybrid structures has highlighted both the
opportunities and limitations of MOFs, particularly in terms of energy efficiency, scalability,
structural robustness, and reproducibility. From a broader perspective, redox-active MOFs
occupy a unique position at the intersection of coordination chemistry, electrochemistry,
and materials engineering for large-scale applications. In this review, we analyze how
redox activity in MOFs—at the metal nodes, ligands, and extended structures—can be har-
nessed to design energy-efficient, cyclic electrochemical CO2 capture systems. Furthermore,
we propose cross-cutting metrics and design rules that enable meaningful comparisons
between materials and device architecture.

Keywords: redox-active MOFs; electrochemical CO2 capture; conducting structures;
electrosorption mechanism; ligand-centered redox activity; defect engineering; energy-
efficient carbon capture

Catalysts 2025, 15, 1134 https://doi.org/10.3390/catal151211344
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1. Introduction

The greatest scientific and technological challenges of this century have been the
reduction in climate change. One of the key strategies proposed to systematically re-
duce carbon dioxide (CO2) emissions is carbon capture and storage (CCS), and carbon
capture, utilization, and storage (CCUS) have become necessary instruments in global
environmental decarbonization policies [1,2]. CO2 capture processes are based on chemi-
cal absorption using solvents, physical adsorption in microporous materials, or selective
separation using membranes. However, these approaches have several disadvantages,
such as high energy requirements for sorbent regeneration, solvent degradation, limited
molecular selectivity, and low scalability under industrial conditions [3]. Under these cir-
cumstances, a new paradigm has emerged: electrochemical CO2 capture (ECC), an option
that can be carried out under ambient conditions, with high reversibility and compatibility
with current challenges, such as renewable energy sources. Unlike thermal processes,
electrochemical methods regulate the electrochemical potential of CO2, allowing capture
and electrochemical conversion to be combined in a single device [4,5]. This approach
represents a promising step toward closed-loop carbon technologies, where electrochem-
ical CO2 capture and transformation are integrated into energy-efficient and potentially
scalable systems [6–8].

The success of ECC depends exclusively on the electrosorbent material in which
the reaction is generated. Early studies focused mainly on heteroatom-doped carbons,
redox-active polymers, and hybrid compounds [9–11]. These studied materials promise
rapid kinetics and excellent reversibility, but they present limited molecular selectivity
and insufficient control of host-guest interactions. In contrast, metal–organic frameworks
(MOFs) have emerged as a highly efficient, adsorptive, and versatile class of materials
thanks to their large active surface area, modularity and structural defects, in addition
to their ability to incorporate specific active sites by designing metal nodes and organic
bonds [12]. Despite their success in CO2 capture, conventional MOFs show low intrinsic
electrical conductivity, which limits their direct use and development in conventional
electrochemical systems [13]. Due to these limitations, the development of a subclass
of conducting or redox-active MOFs has been encouraged. This subclass has developed
electron transport facilitated by metal nodes, π-conjugated ligands, or structural defect
engineering [14–16].

Two-dimensional (2D) MOFs such as Cu3(HHTP) 2 and Ni3(HITP)2 have been shown
in several studies to have reversible CO2 adsorption modulated by the applied electro-
chemical potential, while maintaining structural stability over multiple voltammetric
cycles [17,18]. This is attributed to the charge redistribution of the electron density, induced
by oxidation/reduction processes that change to a higher affinity of the active sites towards
CO2 molecules (Scheme 1) [19]. However, the scientific community remains divided re-
garding the true potential of these MOF scaffold systems. Several researchers highlighted
the tunable selectivity and molecular-level control offered by porous MOFs compared to
widely studied traditional materials [20,21], while others emphasize practical limitations
such as instability under humid conditions, scalability in synthetic processes, and energy ef-
ficiency [22,23]. In this sense, emerging approaches such as surface defect engineering and
post-synthetic functionalization of the material seek to simultaneously improve electrical
conductivity, selectivity and increase the density of active sites [24–26].
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Scheme 1. Schematic overview of this review on redox-active MOFs for electrochemical CO2 capture.
The figure first classifies the main families of electrosorbent materials (carbons, polymers, COFs,
MOFs and redox-active MOFs), then highlights different categories of redox-active MOFs (metal-node,
ligand-redox, conductive 2D frameworks and defect-engineered/hybrid systems) and their capacitive
vs. faradaic electrosorption behavior, and finally links these materials to typical electrochemical cell
configurations (H-cell, flow cell and membrane cell), key performance metrics (regeneration energy,
kinetics, capacity, stability) and current challenges and opportunities (conductivity, CO2 selectivity
and scalability).

The convergence of coordination chemistry, electrochemistry, materials engineering, and
sustainability research positions redox-active MOFs as a promising and prominent platform in
the field of smart carbon management. However, a comprehensive review critically analyzing
their role in electrochemical CO2 capture, unifying mechanistic, molecular, and industrial
scale applied perspectives, is still lacking. This review aims to address this deficiency by
providing a systematic overview encompassing the fundamentals of capacitive and faradaic
electrosorption; recent advances in redox-active MOF design, material conductivity, and
metal-ligand behavior; and technological challenges, such as the prospects for large-scale
implementation and integration with electrochemical conversion processes, over the past
10 years of research in this field. Furthermore, this review aims to demonstrate how redox
activity in MOFs, whether in metal nodes, ligands, or extended structures, can be rationally
harnessed to design electrochemical CO2 capture systems that contribute to carbon neutrality,
and to propose cross-cutting metrics and rules for the design of these materials that allow for
meaningful comparison between materials and devices. Figure 1 summarizes the conceptual
framework adopted in this work, which structures the following sections into five intercon-
nected dimensions: molecular design, redox control, CO2 capture kinetics, benchmarking and
limitations, and device integration for carbon-neutral processes.

The scope of this review is specific. We do not intend to provide a comprehensive
analysis of all electrochemical approaches to CO2 capture with redox-active MOFs. Instead,
we first describe the general principles and representative examples of electrochemically
mediated CO2 capture using molecular, polymeric, and COF-based redox carriers, as a point
of reference. Next, we focus on redox-active metal–organic frameworks (MOFs) and hybrid
systems based on MOFs, analyzing how redox activity at the metal nodes and/or ligands
controls the thermodynamics, kinetics, and selectivity of CO2 binding. To conclude this
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review, we propose cross-cutting performance metrics and design rules that can be used to
compare MOFs with other electrosorbents and to guide the development of next-generation
redox-active MOFs for integrated CO2 capture and conversion technologies.

Figure 1. Conceptual framework of this review, highlighting redox-active metal–organic frameworks
as electrosorbents for electrochemical CO2 capture.

2. Fundamental and General Principles of CO2 Electrosorption in MOFs

In this direction, the electrochemical capture and transformation of CO2 was presented
as a promising alternative, unlike conventional methods (thermal absorption or adsorption),
since it allowed modulating the gas/solid interaction by applying a controlled electrochemi-
cal potential, this was classified as electrosorption, which allowed the reversible adjustment
of the electron density and surface charge of the material used, thus determining the affinity
of the adsorbent for the CO2 molecules studied [27,28].

Electrosorption formed the conceptual core of electrochemical CO2 capture and trans-
formation, introducing a level of dynamic and reversible control that is very difficult to
achieve in other, more conventional chemical systems. Depending on the charge stor-
age process, two main mechanisms can be distinguished: capacitive electrosorption and
Faradaic or redox-active electrosorption. While both mechanisms can occur simultaneously,
they vary according to their physical and chemical nature [29,30].

Storage in the electrical double layer: this capacitive mechanism prevailed in porous
materials such as graphene aerogels, activated carbons, and heteroatom-doped carbons. In
these cases, adsorption was generated by physical interactions, driven by an electric field,
formed at the electrode/electrolyte interface when a voltage was applied. The formation

7
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of an electrical double layer caused a redistribution of ions that modified the attraction of
polar molecules, temporarily retaining them within the pores of the MOF material [31,32].
This process was characterized by rapid kinetics and high reversibility, as the potential
change was sufficient to release the adsorbed gas. The absence of chemical transformations
supported excellent stability. However, its molecular selectivity was low, and the capture
capacity directly depended on the surface area and porosity of the particles [33–35].

However, due to its conceptual simplicity, capacitive electrosorption proved insufficient
for achieving more selective CO2 capture. Its future development lies in hybrid configurations,
where it could serve as a stable and conductive junction for redox-active compounds.

Faradaic electrosorption: Redox processes and molecular control involve oxidation-
reduction processes at functional sites of the studied material, modifying the electron
density and directly modulating the interaction with the analyzed gas [35,36] This mecha-
nism has been studied in redox-active materials such as electroactive polymers; for example:
quinones or viologens; metal oxides and redox-active MOFs.

During the reduction study, the redox sites gained electrons, generating transient
anionic species that stabilized the CO2 molecule through dipolar interactions. During
oxidation, the process was reversed, promoting desorption. This electronic switch pro-
vided more precise molecular control than capacitive electrosorption, resulting in higher
selectivity and lower energy consumption of the system [37,38].

However, this mechanism introduced new challenges: redox stability often degraded
after multiple cycles, especially in the presence of impurities; and balancing conductivity,
active site density, and porosity remained a structural challenge [37].

Faradaic electrosorption promised a selective and efficient route, but its success de-
pended on material design. Without electronic design, the redox advantage was lost due to
structural degradation resulting from the material’s low durability and resistive losses.

Critical comparison of both electrosorption methods: Capacitive electrosorption stood
out for its simplicity and robustness, but lacked molecular discrimination, which required struc-
tural modifications; Faradaic electrosorption introduced chemical control and high selectivity,
although it required materials with advanced electronic conductivity, modularity, and stability,
which necessitated changes in the design architecture. Consequently, molecular hybrid systems
combining porous conductive components with redox-active sites lead us to a more promising
system, integrating molecular redox modulation with capacitive stability [39,40].

Redox-active MOFs emerged as promising and unique candidates to integrate both
mechanisms into a single material, combining high porosity, large surface area, pro-
grammable electronic (switch) functionality, and a well-ordered, crystalline architecture.

2.1. Redox-Active MOFs as a Platform for Faradaic Electrosorption

MOFs, unlike doped carbons or electroactive polymers, their lattice structure al-
lows for parallel tuning of conductivity, active site density, and CO2 selectivity through
compositional modification, doping, and structural defects. MOFs provide a molecular
and defect engineering platform that enables redox binding to both metal nodes and
organic ligands [15,28].

At redox-active metal nodes, multivalent metal centers such as Cu, Fe, Ni, and Co
alternated their oxidation states, acting as switchable CO2 capture sites. In systems derived
from HKUST-1 or Fe carboxylates, node reduction increased the local electron density,
favoring transient coordinative and electrostatic interactions with CO2 [8,10,41,42].

These materials demonstrated the concept of switched trapping, their poor and limited
electronic conductivity prevented a homogeneous response of the material, highlighting the need
to improve the coupling between the redox-active metal nodes and the conductive network.

8
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On the other hand, π-conjugated ligands and intrinsic conductivity, the use of
π-conjugated electroactive ligands, such as HHTP and HITP, introduced continuous elec-
tronic channels that exhibit distributed redox processes and direct charge modulation
within the pores and defects of the material.

MOFs such as Cu3(HHTP)2 and Ni3(HITP)2 [10,15,43] showed high structural stability
and electron mobility, demonstrating the possibility of tuning their affinity toward CO2 by
applying an electric potential [17,44–46].

Consequently, these MOF-type materials represent the current frontier between adsor-
bents and functional semiconductors. While their synthesis remained complex, delicate,
and expensive, a full understanding of the relationship between selectivity and molecular
durability, as well as their electronic structure, which required further study, was still needed.

Ni-bis(diimine)-based MOFs have also been studied. The most recent study by Liu
et al. [43] marked a milestone by demonstrating solid-state CO2 capture and release, confirm-
ing the cycling stability and redox durability of Ni-bis(diimine)-based MOFs. These studies
validated the feasibility of solid-state devices with applied potential-controlled response.

The study of defect engineering and postsynthetic functionalization has been funda-
mental. The insertion of structural defects, whether metal vacancies, heteroatomic substitu-
tion, and absence or presence of ligands, altered the density of electronic states and created
high-energy adsorption centers, improving the redox response of the MOF [28,47]. Simi-
larly, postsynthetic functionalization with viologenic groups increased the density of active
sites, which improved and enhanced the reversible electrochemical capture of CO2 [28].

Clearly, defect engineering offered an effective approach to fine-tuning electronic
properties; long-term stability for industrial application and synthetic reproducibility
remained problematic to date; standardized protocols for peer validation were required.

In a comparative evaluation of MOFs, between redox polymers or capacitive carbons,
redox-active MOFs stood out for their tunable selectivity through structural design, high
reversibility (crystalline rigidity), and functional integration capability in electrochemical
CO2 capture and conversion processes. Limitations of these MOFs included high synthesis
costs and low scalability, as well as their fragility to contaminants and moisture [43,44].

In general, redox-active MOFs represent a highly versatile platform for the electro-
chemical capture and transformation of CO2. However, their transition from laboratory
to industrial applications depends on advances in intrinsic conductivity, environmental
stability, and macroscale scalable synthesis methodologies.

2.2. Electrochemical Techniques: Characterization of Redox Activity and Adsorption Dynamics for
MOFs in CO2 Capture

Electrosorption mechanisms in redox-active MOFs are fundamental to study and under-
stand, requiring the correlation of redox processes with gas adsorption and structural changes
induced by the applied electrochemical potential. In this regard, cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) were fundamental tools to evaluate the
electronic response of the material and the interaction mechanism with CO2 molecules [46].

Cyclic voltammetry (CV) and square wave voltammetry (SWV) techniques have allowed
to know the redox couples associated with metallic nodes orπ-conjugated ligands, for example,
Cu2+ → Cu+ or Fe3+ → Fe2+, and the correlation of these events with variations in the amount
of adsorbed CO2. In systems such as Cu3(HHTP)2 or Ni-bis(diimine) units in MOFs, the
processes associated with anodic and cathodic currents were directly linked to the capture and
release of CO2, which corroborates the faradaic and reversible nature of the process [10,43].

EIS provided information on charge transfer, interfacial capacitance, and internal
resistances of the material. This technique showed a decrease in charge transfer resis-
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tance during CO2 adsorption. Nyquist diagrams indicated an increase in local electron
density, resulting in higher conductivity within the porous and defective channels of the
two-dimensional MOFs studied [48,49].

The combination of CV and EIS techniques allowed us to differentiate between capacitive
and faradaic behaviors, revealing the efficient coupling between electrochemical processes
and gas adsorption. However, comparative analyses remained scarce and lacked standardized
protocols that would allow for an adequate interpretation of what happened at the surface
with CO2 in a quantitative and reproducible manner across different laboratories.

2.3. Spectroscopic Techniques: Structural Correlation and Mechanistic Evidence of CO2 in MOFs

On the other hand, electrochemical techniques were aided by in situ and operational
spectroscopic techniques, providing direct evidence of the structural and chemical changes
that occur during CO2 electrosorption. Techniques such as infrared spectroscopy (FTIR), X-ray
absorption spectroscopy (XAS), and in situ Raman spectroscopy allowed the identification
of intermediate species, changes in the oxidation of metal nodes, and modifications in the
vibrations of π-conjugated ligands, respectively [38]. These studies confirmed the formation
of surface carbonates and bidentate species, which disappeared when the potential applied to
the CO2 electrodesorption was reversed, thus corroborating the reversibility of the process.

Electrochemical and spectroscopic characterization was essential to understanding the
synergy of conducting MOFs between redox processes and molecular adsorption. However,
this field still required reproducible protocols and universal parameters to verify capture
efficiency in different materials and compare them across systems. Establishing experimental
standards analogous to those used in electrochemical energy storage was considered a crucial
step to consolidate the industrial application of redox-active MOFs in CO2 capture.

3. Redox-Active MOFs as Electrosorbents for CO2: Archetypes
and Mechanisms

In the context established above for the electrochemical capture of CO2 from redox-
active MOFs, this section focuses on how these electrosorbent materials, highlight structural
systems in which metal-centered and/or ligand-centered redox processes directly control
the adsorption and desorption of CO2 under an applied potential.

3.1. Classic Redox MOFs: HKUST-1 and Fe Carboxylates

Classical systems already studied, such as HKUST-1 (Cu-BTC) and Fe carboxy-
lates describe the first attempts to employ redox-active metal centers for CO2 capture
and absorption [50].

In one of the most classic and studied MOFs, Cu-BTC, the Cu2+/Cu+ reduction increased
the electron density at the metal nodes, which improved the adsorption, although its instability
in the presence of moisture restricted its applicability [5,38,51]. Another widely investigated
MOF is Fe-based MOFs, which demonstrated that Fe3+/Fe2+ states could actively participate
in the adsorption processes, naturally linking CO2 capture and electrochemical conversion
within the same material, which marked the next steps to follow [49,52].

Understanding these types of MOFs was conceptually fundamental to future advances,
but they had a major limitation: low conductivity and a tendency toward degradation,
making them historical models, although they retained their value for structural compari-
son and mechanistic analysis. Table 1 shows representative electrochemical CO2 capture
systems based on redox carriers.
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Table 1. Representative electrochemical CO2 capture systems based on redox carriers.

Active
System/Material

Type of
Material/Mechanism

CO2 Medium
Reported

Capture Metrics
Key Comment References

Polyanthraquinone–
CNT (PAQ–CNT) +

PVFc–CNT (Faradaic
electro-swing)

Redox polymer
(quinone) supported on

CNT; reactive
electro-swing

Solid-state cell,
electrolyte [Bmim]

[Tf2N]; gas 0.6–10% v/v
CO2 in N2

Faradaic
efficiency ≈ 490%;

40–90 kJ·mol−1 CO2
work; capacity virtually

independent of inlet
concentration; loss <
30% after 7000 cycles

Iconic demonstration of
reactive electro-swing
with quinones; high

energy efficiency and
excellent cyclability

[53]

Molecular
redox-active amine

Dissolved redox
organic molecule
(electrochemically
mediated capture)

Electrochemical cell
with amine redox in
organic electrolyte;

simulated
CO2 currents

Electronic utilization
(mol CO2/mol e−) up to
1.25; reversible capture

and release over
multiple cycles

It shows that a
molecular carrier can

overcome the
1 CO2/e− limit

through chemical
design of the amine

[54]

1,8-ESP (phenazine
bis-sulfonate)

Phenazine redox
molecule; pH-swing

cell coupled to
electrical storage

Highly soluble aqueous
solution (>1.35 M) over

a wide pH range;
captures from

concentrated and dilute
streams

Capacity 0.86–1.41 mol
CO2·L−1; energy cost
36–55 kJ·mol−1 CO2;

capacity degradation <
0.01% per day

Complete CO2 capture
with electrochemical
storage; key reference

in pH-swing cells

[55]

BDT-Q
(benzodithiophene-

quinone)

Redox heterocyclic
quinone; stable

electrochemical capture
in the presence of O2

Cells with BDT-Q in
electrolytes containing
O2; CO2 currents with

O2

High stability in the
presence of O2;

maintains virtually
unchanged capture

capacity after prolonged
cycling (values detailed

in the article)

Overcomes one of the
bottlenecks of quinones:

O2 deactivation
[56]

Quinones grafted on
porous carbon

(f-CMK-3 and others)

Mesoporous carbons
covalently

functionalized with
anthraquinone

Functionalized carbon
electrodes in

organic/ionic media;
CO2 in flow

Significant increase in
electrochemical capture
capacity compared to

non-functionalized
carbon; simultaneous

improvement in charge
storage (specific

capacities and faradaic
efficiencies reported)

First systematic family
of

quinone-functionalized
carbons for ECC; basis

for optimizing
structure-performance

[57]

Quinone-
functionalized carbons

(structure-
performance study)

A series of porous
carbons with varying

porosities/surface
areas, functionalized
with anthraquinone.

Electrodes in different
electrolytes; CO2

atmosphere.

All materials exhibit
reversible

electrochemical capture;
capacity and kinetics are
correlated with the pore

environment; capture
energies and kinetic

parameters are detailed
in the paper.

Clear relationships are
established between

electrode structure and
capture performance.

[58]

Anthraquinone COF
(COF-AQ)

Conductive organic
covalent framework
with anthraquinone

units

COF electrodes in ionic
liquid electrolyte and

aqueous media; CO2 in
flow

Electrochemical capacity
> 2.6 mmol CO2 g−1

COF (≈50% of
theoretical capacity);
energy ~31 kJ·mol−1

CO2; stable capture for
500 cycles with 99.6%
coulombic efficiency

First demonstration of
electrochemical CO2
capture with a COF;

very high capacity and
good stability

[59]

3.2. Electrosorption in a Two-Dimensional MOF: Cu3(HHTP)2

Another important MOF has been Cu3(HHTP)2, a two-dimensional molecule that
marked the first clear experimental evidence of reversible CO2 capture and release upon
applying electrochemical potential (a fixed potential was used for capture and the reverse
potential for release). Vetik et al. and Zhao et al. [10,60] demonstrated that redox modula-
tion of HHTP ligands transformed the material’s affinity for CO2, which was validated by
CV, differential electrochemical mass spectrometry (DEMS) and density functional theory
(DFT). Applying reduction potentials increased the electron density and reached a capacity
of approximately 2 mmol g−1, while changing the potential completely released the gas,
confirming its Faradaic reversibility in the CO2 reaction study.
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This MOF represented a functional model that combined conductivity, structural
stability, and π-delocalization. However, its response was highly dependent on the pres-
sure and temperature conditions used, as well as the electrolyte composition, limiting its
scalability beyond controlled laboratory environments [61].

Figure 2 shows the structural diversity of redox-active MOFs investigated to date. MOFs
based on redox-active metal centers, either Cu, Fe, or Ni, offered nodes with multiple elec-
trochemical oxidation states, while ligand-centered systems, such as TTF, viologens, and
ferrocene, provided charge transport and electronic flexibility. Together, these architectures ex-
plained that electronic modulation could be implemented from both metal nodes and organic
ligands, opening new avenues to control selectivity, charge density, and adsorption kinetics.

Figure 2. Representative MOFs redox-active for electrochemical CO2 capture, highlighting archety-
pal examples such as (A) HKUST-1 (Cu(BTC)) [62], (B) Fe-carboxylate MOFs [63,64], (C) 2D con-
ductive MOFs (Ni3(HHTP)2) [15], and (D) ligand-centered systems incorporating TTF [65,66],
(E) ferrocene [67] (F) Viologen-based redox-active ligands [68]. (a) Schematic structures of viologen-
containing polypeptides, in which the viologen units are connected to the backbone through alkyl
spacers of three (C3), six (C6), or nine (C9) methylene groups. (b) Chemical structure of the refer-
ence viologen polymer (PV), where the viologen moieties are attached to a non-peptidic backbone.
(c) Simplified redox scheme of methyl viologen, illustrating the interconversion between the dication
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(MV2+), the radical cation (MV +), and the neutral species (MV0). And (G) ferrocene functionali-
ties [69]. All subfigures are reproduced or adapted from the cited references with permission from
the respective publishers.

3.3. Metallic Conductivity in Two-Dimensional Structures: Ni3(HITP)2

A 2D MOF such as Ni3(HITP)2, initially conceived as a supercapacitor material [15,70,71],
stood out for its metallic conductivity and the presence of electrochemically accessible Ni
redox states. To date, no systematic studies on its electrochemical interaction with CO2

have been performed; its highly ordered two-dimensional structure and broad electron
mobility have positioned it as a structural reference for the design of next-generation
redox-active MOFs.

This Ni3(HITP)2 MOF illustrated how conducting MOFs could act as electronic plat-
forms before being functionalized for CO2 capture. The key was to combine its excel-
lent conductivity with coordinating groups that facilitated chemical interaction with the
CO2 molecule.

3.4. MOF with Ni-bis(Diimine) Units

As mentioned above, Liu et al. [43] achieved a fundamental breakthrough by demon-
strating reversible solid-state CO2 capture and release using a Ni-bis(diimine) MOF. This
study validated that the metal nodes acted as stable redox switches under laboratory con-
ditions. However, the structural robustness and high faradaic efficiency of this system laid
the groundwork for solid-state capture devices with controlled response by the application
of an electrochemical potential.

These studies validated redox shifting as a mechanism of operation but also high-
lighted the need to investigate the degradation of nickel sites under extended cycles of more
than 104, an aspect that has not yet been adequately documented in recent publications, and
which would pave the way for the implementation of these materials at an industrial level.

3.5. Emerging Strategies: Defect Engineering and Doped ZIFs

Research on these redox-active materials has led to the discovery of new strategies
focused on the introduction of defects and metallic dopants to improve electrochemical
stability, increase the density of redox sites, and optimize the molecular matrix of these
systems. Studies by Zhang et al. [47] demonstrated that defect engineering facilitated
electronic transport and altered the charge distribution over the MOF structural ligands,
transforming conventional ZIFs and MOFs into partially conducting platforms.

Defect engineering was considered one of the most promising approaches, although
risky, since an excess of vacancies could collapse the crystal lattice and alter selectivity. The
challenge lay in controlling defects without compromising the integrity of the structure.

3.6. Other Redox-Active Families: TTF MOFs, Viologens and Ferrocenes

MOFs based on organic ligands with high redox activity expanded the spectrum of
functional design:

Tetrathiafulvalene (TTF): has demonstrated reversible redox states and high con-
ductivity. Its MOFs have been explored in molecular electronics and could be tuned for
electrosorption due to their electronic tunability [65,66,72,73]

Viologens: These ligands were known for their reversible radical dication behavior
and provided potentials for electroswitchable matrices, where adsorption and release
directly depended on the potential applied to the system [74–76].
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Ferrocene MOFs: Iron (Fe2+/Fe3+) redox pathways provided chemical stability and
accessible redox behavior, with a long history in energy storage applications [77–80].
However, their direct application in electrosorption was not yet tested, they represented a
promising frontier based on established coordination chemistry.

These MOF systems based on redox-active organic ligands offered the greatest design
flexibility, but their main challenge lay in maintaining an effective electronic conduction
path along their entire crystal lattice.

3.7. Thin Films and Hybrids Are Integrated with MOFs

The current use of redox-active MOFs depends on their methodology and integration
into functional architectures. The most relevant strategies were:

(1) Electrosynthesized thin films: this type of system on surfaces allows MOFs to be
anchored directly on conductive substrates, for example, ITO, graphene, among
others, optimizing electrical contact and reducing interfacial resistance [81–83].

(2) MOF-COF type molecular hybrids: they combined the crystalline porosity of MOFs
with the extended π conductivity of COFs, improving mechanical stability and
charge mobility [84].

(3) MOF-carbon based composites: dispersion of MOF particles in carbon nan-
otube or graphene matrices increased conductivity and increased accessibility to
active sites [85].

These strategies shifted the focus from chemistry to engineering. It was not enough to
design a redox-active MOF; it was essential to process it into functional configurations that
would allow its integration into industrial and real-world electrochemical systems.

Table 2 summarizes the fundamental differences between carbons, redox polymers,
and redox-active MOFs. While the former differs in stability and low cost, and the latter in
chemical modularity, MOFs offer a unique property that combines molecular selectivity,
electronic control, and structural design.

Table 2. Comparison of families of materials for electrochemical CO2 capture.

Materials Dominant Mechanism Main Advantages Critical Limitations References

Porous
carbons

Capacitive electrosorption
(double layer)

High cyclic stability; low
cost; wide availability

Limited selectivity; low
gravimetric capacity [4,49]

Redox
polymers

Faradaic electrosorption
on quinone, viologen, etc.

groups.

Chemical modularity;
high reversibility;

selectivity potential

Long-term chemical
degradation;

limited conductivity
[86,87]

Redox-active
MOFs

Electron redistribution in
metallic nodes and

ligands

Molecular selectivity;
structural tunability;

possibility of integrating
capture and conversion

Structural stability;
expensive synthesis;
limited scalability

[15]

Based on this background, redox-active MOFs were considered the most versatile plat-
form for the development of electrochemical CO2 capture technologies. Their advancement
depends on overcoming obstacles related to conductivity, stability, and scalability, as well
as establishing comparable metrics that similarly assess capture efficiency across different
families of MOF-type materials.

Following the mechanistic framework proposed by Vetik et al. [10], Figure 3 shows an
adapted scheme that summarizes the main electrochemical CO2 capture mechanisms in
redox-active MOFs, namely capacitive, faradaic, and hybrid pathways.
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Figure 3. Schematic representation of the main electrochemical CO2 capture mechanisms in redox-
active MOFs, including capacitive, faradaic, and hybrid pathways. Adapted with modifications
from I. Vetik et al., “Advancing Electrochemical CO2 Capture with Redox-Active Metal-Organic
Frameworks,” arXiv:2411.16444 (2025) [10].

4. Redox-Active MOFs: Proposed Mechanisms of
Electrochemical Trapping

The electrochemical trapping of CO2 in redox-active MOFs resulted from the syner-
gistic combination of physical interactions and localized redox processes that altered the
electron density at the metal nodes and organic ligands [88].

Unlike purely porous adsorbents, conductive MOFs allowed the energetics of the
gas–solid interaction to be modulated in real time by applying an electrochemical potential,
enabling dynamic control of the adsorption and desorption of CO2 molecules (Figure 4).

 

Figure 4. Schematic representation of electron redistribution in redox-active ligands under applied
potential. In 2D conducting MOFs such as Cu3(HHTP)2, the conjugated HHTP ligands act as electron
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reservoirs, delocalizing charge along the molecule; (a) mechanism; (b) absorption energy; (c) counter
exchange in jellium [10]. In TTF-MOFs, reversible oxidation of tetrathiafulvalene regulates the
electron density for CO2 binding. Viologen-based ligands undergo redox dication/radical transi-
tions, generating localized charge and enhanced polarization. Ferrocene-functionalized structures,
e.g., NU-1000-Fc, provide stable Fe2+/Fe3+ pairs, which act as redox markers and tunable binding
sites. Simultaneously, these systems illustrate how ligand-centric redox processes can be harnessed
to reversibly and controllably modulate CO2 affinity.

4.1. Modulation of Metallic Nodes in MOFs

Redox-active metal nodes constitute the main interaction sites in classical MOFs. Re-
versible transitions such as Cu2+/Cu+ in HKUST-1 or Fe3+/Fe2+ in carboxylate MOFs
regulated the local electron distribution and generated the intensity of Lewis-type interac-
tions between the reduced metal center and the CO2 carbon atom.

With the application of reducing potential, the nodes increased their electron density,
generating a transient coordinative stabilization in the adsorbed CO2 [89]. This redox
modulation showed us the changes in the in situ IR and XPS spectra, where the carbonyl
band (C=O) shifted to a lower energy during the reduction, indicating a reinforced metal
and CO2 (M-CO2) interaction.

In this sense, modulation of metallic nodes provided direct control over the molecule’s
affinity for the gas but often carried the risk of structural degradation and partial dissolution
of the metal under intense polarization, resulting in an unstable material. The main
challenge was to design metallic nodes with operating redox processes that balanced the
material’s activity and stability.

4.2. Electron Redistribution in π-Conjugated Ligands in MOF-Type Systems

Two-dimensional MOFs containing HHTP ligands, such as Cu3(HHTP)2 act as electron
reservoirs, generating electron movement and charge redistribution toward the ligand pores
upon application of a reducing potential. This phenomenon, occurring in 2D MOFs, gener-
ated locally charged environments that brought CO* molecules closer together through
electrostatic interaction and polarization induced by an external potential, explaining the
Faradaic reversibility observed experimentally in these materials [10,15,90]. In extended
π-conjugated systems, electron delocalization reduced the charge transfer resistance, which
benefited the coupling between gas trapping and the redox reaction.

The π-conjugated ligands not only transferred electrons but also functioned as elec-
tronic switches, allowing precise molecular control of CO2 adsorption and desorption.
Their role in selectivity toward other molecules such as H2O, N2, and CH4 had not yet been
thoroughly studied.

4.3. Strongly Redox Ligands: TTF and Viologen

On the other hand, MOFs with redox-active organic ligands represented a new avenue
for electronic modulation, as charge transfer in the ligands used was deciphered. In MOFs
with TTF ligand, the reversible oxidation of tetrathiafulvalene alternated between low- and
high-electron-density states, modulating the polarity of the material’s pores or defects and,
consequently, its specific affinity for CO2 [65,66,91,92].

Furthermore, MOFs with Viologen ligands utilize the cation-dication radical transition
in their mechanism, producing localized charges that induce electrostatic attraction toward
the molecules. These processes are used as molecular switches controlled by the applied
potential, facilitating the design of programmable materials that respond to partial pressure
and gas composition [93].
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These Viologen TTF ligands have represented a major advance in molecular elec-
tronics and gas adsorption. However, a quantitative correlation between redox potentials
and adsorption free energy (ΔGads), a key parameter for assessing the feasibility of their
technological application, was still needed.

Taken together, these examples illustrate different design strategies for making MOFs
redox-active for electrochemical CO2 capture:

(i) Housing a molecular carrier within a porous structure.
(ii) Incorporating redox-active bonds or nodes so that the structure itself acts as a sorbent.
(iii) Leveraging MOF environments that pre-concentrate and activate CO2 at electrochem-

ically polarized interfaces.

While the underlying chemical reactions are diverse, they share the common charac-
teristic that CO2 binding can be modulated by an applied potential. To provide a concise
comparison of these systems, Table 3 summarizes representative redox-active MOFs and
MOF-based materials, highlighting their electrochemical configurations and reported CO2

capture metrics (including Qst, the isosteric heat of CO2 adsorption), as well as the specific
role the MOF plays in each case.

Table 3. Redox-active MOFs and MOF-based materials for electrochemical CO2 capture electrochemi-
cal configurations, CO2 capture metrics and role of the MOF.

MOF/Material
Metal

Anode/Redox Ligand
Electrochemical
Configuration

CO2 Capture Metrics Comment on the Role
of the MOF

References

Cu3(HHTP)2
(conducting MOF)

Redox-active Cu(II)
node; aromatic

2,3,6,7,10,11-
hexahydroxytriphenylene

(HHTP) ligand

Cu3(HHTP)2
electrodes in aqueous
electrolyte; dissolved
and gas-phase CO2;

CV, GCD, and DEMS

Capacity of ≈2 mmol
CO2 g−1; ΔH_ads ≈

−20 kJ·mol−1;
reversible

capture/release in
redox cycles in water

First MOF to switch its
CO2 capture capacity

in aqueous
electrolytes; The

combination of Cu
redox + conjugated
π-ligand governs
electrosorption

[10]

Hybrid MOF/quinone
(Wenger–

D’Alessandro)

Stable MOF
framework

(Mg-MOF-74 type or
other robust analog)
mechanochemically
impregnated with a

redox quinone
molecule

MOF + quinone
cathode electrodes;

potential-dependent
controlled capture,

studied by spectroelec-
trochemistry

Reversible
electrochemical

capture of CO2 is
demonstrated;

faradaic currents
associated with the

quinone/CO2 reaction
and in situ

spectroscopic changes
are reported

(capacities and
energies detailed in

the paper)

First explicit
demonstration of a

redox-active
MOF-based adsorbent
for electroswing; the
MOF acts as a porous
scaffold and stabilizes

the redox host

[94]

Zn(NDC) (DPMBI)
and its reduced forms

Zn(II) node;
redox-active

benzenenotetracarbox-
idiimide ligand

(DPMBI)

Controlled chemi-
cal/electrochemical

reduction (Na+

introduction) of the
framework; static CO2

adsorption
measurements

Increased CO2
capacity and increased
reduction degree up to

a certain limit; also
improved CO2/N2

selectivity compared
to the neutral MOF

Qst [95]

Ni2(dobdc) and
functionalized

derivatives (e.g.,
pip-Ni2 (dobdc))

Ni(II) node; dobdc
ligand with open sites

and grafted amines

Adsorption cells
where

oxidation/reduction
in the framework (or
ligands) modulates

CO2 affinity; primarily
studied by adsorption

+ T/P stimulation
and redox

Higher CO2/N2
selectivity and even

higher after
functionalization;
changes in affinity

have been explored by
adjusting the metal’s
redox state and the

density of basic sites

Qst [96]
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Table 3. Cont.

MOF/Material
Metal

Anode/Redox Ligand
Electrochemical
Configuration

CO2 Capture Metrics Comment on the Role
of the MOF

References

Various redox-active
MOFs (TTF, NDI, etc.)

with CO2 response

Frameworks with
tetrathiafulvalene

(TTF),
naphthalenediimide

(NDI), or other
π-redox

systems ligands

SURMOF-type thin
films and single

crystals; spectroelectro-
chemical studies under

CO2 atmospheres

Changes in
UV-Vis-NIR spectra

and adsorption
capacity upon

switching between
redox states; in some
cases, an increase in

Qst and CO2 adsorbed
charge

These studies
demonstrate how
redox ligands on

MOFs can serve as a
platform for gas
electrosorption,

although they are not
always quantified as
complete ECC cells.

[97]

Cu- and Ni-MOFs
functionalized for CO2

capture/activation

Different nodes (Cu,
Ni, Co) and ligands

with basic/redox sites

MOF or
MOF-derivative

electrodes in
electrochemical cell

configurations
(sometimes coupled to

CO2 reduction)

CO2 adsorbed onto the
MOF prior to

reduction; some
studies report

enhanced capture
capabilities under
polarization and
correlation with

electrocatalytic activity

Bridge examples
between capture and
conversion; useful for

your integrated
capture+reduction section

[98]

Qst: isosteric heat of CO2 adsorption obtained from multi-temperature adsorption isotherms (kJ·mol−1).

4.4. Ferrocene-Functionalized MOFs as a Redox Tracer for CO2 Capture

On the other hand, ferrocene in MOFs provided a stable, reproducible, and eas-
ily tunable Fe2+/Fe3+ redox signal. A MOF that gave good results in this matter is
NU-1000-Fc [69,99]: it was shown that the variation of the applied potential transforms the
electron density of the Fc ligand structure, thus modifying the selectivity towards CO2 and
other molecules with similar dipoles [93].

When ferrocene is functionalized in MOFs, they behave as chemically robust redox
tracers, enabling precise monitoring of charge transfer processes and high redox activ-
ity, making them a suitable platform for experimental validation of CO2 mechanisms.
Ferrocene-containing MOFs represent a suitable platform for correlating in situ spec-
troscopy with quantifiable redox behavior, but their efficiency in direct electrosorption
remains to be demonstrated (Figure 5). Their properties under operating conditions will be
essential to confirm their role in electrochemical processes scalable to the real world.

Figure 5. Schematic classification of redox-active mechanisms in MOFs for electrochemical CO2

capture. Metal-centric processes, such as HKUST-1, π-conjugated ligand systems Cu3(HHTP)2, and
MOFs with highly redox-active ligands such as TTF, viologen, and ferrocene, provide complementary
routes to tune affinity, reversibility, and selectivity in electrosorptive CO2 capture.

The current challenge lies not only in the synthesis of new MOFs, but also in under-
standing how electrons interact with the thermodynamics of adsorption during charge
transfer. The development of quantitative models linking electron density, applied potential,
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and ΔGads is expected to transform electrochemical CO2 adsorption from an experimental
approach to a predictive and industrially scalable technology.

4.5. Formation of Intermediate Species in MOFs: Spectroscopic Evidence

Understanding the electrochemical trapping mechanisms in redox-active MOFs
comes from the use of in situ and operando spectroscopic techniques, especially
IR, Raman and XAS, which allowed monitoring changes in the structures during
adsorption/desorption cycles.

These studies showed the transient formation of surface carbonate or bicarbonate
species, as well as coordinative adducts between the metal and CO2 (M-CO2), whose
appearance was closely related to the oxidation/reduction state of the material [38,43].
By reducing potentials, the high electron density at metal nodes or π-conjugated ligands
facilitated the formation of semi-coordinated species and/or bidentate carbonates, while
upon reversal of the potential, these bands rapidly disappeared from the IR and Raman
spectra, indicating the reversibility of the process. In XAS studies, it was shown that the
absorption changes confirmed periodic oscillations between the metal oxidation states of
the MOF, which were synchronized with the CO2 adsorption and desorption processes [38].

Intermediate species analysis provided one of the strongest evidences of the coupling
between electronic dynamics and transient chemical interactions between redox-active
MOFs and CO2. However, spectroscopic studies performed under operating conditions,
such as pressure, complex electrolytes, or the presence of H2O, were limited, limiting
representative validation of mechanistic models for CO2 and MOFs.

4.6. The Role of Defect Engineering and Hybrid Materials in MOFs

Controlling local electronic environments through defect engineering and structural
hybridization has emerged as a strategy to optimize the redox response and energy ef-
ficiency of MOFs. The deliberate inclusion of metal or ligand vacancies, as well as het-
eroatomic doping (N, S, or P), has made it possible to modify the electron density of
states (DOS) and create high-energy sites capable of interacting more intensely with the
CO2 molecule [47,99].

Hybrid materials, such as MOF-COFs or MOF-carbon composites, described a new
generation of functional systems in which extended electronic connectivity improved
charge transport, reducing resistive losses and increasing faradaic efficiency. On the other
hand, hybrid MOF-COFs combined the crystallinity and modularity of MOF ligands with
the intrinsic conductivity of COFs. These studies contributed to describing the electron
transfer between two materials toward the same goal: CO2 capture. While carbon-based
MOFs facilitated the dispersion of the active site and improved structural stability during
long-term oxidation-reduction cycles [84].

Overall, structural hybridization and structural defect engineering represented the
bridge to understanding molecular design. However, quantitative control of defect density
remained a challenge: excessive vacancies could induce structural collapse of the MOF,
while low defect densities limited the material’s activity. The balance between connectivity,
stability, and redox site density was crucial for the development of scalable, durable, and
stable MOFs.

Commonly, the proposed mechanisms for electrochemical trapping in redox-active
MOFs could be classified according to the origin of the electronic modulation: (1) Metal-
centered (nodal): direct control of the charge density, but limited stability. (2) π-conjugated
ligands: higher reversibility and extended electron mobility. (3) Strongly redox ligands
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(TTF, viologen, ferrocene): design flexibility and fine-tuning of polarity. (4) Defects and
hybridization: higher accessibility to the active sites and enhanced electron transport.

The key to progress in this field lies in integrating an understanding of the reaction
mechanism with multiscale structural engineering. After that, it will be possible to trans-
form laboratory-derived redox-active MOFs into predictive and energy-efficient systems
for the electrochemical capture and conversion of CO2.

4.7. Coordination, Electric Field and Trap Dynamics

The metallic nodes, whether Cu2+, Ni2+, Fe3+ or Co2+ and their coordination ge-
ometries (octahedral, square-planar, or tetrahedral), determined the density of electronic
states (DOS) and, consequently, the MOFs ability to stabilize reduced species during CO2

capture. Some examples are: (1) In HKUST-1 type MOFs, the Cu2+ → Cu+ reduction
generated partially vacant d orbitals that facilitated the formation of coordination adducts
with CO2 [12,100]. (2) In Fe-carboxylate type MOFs, the Fe3+ → Fe2+ transition leads to
reversible Lewis-type interactions with the carbon atom of CO2 gas [100].

The metal-ligand field also played a decisive role. Carboxylate ligands gener-
ated moderate ligand fields that promoted redox accessibility, although they sacrificed
structural stability [49,96]. However, the use of phosphonates and π-conjugated lig-
ands offered delocalization channels that stabilized the transferred electrons in the
reduction reaction [38,73,101].

Elucidating the mechanism depends not only on the metal used, but also on how its
structure and electronic boundary modulate the coordination environment of CO2 and
the MOF. Designing hybrid systems that facilitate electron transfer between the metal and
the ligand, balancing stability and selectivity, was considered one of the most promising
avenues for next-generation MOFs.

4.7.1. Connection with Other MOF Redox Materials

In comparative studies, it was shown that redox polymers exhibited structural het-
erogeneity that made it difficult to control the active molecular sites present in the MOF
structures, while the metal oxides in these molecules showed irreversible phase transfor-
mations after multiple cycles in CO2 capture.

On the other hand, this family of MOFs offered precise and periodic redox modula-
tion within a more stable molecular architecture, although their structural rigidity could
become a limitation under extreme CO2 capture conditions [15,43,102]. The advantage and
capability of MOFs lies in their reproducible coordination symmetry, which allowed the
analysis of electron transfer phenomena and the adsorption of intermediates with quantum
resolution, a feature impossible to achieve in amorphous matrices.

MOFs described a balance between the electronic plasticity of polymers and the
structural robustness of oxides. Therefore, their technological maturity depends on the
scope of their properties, such as the crystalline scale of the material.

4.7.2. Theoretical Approach and Energy Metrics in MOFs

Theoretical DFT calculations began to reveal how the application of potential trans-
formed the adsorption free energy (ΔGads) and the local electron density (DOS/PDOS). In
Cu3(HHTP)2 MOFs, studied by Vetik et al. [10], it was shown that electron redistribution
under polarization directly controlled the trapping reversibility, while Coudert and Poloni
et al. [103,104] described MOFs as dynamic materials, highly sensitive to pressure, charge,
and the presence of adsorbates in the reaction.
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Unfortunately, a systematic framework correlating applied potential (E), DOS/PDOS,
and ΔGads was still lacking. This correlation would have enabled the transition from quali-
tative studies to predictive materials design. At the same time, the scientific community
needed to agree on universal metrics, such as electrical energy per mole of CO2 captured
on an electroactive and adsorbent surface, Coulombic efficiency, and characteristic time t90,
to provide electrosorption technologies with a common and comparable thermodynamic
basis [38,49].

Without the development of a common metric language, the field risks fragmentation
and unprecedented results. The future of these capture systems depends on the integration
of theoretical modeling, spectroscopic validation, and experimental standardization to
translate molecular thermodynamics into technological and performance terms.

4.7.3. Mechanistic Gaps and Exploration Opportunities in MOF

Despite significant progress, structural and methodological gaps persisted. There is a
lack of in situ and operando spectroscopies that correlate coordination structure and redox
response in real time [15,43,45]. The current need is to generate standardized electrochemi-
cal protocols and parameters, including electrolyte composition, working electrochemical
windows, DEMS, and reference systems [49]. A limited search for alternative families of
redox-active ligands could have offered new avenues to optimize selectivity, reversibility,
and reproducibility [67,68,75,105].

The greatest challenge was not the synthesis and generation of new MOFs, but rather
the quantitative understanding of how they electrochemically captured and released CO2.
The integration of electrochemical, spectroscopic, and theoretical data into unified mecha-
nistic models was expected to transform this field into a predictive discipline comparable
to electrocatalysis.

Table 4 summarizes how different metal nodes and ligands of redox-active MOFs
modulate CO2 interaction and capture through characteristic electron transfer mechanisms
and intermediates. However, the main challenge was not to identify additional systems,
but rather to elucidate the mechanistic diversity using numerical performance criteria
that would allow an objective assessment of the stability of these systems against this
reduction reaction.

Table 4. Several representative examples of redox-active MOFs applicable to electrochemical CO2

capture are discussed.

MOF Main Redox Unit Characteristic References

HKUST-1 (Cu) Cu2+/Cu+ at carboxylate nodes
Lewis affinity modulation

with CO2
[106]

Fe-carboxylates Fe3+/Fe2+
Redox states of more than one
redox state; strong interaction

with CO2

[63]

Cu3(HHTP)2 π-conjugated ligands (HHTP) Intrinsic conductivity; reversible 2D
MOF pores [15]

TTF-MOFs Tetrathiafulvalene (TTF/TTF+•) Reversible oxidation; electron
density control [107]

Viologen-MOFs Viologeno (dication/radical catión) Selective adsorption by
modulated polarizability [67,108]

Ferrocene-MOFs Fe2+/Fe3+ in ligand
Stable redox signal;

switchable selectivity [68,69]
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The subsequent Section 5 focuses on linking coordination chemistry with the kinetic
metrics and tunable parameters of redox-active MOFs. Only through this convergence
will be possible to assess which MOFs are truly competitive for industrially scalable
electrochemical CO2 capture.

5. Prospects and Challenges of Redox-Active MOFs in CO2 Capture

This section discusses the prospects and challenges of redox-active MOFs as platforms
for electrochemical CO2 capture. Building on the archetypes and mechanisms described in
Sections 3 and 4, we now explore under what conditions redox-active MOFs can realistically
outperform other electrosorbents and conventional thermal technologies, and what design
principles are essential for achieving competitive performance.

Recent results, as reviewed in previous sections, have demonstrated the capacity of
these structures for reversible and selective toward CO2 adsorption onto diverse materials
in electrochemical applications. However, the transition from model systems to functional
systems requires addressing challenges in structural, energetic, and scalable technologies.

5.1. Stability and Scalability in MOF for CO2 Capture

The stability of MOFs under real-world conditions, such as pressure and tem-
perature challenges, as well as humidity, corrosive electrolytes, and operation over
long analysis times (stability), remained the main obstacle to the implementation of
these systems [103,109,110].

Future developments required stable, hydrotolerant MOFs, such as Zr, Ti, and Al car-
boxylates, capable of maintaining their structural integrity after thousands of redox cycles.
Hybrid compounds such as carbon MOFs, COF-MOFs, and others, reduce dissolution and
improve electronic connectivity. Long-term durability testing (≥104 cycles) was a standard
requirement to validate the industrial potential of these adsorbent composites [49,111].

Chemical stability should not have been evaluated as a static and immutable parameter,
but as a functional property under continuous electrochemical operation, where electron
transport and hydration control the actual lifetime of the material for CO2 capture.

5.2. Synergy Between Capture and Electrochemical Conversion in MOFs for CO2

The most promising frontier was the direct integration of electrochemical capture
and catalytic CO2RR. Redox-active MOFs, particularly those based on Cu3(HHTP)2, could
function as bifunctional electrodes, where the applied potential would determine whether
CO2 was stored or converted to CO or hydrocarbons, either gaseous (CH4, C2H6, C2H4,
among others) or aqueous (CH3OH, C2H5OH, among others) [112–114].

Furthermore, electroactive ligands such as TTF, ferrocene, or viologen could simulta-
neously modulate CO2 adsorption and desorption, as well as charge transfer, making the
concept of reactive capture and entrapment of substances of interest a reality.

Beyond this background, the true advantage of redox-active MOFs lies in their ability
to combine selectivity and reactivity, uniting capture, separation, and conversion in a single
electrochemical interface.

5.3. Standardization, Advanced Design, and Predictive Modeling of MOFs in CO2 Capture

Overall, these MOF-like molecular systems advanced the field of electrochemical CO2

capture. This field was based on a common concept of characterization and evaluation
that allowed for the comparison of different materials and structural architectures in CO2

electrosorption. Unlike electrocatalysis, where established metrics existed, in CO2 elec-
trosorption, the methodology limited the selectivity and reproducibility of these systems.
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It was necessary to systematically incorporate different parameters such as free energy
of adsorption (ΔGads), energy efficiency (kJ mol−1 of captured CO2) as a comparative
metric with the thermal processes of the reaction, and adsorption/desorption kinetics and
efficiency as indicators of reversibility [115]. In addition, in situ and operational techniques,
such as IR, Raman, XAS, and DEMS, among others, were employed to link the active redox
response with CO2 capture.

Simultaneously, the expansion toward new electroactive ligands has been studied, as
was previously depicted. This has allowed for the expansion of electrochemical potential
windows and the tuning of electron affinity without compromising the material’s porosity
or structural defects, facilitating charge transfer and the formation of reaction intermediates
of interest [74]. The integration of these units through electrosynthesis or electrodeposition,
in a simple and environmentally friendly manner, has achieved subsequent synthetic
functionalization or further defect engineering, showing us a realistic path toward more
stable, tunable, and sensitizable materials [24,42,60,90].

On the other hand, computational modeling was crucial in advancing the design of
these molecules in a more precise and scalable way for the experimental phase. The combi-
nation of DFT calculations and molecular dynamics allowed us to predict the structural
and electronic properties of the MOFs, connecting microscopic parameters (DOS, PDOS,
ΔGads) with macroscopic metrics such as capacitance, energy, and reaction kinetics [116].

The major qualitative leap in this field was expected to come not from experiments,
but from predictions. It involved a transition from experimental observations to practical
designs based on electronic principles and coordination chemistry. In this sense, the
bottleneck was no longer experimental, but purely conceptual. Integrated theories and
models that would translate the electronic language into the operational performance of
these systems were still lacking.

5.4. Cross-Sectional Comparison and Sustainability of MOFs for CO2 Capture

On the other hand, doped carbons, redox polymers, metal oxides, and redox-active
MOFs were compared. The latter stood out for their molecular selectivity toward the CO2

molecule and their redox control, although they had not yet demonstrated quantitative
advantages in industrial parameters such as the target cost (<50 USD per ton of captured
CO2), apparent density (>2 mmol cm−3), and operational stability (>104 cycles) in humid
environments [91–93].

The path to scalability of these materials involved hybridization with engineered
platforms, such as hierarchical electrodes, polymer-MOF membranes, and optimized elec-
trochemical flow cells [68,94–97].

Furthermore, sustainability required prioritizing the most abundant transition metals,
such as Fe, Cu, Ni, and Co, and developing green and recyclable synthesis pathways, such
as electrosynthesis, aligned with carbon neutrality goals.

The field of MOFs did not need more new materials, but rather more demanding
criteria. Progress was expected to be measured by reproducibility and industrial scalability,
not by the novelty of the MOF.

Figure 6 presents a conceptual summary of the main performance factors governing
electrochemical CO2 capture systems. The pie chart illustrates the relative contribution
of each element to the overall process performance: energy efficiency (35%), operational
stability (25%), energy and operating costs (20%), electrochemical kinetics and response
(15%), and sustainability and scalability factors (5%).

Together, these summarize the evolution from material-level durability to process ener-
getics and operational robustness in next-generation electrochemical CO2 capture systems.
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Beyond individual cases, progress in this field depends on defining a common eval-
uation framework and structure. Table 5 proposes a set of critical metrics, including
adsorption of free energy, energy efficiency, capture kinetics, cycling stability, specific
cost, and volumetric density. These were expected to become standard parameters for the
objective comparison of redox-active MOF materials for electrochemical CO2 capture.

Figure 6. This section presents a conceptual summary of the main performance factors governing
electrochemical CO2 capture systems. These proportions reflect the balance between the thermo-
dynamic, kinetic, and technoeconomic parameters reported in state-of-the-art electrochemical CO2

capture systems. The chart integrates information from experimental trends (adsorption capacity and
cyclic stability), energy analyses (EMAR vs. thermal routes), and device-level testing, providing a
holistic perspective on performance parameters and design priorities for redox-active materials and
hybrid systems for reversible CO2 electrosorption.

Table 5. Critical parameters for evaluating redox-active MOFs in electrochemical CO2 capture.

Parameter Description/Importance Indicative Value References

ΔGads (kJ mol−1)
Free energy of adsorption under

applied potential
−20 to −40 kJ mol−1 CO2 for

selectivity without irreversibility [3,99]

Energy efficiency Electrical energy consumed per
mole of captured CO2

<100 kJ mol−1 CO2 [38,49]

Adsorption kinetics (t90) Time to reach 90% capacity <60 s under applied potential [34]

Cyclical stability Number of adsorption/desorption
cycles without significant loss ≥104 cycles [34]

Specific cost Estimated cost per ton of
captured CO2

<50 USD/ton CO2 [100]

Volumetric capture
density

Normalized capacity per
electrode volume >2 mmol cm−3 [49]

24



Catalysts 2025, 15, 1134

The synthesis and analysis presented in Table 5 demonstrate that the field of redox-
active MOFs for electrochemical CO2 capture is at a scientific and technological turning
point. There are clear guidelines on critical metrics and parameters that need to be standard-
ized, from adsorption free energy to volumetric capture density, as well as promising device
integration strategies. However, there remains a significant limitation between the perfor-
mance achieved under laboratory experimental conditions, such as stability, manufacturing
cost, and the energy efficiency required for large-scale industrial implementation.

The advances achieved to date in this field position redox-active MOFs as a strategic
and scalable platform for the development of smart electrochemical CO2 capture and
conversion technologies. The immediate step is to transform molecular knowledge into
device engineering for immediate application, establishing a quantitative and reproducible
evaluation framework that links the structural architecture, energy transfer, and operational
performance of these systems.

Ultimately, the future of redox-active MOFs depends not only on the synthesis of new
materials, which is clearly no longer relevant, but also on the coherent integration of funda-
mental science and engineering to create predictive and technologically scalable models.

Only through this convergence and integration of these materials into technological
systems will be possible to evolve from an academic commitment to effective industrial
tools, concretely contributing to the global goals of decarbonization, sustainability, and
renewable energy.

In summary, the main message of this review is that redox-active MOFs should be
considered not just as another class of porous adsorbents, but as a distinct platform for
the electrochemical capture and transformation of CO2, where coordination chemistry,
electronic structure, and device-level metrics can be rationally linked.

By placing redox-active MOFs within the broader context of electrochemical CO2

capture, alongside molecular redox carriers, whether polymeric or COF-based, the condi-
tions under which MOFs can offer real advantages in terms of selectivity, reversibility, and
energy efficiency can be identified. Looking to the near future, we maintain that the most
pressing needs are:

- Standardized electrochemical and spectroscopic protocols that quantify CO2 capture
in a manner comparable to electrocatalysis and thermal CCS.

- Design strategies that integrate nodes (monometallic or multimetallic) and redox-
active ligands with stable and hydrotolerant structures.

- Predictive models that decipher the electronic descriptors in CO2 capture performance.

6. Conclusions

In this review, we have presented redox-active metal–organic frameworks (MOFs) as
a distinct platform for electrochemical CO2 capture, rather than as isolated case studies. By
comparing electrochemically mediated CO2 capture with molecular, polymeric, and COF-
based redox carriers, and then analyzing archetypal redox-active MOFs, their redox-active
structural units, and representative systems with quantified CO2 capture metrics, we offer
a performance-oriented perspective on how coordination chemistry, electronic structure,
and device architecture are related. The cross-cutting metrics proposed in this work aim to
provide a common language for comparing redox-active MOFs with other electrosorbents
and with conventional thermal capture routes.

The advancement of redox-active MOFs for the electrochemical capture and transfor-
mation of CO2 has transcended the scope of laboratory-based academic studies and has
emerged as a new approach for applied coordination chemistry. These redox-active MOF
materials have demonstrated extraordinary electrosorption capabilities, while integrating
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structural modularity, molecular selectivity for value-added compounds for CO2 reduction,
and reversible electronic control of adsorption and desorption in a single system.

However, this promising system has not yet passed the validation phase. Most ad-
vances are limited to controlled laboratory conditions, with little evidence of long-term
stability and results difficult to compare using common metrics. This field presents several
critical shortcomings. The lack of standardized protocols impedes objective assessment of
energy efficiency and reversibility; low structural stability, especially under corrosive con-
ditions; and a poor connection between theory and experimental practice, as computational
modeling rarely predicts the most common design and synthesis problems.

Current advances in this field do not require further synthesis and studies of new
materials, but rather more demanding and competitive criteria when introducing ligands
and advancing the molecular electronics of these systems.

The evolution of these systems requires the integration of in situ and operational
characterization, multiscale modeling, and process and materials engineering, moving
from qualitative to quantitative descriptions with common metrics.

Redox-active MOFs could become true bridges between electrocatalysis and struc-
tural and molecular architecture: an intelligent design capable of capturing, storing, and
transforming CO2 into a single operational product.

Finally, the success of redox-active MOFs will not be measured by their structural
novelty, but by their functional and applied impact. When these materials demonstrate
stability, selectivity, reproducibility, and high energy efficiency under scalable industrial
conditions, they will have surpassed their academic promise of becoming true catalysts
comparable to noble metals. This is one of the most urgent challenges for mitigating climate
change and global warming.
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Abstract: The quest for efficient green hydrogen production through Alkaline Water Electrolysis
(AWE) is a critical aspect of the clean energy transition. The hydrogen evolution reaction (HER) in
alkaline media is central to this process, with the performance of electrocatalysts being a determining
factor for overall efficiency. Theoretical studies using energy-based descriptors are essential for de-
signing high-performance alkaline HER electrocatalysts. This review summarizes various descriptors,
including water adsorption energy, water dissociation barrier, and Gibbs free energy changes of
hydrogen and hydroxyl adsorption. Examples of how to apply these descriptors to identify the active
site of materials and better design high-performance alkaline HER electrocatalysts are provided,
highlighting the previously underappreciated role of hydroxyl adsorption-free energy changes. As
research progresses, integrating these descriptors with experimental data will be paramount in
advancing AWE technology for sustainable hydrogen production.

Keywords: green hydrogen; alkaline water electrolysis; descriptor; density functional theory; electro-
catalyst design

1. Introduction

The shift towards hydrogen gas as an alternative energy source is a significant step in
combating climate change. Green hydrogen via electrocatalytic water splitting is directly
competitive with fossil fuels, which decreases overall greenhouse gas emissions [1]. The
intricacies of electrocatalytic water splitting involve the hydrogen evolution reaction (HER)
and the oxygen evolution reaction (OER) [2]. There are several types of water electrolyzers
(WE): solid oxide water electrolyzer (SOWE), proton exchange membrane water electrolyzer
(PEMWE), and alkaline electrolyzer (AWE) [3]. SOWE can be adapted for continuous
operation in industrial areas under high temperatures. However, the technology has seen
limited applications due to long start-up times, mechanical compatibility, and chemical
instabilities [4,5]. PEMWE in acidic environments is the most efficient for green hydrogen
production due to the abundance of the proton reactant in the solution [6]. However, the
main challenge associated with PEMWE is the high cost of the electrocatalysts, which
are based on platinum and platinum group metals (PGMs) to resist acid corrosion [7]. In
contrast, alkaline HER in AWE offers a promising alternative allowing for the exploration
of earth-abundant transition metal-based catalysts because their hydro-oxide counterparts
are stable in this environment [8–10]. Shifting towards an alkaline environment will reduce
reliance on expensive noble metals and reduce the hydrogen production cost. Green
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hydrogen via electrocatalytic water splitting is directly competitive with fossil fuels, which
decreases overall greenhouse gas emissions.

The operational principle of AWEs involves the conduction of hydroxide anions
through a liquid electrolyte between two electrodes [8]. The main challenges of the current
AWE are its low current densities, the inability to operate with intermittent renewable
energy sources, and slow kinetics [11]. These limitations are associated with early versions
of atmospheric electrolyzers designed for continuous operation at industrial sites with
stable and inexpensive electricity sources. Modern pressurized high-temperature AWEs
have shown the capability to reach performance and adaptability on par with PEMWEs [12].
The adaptability to various energy sources, coupled with improved design and control
systems, positions pressurized AWEs as a promising solution for sustainable and flexible
hydrogen generation in the evolving energy technology landscape [12].

Moreover, the anion exchange membrane water electrolyzer (AEMWE) replaces the
conventional diaphragm of AWE with an anion exchange membrane [13]. A membrane
reduces the gas cross-over and the need for pressure difference operation between the
anode and cathode. Additionally, the thickness of the anion exchange membrane is less
than the diaphragm, which leads to a lower ohmic over-voltage. The AEMWE uses an
alkaline solution with low concentration. Conventional electrolyzers use concentrated
potassium hydroxide electrolytes, which increase corrosion. Therefore, AEMWE has several
benefits, including no leakage, ease of installation, and control. However, the low energy
conversion efficiency of AWEs due to the slow kinetics remains a bottleneck, requiring
high-performance electrocatalyst design.

The pursuit of an effective catalyst for AWE is multifaceted, necessitating a blend of
experimental and theoretical studies to unlock the full potential of electrocatalysts [8,11,14].
The challenges for the alkaline HER electrocatalyst design are twofold: the inherently lower
reaction rates of catalysts and a limited understanding of the complex kinetics involved.
The HER process varies significantly depending on the electrolyte medium, which can be
either acidic or alkaline. In acidic media, the HER mechanism involves the electrochemical
reduction of a proton (H+), leading to the release of hydrogen gas (H2) [15–17]. The HER
efficiency is associated with the adsorption of hydrogen atom intermediate (H*), which
consists of the Volmer/Heyrovsky or Volmer/Tafel steps as delineated below [18]:

Volmer reaction : H+ + e− → H∗ (1)

Heyrovsky reaction : H∗ + H+ + e− → H2 (2)

Tafel reaction : H∗ + H∗ → H2 (3)

Conversely, alkaline HER operates through the electrochemical reduction of water
molecules, resulting in the formation of hydrogen gas and hydroxide ions (OH−) [19].

Water adsorption : H2O + ∗ → H2O∗ (4)

Volmer reaction (I) : H2O∗ + e− → H∗ + OH∗ + e− → H∗ + OH− (5)

Volmer reaction (II) : H2O∗ + e− → H∗ + OH− (6)

Heyrovsky reaction : H2O + e− + H∗ → H2 + OH− (7)

Tafel reaction : H∗ + H∗ → H2 (8)

The HER pathway in alkaline media involves complex Volmer-Heyrovsky or Volmer-
Tafel steps, with the intermediate hydrogen formed after an initial water adsorption step
(Equation (4)). Additionally, the adsorbed hydroxyl intermediate may form during the
Volmer step if its binding energy with the active site is strong enough (Equation (5)). Other-
wise, the solution-phase hydroxide (OH−) can directly form after the water dissociation
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(Equation (6)) during the Volmer reaction. The H2 product can be produced through an
adsorbed H atom intermediate and water in the Heyrovsky reaction (Equation (7)) or
through the combination of two adsorbed H* atom intermediates in the Tafel reaction
(Equation (8)). Figure 1 indicates the possible alkaline HER pathway. It shows that the
performance of alkaline HER can be influenced by four main factors: (1) water adsorption
strength on active sites, (2) water dissociation ability, (3) hydrogen binding energy, and (4)
OH adsorption ability. To this end, the properties relevant to these four factors have been
used to screen the alkaline HER electrocatalysts.

 

Figure 1. Possible hydrogen evolution reaction processes in alkaline media.

The step-by-step process that governs HER needs to be theoretically revealed by
delving into the intricate details of reaction mechanisms through atomic-scale simulation [8].
Theoretical investigations can offer insights into the energetic aspects of water adsorption,
water dissociation, intermediates adsorption, and hydrogen desorption [15,20–22]. This
granular view allows researchers to identify and optimize the performance of active sites
that influence both catalytic efficiency and stability. Such knowledge is instrumental in
recognizing the rate-determining steps and potential energy barriers, which are critical
for designing catalysts with optimal performance [15]. Furthermore, theoretical models
serve as a blueprint for predicting the performance of different materials under various
reaction conditions. Therefore, computational studies enable the fine-tuning of working
conditions to enhance the overall efficiency of the process. Additionally, these studies
contribute significantly to the green hydrogen field by offering a cost-effective strategy
for material screening, circumventing the need for laborious and expensive experimental
procedures [20,23]. Ultimately, the insights gained from theoretical research facilitate the
development of innovative solutions for alkaline hydrogen production [8].

Recent advances have highlighted the importance of atomically precise electrocatalysts,
which utilize theoretical descriptors to correlate the properties of catalysts with their
alkaline HER performance [8,19,24]. Since different descriptors related to the different
reaction steps shown in Figure 1 have been proposed and previously utilized [25–30], it
is necessary to devise guidelines for selecting descriptors that can accurately predict the
performance of HER electrocatalysts in alkaline conditions. Density functional theory
(DFT) calculations are essential in computing the proposed energy descriptors related to
water adsorption, water dissociation, intermediates adsorption [18,31–33], and product
desorption. These descriptors are crucial to understanding alkaline HER electrocatalysts
and electrocatalytic processes in the alkaline electrolyzer (AEL). Additionally, identifying

34



Catalysts 2024, 14, 608

important descriptors can improve computational accuracy while minimizing costs [23,
34]. While several reviews on the recent progress of alkaline HER electrocatalysis have
been presented [8,11,35], a summary and discussion of the most appropriate descriptors
for guiding the design of efficient AEL is still rare. To fill this gap, this review will
provide a framework by which the desired theoretical descriptor can be selected via DFT
computations to design electrocatalysts rather than a comprehensive overview of AWEs.

2. Theoretical Descriptors

As indicated by Equations (4)–(8) and Figure 1, the performance of alkaline HER
electrocatalysts is a complex interplay of various factors. The water adsorption strength on
active sites, the ability of the catalyst to dissociate water molecules, the hydrogen binding
energy, and the OH adsorption processes are all critical in determining the efficiency
of the HER process. These factors are intricately linked to the intrinsic properties of
the electrocatalysts and their interaction with the operational reaction environment, e.g.,
electrolyte. Therefore, different theoretical energy-related descriptors have been employed
as indicators to screen electrocatalysts for alkaline HER [25–30,36].

2.1. Water Adsorption and Dissociation

The first step of the electrocatalytic water splitting in an alkaline solution is water ad-
sorption, followed by water dissociation to provide the H+ cation for hydrogen production
(Equations (4)–(6)). HER performance in alkaline or neutral media is primarily determined
by the equilibrium between water dissociation (Volmer step) and the subsequent chemisorp-
tion of water-splitting intermediates (OH and H) on the surface of the electrocatalysts [37].
To this end, it is critical to strengthen water adsorption at the active sites and decrease the
water dissociation activation energy during the Volmer step to increase the overall HER
activities of these electrocatalysts. Consequently, the adsorption energy of water (ΔEH2O*)
and its dissociation energy barriers (ΔEa) have been used as descriptors to evaluate the
performance of alkaline HER electrocatalysts. The ΔEH2O* value can be calculated as shown
below:

ΔEH2O∗ =
1
n
(
EH2O∗ − E∗ − EH2O

)
(9)

EH2O∗ and E∗ are the energies of the surface with and without adsorbed water, respec-
tively. EH2O and n represents the energy of an isolated water molecule and the number of
adsorbed water molecules in each surface cell, respectively. According to Equation (9), a
more negative value of ΔEH2O∗ corresponds to stronger water adsorption.

To calculate the water dissociation energy barrier on the active site, the nudged
elastic band (NEB) is widely used [38,39]. The NEB method is highly effective for locating
the maximum energy point between specified initial and final configurations of a given
transition. The NEB approach for climbing images involves finding a transition path where
the saddle point corresponds to the image with the highest energy. The image does not
depict the spring forces acting on the band. The image attempts to optimize its energy along
the band while minimizing it in all other directions. Once this image reaches convergence, it
can be precisely located at the saddle point [40]. The climbing image NEB method enhances
the possibility of finding the transition state (TS) for the reaction at the highest energy
point. The ΔEa value is the energy difference between the TS state and the surface with the
adsorbed water.

2.2. Gibbs Free Energy Change of Hydrogen Atom Adsorption

Hydrogen atoms adsorbed at the active site are the HER intermediates. The adsorp-
tion and desorption of hydrogen atoms on the catalyst surface are commonly viewed as
competing processes. During the HER process, the active catalytic site must have a strong
affinity for a hydrogen atom. However, a weak adsorption between the active catalytic
site and the hydrogen atom is required [41,42]. The high adsorption strength of hydrogen
atoms can promote hydrogen atom intermediate formation but impede the formation of
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hydrogen molecules. Comparatively, weak adsorption can benefit the formation of H2
but hinder the formation of hydrogen atom intermediates. A balance must be achieved
where the hydrogen intermediate must form but not compete with/prevent the generation
and release of the hydrogen molecule. As a result, the optimal adsorption strength of the
hydrogen atom intermediate is essential for improving the HER. The adsorption strength of
hydrogen atom intermediates on active sites in catalysts can be evaluated using the Gibbs
free energy change of hydrogen atom adsorption (ΔGH*) [43].

The ΔGH* is obtained by using the computational hydrogen electrode (CHE) method:

ΔGH* = ΔEH* + ΔZPEH* − TΔSH* (10)

where ΔEH* describes the binding energy, which is calculated as follows:

ΔEH* = EH* − E∗ − 1
2

EH2 (11)

Here, EH* is the total energy of the system with one adsorbed H atom and EH2 represents
the energy of an isolated H2 molecule. ΔZPEH* is calculated by ΔZPEH* = ZPEH* − 1

2 ZPEH2 ,
where the ZPEH* denotes the vibrational energy of the adsorbed H atom on the active site
and the value of ZPEH2 is 0.27 eV. Further, ΔSH* is the entropy change of H* adsorption,
which is obtained by 1/2 ΔSH2 . The TΔSH* value is equal to 1/2 TΔSH2 , which is −0.20 eV
at 300 K, obtained by Nørskov et al. [32]. The ideal ΔGH* value is 0 eV.

2.3. Gibbs Free Energy Change of Hydroxyl Adsorption

While hydrogen adsorption energy (ΔGH) primarily determines the alkaline HER ac-
tivity, the Gibbs free energy change of OH adsorption energy (ΔGOH*) is found to be equally
important since it is responsible for the water dissociation and the amount of hydrogen
available [44]. Therefore, the adsorption and desorption of both reaction intermediates
(OH* and H*, see Equation (2)) dictate the overall alkaline HER efficiency [45].

The ΔGOH* is calculated by using the computational hydrogen electrode (CHE)
method:

ΔGOH* = ΔEOH* + ΔZPE − TΔS (12)

where ΔEOH* describes the binding energy of an OH group at the active site, which is
calculated as follows:

ΔEOH∗ =
(

EOH∗ − E∗ − EH20 +
1
2

EH2

)
(13)

where EOH* is the total energy of the system with one adsorbed OH intermediate, the ΔZPE
− TΔS value is 0.35 eV at 300 K, obtained by Nørskov et al. The ideal ΔGOH* value is
−0.3 eV for the alkaline HER [46].

3. Applications of Descriptors

3.1. Water Adsorption and Dissociation

Figure 1 shows that water adsorption is the first step in generating hydrogen atom
intermediates for alkaline HER. The H2O dissociation becomes a rate-determining step that
regulates the catalytic HER activity in alkaline media [47,48]. To this end, the adsorption
energy of water and its dissociation energy barriers have been used as descriptors in some
research to explain the performance of alkaline HER electrocatalysts.

For example, Chen et al. experimentally synthesized a Ni-doped Pt catalyst on carbon
support at 500 ◦C (termed as NiPt-C-500), which has a low overpotential of 14.0 mV at
10 mA/cm2 in the alkaline media [49], using the adsorption energy of water molecules
and their dissociation energy barriers as descriptors through DFT computations at the
PBE-GGA level to identify the active sites of the NiPt-C-500 catalyst. Figure 2a shows
that H2O can be adsorbed on the Ni sites with an adsorption energy of −0.48 eV. As a
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comparison, the water adsorption energy on Pt is +0.37 eV. The positive value suggests
that the adsorption on Pt is energetically unfavorable. Moreover, a lower H2O-dissociation
barrier on Ni-doped Pt (111) of 0.17 eV was theoretically revealed compared to that on
Pt(111), as illustrated in Figure 2b. This suggests a rapid dissociation of H2O catalyzed
by surface Ni atoms on the Pt surface in NiPt-C-500 electrocatalysts, which can increase
the rate of H* generation for alkaline HER. Using the same descriptors, Yao et al. resorted
to DFT computations to explain the high performance of Cr-doped Co4N nanorods on
carbon cloth (Cr-Co4N) for alkaline HER [50]. Figure 2c shows that the calculated H2O
adsorption energy on the top of the Cr dopant within Cr-Co4N is −0.63 eV, which is much
lower than that on the surface Co of Co4N (−0.18 eV). Therefore, the water adsorption on
Cr dopants is substantially stronger than on undoped Co4N. This is because the oxygen
atom of water carries a negative Bader charge of −1.13 |e|. As a result, Cr atoms with a
higher positive charge (0.72 |e|) than surface Co (0.21 |e|) can more strongly adsorb water
molecules via higher electrostatic interactions. The enhanced adsorption strength of water
can further facilitate the dissociation of the adsorbed water and lower the dissociation
barrier, as illustrated in Figure 2d. It explains the experimental observation that introducing
Cr dopants can boost the alkaline HER activity.

