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Metal-organic frameworks (MOFs) offer a uniquely tunable platform for electrocatalysis, yet their path from
fundamental promise to industrial application remains a critical challenge. This review comprehensively ex-
amines the role of MOFs in three pivotal electrochemical reactions: oxygen reduction reaction (ORR), urea
oxidation reaction (UOR), and carbon dioxide reduction reaction (CO5RR). The fundamental mechanisms of
these reactions, bolstered by insights from density functional theory (DFT) calculations, are discussed to provide
a foundational understanding of the electrocatalytic processes at the molecular level. The review further explores
the integration of MOFs into real-world electrochemical devices, including fuel cells, metal-air batteries, urea
electrolysis and CO» electrolyzers, with an emphasis on their potential for energy production, hydrogen gener-
ation, wastewater treatment, and carbon utilization. The challenges of scaling up MOF-based technologies for
industrial applications are critically analyzed, covering technoeconomic considerations, sustainability factors,
and mitigation strategies such as MOF hybrids, post-synthetic modifications, as well as advanced composite
systems such as polyoxometalate@MOF (POM@MOF) and covalent organic framework@MOF (COF@MOF)
heterostructures. Finally, this review maps a forward-looking roadmap to address the deployment challenges for
MOFs in ORR, UOR, and CO2RR systems. This integrated perspective underscores the potential of MOFs to bridge
the gap from fundamental mechanisms to real-world application, accelerating their role in sustainable electro-
chemical energy devices.

International policy frameworks, such as the Paris Agreement, coupled
with national-level climate mandates, have further intensified the pur-

1. Introduction

The global community stands at a critical juncture in its energy
evolution, as global temperatures have already risen by approximately
1.0°C since pre-industrial times. With fossil fuel reserves rapidly
depleting and carbon emissions continuing to rise at their current pace,
the temperature is expected to increase by 1.5°C between 2030 and
2052 [1-3]. The urgency for sustainable energy solutions has never been
greater, as we face mounting pressure on resources and a rapidly
changing climate. The growing global population and accelerating
industrialization are intensifying pressure on energy resources, creating
a widening gap between energy supply and sustainable demand [4,5].

* Corresponding authors.

suit of carbon neutrality [6,7]. However, realizing these ambitious goals
requires a transformative shift in how we generate, store, and utilize
energy.

In this context, electrochemical reactions have emerged as a
cornerstone of the clean energy transition. These reactions underpin a
range of key technologies, including fuel cells and metal-air batteries
reliant on the ORR for direct electricity conversion, UOR systems for
energy-dense fuel cells and simultaneous wastewater remediation, and
electrochemical CO,RR for producing value-added chemicals and fuels
[8-12]. Such technologies are uniquely compatible with renewable
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Fig. 1. Main contents of the review.

energy sources like solar and wind, which are characterized by high
energy efficiency, scalability, and modularity [13-15]. Therefore, the
performance and cost-effectiveness of these electrochemical platforms
critically depend on the development of advanced electrocatalysts
capable of optimizing these processes. While traditional
noble-metal-based catalysts, such as platinum (Pt), ruthenium (Ru), and
iridium (Ir), have historically dominated electrocatalysis due to their
excellent intrinsic activity and stability, they present significant chal-
lenges for large-scale implementation [16-18]. The high cost, scarcity,
and poor tunability of these materials hinder their widespread use,
particularly in industrial applications. Moreover, these catalysts often
exhibit suboptimal selectivity, with performance limited by funda-
mental scaling relationships among reaction intermediates, preventing
the simultaneous optimization of activity, selectivity, and stability a
persistent issue in electrocatalysis [19].

To overcome these limitations, researchers have turned to materials
that offer greater design flexibility, atomic-level tunability, and abun-
dant elemental composition. Among these, MOFs have emerged as a
promising alternative [20,21]. Composed of metal nodes linked by
organic ligands into crystalline porous networks, MOFs present a
uniquely modular architecture that allows for precise control over
structure and properties [22]. Their key advantages include high
porosity and surface area for improved reactant accessibility, tunable
coordination environments for catalytic metal centers, incorporation of
redox-active ligands and metals, and the ability to control defects and
structural anisotropy [23-26]. Additionally, MOFs are capable of
multi-functionality, acting as catalysts, supports, and sacrificial tem-
plates for derived materials, further enhancing their utility in a variety
of electrochemical reactions. Furthermore, the ability of MOFs to enable
non-traditional catalytic mechanisms such as the single-site activation in
CO4, reduction offers a significant advantage over conventional catalysts
[27-32]. These mechanisms can bypass the scaling relationships that

limit traditional materials, opening new avenues for designing highly
efficient electrocatalysts that could perform better across a range of
electrochemical reactions.

The exceptional structural and compositional tunability of MOFs has
established them as a transformative platform for a broad spectrum of
electrochemical energy conversion and storage reactions. While existing
reviews have often focused on singular niches such as pristine MOFs,
specific synthesis methods, MOFs-derived, or a single reaction like the
ORR, this work provides a unified and systematic examination with an
exclusive focus on the integrated trio of ORR, UOR, and CO2RR [33-39].
Our review uniquely bridges the critical gap between fundamental
mechanistic understanding, unlocked by DFT insights, and practical
deployment in real-world devices. It offers a detailed progression from
catalytic mechanisms to performance in functional systems like fuel
cells, urea, and CO; electrolyzers, while consolidating a suite of
next-generation strategies for scalability and sustainability.

In this review, we provide a comprehensive analysis of MOFs for
multi-functional electrocatalysis, integrating foundational mechanistic
insights with cutting-edge application engineering. We begin by estab-
lishing the fundamental reaction mechanisms and active sites for ORR,
UOR, and CO2RR. The discussion then progresses to the integration of
these MOF catalysts within real-world electrochemical devices, critically
examining their performance, durability, and efficiency metrics in fuel
cells, direct urea fuel cells, metal-air batteries, and CO; electrolyzers. A
dedicated section tackles the pivotal challenges of commercialization,
introducing technoeconomic assessment and life-cycle analysis to eval-
uate scalability and environmental impact (Fig. 1). Finally, we conclude
with a forward-looking perspective that outlines a strategic research
roadmap, proposing mitigation strategies through MOF hybrids, post
synthetic modifications, POM@MOF, COF@MOF and emerging fron-
tiers like Al-guided discovery and circular MOF design. By systemati-
cally traversing the journey from fundamental mechanisms to market-
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Fig. 2. (a) ORR mechanism in acidic media showing a 4-electron reduction process. (b) ORR mechanism in alkaline media showing a 2-electron reduction process.
(c) Free energy diagram for the ORR process in acidic media at different electrode potentials. Reproduced with permission from ref [46]. Copyright 2008 Royal
Society of Chemistry. (d) Free energy diagram for the ORR process in alkaline media at different electrode potentials [44,45]. Copyright 2013 Springer Nature and

Copyright © 2018. American Chemical Society.

oriented deployment, this review aims to serve as a foundational guide
for developing high-performance, commercially viable MOF-based
electrochemical systems, thereby accelerating the transition to a sus-
tainable and carbon-neutral energy landscape.

2. Fundamentals of ORR, UOR and CO>RR

The foundational principles of modern energy conversion lie in un-
derstanding electrocatalytic reactions such as the ORR, UOR, and
CO2RR. These reactions involve complex pathways dictated by the cat-
alyst's electronic structure and coordination environment. For instance,
the ORR diverges between a 4-electron pathway to water and a less
efficient 2-electron pathway to peroxide. Similarly, the UOR involves a
complex 6-electron transfer process with challenges in achieving com-
plete oxidation to Ny and CO, while avoiding catalyst poisoning. The
CO2RR, meanwhile, branches into a wide range of C; and Cy, products.
DFT is a critical tool for unraveling this complexity, offering insights into
adsorption energies, rate-limiting steps, and electronic descriptors that
govern activity and selectivity. Here, we will examine the core mecha-

nisms of the ORR, UOR, and CO32RR, highlighting how specific catalyst

structures facilitate distinct reaction pathways and suppress competing
side reactions.

2.1. Oxygen reduction reaction (ORR)

ORR electrocatalysis is a crucial process in various electrochemical
applications, where oxygen molecules are reduced to form water or

hydroxide ions through electron transfer. The efficiency of ORR is
significantly influenced by the catalyst material properties, which affect
the reaction kinetics and overall energy efficiency. Effective electro-
catalysts improve performance by lowering activation energy and
enhancing reaction rates. In this section, we will explore ORR mecha-
nisms in acidic and alkaline media.
The ORR mechanism involves the reduction of oxygen molecules to
water or hydroxide ions, typically through either a 4-electron transfer
process in acidic media or a 2-electron transfer process in alkaline
media, each pathway influencing the reaction's efficiency and the
resulting products. In acidic media (Fig. 2a,c), the ORR begins with the
adsorption of O, onto the catalyst, where it interacts with H* and e™. The
oxygen molecule undergoes a 4-electron reduction, where two electrons
and two protons are transferred in the first step to form the peroxo in-
termediate (OOH). In the next step, another two electrons and two
protons are transferred, resulting in the formation of H,O, completing
the reaction. This entire process is characterized by the reduction of O,
to water with a 4-electron transfer [40]. Furthermore, Fig. 2b,d illus-
trates the ORR in alkaline media, where O, is reduced to OH™ on a
catalyst surface. Initially, oxygen adsorbs onto the catalyst, interacting
with OH™ and e™. The reaction proceeds with a 2-electron transfer, where
oxygen is reduced to a superoxide intermediate (O2"). This intermediate
then reacts to form OH- or Hy0. The overall process involves the
reduction of oxygen to OH-, with potential intermediate formation of
H20,, depending on the reaction conditions [41-45]. The key difference
is that in acidic media, the reaction completes as HyO, while in alkaline
media, OH™ or HyO5 are the products, depending on the electron and
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Fig. 3. (a) Schematic representation showing the relationships between N5, N>O, NO,~, and NO3~ formed during UOR, along with MS spectra of gaseous products
obtained under three conditions: UOR with 1°NO,~ pre-added to 0.33 M 14N-urea; a mixture of 0.33 M '*N-urea and °N-urea in a 1:1 molar ratio; and a mixture of
1.00 M '*N-urea and '*N-urea in a 1:1 molar ratio, all in 1 M KOH. DFT analysis of potential urea dissociation pathways on nickel active sites, including: (b)
schematic illustration of possible urea oxidation routes; and (c) intramolecular N-N coupling on NiOOH and OH™-assisted C-N cleavage. Copyright 2021 © Wiley-
VCH. (d) Urea dehydrogenative oxidation pathway involving PCET, hydration, and rearrangement steps, as revealed by molecular simulations performed with

Gaussian. Copyright 2021 © Wiley-VCH.

(a-c) Reproduced with permission from ref [54]. (d) Reproduced with permission from ref [55].

proton transfer steps.

2.2. Urea oxidation reaction (UOR)

Urea, commonly found in industrial wastewater and toilet waste, is
produced in large quantities, with over 2 million tons generated daily by
the fertilizer industry, and human urine contributing even more [47].
However, untreated urea-rich wastewater poses environmental and
health risks as it can decompose into harmful pollutants like ammonia,
nitrites, nitrates, and nitric oxides. Effective treatment methods include
biodegradation, enzymolysis, oxidation, adsorption, and -catalytic
decomposition. Recently, urea-based energy technologies, such as urea
oxidation for hydrogen production and direct urea fuel cells, have
gained attention [48,49]. The UOR has gained attention as an efficient
route for producing hydrogen energy and sustainable nitrogen. Under-
standing its reaction mechanism is essential. While UOR can occur in
acidic, neutral, or alkaline electrolytes, alkaline media offer the best
performance based on both products and theoretical potentials [50].
The equilibrium potential for UOR (0.37 V vs. RHE) is far lower than
that for water splitting (1.23 V vs. RHE), making it a low-energy alter-
native for hydrogen generation from wastewater. This not only cuts
energy costs but also benefits water treatment [51]. To advance
commercialization, researchers are developing low-cost, high-efficiency

electrocatalysts, with nickel-based materials being especially promising
for alkaline electrooxidation due to their low resistance and high
activity.

