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Abstract: High-porosity, crystalline, and surface-area-rich metal–organic frameworks (MOFs) may
be employed in electrochemical energy applications for active catalysis. MOFs have recently been
modified using secondary building blocks, open metal sites with large pore diameters, and functional
ligands for electronic conductivity. They have the potential for excellent performance in fuel cell
applications, and they have several possibilities to enhance the fundamental characteristics of mass
and electron transportation. MOFs may be combined with other materials, such as solitary metal
nanoparticles and carbon and nitrogen composites, to increase their catalytic efficacy, especially
in oxygen reduction reaction (ORR). As a result, this study focuses on MOF derivatives for ORR
applications, including porous carbon MOF, single metal MOF-derived composites, metal oxides,
and metal phosphides. An efficient MOF electrocatalyst platform for ORR applications is presented,
along with its prospects. These initiatives promote promising MOF electrocatalysts for enhancing
fuel cell efficiency and pique curiosity for possible growth in subsequent research.

Keywords: metal–organic framework; electrocatalyst; nanoparticles; oxygen reduction reaction;
fuel cell

1. Introduction

Using non-renewable energy sources, such as fossil fuels, necessitates the development
of green energy technology to prevent environmental damage [1]. As a result of the deteri-
oration of the environment and the insufficiency of energy resources, it is becoming ever
more important to develop more modern methods of energy production [2]. Generation
of electricity from sources of a smaller scale is proposed, with the primary goal being an
increase in output of renewable energy sources [3]. Other than energy devices, the fuel cell
may convert energy efficiently and sustainably. Fuel cells, a method of converting energy,
might utilize hydrogen and several other fuels [4]. An anode and a cathode are both parts of
the fuel cell, and they are physically separated by a proton exchange membrane (PEM) [5].
Proton exchange membrane fuel cells (PEMFCs) are an environmentally beneficial alterna-
tive to fossil fuels for energy conversion [6]. However, the use of PEMFCs has been limited
due to insufficient resources and the expensive cost of the platinum (Pt) catalyst for the
oxygen reduction reaction (ORR) [7]. The higher d-orbital vacant sites have facilitated the
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selective charge carriers during the anodic and cathodic reactions. However, one of the
important half-reactions in PEMFCs, which may convert energy effectively and sustainably,
is poor durability, greater cross-over phenomena, and an ORR at the cathode [8]. Therefore,
research is required to develop ORR catalysts to reduce the cost-effective energy conserva-
tion of PEMFCs. The platinum group free metals and metal oxides for electrocatalysts have
been the subject of much investigation [9]. Certain metal oxides, however, have limited
long-term stability and low conductivity [10]. For diverse electrocatalytic applications,
heteroatom-doped (N and S) and conductive porous carbon-embedded metal and metal
oxide are developed to maximize conductivity [11,12]. On the other hand, these are not
characteristics that make one hopeful about the ORR response in the PEMFCs. As a result,
researchers are concentrating their efforts on three-dimensional hollow structures to in-
crease crystallinity qualities, low density, large surface area, and low mass [13]. The above
materials are produced by pyrolysis for metal-doped carbon precursors with heteroatom
incorporation [14]. In the 1990s, researchers invented a metal–organic framework with
exceptional electrocatalytic properties. MOFs have garnered considerable interest as ORR
candidates. Due to their composition, pore size, and hierarchy, they appear to be highly
adaptable [15].

Crystalline porous materials are porous coordination polymers (PCPs) and metal–
organic frameworks (MOFs). They consist of metal ions and clusters held together by
organic ligands through coordination bonds known as secondary building units (SBUs).
Producing MOFs with varied surface functions, particle morphologies, and pore structures
may be achieved easily using an infinite number of combinations of inorganic and organic
components. MOFs have lately become more prominent in the research field of fuel cell
applications. [16]. However, pure MOFs have significant drawbacks in their properties,
such as low stability and poor electrical conductivity for applications. Therefore, carbon-
based MOFs derived from precursors of oxides, carbides, phosphides, and chalcogenides
offer a variety of nanomaterials with highly permeable surface morphologies [17]. MOF
metal- and carbon-based nanostructured components create numerous porous structures,
including metal clusters, ions, and organic linkages [18]. Recently, MOFs have drawn much
interest in nanoporous carbons (NPCs) as innovative templates for developing NPCs. It is
possible to produce NPCs with direct carbonization of MOFs without any extra precursors.
MOFs contain a significant amount of carbon in their structures. During their analysis,
MOFs evolve into a distinctive NPC material that contains their clearly defined precursors
with a large surface area and big holes. Most metal oxide-based MOFs demonstrated
prominent characteristics such as hydrophobic surfaces, large surface areas, and varied
pore sizes [19]. The complementary features of both categories of functional elements
are advantageous for metal oxides produced from MOFs. They function well as catalysts
and conductors, and the structural features of the MOF materials may be preserved. This
article also looks at the development processes for MOFs, their intrinsic and extrinsic
characteristics, and their applications, particularly for the ORR in PEMFCs. We believe that
future researchers will be encouraged to investigate MOF composites for ORR application
in PEMFCs due to the data, usage, and functionality in detail in this study. The key points of
this review are briefly described in Figure 1. Recent reviews on MOF-based nanomaterials
from 2018 are ORR applications and cutting-edge MOF-derived electrocatalysts for fuel
cell applications.
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of Science from 2018 to the present for this review.