Figure 2. (a) DFT-calculated water adsorption energies (ΔEH2O∗) and (b) water dissociation energy
barriers (ΔEa) on Pt (1 1 1) and Pt (1 1 1)-Ni surfaces. Reprinted with permission from Ref. [49].
Copyright 2023 Elsevier. (c) DFT-calculated water adsorption energies (ΔEH2O∗) and (d) water
dissociation energy barriers (ΔEa) on Co4N Cr-Co4N. Reprinted with permission from Ref. [50].
Copyright 2019 Wiley.

More examples of studies using the ΔEH2O* to identify the active sites of the alkaline
HER electrocatalysts can be found in Table 1. Similarly, some examples of using the ΔEa
as the descriptor to explain the performance of alkaline HER electrocatalysts are listed in
Table 2.
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Table 1. Water adsorption energies as descriptors to identify the active site of the alkaline HER
electrocatalyst.

Catalysts DFT Method Adsorption Site ΔEH2O*(eV)

Overpotential@

Current Density of

10 mA cm−2

Conclusion Reference

Co-doped
WO2/Amorphous

CoxW
PBE

Co 0.12 -
Amorphous CoxW is an active site

for water adsorption.

ACS Appl. Mater.
Interfaces (2019), 11,

38771 [51]
WO2 (001) −0.66 49

CoxW −0.88 25.0

Cr-doped Ni(111) - Ni(111) −0.21 322.0 Co-dopants can strengthen water
adsorption.

J. Am. Chem. Soc.
(2020), 143, 1399 [52]Cr-doped Ni(111) −0.58 203.0

CuCoMo-doped
Ni(111) PBE

Ni-top −0.23 -
Water is mainly adsorbed on Mo

dopants.
Electroanal. Chem.
(2019), 839, 224 [53]

Co-top −0.25 -
Cu-top −0.15 -
Mo-top −0.67 -

N-doped Ni PBE
Surface Ni −0.30 - N dopants can strengthen the

water adsorption on their
neighboring Ni atoms.

J. Am. Chem. Soc.
(2017), 139, 12283

[54]
Surface Ni next to N

dopants
−0.41 64.0

Cu-Ru/RuSe2 PBE
Cu-RuSe2 −0.40 61.0 Cu-doped Ru/RuSe2 displays a

much stronger affinity to water.
Adv. Mater. (2023),

35, 2300980 [55]Cu-Ru/RuSe2 −1.28 23.0

RuSA@Ti3C2O2 PBE
Ti3C2O2 −0.18 - Enhanced H2O adsorption by

single Ru atom (RuSA) on MXenes.
EcoMat (2023), 5,

12274 [56]RuSA@Ti3C2O2 −1.47 40.3

The overpotential values are reported based on the experimental results in the corresponding reference.

Table 2. The dissociation energy barrier of the adsorption water as descriptors to identify the active
site of the alkaline HER electrocatalyst.

Catalyst
DFT

Method
Active Site ΔEa(eV)

Overpotential

(mV@ Current

Density of

10 mA cm−2)

Conclusion Reference

Co-doped WO2

/Amorphous CoxW PBE

Co-WO2 1.25
Amorphous CoxW is an active site for water

dissociation.

ACS Appl. Mater.
& Interface. (2019),

11, 38771 [51]
WO2 (001) 1.03 49

CoxW 0.46 25

W/WO2 PBE-D3

W 0.84 183
W/WO2 interface is the active site that allows water

dissociation.

Nat. Commun.
(2023), 14, 5363 [57]WO2 0.06 106

W/WO2 0.02 35

F-Ni3S4 PBE + U
Ni3S4 1.05 112

F-Ni3S4 allows a better H2O adsorption.
Adv. Funct. Mater.
(2021), 31, 2008578

[58]F-Ni3S4 0.55 29

Co2P/O-Co2P PBE
Co2P 0.88 247 Oxygen incorporation may induce a higher positive

charge state Co, which could benefit water adsorption
and weaken the O-H bond in adsorbed H2O.

Adv. Mater. (2017),
29, 1606980 [59]O-Co2P 0.51 160

Cr-doped Ni(111) -
Ni(111) 0.78 322

Co-dopant can facilitate water dissociation.
J. Am. Chem. Soc.
(2020), 143, 1399

[52]Cr-doped Ni(111) 0.43 203

Bimetallic
Nickel-Based

Alloys
PBE

NiCu 1.02 85 Partial oxidization of CuNi alloy can facilitate water
dissociation.

Angew. Chem. Int.
Ed. (2022), 61,
202202518 [60]O-NiCu 0.65 23

N-modified Ni PBE
Ni 0.84 - N dopant can greatly facilitate water dissociation on

its neighbouring active site.

J. Am. Chem. Soc.
(2017), 139, 12283

[54]N-Ni 0.42 64

Cu-Ru/RuSe2 PBE
Cu-RuSe2 0.31 61 Cu-dopant can promote water dissociation on

Ru/RuSe2.

Adv. Mater. (2023),
35, 2300980 [55]Cu-Ru/RuSe2 0.10 23
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Table 2. Cont.

Catalyst
DFT

Method
Active Site ΔEa(eV)

Overpotential

(mV@ Current

Density of

10 mA cm−2)

Conclusion Reference

NiP2-FeP2/Cu PBE

NiP2 0.52 37
The coupling between interface-rich NiP2–FeP2 and

metallic Cu can synergistically accelerate water
dissociation.

ACS Energy Lett.
(2021), 6, 354 [61]

FeP2 0.49 -
NiP2-FeP2 0.40 -

NiP2-FeP2/Cu 0.16 23.6
F-Ni3S4 0.55 -

High-entropy
alloys (HEAs)

Pt18Ni26Fe15Co14Cu27

PBE Fe 0.11 11
Adsorption of H2O located on the Fe sites, which

activates the dissociation of water molecules.
Nat. Commun.

(2020), 11, 5437 [62]

2D transition-metal
dichalcogenide PBE

MoS2 0.62 -

MoS2 and WS2 have similar activation energy.
J. Phys. Chem. C.
(2022), 126, 5151

[63]

MoSe2 0.74 -
WS2 0.60 -
WSe2 0.84 -

The overpotential values are reported based on the experimental results in the corresponding reference.

3.2. Hydrogen Atom Adsorption

The Gibbs free energy change of the intermediate H atom adsorption (ΔGH*) was
proposed as a descriptor for HER by Nørskov and his co-workers. This descriptor has
successfully identified the active site of acidic HER electrocatalysts and the relevant reaction
mechanism [32]. A volcano plot is a valuable tool for understanding and optimizing
catalyst performance in acidic HER. It is usually a plot of ΔGH∗ against activities (such as
overpotential, specific current density, and turnover frequency) [64,65]. The highest point
on the volcano map is the ideal ΔGH∗ value at which the catalytic activity is maximized.
Catalysts located on the left side of the volcano plot exhibit excessive hydrogen binding
(very strong), while those on the right side have insufficient hydrogen binding (very weak).
According to the Sabatier principle, an optimum catalyst should exhibit adsorption energies
that are neither too strong nor too weak. In the alkaline HER, the adsorption of H atoms
at the active site is also important since it is related to the water dissociation, Volmer,
Heyrovsky, and Tafel steps, as suggested by Equations (5)–(8) and Figure 1. To this end,
the ΔGH* was also widely used in the analysis of the performance of the alkaline HER
electrocatalysts [66].

For example, Chen et al. adopted a dual approach to simultaneously promote water
dissociation and hydrogen desorption kinetics with Co-doped WO2/amorphous CoxW
hybrid catalysts using DFT [51]. As shown in Figure 3a, the ΔGH* on amorphous CoxW is
−1.88 eV, indicating a strong hydrogen-binding interaction that prevents H2 production
and desorption (Figure 4a). The most catalytically active site on Co−WO2(011) has a ΔGH*
of −0.06 eV, closer to thermoneutral than Pt’s −0.09 eV, indicating significant hydrogen ad-
sorption capability. According to DFT calculations, the HER on Co-doped WO2/amorphous
COxW hybrid catalyst follows the Volmer-Tafel step, where water molecules are activated
and cleaved to form H atoms on the surface of amorphous CoxW. These H atoms then
rapidly combine to form H2 on the surface of Co-doped WO2. He et al. incorporated a
single Ru atom into Ni5P4 to achieve an effective electrocatalyst for alkaline HER [67]. The
DFT calculations were conducted to comprehend the impact of single-atomic Ru incorpo-
ration into Ni5P4 on its catalytic and structural properties. The structures of Ni5P4 were
determined, both with and without Ru incorporation, and they revealed several potential
catalytic sites. Experimental analysis and the established model structural parameters were
remarkably congruent. In the case of Ni5P4-Ru, the computed ΔGH* value at the Ru-doped
sites was −0.30 eV, which was comparatively higher than the value of −0.42 eV observed
at the site of P of pristine Ni5P4 (see Figure 3b). This finding indicated that the Ru dopant
exhibited favorable energetics for the desorption of absorbed H atoms to form the H2 gas.
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Figure 3. (a) DFT-calculated Gibbs free energy change of the intermediate H atom adsorption (ΔGH*)
on WO2, Co-WO2, CoxW, and Pt. Reprinted with permission from Ref. [51]. Copyright 2019 American
Chemical Society. (b) DFT-calculated Gibbs free energy change of the intermediate H atom adsorption
(ΔGH*) on Ni5P4 and Ni5P4: Ru. Reprinted with permission from Ref. [67]. Copyright 2020 Wiley.

Table 3 lists more examples of using ΔGH* as the descriptor to identify the active site
of the alkaline HER electrocatalysts and evaluate their performance.

Table 3. Gibbs free energy change of H intermediate adsorption as descriptors to identify the active
site of the alkaline HER electrocatalyst.

Catalyst
DFT

Method
Active Site ΔGH*(eV)

Overpotentials

(mV@ Current Density

of −10 mA cm−2)

Conclusion Reference

W/WO2 DFT-D3

W −0.51 183.0

W/WO2 interface is the active site for HER.
Nat. Commun. (2023)

14, 5363 [57]
WO2 −1.24 106.0

W/WO2 interface −0.41 35.0

Co-doped WO2

/Amorphous

CoxW
PBE

Co-WO2 −0.06 -

Co-WO2 is the active site for H2 formation.

ACS Appl. Mater. &

Interface (2019), 11,

38771 [51]
WO2 (001) −0.30 49.0

CoxW −1.88 -

Cr-doped Ni(111) -
Ni(111) −0.23 322.0

Co-dopant can reduce the hydrogen desorption rate.
J. Am. Chem. Soc.

(2020), 143, 1399 [52]Cr-doped Ni(111) −0.38 203.0

CuCoMo-doped

Ni(111)
PBE

Ni3-fcc −2.76 * -

The preferential adsorption site is a Mo-coordinated

fcc site.

Electroanal. Chem.

(2019), 839, 224 [53]

Cu2Co-fcc −2.51 * -

Co2Cu-fcc −2.67 * -

CuCoMo-fcc −2.78 * -

Ni/NiCu/O-

NiCu
PBE

Ni −0.31 -
Cu can weaken the adsorption strength of hydrogen

to benefit the H2 production.

Angew. Chem. Int. Ed.

(2022), 61, 202202518

[60]
NiCu −0.11 85.0

O-NiCu −0.035 23.0

Cu-Ru/RuSe2 PBE
Cu-RuSe2 0.50 61.0 Cu can weaken the adsorption strength of hydrogen

to benefit the H2 production.

Adv. Mater. (2023), 35,

2300980 [55]Cu-Ru/RuSe2 0.19 23.0
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Table 3. Cont.

Catalyst
DFT

Method
Active Site ΔGH*(eV)

Overpotentials

(mV@ Current Density

of −10 mA cm−2)

Conclusion Reference

NiP-FeP2/Cu PBE

NiP2 −0.358 37.0
NiP-FeP2/Cu interface effectively adsorbs

generated H intermediate.

ACS Energy Lett. (2021),

6, 354. [61]

FeP2 −0.203 -

NiP-FeP2 −0.043 -

NiP-FeP2/Cu −0.03 23.6

O-Co2P PBE
Co2P 0.70 247.0 Oxygen incorporation may induce a higher positive

charge state Co to benefit water adsorption and

weaken the O-H bond in adsorbed H2O.

Adv. Mater. (2017), 29,

1606980 [59]
O-Co2P 0.19 160.0

RuSA@ Ti3C2O2 PBE
Ti3C2O2 −0.33 -

RuSA favours H2 formation.
EcoMat (2023), 5, 12274

[56]RuSA@ Ti3C2O2 −0.07 40.3

F-Ni3S4 PBE
Ni3S4 0.12 112.0 F-doping can promote water dissociation to

increase the rate of Hads formation.

Adv. Funct. Mater.

(2021), 31, 2008578 [58]F-Ni3S4 −0.034 29

Metal-modified

transition metal

carbides
PW91

Pt/Mo2C interface 0.01 -

The ΔGH* has a strong correlation with the alkaline

HER performance.

ACS Catal. (2019), 9,

2415 [29]

Pt/NbC −0.28 -

Pt/TaC −0.07 -

Pt/TiC −0.03 -

Mo2C(0001) −0.75 -

NbC −0.90 -

TaC −0.99 -

TiC −0.96 -

VC −0.84 -

W2C(0001) −0.60 -

WC(0001) −0.81 -

Ni/Co-modified

MoSe2
PBE

MoSe2 1.49 301
Partial substitution of Ni or Co atoms for Mo atoms

can optimize the ΔGH* value.

Angew. Chem. (2020),

132, 15344 [27]
Ni-MoSe2 −0.43 98

Co-MoSe2 −0.20 183

FeCoNiCu0.5 PBE

Ni −0.08 436

ΔGH* value of −0.08 eV, close to that of the Pt

catalyst.

J. Alloys Compd. (2024),

175356 [68]

Fe 0.17 509

Co −0.18 361

Cu 0.23 252

FeCoNiCu0.5 −0.08 71

2D

transition-metal

dichalcogenides
PBE

MoS2 0.03 -

Except for WSe2, the calculated ΔGH* of the rest is

close to zero.

J. Phys. Chem. C.

(2022), 126, 5151 [63]
MoSe2 0.09 -

WS2 −0.03 -

WSe2 0.24 -

* The authors calculated the adsorption energy of the H atoms here. The overpotential values are reported based
on the experimental results in the corresponding reference.

3.3. Hydrogen and Hydroxyl Adsorption

In recent studies, the volcano plot has been adopted to describe HER activities in
alkaline media by plotting ΔGOH* against activities. In contrast to the volcano-shaped
association observed with ΔGH*, Zhang et al. demonstrated that ΔGOH* exhibits a signifi-
cantly weaker correlation with alkaline HER activity than the volcano-shaped relationship
established with ΔGH* [29]. Au-modified TMCs exhibit OHBEs comparable to those of Pt
and Pt-modified TMCs; however, the alkaline exchange current densities of Au/TMCs are
two to three orders of magnitude lower than those of their Pt counterparts. Furthermore,
carbides modified with Ag and Cu exhibit a broad spectrum of ΔGOH*, but there is no
discernible HER trend within this spectrum. According to the research of Zhang et al.,
ΔGOH* is not an appropriate descriptor for alkaline HER on TMCs and metal-modified
TMCs. It also implies that the adsorbed hydroxyl group does not directly participate in the
rate-determining step of alkaline HER kinetics on these surfaces [29].

Markovic et al. were the first to study the impact of adsorbed OH on Pt-based
electrocatalysts, emphasizing its poisoning effect on surface sites and its influence on
the kinetics of the alkaline HER [69]. The hydrogen binding energy (HBE) and hydroxyl
binding energy (OHBE) values for pure Ru and various Mo-Ru compounds were computed
(Figure 4a) by Zhao et al. Through DFT, the optimal H and OH adsorption sites on distinct
catalysts for alkaline HER were identified [70]. In the Mo-Ru-1 structure, one of the Ru
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atoms is doped with Mo, while Mo-Ru-2 and Mo-Ru-3 are doped with two and four atoms
of Mo, respectively. Figure 4a displays the HBE (ΔGH*) values of Ru, Mo-Ru-1, Mo-Ru-2,
and Mo-Ru-3, which are −0.64, −0.69, −0.67, and −0.76 eV, respectively. These results
indicate that the adsorption energy of H is similar for all catalysts and nearly identical to
experimental values [25,71,72]. The OHBE (ΔGOH*) values of Mo-Ru-1 (−0.53 eV), Mo-Ru-2
(−0.68 eV), and Mo-Ru-3 (−0.97 eV) exhibited a substantial increase after Mo-doping, in
comparison to native Ru (−0.31 eV). Consequently, the OHBE progressively rose as the
Mo atom content increased. Furthermore, the increased OHBE after Mo-doping can be
ascribed to the augmented HOR/HER activity of Mo-Ru.

Zhang et al. designed high-efficiency alkaline HER electrocatalysts using a unique dual
descriptor of optimal free energies (ΔGH* and ΔGOH*). Ni3N surface reactivity was tailored
using theory to balance the adsorption energies of hydrogen and hydroxyl species. Nickel-
based materials are highly promising non-noble metal electrocatalysts for the hydrogen
evolution reaction (HER) [73,74]. In this study, the metallic Ni3N was considered a case
study to illustrate the application of dual-descriptor-driven design. Ni3N has been regarded
as a suitable electrocatalyst for cleaving OH-H bonds in the Volmer phase. According
to Figure 4b, the DFT calculations demonstrate that the Ni3N (111) surface exhibits a
facile hydroxyl adsorption free energy of 0.03 eV. This characteristic is advantageous
for the energetics of water dissociation and subsequent hydroxyl desorption [75]. Such
findings align with prior studies indicating that Ni3N can function as a promoter of water
dissociation [76]. Nevertheless, the DFT calculations indicate that the average GH* value
observed on the surface of Ni3N (111) is approximately −0.31 eV, which surpasses the
ideal value of ΔGH* = 0 eV by a wide margin. The excessive reactivity of the surface
results in unfavorable desorption of hydrogen and subsequent formation of H2. This
approach has successfully enhanced the hydrogen evolution reaction (HER) performance
by incorporating various transition-metal dopants into Ni3N, including Mo-Ni3N, W-
Ni3N, and V-Ni3N [30]. The hydrogen and hydroxyl binding energy results on Mo-Ni3N
effectively balance the dual descriptors.

Figure 4. (a) DFT-calculated Gibbs free energy change of the intermediate H atom adsorption (ΔGH*,

HBE) and the Gibbs free energy change of OH adsorption energy (ΔGOH*, OHBE) on Ru, Mo-Ru-1,
Mo-Ru-2, Mo-Ru-3. Reprinted with permission from Ref. [70]. Copyright 2022 American Chemical
Society. (b) DFT-calculated Gibbs free energy change of the intermediate H atom adsorption (ΔGH*)
and the Gibbs free energy change of OH adsorption energy (ΔGOH*) on Ni3N, Mo-Ni3N, W-Ni3N,
and V-Ni3N. Reprinted with permission from Ref. [30]. Copyright 2019 American Chemical Society.

More examples of using ΔGH* and ΔGOH* as the descriptor to identify the active site
of the alkaline HER electrocatalysts and evaluate their performance are listed in Table 4.
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Table 4. Gibbs free energy change of OH intermediate adsorption as descriptors to identify the active
site of the alkaline HER electrocatalyst.

Catalyst
DFT

Method
Active Site ΔGOH*

Overpotentials

(mV@ Current Density

of −10 mA cm−2)

Conclusion Reference

Cr-doped Ni(111) -
Ni(111) −3.23 * 322 Co-doping allows for a balance between facilitating

the dissociation of water and preventing the poisoning

effect.

J. Am. Chem. Soc.,

(2021), 143, 1399 [52]
Cr-doped Ni(111) −3.83 * 203

RuSA@Ti3C2O2/Ti3C2O2 PBE
RuSA@Ti3C2O2 −0.49 40.3 Ru improved adsorption ability of Ti3C2O2 toward

HO*.

EcoMat (2023), 5, 12274

[56]Ti3C2O2 2.00 -

Ni/Co-modified MoSe2 PBE

Mo-MoSe2 −1.74 301
Co-MoSe2 is favorable for OH− desorption in

alkaline HER.

Angew. Chem. (2020),

132, 315344 [27]
Co-MoSe2 0.67 183

Ni-MoSe2 1.22 98

Metal-modified

transition metal

carbides
PW91

Pt −2.39 -

The ΔGOH* does not show a strong correlation with

the alkaline HER performance.

ACS Catal. (2019), 9,

2415 [29]

Nb −2.41 -

Ta −2.51 -

Mo −4.6 -

Nb −4.85 -

Ta −4.6 -

Ti −4.85 -

V −4.96 -

W −4.91 -

W −4.19 -

RuSA@ Ti3C2O2 −0.49 -

Ni 0.17 -

Ni-modified Pt (111) PBE
Pt 1.05 28.9 The strong adsorption of OH on Ni indicates a fast

H2O dissociation.

J. Colloid Interface Sci.

(2023)

650, 1715 [49]
Ni-Pt −0.51 14

* The authors calculate the adsorption energy of the OH radical at the active site. The overpotential values are
reported based on the experimental results in the corresponding reference.

4. Discussion

The selection of the right descriptor for screening alkaline HER electrocatalysts is a
long-standing debate, especially using the ΔGOH* descriptor. For example, Zhang et al.
demonstrated that ΔGOH* exhibits a significantly weaker correlation with alkaline HER
activity than the volcano-shaped relationship established with ΔGH* (Figure 5a), which im-
plies that the adsorbed hydroxyl group does not directly participate in the rate-determining
step of alkaline HER kinetics on these surfaces [29]. Contrastingly, McCrum et al. found
that the performance of alkaline HER electrocatalysts shows a volcano relationship between
the natural logarithm of the experimentally measured rate of hydrogen evolution and the
DFT-calculated ΔGOH* [19]. The reaction is bifunctional as it involves both ΔGH* and
ΔGOH* on the too-strong OH binding side of the volcano. On the too-weak OH binding
side of the volcano, ΔGH* is only apparently bifunctional; ΔGOH* is not a useful descriptor
for evaluating the performance of catalysts. The different conclusions of these two studies
may be ascribed to the scopes of ΔGOH* values. All the ΔGOH* values from Zhang et al.
shown in Figure 5a are less than −1.0 eV, which belong to the too-strong OH binding side
suggested in Figure 5b. As a result, no volcanic relationship can be identified in Figure 5a.
Since all ΔGOH* values are far from the optimal value of −0.3 eV, the performance of these
metal-modified transition metal carbides is more affected by the ΔGH* value, as suggested
by Zhang et al. [29].
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Figure 5. (a) The logarithm of the experimentally measured rate of hydrogen evolution of metal-
modified transition metal carbides in 0.1 M KOH and the corresponding DFT-calculated ΔGOH*.
Reprinted with permission from Ref. [29]. Copyright 2019 American Chemical Society. (b) The
natural logarithm of the experimentally measured rate of hydrogen evolution of Pt (553), Pt(553) with
Mo*, Re*, Ru*, Rh*, and Ag* adsorbed at the step, and Pt(111) in 0.1 M NaOH and the corresponding
DFT-calculated ΔGOH*. Reprinted with permission from Ref. [19]. Copyright 2020 Springer Nature.

To better screen the alkaline HER electrocatalysts, McCrum et al. adopted a three-
dimensional (3D) volcano plot depicting the rate of hydrogen evolution in relation to
the ΔGOH* and ΔGH*, as illustrated in Figure 6a. Catalysts exhibiting minimal hydrogen
and hydroxide binding energies yield the lowest rates, as indicated by the purple area
on the upper right of Figure 6a. The catalysts show the highest performances when they
bind hydrogen at an intermediate strength at 0 VRHE (near 0 eV) and hydroxide strongly
(near −0.3 eV) (yellow in the middle of Figure 6a). The too-strong H and OH binding
leads the H2 or OH* desorption to become the rate-determining step. Consequently,
Figure 6a qualitatively represents trends in alkaline HER kinetics and provides design
guidelines for efficient catalysts. For example, to improve the hydrogen evolution rate of
the well-studied Pt(111) electrocatalysts in an alkaline solution, the ΔGH* must be increased
by approximately 0.2 eV. In comparison, the ΔGOH* must be significantly reduced by
approximately 0.9 eV through appropriate manipulation strategies such as doping, surface
engineering, and defect engineering [19].

Following these guidelines, we employed both ΔGH* and ΔGOH* descriptors to in-
vestigate the catalytic HER performance of 1T’ transition metal dichalcogenides (TMDs
such as MoSe2, MoS2, WSe2, and WS2) in an alkaline solution using DFT [77]. Our findings
indicate that the pristine sulfides exhibited superior alkaline HER performance compared
to their selenide counterparts. Nevertheless, the activities of all pristine 1T’ TMDs are insuf-
ficient to dissociate water (See Figure 6b). Defect engineering techniques were employed to
improve the reactivity of TMD-based electrocatalysts. Our DFT results indicate that the
reactivities of TMD materials can be enhanced by introducing single S/Se vacancy defects,
as shown in Figure 6c. However, the rate-determining phase is the desorption of OH.
The reactivities of active sites were further regulated to achieve optimal OH desorption
by doping defective MoS2 with late 3d transition metal (TM) atoms, particularly Cu, Ni,
and Co, as illustrated in Figure 6d. Consequently, the TM-doped defective 1T’ MoS2 can
substantially improve the alkaline HER performance, which matches the recently reported
experimental observations.
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Figure 6. (a) Logarithm of the rate of hydrogen evolution (contours) as a function of DFT-calculated
ΔGH* and ΔGOH* on Pt(111), Pt(553), Ru* adsorbed at the step of Pt(553), PtRu(111) alloy and Ru*
clusters on Pt(111). Reprinted with permission from Ref. [19]. Copyright 2020 Springer Nature.
(b) Plot of ΔGOH* against ΔGH* of pristine MX2 TMDs (M = Mo, W and X = S, Se), (c) plot of ΔGOH*

against ΔGH* of MX2 TMDs with a single X vacancy; and (d) plot of ΔGOH* against ΔGH* of MX2

TMDs with 3d TM dopant next to the single X vacancy. Reprinted with permission from Ref. [77].
Copyright 2024 IOPscience.

It is crucial to remember that each descriptor has limitations and challenges when
studying alkaline HER in alkaline media. Descriptors such as water adsorption energy and
water dissociation energy barriers serve as indicators of material reactivity. They are closely
linked to the Volmer step, which encompasses the adsorption of water molecules and their
subsequent dissociation into adsorbed hydrogen (H*) and hydroxide ions (OH−). These
steps are fundamental to the overall HER process, yet they do not provide a complete pic-
ture of the catalytic site’s capabilities, especially concerning the Heyrovsky and Tafel steps.
The Heyrovsky step involves the electrochemical desorption of H* to form hydrogen gas.

The ΔGH* has been the most prevalent descriptor for assessing HER performance at
the Heyrovsky and Tafel steps. It offers a measure of the free energy change when H* is
adsorbed on the catalyst surface, which is a critical factor in determining the rate of the
HER. However, ΔGH* alone is insufficient for evaluating the Volmer step or the desorption
efficiency of adsorbed OH, which are also essential for a complete understanding of the
HER mechanism.

The Gibbs free energy of hydroxide adsorption (ΔGOH*) can be used to evaluate the
desorption efficiency of adsorbed OH, providing insights into the potential for water
dissociation, as suggested by the Bronsted-Evans-Polanyi (BEP) relationship [19]. This
relationship posits a linear correlation between the activation energy of a reaction and the
reaction enthalpy, allowing for the prediction of reaction barriers based on thermodynamic
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parameters. However, it does not offer information on the catalyst’s performance during
the Heyrovsky or Tafel steps. Therefore, relying solely on ΔGOH* would give an incomplete
assessment of a catalyst’s overall activity and efficiency.

Given these considerations, it is evident that no single descriptor can fully encapsulate
the complexities of the HER process. Researchers must carefully select and combine
multiple descriptors to gain a comprehensive understanding of the catalytic activity and
to design more efficient catalysts. This approach allows for the evaluation of catalysts
across all steps of the HER, ensuring a more accurate prediction of their performance in
real-world applications.

It is also worth noting that different descriptors may be required to understand the
performance of alkaline HER composite electrocatalysts. For example, Chen et al. designed
a complicated composite electrocatalyst including a Co dopant on WO2/amorphous CoxW
hybrid materials [51]. Using the water adsorption energy and dissociation energy barrier
energy as the descriptor, they found that the amorphous CoxW is the active site. However,
the analysis of the ΔGH* descriptor indicates that Co-doped WO2 is the active site for H2 for-
mation. The DFT calculations then suggest that the individual component of this composite
electrocatalyst has a different function. The synergy between them enables the high alkaline
HER performance of this Co-Doped WO2/amorphous CoxW hybrid electrocatalyst.

5. Conclusions and Outlook

The hydrogen evolution reaction (HER) in alkaline media is a prominent method for
large-scale hydrogen production from an electrolyzer. Alkaline Water Electrolysis (AWE)
has demonstrated superior cost-effectiveness to acidic proton exchange membrane (PEM).
One of the biggest challenges of AWE is ascribed to the relatively low energy conversion effi-
ciency of their electrocatalysts. To address this issue, selecting the right computational tools
for theoretical studies is essential in designing high-performance alkaline HER electrocata-
lysts. The descriptors used to evaluate the energy conversion efficiency of electrocatalysts
include water adsorption energy, water dissociation barrier, Gibbs free energy change of
hydrogen adsorption, and Gibbs free energy change of hydroxyl adsorption from DFT
calculations. In the review, some of the latest examples have been used to illustrate the
applications of different descriptors. It reveals that the hydroxyl (ΔGOH*) adsorption pro-
cess is one of the important parameters often ignored in many previous theoretical studies.
When the adsorption strength of hydroxyl is weak, it suggests a high water dissociation
energy barrier due to the BEP relationship [19]. The water cannot effectively interact with
the active site to provide an H atom intermediate. At the same time, the weak adsorption of
OH also indicates that the dissolved hydroxide is via the Volmer (II) mechanism (Equation
(6)), as shown in Figure 1. In this case, the ΔGH* becomes a more important descriptor to
analyze and predict the efficiency of an active site. It explains the great matches between
some experimental measurements and the trend of the ΔGH* descriptor in some combined
studies.

The CHE model has evolved to include previously overlooked factors such as sol-
vent and electrolyte effects, reflecting its adaptability [18]. Despite these advancements,
a knowledge gap persists, particularly in the dynamic aspects of water splitting. A sig-
nificant hurdle remains in developing a more accurate model of the electrode–electrolyte
interface, which is crucial for pinpointing active sites in HER and connecting microscopic
interactions with macroscopic observations. The electrified solid–liquid interface in alkaline
HERs largely determines the charge transfer rate of electrochemical redox reactions [78].
Innovative approaches, such as engineering a localized acid-like environment within an
alkaline medium, have significantly boosted HER performance significantly [79]. This
is achieved by tailoring the local reaction conditions, which are critical for the process.
Moreover, understanding the impact of variables like electrolyte concentration on HER
allows for further refinement of reaction conditions [16]. The descriptors described in this
review can only provide limited dynamic information about the electrochemical processes
at the electrode–electrolyte interface [15,21,22]. This is because the atomistic models used
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in most of these studies make it difficult to comprehend the thermodynamic state and
dynamic properties of interfacial processes [21]. The interaction between water molecules
and the electrified surface must be investigated by examining scenarios in which water
molecules are introduced to the catalyst surface in various configurations [80]. Insights
into the hydrogen bonding network and structural characteristics of the water layer can
be derived from the average dipole orientation of water molecules relative to the surface
normal [80]. Furthermore, the complex relationship among adsorbed hydrogen, water
molecules, and the electrochemical environment, which influences the behaviors of ad-
sorption and the overall characteristics of the interface between solid and water, needs
to be investigated [81]. To comprehend the activities of HER intermediates in alkaline
media, it is critical to know the potential and pH-dependent adsorption energies of these
intermediates [82]. To this end, it is clear that theoretical studies on alkaline HER are still
an area ripe for further research.

The intersection of machine learning (ML) with density functional theory and mul-
tiscale modeling is a burgeoning field that holds great promise for advancing materials
science and chemistry [83–86]. By leveraging ML’s ability to analyze vast datasets and
identify patterns, researchers can significantly reduce the computational resources required
for DFT calculations. This synergy enables the prediction of complex chemical behaviors
and the design of new materials with tailored properties. However, the success of the ML
methods hinges on the quality and consistency of the data fed into the ML models [84]. As
such, creating comprehensive and reliable databases is crucial for training algorithms that
can accurately predict electrochemical behaviors and guide the development of efficient
alkaline HER electrocatalysts. This integrated approach is set to transform the landscape of
computational chemistry, offering a more streamlined and precise method for exploring
the vast potential of chemical space. They can predict the performance of electrocatalysts,
thereby informing the design of next-generation materials with enhanced catalytic proper-
ties. These concerted efforts in theoretical research are essential for the progression of clean
energy technologies.

In sum, the exploration of electrocatalytic mechanisms in alkaline HER is a com-
plex field that necessitates a comprehensive approach. Advancements beyond the DFT-
calculated descriptors are critical for a deeper understanding. Operando simulations offer
a dynamic perspective by considering actual working conditions, providing insights into
the real-time structural and chemical changes during the reaction process. Meanwhile, ML-
based force fields for classical molecular dynamics and Monte Carlo simulations represent
a significant leap in mesoscale modeling, enabling simulations that capture the nuanced
interactions within molecular systems. These ML models can bridge the gap between
classical and quantum mechanical accuracy, offering a more detailed view of the catalytic
processes. Lastly, ML-driven high-throughput screening is revolutionizing the way elec-
trocatalysts are discovered and optimized. By analyzing vast datasets, ML algorithms can
predict performance, stability, and efficiency, thereby accelerating the development of new
materials for HER. Together, these methodologies form a multi-faceted approach that could
significantly advance the field of electrocatalysis.

Author Contributions: Methodology, Formal analysis, Writing–original draft, S.A.O.; Writing—
review & editing, F.M.; Writing—review & editing, Funding Request, A.B.; Writing—review &
editing, J.J.H.; Writing—review & editing, L.Z.; Writing–review & editing, Z.W.; Writing—review &
editing, S.B.; Writing—review & editing, Y.Z.; Project administration, Funding Request, Supervision,
Conceptualization, Resources, Writing—review & editing, Y.W. All authors have read and agreed to
the published version of the manuscript.

Funding: The authors acknowledge financial support from the Australian Research Council Discovery
Project (Grant No. DP210103266, DP210104010). This research was conducted on the supercomputers
in National Computational Infrastructure (NCI) in Canberra, Australia, which is supported by the
Australian Commonwealth Government, and Pawsey Supercomputing Centre in Perth with the
funding from the Australian government and the Government of Western Australia. Calculations
were performed by using resources from Grand Equipement National de Calcul Intensif (GENCI,

47



Catalysts 2024, 14, 608

grant no. A0120913426). Computational resources provided by the computing facilities Mésocentre
de Calcul Intensif Aquitain (MCIA) of the Université de Bordeaux and of the Université de Pau
et des Pays de l’Adour. We acknowledge funding from CNRS Institute of Chemistry through the
“International Emerging Actions 2022” mobility grant (2DH2 project) and from Agence national de
recherche under the RECIFE ANR-DFG project (Grant Number ANR-21-CE08-0036-01).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. de Kleijne, K.; Huijbregts, M.A.J.; Knobloch, F.; van Zelm, R.; Hilbers, J.P.; de Coninck, H.; Hanssen, S.V. Worldwide greenhouse
gas emissions of green hydrogen production and transport. Nat. Energy 2024, 1–14. [CrossRef]

2. Wei, C.; Xu, Z.J. The Comprehensive Understanding of as an Evaluation Parameter for Electrochemical Water Splitting; Wiley Online
Library: Hoboken, NJ, USA, 2018; Volume 2, p. 1800168.

3. Horri, B.A.; Ozcan, H. Green hydrogen production by water electrolysis: Current status and challenges. Curr. Opin. Green. Sust.
2024, 47, 100932. [CrossRef]

4. Ghosh, S.; Basu, S. Solid Oxide Electrolysis Cell for Hydrogen Generation: General Perspective and Mechanism. In Climate Action
and Hydrogen Economy: Technologies Shaping the Energy Transition; Springer: Berlin/Heidelberg, Germany, 2024; pp. 231–260.

5. Laguna-Bercero, M.A.; Wang, Y.; Zhou, X.-D.; Zhu, L. Fundamentals of Solid Oxide Electrolysis Cells (SOEC). In High. Temperature
Electrolysis; Springer: Berlin/Heidelberg, Germany, 2023; pp. 5–34.

6. Tao, H.B.; Liu, H.; Lao, K.J.; Pan, Y.P.; Tao, Y.B.; Wen, L.R.; Zheng, N.F. The gap between academic research on proton exchange
membrane water electrolysers and industrial demands. Nat. Nanotechnol. 2024, 19, 1074–1076. [CrossRef] [PubMed]

7. Yuan, S.; Zhao, C.F.; Li, H.Y.; Shen, S.Y.; Yan, X.H.; Zhang, J.L. Rational electrode design for low-cost proton exchange membrane
water electrolyzers. Cell Rep. Phys. Sci. 2024, 5, 101880. [CrossRef]

8. Zheng, Y.; Jiao, Y.; Vasileff, A.; Qiao, S.Z. The Hydrogen Evolution Reaction in Alkaline Solution: From Theory, Single Crystal
Models, to Practical Electrocatalysts. Angew. Chem. Int. Edit. 2018, 57, 7568–7579. [CrossRef]

9. Pitchai, C.; Vedanarayanan, M.; Chen, C.-M.; Gopalakrishnan, S.M. Enhanced electrochemical efficiency of the open porous
sandrose structured electrocatalyst for sustainable hydrogen and oxygen evolution reactions. Int. J. Hydrogen Energy 2024, 72,
755–763. [CrossRef]

10. Pitchai, C.; Gopalakrishnan, S.M.; Chen, C.-M. Ultra-efficient Nitrogen-Doped Carbon Dots-Supported Nickel Sulfide as a
Platinum-Free Electrocatalyst for Overall Water Splitting in Basic Medium. Energy Fuels 2024, 38, 2235–2247. [CrossRef]

11. Hu, C.L.; Zhang, L.; Gong, J.L. Recent progress made in the mechanism comprehension and design of electrocatalysts for alkaline
water splitting. Energy Environ. Sci. 2019, 12, 2620–2645. [CrossRef]

12. Ehlers, J.C.; Feidenhans’l, A.A.; Therkildsen, K.T.; Larrazabal, G.O. Affordable Green Hydrogen from Alkaline Water Electrolysis:
Key Research Needs from an Industrial Perspective. ACS Energy Lett. 2023, 8, 1502–1509. [CrossRef]

13. Du, N.Y.; Roy, C.; Peach, R.; Turnbull, M.; Thiele, S.; Bock, C. Anion-Exchange Membrane Water Electrolyzers. Chem. Rev. 2022,
122, 11830–11895. [CrossRef] [PubMed]

14. Li, J.; Jing, Z.; Bai, H.; Chen, Z.; Osman, A.I.; Farghali, M.; Rooney, D.W.; Yap, P.-S. Optimizing hydrogen production by alkaline
water decomposition with transition metal-based electrocatalysts. Environ. Chem. Lett. 2023, 21, 2583–2617. [CrossRef]

15. Liu, J.; Wang, Y. Theoretical Identification and Understanding of Catalytic Active Sites for Water Splitting Reactions. Catalysis
2022, 34, 1–16. [CrossRef]

16. Wang, Y.; Liu, X.; Liu, J.X.; Al-Mamun, M.; Liew, A.W.C.; Yin, H.J.; Wen, W.; Zhong, Y.L.; Liu, P.R.; Zhao, H.J. Electrolyte Effect
on Electrocatalytic Hydrogen Evolution Performance of One-Dimensional Cobalt-Dithiolene Metal-Organic Frameworks: A
Theoretical Perspective. ACS Appl. Energy Mater. 2018, 1, 1688–1694. [CrossRef]

17. Liu, J.X.; Yin, H.J.; Liu, P.R.; Chen, S.; Yin, S.W.; Wang, W.L.; Zhao, H.J.; Wang, Y. Theoretical Understanding of Electrocatalytic
Hydrogen Production Performance by Low-Dimensional Metal-Organic Frameworks on the Basis of Resonant Charge-Transfer
Mechanisms. J. Phys. Chem. Lett. 2019, 10, 6955–6961. [CrossRef] [PubMed]

18. Skúlason, E.; Karlberg, G.S.; Rossmeisl, J.; Bligaard, T.; Greeley, J.; Jónsson, H.; Nørskov, J.K. Density functional theory calculations
for the hydrogen evolution reaction in an electrochemical double layer on the Pt (111) electrode. Phys. Chem. Chem. Phys. 2007, 9,
3241–3250. [CrossRef]

19. McCrum, I.T.; Koper, M.T. The role of adsorbed hydroxide in hydrogen evolution reaction kinetics on modified platinum. Nat.
Energy 2020, 5, 891–899. [CrossRef]

20. Tian, Y.; Zhang, S.; Wang, Y. Mathematical Modeling for Enhanced Electrochemical Properties. In Metal-Air Batteries; CRC Press:
Boca Raton, FL, USA, 2023; pp. 45–63.

21. Wang, Y. Multiscale Modeling of Electrochemical Reactions and Processes; AIP Publishing LLC: Melville, NY, USA, 2021.
22. Hinsch, J.J.; Wang, Y. DFT and Simulation of Solid-Liquid Interface Properties and Processes; Elsevier: Amsterdam, The Nether-

lands, 2023.

48



Catalysts 2024, 14, 608

23. Norskov, J.K.; Bligaard, T.; Rossmeisl, J.; Christensen, C.H. Towards the computational design of solid catalysts. Nat. Chem. 2009,
1, 37–46. [CrossRef]

24. Greeley, J.; Jaramillo, T.F.; Bonde, J.; Chorkendorff, I.; Nørskov, J.K. Computational high-throughput screening of electrocatalytic
materials for hydrogen evolution. Nat. Mater. 2006, 5, 909–913. [CrossRef]

25. Zheng, J.; Nash, J.; Xu, B.; Yan, Y. Perspective—Towards establishing apparent hydrogen binding energy as the descriptor for
hydrogen oxidation/evolution reactions. J. Electrochem. Soc. 2018, 165, H27. [CrossRef]

26. Fung, V.; Hu, G.; Wu, Z.; Jiang, D.-E. Descriptors for hydrogen evolution on single atom catalysts in nitrogen-doped graphene. J.
Phys. Chem. C 2020, 124, 19571–19578. [CrossRef]

27. Mao, B.; Sun, P.; Jiang, Y.; Meng, T.; Guo, D.; Qin, J.; Cao, M. Identifying the transfer kinetics of adsorbed hydroxyl as a descriptor
of alkaline hydrogen evolution reaction. Angew. Chem. 2020, 132, 15344–15349. [CrossRef]

28. Jia, Q.; Liang, W.; Bates, M.K.; Mani, P.; Lee, W.; Mukerjee, S. Activity descriptor identification for oxygen reduction on platinum-
based bimetallic nanoparticles: In situ observation of the linear composition–strain–activity relationship. ACS Nano 2015, 9,
387–400. [CrossRef] [PubMed]

29. Zhang, Q.; Jiang, Z.; Tackett, B.M.; Denny, S.R.; Tian, B.; Chen, X.; Wang, B.; Chen, J.G. Trends and descriptors of metal-modified
transition metal carbides for hydrogen evolution in alkaline electrolyte. ACS Catal. 2019, 9, 2415–2422. [CrossRef]

30. Zhang, B.; Wang, J.; Liu, J.; Zhang, L.; Wan, H.; Miao, L.; Jiang, J. Dual-descriptor tailoring: The hydroxyl adsorption energy-
dependent hydrogen evolution kinetics of high-valance state doped Ni3N in alkaline media. ACS Catal. 2019, 9, 9332–9338.
[CrossRef]

31. Skúlason, E.; Tripkovic, V.; Björketun, M.E.; Gudmundsdóttir, S.; Karlberg, G.; Rossmeisl, J.; Bligaard, T.; Jónsson, H.; Nørskov, J.K.
Modeling the electrochemical hydrogen oxidation and evolution reactions on the basis of density functional theory calculations. J.
Phys. Chem. C 2010, 114, 18182–18197. [CrossRef]

32. Nørskov, J.K.; Bligaard, T.; Logadottir, A.; Kitchin, J.; Chen, J.G.; Pandelov, S.; Stimming, U. Trends in the exchange current for
hydrogen evolution. J. Electrochem. Soc. 2005, 152, J23. [CrossRef]

33. Ostergaard, F.C.; Bagger, A.; Rossmeisl, J. Predicting catalytic activity in hydrogen evolution reaction. Curr. Opin. Electrochem.
2022, 35, 101037. [CrossRef]

34. Norskov, J.K.; Abild-Pedersen, F.; Studt, F.; Bligaard, T. Density functional theory in surface chemistry and catalysis. Proc. Natl.
Acad. Sci. USA 2011, 108, 937–943. [CrossRef]
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Abstract: Recent advances in transition metal-based electrocatalysts have significantly
enhanced the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) in
water electrocatalysis. Self-supported electrodes, where active sites are directly integrated
with substrates, offer superior kinetics and stability compared to traditional powder-based
electrocatalysts. The electrospinning technique is particularly effective for fabricating
self-supported electrocatalysts with high surface areas, porosity, and uniform distribution
of active sites, leading to improved catalytic performance. Despite extensive research
on self-supported electrocatalysts, a comprehensive review focusing on those developed
via electrospinning remains scarce. This review provides a detailed overview of the
electrospinning process, the fundamental principles of water electrocatalysis, and recent
progress in the development of transition metal-based electrocatalysts fabricated through
this approach.

Keywords: electrospinning; transition metal catalysts; self-supported electrodes; electrocatalysis;
water splitting

1. Introduction

The global shift toward sustainable energy solutions has highlighted the importance
of hydrogen as a clean and efficient energy carrier [1–4]. Hydrogen, with its abundant
feedstock [4], high energy density [5], and environmental benefits [6], holds significant
potential for addressing the growing demand for renewable energy [7]. Among the vari-
ous methods for hydrogen production, water electrolysis [8] stands out as a sustainable
approach using water as a feedstock to generate hydrogen and oxygen [9,10]. This process
involves two key reactions: the cathodic hydrogen evolution reaction (HER) and the anodic
oxygen evolution reaction (OER). However, both reactions are highly energy-intensive,
requiring operating voltages of 1.8–2.0 V, which is significantly higher than the theoretical
1.23 V [3]. To enhance the efficiency of water electrolysis, highly active electrocatalysts are
required to improve the sluggish reaction kinetics and reduce overpotential [11]. While
noble metal-based catalysts demonstrate outstanding performance, their high cost and
limited availability restrict widespread use [12]. As a result, there is a growing need to
develop low-cost, highly efficient catalysts for water electrolysis.

The current research on water-splitting electrocatalysts has focused largely on transi-
tion metal compounds, including sulfides [13], selenides [14,15], phosphides [16,17], oxides,
nitrides [8,18], carbides [19], etc. However, the performance of these noble metal-free
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catalysts in terms of activity and durability remains below expectations. The effectiveness
of electrocatalysts depends on several key factors: the intrinsic properties of active sites [20],
the number of active sites [21], the mass transfer efficiency [22], and the electron transfer
ability [23]. Various strategies have been proposed to address these factors. Among them,
the design of nanostructures appears as one of the most widely explored approaches [24].
However, nanostructured electrocatalysts have some limitations for practical applications.
For instance, nanoparticles are typically cast on a substrate using polymer binders, which
increase electrical resistance, block active sites, and hamper mass transport. Additionally,
the low conductivity of many electrocatalysts necessitates the use of conductive additives,
which not only add complexity to the preparation process but also reduce the loading of
active components. These drawbacks increase production costs and can result in poor
mechanical stability due to the potential detachment of catalyst particles.

In light of these challenges, self-supported electrodes, where catalytically active phases
are grown directly on conductive substrates, offer a promising alternative [25]. These
electrodes offer several key advantages over conventional powder-based catalysts: (1)
simplification of the electrode preparation process [26], (2) increased loading of active
sites [27], (3) greater exposure of active sites by eliminating the involvement of binders [28],
(4) improved charge transfer through uniform distribution of the catalyst on the substrate,
(5) the ability to engineer hydrophilic or hydrophobic surfaces by adjusting the morphology
and microstructure [29], and (6) enhanced stability through the immobilization of catalysts
on the substrate, leading to superior electrocatalytic performance.

The methods for preparing self-supported electrocatalytic materials generally fall into
two approaches: top-down and bottom-up. The top-down strategy involves dispersing
active substances in solvents through mechanical or chemical processes, followed by
deposition on the substrate to form thin membrane materials [30–32]. In contrast, bottom-
up methods focus on building membrane materials through techniques like chemical vapor
deposition, filtration, or electrostatic spinning [33]. Among these, electrostatic spinning
has gained attention as a versatile and efficient technique to construct adjustable chemical
components and well-defined micro/nanostructures [34].

Despite significant advances in the development of self-supported electrocatalysts,
there is still a lack of comprehensive reviews focusing on those created through electro-
spinning. Therefore, we exclusively focus on electrospun self-supported electrocatalysts, a
specialized domain that has hitherto received scant comprehensive examination. In this
paper, we initiate our exploration by delving into the foundational principles of electro-
spinning, followed by furnishing a comprehensive elucidation of the principles governing
electrolytic water splitting. Subsequently, we undertake a meticulous review of the recent
advancements in the structural design and electrocatalytic properties of transition metal-
based self-supported electrocatalysts fabricated via electrospinning. Finally, we delineate
prospective trajectories for enhancing the efficiency and performance of these materials,
proffering incisive insights for the design and development of next-generation electrocata-
lysts (Figure 1). This thorough investigation endeavors to bridge extant knowledge gaps
and galvanize further innovation within the realm of sustainable energy electrocatalysis.
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Figure 1. Schematic diagram showing the classification of transition metal-based water-splitting
electrocatalysts with the employment of electrospinning technique.

2. Basics of Electrostatic Spinning

Electrospinning is derived from the electrospray technique, where high-voltage electro-
static forces are applied to propel liquid jets [35]. The equipment used for electrospinning
consists of three main components: a high-voltage source, a nozzle, and a collector. The
high-voltage source, which can be either Direct Current or Alternating Current, generates tens
of kilovolts between the spinneret and the collector [36]. This creates a strong electrostatic field
that counteracts the surface tension of the polymer solution at the nozzle, forming the Taylor
cone [37]. When the electrostatic force surpasses the threshold, a jet with charge is propelled
from the tip of the Taylor cone [38]. As the solution jet travels, the solvent evaporates, leaving
behind charged polymer fibers that are stretched and thinned due to the movement of the
jet. These fibers accumulate on a grounded collector as randomly oriented microfibers or
nanofiber webs [39,40]. The final morphology of the fibers is influenced by several factors,
including the properties of the polymer solution (such as molecular weight, viscosity, surface
tension, and conductivity) and the processing parameters (such as voltage, distance between
the nozzle and collector, and flow rate) [41,42].

With the increasing demand for one-dimensional nanomaterials, electrospinning has
emerged as one of the fastest-growing and most versatile methods for nanofiber production.
A wide range of nanofibers can be synthesized through this technique, including carbon-
based fibers, metal oxides, polymers, and hybrid materials [43].

A variety of polymers are readily soluble in the corresponding organic solvents and
can be spun into micro-nanofibers via electrospinning. Polymer precursors commonly
involved in this process include the following: 1. natural components (i.e., hyaluronic
acid (HA), chitosan, alginate, gelatin, lignin, collagen, cellulose, and chitin [44]); and 2.
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synthetic polymers [45–49] (i.e., polyacrylonitrile (PAN), polymethylmethacrylate (PMMA),
polyethylene oxide (PEO), polyvinyl alcohol (PVA), polystyrene (PS), polyvinylidene fluo-
ride (PVDF), polyvinylpyrrolidone (PVP), poly(lactic acid) (PLA), polyvinyl chloride (PVC),
and polycaprolactone (PCL)). In addition, inorganic nanofibers, including various metallic
compounds, carbon, and their composites, are often produced by electrospinning with
subsequent post-processing techniques such as air annealing or oxygen-free carboniza-
tion at elevated temperatures. These processes enable the creation of high-performance
nanofibers with enhanced structural integrity. Nanofibers can serve not only as func-
tional electrocatalysts but also as support matrices for other active substances [50]. In
many cases, the performance of these materials can be further enhanced by combining
electrospinning with various post-processing techniques, such as carbonization, sulfura-
tion, selenization, phosphorization, self-assembly, chemical vapor deposition, chemical
etching, and solvothermal growth [51]. These combined methods are crucial for creating
high-performance composites with optimized electrocatalytic properties.

In summary, electrospinning is a versatile method for producing one-dimensional
nanofibers from various materials, offering precise control over fiber morphology for ap-
plications like electrocatalysis. The technique allows the creation of high-performance fibers,
especially when combined with post-processing methods such as carbonization. However, it
requires the careful optimization of parameters like solution properties and voltage, which can
be complex and time-consuming. Challenges include achieving uniform fiber morphology
and reproducibility, particularly with hybrid materials. Despite these issues, ongoing advance-
ments in process control and material design promise scalable production of high-performance
nanofibers, with potential for innovations in energy storage and conversion technologies.

3. Principle of Electrocatalytic Water Splitting and Evaluation Criteria

3.1. HER Mechanism

HER is the cathodic half-reaction of water electrocatalysis. It is a multi-step electrochem-
ical process that occurs at the electrode/electrolyte interface following two main reaction
pathways. The first step is the Volmer reaction, which is then followed by either the Tafel or
Heyrovsky process [52]. The mechanism of hydrogen production differs depending on the pH
of the medium (Figure 2). In acidic media, hydrogen is primarily generated by the reduction
of protons (H+), while in alkaline media, hydrogen is produced through the reduction of
water (H2O) [53]. In addition, the HER process in neutral solutions closely resembles the
mechanism in alkaline media. At each step, an electrocatalyst is essential to lower the energy
barrier, accelerating the reaction and enhancing the efficiency of hydrogen generation [54].

(1) Acidic media

In acidic media, solvated protons serve as the main reactants in HER. The process
consists of three fundamental steps [55,56].

Volmer
H+ + e− + ∗ = Had (1)

Tafel
Had + Had = H2 + 2∗ (2)

Heyrovsky
Had + H+ + e− = H2 + ∗ (3)

The first step of the reaction is the Volmer reaction (Equation (1)), an electrochemical
adsorption process where hydrated protons (H+) combine with electrons at the surface
of active sites, resulting in the adsorption of hydrogen atoms (Had). Next, depending on
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the concentration of these adsorbed atoms, hydrogen is either released through the Tafel
pathway (Equation (2)) or the Heyrovsky pathway (Equation (3)) [57]. If the coverage of
Had is high, neighboring hydrogen atoms directly couple to form hydrogen gas (H2) in a
process known as chemical desorption (Tafel reaction). Conversely, when the coverage of
Had is low, the adsorbed hydrogen atoms combine with additional H+ and e−, producing
H2 through an electrochemical desorption process (Heyrovsky reaction) [57].

(2) Alkaline media

Compared to acidic media, the HER process in alkaline solutions is kinetically slower.
This is due to the additional energy required to break the covalent bonds in H2O for
adsorption, a process more challenging than proton adsorption in acidic environments [54].
In alkaline media, the HER follows two key steps [3,54]:

Volmer
H2O + e− + ∗ = Had + OH− (4)

Heyrovsky
Had + H2O + e− = H2 + OH− + ∗ (5)

In the first Volmer reaction, water molecules undergo adsorption and dissociation at the
surface of the active sites (Equation (4)), resulting in the formation of Had and hydroxide ions
(OH−). This is considered the rate-determining step (RDS) in alkaline HER. In the Heyrovsky
step, Had reacts with water, gaining an electron to produce H2 and additional OH− (Equation
(5)). While the overall HER process in alkaline solutions is similar to that in acidic media, the
need to break H2O bonds leads to slower kinetics, which makes the reaction more difficult.
Despite this, alkaline conditions are less corrosive, which can enhance the long-term stability
of the electrocatalysts compared to their performance in acidic environments [58].

Figure 2. Mechanism of hydrogen evolution on the surface of an electrode in acidic (left) and alkaline
(right) solutions [59]. Reproduced with permission. Copyright 2019 American Chemical Society.

3.2. OER Mechanism

Compared to HER at the cathode, anodic OER is more complex with multiple intermedi-
ates involving a four-electron transfer process [60]. The slower reaction kinetics and intricate
mechanisms make OER more challenging than HER [61]. Similarly to the HER process, the
OER mechanism depends heavily on the surface structure of the electrocatalyst and the pH
of the electrolyte. Throughout the OER process, several intermediates can form, such as
absorbed hydroxyl groups (M − OH), adsorbed oxygen (M − O), and adsorbed perovskite
species (M−OOH). Oxygen (O2) is eventually produced either by the direct combination of
two M−OH intermediates or through the decomposition of M−OOH in acidic or alkaline
media [62]. The OER mechanism in acidic and alkaline media is described as follows [3,55]:
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(1) Acidic media:

H2O + M = M − OH + H+ + e− (6)

M − OH = M − O + H+ + e− (7)

M − O + H2O = M − OOH + H+ + e− (8)

M − OOH = M + O2 + H++e− (9)

(2) Alkaline media:

M + OH− = M − OH + e− (10)

M − OH + OH− = M − O + H2O + e− (11)

M − OOH− = M − OOH + e− (12)

M − OOH + OH− = M + O2 + H2O + e− (13)

Due to the involvement of multiple intermediates, it can be difficult to pinpoint
the rate-determining step for the OER and fully describe its kinetics. Understanding
the interactions between the electrocatalyst surface and these intermediates is crucial for
optimizing the overall OER performance [53,63]. In this context, density functional theory
(DFT) calculations are often used to analyze the adsorption energies of intermediates
and to model the reaction mechanism of OER electrocatalysts. To date, plenty of work
has been performed in modeling the thermodynamics of electrochemical reactions [64].
Among electrocatalysts, Ru/Ir-based oxides have proven to be the most effective in acidic
media. However, most non-precious metal catalysts are not stable in acidic environments,
particularly at high current densities, due to their susceptibility to dissolution. As a
result, transition metal-based OER electrocatalysts are more favorable for use in alkaline
electrolytes, where they exhibit better stability and performance [65].

To sum up, HER and OER are essential components of electrocatalytic water splitting, with
each reaction mechanism varying based on the pH of the electrolyte. In acidic media, HER
proceeds via the Volmer, Tafel, and Heyrovsky steps, primarily involving proton reduction,
while in alkaline media, water reduction predominates, leading to slower kinetics due to the
added energy required to break water molecules. The OER mechanism, involving a more
complex four-electron transfer process, also depends on the pH and electrocatalyst surface
structure, with multiple intermediates such as M-OH, M-O, and M-OOH formed during the
process. OER in acidic media is typically dominated by Ru/Ir-based catalysts, which exhibit
superior activity but suffer from instability under high current densities. In contrast, transition
metal-based catalysts perform better in alkaline media, offering improved stability but requiring
further optimization to enhance performance. Understanding the interactions between catalysts
and reaction intermediates, often analyzed through DFT, is key to advancing the efficiency and
stability of both HER and OER electrocatalysts for scalable water-splitting applications.

4. Synthesis and Morphologies of Water-Splitting Electrocatalysts

To date, various techniques have been employed to develop efficient water-splitting
electrocatalysts, including electrospinning, hydrothermal, and sol–gel procedures. Electro-
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spinning empowers the fabrication of materials with distinct one-dimensional nanofiber
architectures. Through the precise modulation of process parameters, it facilitates the
controlled growth of crystals, resulting in highly crystalline and well-ordered structures.
Concomitantly, it endows the materials with favorable porosity characteristics and exten-
sive surface areas, both of which are cardinal for augmenting catalytic efficiency. In the case
of hydrothermal methods, by precisely manipulating the temperature and pressure within
a confined reaction environment, materials with specific crystalline phases and defect
structures can be synthesized, thereby exerting a deterministic influence on their physico-
chemical properties. The sol–gel process, meanwhile, offers the advantage of fine-grained
control over chemical composition and homogeneity, ensuring the uniformity and integrity
of the final product, all of which cumulatively contribute to the overall performance.

With respect to morphology, diverse nanostructures assume indispensable roles.
Nanofibers, owing to their elongated and continuous morphology, provide an optimized
conduit for charge transfer, effectively minimizing electrical resistance and expediting
electron mobility. Nanoparticles, characterized by their diminutive size and concomitantly
high surface–volume ratio, expose a copious number of active sites, thereby catalyzing
efficient catalytic reactions. Nanorods, with their anisotropic geometric configuration, can
be strategically oriented to enhance the interaction with reactants, facilitating enhanced
mass transport phenomena. Collectively, the judiciously designed synthesis methods
and meticulously optimized morphologies operate in concert, synergistically bolstering
the electrochemical performance of water-splitting electrocatalysts, thereby laying a solid
foundation for the pursuit of more efficient and sustainable energy conversion pathways.

5. Water-Splitting Electrocatalysts via Electrostatic Spinning

Noble metal catalysts remain the most effective for water electrolysis, but their high
cost and limited availability hinder widespread application. As a result, research in recent
years has focused on developing catalysts made from inexpensive and abundant elements,
particularly for renewable energy technologies [66]. Transition metals emerge as intriguing
catalysts due to their unique electronic configurations. They can either provide d-orbital
lone-pair electrons, acting as nucleophiles, or utilize empty d-orbitals as electrophilic sites
during chemical reactions. The diverse chemisorption bonds formed on the d-orbitals of
these transition metals enable molecular activation, reducing the activation energy of complex
reactions [67]. Furthermore, different transition metal catalysts can alter the free energy of
adsorption within the same reaction system, thereby influencing the reaction rate.

Among all the construction strategies, electrostatic spinning proves to be effective
in generating high-performance self-supported transition metal electrocatalysts for water
splitting. 1. Compared to other electrocatalytic reactions, water splitting involves two half-
reactions, HER and OER, each with distinct kinetic barriers and mechanistic requirements.
These dual demands necessitate bifunctional catalysts with complementary properties. The
hierarchical porous structures and tunable compositions offered by electrospinning are par-
ticularly advantageous in addressing these dual challenges. 2. The interconnected porous
networks reduce diffusion resistance for reactants and intermediates, thus enhancing mass
and charge transport, which is particularly crucial for the OER. 3. Self-supported architec-
tures minimize the detachment of active materials, a common issue in the harsh oxidative
environment of water splitting, achieving significantly improved long-term stability.

The water splitting performances of electrospun transition metal electrocatalysts are
summarized in Tables 1 and 2 as well as Figure 3.
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Table 1. HER performance of reported electrospun transition metal-based electrocatalysts.

Catalysts
Preparation

Methodology
Morphology Electrolyte

Overpotential
at 10 mA

cm−2 (mV)

Tafel Slope
(mV dec−1)

References

CNF/Co3S4/MoS2

Electrospinning and
high-temperature

carbonization
followed by

hydrothermal method

Nanofiber sandwich
structure of “sub-

strate/accelerator/catalyst”
1 mol KOH 80 99.2 [68]

NiCoP

Electrospinning with
subsequent heat
treatment of the

precursor prepared

NiCoP polycrystalline
fibers 1 mol KOH 141 66 [69]

HEMP CNFs Electrospinning and
in situ phosphating

Three-dimensional
networks of

self-supporting HEMP
nanofibers

1 mol KOH 26 50.9 [70]

Fe7Se8/CNT/C
Electrospinning

combined with in situ
selenide process.

Uniformly distributed
Fe7Se8 nanoparticles on

fibrous network
1 mol KOH 138 114 [71]

CM/MoxC@NC
Electrospinning

method followed by
specified calcination

Nanofiber interlinked
network

0.5 mol
H2SO4

149 86 [72]

Sn/Mo2C-CNFs Electrospinning and
carbonization process

Sn/Mo2C nanoparticles
encapsulated in carbon

nanofibers of a 2D
structure

1 mol KOH 144 49.8 [73]

CoN/MoC/NMCNFs Electrospinning and
carbonization process

1D N-doped
multi-channel carbon
nanofibers embedded

with MoC/CoN
nanoparticles

1 mol KOH 92.5 107.9 [74]

Mott–Schottky
Ni/CeO2@N-CNFs

Electrospinning
method followed by
specified calcination

Ni/CeO2
hetero-nanoparticles

immobilized onto
N-doped carbon

nanofibers

1 mol KOH 100 85.7 [75]

Ni-MNCNF

Combination of
coaxial

electrospinning and
pyrolysis

Nitrogen-doped carbon
nanofibers with

multi-channels loaded
with nanoscale Ni

nanoparticles

1 mol KOH 65 130.3 [76]

4%-SPCNF

Extraction of
regenerated silk

fibroin, followed by
the electrospinning
and carbonization

Bundled nanofibers 1 mol KOH 401.3 138.43 [77]

Fe3C-Mo2C/NC-0.15 Electrospinning and
carbonization process

Nanoparticles within a
porous carbon nanofiber

matrix

0.5 mol
H2SO4

116 43 [78]

NiCoP/CNF900 Electrospinning and
carbonization process

NiCoP encapsulated
with the carbon

nanofibers
1 mol KOH 130 83 [79]

Co/CoP@NC

Electrospinning
followed by

carbonization and
phosphorization

Co/CoP nanoparticles
encapsulated in carbon

nanofibers
1 mol KOH 180 60.3 [80]

MoxC-NPC-1.0-800 Electrospinning and
carbonization process

Porous carbon fibers
with wrapped
Mo2C/MoC

nanoparticles

1 mol KOH 71 114.1 [81]
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Table 1. Cont.

Catalysts
Preparation

Methodology
Morphology Electrolyte

Overpotential
at 10 mA

cm−2 (mV)

Tafel Slope
(mV dec−1)

References

C/Ni/NiPred

Electrospinning
followed by

carbonization and H2
reduction

Incorporation of
nanoparticles in the

carbon matrix

0.5 mol
H2SO4

262 45.4 [82]

MoS2/CoS2-
2@HCNFs

Electrospinning and
high-temperature

carbonization
followed by

hydrothermal method

Hollow nanofibers with
dispersed nanosheets 1 mol KOH 124 88.7 [83]

CoS-2@CNF

Extraction of
regenerated silk

fibroin, followed by
the electrospinning,
carbonization, and

hydrothermal method

Homogeneous
dispersion of small CoS
nanoparticles onto the

rough surface of carbon
nanofibers

1 mol KOH 168 265.01 [84]

CoMoS@CNF

Electrospinning and
high-temperature

carbonization
followed by

hydrothermal method

Carbon nanofibers with
nanosheet 1 mol KOH 105.2 152.8 [85]

Fe-CoP/PCNF

Electrospinning
followed by

carbonization and
phosphorization

process

Porous nanofibers with
dispersed nanoparticles

0.5 mol
H2SO4

151 53.9 [86]

FeNiP/NPC800 Electrospinning and
carbonization process

Nanofibers with rough
surfaces and dispersed

nanoparticles

0.5 mol
H2SO4

277 95 [87]

Table 2. OER performance of reported electrospun transition metal-based electrocatalysts.

Catalysts
Preparation

Methodology
Morphology Electrolyte

Overpotential
at 10 mA

cm−2 (mV)

Tafel Slope
(mV dec−1)

References

Fe(III)/NiS

Electrospinning
technique followed by
alkaline hydrothermal

method

One-dimensional
hollow structure with
vertical nanosheets on

the surface

1 mol KOH 264 77.6 [88]

Co-C/Ni1Fe1S

Electrospinning–
carbonization–

electrodeposition
strategy

Hierarchical
heterostructure with
Co-C nanofibers core

and amorphous
NiFeS nanosheets

sheath

1 mol KOH 233 53.1 [89]

NiCoP

Electrospinning with
subsequent heat
treatment of the

precursor prepared

NiCoP polycrystalline
fibers 1 mol KOH 540 70 [69]

Cobalt phosphate
fibrous network

Simple precipitation
method and

electrospinning
technique

Hydrated 1D cobalt
phosphate fibrous

network
1 mol KOH 245 229 [90]

Se-CoSe2/CNFs

Electrospinning
combined with in situ

growth of ZIF-67
strategy, followed by
carbonization and a
facile selenization

process

One-dimensional
CNFs with ZIF-67 as a

template
0.1 mol KOH 325 60.89 [91]

60



Catalysts 2025, 15, 205

Table 2. Cont.

Catalysts
Preparation

Methodology
Morphology Electrolyte

Overpotential
at 10 mA

cm−2 (mV)

Tafel Slope
(mV dec−1)

References

LFNOSe-III NFs
Electrospinning and
subsequent heating

treatment

Porous perovskite
nanofibers 1 mol KOH 287 87 [92]

Co-ZIF1.5/10CNF2

Electrospinning of
CNF and Co-ZIF and

calcination as a
bifunctional catalyst

Co nanoparticles
uniformly dispersed

and encapsulated
inside the CNFs

0.1 mol KOH 390 122 [93]

Mott–Schottky
Ni/CeO2@N-CNFs

Electrospinning
method followed by
specified calcination

Ni/CeO2
hetero-nanoparticles

immobilized onto
N-doped carbon

nanofibers

1 mol KOH 230 54.2 [75]

S/LMO-E
Electrospinning and

sulfurization
treatment

Nanorods and tiny
nanoparticles 1 mol KOH 314 47 [94]

SNCF-NF-Co3O4@N2

Electrospinning
followed by

co-precipitation
method and sintering

under N2

Heterostructure with
oxygen vacancies 0.1 mol KOH 343 71.3 [95]

CoNC/NCNTs@CNF
Electrospinning

method followed by
pyrolysis process

3D callistemon-like
structure with 1D
nanofiber matrix

1 mol KOH 390 82 [96]

NiFe@NCNFs

Electrospinning
process and

subsequent heat
treatment

One-dimensional
mesoporous

structures with metal
components

encapsulated in the
N-doped carbon

nanofibers

1 mol KOH 294 52 [97]

CoP/NC
Electrospinning

followed by MOF
fabrication

Ultra-small CoP
nanoparticles

incorporated into
nitrogen-doped

carbon nanofibers
derived from ZIF-67

1 mol KOH 290 62 [98]

Figure 3. Summary of the water splitting performance of the reported electrospun transition metal-
based electrocatalysts with the relationship of overpotential at 10 mA cm−2 and Tafel slope. (a) HER
performance; (b) OER performance.

61



Catalysts 2025, 15, 205

5.1. Transition Metal Sulfides (TMSs)

TMSs have garnered significant attention due to their exceptional electrical conduc-
tivity, thermal and mechanical stability, and redox capabilities. These properties make
them highly attractive for applications in catalysis, energy conversion, storage, and even
optoelectronic devices [99–101]. When combined with electrospun nanofibers, these metal
sulfides can form innovative nanostructures, leading to hybrid materials with unique inter-
faces such as core–shell, Janus, and hierarchical structures. These hybrid materials exhibit
enhanced electron transfer and abundant active sites, essential for catalysis and other
energy-related applications [102]. The strong interaction between the different components
in these materials often leads to electronic modulation and the reconstruction of active sites,
improving the overall catalytic performance.

Electrospun nanofibers not only provide structural stability but also serve as an excel-
lent support matrix for metal sulfides, often leading to synergistic effects that enhance the
long-term stability of these hybrid catalysts. For example, Zhong et al. synthesized [88]
novel Fe(III)/NiS electrocatalysts via electrospinning combined with an interfacial adsorp-
tion method (Figure 4a–c). The resulting tubular morphology and highly active Ni(Fe)OOH
during oxygen evolution led to a low overpotential of 264 mV at 10 mA·cm−2 (η10), outper-
forming conventional RuO2 and other metal sulfide-based electrocatalysts. Li et al. devel-
oped [89] a catalyst (Co-C/NiFeS nanofibers) composed of carbon nanofiber-supported
amorphous NiFeS nanosheets embedded with cobalt nanoparticles using a combination
of electrospinning, carbonization, and electrodeposition. The optimized catalyst demon-
strated impressive OER performance in 1 mol·L−1 KOH, with a low η10 of 233 mV and a
Tafel slope of 53.1 mV·dec−1, along with excellent HER activity.

Among TMSs, molybdenum disulfide (MoS2) has attracted considerable interest
due to its layered structure and favorable electron arrangement [103]. The Gibbs free
energies of hydrogen adsorption (ΔGH*) at the Mo and S atomic edges of MoS2 are near
zero, making these sites highly active for HER catalysis. However, MoS2 suffers from
low current-carrying density and poor electrical conductivity, which limit its catalytic
performance [104]. To address these limitations, researchers have focused on synthesizing
MoS2 nanomaterials with exposed edges on high-conductivity carbon nanofibers (CNFs)
to improve HER efficiency. Guan et al. demonstrated [68] this by growing MoS2 in situ on
nitrogen-doped nanofibers with Co3S4 nanoparticles via electrospinning, carbonization,
and hydrothermal processes (Figure 4d). The resulting CNF/Co3S4/MoS2 sandwich
structure allowed molybdenum disulfide to act as the primary HER catalyst, while Co3S4

nanoparticles accelerated electron transfer from the substrate to the catalyst, promoting
water molecule decomposition. The CNF/Co3S4/MoS2 composites exhibited a η10 of only
80 mV and a Tafel slope of 99.2 mV·dec−1 (Figure 4e,f). Due to the in situ growth, Co3S4

particles remained stably embedded in the CNF, facilitating prolonged and efficient HER
activity (Figure 4h,i).

As a conclusion, TMSs are renowned for their exceptional electrical conductivity,
stability, and redox properties, making them attractive for catalysis and energy conversion
applications. When combined with electrospun nanofibers, TMSs form hybrid nanostruc-
tures with enhanced catalytic performance due to improved electron transfer and abundant
active sites. These hybrid materials benefit from synergistic effects that enhance stability
and overall efficiency, addressing some of the limitations of TMSs such as poor conductivity
and low current-carrying capacity while improving long-term catalytic performance.
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Figure 4. (a,b) SEM and (c) TEM images of Fe(III)/NiS-18 NTs. Reproduced with permission.
Copyright 2023, Elsevier. (d) The schematic illustration of the CNF/Co3S4/MoS2 synthesis. For
CNF/Co3S4/MoS2, CC/MoS2, and Pt/C, the LSV (e), the corresponding Tafel slope curves (f), and
the EIS (g) curves in 1 M KOH. (h) The time–current density curves of CNF/Co3S4/MoS2 and
CC/MoS2 under a constant voltage. (i) Comparison of the LSV curves before and after 2000 cycles of
CV. Reproduced with permission. Copyright 2022, Elsevier.

5.2. Transition Metal Phosphides (TMPs)

TMPs have garnered considerable attention due to their unique HER and OER catalytic
properties [105]. The negatively charged phosphorus (P) sites in TMPs are known to weaken
the metal-hydride (M-H) binding strength, facilitating hydrogen desorption and enhancing
HER activity [106,107]. Simultaneously, the positively charged metal sites in TMPs can form
metal-oxygen/hydroxyl radicals, which serve as active species during OER, significantly
improving the electrocatalytic efficiency [108].
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A key strategy to further enhance the performance of TMPs is their combination
with conductive carbon-based materials such as carbon nanotubes, carbon nanofibers, and
graphene. These conductive matrices provide an excellent platform to boost electrical
conductivity and facilitate charge/mass transport. Electrospun nanofibers, with their high
specific surface area and rapid charge transfer capabilities, are especially well suited for
this purpose [109,110]. For instance, Yang et al. synthesized [69] NiCoP electrocatalysts
using a needle-free electrospinning technique. These electrocatalysts exhibited impressive
HER activity, with low overpotentials of 141 mV in alkaline media and 146 mV in acidic
environments at a current density of 10 mA·cm−2. The corresponding Tafel slopes were
53.0 and 97.8 mV·dec−1, respectively, indicating its fast reaction kinetics. In addition,
the bimetallic phosphides demonstrated excellent OER performance in 1 M KOH and
sustained durability during long-term stability tests. The bimetallic phosphides also
show excellent oxygen precipitation reactivity in the alkaline medium 1 M KOH and
satisfactory durability in long-term stability tests. The innovative fibrous structure of these
electrocatalysts plays a crucial role in modulating their electronic properties, enhancing
the availability of electrochemically active sites, and improving their overall catalytic
performance in water-splitting reactions. Furthermore, the fibrous architecture improves
the conductivity, utilization, and mechanical stability of the electrodes while also promoting
better permeability and access to reactive sites.