While great progress has been made in developing low-overpotential
UOR electrocatalysts, the detailed transformation of urea molecular
structure remains insufficiently explored. Ideally, urea undergoes elec-
trochemical oxidation through a six-electron, six-proton transfer,
yielding CO,, Ny, and H0 [52,53]. For instance, Li et al. revealed that
nickel-based catalysts can over-oxidize urea to NO,~ with high Faradaic
efficiency, alongside trace NO3~ and N5O. Using '°N isotopes and urea
analogues, they mapped a nitrogen-fate network involving an OH™-as-
sisted C-N cleavage pathway leading to NO5~ formation, along with two
Ny-generation routes via intra- and intermolecular coupling. Isotopic
labeling further revealed that NO5~ does not convert to Ny during UOR,
while N2O can form through a selective catalytic reduction-like process
involving urea or its intermediates. Higher urea concentrations pro-
moted intermolecular coupling, increasing cross-labeled Ny and N3O
formation and reducing NO5" yields, highlighting competitive pathways
within the nitrogen product network (Fig. 3a). DFT calculations further
clarified the reaction network. In Fig. 3b, urea adsorbs onto the NiOOH
surface and is oxidized to a *“NHCONH, intermediate, which can follow
three routes. The intramolecular N-N coupling pathway involves
*NHCONH; undergoing PCET steps to form *NCONH, followed by N-N
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(d-h) Reproduced with permission from ref [76]. (i) Reproduced with permission from ref [77].

bond formation into a cyclic *NNH-CO intermediate. This intermediate
is further oxidized to CO5 and Ny, with an overall energy barrier of
1.184 eV. The direct C-N cleavage pathway proceeds through C-NHjy
bond scission in *NHCONH,, producing *NHs and *CONH. The *NH,
species is then oxidized to NOy™. The lowest energy barrier for this route
is 1.299 eV. The OH -assisted C-N cleavage pathway (Fig. 3c) involves
OH- attacking the carbon center of *“NHCONH,, breaking the C-NH;
bond via a 0.953 eV rate-determining step. This is the most favorable
route, explaining the experimentally observed dominance of NO5~ for-
mation (~80% FE). The small energy gap between the OH™-assisted
cleavage and N-N coupling pathways allows both N2 and NO,™ to form,
but cleavage is strongly favored under alkaline conditions. At higher
urea concentrations, intermolecular N-N coupling becomes more sig-
nificant, leading to increased N3 and N2O formation and influencing the

overall product distribution [54]. Analysis of the liquid by-products
showed that urea was not fully converted to N, indicating the need
for further work on UOR catalysts with higher selectivity. While intra-
molecular N-N coupling has been observed during Ni>*-driven UOR, this
behavior may also arise from reactive species other than NiOOH. To
clarify the mechanism, Chen et al investigated nitrogen nucleophilic
electrooxidation (NOR) on a B-Ni(OH), electrode. Using in-situ SERS,
quasi-in-situ XPS, and potentiostatic measurements under varying con-
ditions (1 MKOH, 1 M KOH + 50 mM urea, and 1 M KOH + 0.5 M urea),
they confirmed a two-step UOR pathway: first, f-Ni(OH), undergoes
electrocatalytic dehydrogenation to p-Ni(OH)O, followed by sponta-
neous nucleophilic dehydrogenation oxidation back to p-Ni(OH)s. DFT
calculations further indicated that after intramolecular N-N coupling,
urea most likely proceeds through a spontaneous dehydrogenation
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oxidation sequence involving PCET, hydration, and structural rear-
rangement (Fig. 3d) [55]. These results imply that multiple active spe-
cies may drive N-N coupling, highlighting the need for deeper
understanding of the catalyst-product relationship in UOR.

2.3. CO; reduction reaction (CO2RR)

The CO2RR is a transformative electrochemical process that converts
CO, into valuable chemical fuels, thus helping to mitigate climate
change by recycling CO; into sustainable energy sources [56-58]. This
reaction typically occurs at the cathode of an electrochemical cell and
requires a catalyst to overcome the significant energy barrier associated
with CO, reduction. CO2RR is a multi-electron process, and its products
can range from carbon monoxide (CO), formate (HCOO"), and methane
(CHy4) to methanol (CH30H), ethanol (C;HsOH), and even higher hy-
drocarbons like ethylene (CaHg) [59]. These products are the result of
different reaction pathways that vary based on the catalyst, operating
conditions, and reaction kinetics.

The electrochemical reduction of CO2RR proceeds through various
pathways that depend on the catalyst and reaction conditions. The
process involves the conversion of CO, into different products such as
CO, HCOO~, CH4, CH30H, (C2HsOH) and other hydrocarbons. As shown
in Fig. 4a, the CO2RR begins with the absorption of a CO2 molecule onto
the cathode surface of the electrode. The absorbed CO5 molecule is then
reduced by an electron, forming a highly energetic *CO.* anion radical.
This radical reacts with a H', resulting in the formation of the *COOH
intermediate. The *COOH intermediate then gains another electron and
reacts with a proton, leading to the formation of *CO. Finally, *CO de-
sorbs from the electrode surface, releasing CO as the final product
[60-62]. This mechanism demonstrates the process of electron and
proton transfer in converting CO» to CO in electrochemical CO, reduc-
tion. As shown in Fig. 4b, the electrochemical CO2RR can also proceed

through a pathway that leads to the formation of HCOO~ or HCOOH. In
this process, CO- is first adsorbed onto the catalyst surface, followed by
the reduction of the CO, molecule with an electron to form the COy”
intermediate. This intermediate then undergoes protonation to form a
COOH species, which is further reduced by another electron and proton
to produce HCOO™ or HCOOH [63,64]. The reaction occurs via a com-
bination of electron and proton transfer steps, ultimately producing
formate or formic acid, a valuable chemical that can be used in various
applications. In Fig. 4c, another pathway for CO2RR leads to the for-
mation of higher-value products such as CH4, CH30H, CyHg, and
CoHsOH. Similar to the previous pathway, COs is first adsorbed onto the
catalyst, where it is reduced by electrons to generate a CO," interme-
diate. This intermediate can undergo multiple electron and proton
transfer reactions to form CH4, CH3OH, CyHg, and CoHsOH, depending
on the specific conditions and the catalyst used [65-68]. This pathway
highlights the potential for CO2RR to produce a wide range of valuable
hydrocarbon fuels and chemicals, which offer sustainable alternatives to
fossil-derived products.

Among the various metals studied for COoRR, copper stands out as
the only catalyst capable of producing significant quantities of multi-
carbon (Cg) products in addition to single-carbon compounds such as
CO, formate, and methane [69,70]. Its unique catalytic behavior arises
from a balanced binding strength for key intermediates, allowing both
efficient CO formation and subsequent C-C coupling. The activity and
selectivity of copper are highly sensitive to its surface morphology, with
low-index facets such as Cu(211) and Cu(110) exhibiting distinct
adsorption energies and reaction pathways compared to Cu(100) or
stepped surfaces. DFT calculations have been instrumental in eluci-
dating the molecular-level mechanism of CO;RR on Cu(211) and Cu
(110). The studies reveal how the surface facilitates CO5 activation
through the formation of *CO,™ and *COOH intermediates, the subse-
quent hydrogenation to *CO, and further proton-electron transfer steps
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leading to CH4, CH3OH, and C,. products [71-75]. By mapping out free
energy diagrams and potential-dependent transition states, DFT ana-
lyses not only clarify the rate-determining steps but also provide design
principles for tailoring Cu surfaces to enhance activity, suppress
competing hydrogen evolution, and improve product selectivity. For
instance, Peterson et al. used the computational hydrogen electrode
(CHE) model to study CO electroreduction on Cu(211), evaluating 41
possible intermediates that could lead to CO, Hy, HCOOH, CHy4, and
CoHy. The limiting potential was defined as the least negative voltage at
which a pathway becomes thermodynamically favorable. While proton
electron transfer barriers were assumed to be small, reactions between
two adsorbed species such as C-C coupling may involve higher activa-
tion energies. As shown in Fig. 4d, the first pathway to open corresponds
to Hy evolution, limited by the adsorption of the first proton. Fig. 4e
depicts HCOOH formation through CO5 protonation to a carboxyl in-
termediate, requiring —0.41 V. The CO pathway in Fig. 4f follows the
same initial step and limiting potential. Hydrocarbon production,
including CH4, begins with hydrogenation of *CO to *CHO at —0.74 V.
The lowest-energy CH,4 route in Fig. 4g proceeds via *CHO — H2CO —
*QCHgs, with CH4 released upon protonation of the methyl group, fol-
lowed by water formation from the remaining oxygen. Experimental
studies support these predictions, showing that hydrocarbon generation
proceeds through CO while the formate pathway is largely a dead end.
The model also explains why electrochemical CO2 reduction on Cu fa-
vors CH4 over CH3OH: proton attack from solution on the methyl end of
methoxy favors CH4 formation by 0.27 eV, whereas in gas-phase catal-
ysis, hydrogen addition to the oxygen end enables methanol synthesis.
Reaction pathways for CO; electroreduction on a Cu(211) surface. The
numbers above each section indicate the total proton-electron pairs
transferred relative to CO5. Atoms are color-coded: carbon (gray), oxy-
gen (red), hydrogen (white), and copper (orange). The pathway with the
lowest free energy leading to methane is emphasized (Fig. 4h) [76].
Furthermore, Xue et al. compared the CO; reduction mechanisms on
three low-index copper surfaces Cu(100), Cu(110), and Cu(111). They
found that Cu(110) delivered the most favorable performance for pro-
ducing methanol, following the CO; — *COOH — *CO — *CHO —
*CHo0 — *CH20H — CH3OH pathway (Fig. 4i). In this sequence, the
formation of *COOH from CO, was identified as the
potential-determining step (PDS) [77]. The superior activity of Cu(110)
was attributed to its higher p-band center, which promotes stronger
*COOH adsorption and, consequently, more efficient methanol synthe-
sis compared to the other facets.

2.4. Structural and transport determinants of MOF electrocatalysis

2.4.1. Interplay among MOF structure, intrinsic activity, and electronic
conductivity

The electrocatalytic behavior of MOF-based materials toward ORR,
UOR, and CO2RR is governed by the coupled effects of framework
structure, intrinsic active-site activity, and electronic conductivity, three
interdependent pillars [78-81]. The structure of a MOF determines the
identity, density, accessibility, and electronic environment of catalytic
sites [82,83]. Metal nodes or metal-ligand coordination motifs, such as
Fe-N4, Ni-O/N, Cu-N/O, Bi-O, or bimetallic centers, regulate the
adsorption strength of reaction intermediates, while the organic linker
controls metal-ligand orbital coupling, charge distribution, local polar-
ity, and pore microenvironment [84-87]. Consequently, intrinsic ac-
tivity is strongly influenced by metal oxidation state, coordination
geometry, ligand field strength, and local electronic structure [88,89].

For ORR, metal-N coordination units such as Fe-N4 can provide
favorable adsorption energies for *OOH, enabling the four-electron
reduction pathway when binding is neither too weak nor too strong
(Fig. 5) [90]. For UOR, Ni-based nodes or reconstructed NiOOH-like
species promote urea adsorption and dehydrogenation, while second-
ary metals (Fe, Co, Mn) modulate the electronic structure of Ni sites and
facilitate C-N bond cleavage [91]. For CO2RR, Cu-based centers favor
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*CO adsorption and C-C coupling under suitable electronic and struc-
tural environments, whereas Bi-based centers generally promote C;
products such as formate by stabilizing oxygen-bound intermediates and
suppressing hydrogen evolution [92,93].

However, intrinsic activity alone is insufficient. Many pristine MOFs
possess limited electrical conductivity, which restricts electron transport
from the current collector to internal active sites. Poor conductivity
increases charge-transfer resistance, lowers active-site utilization, and
limits current density, especially during multi-electron reactions such as
UOR and CO2RR [81,94,95]. Conductivity can be improved by using
n-conjugated ligands, two-dimensional conductive frameworks,
redox-active linkers, metal-ligand orbital hybridization, conductive
substrates, carbon integration, or guest-mediated charge transport [96].
Thus, optimal MOF electrocatalysts must balance active-site electronic
structure with efficient electron delivery, ensuring that accessible active
sites, favorable intermediate binding, and continuous charge transport
work in concert.