2. A MOF-Based Conceptual Highlight

MOFs are effective as catalysts. With various metal ions or clusters, organic linkages,
and a rapid manufacturing process, MOFs promise to make more complex catalysts. As
catalysts for ORR applications, MOFs are promising [20]. The simple carbonization pro-
cedure produces a functional metal with a large surface area and a heteroatomic doping
effect. MOF materials can be made with organic links, metal ions, and groups to help
them undertake many other activities. MOF bimetal has a low over-potential. This is
advantageous for ORR applications because of its wide-ranging metal valence, coordinated
aromatic hydrocarbon sites, and atomic defects that provide static sites.

2.1. Advancement of MOFs

The perfect sacrificial templates for the thermal degradation of different NPCs, such
as metal/metal oxide-decorated porosity, heteroatom-doped porous carbons, and porous
carbons, in regulated conditions have recently been proven by MOFs consisting of metal
ions and polyfunctional organic ligands [21]. When developing MOFs, it is necessary to
ensure that all of the following conditions are met: (1) no agent that directs structure is
present; (2) in light of the metal-ligand chemistry, it is reasonable to expect the specific
structure formation, and it is possible to explain the existence of subtle synthetic variations
by developing different morphology; (3) the reaction ought to be triggered by a reversible
framework formation; and (4) the organic linker’s composition must remain constant
throughout the transesterification reaction [22]. The MOF template produced carbon-based
materials, including a high-specific surface area, easily functionalized heteroatoms, and
adaptable porosity over conventional hard- or soft-template methods [23]. Due to these
advantages, much work on preparing various MOF-templated NPCs has been reported
employing different MOF templates and temperatures, including additional precursors,
pyrolysis, and further post-synthetic functionalization [24,25]. Organic ligands and metal
ions formed by MOFs have large surface areas with adjustable porosities called porous
composite materials. These materials are highly suitable for energy and environmental
applications such as batteries. The MOFs are more applicable to anode materials in lithium-
ion batteries because they afford porosity (channel), organic ligand, redox metal ion, and
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electrolyte ion diffusion [26]. Additionally, metal ions and a network of metal clusters are
present in porous, crystalline two- or three-dimensional structures. Hou et al. reported
core–shell MOFs by control of thermal transformation, which showed open carbon cages
such as the hydrangea superstructure in Figure 2. Direct pyrolysis may create an open-
wall, carbon-caged structure, starting with a core–shell structure (Zn-Co-MOFs). The open
carbon-cage structure of the progenitors of core–shell MOFs changed into a hydrangea-like
three-dimensional structure linked by carbon nanotubes when the guest ion (Fe) was intro-
duced [27]. The core–shell (Zn-Co-MOFs) pyrolysis produced Fe-Co alloy nanoparticles
when Fe was introduced as a guest ion. Through hierarchically porous synergetic interac-
tions between bimetallic functionalities (Co and Fe) and active catalytic sites in the metal
nanoparticles, the superstructure exhibits good accessibility. These metallic bifunctional
characteristics are ideal for ORRs and OERs in great energy applications (Zn-air battery).
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Figure 2. (a–c) Morphology of catalyst, (d) high-angle annular dark-field scanning transmission
electron microscopy, and (e,f) transmission electron microscopy images of CoFe20@CC. (g) Schematic
illustration of the nature-inspired hydrangea-like superstructure from core–shell MOFs. Reproduced
with permission from John Wiley and Sons [27].

2.2. MOF-Directed Tuning of Intrinsic and Extrinsic Frameworks

Extrinsic local forms in the MOF structure contrast with intrinsic local qualities, which
include elemental compositions, dopants, and organic linkages with varying degrees of
graphitization, size tuning, and porosity, among other things. Strong electronic transmis-
sion capacities might result from high graphitization [28]. Carbon-based MOF materials
with a large surface area also expose more active sites and have quick reactant diffusion.
As MOF can transfer the masses of electrolytes, oxygen, and ions, which are important
properties for ORRs, size and porosity optimization are crucial. The surface-enrichment
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effect, which strongly promotes electron transfer in the bifunctional metal-based chemical
process, increases active area utilization in the MOF structure.