Sankar et al. demonstrated [90] another approach by mixing synthesized cobalt
phosphate powder with polymers and solvents to form fibers through electrospinning
(Figure 5a). They successfully produced a network of hydrated, one-dimensional cobalt
phosphate fibers (Figure 5b–d) which exhibited promising electrocatalytic activity. This
material achieved a relatively low η10 of 245 mV in 1 M KOH (Figure 5e), along with a
small Tafel slope of 229 mV·dec−1. In addition, the wrapping of TMPs by nanofibers not
only enhanced the electrocatalytic performance but also protected the TMPs from corrosion
in alkaline environments, significantly improving the stability of the composite catalyst
(Figure 5f). Wang et al. took a more advanced approach by preparing [70] three-dimensional
(3D) networks of self-supported high-entropy metal phosphide (HEMP) nanofibers via
electrospinning and in situ phosphorylation. These nanofibers showed an outstanding
HER performance with a η10 as low as 26 mV and a Tafel slope of 50.9 mV·dec−1. This
exceptional catalytic activity was attributed to the synergistic effects of multiple metals and
the formation of metal-P bonds. The introduction of electronegative P atoms modulated
the electronic structure of the catalyst, inducing lattice strain and lowering the free energy
of hydrogen adsorption. This enhanced the overall electrocatalytic performance, making
the HEMP nanofibers highly efficient for hydrogen evolution.

To sum up, TMPs have gained attention for their unique catalytic properties in both
HER and OER. The phosphorus sites in TMPs help weaken metal-hydride bonds, promot-
ing efficient hydrogen desorption, while metal sites facilitate oxygen species formation,
enhancing OER efficiency. Combining TMPs with conductive carbon-based materials,
such as electrospun nanofibers, improves their electrical conductivity, charge transport,
and catalytic performance. The fibrous structures further enhance the active site avail-
ability, stability, and overall efficiency of TMP-based electrocatalysts for water-splitting
applications.
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Figure 5. (a) Schematic illustration of the synthetic procedure for making hydrated cobalt phosphate
fibers. (b,c) The FE-SEM images and (d) HR-TEM images of the hydrated cobalt phosphate fibers. (e)
OER LSV curve and (f) stability study of the cobalt phosphate fibrous network. Reproduced with
permission. Copyright 2021, Elsevier.

5.3. Transition Metal Selenides (TMSes)

In the structure of TMSes, the Se-H bonds in TMSes are weaker than those found in
TMSs and TMPs, resulting in improved hydrogen dissociation efficiency and excellent HER
activity [111]. In the context of OER, TMSes facilitate more efficient molecular oxygen transport
and accelerate OER kinetics. This is largely due to the cumulative 3d-2p repulsion between
negatively charged selenium sites and the transition metals, which efficiently release oxygen
from the active sites, contributing to superior OER performance. These characteristics make
TMSes highly valuable in the field of overall water-splitting electrocatalysis [112].

The integration of electrospinning techniques with TMSes further enhances their catalytic
potential. Electrospun nanofibers help increase the electrochemically active surface area,
providing more active sites for catalysis, reducing contact resistance, and facilitating faster
charge transfer [113,114]. For example, Cui et al. synthesized [91] selenium-doped CoSe2

embedded in CNFs (Se-CoSe2/CNFs) using electrospinning coupled with the ZIF-67 in
situ growth strategy, followed by carbonization and a selenization process. The selenium
doping not only modulated the electronic structure of CoSe2 but also improved the reaction
kinetics and optimized the adsorption of intermediates. The one-dimensional (1D) CNFs
provided enhanced conductivity and structural stability, while the ZIF-67 template prevented
the agglomeration of the materials. As a result, the Se-CoSe2/CNF catalysts demonstrated
excellent OER performance, requiring only 325 mV overpotential at 10 mA·cm−2.
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Li et al. prepared [92] porous LaFe1−xNixO3 (LFNO) chalcogenide nanofibers through
electrospinning and subsequent heat treatment with selenium doping (Figure 6a–d). The
selenium-doped LFNO nanofibers required a low η10 of just 287 mV with a Tafel slope of
87 mV and excellent stability in alkaline medium (Figure 6e–g). The high specific surface
area provided by the porous nanofibers improved the mass-specific activity of the catalysts.
Additionally, selenium doping enhanced the intrinsic conductivity of LaFe0.25Ni0.75O3,
improving charge transfer kinetics and mass transfer efficiency (Figure 6h–m).

Figure 6. (a) Schematic illustration of the processing of Se-doped LaFe0.25Ni0.75O3 nanofibers.
(b) The SEM image, (c) TEM image, and (d) HRTEM image of LFNOSe-III. (e) The polarization
curves and (f) Nyquist plots of LFO, LFNO-I, LFNO-II, LFNO-III, LNO, and LFNOSe-III. (g) The
chronopotentiometric measurements of LFNOSe-III at 10 mA cm–2. (h–m) Corresponding adsorption
geometries of *O and/or *OH intermediates on catalysts. Reproduced with permission. Copyright
2020, American Chemistry Society.

As a brief summary, the integration of electrospinning with TMSes significantly en-
hances their electrocatalytic properties. By increasing surface area and facilitating faster
charge transfer, electrospun nanofibers improve both hydrogen evolution and oxygen evo-
lution reactions. Selenium doping optimizes reaction kinetics while enhancing structural
stability and conductivity for better performance in water splitting.
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5.4. Transition Metal Carbides (TMCs)

The growing interest in various TMCs, such as Mo2C, W2C, and Fe3C, has led to extensive
research into their water-splitting capabilities [115] due to their metal-like electronic structures,
excellent hydrogen adsorption properties, high stability, and low cost [116–118]. The carbon-
based framework in TMCs can effectively adjust the distribution of metal ions, resulting in a
more uniform distribution of active sites [93,117,119]. For instance, He et al. synthesized [93]
a cowpea-like Co-ZIF/CNF bifunctional catalyst using a straightforward electrospinning and
calcination method.

Among different categories of TMCs, molybdenum carbide stands out as one of the highest-
performing electrocatalysts, attributed to its d-band electronic structure, which closely resembles
that of platinum [72]. However, the carbonization of Mo-based compounds at high temperatures
often results in the aggregation and overgrowth of MoC [120]. To mitigate this issue, electrostatic
spinning technology has been employed to produce metal-embedded carbon nanofibers. The
limited mobility of metal particles on the carbon surface helps maintain a high dispersion of
nanoparticles, effectively suppressing aggregation [121]. Zhang et al. developed [73] a bimetallic
carbon-based electrocatalyst consisting of Sn/Mo2C composite nanoparticles encapsulated in
carbon nanofibers. This unique structure prevents the binding and aggregation of β-Mo2C with
the metal nanoparticles, ensuring the structural stability of the electrocatalyst and reducing the
energy barrier during the water-splitting process. The catalyst demonstrated impressive HER
performance in alkaline media, requiring a low η10 of 144 mV overpotential and exhibiting
a Tafel slope of 49.8 mV·dec −1 over 60 h of stable operation. Wang et al. further advanced
this field by preparing [74] one-dimensional nitrogen-doped multichannel carbon nanofibers
encapsulating MoC/CoN nanoparticles (Figure 7a–c). This design helped avoid nanoparticle
aggregation while increasing the specific surface area of the catalysts, resulting in the better
accessibility of active site (Figure 7d–g). The resulting CoN/MoC/NMCNFs exhibited enhanced
HER performance in both alkaline and acidic electrolytes, achieving a η10 of only 92.5 mV and
199.2 mV, respectively.

To sum up, TMCs, such as Mo2C and W2C, are gaining attention for their excep-
tional stability, hydrogen adsorption, and low-cost properties, making them ideal for
water-splitting applications. Electrospinning aids in producing metal-embedded carbon
nanofibers, which prevent nanoparticle aggregation, enhancing the catalyst’s performance
and structural stability.

Figure 7. (a) Synthetic process of CoN/MoC/NMCNFs electrocatalysts by electrospinning. (b,c)
HR-TEM images of CoN/MoC/NMCNFs. (d,e) Schematic configurations and (f,g) free energy
profiles of (d,f) alkaline HER and (e,g) acidic HER through the Volmer–Heyrovsky–Rideal pathway
on the CoN/MoC surface. Reproduced with permission. Copyright 2023, Elsevier.
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5.5. Transition Metal Oxides (TMOs)

TMOs are widely utilized in electrocatalysis due to their availability, lower cost com-
pared to noble metals, and their ability to provide d orbitals for oxygen binding [122–125].
For example, Li et al. developed [75] a Mott–Schottky-type electrocatalyst by immobi-
lizing Ni/CeO2 heterogeneous nanoparticles on nitrogen-doped carbon nanofibers (N-
CNFs). This catalyst design significantly enhanced the charge transfer rate, optimized the
chemisorption energy of reaction intermediates, and accelerated the reaction kinetics. As a
result, the Ni/CeO2@N-CNFs exhibited excellent catalytic activity for both HER and OER
in alkaline solutions, achieving overpotentials of 100 mV for HER and 230 mV for OER at
10 mA·cm−2.

Among the various TMO catalysts, perovskite-type oxides, such as monocalcocite
(ABO3) [126], dicalcocite (A2B2O6) [127], Ruddlesden–Popper chalcocite (A2BO4) [128],
and pyrochlore-type oxides (A2B2O7) [129], have gained recognition as excellent elec-
trocatalysts. These materials are notable for their low-cost transition metals, robust
skeletal structures, intrinsic oxygen vacancies, versatile electronic configurations, and
combinatorial flexibility [130,131]. Wang et al. explored this further by selecting [94]
appropriate doping elements based on ionic radius, electronegativity, and oxygen va-
cancy formation energy. They introduced oxygen vacancies into high-entropy perovskite
oxides (HEPOs) using a two-step strategy via electrospinning. This approach optimized
the number of orbital-filling electrons, significantly increased the active surface area,
boosted oxygen vacancy content, and improved conductivity. In addition, the pro-
nounced pH dependence and tetramethylammonium cation inhibition clearly identify
the involvement of lattice oxygen-mediated mechanism. The obtained catalyst exhib-
ited a highly efficient OER catalyst with a η10 of 314 mV at 10 mA·cm−2 and a Tafel
slope of 47 mV·dec−1. This work highlights the potential of high-entropy catalysts for
efficient water splitting, providing a promising path for the production of renewable
hydrogen. Yuan et al. also contributed to this area by preparing [95] the Co-based
perovskite of SrNb0.1Co0.7Fe0.2O3−δ (SNCF) nanofibers through electrospinning (Fig-
ure 8a), significantly increasing the specific surface area and providing more active sites.
Co3O4 nanoparticles were then uniformly anchored onto the SNCF nanofibers using a co-
precipitation method (Figure 8b–d), followed by sintering under a nitrogen atmosphere.
The resulting SNCF-NF-Co3O4@N2 heterostructures contained numerous oxygen vacan-
cies, which contributed to the excellent OER catalytic activity and long-term stability
(Figure 8e,f), with a low η10 of 340 mV.

As a conclusion, TMOs are widely used in electrocatalysis due to their low cost, avail-
ability, and ability to provide oxygen-binding d orbitals. In particular, perovskite-type
oxides stand out for their structural stability, oxygen vacancies, and versatile electronic con-
figurations. Electrospinning techniques enhance their performance by increasing surface
area and optimizing active sites.
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Figure 8. (a) Schematic illustration of the preparation of the SNCF-NF-Co3O4@N2 sample. (b) The
SEM, (c) TEM, and (d) HETEM images of SNCF-NF-Co3O4@N2. (e) The OER LSV curves, and (f)
OER stability test of SNCF-NF-Co3O4@N2. Reproduced with permission. Copyright 2024, Elsevier.

5.6. Transition Metal Nitrides (TMNs)

TMNs are intriguing compounds formed by the incorporation of nitrogen into the tran-
sition metal lattice. This insertion significantly alters the material’s properties, blending the
characteristics typical of covalent compounds, ionic crystals, and transition metals [132,133].
Nanostructured TMNs are typically synthesized via the temperature-programmed nitridation of
oxidized precursors, a process known as a “local structural reaction” [134,135]. During nitrida-
tion, nitrogen atoms expand the metal lattice, weaken interatomic forces, and redistribute d-band
electrons, resulting in a high-density state close to the Fermi level [136], resulting in enhanced
electrocatalytic performance [137]. However, TMNs usually suffer from high overpotentials,
particle agglomeration, and suboptimal catalytic performance. Addressing these limitations
has been the focus of recent research, with strategies aimed at modifying the composition,
structure, morphology, and surface properties of TMNs to enhance their catalytic activity. For
example, Yao et al. designed and synthesized [96] 1D CNFs using electrospinning, forming a
unique callistemon-like nanostructure. This structure featured the in situ formation of N-doped
carbon nanotubes (NCNTs) that integrated into a 3D hybrid nanostructure. The presence of
NCNTs enabled high mass transport and an increased electrochemically active region, while the
Co-N-doped graphitic carbon at the tips of the structure exposed catalytic sites more effectively
to the electrolyte. This configuration also facilitated fast electron and ion transport, contributing
to enhanced catalytic performance. The resulting electrocatalyst exhibited a η10 of 390 mV
for OER, with a Tafel slope of 82 mV·dec−1. For HER, the catalyst achieved a η10 of 190 mV
with a Tafel slope of 117 mV·dec−1. Wei et al. constructed [97] porous nitrogen-doped carbon
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nanofibers (NCNFs) encapsulated with nickel–iron (NiFe) alloy nanoparticles (NiFe@NCNFs)
as OER electrocatalysts (Figure 9a). The combination of a 1D mesoporous structure and the
N-doped carbon nanofibers, along with the optimized binary metal composition (Figure 9b–d),
resulted in an optimal synergistic effect (Figure 9e,f). This led to enhanced OER performance,
with a low overpotential of 294 mV at a current density of 10 mA·cm−2. The catalyst also
demonstrated excellent durability in alkaline solution, maintaining performance for over 10 h.
Moreover, the two-electrode water electrolyzer with a NiFe@NCNF anode and Pt/C cathode
showed extraordinary overall water splitting performance, with an initial cell voltage of only
1.531 V at 10 mA cm–2, as well as long-term stability up to 20 h (Figure 9g,h). Feng et al.
utilized [98] electrospinning combined with metal–organic framework (MOF) preparation to
create hybridized CoP/N-doped carbon (NC) nanofiber composites, designed as bifunctional
oxygen electrocatalysts. The CoP/NC catalysts exhibited good electrical conductivity thanks
to the exposure of more active sites. As a result, excellent OER performance was achieved in
alkaline solution with a η10 of 290 mV and a Tafel slope of 62 mV·dec−1.

Figure 9. (a) Schematic illustration of the synthesis process of the NiFe@NCNFs. (b) The SEM and
(c,d) TEM images of the NiFe@NCNFs. Free energy profiles (e) at the zero potential (U = 0 V) and (f)
equilibrium potential (U = 1.23 V). (g) The overall water splitting LSV curves of the NiFe@NCNFs in a
two-electrode device. (h) The overall water splitting chronopotentiometric curve of the NiFe@NCNFs
at 10 mA cm–2 in 1.0 M KOH. Reproduced with permission. Copyright 2020 American Chemical
Society.
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To sum up, TMNs are created by incorporating nitrogen into transition metal lattices,
enhancing electrocatalytic performance. However, challenges like high overpotentials
and particle agglomeration remain. Recent advancements, such as using electrospun
nanostructures with nitrogen doping or metal alloy integration, address these limitations,
improving catalytic activity and stability for OER and HER.

6. Conclusions

In summary, this review has furnished a comprehensive and meticulously detailed
exposition of the recent extraordinary advancements in electrospun electrocatalysts for
water splitting. During the past five years, a heterogeneous assemblage of transition metal
sulfides, phosphides, carbides, selenides, nitrides, oxides, and affiliated compounds has
emerged as pre-eminent contenders in the realm of contemporary research. Electrospin-
ning, as a highly innovative and propitious technique within the purview of electrocataly-
sis, has unequivocally manifested its distinctive capabilities in endowing materials with
one-dimensional architectures. These architectures not only augment electron and mass
transport kinetics but also engender expansive surface areas and an exceptional aptitude
for the fine-grained manipulation of chemical compositions and active sites. Through
an exhaustive exploration of the fundamental principles underpinning electrospinning,
a profound dissection of the characteristic traits of transition metal-based compounds,
and a lucid elucidation of the merits attendant to their integration, a resilient knowledge
foundation has been established, poised to galvanize further investigative pursuits.

Nevertheless, significant impediments endure that necessitate immediate redress.
Firstly, from a mechanical vantage point, electrospun materials presently exhibit a relatively
diminished mechanical strength when juxtaposed with other self-supporting electrodes.
This inadequacy severely circumscribes their direct and unimpeded incorporation into
practical energy conversion apparatuses. Consequently, future research endeavors must be
steered towards devising novel stratagems and materials engineering paradigms to fortify
their mechanical integrity. This could potentially encompass the exploration of composite
materials, nanostructured reinforcements, or avant-garde fabrication procedures capable of
conferring augmented tensile and compressive strength.

Secondly, environmental variables, with humidity being a particularly prominent fac-
tor, pose a formidable barricade to the consistent quality and reproducibility of electrospun
fibers. Even within exquisitely controlled laboratory environs furnished with state-of-the-
art humidity regulation apparatus, fluctuations in humidity can instigate disruptions in
the spinning process, precipitating erratic fiber morphologies and, ineluctably, elevated
energy consumption. To surmount this obstacle, it is of paramount urgency to integrate
real-time environmental monitoring systems with automated feedback loops. Such sys-
tems would facilitate the dynamic modulation of humidity levels during electrospinning,
thereby ensuring a stable and regulated milieu. Additionally, the development of closed-
loop electrospinning chambers equipped with advanced dehumidifiers or humidifiers is
indispensable. These chambers would not only stabilize environmental conditions but
also vouch for the safe production of electrospun fibers with uniform morphology and
quality. Moreover, we advocate the exploration and development of temperature-controlled
spinning heads and adaptive nozzle designs. These innovative constituents would possess
the capacity to modulate solution flow rates in real time in response to environmental
perturbations, potentially augmented by machine learning algorithms. These algorithms
could prognosticate and optimize process parameters predicated on continuous environ-
mental inputs and historical data, thereby effecting a revolutionary transformation of the
electrospinning process.
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Furthermore, while electrospinning has demonstrated its efficacy in fabricating one-
dimensional nanostructures, our current capabilities in effecting precise control over surface
morphology, defect generation, and grain boundary manipulation remain nascent. Future
work must pivot on the design and implementation of advanced synthesis methodologies
and cutting-edge surface/interface engineering tactics. This could potentially entail the
utilization of templating techniques, molecular self-assembly, or precision etching to en-
gineer nanostructures with hitherto unprecedented complexity and control. By attaining
such precise control, we can unlock novel tiers of electrocatalytic performance.

Finally, from an ecological and economic perspective, the preponderant reliance on
organic solvents in electrospinning represents a significant Achilles’ heel. These solvents
not only inflate production costs but also engender grave toxicity and safety hazards,
both during the manufacturing process and in potential end-of-life disposal scenarios.
Therefore, the urgent development of environmentally innocuous, green solvents that
can satisfy the exacting process requirements is not merely a desirable aspiration but an
ineluctable exigency. Such solvents would underpin the scalability and long-term viability
of electrospinning for electrocatalyst fabrication, paving the way for a more sustainable
future.

Overall, by methodically addressing these multifaceted challenges, we can unlock the
heretofore unexploited full potential of electrospun electrocatalysts in water-splitting and
energy conversion applications, heralding a new era of clean energy technology.
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Abstract: Single-atom catalysts (SACs) are presently recognized as cutting-edge heteroge-
neous catalysts for electrochemical applications because of their nearly 100% utilization
of active metal atoms and having well-defined active sites. In this regard, SACs are con-
sidered renowned electrocatalysts for electrocatalytic O2 reduction reaction (ORR), O2

evolution reaction (OER), H2 evolution reaction (HER), water splitting, CO2 reduction
reaction (CO2RR), N2 reduction reaction (NRR), and NO3 reduction reaction (NO3RR).
Extensive research has been carried out to strategically design and produce affordable,
efficient, and durable SACs for electrocatalysis. Meanwhile, persistent efforts have been
conducted to acquire insights into the structural and electronic properties of SACs when
stabilized on an adequate matrix for electrocatalytic reactions. We present a thorough and
evaluative review that begins with a comprehensive analysis of the various substrates,
such as carbon substrate, metal oxide substrate, alloy-based substrate, transition metal
dichalcogenides (TMD)-based substrate, MXenes substrate, and MOF substrate, along with
their metal-support interaction (MSI), stabilization, and coordination environment (CE),
highlighting the notable contribution of support, which influences their electrocatalytic
performance. We discuss a variety of synthetic methods, including bottom-up strategies
like impregnation, pyrolysis, ion exchange, atomic layer deposition (ALD), and electro-
chemical deposition, as well as top-down strategies like host-guest, atom trapping, ball
milling, chemical vapor deposition (CVD), and abrasion. We also discuss how diverse
regulatory strategies, including morphology and vacancy engineering, heteroatom doping,
facet engineering, and crystallinity management, affect various electrocatalytic reactions in
these supports. Lastly, the pivotal obstacles and opportunities in using SACs for electrocat-
alytic processes, along with fundamental principles for developing fascinating SACs with
outstanding reactivity, selectivity, and stability, have been highlighted.

Keywords: single-atom catalysts; support engineering; regulation strategies; coordination
environment; next-generation electrocatalysis
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1. Introduction

In the last decade, the use of fossil fuels has expanded to provide primary energy
needs. However, fossil fuels such as coal and natural gas were generating major environ-
mental difficulties around the world, including greenhouse gas and carbon dioxide (CO2)
emissions [1]. The quest for sustainable energy fosters the growth of innovative catalytic
materials for different electrochemical reactions such as the O2 reduction reaction (ORR),
O2 evolution reaction (OER), H2 evolution reaction (HER), water splitting, CO2 reduction
reaction (CO2RR), N2 reduction reaction (NRR), and NO3 reduction reaction (NO3RR).
Table 1 illustrates the key electrocatalytic reactions, such as ORR, OER, HER, CO2RR, NRR,
and NO3RR, and their intermediates for both acid and alkaline electrolytes. These reactions
are crucial chemical transformation reaction processes that maintain eco-friendly energy
conversions, in which the electrocatalytic activity, selectivity, and stability of electrocatalysts
play an integral role in optimizing energy efficiencies and system performance [2]. Thus,
the development of efficient and cost-effective electrocatalysts is critical and is emerging as
a lucrative research area.

Single-atom catalysts (SACs) have recently sparked widespread attention, owing pri-
marily to their distinct structural attributes, which encompass maximized metal usage,
optimized reactive active sites, and promising electrocatalytic capabilities [3]. SACs consti-
tute an innovative category of catalyst that involves strong interactions among different
atomic species and nearby single atoms (SAs) on a substrate. SACs are disseminated over
a variety of support substrates/materials, including carbon, metal oxides, alloys, transi-
tion metal dichalcogenides (TMD), MXenes, and metal–organic framework (MOF)-based
supports [4]. Accordingly, SA-support interactions can have a remarkable impact on the
electrocatalytic activity and durability of dispersed SACs [5]. Comprehending the strong
metal-support interactions (SMSI) and the influence of the supports on their characteristics
is critical for modifying SACs’ catalytic performance, stability, and selectivity. Because of
their major effects on electrocatalytic performance, support and SMSI have been thoroughly
studied [6]. Furthermore, it has been proven that the supports in SACs can efficiently affect
the electrical characteristics to improve the transfer of electrons during electrochemical
reactions, allocating them with optimum adsorption and/or desorption energy of their
intermediate species [7]. Furthermore, different support materials can stabilize different
atomic species to avoid aggregation, significantly improving the electrochemical robustness
of SACs [8]. Additionally, extensive surface imperfections in support can significantly
alter the local CE and its electronic structure, contributing to the presence of numerous
coordinatively unsaturated sites and vacancies [9].

However, there are no limits to the quest for improved electrocatalytic performance.
Dual and triple atom catalysts (DACs and TACs) are a newer type of electrocatalysis
that can overcome the limitations of SACs. They have characteristics in common with
SACs, including the ability to maximize metal dispersion, circumvent the conventional
scaling relations that restrict extended surfaces, provide adjacent sites that are required for
specific reaction mechanisms, and increase the tunability of the electronic structure and
binding energies [10].

This review is distinguished by its thorough and multifaceted discussion of SACs in
electrocatalytic applications. It contrasts with traditional reviews that concentrate solely
on the electrocatalytic activity of SACs or their synthesis methods. Instead, it provides
a comprehensive overview of the interaction between substrates and SACs, highlighting
the significance of MSI, stabilization mechanisms, and CEs that influence electrocatalytic
performance. The review distinctly merges insights from both bottom-up and top-down
synthetic methodologies. Furthermore, it elucidates the study of diverse substrates such as
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carbon-based materials, metal oxides, alloys, TMDs, MXenes, and MOF-based substrates
and emphasizes how the unique features of these substrates and their interactions with
SACs affect reactivity and stability. Moreover, it concurrently explores the influence of
different regulatory methods such as morphology engineering, vacancy engineering, het-
eroatom doping, facet engineering, and crystallinity control on these substrates in different
electrocatalytic reactions, including ORR, OER, HER, CO2RR, NRR, and NO3RR, offering
a framework for the development of advanced SACs with remarkable performance. The
review ends by summarizing key insights and presenting future directions to address
challenges and broaden the use of SACs in real-world applications. In contrast to prior
reviews, which frequently focus on specific regulation strategies for SACs or individual
electrocatalytic reactions, this review distinguishes itself by systematically linking substrate
selection and structural engineering strategies to electrocatalytic performance [11]. While
other studies discuss SACs without thoroughly investigating the influence of substrates
or addressing the synergistic effects of regulatory techniques across different substrates
and electrocatalytic processes, this work presents a thorough approach [3]. It combines
substrate-specific analysis, recent synthetic techniques, and regulatory approaches to pro-
vide a comprehensive explanation of electrocatalytic reactions. Furthermore, it addresses
the role of diverse substrates in overall water-splitting reactions, emphasizing the effec-
tiveness of various performance-enhancing techniques. Unlike others that just focus on
the synthesis techniques of SACs and their use for specific electrochemical reactions [4],
it analyzes the performance of DACs and DSACs in different electrocatalytic reactions,
challenges, and prospects of each substrate in different performance regulatory methods,
filling a significant void in the literature. This thorough discussion not only emphasizes the
key features of SAC design but also gives insights into overcoming recurrent challenges in
the substrates, distinguishing this review from others in the sector.

Table 1. Overview of different electrocatalytic reactions and their intermediates in acidic and alkaline
electrolytes.

Reaction Electrolyte Half-Reaction (Equation) Reaction Pathways Ref.

ORR Acidic
Alkaline

O2 + 4H+ + 4e− → 2H2O
O2 + 2H2O + 4e− → 4OH−

Direct 4-electron pathway or 2-electron pathway (H2O2 intermediate)
Same as acidic, but OH− formation is dominant [12]

OER Acidic
Alkaline

2H2O → O2 + 4H+ + 4e−
4OH− → O2 + 2H2O + 4e−

Oxygen evolution via water oxidation
Oxygen evolution via hydroxide oxidation [13]

HER Acidic
Alkaline

2H+ + 2e− → H2
2H2O + 2e− → H2 + 2OH−

Proton reduction
Water reduction [14]

CO2RR Acidic
Alkaline

CO2 + 2H+ + 2e− → CO + H2O
CO2 + H2O + 2e− → CO + 2OH−

Multiple pathways: CO, CH4, HCOOH, etc., based on the catalyst
Similar to hydroxide products [15]

NRR Acidic
Alkaline

N2 + 6H+ + 6e− → 2NH3
N2 + 6H2O + 6e− → 2NH3 + 6OH−

Ammonia production via stepwise hydrogenation
A similar pathway with water-splitting [16]

NO3RR Acidic
Alkaline

NO3
− + 10H+ + 8e− → NH4

+ + 3H2O
NO3

− + 6H2O + 8e− → NH4
++ 10OH−

Stepwise reduction to NH4
+ or N2

Similar reduction with hydroxide products [17]

2. Scope of This Review

As a revolutionary class of materials with great potential for a broad range of electrocat-
alytic reactions, SACs have undoubtedly emerged as a new frontier in the area of catalysis.
Numerous SACs have been effectively created, and they all have unique performance traits
that tackle important issues in environmental and energy conversion applications. The
majority of reviews tend to concentrate mostly on the synthesis, characterization, and appli-
cation aspects of SACs, even if this topic is developing quickly and there are an increasing
number of fascinating review articles published one after the other. Nevertheless, there
is still a lack of comprehensive research on how various support materials affect SACs’
electrocatalytic efficiency.

81



Catalysts 2025, 15, 137

We aim to fill this gap in this review by providing a thorough analysis of how di-
verse supports, including carbon-based materials (graphene, graphitic carbon nitride),
metal-based oxides (FeOx, γ-Al2O3, and Fe (OH)x), alloy-based materials, TMDs, MX-
enes (carbides and carbonitrides), and MOFs, affect the performance of SACs in various
electrocatalytic reactions (Figure 1). In addition to giving SAs stability, these support
materials actively work to improve the electrocatalysts’ electroactivity, selectivity, and
overall efficiency. Employing mechanisms such as electronic interactions, the creation of
new alloy phases, the enhancement of charge transfer, the generation of new interface sites,
the optimization of atomic use, and the support of nanoscale geometric topologies could
modify the local catalytic environment of SAC supports.

 
Figure 1. Engineering the various substrates used in SACs for next-generation electrocatalysis. Figure
parts taken with permission from [18–24].

To further improve the performance of SACs, we also explore the many approaches
that may be used on these supports, such as heteroatom doping, vacancy formation, facet
and morphology engineering, and crystallinity control. These tactics affect the supports’
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electrical characteristics, improve their capacity to stabilize and attach individual atoms,
maximize the local CE surrounding the active sites, and in certain situations, even serve
as active catalytic sites. This mini-review clarifies the critical role that support engineer-
ing plays in pushing the limits of SAC performance in electrocatalysis by methodically
examining the synergistic link between SACs and their supports.

3. Synthesis of SACs

The synthesis procedures for developing SACs are critical but difficult, as they need
the dispersion of single metal sites onto solid supports while preventing metal aggrega-
tion. Various methods for fabricating SACs have been constructed, which are extensively
classified into two main strategies: bottom-up (impregnation, pyrolysis, ion-exchange
method, atomic layer deposition (ALD), and electrochemical deposition) and top-down
(host-guest strategy, atom trapping, ball milling method, chemical vapor deposition (CVD),
and abrasion method).

3.1. Bottom-Up Strategies

The bottom-up strategy is widely used for developing SACs. It entails the adsorption
of metal precursors onto substrates, followed by various reduction procedures to confine
isolated metal atoms on the defect sites of the support. Metal atoms are atomically scattered
in the precursors, making it easier to generate an SA structure in the final SAC. The most
popular bottom-up technique for producing carbon-based SACs is to carbonize predesigned
metal precursors at high temperatures, such as MOFs, metal-porphyrin compounds, and
tiny organic molecules. The impregnation method (Figure 2a) is a wet chemistry technique
for immobilizing highly distributed active species on supports. In this approach, the
metal precursor is combined with the supports, and metal atoms or ions are gradually
impregnated onto the supports’ surfaces or the entire framework [25]. The pyrolysis process
(Figure 2b) is commonly used to create atomically distributed materials. These materials can
be generated by decomposing various precursors at high temperatures in a gas atmosphere
(like Ar and NH3), resulting in atomically dispersed catalysts from a variety of precursors,
including metal complexes, polymers, MOFs, and so on [26]. Furthermore, to create SACs,
the ion exchange method (Figure 2c) substitutes single metal atoms for metal ions that
are bound within a host material. This is usually accomplished through a controlled
exchange process where the precursor material is loaded with metal ions, which are then
exchanged with SAs by treating the material with an appropriate agent [27]. Furthermore,
a strong method for creating uniformly dispersed SA thick films that can be used to create
noble metal-based SACs is the ALD method (Figure 2d). The metal precursors undergo
vaporization, deposition, and confinement on the solid substrate during the synthesis
process [28]. Recently, the strong electrostatic adsorption (SEA) method has developed
as a viable way for attaching metal precursors onto metal oxide supports to synthesize
SACs. By altering the pH at the support’s point of zero charge (PZC), the surface becomes
positively or negatively charged, allowing for electrostatic adsorption of oppositely charged
metal precursors. SEA stabilizes single metal atoms by strong electrostatic interactions,
reducing aggregation during synthesis phases such as mixing, drying, and reduction. This
approach assures monolayer coverage of metal ions on the support, which promotes the
production of highly scattered SA sites. SEA has been used successfully to synthesize SACs
such as Pt and Pd on substrates such as silica, titania, alumina, and carbon [29]. Last but
not least is electrochemical deposition (Figure 2e), an electrochemical process that involves
reducing the cations in the cathode and dissolving and re-depositing the reactive metal
anodes to load onto the cathode surface [30].
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Figure 2. Bottom-up strategies. (a) Impregnation method. Reprinted from Ref. [25] with copyright
permission from Nature. (b) Pyrolysis strategy. Reprinted from Ref. [26] with copyright permission
from The American Chemical Society. (c) Ion-exchange strategy. Modified from Ref. [27] with
copyright permission from The American Chemical Society. (d) Atomic layer deposition. Reprinted
from Ref. [28] with copyright permission from Nature. (e) Electrochemical deposition method.
Modified from Ref. [30] with copyright permission from John Willey and Sons. Top-down strategies.
(f) Host-guest strategy. Modified from Ref. [31] with copyright permission from The American
Chemical Society. (g) Atom trapping method. Reprinted from Ref. [32] with copyright permission
from Nature. (h) Ball milling method. Modified from Ref. [33] with copyright permission from
Springer. (i) Chemical vapor deposition. Modified from Ref. [34] with copyright permission from
John Willey and Sons. (j) Abrasion method. Reprinted from Ref. [35] with copyright permission
from Nature.
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3.2. Top-Down Strategies

The top-down approach is completely different since it uses metal nanoparticles or
even larger-scale metal elements as the precursors and uses various techniques to transform
them into isolated locations on the support. Top-down approaches simplify and lower
the cost of the entire production process since they do not require atomically distributed
metal atoms in precursors, unlike bottom-up solutions. Furthermore, when bulk metals are
reduced to single atoms in the structure, many flaws and vacancies may be produced. Metal
precursors are encapsulated within a porous host material using the host-guest strategy
method (Figure 2f), which uses the spatial confinement and unique interaction between the
guest and host to regulate the stabilization and dispersion of the metal atoms at the atomic
level [31]. Furthermore, the many vacancies in reducible supports are usually exploited
by the atom trapping technique (Figure 2g), which was initially created to manufacture
platinum group metals (PGMs) SACs. PGMs move, release volatile metal oxides, and are
then confined by the defective support after annealing [32]. Additionally, the synthesis of
SACs can be performed via ball milling (Figure 2h), a scalable, environmentally benign,
and reasonably priced mechanochemical process that uses mechanical energy to break and
rebuild chemical bonds without the need for extra solvents, templates, or additives [33].
Vaporized precursors are introduced into a CVD reactor (Figure 2i), where they attach to
a substrate that is kept at a high temperature. After that, a solid coating is formed on the
substrate by the adsorbed molecules either thermally decomposing or reacting with other
gases or vapors [34]. The acid leaching method is an essential step in the synthesis of SACs,
as it removes bulk or aggregated metal particles while leaving isolated metal atoms on the
support material. During this process, the catalyst is treated with acids such as hydrochloric
acid (HCl) or nitric acid (HNO3). These acids selectively dissolve bigger metal particles
due to their increased reactivity, leaving single metal atoms tightly bonded to the support
via powerful coordination bonds. This approach improves not just the dispersion of active
sites but also the catalyst’s surface area and accessibility. Furthermore, acid leaching can
eliminate contaminants and improve the structural integrity of the support material, which
is critical to achieving improved electrocatalytic performance [36]. Last but not least, the
abrasion technique (Figure 2j) uses metal balls as a source of the active metal as well as
a means of directly atomizing bulk metals onto various supports without the need for
a solvent or the production of waste or byproducts [35].

There are specific challenges for both top-down and bottom-up approaches to SAC
synthesis. It can be difficult to achieve uniform atomic dispersion with large metal loading
without compromising stability in bottom-up techniques such as impregnation, pyrolysis,
ion exchange, ALD, and electrochemical deposition. These methods frequently include
expensive, intricate synthesis and less control over the location of atoms. Due to their high
energy requirements, top-down methods such as host-guest strategy, atom trapping, ball
milling, CVD, and abrasion have scalability problems that restrict large-scale manufacturing.
Both approaches struggle to maintain controlled dispersion and stability, which can lead
to aggregation. Optimizing precursors and synthesis conditions for effective atom use
and reduced energy costs is one of the upcoming advancements in bottom-up techniques.
Energy-efficient electrochemical deposition may expand its use, while improvements in ion
exchange and ALD substrates may allow for precise atomic control. Aggregation may be
decreased for top-down approaches by including new host matrices and improving atom
trapping. Ball milling and CVD modifications that are scalable and energy-efficient may
improve the sustainability of large-scale SAC synthesis. For the development of SACs with
improved stability and catalytic performance for energy applications, these developments
are crucial.
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4. Substrate’s Engineering of SACs

In SACs, the substrate is essential because it not only offers a strong and conduc-
tive foundation to anchor active metal sites but also develops a specific environment for
a variety of electrocatalytic processes, including water splitting, ORR, OER, HER, CO2RR,
NRR, and NO3RR. Materials like carbon supports, which are renowned for their superior
conductivity, chemical stability in both acidic and alkaline conditions, and mechanical
robustness, provide the perfect foundation for SAs with careful substrate design. Further-
more, metal oxides can effectively bind isolated atoms due to their abundance of defect
sites and surface hydroxyl (-OH) groups. They can also improve catalytic performance by
utilizing characteristics like surface acidity, basicity, and redox activity. Furthermore, in
single-atom alloys (SAAs), distinct atomic and electronic structures that promote effective
electrocatalysis are produced by strong metallic contacts between isolated metal atoms and
support. The large surface areas, high conductivity, and chemical stability of TMDs render
them optimal substrates for atomically dispersed metals, particularly when combined
with isolated metal sites or introduced vacancies that raise the local electronic density for
enhanced activity. Interestingly, monolayer TMD substrates optimize available surface
area and provide a distinct structure for in-depth analysis of electrochemical phenomena.
Furthermore, MXenes and microporous materials such as MOFs serve as dependable sup-
ports by taking advantage of the coordinative environment surrounding SACs to produce
active centers with special characteristics that either resemble homogeneous catalysts or
deviate from the behavior of bulk metals, as in the case of zero-valent metal centers. In
the meantime, SAC substrates’ performance in electrocatalytic reactions was further im-
proved by implementing several techniques, including morphology, vacancy engineering,
heteroatom doping, facet engineering, and crystallinity management. High-performance
electrocatalyst design is made possible by this customized substrate engineering in SACs.
The different advantages and disadvantages of SACs on different supports by using some
performance regulatory approaches are illustrated in Table 2.

4.1. Carbonaceous Substrate

Carbon-based materials can generally be used as supports in SAC-based electrocataly-
sis catalysts. The robust covalent bonding between carbon atoms creates the distinctive
chemical and physical properties of carbon nanostructures that confer their unique physical
and chemical characteristics. The uniform dispersed single metal atoms on the carbon
matrix can modify the electrical configurations and geometric shapes of reactive catalyst
sites. The impact of varying core atom coordination on a particular electrochemical reac-
tion must be considered while designing a catalyst. The reaction’s trajectory can even be
altered by varying electron transfer quantities. We will discuss how various techniques,
like morphology, vacancy engineering, and heteroatom doping in various electrocatalytic
activities, can be used to tune the carbon matrix of SACs.
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4.1.1. Morphology Engineering

Through the optimization of surface area, porosity, and accessibility of active sites,
morphological engineering encompasses several dimensions, such as three-dimensional
(3D), two-dimensional (2D), and one-dimensional (1D) carbon supports for SACs that are
integral in improving electrocatalytic performance. Three-dimensional-based catalysts
encompass porous carbon scaffolds, foams, and networks that can be customized for par-
ticular electrocatalytic purposes. These materials facilitate efficient mass movement and
support a substantial quantity of active sites. These dimension structures offer superior
mechanical qualities and extensive accessible surface areas, essential for improving reaction
rates, particularly in different electrocatalytic processes due to the porous architecture
facilitating efficient electron transport [5]. For example, Gong et al. [37] developed a cat-
alyst denoted as PdZn-N-CMK-3-D with a dual catalytic site and achieved high faradic
efficiency (FE) of up to 97.14% and durability in reducing CO2 to carbon monoxide (CO)
due to the PdZn DAC’s synergistic effect in between the thermodynamic pathway, which
reduces the activation energy of *COOH intermediate species while concurrently generat-
ing CO. Furthermore, Wei Yu and his team [38] synthesized a 3D PtSAC@CC supported
on carbon cloth (CC) for HER and showed 83.0 at η = 50 mV. In addition, a 3D-based
catalyst known as Fe-N-C/N-OMC, which was developed by Han and his team [39],
is embedded in an N-doped ordered mesoporous carbon (OMC) framework exhibiting
elevated mass activity and half-wave potential towards ORR, because high Fe and N load-
ings create accessible active sites with high density, graphitic N dopants, which increase
the intrinsic activity of FeN4 sites, and the OMC structure facilitates electron and mass
transport in 3D interconnected pores (Figure 3a,a1). Additionally, robust electrocatalytic
performance for N2RR has been reported for an isolated SA involving an Fe atom site
supported on the N-doped-C-framework (ISAS-Fe/NC), and the electrocatalyst achieved
an excellent NH3 yield rate of 62.9 ± 2.7 μg h−1 mgcat−1 and long-term stability lasting
beyond 24 h and high FE of 18.6 ± 0.8% [40]. Furthermore, Li and his team [41] created a
3D-based electrocatalyst, Co@CNB-Nx, which stabilized on N-doped carbon nanoboxes
(CNB) promoting high efficiency as a bifunctional electrocatalyst for overall water split-
ting (OWS), driving a current density of 10 mA cm−2 at 1.59 V owing to the uniformly
dispersed Co atoms, which could be effectively and stably riveted on the CNB because
of the dependable metal-nonmetal bonds between the Co-SA and the carbon substrate.
Similarly, a CoSAs@NC-920 stabilized by N-doped carbon (NC) was synthesized by Lv
and colleagues [42] and because of its Co-N3C1 SA configuration, large specific surface
area, abundant N-active species, and 3D interconnected structures, it demonstrated ex-
ceptional ORR/OER performance (Figure 3b,b1). Preserving the structural integrity of
3D materials under severe reaction conditions and achieving a homogeneous distribution
of active sites might be difficult. To solve this problem, 2D carbon-based morphologies
such as graphene, graphene oxide, and layered carbon structures demonstrate substantial
surface areas and improved electron conductivity inside the plane of the structure and show
promising performance in electrocatalysis, in contrast to 3D carbon supports for SACs.
Two-dimensional catalysts significantly enhance charge distribution and promote efficient
charge transfer. Their elevated surface-to-volume ratio provides a substantial density of
available active sites, enhancing catalytic activity in different electrocatalytic reactions [5].
For example, CuNi/rGO showed excellent electrocatalytic performance in ORR and OER,
which was synthesized by Musa and colleagues [43] and achieved a lower wave potential
and overpotential because of the stronger interactions of Cu and Ni with rGO. The primary
active sites for ORR/OER in FeNi-NC are Fe-N4 and Ni-N4, and their coexistence enhances
bifunctional electrocatalytic activity. Additionally, FeNi-NC supported on N-doped flow-
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ering hollow carbon spheres demonstrated good OER and ORR activity [44]. In another
study, 2D-Pt SAC demonstrated increased HER activity supported by the N-doped carbon
support [45] (Figure 3c,c1). Furthermore, it was demonstrated that Ni-SA-based porous
carbon nanosheets had N/S co-coordination for CO2 reduction, achieving over 95% CO
selectivity rate and −7.8 mA cm−2 current density. These results were ascribed to the
nanosheets’ sheet-like shape, long-distance conductivity, and the abundant Ni-N3S SA sites
with high activity [46] (Figure 3d,d1). The computational study was also carried out in
2D SAC supported on a carbon matrix in different electrocatalytic reactions and proved
enhanced performance [47–49]. However, the tendency of 2D materials to agglomerate or
stack without appropriate surface modifications may restrict their effective surface area
and electrocatalytic performance. In contrast to 2D, 1D structures, including nanowires,
nanotubes, and nanorods, possess a high surface area and exhibit significant structural
anisotropy. These morphologies offer a high concentration of active sites along their length
and can enhance electron transport along the structural axis. This renders them suitable
for electrocatalytic processes necessitating great charge mobility for electrochemical re-
actions [50]. For instance, Co, Zn SAs@Co-CNTs were synthesized by Huang et al. [51]
and stabilized on Co-embedded carbon nanotubes (CNTs). Owing to the synergetic in-
teractions between Co and Zn DASs, they exhibit superior ORR (E1/2 = 0.92 V) and HER
(10 = 89 mV; ~10 = 142 mV) activities with long-term operational stability. They also lower
the adsorption–desorption energy barrier of H* in the HER and accelerate the formation
of OOH* and the dissociation of OH* in the ORR. Furthermore, Wu and colleagues [52]
synthesized bimetallic Fe-Ru SAC dispersed on N-doped carbon nanorod spheres and
exhibited a maximized NH3 yield of 43.9 μg h−1 mg−1 with an optimized FE of 29.3% for
the NRR owing to robust synergistic interactions between the electronic structure of Fe sites,
which were effectively influenced by Ru atoms, resulting in stronger N2 adsorption and
a shift in the d-band center, thus improving NRR performance (Figure 3e,e1). Moreover,
Liu and his team [53] created a CuO-based catalyst with Pd SAs dispersed on its interlayer
unsaturated bonds (Pd-CuO), and the NO3 to NH3 conversion could be improved and
promoted by the added shear stress and the dynamic effects of support formation to the
Pd SAs situated on dislocations, reaching a maximum NH3 production and optimized
FE (4.2 mol gcat−1 h−1 and 90%) (Figure 3f,f1). Furthermore, Chen et al. [54] synthesized
a catalyst named Fe-Nx-S supported by CNT with atomically dispersed Fe species, and
the presence of S dopants and abundant Fe-Nx species modified the electronic structure of
the Fe-SAs, resulting in remarkable OER activity with a low overpotential of 326 mV at
10 mA cm−2 and stability.

The impact of various dimensions, 1D, 2D, and 3D, on electrocatalytic performance
in carbonaceous supports is substantial since the catalyst’s geometry and structure can
affect charge transfer, active site accessibility, and reaction kinetics. For example, 1D struc-
tures dominate in rapid charge transfer along their length, whereas 2D-based catalysts
offer an expanded surface area for active sites and enhanced electron conductivity in the
plane, which is beneficial for reactions necessitating numerous active sites [55]. Further, 2D
dimensions typically exhibit superior electrical properties, whereas 3D morphologies excel
in enhancing mass transfer, reaction kinetics, and long-term stability. Three-dimensional
structures are more appropriate for processes requiring intricate mass movement. Al-
though 1D materials facilitate superior charge transfer, 3D structures often exhibit en-
hanced catalytic effectiveness owing to improved mass transport and increased surface
area. The stability and practical scalability of 3D structures render them advantageous for
extensive applications [56].
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Figure 3. (a) Structure of Fe-N-C/N-OMC; (a1) configuration for Fe-N-C/N-OMC. Modified from
Ref. [39] with copyright permission from Elsevier. (b) Structure of CoSAs@NC-920; (b1) structure of
CoSAs@NC-920. Modified from Ref. [42] with copyright permission from Elsevier. (c) Structure of
2D-Pt SAC; (c1) HAADF-STEM for 2D-Pt SAC. Modified from Ref. [45] with copyright permission
from John Willey and Sons. (d) Structure of CNS-NiSA; (d1) CO2 reduction on Ni-N3S sites. Modified
from Ref. [46] with copyright permission from Elsevier. (e) Structure of FeRu-CNS; (e1) atomic
structure of FeRu-CNS. Reprinted from Ref. [52] with copyright permission from The Royal Society
of Chemistry. (f) Structure of Pd-CuO; (f1) model of CuO-swa*-Pd. Modified from Ref. [53] with
copyright permission from John Willey and Sons.

4.1.2. Vacancy Engineering

Vacancies are regarded as a type of crystal defect that can modify the electron dis-
tribution, lattice structure, and elemental composition. As a result, voids are typically
complicated and require more careful design control. There are three types of vacancies:
cationic, anionic, and mixed vacancies, depending on the charge polarity of the atoms in
the structure. One efficient way to maximize the local environment for electrocatalysis is to
introduce vacancies in the SA carbon matrix. For instance, to improve the ORR activity and
stability, Tian et al. [57] showed that the generation of carbon vacancy (Cv) on Fe-N4 atomic
sites prevents the metal center from dissolving and may lower the adsorption energy barrier
of OH*. Because of the good performance in ORR achieved by utilizing a Cvac, Guo and
his colleagues [58] also utilized a Cvac in Fe-N4-VC SAC next to the metal center in a DFT
study and showed that elevated symmetry of the Fe-N4 atomic site tuned the d-band center,
hampered the adsorption of advantageous intermediates, and resultantly increased the
ORR electrocatalytic performance. Moreover, Fe-N-C catalysts with pyridinic N vacancies
(FeNC-VN) were synthesized by Lyu and associates [59] (Figure 4a). Adjacent VN sites
are predicted by first-principles calculations to greatly improve ORR kinetics and stability
by modestly weakening *OH binding energies and effectively enhancing the covalency
of Fe-Nx moieties (Figure 4a1). Additionally, a catalyst with numerous catalytic reactive
sites, containing the fast transfer of charge and with enhanced performance in OER was
synthesized and denoted as δ-MnO2/CoNP@CoSAs-NCNTs/CC which was supported
on a 3D-based structure exhibiting Ovac requires only 165 mV overpotential to reach a
current density of 10 mA cm−2 [60]. Moreover, a trifunctional catalyst for OER/ORR/ZAB

90



Catalysts 2025, 15, 137

was synthesized by Yi and his group [61] named ZnIn2S4/PC, and due to the combined
action of N and F atoms, doped Sb-SAs, and sulfur vacancies (Svac), it reduces the energy
potential barrier of intermediate products, consequently achieving remarkable performance
(Figure 4b,b1). Furthermore, the divacancy of graphene defects (DG) successfully trapped
Ni atoms to generate a Ni-C4 site, which enhanced HER activity [62]. In another study,
a Pt-C3 configuration was developed by Yao and colleagues [63], which contains Cvac in
the DG matrix and traps a large number of Pt-SAs, lowers the adsorbed H+ reduction, has
a stronger ability to capture electrons, and accelerates the desorption of H2, simultaneously
improving HER activity. Additionally, an effective dual-site HER catalyst with a core–shell
flatform structure was synthesized using an Ovac-containing LaCeOx material that com-
bined with N-doped graphene along with the dispersion of Ru SAs denoted as LaCeOx

@NGr/Ru1 (Figure 4c). The H2 was produced by using LaCeOx @NGr/Ru1, which causes
the adsorption and dissociation of water on the surface of Ovac-rich LaCeOx, along with
the diffusion of produced H* species towards Ce3+-N-Ru1 bridges, and H2 evolute on the
Ru1 sites (Figure 4c1) [64]. Moreover, the DFT calculation for the SACs supported on an
Ovs-enriched graphene matrix showed improved performance in the CO2 reduction to CO
product [65]. Similarly, Rong et al. [66] developed a Ni-N3-Vac SAC with three N atoms
demonstrating exceptionally high CO2 reduction to CO, exhibiting FE above 90% due to
the presence of Ni-N3 vacancy. In addition, PSB-CuN3 with local planar symmetry was
synthesized and showed exceptionally high electrocatalytic activity and stability for CO2RR
to formic acid (HCOO) because of the local D4h symmetry, which was broken to produce
planar-like CuN3 and CuN2 moieties with lower local C2v symmetry, resulting in charge
redistribution and improved performance [67] (Figure 4d,d1). Additionally, TMs used as
SA materials with abundant vacancies anchor on carbon substrates that provide localized
d-orbitals [68,69] that effectively transfer electrons between TM and N2, weakening the
N2 triple bond and enhancing their performance in NRR. In contrast, Ik Kwon [70] re-
ported that the integrated kinetic evaluations with electronic and thermodynamic analyses
on various SAC candidates, using boron carbon nitride (BCN) as a substrate, exhibited
a high turnover frequency (TOF) (3.1 × 10−6 s−1) among various vacancy sites, with Cr
anchored to BCN exhibiting the least amount of TM aggregation over time (Figure 4e,e1).
Further, TM-SACs dispersed on diverse N-doped graphene (NDG) systems with different
combinations of pyridinic, graphitic N-doped, and pyrrolic structures with single and
double vacancies were reported, and among them, Ru- and Ir-SACs/PD2cGn showed high
NO3 reduction and stability [71]. Superior NO3RR performance was also achieved at low
overpotentials by the atomically dispersed Fe- SAs coordinated with P and N stabilized on
hollow carbon nanocages, and modulating the P enhanced the Fe center electron density,
which promotes the transfer of protons and adsorption of NO3 ions along with their related
intermediates species on the surface of the electrocatalyst [72] (Figure 4f,f1). Chen and
his team [73] synthesized a Cu-N-C catalyst featuring Cu-N3 coordination that attains
a remarkable CO FE of 98% and exhibits exceptional stability (FE remains above 90% for
20 h) due to the Cu-N3 coordination that may be stabilized by an extended carbon plane
with six nitrogen vacancies, whereas three empty N sites are spontaneously protonated
during the CO2 reduction reaction. Consequently, the hydrogen bonds established between
the adsorbed *COOH and neighboring protons markedly diminish the energy barrier for
*COOH production. Further, Guo [74] and colleagues developed Ni-SAC@NC that exhibits
superior performance for CO2RR with a maximum FECO of 95% due to the defect-Ni-N3

configuration serving as the highly active site in Ni-SAC@NC for CO2 reduction reactions.
Moreover, Liu and co-workers [75] synthesized a highly durable and efficient Fe-N-C
catalyst and showed good performance in ORR by transforming defect-laden pyrrolic
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N-coordinated FeN4 sites into extremely stable pyridinic N-coordinated FeN4 sites. Further,
by employing first-principles DFT calculations, Mavrikakis and researchers [76] constructed
a pH-dependent microkinetic model to assess the comparative efficiency of SA-TM-based
catalysts integrated within fourfold N-substituted double carbon vacancies in graphene for
the OER, and reaction routes that involve intermediates co-adsorbed on the metal site are
favored across all TMs, and these routes result in improvements in catalytic activity.

Figure 4. (a) Synthesis of FeNC-VN and FeNC; (a1) free energy for the ORR catalyzed by different
catalysts. Reproduced from Ref. [59] with copyright permission from The American Chemical
Society. (b) Synthesis of SbSANF-ZnIn2S4−x/PC; (b1) density difference of SbSANF-ZnIn2S4−x/PC.
Reprinted from Ref. [61] with copyright permission from Elsevier. (c) Ov formation in CeO2 and
LaCeOx; (c1) structure for the LaCeOx @NGr/Ru1. Modified from Ref. [64] with copyright permission
from Elsevier. (d) Structure of PSB-CuN3; (d1) differential charge density and projected density of
states for the Cu center. Adapted from Ref. [67] with copyright permission from Nature. (e) BCN
substrate features different vacancy sites; (e1) lattice structures of TM-C2BN@BNvac-Arm. Reprinted
from Ref. [70] with copyright permission from Elsevier. (f) Structure of Fe-N/P-C; (f1) model of
FeN3P1O1-NH3. Adapted from Ref. [72] with copyright permission from John Willey and Sons.

4.1.3. Heteroatom Doping

Although carbon-based materials showed good support for SACs, SACs find it challeng-
ing to adhere to these materials because of the weak metal-support interaction. Heteroatom
doping is the most widely used technique to modify the CE of SACs and is a straightforward
and efficient way to accomplish successful anchoring of SACs. It offers metal atom coordina-
tion sites that can greatly increase the resilience of SACs. Additionally, the CE of SACs can
be controlled by judiciously regulating the atomic size and heteroatom electronegativity. By
regulating the concentrations of N, S, P, and B in carbon-based SACs, their catalytic perfor-
mance can be markedly enhanced. N doping, the most extensively researched heteroatom,
increases the electron density at active sites, hence promoting the adsorption of essential
reactants like oxygen or N. It possesses high electronegativity, facilitating electron localization
and generating highly polarized environments that stabilize SAs and offer several active sites
owing to diverse nitrogen configurations (e.g., pyridinic-N, graphitic-N, and pyrrolic-N). Its
capacity to stabilize SAs through coordination bonds renders it essential in electrochemical
reactions. For example, Zhang et al. [77] produced Co-N/C-based catalysts, and due to the
occurrence of N coordinated site, it reduced the binding energy of the d-band center of the Co-
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N4 site, thereby reducing the binding energy between the intermediates and Co-N4 catalytic
site consequentially increased O2 reduction catalytic activity. Outstanding electrocatalytic
performance on SA electrocatalysts by using N dopants on the carbon matrix for OER has been
reported, such as N-doped-holy-graphene matrix (M-NHGFs) [78], Co/Ru SAs-N-C [79], and
N-Co-Mo-GF/CNT [80]. For an effective electrocatalytic H2 evolution, Xue’s group [81] binds
Mo-SAs atomic sites with co-coordinated N, C, and O atoms stabilized on N-doped carbon
fibers (NCF) denoted as Mo@NMCNFs, and these fibers demonstrated exceptional stabil-
ity and great HER activity with an overpotential of 66 mV. Furthermore, Kuang et al. [82]
dispersed PtSACs on N-doped materials to synthesize mesoporous-hollow carbon spheres
named Pt1/NMHCS that demonstrated remarkable stability and attained an overpotential
of 40 mV at 10 mA cm−2 for the HER. Musa and colleagues [83] synthesized atomically dis-
persed Fe-N4 embedded on CNTs denoted as FeSA@CNTs (Figure 5a). Utilizing the protective
properties of the CNTs structure through anchoring Fe-N4 and facilitating electrolyte access to
the active areas, the synthesized catalyst demonstrated superior ORR catalytic performance
and electrochemical stability due to the Fe-N4, which serves as the primary active site for
catalysis and contains square planar in shape (D4h), and the interaction between the frontier
orbitals of Fe in Fe-N4 (dz2) and the LUMO of O2 (π-orbital), thereby promoting the catalysts’
effective catalytic activity (Figure 5a1,a2). In contrast to N, doping with S induces distinct
electrical and geometric alterations owing to its greater atomic radius and softer Lewis base
characteristics. These characteristics improve selectivity and activity in different electrocat-
alytic reactions as the S possesses lower electronegativity than nitrogen, creating electron-rich
regions that facilitate charge transfer. S atoms can establish robust coordination with metals,
resulting in a synergistic effect that enhances catalytic activity. The doping process frequently
leads to structures abundant in defects owing to the greater atomic scale. For instance, for the
OER/ORR application, theoretical research was conducted on the electrocatalytic mechanism
of S-doping in TM-N-C SACs, and the electrons flow from S sites to the substrate, and the
presence of S dopant enhanced the geometry configuration, stability, and charge redistribution
in TM-N-C SACs (Figure 5b–b2) [84]. Additionally, a dual single atom (DSA) denoted as Fe,
Co/DSA-NSC was doped with N and S dispersed on porous carbon nanosheets, and these
unsymmetrically organized N and S coordinated Fe/Co atomic sites boosted the transfer
of charge, lowered the adsorption energy of intermediates, and enhanced the oxygenated
reaction kinetics [85]. Some studies have shown outstanding performance in diverse elec-
trochemical reactions by using S and N as the dopants on different carbon substrates in
SACs, DACs, and DSACs [86–88]. P doping is recognized for facilitating significant electronic
redistribution, which frequently enhances the binding energy modulation of intermediates,
especially in reactions such as HER and ORR. Its capacity to affect charge transfer kinetics is
notable among dopants. P imparts electron-rich properties akin to S, although it exhibits more
robust metal-phosphorus interactions. P doping augments surface basicity, hence facilitating
intermediate adsorption and catalytic reaction mechanisms. An increased atomic radius
induces lattice aberrations, enhancing the accessibility of catalytic sites. Additionally, the role
of P doping in Fe and Co bimetallic SACs, known as P/FeCo-NC HER-catalysts, is reported
by Tao and his team [89]. The Fe-P-Co site was demonstrated as the most effective HER
activity by modifying the electrical interactions and orbital hybridization in the P bridge
between the Fe and Co sites, increasing the H2 adsorption energy. P and Co co-regulate the
electrical characteristics of the Fe sites, resulting in an ideal H2 binding energy (Figure 5c–c2).
To investigate the impact of distinct CE of Ni-SACs on water-splitting catalytic activity, Wang
et al. [90] prepared a variety of Ni-SACs doped with different heteroatoms into porous CNFs,
and among these, the Ni-SAC with the Ni-N3-P structure (Ni-N, P/CNFs) demonstrated
the best OWS performance. Furthermore, P doping was also investigated by Zhou and his
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team [91] by using P/Fe-N-C in OER. In addition, the N, S, and P, B doping endows a distinc-
tive ability to generate p-type semiconducting properties, rendering it exceptionally efficient
in processes where charge transfer regulation is essential. B is an electron-deficient element
that creates Lewis acidic sites, hence improving the adsorption of reactants and enhancing
the dispersion and stabilization of SAs. The capacity to take electrons alters the electronic
configuration of metal centers, enhancing catalytic efficiency. For example, by adding single
TM atoms and different NM atoms onto GY substrates, Long Li and his group [92] developed
different SACs for NRR, and, in particular, Os-B-GY demonstrated exceptionally effective
NRR activity with a low overpotential of 0.13 V within the distal pathway (Figure 5d–d2).
The co-doping of TMs and B can modify the d-orbital electronic structure of transition met-
als, promoting moderately positive charge concentrations via a localized boron coordination
framework. Moreover, the robust d-2π* interaction between TM and N2 promotes electronic
back donation, thereby activating N2 and preparing it for NRR. Some studies have promising
performance by using B and N as dopants in different electrocatalytic reactions. Furthermore,
it is reported that rationally controlling the CE of SACs can successfully enhance the FE of
NRR. For example, coordination with a B dopant in Fe-B2N2 can significantly enhance the Fe
metal center, exhibiting a low limiting potential of −0.65 V, indicating its high NRR catalytic
activity [93]. Additionally, Xin and colleagues [94] synthesized Mn-SACs by anchoring the
Mn-O3N1 moieties on porous carbon, and the Mo-B2N2 configuration lowered the energy
needed for N≡N bond-breaking and boosted the adsorption of N2 at the active site, resulting
in enhanced N2 reduction to NH3 with a yield rate of 66.41 μg h−1 mgcat−1. Moreover, Ye and
co-workers [95] synthesized B, N co-doped Mo-SAC denoted as Mo/BCN for electrocatalytic
N2 reduction. SACs have recently been shown to have favorable action on NO3RR, and there
is still a need for improved catalysts with increased stability and activity. To prepare Fe-BCN
catalysts, Lu and his team [96] added B to the NC matrix, and consequently B improved the
electronic structure around Fe SAs and Fe-N, lowering the reaction barrier and increasing
NO3RR activity, demonstrating excellent NO3RR performance (NH3 yield of 2.17 mg h−1

cm−2, FE of 97.48%). Furthermore, by mounting a Ni single site to BNG supports, Ajmal and
colleagues [19] developed a boron-spanning method to modify the coordination structure
of Ni SACs and developed a rational NiN4B2 structure and allowed for the incorporation
of active sites and electric fields into a catalyst. It is found that the electric field distribution
surrounding the B-atom next to N-atoms coordinated with the Ni-atom is responsible for
the charge distribution over the Ni single site in NiSA@BNG. The adsorption of NO3

−on
the NiSA@BNG catalyst is facilitated by the existence of locally polarized B-N bonds, which
are found to be essential in producing electric fields and require only −0.42 eV energy for
NiSA@BNG. Some non-metal (NM) dopant SACs have recently been produced to support
the high electrocatalytic activity and high selectivity of CO2RR. For instance, a computational
screening method was developed by Lu et al. [97] in which different NM dopants adjusted the
CE of various SAs, and among these TM@N4, Zn@N4-Cl1(II) with 0.15 V, Ni@N3-B1 with 0.43
V, Fe@N4-F1(I) with 0.75 V, and Cu@N4-O1(III) with 0.49 V, exhibit the lowest overpotentials
for CO2 reduction to CO. Additionally, the axial Cl atom, co-coordinated with Fe and N-atoms,
represented as FeN4Cl/NC, showed a partial current of 9.78 mA cm−2 and a FE of 90.5%
for CO due to the Cl atom, which caused a negative shift in the d-band center, resulting in a
weakened binding strength between the intermediates and the Fe atom [98]. Furthermore, Ma
et al. [99] conducted DFT calculations and examined the different axial ligands that affected the
CO2 performances, and among them, the M-N4 configuration showed that the axial ligands
could alter the metal center’s electrical and magnetic characteristics, changing the activity and
selectivity for CO2 to CO. Furthermore, an F-doped Ni-SA denoted as Ni-SAs@FNC with
high surface Ni-N4 loading and exhibiting an ultrathin nanosheet structure was synthesized
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by Guo Han and colleagues [100]. Owing to the high Ni atom utilization, unique morphology,
modulated Ni-N4 configuration, and superior F-tuning effect, it allowed it to effectively
boost the electroreduction of CO2 to CO, as evidenced by its high FECO of approximately
95%. Furthermore, a multi-heteroatom doping of N, P, and Cl was investigated by Sui and
co-workers [101], denoted as Ag1-h-NPClSC anchoring on a hollow carbon matrix, and the
synergetic effect between different heteroatoms and Ag SAs dramatically optimized the ORR
catalytic activity and durability.

Figure 5. (a) Synthesis of FeSA@CNTs; (a1) charge profile for FeN4 active site; (a2) Fourier image for
FeN4 active site. Reproduced from Ref. [83] with copyright permission from Elsevier. (b) S-undoped
and doped TM-N-C SAC structure; (b1) Bader charge distribution of S-doped Fe-N-C; (b2) distribution
of charge density S-doped SACs. Reprinted from Ref. [84] with copyright permission from The Royal
Society of Chemistry. (c) Structure of P/FeCo-NC; (c1) top view of Fe-P-Co-SAC, (c2) charge density
difference (CDD) in Fe-P-Co-SAC. Modified from Ref. [89] with copyright permission from John Willey
and Sons. (d) Diagram of NM-GY-SACs; (d1) distribution of charge density in Os-B-GY; (d2) formation
energies of NM-GY and B-G. Reprinted from Ref. [92] with copyright permission from Elsevier.

In conclusion, the introduction of non-metal heteroatoms like N, S, P, and B markedly
affects the efficacy of SACs in diverse electrocatalytic reactions by altering their electronic
structure and catalytic characteristics. N doping generally increases the electron density
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at the metal center, facilitating charge transfer and enhancing activity in electrochemical
processes. S and P with lower electronegativity than nitrogen generate electron-rich regions
that stabilize intermediates in processes. Moreover, S can provide dual functions by
improving both catalytic activity and hydrophobicity. B, by inducing electron shortage, can
modulate the adsorption energy of intermediates, so enhancing selectivity and efficiency.
The heteroatoms together affect the local coordination environment, active site accessibility,
and reaction kinetics, resulting in improved catalytic activity, selectivity, and stability in
various electrocatalytic applications.

Carbon-supported SACs exhibit various morphologies, vacancy types, and doping
configurations, showing considerable potential for catalytic applications owing to their high
specific surface areas, swift mass transfer rates, and strong structural stability. Nonetheless,
other issues remain that must be addressed. A significant problem is that the interior spaces
of 1D geometries are frequently underutilized, resulting in diminished atomic utilization
efficiency due to inadequate exposure to active sites, which can negatively impact catalytic
performance. Moreover, 2D carbon substrates often undergo restacking due to robust
π-π interactions during thermal treatments and catalytic reactions, requiring the develop-
ment of effective ways to alleviate this phenomenon. In 3D porous carbon frameworks,
numerous individual metal atoms become encapsulated within the carbon layers during
high-temperature pyrolysis, complicating their complete exposure to catalytic reactions.
Moreover, in the realm of morphological engineering, attaining exact control over the
nanoscale configurations and forms of carbon substrates is essential for enhancing atomic
dispersion and accessibility, which directly affects catalytic performance. Likewise, vacancy
engineering is limited by the stability of active sites under diverse electrochemical circum-
stances, potentially leading to structural failure or deterioration, thereby compromising
long-term performance. Furthermore, heteroatom doping encounters similar difficulties;
the integration of dopants like N, S, and P requires meticulous adjustment to improve
electron dispersion while maintaining conductivity. Despite the exploration of several
methodologies for heteroatom doping, the predominant methods for synthesizing carbon-
based SACs depend on high-temperature pyrolysis. Future initiatives should concentrate
on advancing synthesis processes to provide stable, uniformly dispersed vacancies and
customized doping profiles, perhaps resulting in SACs with enhanced durability and
reactivity. Examining the interplay among these three engineering strategies may improve
the accessibility of catalytic sites and refine electronic properties, potentially advancing
the scalability and applicability of SACs in various electrochemical reactions for energy
conversion applications.

4.2. Metal-Oxide-Based Substrate

Engineered metal oxides have gained attention recently as a possible option for creat-
ing high-performance HER electrocatalysts. The distinct benefits of earth-abundant metal
oxides include great chemical and electrochemical stability, strong metal-support inter-
action (MSI), flexible tunability, structural diversity, and ease of synthesis. They are also
inexpensive. However, some techniques like morphological tuning, phase, creating oxy-
gen vacancies, doping (metal and non-metal), and controlling crystallinity are frequently
used to improve the properties of pristine metal oxides, which are inert to electrocatalytic
reactions because of their inadequate electrical conductivity, restricted number of catalytic
active sites, and weak H2 adsorption capacity. It is notably recognized that the electrocat-
alytic efficiency of a catalyst is highly associated with the electronic properties of the active
sites, suggesting that the electrocatalytic activity of SACs can be competently tuned by
maximizing the metal-metal (M-M) robust interaction. Following this guideline, diverse
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efforts were focused on the development of advanced transition metal compounds (TMCs)-
based SACs by judiciously modulating the M-M and M-TMCs interactions. Significant
advancements in the synthesis of advanced SACs have been achieved during the past
decade due to rigorous efforts.

4.2.1. Morphology Engineering

A key tactic for improving electrocatalytic performance in SAC-based metal oxides
is morphology engineering, which maximizes surface area, electrical characteristics, and
active site accessibility. The density of exposed SAs can be greatly increased by modify-
ing morphology at nanoscale dimensions, such as via hollow structures, nanowires, or
nanosheets, which facilitates effective reactant adsorption and electron transport. These
morphological modifications frequently improve mass transport efficiency, speed up reac-
tion kinetics, and lower diffusion resistance in electrocatalytic reactions. Catalytic activity
and selectivity in electrocatalytic reactions depend on precise control over defect sites
and electronic structures, which can be achieved by tailoring morphologies. For instance,
Zhou’s group [102] recently synthesized 3D Pt SACs by dispersing Pt SAs on NiO/Ni
heterostructure, which was developed on Ag nanowires and demonstrated exceptional
performance and 30 h durability, exhibiting a lower ΔGH* of 0.07 eV for Pt SAs and disso-
ciating energy barrier for water attributed to the presence of dual active reactive sites in the
Ni and O-vacancies-rich NiO sites for HER. Additionally, a 3D-based cerium hydroxide-
doped copper catalyst was synthesized by Sargent and his team [103] and yielded a 43% FE.
Mechanistic studies revealed that Had on Cu prefers the ethanol pathway over the ethylene
pathway by targeting the Cu-C link of the *HCCOH intermediate. Additionally, using
polystyrene nanospheres known as SA-FeN4O1-C, Xu and associates [104] synthesized
a 3D-frame structure with organized pore channels, and the catalyst’s higher overpotential
in ORR and OER is attributed to the special CE of the SA active site and 3D framework.
Furthermore, Zheng et al. [105] deposited Ru-SA onto an Ov-riched SnO2 matrix and
synthesized a 2D-based Ru/SnO2−x catalyst (Figure 6a). Ru SAs near Ov and the SnO2−x

substrate undergo a minimal transfer of electrons from Ru to O atoms, leading to electron
loss of Ru atoms (Figure 6a1), and the catalyst produced a remarkable 32.4 μg h−1 mgcat−1

of NH3, along with outstanding electrochemical stability and a FE of 16.2%.

4.2.2. Vacancy Engineering

A great way to control the CE, electrical characteristics, and catalytic activity of
SACs is by defect engineering. Surface imperfections, for instance, might influence the
density of charge close to the Fermi level and encourage molecular orbital hybridization,
leading to more unsaturated coordination sites and suspended bonds, even at very low
concentrations. C, O, N, S, cationic vacancy, and anionic vacancy defects are among
the defect types employed to control the CE of SACs. To utilize uniformly dispersed Pt
SAs on titania nanosheets (Pt1O1/Ti1−xO2), Lu and colleagues [106] used Tivac-enriched
nanosheets, and these negatively charged Tivac readily trapped positively charged Pt+2

ions, and an ultrahigh activity and exceptional stability (300,000 cycles) were promoted
by the generation of the Pt-O dual atomic site by intrinsic charge transfer. Moreover,
Wu and his team [107] synthesized a catalyst denoted as Ni/M-CeO2 SACs in which
the OV concentration was controlled by a doping series of different metal cations over
CeO2 surfaces. Among them, the Ni/CeO2 SACs presented high initial activity in CO2

reduction. Yuan’s team [108] synthesized Ru SA onto Ov-rich cobalt oxides (Ru/Co3O4−x),
and the Ov causes electrons to delocalize around the Co atoms. This delocalization is
further improved after loading Ru atoms, because of the coexistence of Ovs and Ru atoms,
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and achieves a low potential (280 mV @10 mA cm−2) and long-term durability for OER
(Figure 6b,b1). Additionally, by controlling the electronic MSI, Yao and colleagues [109]
described an intrinsic oxide anchoring technique to secure ligand-free, uniform Ru SAs on
the amorphous layered surface of monolithic Ti support (Figure 6c). The strong electronic
MSI was demonstrated by a clear charge rearrangement across the interface between the Ru
SA and TiOx/Ti, which generated a charge transfer from Ru SA to TiOx/Ti and achieved a
good performance in NO3RR (Figure 6c1). In addition, Wang et al. [110] synthesized an
electrocatalyst with Cu-Sn dual atomic active sites utilized by double Ovacs on CeO2−x

and these Ovacs are crucial in controlling the electrocatalytic performance and stability,
highlighting the significance of controlling the electronic MSI between Cu-Sn diatoms and
CeO2−x and achieving a 90.0% FE for CO2 conversion to formate.