2.4.2. Role of porosity and mass transport in electrocatalytic performance

In addition to electronic structure and conductivity, pore architec-
ture strongly affects electrocatalytic performance by controlling the
transport of reactants, electrolytes, ions, and products within the elec-
trode [97,98]. The optimal pore structure is not defined by maximum
surface area alone, but by a balance among pore size, connectivity,
volume, wettability, and hierarchical organization.

Micropores provide high surface area and abundant exposed active
sites, which can enhance reactant adsorption and local concentration.
However, excessive microporosity may restrict diffusion, especially for
solvated ions, urea molecules, and gas-derived reactants under elevated
current densities [99]. Mesopores reduce diffusion resistance, improve
electrolyte penetration, and facilitate the transport of Oy, CO5, urea, and
reaction intermediates to internal active sites. Macropores further
improve bulk electrolyte access and gas bubble release, which is
particularly important for practical electrodes operating at high current
density. Hierarchical porous structures containing micro-, meso-, and
macropores are generally more favorable than purely microporous
frameworks [100,101].

For ORR, interconnected mesoporous channels improve oxygen
diffusion and water management in the catalyst layer, reducing mas-
s-transfer polarization [102,103]. For UOR, larger and interconnected
pores facilitate urea transport and product removal, preventing local
accumulation of intermediates [52,104]. For COoRR, mesoporous and
hierarchical structures help maintain COy supply near active sites,
reduce concentration gradients, and suppress the hydrogen evolution
reaction by improving local reactant availability [105,106]. Pore
wettability is also important: hydrophilic channels improve electrolyte
contact in aqueous UOR systems, while balanced
hydrophilic-hydrophobic interfaces benefit gas-involving reactions
(ORR, CO2RR) by enabling simultaneous gas, ion, and electron transport
[107-109]. Rational pore engineering enhances electrochemical per-
formance by shortening diffusion pathways, increasing active-site uti-
lization, reducing concentration polarization, accelerating product
desorption, and maintaining stable operation at high current density.

2.4.3. Regulating intermediates via metal nodes, ligands, and pores

While the previous subsections addressed general electronic con-
ductivity and mass transport, this subsection focuses specifically on how
metal nodes, ligands, and pore confinement regulate reaction in-
termediates. The adsorption and conversion of key intermediates are
primarily determined by the electronic structure of metal nodes, the
functional chemistry of organic ligands, and the confined pore
microenvironment.

Metal nodes dictate the binding strength and activation mode of
adsorbed intermediates [110]. In ORR, Fe-N4 sites optimize *OOH
adsorption for the four-electron pathway, whereas alternative metal
centers may shift selectivity toward HyO5. In UOR, Ni-based nodes (or
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Fig. 6. Regulation of reaction intermediates in MOF electrocatalysts through metal nodes, organic ligands, and pore microenvironment for ORR, UOR, and CO,RR.

in-situ generated NiOOH-like sites) activate urea, while bimetallic
modulation tunes the adsorption and transformation of
*NHCONH,-derived intermediates. In COoRR, Cu centers stabilize *CO
and promote C-C coupling to Cy; products, whereas Bi centers favor
formate production by stabilizing oxygen-bound intermediates and
weakening hydrogen adsorption.

Ligand structure further modifies the electronic properties of active
sites. Conjugated ligands (porphyrin, phthalocyanine,
triphenylene—2,3,6,7,10,11-hexaol (HHTP)) enhance charge delocal-
ization and electronic coupling between metal nodes (Fig. 6) [111-114].
Electron-donating or electron-withdrawing substituents shift local
charge density at the metal center, thereby changing the adsorption
strength of *OOH, *NHCONH,, *COOH, *OCHO, or *CO intermediates.
N/O-containing functional groups (-NHj, -OH, 2-Pyridylamine and 1,
4-benzenedicarboxylic acid) form hydrogen-bonding or electrostatic
interactions with polar intermediates, stabilizing transition states and
lowering kinetic barriers [115-117]. However, excessive stabilization
may inhibit product desorption; therefore, ligand design must follow the
principle of moderate adsorption strength.

Pore size and porosity complement these electronic effects by
influencing intermediate residence time, reactant accessibility, and
product removal. Narrow micropores create confinement effects that
alter adsorption geometry and local reactant concentration, while
mesopores and macropores improve diffusion and prevent active-site
blockage. Hierarchical porosity is especially beneficial because it com-
bines high active-site density with efficient mass transfer. Overall, the
integration of suitable metal nodes, electronically active ligands, and
well-connected pore architectures enable simultaneous control over

intermediate adsorption, reaction pathway, charge transport, and mass
transfer, thereby improving the activity, selectivity, and stability of
MOF-based electrocatalysts.

3. MOFs in real-world electrochemical devices

MOFs are being translated from promising materials into integral
components of real-world electrochemical devices, leveraging their
exceptional porosity, tunable structures, and abundant catalytic sites to
address pressing energy and environmental challenges. Their function as
high-performance electrocatalysts, selective electrode modifiers, or
versatile precursors enables enhanced efficiency, selectivity, and sta-
bility across various sustainable technologies, often surpassing tradi-
tional catalysts. This section details the integration of MOFs into key
electrochemical platforms, examining their role in, fuel cells and metal-
air batteries for efficient power generation via the ORR, direct urea fuel
cells and urea electrolysis systems that valorize waste streams while
producing energy or hydrogen, CO2 reduction electrolyzers designed for
selective conversion to valuable fuels and chemicals within power-to-X
frameworks and emerging hybrid, multi-functional systems that
combine these processes. The following discussion critically assesses
device performance, durability, and the specific material engineering
strategies that enable MOF functionality in each application.

3.1. Fuel cells and metal-air batteries

Fuel cells and metal-air batteries represent critical electrochemical
technologies for sustainable energy conversion and storage. Their
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Volcano plot of ORR performance. Copyright 2023 Elsevier.

(b) Reproduced with permission from ref [128]. (c-g) Reproduced with permission from ref [130]. (h-i) Reproduced with permission from ref [131].

performance hinges on efficient electrocatalytic reactions. In fuel cells,
the ORR at the cathode is the pivotal step that converts the chemical
energy of fuels like hydrogen into electricity. For metal-air batteries
most prominently, zinc-air batteries that use atmospheric oxygen at the
cathode the ORR similarly governs the discharge process, enabling
systems with exceptionally high energy density. Concurrently, DUFCs
utilize the UOR, offering an alternative pathway for power generation
that valorizes a waste product, thereby addressing energy and envi-
ronmental challenges simultaneously. In this section we will discuss fuel
cell and metal air batteries in details.

3.1.1. ORR in hydrogen fuel cells

Hydrogen fuel cells generate electricity by converting chemical en-
ergy into electrical energy through the electrochemical reactions of
hydrogen and oxygen. At the anode, hydrogen is oxidized, releasing
electrons that travel through an external circuit to generate electricity,
while protons (hydrogen ions) pass through an electrolyte to the cath-
ode. At the cathode, oxygen combines with the protons and electrons to
form water. Due to their high energy efficiency, power density, and
clean operation emitting only water and heat hydrogen fuel cells are
considered ideal for use in automotive and stationary applications [118,
119]. As shown in Fig. 7a a hydrogen fuel cell, where hydrogen (fuel)
and oxygen (from air) react to generate electricity. At the anode,
hydrogen undergoes the hydrogen oxidation reaction (HOR): it splits
into H* and e~. The electrons flow through an external circuit, creating
electric current, while protons move through the electrolyte to the
cathode. At the cathode, oxygen undergoes the ORR: it combines with

protons and electrons to form water [120]. These two reactions (HOR
and ORR) drive the cell operation, producing electricity cleanly and
efficiently, with only water as a byproduct. There are several types of
hydrogen fuel cells, each designed to operate under different conditions
and applications. The main types of hydrogen fuel cells include proton
exchange membrane fuel cells (PEMFCs), alkaline fuel cells (AFCs),
phosphoric acid fuel cells (PAFCs), solid oxide fuel cells (SOFCs), and
molten carbonate fuel cells (MCFCs) [121,122]. However, here we will
focus on PEMFCs and AFCs, as these two types are particularly relevant
due to their wide-ranging commercial applications and significant role
in advancing clean energy solutions. While other types like PAFCs,
SOFCs, and MCFCs offer certain benefits, they also come with notable
drawbacks. For example, PAFCs operate at relatively high temperatures
(160-220°C), making them less efficient in some applications, while
SOFCs (600-1000°C) and MCFCs operate at even higher temperatures
(600-800°C), leading to issues with material degradation, slow startup
times, and overall complexity [123-125]. Additionally, SOFCs require
specific fuels and high thermal management, limiting their versatility. In
contrast, PEMFCs and AFCs operate at lower temperatures (10-100 °C
and 20-120 °C) and offer advantages in terms of efficiency, quick
start-up, and simplicity, making them better suited for applications like
transportation and portable power generation [126].

3.1.1.1. ORR in proton exchange membrane fuel cells. PEMFCs are highly
efficient in converting hydrogen into electricity with no pollution, low
noise, and strong endurance [127]. The fuel cell operates by introducing
hydrogen gas at the anode, where it splits into H* and e". The electrons
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(a) Reproduced with permission from ref [132]. (b-j) Reproduced with permission from ref [133]. (k-q) Reproduced with permission from ref [134].

travel through an external circuit, generating electrical power, while the
protons pass through the PEM to the cathode. At the cathode, they
combine with oxygen and electrons to form water as a byproduct
(Fig. 7b) [128]. However, the ORR at the cathode is slower than the HOR
at the anode, limiting fuel cell performance. While platinum-based
catalysts are commonly used for ORR, their high cost and scarcity
hinder PEMFC commercialization. To overcome these challenges, there
is a need for efficient, stable, and low-cost PGM-free catalysts [129].
MOFs offer a promising solution, potentially addressing these limita-
tions with their high efficiency, stability, and cost-effectiveness in acidic
environments. For instance, Igbal et al. introduced a new layer-stacked
two-dimensional MOF, Co3(HADQ),, as an efficient electrocatalyst for
acidic ORR. As shown in Fig. 7c that this novel MOF exhibits exceptional
conductivity, high activity (E;/» = 0.836 V vs. RHE), Tafel slope 79 mV
dec™! and outstanding stability (up to 20,000 cycles), outperforming
many state-of-the-art electrocatalysts. The geometry and electronic
properties of Co3(HADQ), were analyzed using DFT calculations. As
shown in Fig. 7d, the 2D Co3(HADQ); has a planar, porous structure
with a hexagonal grid and a pore size of 17.01 A, facilitating ion and
proton dispersion for the ORR process. Band structure and PDOS anal-
ysis (Fig. 7e) reveal metallic behavior and high electrical conductivity,
attributed to electron delocalization in the Co-N4 motif and conjugated
pyrazine and benzene units, suggesting its high activity for ORR. The
ORR reaction pathways on Co-sites and pyridinic N-sites in Co3(HADQ),

10

were studied, with the results shown in Fig. 7f-g. The Co-sites, possessing
positive charge, act as active sites for ORR, with a lower limiting po-
tential (UL = 0.86 V) compared to pyridinic N-sites (UL = 0.72 V),
indicating superior ORR activity at Co-sites, which is comparable to or
even better than state-of-the-art catalysts like Pt [130]. Furthermore,
Igbal et al. developed electrically conductive Pt3(C1oNgOg)2 MOF, which
demonstrated the best performance for acidic ORR, with high activity
(E1/2 = 0.836 V vs. RHE) and exceptional durability (20,000 cycles) in
acidic media (pH = 0.29) (Fig. 7h-i). To evaluate the catalytic perfor-
mance of Pt-MOF monolayers for ORR, the Gibbs free energy changes
(AG) of key reaction steps were calculated using the 4e- scheme (Fig. 7j).
The ORR process involves the hydrogenation of O to form *OOH, fol-
lowed by its conversion to *OH and water, with Pt and N-sites in the
pyrazine ring acting as active sites. Bader charge analysis indicates that
the Pt ion is positively charged, facilitating electron transfer between
Pt-sites and ORR intermediates during the process. Moreover, the
calculated value of AG for the RDS is 0.36 eV for Pt3(C123NgOg)2 at
1.23 V (Fig. 7k). The value is comparatively lower than the value for
pyridinic N-sites, which indicates that the Pt-sites in Pt-MOFs exhibit
better ORR performance than the pyridinic N-sites in the same materials.
To explain the varying ORR activity between the Pt-site in the Pt-X4 unit
and the pyridinic N-site in the pyrazine ring, Bader charge analysis
(Fig. 71) reveals that charge transfer from Pt atoms to adsorbed in-
termediates enhances electron interaction, leading to better catalytic
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performance, with Pt3(C1oNgOg)2 exhibiting the highest ORR activity
among the Pt-MOFs [131]. The superior ORR performance of
MOF-based catalysts in acidic PEMFC environments is closely linked to
their structural features. The 4e- ORR pathway requires optimized
*OOH adsorption and efficient electron/proton transfer. In
Co3(HADQ)s,, the planar 2D structure with Co-N4 motifs embedded in a
highly conjugated pyrazine-benzene framework enables metallic con-
ductivity and favorable electronic delocalization, resulting in a low
limiting potential on Co sites. Similarly, in Pt3(C;2NgOg)2, the positively
charged Pt sites in the Pt-N4 coordination environment strengthen
interaction with ORR intermediates while maintaining structural sta-
bility in strong acid. These atomic-level structural advantages, combined
with high porosity, facilitate mass transport and contribute to the
observed high half-wave potential, low Tafel slope, and excellent
durability.