2.3. Influences of a High Graphitization Scale

The degree of graphitization in carbon-based materials is an essential material char-
acteristic that boosts charge transfer efficiency. In the carbon-based MOF catalysts shown
in Table 1, the degree of graphitization affects ORR performance. Bimetallic alloy (Fe-Co)
has a carbon-cage structure that was developed according to Bu Guan et al. [29]. It exhibits
outstanding electrochemical characteristics (ORR activity) in an alkaline media. By Huang
et al., N and S were explored with Fe/Co nanoparticle doping to produce hierarchically
porous carbon materials. It demonstrates how the interaction between various systems
has improved [30]. In another study, Jing et al. analyzed the addition of an Ni catalyst
into the CoFe nanoporous carbon. Adding Ni enhances the electrochemical reactions’ ORR
activities and long-term stability [31]. Al metal atoms were used to make a specific pyridinic
N-doped porous carbon. According to research by Li et al., the pyridinic-N ligands enhance
lower electron transfer at a high level of graphitization [32]. Using TiO2/Co metal ions, Jin
et al. found a defect in nitrogen-doped carbon nanotubes (CNTs). While the electrochemical
process occurs, the metal oxide (TiO2) resists severe corrosion and CO poisoning [33]. Guo
et al. investigated the effects of porous N-doped CNT on the Fe/Co/Ni MOF system.
Fe-NCNT exhibited more excellent ORR activity in this system than others [34]. By exami-
nation of the ORR performance comparison, it was determined that the incorporation of N
into the metal site affects the electrochemical characteristics. The electronic conductivity of
a material may be improved by using nanoparticles of metal. N doping and graphitization,
on the other hand, support the idea of exposing more active MOF system regions. The high
degree of graphitization contributes to a notable improvement in the intrinsic characteris-
tics of MOF, particularly the surface area and porosity. According to a recent analysis, the
degree of graphitization is a crucial component that directly influences ORR performance.
Combining many major advantages into a single catalyst is the most effective strategy for
maximizing the synergistic impact of these benefits.

Table 1. The effectiveness of MOF graphitization in ORR activity.

Sample Hetero Atom Metal Atom Pyrolysis
Temperature

ORR
Applications Ref.

Fe0.3Co0.7/NC cages N Fe, Co, and Zn 800 ◦C 0.98 V on set
Potential [29]

InFeCo–CNS900 N and S Fe/Co 900 ◦C 59.5 mV dec−1 [30]

CoFeNi/N.C. N CoFeNi 800 ◦C 0.812 V [31]

TiO2–NC−NCNTs N Ti/Co 900 ◦C 1.01 V [33]

Pyridinic-N
doped porous carbon (PNPC) pyridinic-N Al 1000 ◦C 0.890 [32]

ZnHKUST-1 N Fe 1000 ◦C 0.997 V [34]

2.4. Porous Structure Tuning

The use of electrochemical energy storage devices benefits more from a well-defined
porosity. During the catalysis process and in the catalytic region, the porosity improves the
mass transit of reactant access and product removal. Tuning the pores can make catalysis
work better. One of the many ways to make MOFs could lead to creating an open structure.
The self-assembly synthesis, pyrolysis, core–shell, and template processes are outlined in
Figure 3.
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Rong et al. developed a two-dimensional porous catalyst (NP-CoSANC) by pyrolysis.
During pyrolysis, adsorbed urea created a porous structure in the system, showing an
effective surface area of 634.8 m2g−1. It offers an effective ORR performance (E1/2 = 0.86 V)
in the alkaline medium (0.1M KOH) [35]. Chen et al. reported a three-dimensional inter-
connected porous structure developed by a melamine-assisted, template-free, co-calcined
route. The structures (Fe–NMC) display the surface area with the quantity of melamine
used. The rising concentration of melamine resulted in an increase in surface area from
705.1 m2g−1 to 844.9 m2g−1. Fe–MNC-1 showed excellent ORR activity in acidic and alka-
line media [36]. The electrocatalytic activities are boosted due to the design of the porous
structure. Pyrolysis was used during the rational synthesis process to tune the porosity
structure in MOF materials. As pores collapse when subjected to high temperatures, the
pyrolysis process cannot link porous structures because the temperature is too high (over
1100 ◦C). Lu et al. recently studied a self-generating dual template to synthesize a porous
MOF structure. This method obtained the surface area from 273 and 531 m2g−1, showing
high electrochemical durability in ORR activity [37]. Nano-leaves were developed by Li
and colleagues using a process called the sacrificial template approach. This approach
formed a mesoporous structure, improving ORR activity [38]. Using the pyrolysis method,
Guan et al. developed a pore using “MOF in MOF hybrid” (core–shell). Figure 4 displays
the results of this sample preparation and the ORR activity. The Fe0.3Co0.7/NC porous cage
structure performs excellent ORR activity. In addition to these methods, producing carbon
with a wide surface area may also be accomplished by post-activation with potassium
hydroxide [29].
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2.5. The Influence of Size and Shape