 

Figure 6. (a) Charge density evaluation of Ru/SnO2−x; (a1) AC-STEM image of Ru/SnO2−x. Reprinted
from Ref. [105] with copyright permission from Elsevier. (b) Structure of Ru/Co3O4−x; (b1) Bader charge
numbers of Ru/Co3O4−x. Modified from Ref. [108] with copyright permission from The American
Chemical Society. (c) Structure of Ru1-TiOx/Ti; (c1) difference in charge density of Ru1-TiOx/Ti. Adapted
from Ref. [109] with copyright permission from The American Chemical Society. (d,d1) Model of Cu-
CeO2. Reprinted from Ref. with copyright permission from The American Chemical Society. (e)
Structure of CuSA-Sn-SnO2; (e1) DFT model of CuSA-Sn-SnO2. Modified from Ref. [111] with copyright
permission from Elsevier. (f) Structure of Co SA MoO3; (f1) charge density difference in Co SA MoO3

and MoO3. Modified from Ref. [112] with copyright permission from Elsevier.

4.2.3. Heteroatom Doping

Through altering the electrical environment surrounding the active metal sites, het-
eroatom doping in SACs has become a calculated strategy to improve their electrocatalytic
performance. The electronic structure of the catalyst can be adjusted to increase its conduc-
tivity, stability, and reactivity in electrocatalytic reactions by adding NM atoms, such as S,
P, N, or any other metal or NM, into the metal oxide support material. For example, the
Ir-Co3O4 exhibited superior electrocatalytic OER performance and stability exhibited by
the 3d-TM-based oxides doped with single noble metal atoms reported by Wang and his
team [113]. Additionally, due to the surface hydroxylation and doping of Mo and W SAs,
Yuan Lu and colleagues [114] created a highly efficient bifunctional water electrolysis-
based catalyst, and due to the synergistic interactions between Mo and W SAs with the
co-doped surface, hydroxylated NiFe oxide denoted as FN-MoWact maintains its stability
after 100 h of operation and achieves ultralow overpotentials for OER, HER, and water
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splitting (1.504 and 1.729 V to deliver current densities of 10 and 500 mA cm−2). In addi-
tion, Yang and his group [115] showed that Cu-doped, single-atomic Cu-substituted CeO2

and multiple Ovac-bound CeO2 may maximize CO2 electrocatalytic reduction to CH4 and
produce a remarkably efficient catalytic center for CO2 activation and adsorption with a FE
as high as 58%, indicating tremendous potential for designing more highly efficient elec-
trocatalyst active centers to increase activity and selectivity (Figure 6d). Further, Cu-SACs
supported on Sn-SnO2, for instance, were synthesized together with the Cu doping de-
noted as CuSA-Sn-SnO2. Cu-SAs modulated the electronic structure, which effectively
influences the adsorption and stabilization of *CO intermediates and resultantly enhanced
the performance of CO2 (Figure 6e,e1) [111].

4.2.4. Facet Engineering

Facet engineering in metal-oxide-based SACs is critical for tuning catalytic activity
because it exposes specific crystallographic planes that optimize the interaction of single
metal atoms with the support. Different facets of metal oxides have distinct electronic struc-
tures, surface energies, and atomic arrangements, which influence the CE and electronic
properties of the anchored single metal sites. For instance, Zhang et al. [116] reported the
CEs of Pt SAs distributed on anatase TiO2 supports with controlled shapes, specifically
focusing on the (001) and (101) crystal facets. Among them, Pt SAs located on the (001)
surface show reduced reactivity for CO oxidation, primarily due to restricted accessibility
to gas-phase species. Further, Hu and his team [117] demonstrate that the crystal facets of
CeO2 play a crucial role in determining the form of Pd species. On the CeO2(100) surface,
Pd is present as isolated single atoms, whereas on CeO2 (111), Pd tends to form clusters.
This variation influences the catalytic behavior in N-alkylation reactions, demonstrating
that as the catalytic component size reduces to the single-atom level, the impact of crystal
facets becomes more significant and can potentially dominate the catalytic performance.
Moreover, Chen and colleagues [118] reported that the electronic structure of Pt SAs (Pt1)
is affected by the CeO2 facets. Pt1 on CeO2 (110) exhibits a positive charge, whereas, on
CeO2 (100), it tends toward a metallic state. These variations arise from the differences in
Pt-O-Ce microstructures and electron transfer behaviors. The positively charged Pt1 shows
weak CO adsorption, which favors oxidation, while metallic Pt1 enhances H2 dissociation,
aiding CO oxidation and lowering the reaction barrier. Lastly, Li and co-workers [119]
reported the SA-Pt catalysts supported on the CeO2 surface with facets such as (111), (110),
and (100) by using DFT calculations, and on all three ceria surfaces, it is thermodynami-
cally advantageous to replace a lattice Ce ion with a single Pt atom. Whereas the Pt atom
produces a planar structure with a lowered oxidation state of +2 on the (110) surface due to
the spontaneous creation of surface peroxide (O2

2−) species, it adopts a + 4 oxidation state
on the (111) and (100) surfaces after replacing Ce4+ and resultantly enhanced performance.

4.2.5. Crystallinity Control

Because it directly affects the electrical structure, stability, and accessibility of the active
site, crystallinity management in SACs is essential for improving electrocatalytic activity. A
well-defined atomic arrangement is usually ensured by the high crystallinity in SACs, which
results in consistent coordination environments around the single metal atoms. For the best
catalytic activity, precise electronic tuning is necessary, and this homogeneity aids in this
process. Furthermore, a highly crystalline structure can offer strong support, improving
SA stability in challenging electrochemical environments and reducing aggregation. But
it is also critical to strike the desired balance between defect engineering and crystallinity;
flaws like vacancies or grain boundaries can provide special electronic states that improve
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adsorption and charge transfer. Therefore, improving SACs for effective and long-lasting
electrocatalytic applications requires deliberate flaw engineering in addition to regulated
crystallinity. For instance, Xu and colleagues [120] developed Pt SAs on an amorphous MoOx

substrate and, due to the robust Pt-O bonding contact, obtained a good performance in HER
with an overpotential of 19 mV at 10 mA cm−2. Furthermore, to synthesize a Co-SA catalyst,
Hyuk Moon and associates [112] used an amorphous-to-crystalline phase transition in the
MoO3 matrix (Figure 6f). The difference in charge densities of Co SA MoO3 shows that it
has improved hydrogen covalent bonding characteristics, and these H+ adsorption results
provide more evidence for Co SA MoO3’s strong HER activity (Figure 6f1).

SACs anchored on metal oxides exhibit considerable potential yet encounter numerous ob-
stacles. A problem exists in morphological engineering, which, although capable of augmenting
active surface area and modifying electrical characteristics, faces difficulties in attaining uniform
and accurate shapes across diverse scales. Another critical strategy is vacancy engineering,
which is vital for enhancing charge transfer and generating several active sites. Controlling the
distribution and ensuring the stability of vacancies under reaction conditions presents significant
challenges. Further, heteroatom doping presents challenges, as variations in the incorporation
and activation of dopants can adversely impact catalytic efficiency and longevity. Moreover,
achieving a balance between crystallinity and the introduction of defects and dopants is a chal-
lenging endeavor; an excess of defects may undermine structural integrity, whilst insufficient
crystallinity might result in diminished conductivity. Future endeavors should prioritize the
synergistic implementation of these engineering methodologies, concentrating on synthesis
techniques that provide meticulous control over morphology, vacancy distribution, and dopant
incorporation. The progression of in situ characterization techniques may yield real-time in-
sights into structural and functional alterations, hence aiding the creation of SAC-supported
metal oxides with improved activity and stability for electrocatalytic applications.

4.3. Alloy-Based Substrate

A single-atom alloy (SAA) is an innovative advancement in SACs. It amalgamates
the advantages of conventional alloy catalysts with SACs, wherein minimal quantities of
reactive metal centers are uniformly scattered inside inert metal matrices. In 2012, Sykes
and his team [121] effectively dispersed isolated Pd atoms on a pristine Cu (111) active
surface and introduced the term SAA. Subsequently, other SAAs have been documented and
extensively employed in the electrocatalytic domain due to their distinctive physicochemical
characteristics. This distinctive electronic configuration presents a possibility to disrupt the
linear scaling correlations between the activation and reaction energy barrier. Simultaneously,
SAA catalysts produce an intrinsic synergistic effect as dopant host metal atoms, and SAs on
the reaction surface function as dual-catalytic centers for the activation of various supports. By
separating the dissociation and catalytic active sites, the SAA catalyst presents the intriguing
potential to circumvent linear scaling connections between the reaction energy barrier and the
stability of intermediates species, which constrain the catalytic reactivity and selectivity of
numerous catalysts. Additionally, we will examine the SAA structure by employing several
techniques, including morphological manipulation, vacancy engineering, heteroatom doping,
facet engineering, and crystallinity regulation in diverse electrocatalytic activities.

4.3.1. Morphology Engineering

Through the strong electronic MSI, modifying the SAA’s shape and nanostructure
may alter the microenvironment and, consequently, its intrinsic activity. Due to their
distinct advantages in electrocatalytic applications, SAA comes in a variety of morphologies,
including 1D, which includes nanofibers, nanotubes, nanorods, and nanowires; 2D, which
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are nanosheets; and 3D, which is a hierarchical porous structure. For instance, a 1D SAA
comprising Pt-Co dual reactive sites enclosed in N-doped graphite-CNTs, synthesized by
Cheng et al. [122], exhibited exceptional ORR performance, attaining an ORR mass activity
of 0.81 A mg−1Pt. Furthermore, the direct conversion of NO3 to NH3 was accomplished by
utilizing a 2D-based SA Ni-alloyed Cu electrocatalyst, exhibiting a high FE of approximately
100% and a yield rate of 326.7 μmol h−1 cm−2. This performance is attributed to the robust
interaction between Ni and the essential NOOH* reaction intermediates, which facilitated
a reduction in reactions’ limiting potential, consequently enhancing the preference for
NH3 synthesis [123]. Further, Li and his team [124] synthesized a PdFe1 SAA metallene,
initially developed as a potent and stable electrocatalyst for NRR, achieving an NH3 yield
of 111.9 μg h−1mg−1, a FE of 37.8%, and sustained stability over 100 h of electrolysis.
This performance is attributed to the Pd co-coordinated Fe SAs serving as active sites,
facilitating optimized N2 activation through N2-to-Fe σ-donation, alongside excellent
thermodynamic stability, which collectively contributes to the excellent performance and
durability of PdFe1 in NRR applications. Mao and colleagues [125] similarly synthesized
Co-substituted Ru nanostructures, which serve as extremely efficient Pt-free catalysts for
HER, necessitating a low overpotential of 13 mV to attain a current density of 10 mA cm−2.
Furthermore, a CO2-reduction-induced surface restructuring technique was accomplished
through the innovative design of a nanoporous AgCu SAA catalyst, which demonstrates
a self-reinforcing selectivity for CO2 reduction, coinciding with the transfer of Cu to
the reaction surface, and exhibits exceptional performance, with a CO FE of 97.5% [126]
(Figure 7a,a1). Lastly, Gao and colleagues [127] synthesized a novel catalytic motif denoted
as core/shell diluted SAA and ordered SAA. The Pauli repulsion from the fully occupied
metal d-states resulted in a weaker *N binding, while the *NO3 binding was boosted by
the d-states hybridization in the ordered CuAu alloy layers. The tuning of the adsorption
of important NO3RR intermediates was not significantly impacted by the surface strain
on Cu/CuAu-ordered SAA. Consequently, the outstanding ammonia selectivity and yield
from NO3RR on these Cu/CuAu-ordered SAA catalysts mark a significant advancement in
the creation of core/shell, ordered intermetallic, and SAA catalysts.

4.3.2. Vacancy Engineering

The incorporation of vacancy engineering in SAAs is an effective approach for optimizing
the electrocatalytic performance of these materials by generating active sites that improve
catalytic activity, stability, and selectivity. The introduction of various vacancies, usually
by the elimination of specific atoms in the alloy matrix, modifies the electronic structure
and CE surrounding the individual atom sites. This structural alteration can reduce the
activation energy of many electrocatalytic reactions, including O2 and H2 evolution, as well
as CO2 reduction, by enhancing the adsorption energies of reaction intermediates. For
instance, Yao et al. [128] proposed the incorporation of Ru SAs into a Pt-rich environment
(PtCux/Ptskin) to mitigate the oxidation of Ru. This process increased the d-band center of
Pt-atom vacancy, attributed to electron transfer between Pt and Ru. Consequently, the Ru1-Pt3

Cu configuration exhibited a lowered 90 mV overpotential to achieve a current density of
10 mA cm−2. Moreover, Zhao and his team [129] reported a catalyst with a hierarchical
pore structure denoted as Cu1Au SAA as an effective electrocatalyst for CO2 reduction and
demonstrate exceptional CO2 reduction performance, achieving nearly 100% CO FE, attributed
to its hierarchically structured porous morphology with abundant vacancies and 3D catalytic
reactive active sites. Furthermore, Zhang and colleagues [130] synthesized Au1Cu (111) SAA
with surface Covac (VCu-Au1Cu SAAs), demonstrating an exceptional NH3 with a FE of
98.7% and a yield of 555 μg h−1 cm−2 (Figure 7b). The local electronic structure of VCu-Au1Cu
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SAAs was synergistically influenced by individual gold sites and Covac, hence facilitating the
generation of *H that can be efficiently employed by NO3− and its intermediates (Figure 7b1).

4.3.3. Heteroatom Doping

The doping of different heteroatoms N, S, or B in SAAs incorporates foreign atoms
into the alloy matrix, facilitating improved regulation of the electronic structure between
the dopant and adjacent atoms, active sites, and surface characteristics for electrocatalytic
processes, hence increasing electron density at specific places and optimizing binding energies
for required reaction intermediates. For example, Matthew and colleagues [131] conducted a
DFT-based investigation that clarifies the thermodynamics of the ORR on Ag- and Au-based
SAAs. They examine SAAs composed of Ni, Rh, Pd, Co, Pt, and Co incorporated as SAs into
the (111) surfaces, revealing that the PdAu SAA demonstrates a marginally reduced theoretical
overpotential and improved selectivity for 4-electron ORR activity. Furthermore, a study by
Cheng’s group [132] was conducted on the competitive pathways for CO2 reduction by using
SAAs which reveals that doping of Au and Ag with different TMs facilitates tandem catalysis,
and among them, the Au or Ag dispersed on the substrate reduced CO2 to CO*, which is
subsequently reduced by H2 at the dopant metal to yield C1 hydrocarbons. Furthermore,
Zheng and his team [133] introduced a SA Pb-alloyed Cu catalyst denoted as Pb1Cu that
can selectively reduce CO2 into HCOOH with a high FE of around 96% wherein the Pb1Cu
electrocatalyst facilitates the conversion process on the modulated Cu sites. Thus, alloying Cu
with isolated heteroatoms facilitates the C protonation of CO2 to HCOO* on activated Cu sites,
leading to exclusive electrochemical conversion of CO2 to HCOOH with very high activity.
Moreover, Wu et al. [128] synthesized a series of single Ru-doped PtCux/Ptskin SAAs and
among them the Ru1-Pt3Cu catalyst exhibiting the optimal OER performance, characterized
by an overpotential of 220 mV at 10 mA cm−2. Recently, the advancement of bifunctional
electrocatalysts that operate effectively for both HER and OER across a broad pH spectrum
has garnered significant attention. Liang’s group [134] recently synthesized a Ru-doped Co
SAA catalyst encased in an N-doped carbon sheath, utilized for OWS. This catalyst exhibited
exceptional bifunctional electrocatalytic activity achieving a minimal cell voltage of 1.55 V
at 10 mA cm−2, attributed to the doped Ru SAs that effectively reduced the adsorption of
H* and other oxygenated reaction intermediates species. Recent studies have indicated a
markedly improved reactivity and selectivity of SACs for N2 reduction. Chen’s team [135]
developed a series of SAA model systems M/Au(111) and assessed their NRR performance
using DFT, revealing that the incorporation of TM SAs on Au(111) substantially enhances
the N2 binding affinity and reduces the activation energy barrier of the initial hydrogenation
step. Furthermore, Huang et al. [136] developed a series of NiCoRux/SP and, in particular,
NiCoRu0.2/SP exhibited optimized activity attaining a lowered overpotential of 59 mV at
10 mA cm−2 due to the incorporation of Ru atoms into the NiCo support would create a robust
interaction at the Ru-Ni/Co interface thereby enhancing the HER activity (Figure 7c,c1).

4.3.4. Facet Engineering

Facet engineering is considered a highly effective strategy, as the crystal facet constitutes
the most fundamental component of a SAC-based alloy. The surface atomic arrangement and
configuration directly influence the reactant’s and intermediates adsorption and activation
energy, which fundamentally dictate catalytic activity. Facet engineering has demonstrated its
efficacy in improving the performance of electrocatalysts for various electrocatalytic reactions.
For example, Du and his team [139] discovered that a Cu(100) surface doped with Pd-SA
exhibited enhanced catalytic activity and selectivity for NO3RR. Moreover, Feng and his
team [140] demonstrated that the Fe- and Ru-decorated Cu (211) step edges were the most
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efficient in facilitating the CO2 reduction process to CH4. In addition, Zheng’s group [141]
reported the development of Pt/Pd SAA catalysts, successfully dispersing Pt atoms onto Pd
NPs with (100) and (111) facet surfaces, resulting in significantly enhanced HER and ORR
activity. Moreover, Yao and his team [128] synthesized a series of Pt-Cu alloys along with the
dispersion of Ru SAs and a controlled amount of the step, kink, and corner defects exposed
on the facet’s active surface demonstrated that these processes augmented the surface defects
which further function as anchoring reactive sites for dispersed Ru1, thereby enhancing OER
performance (Figure 7d,d1). Furthermore, Gao and colleagues [137] synthesized a series of
copper-based SAA, incorporating doped TMs and exposing surfaces with various Miller
indices, utilizing DFT calculations and among them W1-Cu(111)) with −0.42V, Re1-Cu(111)
with −0.38 V, Os1-Cu(211) with −0.49 V, Os1-Cu(110) with −0.48V, and Re1-Cu(100) with
−0.35V exhibiting low limiting potentials for the N2 reduction reaction (Figure 7e).

 

Figure 7. (a) Fabrication of np AgCu SAA, (a1) Structure of np AgCu SAA. Modified from Ref. [126]
with copyright permission from Elsevier. (b) Synthesis of the VCu-Au1Cu SAAs; (b1) mechanism on
VCu-Au1Cu SAAs for NO3RR. Modified from Ref. [130] with copyright permission from Elsevier.
(c) Synthesis of NiCoRu/SP; (c1) mechanism of water splitting on NiCoRu0.2/SP. Modified from
Ref. [136] with copyright permission from Elsevier. (d) Exposed steps on diverse facets for various
catalysts; (d1) structure of PtCu3 (111). Modified from Ref. [128] with copyright permission from
Nature. (e) Models of Cu-based SAAs with four different Miller indices. Modified from Ref. [137]
with copyright permission from Elsevier. (f) Grand canonical Monte Carlo (GCMC) simulation on the
Ag54Co1 cluster; (f1) Co1Ox(OH)y complexes configuration. Modified from Ref. [138] with copyright
permission from The American Chemical Society.

4.3.5. Crystallinity Control

Regulating crystallinity in SAAs is essential for enhancing electrocatalytic activity,
as it affects active site distribution, electrical characteristics, and stability. Regulating the
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crystalline phase and grain boundaries allows for the precise adjustment of the atomic
dispersion of single atoms within the alloy matrix, which directly influences the local
electronic environment of catalytic sites and, consequently, the reaction kinetics. For ex-
ample, Pu et al. [138] conducted DFT calculations demonstrating that the Ag54M1Ox(OH)y

complex serves as the crucial catalytic active site for facilitating the ORR in Ag-based SAA
cluster electrocatalysts. The GCMC simulation demonstrates that the atomic O* species
have a limited capacity to adsorb onto the Ag54Co1 cluster owing to the endothermic Gibbs
free adsorption energy (Figure 7f). The suitable orbital hybridization between dopant metal
and OH in the MOx(OH)y complexes suggests that the Ag54Co1, Ag54Pd1, and Ag54Au1

clusters are the most effective Ag SAA catalysts for the ORR (Figure 7f1).
Besides the enhanced catalytic performance of alloy-based substrates in electrocatalysis,

they still encounter numerous obstacles such as: (A) Understanding how the morphology of
alloy-based SACs varies throughout prolonged catalytic operations is crucial to addressing the
problem of catalyst deactivation. (B) It is difficult to predict how vacancies would affect the
overall catalytic performance of alloy-based SACs due to the lack of clarity surrounding their
function and interactions with other catalytic sites. (C) When heteroatoms are added, the metal
lattice may experience strain and deformation, affecting the structural stability of alloy-based
SACs and reducing the catalyst’s activity. (D) Heteroatoms may cause strain and distortions in
the metal lattice, which could reduce the durability and risk the structural stability of alloy-based
SACs. (E) Surface reconstruction may cause alloy-based SACs’ crystallinity to deteriorate across
several catalytic cycles, potentially leading to a decrease in active sites and catalytic activity.
Future considerations may improve the efficiency of SAA-based substrates by (A) better control
over the morphology could help alloy-based SACs continue to maintain over time, preventing
deactivation and making them more appropriate for widespread use in the energy application.
(B) The development of new catalysts could be accelerated by using machine learning techniques
to optimize vacancy engineering and determine the best vacancy kinds and densities for different
catalytic reactions. (C) To improve catalytic performance, multi-element heteroatom doping in
alloy-based SACs can optimize electrical and geometric features. (D) Multi-element heteroatom
doping in alloy-based SACs can tune the geometric and electrical properties for increased
catalytic performance. (E) The logical design of optimal compositions and structures can be
facilitated by using advanced computational techniques to predict the crystallinity and stability
of alloy SACs, offering important insights before experimental synthesis.

4.4. TMD-Based Substrate

TMDs are an essential category of 2D materials, which exhibit a high surface area,
robust interaction with light fields, and elevated charge carrier mobility, rendering them
optimal support for the incorporation of SACs. TMD materials generally manifest as
MX2, with M denoting the core TM atom and X signifying chalcogen atoms (S, Se, or Te).
However, the saturated coordination atoms on the TMD substrate fundamentally restrict the
accessible active sites for electrocatalytic processes. Consequently, the technique of utilizing
TMD-supported TM atoms to fabricate SACs demonstrates considerable potential [142]. In
recent years, various sophisticated TMD-loaded SA electrocatalysts have been developed,
employing diverse techniques as outlined below.

4.4.1. Morphology Engineering

The intrinsic anisotropic behavior of TMDs in SACs renders morphological factors
crucial in optimizing their catalytic performance. To fully exploit the potential of active
edge sites and optimize the available surface area, various TMD-based SAC topologies
have been developed, including nanosheets and hollow nanoboxes. For instance, Ling and
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co-workers [143] investigated the potential of the MoS2 monolayer in the 1T′ phase for
accommodating single TM atoms and assessed the ORR catalytic activity of these dispersed
TM atoms through DFT calculations. Among the studied configurations, Pd@1T′ and
Cu@1T′ exhibited the most favorable ORR performance, with overpotentials of 0.32 V
and 0.41 V. Further, Liu and co-workers [144] predict that a single 3D TM co-doped with
O-atoms in MoS2 (3d-TMO6@MoS2) undergoes a transformation from a hexa-coordinated
to a tetra-coordinated structure as oxidative intermediates approach, and among these,
TM = Co, Mn, and Fe atoms exhibit superior catalytic activity for the OER. Additionally,
Pattengale’s group [145] utilized 1T-MoS2 as a substrate to incorporate Ni SAs into its basal
plane, substituting Mo atoms (Ni@1T-MoS2) and the resulting catalyst demonstrates sig-
nificantly improved HER performance. The advancement of MoS2 edge-supported SACs
is essential for water splitting. Xu and his team [146] reported various single TM SACs
embedded on MoS2 edges as bifunctional electrocatalysts for OWS through DFT calcu-
lations, and among them, Pt-SAs containing T1-vacancy exhibits the lowest theoretical
overpotential for H2/O2 (−0.10/0.46 V). Furthermore, Ren and colleagues [147] examined
a range of SAs immobilized on MoS2 nanosheets for CO2 conversion to methane through
DFT calculations, with Ni@MoS2 with −0.45 V, Fe@MoS2 with −0.39 V, and Co@MoS2

with −0.24 V exhibiting limiting potentials for methane production. Ultimately, it has
been determined that SA supported on several chalcogenides (WS2, WSe2, and MoSe2)
exhibits exceptional activity for CO2RR. Utilizing first-principles high-throughput compu-
tations, Yang et al. [148] examined the catalytic activity of several 2D TM-SAs supported
on a MoS2 monolayer denoted as MoS2 (SA@MoS2-B) and the optimized configuration of
Mo@MoS2-M for NRR (Figure 8a). The dispersed TM-SAs on the sulfur-sulfur bridge site
of MoS2 (SA@MoS2-B) facilitate charge transfer from the Mo-SA to N2, which is crucial for
both activating the nitrogen triple bond by populating the π antibonding orbital and stabi-
lizing the adsorbed N2 through Coulombic interactions (Figure 8a,a1), and among these
configurations, Mo@MoS2-M exhibits good stability by using the distal pathway for catalyz-
ing N2 reduction, with a calculated overpotential of 0.28 V. Further, Li and his team [149]
developed a 2D Fe-MoS2 catalyst for the NO3RR, demonstrating exceptional performance
with a maximum FE of 98% for the conversion of NO3 to NH3 (Figure 8b,b1). The energy
levels of the α-spin and β-spin d atomic orbitals of Fe-MoS2 significantly overlap with the
2π* orbitals of NO, resulting in the splitting and rearrangement of orbitals that generates
new d-π* antibonding and bonding orbitals (Figure 8b2). Besides the MoS2, WS2-based SA
was also reported for NO3 reduction reaction by using DFT calculations [150].

4.4.2. Vacancy Engineering

Generating defects, such as vacancies, is an effective method for altering the electrical
structure of SACs anchored on TMDs. Different concerted efforts have been undertaken
to develop regulated techniques for the introduction of atomic vacancies in TMDs with
SACs, thereby facilitating various electrocatalytic activities. For instance, Wang et al. [151]
synthesized SA Ru-doped MoS2 catalysts with a high 2H phase content denoted as Ru@2H-
MoS2 and Ru0.10@2H-MoS2 exhibits the lowest HER overpotentials of 137, 51, and 168 mV
at 10 mA cm−2 due to the incorporation of Ru which creates additional reactive active sites
and vacancies, thereby enhancing the HER performance. Additionally, various single TM
atoms immobilized on MoS2 edges have been evaluated as bifunctional electrocatalysts for
OWS by DFT calculations [146] (Figure 8c,c1). The diffusion barrier of Pt on T1-vacancy
is lower at 1.82 eV (Figure 8c2) and exhibited the lowest theoretical overpotential for the
H2/O2 at −0.10/0.46 V for OWS, attributed to the adjusted band center of the single metal
atom. Furthermore, Zhang and colleagues [152] utilized spin-polarized DFT-D3 calculations
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to systematically examine the reaction mechanism of electrocatalytic CO2RR on M@WTe2 with
a Te vacancy, finding that Ni@WTe2 exhibits remarkable selectivity for HCOOH with an ultra-
low overpotential of −0.11 V. Moreover, Jiang’s team [153] indicated that a non-contacting TM
atom adsorbed on the Svac of the MoS2 basal plane functions as a spin-active probe by causing
significant spin polarization on the exposed Mo atoms. The electronic spin moment of the Mo
atom can be adjusted across a wide range by altering the type of TM atom and its adsorption
site. Consequently, the TM’s spin alignment properties significantly enhance the adsorption
and polarization of N2, facilitating the reduction of N2 to NH3. Furthermore, Yang and his
team [154] adjust the phase of substrate MoS2, adorned with a B-SA referred to as B@2H-MoS2

and B@1T-MoS2, by introducing Svac. Among these, B@1T-MoS2 exhibits superior NO3RR
activity and remarkable stability, characterized by a metastable foundation, as validated by
migration energy barrier and ab initio molecular dynamics (AIMD) simulations.

4.4.3. Heteroatom Doping

A key strategy for improving the catalytic reactivity of SACs supported by TMDs is
the careful regulation of their physicochemical properties via heteroatom doping in their
inert basal planes. The incorporation of metallic or non-metallic heteroatoms into the lattice
structure can enhance H2 adsorption affinity by modifying the electronic band structures of
catalytically inactive basal planes. Striking a precise balance is crucial, since excessive doping
may compromise lattice stability, consequently lowering catalytic reactivity and shortening
the overall longevity of TMD-supported SACs. Therefore, the heteroatom doping technique
must be well-optimized for the designated target materials. For example, Zhang and his
team [155] synthesized an SA Ru catalyst supported on MoS2, referred to as SA-Ru-MoS2,
which demonstrates a low overpotential of 76 mV at 10 mA cm−2, attributed to the doping of
Ru-SA which induces a phase transition in MoS2 and the formation of Svac thereby markedly
boosting the performance of inert 2D MoS2 for HER. Moreover, Zhu and colleagues [156] in-
vestigated the potential of utilizing SA-dispersed Cu or Co on a 2H-MoS2 monolayer denoted
as Co@2H-MoS2 and Cu@2H-MoS2 for the OWS and these catalysts modulated the electronic
band structure and charge density distribution of 2H-MoS2 and the dispersion of Co or Cu
SAs can activate inert in-plane S-atoms thereby enhancing the catalytic activity for both H2

and O2 reactions. Additionally, Hao et al. [157] developed an innovative heterostructure of
MoS2-Mo2C nanosheets with minimal Ru loading, encapsulated atop TiN nanorod arrays
supported by a carbon composite matrix (Figure 8d,d1). The ΔGH* value of Ru-MoS2-Mo2C
was nearly 0, indicating its potential to attain an optimum ΔGH* value for superior HER
performance (Figure 8d2) due to a synergistic effect that enhanced reaction kinetics for both
the H2 and O2 evolution reaction as well as for OWS. Furthermore, the electrocatalytic NRR
was performed utilizing a series of TM-doped Haeckelite-MoS2 nanosheets (TM@HL-MoS2)
through DFT calculations and among these, Sc@HL-MoS2 emerges as the most effective NRR
catalyst, as it facilitates the activation of adsorbed N2 molecules, particularly through the
enzymatic pathway of the side-on configuration, which is distinguished by the lowest free
energy (merely 0.001 eV) and an exceptionally low initial potential (−0.28 V) [158]. Mag-
netic field-enhanced heterogeneous SA spin catalysts increase metal utilization and reaction
efficiency. The requirement for a high density of scattered active sites with both long-range fer-
romagnetic ordering and short-range quantum spin interactions makes their design difficult.
In that case, Sun and his team [159] synthesized several SA spin catalysts with extensively
adjustable substitutional magnetic atoms (M1) in a MoS2 host. Among all the M1/MoS2
species, global room-temperature ferromagnetism is the result of the distorted tetragonal
shape that Ni1/MoS2 adopts and this structure causes ferromagnetic coupling to neighboring
Ni1 sites and nearby S atoms consequently facilitates spin-selective charge transfer, resulting
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in triplet O2. Additionally, the OER magnetocurrent is enhanced by approximately 2880%
over Ni1/MoS2 in both saltwater and pure water splitting cells by a modest magnetic field
of around 0.5 T due to a field-induced spin alignment and spin density optimization over
S active sites resulting from field-regulated S(p)-Ni(d) hybridization which is responsible for
a significant magnetic-field-enhanced OER performance over Ni1/MoS2.

4.4.4. Facet Engineering

Facet engineering is an effective approach for regulating the proportion of targeted crystal
planes on the surfaces of SACs. Surface energy and atomic coordination can be modified by
selectively exposing particular crystal facets, resulting in enhanced reactivity and selectivity
in diverse electrochemical reactions. This method enables the incorporation of SACs onto
selectively chosen surfaces of TMDs, enhancing electron transport and charge separation. Fur-
thermore, facet engineering can enhance the stability of single atoms, inhibit their aggregation,
and preserve elevated catalytic performance. For example, Qi and his team [160] developed
a SA array catalyst, SA Co-D 1T MoS2, for HER utilizing the top-down assembly/leaching
methodology (Figure 8e,e1). The adsorption of H2 at the upright position of Co on MoS2 (111)
is less favorable with the preference for the tilted top site linked to the ensemble effect at the
Co-MoS2 (111) interface. The energy acquired by transitioning from the upright to the tilted
position is linked to the electrostatic attraction between the negatively charged proton and
the positively charged S adjacent to Co (Figure 8e2), and the elevated HER activity of this
SAC primarily results from an ensemble effect, facilitated by the synergy between the cobalt
adatom and the sulfur of the MoS2 (111) support, achieved through the modulation of the
hydrogen-binding mode at the interface.

4.4.5. Crystallinity Control

Regulating crystallinity in TMD with SACs is essential for enhancing their catalytic
efficiency in diverse electrochemical processes. Optimizing temperature and reaction time
parameters might improve the uniformity and stability of the SACs inside the TMD matrix,
hence promoting optimal atomic dispersion and interaction between the active sites and
the matrix. Pan et al. [161] indicated that Pt SAs were incorporated into the 2H-MoS2 lattice
without disrupting its crystalline structure. Theoretical studies indicate a universal process
of “onsite electrostatic polarization,” wherein electrostatic forces substantially polarize
distributions of charge at individual atomic sites and modify the reaction kinetics of rate-
determining steps, resulting in enhanced reaction performance. The field-induced on-site
polarization provides a distinctive approach for modeling catalytic activities in natural
enzyme systems using dynamic, quantitative, precise external electric fields (Figure 8f,f1).

SACs-based TMDs encounter numerous obstacles in electrocatalysis such as (a) the
reproducibility of TMD-based SACs with defined morphologies poses a considerable difficulty
since minor alterations in experimental conditions can lead to huge inconsistencies in the
catalyst’s performance. (b) The production of TMD-based SACs with regulated morphology
necessitates intricate processes that could limit their scalability by requiring costly precursors
or producing low yields. (c) developing vacancies in SAC-based TMDs to enhance catalytic
activity by introducing supplementary active sites is difficult. (d) It is difficult to predict
how heteroatom doping would impact the catalytic activity and selectivity of SACs since the
precise electrical changes caused by doping in TMDs are yet unclear. (e) Further, it is still
very difficult to distribute heteroatoms uniformly within the TMD framework. (f) It is still
difficult to achieve selective exposure of particular facets during the synthesis of TMD-based
SACs. (g) Defects in TMD can increase catalytic activity, but if left uncontrolled, they can
weaken SACs’ crystallinity, which lowers their catalytic activity. The efficiency of SACs
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based on TMDs in electrocatalysis can be improved by; (A) the incorporation of throughput
automation and high-throughput screening techniques may facilitate the swift optimization
of synthesis methods, resulting in the scalable production of TMD-based SACs with accurate
morphological control. (B) by regulating vacancy formation via etching or chemical processes,
the type and density of vacancies can be refined in TMD-based SACs. (C) by improving
their electrical characteristics and increasing catalytic efficiency, dual doping with distinct
heteroatoms may improve the performance of TMD-based SACs, especially for complex
processes. (D) The type, concentration, and distribution of heteroatoms at the atomic scale can
be precisely controlled by developing high-throughput screening techniques. (E) The catalytic
activity of TMD-based SACs can be increased synergistically by combining facet engineering
with other techniques like doping or vacancy engineering, which will boost performance in a
variety of processes. (F) This can be lessened by combining TMDs with additional materials,
including metal oxide or carbon-based supports, which can help maintain the crystalline
structure, reduce undesired phase shifts, and improve the stability and efficiency of SACs.

 

Figure 8. (a) Structure of Mo@MoS2-M, (a1) Charge redistribution on Mo@MoS2-M, (a2) Structural opti-
mization of the Mo and W SA in Mo|W@MoS2-B. Modified from Ref. [148] with copyright permission
from Elsevier. (b) Structure of Fe-MoS2; (b1) mechanism for the NO3RR on M-MoS2; (b2) interaction
scheme in-between M-MoS2 and NO. Modified from Ref. [149] with copyright permission from John
Willey and Sons. (c) Structure of Pt4/1T-vacancy; (c1) top view of Pt (111) slab; (c2) diffusion barrier of Pt
on T1-vacancy. Modified from Ref. [146] with copyright permission from The Royal Society of Chemistry.
(d) Synthesis of Ru-MoS2-Mo2C; (d1) Ru-MoS2-Mo2C structure; (d2) ΔGH* of different catalysts for HER.
Reprinted from Ref. [157] with copyright permission from Elsevier. (e) Structure of SA Co-D 1T MoS2;
(e1) illustration of Co and 2H MoS2; (e2) H2 adsorption modes on the SA Co-MoS2. Modified from
Ref. [160] with copyright permission from Nature. (f) Synthesis of Pt SAs-MoS2; (f1) charge analysis of
Pt SAs-MoS2. Modified from Ref. [161] with copyright permission from Nature.
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4.5. MXene-Based Substrate

Two-dimensional TM carbides, nitrides, and carbonitrides characterized by the generic
formula Mn+1XnTX (where n = 1–3; M denotes a TM; X represents C and/or N; T signifies
surface functional groups such as oxygen, hydroxyl, or fluorine) have proven to be ad-
vanced support for electrocatalytic reactions due to their remarkable electrical, mechanical,
catalytic, and thermal features, possessing a substantial surface area, elevated active site
density, exceptional durability, and hydrophilic characteristics; hence, these distinctive
traits render them suitable as supports for SACs [162]. We elaborate below on several ways
employed to boost their performance in distinct electrocatalytic activities.

4.5.1. Morphology Engineering

Morphology engineering is crucial for improving the performance of MXene-based
SACs in electrocatalysis by adjusting their surface characteristics, structure, and electri-
cal interactions. MXenes, characterized by their distinctive 2D layered architecture and
elevated conductivity, provide an outstanding substrate for the immobilization of single
atoms, hence optimizing active site accessibility. Furthermore, controlling morphology
can enhance the accessibility of reactants to active sites and promote charge transfer, lead-
ing to reduced overpotentials and improved electrocatalytic performance. Kuznetsov’s
group [163] synthesized Co-substituted MXene catalysts designated as Mo2CTx: Co where
the substitution of Mo with Co significantly alters the electronic configuration and affects
the adsorption-free energies of H2 on adjacent O2 atoms, thereby enhancing the suitability
of these active sites for HER electrocatalysis. Similarly, Kuznetsov et al. [164] prepared
a multilayered Mo2CTx: Fe by substituting Mo sites in Mo2CTx, exhibiting good catalytic
activity and selectivity in the reduction of O2 to hydrogen peroxide (Figure 9a–a2). Further-
more, Huang and co-workers [165] employed innovative 2D Mo2CO2 and Ti2CO2 MXene
monolayers as effective electrocatalysts for N2 reduction reactions utilizing first-principles
computational methods. The incorporation of Mo and Ru onto Mo2CO2 and Ti2CO2 re-
sulted in improved electrochemical activity for N2RR and due to the elevated conductivity
of Mo2CO2, Ru@Mo2CO2 exhibited a reduced negative potential. Moreover, Zhao and his
team [166] reported an SA-Cu immobilized MXene for the electrocatalytic reduction of CO2

to methanol, achieving a high FE of 59.1% and demonstrating commendable stability due
to the SA Cu’s unsaturated electronic coordination sites (Cuδ+, 0 < δ < 2), which facilitates
a low activation energy for the RDS with the conversion of HCOOH* to the absorbed CHO*
reaction intermediate species), thereby enabling efficient electrocatalytic CO2 reduction to
methanol (Figure 9b–b2).

4.5.2. Vacancy Engineering

Vacancy engineering is essential for improving the performance of MXenes-based
SACs in electrocatalysis. The electrical structure and surface properties of MXenes can
be considerably modified by the strategic introduction of vacancies, including C, O, or
TM vacancies. These vacancies establish distinct coordination sites that secure individual
metal atoms, inhibiting their aggregation and improving their catalytic stability. For
instance, Zhang’s group [167] synthesized double TM-SA dispersed on MXene denoted
as Mo2TiC2Tx, characterized by abundant Mo vacancies and exposed basal planes in the
outer layers, and achieved an H2 evolution with low overpotentials (30mV @10 mA cm−2,
and 77 mV @100 mA cm−2) owing to the interaction between surface functional groups
and protons of Mo2TiC2Tx (Figure 9c–c2). Moreover, Chen and colleagues [168] prepared a
Mxene monolayer containing Ti vacancy resulting in remarkable stability and exceptional
CO2RR activity. Further, Wang and his team [169] examined the NRR performance of TMn

109



Catalysts 2025, 15, 137

embedded in defective V3C2O2 through DFT calculations, and these defects modify the d-
band center and generate electron-deficient sites, enhancing N2 activation, and among the
series, W3@V3C2O2 with −0.31 V, Mo2@V3C2O2 with −0.31, Mo3@V3C2O2 with −0.33 V,
and W2@V3C2O2 with −0.34 V exhibit commendable activity and selectivity, with the
lowest limiting potentials (Figure 9d–d2). Additionally, the NO3RR mechanism of SACs
is methodically investigated by employing DFT to model single TM atoms on MXene
with Ov, and among them, Cu/Ov-MXene with −0.34V and Ag/Ov-MXene with −0.24V
demonstrate remarkable efficiency for NO3RR to NH3 [170].

Figure 9. (a) Structure of Fe2O3.xH2O/C, (a1) SEM of Mo2CTx:Fe structure; (a2) Mo2CTx:Fe struc-
ture. Reprinted from Ref. [164] with copyright permission from The American Chemical Society.
(b) Structure of SA-Cu-MXene; (b1) AC HAADF-STEM image of SA-Cu-MXene; (b2) difference in
charge density in SA-Cu-MXene. Modified from Ref. [166] with copyright permission from The
American Chemical Society. (c) Mechanism of MXene with immobilized Pt SAs; (c1) top view
Mo2TiC2O2-PtSA; (c2) structure of the Mo2TiC2Tx-VMo. Reprinted from Ref. [167] with copyright
permission from Nature. (d) Top view of V3C2O2 monolayer with O vacancy; (d1) side views of
optimized adsorption configurations on TMn@V3C2O2; (d2) NRR mechanism on TMn@V3C2O2.
Reprinted from Ref. [169] with copyright permission from Elsevier. (e) Atomic structure of
TM/Ov-MXene; (e1) difference in charge density on Ag/Ov-MXene; (e2) structure of Ag/Ov-MXene.
Modified from Ref. [170] with copyright permission from John Willey and Sons. (f) Structure of
M2CT2-VT-Pt; (f1) structure of Nb2Ta2C3T2-VT-Pt; (f2) reaction paths and energy barriers of O2 hy-
drogeneration or dissociation on M2CT2-VT-Pt. Reprinted from Ref. [171] with copyright permission
from The American Chemical Society.
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4.5.3. Heteroatom Doping

Doping heteroatoms in MXenes-based substrates with SACs is a promising strategy
to improve the catalytic performance and selectivity of these materials. Recently, several
atoms, including N, S, P, Cu, and Fe, have been included in SACs-based MXenes to enhance
their performance in diverse electrocatalytic reactions by adjusting their electronic structure,
altering the elemental composition, and optimizing surface chemistry. Additionally, in
the MXenes lattice and CE, the SACs can stabilize individual metal atoms through robust
covalent connections, serving as active sites for electrocatalytic processes. For instance,
Gao et al. [170] documented the O vacancy TM-doped MXene for NO3RR utilizing DFT,
revealing that Cu/Ov-MXene with −0.34V and Ag/Ov-MXene with −0.24V demonstrate
remarkably low limiting potentials for NO3RR along with the adsorption energy of NO3

−

on Cu/Ov-MXene and Ag/Ov-MXene that exceeds that of the proton, hence promoting
NO3RR (Figure 9e–e2). Further, to demonstrate the significance of N and S doping, Rama-
lingam’s group [172] synthesized RuSA-Ti3C2TX and RuSA-N-Ti3C2TX incorporating N
and S into the MXene matrix. The supported MXene enhances the electrical interaction
between Ru SAs and the MXene substrate, optimizing ΔGH* to practically zero. Nonethe-
less, investigations into MXene materials remain nascent relative to other 2D supports.
Kan and his team [171] described the construction of Pt SACs utilizing standard M2CT2

MXenes to investigate their catalytic characteristics for the ORR and the OER. The Pt atom
was identified as the active site in the process. The catalytic capabilities predominantly de-
pend on the submetal (M) of the MXenes, with Nb2CF2-VF-Pt and Cr2CF2-VF-Pt identified
as effective bifunctional catalysts for ORR/OER. Both are predicated on the F terminator.
All O-terminated systems demonstrated inadequate ORR or OER performance owing to
the reduced charge density surrounding the Pt atom and the C layer (Figure 9f–f2).

SACs utilizing MXenes by incorporating different strategies face some challenges that en-
compass (1) the correlation between the morphology of MXenes as a support and their efficiency
as SACs-based catalysts is complex. (2) Another significant issue in optimizing morphology
for MXene-based SACs is maintaining the structural integrity of MXenes under harsh catalytic
conditions. (3) Further, incorporating vacancies into the MXene structure containing SACs
may trigger phase changes, thereby reducing the catalyst’s efficiency. (4) Nonetheless, not
all vacancies exert identical effects differences in the nature and magnitude of vacancies can
result in varying influences on the electronic structure and reactivity of them. Examining the
impact of vacancy dimensions, morphology, and positioning on catalytic efficiency continues
to be a significant challenge. (5) The influence of heteroatoms on the catalytic characteristics
of MXenes-based SACs is not well understood. (6) Furthermore, attaining a high concentra-
tion of heteroatoms in MXenes’s SACs structure without reducing the catalyst’s stability or
causing dopant aggregation is still a challenge. The performance of SACs based on MXenes
in electrocatalysis can be enhanced by: 1. enhanced comprehension of the structure-function
relationship can improve the creation of MXenes with specialized morphologies tailored for
distinct catalytic processes by increasing the quantity of MXene layers, introducing surface
imperfections, or altering edge configurations. 2. Their morphology can be optimized by regu-
lating the number of layers, and thickness of MXenes, which can augment surface area, improve
electron conductivity, and elevate the accessibility of active sites. 3. By meticulously regulating
the concentration and types of vacancies, one can mitigate the probability of unfavorable phase
transitions. 4. Moreover, by meticulously controlling vacancy dimensions and configurations,
SACs-based MXenes can be tailored to establish certain electronic environments that improve
selectivity. 5. By utilizing characterization techniques, such as DFT can provide significant
insights into the impact of heteroatoms on the catalytic properties of SACs based MXenes. 6.
Enhanced doping methodologies, including the utilization of low-temperature treatments or the
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application of coordination chemistry for superior heteroatom binding, may provide elevated
doping concentrations while preserving the structural integrity of MXenes utilizing SACs.

4.6. MOF-Based Substrate

MOFs are advanced, porous, crystalline-based materials, consisting of diverse metal
atoms and organic/inorganic ligands. The multi-component and well-defined structure
allows for precise regulation of electrochemical characteristics through fundamental princi-
ples of molecular chemistry. In the past few years, due to several beneficial attributes, such
as diverse functional groups, structured pores, unsaturated metal active sites, and plentiful
surface-active sites, MOF, and MOF-derived materials have been investigated and utilized
as novel substrates for SACs in various electrochemical reactions [3].

4.6.1. Morphology Engineering

The tailoring of morphology in SACs that anchor MOF-based substrates is crucial for
improving catalytic efficacy and stability in diverse electrocatalytic processes. The structural
dimensions of SACs, including nanofibers, nanowires, nanosheets, and nano boxes, have been
optimized to synergistically improve catalytic performance. This optimization facilitates fast
contact efficiency between the catalyst and reactants, minimizes mass transport distances,
and ensures continuous electron transport pathways, thereby maximizing active sites and
accessibility. For instance, a series of Fex-PCN-222, have been prepared by using a novel
mixed-ligand strategy for ORR as reported by Jiao et al. [173] (Figure 10a). The hierarchical
porous structure of FeSA-N-C, characterized by high-density Fe-N4 active sites and orientated
open mesoporous channels enhance elevated mass transfer, would significantly expedite
the ORR process (Figure 10a1,a2). Another investigation demonstrates that enveloping a
trinuclear FeIII2FeII complex within the channels of distinctive MOF results in the formation
of iron nanoclusters stabilized on a carbon layer, synthesizing a DAC referred to as FeII by
ZnII/CoII, which displays effective OER activity [174]. Moreover, Yuan and colleagues [175]
synthesized a rhombic dodecahedral catalyst, termed Co-SAs/N-C, using high-temperature
pyrolysis, which has exceptional catalytic performance owing to the robust interaction between
Co-SAs/N-C and Ru clusters. Furthermore, Jiao and his team [176] constructed a 3D SA Fe1-
Ni1-N-C catalyst with N-bridged Fe and Ni SAPs for CO2RR by direct pyrolysis of MOFs
(Figure 10b,b1). The Fe-N-N-Ni structure exhibits the most uniform CE and interatomic
distance and owing to the synergistic effect of adjacent Fe and Ni SA pairs in Fe1-Ni1-N-C
demonstrates markedly enhanced performance for the CO2 reduction (Figure 10b2,b3). In
addition, Tao and his team [177] documented that a 3D single Ru site dispersed on N-doped
porous carbon significantly enhanced the electroreduction of aqueous N2 to NH3, yielding an
NH3 formation rate of 3.665 mg NH3 h−1 mg−1 and attained an NH3 FE of approximately
21% at a low overpotential of 0.17 V. Similarly, Zhang and his team [178] developed 2D Fe
SACs featuring distinctive FeN2O2 coordination via direct pyrolysis of MOFs demonstrating
a remarkable FE of approximately 92% and an elevated NH3 yield rate of 46 mg h−1 mg
cat−1, attributed to the presence of O2-atoms in FeN2O2 that modulate the d-band center of
Fe, thereby influencing the adsorption activation energies of the NO3RR intermediates.

4.6.2. Vacancy Engineering

The advancement of SACs with a precisely defined microenvironment has demon-
strated advantages from the deliberate creation of surface imperfections on supports. These
surface defects function as “traps” for the accumulation of metal atoms, aiding in this
endeavor. The modification of SA site microenvironments predominantly occurs at defects,
Cvac, Svac, Ovac, or metal cations depending on the type of supports utilized. Cationic va-
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cancies have been extensively employed to fabricate SACs with unique local environments
based on MOFs. For instance, Shankar and his team [179] described a straightforward
MOF-assisted electrodeposition technique for synthesizing Fe SA catalysts on C-Ni het-
erostructure nanosheets containing Ovs, which exhibit effective electrocatalytic activity for
OER and HER, with low overpotentials of approximately 246 and 164 mV at 10 mA cm−2

attributed to the synergistic properties of Fe SA sites on the C-Ni matrix, high-valent
Fe4+ centers, characterized by a substantial volume of active sites, electrophilicity, rapid
transfer of charge, and a minimal energy barrier for the rate-limiting *OOH formation,
thereby enhancing the water-splitting reaction. Further, Ni- SA with varying N coordi-
nation numbers (designated as Ni-Nx-C) dispersed on faulty carbon supports generated
from MOFs with Zn vacancies. The Ni-N3-C catalyst, characterized by a reduced nitrogen
coordination number around nickel atoms, exhibits enhanced catalytic efficacy for CO2

reduction, and a lower free energy change of 0.66 eV for the production of COOH* in
Ni-N3-C when utilized as an electrocatalyst [180] (Figure 10c–c3).

 

Figure 10. (a) Structure of FeSA-N-C, (a1) Mechanism of ORR in FeSA-N-C, (a2) AC HAADF-STEM
image of FeSA-N-C. Reprinted from Ref. [173] with copyright permission from John Willey and Sons.
(b) Structure of Fe1-Ni1-N-C, (b1) AC HAADF-STEM for Fe1-Ni1-N-C, (b2) Model of Fe1-Ni1-N-C,
(b3) Model of distorted Fe-Ni-N. Modified from Ref. [176] with copyright permission from The Amer-
ican Chemical Society. (c) Structure of Ni-N3-C, (c1) AC HAADF-STEM of Ni-N3-C, (c2) Geometric
configurations of Ni-N3-C, (c3) Geometric configurations of Ni-N4-C. Adapted from Ref. [180] with
copyright permission from John Willey and Sons. (d) Structure of W-SAC, (d1) Model of the W-SAC,
(d2) Gibbs free energy (ΔGH*) of H2 adsorption on the different catalysts, (d3) Differential charge
density for W-SAC. Modified from Ref. [181] with copyright permission from John Willey and Sons.
(e) Structure of CoNi-SAs/NC, (e1,e2) Diatomic Ni-Co-N6 models, (e3) LSV curves of different cata-
lysts. Modified from Ref. [182] with copyright permission from John Willey and Sons. (f) Structure
of C-ZnxNiy ZIF-8, (f1) Configuration of ZnN4, (f2) Electrocatalytic performances of the CO2RR
over the catalysts, (f3) Energy diagram of C-ZnxNiy ZIF-8. Modified from Ref. [183] with copyright
permission from The Royal Society of Chemistry.

113



Catalysts 2025, 15, 137

4.6.3. Heteroatom Doping

Incorporating heteroatoms such as S, O, and P into coordinated atoms for a sin-
gular metal center anchored on a MOF substrate can serve as an effective technique
for engineering the CE. Controlling the quantity and types of these heteroatoms in the
coordinating layer is crucial for improving the activity and selectivity of SACs. This
approach has been extensively utilized in numerous electrocatalytic processes. For ex-
ample, Sun and coworkers [184] illustrated the fabrication of Pt SACs using an ALD
technique, and the metal F-NC substrate is expected to form a strong covalent bond
with Pt SAs due to its high density of N doping sites, resulting in enhanced support
contact that improves the electrocatalytic performance and stability of Pt SACs for the
ORR. Moreover, Chen and his team [181] synthesized a W-SAC by using W as the dopant
for effective electrochemical HER, demonstrating a low overpotential of 85 mV at a
current density of 10 mA cm−2 (Figure 10d,d1). The optimal active site of W-SAC is
the coordinated C atom adjacent to the N atom, exhibiting a remarkably low ΔGH*
value of merely 0.033 eV. The difference in charge density before and after W SA doping
indicated that the stabilization of H is attributable to the augmented electron density
on the C atoms coordinated to W, which can significantly enhance the HER activity.
(Figure 10d2,d3).

Furthermore, Han and colleagues [182] deposit dopamine on Co-Ni dual atomic active
sites immobilized on N-doped hollow carbon denoted as the CoNi-SAs/NC hybrid, which
exhibits exceptional electrocatalytic performance for bifunctional O2 reactions attributed
to the uniformly dispersed SAs with an elevated reactivity and attributed to the dual
atomic Co-Ni sites, which lowered the activation energy barrier and enhanced reaction
rates, along with the pre-adsorption of OH* on the catalyst surface, significantly optimizing
electrocatalytic activity (Figure 10e–e3). Additionally, N co-coordinated Co or Fe atoms,
isolated inside carbon matrices (M-N-C), featuring both bulk and edge-hosted M-N4 co-
ordination, were synthesized, and among the different configurations, Fe is inherently
active in M-N4 for the CO2 reduction to CO, achieving a CO FE of 93% [185]. Additionally,
an Fe porphyrinic MOF was decorated on the SA Fe immobilized on N-doped carbon
catalysts (Fe1-N-C). Leveraging the atomically dispersed SA Fe sites, hierarchical pore
structure, and excellent conductivity, Fe1-N-C exhibits an FE of 4.51% and an NH3 yield
rate of 1.56 × 10−11 mol cm−2 s−1 [186].

4.6.4. Crystallinity Control

Regulating crystallinity in MOFs that include SACs is essential for enhancing their
efficacy in diverse catalytic applications. The crystallinity of MOFs profoundly impacts
their structural integrity, porosity, and accessibility of active sites, hence influencing the
overall catalytic activity and selectivity of the included SACs. Strategies for attaining
regulated crystallinity involve adjusting synthesis parameters, including temperature,
solvent selection, and precursor concentration, alongside post-synthetic changes. For
example, Bao et al. [183] synthesized coordinatively unsaturated Ni-N sites embedded in
porous carbon through pyrolysis, demonstrating that the CO current density increases with
overpotential, achieving 71.5 ± 2.9 mA cm−2 while sustaining a high CO FE of 92.0–98.0%.
DFT calculations indicate that the CO2 reduction reaction occurs readily over coordinatively
unsaturated Ni-N sites, thereby overcoming the limitations between FE and current density
in the CO2 reduction reaction (Figure 10f–f3).

In addition, the promising performance of MOF-based SACs in electrocatalysis, they
still encounter numerous obstacles that need to be addressed. 1. Achieving consistent dis-
tribution of metal sites within the MOF is challenging, frequently resulting in performance
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differences. 2. Precise control over morphology is another considerable challenge for them.
3. The introduction of vacancies, whether at metallic sites or linkers, might undermine
the crystallinity and stability of the material, potentially resulting in structural alterations
under reaction conditions. 4. Moreover, achieving a uniform distribution of vacancies
and their efficient utilization for SA anchoring poses challenges, as the misplacement of
vacancies may lead to inactive or inadequately distributed metal sites, hence diminishing
the catalyst’s efficiency. 5. Enhancing the interaction between dopants and metal sites is
essential to avert undesirable side effects or instability. 6. Another problem is ensuring
the long-term stability of these doped sites under catalytic conditions, as dopants may
migrate or leach during reaction cycles, leading to a decline in catalytic activity. 7. Attaining
high crystallinity in MOFs may restrict the accessibility of active sites, hence impeding
overall efficiency. Prospective developments in SACs-based MOFs for electrocatalysis
appear: i. Improved precision in morphology control would facilitate the development
of hybrid structures, wherein MOFs with precisely designed shapes and sizes might be
combined with conductive materials or other catalytic supports. ii. Improvements in
synthesis methods, such as selective etching or thermal processing, may facilitate the ac-
curate formation of vacancies, resulting in predictable structural effects and maintaining
crystallinity and stability. iii. Improvements in doping methods, including post-synthesis
alteration and in situ doping, will provide enhanced regulation of dopant distribution
and concentration. iv. The integration of highly crystalline MOFs with amorphous or
semi-crystalline phases or incorporating specific, adjustable dopants in high-crystalline
MOFs to establish localized sites with improved accessibility to active sites can enhance
the crystallinity of MOF-based SACs.

5. Conclusions

This paper thoroughly details the progress in the domain of SACs, highlighting the
essential function of substrate engineering in improving electrocatalytic efficiency across
many reactions, including ORR, OER, HER, water splitting, CO2RR, NRR, and NO3RR.
This review elucidates how substrate engineering is fundamental for attaining high cat-
alytic efficiency and stability in SACs, emphasizing substrate properties like electronic
structure, surface morphology, and chemical composition, which profoundly affect the
interaction between SAs and their support matrix, thereby determining their catalytic
behavior. We have entailed a comprehensive analysis of various substrates, includ-
ing carbon, metal oxide, alloy-based, TMD-based, MXenes, and MOF substrates, each
providing distinct properties that enhance the performance and functionality of SACs.

Additionally, we have discussed synthesis strategies, classified into bottom-up
and top-down methodologies. Bottom-up strategies encompass techniques such as the
impregnation method, pyrolysis, the ion exchange method, ALD, and electrochemical
deposition. Top-down strategies encompass the host-guest strategy, atom trapping
method, ball milling method, CVD, and abrasion technique, all aimed at developing
SACs. Both approaches are evaluated for their capacity to attain uniform dispersion and
robust anchoring of SAs on substrates, hence ensuring long-term stability and elevated
activity. Furthermore, we have reviewed the engineering of these substrates through
various strategies, including morphology and vacancy engineering, heteroatom doping,
facet engineering, and crystallinity control in multiple electrocatalytic reactions. These
approaches are utilized to improve interactions with SAs, prevent aggregation, and
sustain atomic dispersion under reaction conditions while underscoring their critical
role in optimizing SAC performance. Finally, we have outlined several problems and
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future perspectives in the advancement of SACs, connecting fundamental understanding
with practical applications.

6. Challenges

Substantial progress has been achieved in the catalytic efficiency of SACs in recent
years by the application of efficient synthesis techniques. Significant obstacles persist in
attaining a more accurate and logical design of CE for SACs, potentially obstructing further
advancement. These challenges are as follows:

1. It is still difficult to study the many reactions of intermediate species adsorbed
on the surfaces of catalytic reaction sites, even with the introduction of several enhanced
characterization techniques to look at the influence of matrix on electrocatalytic properties.

2. The intricacies of precisely regulating the support’s electrical structure, surface
morphology, and interactions with metal atoms make it extremely difficult to tune the
properties of supports for SACs (Figure 11).

3. One major issue with electrocatalytic processes is the leaching of metal atoms from
the substrate, which leads to the loss of active sites and decreased catalyst stability because
of insufficient bonds between the metal and the support (Figure 11).

4. The support material, which acts as a ligand and interacts directly with the metal
atoms in atomically dispersed metal catalysis, has a major impact on the electrocatalytic
efficiency. Because different supports provide different local CEs, this dependency adds
complexity and causes variations in catalytic behavior even when the same metal is used. To
achieve improved catalytic performance, it is essential but challenging to comprehend and
control these local interactions, such as nearby redox-active species, binding components,
and coordination patterns.

5. The efficient dispersion and utilization of metal centers in SACs are limited by the
absence of suitable active locations on supports for anchoring SA. Since insufficient binding
sites prevent the effective distribution of metal atoms on the support, this restriction may
lead to subpar catalytic activity and performance (Figure 11).

6. The compatibility between the substrate and the reactive site is still unclear despite
a great deal of research and the usage of a variety of materials for SACs.

7. A limited range of supports, including metal oxides, MXenes, carbon-based, and
TMDs (particularly MoS2)-based supports, is necessary for the stabilization of the majority
of SACs (Figure 11).

8. Weak metal-support interactions in SACs might result in instability, which can
cause metal atoms to migrate or aggregate during catalytic processes, decreasing catalytic
efficiency and impeding SACs’ long-term vitality (Figure 11).

9. In real-world applications, anchoring two or more sites on various supports to
simultaneously increase electrical and catalytic activity is a significant challenge.

10. To enable higher SAC loading, a variety of synthetic methods have been developed
to create uniform and adaptable single metal sites with built-in dopants and external
ligands acting as anchoring points. However, little is known about how these changes
impact the electrical and geometrical structures and how they therefore affect catalytic
performance and selectivity.
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Figure 11. Challenges and future prospects of SACs in different supports.

7. Future Perspectives

In addition to the challenges, we have identified the following key prospects for the
development of this rapidly growing field:

1. More convergent probe approaches are needed to capture transitory conditions on
SACs. A greater emphasis should be placed on creating in situ characterization methods
and monitoring the dynamic structure of SAs during the operational process.

2. Hybrid support materials, such as TMDs, alloys, and MXenes, can be precisely
modified to optimize their properties (Figure 11).

3. Increasing MSI through functionalization, lattice strain, or dopants can improve
bonding and reduce metal leaching on various supports (Figure 11).

4. Advanced computer modeling and in situ characterization approaches can provide
valuable insights into the local CEs of atomically dispersed metals. These strategies can
help to optimize support parameters, ensuring consistent catalytic performance across
different supports.

5. Changing the supports of SACs using external variables such as temperature,
pressure, light, or electric fields can improve catalytic efficiency, selectivity, and stability in
energy applications (Figure 11).

6. To fully profit from monatomic catalysts, it is important to understand the com-
patibility between support and atomic sites and choose appropriate supports for metal
atom deposition.

7. New functional support materials with complex surface topologies, including
hierarchical and porous designs, are urgently needed (Figure 11).

8. Increasing MSI through surface modifications, chemical interactions, or dopants
can increase metal atom stability and dispersion in SACs (Figure 11).

9. Novel support modification strategies, such as enhanced roughness, optimized
morphology, and tailored surface chemistry, are of great interest. These modifications can
create highly active reactive sites, allowing for stable and accurate attachment of dual or
multimetal centers.
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10. Engineering approaches, such as adding flaws or specialized anchoring locations,
can improve SAC efficiency, durability, and catalytic efficacy (Figure 11).

11. To develop effective catalysts, real-time investigation of reaction intermediates,
catalytic active sites, and fundamental mechanisms, as well as in operando or situ charac-
terization techniques, are crucial.
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Abstract: The global issue for proton exchange membrane fuel cell market development is a reduction
in the device cost through an increase in efficiency of the oxygen reduction reaction occurring at
the cathode and an extension of the service life of the electrochemical device. Losses in the fuel
cell performance are due to various degradation mechanisms in the catalytic layers taking place
under conditions of high electric potential, temperature, and humidity. This review is devoted to
recent advances in the field of increasing the efficiency and durability of electrocatalysts and other
electrode materials by introducing structured carbon components into their composition. The main
synthesis methods, physicochemical and electrochemical properties of materials, and performance of
devices on their basis are presented. The main correlations between the composition and properties
of structured carbon electrode materials, which can provide successful solutions to the highlighted
issues, are revealed.

Keywords: electrocatalyst; electrocatalytic layer; microporous layer; gas diffusion electrode;
nanostructured carbon support; graphene-like materials; electrochemical performance; degradation;
PEM fuel cell

1. Introduction

The commercial development of the proton exchange membrane fuel cell (PEMFC)
market relies on overcoming several challenges. One significant limitation of fuel cell
efficiency is the slow oxygen reduction reaction (ORR) that occurs at the cathode [1–3].
To accelerate the ORR and improve its efficiency, it is necessary to use platinum group
catalysts; thus, pure platinum or platinum on a carbon support is used to increase the
active catalyst surface [4]. Usually, carbon black is used as a platinum particle support due
to its availability and low cost, as well as appropriate values of specific surface area and
electrochemical characteristics [5–7].

It also remains important to reduce the degradation rate of membrane electrode assem-
bly (MEA) components, particularly catalysts and their supports [8]. Catalyst degradation
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can occur either mechanically through membrane damage or through electrochemical
reactions during the PEMFC operation. Thus, when water is generated in a fuel cell as a
product of an electrochemical reaction, it stagnates in gas diffusion layers (GDLs), bipolar
plates (BPs), or catalytic layers (CLs) [9]. This phenomenon negatively affects the mass
transfer of reagents and, over time, leads directly to degradation of the above FC compo-
nents and deterioration of the device output characteristics [10–12]. When humidity is too
low, the proton exchange membrane changes its geometry and dimensions [13], leading to
mechanical failure of the CL being in direct contact with the membrane [14,15].

Deterioration in FC performance is also caused by various mechanisms of catalytic
layer degradation, which occur under the influence of electrical potential, elevated tempera-
ture, and humidity [16,17]. Carbon corrosion is the main cause of catalyst degradation [18].
When the potential reaches 0.207 V (relative to a standard hydrogen electrode), the oxida-
tion process of the carbon support begins [19]. However, in low-temperature hydrogen FCs,
this process is inhibited by the reduced temperature [20]. The process is accompanied by
the spontaneous agglomeration of platinum particles and their recondensation, or Ostwald
ripening (any increase in the number of catalyst particles leads to a decrease in the active
surface and, consequently, a decrease in the electrochemical surface area (ESA)), as well
as their separation and dissolution (Figure 1) [21–24]. In this case, platinum accelerates
the carbon-oxidation reaction [25]. The degradation mainly occurs during the ORR taking
place at the cathode, when the reduction intermediates and oxygen itself start affecting the
catalytic layer [26].

Figure 1. Simplified representation of suggested degradation mechanisms for platinum particles on a
carbon support in fuel cells [22]. Copyright 2014, Beilstein Institute.

The most promising and investigated method for tackling the problem of CL degrada-
tion due to gradual oxidation of the carbon support is the use of structured materials as
supports. Due to the original structure of graphite, it is possible to synthesize quite complex
and diverse carbon nanomaterials on its basis. These include all types of graphene struc-
tures and their derivatives: carbon nanotubes (CNTs) and nanofibers (CNFs), graphene
nanosheets, graphene oxides (GOs), reduced graphene oxides (rGOs), arrays of nanotubes,
aligned and non-aligned, as well as graphene aerogels, honeycombs, spheres, and oth-
ers [27–33].
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Graphene and its various configurations possess excellent physical and chemical
properties, including a large specific surface area, high electrical and thermal conductivity,
durability, chemical resistance, and mechanical strength [34–36]. The use of complex carbon
structures in CL leads to a more uniform distribution of catalytic particles on the surface and
hence high electrochemical activity, gas permeability, and electrical conductivity [37–40].
At the same time, due to the appearance of micro- and macro-pores as a result of the specific
packing of graphene particles, the water balance of FC is improved [30]. These materials
are highly suitable and promising for use as electrocatalytic and electrode materials in fuel
cell components, such as CLs, microporous layers (MPLs), and GDLs.

The current trends in the development of carbon nanomaterials technology are aimed
at improving the methods for synthesizing materials with specified properties and expand-
ing their applications, including electrochemical energy storage and conversion (superca-
pacitors, lithium-ion batteries, electrolysis systems (hydrogen evolution reaction (HER)),
and fuel cells (hydrogen oxidation reaction (HOR) and ORR)). The growth in demand and
applications of electrochemical current sources has led to a rapid development of research
in the synthesis and properties of these structures, which have a favorable impact on the
efficiency and durability of device components. The abundance of published materials
in various research areas necessitates their analysis and systematization to address the
challenges currently facing the PEMFC industry. This review will focus on these challenges
and consider studies of the properties of electrocatalyst support materials. These properties
include high conductivity, surface area, the presence of functional groups that improve
metal deposition, and the durability of materials during operation. On the other hand, the
decline in the number of studies on the properties of electrocatalysts highlights the problem
of developing an effective catalytic layer that provides the hydrophilic/hydrophobic bal-
ance and optimal porosity for high transport efficiency. The main focus of this review is on
systematizing properties and selecting the optimal material structure in terms of efficiency
in the FC electrode (cathode).

2. Graphene Structures

2.1. Graphene Nanosheets

The structure of graphene is represented as one or more layers of sheets of one-atom-
thick sp2 hybridized carbon. Currently, there are many different techniques for making
graphene, as each technique produces nanosheets with unique physical and chemical char-
acteristics required in a particular field. Methods for producing graphene include physical
or chemical layering, epitaxial growth through chemical vapor deposition (CVD), unzip-
ping of carbon nanotubes through electrochemical, chemical, or physical methods, and
reduction of sugars such as glucose or sucrose [38]. Graphene is the fundamental precursor
of all graphitic carbon structures, including carbon nanotubes, nanofibers, spheres, and
other nanostructures. The approximate thickness of one layer of graphene is 0.345 nm [27],
which has a positive effect on the uniformity of the distribution of catalytic particles on it
and the increase of active sites. Graphene nanosheets also have many different derivatives
used as catalyst supports in PEMFCs, which are graphene oxides as well as graphene
doped with heteroatoms.

For carbon materials, functional groups are important in the synthesis of platinum
catalysts. They serve as adsorption sites for the nucleation of small Pt particles, resulting in
a uniform distribution of Pt on the carbon support [41]. The capacitance of the double-layer
electrode with platinum deposited on carbon depends on the surface morphology and the
type of functional groups fixed in the support [42]. The smaller average Pt particle size is a
result of the finer catalyst particle size, which indicates the existence of more anchoring
sites on the graphene. This provides better dispersion of Pt particles [43]. Compared to
spherical carbon particles, the planar structure of graphene facilitates the uptake of oxygen
functional groups, mainly at the edges of graphene sheets [41].

While surface defects have been found to improve the activity of graphene-based
electrocatalysts in ORR and enhance Pt dispersion, long-term observations have also
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revealed that these properties can result in carbon corrosion due to unsaturated valences
and free s-electrons [44], as well as the adverse effects of highly concentrated s-electrons.
Functional groups also decrease electrical conductivity and increase water affinity. This
may make it more difficult to remove water from the fuel cell, which can lead to substrate
corrosion and primarily Pt dissolution.

The addition of graphene nanosheets to the MPL improves the performance of PEMFC
in both low- and high-humidity conditions [45]. The addition of graphene to MPL has been
found to decrease membrane dehydration in low humidity conditions. Additionally, it has
been observed to decrease liquid water saturation at the catalyst layer–GDL interface in
high-humidity conditions [46]. This is due to the presence of a large number of micropores,
which contribute to the retention of water needed to wet the membrane and electrolyte
in the catalyst layer. Graphene exhibits a uniform distribution of micropores and small
mesopores. This characteristic can enhance performance at high relative humidity and
current densities by facilitating simultaneous capillary absorption of liquid water to reduce
cathode flooding and improve the diffusion of reactants into the catalyst bed [47]. Graphene
nanoplatelets exhibit dense horizontal stacking of graphene flakes in MPL, which leads
to a reduction in pore volume. However, this effect results in a slight increase in the MPL
wetting angle and therefore enhances hydrophobicity. In this case, there are fewer pathways
for water removal from the surface, which hinders air flow towards the through-plane. As
a result, through-plane permeability and efficiency decrease with increasing graphene con-
tent [45,48]. The electrical conductivity of graphene nanoplatelets is significantly affected
by the number of graphene layers, lateral size, and material purity [49]. The resistivity mea-
surements indicate that the inclusion of just 30% graphene in MPL significantly enhances
the electronic conductivity of the layer, resulting in a 20% reduction in resistivity compared
to a conventional carbon black-based MPL [45].

When comparing Pt catalysts based on graphene sheets and carbon black [50], this
study found a three-fold increase in the ORR mass activity for graphene. This was at-
tributed to higher charge transfer rates or lower binding energy with reactive adsorbates.
The increase in ESA is due to the smaller average particle size of the Pt particles. This results
in the presence of a disordered structure, more electroactive sites, and the ability to form
more three-phase boundaries. Additionally, there are strong metal-support interactions and
high dispersion of the nanoparticles [51–53]. Reducing the size of catalytic particles also
leads to a higher utilization of said particles [50]. However, graphene-based catalysts gen-
erally exhibit superior degradation resistance and stability, which can be attributed to the
presence of functional groups. Graphene may contain functional groups such as N, O, and
S, depending on the synthesis or functionalization method used. During catalyst synthesis,
active metal particles replace certain groups in the graphene structure. This significantly
strengthens atomic bonding and improves catalyst degradation stability [27,41,46]. Elec-
trochemical studies have shown that the catalytic activity and stability of graphene-based
bimetallic catalysts are significantly enhanced by the addition of a secondary metal [54].
The initial decrease in activity is likely caused by the dissolution of subsurface and/or
surface atoms of the second metal and/or Pt, followed by the re-formation of a stable
number of electrons transferred per oxygen molecule for all catalysts [51].

Although graphene nanosheets have advantages, they can negatively affect MEA
functioning. Therefore, when CVD graphene is used as a catalyst support deposited
on GDLs, mass transfer limitations are observed at low polarization voltages when the
current density suddenly decreases [55]. The high graphene content in the catalyst caused
agglomeration, which characterizes the inefficiency of using such a layer to periodically
remove water generated at the cathode [56]. The electrochemical performance deterioration
is caused by mass transfer issues, which can be attributed to the presence of mesopores
and densely stacked graphene sheets [45].
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2.2. Graphene Oxide and Reduced Graphene Oxide

Graphene oxide is a single-layer sheet-like structure with functional groups. Oxygen
groups such as hydroxyl and epoxy groups are located on the basal planes, while other
groups, such as carboxy, carbonyl, phenol, etc., are mainly based on the leaf edges. These
oxygen-containing groups and defects alter its physicochemical properties. GO is highly
hydrophilic and disperses uniformly in water, making it an excellent electrode material [57].
However, the electrical conductivity of GO is lower than that of graphene because of the
functional groups present on its surface [27].

Reduced graphene oxide is obtained in several steps, first from graphite to GO by
thermal or chemical oxidation and then by reduction to reduced graphene oxide. Several
methods exist for synthesizing GO, including the Brodie, Staudenmaier, and Hummers
methods and their modified and improved variants [58,59].