The development of efficient electrocatalysts, such as MOFs, presents
a promising pathway to overcome the limitations of PEMFCs, particu-
larly in enhancing the ORR at the cathode. These materials not only offer
improved catalytic performance but also demonstrate exceptional sta-
bility and cost-effectiveness, making them strong candidates for future
fuel cell technologies. These advancements highlight the promising role
of MOFs in addressing the challenges of PEMFCs commercialization and
enhancing their efficiency for various applications.
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3.1.1.2. Alkaline fuel cells. AFCs are one of the earliest fuel cell types,
known for their successful use in space missions. These cells use an
alkaline aqueous electrolyte, usually potassium hydroxide (KOH), and
operate at low temperatures. In this solution, KOH dissociates into po-
tassium (K™) and OH™ ions. The HOR occurs at the anode, where
hydrogen reacts with OH™ to form water, and electrons flow through an
external circuit to provide power. At the cathode, oxygen undergoes the
ORR, where it combines with water and electrons to produce OH™ ions,
keeping the electrolyte intact (Fig. 8a) [132]. AFCs face several chal-
lenges, including the need for efficient and durable catalysts for both the
HOR and the ORR. The slow kinetics of ORR at the cathode, along with
catalyst degradation over time, hinders the overall performance and
stability of AFCs. Additionally, the sensitivity of conventional catalysts
to impurities, such as CO,, further complicates their widespread use.
MOFs offer a promising solution to these challenges, providing tunable
structures with high surface areas and the potential for efficient catalytic
activity in electrochemical reactions. For instance, Cheng et al. devel-
oped a method to grow NiMn-based bimetallic MOF nanosheets on
multi-channel carbon fibers (MCCF) through a hydrothermal reaction to
form MCCF/NiMn-LDH, followed by a ligand exchange to convert it into
MCCF/NiMn-MOFs (Fig. 8b). The MCCF/NiMn-MOFs demonstrated
excellent electrocatalytic performance for ORR, with an onset potential
of 0.85 V vs. RHE and a large limiting current density of 5.6 mA cm™2,
comparable to Pt/C (Fig. 8c). Furthermore, the MCCF/NiMn-MOFs
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KOH at 1600 rpm. (c) The corresponding Tafel plots for ORR. (d) Schematic illustration of the ZAB setup. (e) Charge/discharge polarization curves for ZABs with
CoNi-MOF/rGO and Pt@Ir/C as electrocatalysts. (f) Corresponding power densities for ZABs. (g) Specific capacity and open-circuit voltage plot (inset) for the CoNi-
MOF/rGO- and Pt@Ir/C-based ZABs, normalized to the zinc consumed. (h) Galvanostatic charge/discharge cycling performance of ZABs. Copyright © 2019 American
Chemical Society. Electrochemical activity of prepared catalysts: (i, j) ORR polarization curves and (k) corresponding Tafel plots in 0.1 M KOH saturated with
oxygen, at a rotation rate of 1600 rpm and a scan rate of 10 mV s~!. (I) Schematic of rechargeable ZAB fabrication; (m) Charge-discharge polarization curves for ZABs
with different electrodes. (n) Schematic model of Pt-embedded MOFs for DFT calculations; (o) Free energy profiles for ORR. Copyright 2019 Elsevier. ORR
mechanistic study: (p) Initial structure and structures after the adsorption of hydroxyl (OH*), oxyl (O*), and hydroperoxyl (OOH*) intermediates on Mn/Fe-HIB-
MOF, with active sites labeled and shown in the inset. (q) Volcano plots for ORR activity for Mn-HIB-MOF, Fe-HIB-MOF, and Mn/Fe-HIB-MOF catalysts. (r) Free
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(a-h) Reproduced with permission from ref [142]. (i-o) Reproduced with permission from ref [143]. (p-r) Reproduced with permission from ref [144].
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exhibited impressive stability and methanol tolerance, retaining 95%
and 92% of the initial current after 10 and 30 h of ORR operation,
respectively, as shown in Fig. 8d. Theoretical investigations using DFT
calculations reveal that the incorporation of Mn into Ni-MOFs enhances
electron density around the Fermi level, with Ni sites acting as active
centers for ORR (Fig. 8e-g). The adsorption energies of O, and OH~
species on Ni sites are significantly lower than on Mn sites, suggesting
that Ni is the primary active site for oxygen electrocatalysis, while Mn
enhances the process by promoting water adsorption (Fig. 8h-i). The
formation energy barriers for key intermediates (*O and *OOH) on Ni
sites in NiMn-MOFs are much lower than in Ni-MOFs, indicating
improved ORR kinetics (Fig. 8j) [133].

Furthermore, Liang et al. developed Co porphyrin@MOF hybrids
through ligand exchange for enhanced ORR activity and selectivity. The
grafted Co porphyrins showed a significant anodic shift of over 70 mV in
the half-wave potential and increased electron transfer from 2.65 to
3.70, improving 4e”~ ORR selectivity. As shown in Fig. 8k, the use of
MOFs as supports offers tunable compositions, optimized electron
transfer, and improved catalytic activity. The electrocatalytic ORR
performance of 1@ZIF—8 was evaluated, showing an onset potential
(E1/2) of 0.79 V, with a Tafel slope of 53 mV dec! (Fig. 8l-m). The
electron transfer number (n) for 1@ZIF—8 was 2.65, indicating partial
4e” selectivity, which was enhanced to 3.70 when 1 was grafted onto
Co-based ZIF—-67 (Fig. 8n). Stability tests revealed a 13% and 18%
current loss for 1@ZIF—8 and 1 @ZIF—67, respectively, with 1@ZIF—67
exhibiting superior 4e” selectivity and stability (Fig. 8o-p). Additionally,
Co tetra(4-imidazolylphenyl) porphyrin (2) was grafted onto both
ZIF—8 and ZIF—67. The resulting 2@ZIF—8 showed an ORR activity
with a n value of 2.70, while 2@ZIF—67 displayed a n value of 3.70
(Fig. 8q). Due to the distance between the porphyrin sites and the MOF
surface in 2@ZIF—67, generated HyO4 desorbs and is further reduced on
ZIF—67 [134]. In alkaline media, the ORR performance of MOF-based
catalysts is governed by bimetallic synergy, ligand engineering, and
support effects. In MCCF/NiMn-MOFs, incorporation of Mn into the
Ni-MOF framework increases electron density near the Fermi level and
lowers the formation energy barriers of *O and *OOH intermediates on
Ni active sites, while Mn promotes water adsorption. This bimetallic
modulation leads to enhanced ORR kinetics, high limiting current den-
sity, and superior methanol tolerance. Likewise, in Co-porphyrin@MOF
hybrids, ligand-exchange grafting enables synergistic cooperation be-
tween molecular Co-porphyrin sites and the MOF support. The opti-
mized distance between porphyrin and ZIF—67 surface facilitates HoO»
desorption and subsequent reduction, boosting the 4e~ selectivity and
overall stability. These examples demonstrate how rational design of
metal nodes, bimetallic composition, and hybridization directly trans-
lates into improved activity, selectivity, and durability in alkaline ORR.
These advancements in MOF-based catalysts offer significant promise in
overcoming the challenges facing AFCs and enhancing their commercial
viability.

3.1.2. ORR in metal-air batteries

Metal-air batteries, including zinc-air, lithium-air, and aluminum-air
batteries, are promising energy storage devices that utilize oxygen from
the air as a cathode reactant. In these batteries, the ORR plays a crucial
role during discharge, where oxygen molecules are reduced at the
cathode to form either hydroxide ions or peroxides, depending on the
specific battery chemistry. This process enables the battery to produce
electricity efficiently. Metal-air batteries are highly regarded for their
high energy densities, making them ideal for applications in electric
vehicles, portable electronics, and grid storage.

Rechargeable ZABs are a promising energy storage technology for
applications like smart grids, electric vehicles, and wearable electronics
due to their high energy density, safety, and environmentally benign
nature [135]. However, their commercialization is hindered by poor
cycle life and energy conversion efficiency, primarily due to slow oxygen
reduction. While precious metals like Pt, Ru, and Ir offer effective
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catalytic performance, their high cost and scarcity limit large-scale use
[136-138]. Efforts have shifted to developing precious metal-free cat-
alysts, including transition metal oxides, nitrides and phosphides, but
challenges such as corrosion susceptibility and low conductivity persist
[139-141]. MOFs can address these challenges due to their tunable
structure, high surface area, and potential for improved catalytic activity
and stability. For instance, Zheng et al. reported the design of bimetallic
CoNi-MOF nanosheets/reduced graphene oxide (rGO) hybrid electro-
catalysts to enhance the catalytic activity of metal-air batteries for ORR.
CoNi-MOF nanosheets, prepared using TCPP as the ligand and PVP as
the surfactant, offer enhanced electrocatalytic activity due to their
larger surface area and more exposed active sites compared to bulk
MOFs (Fig. 9a). Furthermore, CoNi-MOF/rGO exhibits an onset over-
potential of 0.88 V, a diffusion limiting current density of 5.35 mA cm™>
at 1600 rpm, and a small Tafel slope of 67 mV dec™!, indicating superior
ORR performance compared to other catalysts (Fig. 9b-c). A recharge-
able ZAB was constructed with CoNi-MOF/rGO as the air electrode, a
zinc plate as the anode, and a KOH/ZnCl, mixture as the electrolyte
(Fig. 9d). The charge and discharge polarization curves of
CoNi-MOF/rGO and Pt@Ir/C-based ZABs were compared, highlighting
CoNi-MOF/rGO superior OER performance (Fig. 9e). CoNi-MOF/rGO
achieved a peak power density of 97 mW cm 2, outperforming the
Pt@Ir/C mixture (86 mW cm™2) (Fig. 9f). The CoNi-MOF/rGO-based
battery demonstrated a voltage plateau of 1.31 V for 30 h with a spe-
cific capacity of 711 mAh g, surpassing the performance of
Pt@Ir/C-based batteries (Fig. 9g). Additionally, CoNi-MOF/rGO
exhibited better cycling stability and rechargeability, as shown in the
charge/discharge cycle curves (Fig. 9h) [142].