The influence that the size of the catalyst has on the ORR is a substantial one, as
is well acknowledged. It has been shown that the decrease in particle size of platinum
nanoparticles used in platinum-based catalysts might increase the electrochemically active
surface area of the catalyst [39]. Therefore, the size of the catalyst influences the activity
of ORR performance when decreasing particle size. The pore size of porous MOFs may
be modified, allowing for more or less control over the dimensions of the catalyst’s active
region. During the MOF synthesis process, the MOF size may be readily adjusted by
making small adjustments to the synthetic conditions, pathways, and precursors. The
catalyst’s particle size may be readily adjusted using ZIF-67 as the precursor by varying
the size of MOFs. Size-controlled MOFs were investigated by Xili et al. utilizing ZIF-67
precursors. ZIF-67 precursors may modify the particle size and shape of the Co-N-C active
catalyst by switching between several solvents, including methanol, ethanol, and both
combinations. By raising the concentration of methyl-imidazole, ZIF-67 size was managed.
It demonstrates the long-term robustness of ORR in an alkaline medium with regulated
particle size [40]. ORR activity that is dependent on particle size reductions was disclosed
by Zhang et al. By varying the quantity of metal precursors and ligands, Fe is doped in
the ZIF precursors. From 20 to 1000 nm might be the range for the crystal size. Fe-ZIF
materials catalyst research relied on particle size, as shown in Figure 5a–d, which includes
a schematic of the synthesis process and images of various particle sizes (1 µm, 200 nm,
50 nm, and 20 nm). With a continuously decreasing particle size, the E1/2 value shifts in
the positive direction. The Fe-ZIF catalyst performed ORR activity in the 0.5 M H2SO4 and
0.1 M HClO4 with functions of different particle sizes given in Figure 6a. Around 50 nm,
particle size showed E1/2 moved to the positive side, which indicates that the number of
active areas increased with the reduction in particle size. The calculated H2O2 production,
potential cycle stability, and correlation between ORR activity and a given surface area (Sa)
are all shown in Figure 6b–d. A smaller catalyst might provide a greater electrochemical
active site, according to the findings of a correlation study between the BET-specific surface
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area and MOF precursor crystal size. The catalyst with the highest ORR performance also
reduced the particle size [41]. In light of this, the MOF-directed technique offers an easy
way to produce efficient ORR catalysts while optimizing particle sizes.
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and EELS analysis (the inset of (d)). Reproduced with permission from the American chemical
society [41].
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particle size. (c) Cycling the potential (Stability in 0.6–1.0 V in O2-saturated 0.5 M H2SO4). (d) The
relationship between ORR activity and clear size dependence. Reproduced with permission from the
American chemical society [41].



Energies 2023, 16, 4950 9 of 19

3. Oxygen Reduction Reaction (ORR) in MOFs

The multi-conjugated ORR reaction is a critical route in metal-air batteries and fuel
cells. Traditionally, during the oxygen reduction reaction, catalysts undergo two different
electrochemical processes. One of the efficient pathways is 4e− a pathway and the other is
the sluggish 2e− pathway. Above this, the other track has additional thermodynamic kinetic
potential in this ORR pathway [42,43]. The electrolyte medium and catalyst conditions are
desirable for this complex reactional path. According to the theoretical approaches, the
Yeager and Pauling model adsorption of oxygen molecules differs with the respective acid
and alkaline mediums. Above 4e−, pathway water is consumed during the ORR without
forming a peroxide intermediate. Initially, the 4e− pathway in alkaline and acid electrolyte
solutions are as follows: Standard hydrogen electrode (V vs. SHE).

Alkaline medium:

O2 + 2H2O + 4e− = 4OH− (0.40 V vs. SHE) pH = 14 (1)

Acidic medium:

O2 + 4H+ + 4e− = 4OH− (1.23 V vs. SHE) pH = 0 (2)

The 2e− ORR pathway generates intermediate H2O2 formation and transforms into
HO2

−. This pathway disproportionate of H2O2 leads to the formation of the intermediate
OH−.

Alkaline medium:

O2 + H2O + 4e− = HO2
− + OH− (−0.06 V vs. SHE) pH = 14 (3)

HO2
− + H2O + 2e− = 3OH− (0.86 V vs. SHE) pH = 14 (4)

2HO2
− = 2HO− + O2 (5)

The direct double-step, two-electron pathway includes the following steps during the
ORR process.