The reduced graphene oxides have a more mesoporous structure with fewer microp-
ores compared to graphene. They are aggregate friable aggregations of lamellar particles
forming slit-like pores [60]. This is evidenced by characteristic sorption isotherms with a
hysteresis loop, which is associated with capillary condensation occurring in mesopores, as
well as with limiting absorption in the range of high P/P0 (the ratio of pressure in the sys-
tem to the condensation pressure) [61,62]. There is also a sufficient number of macropores,
which play the role of gas transport channels in the structure. Thus, the specific porous
structure of rGO with multiple mesopores and open and interconnected channels promotes
rapid diffusion of fuel to the active Pt sites [62]. During the synthesis of metal particles onto
the support, the doping process causes a decrease in surface area. However, the resulting
catalysts maintain their original mesoporosity, which is a crucial aspect in the fabrication of
catalysts for PEMFCs [62]. Gold nanoparticle catalysts supported on reduced graphene
oxide (AuNP/rGO) with a high specific surface area and mesoporous structure, featuring a
narrow and regular pore size distribution, have been successfully fabricated [63].

It is demonstrated in Ref [64] that rGO can serve as a capacitive material when incor-
porated into a catalytic layer along with platinum particles. Scanning electron microscopy
(SEM) images of the rGO/Nafion layer on carbon paper revealed a homogeneous three-
dimensional porous structure of rGO sheets (Figure 2a–c). The pore diameter of the
rGO/Nafion layer was in the range of 0.7 to 9 μm, which was approximately 10–100 times
longer than the free path length of O2. This could facilitate the mass transfer of O2. Elemen-
tal mapping images of the rGO/Nafion thin layer (Figure 2d–g) showed the presence of
uniformly distributed S and F, which can be explained by the technique used to obtain the
original graphene that underwent subsequent oxidation. After atomization of the catalytic
ink, Pt/C/Nafion aggregated on the inner wall of the pores of the rGO sheets. Despite the
inaccuracy of determining pore diameter from SEM images, the authors noted maintaining
a porous structure while the pore diameter decreased.

The presence of functional groups on the surface of GO and rGO is clearly visible when
GO is examined by Fourier-transform infrared spectroscopy (FTIR), the results of which
are shown in Figure 3. In [65], functional groups related to graphite and rGO powders
were investigated, from which the effect of oxidation on the properties of graphene can be
determined. The graphite spectra in Figure 3 show a broad band in the 3000–3600 cm–1

region representing the valence vibration due to the presence of a hydroxyl group (O-
H vibration). The spectrum shows typical peaks indicating oxygen-containing groups:
1919.77 cm–1 for C=O (carbonyl/carboxyl) and a broad band at 1000–1340 cm–1 for carboxy
C-O, epoxy C-O, and alkoxy-C-O. The peak at 1619.81 cm–1 corresponds to the planar
vibrations of the aromatic compound C=C, at 2112.61 cm–1 for C:O, and at 2271.16 cm–1 for
CH. The IR spectra of rGO showed a significant decrease in the bands corresponding to the
O-H and C:O groups, while the peaks corresponding to the epoxy and alkoxy C=O groups
and C-H groups disappeared completely, as shown in Figure 3.
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Figure 2. (a–c) SEM images of the rGO/Nafion layer. (d–g) Element mapping images of C, O, S, and
F based on (a). (h–j) Transmission electron microscopy (TEM) images of the rGO sheets adsorbed
Nafion and Pt/C particles in the rGO–NF–Pt electrode [64]. Copyright 2023, Elsevier.

 

Figure 3. FTIR analysis related to graphite and rGO [65]. Copyright 2023, Springer.

132



Catalysts 2024, 14, 303

The reduced graphene oxides have a structure between pure graphene and graphene
oxide [66]. During chemical and thermal reduction, the quantity of oxygen-containing
functional groups is considerably decreased. This is explained by the fact that the p-
conjugated structure of graphene is essentially restored in the synthesized rGO, with the
opening of epoxy rings having a significant influence on this situation. It has also been
found that the thin nanolayer of rGO folds together to form a thick bulk structure due
to the presence of strong van der Waals forces between each layer [67]. The reduction of
oxygen-containing functional groups increases the hydrophobicity of rGO-based samples
owing to the reduction in oxygen concentration [61], but due to the high porosity of these
samples, this cannot affect the electrical conductivity [65].

Under reaction conditions, the spectra of the graphene-based catalysts indicate partial
removal of major functional groups from GO compared to the original graphene oxide. The
functional groups likely served as anchoring sites for metallic platinum ions during the
reduction reaction, promoting the production of metal nanoparticles that are distributed
on the rGO sheets [62]. The embedding of metal nanoparticles in the support structure and
their interaction with it have a positive effect on the chemical and mechanical stability of
the catalyst. This prevents the development of agglomeration processes and the migration
of catalyst particles.

In [65], the effect of adding rGO and graphite to MPL by pressing on various properties
of the GDL for which Toray carbon paper was used is studied. The study has demonstrated
that MPLs based on rGO have a smooth and planar morphology as well as higher in-
plane electrical resistivity compared to graphite-based MPLs. However, the rGO-based
MPLs have lower roughness than the graphite-based MPLs. Replacing graphite with rGO
increases the wetting angle, porosity, and permeability of the samples. And graphite-based
MPLs have lower resistivity.

The catalytic activity of rGO-based catalysts is high due to the presence of a larger
number of active sites that more effectively adsorb reactants during the catalytic ORR
process [41]. The reduced graphene oxide itself can serve as electroactive sites and also
reduce the ion diffusion pathway, which also results in high electrical conductivity and
better electrical contacts [63].

The accelerated MEA degradation test results indicate that Pt/rGO exhibits nearly
twice the degradation resistance compared to other materials [62]. Stronger electronic
interactions between Pt nanoparticles and graphene support result in this effect. The metal-
substrate interaction is strengthened, as shown by the negative shift of the Pt 4f binding
energy in the X-ray photoelectron spectroscopy (XPS) spectra. This suggests that electrons
are transferred from the carbon supports to Pt [39]. The resistance to degradation is also
affected by the slower corrosion of the support, which is caused by fewer disordered sites
for graphene derivatives.

The current density value in the electrooxidation of methanol using a multicomponent
core-shell catalyst based on rGO is approximately four times higher than that of similar
catalysts based on amorphous carbon support and approximately six times higher than
that of Pt/C [68]. These results suggest that such an electrocatalyst exhibits high volumetric
activity, high stability, and high resistance to CO poisoning, thus reducing the platinum
loading in PEMFCs. The use of synthesized Pt/rGO material as a cathode catalyst increased
the maximum specific power by up to 17% and significantly improved fuel cell performance,
particularly at high current densities [39]. The efficiency of MEA depends on the catalyst
activity and ESA, as well as the layer structure and thickness. These factors significantly
affect the mass transfer of reactants and can cause a deterioration in load transfer resistance
due to an imbalance in the three-phase boundary. It is important to maintain a balance
at the three-phase boundary to ensure optimal efficiency [66]. To address this issue, it
has been suggested that a mixture of graphene with either carbon black or CNT could be
used [41]. The rGO–Vulcan mass ratio of 75:25 provides the highest ESA [69] as well as its
lowest loss.
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Although graphenes and their oxides have advantages as MEA components, such as high
catalytic and electrochemical activity, stability, and degradation resistance, there is an issue
with mass transfer of gas reagents and their products during cell operation, which significantly
affects the efficiency of the PEMFC operation. Therefore, the formation of catalytic layers
and MPL based on graphene and its oxides, which meet the requirements for structure and
porosity and ensure efficient operation of the device, remains a significant challenge.

3. Carbon Nanotubes

Carbon nanotubes are used as supports for FC catalysts. They can be single-walled or
multi-walled and can form arrays, including oriented ones, depending on the synthesis
methods and application purposes. Several techniques are currently employed for the syn-
thesis of CNTs, with the most prevalent being electric arc evaporation of graphite electrodes,
laser ablation of graphite targets, and catalytic pyrolysis of gaseous hydrocarbons. CNTs
are two-dimensional hexagonal tubular structures formed by a single layer of graphene
with strong meshes of sp2-hybridized atoms. CNTs can be 0.5–20 nm in diameter and up to
hundreds of micrometers in length [70]. Due to their tubular structure, CNTs have a large
specific surface area, which is one of the main advantages for the application of this support
in PEMFCs [71]. In addition, the material’s mechanical properties, such as its modulus of
elasticity and hardness, are improved compared to those of other structured materials [72].

For single-walled CNTs (SWCNTs), each carbon atom carries a pair of π-electrons that
do not participate in bond formation. These electrons form a conjugated π-electron cloud
along the entire length of the CNT. Multi-walled carbon nanotubes (MWCNTs) consist of
several concentric tubes of coiled graphene sheets arranged one inside the other, similar to
a matryoshka doll. In certain instances, a multi-walled nanotube structure can be created
by twisting a single graphene sheet around itself, resembling a sheet of parchment. For
multi-walled CNTs, the carbon atoms within each layer are connected by strong covalent
bonds. The multi-walled CNT layers are connected by weak van der Waals interactions,
resulting in a layer-to-layer distance similar to that of graphite, approximately 3.4 Å.

The size of catalyst particles is a critical factor that determines the electrocatalytic
activity and durability of the platinum electrocatalyst used in fuel cells. The electrochemical
and catalytic activity of Pt nanoparticles synthesized on CNTs is improved due to their
smaller size and uniform distribution. This is because the increased number of active sites
and higher electrical conductivity promote rapid electron movement in the support [73–75].
The catalysts based on MWCNTs exhibited a positive shift in Pt 4f7/2 binding energies
compared to crystalline Pt. The extent of this shift was found to be related to the size
of the Pt nanoparticles on the MWCNTs; specifically, the smaller the nanoparticles, the
more positive the shift [74]. This effect is reported to be attributed to initial state effects,
such as changes in the coordination number of the atom or charge transfer effects [76].
Alternatively, the shift may be caused by end-state effects, such as relaxation effects [77].
This effect also makes it possible to significantly reduce the platinum catalyst loading. The
use of nanotubes as a support for platinum particles enables high dispersibility, similar to
that of graphene and its reduced oxide.

The synthesized CNTs initially exhibit various structural defects, including surface
indentations, metal impurities, and amorphous carbon. These defects are evident in
the XPS spectroscopy, which indicates the presence of sp3-hybridized carbon [78]. The
graphitization index (GI) indicates the amount of sp2 carbon and is calculated from the
interplanar distances obtained from X-ray diffraction analysis (XRD). Increasing the GI
enhances the strength of p-sites (sp2-hybridized carbon). These sites function to attach
Pt particles to the support material and improve metal interactions with the support
material [79]. The presence of structural defects in the grown MWCNTs is advantageous
for achieving a more uniform deposition of Pt nanoparticles with reduced loading control
due to the increased binding energy between MWCNTs and Pt nanoparticles and their
good distribution [80]. The presence of C-O and C=O IR peaks in Pt/MWCNTs catalysts
is attributed to their existence in the structure of carbon nanotubes used as a substrate
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for Pt nanostructures. Oxidized particles may form during the thermal decomposition of
acetylene in the presence of trace amounts of oxygen in a CVD furnace [74].

To preserve the structure of CNTs during the synthesis of catalysts, an impregnation
method is used. Acids and salts of metal precursors are most commonly used as precursors.
Electrodes produced using this method exhibit greater stability as a result of the strong
adhesion between the metal particles and the nanotubes [81,82].

The electrocatalytic activity of three-dimensional porous MWCNT electrodes was
tested on a rotating disc electrode setup. At 0.9 V, the results indicate that Pt has a higher
current in ORR per ESA and an extended kinetic current region, which remain stable
after the durability stress test (DST). This phenomenon is also observed for ultra-low Pt
loadings up to 14.2 μg/cm2 [74]. A comparison of the performance of catalysts in PEMFC
with 0.1 mg/cm2 Pt loading on the cathode and of the impedance data showed that the
Pt/CNT catalyst was the most active one [83]. Electrochemical measurements using cyclic
voltammetry (CV) and linear sweep voltammetry (LSV) showed that Pt/CNT exhibited
higher mass and specific activity compared to commercial Pt nanoparticles deposited
on graphitized carbon (Pt/C) [84,85]. The selective activity towards HOR, improved by
30% compared to commercial samples, was the main indication of catalyst retention in
SWCNTs [75]. It is also possible to increase catalytic activity by using bimetallic catalysts
on MWCNT, for example, PtNi/MWCNT. The ORR mass activity of such a catalyst is
1.4 times higher than that of a conventional commercial electrocatalyst [86].

The use of CNTs instead of carbon black provides a high utilization rate of Pt in
MEA [83] compared to the Pt/C catalyst. The higher use of platinum characterizes the
higher number of Pt active sites and three-phase boundaries in the applied catalysts [79],
and hence their high catalytic activity [87].

Carbon corrosion proceeds during a potential cycling test through the oxidation of
functional groups of carbon support to CO2 and CO and is enhanced in the presence of Pt
nanoparticles [86]. CNTs in this case are less susceptible to corrosion than carbon black,
even though the platinum particles are highly active. The main reason for the higher
durability is the chemical inertness of the structured material [86]. ESA losses observed
during DST are up to 40%, which is an excellent indicator of electrochemical resistance [79].
A study of the degradation properties of CNT-based catalysts under fuel cell operating
conditions showed more stable behavior than with commercial Pt/C, including after 10,000
startup/shutdown cycles [84]. However, destruction of the electrode structure is observed
due to the formation of larger pores in the catalytic layer with a significant thickness as a
result of support corrosion [88]. The high thermal stability of these materials also enhances
their degradation resistance. CNT-based catalyst synthesis can also significantly reduce
electrode wear and improve long-term stability during potential cycling due to resistance
to Pt agglomeration during ORR/HOR [75].

During tests on a fuel cell, a 15 μm thick CNT MPL was found to increase the peak
power density of the device by 50.9% when air was supplied at the cathode and by 20.9%
when pure oxygen was supplied at the cathode, compared to a conventional PEMFC [89].
When CNTs are used as catalyst support, the MEA also exhibits a high current density
and electron transfer rate up to 50% higher than that of Pt/C [75,84,85]. Electrochemical
impedance analysis revealed that the CNT MPL effectively reduced the charge transfer
resistance. This improvement was attributed to the enhanced reaction kinetics and mass
transfer through MPLs [86]. The MEA performance was significantly improved by adding a
single-walled carbon nanotube nonwoven layer between the gas diffusion substrate and the
hydrophobic MPL. The excellent electrical conductivity and rational pore structure of the
material result in improved wettability and water-holding capacity of MEA, leading to en-
hanced performance under low humidity conditions [90]. Also, the porous structure of the
electrode when CNTs are added to the electrode composition can improve the gas transfer
and water drainage characteristics, which helps to improve the FC performance [91].

135



Catalysts 2024, 14, 303

Vertically Aligned CNTs

Vertically aligned CNTs (VACNTs) are basically arrays of parallel-oriented nanotubes
grown on a substrate (Figure 4b). In this case, nanotubes can be either single-walled
or multi-walled. The synthesis of CNTs is carried out by the catalytic decomposition of
hydrocarbons (for example, methane). The desired morphological and physical properties
of nanotubes are achieved by applying different variations [92]. The performance of
CNTs is also affected by a number of other factors, such as the material of the substrate
used during synthesis, the tube growth catalyst used, and how it is applied [93–95]. The
use of VACNTs as an electrocatalyst support greatly influences the degradation stability
and performance of PEMFCs due to the peculiarity of their formation. The synthesis of
aligned tubes directly on the substrate results in enhanced adhesion of the microporous and
catalytic layers [96]. VACNTs possess a developed surface that facilitates the deposition of
nanometer-sized platinum particles and prevents their agglomeration. This reduces the
loading of expensive catalysts and increases their efficiency. When a film of aligned CNTs
is used as an FC cathode, it increases the current density, performance, and electrocatalytic
activity compared to a Pt/non-aligned CNT electrode [97]. The hydrophobicity of VACNTs
ensures the prevention of water condensation on the cathode, resulting in long-term PEMFC
stability achieved by their ability to control water balance and gas diffusion [98,99].

 

Figure 4. (a) Concept of VACNT electrodes; (b) SEM image of VACNTs [100]. Copyright 2014,
Elsevier.

The formation of an electrode with MPL representing VACNTs is the most promising
direction of development [100]. The concept of the electrode based on aligned nanotubes is
shown in Figure 4. Here, nanotubes are grown vertically directly on the GDL, on which
platinum catalytic particles are subsequently deposited. In this case, the diffusion of
reagents due to the structure of the support is directed through the channels of the VACNT
array with the catalyst, which enhances the chemisorption of gas reagents. The vertically
aligned structure enhances the gas diffusivity, water transport, and effective utilization of
Pt [100]. The platinum particle nanotube-based electrodes also provide improved proton
and electron transport by creating an electrical contact between the substrate and CNTs,
which greatly enhances the properties of the PEMFC device [99]. The thus-obtained carbon
nanotube array is perpendicularly aligned along the entire length of the carbon fibers and
covers the surface of the GDL. Fuel cell tests have demonstrated performance improvements
of up to 30% [101].

The MPL structure for FC is also created by the direct growth of thin multi-walled
VACNTs on a commercial GDL carbon fiber substrate without hydrophobic treatment [101].
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In this case, it is possible to control the layer thickness by means of the layer-by-layer
buildup of the CNT array. The formation of the near-surface catalytic layer based on
MWCNTs as part of the microporous layer of the electrode is also carried out by methods
that do not disturb the structure of the carbon support. When Pt-catalyst particles are
attached to the top of the VACNT adjacent to the proton exchange membrane, the active
region of the three-phase interface grows. Simultaneously, preserving the mass transport
channels between the VACNTs without metal catalyst particles ensures the removal of
reagents, which has a positive effect on the PEMFC performance [97]. It is possible to
increase the three-phase interface between the catalyst, its support, and the PEM. The
high peak power density of 1.61 W/cm2 (H2/O2, 150 kPa) at an ultra-low Pt loading of 50
μg/cm2 in this case is attributed to the presence of ordered hydrophobic and hydrophilic
regions along the VACNTs. These regions ensure sufficient membrane wetting and promote
rapid H3O+ transport, resulting in high Pt utilization, as well as facilitate mass transfer at
high current densities [97].

Thus, CNTs, particularly vertically aligned nanotubes, are the most effective solution
for addressing the issue of reagent mass transfer during MEA operation, which is due to
the optimized structure of catalyst layers with mass transport channels and high adhesion
to the membrane, or GDL.

4. Functionalization and Doping of Structured Materials

To enhance the adhesion between catalytic nanoparticles and the surface of the struc-
tured support and to increase the reactivity of CNTs by creating active sites that facilitate
the distribution of catalyst nanoparticles, the support undergoes chemical or physical
pre-modification [102–106]. In the case of chemical (or covalent) functionalization, new
functional groups are attached to the carbon atoms [107]. Physical groups or atoms are
attached through physical sorption [108], or surface defects are created. When function-
alizing CNTs, one of the best options is to use a mixture of nitric and sulfuric acids [109].
The mechanism of action of such treatment is shown in Figure 5. This treatment is carried
out to form various functional groups on the surface of nanotubes [110], such as carboxyl
groups, thiol groups, etc.

Figure 5. (a) Mechanism of oxidation of nitric acid; (b) mechanism of oxidation of piranha solu-
tion [104]. Copyright 2021, Elsevier.
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In order to improve the physical and chemical properties of graphene materials, they
are modified with various additives. Both heteroatoms, such as S [111], N [40,112–114],
P [115,116], F [117], and various compounds, such as tin oxides [118,119], silicon ox-
ides [120], and others [121], can serve as doping materials. These additives are introduced
into the graphite structure by various chemical and physical methods and act as functional
groups. Figure 6 shows the reaction schemes employed during the synthesis of modified
CNTs by two distinct methods: adsorbed melamine polymerization (1) and melamine-
formaldehyde resin polymerization on the CNT surface (2). As previously discussed, in
catalyst support synthesis, catalytic nanoparticles are incorporated into the graphene lattice
by replacing heteroatoms or attaching to functional groups that serve as adsorption sites.
This enhances the interaction between the materials, resulting in better electrochemical
activity and stability of the catalyst layer [112]. Also, the presence of doping components
leads to an increase in the electrode–electrolyte interface, which contributes to lower resis-
tance and improved conductivity and leads to an improvement in the overall performance
of the fuel cell [115]. Heteroatom-doped graphenes and their derivatives can also exhibit
catalytic properties comparable to classical Pt/C-type catalysts, which can significantly
reduce the cost of FC due to the absence of expensive metals [122,123].

Figure 6. Synthesis scheme of nitrogen-containing polymers on the surface of CNTs. (1) Polymeriza-
tion of melamine; (2) synthesis of a melamine–formaldehyde resin [83]. Copyright 2019, Springer.

CNTs, just like graphene, are doped with various heteroatoms to increase the durability
of the catalytic layer. By using modifying compounds, it is possible to prevent direct
contact between carbon and water, reducing the corrosion of carbon in electrochemical
reactions [124]. Introducing modifying atoms directly into the carbon lattice results in
increased durability and maximum power density of the PEMFC [125–127]. Modification
of CNTs results in a reduction in the average size of Pt particles, which is due to an increase
in the concentration of Pt ion anchoring sites during the synthesis of Pt/CNT catalysts.
This, in turn, can lead to a higher utilization rate of the active component Pt observed in
both the electrochemical cell and PEMFCs [50,83,124]. The effective doping also showed a
reduction in excessively defective carbon atoms [78]. Nitrogen doping can increase catalytic
activity, making this method attractive for ORR catalyst support [107,128,129].

5. Other Carbon Structures

5.1. Carbon Spheres

Carbon spheres are a type of carbon material that has a large surface area and a
mesoporous structure [130–132]. These characteristics make them excellent for use as a
support for platinum catalysts. The mesoporous structure of the carbon spheres provides
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a large surface area for the distribution of Pt nanoparticles, which increases the ESA of
the catalyst. The porous nature of the carbon spheres also provides better access for
reagent molecules to the Pt nanoparticles, resulting in improved catalytic and transport
characteristics. Furthermore, carbon spheres exhibit excellent mechanical stability and
thermal conductivity, rendering them a dependable and long-lasting support material for
platinum catalysts. In general, mesoporous carbon spheres are promising materials for the
development of highly efficient platinum catalysts for various applications.

Various parameters of carbon spheres, including their size, structure, and the number
of shells, can be customized to meet specific needs. The design and creation of functional
carbon spheres have garnered significant attention in the realm of research. As the demand
for materials in energy conversion continues to grow, the fabrication of carbon spheres
and their derivatives has become increasingly sophisticated, moving from simple to com-
plex structures. This process involves modifying both the outer shell and the internal
architecture of the spheres. As a result, a combination of three different methods (hard,
soft, and self-templating) is utilized alongside a range of preparation techniques (such as
selective etching, nanocasting, chemical vapor deposition, and spray pyrolysis) to achieve
the desired outcomes [133–141].

Hard templating methods involve using rigid particles as templates to create hollow
structures, which are removed after the desired shells are formed. For example, in the
case of single-shelled carbon spheres, a carbonaceous precursor is coated on the template
and then converted into a carbon shell through a carbonization process. The template is
then selectively removed to create a carbon nanomaterial with internal void space. While
removing hard templates can be a time-consuming process, it allows for the production
of carbon spheres with a narrow size distribution and good morphological uniformity.
Various templates, like silica, polymer, and metallic spheres, can be easily fabricated for
this purpose. While hard templates require laborious removal by acid/alkaline etching or
organic solvent dissolution, soft templating offers a more convenient and environmentally
friendly approach through the self-assembly of precursor molecules with colloidal systems
as templates, easily removed by pyrolysis or extraction. The self-templating method is an
efficient way to prepare hollow carbon spheres without the need for additional templates.
Solid or hollow polymer spheres can be directly synthesized and converted to hollow
carbon spheres through self-assembly and calcination treatment.

In general, the choice of carbon sphere synthesis method for PEMFC will depend on
the desired properties of the spheres, such as size, morphology, surface area, and pore
structure. Each method has its own advantages and limitations. Careful optimization of
synthesis parameters is crucial to achieving the desired performance in PEMFC.

One new approach is to develop a platinum catalyst without support, in which carbon
spheres are used as a framework for the deposition of platinum particles and then removed.
The electrocatalyst exhibits a surface area similar to that of commercial Pt/C, as determined
by electrochemical studies. Additionally, based on DST results, it demonstrates twice the
durability of Pt/C [130]. When using spheres as a support, their organized porous structure
provides a combination of high electrocatalytic activity in ORR and high mass transfer
efficiency. A well-designed porous structure and microstructure provide an optimized
water/gas transport pathway into the fuel cell CLs [131].

It is also possible to synthesize a Pt catalyst using a new carbon support, a cup-shaped
hollow carbon hemisphere (and an N-doped hemisphere) (carbon shell thickness ~ 4.6 nm).
This morphology allows for good bonding of the broken shells and Pt loading on both sides.
In addition, carbon has pores that are sized to match the size of the Pt particles, which
results in their filling with Pt, as well as clogging the pores and, as a consequence, limiting
the agglomeration of Pt, as determined by in situ XRD analysis. Both catalysts show high
ESA (60–65 m2/g) and cyclic durability (6000 cycles), which is superior to the commercial
Pt/C catalyst. This enhanced durability under potential cycling can also be attributed
to the pore size and limitations of Pt dissolution, as well as improved metal–substrate
interaction [132].
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5.2. Aerogels

Aerogels are a type of ultralight, highly porous material that is promising for use in
PEMFC. Aerogels have a large surface area, which can provide a larger active area for
chemical reactions to take place. This can improve the efficiency of the fuel cell and in-
crease its output power. In addition, aerogels have good thermal stability and low thermal
conductivity to maintain the operating temperature of the fuel cell and improve its overall
performance. Furthermore, aerogels can be easily customized to obtain specific properties,
such as pore size, surface area, and surface chemical composition, which can be optimized
for use in PEMFCs. The process of preparing carbon gels consists of three main steps: poly-
merization, dehydration, and carbonization [142–149]. During the polymerization phase,
hydrogels are formed through the combination and linking of molecules. Hydroxymethyl
groups are added to resorcinol, which then undergoes condensation to form methylene
and methylene–ether bridges. Crosslinking and agglomeration create the 3D hydrogel
structure. Various alkali and acid catalysts are used in the addition and condensation
reactions. Organic carbon aerogels can be synthesized using different aromatic aldehyde
pairs and templating agents for specific properties.

Recently, graphene, carbon nanotubes, and biomass have been proposed as easier-
to-use alternatives to traditional polymers. Various techniques, such as sol–gel, template,
spacer support, self-support, and substrate-based methods, have been employed to cre-
ate graphene aerogels. CNT-derived aerogels show potential as electrically conductive
materials as they link together through van der Waals forces. However, directly forming
CNT-based aerogels presents challenges like weak 3D structure, mechanical fragility, and
limited flexibility. To address these issues, surfactants can be added to reduce CNT surface
activity, and polymer additives can be used to strengthen the network.

As shown, the mesopore volume of the electrocatalyst on carbon aerogel by Brunauer–
Emmett–Teller (BET) analysis is 2.7 times larger and the ESA is 2.2 times larger compared
with that of conventional carbon black. Electrochemical durability experiments show
greater stability of carbon aerogel compared to carbon black [150].

Using aerogel can increase the maximum power output of the fuel cell by 10% while
maintaining its high performance and lowering potential losses for a wider current range.
The carbon aerogel synthesized by the sol–gel method allows the platinum content in the
electrocatalyst to be reduced to 4.2 wt.%. Platinum on carbon aerogel exhibits high catalytic
activity in the ORR, with an ESA of 188 m2/gPt. The high activity of the electrocatalyst on
aerogel in the ORR is determined by its large mesoporosity, uniform distribution of dis-
persed Pt nanoparticles, and small size. The method used to prepare this electrocatalyst can
be described as classical and relatively simple, making it suitable for mass production [151].

5.3. Other Structures

Carbon nanocages, nanohorns, nanocoils, uniform porous networks, and nano-onions
are all viable carbon materials for PEMFCs [152–156].

The unique cellular structure of carbon nanocages can provide a large surface area
and excellent conductivity, making them ideal for maximizing PEMFC efficiency and
performance. The hollow interior of the carbon nanocages can provide improved mass
transfer and accessibility of platinum sites, resulting in improved catalytic activity and
stability of the electrocatalyst.

Carbon nanohorns, discovered in 1998, are interesting nanomaterials due to their
special morphology and physicochemical properties. The carbon nanohorn structure
consists of single graphene tubes with highly stressed tapered tips that aggregate into
larger spherical angular superstructures with diameters of approximately 100 nm. The
carbon nanohorns possess an unconventional structure, high purity and porosity, good
electrical conductivity, and a large surface area, making them a promising electrocatalyst
support. Like carbon nanotubes, carbon nanohorns are also insoluble in solvents, making
it difficult to handle and use them effectively. Functionalization is a useful technique
to improve the solubility of carbon nanohorns by oxidizing the tips, which have the
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most defects, increasing surface area and access to internal space. Covalent modification
methods involve adding carboxylic groups to the tips of carbon nanohorns after oxidation
or attaching organic molecules to the outer structure through cycloaddition reactions
(Figure 7).

Figure 7. (a) Oxidation of carbon nanohorns and further post-functionalization of oxidized carbon
nanohorns. (b) Functionalization of carbon nanohorns within situ-generated aryl diazonium salts
and via the 1,3-dipolar cycloaddition reaction of in situ-generated azomethine ylides [153]. Copyright
2020, MDPI.

Carbon nanocoils are a unique form of carbon nanomaterial characterized by their
distinctive helical structure, which resembles the miniature coils of a spring. They typically
consist of sp2-hybridized carbon atoms, which give them exceptional physical and chemical
properties. Nanocoils have a large surface area, excellent electrical and thermal conductivity,
and mechanical flexibility due to their helical morphology. These properties make them
promising candidates for a variety of applications, including nanoelectronics, sensors,
energy storage, and catalysis. In the context of energy applications, nanocoils have been
studied for their potential use in fuel cells, supercapacitors, and batteries. Their large surface
area and electrical conductivity could improve performance and efficiency [157,158].

Ordered homogeneous porous carbon networks are three-dimensional carbon struc-
tures with a well-defined and regular porous morphology. These networks have a large
surface area, a uniform distribution of pore sizes, and interconnected porosity, making them
ideal for various applications, such as energy storage, catalysis, and gas separation. The
ordered and homogeneous nature of carbon networks provides improved mass transfer
and reaction kinetics [159,160].

Carbon nano-onions are a unique form of carbon nanoparticles consisting of concentric
graphite layers similar to those of an onion. They are formed by arc discharge, in which
layers of graphene are forced to form spherical onion-like structures. Due to the unique
structure of carbon nano-onions, they have outstanding properties such as high mechanical
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strength, excellent thermal and electrical conductivity, and a large surface area. These
properties make them suitable for a variety of applications, including energy storage,
nanocomposites, and biomedical applications.

The study of various nanostructured carbon materials is crucial for developing new
types of electrodes that can enhance the performance, durability, and applicability of fuel
cell technology. However, it is important to consider the economics and complexity of
methods for synthesizing and scaling production of such carbon structures to improve the
economic viability of fuel cell technology.

6. Summary and Conclusions

This review highlights the recent success of the use of carbon-based structures as
electrodes, including PEMFC electrochemical performance. The use of structured sup-
ports shows promise in improving the efficiency and durability of electrodes for PEMFCs.
Structured carbon materials, such as graphene, its oxides, and derivatives, including CNTs
and their arrays, are the most promising for use in PEMFCs as electrocatalyst supports
and additives in CL and GDL due to their well-developed surface and high degradation
stability. Catalysts, on the other hand, exhibit improved electrocatalytic activity, stability,
and degradation resistance due to the interaction between the support and active metal
particles. This is achieved through the partial incorporation of platinum into the carbon
material structure, resulting in increased dispersion of platinum particles during synthesis.
However, the operation of MEAs with CL/GDL formed on the basis of structured carbon
materials involves mass and gas transfer problems, which negatively affect the overall FC
performance. The successful application of electrocatalytic material as a component of the
PEMFC layer depends on its effectiveness as a support for the electrocatalyst, which must
provide high values of electrical conductivity, dispersibility, and ESA of deposited particles,
as well as their stability. Additionally, the ability to create a porous structure with sufficient
values of mass transfer, reagent inlet/outlet characteristics, and hydrophilic/hydrophobic
properties is essential.

Table 1 presents a summary of data from the recent literature that characterizes the
main attributes of CLs based on structured graphene materials, as well as the performance
of the PEMFC based on them. However, a deeper analysis of the literature reveals that
there is insufficient data on the performance of PEMFCs due to the existing problems of
reagent mass transfer. Thus, specific research aimed at improving the architecture of such
electrodes to increase their specific capacity by improving mass transport makes this topic
relevant [161].

It is important to note that, despite the similarity of the properties of the considered
structures, the differences in their architecture and composition of surface groups and
defects become determinative with regard to their application as electrode materials for
PEMFC. Graphenes and their derivatives appear to be the most promising candidates for
use as electrocatalyst support, but difficulties with the formation of an effective graphene-
based layer have led to an almost complete absence of their testing in PEMFC, making the
research of catalysts based on them a dead end. CNTs, in particular their arrays, appear to
have greater potential. It is possible to form a catalytic layer of effective architecture with
high diffusion characteristics, sufficient water balance, and improved power characteristics
of the device. This issue is partially solved for vertically aligned carbon nanotubes due
to their optimized structure, strong adhesion to GDL, and the existence of mass transport
channels. The functionalization of this support and improvement of the properties of
catalysts based on it may lead to even more successful results in terms of PEMFC technology.
However, the task of optimizing the structure and porosity of graphene-like materials to
enhance PEMFC efficiency remains relevant.

142



Catalysts 2024, 14, 303

Table 1. A summary of data from the recent literature that characterizes the main attributes of CLs
based on structured graphene materials, as well as the performance of the PEMFC based on them.

Graphene Structures Carbon Nanotubes Other Structures

Advantages

High dispersion of deposited platinum,
ESA value, stability, and durability of

catalysts
Increasing FC output power when used

as an additive

High catalyst stability and durability
Ultra-low platinum loading

High power output (both as a catalyst
and as an electrode additive)

High dispersion
of deposited

platinum, ESA
value, stability,

and durability of
catalysts
Ultra-low

platinum loading

Disadvantages
Low values of mass transfer and
diffusion of reagents in the layer

Not applicable as a catalytic layer

Low dispersion of deposited platinum
and ESA value of the catalysts

Complex
fabrication
technology

Low FC output
power

No data

Issue Formation of the catalytic layer
architecture

Functionalization to increase the
dispersion of the active metal

Expanding
research

Parameters Graphene
nanosheets

Graphene oxides
and reduced

graphene oxides

Carbon
nanotubes

Vertically aligned
CNTs Other structures

El
ec

tr
oc

at
al

ys
t ESA, m2/g 80–100 [48,50] 20–50 [41,64,66] 10–40 [75,85,88] ~30 [98] ~200 [132,150]

Degradation (ESA
losses), % ~5 10–30 ~30 ~5 ~35

Composition 40 wt. % Pt/G 16.9 wt. %
Pt/T-RGO 10 wt. % Pt/CNT Pt-Co/VACNTs

40 wt. %
Pt/broken hollow
C spheres, 30 wt.
% Pt/aerogels

C
at

al
yt

ic
la

ye
r CL architecture - 40 wt. % Pt/rGO

Nafion ionomer,
isopropanol, and

0.125 mg/cm2

mMWCNT

Pt/VACNTs on
cathode, VACNTs
were used as MPL
with a thickness

of 4.6 μm

30 wt. %
Pt/aerogels

Pt loading on
anode/cathode,

mg/cm2
-

0.2/0.2 Pt/rGO
on cathode Pt/C

on anode

0.06/0.06 Pt/C
(cathode) and

PtRu/C (anode)
0.2/0.2 0.1/0.1

Maximum power
density, W/cm2 - ~0.62 [62] ~1.2 [91] ~1.4 [97] ~0.33 [150]

E
le

ct
ro

d
e Electrode

architecture

Double-layer
GDL with

graphene MPL;
MPL thickness

13–17 μm; mean
pore size

162.41 nm

rGO was a
capacitive

material; pore
diameter between

0.7 and 9 μm; a
60 wt. % Pt/C
catalyst was

applied to the
GDL on top

Normal carbon
black GDL

without MPL and
with 15 μm thick
CNT sheet MPLs

VACNTs were
used as MPLs

with a thickness
of ~40 μm; total
porosity 56.3%

-

Maximum power
density, W/cm2 ~0.95 [48] ~0.75 [64] ~0.74 [89] ~1.41 [98] -

In the field of other carbon structures, the question of the optimal balance between the
increasing complexity of material fabrication technology and the success and reproducibil-
ity of the results obtained remains open. When using complex carbon nanostructures, such
as spheres, it is crucial to evaluate the technological and economic efforts required against
the benefits they provide in terms of catalyst properties and device performance.
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Abstract: Cyclic voltammetry (CV) is one of the advanced techniques used to determine
various bioactive molecules, organic dyes, pesticides, veterinary drugs, heavy metals, toxic
chemicals, etc. To determine all the above analytes, one needs an electrocatalyst for their
electrochemical redox reaction. Many researchers have reported the use of metal nano-
materials, metal oxide nanomaterials, metal–organic frameworks, surfactants, polymers,
etc., as modifiers in carbon paste electrodes to enhance their current response, stability,
sensitivity, and repeatability. But some of the emerging, cost-effective, and highly efficient
electrocatalysts are advanced nanostructured alloy powders. These advanced alloys are
used as a modifier to determine various bioactive analytes. These alloy-modified carbon
paste electrodes (MCPEs) show excellent selectivity, sensitivity, and stability due to their
extraordinary electrochemical properties, as the compositional elements of most of the
alloys belong to d-block elements in the periodic table, and these transition elements are
famous for their brilliant electrocatalytic properties. The present review article mainly
focuses on the determination of dopamine, AA (AA), uric acid, methylene blue, methyl
orange, Rhodamine B, and the L-Tyrosine amino acid by various alloys like stainless steel,
high-entropy alloys, and shape-memory alloys and how these alloys could change the per-
ception of metallurgists and electrochemists in the future. These alloys could be potential
candidates for the development of various electrochemical sensors because of their high
porosity and surface areas.

Keywords: mechanical alloying; nanostructured alloys; electrocatalysts; modifiers; carbon
paste electrode

1. Introduction

Numerous medicinal and environmental applications depend on the quick and accu-
rate detection of bioactive compounds. Conventional biomolecule detection techniques
like spectroscopy and chromatography are frequently costly and time-consuming and
necessitate intricate sample preparation [1,2]. We are in great need of analytical instruments
that are highly sensitive, selective, stable, and robust in determining various bioactive
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compounds individually or simultaneously [3]. In analytical chemistry, medicine, and
environmental monitoring, the creation of electrochemical sensors for the detection of
bioactive compounds has grown in importance. High sensitivity, selectivity, and afford-
ability, as well as the capacity for quick real-time analysis, are just a few benefits that
these sensors provide [4]. Nowadays, electrochemical techniques like CV, electrochemical
impedance spectroscopy, alternating current voltammetry, differential pulse voltamme-
try, photo-induced electrochemiluminescence, and electrochemiluminescence are highly
efficient and effective techniques for determining bioactive compounds, organic dyes,
surfactants, toxic chemicals, etc. [5]. Among these, CV is one of the popular electrochemical
techniques performed by cycling the potential of working electrodes between two chosen
values to determine the resultant current [6]. CV is a strong, sensitive, and adaptable
technique for examining bioactive compounds in both research and clinical settings [7]. In
domains including drug development, biomarker detection, and bioanalytical chemistry,
it is essential to figure out their electrochemical characteristics, interactions, stability, and
possible therapeutic uses. CV provides detailed information about the redox behavior of
bioactive compounds, as well as their electrochemical reactivity, electron transfer kinetics,
reaction mechanism, and quantitative and qualitative analysis [8].

Even though electrochemical sensors exhibit potential advantages, they still exhibit a
few limitations in terms of selectivity, stability, sensitivity, and repeatability. To overcome
these limitations, many researchers have used carbon paste electrodes (CPEs), which
are stable, selective, economic, and consistent in detecting various bioactive compounds.
Among the several electrochemical sensor platforms, carbon paste electrodes (CPEs) have
widely attracted researchers due to their versatile properties, ease of preparation, and
low manufacturing costs. Many researchers have used carbon paste electrodes (CPEs) to
determine various bio-analytes using the CV technique [9–11], and it has been proven that
these electrodes are highly stable, repeatable, sensible, and selective in nature. Further,
these electrode properties can be improved by modifying CPEs with nanomaterials. These
nanomaterials exhibit excellent values for surface area and surface energy, which can further
improve the electrocatalytic properties of the electrode [12,13]. Many researchers have used
various metal nanoparticles, metal oxide nanoparticles, and carbon-nanomaterial-modified
CPEs [14–20], but very few researchers have reported the use of nanostructured alloys
as modifiers.

The present review hypothesizes that the idea of adding nanostructured alloys like
stainless steel, HEA, and shape-memory alloys into CPEs during the determination of
various analytes will improve the sensitivity, selectivity, and stability of electrochemical
sensors to a greater extent [21–24]. This could also overcome CPEs’ limitations, like
their poor conductivity, low stability, and sensitivity at low concentrations of the analyte,
and improve their detection limits and quantification limits. These changes provide the
sensors with the ability to identify a variety of bioactive compounds at low concentrations,
which is crucial for tracking the levels of therapeutic drugs for the early diagnosis of
illnesses, determining various toxic dyes present in water, etc. The main objective of
the present review is to study the effects of modifiers, like nanostructured alloys on the
electrochemical detection of various bioactive compounds, and also how they affect the
sensitivity, selectivity, and stability of the electrodes at lower concentrations of the analyte.

2. Advantages of Using Nanostructured Alloys as Modifiers

One of the main advantages of using alloys as modifiers is their extraordinary stability;
most alloys remain stable and do not undergo any undesirable electrochemical reactions,
even with a wide range of potentials [25,26]. This will prevent the alloys from undergoing
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decomposition at higher operating voltages. One more characteristic of alloys is their
electrode potential; the different elements present in an alloy can impart their electrode
potential, resulting in a characteristic electrode potential that is obtained from all the
elements present in an alloy. This electrode potential plays an important role in determining
the electrocatalytic properties of alloys during the electrochemical redox reactions of the
analytes [27–30]. In this review article, we reported the nanostructured alloys prepared
from mechanical alloying. This method increases the surface area, and surface roughness
of the alloys by refining their structures, and also improves their porosity ratios, thereby
improving their electrocatalytic properties. The presence of different metals in an alloy
results in heterogeneous surface characteristics, which have a strong influence on the
electrochemical properties of the alloys [31–33]. On the other hand, surface roughness
further improves the electrocatalytic properties of the alloy by creating reactive sites for the
mobility of electrons.

3. Fabrication of Nanostructured Alloys by Ball-Milling Method

Recently, the ball-milling method has emerged as a well-established technique for
fabricating nanostructured alloys, especially for producing fine powders of metallic alloys
with improved qualities including strength, hardness, and wear resistance [34–36]. To
create nano-sized grain formations, powders of various metals or elements are combined
and processed under high energy conditions in a mechanical alloying process called ball
milling. Figure 1 depicts the planetary ball mill present at Bartin University, Turkey.

Figure 1. Retsch PM 100 planetary ball mill present in Bartin University, Turkey.

Ball milling is a technique composed of rotating cylindrical chambers loaded with
steel or ceramic balls. The fundamental process involves adding the elemental powders to
the grinding media at specific ball-to-powder weight ratios. The balls and powder collide
as the mill turns, breaking up and reshaping the particles to produce finer powders. The
impact and friction between the grinding balls and the particles provide the mechanical
energy necessary for the ball-milling process [37]. A refined structure is produced as the
particles are crushed, deformed, and welded by the balls as they tumble and revolve in
the mill. As a result, nanoparticles are created, and solid-state processes can be triggered
to create alloys [38,39]. For further details about ball milling, milling conditions, and
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how to prepare nanostructured alloys, refer to the published articles of the author of
this review, Shashanka et al. [31,32,40–42]. The main advantages of using the mechanical
alloying method are because of its low cost, scalability, versatility, improved properties,
uniform homogeneity, control over the method, etc. Therefore, many researchers use
mechanical alloying methods to prepare various advanced alloys. While preparing alloys
by ball-milling method, one must take care of contamination, agglomeration, improper
distribution of alloy, chances of wearing of machines, etc. In the present review article, we
have discussed the electrocatalytic properties of DS, ferritic stainless steel, high-entropy
alloys, and shape-memory alloys prepared by the ball-milling method.

4. Preparation of Nanostructured-Alloys-Modified Carbon Paste
Electrodes (NsA-MCPE)

To prepare CPEs, we need graphite powder and a binder like paraffin oil or silicone
oil. The proportion of binder to graphite powder is crucial [43,44]. The standard ratios
of 70–80% graphite powder by weight and 20–30% binder, such as silicone oil, are mixed
well in mortar and pestle for approximately 30 min [45,46]. Depending on the particular
requirements of the experiment and the characteristics of the graphite powder, we can
modify this ratio. To create a homogenous mixture, thoroughly mix the graphite powder
and the binder material [47,48]. The carbon paste should resemble thick toothpaste in
consistency and be uniformly smooth. Later, fill the carbon paste to the cavity present in
the specially designed electrode, which acts as the working electrode. Make sure to fill
it evenly to avoid air bubbles and ensure the paste is tightly packed. Leave a small part
of the electrode body free of paste to attach the electrical contact. Carbon paste is packed
properly and uniformly to avoid any formation of air bubbles in the electrode. To obtain a
homogeneous smooth surface for electrochemical measurements, gently press the carbon
paste electrode against a clean piece of paper towel or a level surface. To the surface of the
CPE, attach a suitable conductive wire like copper for the electrical contact for the electrode.
To avoid unwanted side reactions, make sure the copper wire is properly in contact with
the carbon paste without touching the electrode’s exposed surface [49,50]. Sometimes,
curing of the electrode may require that, depending upon the type of binder used. Curing
is a process of heating the electrode at a very low temperature to solidify the binder used
to prepare the CPE; this will impart mechanical strength to the electrode. If we use mineral
oil as a binder, then the CPE requires curing, and if we use silicone oil as a binder, then
curing is not required. Curing of electrodes is required only when we use low-viscous
binders to prepare the CPEs. After curing, we need to polish the surface of the electrode
to make it smooth and uniform. On the other hand, NsA-MCPE is prepared by mixing
different concentrations of the modifier (nanostructured alloys) in a CPE composition and
grinding them with a mortar and pestle for approximately 30 min and follow the same
steps as discussed above to prepare CPEs. Figure 2 depicts the CPE preparation process.

It is very important to pre-condition the electrode by applying multiple potential cycles
in the electrochemical solution under study using cyclic voltammetry. This can help the
electrode to perform consistently throughout measurements by eliminating contaminants
or irregular side reactions because of them. Now, the electrode is ready to use for the
electrochemical determination of various bioactive compounds by cyclic voltammetric
method and placed in an analyte solution, along with a reference electrode and platinum
wire counter electrode [51–53].
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Figure 2. Preparation of CPE [28].

5. Duplex Stainless Steel-Modified Carbon Paste Electrode (DS-MCPE)

5.1. Introduction to Duplex Stainless Steel (DS)

DS is a popular grade of stainless steel, made up of nearly equal amounts of non-
magnetic ferrite and magnetic austenite phases [54–56]. DS is appropriate for demanding
applications requiring high strength, exceptional corrosion resistance, electrochemical
properties, good weldability, high toughness, and enhanced fatigue resistance due to their
dual-phase structure [57–59]. The marine, oil and gas, paper and pulp, chemical processing,
and construction industries are among those that employ DS because of its exceptional
strength, corrosion resistance, and affordability [60,61]. Recent applications of DSs are used
as an electrocatalyst for various electrochemical applications [26–28].

5.2. Electrochemical Determination of Dopamine

Dopamine functions as a chemical messenger known as a neurotransmitter, which
transmits messages to the brain through the central nervous system [62]. It is essential
for numerous bodily processes, such as motivation, pleasure, happiness, mobility, and
emotional response management. The ventral tegmental area (VTA) and the substantia
nigra present in the brain manufacture dopamine. It is a component of the dopaminergic
system, which affects mood, behavior, and even judgment [63,64]. Tyrosine, an amino acid,
is the precursor for dopamine. It undergoes enzymatic processes to transform into L-DOPA
and, subsequently, dopamine. When dopamine is produced, it attaches itself to target
neurons’ dopamine receptors to affect their activity. Deficiency of dopamine can affect
the central nervous system and mental health, increase anxiety and depression, and cause
attention deficit hyperactivity disorder (ADHD), Parkinson’s disease, compulsive behavior,
sleeping disorders, etc. [65–68]. Therefore, we must determine dopamine efficiently and
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effectively. The cyclic voltammetric method proved to be one of the best techniques used to
determine dopamine. The chemical structure of dopamine is shown in Figure 3.

Figure 3. Chemical structure of dopamine [69].

In a reversible electrochemical process, dopamine is reduced and oxidized. Dopamine
can usually be reduced back to its original form after being oxidized at the working
electrode to produce dopamine quinone. Dopamine undergoes oxidation around +0.2 to
+0.6 V to form dopamine quinone and, on the other hand, it will be reduced from dopamine
quinone to dopamine at a potential of around +0.1 to +0.3 V. The resultant peak current
of the electrochemical redox reaction is proportional to the concentration of dopamine
present. The electrochemical determination of dopamine utilizing the DS-MCPE by cyclic
voltammetry method was reported by Shashanka et al. [25]. The CV of a bare carbon
paste electrode (BCPE) and 4 mg of DS-MCPE in 2 mM of DA at 100 mVs−1 and in a
pH 7.2 phosphate buffer solution (PBS) is shown in Figure 4a. They have investigated
one of the most crucial factors like modifier concentrations to determine the effectiveness
of the electrode’s performance as a dopamine sensor. To measure dopamine, they have
utilized 2, 4, 6, and 8 mg of DS-MCPE; however, 4 mg of DS-MCPE has demonstrated the
highest current response compared to the others. To investigate the effects of scan rate,
dopamine concentrations, and pH, they utilized 4 mg of DS-MCPE. The corresponding
CVs are displayed in Figure 4b, Figure 4c and Figure 4d, respectively.

As the scan rate is increased from 50 to 500 mVs−1, the anodic and cathodic peak
currents of dopamine increase during the electrochemical redox reaction due to direct
electron transfers between the analyte and the electrode, as illustrated in Figure 4b. The
potential difference between the anodic and cathodic peak potentials rises with the scan
rate. Similarly, Figure 4c depicts that, as the concentration of dopamine increases from 2 to
3 mM, the anodic peak current (Ipa) also increases from 15.5 to 19 μA. This is because there
are more dopamine molecules available at increasing concentrations, which causes Ipa
to rise linearly. However, as can be seen in Figure 4d, pH tests suggest that dopamine’s
anodic peak potential (Epa) drops when the pH rises from 5.7 to 8. This is because protons
(H+) are frequently involved in the oxidation reaction and their concentration decreases
as pH rises. This variation in proton concentration alters the electrochemical reaction’s
equilibrium and influences the voltage at which oxidation takes place. A basic explanation
of the relationship between peak potential and pH is given by the Nernst equation; the shift
is usually approximately 59 mV per pH unit, depending on the number of protons in the
reaction. All these above results prove that DS-MCPE could be a potential candidate to use
as an electrocatalyst to determine dopamine electrochemically using cyclic voltammetry.

5.3. Electrochemical Determination of AA

AA is a water-soluble and vital vitamin to human health, also referred to as vitamin
C [70]. The molecular formula for this organic compound is C6H8O6 and its chemical struc-
ture is shown in Figure 5. As a strong antioxidant, AA is essential for many physiological
functions, such as collagen formation, bone, cartilage, and tooth maintenance, as well as
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immune system support [71,72]. Being an antioxidant, AA aids in scavenging free radicals
and shielding the organism from oxidative damage. Vitamin E and other nutrients are
also preserved as a result of this antioxidant action. Many fruits and vegetables, including
bell peppers, oranges, strawberries, and kiwis, naturally contain AA [73,74]. It must be
received through diet or supplements because humans are unable to produce it internally.

Figure 4. CV of (a) BCPE and DS MCPE, (b) scan rate investigations at (a = 50, b = 100, . . .,
j = 500 mV/s), (c) concentration variation of dopamine, (d) pH variation investigation on the re-
dox reaction of dopamine using DS-MCPE [25].

AA is susceptible to air, heat, and light, and when it is exposed to air or UV radiation,
it readily breaks down and loses its vitamin function. Because of this, it is frequently kept in
cool, dark places and preserved in sealed containers. A typical dietary supplement of AA is
used to prevent and cure vitamin C deficiency, which can result in scurvy, and its deficiency
can also cause chronic illness, which causes malabsorption of nutrients [75,76]. Since the
body cannot generate AA, it must be regularly consumed through diet or supplements to
maintain good health [75–77]. Therefore, we need to frequently check for the AA and there
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are many techniques available to determine it. However, cyclic voltammetry is one of the
most accurate ways to identify AA.

Figure 5. AA structure [77].

The use of mechanically alloyed nanostructured DS powders for electrochemical
sensors was reported by Rayappa et al. [26]. The microstructure, lattice spacing, and SAED
pattern of mechanically alloyed DS are shown in Figure 6.

Figure 6. (a) TEM, (b) HRTEM, (c) SAED pattern of DS powder [26].

The fabricated 4 mg of DS-MCPE showed better current sensitivity to detect the AA in
a PBS with a pH of 6.8 when compared to 2, 6, 8, and 10 mg of DS-MCPEs. It was determined
that the DS-MCPE’s active surface area was nearly twice as large as the BCPE’s surface
area. Additionally, they reported the limit of quantification (LOQ) and limit of detection
(LOD), which were determined to be 0.688 × 10−8 M and 0.206 × 10−8 M, respectively.
Additionally, they have reported the repeatability, reproducibility, and stability of the
DS-MCPE and reported on the effects of scan rate, analyte concentration, pH fluctuations,
and interference ions. The graph of various DS-MCPE concentrations, along with their
corresponding Ipa and CV, is displayed in Figure 7a,b for 1 mM of AA at BCPE and 4 mg
of DS-MCPE [26].

It is confirmed that, in Figure 7a, the Ipa of the 4 mg of DS-MCPE is around twice that
of the BCPE. This demonstrates the significance of the modifier, which has a high current
sensitivity and can identify the analytes even at low concentrations. The enhanced surface
area of the electrode after the modification is the main reason for the higher current. The
Ipa of BCPE and DS-MCPE differ from one another, as seen in Figure 7b. When electro-
oxidizing 1 mM of AA, BCPE demonstrated an Ipa of 22.5 μA, while 4 mg of DS-MCPE
recorded an Ipa of 37.2 μA. The increased surface area and reaction sites in the case of
4 mg of DS-MCPE are responsible for the increased Ipa. Similarly, Rayappa et al. [26]
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also reported the CV of AA electrochemically oxidized at different pH and scan rates,
and different analyte concentrations, as depicted in Figure 8a, Figure 8b, and Figure 8c,
respectively. The pH studies validate the involvement of protons in the electrode response,
which shows that increasing the pH from 6 to 6.8 causes Epa to move towards lower
values. Participation of protons in the electrode reaction is confirmed by the pH studies,
which show the shifting of Epa towards lower values with the increase in the pH from 6 to
6.8. Using the equation below, they have also determined that there are two protons and
electrons involved in the electrochemical oxidation of AA:

ΔEp

ΔpH
=

2.303mRT
nF

(1)

Figure 7. (a) DS-MCPE concentration graph with corresponding IPa, (b) AA CV at BCPE, and 4 mg
of DS-MCPE [26].

Figure 8. CV of electrochemically oxidized AA at different (a) pH PBS, (b) scan rates, (c) concentra-
tions of AA [26].

Figure 8b demonstrates that raising the scan rate from 0.1 to 0.6 V/s during the
electro-oxidation of AA increases the Ipa but decreases the Epa. It is well known that
a higher scan rate results in a shorter period to maintain the same charge value, which
raises the current. As a result, when AA is electro-oxidized, the anodic peak current value
grows as the scan rate does [78]. Fast and direct electron transport between the analyte
and the electrode surface is the outcome of this linear increase in Ipa. Similarly, Figure 8c
reveals that an increase in the concentrations of the AA from 1 to 6 mM increases the
Ipa linearly. Using the standard deviation of the blank CV and the slope obtained after
plotting the Ipa vs. concentration of AA, Rayappa et al. [26] calculated LOD and LOQ
and the values are 0.206 × 10−8 M and 0.688 × 10−8 M, respectively. Figure 9 shows the
electro-oxidation of AA at a pH of 6.8 using DS-MCPE. They have also reported the effect
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of interfering ions during the determination of AA. They obtained variation of less than
4% in the electrochemical signal of Ipa and this implies that even when different interfering
metal ions are present, the DS-MCPE remains extremely stable and selective.

Figure 9. Possible scheme of electrochemical oxidation of AA under DS-MCPE [26].

The repeatability and reproducibility tests were performed five times each by switch-
ing the electrode and electrolyte after each run, respectively. The calculated relative stan-
dard deviations for reproducibility and repeatability were 3.02% and 2.15%, respectively.
These findings suggest that the DS-MCPE is a more reliable and repeatable method for AA
molecule detection. Additionally, they investigated the stability of the DS-MCPE by detect-
ing AA in a pH of 6.8 PBS for 50 cycles. The first and final Ipa during the electro-oxidation
of AA is recorded to determine the degree of stability. The calculated stability value of
96.98% was obtained and this demonstrates the outstanding stability of the DS-MCPE
during the determination of AA.

5.4. Electrochemical Determination of MB (MB)

MB is a synthetic dye, that finds extensive use in both laboratory and medical
settings. This dye has a characteristic blue color and is categorized as a thiazine dye
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chemically [79,80]. For almost a century, MB has been used for several purposes, including
microscopy staining and medicinal uses [81,82]. Apart from its benefits, it has several
drawbacks, particularly when used incorrectly or in conjunction with specific medical
problems. The biggest worries are the possibility of toxicity at high dosages, serotonin
syndrome when taken with certain drugs, and hemolysis in people with G6PD deficiency.
Like any drug or substance, MB should be used with caution and under the supervision of
medical specialists [83–85]. The chemical structure of MB is shown in Figure 10.

Figure 10. Chemical structure of MB [86].

MB is used as a coloring agent in a variety of sectors, such as textiles, leather, and
paper. However, the significant MB dye discharge by these industries as wastewater into
the surface and groundwater causes environmental issues, resulting in adverse effects
on ecosystems and health issues [83–86]. The electrochemical oxidation of MB by cyclic
voltammetry method is considered one of the best suitable methods. Because of its ease
of use, sensitivity, low cost, and speed, this method provides detailed information about
the electrochemical determination of MB dye, making it very useful in the biomedical
sector [87–91].

Therefore, Rayappa et al. [27] determined the MB dye by cyclic voltammetry method
using DS-MCPE. Figure 11a,b represents the Ipa of MB obtained at various concentrations
of DS-MCPE and the CV of BCPE and DS-MCPE, respectively. From the figure, it is
confirmed that 2 mg of DS-MCPE has shown excellent current response compared to BCPE
and MCPE has shown more than 7 times the Ipa of BCPE. This confirms the importance of
a modifier like DS powders [27].

Figure 11. (a) Graph of Ipa at various concentrations of DS-MCPE, (b) CV of BCPE, and 2 mg of
DS-MCPE [27].

On the other hand, the authors also reported the effect of pH variation, the effect
of scan rate, and the effect of MB concentrations, and their respective CVs are depicted
in Figure 12a–c. An increase in the scan rate and increase in the concentrations of MB
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increases the Ipa, as we discussed earlier. When the pH rises from 6 to 8, the Epa shifts to
lower values. This indicates that the electrochemical oxidation of MB involves protons.

Figure 12. CV of electrochemically oxidized MB at different (a) PBS pH, (b) scan rates, (c) concentra-
tions of MB, respectively, at DS-MCPE [27].

The calculated values of LOD and LOQ are 0.222 × 10−8 and 0.74 × 10−8 M, respec-
tively [27]. Figure 13 shows the potential mechanism of the electrochemical reaction of MB
using DS-MCPE. Several metal ions (Na+, Cu2+, Fe2+, Mg2+, Fe3+, K+) and bioactive com-
pounds were used as the interferents and investigated up to what extent these interferents
can affect the Ipa of MB. Notably, the Ipa and Epa of MB did not significantly change either
positively or negatively, confirming DS-MCPE’s strong selectivity. Furthermore, DS-MCPE
showed exceptional stability even after 50 cycles of continuous 0.1 mM MB detection at
pH 8, demonstrating its long-lasting effectiveness under electrochemical testing. Given the
improved stability and sensitivity of the DS-MCPE electrode, it is a potential candidate for
determining MB dye and can be incorporated into portable platforms for quick analysis.
Future research will concentrate on improving device mobility and fabrication procedures
and addressing pragmatic issues.

5.5. Electrochemical Determination of Rhodamine B (Rh B)

Rhodamine B is a synthetic dye that belongs to the Rhodamine family. It is frequently
used in textile dyeing, biological research, and other industrial operations as a fluorescent
tracer [92–94]. It has a fused tricyclic structure with nitrogen atoms and a benzene ring
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joined to a carboxyl group, as shown in Figure 14. When solid, it is a dark red or purple
powder; when dissolved in water, it will show a pink color. Because of its fluorescent
qualities, it can be used in a variety of processes, including DNA measurement, flow
cytometry, and microscopy [95–97].

Figure 13. Possible scheme of electrochemical oxidation of MB at DS-MCPE [27].

Figure 14. Chemical structure of Rhodamine B [98].

Rhodamine B is utilized extensively in science and industry, but its possible harmful
effects on the environment and human health should not be disregarded. Long-term use
of Rhodamine B can cause chronic diseases like kidney and liver damage, a person can
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develop vomiting and abdominal pain, and excessive use can affect the human reproduction
system [92–96]. It is highly carcinogenic in nature and increases the risk of cancer. To reduce
the possible danger, proper handling, safety precautions, and compliance with rules are
crucial. Further study is required to completely comprehend the long-term effects on
human health and the environment to appropriately assess and lessen the risks connected
with its widespread use. Keeping in mind the adverse effects of Rhodamine B, we must
develop a system that can determine Rhodamine B even at small concentrations.

Shashanka et al. [28] attempted to study their electrochemical properties using DS-
MCPE using cyclic voltammetry technique and reported excellent results. Figure 15a,b
represents the graph of Ipa reported at different concentrated DS-MCPEs and the CV of
BCPE and DS-MCPE, respectively. According to the figure, 6 mg of DS-MCPE has shown
more than 2 times the Ipa of BCPE because of increased surface area and reaction sites
after modification. The authors have also calculated the active surface areas of 6 mg of
DS-MCPE and BCPE and the values were found to be 0.302 and 0.761 cm2, respectively.
This shows the importance of the modification of the CPEs.

Figure 15. (a) Plot of Ipa at various concentrations of DS-MCPE, (b) CV of BCPE, and 6 mg of
DS-MCPE [28].

On the other hand, the authors have also studied the consequence of scan rate and the
analyte’s concentrations on the electrochemical oxidation of Rhodamine B and represented
as a CV in Figure 16a and Figure 16b, respectively. During the electrochemical oxidation
of Rhodium B, an increase in scan rate and analyte concentration increases the current
response. This is because it takes less time to maintain the charge values at faster scan rates
and because the DS-MCPE surface and the analyte interact strongly, increasing electron
mobility. For the 6 mg of DS-MCPE, the determined LOD and LOQ were 0.378 μM and
1.260 μM, respectively.

They have also reported that interference like vanillin, FA, uric acid, methylene blue,
methyl orange, K+, Fe2+, and Mg2+ does not affect the current response of the 6 mg of DS-
MCPE during the electrochemical oxidation of Rhodamine B. They have excellent stability,
repeatability, and reproducibility results for the DS-MCPE, and, therefore, DS-MCPE is one
the very important and potential electrodes that can be used to determine Rhodamine B in
real samples. The electrochemical oxidation of Rhodamine B is shown in Figure 17.

5.6. Electrochemical Determination of Folic Acid (FA)

FA is essential for many body processes, particularly the creation and growth of cells.
It is made artificially and can be found in supplements, fortified foods, and some natural
foods such as fruits, vegetables, whole grains, and legumes [99,100]. The synthetic form of
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folate found naturally in food is called FA. During pregnancy, infancy, and adolescence,
FA is crucial because the body needs it to manufacture DNA, make red blood cells, and
maintain healthy cell division [101–104]. FA is a pteroylglutamic acid derivative, which
consists of a pteridine ring, para-aminobenzoic acid, and glutamic acid, and its chemical
structure is shown in Figure 18.

Figure 16. CV of Rhodamine B using 6 mg of DS-MCPE at different (a) scan rates and (b) concentra-
tions of Rhodamine B analyte [28].

Figure 17. Possible scheme of electrochemical oxidation of Rhodamine B at DS-MCPE [28].

FA is very necessary to maintain cognitive function and mental health, and it reduces
depression. Some studies also revealed that FA consumption can reduce the risk of colorec-
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tal and cervical cancer by promoting DNA stability and repair. Deficiency of FA during
pregnancy can lead to spina bifida and anencephaly (improper growth of the spine and
brain, respectively). Diseases like cardiovascular defects, immune system malfunction,
dementia, depression, and macrocytic and megaloblastic anemia are caused because of FA
deficiency. A crucial nutrient, FA has a wide range of effects on human health, especially
in preventing birth abnormalities, promoting cellular function, and preserving general
well-being. Its extensive use as a supplement and in food fortification highlights how
crucial it is to contemporary healthcare and illness prevention [99–104]. Like any nutrient,
though, balance is essential because both an excess and a shortage can cause health issues.
Therefore, we need to determine the FA frequently, there are many analytical and electro-
chemical methods available to determine it, but cyclic voltammetry has proved to be one of
the best techniques to determine FA.

Figure 18. Chemical structure of FA [105].

Shashanka et al. [29] reported the determination of FA using DS-MCPE by cyclic
voltammetry method. As we know, optimization of the experimental condition is very
important to obtain good results. Authors fabricated DS-MCPE at different concentrations
of DS powders as a modifier. Among, 2, 4, 6, and 8 mg of DS-MCPE, 4 mg of DS-MCPE
has shown excellent current response during electrochemical oxidation of FA compared
with the BCPE, as shown in the CV of Figure 19a. This is because of the increase in the
surface area and the reactive sites due to the enhanced surface roughness after modifying
the BCPE with 4 mg of DS powders. They have also studied the effect of scan rate and the
effect of concentration variation of FA, and their respective CVs are shown in Figure 19b,c.

An increase in the scan rate and the concentration variation of FA increases the Ipa,
respectively, due to the reduced time to keep the charge values at higher scan rates and
the increased number of FA molecules at higher concentrations. This will create a strong
electrochemical reaction between the DS-MCPE and the analyte FA, as a result of which
the movement of electrons will increase, and thus increase the Ipa. On the other hand, an
increase in pH from 5.7 to 8 will make Epa of FA shift towards negative potential. This
confirms the participation of protons in the electrochemical oxidation of FA. It is possible
to determine the number of electrons and protons participating in the electrochemical
reaction of FA by investigating the effect of pH variation. As per the values mentioned in
the article [29], we calculated the number of protons and electrons involved, and the values
were found to be almost 2. At last, they have concluded that the fabricated FA sensor could
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be a potential sensor to diagnose FA deficiency diseases and they have reported all the
electrode reactions are adsorption controlled.

Figure 19. CVs obtained during the electrochemical oxidation of FA using (a) DS-MCPE and BCPE,
(b) at different scan rates (a = 50, b = 100, . . ., f = 300 mV/s), (c) at different concentrations of FA [29].

6. High-Entropy-Alloy-Modified Carbon Paste Electrode (HEA-MCPE)

6.1. Introduction to High-Entropy Alloys (HEAs)

High-entropy alloys (HEAs) are the novel grades of modern alloys, which have
attracted a lot of interest lately because of their special qualities and potential for a variety
of uses. HEAs are made up of five or more major elements, each in large proportions
(generally 5–35% by atomic percentage), in contrast to ordinary alloys, which are often
made up of a single dominant element and a few alloying elements [106,107]. This produces
a multi-phase, multi-configuration, extremely complex microstructure that combines good
mechanical, thermal, chemical, and electrochemical properties [108–111].

The phrase “high entropy” describes the system’s high configurational entropy, which
is the outcome of mixing several different components. This opens the door to the creation
of new solid-solution phases, including HCP, BCC, and FCC structures [112]. Despite the
existence of many major elements, one of the main features of HEAs is their ability to create
single-phase solid solutions. In contrast, secondary phases are frequently formed by extra
components in typical alloys. Strength and hardness are boosted by the huge number of
elements in HEAs, which stabilizes the solid solution phase at room temperature [113,114].
One of the popular, effective modern methods to prepare HEAs is mechanical alloying [110].
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A graphical representation of preparing HEAs by the ball-milling method is depicted in
Figure 20.

Figure 20. Graphical representation of ball milling of HEA and the fabrication of HEA-MCPE [30].

Figure 21a,b depicts the XRD and SEM images of ball-milled HEAs for 15 h from
0 h [30]. It has several advantages over traditional metallurgical methods. HEAs exhibit
high mechanical strength, toughness, ductility, high resistance to corrosion, heat, and wear,
and excellent magnetic, electrical, and electrochemical properties. Therefore, they are
mainly used in aerospace, energy, coating, biomedical, defense, and automatic sectors.
However, HEAs still have enormous potential to overcome many of the drawbacks of
conventional alloys, like defining the phase diagrams, low cost, product designing, etc., and
open the door to new technological advancements, as long as research and development
continue. One of the recent novel applications of HEA is as an "electrocatalyst" to determine
various dyes and bioactive compounds by cyclic voltammetry. Very few articles have been
published about the electrocatalytic properties of HEAs to investigate redox reactions of
various compounds, and we have reviewed a few of them and discussed how HEA plays
an important role in acting as AA, methyl orange, and MB sensors.

6.2. Electrochemical Determination of AA

We discussed the importance, properties, applications, and effects of AA on human
health earlier in this review article. We will discuss how HEA will help to determine the
AA. Shashanka et al. [30] reported the excellent electrochemical properties of HEA powders
and their potential use as an AA sensor. They have studied the effect of HEA as a modifier
in the CPEs by varying the concentrations of the HEA during the electrochemical oxidation
of AA. Among 2, 4, 6, 8, and 10 mg of modified HEA-MCPE, 8 mg of HEA-MCPE has
shown an excellent current response, as shown in Figure 22a, and the CV of BCPE and
HEA-MCPE in Figure 22b, respectively.

Using the Nernst equation, they determined the active surface area of HEA-MCPE and
BCPE, which came out to be 0.0027 cm2 and 0.0014 cm2, respectively; this means that after
the modification of CPE, its active surface area increased almost 2 times. This will increase
the reactive sites and increase the mobility of electrons between the electrode and the AA.
Therefore, always MCPEs will show a higher current response than BCPEs in most of the
analytes. CVs obtained for the variation in pH and concentration of the AA are shown in
Figure 23a and Figure 23b, respectively [30].

As per the figure, as the PBS pH increases from 6 to 8, the Epa is decreasing. On the
other hand, concentration variation studies reveal that an increase in the concentrations
of AA increases the Ipa linearly. At last, they have concluded that the manufactured
HEA-MCPE has demonstrated excellent sensitivity and selectivity in identifying AA. In the
medical field, the current electrode may be used as a sensor to diagnose disorders caused
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by AA deficiency. They have reported that the diffusion phenomenon controls the electrode
processes that occur during the electrochemical oxidation of AA.

Figure 21. (a) XRD and (b) SEM of 0 to 15 h ball-milled HEA powders with regular time intervals [30].

Figure 22. (a) Ipa at various concentrations of HEA-MCPE, (b) CV of BCPE, and 8 mg HEA-
MCPE [30].
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6.3. Electrochemical Determination of Methyl Orange

Shashanka et al. [31] have reported the use of HEA powders as a modifier in CPEs
to determine methyl orange using CV. Figure 24 is the pictorial representation of the
experiment carried out in the article [31].

Figure 23. CVs electrochemical oxidation of AA using HEA-MCPE at different (a) pH of PBS and
(b) concentrations of AA analyte [30].

Figure 24. Pictorial representation of fabrication of HEA-MCPE and the electrochemical oxidation of
methyl orange [31].

As seen in Figure 25a, they synthesized 2, 4, 6, 8, and 10 mg of HEA-MCPE and
noted the corresponding Ipa achieved for the electrochemical oxidation of methyl orange.
The graph indicates an increase in surface area and reactive sites up to 8 mg HEA-MCPE,
followed by a decrease at 10 mg HEAMCPE. It also shows a rise in Ipa till 8 mg HEA-MCPE,
after which it abruptly declines. Figure 25b depicts the over plot of CVs of a blank (without
the analyte methyl orange), BCPE, and HEA-MCPE. There is an increase of 4 times the
Ipa of 8 mg HEA-MCPE compared to BCPE. The pH studies revealed the participation of
protons in the electrochemical oxidation of methyl orange and the calculated number of
protons is 2.

The CV obtained for different pH solutions is shown in Figure 26a and its linear regres-
sion equation obtained is as follows: Ep (V) = 1.1452 − (0.060) pH (V/pH) (R2 = 0.9980).
The reported slope obtained after plotting a graph of Epa vs. pH is 0.0603 and the value is
very close to the Nernst relation value of 0.059 V/pH. This confirms the participation of an
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equal number of electrons and protons during the electrochemical reaction. They have also
performed the variation of the scan rate and the methyl orange and reported their effect on
the Ipa of methyl orange, and their respective CVs are shown in Figure 26b,c. Using the Ipa
values of Figure 26c, the authors have calculated the LOD and LOQ, and the values were
found to be 1.14 nM and 3.8 nM, respectively. The investigations related to the effect of
interferents, stability, reproducibility, and repeatability have shown excellent temperament
of the HEA-MCPE. This HEA-MCPE can be a potential candidate in the future to detect
methyl orange in wastewater, food products, etc. [31].

Figure 25. (a) Graph of respective Ipa reported at different concentrations of HEA-MCPE, (b) CV of a
blank (without the analyte methyl orange), BCPE, and HEA-MCPE [31].

Figure 26. CVs of electrochemical oxidation of methyl orange using HEA-MCPE at different (a) PBS
of pH, (b) scan rates, (c) concentrations of methyl orange analyte [31].

6.4. Electrochemical Determination of Methylene Blue

The accuracy, selectivity, sensitivity, repeatability, and reproducibility are further
increased by modifying the CPE with ball-milled HEA powders. Shashanka et al. [32]
prepared different concentrated HEA-MCPE (2, 4, 6, 8, and 10 mg) and recorded the
respective Ipa during the electrochemical redox reaction of the MB and its graphical
experimentation is as given in Figure 27 and the Ipa plotted the graph concerning different
modifier concentration is as shown in Figure 28a. Among all, 4 mg HEA-MCPE has shown
a maximum current response than others. Figure 28b indicates the CVs of BCPE and the
4 mg HEA-MCPE, and from the figure, it is confirmed that the Ipa of HEA-MCPE is 5 times
more than the Ipa of BCPE. Therefore, they have used 4 mg HEA-MCPE for further studies.