Furthermore, Xia et al. developed a new strategy for bifunctional
electrocatalysts by designing a synergistic nano-architecture of Pt NPs
and ultrathin 2D MOFs. The unique nano-architecture and electron
interaction between Pt NPs and MOF nanosheets enhance electro-
chemical performance for ORR. As Pt loading increases from 0.7% to
3.2%, ORR activity improves, with a positive onset potential shift from
0.902 V to 1.024 V, as seen in Fig. 9i. However, further increasing Pt
loading to 8.8% reduces ORR performance. The Pt@NiNSMOFs sample
(3.2% Pt) outperforms Pt@C with similar Pt loading (5%) and shows a
110-mV shift in half-wave potential, as shown in Fig. 9j. The ORR per-
formance is further confirmed by the Tafel plots in Fig. 9k, demon-
strating fast ORR kinetics and enhanced activity for the Pt@NiNSMOFs
composite compared to commercial Pt@C. The Pt3.2%@NiNSMOFs
catalyst shows superior performance in rechargeable ZABs, with a
0.097V and 0.252V reduction in over-potential at 10 mA cm >
compared to commercial Pt/C and RuO» (Fig. 91-m). At 100 mA cm’z, it
outperforms the commercial catalyst mixture, achieving a discharge
voltage of 0.95 V and charge voltage of 2.07 V. The peak power density
reaches 108 mW cm 2, 2.5 times higher than the commercial catalysts.
A theoretical study using DFT was conducted to explore the relationship
between electron structural modification and catalytic activity of the
composite catalyst. Simplified models for ORR were constructed, as
shown in Fig. 9n. The adsorption energy of intermediates on active sites
revealed that anchoring the metal-organic group on the Pt surface
lowers the energy level of intermediates, enhancing ORR activity, as
seen in the free energy profile in Fig. 90 [143]. In another study, Shinde
et al. developed advanced ZABs using Mn/Fe-HIB-MOF bifunctional
electrocatalysts and superionic bio-cellulose electrolytes. The
Mn/Fe-HIB-MOFs exhibited superior ORR activity with a half-wave
potential of 0.883 V, outperforming Pt/C. The cathode demonstrated
remarkable cycle life, achieving 1000 h over 6000 cycles at 10 mA cm ™2
and 600 h over 3600 cycles at 25 mA cm ™2, with excellent flexibility for
both liquid and solid-state ZABs. The DFT calculations reveal that
Mn/Fe-HIB-MOFs exhibit superior catalytic performance for ORR. The
optimized structures, shown in Fig. 9p, demonstrate that the unique
carbon-active sites in Mn/Fe-HIB-MOF enhance conductivity and reduce
overpotentials. Theoretical analysis, including free energy diagrams
(Fig. 9q), shows Mn/Fe-HIB-MOF has the lowest overpotential for ORR
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(a) Reproduced with permission from ref [145]. (b-n) Reproduced with permission from ref [149]. (0) Reproduced with permission from ref [150].

(0.43 V), outperforming Mn-HIB-MOF, Fe-HIB-MOF, and commercial
RuO- and Pt/C (Fig. 9r). The improvement is attributed to the enhanced
electronic structure, carbon contribution, and large active surface area
of Mn/Fe-HIB-MOF, making it an efficient electrocatalyst in alkaline
environments [144]. Advanced MOF-based electrocatalysts significantly
enhance the performance of rechargeable ZABs by improving ORR ac-
tivity, reducing overpotentials, and increasing cycling stability. These
catalysts outperform traditional precious metals, providing a
cost-effective and efficient solution for energy storage. The above results
underscore the potential of MOFs and similar materials in advancing
rechargeable battery performance for practical applications. Ongoing
research into MOFs will continue to unlock their full potential, further
advancing energy storage technologies.

Moreover, LABs have attracted significant attention due to their high
theoretical energy density (3155 Wh kg~!, based on LizO5). A typical
LAB comprises a lithium foil anode, a separator, and a cathode

electrocatalyst, where the ORR takes place during discharge, and the
OER occurs during charge (Fig. 10a) [145]. However, slow ORR at the
cathode lead to high overpotentials, low round-trip efficiency, poor
cycling life, and limited rate capability, which seriously hinder the
overall performance of LABs [146,147]. Consequently, considerable
efforts have been dedicated to developing cathode catalysts that can
enhance ORR performance. Porous gold has shown promise in pro-
moting ORR by effectively accommodating the insoluble Li;O2 produced
during discharge [148]. MOFs offer a solution to these limitations by
providing a highly tunable and porous structure that enhances ORR
catalytic activity. With their large surface area, adjustable pore size, and
the ability to modify metal nodes, MOFs are ideal candidates for
improving the performance of LABs. For instance, Hu et al. demonstrated
the use of Ni-MOFs as high-performance cathode catalysts for
rechargeable LABs. Ni-MOFs, with their 3D micro-nano structure, open
catalytic sites, and large surface area, facilitate efficient O, transfer and
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(a) Reproduced with permission from ref [162]. (b-d) Reproduced with permission from ref [163]. (e-h) Reproduced with permission from ref [164]. (i-m)

Reproduced with permission from ref [165].

electrolyte contact. Ni-MOFs/C demonstrated better catalytic perfor-
mance for LABs, showing more positive ORR (2.84 V vs. Li+/Li) and
more negative OER (3.84 V vs. Li+/Li) potentials than pure VC—72
(Fig. 10b). Cyclic voltammetry (Fig. 10c) further confirmed their supe-
rior activity, with a larger current density and smaller ORR/OER peak
gap. Ni-MOFs were used as the cathode catalyst for LABs, with a lithium
foil anode and 1M LiTFSI in TEGDME electrolyte (Fig. 10d). The
Ni-MOFs-based cathode showed superior ORR/OER activity, with a low
discharge overpotential of 0.16 V and a round-trip efficiency of 80%
(Fig. 10e). The Ni-MOFs-based cathode delivered higher discharge ca-
pacity than the VC—72-based cathode, reaching 9000 mAh g~! at
0.12 mA cm ™2 (Fig. 10f). The cycling stability of Ni-MOFs-based LABs
was evaluated at a fixed capacity retention of 600 mA h g~*, showing
minimal voltage drop (below 3%) after 100 cycles (Fig. 10g-h). Notably,
the batteries operated for 170 cycles with no significant polarization
increase. When the capacity and current density were increased to
1080 mA h g! and 0.72 mA cm 2, the discharge voltage maintained
90% retention after over 80 cycles (Fig. 10i-j). These results demonstrate
the impressive stability and reversibility of Ni-MOFs-based batteries.
Furthermore, a plastic LABs was designed with a Ni-MOFs-based cath-
ode, lithium foil anode, glass fiber separator, and a plastic case for Oy
transfer (Fig. 10k-m). The first cycle provided an initial capacity of
4650 mA h g1 and an energy density of 478 Wh kg™ (Fig. 10n). After
the 7th cycle, the capacity decreased to 2150 mA h g~! with an energy
density of 239 Wh kg™!. The plastic LABs performance is significantly
higher than that of commercial LABs, though the preparation process is
still being optimized [149]. The development of advanced cathode
catalysts, such as Ni-MOFs, plays a crucial role in overcoming the lim-
itations of LABs. By enhancing key aspects like catalytic efficiency,
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cycling stability, and energy density, these innovations contribute to the
progress of next-generation energy storage technologies. Ongoing
research and optimization will continue to refine these systems, ulti-
mately leading to more reliable and efficient solutions for a range of
applications in the energy sector.

Similarly, aluminum-air batteries (AABs) have gained significant
attention due to the numerous advantages of using aluminum as the
anode material [151]. Aluminum is abundant, sustainable, and has a
higher energy density than metals like zinc and iron, offering the po-
tential for improved specific energy and power compared to traditional
metal-air batteries. This makes AABs highly promising for applications
in electric vehicles, grid-scale energy storage, and other critical sectors.
In addition to their high energy density, AABs are environmentally
friendly, as aluminum is easily recyclable and presents fewer environ-
mental concerns than other metals. In AABs, the aluminum anode un-
dergoes oxidation, releasing electrons and forming aluminum hydroxide
(A1(OH)4"), as shown in Fig. 100 [150,152]. At the cathode, ORR occurs,
where oxygen molecules react with water to form OH". However, a
parasitic reaction can also occur, where water is reduced to hydrogen
and hydroxide ions, leading to some inefficiency. The overall reaction
combines these processes: 4Al + 3 Oz + 6 H,0 — 4A1(OH)47, generating
energy. The reaction emphasizes the critical role of both the anode and
cathode in the performance of AABs, highlighting the need for efficient
catalysts to minimize energy loss from parasitic reactions and enhance
overall efficiency. Despite the promising advantages of AABs, several
challenges remain that hinder their commercial viability and overall
performance. These include limited cycle life, poor rechargeability, and
inefficiencies due to parasitic reactions, such as the reduction of water to
hydrogen, which lowers energy efficiency [153,154]. Additionally, the
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development of effective catalysts for the ORR at the cathode is critical
for enhancing the efficiency of AABs. MOFs can potentially address these
challenges [155]. MOFs offer a tunable structure, high surface area, and
the ability to modify metal nodes, making them ideal candidates for
enhancing ORR activity. Their unique properties can help reduce over-
potentials, improve cycle life, and minimize energy loss due to parasitic
reactions. Although there is limited literature specifically focusing on
MOFs for AABs, their success in other metal-air and fuel cell systems
suggests that they could be highly effective in addressing these chal-
lenges and improving the performance of AABs. Further research into
MOFs could unlock their potential in advancing AAB technology.

In conclusion, MOFs serve as versatile electrocatalysts for the ORR in
both fuel cells and metal-air batteries. Their structural tunability allows
for performance optimization across diverse systems, from acidic
PEMFCs to alkaline zinc-air batteries. The key activity and stability
metrics for these applications are compiled in Table 2.1, highlighting
their significant potential as efficient alternatives to noble-metal cata-
lysts for sustainable energy conversion and storage.

3.1.3. Direct urea fuel cells (DUFCs)

DUFCs utilize the UOR at the anode to generate electricity from urea-
rich wastewater [156]. DUFCs are preferred due to their high efficiency,
economic viability, eco-friendliness, and sustainability. Operating at
low temperatures (ambient to 60 °C), DUFCs allow the direct use of urea
as fuel, making them a promising energy generation technology [157].
They offer advantages such as fuel flexibility, low flammability, and easy
transportation, compared to other fuel cell types. The principle of DUFCs
is similar to PEMFCs, but instead of hydrogen, urea is used as the fuel.

Anion exchange membranes (AEM) replace cation exchange membranes
(CEM) in DUFCs because urea breakdown produces NHs. There are two
types of DUFCs based on the type of exchange membrane used, with the
main difference being the exchanged ions. The energy generation pro-
cess involves the electrochemical oxidation of urea at the anode, pro-
ducing N, CO5, and H0, along with the release of 6e” [158-161]. These
electrons support the ORR at the cathode, where OH" ions are generated.
The OH™ ions move through the AEM toward the anode, as shown in
Fig. 11a [162]. DUFCs offer a sustainable solution for clean energy
generation and environmental preservation, converting urea from
wastewater or urine into electrical energy. A typical adult produces
enough urea annually to power a car for 2700 km using a DUFC. The
process involves the urea oxidation at the anode and reduction at the
cathode. However, challenges remain related to urea's generation,
storage, and mobilization, as well as the sluggish kinetics of UOR, which
limits the widespread adoption of DUFCs. MOFs can address these lim-
itations by enhancing reaction kinetics, improving electrocatalytic per-
formance, and optimizing urea utilization, making DUFCs more efficient
and practical for large-scale applications. For instance, Putri et al.
developed a NiCo-MOF—74 electrocatalyst crystallized on a porous NiO
(p-NiO) film using a solvothermal method for use in the anode of DUFCs
(Fig. 11b). A Ni-to-Co ratio of 4:1 showed optimal catalytic activity,
outperforming other electrodes like Ni foil and p-NiO. Under optimized
conditions with 3.0 M KOH and 1.0 M urea, a current density of
110 mA cm™2 and a power density of 4131 pW cm™ was achieved,
thanks to the enhanced active surface area. The catalyst showed excel-
lent stability with a cell voltage of ~0.6 V over 15h of operation
(Fig. 1lc-d) [163]. Furthermore, Sayed et al. reported a Ni-MOF
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synthesized directly on CC via a simple ball milling method at room
temperature for application as an anode in DUFCs. The Ni-MOF/CC
electrode was tested in a two-electrode configuration with a carbon
brush cathode and Nafion 117 membrane. The fuel cell with a plain CC
anode showed no power generation (Fig. 11e), while the Ni-MOF/CC
anode generated power, with a peak output of 5.5 mW/cm? at 1 M
urea (Fig. 11f). Performance decreased at higher urea concentrations
due to increased crossover effects. Fig. 11g-h presents the EIS results for
cells using carbon cloth (CC) and Ni-MOF/CC anodes. The data indicates
that the Ni-MOF/CC anode exhibits better charge and mass transfer
capabilities, as evidenced by the smaller semi-circle radius at medium
and low frequencies compared to the CC anode [164].