Acid medium:

O2 + 2H+ + 2e− = 2H2O2 (0.69 V vs. SHE) pH = 0 (6)

H2O2 + 2H+ + 2e− = 2H2O (1.72 V vs. SHE) pH = 0 (7)

In the electrocatalytic matrix developments, combining the HOO* and O2 absorption
and desorption pathways leads to exploring the elementary steps in the ORR reaction. The
following O–O bond cleavage determining steps is one of the extensive phenomena in this
ORR mechanism pathway. In alkaline medium, intermediate hydronium species act as
a Lewis basic (donate the proton) following elementary steps in the ORR process in the
alkaline medium.

• Associative and dissociative appears on the surface of the catalysts:

O2(g) + * = O2* (O* + O*) pH = 14 (8)

• Electron transfer from anode region to associative O2:

O2* + H2O + e− = OOH* + OH− pH = 14 (9)
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• Intermediate O=O dissociation:

OOH* + e− = O* + OH− pH = 14 (10)

• Generation of OH− from catalysts surface to solution:

O* + H2O + e− = OH* + OH− pH = 14 (11)

Primary elementary steps in acid medium with respect to O*, OH*, and HOO* ad-
sorbed intermediates.

• Associative O2 appears on the surface of the catalysts.

O2(g) + * = O2* (O* + O*) pH = 0 (12)

• Electron transfer from anode to associative O2.

O2* + H+ + e− = OOH* pH = 0 (13)

• Intermediate dissociation.

OOH* + H+ + e− = OH−* pH = 0 (14)

• Generation of the H2O byproduct from the ORR pathway.

OH* + H+ +e− = H2O pH = 0 (15)

In the ORR pathway process, the 4e− transfers higher voltage than the 2e− pathway.
MOF-derived single-metallic, bi-metallic, and multi-metallic metal-nitrogen matrix (M-Nx)
moieties always prefer to lead the four-electron reduction pathway for producing the water
byproduct from oxygen. Generally, the macrocyclic transition metallic nitrogen carbon
complexes (TM-N-C) are not more stable in electrolytes, especially in alkaline electrolytes
medium. MOF-derived TM-NC catalysts have a high surface area due to the high thermal
pyrolysis treatment. The above ORR mechanism was well attributed to the MOF-derived
TM-NC catalysts [44]. The metal cation and organic ligands coordination sites increase the
graphitization in the catalyst’s surface. Pyridine, pyrrolidine, and oxidized metal sites are
one of the facilitated active sites in the MOF-derived metal catalysts. π-π stacking between
the cyclic ligands and metal cation sites increases the charge transfer phenomena during
the dissociation and association intermediate stages [45]. The MOF-derived M-N4 sites
increase the active region collision between the electrode and electrolytes [46]. Well-defined
structural architecture and single-atom distributions majorly act as a rate-determining step
in the oxygen reduction reaction in alkaline and acid media.

4. MOF Derivatives

The design of MOFs enables uniform distribution of the active sites in the produced
catalysts. Due to its various uses, an MOF transforms into an effective substance with a
substantial porous area that accepts foreign materials. Metals, porous carbons, metal oxides,
metal phosphides, heteroatomic carbons, and other novel materials have been synthesized
using MOFs as precursors [47–49]. MOFs can also be used as host materials or sacrificial
agents to produce metals such as nitrogen and carbon. For instance, it may provide a porous,
high-surface-area structure and boost the effectiveness of the catalytic function in ORR
systems. MOF particle size, metal base, and porous structure may favorably influence the
catalyst’s capacity to attain high performance. The synergistic interaction between ligands
and metal atoms in the MOF structure makes it appropriate for electrical structures, boosts
the activity of ORR catalysts, and enhances mass transfer. Similarly, a three-dimensional
MOF structure provides an active site to attack elements. In situ growth of graphene or
CNTs is used to make MOF assemblies because these materials act as carriers [50]. Metal
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ions and organic ligands provide a versatile framework for driving porous and crystalline
MOF structures. By varying the structural characteristics of these special elements, MOF
derivatives may have smoother structures. Numerous derivatives of MOFs are available,
each with distinct pore-size characteristics, active metal sites, and surface area. Here, we
go through various MOF derivatives for ORR applications, including metal phosphide in
MOFs, metal oxide in MOFs, and SAC in MOF porous carbon composites.