Figure 29a depicts the CV of MB oxidized at different PBS of pH 6 to 7.6 at a scan
rate of 100 V/s. Authors have plotted the Epa vs. different pH and their plot follows the
linear regression equation as follows: Ep (V) = 0.5235 − (0.0651) pH(V/pH) (R2 = 0.9938).
This confirms that the electron mobility during the electrochemical redox reaction of MB
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mainly depends upon the protons. The slope obtained is 0.0651 and it is almost equal to
the theoretical standard value of 0.059 V/pH. On the other hand, Figure 29b shows the CV
obtained at different concentrations and the Ipa increases linearly. According to the results
obtained during the scan rate variations, the mass transfer process is diffusion-controlled.
They concluded that the prepared HEA-MCPE might be potentially used as an electrode to
detect different dyes, medications, hazardous heavy metals, pesticides, etc. This will give
metallurgists and mechanical engineers a new field of study to use different alloy powders
for a range of electrocatalytic applications.

Figure 27. Pictorial representation of fabrication of HEA-MCPE and the electrochemical oxidation of
MB [32].

Figure 28. (a) Plot of Ipa vs. different concentrations of HEA-MCPE, (b) CV of BCPE, and 4 mg
HEA-MCPE [32].
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Figure 29. CVs of electrochemical redox reaction of MB under HEA-MCPE at different (a) PBS of pH,
(b) concentrations of MB analyte [32].

7. Shape-Memory-Alloy-Modified Carbon Paste Electrode (SMA-MCPE)

7.1. Introduction to Shape-Memory Alloys (SMAs)

A special class of metallic materials known as shape-memory alloys (SMAs) can revert
to a predetermined shape in response to a specific stimulus, like heat. They are categorized
as “smart materials” because of their exceptional characteristics [115,116]. When exposed
to stress or temperature fluctuations, SMAs go through a phase transformation that allows
them to regain their former structure. One of the main characteristics of SMAs is this phe-
nomenon, which is known as the shape-memory effect [117–120]. Although nickel–titanium
(NiTi) alloys are widely used SMAs, other alloys, including copper–aluminum–nickel (Cu-
Al-Ni) and iron-based SMAs, are also used as SMAs. NiTi alloys are also called nitinol
and they undergo the reversible phase transition between a low-temperature and a high-
temperature phase. The phase transformation mainly depends upon the temperature and
they exhibit superelasticity, high damping capacity, excellent electrochemical properties,
biocompatibility, fatigue resistance, etc. [116–120]. Therefore, they are used in stents, sur-
gical instruments, orthodontics, actuators, automotive, aerospace, electronics, defense,
microelectromechanical systems (MEMS), and electrochemical sensor applications.

7.2. Preparation of Shape-Memory Alloys (SMAs) by Mechanical Alloying

Shape-memory alloys can have their qualities improved and customized with the help
of mechanical alloying. It makes it possible to precisely manipulate the microstructure
and composition of the material, which can result in enhanced performance in a variety
of demanding applications, superelasticity, and increased shape-memory effects [33]. If
we control the basic ball-milling issues like oxidation and phase stability and perform
milling optimization before the start of the actual milling, then we can fabricate high-
quality nitinols. Mechanically alloyed nitinols possess excellent porosity, high surface area,
and surface energy; therefore, nitinols could be potential electrocatalysts. If we disperse
the elements like Hf, Cu, carbon nanotubes, and graphenes in small amounts to NiTi
composition, then their properties will be improved further.

7.3. Electrochemical Determination of Dopamine

Shashanka et al. [33] investigated the electrocatalytic properties of ball-milled nitinols
dispersed with Hf, and the graphical representation of the whole experiment starting from
the milling to fabrication of NiTiHf-MCPE is shown in Figure 30. They have investigated
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the phases present in the alloy at different milling times from 0 to 20 h by XRD and it is
given in Figure 31. As per the XRD, we believe 20 h of milling time is required to obtain
highly refined SMA powders. Similarly, the progress of milling at different milling times is
further investigated by SEM and EDS analysis as shown in Figure 32. The figure confirms
the gradual decrease in the particle size from 0 to 20 h of ball milling with the irregular
shape of the powders.

Figure 30. Pictorial representation of whole experiment starting from the milling to fabrication of
NiTiHf-MCPE [33].

Figure 31. XRD of ball-milled NiTiHf powders [33].
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Figure 32. SEM and EDS analysis of ball-milled NiTiHf powders [33].

Initially, Shashanka et al. [33] investigated the electrocatalytic properties of NiTiHf-
MCPE and found no remarkable increase in the current response; therefore, they elec-
tropolymerized the MCPE with methyl orange and studied their electrocatalytic properties
in determining dopamine. After the process of electropolymerization, their current re-
sponse increased from 40 to around 54 μA. Figure 33a shows the electropolymerized
voltammograms after electropolymerized NiTiHf-MCPE with 1 mM methyl orange (MO)
at a pH of 7 in 0.2 M phosphate buffer solution (PBS). For up to 20 cycles, the polymerization
was carried out at a scan rate of 0.1 V/s and a potential range of 0.3 V to 1.2 V, respectively.
It was verified by the voltammograms that a linear increase in Ipa could be seen as the
number of cycles increased from 1 to 20; this is because a methyl orange monomer forms a
polymer. The polymerization process enhances the NiTiHf-modified electrode’s surface
area, reactive sites, selectivity, and sensitivity in addition to raising the oxidation peak
current. Figure 33b shows the CVs of electrochemical redox reactions of dopamine in BCPE,
NiTiHf-MCPE, and poly(MO)-NiTiHf-MCPE, respectively. From the figure, it is confirmed
that the electropolymerized MCPE has shown a maximum current response than the other
two electrodes. Later authors calculated the active surface areas of BCPE, NiTiHf-MCPE,
and poly(MO)-NiTiHf-MCPE using the Nernst equation, and the values were found to be
0.044, 0.089, and 0.098 cm2, respectively. This shows the importance of modification and
electropolymerization of the electrodes [33].

Figure 33c represents the effect of pH on the redox reaction of dopamine using
poly(MO)-NiTiHf-MCPE, and it confirms the shifting of Epa to higher values linearly
with the increase in the pH from 5 to 7.5. This confirms the participation of protons during
the electrochemical redox reaction of dopamine. The linear regression equation for this
study is as follows: Ep(V) = 0.1812 − (0.0591) pH (V/pH) (R2 = 0.9984).

This linear regression equation demonstrates that during the redox reaction of
dopamine, the electron mobility is mostly dependent on H+ [121]. The obtained slope of
0.0591 V/pH is extremely near to the conventional value of 0.059 V/pH. This demonstrates
that the redox reaction of dopamine involves the same number of protons and electrons,
which is determined to be two electrons and two protons. Figure 33d shows the CV of
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dopamine at different scan rates from 0.025 to 0.4 V/s at poly(MO)-NiTiHf-MCPE. It shows
an increase in the IPA with the increase in scan rate. The possible electrochemical oxidation
of dopamine on the surface of poly(MO)-NiTiHf-MCPE is shown in Figure 34. Authors
have also studied the effect of interferents, repeatability, stability, and reproducibility of
poly(MO)-NiTi–MCPE during the electrochemical redox reaction of dopamine and they
have reported excellent results [33]. They have also determined dopamine and FA si-
multaneously using the same poly(MO)-NiTi–MCPE and concluded that this electrode
could be a potential candidate to determine various bioactive molecules individually or
simultaneously in real samples. Table 1 depicts the comparison of experimental results of
different types of alloy-MCPE during the determination of various analytes.

Figure 33. (a) CV after electropolymerized NiTiHf-MCPE with 1 mM methyl orange (MO) at a pH
of 7 in 0.2 M phosphate buffer solution (PBS), (b) CV of electrochemical reaction of dopamine at
BCPE, NiTi-MCPE, and poly(MO)-NiTiHf-MCPE, respectively; CVs of electrochemical redox reaction
of dopamine using poly(MO)-NiTiHf-MCPE at different (c) PBS of pH, (d) scan rates [33].

Table 1. Comparison of experimental results of different types of alloy-MCPE during the determina-
tion of various analytes.

Modifiers Used
Electrochemical
Technique

Analyte
Determined

Important Findings References

Fe-18Cr-13Ni
(stainless steel) CV Folic Acid

Electrode reactions were adsorption
controlled. Current sensitivity of
17.32 μA was recorded.

[29]
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Table 1. Cont.

Modifiers Used
Electrochemical
Technique

Analyte
Determined

Important Findings References

Duplex stainless steel CV Ascorbic Acid The stainless steel showed good
current sensitivity of 143.52 μA. [25]

Duplex stainless steel CV Uric Acid The stainless steel showed good
current sensitivity of 19.36 μA. [25]

Duplex stainless steel CV Dopamine The stainless steel showed good
current sensitivity of 25.61 μA. [25]

Yttria dispersed
Fe-18Cr-13Ni CV Ascorbic Acid The stainless steel showed good

current sensitivity of 370 mV. [24]

Yttria dispersed
duplex stainless steel CV Uric Acid The stainless steel showed good

current sensitivity of 31.01 μA. [24]

Yttria dispersed
duplex stainless steel CV Dopamine The stainless steel showed good

current sensitivity of 28.48 μA. [24]

23Fe-21Cr-18Ni-20Ti-
18Mn (HEA) CV Ascorbic Acid

For the concentration of 8 mg
modifier, a maximum peak current
of 104.07 μA was measured. For
the high-entropy-alloy-modified
carbon paste electrode and the
bare carbon paste electrode, the
active surface areas for the electron
transfer process of ascorbic acid
are calculated to be 0.0014 cm2

and 0.0027 cm2, respectively.

[30]

25Fe-19Cr-19Ni-18Ti-
19Mn high-entropy
alloy

CV Methylene
Blue

The anodic peak current of 508.4 μA
was displayed by the 4 mg
high-entropy-alloy-modified
carbon paste electrode, while only
99.74 μA was displayed by the
bare carbon paste electrode. This
significant anodic peak current
difference between the two
different electrodes have
demonstrated the value of the
the modifier in enhancing the
electrode sensor’s sensitivity,
robustness, and selectivity.

[32]

2507 super duplex
stainless steel CV Ascorbic Acid

BCPE has shown an anodic peak
current of 22.5 μA and 4 mg
SDSS-MCPE has recorded 37.2 μA
of anodic peak current during the
electro-oxidation of 1 mM AA. LOD and
LOQ were calculated to be 2.06 nM and
6.8 nM, respectively.

[26]

poly (methyl orange)
shape
memory alloy

CV Dopamine

The calculated active surface area for
BCPE, NiTiHf-MCPE, and the poly(MO)-
NiTiHf-MCPE were found to be 0.044,
0.089, and 0.098 cm2, respectively. LOD
and LOQ were calculated to be 5.55 μM
and 18.45 μM, respectively.

[33]
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Table 1. Cont.

Modifiers Used
Electrochemical
Technique

Analyte
Determined

Important Findings References

23Fe-21Cr-18Ni-20Ti-
18Mn CV Methyl

Orange

MO oxidizes at 700 mV. The calculated
electrode surface area of BCPE and
HEAMCPE was found to be 0.0546 and
0.4439 cm2, respectively. The LOD
obtained is 0.080 μM.

[31]

Figure 34. Possible electrochemical oxidation scheme of dopamine at poly(MO)-NiTiHf-MCPE [33].

8. Challenges and Future Perspectives

Although using nanostructured-alloy-modified CPEs for electrochemical sensing has
several benefits, there are drawbacks as well:

� Reproducibility: Because of differences in how nanostructured alloys were prepared
and how the nanoparticles were distributed in the past, it might be difficult to achieve
similar performance across several sensors.

� Interference from Biological Matrices: Measurement accuracy may be impacted by
the presence of interferents in complex biological samples, such as blood or urine. To
reduce these interferences, sophisticated sensor designs and adjustments are required.

� Long-term Stability: Although nanostructured alloys are generally durable, oxida-
tion and other causes may cause them to perform worse over time, which could
compromise the sensors’ long-term dependability.

By creating more reliable, repeatable electrode modification methods, improving
sensor selectivity through sophisticated material design, and combining electrochemical
sensors with portable devices for real-time applications, future research will probably
concentrate on overcoming these obstacles.
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9. Conclusions

Alloys are the perfect candidates for electrochemical sensing because of their excep-
tional conductivity and biocompatibility as electrocatalysts. Their catalytic qualities enable
the oxidation or reduction of analytes at lower applied potentials, while their large surface
area enables the effective adsorption of biomolecules. Selectivity and sensitivity towards
particular analytes can be enhanced by the synergistic effects of alloys. Furthermore, the
presence of nanostructured alloys on the electrode surface enhances the sensor’s selectivity
by enabling improved resolution of overlapping signals. These sensors are an important
tool for environmental monitoring since they can identify minute levels of contaminants,
harmful compounds, bioactive molecules, amino acids, and other substances in soil or
water samples. The sensitivity of the sensor is raised by the significantly greater surface
area that the nanoscale size of metal particles offers for the adsorption of target molecules.
Because of their superior conductivity, these alloys—MCPE—produce more accurate and
timely reactions by accelerating electron transport. They are also more durable and robust,
which ensures that the sensors will perform effectively even under harsh circumstances
and after extended use. Given the ongoing advancements in material science and sensor
design, these modified electrodes are anticipated to play a key role in the development of
next-generation diagnostic tools and environmental monitoring systems.
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Abstract: Although platinum-based catalysts are highly effective for the oxygen reduc-
tion reaction (ORR) in proton exchange membrane fuel cells (PEMFCs), their high cost
and scarcity limit large-scale commercialization. As a result, platinum group metal-free
catalysts—particularly Fe-N-C materials—have received increasing attention as promising
alternatives. Despite significant progress, no platinum-group metal-free (PGM-free) cata-
lyst has yet matched the performance and durability of commercial Pt/C in acidic media.
Recent advances in synthesis strategies, however, have led to notable improvements in
the activity, stability, and active site density of Fe-N-C catalysts. This review highlights
key synthesis approaches, including pyrolysis, MOF-derived templates, and cascade an-
choring, and discusses how these methods contribute to improved nitrogen coordination,
electronic structure modulation, and active site engineering. The continued refinement
of these strategies, alongside improved catalyst screening techniques, is essential for clos-
ing the performance gap and enabling the practical deployment of non-PGM catalysts in
PEMFC technologies.

Keywords: ORR; PGM-Free Catalysis; PEMFC; Fe-N-C

1. Introduction

To limit the effect of climate change in the future, it is essential that major changes in
sectors producing massive amounts of greenhouse gases are made, with the transportation
sector being one of these areas. A total of 98% of the vehicles registered in the US in 2022
were gasoline vehicles [1]. These engines produce a vast amount of air pollution and
require gasoline, which is fuel made from non-renewable crude oil and other petroleum
liquids [2]. A typical internal combustion-powered vehicle emits about 4.6 metric tons of
carbon dioxide per year, and 400 g of CO2 per mile is emitted by a passenger vehicle [3].
The greenhouse effect is the process where heat is trapped near the Earth’s surface due
to greenhouse gases such as carbon dioxide and methane [4]. The greenhouse effect that
greenhouse gases produce has led to a rapidly increasing surface temperature, which has
caused sea levels to rise, extreme weather patterns, and habitat destruction [5]. Additionally,
crude oil reserves are set to run out in approximately 50 years [6]. Carbon dioxide is at the
highest levels ever recorded in the atmosphere and is a leading contributor to the climate
change crisis. The reduction of emissions that would result from the reduced consumption
of petroleum is integral to maintaining the integrity of our environment [7].

A fuel cell electric vehicle (FCEV) operating on hydrogen only emits water vapor
and does not directly emit any CO2 [3]. Since PEMFC-powered vehicles rely solely on
hydrogen gas, the production method used to obtain it is the determining factor in the
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CO2-equivalent emissions of a PEMFC-powered vehicle [8]. Another limiting factor of
PEMFCs is the amount of hydrogen available for use in the transportation sector and
the limited infrastructure for refueling stations [9]. Increasing the amount of hydrogen
produced annually would allow for the expansion of the emission-free vehicle market. The
switch to emission-free vehicles would result in increased vehicle efficiency and reduce the
sheer volume of petroleum used in the transportation sector. Competition with internal
combustion engine vehicles lies in the cost, accessibility, and durability of PEMFC-powered
vehicles [10].

Previous and current generations of commercial FCEVs use Pt/C and Pt-Co/C cata-
lysts, respectively. As of 2021, the commercial Toyota Mirai Pt-Co/C catalyst reported a Pt
loading of 0.33 mgPt cm−2 for the cathode [11]. Pt-Co/C catalysts, while highly efficient
under optimized conditions, are susceptible to performance losses due to carbon monoxide
(CO) poisoning and ionomer interaction issues. Their effectiveness depends heavily on
precise control of the Pt shell thickness, crystal structure, and the architecture of the carbon
support, which must balance accessibility for reactants with protection against ionomer
poisoning. Although innovations like mesoporous carbon supports (e.g., HSC-f) have im-
proved Pt utilization and reduced loading requirements, these systems still face limitations
related to CO tolerance and mass transport under certain conditions [12]. This reliance
on high Pt loading is especially problematic in high-temperature PEMFCs (HT-PEMFCs),
where loadings often exceed 1.0 mg Pt/cm2 due to challenges like electrolyte flooding and
anion adsorption, which further highlights the need for more CO-tolerant and cost-effective
alternatives [13].

In contrast, Fe-N-C catalysts have emerged as a promising class of PGM-free materials
for the oxygen reduction reaction (ORR) [14,15]. These catalysts typically feature atomically
dispersed Fe-N4 moieties coordinated within a nitrogen-doped carbon matrix. While they
offer notable cost and performance advantages, challenges remain in achieving long-term
durability in acidic PEMFC conditions, clearly identifying the active sites, and mitigating
structural degradation over time. These structure–performance limitations are discussed
in greater detail in the Synthesis Strategies Section of this review. These catalysts exhibit
strong intrinsic tolerance to CO poisoning, making them more robust under practical fuel
cell operating conditions where impurities are present, including trace CO potentially
introduced through reformate use or ambient air exposure in real-world environments [16].
Moreover, Fe-N-C materials offer a significant cost advantage and can be synthesized
with tunable porosity and active site distribution, supporting efficient mass transport and
catalytic activity without the need for scarce and expensive noble metals [14]. This makes
Fe-N-C catalysts an attractive and sustainable alternative to Pt-Co/C systems for future
fuel cell applications.

This review provides a focused assessment of Fe-N-C catalysts specifically within
the context of FCEV deployment, emphasizing their structural characteristics, synthesis
strategies, and tolerance to air-derived impurities like CO. By directly comparing these
materials to commercial Pt-based catalysts and highlighting recent advances in Fe-N-C
performance under acidic PEMFC conditions, this work aims to bridge a critical gap in the
literature and support the development of durable, cost-effective PGM-free alternatives for
transportation applications.

2. Fundamental Aspects of Fuel Cells and ORR

Proton exchange membrane fuel cells (PEMFCs) directly convert the chemical energy
in hydrogen to electricity with pure water and heat as byproducts. Specifically, a hydrogen
fuel cell is an electrochemical cell that uses a spontaneous redox reaction to produce current.
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The two sandwiched electrodes with an electrolyte, shown in Figure 1, are the anode and
the cathode. All potentials reference the Standard Hydrogen Electrode (SHE), which is
defined as 0 V under standard conditions (1 atm H2, 1 M H+, 25 ◦C). The half-cell and
general redox reactions are as follows:

Anodic Reaction (Hydrogen Oxidation Reaction)
H2 → 2H+ + 2e− Eo

a = 0V (vsSHE)
Cathodic Reaction (Oxygen Reduction Reaction)
O2 + 4H+ + 4e− → 2H2O Eo

c = 1.23V (vsSHE)
Overall Reaction

2H2 + O2 → 2H2O Eo = 1.23V (vsSHE)

where the standard electromotive power is 1.23 V, and Eo
a , and Eo

c are the anodic and
cathodic standard electromotive force, respectively.

Figure 1. Diagram of a proton exchange membrane fuel cell.

Catalysts facilitate the overall reaction between hydrogen fuel and oxygen from the
air to produce water vapor. Without a catalyst, the reaction would not be able to produce a
usable amount of electricity [17]. As the cathode has sluggish reaction kinetics and catalyst
stability issues, our focus will be on the cathode-side reaction (oxygen reduction reaction)
and its catalyst.

Oxygen Reduction Reaction

With the oxygen molecule converting into water with an overall four-electron transfer,
it is highly exothermic. However, since 1.23 V is required to enable this reaction, it is
hard to enable this reaction with sluggish kinetics without a suitable catalyst. A catalyst is
needed to lower the amount of potential required to make this reaction occur. The oxygen
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reduction reaction can occur in a direct four-electron transfer or a series of two-electron
transfers and is shown below for acidic media [17]:

Direct Pathway
O2 + 4H+ + 4e− → 2H2O Eo = 1.23V (vsSHE)

Series Pathway
O2 + 2H+ + 2e− → H2O2 Eo = 0.69V (vsSHE)

H2O2 + 2H+ + 2e− → 2H2O Eo = 1.77V (vsSHE)

The direct pathway is the most favorable as it involves the breaking of the O-O bond
of the oxygen molecule and provides the most released free energy. For complete oxygen
reduction, the catalyst should be able to generate H2O from O2 through the direct pathway
with minimal H2O2 production. The series pathway discharges nearly half of the free
energy compared to the direct pathway because of the high energy required to break the
O-O bond. The series pathway introduces harmful free radical species into the electrolyte
while also providing lower energy conversion efficiency [17].

3. Synthesis Strategies and Material Design of Non-PGM ORR Catalysts

Expensive platinum-based catalysts are currently used on both electrodes of a proton
exchange membrane fuel cell (PEMFC). On top of being expensive and precious, platinum-
based catalysts are not considered perfect for both electrodes (the cathode and the anode).
The cathode suffers from sluggish ORR kinetics, which leads to declining activity, methanol
crossover, and CO poisoning effects [18–20]. The cathode reaction involves the reduction
of an oxygen molecule and has been a major barrier to the development of economically
enticing technology [19]. This poor ORR activity and low stability, coupled with the high
price of platinum catalysts, limit the mass commercialization of PEM fuel cells with the
current technology. Over the last few decades, much research has been undertaken to find a
suitable alternative that offers the same, if not better, integrity and stability as the standard
platinum-based catalysts [21]. Finding a suitable alternative to platinum-based catalysts has
been a great challenge since no catalyst has currently surpassed platinum-based catalysts in
integrity, stability, and oxygen reduction (ORR) performance [22,23]. Many platinum-free
metal-based catalysts have been investigated to find a catalyst that can balance between
ORR activity, electron conductivity, stability, and O2 transport [24,25]. The most common
categories of PGM-free catalysts for acidic ORR include iron–nitrogen–carbon (Fe-N-C) [26],
carbon-based [27], and other molecular catalysts [28,29]. Studies showing Fe-N4 moieties or
Fe-N4 coordination environments have been shown to have particularly high ORR activity,
and well-defined Fe-N bonding sites serve as highly active and stable centers [30,31]. Beyond
the density of Fe-Nx sites, their accessibility and exposure at the catalyst surface play a critical
role in determining ORR activity. These structures are common across both Fe-N-C materials
and molecular macrocycles, offering a strong link between heterogeneous and homogeneous
catalyst design [32]. Q. Wang et al. demonstrated that lower catalyst loading led to increased
H2O2 yield, indicating that inner Fe sites are less utilized, likely due to mass transport or
site accessibility limitations [33]. This suggests that catalytic performance may be limited
not by the presence of Fe-Nx moieties but by their availability at the reaction interface. In
contrast, 2D catalysts, such as g-FePc [28], may suffer less from these limitations due to their
atomically thin structure, which could facilitate greater exposure of active sites and more
uniform utilization.
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3.1. Iron–Nitrogen–Carbon (Fe-N-C) Catalysts

Among the transition metal–nitrogen–carbon catalysts, Fe-N-C catalysts have been
shown to be the most promising for the oxygen reduction reaction due to their high activity
and economic value [34]. Various synthesis methods of Fe-N-C composites can differ in metal
loadings and active site densities. Some promising synthesis approaches include pyrolysis,
Fe-doped MOF precursors, wet impregnation, ball-milling, cascade anchoring strategies,
co-doping, and others. Fe-N-C synthesis strategies each offer trade-offs in activity, stability,
and scalability. Pyrolysis is essential for Fe-Nx site formation, though it can also lead to the
generation of inactive Fe species. In MOF-derived approaches, the MOF acts as a template
that, upon pyrolysis, yields materials with high surface area and atomic dispersion; however,
these methods can be complex and often result in low yields. Wet impregnation is scalable
but may suffer from poor site uniformity. Emerging methods like cascade anchoring improve
site accessibility but involve multi-step synthesis. Understanding these trade-offs is essential
for the rational design of future Fe-N-C catalysts, particularly as the field moves toward
optimizing site density, durability, and integration into practical MEA architectures.

Pyrolysis: Pyrolysis is one of the most common approaches for synthesizing Fe-N-C
composites. This was employed by Ao et al., as shown in Figure 2a, where they first freeze-
dried sodium chloride, dicyandiamide, D(+)-glucosamine hydrochloride, and anhydrous
iron (III) chloride in a vacuum before heating to 550 ◦C for 3 h and annealing at 800 ◦C
for another 2 h in an inert argon gas environment. Ao et al.’s synthesis yielded a Fe/N-
functionalized 3D porous carbon network, and ultrafine Fe4N nanoparticles were grown
in the carbon framework during pyrolysis [35]. Another pyrolysis approach in which
single Fe sites on N-doped porous carbon nanosheets were synthesized using a confined
pyrolysis strategy was employed by Z. Yang et al., as shown in Figure 2b [36]. By utilizing a
poly(ether imide) polymer as a carbon precursor and 1,10-phenanthroline (Phen) as a space
isolation agent, they were able to promote the full Fe transformation to single Fe atoms
without forming Fe nanoparticles. Specifically, cyanuric acid and melamine dispersed in
ethanol were filtered and then pyrolyzed at 550 ◦C for 6 h to form C3N4 nanosheets, which
were then freeze-dried and heated to 100 ◦C for 1 h with ferrous chloride, the poly(ether
imide) polymer, and Phen to synthesize the final catalyst [36].

Figure 2. Fe-N-C catalyst preparation by (a) Ao et al. [35] (adapted with permission from Ref. [35];
copyright: 2013 Royal Society of Chemistry) and (b) Yang et al. [36] (adapted with permission from
Ref. [36]; copyright: 2019 American Chemical Society).

While these two examples are discussed in detail, pyrolysis is also widely used in other
synthesis strategies, including MOF-derived and support-assisted methods. MOF-derived
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catalysts, for instance, utilize metal–organic frameworks, like ZIF-8, as precursors, as men-
tioned in a separate section [37]. Upon pyrolysis, these frameworks decompose to form
nitrogen-doped carbon matrices embedded with atomically dispersed Fe-N4 sites [38,39].
This method benefits from the uniform distribution of metal centers and the inherent
porosity of MOFs, which can enhance mass transport and active site accessibility [40].
Support-assisted strategies, on the other hand, involve impregnating nitrogen-rich carbon
supports—such as carbon nanotubes or graphene—with iron precursors, followed by py-
rolysis [41,42]. This approach allows for better control over the morphology and electronic
properties of the resulting catalysts, as the characteristics of the support material can influ-
ence the dispersion and coordination environment of the active Fe sites [43]. Highlighting
the distinctions between these pyrolysis-based methods—such as MOF-derived, support-
assisted, and polymer-confined strategies—helps illustrate the wide range of structural
control and active site engineering possible in Fe-N-C catalyst synthesis.

Cascade Anchoring Strategy: Traditional pyrolysis synthesis offers relatively low
metal loadings (<5 at.%). To combat this low metal loading, strategies, such as cascade
anchoring, can be employed to increase metal loading up to 12.1 wt.%. This was achieved
by L. Zhao et al., who were able to produce a scalable synthesis with high metal-Nx loading.
As shown in Figure 3, the metal ions are first chelated using glucose as a chelating agent
before being anchored onto high-surface-area, oxygen-species-rich porous carbon supports
and pyrolyzed at ~500 ◦C to allow for maximized protection of the metal ions. From their
synthesis, they were able to determine that the chelation of metal ions, physical isolation of
the chelate complex, and N-species binding at increased temperatures were key factors in
achieving high-metal-loading single-atom catalysts (SACs) [44].

Figure 3. Cascade anchoring strategy employed by L. Zhao et al. to synthesize high-loading M-NC
SACs [44]. Reprinted with permission from Ref. [44]. Copyright: 2019 Springer Nature. Licensed
under CC BY 4.0 (http://creativecommons.org/licenses/by/4.0/ (accessed on 10 June 2025)).

Metal–Organic Frameworks: Hybrid crystalline materials, such as metal–organic frame-
works (MOFs), have become some common precursors for metal–nitrogen–carbon complexes.
Zeolitic imidazolate frameworks (ZIFs), which are a subclass of MOFs, contain N-filled ligands
and tetrahedral coordination metal ions and are a type of coordination polymer. As shown in
Figure 4, these ZIFs can be used as sacrificial templates to prepare nitrogen-doped carbon ma-
terials due to their nitrogen-rich composition. As employed by D. Zhao et al., metalated ZIFs
were synthesized by heating ZnO, N-containing ligands, and tris-1,10-phenanthroline iron(II)

190



Catalysts 2025, 15, 588

perchlorate (TPI) (as seen in Figure 4a) [37]. After pyrolization at 1050 ◦C, acid washing, and a
second 950 ◦C heat treatment, a final catalyst with a uniformly dispersed iron complex can be
formed. Even though there is a lack of porosity in some of the precursors, the pyrolyzed ZIF
catalysts are still able to have great surface areas. Ahluwalia et al. took a similar approach
using a similar Fe-ZIF precursor and pyrolyzing at 1100 ◦C [45]. Their synthesis yielded a
stable Fe-N-C catalyst with atomically dispersed Fe sites.

Figure 4. Chemical structures of (a) possible ligands and the iron additive (TPI) and the crys-
tal structures of (b) Zn(lm)2, (c) Zn(mlm)2 (the yellow balls represent void), (d) Zn(elm)2, and
(e) Zn(4ablm)2 [37]. Adapted with permission from Ref. [37]. Copyright: 2013 John Wiley and Sons.

As shown in Figure 5, another technique involving ZIFs and MOFs includes ball-
milling. Zhan et al. used this approach to create bamboo-like carbon nanotubes (BLCNTs)
with dispersed Fe-centered active sites (nitrogen-coordinated). Ball-milling NH2-MIL-88B
(iron source) and ZIF-8 (carbon source) precursors together destroys their crystal structure
and uniformly mixes them. Zhan et al. controlled the proportion of precursors and utilized
pyrolysis to control the morphology of the bamboo-like carbon nanotubes [46].

Figure 5. Schematic of the preparation of iron-containing bamboo-like carbon nanotubes [46].
Reprinted with permission from Ref. [46]. Copyright: 2020 American Chemical Society.

While MOFs, such as ZIFs, serve as sacrificial templates, they differ from traditional
templates like silica. In silica-based templating, the silica is removed after pyrolysis, usually
by acid etching, to generate porosity in the final material [47,48]. For example, Gianola
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et al. [47] highlighted how different silica removal methods, including acid-free approaches
developed by Atanassov’s group, influence catalyst porosity and performance. MOFs, on
the other hand, are not removed but instead undergo a transformation during thermal
treatment, forming part of the carbon-based framework and contributing directly to the
structure and functionality of the resulting catalyst [49].

Secondary Metals Present in Fe-N-C: To change/tune the electronic properties of
Fe-N-C catalysts, secondary metals or molecules are introduced into the carbon matrix.
G. Yang et al. explored atomically dispersed Mn-N in Fe-N-C [50], and Jin et al. explored
porous rod-like Bi-O structures [51]. A quick overview of their synthesis methods is
shown in Figures 6 and 7. These will not be discussed in depth as they are similar to
the synthesis methods discussed in the pyrolysis and metal–organic framework sections,
with the addition of Mn and Bi precursors. In the case of Mn-N incorporation, Yang et al.
reported that Mn atoms modulate the electronic environment around the Fe-N4 active sites,
resulting in a downshift of the d-band center of Fe. This downshift is described as electron
delocalization from the Fe3+ centers, shifting their spin state from low spin (t2g5 eg0) to
intermediate spin (t2g4 eg1), which enhances the overlap between Fe 3d orbitals and the
π antibonding orbitals of O2. Electronic tuning weakens the binding strength of oxygen
intermediates, enhancing the overall ORR kinetics and improving catalytic activity and
durability [50]. This type of electronic modulation is not unique to Mn; other secondary
metals and Fe-N-C systems have also been shown to influence the spin state and d-band
center of Fe, offering a versatile strategy to optimize catalytic performance [52].

Figure 6. Synthesis procedure for Fe,Mn/N-C catalyst, as prepared by G. Yang et al. [50]. Figure
adapted with permission from Ref. [50]. Copyright: 2021 Springer Nature. Licensed under CC BY 4.0
(http://creativecommons.org/licenses/by/4.0/ (accessed on 10 June 2025)).

Figure 7. Synthesis procedure for Fe/Bi-RNC catalyst, as prepared by Jin et al. [51]. Reprinted with
permission from Ref. [51]. Copyright: 2013 Royal Society of Chemistry.
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3.2. Molecular Catalysts on Carbon Supports

Materials such as carbon matrices, carbon nanotubes, and graphene have also been
studied independently for their application as cathode catalysts. Pristine graphene is
considered a semiconductor with no bandgap due to its sp2-bonded carbon atoms, which
limits application in energy storage and catalysis [53–55]. Through covalent bonding with
graphene, atoms such as fluorine (F), nitrogen (N), and boron (B) can be substitutionally
doped into graphene to disrupt the sp2 network and cause sp3-defect regions [27]. This
allows for the tuning of electronic properties and modification of surface chemistry. Fe-N-C
complexes and macrocyclic compounds can be combined with carbon matrices, carbon
nanotubes, and graphene to increase ORR activity and overall stability. Combining these
materials in their pristine and modified (doped/exchanged) varieties has proven to be bene-
ficial and favorable towards ORR activity and stability. Incorporating Fe-based macrocycles,
like FePc, into conductive supports, such as graphene or CNTs, improves site dispersion
and electron conductivity, leading to increases in onset potential by up to ~50 mV and
2–3× higher limiting current densities compared to unsupported counterparts [28,56–58].
In some cases, onset and half-wave potentials approach those of commercial Pt/C catalysts
(e.g., ~0.92 V vs. RHE) [28], with enhanced stability, where over 90% of the initial activity is
retained after 10,000 cycles in acidic media [59–61]. This approach also enables fine-tuning
of the Fe coordination environment through ligand exchange or heteroatom doping of the
carbon host, further enhancing ORR kinetics and promoting the desirable four-electron
reduction pathway. First, doping of graphene and carbon nanotubes will be discussed
before moving on to phthalocyanines and porphyrins that are commonly supported by
these carbon-based structures as they prevent aggregation and can supply supplementary
electron sites [28].

Doping of Graphene and Carbon Nanotubes: Dopants play a large part in the catalytic
activity and electronic properties of carbon-based materials. Atomic-scale substitution
can redistribute local strain within a catalyst particle, altering the energetic stability of
surface configurations and potentially exposing more catalytically active sites. As shown by
Husic et al., even a single dopant atom can trigger solid–solid transitions or shift structural
preferences, leading to surface reconstructions that affect site accessibility and stability [62].
As mentioned in a previous section, sp3-defect regions can be generated in the sp2 network
of graphene by introducing substitutional dopants, such as nitrogen (N) and boron (B).
Though other atoms such as phosphorus (P) and sulfur (S) can also be doped into the
graphene matrix, they are not as similar in size to carbon as N and B atoms and would
disrupt the matrix to a much higher degree and deform the planar nature of graphene [27].
With relatively low doping percentages of <3 at.%, the electronic, magnetic, and optical
properties in graphene can be greatly influenced due to the polarization that is created by
the differences in electronegativity. Nitrogen and boron are common graphene dopants due
to their similarity in size and electronegativity to carbon and have been studied intensively
for various applications. Nitrogen-doped graphene has been successfully synthesized using
thermal annealing, chemical vapor deposition (CVD), solvothermal synthesis, supercritical
reaction, arc discharge, plasma, nitrogen bombardment, and ball-milling processes at
doping concentrations between 0.6 and 16 at.% [27,52,63–65].

As shown in Figure 8a, nitrogen-doped graphene is made of various types of nitrogen
in the graphene matrix, including pyridinic (sp2-hybridized at edge sites), pyrrolic (sp3-
hybridized), and graphitic (sp2-hybridized in the graphene matrix). Sun et al. mention that
pyridinic and pyrrolic N allow for improved pseudo-capacitance and that graphitic N en-
hances conductivity (favoring electron transport during the charge/discharge process) [66].
The most common precursors for nitrogen-doped graphene include graphene or graphene
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oxide and a nitrogen-containing molecule such as NH3. Boron-doped graphene for the
application of ORR is slightly less common but does have a more energetically favorable
formation energy of ~5.6 eV/atom (compared to 8.0 eV/atom for nitrogen-doping) [67].
Boron-doped graphene has been successfully synthesized using chemical vapor depo-
sition (CVD), thermal annealing, thermal exfoliation, liquid process, arc discharge, and
microwave plasma, and the Wurtz-type reductive coupling reaction processes dopant con-
centrations between 0.5 and 13.85 at.%. As shown in Figure 8b, two types of stable boron
doping are possible in the boron-doped graphene. These include in-plane doping of boron
(graphitic), which is sp2-hybridized, and the formation of a “boron silane”, which is where
B atoms are located in a π-conjugated system [68]. Borane silane atoms have only been
present in one synthesis method (CVD). The most common precursors for boron-doped
graphene include graphene oxide and a boron-containing molecule, such as boron powder,
BH3-tetrahydrofuran (BH3-THF), boron tribromide (BBr3), and diborane (B2H6). The many
available synthesis techniques make both N- and B-doped graphene a great candidate for
the commercialization of fuel cells.

Figure 8. Schematic representations of the different dopant hybridizations of (a) nitrogen-doped
graphene [69] (adapted with permission from Ref. [69]; copyright: 2009 Springer Nature) and
(b) boron-doped graphene [70] (adapted with permission from Ref. [70]; copyright: 2012 John Wiley
and Sons).

As shown in Figure 9, there are different types of carbon nanotube supports: single-
walled, double-walled, and multi-walled nanotubes. The different types of carbon nan-
otubes behave differently from one another and provide support to other complexes
deposited onto them. Most researchers purchase double- and multi-walled nanotubes and
use them as received without any further purification step. However, in oxidative treat-
ments, they can be subjected to 35% HNO3 under reflux and heating conditions (100 ◦C)
for 12 h. Single-walled carbon nanotubes can be produced using a laser ablation technique
and can be purified to remove any amorphous carbon particles, which results in superficial
oxidation [71].

Figure 9. Schematic representation of (a) single-, (b) double-, and (c) multi-walled carbon nan-
otubes [72]. Adapted with permission from Ref. [72]. Copyright: 2021 Elsevier.
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Iron Phthalocyanine on Carbon Nanotubes: As shown previously in Figure 9, carbon
nanotubes can either be single-walled, double-walled, or multi-walled. However, catalyst
preparation tends to be the same no matter the type of carbon nanotube (CNT). Morozan
et al. were able to synthesize their catalysts by ultrasonicating a 1:2 w/w ratio of iron
phthalocyanine, which was dissolved in THF and CNT powder, and then, the THF was
evaporated off. Their proposed chemical representation of a hybrid catalyst for another
phthalocyanine they studied is shown in Figure 10a [73]. Govan et al. took a slightly
different approach by introducing eight cyano-ligand groups into their phthalocyanine, as
shown in Figure 10b, in an attempt to tune their catalyst [74]. Their synthesis also included
a physical deposition with sonication to ensure homogeneous dispersion in solution.

Figure 10. Schematic representations of (a) Morozan et al.’s catalyst [73] (reprinted with per-
mission from Ref. [73]; copyright: 2011 Elsevier) and (b) Govan et al.’s catalyst [74] (figure
adapted with permission from Ref. [74]; copyright: 2020 Elsevier; licensed under CC BY 4.0
(http://creativecommons.org/licenses/by/4.0/ (accessed on 10 June 2025)).

Iron Phthalocyanine on Reduced Graphene: Jiang et al. were able to synthesize iron
phthalocyanine supported on chemically reduced graphene by first synthesizing graphene
sheets through the partial reduction of graphene oxide, following the modified Hummers’
method. Then, by having both iron phthalocyanine and graphene dispersed in N,N-
dimethylformamide (DMF), they were able to incorporate iron phthalocyanine into the
graphene by stirring for 6 h and sonicating [28]. This catalyst and doped-graphene variants
were explored computationally by Helsel et al. and can be seen in Figure 11 [75–77].

Figure 11. Schematic representation of the GFePc catalyst, as explored by Helsel et al. [77]. Blue,
purple, cyan, and white represent N, Fe, C, and H, respectively. Reprinted with permission from
Ref. [77]. Copyright: 2023 Elsevier.

Iron Polyporphyrin: Polyporphyrins can offer a high density of iron macrocyclic
centers that are nitrogen-coordinated. Achieved successfully by Yuan et al., the overall
synthesis and polymerization are displayed in Figure 12. After these steps were taken to
synthesize the catalyst (PFeTTPP), it was thermally activated by being pyrolyzed from 600
to 1000 ◦C [29]. The simulated stacking of their catalyst is shown in Figure 12b.
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Figure 12. Synthesis steps and schematic representation of the (a) polymerization of PFeTTPP and
(b) the simulated stacking of PFeTTPP employed by Yuan et al. [29]. Red, blue, light blue, yellow
represents Fe, N, C, and S, respectively, with H not depicted for clarity. Reprinted with permission
from Ref. [29]. Copyright: 2013 John Wiley and Sons.

4. Performance Evaluation of Non-PGM Catalysts

To be able to experimentally characterize a catalyst for fuel cell applications, electro-
chemical measurements and/or fuel cell tests must be conducted. Papers that involve
purely computational work use a parameter called overpotential to quantify their catalyst’s
ORR activity. Research that involves mainly experimental work mostly utilizes a potentio-
stat, electrode rotator, and 3/4-electrode electrochemical cell to quantify parameters such
as onset and half-wave potentials. If equipped with an available fuel cell, some researchers
utilize actual fuel cell tests to obtain a better picture of the stability and practicality in
actual applications.

4.1. Electrochemical Characterization Techniques

Electrochemical testing for fuel cell catalysts typically employs a three-electrode config-
uration using a rotating disk electrode (RDE) or rotating ring–disk electrode (RRDE), with
the working electrode used to evaluate the catalyst. The working electrode is often glassy
carbon, while RRDE setups include a surrounding ring, commonly platinum. However, for
platinum-group metal-free (PGM-free) catalyst studies, platinum should be avoided as a
counter electrode due to the risk of contamination through Pt dissolution and redeposition.
Instead, graphite rods are preferred because they are chemically inert under typical elec-
trochemical conditions, minimizing the risk of introducing unwanted species that might
affect the catalyst’s performance [78]. A reference electrode provides a stable potential
(e.g., Ag/AgCl or saturated calomel), and reported values are commonly converted to the
reversible hydrogen electrode (RHE) scale for consistency [79]. The three/four electrodes
are arranged and then submerged in an acidic (<7 pH) O2-saturated electrolyte solution,
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which is typically 0.1 M HClO4 for Fe-N-C catalysts. Fe-N-C catalysts are susceptible to
poisoning by hydrochloric acid (HCl) as chloride ions strongly adsorb onto the Fe-Nx active
sites, blocking oxygen access and significantly reducing ORR activity [80]. The studied
mechanism, ORR, involves reducing oxygen. An O2-saturated electrolyte solution allows
for the reaction to occur without much resistance when certain voltages are applied.

Cyclic voltammetry (CV) is one of the most common electrochemical techniques in
studying the reduction and oxidation processes of a particular electrode, catalyst, or species.
In essence, cyclic voltammetry is where a range of potentials is swept in forward and reverse
directions. CV reveals the cathodic peak potential and the half-wave potential, which can be
calculated by taking the middle point between the cathodic and anodic peaks [81]. Linear
sweep voltammetry (LSV) is another common electrochemical technique used where the
potentials have a single forward sweep. Taking the intersection of two tangents on the
non-faradaic zone and faradic zone in an LSV allows for the determination of the onset
potential (Eonset) [82]. In order to study the kinetics and mechanisms involved in a glass
carbon electrode, a method such as Koutecky–Levich analysis must be used. The analysis
includes running multiple LSV sweeps at different rotation rates. This analysis reveals
the number of electrons (n) involved in the reaction mechanism, or which ORR pathway
the deposited catalyst takes [83]. Another key metric used to understand the activity of a
catalyst is the Tafel slope. Tafel slopes help elucidate the kinetics of a catalyst by aiding
the determination of the rate-limiting step, understanding its mass transport limitations,
and the efficiency of the catalyst [84]. Due to the nature of this review, Tafel slopes will not
be discussed, and reaction mechanisms can be deduced via the total number of electrons
transferred from the Koutecky–Levich analysis. Half-wave potential alone does not provide
a complete picture of ORR performance. Catalyst loading and mass activity (e.g., A mg−1

catalyst or A mg−1 Fe) are also critical metrics, especially when comparing selectivity
and minimizing the effect of artifacts, such as peroxide re-reduction in high-loading films.
Therefore, where possible, mass activity and loading information are highlighted in this
review to provide more accurate benchmarking.

When utilizing a full membrane electrode assembly (MEA) with a prepared catalyst,
the peak power density, along with the volumetric and gravimetric current densities, are
considered key performance metrics. These values can be measured from the current-
voltage polarization curves and power density tests. The values determined from the fuel
cell test are more realistic than purely the electrochemical measurements; however, the
cost, complexity, and time associated with operating a fuel cell, even in a lab setting, are
more expensive than the general electrochemical cell setup used for preliminary catalyst
screening [85].

Generally, to test the stability and durability of the studied catalyst on a lab scale,
chronoamperometry is used over the course of a few hours to a few days by holding the
electrode at a typical working potential for fuel cell operation, and then, current retention
is measured over this time frame. It is generally directly compared to a control commercial
Pt/C catalyst and can yield promising information regarding a catalyst’s stability [34].

4.2. Comparison of ORR Activity

Table 1 shows a table of the catalysts discussed in the previous synthesis method
section, along with a few key additions that were not discussed. The catalyst loadings are
either reported directly from the reference or were estimated from the given drop-casted
catalyst ink weights/volumes and estimated working electrode areas (denoted by ˆ in
Table 1). In the case of Fe-N-C-10/1-950 (BLCNTs) [46], the drop-casted volume was not
specified; therefore, the loading could not be calculated from the given data.
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Table 1. Comparison of loading, onset potential (Eonset), half-wave potential (E1/2), and number of
electrons (n) for various PGM-free catalysts. Loadings denoted with ˆ are estimated from the given
drop-casted catalyst ink weights/volumes and estimated working electrode areas. Entries in the
number of electrons column with * denote that n and %H2O2 formed was listed instead if present.

Environment Catalyst
Loading

(mgcat cm−2)
Electrolyte Eonset (V) E1/2 (V) n Ref.

Acidic NGr ˆ 0.71 0.1 M HClO4 0.84 0.58 * (13.4% H2O2) [86]
B, N-Gr ˆ 0.71 0.1 M HClO4 0.86 0.61 * (1.8% H2O2)

Fe, Mn/N-C 0.1 0.1 M HClO4 * 0.804 3.91 [50]
Fe SAs/N-C 0.25 0.1 M HClO4 0.95 0.798 * [36]
PFeTTPP-700 0.4 0.1 M HClO4 0.93 0.73 3.96 [29]

Fe-N-C-10/1-950 * 0.1 M HClO4 0.96 0.78 ~4 [46]
Zn(mlm)2TPIP 0.4 0.1 M HClO4 0.902 0.76 3.9 [37]
Zn(elm)2TPIP 0.4 0.1 M HClO4 0.914 0.78 3.8

Fe/Bi-RNC ˆ 1.4 0.5 M H2SO4 0.899 0.97 3.93 [51]
PmPDA-FeNx/C

(950 ◦C) 0.6 0.1 M H2SO4 0.94 0.82 * (<1% H2O2) [33]

Alkaline Fe SAs/N-C 0.25 0.1 M KOH 1.02 0.91 3.91 [36]
Fe, Mn/N-C 0.1 0.1 M KOH * 0.928 * [50]

FePc/a-MWCNTs 0.185 0.1 M NaOH 0.917 0.817 3.81 [73]
OCNFePc-CNT ˆ 0.2 0.1 M NaOH 0.95 * 3.8 [74]

FeNCNs-800 0.36 0.1 M KOH 0.985 0.89 3.9 [35]
Fe-NC SAC 0.6 0.1 M KOH 0.98 0.9 * (<3.5% H2O2) [44]

g-FePc ˆ 0.113 0.1 M KOH 0.98 0.88 3.96 [28]

It is important to note that while the focus of this review is on Fe-N-C catalysts for
PEMFC cathodes operating in acidic media, studies conducted on alkaline electrolytes,
such as KOH, have contributed significantly to the understanding of ORR mechanisms and
the development of active site structures. Therefore, select examples from alkaline studies
are included for comparison and insight. Mass activity (im, A mg−1) should be interpreted
alongside catalyst loading (mg cm−2) as both directly influence observed current density
and selectivity, especially in systems like Fe-N-C, where thick films may mask peroxide
production through re-reduction. However, mass activity values were not included in the
comparison table, as they were not consistently reported across the reviewed studies and
could not be reliably calculated in the absence of complete loading and kinetic current data.

Regardless of the preparation method, Table 1 shows that the main dominating path-
way for Fe-N-C catalysts is the direct four-electron pathway, as most electron transfer
numbers are around four, and there is minimal hydrogen peroxide (H2O2) formation in
the catalysts, for which electron transfer numbers were not calculated. With 13.4% H2O2

formation, NGr (nitrogen-doped graphene) by itself seems to have a lower electron transfer
number than other graphene. This could be due to nitrogen having one more valence
electron than the carbon atoms in the graphene. Looking at carbon networks or materials
that have iron and nitrogen built into them in a single catalyst, these materials have very
promising half-wave and onset potentials. A high onset potential is indicative of a low
overpotential required for actual fuel cell operation. In catalysts, such as Z. Yang et al.’s Fe
SAs/N-C, where 3.5 wt.% single-iron-atom active sites are dispersed in a porous nitrogen-
doped carbon matrix, the onset and half-wave potentials are exceptionally favorable, with
the onset potential being over 1 V vs. RHE in alkaline media [36]. This could potentially
mean that the space isolation agent they used to create the single-iron-atom active sites
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(3.5 wt.%) within the carbon network has a larger effect than the increased metal loading
found by the cascade anchoring strategy employed by L. Zhao et al. [44]. H. Jin et al. and
Z. Yang et al. both modified their Fe-N-C catalysts with a secondary metal (Mn and Bi)
to increase ORR activity [36,51]. Though the addition of the secondary metal improved
the performance of both catalysts, neither catalyst performed better than the previously
mentioned Fe SAs/N-C. There should be further studies conducted to investigate whether
manganese or bismuth could be incorporated into the Fe SAs/N-C matrix to improve
overpotential. Iron phthalocyanine on reduced graphene, studied by Y. Jiang et al., per-
formed very well, even better than porous polyporphyrin with a high surface area [29].
Iron phthalocyanine is supported by Van der Waals dispersion forces, and it is known that
the combination of iron phthalocyanine, supported by the reduced graphene substrate,
allows for extra supplementary electron sites to be formed. Additionally, π- π interactions
aid in preventing the aggregation of iron phthalocyanine, which aids in conductivity [28].
Experimental research should be conducted to tune the graphene substrate, like substrate
doping (with N and B atoms), as mentioned previously, to potentially increase the over-
all ORR activity of the catalyst. The carbon nanotube (CNT) catalysts discussed in this
review either have iron phthalocyanine physically adsorbed on the CNTs through Van der
Waals dispersion forces or iron highly dispersed throughout the CNTs. A. Morozan et al.
discussed the use of iron phthalocyanine deposited on single-, double-, and multi-walled
carbon nanotubes, in which the acid-treated multi-walled CNTs displayed the best perfor-
mance [73]. When looking at Govan et al.’s similar experiment with iron phthalocyanine
that has eight hydrogens substituted with cyano groups deposited on single-walled CNTs,
this material offers a higher onset potential than even iron phthalocyanine on multi-walled
CNTs (the single-walled CNTs performed worse) [74]. This increase in ORR activity could
potentially mean that the extra cyano groups on the ends of the phthalocyanine are aiding
the charge transfer to make the reaction easier to complete. Overall, it seems that catalysts
that had single iron atoms or Fe-N4 -coordinated molecules performed better than just
uniformly dispersing Fe in a carbon network, even at much higher loading percentages.

Although Fe-N-C catalysts often exhibit excellent ORR activity in alkaline media, their
performance typically declines under acidic conditions due to harsher operating environ-
ments and proton-rich electrolytes, which lead to lower onset and half-wave potentials.
Protonation of pyridinic-N species and carbon support corrosion are the main factors in
this activity decline [87]. In acidic media, the commercial Pt/C catalyst has an approximate
onset potential of 0.9 V and a half-wave potential of 0.8–0.85 V vs. SHE [88]. Though no
Fe-N-C catalyst has yet surpassed Pt/C in terms of activity and stability due to the harsh
operating conditions of PEMFCs, the gap in performance for this class of catalysts has
narrowed significantly in the last few years. The facile synthesis methods described in this
review have enabled greater active site dispersion and the modulation of electronic proper-
ties through nitrogen coordination and secondary metal co-doping, thereby enhancing the
structural and catalytic performance of Fe-N-C catalysts.

While most Fe-N-C studies focus on half-cell measurements, such as RDE or RRDE,
to evaluate intrinsic ORR activity, a smaller number extend testing to full MEA fuel cell
configurations. As summarized in Table 2, studies on catalysts, such as PFeTTPP-700,
Zn(mlm)2TPIP, Zn(elm)2TPIP, Fe SAs/N-C, and Fe-N-C-10/1-950, report polarization
curves and peak power densities under H2-O2 conditions, with loadings ranging from 1.5
to 4.0 mgcat cm−2. These studies also report or enable the estimation of volumetric current
densities as a more device-relevant metric that normalizes currents by both geometric
area and catalyst layer thickness. For instance, the Fe-N-C-10/1-950 catalyst achieves an
estimated volumetric current density of ~0.85 A cm−3 at 0.7 V and a peak power density of
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770 mW cm−2 at approximately 0.48 V. While some values are directly reported and others
are estimated from polarization plots, this comparison highlights that several Fe-N-C cata-
lysts now approach the performance range of commercial Pt-based systems, particularly
when evaluated by space-constrained metrics relevant to practical device integration. For
context, leading commercial catalysts, such as Pt/C and Pt-Co/C, have achieved peak
power densities of up to 0.84 W cm−2 at 0.67 V (LANL, using 0.1 mgPt cm−2 loading under
H2/air, 80 ◦C, 100% RH, 150 kPa) and 0.94–1.0 W cm−2 with Pt-Co alloy catalysts under
similar conditions, as reported by General Motors and other groups. These values reflect
the current benchmarks for DOE target-aligned PEMFC performance using precious-metal-
based electrodes [89]. While Fe-N-C catalysts still fall short of these absolute performance
levels, the gap has narrowed significantly, particularly in terms of volumetric current
density and power output per unit loading. These results suggest that with continued im-
provements in site accessibility, conductivity, and catalyst layer architecture, non-precious
metal catalysts are becoming increasingly viable for practical PEMFC applications.

Table 2. A comparison of the H2/O2 fuel cell test performance of the studied Fe-N-C catalysts in vari-
ous media. Peak power densities and volumetric current densities denoted with ˆ are estimated from
polarization powder density plots from the referenced publications. The current densities marked
with # denote that the volumetric current density was not given, just the normal current density.

Catalyst
Loading

(mgcat cm−2)
Volumetric Current
Density (A cm−3)

Peak Power Density
(mW cm−2)

Ref.

PFeTTPP-700 4 20.2 @ 0.8 V 730 @ 0.4 V [29]
Zn(mlm)2TPIP 2.2 67 @ 0.8 V 620 @ 0.43 V [37]
Zn(elm)2TPIP 2.2 88.1 @ 0.8 V 500 @ 0.34 V
Fe SAs/N-C 1.5 # (ˆ 1.5 A cm−2 @ 0.89 V) 750 @ ˆ 0.5 V [36]

Fe-N-C-10/1-950 4 # (0.85 A cm−2 @ 0.7 V) 770 @ ˆ 0.48 V [46]

4.3. Future Perspectives and Challenges

Recent advances in Fe-N-C catalysts for hydrogen fuel cells have led to significant
progress in multiple areas. These include high oxygen reduction reaction (ORR) activity
approaching that of Pt/C (E1/2 = ~0.8 V), high power density in MEAs (e.g., >0.7 A cm−2 at
0.7 V), and site densities exceeding 1019 sites gram−1 [90]. The development of atomically
dispersed Fe-Nx active sites and the use of 2D or porous supports, such as g-FePc and
BLCNTs, have further improved active site utilization [28,46]. Additionally, volumetric
current density has emerged as an increasingly relevant performance metric, reflecting
improvements in catalyst layer architecture and practical device integration.

Despite these achievements, several critical challenges remain. The key issues include
limited long-term stability under fuel cell operating conditions, acid leaching of Fe sites,
and lower performance under H2/air compared to H2/O2 conditions. The ability to
accurately characterize which Fe-Nx sites are electrochemically active and how accessible
they are in a working electrode remains a major limitation to rational catalyst design.
Trade-offs also persist between maximizing site density and ensuring sufficient mass
transport, particularly in thicker catalyst layers. In addition, kinetic limitations in O-
O bond cleavage and the initial electron transfer step in the ORR continue to hinder
performance relative to Pt-based benchmarks. Among these, stability remains the most
significant barrier to practical deployment. While a few recent studies, such as Fe-N-C-10/1-
950 retaining 70% of its current density after 24 h in an MEA, have shown encouraging
durability, most Fe-N-C catalysts still undergo substantial degradation over time [46].
The causes are multifaceted: acid-induced demetalation of Fe-Nx sites, carbon corrosion
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at high potentials, and mechanical or chemical collapse of the porous structure during
prolonged operation. The harsh acidic environment and voltage cycling during fuel
cell start-up/shutdown further accelerate these degradation pathways. Moreover, Fe-Nx

sites may leach or transform into inactive species, especially in the presence of H2O2

intermediates.
Efforts to address these issues, such as stronger Fe anchoring, sacrificial scavengers

for reactive oxygen species, and graphitized supports, have shown partial success, but
durability still lags far behind that of commercial Pt/C. Moving forward, research should
place greater emphasis on in situ diagnostics to track catalyst evolution under working
conditions and standardized durability testing protocols that enable fair comparison across
studies. Ultimately, achieving a commercially viable performance will require integrated
advances in both materials design and electrode engineering, including attention to ionomer
distribution, water management, and catalyst layer morphology. An overview of the key
challenges and progress made in Fe-N-C catalysts can be found in Figure 13.

Figure 13. Overview of key challenges and progress made in Fe-N-C catalysts for a fuel cell cathode.
(a) Dual metal Fe-Mo atom sites regulating Fe-N4 moiety [91] (adapted with permission from Ref. [91];
copyright: 2022 American Chemical Society). (b) Manipulation of Fe-Nx changing spin resulting
in excellent ORR activity [92] (adapted with permission from Ref. [92]; copyright: 2023 Elsevier).
(c) Gordian knot of electrocatalysis emphasizing activity, selectivity, and stability [93] (adapted
with permission from Ref. [93]; copyright: 2020 John Wiley and Sons; licensed under CC BY 4.0
[http://creativecommons.org/licenses/by/4.0/ (accessed on 10 June 2025)]). (d) Schematic of single-
membrane electrode assembly [94] (adapted with permission from Ref. [94]; copyright: 2016 Elsevier).

5. Conclusions

Fe-N-C catalysts have emerged as the most promising non-precious alternatives to
Pt/C for the oxygen reduction reaction in proton exchange membrane fuel cells. While
still inferior to the commercial Pt/C and Pt-Co/C catalysts, recent advances in synthesis
strategies have allowed for significant activity improvements in the durability and activity
of Fe-N-C catalysts in acidic conditions. Pyrolysis, metal–organic framework (MOF)-
derived structures, wet impregnation, and cascade anchoring have enabled improved site
dispersion, enhanced nitrogen coordination, and the fine-tuning of electronic properties
through heteroatom co-doping. Allowing for the increase in active site density and overall
catalyst stability, Fe-N-C catalysts are now closer to practical use in fuel cells. Long-
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term stability and scalable production of these catalysts remain a key challenge in non-
PGM fuel cell research. Continued investigation into the relationship between catalyst
structure, electronic properties, and performance is necessary to fully bridge the gap to
commercial viability. Achieving commercially viable stability will require coordinated
progress in both molecular design and electrode-level engineering. Strategies such as
graphitized supports, stronger Fe-N bonding, and protective architectures show promise
but remain insufficient under realistic MEA operating conditions. Future work should
prioritize operando diagnostics and standardized durability protocols to better understand
degradation pathways and guide rational improvements.
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Abstract: Asymmetric-atomic-structure catalysts can modulate the interactions between
active sites and intermediates through their unique electronic filling states and asymmetric
charge distribution, breaking the linear relationship between adsorption energy and activity,
thereby enhancing the catalytic performance of the oxygen reduction reaction (ORR). By in-
troducing heteroelements, vacancies, or clusters into symmetric-atomic-structure catalysts
(e.g., M-N4), asymmetric configurations (such as M-Nx, M-Nx-S/B/O, etc.) can be formed.
These modifications substantially alter their internal structure, trigger charge redistribu-
tion, and create asymmetric sites to reduce reaction energy barriers, effectively regulating
the adsorption strength of oxygen intermediates and significantly improving ORR perfor-
mance. This review systematically summarizes recent advancements in asymmetric-atomic-
structure catalysts for ORR, elucidating the intrinsic “structure–performance–application”
relationships to provide theoretical guidance for developing high-performance asymmetric
atomic catalysts. First, the ORR mechanisms, including the two-electron and four-electron
pathways, are introduced. Furthermore, strategies to modulate catalyst selectivity and
activity through doping with metallic/nonmetallic elements or introducing defects are
discussed. Finally, prospects for asymmetric-atomic-structure catalysts in next-generation
energy storage and conversion technologies are outlined, offering novel insights to over-
come current ORR performance bottlenecks.

Keywords: asymmetric atomic structure; oxygen reduction reaction; electrocatalysts;
mechanism

1. Introduction

The depletion of fossil fuels and the associated energy demands and environmental
issues have inevitably spurred interest in developing new energy sources and energy
storage/conversion technologies, including hydrogen fuel cells, zinc–air batteries, and
others [1–9]. In these devices, the oxygen reduction reaction (ORR) plays a pivotal role. The
ORR, a core reaction in fuel cells and metal–air batteries, can proceed via two distinct path-
ways in flow cells depending on the number of electrons transferred during electrocatalysis:
the two-electron pathway, generating hydrogen peroxide (H2O2) as an intermediate (O2 +
2H+ + 2e− → H2O2) [10,11], or the four-electron pathway, producing water (H2O) as the
final product (O2 + 4H+ + 4e− → 2H2O) [12]. Despite being an exothermic reaction, practi-
cal applications of ORR still face significant challenges in energy utilization efficiency [13].
The high bond energy of O-O leads to a high activation energy barrier, resulting in sluggish

Catalysts 2025, 15, 615 https://doi.org/10.3390/catal15070615207



Catalysts 2025, 15, 615

reaction kinetics [14]; the actual operating potential is lower than the theoretical value,
necessitating additional energy input and compromising energy efficiency [15]; the inherent
complexity of the two-electron and four-electron transfer pathways severely limits energy
conversion efficiency and device longevity [16]. Furthermore, catalyst instability in acidic
or alkaline electrolytes, where they are prone to degradation or poisoning [17–19], poses
additional critical barriers. These challenges collectively hinder the large-scale commer-
cialization of ORR-based technologies. Platinum (Pt) is widely recognized as the most
effective and commonly used ORR catalyst [20]. Although nanotechnology has paved the
way for advancements in Pt catalysts—such as precise control of size and morphology
to create Pt nanowires, exposure of high-index facets in Pt nanoparticles, and alloying
strategies to form nanocrystals, nanosheets, and nanocages [21,22]—these approaches have
mitigated catalytic activity as a limiting factor for ORR. However, the low atomic utilization
efficiency of Pt (where only surface atoms participate in reactions, with less than 20% of
internal atoms being utilized) poses significant challenges to the cost and performance of
fuel cells [23–25]. These issues mean that the high cost and limited durability of Pt catalysts
remain major obstacles to their widespread commercial application [26,27]. Consequently,
the development of non-precious-metal catalyst materials with cost-effectiveness, abundant
raw material availability, high ORR activity, excellent stability, and well-defined selectivity
has become an imperative objective. In recent years, non-precious-metal symmetric atomic
catalysts (e.g., M-N4 sites with highly symmetric coordination structures) [28–31] have
attracted significant attention due to their cost-effectiveness, high stability, universal syn-
thesis of symmetric configurations, highly ordered active site distribution, and modifiable
ligand environments. However, their performance remains constrained by low active site
density, insufficient exposure efficiency, imbalanced adsorption strength of intermediates,
and metal leaching in acidic media. This has facilitated the emergence of asymmetric atomic
engineering strategies as an innovative paradigm for ORR catalyst design [32]. The core
principle of asymmetric atomic engineering lies in constructing heterogeneous coordination
microenvironments, facilitating precise modulation of the geometric and electronic struc-
tures of active centers. This approach breaks the performance limitations of conventional
catalysts, fostering synergistic enhancement of activity, selectivity, and stability.

Since the early 21st century, conventional ORR catalysts have predominantly mani-
fested highly symmetric coordination environments [33] (e.g., the planar square symmetry
of Fe-N4). The homogeneous electron distribution in symmetric structures facilitates
uniform adsorption and activation of O2, while modulation of intermediate adsorption
energies helps prevent over-adsorption-induced active site poisoning. However, limita-
tions such as restricted electronic structure tunability, corrosion susceptibility in acidic
media, and low conductivity have impeded breakthroughs in catalyst stability, activity,
and selectivity. To date, significant theoretical advancements have been achieved in under-
standing asymmetric-atomic-structure catalysts for the ORR. The core challenge of both
2e− and 4e−ORR pathways lies in balancing the kinetics of intermediate adsorption and
desorption [34]. In 2e−ORR, asymmetric coordination lowers the d-band center position of
the active metal atom toward the Fermi level, weakening *OOH adsorption and enabling its
direct desorption to produce H2O2. Conversely, for 4e−ORR, elevating the d-band center
strengthens the adsorption of intermediates (*O, *OH), while asymmetric coordination
promotes O2 dissociation to achieve complete reduction to H2O. The adsorption configu-
ration of O2 critically dictates pathway selectivity: end-on adsorption preserves the O-O
bond (favoring 2e−ORR), whereas side-on adsorption cleaves it (driving 4e−ORR) [35].
Asymmetric catalysts optimize O2 adsorption modes by tailoring the electronic structure of
metal centers through heterogeneous coordination environments. Synergistic effects be-
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tween elements further elevate ORR performance [36]. For instance, one element activates
O2 via adsorption, while another facilitates the desorption of oxygenated intermediates,
ensuring efficient reaction kinetics. Moreover, it has been reported that the choice of carbon
supports profoundly impacts catalytic activity [37]. The porous structure of carbon governs
reactant/product transport efficiency: hierarchical porous hollow carbon spheres accel-
erate mass transfer due to their high specific surface area and open channels [38], while
graphitic carbon enhances conductivity, reduces charge transfer resistance, and improves
ORR kinetics. Additionally, 3D porous carbon supports provide abundant anchoring sites
to disperse active centers, maximizing active site exposure [39]. These insights collectively
establish a robust framework for designing high-performance asymmetric ORR catalysts.

Although asymmetric atom-structured catalysts have made progress in oxygen reduc-
tion reaction, they still have problems like poor structural stability, weak anti-poisoning
ability, and high demand for structural control precision. Also, there is a lack of research on
the mechanism of asymmetric atom-structured catalysts in two-electron and four-electron
pathways (Figure 1) and summaries on activity enhancement. In this review, we outline
the mechanism and application of ORR in the two-electron and four-electron pathways
of asymmetric-atomic-structure catalysts, and provide feasible strategies for the rational
design of asymmetric-atomic-structure catalysts. This paper introduces the oxygen re-
duction reaction mechanisms of the two-electron pathway and the four-electron pathway.
In addition, this review synthesizes the reasons for the improvement of catalyst activity,
including reasonably regulating the charge coordination environment, defect initiation, and
equilibrium adsorption energy through element doping. Finally, by comprehensively look-
ing forward to the development prospects of asymmetric-atomic-structure catalysts, some
design principles of the catalysts are proposed to provide new design paradigms for the
subsequent generation of asymmetric-atomic-structure oxygen reduction reaction catalysts.

Figure 1. The two-electron and four-electron pathways of the oxygen reduction reaction under acidic
and alkaline conditions.
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2. Pathway and Mechanism of Oxygen Reduction Reaction

2.1. Two-Electron Pathway and Mechanism of Oxygen Reduction Reaction

The 2e−ORR pathway involves the catalytic reduction of molecular oxygen through a
2e− transfer process, producing hydrogen peroxide (H2O2) or superoxide radicals (O2

−)
as characteristic products. In this process, the adsorption mode of O2 molecules on the
catalyst surface (end-on or side-on) critically determines the reaction pathway. End-on
adsorption, where O2 binds to the catalyst surface (e.g., Pt) via a single oxygen atom,
may instigate O-O bond cleavage, favoring the 4e− pathway [40]. Conversely, side-on
adsorption, characterized by parallel alignment of O2 on surfaces (e.g., carbon-based
materials), preserves the O-O bond and promotes the 2e− pathway [41]. Mechanistically,
adsorbed O2 undergoes proton-coupled electron transfer (PCET) to form intermediates
such as *OOH (in acidic media) or *O2

− (in alkaline media), contingent upon pH. These
intermediates subsequently accept a second electron and combine with protons, reducing to
H2O2 (acidic) or HO2

− (alkaline). Although less energy-efficient than the 4e− route (direct
H2O formation), the 2e− pathway is indispensable in applications like H2O2 synthesis,
biomedical systems, and wastewater treatment [42–44].

The 2e− pathway is fundamentally dictated by the partial reduction of O2 molecules
through the acceptance of two electrons, yielding H2O2 as the primary product. Its selec-
tivity hinges critically on the catalyst’s adsorption strength toward the key intermediate
(*OOH). Weak adsorption promotes H2O2 desorption, suppressing further progression
to the 4e− pathway, while strong adsorption drives complete O2 reduction via the 4e−

route. Thus, refining the adsorption energy of *OOH through heteroatom doping—which
modifies the electronic coordination configuration of active sites—is a pivotal strategy to
enhance 2e− selectivity (Figure 2a–c) [45]. Additionally, introducing heteroatoms into a
catalyst’s stable lattice generates electron-rich or electron-deficient regions, creating va-
cancy defects [46]. In asymmetric atomic structures, such defects alter the local electron
density and charge distribution, fine-tuning the catalyst’s O2 adsorption energy and acti-
vation capacity. Defects further regulate the adsorption strength of critical intermediates
(e.g., *OOH) on the catalyst surface (Figure 2d–g) [47]. An idealized adsorption strength
stabilizes intermediates, facilitating subsequent electron transfer steps without premature
desorption or over-adsorption that could divert the reaction toward the 4e− pathway [48].
When a catalyst contains a single metal element as the active center, incorporating non-
metallic heteroatoms disrupts the symmetric coordination structure. The electronegativity
mismatch between the metal and nonmetal induces electronic redistribution or a downshift
of electron orbitals at the metal center, enhancing ORR activity [49]. Moreover, nonmetallic
doping reduces the metal center’s adsorption strength for oxygen-containing intermediates,
promoting their conversion to H2O2 [50].

Introducing nonmetallic elements such as N and O into the catalyst breaks the sym-
metry of the catalyst structure. This alters orbital hybridization, lowers the d-band center
of the central atom, and modifies the electronic structure. Consequently, it weakens the
adsorption strength of intermediates along the two-electron pathway, shifting the adsorp-
tion strength towards favoring desorption. Furthermore, catalysts featuring bimetallic
asymmetric coordination promote the two-electron pathway due to their unique side-on
adsorption configuration. Additionally, defect-reconstructed catalysts, such as those with
dissolved cation vacancies, alter the oxidation state of the central atom. This optimizes the
d-band, lowers the adsorption energy of intermediates, and steers the reaction towards the
two-electron pathway.

210



Catalysts 2025, 15, 615

Figure 2. (a,b) Atomic configuration of adsorption of *OOH on Mo-O3S-C and Mo-S4-C. (c) Free
energy diagrams of 2e−ORR on the three studied substrates at the reaction equilibrium potential.
(d) Free energy diagrams of different Pt-Nx-C catalysts. (a–d) Reproduced with permission [45].
Copyright 2023, Elsevier. (e) Non-doped pentagonal defect (Z5). (f) Doped Gr-N pentagonal de-
fect (Z6). (g) Doped graphene edge (Z9). (h) Doped graphene edge (Z10). (e–h) Reproduced with
permission [47]. Copyright 2023, American Chemical Society.

2.2. Four-Electron Pathway and Mechanism of Oxygen Reduction Reaction

The 4e−ORR pathway is pivotal for attaining high-efficiency energy conversion, with
water (H2O, acidic media) or hydroxide ions (OH−, alkaline media) as final products,
offering high energy efficiency and environmental compatibility. A critical step in the 4e−

pathway is the cleavage of the O-O bond in molecular oxygen, which typically serves as
the rate-determining step (RDS).

The 4e−ORR pathway revolves around the complete cleavage of the O-O bond in molec-
ular oxygen (O2), achieving full reduction to H2O [51]. In this process, O2 molecules adsorb
onto the catalyst surface via chemisorption, where the O-O bond is stretched as electrons
transfer from the catalyst to O2’s antibonding *π orbitals, leading to direct dissociation into
two O atoms or stepwise reduction via PCET to form *OOH. These oxygen atoms sequentially
accept electrons and protons, ultimately generating H2O (in acidic media) or OH− (in alka-
line media). The complete reduction of O2 through 4e− transfer maximizes energy release,
offering superior energy efficiency. The selectivity of the 4e−ORR pathway is governed by the
adsorption strength of the *OOH intermediate, which dictates reaction pathway bifurcation.
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The electronic structure and charge distribution of the catalyst modulate the active site’s
interaction with intermediates, making heteroatom doping a key strategy to tailor the local
coordination environment of the central active site and augment 4e− selectivity (Figure 3a–
e) [52]. Additionally, defect engineering introduces vacancies near active sites, disrupting
the periodic atomic arrangement and altering the central atom’s electronic distribution to
favor the 4e− pathway. Finally, embedding metal clusters into the catalyst structure leverages
synergistic effects between clusters and single atoms to adjust the d-band center position of
the metal center (Figure 3f,g). This balances the adsorption capacity for oxygen-containing
intermediates, facilitating multi-step electron transfer in ORR [53]. Clusters also enhance the
structural stability of asymmetric atomic configurations, preventing aggregation or leaching
of single atoms during catalysis and prolonging catalyst durability [54].

Figure 3. (a) Schematic diagram of the formation of the FeCo-N6-O structure from FeCo-N6 through
two consecutive steps of OH− electrochemical oxidation and the corresponding change in free energy.
(b,c) The charge density difference plots of FeCo-N6 and FeCo-N6-O. (d,e) The PDOS of FeCo−N6

and FeCo−N6−O, respectively. The vertical red and blue lines in the bottom panel define the d-band
center of Fe and Co atoms, respectively. (a–e) Reproduced with permission [52]. Copyright 2024,
American Chemical Society. (f,g) Structural models of FeSA-NC and FeSA/FeAC-NC. (f,g) Reproduced
with permission [53]. Copyright 2024, Elsevier BV.