In another study, Ravipati et al. synthesized a Ni-MOF using a one-pot
solvothermal method as a bifunctional electrocatalyst for DUFCs. The
Ni-MOF/NF electrode showed enhanced UOR performance in 1 M KOH
with varying urea concentrations. Fig. 11i shows the CV curves of Ni-
MOF/NF with and without urea, revealing its better performance in
urea electro-oxidation compared to bare Ni foam. As urea concentration
increased, the current density also rose, as seen in Fig. 11j, with a peak
current of 188 mA cm-2 at 50 mM urea. Fig. 11k demonstrates the Tafel
slope of 113 mV dec! for Ni-MOF/NF, indicating superior catalytic ki-
netics for UOR over OER, highlighting its promising electrocatalytic
activity. Furthermore, Fig. 111 shows CP results for the Ni-MOF/NF
electrocatalyst, highlighting its stability in 1 M KOH with 50 mM urea
for 20,000 s at 1.56 V (vs RHE). The catalyst retained 71.2% of its ca-
pacity, demonstrating excellent stability during UOR. The stability in
DUFC was slightly lower due to surface fouling, which can be mitigated
with mechanical stirring. Additionally, Fig. 11m shows the CV analysis
for Ni-MOF/NF in simulated urine with 0.05 M urea, achieving a current
density of 494 mA cm~2. This performance confirms the electrocatalyst's
potential for DUFC applications [165].

DUFCs present a promising approach for clean energy production
and environmental sustainability by converting urea into electricity. The
integration of MOFs as electrocatalysts significantly enhances the effi-
ciency and stability of DUFCs, offering improved reaction kinetics and
better charge transfer. MOFs, with their tunable properties and high
surface areas, address key challenges such as sluggish reaction rates and
low performance at higher fuel concentrations, making DUFCs more
practical for real-world applications. These advancements highlight the
potential of DUFCs in providing a cost-effective, eco-friendly alternative
for energy generation from waste materials.

3.1.4. Biological fuel cells

Biological fuel cells harness the power of biological catalysts, such as
microorganisms or enzymes, to convert chemical energy from organic
materials into electrical energy. Two key types of biological fuel cells are
microbial fuel cells (MFCs) and enzymatic biofuel cells (EBFCs), both of
which involve the ORR at the cathode. In MFCs, microorganisms
metabolize organic substrates at the anode, generating electrons that
flow through an external circuit to the cathode, where ORR takes place.
The efficiency of this reaction, influenced by the electrocatalysts at the
cathode, directly impacts the cells performance. In EBFCs, enzymes
catalyze both the oxidation of fuels at the anode and ORR at the cathode,
where oxygen is reduced to water or hydrogen peroxide. Here, we will
discuss two key types of biological fuel cells such as MFCs and EBFCs in
details.

MECs offer a promising solution to two major global challenges: the
energy crisis and water pollution [166]. These cells operate based on
bioelectrochemistry, converting waste organic matter into electricity
through the anaerobic respiration process of electroactive bacteria
(EAB). At the anode, EABs oxidize organic material from wastewater,
releasing electrons, protons, and carbon dioxide [167,168]. The elec-
trons flow through an external circuit to the cathode, where the ORR
occurs. The cathode features two potential ORR pathways: the
four-electron pathway, which reduces oxygen to water with a higher
voltage of 1.229V, and the two-electron pathway, which produces
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hydrogen peroxide with a lower voltage of 0.695 V. The PEM allows
protons to pass from the anode to the cathode, completing the circuit
(Fig. 12a) [169]. The process not only generates electricity but also
treats wastewater in an environmentally friendly manner, highlighting
the role of MFCs in sustainable energy production and waste manage-
ment. While MFCs have shown promise in generating green energy, their
widespread use is hindered by economic challenges and lower power
density compared to other energy sources [170]. Key factors influencing
MEFC performance include electrode materials, electrolyte composition,
microbial species, membrane structure, electron acceptors, and cathode
catalysts [171]. Additionally, the slow kinetics of the ORR at the cathode
is a major limiting factor [172]. MOFs have the potential to address
these challenges by providing highly efficient, tunable catalysts for ORR,
improving electrode materials, enhancing electron transfer, and boost-
ing power density in MFCs. For instance, Zarenezhad et al. synthesized
metalloporphyrin MOF (PCN—-600) with 1D channels and a micro/-
mesoporous structure, using preassembled [Fe3O(OOCCH3)¢] building
blocks, as a new electrocatalyst for the ORR in MFCs (Fig. 12b). Elec-
trochemical tests showed that PCN—600 outperformed bare graphite
electrodes with higher onset and half-wave potentials and faster electron
transfer rates. PCN—600 increased power density by 52.72%
(179.43 mW m2) compared to the control (MFC-Ctrl, 88.41 mW m 2
and improved COD removal efficiency to 82.58%, compared to 59.87%
in MFC-Ctrl (Fig. 12c-d). The N and M—N structure of PCN—600
enhanced ORR performance, boosting bioelectricity generation in MFCs
[173]. Furthermore, Noori et al. synthesized amine-functionalized single
(Zr) and bimetallic (Zr, Ni) MOFs, NH5-UiO—66(Zr) and NH>-UiO—66
(Zr/Ni), and tested them as cathode catalysts for enhancing the ORR in
MEFCs. Electrochemical tests showed NH»-UiO—66(Zr/Ni) outperformed
both NH5-UiO—66(Zr) and 10% Pt-C catalysts, exhibiting higher ORR
peak current, lower charge transfer resistance, and higher diffusion
coefficient. MFC testing demonstrated that NH,-UiO—66(Zr/Ni) ach-
ieved a power density of 0.8 W/m? and a coulombic efficiency of 75.4%,
outperforming the Pt-C catalyzed MFC [174]. The study suggests
NH,-UiO—66(Zr/Ni) as an efficient ORR catalyst for large-scale MFC
applications.

EBFCs convert biological energy into electricity using enzyme-
catalyzed redox reactions, making them ideal for sustainable energy.
As shown in Fig. 12e, at the anode, enzyme 2 oxidizes the fuel, releasing
e” and H'. The electrons travel through an external circuit, generating
electricity, while the protons move through the membrane toward the
cathode. At the cathode, enzyme 1 catalyzes the reduction of O,
forming water [175]. The process results in the continuous generation of
power, making EBFCs suitable for applications like implantable devices
due to their miniaturized and eco-friendly nature. However, challenges
such as low power output, enzyme stability, and slow electron transfer
hinder their efficiency. MOFs can address these issues by enhancing
enzyme stability, improving electron transfer, and acting as efficient
catalysts, thus boosting the overall performance of EBFCs. For instance,
Li et al. developed a self-powered biosensor using a biofuel cell as both
the power source and sensing system. The successfully encapsulated
laccase (LAC) in zeolitic imidazolate framework—8 (ZIF—8) and com-
bined it with a bacterial cellulose (BC)/carboxylated multi-walled car-
bon nanotubes (c-MWCNTs) skeleton to create a highly flexible
electrode (Fig. 12f). In shown in Fig. 12g, a pair of redox peaks was
observed at the BC/c-MWCNTs/ZIF—8/LAC electrode in 0.05 mM ABTS
solution, confirming direct electrochemistry, with the redox peaks
matching previous LAC reports. The BC/c-MWCNTs/ZIF—-8@LAC elec-
trode showed higher redox peak currents due to a higher LAC content
promoting electron transfer. The CV scans from 50 to 300 mV/s
demonstrated a linear relationship between current and scanning rate,
confirming bioreceptor diffusion control behavior (Fig. 12h). Fig. 12i
shows the single-EBFC generating a voltage signal upon BPA addition,
with BC/c-MWCNTs/ZIF-8@LAC acting as both anode and cathode.
Finally, Fig. 12j confirms that LAC is the sole contributor to voltage
generation, as the non-LAC electrode did not generate any voltage
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Fig. 13. (a) Schematic illustration of the UOR at the catalyst-electrolyte interface, showing urea adsorption and the formation of Ny, CO,, and H,O. Copyright 2022
Elsevier. (b) LSV curves at 10 mV/s and 5 mV/s. (c) Corresponding Tafel slope. (d) I-t curves at a constant potential of 0.5 V. (e) Graph illustrating the change in urea
concentration (C) relative to the initial concentration (Co) over a 24-h period. (f) Current density variation during extended urea electrolysis. (Under CC license). (g)
LSV curve showing the UOR and OER performance of Nig 15C09 gs-MOF. Copyright © 2024 American Chemical Society. Urea electrolysis performance: (h) LSV curves
and (i) corresponding Tafel slope analysis. (j) CP measurements for Fe-MOF/FF and Fe-MOF/FF—5. (k) Overall urea electrolysis LSV curves. (1) CP curves for
extended testing. (m) Stability test after 3000 CV cycles. All measurements were conducted in a 1 M KOH electrolyte with 0.33 M urea, and IR compensation was
applied to correct the data. (n) UOR Gibbs free energy diagram. (o) A schematic representation of the urea oxidation electrolysis process. Copyright 2023 Elsevier.
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[176].

Both MFCs and EBFCs hold significant promise for sustainable en-
ergy production and waste management. The efficiency of these cells,
particularly the ORR at the cathode, plays a crucial role in their per-
formance. The integration of MOFs has emerged as a key advancement
in addressing some of the challenges faced by these systems, such as low
power output and slow electron transfer. MOFs enhance the ORR by
improving catalytic efficiency, electron transfer, and enzyme stability.
These advancements open up new possibilities for high-performance
biofuel cells, especially in small-scale and implantable applications.
Overall, the combination of MOFs and biological catalysts offers an
exciting direction for the future development of green energy solutions.

3.2. Urea electrolysis: dual HER-UOR systems

Urea electrolysis couples the HER at the cathode with the UOR at the
anode, enabling simultaneous hydrogen production and wastewater
remediation [177,178]. The UOR in alkaline conditions generates
non-toxic products like N3, CO2, and Hy0 (CO(NH2)2(aq) + 60H — N3 (g)
+ 5 Hz0(1y + CO2 () + 6e) making it a promising strategy for waste-
water treatment and clean energy production. As shown in Fig. 13a urea
adsorbs onto the catalyst surface, leading to its oxidation. In this process,
urea breaks down into CO5, N, and H,O, with the release of e, which
can be used to generate electrical energy. The adsorption sites on the
catalyst are crucial in facilitating the UOR, allowing the urea molecule to
interact with the catalyst surface and undergo the oxidation process. The
mechanism occurs at the catalyst-electrolyte interface, making it effi-
cient for clean energy production and wastewater treatment [179]. By
lowering the anodic thermodynamic potential from 1.23 V for water
oxidation to 0.37 V vs. SHE for UOR, the dual HER-UOR system reduces
overall energy consumption, making it a cost-effective and efficient
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platform for hydrogen generation in urea-assisted water splitting sys-
tems [180,181]. In this section, we will discuss urea electrolysis for
hydrogen production and dual HER-UOR systems in detail.