4.1. Single-Atom Catalyst (SAC) in MOFs for ORR

In 1995, Thomas et al. reported on SAC features for catalytic applications. The SAC
has unique properties (physical and chemical) by geometry size reduction. In the SAC,
maximum active site utilization and exclusive electronic properties are achieved by the
quantum size effect, which applies to a vast range of catalytic reactions. However, SACs
may not be stable during synthesis and could be aggregated by high-energy particles.
Therefore, the SAC needs a substrate to explore its unique properties. In this regard, MOFs
provide a strong foundation for customizing the porous architecture, large surface area,
and SAC construction [51]. Figure 7 illustrates the comparative analysis of SACs with
conventional porous materials.
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Figure 7. Comparative analysis of MOF-supported SACs with traditional SACs. Reproduced with
permission from the American chemical society [51].

MOF-based SACs have remarkable properties, such as high surface area, good des-
ignability, porous structures, and excellent tailoring structures compared to traditional
SACs. The MOF-based SAC was developed in two steps: MOF-stabilized SAC and MOF-
derived SAC. The MOF-stabilized SAC is a limited method under mild conditions. This
method makes property achievement challenging due to aggregation in high metal ion
loading. However, MOF-derived SACs show excellent durability compared with MOF-
stabilized SACs. They can be prepared by the pyrolysis method via mixed metal, spatial
confinement, and mixed-ligand approaches. During pyrolysis, ligand-derived N atom
bonds with metal via coordination interaction, which resists the agglomeration of metal
atoms in the porous carbon network. Therefore, an MOF is a good platform to develop
SACs for ORR catalysts, with plenty of tunable properties to accommodate SACs. Zhou
et al. recently reported on Co-composed 3D star MOFs for ORR applications. The metal
atom (Co) doped in ZIF-8 and ZIF-L precursors showed Co-N3C SACs by pyrolysis. The
developed SACs (CoSA-N-C) exhibited high ORR activity with E1/2 (0.891 V) in 0.1 M
KOH [52]. The novel approach decreases the free energy barrier in ORR reactions. Ding
et al. studied Fe doped in the ZIF precursors, which forms an Fe-N4 matrix with various
particle size distributions. At 50 nm particle size, it shows excellent ORR activity with E1/2
of 0.85 V in 0.5 M H2SO4. At high temperatures, the synergistic effect between graphitic N
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and F-N4 enhances ORR activity [53]. Xie et al. published Fe atom-doped MOF-5 substrates
for ORR activity. The MOF-5 substrate shows a high surface area (>3000 m2g−1), which
supports accommodating the FeNx active area. In the system (Fe SAC-MOF-5), Fe ions
are doped by the ligand-mediated method, and during this, high Fe ions are loaded in the
MOF-5 support due to the large surface area. Fe SAC-MOF-5 exhibited an E1/2 of 0.83 V in
an acid medium (0.5 M H2SO4) in the ORR activity [54]. The high surface area (ultra) of
MOF-based porous carbon performs excellent ORR activity in PEMFCs. At the same time,
pyrrolic-N-rich carbon support increases the number of metal sites by the electronegative
difference between pyrrolic-N and metal atoms (Fe). Li et al. studied a novel approach for
ORR catalysts, such as Fe-N4 dispersed on the MOF-derived graphene mesh. Nitrogen-
doped graphene (NGM) mesh was prepared using the thermal exfoliation technique from
ZIF. The control of the exfoliation process modifies the shape and size of the pores. Fe
atoms are dispersed by the pyrolysis method using ideal Fe precursors, which resulted
in SA-Fe-NGM catalyst. The catalyst (SA-Fe-NGM) studied ORR activity in 0.5 M H2SO4
(E1/2 =0.83 V) and delivered 634 mW cm−2 power density in the fuel cell test [55]. The cat-
alyst preparation methodology and ORR activity are given in Figure 8. Wang et al. studied
Fe metal doped in the heteroatom (S)-doped MOF matrix. It was successfully prepared
using a low temperature freezing pyrolysis method. The sulfur atom prevents metal ions
from clumping together in the MOF substrate [56]. Overall, high surface area and large
porosity MOFs are more suitable for SAC doping to enhance ORR activity. However, to
attain selective pore size and high surface area, the selection of precursors and preparation
temperature is challenging to develop effective SAC doping in the MOF matrix.
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4.2. MOF–Carbon Composite