Introducing nonmetallic elements such as B and S into the catalyst to form an asym-
metric structure lowers the oxidation state of the central active atom and alters the electron
distribution in its d-orbitals. This simultaneously enhances O2 adsorption while accelerat-
ing the cleavage of the O-O bond. The co-coordination of multiple nonmetallic elements
modifies the coordination structure of the central metal atom, thereby influencing the
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hybridization mode of its atomic orbitals. The synergistic effect between the nonmetallic
elements and the metal elements promotes the conversion of *O to *OH, thereby biasing
the oxygen reduction reaction (ORR) towards the four-electron pathway.

2.3. Research on Reaction Pathways
2.3.1. Rotating Ring–Disk Electrode Technique

The Rotating Ring–Disk Electrode (RRDE) technique is an advanced research method
combining hydrodynamic regulation and electrochemical detection, widely used to investigate
electrocatalytic mechanisms (e.g., ORR) [55]. The operational mechanism of the RRDE relies
on forced convection generated by electrode rotation and selective detection of intermediates
at the ring electrode, enabling high-sensitivity real-time dynamic analysis of ORR pathways.
In RRDE measurements, the ORR occurs at the disk electrode, while intermediate products are
selectively oxidized at the ring electrode. By analyzing the ratio of ring current to disk current,
the H2O2 yield and electron transfer number can be calculated. For instance, Cui et al. [56]
documented that the prepared BIM-Co2Zn8-500 catalyst achieved a H2O2 selectivity of 92.11%
and an electron transfer number of 2.15 in the 0.05–0.65 V vs. RHE range, highlighting its
exceptional selectivity for the 2e−ORR pathway (Figure 4a). Wang et al. [57] demonstrated
that the C@PVI-(NCTPP)Fe-800 catalyst exhibited a H2O2 yield below 2% and an electron
transfer number greater than 3.95 within the 0.2–0.8 V vs. RHE range (Figure 4b), confirming
its predominance in the efficient 4e−ORR pathway. The Co-N5 catalyst constructed by Zhang
et al. [58] exhibited a high H2O2 selectivity of up to 92.5% in 1 M KOH within the potential
window of 0.3–0.7 V vs. RHE using the RRDE technique, with the electron transfer number (n)
stably maintained between 2.0 and 2.3. This confirms that the dominant reaction pathway is
two-electron oxygen reduction. The FeSA-Fe3C/NC catalyst synthesized by Huang et al. [59]
consistently showed an H2O2 yield below 5.2% across a wide potential window of 0.2–0.8 V
vs. RHE. The electron transfer number calculated via RRDE was n ≈ 4.0, further confirming
that the ORR process proceeds efficiently via the four-electron pathway.

Figure 4. Research method of the oxygen reduction reaction pathway. (a) The RRDE technique was
used to test the H2O2 yield and electron transfer of the C@PVI-(NCTPP)Fe-800 catalyst. (a) Reproduced
with permission [56]. Copyright 2025, Elsevier BV. (b) The RRDE technique was used to test the H2O2
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yield and the number of electron transfers of the BIM-Co2Zn8-500 catalyst. (b) Reproduced with
permission [57]. Copyright 2024, American Chemical Society. In situ Raman spectra of the Fe/NSC-
vd catalyst under the conditions of (c) 0.1M KOH and (d) 0.5M H2SO4. (c,d) Reproduced with
permission [60]. Copyright 2023, Wiley-Blackwell. In situ attenuated total reflection surface-enhanced
infrared absorption spectra of (e) the CoMn-NSC catalyst and (f) the CoMn-NC catalyst under 0.1 M
KOH conditions. (e,f) Reproduced with permission [61]. Copyright 2025, Wiley-VCH Verlag.

2.3.2. In Situ Raman Spectroscopy

In situ Raman spectroscopy is a real-time monitoring method that integrates Raman
spectroscopy with in situ reaction conditions, enabling dynamic surveillance of molecular
structures, chemical bond changes, and reaction intermediate formation under actual reaction
environments, providing direct evidence for elucidating ORR mechanisms [62]. Raman
spectroscopy is predicated upon the inelastic scattering effect, detecting frequency shifts
caused by interactions between incident light and molecular vibrational modes to reveal
molecular vibrations, rotations, and lattice vibrations. In situ Raman spectroscopy couples
Raman spectrometers with reaction systems (e.g., electrochemical cells) via specially designed
reaction cells or probes, allowing real-time monitoring of structural changes during reactions.
The “in situ” feature ensures real-time observation without disrupting the sample’s native
state or environment. For example, Pan et al. [60] demonstrated that for the Fe/NSC-vd
catalyst in 0.1 M KOH, in situ Raman spectra revealed rapid generation and transformation
of *OOH intermediates as the potential decreased, while the protonation process of O2

−

was slower (Figure 4c). This suggests that Fe-N coordination structures likely serve as the
primary active centers for O2 adsorption and activation under alkaline conditions. In contrast,
in 0.5 M H2SO4, in situ Raman spectra showed slower conversion of O2 to O2

−, while
*OOH intermediate formation and transformation remained pronounced, indicating that
Fe-S coordination structures may dominate as active centers for pivotal ORR steps in acidic
media (Figure 4d). These findings highlight dynamic structural changes and intermediate
adsorption behaviors during the 4e−ORR pathway of the Fe/NSC-vd catalyst under divergent
electrolytes, confirming distinct reaction mechanisms in alkaline and acidic conditions.

2.3.3. In Situ ATR-SEIRAS

In situ attenuated total reflection surface-enhanced infrared absorption spectroscopy
(ATR-SEIRAS) is a highly sensitive surface analysis technique combining attenuated total
reflection (ATR) and surface-enhanced infrared absorption spectroscopy (SEIRAS) [63]. It
enables real-time monitoring of molecular vibrational information of surface-adsorbed species
in practical reaction environments (e.g., electrochemical interfaces, catalytic reactions). The
surface enhancement effect grants this technique ultra-high sensitivity for detecting surface
species, allowing identification of trace amounts of low-concentration substances and even
sub-monolayer-level surface-selective detection, surpassing the limitations of conventional
infrared spectroscopy. The in situ monitoring capability permits real-time observation in
the actual ORR environment without complex sample pretreatment or labeling, capturing
transient intermediates and kinetic information during reactions. With surface specificity,
high sensitivity, and environmental compatibility, in situ ATR-SEIRAS has become one of the
most effective techniques for elucidating molecular behavior at solid/liquid/gas interfaces.
Exemplifying this, Gao et al. [61] analyzed reaction intermediates in the CoMn-NSC catalyst
in a 0.1M KOH electrolyte using in situ ATR-SEIRAS: the O-O stretching vibration at 1240
cm−1 indicated the presence of superoxide intermediates (O2

−), the HOH bending vibration
at 1638 cm−1 reflected interactions between water molecules and intermediates, and the broad
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peak at 3000–3550 cm−1 corresponded to O-H stretching vibrations, confirming hydroxyl
adsorption (Figure 4e,f). By tracking potential-dependent spectral changes, the generation
of oxygen-containing intermediates and transformation of superoxide intermediates were
monitored, validating the CoMn-NSC catalyst’s efficacy in promoting the 4e−ORR pathway.

2.3.4. Density Functional Theory

Density functional theory (DFT) calculations, a quantum mechanical computational
method, have become a core tool in materials simulation by efficiently solving electron den-
sity [64]. The Hohenberg–Kohn theorem, one of the cornerstones of DFT, states that the
ground-state energy of a system is a unique functional of electron density, meaning all ground-
state properties are derivable from a given electron density distribution. The Kohn–Sham
equations, another theoretical foundation of DFT, incorporate the exchange–correlation energy
functional, which describes the exchange and correlation interactions between electrons. Accu-
rate calculation of this energy is critical to DFT precision. Although approximative treatments
of the exchange–correlation functional introduce errors, DFT demonstrates significant value
in predicting material properties and guiding experiments. In ORR studies, DFT is applied
to analyze the geometric and electronic structures of catalytic sites [65]. For example, Zhao
et al. [66] revealed that high-shell heteroatoms in the FeCoN6 catalyst regulate charge distribu-
tion through DFT combined with machine learning, significantly reducing overpotential. Jia
et al. [67] synthesized the O-PtCo-FeNC catalyst and used DFT to demonstrate that Fe sites
lower the d-band center of Pt, weakening intermediate adsorption energy and enhancing ORR
activity and stability. DFT calculations also determine reaction mechanisms and pathways
by analyzing intermediate adsorption and free energy landscapes. Liu et al. [68] constructed
four structural models for the FeSA/N,S-PHLC catalyst via DFT, highlighting the correlation
between the FeN3SOH/Pyridine N model and oxygen intermediates. By calculating Gibbs
free energy diagrams for different models at U = 1.23 V, the FeN3SOH/Pyridine N model
exhibited relatively low overpotential during *OOH transformation, favoring O-OH bond
cleavage and promoting the 4e−ORR pathway.

DFT has become an indispensable tool in ORR research, enabling comprehensive
analysis from atomic-level mechanisms to macroscopic performance prediction. It deep-
ens understanding of ORR mechanisms, accelerates the development of low-cost, high-
performance catalysts, and drives advancements in technologies such as fuel cells and
metal–air batteries.

2.3.5. X-Ray Absorption Near-Edge Structure

X-ray absorption near-edge structure (XANES) is a cutting-edge spectroscopic tech-
nique based on synchrotron radiation sources. It analyzes the local electronic structure and
geometric environment of materials by detecting changes in the probability of core electron
excitation to unoccupied orbitals for specific elements. Its working principle involves mea-
suring the X-ray absorption coefficient of a specific element in the region near its absorption
edge (typically from 10–20 eV below the edge to 30–50 eV above the edge). When the
energy of the incident X-ray photon reaches a level sufficient to excite a core electron of the
specific element into an unoccupied state (the conduction band or molecular orbital), the
absorption coefficient exhibits a sharp rise (the absorption edge) [69]. As revealed by Co
K-edge XANES spectroscopy analysis of the ZIF-ZC91@Co(OH)2-VCo catalyst synthesized
by Zhang et al. [70], the Co K-edge absorption edge shifts towards higher energy. This indi-
cates an increase in the Co oxidation state from +2 to nearly +3. This valence state elevation
arises because the cation vacancies (VCo) induce electron loss from surrounding Co atoms,
triggering an electronic restructuring. This optimization enhances the catalyst’s adsorption
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capability for the *OOH intermediate, consequently improving H2O2 selectivity. Analysis
of both the Cu K-edge and L-edge XANES for the Cu-S1N3 asymmetric structure catalyst
synthesized by Jiang et al. [71] revealed that the Cu L-edge position lies between those
of CuPc and CuS. Combined with the K-edge absorption edge position, this indicates an
average Cu oxidation state of +1.97. During the oxygen reduction reaction (ORR) process,
the absorption edge shifted towards lower energy and the white line intensity decreased,
confirming a reduction in the Cu oxidation state from +2 to +1. This demonstrates that the
low-valent Cu+ species serves as the ORR active center. The results confirm the existence
of C–S and N–Cu bonds, providing evidence for the direct coordination of S to Cu.

2.3.6. Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) is a powerful technique used to obtain
the infrared absorption or emission spectra of solid, liquid, or gas samples. It investigates
the molecular structure, chemical bonds, and functional groups of substances based on
their selective absorption of infrared radiation. The working principle of FTIR involves
using an interferometer to generate an interferogram that contains information across
all infrared frequencies. This interferogram passes through the sample. A detector then
receives the interferogram signal modified by the sample’s absorption. Subsequently, a
computer performs a Fourier transform on this complex interferogram signal, converting
it into the conventional infrared absorption spectrum. In situ Fourier Transform Infrared
Spectroscopy (In situ FTIR) is an advanced technique that enables real-time monitoring
of dynamic structural changes in materials under authentic reaction conditions (such
as specific temperature, pressure, atmosphere, or electrochemical environments). This is
achieved by integrating a specialized reaction cell (e.g., high-temperature/high-pressure
cell, electrochemical cell, catalytic reaction cell) into the FTIR optical path, allowing the
infrared beam to pass directly through the sample while it is in its operational state. By
rapidly acquiring time-resolved interferograms and performing real-time Fourier trans-
forms, instantaneous spectra revealing molecular bond vibrations/rotations during the
reaction are obtained. This allows for the capture of real-time information on intermediates,
surface-adsorbed species, and reaction pathways [72]. For the ZnCo-MTF catalyst prepared
by Liu et al. [73], Fourier Transform Infrared Spectroscopy (FTIR) revealed that the pre-
cursor material ZnCo-ZIF exhibited characteristic peaks of 2-methylimidazole (e.g., C=N
stretching vibration, C-H bending vibration, etc.). During the reaction process, the char-
acteristic peaks of 2-methylimidazole gradually diminished, while those of 1,2,3-triazole
progressively intensified (e.g., N-H/N-N vibrations, triazole ring skeletal vibrations). The
final product, ZnCo-MTF, displayed only the strong characteristic peaks of 1,2,3-triazole,
with the 2-methylimidazole peaks completely absent. This demonstrates that the FTIR
spectrum of the final product matches the characteristic peaks of the pure 1,2,3-triazole
ligand, indicating the complete replacement of 2-methylimidazole by 1,2,3-triazole within
the ZnCo-MTF framework, resulting in a new metal–organic framework (MOF) structure.
This transformation provides the structural foundation for the subsequently enhanced
catalytic performance (high H2O2 production rate/selectivity). During the synthesis of the
Fe-N4-SM catalyst constructed by Shen et al. [74], the precursor containing the defect-prone
ligand 5-ATZ exhibited a Zn-N vibration peak at 423.0 cm−1. The displacement of this
Zn-N vibration peak, coupled with the preservation of the main framework characteristics,
confirmed the successful synthesis of the dual-ligand ZTIF precursor. Furthermore, this
analysis revealed that the thermal instability of 5-ATZ underpins the subsequent selective
C-N bond cleavage and serves as the structural basis for atomic strain modulation.
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3. Control of Oxygen Reduction Reaction Pathways

3.1. Control of Two-Electron Pathways

It is a reasonable choice to introduce one or more nonmetallic elements instead of
the nonmetallic elements in the original structure to form an asymmetric atomic structure
in order to control the tendency of the catalyst to follow the two-electron pathway in the
reaction, so as to improve the catalytic efficacy of 2e−ORR [75].

The incorporation of heteroelements can create catalysts with asymmetric configura-
tions, which induces uneven charge distribution at the central active sites and modifies
electron orbital states. As elucidated by Ivan Parkin et al. [76], a surface engineering
strategy was employed to synthesize atomically dispersed Co on N-doped carbon black,
forming an asymmetric coordination configuration (Co-C/N/O). The asymmetric structure
facilitates hybridization between Co 3d orbitals and C/N/O p-orbitals, which lowers
the d-band center of Co, modulates the electronic structure, and weakens the adsorption
strength of intermediates (e.g., *OOH) (Figure 5a,b), thereby preventing over-strong ad-
sorption that would drive the 4e− pathway. Oxygen atoms act as electron-withdrawing
sites from Co, while N and C serve as electron-donating components, establishing a charge
gradient that stabilizes *OOH adsorption. DFT calculations reveal a positive correlation
between the vertical displacement of Co atoms from the graphene plane and the *OOH
adsorption energy, highlighting the potential for geometric configuration optimization to
fine-tune catalytic activity. Similarly, Zhang et al. [58] synthesized a Co-N5 catalyst by
precisely controlling the coordination number of Co atoms through the thermal stability
differences of precursors (Figure 5c). The introduction of an additional N atom in the Co-N5

configuration induces uneven charge distribution and electronic rearrangement, breaking
the linear scaling relations (LSRs) intrinsic to conventional symmetric Co-N4 catalysts and
thereby resolving the activity–selectivity trade-off. DFT calculations demonstrate that the
altered d-orbital occupancy of Co optimizes the adsorption energy of *OOH intermediates,
preventing both O-O bond cleavage (4e− pathway) and insufficient O2 activation (blocked
2e− pathway). In situ Raman spectroscopy reveals that Co-N5 sites stabilize *OOH interme-
diates and slow their consumption rate. KSCN poisoning experiments further confirm that
atomically dispersed Co serves as the catalytically active center, with changes in d-orbital
states being the key factor for enhanced performance.

Additionally, the incorporation of heteroatoms modulates the adsorption capability of
the central active atom toward oxygen-containing intermediates, tailoring the adsorption
strength to favor *OOH desorption. Gao et al. [77] synthesized an asymmetrically coordinated
Zn-N3O catalyst by adsorbing Zn ions onto polypyrrole (PPy) to achieve an elevated Zn
loading of 11.34 wt%, forming Zn-N/O bonds (Figure 5d). The introduction of O-atom
coordination withdraws electrons from Zn, increasing its oxidation state and redistributing
its electron cloud density. This induces a contraction of Zn’s d-orbital electron density,
which strengthens the interaction between Zn’s d-orbitals and the antibonding orbitals of
*OOH, thereby diminishing the O-O bond dissociation energy barrier and optimizing the
adsorption energy of Zn toward *OOH intermediates to favor the 2e−ORR pathway. DFT
calculations reveal that the density of states (DOS) near the Fermi level in the Zn-N3O structure
significantly increases, indicating enhanced hybridization between Zn’s d-orbitals and O’s
p-orbitals, which improves intermediate adsorption. Zn K-edge EXAFS spectroscopy further
confirms structural modulation by O-coordination, showing altered coordination numbers
and bond lengths between Zn and N/O atoms. Additionally, Han et al. [78] developed a
high-coordination Co-N5 moiety by precisely regulating the coordination environment of Co
atoms, leveraging adjacent electron-withdrawing epoxy groups to construct a Co-N5-O-C
catalyst. By adjusting the number of N atoms in the first coordination shell of Co single-
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atom catalysts (SACs) or partially substituting them with O atoms, Co-NxOy SACs were
formed. This modification alters the charge distribution and d-band center of the metal
atom, achieving an optimized electronic structure that shifts the reaction pathway toward
the 2e−ORR. The high-coordination N atoms modulate Co’s d-band center, fine-tuning the
adsorption energy of the *OOH intermediate. DFT calculations demonstrate that the Co-N5

moiety exhibits a reduced overpotential for the 2e−ORR compared to the Co-N4 configuration,
thereby enhancing pathway selectivity toward H2O2 production.

Figure 5. (a) The calculated ORR activity volcano plot. (b) The relationship between the distance of
Co atoms from the center and the adsorption energy of *OOH. (a,b) Reproduced with permission [76].
Copyright 2024, Springer Nature. (c) Schematic diagram of the synthesis of Co-N5/NC and Co-
N4/NC catalysts. (c) Reproduced with permission [58]. Copyright 2025, John Wiley and Sons Ltd.
(d) Schematic diagram of the synthesis of Zn-N3O-SAC. (d) Reproduced with permission [77].
Copyright 2022, Elsevier.
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Bimetallic or multimetallic-doped ORR catalysts typically orchestrate the adsorption
strength of intermediates (*OOH) to achieve a balance where oxygen-containing intermedi-
ates neither undergo over-adsorption (leading to further reduction via the 4e− pathway) nor
under-adsorption (causing sluggish kinetics), thereby avoiding O-O bond cleavage [79,80].
In such catalysts, the complementary electronic properties of the two metals synergize:
one metal adsorbs and activates O2 to form *OOH, while the other weakens *OOH ad-
sorption, enabling its desorption to generate H2O2. Additionally, differences in bimetallic
coordination alter the electronic distribution of active sites, enhancing selectivity for the
2e− pathway. The asymmetric coordination environment further induces hybrid orbital
energy matching with O2’s *π orbitals, facilitating single-electron transfer to produce su-
peroxide radicals (O2

−), which subsequently undergo selective reduction to H2O2. This
dual-metal synergy not only modulates intermediate adsorption but also tailors electronic
interactions to stabilize the 2e− pathway. Liu et al. [73] fabricated a hollow nanocubic-
structured catalyst (ZnCo-MTF) using ZnCo-ZIF as a precursor and 1,2,3-triazole as a
ligand. As shown in Figure 6a,b, the synergistic interaction between Zn and Co induces
a unique side-on adsorption configuration for O2: one oxygen atom weakly binds to Zn,
while the other strongly interacts with Co. This binding mode effectively polarizes the
O2 molecule, lowering the O-O bond dissociation barrier and promoting desorption of
the *OOH intermediate, thereby selectively driving the 2e− pathway to generate H2O2.
The coordination between 1,2,3-triazole ligands and Co forms *d-pπ delocalized orbitals**,
increasing the occupation of Co-N antibonding orbitals and weakening Co-N bonds to
activate the Co center. Simultaneously, Zn incorporation optimizes the electron density of
Co via charge transfer, enhancing O2 adsorption capability. DFT calculations reveal that
the DOS of ZnCo-MTF spans the Fermi level, signifying superior conductivity compared to
monometallic systems, which accelerates electron transfer kinetics.

Strategies to disrupt structural symmetry in catalysts extend beyond metal/nonmetal
doping and include defect engineering to reconstruct the original framework. For instance,
Zhang et al. [70] synthesized a ZIF-ZC91@Co(OH)2-VCo catalyst via electrochemical self-
optimization reconstruction of ZIF-ZC91, where partial Zn2+ leaching generates cobalt
cation vacancies. These vacancies, formed through selective Zn dissolution, modulate the
catalyst’s electronic structure and surface morphology. The presence of cation vacancies
optimizes the adsorption strength of *OOH intermediates (Figure 6c), suppresses O-O
bond cleavage, and promotes the 2e−ORR pathway. Mechanistically, the vacancies alter the
oxidation state of Co and refine its d-band characteristics, thereby reducing the adsorption
energy of *OOH. DFT calculations confirm that the energy barrier for the 2e− pathway is
lower than that of the 4e− route, effectively inhibiting O-O bond dissociation.

Notably, incorporating heteroelements into catalyst structures not only induces dis-
parate charge distribution at the central atom but also creates defects near the active sites.
These defects generate localized electron-rich regions or charge-asymmetric environments,
stabilizing the *OOH intermediate (precursor to H2O2) and preventing its further reduction
to *O or *OH, thereby blocking the 4e−ORR pathway. As demonstrated by Zhang et al. [81],
a coaxial Co single-atom catalyst (CoSA-N-C/CNTs) was synthesized via an SCVD strategy.
Concentrated nitric acid oxidation was employed to introduce surface defects (e.g., carbon
vacancies) and oxygen-containing functional groups on CNTs, forming defective CNTs
(d-CNTs). These defects provide abundant anchoring sites, enabling the stable immobiliza-
tion of Co atoms as single-atom sites on the carbon substrate to form high-density Co-Nx

active centers. The defects alter the electronic state of the carbon substrate, modulating the
electron density of Co-Nx sites and thereby tuning the adsorption strength of intermediates
(*OOH) (Figure 6d,e). DFT calculations reveal that the ΔG*OOH of Co-Nx sites approaches
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the apex of the volcano plot, indicating that defect-induced electronic optimization achieves
near-optimal adsorption energy for enhanced 2e−ORR selectivity. Additionally, the defect-
engineered CoSA-N-C/CNTs exhibit a microporous structure, where the pores and surface
roughness (resulting from defects) accelerate the diffusion of reactants (O2) and products
(H2O2), while exposing more active sites to enhance catalytic performance.

Figure 6. (a,b) Snapshots of the intermediate structures on the surfaces of ZnCo-ZIF (001) and
ZnCo-MTF (001). (a,b) Reproduced with permission [73]. Copyright 2023, John Wiley and Sons Ltd.
(c) Adsorption configurations of different intermediates in the two-electron and four-electron transfer
ORR pathways on medium-cationic-vacancy catalysts. “*” represent the intermediate. (c) Reproduced
with permission [70]. Copyright 2025, John Wiley and Sons Ltd. (d,e) The difference in charge density
of CoSA-N-C and Co@Co-N-C before and after their interaction with *OOH. (d,e) Reproduced with
permission [81]. Copyright 2024, Wiley-VCH Verlag.
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3.2. Control of Four-Electron Paths
3.2.1. Incorporation Forms of Nonmetallic Elements

To modulate the adsorption energy of central active sites, nonmetallic elements are
incorporated into inherently symmetric and stable catalysts, constituting asymmetric atomic
structures [82]. Due to the higher electronegativity of nonmetallic elements compared to
metallic counterparts, their incorporation alters the electron density distribution of the central
active element. The nonmetallic dopant withdraws electrons from neighboring atoms (e.g.,
carbon or the central metal atom), creating electron-deficient regions. This polarization effect
strengthens O2 adsorption and activation, lowers the free energy barrier for oxygen adsorption
reactions, and consequently augments ORR activity. For instance, Ding et al. [83] synthesized
a single-atom Co catalyst with N/B asymmetric coordination (Co-N3B) via a pyrolysis method
and anchored it on boron–nitrogen Co-doped graphene (BNG) to form Co-N3B active sites
(Figure 7a). The incorporation of B atoms, owing to their low electronegativity, facilitates
electron transfer to the Co center, reducing its oxidation state and increasing its electron
density. This electronic modulation enhances Co’s ability to adsorb and activate oxygen
intermediates (e.g., *O, *OOH). Projected density of states (PDOS) analysis from DFT reveals
stronger d-p orbital hybridization between Co’s d-orbitals and O’s p-orbitals near the Fermi
level in Co-N3B, indicating enhanced orbital overlap that promotes the 4e−ORR pathway.
Attenuated total reflection surface-enhanced infrared absorption spectroscopy (ATR-SEIRAS)
experiments demonstrate that the Co-BNG catalyst exhibits stronger adsorption capacity
for oxygen intermediates (e.g., *O2

− and *OOH) and maintains excellent stability during
prolonged reaction cycles. Similarly, Zhang et al. [84] fabricated a Co-N3-C/CNT catalyst via
a bidentate pre-coordination-assisted pyrolysis strategy. DFT calculations elucidate how the
asymmetric low-coordination structure of Co-N3 disrupts the symmetric charge distribution
of Co-N4. The reduced coordination (Co-N3) induces asymmetric electron density distribution
at the Co atom (Figure 7b–d), enhancing oxygen activation capabilities and optimizing the
adsorption/desorption equilibrium of ORR intermediates. The Co-N3 configuration exhibits
lower energy barriers during ORR, particularly in the critical *O-to-*OH conversion step,
demonstrating superior intrinsic catalytic activity compared to symmetric Co-N4 counterparts.
Furthermore, Yin et al. [85] successfully constructed a CoN3S-PC catalyst by anchoring single
Co atoms on porous carbon (PC) and subsequently doping S atoms into the first coordina-
tion shell of the Co active sites, forming an asymmetric CoN3S coordination structure. The
incorporation of S atoms induces electronic rearrangement and geometric distortion at the
Co active center, disrupting its charge symmetry and enhancing interactions between Co 3d
orbitals and oxygen molecules/intermediates (Figure 7e,f). This strengthens O2 adsorption
at the Co sites and accelerates O-O bond cleavage. DFT calculations reveal that S doping
modifies the electronic distribution of Co’s d-orbitals, promoting O2 adsorption/activation
while suppressing H2O2 generation. Concurrently, the CoN3S sites exhibit a reduced thermo-
dynamic energy barrier and kinetic superiority for the 4e−ORR pathway, ensuring efficient
and selective oxygen reduction.

The coordination of nonmetallic elements directly with the central active site increases
the electron density peripherally to the active atom, thereby influencing the adsorption
energy of intermediates. Jiang et al. [71] designed an asymmetrically coordinated Cu-S1N3

single-atom active site via an atomic interface engineering strategy, constructing a single-
copper-atom catalyst (S-Cu-ISA/SNC) based on MOF-derived hierarchically porous carbon.
The introduction of S atoms disrupts the conventional symmetric CuN4 coordination,
forming an asymmetric Cu-S1N3 active site that modifies the electronic structure around
the central Cu atom. The relatively lower electronegativity of S atoms reduces the loss of
valence electrons from Cu atoms, altering the local electron density distribution (Figure 8a)
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and thereby optimizing the adsorption free energy of ORR intermediates (e.g., *OOH,
*O, *OH) (Figure 8b) while diminishing the reaction energy barrier. In situ soft X-ray
absorption near-edge structure (XANES) tests and in situ FTIR spectroscopy elucidated
the electronic and atomic structural evolution of Cu sites during ORR. DFT calculations,
the Koutecky–Levich (K-L) equation, and RRDE tests collectively validated the catalyst’s
performance, confirming the presence of low-valent Cu active centers, an electron transfer
number (n ≈ 4), and a low H2O2 yield (<4%). Yang et al. [86] synthesized an FeN3S/Cmeso
catalyst by embedding single Fe atoms into a mesoporous carbon matrix and introducing S
atoms to directly coordinate with the Fe center, forming an FeN3S coordination structure.
The direct coordination of S atoms to the Fe center disrupts the symmetry of the FeN4

configuration, increasing the electron density around Fe (Figure 8c). The incorporation
of S lowers the d-band center of Fe, weakening the orbital overlap between active sites
and oxygenated intermediates (e.g., *OH), thereby optimizing their adsorption energy
(Figure 8d). DFT calculations demonstrate that the S-induced coordination enhances the
electron cloud density of Fe atoms, which reduces the orbital overlap between active
sites and oxygen-containing intermediates. This attenuated adsorption strength facilitates
intermediate desorption and lowers the energy barrier during the oxygen reduction process.

The co-coordination of multiple nonmetallic elements modifies the coordination number
and coordination structure of the central metal atom, thereby influencing the hybridization
mode of metal atomic orbitals [87]. Different coordination structures exhibit distinct geo-
metric configurations and symmetries, which constrain or guide the direction and extent
of hybridization in metal atomic orbitals. Following multi-nonmetallic element coordina-
tion, charge transfer occurs between the nonmetallic elements and the central metal atom.
Nonmetallic elements tend to attract electrons, causing a partial transfer of electron density
from the metal atom to the nonmetallic ligands and a reduction in the electron cloud density
of the metal atom. This charge redistribution modifies the electronic configuration of the
metal atom’s d-orbitals, affecting the formation and characteristics of its hybridized orbitals.
Additionally, highly electronegative nonmetallic elements can lower the d-band center of
metal sites through electronic modulation, geometric restructuring, and synergistic catalytic ef-
fects. This weakens the adsorption strength toward oxygen-containing intermediates (such as
*OOH, *O, and *OH), bringing the adsorption energy closer to the peak of the “volcano curve”.
Such optimization of reaction kinetics significantly promotes the 4e−ORR pathway while
suppressing H2O2 generation routes, such as reducing the probability of *OOH protonation
to form H2O2. As reported by Liu et al. [88], an asymmetric nitrogen–oxygen-coordinated tin
single-atom catalyst (Sn-N/O-C) with Sn atoms as active centers was developed via a simple
one-step pyrolysis strategy, forming asymmetric SnN2O sites through the co-coordination of N
and O atoms. The N and O co-coordination disrupted the symmetry of the Sn sites, optimized
the p-orbital electron distribution of Sn, and induced strong hybridization between the Sn 5p
orbitals and the O2 2p orbitals. This altered the theoretical d-band center of Sn, promoting
electron transfer and accelerating O2 activation and reduction (Figure 8e,f). DFT calculations
revealed that the Sn atoms with broken symmetric coordination facilitated charge transfer
and O2 activation. RRDE measurements demonstrated a hydrogen peroxide (H2O2) yield of
<5% in alkaline media and <3% in acidic media, with an electron transfer number close to 4,
indicating the dominance of the 4e− pathway. Similarly, Liu et al. [89] introduced O atoms into
the first coordination shell of Fe and incorporated adjacent defects, inducing a transition of Fe
from a low-spin state to a medium-spin state and forming a Fe-N3O coordination structure,
thereby synthesizing a single-atom iron catalyst (Fe-N/O-C). The coordination of N and O
atoms in Fe-N/O-C redistributes the charge, increases the electron density at the Fe sites, and
significantly weakens the adsorption of oxygen-containing species such as O2, mitigating
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over-adsorption of O2. Theoretical calculations reveal that the d-band center of Fe-N/O-C is
lower than that of Fe-N-C, leading to weakened adsorption of intermediates. The formation
of adsorbed *OOH from O2 becomes the new rate-determining step (replacing the original
*OH desorption), with a reduced energy barrier. In situ Raman spectroscopy further confirms
this shift in the PDS. RRDE tests demonstrate an electron transfer number close to 4 and an
extremely low H2O2 yield (<5%), indicating that a highly efficient 4e− pathway dominates
the reaction.

Figure 7. (a) The first shell fitting of the EXAFS spectra of Co1-BNG. (a) Reproduced with permis-
sion [83]. Copyright 2024, Wiley-VCH Verlag. (b) FT-EXAFS of Co-N3-C/CNT, Co-N4-C/CNT and
reference materials. (c) Optimized structures of *O2, *OOH, *O and *OH on Co-N3. (d) The charge
density difference of Co-N3. (b–d) Reproduced with permission [84]. Copyright 2025, Elsevier BV.
(e) FT-EXAFS fitting curve of the CoN3S-PC-1.4 catalyst. (f) The charge density difference at the
CoN3S site. (e,f) Reproduced with permission [85]. Copyright 2024, Elsevier BV.
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Figure 8. (a) The molecular orbital of *O adsorbed on Cu-S1N3 is in S-Cu-ISA/SNC. (b) ORR
overpotential (ηORR) as a function of the free adsorption energy (ΔG*O) of *O on different Cu
central groups. (a,b) Reproduced with permission [71]. Copyright 2020, Springer Nature. (c) Charge
density difference plot of FeN3S1. (d) Absorption energy of *OH intermediates at different active
sites. (c,d) Reproduced with permission [86]. Copyright 2024, Elsevier Ltd. (e) The variation of Gibbs
free energy of the ORR pathway at different Sn sites under a potential bias voltage of U = 0 V. (f) The
charge density difference plot and relative charge state of Sn. (e,f) Reproduced with permission [88].
Copyright 2024, Wiley-VCH Verlag.

3.2.2. Co-Incorporation Forms of Nonmetallic and Metallic Elements

The introduction of metal elements beyond the central active site disrupts the local
charge symmetry of the original catalyst structure and redistributes the electron cloud
density of the active centers [90]. The incorporation of additional metal elements also
narrows the energy band of the central active metal sites, enhancing electron mobility. This
enables faster electron transfer during catalytic reactions, thereby accelerating the ORR rate.
The synergistic interplay of multiple metal elements modulates the adsorption strength of
active sites toward oxygen-containing intermediates (e.g., *O, *OOH), ensuring effective
adsorption of these intermediates on the catalyst’s surface while preventing overly strong
adsorption that impedes desorption. This equilibrium promotes the 4e− transfer pathway.
Additionally, multimetal systems provide diverse active sites that act synergistically and
collectively participate in the ORR process [80]. As reported by Shang et al. [91], a three-step
pyrolysis strategy was employed to anchor Se atoms and other metal atoms (e.g., Fe) onto
a C2N substrate, forming SeN2-MN2 active sites, thereby synthesizing an asymmetric
Se-based diatomic SeM-C2N catalyst (Figure 9a). Among these, SeFe-C2N demonstrated
optimal ORR performance. The heteronuclear Se atom induces short-range modulation to
polarize the charge distribution of the Fe atom, reducing its oxidation state, enhancing the
co-adsorption capacity for intermediates (e.g., *O and *OH), and forming heteronuclear
diatomic sites, with diatomic sites accounting for 82% of the active centers. The introduction
of Se increases the electron density at the Fe atom, creating a localized polarized electric
field that lowers the ΔG value of the rate-determining step. This moderates the adsorption
strength of intermediates, accelerates O2 activation and electron transfer, and achieves
more efficient conversion of O2 to H2O. DFT calculations integrated with operando XAS
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techniques confirmed that Se sites adsorb *OOH, while the Fe-Se dual sites co-adsorb
*O, synergistically promoting the *O→*OH conversion. The K-L equation, fitted from
LSV curves at varying rotation speeds, yielded an electron transfer number of n ≈ 4.
RRDE measurements directly determined a H2O2 yield of <4%, and the calculated electron
transfer number (based on ring and disk currents) ranged from n = 3.97 to 4.05, conclusively
confirming the dominance of the 4e− pathway. As reported by Chang et al. [92], a Fe-Co
dual-site N-doped porous carbon catalyst (Fe,Co/N-C) was synthesized using a host–guest
strategy. By adjusting the precursor ratio of FeCl3 to Co-ZIF (optimal at Fe/Co = 1:1), the
Fe,Co/N-C catalyst incorporated Fe-Co dual sites that provided more favorable active
sites for O-O bond activation. Compared to single-metal sites, the dual sites significantly
reduced the energy barrier for O-O bond cleavage, thereby enhancing catalytic activity.
DFT calculations confirmed that upon O2 adsorption on the Fe-Co dual sites, the O-O
bond was stretched, and the cleavage energy barrier decreased to 0.25 eV (vs. 0.65 eV for a
single Fe site), facilitating the four-electron pathway. K-L equation analysis and RRDE tests
indicated an electron transfer number of n ≈ 3.96 and a H2O2 yield below 1.17%.

Figure 9. (a) Atomic configuration of FeSe-C2N. (a) Reproduced with permission [91]. Copyright 2025,
Springer Nature. (b) The differential charge density map of CoN2S-MnN3-2OH. (c) Schematic dia-
gram of the ORR process on the CoN2S-MnN3-2OH surface. (b,c) Reproduced with permission [61].
Copyright 2025, Wiley-VCH Verlag. (d) Correlation between Bader charge and the adsorption energy
of hydroxyl (OH) groups of Ir atoms in IrO2, IrO2(OH)1, IrO2(OH)2 and IrO2(OH)3. (e) The charge
density difference of IrO2(OH)4. (d,e) Reproduced with permission [93]. Copyright 2023, Elsevier BV.
(f) The charge density of FeSA-Fe3C/NC. (f) Reproduced with permission [59]. Copyright 2025, John
Wiley and Sons Ltd.

Incorporating low-electronegativity nonmetallic elements into catalysts possessing
dual-metal sites can further modulate the distribution of surface electron cloud density and
alter the spin state of metal sites. The interaction between low-electronegativity nonmetal-
lic elements and metal sites enhances the electronic properties of the metal centers. For
example, in Fe-based catalysts, the introduction of Si induces a transition of Fe ions from
a low-spin state to a medium-spin state. Fe sites in the medium-spin state exhibit higher
reactivity, improved oxygen adsorption capacity, and stronger interactions with oxygen-

225



Catalysts 2025, 15, 615

containing intermediates (e.g., *O and *OOH), thereby accelerating the ORR rate [94].
Additionally, low-electronegativity nonmetallic elements can form isolation layers during
high-temperature treatments, preventing the aggregation of metal sites into nanoparticles
and maintaining the dispersion and high activity of active sites. Finally, these elements tend
to donate electrons to the dual-metal sites, causing an upward shift in the d-band center,
which fortifies the adsorption of ORR intermediates (*OOH, *OH). As reported by Gao
et al. [61], an adsorption–pyrolysis process was utilized to anchor adjacent S,N-coordinated
Co atoms and N-coordinated Mn atoms (forming CoN2S-MnN3) onto a nitrogen-doped
carbon substrate, constructing CoN2S-MnN3-2OH active sites and synthesizing the CoMn-
NSC catalyst. In this structure, S atoms preferentially coordinate with Co to form CoN2S,
while Mn retains its N-coordinated MnN3 configuration. The strong interactions between
Co and Mn atoms, coupled with multi-electron filling effects induced by asymmetric charge
distribution (Figure 9b), enhance orbital hybridization between Co and O2, lower the O-
O bond cleavage energy barrier, optimize adsorption energies of reaction intermediates,
and improve electron transfer efficiency through dual-atom synergy. Here, Co acts as the
primary active site for O2 adsorption, while Mn serves as an auxiliary site that modulates
the local electronic environment. This adjustment shifts the d-band center of Co closer to
the Fermi level, strengthening its adsorption and activation capabilities for O2, thereby
boosting overall catalytic activity (Figure 9c). DFT calculations revealed that the d-band
center of Co in the asymmetric structure enhances hybridization with the *π orbitals of O2,
improves antibonding electron filling efficiency, and optimizes adsorption strength. K-L
equation analysis of polarization curves and RRDE tests confirmed an electron transfer
number of n ≈ 4 and a H2O2 yield below 5%. In situ Raman spectroscopy and in situ
ATR-SEIRAS further validated the efficient adsorption, activation, and reduction of O2

on the CoMn-NSC catalyst during the reaction. Su et al. [95] employed a heteroatomic
pair cooperative modulation strategy to alter the coordination environment of Fe sites by
introducing Co and B heteroatomic pairs, thereby synthesizing the Fe-B-Co/NC catalyst.
The introduction of Co atoms achieved electronic synergy between Fe and Co, modulating
the d-band center position of Fe and balancing the competitive relationships between RDS
during the oxygen reduction reaction. Concurrently, asymmetric coordination transformed
Fe from an intermediate-spin state (t5

2ge1
g) to a high-spin state (t4

2ge2
g). The high-spin Fe

sites enhanced orbital hybridization with O2, promoting O-O bond cleavage to directly
generate *O intermediates (rather than accumulating *OOH), thereby enabling rapid four-
electron reaction kinetics and improving oxygen reduction efficiency. K-L equation and
RRDE tests confirmed that the Fe-B-Co/NC catalyst exhibited an average electron transfer
number of 3.87 within the 0.5 V–0.65 V potential range, indicating a 4e− pathway during
ORR with a H2O2 yield below 6.9%. In situ EIS and SR-FTIR techniques confirmed that Fe
sites accelerate O-O bond cleavage in *OOH to rapidly form *O intermediates. In 0.1 M
KOH, the Fe-B-Co/NC catalyst demonstrated a half-wave potential (E1/2) of 0.891 V and
diffusion-limited current density (Jd) of 5.9 mA cm−2, surpassing commercial Pt/C (0.851 V,
5.19 mA cm−2). During 50 h stability testing, 95% of the initial current density was retained.

3.2.3. Other Incorporation Forms (Functional Groups, Defect Sites, Metallic Clusters, etc.)

Similar to 2e−ORR, strategies to augment 4e−ORR selectivity extend beyond doping
with solely metallic or nonmetallic elements. Functional groups (e.g., OH−) can also be
incorporated to coordinate with central active atoms, or combined with elements (e.g., S)
for multi-coordination, optimizing the electronic structure of the central atom [96]. Addi-
tionally, carbon frameworks with pronounced edge effects (e.g., HsGDY) reconfigure the
edge morphology of the catalyst structure, inducing unique electronic states at the edges.
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This effectively modulates the material’s band structure, enhancing pathway selectivity.
Constructing asymmetric anchoring sites at the edges of the carbon substrate strengthens
the bonding between metal atoms and the carbon matrix, reducing metal aggregation and
leaching during reactions. As documented by Hou et al. [93], iridium single-atom catalysts
(Ir-N-HsGDY) were synthesized by anchoring Ir atoms at the sp-N and pyridinic N sites of
hydrogen-substituted graphdiyne (HsGDY) and coordinating them with hydroxyl groups
(OH−), forming IrN2(OH)3 active sites. The introduction of OH− ligands broadened the Ir
d-band and displaced its center downward, enhancing orbital hybridization between Ir and
O/N, optimizing the electronic structure (Figure 9d,e), weakening the adsorption strength of
intermediates (e.g., *OH), and reducing reaction energy barriers. The macroporous structure
of HsGDY provided space for OH− incorporation, while its hierarchical design effectively
isolated Ir precursors to prevent aggregation and ensure single-atom dispersion. DFT cal-
culations confirmed that the IrN2(OH)3 active site exhibited the lowest ORR overpotential
(0.54 eV), significantly outperforming unmodified IrN2 (2.24 eV). When applied to PEMFCs,
the Ir-N-HsGDY catalyst achieved a half-wave potential (E1/2) of 0.82 V vs. RHE in acidic
media (0.1 M HClO4), comparable to commercial Pt/C with superior methanol tolerance.
In alkaline media (0.1 M KOH), it demonstrated a half-wave potential (E1/2) of 0.89 V vs.
RHE within the potential window above 0.78 V, significantly outperforming commercial Pt/C,
and exhibited only an 18 mV negative shift in E1/2 after 5000 CV cycles, indicating high
durability. Lv et al. [97] synthesized the Mn-N-HsGDY catalyst by asymmetrically anchoring
Mn atoms as single atoms at edge sites of the HsGDY carbon substrate, incorporating two
nitrogen species (sp-N and pyridinic N) and OH− ligands to form asymmetric MnN2(OH)3

active sites, thereby disrupting the electronic state of conventional symmetric M-N4 configu-
rations. The strong coordination between sp-N (high electronegativity) and Mn, combined
with the electron-withdrawing effect of OH− ligands, synergistically drove the Mn center to
a high oxidation state (+3 to +4), altered the electronic structure of Mn atoms, and reduced
the desorption energy barrier of the intermediate *OH. DFT calculations elucidated that the
asymmetric coordination of the MnN2(OH)3 site weakened *OH adsorption, lowering the
RDS energy barrier to 0.502 eV, significantly outperforming symmetric sites (e.g., MnN4).
RRDE-derived electron transfer numbers and K-L equation analysis of LSV curve slopes
at different rotation rates both yielded an average electron transfer number (n) close to 4,
confirming the dominance of the 4e−ORR pathway.

Additionally, etching defects (e.g., vacancies) adjacent to the central atom that disrupt
the original symmetric electronic distribution can also enhance 4e−ORR performance [98].
Defects alter the electron cloud distribution around the central active atom, modifying
electron delocalization, thereby influencing the catalyst’s electronic structure. This creates
an unsaturated coordination environment for atoms at defect sites, providing additional
active sites for ORR [99]. Zhang et al. [100] prepared an atomically dispersed Fe-N-C catalyst
modified with proximal carbon vacancies (Fe-N4-Vc) through pyrolysis combined with urea
etching to selectively cleave C-N bonds near Fe-N4 sites, forming carbon vacancies (Vc). In
the Fe-N4-Vc structure, the introduced adjacent carbon vacancies induced redistribution of
electron density in Fe-N4, lowered the oxidation state of Fe (coexistence of Fe2+ and Fe3+

with an average oxidation state of +2.6), and generated asymmetric electronic states. This
caused an upward shift of the Fe d-band center, reduced electron occupancy in antibonding
orbitals, optimized adsorption behaviors of O2 and intermediates, lowered reaction free
energy barriers, and thereby enhanced ORR activity. DFT calculations demonstrated that
Vc significantly reduced the adsorption energy of O2 (from −2.27 eV to −1.66 eV) and
optimized the adsorption free energy of intermediates (e.g., *OH). Among ORR free energy
diagrams of distinct structures, Fe-N4-Vc exhibited the smallest RDS energy barrier and the
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highest activity. Shen et al. [74] synthesized the Fe-N4-SM catalyst by selectively cleaving C-
N bonds around Fe-N4 sites to construct an asymmetric atomic strain environment, thereby
modulating the electronic structure of the Fe center. The selective cleavage of C-N bonds
adjusted the asymmetric atomic strain environment at Fe sites, perturbed the symmetric
electronic structure of Fe-N4, modulated the d-band broadening and d-orbital electron
distribution of the Fe center, and consequently altered the adsorption strength between the
catalyst and ORR intermediates, enabling precise regulation of catalytic activity. RRDE
tests and K-L equation analysis revealed an average electron transfer number of ~3.98 and
H2O2 yield below 1%, confirming the dominance of the four-electron pathway. In situ
Raman spectroscopy detected vibration peaks of *O2 and *OOH intermediates, supported
by theoretical models, further validating the four-electron mechanism. DFT calculations
demonstrated that the RDS of Fe-N4-SM shifted from *OH desorption (energy barrier
0.83 eV) to the first electron transfer step (energy barrier 0.25 eV).

When functional groups (e.g., OH−) and defect vacancies are co-incorporated into a cat-
alyst structure, they may exhibit a synergistic effect to jointly enhance the ORR performance.
For example, Zhan et al. [101] employed a microenvironment engineering strategy to anchor
Fe single atoms on a defective N-doped carbon (DNC) substrate by regulating micromorphol-
ogy and interfacial microenvironments, synthesizing the Fe/DNC catalyst. Carbon vacancies
reshaped the electronic properties of FeN4(OH) sites via inductive effects, optimizing hybridiza-
tion between Fe 3d and O2 2p orbitals, balancing energy barriers for *OOH formation and
*OH reduction, and regulating charge distribution at Fe sites through electron induction to
promote O2 adsorption and intermediate desorption (e.g., *OH), thereby accelerating reaction
kinetics. The introduction of axial hydroxyl (OH−) ligands disrupted the symmetry of FeN4,
enhancing adsorption capability for oxygen intermediates and reducing kinetic barriers. RRDE
analysis revealed extremely low H2O2 yields (0.35% in alkaline, 6% in acidic, and <5% in neutral
conditions) and an electron transfer number close to 4 (≈4.06), confirming the ascendancy of
the 4e− pathway and validating high ORR efficiency/selectivity. DFT simulations identified
FeN4(OH) as the true active center, with the defective model (FeN4(OH)-A) exhibiting the
lowest RDS energy barrier (0.43 eV), outperforming symmetric FeN4(OH) (0.64 eV).

Finally, co-incorporating metal active atoms and metal clusters into the catalyst struc-
ture can also generate asymmetric atomic configurations [102]. The presence of metal
clusters modifies the charge distribution and local coordination environment surrounding
metal active sites, facilitating O2 molecule access and adsorption at active sites while stabi-
lizing the adsorption of subsequent reaction intermediates, thereby promoting 4e−ORR.
Additionally, clusters and asymmetric atomic structures collectively create multi-active
sites, enabling synergistic catalytic effects. Huang et al. [59] successfully synthesized the
FeSA-Fe3C/NC catalyst by encapsulating Fe atoms and Fe3C clusters on nitrogen-doped
carbon. The incorporation of Fe3C clusters disrupted the symmetric electronic structure
of FeN4, depressed the d-band center of Fe atomic sites, thereby altering the adsorption
strength of oxygen intermediates on Fe-N4-C sites, reduced the adsorption energy of *OOH
intermediates (0.38 eV), accelerated O-O bond cleavage, and promoted the 4e−ORR path-
way. Additionally, the high specific surface area (443 m2/g) and mesoporous structure
(4 nm pore size) of the nitrogen-doped carbon enhanced active site exposure and mass
transfer efficiency. The synergistic interaction between atomically dispersed Fe-N4 sites and
Fe3C clusters provided an efficient catalytic platform for ORR. DFT calculations demon-
strated that the introduction of Fe3C clusters increased the electron cloud density of Fe
d-orbitals (Figure 9f), augmenting O2 adsorption and activation while weakening *OH
adsorption strength, favoring *OH desorption. This optimized the adsorption/desorption
behavior of intermediates, reduced reaction energy barriers, and improved ORR kinetics
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and activity. In situ infrared spectroscopy confirmed that *OOH intermediate formation
was the rate-determining step, and the FeSA-Fe3C/NC catalyst effectively desorbed *OOH
intermediates, thereby lowering reaction barriers and facilitating ORR progression.

4. Application of Oxygen Reduction Reaction

4.1. Device for Producing H2O2

Currently, the traditional anthraquinone process remains the dominant technology for
H2O2 production due to its maturity and high capacity. This method hinges upon the
hydrogenation–oxidation cycle of 2-ethylanthraquinone over palladium catalysts (hydrogena-
tion to form hydroanthraquinone, followed by oxidation to regenerate anthraquinone and
release H2O2), integrated with extraction and purification for continuous production. It offers
advantages such as mature technology, high productivity (annual production exceeding 100,000
tons per single unit), and high product purity. However, it faces environmental and economic
challenges, including dependence on fossil-fuel-derived hydrogen, high energy consumption,
solvent leakage, catalyst costs, and byproduct accumulation. With increasing environmen-
tal regulations and advancements in renewable energy technologies, emerging methods like
electrochemical synthesis are gradually overcoming technical barriers. The electrochemical
production of H2O2 via the two-electron oxygen reduction reaction (2e−ORR) offers a green,
low-energy alternative to the anthraquinone process [103,104]. This approach directly utilizes
water and oxygen from air as feedstocks, eliminating reliance on fossil-fuel hydrogen or organic
solvents, thereby reducing carbon emissions and pollution risks at the source. Reactions proceed
under ambient conditions, circumventing the high energy consumption and safety hazards of
high-temperature/pressure processes, and generate no anthraquinone degradation byprod-
ucts, minimizing wastewater treatment demands. Additionally, catalyst design can selectively
suppress the 4e−ORR pathway, markedly potentiating H2O2 selectivity.

The design of devices for the electrochemical production of H2O2 is critical to augment-
ing synthesis efficiency and practicality, with current key technological routes including
gas diffusion electrode reactors and flow cell systems [105].

A gas diffusion electrode (GDE) reactor is a device that achieves efficient electrochemi-
cal reactions through a gas–liquid–solid three-phase interface [106]. Its core structure typi-
cally comprises four components: the gas diffusion layer (GDL), microporous layer (MPL),
catalyst layer (CL), and current collector. Gas diffusion layer (Figure 10a): Constructed
from porous hydrophobic materials (e.g., carbon fiber paper or polytetrafluoroethylene
(PTFE) membranes), it ensures efficient gas transport and prevents electrolyte penetration
through its pore structure. Microporous layer: A mixture of carbon powder and PTFE
forms a hydrophobic and conductive intermediate layer, further refining pore structures,
enhancing adhesion between the catalyst layer and GDL, and improving interfacial stability.
Catalyst layer: Catalysts are loaded onto carbon supports via spraying, electrodeposition,
or electrospinning. Current collector: A conductive metal mesh (e.g., nickel mesh) or
carbon cloth provides electrical conduction and mechanical support. The GDE enables
high-efficiency reactions by optimizing the three-phase interface (gas–electrolyte–catalyst).
In H2O2 electrocatalytic synthesis, O2 is directly conveyed to the catalyst surface, where
H2O2 is generated via the 2e−ORR pathway, significantly reducing mass transfer resistance.
Upon reaching the catalyst layer, O2 forms a gas–liquid–solid three-phase interface with the
electrolyte. At this interface, oxygen, ions in the electrolyte, and active sites on the electrode
surface interact, driving complex electrochemical reactions. Under the influence of the
electric field, ions in the electrolyte migrate to the catalyst layer surface and participate
in the reaction with O2 to produce H2O2. Zhang et al. [58] constructed the cathode of
a three-phase flow cell device using a gas diffusion layer (GDL) made of carbon paper
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and a microporous layer (MPL) loaded with Co-N5/NC catalyst. With 1.0 M KOH as
the electrolyte in O2-saturated alkaline conditions, O2 was reduced to H2O2 via 2e−ORR,
achieving a production rate of 16.1 mol gcat

−1h−1 at 150 mA cm−2. Operating at 0.5 V
vs. RHE for 20 h, the accumulated H2O2 concentration reached 427.7 mM (14,540 ppm)
with a Faradaic efficiency (FE) >90%. Liu et al. [76] coated a Co-C/N/O catalyst onto
a gas diffusion electrode and assembled a two-compartment flow cell separated by an
NR-212 cation-exchange membrane to separate the anode and cathode chambers. In 1 M
phosphate-buffered saline (PBS), galvanostatic electrolysis at 20 mA cm−2 for 5 h yielded
an H2O2 production rate of 4.72 mol gcat

−1h−1. After 5000 cycles of accelerated durability
testing, the activity declined by only 20–39 mV, retaining stable H2O2 selectivity.

Figure 10. Application of oxygen reduction reaction. (a) Schematic diagram of H2O2 gas diffusion
electrode reactor. (a) Reproduced with permission [58]. Copyright 2025, John Wiley and Sons Ltd.
(b) Schematic diagram of the flow cell for producing H2O2. (b) Reproduced with permission [81].
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Copyright 2024, Wiley-VCH Verlag. (c) Schematic diagram of the working principle of zinc–air
batteries. (d) Polarization curves and corresponding power density diagrams of ZABs containing
Sn-N/O-C and Pt/C. (c,d) Reproduced with permission [88]. Copyright 2024, Wiley-VCH Verlag.
(e) Discharge polarization curve and power density of a solid-state flexible ZAB. (e) Reproduced
with permission [107]. Copyright 2025, Tsinghua University Press. (f) Polarization curves and
corresponding power density graphs of H2-O2 PEMFCs assembled with Fe-N/O-C, Fe-N-C, and
Pt/C at 2.0 bar. (f) Reproduced with permission [89]. Copyright 2024, John Wiley and Sons Ltd.

A flow cell system is an electrochemical device utilizing gas diffusion electrodes
(GDEs) and electrocatalytic materials to enable electrocatalytic O2 reduction at the gas–
liquid–solid three-phase interface for H2O2 generation [108]. The core structure of the flow
cell comprises the GDE (cathode), anode, flowing electrolyte system, membrane materi-
als, and external circulation and storage systems (Figure 10b). The GDE, serving as the
cathode, directly supplies gaseous O2 to the reaction interface, forming a three-phase inter-
face (gas–liquid–solid) and significantly enhancing oxygen mass transfer efficiency. The
flowing electrolyte system circulates the electrolyte via pumps to mitigate concentration
polarization and rapidly remove generated H2O2, preventing its further reduction to water
or decomposition. Commonly used membrane materials include proton-exchange mem-
branes (PEMs) or anion-exchange membranes (AEMs). External circulation and storage
systems enable continuous electrolyte flow, regulating reactant concentration and flow rate.
To enhance H2O2 production efficiency, designing superior catalysts remains a critical chal-
lenge, particularly in acidic environments where ORR tends to favor complete reduction
to H2O, necessitating precise structural tuning of catalysts to maintain H2O2 selectivity.
Zhang et al. [63] achieved an H2O2 production rate exceeding 2000 mmol gcat

−1h−1 with
a Faradaic efficiency (FE) >90% in an acidic electrolyte (0.1 M HClO4) using a flow cell
assembled with CoSA-N-C/CNTs, maintaining stable performance for 100 h without decay.
In alkaline environments, however, challenges such as insufficient catalyst activity or poor
membrane stability necessitate improvements in catalyst performance and membrane dura-
bility to enhance H2O2 yields. Similarly, Han et al. [55] demonstrated that the Co-N5-O-C
catalyst delivered an H2O2 production rate of 11.3 mol g−1h−1 at 200 mA cm−2 in 1M
KOH, retaining ~80% FE after 24 h of continuous operation at 100 mA cm−2.

Future research should focus on multiscale collaborative design, spanning from atomic-
level modulation of catalyst electronic structures to optimization of reactor architectures,
integrated with computational materials science, to achieve low-cost, high-concentration,
and fully green process chains for electrochemical H2O2 synthesis, ultimately revolutioniz-
ing traditional chemical production paradigms.

4.2. Zinc–Air Battery

Aqueous zinc–air batteries are a novel category of chemical power source that utilize
metallic zinc as the anode and oxygen from air as the cathode active material, combining
characteristics of both secondary batteries and fuel cells [109]. These batteries typically
consist of an air electrode, an alkaline or neutral electrolyte, a separator, and a zinc anode.
During discharge, zinc at the anode is oxidized in the alkaline electrolyte to form zincate
ions while releasing electrons. At the cathode, oxygen from the air is adsorbed onto the
air diffusion electrode and reduced in the electrolyte to generate hydroxide ions (OH−),
which react with zincate ions to produce zinc oxide (ZnO) and H2O. Electrons flow from
the anode to the cathode through an external circuit, generating electrical current. During
charging, the anode reaction involves the oxidation of ZnO to Zn2+ and OH− by losing elec-
trons, while the cathode reaction reduces water to produce oxygen and OH− (Figure 10c).
However, aqueous zinc–air batteries suffer from sluggish ORR kinetics, necessitating highly
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efficient catalysts to reduce overpotentials and enhance reaction rates [110]. When catalysts
with metal–nonmetal asymmetric atomic structures are applied, they exhibit superior per-
formance compared to commercial Pt/C catalysts, offering improved stability and catalytic
activity for practical applications. Catalysts can be applied in two forms: the first is their
direct use as the cathode for catalytic reactions. Zhang et al. [84] employed Co-N3-C/CNT
as the air cathode, where the zinc–air battery demonstrated a maximum power density of
159.3 mW cm−2 and a high specific capacity of 892.6 mAh g−1, with no performance decay
after 8000 cycles. Yang et al. [86] applied Fe-N3S/Cmeso as the cathode material in a zinc–air
battery, attaining an open-circuit voltage of 1.45 V, a peak power density of 178 mW cm−2,
and stability exceeding 350 h, with 96.17% capacity retention over 100 h. Ren et al. [111]
assembled a zinc–air battery using an asymmetric N,P-coordinated Co single-atom catalyst
(d-CoN3P) as the cathode, delivering a specific capacity of 842 mAh g−1 and a power den-
sity of 175.7 mW cm−2, exceeding Pt/C (662 mAh g−1 and 123.8 mW cm−2), and retained
stable performance after 1163 charge–discharge cycles. The second approach involves
loading catalysts onto the cathode for catalytic reactions, where the loaded catalysts appear
to outperform those directly used as cathodes. For example, Ding et al. [83] deposited
a Co1-BNG catalyst onto the anode to form a composite electrode, achieving a zinc–air
battery with a maximum power density of 253 mW cm−2 and durability exceeding 110 h.
Jiang et al. [71] applied S-Cu-ISA/SNC as the air cathode catalyst in a zinc–air battery,
demonstrating a maximum power density of 225 mW cm−2 and negligible voltage decay
during 50 h cycling tests, indicating exceptional discharge stability. Lin et al. [88] employed
the Sn-N/O-C catalyst in a ZAB, achieving a maximum power density of 254 mW cm−2,
a specific capacity of 781 mAh g−1, and stable performance over 350 h of discharge test-
ing (Figure 10d). Metal–metal asymmetric-atomic-structure catalysts further enhance the
performance of aqueous zinc–air batteries, with bimetallic synergistic catalysis exhibiting
stronger performance than metal–nonmetal catalysts, yielding higher peak power densities.
For instance, Shang et al. [91] applied the SeFe–C2N catalyst as the cathode in a ZAB,
achieving a high power density of 287.2 mW cm−2 and a specific capacity of 764.8 mAh
g−1, with virtually imperceptible voltage decay over 380 h of charge–discharge cycling.
Wang et al. [107] integrated a Co/Cu-N-C catalyst into a ZAB, attaining a peak power
density of 256.1 mW cm−2 and cycling stability exceeding 500 h.

Flexible solid-state zinc–air batteries (ZABs) are novel energy storage devices charac-
terized by high theoretical energy density, augmented safety, and flexible bendability. Their
working principle aligns with aqueous ZABs, with the core innovation being the replace-
ment of traditional liquid electrolytes with solid-state electrolytes and the achievement of
flexibility through material and structural design [112]. The key components of a flexible
solid-state ZAB include an air cathode, zinc anode, solid-state electrolyte layer, and flexible
encapsulation layer. The air cathode facilitates ORR. The zinc anode combines a metallic
zinc layer with a flexible substrate to enable bending. The solid-state electrolyte layer
conducts ions, prevents short circuits by isolating electrodes, and provides mechanical
flexibility and strength. The flexible encapsulation layer is typically made of polymeric ma-
terials to block moisture ingress and maintain mechanical flexibility [113]. Cathode catalyst
deactivation significantly degrades ORR kinetics and is a primary cause of capacity decay in
flexible solid-state ZABs. For instance, Wang et al. [107] synthesized a Co/Cu-N-C catalyst
that demonstrated a high specific capacity of 727.1 mAh g−1 and stable power density of
113.2 mW cm−2 under bending conditions in flexible ZABs (Figure 10e), outperforming
Pt/C-based batteries (21.7 mW cm−2). Lv et al. [97] applied the Mn-N-HsGDY catalyst in a
1D solid-state ZAB, achieving an open-circuit voltage of 1.363 V and maintaining stable
voltage output during bending to power a timer. In a 2D solid-state ZAB, it delivered
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a peak power density of 156.6 mW cm−2, surpassing most reported flexible ZABs, and
preserved stable voltage differences throughout 1400 min of charge–discharge testing.

4.3. Hydrogen–Oxygen Fuel Cell

Proton-exchange membrane fuel cells (PEMFCs) constitute highly efficient and clean
energy conversion devices that directly transform chemical energy into electricity through
hydrogen–oxygen electrochemical reactions [114]. Among these, the ORR at the cathode
is one of the most critical processes. A PEMFC consists of gas diffusion layers (GDLs),
membrane electrode assemblies (MEAs), and bipolar plates. The MEA, which includes
catalyst layers (CLs) and a proton-exchange membrane (PEM), serves as the core of the
electrochemical conversion process. The performance and efficiency of devices relying on
this process depend heavily on the properties of ORR electrocatalysts and PEMs [115]. Thus,
developing higher-activity ORR catalysts and cost-effective MEAs with high durability
is essential for advancing these energy conversion technologies [116]. Fundamentally,
PEMFCs operate as the reverse process of water electrolysis: H2 and O2 react in the presence
of catalysts to produce H2O while releasing electrical energy. In the operation of PEMFCs,
H2 enters the anode, where it splits into H+ and e− under the action of catalysts. The
H+ ions migrate through the PEM to the cathode, while the e− are forced through an
external circuit, generating an electric current to power electronic devices. At the cathode,
O2 combines with the migrating H+ and incoming e− to drive the ORR, producing H2O.
To optimize PEMFC performance, high-performance ORR catalysts are essential. Catalyst
particles must be integrated on both sides of the PEM to minimize the transport distances
of H+ and e−, thereby enhancing reaction kinetics. The chemical stability of the catalysts
and their compatibility with the membrane are critical to preventing degradation of both
components and maintaining optimal performance. Due to the constrained availability
and high cost of noble metal-based catalysts, asymmetric-atomic-structure catalysts have
emerged as promising alternatives to Pt-based catalysts. For example, Liu et al. [89] reported
a Fe-N/O-C cathode catalyst that achieved a peak power density of 1179 mW cm−2 in
PEMFCs (Figure 10f). Yin et al. [85] developed a CoN3S-PC cathode catalyst that delivered
a peak power density surpassing 1.32 W cm−2 under O2 at 80 ◦C. Operating at a constant
voltage of 0.6 V, the CoN3S-PC cathode maintained 53.3% of its current density after 37 h
(ultimately stabilizing at approximately 300 mA cm−2). Chang et al. [92] synthesized a
(Fe,Co)/N-C catalyst that achieved a peak power density of 505 mW cm−2 in PEMFCs
(353 K with 0.2 MPa backpressure), reaching 76% of the power density of commercial
Pt/C. Additionally, in H2/air fuel cells, it demonstrated negligible voltage decay when
operated continuously for 100 h at constant current densities (600 and 1000 mA cm−2).
These advancements highlight the potential of metal–nonmetal asymmetric coordination
catalysts to outperform Pt/C in PEMFC applications, driving progress toward cost-effective
and durable fuel cell technologies.

5. Conclusions and Prospects

In conclusion, asymmetric atomic structures have demonstrated exceptional perfor-
mance in the ORR, showing practical applications in high-efficiency H2O2 production,
metal–air batteries, and hydrogen–oxygen fuel cells, and have materialized as one of
the most promising alternatives to traditional noble metal catalysts. Based on recent ad-
vancements in theoretical and experimental research, key design principles for developing
next-generation high-performance asymmetric-atomic-structure catalysts have been sum-
marized, providing critical guidance for optimizing catalytic activity and selectivity.

233



Catalysts 2025, 15, 615

(i) Design Principles for Metal Element Doping: In ORR catalysts, transition metal el-
ements are the predominant choice for constructing asymmetric atomic structures
owing to their unique electronic configurations and chemical properties. The partially
filled d-orbitals of transition metals can hybridize with the antibonding *π orbitals
of O2, modulating the activation energy for O-O bond cleavage. The position of the
d-band center critically governs the adsorption strength of oxygen intermediates
(e.g., *OOH, *O, *OH). Furthermore, transition metals exhibit multiple oxidation
states (e.g., Fe2+/Fe3+, Co2+/Co3+), empowering reversible electron transfer during
ORR. This redox flexibility allows their oxidation states to dynamically adapt across
reaction steps, thereby facilitating catalytic progression. Additionally, the atomic
size and electronegativity of transition metals promote the formation of asymmet-
ric coordination structures with other atoms or ligands. Such configurations induce
asymmetric charge distribution and electronic effects, optimizing the adsorption and
reactivity toward ORR intermediates. Finally, transition metals possess high chemical
and thermal stability, enabling sustained catalytic activity under ORR operating con-
ditions (e.g., acidic/alkaline environments, high potentials) while resisting structural
degradation or corrosion.

(ii) Design Principles for Nonmetal Element Doping: In the fabrication of asymmetric-
atomic-structure catalysts, the incorporation of high-electronegativity nonmetal el-
ements induces charge polarization through their strong electron-withdrawing ca-
pability, creating localized electron density differences. This effectively modulates
the electronic structure of the catalyst, enhancing its adsorption capacity for reac-
tants and catalytic activity. Additionally, synergistic co-doping of multiple high-
electronegativity nonmetal elements can be considered to achieve more significant
catalytic performance improvements. Interactions between different dopants may col-
lectively modulate the electronic and geometric structures of the catalyst, generating
synergistic effects. For low-electronegativity nonmetal elements, their weak electron-
withdrawing or electron-donating capabilities can modulate the charge distribution,
surface reactive sites, and intermediate adsorption behavior of the catalyst structure.
Selecting elements with atomic radii matching the substrate can reduce the risk of
lattice distortion and preserves structural stability.

(iii) Design Principles for Other Dopants: In asymmetric-atomic-structure ORR catalysts,
defect engineering amplifies catalytic activity and selectivity by introducing vacancies,
edge sites, and other asymmetric configurations. These defects modulate electronic
distribution, expose active sites, and optimize reaction pathways. Defects instigate
localized states near the Fermi level, reducing the energy gap between O2’s d-orbitals
and the catalyst’s electronic states (e.g., carbon vacancies shift the Fermi level down-
ward by 0.2–0.5 eV), thereby enhancing charge transfer efficiency. Finally, defects in
porous structures expose additional active sites (e.g., defects in mesoporous carbon
walls enhance mass transport and active site density).

(iv) In summary, for the 2e− pathway in the ORR, elements that weakly activate the
O-O bond should be selected to reduce O-O bond cleavage capability, stabilize the
*OOH intermediate, and retain the O-O bond, thereby enhancing H2O2 selectivity.
The asymmetric configurations composed of N and O atoms in structures such as
Co-N5, Zn-N3O and other structures promote the two-electron pathway of the oxygen
reduction reaction. For the 4e− pathway, the O-O bond cleavage capability must be
strengthened, and active sites should integrate dual functions of O2 adsorption and
O-O bond scission to promote rapid adsorption/desorption equilibrium of oxygen-
containing intermediates (*O, *OH). The presence of B and Fe elements in structures
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such as Co-N3B and Fe-B-Co/NC promotes the four-electron pathway of the oxygen
reduction reaction. Additionally, precise regulation of defect type, location, and
concentration can optimize the electronic structure and reaction kinetics of active
sites, enabling directional selection of ORR pathways (2e−/4e−). Finally, the choice of
carbon matrix must comprehensively consider the synergistic effects of multi-element
doping, defect engineering, hierarchical structures, and coordination modulation to
achieve electronic structure optimization, rapid mass transport, and efficient exposure
of active sites.
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Abstract: The electrocatalytic oxidation of urea has gained significant attention as a promising
pathway for sustainable energy conversion and wastewater treatment that could address the dual
goals of waste remediation and renewable energy generation. Phosphorous function groups-based
catalysts have been introduced as potential electrode materials for enhancing the urea electrocatalytic
oxidation reaction (UEOR) due to their unique structural properties, high stability, and tunable
electronic characteristics. This review presents recent advancements in phosphorous-based catalysts
(phosphates/phosphides) for UEOR. It highlights the development of novel phosphorous materials,
synthesis approaches, and electrocatalytic insights into urea electrooxidation on phosphorous-based
materials surfaces. Key topics include the role of different metal phosphates, surface modifications,
and compositional optimizations to improve electrocatalytic efficiency and durability. Through a
critical evaluation of current research trends and technological progress, this review underscores
the potential of phosphate-based catalysts as environmentally friendly and efficient alternatives
for sustainable waste-to-energy conversion via UEOR. The review concludes with a perspective on
future directions for optimizing phosphate catalysts, scaling up practical applications, and integrating
UEOR systems into renewable energy infrastructures.

Keywords: urea electrooxidation; phosphate-based catalysts; waste-to-energy conversion;
electrocatalysis; renewable energy; sustainable catalysis; metal phosphates; catalyst stability;
energy-efficient wastewater treatment; green chemistry

1. Introduction

The growing global emphasis on sustainable energy and environmental remediation
has placed catalysis points and their applications at the forefront of research, which could
drive the development of efficient and environmentally friendly catalytic systems [1,2].
Among various catalytic processes, urea electrooxidation has garnered significant attention
as a dual-purpose approach that addresses waste remediation and energy conversion [3,4].
This process offers the potential to transform urea-rich wastewater, which is a persis-
tent pollutant into valuable energy resources, aligning with green chemistry and circular
economy [5].

Phosphate-based catalysts have been presented as a promising type of material in this
context, owing to their unique structural attributes, high chemical stability, and tunable
electronic properties [6,7]. These features make them suitable candidates for enhancing
the electrocatalytic systems such as electrooxidation of small molecules [8], as shown
in Figure 1, such as hydrazine electrooxidation [9,10], alcohol oxidation [11], and urea
electrooxidation reaction (UEOR) [12]. Unlike conventional catalytic systems, phosphate-
based materials exhibit advantages such as structural versatility [13], compatibility with
surface modifications [14], and the potential for high catalytic efficiency [15,16].

Catalysts 2024, 14, 937. https://doi.org/10.3390/catal14120937 https://www.mdpi.com/journal/catalysts241
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Figure 1. (A) Number of publications over the last 9 years, using the “Scopus” database and
the following keywords (“urea electrochemical” or “urea oxidation” or “urea electrooxidation”
or “urea electrolysis” or “urea electrode”) and (“Phosphorus” or “Phosphate” or “Phosphide”).
(B) Application of black phosphates (BP) and transition metal phosphates (TMPs) towards the
electrocatalytic oxidation of small molecules including hydrazine, alcohol, and urea. The figure was
reprinted after permission from Elsevier [8], Molecular Catalysis 558, 2024, 114023 and the license
number 5926580350419.

This review delves into the advancements in phosphate-based catalysts for UEOR, pro-
viding a comprehensive exploration of their synthesis strategies, structural optimizations,
and mechanistic insights. Special emphasis is placed on the role of different metal phos-
phates, surface functionalization techniques, and compositional innovations in improving
the catalytic activity, selectivity, and durability of these materials. By critically analyzing
current trends and progress, the review underscores the promising role of phosphate-based
catalysts in sustainable waste-to-energy conversion technologies. The discussion concludes
by addressing challenges in scaling up applications and integrating these catalysts into
renewable energy systems, which could offer a perspective on future directions in this
exciting catalytic field.
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2. Chemistry of Phosphates

Phosphates are a class of chemical materials derived from phosphoric acid (H3PO4),
which forms various salts and esters when combined with metals or organic molecules [17].
They play an essential role in biological [18], geological [19], and industrial systems [20],
contributing to energy transfer [21], mineralization processes [22], 3D printing [23], and
fertilizer production [24]. Understanding the types and structures of phosphates offers
insight into their diverse applications and natural significance [25]. At the heart of all
phosphate compounds is the phosphate ion (PO4

3−), a tetrahedral structure where a
phosphorus atom is covalently bonded to four O atoms [26]. In this arrangement, one
oxygen atom forms a double bond with phosphorus, and the other three are single-bonded
and carry negative charges, which provide more reactivity and the capability of forming
various chemical bonds. This flexibility allows phosphates to exist in multiple forms,
each with distinct structural and functional characteristics. Phosphates can be categorized
into three main types: orthophosphates, polyphosphates, and organophosphates [27].
Orthophosphates (PO4

3−) are the simplest form and serve as the foundation for other
phosphate materials. They are prevalent in biological systems, notably in adenosine
triphosphate (ATP), where they store and transfer energy within cells [28]. Orthophosphates
also exist in minerals such as apatite [29], which is a primary source of phosphorus in
nature and an essential component of bones and teeth [30]. The second type of phosphate is
polyphosphates, which are chains or rings of phosphate units linked by oxygen bridges [31].
These compounds include pyrophosphate (P2O7

4−) and tripolyphosphate (P3O10
5−) and

can be synthesized by condensation reactions involving orthophosphates. Polyphosphates
are widely used in industrial applications, including detergents, water softeners, and food
additives [32]. In living organisms, they act as energy reservoirs and are involved in
processes like cell signaling and bone mineralization [33]. The third type of phosphate
is organophosphates, which consist of phosphate groups covalently bound to organic
molecules [34]. These compounds play a pivotal role in biochemistry, as seen in nucleotides,
DNA, RNA, and phospholipids that form cellular membranes [35]. Organophosphates are
also the basis for many pesticides and nerve agents [36], exploiting their ability to inhibit
essential enzymes like acetylcholinesterase [37]. This duality highlights their importance
and the need for careful management in agriculture and medicine [38].