3.2.1. Urea electrolysis for hydrogen production

The UOR offers a promising alternative to water splitting for
hydrogen production, requiring a lower potential than the OER, making
it an energy-efficient method for hydrogen generation from wastewater
or industrial effluents. Both electrochemical water splitting and urea
oxidation are increasingly recognized for their high hydrogen yield and
purity [182,183]. However, the 6-electron transfer involved in UOR
leads to slow reaction kinetics and high overpotentials, limiting its
overall efficiency [184]. MOFs, with their versatile material morphol-
ogies, large surface areas, and well-defined pore structures, can address
these limitations by enhancing the reaction kinetics, lowering over-
potentials, and improving electrocatalytic efficiency [185]. For instance,
Yu et al. synthesized MOFs (NiCo-UMOFs) using ultrasound and hy-
drothermal methods to evaluate their activity toward the UOR. Elec-
trochemical tests revealed that NiCo-UMOFs exhibited the best
performance, with an onset potential of 0.32 V (vs. Ag/AgCl) and a Tafel
slope of 51 mV dec ™!, and a current density of 13 mA cm 2 at 0.5 Vina
1M KOH electrolyte with 0.7 M urea (Fig. 13b-c). The stability of
NiCo-UMOFs and NiCo-MOFs over 24 h showed current density fluctu-
ations due to bubble formation, but both materials demonstrated good
stability, with NiCo-UMOFs achieving a higher current density of
13 mA em ™2 and superior catalytic performance toward UOR (Fig. 13d).
NiCo-UMOFs, prepared by ultrasound, were used as the anode catalyst
on a carbon fiber electrode for urea degradation. In Fig. 13e, the urea
concentration dropped from 50 mg/L to 27.6 mg/L after 24 h, achieving
45.4% removal. Fig. 13f shows the current density decreasing from
1.9 mA cm ™2 to 0.4 mA em ™2 due to concentration polarization [186].
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(d-g) Reproduced with the permission from ref [191]. (h-i) Reproduced with the permission from ref [192]. (j-1) Reproduced with the permission from ref [193].

Furthermore, Sanati et al. synthesized Ni-Co MOFs for UOR, offering
an efficient, noble-metal-free solution for hydrogen production and
wastewater treatment. The Nig15C09 g5-MOF exhibited excellent UOR
performance with a low overpotential of 1.33 V, TOF of 0.47 s’l, and
Tafel slope of 125 mV dec™?, along with outstanding stability over 72 h.
It also showed an overpotential of 1.42V for OER (Fig. 13g). The
enhanced performance was attributed to the synergistic effect between
Ni and Co, high porosity, and abundant active sites, improving the re-
action rate and charge transfer [185]. In another study, Xu et al
developed an Fe-MOF electrocatalyst on Fe foam (FF) using hydrother-
mal synthesis and plasma technology. Plasma treatment tailored the
surface morphology and electronic structure, enhancing performance
for urea oxidation. The catalyst achieved excellent activity of 1.472 V
for urea electrolysis at 10 mA cm~? with 20 mV dec™? (Fig. 13h-i).
Additionally, i-t measurements showed that the catalyst-maintained
stability for over 12 h of continuous testing, with negligible changes in
overpotential (Fig. 13j). Fig. 13k shows the UOR overpotential of
1.472V, lower than that of the Fe-MOF/FF (+/-) cell at 1.59 V.
Furthermore, Fig. 131, demonstrates stable performance for over 12 h at
10 mA cm 2, with no significant change in overpotential. After 3000 CV
cycles, the LSV curve in Fig. 13m remained almost identical to the initial
curve, highlighting the exceptional durability of Fe-MOF/FF—5(+/-) for
urea electrolysis. For the UOR, the adsorption of urea molecules on the
electrocatalyst surface and the dissociation of key intermediates (CO*
and NH*) are crucial steps. Fe-MOF/FF—5 demonstrates higher catalytic
activity compared to Fe-MOF/FF, as it requires a lower free energy of
2.41 eV to dissociate the adsorbed CO(NH3),* into CO* and NH* in-
termediates, whereas Fe-MOF/FF requires 3.81 eV (as shown in
Fig. 13n-0) [187]. This suggests that plasma treatment significantly
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promotes the desorption of CO* and NH* intermediates.

The enhanced UOR performance of MOF-based catalysts is directly
governed by their structural features, which effectively address the
sluggish 6-electron transfer kinetics and high energy barriers of key
intermediates. As discussed in Section 2, the rate-determining steps in
UOR typically involve urea adsorption and the dehydrogenation/
decomposition of *NHCONH,-derived intermediates. In NiCo-UMOFs
and Nig 15C0 gs-MOF, the bimetallic Ni-Co synergy optimizes the elec-
tronic structure, increases active site density, and lowers the adsorption
energy of urea, resulting in low onset potential, small Tafel slope, and
high current density. The abundant porosity of these MOFs further fa-
cilitates urea diffusion and product removal (N3, CO5), mitigating con-
centration polarization. In the plasma-treated Fe-MOF/FF—5, surface
modification and electronic tuning significantly reduce the free energy
barrier for dissociation of the adsorbed urea intermediate, promoting
faster desorption of CO* and NH* species. These structural advantages
bimetallic modulation, tailored porosity, and defect/electronic engi-
neering collectively translate into lower overpotentials, excellent sta-
bility, and efficient simultaneous hydrogen production and wastewater
remediation.

As summarized in Table 2.2, the development of MOF-based elec-
trocatalysts for UOR highlights significant progress in enhancing both
catalytic efficiency and stability for hydrogen production. Through
synergistic metal centers, porosity engineering, and post-synthetic
treatments such as plasma activation, these materials offer exciting
prospects for energy-efficient hydrogen production coupled with envi-
ronmental remediation.
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(a-c) Reproduced with permission from ref [202]. (d-f) Reproduced with permission from ref [203]. (g-h) Reproduced with permission from ref [204].

3.2.2. Dual HER-UOR systems

Hybrid electrolyzers that combine the UOR with the HER provide an
innovative and energy-efficient solution for sustainable hydrogen pro-
duction. By replacing the conventional OER with UOR, which has a
lower thermodynamic potential (0.37 V), the overall energy consump-
tion in the hydrogen production process is significantly reduced
(Fig. 14a-b) [178,188]. This approach not only improves energy effi-
ciency but also utilizes urea, a widely available pollutant, as a feedstock
for hydrogen generation. Fig. 14c illustrates the urea electrolysis pro-
cess, where UOR occurs at the anode and HER takes place at the cathode.
UOR is thermodynamically favorable potential and its harmless
byproduct N, make it an eco-friendly alternative to traditional elec-
trolysis methods. Despite the advantages, UOR is complex six-electron
transfer mechanism and slow kinetics pose challenges in developing
effective catalysts [189,190]. MOFs can address these challenges by
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providing efficient catalysts with tunable properties that enhance the
reaction kinetics and improve the overall performance of hybrid elec-
trolyzers. For instance, Huo et al. developed Ru clusters anchored on a
MOF/LDH heterostructure using an interface-induced strategy
(Fig. 14d). The unique structure, formed by hydrolyzing the MOF pre-
cursor, provided abundant sites for Ru confinement, resulting in mon-
odispersed Ru clusters and Ru-O-M bonds at the heterointerface. The
Ru@MOF/LDH exhibited excellent bifunctional activity for HER and
UOR in alkaline media, achieving ultra-low overpotentials of 84.7 mV
for HER and 1.44 V for UOR. Furthermore, the performance of urea
electrolysis was tested in a two-electrode alkaline electrolyzer, using the
samples as the anode and cathode in a 1 M KOH electrolyte with 0.33 M
urea, achieving efficient urea-assisted water splitting at 1.4V
(Fig. 14e-f). The i-t test showed excellent durability for urea-assisted
water splitting (Fig. 14g) [191]. Furthermore, Huang et al. developed
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highly effective NiCoRu-X catalysts by introducing Ru into reduced dual
MOFs through a mild chemical reduction, preserving
multi-hetero-interfaces. The catalysts showed strong UOR activity, with
the optimal catalyst performing better in HER. DFT calculations
revealed that the hetero-interface promotes dynamic Ni* species like
NiOOH, enhancing UOR. The NiCoRu—12 catalysts demonstrated high
electrocatalytic activity and stability for both HER and UOR in 1 M KOH
with 0.5 M urea. In a two-electrode system with NiCoRu—12 as both the
anode and cathode, the cell required only 1.623V to achieve
20 mA cm ™2 in urea-assisted water splitting, compared to 1.694 V in a
urea-free solution, indicating improved efficiency with urea. CP showed
a 15.8% decay in current after 33 h, stabilizing at equilibrium. The
faradaic efficiency in urea-assisted water splitting reached 98.5% at
2.0V, surpassing traditional water splitting (92.9%) (Fig. 14h-i) [192].
Additionally, Chen et al. developed bimetallic NiCoPx@NiFeCo-MOF/NF
catalysts for urea-assisted wastewater splitting, combining NiCoPy
nanowire arrays with ultrathin NiFeCo-MOF nanosheets. The core-shell
hybrids were prepared through hydrothermal and phosphorization
methods. The NiCoPy@NiFeCo-MOF/NF electrode exhibited excellent
bifunctional electrocatalytic activity, requiring only 44 mV for HER and
1.37 V for UOR at 100 mA em™2 in 1.0 M KOH + 0.5 M urea. The 3D
hierarchical structure, synergistic effects, and enhanced electron trans-
fer contributed to its outstanding performance. DFT calculations
revealed that NiFeCo-MOF optimized COO* adsorption on Ni sites,
promoting UOR. Encouraged by the excellent UOR and HER perfor-
mance, a two-electrode urea-assisted water splitting cell was assembled
using the NiCoPy@NiFeCo-MOF/NF electrode as both anode and cath-
ode (Fig. 14j). The cell achieved 10 mA cm 2 at 1.40V and
100 mA cm 2 at 1.54 V. Long-term stability tests showed steady per-
formance for over 42 h at 10 mA c¢cm ™2 (Fig. 14k-1) [193]. The hybrid
electrolyzers combining UOR and HER provide an efficient and sus-
tainable approach to hydrogen production by using urea, a readily
available pollutant, as a feedstock. Despite challenges like slow UOR
kinetics, recent advancements in electrocatalyst design have signifi-
cantly improved efficiency and stability. These developments enhance
the performance of urea-assisted water splitting, paving the way for
more sustainable hydrogen production in clean energy applications.

3.2.3. Wastewater treatment

Electrochemical UOR is an effective method for degrading urea-
based pollutants found in