Carbon-based MOF composites have gained attention in ORR activity due to the
increase in the extrinsic properties of the MOF matrix. MOF–carbon composites facilitate
high conductivity when the pyrolysis temperature, degree of graphitization, and precursors
are adjusted. Carbon’s terminal groups induce dipole polarization via electronegativity,
which improves the dispersion of SACs, metal oxides, nanoparticles, and other compounds
in the MOF–carbon composite. The study and exploration of MOF–carbon composites
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have recently seen significant advancement in the ORR catalyst. According to Anwar et al.,
carbon-based electrocatalysts derived from mass transport in MOFs is extremely effective
in electrochemical processes due to their pore structure [57]. In addition, active catalyst
sites may be developed with MOF–carbon, which has a large surface area and pore size.
The metal–organic gaseous technique produced Fe-doped, MOF-derived carbon [58]. Its
catalytic activity and stability are outstanding in both acidic and alkaline environments.
Wang et al. reported on MOF-based carbon nanotubes (Fe/N/–CNT) through pyrolysis
using Fe-ZIF-8 and g-C3N4 precursors. The ORR activity performed well because of the
high conductivity, large pore volume, and specific surface area of carbon nanotubes. The
Fe/N/–CNT catalyst showed a half-wave potential of 0.892 V and 0.79V in 0.1 M KOH and
0.1 M HClO4, respectively. It also improves stability and methanol resistance compared
to commercial Pt/C catalysts [59]. A crucial interaction between MOF–carbon composites
and other components and structures helps to enhance their new chemical and physical
capabilities. MOF–carbon composites have the potential to result in the development of
new synthetic processes that are more effective and efficient, have greater activity, are
durable, and have high electrocatalytic stability. It improves the stability and effectiveness
in the application reaction (ORR). According to Yang and colleagues, metallic and porous
carbon hybrids that are generated from MOFs have the potential to be catalysts. They
are extremely resilient to heteroatom doping. The particular active region of MOFs is
exposed in large amounts to hasten the mass transfer process. ZIF precursors have been
confirmed as potential candidates for synthesizing functional carbon materials using the
carbonization method in an inert atmosphere [47]. MOF-5-derived carbon reportedly
has excellent physiochemical characteristics for the electrochemical activities of fuel cell
applications, as stated by Khan et al. [60]. A nitrogen-doped porous carbon electrocatalyst
was developed using an MOF-derived precursor. These types of catalysts show hierarchical
porosity, heterostructure conductivity, long-term stability, and good ORR activity (excellent
onset and E1/2) in an alkaline medium. The MOF-derived carbon composites have several
advantages over activated carbon, graphene, and carbon nanotubes. The MOF-derived
carbon has the feasibility of controlled pore size and shape, heteroatom doping via organic
ligands, and high surface area. However, the manufacturing cost is relatively higher than
traditional carbons.

4.3. Metal Oxides Derived from MOFs

Generally, transition metal oxides are applied as a catalyst. However, they show poor
conductivity and could not be used in fuel cell applications. Therefore, metal oxide-derived
MOFs improve their catalytic properties because metal oxide covers an additional layer,
similar to carbon from MOF precursors. Metal oxide/nanocarbon composite catalysts
derived from MOFs have enhanced the interactions between the metal oxide and the
nanocarbon matrix. This can significantly increase the catalyst’s activity. Gamal et al.
reported on spinal oxide-supported TiO2/carbon from MOF (MIL-125) for electrocatalyst
applications. Nanocrystalline NiCo2O4 provides a more redox-active site for oxygen ab-
sorption and activation. This spinal-type structure resulted in high electrical conductivity.
The NiCo2O4/Es-TiO2/NC catalyst showed similar ORR activity to the Pt/C in an alkaline
medium, and it exhibited methanol resistance and higher stability than the Pt/C cata-
lyst [61]. Kuang et al. studied Co3O4 nanoparticles incorporated into MOF nanofibers on
C- and N-supported Ni foam by self-assembly [62]. Co(II)-MOF fibers were prepared by
electrolysis at room temperature. Carbon and nitrogen arrays on Co(II)-MOF (Co3O4–C-N
N.S.A./NiF) were prepared by pyrolysis at 300 ◦C. The sp2 carbon and nitrogen array boost
the more active sites and mass transport. This catalyst exhibited high turnover frequency
(0.958 s−1), low resistance, and long durability in the overpotential of 370 mV. Niu et al.
researched an electrocatalyst made of Fe2O3-MOF. When considering the catalytic activity,
multivalent iron ions are preferred to other transition metal oxides [63]. The researcher
prepared Fe2O3 from MOF precursors to obtain different types of morphologies, such
as concave octahedral, rod-like, spindle-like, and octahedron-like Fe-MOFs, as given in
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Figure 9. The concave octahedral Fe2O3 illustrated a large surface area, active lattice planes,
and hierarchical porosity to a greater extent than other morphologies. Due to this, they
have the perfect characteristics for functioning as an ORR catalyst. Xu et al. studied a
Co–CoO–Co3O4-N/C catalyst from MOF precursors by thermal treatment, as a prepared
catalyst has a higher current-limiting density (4.9 mA cm2) and onset potential (0.136 V vs
Ag/AgCl [64]. It showed good methanol tolerance and 80% stability in ORR performance.
The Co and CoO are uniformly dispersed in Co-Nx, enhancing their synergistic effect.
That effect improves mass transport and catalytic reactions. Cobalt oxide has been widely
derived from MOF precursors, more so than from Fe and Ni oxides [65]. MOF-derived
metal oxide provides excellent electrocatalytic activity when compared to conventional
metal oxide. The MOF platform has unique features to develop active metal oxide-based
electrocatalysts. However, selecting MOF precursors, temperature, and synthesis methods
are crucial to obtaining a highly porous metal oxide-derived MOF for ORR catalysts.
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and structures via solvothermal synthesis under other ions- and solvent-controlled systems and
pyrolysis in Ar. (b) Cyclic voltammetry (CV) curves of CO, RO, OC, and SP-Fe2O3 in nitrogen- or
oxygen-saturated 0.1 M KOH solution. (c) Linear sweep voltammetry (LSV) plots of CO, RO, OC, and
SP-Fe2O3 at 1600 rpm. (d) Tafel slopes of CO, RO, OC, and SP-Fe2O3. Reproduced with permission
from John Wiley and Sons [63].