Structurally, phosphates exhibit versatility depending on the phase and chemistry of
preparation and saving environment. In crystalline forms (such as minerals), the phosphate
ions are coordinated with metal cations like Ca, Na, or K, which lead to complex networks.
These structures are stable and contribute to the formation of rocks like phosphorite. In
aqueous systems, phosphates exist as hydrated ions or form soluble salts, allowing them
to participate in chemical reactions, including but not limited to acid–base equilibria and
precipitation. The biological significance of phosphates cannot be overstated. Phosphates
are integral to energy metabolism, where ATP molecules release energy through the hy-
drolysis of phosphate bonds [39]. They also serve as structural components in nucleic
acids, linking nucleotides via phosphodiester bonds [40]. Additionally, phosphate groups
regulate proteins and enzymes through phosphorylation, a process central to cell signaling
and metabolic control [41].

Various synthesis strategies for phosphorus-based catalysts, including techniques
such as sol–gel [42], hydrothermal [43], chemical vapor deposition [44], electrochemical
methods [45], and MOF-assisted synthesis [46], have been reported. From an environ-
mental perspective, phosphates are a double-edged sword. They are essential for plant
growth as fertilizers [24], but excessive phosphate runoff leads to eutrophication, which
causes algal blooms and oxygen depletion in aquatic ecosystems [47]. This environmental
impact necessitates sustainable phosphate management, including recovery from wastew-
ater and efficient agricultural practices. Geologically, phosphates are key constituents of
sedimentary and igneous rocks, forming through biogenic and geochemical processes.
Apatite minerals are mined extensively to produce fertilizers, which support global food
production. However, phosphate reserves are finite, and their depletion raises concerns
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about future availability that lead the future research into recycling and alternative sources.
Distinct from other P-function groups, phosphides are compounds that contain phospho-
rus in their negative oxidation state, typically as the anion P3−. These materials are often
formed by the reaction of phosphorus with metals or metalloids, resulting in a wide range
of metal phosphides, and have gained significant interest in electrocatalysis [48]. Therefore,
phosphorous function groups are foundational to life, industry, and the environment. Their
diverse types and structures underpin critical biological functions, support agricultural
productivity, and pose environmental challenges. It is essential to mention the diverse syn-
thesis strategies employed to develop these catalysts, as these methods directly influence
their structure, surface area, electronic properties, and catalytic activity. Common synthesis
strategies include sol–gel methods [42], which enable the formation of homogeneously
distributed phosphorus within the catalyst matrix, and hydrothermal techniques [43],
which are widely used for producing highly crystalline and well-defined nanostructures.
Additionally, chemical vapor deposition [44] offers precise control over the deposition
of phosphorus onto specific surfaces, making it ideal for creating thin films or layered
structures. Electrochemical methods [45], on the other hand, provide a sustainable and
scalable approach to phosphorus incorporation while tuning the electrochemical properties
of the catalyst. Other innovative approaches, such as MOF-assisted synthesis [46], template-
assisted synthesis, pyrolysis of phosphorus-containing precursors, and doping strategies,
further expand the design possibilities for these catalysts. The selection of a synthesis
method is often dictated by the intended application, as well as the desired properties of
the final catalyst, such as high conductivity, stability, and active site availability. A deeper
understanding of phosphorous function groups allows us to harness their benefits while
mitigating their risks, emphasizing their multifaceted role in shaping the world around
us. This review displays the reported application of phosphorous function groups as
anode material and electrocatalyst for UEOR towards the commercialization of urea fuel
cells (UFC).

3. Electrocatalysis in Urea Fuel Cells

Fuel cells (FCs) are one of the electrochemical devices that change the chemical energy
in chemical fuels into electricity with acceptable efficiency [49]. They operate silently and
occupy less space compared to conventional energy systems, as well as having minimal
environmental impact. Among the various types of fuel cells, UFC holds great promise
for sustainable wastewater treatment and energy generation [50]. In these systems, urea is
electrochemically oxidized, yielding CO2, N2, H2O, and electricity [51]. UFC systems are
notable for their theoretical efficiency (102.9%) and could surpass that of hydrogen fuel cells
(83%) because of heat absorption from the surroundings. Additionally, their open-circuit
voltage (OCV) is comparable to H2 fuel cells at approximately 1.21 V. However, enhancing
the performance of DUFCs remains a challenge, especially regarding the electrochemical
activity of the metal-based catalysts as anode part in UFC commonly used for urea elec-
trocatalytic oxidation. Among the transition metals, nickel (Ni) has been reported as an
effective, non-precious electrocatalyst for the UEOR in alkaline conditions [52]. Despite
their electrocatalytic activity, Ni electrocatalysts face limitations in electrochemical stability
and activity, hindering commercial viability. Efforts to enhance anode performance for fuel
cells include incorporating Ni with metals like Pd [53], Cu [54], Co [55], Ce [56], Ti [57,58],
Mn [59], Fe [60], Cr [61,62], and Se [63,64] or increasing the catalyst’s surface area using
supports including carbonaceous support such as C-nanofibers [65,66], graphene oxide [67],
3D carbon sponges [68], and carbon nanotubes [69]. Moreover, employing alternative oxi-
dants like H2O2, which exhibits a higher cathodic potential than O2, or adopting hybrid pH
conditions (alkaline anolyte and acidic catholyte) has shown promising results in boosting
the open-circuit voltage (OCV) and power output. In situ and ex situ studies reveal that
these strategies significantly improve the catalytic efficiency of UFC, opening pathways for
their commercialization as dual-purpose devices for energy generation and environmental
remediation [49].
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The electrocatalytic part in the UFC systems concentrates on two major parts: anodic
and cathodic. The anodic part includes electrochemical oxidation of urea, such as the
reported Ni-electrocatalysts, which could electrocatalyse urea oxidation via two mech-
anisms: the indirect pathway, where NiOOH oxidizes urea chemically, and the direct
pathway, where urea adsorbs onto NiOOH followed by transferring electrons directly
to the electrode [70]. Additionally, both direct and indirect electrocatalytic mechanisms
have been reported at the same electrocatalyst, such as Ni5Sm-P/C [71]. The indirect
electrocatalytic mechanism involves competitive adsorption between urea and OH− on the
NiOOH surface, which could be considered an electroactive layer [72]. The reaction kinetics
and efficiency are significantly influenced by the alkaline medium’s composition, with
potassium hydroxide (KOH) emerging as the most effective electrolyte. KOH enhances
the oxidation of surface intermediates, facilitates the release of CO2, and increases the
available NiOOH. Increasing the KOH concentration reduces the onset potential (Eop)
and boosts the oxidation peak current density, improving electrocatalytic activity [73,74].
Furthermore, higher urea concentrations enhance the diffusion-controlled reaction rates,
whereas kinetic limitations govern performance at elevated potentials. Therefore, under-
standing the behavior of electrocatalysts including Ni-based catalysts in alkaline media is
crucial for optimizing UFC performance. The redox transitions of Ni between Ni(OH)2 and
NiOOH under applied potentials create active sites for urea oxidation, but the formation
of intermediates can temporarily block these sites. Techniques like cyclic voltammetry
(CV), impedance (EIS), and surface-enhanced Raman spectroscopy have elucidated these
mechanisms, confirming the role of β-NiOOH as the primary electrochemical active site
for UEOR. Therefore, advances in catalyst design and the use of hybrid conditions are
promising steps toward addressing challenges such as catalyst poisoning, stability, and
long-term operation. Further research focusing on alternative oxidants, robust electro-
catalyst recovery strategies, and mechanistic insights will be pivotal for realizing the full
potential of UFC in wastewater treatment and renewable energy applications.

Determining the optimal KOH/urea ratio for large-scale applications is essential
for maximizing efficiency and minimizing energy consumption, particularly given the
inherent variability in wastewater composition. Empirical studies involving systematic
experimentation under different KOH/urea ratios provide valuable data on conditions that
optimize urea conversion. Concurrently, real-time wastewater composition analysis allows
for dynamic adjustments of the KOH/urea ratio using feedback control systems. Advanced
modeling techniques, including computational fluid dynamics (CFD) and reaction kinetic
simulations, can predict the optimal ratios under diverse scenarios, significantly reducing
the need for trial-and-error experimentation. Pilot-scale testing under representative
wastewater conditions further validates the practical applicability of these ratios, ensuring
robust performance in real-world scenarios.

Stability tests for both direct and indirect mechanisms of urea oxidation could be
conducted through more systematic evaluations under real-world conditions. For direct
mechanisms, laboratory studies employing cyclic voltammetry and chronoamperometry
under simulated wastewater conditions have provided insights into long-term stability.
Indirect mechanisms, which involve reactive intermediates like hydroxyl radicals, are
often assessed using advanced spectroscopic methods to monitor catalyst degradation over
time. Limited field trials in wastewater treatment facilities have shown promising initial
results, but further research is needed to replicate these findings across various operational
conditions. To bridge this gap, future studies should focus on accelerated aging tests and
continuous-flow setups that closely mimic real-world environments, thereby providing a
more comprehensive understanding of catalyst durability.

Certainly, hydroxide ions (−OH) play a considerable role in urea electrooxidation ac-
cording to the reported mechanism (as illustrated in Figure 2A), following an electrochemical–
chemical (E-C) process. Initially, Ni content reacts with −OH to form Ni(OH)2, which is
inactive for urea oxidation. Ni(OH)2 is then oxidized by additional −OH to form the elec-
troactive NiOOH layer, capable of oxidizing urea into CO2 and N2 [62,72]. Urea oxidation
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involves the attack of six −OH groups on specific sites of the urea molecule (the C in the
O=C group and the hydrogens in the NH2 groups). These lead to the cleavage of N–H and
C–N bonds, yielding N2, CO2, and H2O. Intermediates formed during this process adsorb
onto the NiOOH because of the polarization of O-Ni bonds. Subsequently, −OH attacks
the N–H bonds, producing H+, which reacts with −OH to form H2O. The electroactive
NiOOH is reduced back to Ni(OH)2 and requires further oxidation to continue the catalytic
cycle. However, CO2 formed during the process can dissolve in the electrolyte and create a
carbonate layer, which inhibits the Ni(OH)2/NiOOH conversion, eventually reducing or
halting the oxidation reaction [75,76].

Figure 2. (A) Urea electrocatalytic oxidation mechanistic aspects. (B) EIS of urea electrocatalytic
oxidation using KOH without urea. (C) EIS using 0.3 M urea. (D) Bode phase with and without urea.
(E) Total impedance behavior with and without urea. The figure was reprinted after permission from
Elsevier [72] and the license number 5926580582366.
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From the different reported techniques for studying the electrocatalysis of UEOR, the
EIS study is the best one that could provide the charge transfer related to the electrocat-
alytic mechanism. For example, the EIS with and without urea was displayed (Figure 2B,C,
respectively) and confirmed that the relaxation time for urea oxidation is longer than for
NiOOH formation, confirming that the rate-determining step (RDS) could be urea degra-
dation (the cleavage of C–N and N–H bonds) [72]. Nyquist plots further illustrate the
interaction of γ-NiOOH formation with urea oxidation. For 0.3 M urea, a faster relaxation
time (0.797 ms) was observed against what was estimated in the case of urea-free solution
(1.264 ms), highlighting the enhanced activity of NiOOH with urea. The large semicircle in
the low-frequency region of the Nyquist plot for 0.3 M urea corresponds to urea oxidation,
contrasting with the diffusion-controlled process observed in the urea-free solution. The cal-
culated relaxation times and resistance values (R2 dropping from 1050.3 to 26.55 Ω cm2 with
urea) strongly support the enhanced catalytic activity towards urea electrooxidation. Bode
phase plots (Figure 2D) further confirmed the existence of two charge transfer processes:
−OH diffusion to the working electrode surface and the consumption of NiOOH during
oxidation. A significant shift in the peaks indicates the active involvement of NiOOH in
urea oxidation. Total impedance analysis (Figure 2E) demonstrates that the addition of urea
decreases total impedance, indicating improved electrical conductivity due to enhanced
charge transfer pathways during urea electrooxidation. Therefore, the study of EIS is a
considerable indicator for evaluating the electrocatalysts for UEOR including Nyquist plots,
Bode phase plots, and total impedance characteristics.

4. Ni-Phosphate Electrocatalysts for UEOR

Phosphates are promising materials for electrocatalysis due to their robust chemical
and thermal stability, tunable electronic properties, and versatility in catalyzing essential
reactions such as the oxygen evolution reaction (OER) [77], hydrogen evolution reaction
(HER) [78], and carbon dioxide reduction reaction (CO2RR) [79], as well as UEOR [80].
Their strong P−O bonds ensure durability under harsh reaction conditions, while their
structural flexibility permits the incorporation of transition metals, enabling tailored cat-
alytic activity [8]. Phosphates could stabilize key intermediates, lower activation barriers,
and promote selective pathways in reactions like UEOR. Their performance can be further
enhanced through doping with elements or forming composites with conductive mate-
rials such as carbon materials, which will be discussed in detail. Firstly, Ni-phosphate
materials could be studied before other bimetallic phosphates, followed by composites
containing phosphates.

Song et al. conducted a comprehensive study on the electrochemical catalytic activity
of four nickel phosphate catalysts (NiPO-a,b,c,d) synthesized using different methods,
focusing on their potential for urea oxidation in alkaline conditions [81]. The structures of
these materials varied significantly: NiPO-a featured less-ordered nanotubes, NiPO-b and
NiPO-c had a flower-like nanosheet porous structure, and NiPO-d consisted of stacked
nanocrystals. Electrochemical analyses, including CV (Figure 3A–D), demonstrated that
these phosphates had more negative Eop compared to commercial NiO, making them
more reactive towards urea. Among them, NiPO-c exhibited the highest oxidation current
density (30.0 mA cm−2) and superior stability, retaining 97.47% of its electrochemical
activity after a 96-h amperometric i−t test (Figure 3E). This superior performance was
attributed to its unique structure and excellent catalytic properties. Additionally, NiPO-c
demonstrated favorable electrochemical behavior with clear cathodic/anodic peaks in
KOH containing urea, which were absent in NiPO-d and commercial NiO (Figure 3A).
The Eop for UEOR with NiPO-c was as low as 0.33 V versus Ag/AgCl, lower than other
NiPOs and NiO. Mechanistic insights revealed that the reaction involved the conversion
of Ni(OH)2 to NiOOH, followed by a chemical reaction with urea, which highlighted the
best performance for NiPO-c (Figure 3B). Further investigations into the influence of urea
concentration showed that the optimal urea-to-KOH ratio was critical for maximizing
current density (Figure 3C), while the ideal KOH concentration for urea oxidation was
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determined to be 3.0 mol L−1 (Figure 3D). Figure 3F has the EIS results, which indicate that
NiPO-c had the lowest equivalent series resistance (46 Ω) and charge transfer resistance
(Rct), enabling faster reaction kinetics. These findings underscore the potential of NiPO-c
as a promising candidate for UEOR.

 

Figure 3. (A) CV of Ni-phosphates electrocatalysts in 1 mol/L KOH containing 0.1 mol/L urea at
a scan rate of 0.05 V s−1. (B) CV of NiPO-c in 1 mol/L KOH and 0.1 M urea. (C) CV of NiPO-c at
varying urea concentrations; the inset shows CV for lower urea concentrations. (D) CV of NiPO-c
at different KOH contents with 0.1 mol/L urea. (E) Amperometric (i–t) measurements for UEOR
on NiPO-a, NiPO-b, and NiPO-c modified fluorine-doped tin oxide (FTO) electrodes at different
applied voltages in 0.1 M urea. (F) EIS analysis of NiPO-a,b,c modified FTO electrodes at 500 mV after
300 cycles in KOH with 0.1 mol/L urea. The figure was reprinted after permission from Elsevier [81],
Electrochimica Acta, 251, 2017, 284–292 and the license number 5926581331801.

Q. Li et al. demonstrated the chemical design of porous rods based on Ni2P/Ni mate-
rial composed of nanosize particle subunits through a one-step phosphating method [82].
Density functional theory (DFT) calculations revealed that these assemblies exhibit en-
hanced conductivity and chemical bond activity compared to NiO/Ni, significantly boost-
ing UOR performance. The optimized Ni2P/Ni catalyst achieved a low overpotential of

248



Catalysts 2024, 14, 937

50 mV at 10 mA·cm2, and 87.6 mV·dec−1 Tafel slope. Electrochemical characterization
indicated that the catalyst possesses a better electrochemical surface area and improved
kinetics, as evidenced by its low resistance (Rct) and superior double-layer capacitance.
Comparative studies with non-phosphated samples confirmed that phosphating enhances
catalytic activity. The Ni2P/Ni composite, developed by precisely controlling synthesis
parameters, displayed superior UEOR activity, achieving higher current density and lower
Eop than other tested samples. Additionally, the stability of the porous rod-like structure
was demonstrated through extended immersion tests, which retained the morphology and
performance of the catalyst.

G. Wang et al. synthesized a unique 3D porous Ni2P nanoflower electrode combined
with nickel foam (Ni2P@NF) using hydrothermal growth strategy and material phos-
phating [83]. The working electrodes were analyzed by XRD, SEM, EDX, and TEM, and
their electrocatalytic performance for UEOR was evaluated via CV, chronoamperometry
(CA), and EIS. The phosphating process transformed the Ni(OH)2 precursor into porous
nanoflowers (Ni2P), creating abundant active sites and electron transmission channels that
enhanced interfacial reactions. Compared to its precursor, the Ni2P@NF electrocatalyst dis-
played superior electrocatalytic activity in KOH (5.00 mol/L) and 0.6 mol/L urea, achieving
750 mA/cm2 with an Eop of 0.24 V, alongside remarkable stability. Electrochemical analyses
revealed enhanced redox transitions between Ni2+/Ni3+, a larger electrochemically active
surface area (EASA), and improved charge transfer efficiency attributed to the material’s
porous, flower-like nanosheet structure. The electrode demonstrated optimal catalytic
performance at a urea content of 0.60 mol/L, aligning with the theoretical ratio of urea to
KOH while maintaining stability under various applied potentials. EIS measurements indi-
cated improved charge transport and distinct conversion processes in the presence of urea.
Collectively, these findings establish the Ni2P@NF electrode as a promising electrocatalyst
for alkaline UEOR.

In 2019, Amin Imani et al. explored the chemical design of nanoporous Ni3(PO4)3·8H2O
microspheres (NiP) with an orange peel morphology, which was developed as an advanced
catalyst for UEOR [84]. Using a one-pot hydrothermal method, they synthesized NiP
materials with tunable morphology and particle size by varying hydrothermal parameters.
This material was identified as one-phase Ni3(PO4)2·8H2O, having a monoclinic structure.
The optimized NiP110 demonstrated exceptional electrocatalytic activity and stability,
obtaining 680 mA·cm−2·mg−1 and a low oxidation voltage of 0.33 V in alkaline media.
CV analysis revealed that the chemical existence of fuel sharply improved the produced
current density, indicating strong catalytic action. The superior performance of NiP110
was attributed to its improved surface area, enabling efficient diffusion of reactants and
exposure of active redox sites. The electrocatalytic process involves the electrochemical
conversion of fuel into CO2, water, and N2 via an electrochemical-catalytic mechanism
mediated by NiOOH, generated through the electrooxidation of Ni(OH)2. Additionally, the
production of a nickel hydroxide layer on the electrode in the KOH solution facilitated redox
reactions. The study also highlighted the impact of the supporting electrolyte-to-urea ratio
on oxidation efficiency, emphasizing that an imbalance can lead to reduced current density
due to inadequate hydroxide ions or electrode fouling by CO2. This innovative synthesis
of nanoporous NiP microspheres opens avenues for their application in electrochemical
sensors for urea detection and underscores the potential to generalize the approach to
fabricate other 3D nanoporous phosphate-based materials for diverse electrochemical
applications [84].

Phosphorus material based on Ni12P5 nanorods grown in situ on a 3D NF skeleton
(Ni12P5/Ni-Pi/NF) has been fabricated, offering a competitive electrocatalyst for UEOR or
HER [85]. The hierarchical core–shell architecture of these nanorods provides an improved
surface area, enhanced electron transfer, and efficient mass transport, resulting in robust cat-
alytic performance. For UEOR, the catalyst achieves 9 A/cm2 at 1.378 V in 1.0 mol/L KOH
with 0.5 mol/L urea, outperforming many state-of-the-art catalysts. It also demonstrates
excellent HER activity, obtaining a promising current (e.g., 500 mA cm−2 at −0.312 V) with
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improved kinetics and durability. Using a two-electrode splitting electrolyzer, the electrode
(Ni12P5/Ni-Pi/NF) achieves 0.5 A/cm−2 at a cell potential of 1.662 V, which is significantly
lower than that required for pure water splitting, highlighting the thermodynamic and
kinetic advantages of urea-assisted electrolysis. Durability tests confirm the catalyst’s
stability under large current densities over extended periods, making it a promising can-
didate for practical-scale H2 production. The exceptional catalytic performance can be
due to the 3D porous architecture of the core-shell nanorods, which enhances active site
exposure, minimizes gas bubble accumulation, and improves electrolyte mass transport.
These findings represent a pivotal step toward developing industrial electrolyzers for
environmentally friendly hydrogen production through urea decomposition [85].

Y.-C. Tsai et al. studied the electrocatalytic application of zeolitic Ni3(PO4)2 nanorods
with an open-framework VSB-5 (Versailles-Santa Barbara-5) for UEOR [86]. These nanorods
were synthesized hydrothermally on nickel foam using lithium dihydrogen phosphate,
forming a highly porous material with nanometer-scale pore diameters (~1 nm) and molec-
ular sieving properties. The VSB-5 nanorods provided micro-, meso-, and macroporous
architectures that facilitated electrolyte penetration, electron transport, and gas product
evolution. Compared to nickel hydroxide electrodes, the VSB-5 electrode exhibited a larger
EASA, enabling enhanced redox cycling of nickel species (Ni2+/Ni3+), which significantly
improved its electrocatalytic performance. It achieved a higher current of 160 mA cm−2 at
0.6 V (vs. SCE) and an Eop of 0.27 V for UEOR, outperforming nickel hydroxide electrodes
(75 mA cm−2 at 0.28 V). Figure 4 demonstrates the amplified anodic current density in
the presence of urea based on CV measurements (Figure 4A) and CA analysis (Figure 4B),
confirming the catalytic efficiency of VSB-5 nanorods. CA studies (Figure 4B) revealed the
electrode’s long-term stability, maintaining high current densities over extended testing
periods, while EIS (Figure 4C) highlighted a lower Rct of 5.77 Ω for VSB-5 compared to
21.51 Ω for nickel hydroxide. The open-framework structure of VSB-5 contributed to
effective urea adsorption and rapid charge transfer, enhancing the UEOR kinetics. As
shown in Figure 4D (current values from staircase wave), the VSB-5 electrode achieved a
current density of 123 mA cm−2 at 600 mV, significantly surpassing the nickel hydroxide
counterpart (35 mA cm−2). The electrode also demonstrated remarkable current efficiency
(η) of up to 97% at low potentials, with minimal OER interference, a critical factor for
efficient urea electrolysis. These findings underscore the potential of VSB-5 as a promising
electrocatalyst for UEOR.

In 2021, nickel phosphate (Ni-P) nanoflakes were introduced via Khalaf et al. for
UEOR and represented a promising pathway for morphology modification, particularly
when employing cost-effective and high-performance materials such as Ni-P [87]. The syn-
thesis of Ni-P nanoflakes under varying urea proportions has revealed significant impacts
on the material’s morphology, structure, and electrocatalytic performance. Characterization
techniques confirm that Ni-P exhibits a nanoflakes morphology with well-defined struc-
tural properties conducive to catalytic activity. Electrochemical studies using CV and EIS
in alkaline KOH media demonstrate that Ni-P facilitates efficient UEOR through enhanced
redox activity because of Ni(II)/Ni(III) transition and the generation of active NiOOH
species on the electrode surface. CV results indicate that urea content during synthesis
critically influences the performance of the Ni-P catalyst, with an optimal proportion of
0.8 M yielding the highest current density for UEOR. Beyond this threshold, excessive urea
results in larger flake formation, reducing the effective surface area and diminishing cat-
alytic efficiency. The electrooxidation mechanism of UEOC on Ni-P involves the adsorption
and activation of urea molecules, leading to bond cleavage and the release of electrons,
which contribute to electricity generation. CA experiments confirm the long-term stability
and robust performance of the Ni-P electrode, showcasing its ability to sustain high current
densities over extended periods with minimal decay. Furthermore, EIS analysis under-
scores the low ionic and Rct of Ni-P, affirming its suitability as an efficient electrocatalyst in
a KOH medium. The proposed mechanism involves the indirect oxidation of fuel on the
NiOOH sites, resulting in the production of nitrogen and carbon dioxide as by-products
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while releasing six electrons per urea molecule. The high activity and stability of Ni-P
electrodes highlight their potential for integration into urea-based fuel cells.

 

Figure 4. (A) CVs of the Ni-hydroxide and Ni-phosphate materials in an alkaline medium with
0.3 mol/L urea at 0.005 V s−1. (B) CA of the Ni-hydroxide and Ni-phosphate materials at 500 mV
with and without 0.3 mol/L urea. (C) EIS analysis of the Ni-hydroxide and Ni-phosphate materials
containing urea 0.33 mol/L. (D) Voltage-controlled current values from staircase wave for the Ni-
hydroxide and Ni-phosphate materials in the presence and absence of 0.3 mol/L urea. The figure
was reprinted after permission from Elsevier [86] Applied Surface Science, 529, 2020, 147175 and the
license number 5926590137816.

In 2023, Al-Sulmi et al. reported an efficient preparation of mesoporous Ni3(PO4)2
(meso-NiPO) through chemical deposition within a template based upon surfactant liq-
uid crystal (Brij®78), achieving a surface area of 43.50 m2/g compared to 4.26 m2/g for
bare Ni3(PO4)2 (bare-NiPO) synthesized without surfactant [88]. Electrochemical studies
demonstrated that meso-NiPO exhibits promising electrocatalytic activity for the UEOR
in alkaline media, with an oxidation Eop of 0.30 V vs. Ag/AgCl, Rct of 3.35 Ω, and a
remarkable mass activity of 700.7 mA/cm2·mg at 0.6 V, which is 4.5 times better than
that of bare-NiPO. CA tests revealed high stability, retaining 97.5% of the oxidation cur-
rent after 3 h of fuel electrolysis. Using an H-type electrolyzer, the meso-NiPO catalyst
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achieved an H2 production of 415 μmol/h and a Faradic performance of 96.80% at 2.0 V.
The mesoporous structure facilitated efficient charge transfer, mass transport, and accessi-
bility of electroactive species, enhancing the UOR [89]. Additionally, the UEOR Tafel slope
was found at 20.3 mV/decade indicating faster reaction kinetics compared to bare-NiPO
(30.2 mV/decade). Optimization studies showed that the catalytic activity increased with
meso-NiPO quantity to 0.2 mg/cm2 but saturated at higher loadings due to diffusion
limitations. Similarly, the UEOR current increased with urea concentrations up to 0.33 M
but declined at higher concentrations due to competitive adsorption effects [90]. The
process was confirmed to be diffusion-controlled, with the meso-NiPO demonstrating a
significant negative shift in the Eop and a 15-fold improvement in current with increasing
hydroxide ion concentrations from 0.1 to 2.0 M. The catalyst’s robustness was underscored
by its long-term stability, maintaining higher steady-state currents than bare-NiPO, and
showcasing enhanced accessibility of active Ni(II)/Ni(III) redox sites. This innovative
synthesis strategy provides a scalable and energy-efficient route for mesoporous catalyst
preparation, highlighting the potential of meso-NiPO for UEOR [90].

In 2024, Ghanem et al. introduced an advanced electrocatalyst having Ni3(PO4)2-
combined with NF (NiPO/NF), which was prepared via anodization for dual applications
in UEOR and HER [91]. The preparation steps involved cleaning commercial nickel foam
with hydrochloric acid for 3 min to take out surface oxides, followed by rinsing with pure
H2O and organic solvent (acetone), followed by air-drying. Anodization was carried out
in a 0.3 mol/L phosphate solution using a 2-electrode setup, with NF as the anode and
titanium foil as the cathode, at 5 ◦C. Direct constant voltage was utilized at 5, 10, or 15 V for
20 min, resulting in electrodes labeled as NiPO/NF@5, NiPO/NF@10, and NiPO/NF@15,
respectively. The process induced oxidation at the anode, depositing a nickel phosphate
catalyst layer. Electrochemical characterization revealed that the NiPO/NF@10 substrate
exhibited the best performance, with optimized redox behavior and electroactive surface
area. CV in 2.0 M KOH demonstrated significant enhancements in redox peak currents,
with NiPO/NF@10 showing peak current densities of 95.0/−68.5 mA/cm2 compared to
15.3/−10.3 mA/cm2 for pristine NF, attributed to the production of Ni(II)/Ni(III) sites
and Ni3(OH)3(PO4)2 phase during the hydroxide ion interaction. In 0.3 mol/L urea, the
NiPO/NF@10 substrate achieved 20 mA/cm2 as an oxidation current at an Eop of 1.35 V vs.
RHE, 100 mV lower than pristine NF, indicating a superior electrocatalytic effect via indirect
electrochemical mechanistic aspects. The study underscores the promising potential of the
NiPO/NF@10 electrocatalyst for scalable hydrogen production and sustainable UEOR [91].

5. Ni-Free Phosphate Electrocatalysts for UEOR

Despite their promising attributes, the catalytic performance of nickel-free phosphate
materials in UEOR remains relatively underexplored compared to their nickel-based coun-
terparts. Challenges such as limited intrinsic electroconductivity, moderate catalytic activity,
and optimization of nanostructures to maximize active surface areas persist. Recent ad-
vances in nanostructuring techniques, including the fabrication of nanowires, nanosheets,
and porous frameworks, have shown considerable potential in overcoming these limita-
tions. Recently, some Ni-free electrocatalysts were reported for electrocatalysis applications
away from UEOR, such as efficient CO2 reduction to multicarbon products via Cu-P [92],
glucose detection via Cu-modified Ti-phosphate NPs [93], and highly ethylene-selective
electroreduction CO2 over Cu-P nanostructures with tunable morphology [94]. This part
aims to provide an overview of the developments in nickel-free phosphate-based electro-
catalysts for UEOR. Hui Shen et al. explored UEOR and proposed a two-step methodology
to chemically prepare Cu3P nanowires on copper foam (Cu3P-NW/CF) as an electrocata-
lyst for UEOR in alkaline media [95]. The Cu3P-NW/CF electrode achieved operational
voltage values of 1.43 V and 1.65 V versus RHE at current values of 10 and 100 mA cm−2,
respectively, while a two-electrode urea electrolysis system using Cu3P-NW/CF for both
the oxidized and reduced electrodes required a cell voltage of 1.79 V to sustain a current
density of 100 mA cm−2. These results surpassed the conventional H2O electrolysis thresh-
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olds without urea, underscoring the energy-saving potential of the urea-assisted process.
Structural and kinetic advantages, such as enhanced conductivity, abundant active sites,
and low Tafel slopes (33.1 mV dec−1 for UEOR), contributed to the catalyst’s performance.
Electrochemical active surface area analysis revealed a significant improvement in the
active area (Cdl = 7.5 mF cm−2) compared to a control Cu3P-P/CF electrode. Furthermore,
EIS demonstrated lower charge-transfer resistance, while stability tests showed negligible
degradation over 30 h of operation, highlighting the durability of the Cu3P nanowire
architecture. However, limitations remain, as the absence of electroactive metals like Ni,
which are often incorporated into UEOR catalysts for enhanced performance, might restrict
the catalyst’s activity and selectivity. Additionally, while the binder-free design facilitated
efficient electron transfer, further investigation into long-term structural integrity under
harsh electrochemical conditions is warranted. This study provides a foundation for devel-
oping scalable Ni-free UEOR electrocatalysts, yet improvements in material composition
and synergy with electroactive metals are needed to maximize catalytic performance for
UEOR and related applications [95].

6. Transition Metals Incorporated Ni-Phosphate Electrocatalysts for UEOR

Mono-metal phosphate-based catalysts have demonstrated significant promise in elec-
trocatalysis uses because of their inherent stability, tunable surface chemistry, and ability to
mediate redox reactions [96–98]. Despite these advantages, their catalytic activity can be
limited by a lack of sufficient active sites, moderate conductivity, and relatively low electro-
chemical efficiency. To overcome these limitations, the development of bimetal phosphate
catalysts has emerged as a transformative approach [99]. Bimetal phosphates introduce
a synergistic interplay between two distinct metal centers, offering enhanced catalytic
performance compared to their mono-metal counterparts [100–102]. This dual-metal com-
position allows for a more efficient distribution of electronic density and an optimized local
environment, which could facilitate the adsorption and initiate the electrocatalytic process.
Moreover, the incorporation of a secondary metal can introduce additional redox-active
sites if the second metal is electrochemically active and so improve the overall electrical
conductivity [102,103]. Therefore, bimetal phosphates not only enhance the kinetics of the
electrocatalysis process but also exhibit higher resistance to electrocatalyst deactivation
caused by byproduct accumulation or electrode poisoning. This makes them particularly
appealing for practical applications in energy generation and environmental cleanup [104].
By leveraging the unique advantages of bimetallic phosphorus systems, researchers can
address the bottlenecks associated with mono-metal phosphates, paving the way for more
efficient and sustainable UEOR technologies.

In 2019, Yang et al. synthesized nickel cobalt phosphate (NiCoPO) composites with
varying Ni/Co ratios using a co-precipitation method, showcasing their potential as ef-
fective electrocatalysts for UEOR [105]. The introduction of cobalt content into nickel
phosphate enhanced catalytic performance by regulating electronic levels and texture
properties of Ni(III) species, lowering the Eop, and increasing the oxidation current. Com-
pared to nickel phosphate (NiPO) without cobalt, the Eop of NiCoPO composites with
specific Ni/Co ratios decreased significantly, with the NiCoPO (4:6) exhibiting a reduction
of 135 mV. Furthermore, this composite achieved a high electrocatalytic current value
of 65.4 mA cm−2 for UEOR at high pH. The improved activity was attributed to cobalt
doping, which increased the chemical defects of Ni-contents, exposed new electroactive
sites, regulated the Ni oxidation state, and promoted electron transfer from urea to NiOOH.
However, excessive cobalt content (above 70%) hindered performance by decreasing the
available active Ni sites due to inactive cobalt species. Electrochemical studies, including
CV, amperometric measurements, and EIS confirmed the superior catalytic activity and ki-
netics of NiCoPO composites, particularly NiCoPO (4:6). The results highlight the potential
of cobalt-doped nickel phosphates as cost-effective and efficient catalysts for UEOR [105].

Lulu Qiao et al. demonstrated that the Ni-Co phosphides/amorphous phosphorous
combined with the oxide of Mn to form the introduced composite (c-CoNiPx/a-P-MnOy)

253



Catalysts 2024, 14, 937

exhibited exceptional performance as a bifunctional electrocatalyst for the UEOR [106],
obtaining 100 mA cm−2 as an oxidation current at a remarkably low voltage of 1.35 V
vs. RHE. This catalyst outperformed CoNiPx/MnO and MnCoNiO by 3- and 41-fold,
respectively, and showed improved kinetics with a Tafel slope of 75 mV dec−1 and an
Rct of 1.3 Ω. Long-term durability was confirmed with only an 8.4% increase in applied
potential over 300 h at 50 mA cm−2, and a mere 40 mV potential increase compared to the
fresh electrode. Surface reconstruction during UEOR led to the formation of active NiOOH
species from the Ni2+/Ni3+ redox couple, with Mn and Co incorporation synergistically
enhancing stability and activity by maintaining structural integrity and increasing active
sites. The catalyst demonstrated an H2 production rate of 0.18 mmol h−1, a Faraday
performance of 97.2% at 0.02 A cm−2, and maintained promising electrochemical stability.
The interplay of Mn and Co elements boosted the electrocatalytic activity, as the UEOR
current density of CoNiP-MnO was 4.17-, 1.62-, and 3.44-fold higher than NiP, CoNiP, and
MnNiP, respectively. XPS analysis revealed significant surface reconstruction, with a sharp
decrease in P content from 19.23% to 3.86%, and enrichment of Ni3+ species, which served
as key active sites for the indirect oxidation mechanism. Raman and in situ spectroscopic
studies confirmed the structural transformation from metal phosphides to NiOOH and
CoOOH, while the catalyst retained its hierarchical structure, emphasizing its robustness
and efficiency. Lulu Qiao et al.’s work highlights the importance of crystalline/amorphous
configurations and Mn/Co incorporation in optimizing bifunctional electrocatalysts for
UEOR [106].

In 2023, Abd El-Lateef et al. presented a groundbreaking exploration of bimetallic
Co/Ni phosphates (CoNiP-reflux and CoNiP-sol–gel) synthesized via reflux and sol–gel
methods, respectively, as cost-effective electrode materials for UEOR in alkaline media,
with a focus on their physicochemical properties and electrocatalytic performance [107].
Comprehensive characterization revealed that the sol–gel approach yielded smaller, more
uniform particles with enhanced surface area compared to the reflux method, significantly
influencing their electrocatalytic behavior. The CV analysis (Figure 5A,B) demonstrated
that both CoNiP-reflux and CoNiP-sol–gel exhibited characteristic redox peaks at 350 mV
and 430 mV, corresponding to the reversible Ni(II)/Ni(III) transformation, with CoNiP-
sol–gel achieving superior current densities due to its higher surface area and improved
charge transfer kinetics. The presence of urea further amplified the anodic current density,
underscoring the efficiency of both materials, with CoNiP-sol–gel outperforming CoNiP-
reflux significantly, achieving the current value of 18.90 mA/cm2 at 0.46 V compared to
4.71 mA/cm2 for CoNiP-Reflux under identical conditions.

EIS analysis as shown in Figure 5C,D indicated reduced Rct in CoNiP-sol–gel elec-
trodes, evidenced by the presence of semicircles in Nyquist plots. This could confirm
enhanced UEOR efficiency, which could be attributed to the introduction of new charge
transfer routes in the presence of urea. In the studied electrochemical cell, three resistances
were identified: one associated with the electrolyte, another linked to Ni(II)/Ni(III) redox,
and a last one connected to UEOR into N2 and CO2, producing six electrons. The last
resistance appears only when the electrolyte has urea content, explaining the observed semi-
circles in the Nyquist plots for both CoNiP-reflux and CoNiP-sol–gel electrodes. Changes
in electron transfer pathways were evaluated using equivalent circuit fitting analysis, as
previously reported in related studies [72,108,109]. The disparity between experimental
and fitted data was illustrated in Figure 5E,F for CoNiP-reflux and CoNiP-sol–gel, respec-
tively. Equivalent circuits provide valuable insights into the electrical behavior of the
electrodes by separating their electrical components and determining the effective resis-
tance values from elements coupled in parallel or series. The circuit factors included Rh,
which represents series resistance, while R1/CPE1 and R2/CPE2 correspond to oxidation
reactions (Ni and urea, respectively). Notably, Rh went down from 17.36 Ω to 8.89 Ω
when the electrode substrate was switched from CoNiP-reflux to CoNiP-sol–gel, indicating
improved chemistry between the working electrode and the electrolyte for CoNiP-sol–gel.
A similar trend was observed for the Rct elements (R1 and R2), highlighting the enhanced
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electron transfer efficiency of the CoNiP-sol–gel electrode compared to CoNiP-reflux. CA
further validated the stability and higher catalytic activity of CoNiP-sol–gel, with current
densities reaching 39.98 mA/cm2 after 1116 s in 0.3 mol/L urea solution, compared to
21.38 mA/cm2 for CoNiP-reflux, and a deactivation rate of 1.4% for CoNiP-sol–gel, which
could highlight its long-term operational stability. Additionally, CV studies across various
urea concentrations (0.1–1.0 M) confirmed a direct correlation between urea content and
enhanced current densities, with CoNiP-sol–gel maintaining higher peak currents and
superior electrochemical performance. The study also examined the impact of scan rates
on the CV profiles, showing consistent peak positions and increasing CV areas, indicative
of diffusion-controlled processes and robust electrochemical stability. These findings col-
lectively position CoNiP-sol–gel as a promising candidate for UEOR. The results pave the
way for further optimization of bimetallic (Co and Ni) phosphate electrodes, leveraging
sol–gel synthesis to unlock their full potential in fuel cell technologies [107].

 

Figure 5. (A) CV of the investigated CoNiP-reflux (prepared via reflux) in KOH and/or 0.33 M urea.
(B) CV of the CoNiP-sol–gel (prepared via sol–gel) substrate in KOH and/or 0.33 mol/L urea. (C) The
EIS (Z′, −Z′′) plots of CoNiP-Reflux. (D) EIS (Z′, −Z′′) plots of CoNiP-sol–gel in 0.0 mol/L urea
and 0.33 mol/L urea. (E) The verification of EIS fitting of CoNiP-reflux. (F), The verification of EIS
fitting of CoNiP-sol–gel. The figure was reprinted after permission from Elsevier [107], Fuel, 334,
2023, 126671 and the license number 5926590385067.
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Xiujuan Xu et al. investigated the interfacial charge redistribution of Fe-incorporated
Ni12P5/Ni3P nanosheets supported on a 3D NiFe foam framework for ultrafast UEOR at
industrially relevant current densities [110]. The incorporation of iron not only reinforced
the interfacial electric field but also facilitated charge redistribution, effectively reducing
the energy barrier during the UEOR. Benefiting from this tailored electronic structure
and the ultra-thin nanosheet morphology, the catalyst exhibited remarkable performance
and achieved 800 mA cm−2 as oxidation current at 1.4 V and an impressive Tafel slope
(28.2 mV dec−1). Electrochemical analysis revealed significantly reduced Rct and increased
EASA (Cdl of 9.36 mF cm−2), which could indicate the efficient charge and mass transfer.
Additionally, the Fe-doped electrocatalyst demonstrated excellent hydrophilicity, with a
contact angle close to 0◦ with enhanced gas bubble release properties, mitigating bubble
shielding effects and maintaining high UEOR activity. Long-term durability tests confirmed
its robust performance, with minimum potential increases (1.1–4.9%) after continuous
operation at high current densities for 40 h. Post-UEOR analysis revealed the formation
of NiOOH on the electrode surface, further corroborating its high catalytic activity. DFT
calculations highlighted the reduced reaction energy barrier on Fe-doped Ni12P5 (202) and
Ni3P (112) facets, elucidating the role of Fe in optimizing the adsorption/desorption of
intermediates and boosting intrinsic activity. The turnover frequency of 2.3 s−1 is higher
than the undoped counterpart (0.7 s−1). Finally, the catalyst demonstrated promising
performance in a real-world scenario using urine as a feedstock, which achieved both
electrochemical activity and stability for UEOR [110].

Yunfeng Qiu et al. conducted a comprehensive study on the polyoxometalate-mediated
design of phosphate-incorporated NiMoO4−x with abundant oxygen vacancies, aiming
to develop efficient bifunctional electrocatalysts for hydrogen production via UEOR [80].
The proposed NF/P-NiMoO4−x electrode was synthesized by etching commercial NF with
H3PMo12O40, resulting in a phosphate content of 4.46 atomic% and net-like nanostructures.
This facile method delivered exceptional HER and UEOR performances, with the electrode
achieving an Eop of 116 mV at 10 mA/cm2 for HER and a potential of 1.359 V at 10 mA/cm2

for UEOR, accompanied by Tafel slopes of 77.5 and 19.3 mV/dec, respectively. The activa-
tion energy for UEOR was significantly reduced to 20.6 kJ/mol compared to 37.7 kJ/mol
for bare NF, which highlights its enhanced electrocatalytic efficiency. The urea electrolysis
setup demonstrated a cell potential of 1.48 V at 10 mA/cm2, outperforming traditional
noble-metal systems such as Ir/C||Pt/C in terms of both efficiency and stability, with
robust operation over 50 h. Remarkably, the etching solution was recyclable for five cycles
with minimal loss in catalytic performance, which signifies its potential for large-scale
application. Characterization revealed that the etching process optimized the surface area
and active site availability, as evidenced by an enhanced BET surface area of 13.7 m2/g,
compared to 3.2 m2/g for pristine NF, and the identification of mesopores around 3.8 nm.
Electrochemical analyses confirmed reduced Rct (37.6 Ω) and increased electrochemical
active surface area (ECSA) values, with the electrode demonstrating superior intrinsic
activity. The study also elucidated the active role of in situ-formed NiOOH species as the
real electrocatalytic sites for UEOR, which facilitate a higher Ni3+/Ni2+ ratio and abundant
oxygen vacancies. Post-reaction characterization confirmed the structural integrity of the
net-like nanostructures and sustained oxygen vacancy content, which ensure long-term
catalytic durability. These findings establish NF/P-NiMoO4−x as a cost-effective, scalable,
and promising bifunctional electrocatalyst for UEOR [80].

In 2023, Liming Yang et al. developed a feather-like NiCoP electrocatalyst combined
with NF for UEOR [111]. The NiCoP/NF was synthesized via a two-step hydrothermal-
phosphorization process followed by investigation for UEOR and the found results achieved
a 10 mA cm−2 current in KOH containing 0.3 mol/L urea at a mere 1.13 V (vs. RHE). DFT
calculations revealed that NiCoP’s enhanced density of states (DOS) near the Fermi state
significantly improves charge transfer and enables efficient catalytic activity. The trifunc-
tional electrocatalyst demonstrated remarkable versatility, requiring a cell voltage of only
1.48 V to drive overall H2O splitting at 10 mA cm−2, significantly outperforming reference
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materials such as Co(OH)F/NF, NF, and RuO2/NF, which required higher voltages. In
UEOR, the NiCoP/NF achieved 10 mA cm−2 at just 1.36 V, 120 mV lower than the potential
required for water splitting, highlighting its efficiency for urea-rich wastewater applications.
The electrocatalyst showed excellent reaction kinetics, as evidenced by its low Tafel slope
(34.19 mV dec−1) and minimal Rct = 0.67 Ω, coupled with a high double-layer capacitance
(Cdl = 32.48 mF cm−2), underscoring its superior electrocatalytic characteristics. Long-term
stability tests over 30 h affirmed the robust durability of NiCoP/NF with minimal degrada-
tion in performance, while post-reaction SEM and XPS analyses revealed the retention of
its morphology and conversion of phosphide to catalytically active metal oxo/hydroxides.
Moreover, practical applications demonstrated the catalyst’s effectiveness in overall water
splitting and urea electrolysis using a 1.5 V battery or a solar photovoltaic panel as the
power source, with visible hydrogen and oxygen bubbles generated at the electrodes. DFT
calculations further elucidated the mechanism underlying its high performance, showing
strong adsorption energies for H2O on the NiCoP (0001) surface, ensuring effective wa-
ter activation. This study highlights NiCoP/NF as a low-cost, highly active, and stable
electrocatalyst, with promising applications in UEOR over noble-metal-free catalysts [111].

In 2024, Ran Zhang et al. investigated the coral-like Co/Zn-Pi@NF (Pi and NF repre-
sent phosphate and nickel foam, respectively) electrocatalyst for UEOR [112]. The intro-
duced Co/Zn-Pi@NF was chemically designed via electrodeposition methodology and
directly grown on NF to avoid binders and enhance conductivity [113]. The structural
and electronic synergy between cobalt and zinc facilitated electrocatalytic performance im-
provements. Incorporating zinc adjusted the electronic structure of the catalyst. The unique
coral-like architecture of Co/Zn-Pi@NF exposed more electroactive sites and better charge
transfer efficiency. In the presence of urea (0.5 mol/L), the UEOR performance of Co/Zn-
Pi@NF was remarkable, requiring a voltage of 1.40 V while maintaining electrochemical
stability over 60 h. The catalyst outperformed comparable materials such as Co-Pi@NF,
Zn-Pi@NF, and Co/Zn-OH@NF in terms of lower overpotentials and faster reaction kinetics
with the lowest Tafel slope (95.8 mV·dec−1) and the highest exchange current density (j0) of
7.14 μA·cm−2. EIS revealed the lowest Rct of 0.36 Ω for Co/Zn-Pi@NF, underscoring its su-
perior conductivity. Additionally, the catalyst exhibited the highest Cdl of 228.91 mF·cm−2,
which indicates a larger EASA. During water-urea electrolysis, employing Co/Zn-Pi@NF
as cathode and anode achieved a cell voltage of 1.43 V at 10 mA·cm−2, a reduction of
290 mV compared to H2O electrolysis. The electrocatalyst demonstrated robust stability
under continuous operation at 50 mA·cm−2 for 60 h, with only a 1.36% change in voltage,
which affirms its potential for practical applications. The study highlights the ability of
biphosphate structures (Co/Zn-Pi@NF) to serve as electrocatalysts for UEOR [112].

In 2024, Zhanhong Zhao et al. investigated Mn incorporation on nickel phosphide
(Ni2P) with a self-reconstruction mechanism for the UEOR [114]. By constructing Mn-Ni2P,
the study revealed that manganese doping significantly accelerates surface reconstruction
and forms a NiOOH-MnOOH heterostructure characterized by localized electrophilic
and nucleophilic regions. This structure was shown to enhance the targeted adsorption
and activation of carbon and nitrogen atoms in the fuel, thereby facilitating the cleavage
of the C–N bond. Moderate manganese doping not only increased urea adsorption ca-
pacity and the affinity for key intermediates but also reduced the energy barrier for gas
desorption, which could effectively refresh the electrocatalytic surface. As a result, the
Mn-Ni2P electrode demonstrated promising electrocatalytic performance and achieved
an industrial-level current of 1000 mA cm−2 at a voltage of 1.46 V (vs. RHE), which
is 269 mV lower than the OER under similar environments. Linear-sweep voltamme-
try (LSV) results (shown in Figure 6A) highlighted that Mn-Ni2P required only 1.316 V
to reach 100 mA cm−2. A significant improvement compared to Ni2P (Figure 6A), and
commercial Pt/C (Figure 6B) could be seen, which required 1.363 V and 1.405 V, respec-
tively. The incorporation of Mn also notably reduced the UEOR Eop from 1.334 V (Ni2P)
to 1.27 V (Mn-Ni2P). Additionally, Tafel slope analysis (Figure 6C) revealed that Mn-Ni2P
possessed a much lower slope (29.61 mV dec−1) compared to Ni2P (37.46 mV dec−1), Pt/C
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(52.12 mV dec−1), and NF (94.72 mV dec−1), indicating significantly enhanced UEOR kinet-
ics. Variations in urea and KOH concentrations were also studied, with results suggesting
a shift from diffusion-controlled processes to surface reaction-controlled processes as the
urea content exceeded 0.3 M. EIS of the studied Mn-Ni2P, shown in Figure 6D, further
corroborated the enhanced kinetics, showing a pronounced reduction in Rct with increasing
applied potential. Mn-Ni2P exhibited a lower Rct at 1.28 V (vs. RHE) compared to Ni2P
(1.35 V) and confirmed preferential UEOR initiation on Mn-Ni2P. The Cdl measurements
(Figure 6E) indicated a higher electrochemical active surface area (ECSA) for Mn-Ni2P
(14.37 mF/cm2) than Ni2P (8.57 mF/cm2). Additionally, the Cdl in the case of the Mn-Ni2P
electrode was found at 14.37 mF/cm2, which is much better than that of the Ni2P electrode
(8.57 mF cm−2), which could suggest the better ESCA for the Mn-Ni2P electrode. Struc-
tural stability studies confirmed that the Mn-Ni2P electrocatalyst maintained its nanosheet
morphology and chemical composition after prolonged operation, with manganese doping
effectively mitigating phosphorus leaching and enhancing structural integrity. XPS analy-
sis further revealed the formation of amorphous nickel/manganese oxyhydroxides after
extended electrolysis, providing additional evidence for the stability and activity retention
of Mn-Ni2P. The electrocatalyst durability was evaluated via electrolysis experiments as
displayed in Figure 3F. The persistent decomposition of urea combined with CO2 could
retard the surface electrocatalytic reaction that leads to the increase in the required poten-
tial. The Mn-Ni2P working electrode has relatively stability for 600 min at 100 mA/cm2.
These findings collectively underscore the position of Mn-Ni2P as a robust and efficient
electrocatalyst for UEOR [114].

 

Figure 6. (A) LSV of the Mn-Ni2P and Ni2P electrodes. (B) UEOR polarization curve of Ni2P, Mn-
Ni2P, Pt/C, and bare NF electrocatalyst. (C) Tafel plots for the UEOR. (D) Nyquist plots of Ni2P
and Mn-Ni2P electrodes at variable applied voltages in KOH with 0.3 mol/L urea. (E) Linear plots
of capacitive current against the applied scan rate for Ni2P and Mn-Ni2P. (F) Chronopotentiometry
measurements of Ni2P and Mn-Ni2P for UEOR. The figure was reprinted after permission from
Elsevier [114], Water Research, 253, 2024, 121266 and the license number 5926590587949.
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7. Heterogeneous Phosphate (Carbon and Metal) Electrocatalysts for UEOR

Heterogeneous phosphate-based materials have emerged as attractive candidates for
electrocatalysis applications owing to their excellent stability, tunable electronic properties,
and high catalytic activity [2]. For UEOR, these materials provide active sites conducive
to the redox transformations of Ni(OH)2/NiOOH and similar systems, which are pivotal
for catalyzing the multi-step oxidation of urea [107]. However, the inherent limitations of
phosphate-based materials, such as moderate conductivity and limited surface area, can
hinder their overall catalytic performance. Incorporating carbon-based components such
as multi-walled carbon nanotubes (MWCNTs) [115], graphene foam [116,117], or activated
carbon [118] into phosphate materials offers a synergistic solution to these challenges. Car-
bonaceous materials could enhance the conductivity and surface area of the heterogeneous
composite, facilitating efficient charge transfer and providing additional active sites for
the adsorption and oxidation of urea. Furthermore, their robust structural framework
ensures mechanical stability and prolonged catalyst life under operational conditions. By
integrating heterogeneous phosphate materials with conductive carbonaceous supports,
it is possible to significantly lower the Eop, improve the electrocatalytic current density,
and improve the overall kinetics of UEOR. This hybrid approach not only optimizes cat-
alytic efficiency but also broadens the applicability of these materials in practical energy
conversion and wastewater management systems.

Hongmei Zhang et al. studied the UEOR on nickel phosphate-based nanomateri-
als, including MWCNTs combined with Ni3(PO4)2 nanomaterials, which were physically
designed via a simple precipitation method [119]. Electrochemical performance was eval-
uated using CV in alkaline solutions and revealed acceptable catalytic performance for
UEOR. The addition of MWCNTs significantly enhanced catalytic current and reduced Eop
due to their large specific surface area and excellent electrical conductivity. CV studies
demonstrated redox behavior attributed to the Ni(OH)2/NiOOH transformation, with
higher current densities observed for NiPO-MWCNT modified electrodes compared to
their counterparts without MWCNTs. In the presence of urea, anodic peak currents in-
creased, and peak regions expanded due to overlapping peaks of nickel hydroxide and fuel
electrooxidation. Electrochemical reactions involved the oxidation of Ni(OH)2 to NiOOH,
then the electrocatalytic oxidation of the fuel, with subsequent regeneration of Ni(OH)2, in-
dicating a quasi-reversible and diffusion-controlled process. Investigations of varying scan
rates revealed linear characteristics between current values at the anodic peak and the (scan
rate)0.5, which could confirm diffusion-controlled reactions. Urea oxidation performance
was improved, with increasing urea concentration up to an optimal OH−/CO(NH2)2 ratio
of 6, beyond which excessive urea negatively impacted performance due to hydrolysis
effects, electrolyte depletion, and carbon dioxide accumulation on the electrode surface.
Similarly, NaOH concentration influenced urea oxidation, with an increase in peak current
and shift in Eop to more negative values up to 1.5 M NaOH, after which further increases
hindered performance. The study highlights the potential of NiPO-MWCNT electrodes as
efficient electrocatalysts for UEOR due to their enhanced electrochemical properties and
well-optimized reaction conditions.

In 2022, the innovative synthesis of NiF3/Ni2P heterojunctions supported on carbon
cloth (NiF3/Ni2P@CC) was achieved via a combination of hydrothermal, fluoridation, and
phosphorization techniques [120]. Among these, the NiF3/Ni2P@CC variant emerges as a
standout, offering significant improvements in UEOR performance due to its unique physic-
ochemical properties. This electrode includes abundant high-valence Ni3+ sites, optimized
charge density, a super hydrophilic surface, and a mesoporous structure, which collectively
enhance catalytic activity. Electrochemical evaluations demonstrate that NiF3/Ni2P@CC
requires a mere voltage of 1.36 V to produce 10 mA cm−2 and maintains its activity across
extensive cycling, underscoring its durability. Comparative studies reveal that the hetero-
junction configuration significantly outperforms individual components, NiF3@CC and
Ni2P@CC, in terms of catalytic efficiency and stability. The superior performance is at-
tributed to the optimized heterointerface density achieved by tuning phosphorization time,
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which influences the structural and electronic properties of the material. Structural analyses,
including XRD and TEM, confirm the coexistence of rhombohedral NiF3 and hexagonal
Ni2P phases, while surface characterization highlights the remarkable hydrophilicity of
the NiF3/Ni2P@CC surface, as evidenced by a contact angle of only 11.5◦. EIS and Tafel
slope analysis further elucidate the rapid charge transfer and favorable reaction kinetics of
NiF3/Ni2P@CC, with 33 mV dec−1 as a Tafel slope indicating a fast UEOR dynamic process.
As illustrated in Figure 7A, the NiF3/Ni2P@CC electrode demonstrates the smallest semicir-
cle radius at high frequencies, indicative of its low Rct. This reduced Rct can be attributed to
the material’s abundant heterointerfaces and the conductivity of Ni2P. The electrochemical
surface area, which correlates directly with the Cdl, was also assessed. Figure 7B presents
the relationship between current density change (Δj = ja − jc at 0.95 V) and scan rates
ranging from 0.02 to 0.12 V/s within the non-Faradaic region. The corresponding Cdl was
estimated by plotting the slopes of the linear relationship. Notably, NiF3/Ni2P@CC exhib-
ited the highest Cdl value of 11.7 mF cm−2, which is approximately 10 times greater than
those of NiF3@CC (1.05 mF/cm2) and Ni2P@CC (1.14 mF/cm2). This substantial increase
in Cdl reflects a significantly larger ECSA, providing a higher density of electroactive sites
for the UEOR. A symmetric urea electrolysis system was designed using NiF3/Ni2P@CC
as the anode as well as the cathode (Figure 7C). As described in Figure 7D, the electrolyzer
required a low cell potential of 1.54 V to achieve 10 mA cm−2 in KOH aqueous solution
containing 0.3 mol/L urea as the fuel content, compared to 1.58 V in KOH without the fuel.
The reduced voltage of 1.54 V for 10 mA cm−2 surpasses other reported urea electrolyzers
employing noble or non-noble electrodes (Figure 7E) [121,122]. Additionally, achieving
50 mA cm−2 required 1.83 V voltage in the urea-containing electrolyte, which is signifi-
cantly lower than the 1.92 V required for H2O electrolysis. Furthermore, the symmetric urea
electrolyzer demonstrated exceptional long-term operational stability and maintained con-
tinuous operation for 10 h without degradation (Figure 7F). Additionally, long-term stability
assessments reveal minimal morphological and structural changes post-operation, even
under extended working conditions, marking this electrocatalyst as robust for practical
applications. This research not only establishes NiF3/Ni2P@CC as a leading electrocatalyst
for UEOR but also sets a precedent for designing multifunctional heterojunction catalysts,
with broader implications for scalable and economical energy production technologies.
The systematic optimization of synthesis parameters, such as fluorination–phosphorization
duration and precursor composition, provides valuable insights into tailoring material and
electrocatalytic properties [120].

Xu et al.’s study on phosphorus-induced bottom-up growth of Fe-doped Ni12P5
nanorod arrays for the UEOR presents a significant advancement in the synthesis of
self-growing heterogeneous catalysts with robust and regular morphologies. Using 1,1′-
bis(diphenylphosphine) ferrocene (DPPF) as both the phosphorus and iron source, the cata-
lysts were synthesized on nitrogen-doped carbon-coated nickel foam (NdC/NF) through
high-temperature vapor deposition. This process facilitated the formation of straight
Fe-doped Ni12P5 nanorods, with lengths extending to tens of microns, growing via a
bottom-up mechanism. DFT calculations suggested that the carburized Ni (111) face on
the NF substrate favored phosphorus coordination, enabling uniform incorporation of Fe
into the Ni12P5 lattice to form a synergistic catalytic center. An electrochemical evaluation
revealed that Fe-Ni12P5/NdC/NF-800 exhibited promising performance in a 1.0 mol/L
aqueous KOH + 0.3 mol/L urea solution, achieving 50 and 300 mA cm−2 at low potentials
of 1.357 V and 1.463 V, respectively. The catalyst demonstrated superior kinetics, with
56.9 mV/dec as a Tafel slope, a maximum Cdl of 108.1 mF cm−2, and minimal Rct, reflecting
promising conductivity and a large ECSA. Stability tests confirmed its robustness, main-
taining 100 mA cm−2 for over 12 h with minimal structural degradation. Post-reaction
analyses via SEM, XPS, and HRTEM showed the rod morphology remained intact, with
surface transformations forming active NiOOH and FeOOH layers, further enhancing elec-
tron transfer and providing efficient electroactive sites for urea adsorption and oxidation.
Raman spectroscopy indicated increased graphitization post-stability test, with the ID/IG
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value decreasing from 1.19 to 0.51, signifying improved catalyst durability. Comparative
studies underscored the critical role of DPPF loading at 800 ◦C, as Fe-Ni12P5/NdC/NF-800
outperformed other configurations, demonstrating selective UEOR over OER with a volt-
age of 1.371 V required for 100 mA/cm2. The study highlights the synergistic contributions
of the NF substrate, N-doped carbon layer, and DPPF, which emphasize the phosphorus-
induced self-growth mechanism as a promising approach to designing high-performance,
durable electrocatalysts with promising applications in UEOR [123].

 

Figure 7. (A) Nyquist plots, (B) double-layer capacitance study via Δj against scan rates v, (C) scheme
of urea electrolysis using NiF3/Ni2P@CC, (D) LSV curves of NiF3/Ni2P@CC for overall urea and
H2O electrolysis, (E) comparison of voltages at 10 mA cm−2 of reported bi-functional electrocatalysts
in urea overall splitting, and (F) CA curve of NiF3/Ni2P@CC in KOH with 0.3 mol/L urea for 600 min.
The figure was reprinted after permission from Elsevier [120], Chemical Engineering Journal, 427,
2022, 130865” and the license number 5926590822951.
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Finally, Table 1 summarizes various nickel-based phosphates/phosphides as
phosphorous-based materials and their performance in UEOR. The materials range from
simple nickel phosphates to complex composites involving other metals like cobalt and
iron, with distinct crystalline structures including monoclinic, hexagonal, and orthorhom-
bic phases. For example, Ni-phosphate in the monoclinic form exhibits nanotube mor-
phology with a performance of Ia around 600 mAcm−2mg−1 and a low Rct 10 Ω [81].
Other compounds such as Ni2P@ Ni-foam displayed porous nanoflower structures with
promising electrochemical activity (Ia = 750 mA/cm2) and low overpotentials
(Eop = 0.24 V) [83]. The Ni/Co phosphate demonstrates nanosheet morphology and
an impressive Ia = 65.4 mAcm−2 at Eop = 0.22 V [105], while Ni2P/Ni features hexago-
nal Ni2P and cubic Ni phases with porous rods showing electrochemical activity at low
overpotential [82]. The variety of crystalline and morphology correlates to electrochemi-
cal performance, with the materials exhibiting promising electrocatalytic properties and
potential for energy conversion via UEOR. Additionally, the table highlights the role of
dopants (e.g., Mn, Co) and composite structures in enhancing the electrochemical behavior
of these materials.

Table 1. A summary of the reported electrocatalytic performance (Ia = anodic current density,
Eop = onset potential, and Rct = charge-transfer resistance) of the recent literature that introduced
phosphorus (phosphate or phosphine) electrocatalysts for UEOR.

No. Chemistry Crystallinity Morphology Performance Reference

1 Ni-
phosphate Monoclinic

less-ordered
nanotubes

of different lengths

Ia = 600
mAcm−2mg−1

Rct = 10 Ω
[81]

2 Ni2P@Nifoam Hexagonal
P-62m

porous nanoflower
supported on foam

Ia = 750 mAcm2 with
Eop = 0.24 V

[83]

3 Ni/Co
phosphate Orthorhombic

nanosheet structure
with

macropores

Ia = 65.4 mA/cm2

Eop = 0.22 V
[105]

4 nickel (II)
phosphate octahydrate Monoclinic nanoporous

microspheres
Ia = 680 mA/(cm2·mg)

& Eop = 0.33 V
[84]

5 MWCNTs/Ni-
phosphate ---

carbonaceous/
nanoparticles

composite
Ia = 9 mA [119]

6 Ni-phosphate @Ni12P5 Tetragonal I4/m nanorod arrays 900 mAcm−2 at
potential of 1.378 V

[85]

7 Ni-phosphate Hexagonal P63/m nanorods 80 nm
160 mA/cm2 at 0.6 V

Eop = 0.27 V, and
Rct = 5.77 Ω

[86]

8 Ni-phosphate Monoclinic I2/m
nanoflakes aligned in

one
direction

Ia = 57.45 mA/cm2

Eop = 0.345 V, and
Rct = 56.03 Ω

[87]

9 Ni2P/Ni Hexagonal Ni2P &
Cubic Ni porous rods

Eop = 0.05 V at
10 mA·cm−2 and

Tafel slope =
87.6 mV/dec

[82]

10 Ni-
Phosphate/Ni-foam ---

aggregated
nanoparticles with

interstitial mesoporous
networks

20 and 500 mA/cm2 at
1.35 and 1.6 V

[91]
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Table 1. Cont.

No. Chemistry Crystallinity Morphology Performance Reference

11 NiF3/Ni2P@
carbon cloth

Rhombohedral NiF3 &
hexagonal Ni2P

irregular nanoparticles
with lots of mesopores

Ia = 79.1 mA cm2

Eop = 1.34 V
[120]

12 CoNiPx/P-MnOy Hexagonal P321 &
hierarchical

wire-into-flake
structure

10 mA cm−2 at 1.24 V
Faraday efficiency =

97.2%
[106]

13 Ni3(PO4)2 Monoclinic P21/a
“berry fruit” like

morphology
with 25 nm particles

Ia = 135.6 mA/cm2

Eop = 1.34 V
[88]

14 Cu-Phosphide Hexagonal P63cm nanowires Voltage of 1.79 V to
achieve 100 mAcm−2 [95]

15 Co/Ni-
phosphate monoclinic C2/m

self-assembled
flower-like

morphology with
some distortion

Ia = 105.1 mAcm−2 at
0.485 V

[107]

16 Fe-Ni12P5 Hexagonal nanorods 1.371 V to get
100 mA cm−2 [123]

17 Fe-Ni12P5/Ni3P Hexagonal ultrathin nanosheets
800 mA cm2 at 1.4 V

Tafel slope =
28.2 mV·dec−1

[110]

18 NiMoO4-x with
O-vacancies

Monoclinic
C2/m

net-like
nanostructure

1.359 V at 10 mA/cm2

and Tafel slope =
19.3 mV/dec

[80]

19 Co/Ni-
Phosphate/Ni-foam Hexagonal P6m2

feather-like
morphology arranged
vertically on the foam

1.13 V to get 10
mA/cm2 and Rct =

0.67 Ω
[111]

20 Zn/Ni-
Phosphate/Ni-foam Hexagonal

spherical-like
flower-shaped

nanosheets

1.43 V to get 10
mA/cm2 and Rct =

0.67 Ω
[112]

21 Mn/Ni-
Phosphate

Hexagonal
P-62m with
Mn-doping

flower-like structure,
assembled by smooth

interconnecting
nanoflakes

1000 mA/cm2 at
1.46 V

[114]

8. Challenges and Optimization Strategies for Phosphorous-Based Catalysts

Phosphorous-based catalysts such as Ni-phosphates, Ni-free phosphates, NiM phos-
phates, and heterogeneous phosphate/carbon composites exhibit unique structural proper-
ties, electronic tunability, and electrocatalytic stability, making them promising materials
for the urea electrocatalytic oxidation reaction (UEOR). However, their practical application
is impeded by persistent challenges. Catalyst poisoning by reaction intermediates such as
carbonate and urea-derived species significantly hampers catalytic activity and stability.
Additionally, achieving optimal catalytic efficiency and selectivity remains difficult due
to suboptimal active site exposure, sluggish reaction kinetics, and insufficient electronic
conductivity. Addressing these issues requires advanced strategies such as alloying nickel
with transition metals like Co, Fe, or Mn, which not only enhance the catalytic activity but
also reduce Eop by modifying the electronic structure. Incorporation of non-metals, includ-
ing S or Se, into the phosphorous framework can further alter electronic characteristics and
promote synergistic effects, leading to promising solutions for enhanced reaction kinetics.
The use of conductive supports such as graphene, carbon nanotubes, or hierarchical porous
carbons has demonstrated efficacy in enhancing electron transfer and increasing the specific
surface area, thereby improving electrocatalytic performance. Protective coatings, including
ultrathin graphene layers, polymer films, or oxide shells, could serve as effective barriers
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to corrosion and surface poisoning while maintaining active site accessibility. Furthermore,
optimizing electrolyte formulations, such as introducing ionic liquids or alkaline media
with tailored additives, can suppress undesired side reactions and prolong the catalyst’s
lifetime. Advanced synthetic techniques such as solvothermal processes, electrodeposition,
and in situ growth of catalysts directly onto conductive substrates are pivotal for fabricating
highly active, stable, and scalable phosphorous-based electrocatalysts.

Improving selectivity to minimize unwanted by-products like carbonates during urea
oxidation involves optimizing both catalyst composition and reaction conditions, which
can include four main strategies. The first one is catalyst surface modification, such as
introducing bifunctional sites or heteroatom doping (e.g., transition metals like Fe, Ni, or
Co) to selectively enhance the breaking of specific urea bonds, suppressing the formation of
carbonates. The second one is the tuning electronic structure. Phosphorous-based catalysts
with controlled electronic characteristics can facilitate selective oxidation pathways by
stabilizing desired intermediates and destabilizing carbonate precursors. The third one
is the reaction environment. Operating under optimized pH and temperature conditions
reduces carbonate formation. Additionally, maintaining a balance between hydroxyl and
urea concentrations suppresses side reactions. The last one is the additives. Introducing
co-catalysts or inhibitors that block carbonate-forming pathways without impacting urea
oxidation efficiency can further improve selectivity.

Catalyst poisoning by intermediates such as cyanate and ammonia during prolonged
urea oxidation is a significant challenge, and addressing this issue requires innovative
strategies. Surface regeneration techniques, such as periodic anodic or cathodic cleaning,
can effectively remove adsorbed intermediates and restore active sites. Additionally, dy-
namic surface engineering approaches, such as employing self-regenerating catalysts with
surface reconstruction properties, ensure that fresh active sites are continually exposed
during the reaction. Introducing promoter elements, such as cerium or manganese, into
phosphorous-based catalysts could show promise in enhancing resistance to poisoning by
destabilizing adsorbed intermediates. Furthermore, adjusting reaction conditions, includ-
ing fine-tuning KOH concentrations and applied potentials, can minimize the formation of
poisoning intermediates and extend the catalyst’s operational lifespan.

Scaling up phosphorous-based catalysts from laboratory to industrial applications
poses several challenges. The first one is electrode/catalyst costs. Even though phosphorous-
based materials like phosphates and phosphides are relatively abundant, the cost of high-
purity precursors and synthesis methods (e.g., high-temperature annealing or chemical
vapor deposition) can be prohibitive at scale. Developing cost-effective synthesis routes,
such as sol–gel or hydrothermal methods, could address this issue. The second one is
sustainability, as energy consumption and waste generation should be minimized. Utilizing
green synthesis methods, recycling precursor materials, and integrating renewable energy
sources for catalyst production could enhance sustainability. The third one is the scalability
of synthesis, which could be achieved by uniformity in catalyst properties (e.g., particle
size, surface area, and active sites) during large-scale production. Strategies like continuous
flow reactors and scalable templating methods are promising solutions. The last one is the
integration with existing systems. Compatibility with current wastewater treatment and
energy conversion infrastructures requires extensive pilot studies to optimize operating
conditions and ensure seamless integration.

The environmental risks associated with phosphorous-based catalysts, including
heavy metal leaching and the generation of toxic by-products, have not been completely
addressed in previous studies, and comprehensive evaluations remain necessary. Leaching
tests, such as the toxicity characteristic leaching procedure (TCLP), have demonstrated
minimal release of heavy metals from well-anchored catalysts under controlled conditions.
Analytical techniques like GC-MS and ICP-MS could be employed to detect and quan-
tify potential toxic by-products in treated wastewater, ensuring thorough monitoring of
environmental impact. Risk mitigation strategies, including the encapsulation of active
sites within inert matrices or the application of protective coatings, further minimize the
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potential for leaching and enhance environmental safety. Additionally, lifecycle assess-
ments evaluating the environmental impact of catalyst production, usage, and disposal
provide a holistic approach to risk management, guiding the development of safer and
more sustainable catalytic systems.

9. Conclusions and Future Perspectives

Phosphorous-based catalysts represent a significant advancement in the field of urea
electrocatalytic oxidation reaction (UEOR), offering a sustainable solution for wastewa-
ter remediation and energy conversion. Their high stability, structural versatility, and
environmental compatibility render them promising candidates for future applications.
However, the realization of their full potential demands a deeper understanding of their
reaction mechanisms, degradation pathways, and structure-activity relationships. In situ
and operando techniques, such as X-ray photoelectron spectroscopy (XPS), synchrotron-
based X-ray absorption spectroscopy (XAS), and electrochemical impedance spectroscopy
(EIS), are crucial for elucidating dynamic surface transformations and intermediate species
during the catalytic process. Future research should prioritize the design of hybrid materi-
als that integrate phosphorous-based electrocatalysts with metal oxides, carbides, nitrides,
or sulfides to exploit cooperative effects that enhance activity, selectivity, and durability.
Scaling up from lab-scale studies to industrially relevant systems necessitates the develop-
ment of robust reactor designs, optimization of operational parameters, and integration of
UEOR technologies into existing renewable energy infrastructures. Incorporating compu-
tational methods such as DFT calculations can further accelerate the discovery of novel
catalytic materials and guide experimental design. Addressing these challenges through
interdisciplinary efforts will establish phosphorous-based electrocatalysts as indispensable
components in the global transition toward sustainable energy via UEOR.
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