4.4. Metal Phosphide Derived from MOFs

An MOF is an ideal platform to synthesize the varied composition of the element under
a variety of synthetic settings, and this is because an MOF is a metal–organic framework.
MOF precursors may also produce transition metal phosphides, commonly known as TMSs,
which can be used in electrocatalytic processes. As phosphorus has a matric structure, it is
difficult for phosphate molecules to fit into the pores of the MOF. For this reason, researchers
are concentrating on various morphologies and sizes of TMSs to develop more effective
applications. Sun et al. reported Ni2P on Co- and N-doped porous MOFs (Ni2P/CoN–PCP).
CoN–PCP prevents agglomeration of Ni2P, and the CoN–PCP affords a highly exposed
active area and high mass transfer for excellent ORR activity [66]. Ni2P/CoN–PCP showed
E1/2 of 0.871 V for ORR activity at an alkaline medium in Figure 10.
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P/Ni/Co/NC electrocatalysts were prepared using ZIF-67 precursors by Li et al. Ni/P
doped by the pyrolysis of Co-NC at 800 ◦C shows the dodecahedral and hollow structure
morphology. This electrocatalyst exhibited a Tafel slope of 64 mV/dec, a smaller value than
Ni/Co/NC. Therefore, metal phosphides boost electrocatalytic reactions [67]. Likewise, Li
et al. studied Co/CoP applied in an N-doped MOF structure. The ZIF-67 precursors were
subjected to thermal pyrolysis at a temperature of 700 ◦C, which resulted in the formation
of the catalyst Co-NC–CoP-NC [68]. In the ORR activity, the kinetic current density (0.7 V)
and onset potential are similar to the Co compound from ZIF-67 precursors. Tang et al.
produced Co–Co2P–NC-P catalysts for electrocatalytic applications (ORR). The researcher
prepared this catalyst by doping high N and P ligands using an in-situ method. The phos-
phorus contains ligands synthesized from 2-methylimidazole and diammonium hydrogen
phosphate (NH4)2HPO4. It shows the porous structure loosely, improving durability and
stability during electrochemical analysis [69]. Only a few researchers have reported on
the nanostructured metal phosphides derived from MOF precursors for electrocatalytic
activity. The variety of metal phosphides from MOFs is required to maximize the chance of
the electrocatalyst cooperating synergistically.

5. Conclusions and Perspectives

MOFs have broadened opportunities in the field of electrocatalysts for energy applica-
tions. MOF precursors are a good platform for turning the intrinsic and extrinsic properties
of electrocatalysts. These properties mainly depend on selecting precursors, temperature,
and preparation methods. We can harvest unique features from tunable morphology, pore
size, and specific surface area from the MOF matrix. Conventional MOFs have limited the
properties of electrical conductivities, which have improved by manipulating MOF-derived
composites such as SAC-MOF, carbon-based MOF composites, metal-oxide MOFs, and
metal-phosphide MOFs. Among these catalyst types, SAC-MOF has achieved good perfor-
mance in ORR applications. Recently, carbon nanotube-based porous matric-supported
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electrocatalysts have been successfully discovered for ORR applications. From this per-
spective, the metal phosphide MOF needs to be explored more for ORR activity in fuel cell
applications. For the innovative design and unique feature of MOF electrocatalysts, we
must add a computational tool for excellent performance. Focusing on preparing effective
MOF precursors will be derived from high-end electrocatalysts for ORR application in fuel
cells. This review may help to design novel MOF-based electrocatalysts for ORR application
in green energy generation.
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