agricultural and industrial wastewater [194-196]. Urea, commonly
used in fertilizers, is a major nitrogenous pollutant that can lead to
environmental hazards like eutrophication if not properly treated. The
electrochemical UOR process offers a sustainable solution by facilitating
the oxidation of urea into non-toxic products like No, CO3, and H50,
while also generating clean energy [197,198]. This makes it an attrac-
tive choice for wastewater treatment, especially in areas dealing with
high concentrations of urea from industrial runoff or agricultural ac-
tivities. Furthermore, urine, which contains high amounts of urea, is also
a significant contributor to wastewater [199]. With millions of liters of
urine being produced daily by both humans and animals, efficient
treatment technologies are essential to prevent contamination and
pollution [200,201]. MOFs have emerged as a promising solution for
improving the efficiency of electrochemical reactions, including urea
oxidation. These materials are made up of metal ions or clusters coor-
dinated to organic ligands, forming highly porous structures that offer
exceptional surface area and electrocatalytic properties [158]. The
ability to tune their structure and chemical composition allows MOFs to
enhance reaction rates, improve electron transfer, and increase the
active sites for catalytic processes, making them an ideal choice for UOR.
For instance, Bhabal et al. synthesized a CoPBO/Co-MOF composite
electrocatalyst over NF using a solvothermal method and chemical
reduction for UOR. The CoPBO/Co-MOF@NF catalyst exhibited excel-
lent bifunctional activity with low potentials of + 1.32 V for UOR and
—0.095 V for HER at 100 mA em~2 in 1 M KOH + 0.33 M urea. Under
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industrial conditions (6 M KOH), the required potential for UOR
decreased to 1.14 V, achieving a high current density of 1 A cm™2 at
1.35V, below the thermoneutral voltage for water splitting (Fig. 15a).
Electrochemical analysis showed that the composite efficiently com-
bines CoPBO strong OH- adsorption with Co-MOF urea adsorption,
improving UOR performance. To further validate its performance, the
catalyst was tested in a two-electrode system using fresh cow urine
mixed with 1 M KOH, where salts precipitated but were not filtered.
Polarization curves in 1 M KOH with and without urea or cow urine
were recorded. The introduction of urea reduced the cell voltage by
320 mV, while cow urine reduced it by 370 mV. At 50 mA cm2, the cell
voltage dropped to 1.44 V with urea and 1.39 V with cow urine, and at
100 mA cm™2, it was 1.52 V for urea and 1.47 V for cow urine. After
testing with cow urine in a two-electrode system, the same setup was
used in an advanced alkaline electrolyzer with a zero-gap assembly,
where CoPBO/Co-MOF@NF (5 cmz) served as both the anode and
cathode, and a Zirfon membrane acted as the separator. Polarization
curves were recorded in three different anolytes: 1 M KOH + 0.33 M
urea, 1 M KOH + cow urine, and 1 M KOH (Fig. 15b-c). The cow urine
was filtered to remove solid precipitates before testing.
CoPBO/Co-MOF@NF demonstrated superior performance in cow urine,
requiring only 1.39 V to reach 100 mA cm-2, which is lower than the
1.50 V needed for urea and 1.89 V for pure KOH. At higher current
densities (0.5 A cm‘z), the voltage remained low in both urea and urine
solutions (1.89 V and 1.83 V, respectively), significantly lower than the
2.8V required for water oxidation [202]. Furthermore, Zheng et al.
developed a W@Mo-Cu MOF-MOCC as a nickel free and
noble-metal-free catalyst for the UOR. The catalyst delivered
10.0 mA cm2 at 1.38V, with a Tafel slope of 77.8 mV dec!, out-
performing other prepared catalysts. Its improved activity was attrib-
uted to W-induced lattice modulation, abundant active sites from the
globular morphology, and strong W-Mo-Cu interfacial synergy. In
practical tests (Fig. 15d), the W@Mo-Cu-MOF-MOCC catalyst required
only 1.35 V (vs. RHE) to achieve 10 mA cm-2 in human urine with 0.1 M
urea (Fig. 15e, curve a'), matching the performance of 1 M KOH with
0.1 M urea (curve b'). An electrolysis cell using urine as the electrolyte
operated at 1.35 V, > 200 mV lower than the urea-free system (curves
a/b). The catalyst showed stability in 1.0 M NaOH, highlighting its po-
tential for energy and wastewater treatment. Seawater's impact was
assessed with 1.0 M NaOH + seawater (Fig. 15f, curve a) and 1.0 M
NaOH + seawater + 0.1 M urea (curve b). The catalyst achieved
10 mA cm~? at 1.38 V, demonstrating resilience to Mg(OH), and Ca
(OH), formation, emphasizing the advantages of seawater as an elec-
trolyte [203]. Considering the wide availability of seawater and the
increasing shortage of freshwater, this system provides a promising and
sustainable approach for treating urea-rich wastewater. Additionally, Xu
et al. reported a Ni/Mn-based MOF electrocatalyst, NiMng 14-BDC syn-
thesized via a one-step solvothermal method for efficient urea oxidation
and wastewater treatment (Fig. 15g). The catalyst achieved 10 mA cm™2
at a low potential of 1.317 V and delivered a TOF of 0.15 stat1.4V,
resulting in 81.87% urea degradation in 0.33 M urea solution. Experi-
mental and theoretical results showed that Ni and Mn sites work syn-
ergistically, where Mn incorporation lowers the urea adsorption barrier
on Ni sites and facilitates key intermediate formation (Fig. 15h) [204].
This study highlights binary active-site engineering in MOFs as an
effective strategy for improving UOR kinetics and urea-rich wastewater
degradation.

MOF-based electrocatalysts offer a viable and sustainable route for
treating urea-rich wastewater via the UOR. The ability to engineer
bimetallic sites, tune electronic structures, and create robust interfaces
allows these materials to perform efficiently even in complex real-world
matrices such as urine and seawater. Key advantages include lowered
operating potentials, enhanced degradation efficiencies, and tolerance
to common impurities. The demonstrated compatibility with scalable
electrolyzer configurations further supports the practical deployment of
MOF-mediated UOR for simultaneous pollutant abatement and energy
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(a-f) Reproduced with permission from ref [221]. (g-i) Reproduced with permission from ref [222]. (j-q) Reproduced with permission from ref [223].
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laboratory advances into full-scale wastewater treatment systems.
3.3. COg reduction: selectivity and power-to-X opportunities

Beyond the direct production of fuels, CO2RR also plays a significant
role in several broader applications. CO; electrolyzers use renewable
electricity to convert CO5 into fuels and chemicals, such as carbon
monoxide, methanol, and formate [205]. In the field of synthetic fuels
and chemicals, CO2RR is crucial for carbon-neutral fuel production,
enabling the electrochemical conversion of CO5 into valuable hydro-
carbons or alcohols [206,207]. Additionally, integrated with direct air
capture (DAC), CO2RR facilitates carbon capture and utilization (CCU),
helping to convert captured CO» into syngas for processes like
Fischer-Tropsch synthesis [208-210]. CO2RR also mimics natural
photosynthesis in artificial photosynthesis systems, utilizing renewable
energy to generate hydrocarbons. Notably, direct CO,-to-methanol or
COq-to-ethanol conversion provides a sustainable alternative to
fossil-derived fuels. In this section, we will delve into various CO,
reduction technologies, including CO5 electrolyzers, synthetic fuels and
chemicals (methanol and ethanol production), CCU, artificial photo-
synthesis and green hydrogen with carbon utilization.

3.3.1. CO; electrolyzers

CO4, electrolyzers are electrochemical devices designed to convert
CO, into valuable chemicals and fuels using renewable electricity. By
applying an electric current, CO5 is reduced at the cathode, where it can
be transformed into a variety of products such as carbon monoxide,
methane, formic acid, and alcohols [211,212]. The CO5 electrolyzer
process helps mitigate CO2 emissions while also providing a sustainable
route for producing carbon-neutral fuels, contributing to a circular
carbon economy [213]. As Fig. 16 shows, the CO; electrolysis process,
which converts CO; into valuable products using renewable energy. At
the top, it shows the role of renewable energy sources, such as wind and
solar power, which supply the electricity needed for the electrolysis
process. CO, from industrial emissions serves as the feedstock for the
reaction [214,215]. The CO, is introduced into the cathodic chamber of
the electrolyzer, where it undergoes reduction, facilitated by the input of
electrons. In this chamber, CO, reacts with H, and the reduction pro-
cess produces various carbon-based products, such as CH4, CH30H,
HCOO", CO, and C3HsOH. The products are directed out of the elec-
trolyzer through an output for conversion and utilization. On the other
side of the system, the anodic chamber, water undergoes oxidation,
producing O, and H', which are essential for maintaining the electro-
chemical balance of the system [216]. This process not only helps
mitigate CO4 emissions by transforming them into useful chemicals but
also enables the integration of renewable energy into sustainable fuel
production, offering a cleaner alternative to traditional fossil fuels.

CO3 is a chemically inert molecule, making the CO5 challenging due
to its high-energy barrier and slow reaction kinetics [217,218]. Addi-
tionally, side reactions like hydrogen production can lead to low product
selectivity. Over the past decades, various catalysts have been developed
for CO2RR, including metal alloys, metal oxides, nitrogen-doped carbon
catalysts, and MOFs. Among these, MOFs are particularly promising due
to their porous crystalline structure, large surface area, and high
porosity, which enhance CO, adsorption and facilitate diffusion to cat-
alytic sites [219]. Moreover, the metal sites and functional groups in
MOFs can be easily modified, making them ideal for tailoring catalysts to
specific products and improving catalytic efficiency [220]. For instance,
Meng et al. reported the use of ultra-stable Cu?" sites in a c-MOF/t-Cu0
heterostructure, synthesized using a combination of wet chemical
reduction and solvothermal methods, to enhance CO2RR selectivity and
stability towards Cp products (Fig. 17a). The c¢-MOFs strong
electron-accepting properties help evacuate accumulated electrons,
protecting the highly charged Cu®" sites at the c-MOF/t-Cu0 interface.
The Cu®* sites promote a more favorable hydrogenation pathway, as
confirmed by in-situ spectra and theoretical calculations. Furthermore,
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c¢MOF/t-Cup0 was tested in a flow-cell with 1 M KOH electrolyte and a
constant COy flow of 30 mL/min (Fig. 17b). As shown in Fig. 17¢, it
exhibited higher current densities under CO5 compared to Ar, indicating
favorable CO5RR kinetics. At —0.8 V vs. RHE, cMOF/t-Cu,0 achieved a
maximum C, Faradaic efficiency (FE) of 79.3% (CyH,4 FE of 62.7% and
CoHsOH FE of 16.6%) with a current density of 440 mA em? and
ultra-long stability over 40 h (Fig. 17d-e). It also showed a high Co/C;
selectivity of 20.3, highlighting excellent product selectivity (Fig. 17f).
DFT calculations confirmed that the Cu?"-Cu’ interfaces in the
c¢cMOF/t-Cuy0 heterostructure facilitate more favorable CO formation
and C-C coupling, with lower energy barriers for *CO formation and
*COH to COCOH conversion, promoting efficient CO2RR with improved
stability [221]. Furthermore, Phuc et al. synthesized Cu- and Zn-MOF74
using nitrate salts of Cu and Zn with 2,5-dihydroxyterephtalic acid via a
solvothermal method. The electrocatalytic activity of Cu-MOF74 and
Zn-MOF74 was evaluated using LSV in a COj-saturated 0.1 M KHCOs3
solution with a scan rate of 20 mV/s. The experiments were conducted
in an H-type cell (Fig. 17g), with CO2 bubbled into the cathode
compartment for 30 min and a Nafion 115 membrane separating the two
compartments, where the cathode contained a glassy carbon electrode
and the anode a Pt mesh counter electrode. The FE for CO production on
Cu-MOF74 and Zn-MOF74 were measured at various potentials, with
Cu-MOF74 achieving a maximum FE of 85% at —1.9 V vs. SCE, which is
about twice that of Zn-MOF74 (~45%) (Fig. 17h). Additionally, formic
acid was detected in the liquid products after a 6-h chronoamperometry
test. DFT calculations were performed, as shown in Fig. 17i, the *COOH
formation was identified as the rate-limiting step, with Cu-MOF74
showing a lower energy barrier and better catalytic performance
compared to Zn-MOF74 [222]. Additionally, Wu et al. developed a new
Bi-MOF (JXUST-302) with seven-coordinated Bi nodes using hydro-
thermal method (Fig. 17j). JXUST—302 and V12 were evaluated for CO,
reduction in a flow-cell, showing that JXUST—302 outperforms V12 in
CO2RR with a higher current density and Faradaic efficiency for formate
production (Fig. 17k-1). JXUST—302 achieved a maximum FE of 95.5%
for formate at —1.1 V with a current density of 146.2 mA cm ™2, nearly
three times higher than V12. In contrast, JXUST—302 maintained a FE
over 90% across a wide potential window of 700 mV, whereas V12 only
reached this efficiency at —1.2 V. Additionally, using a MEA-SSE device,
JXUST—302 demonstrated a high FE of 98.8% for formic acid produc-
tion (Fig. 17m-n), maintaining over 90% FE for 12 h with a current
density of 85.0 mA cm™2, confirming its stability and potential for
long-term use. DFT calculations were used to investigate the effect of
coordination number on CO2RR performance. JXUST—302, with a lower
coordination number, showed a more favorable interaction with the
*OCHO intermediate compared to V12, as indicated by the absorption
energy results (Fig. 170-p). The lower coordination number shifted the
p-band center closer to the Fermi level, enhancing O-Bi binding and
promoting CO5 reduction to HCOOH by lowering the Gibbs free energy
barrier (Fig. 17q) [223]. These findings highlight the importance of
coordination number in optimizing catalyst performance for CO2RR,
providing insights for developing more efficient catalysts.

The catalytic performance of MOF-based materials in CO5 electro-
lyzers is governed by the interplay among metal-node coordination,
electronic structure, and the local microenvironment, which together
dictate intermediate adsorption and reaction pathways. As discussed in
Section 2, the selectivity and efficiency of COoRR depend critically on
the binding strength of key intermediates such as *COOH, *CO, and
*OCHO. In the c-MOF/t-Cup0 heterostructure, the strong electron-
accepting ability of the c-MOF stabilizes Cu®" sites at the interface,
lowering energy barriers for *CO formation and subsequent C-C
coupling, resulting in high C, Faradaic efficiency and excellent stability
at industrial-level current densities. In Cu-MOF74, the Cu nodes exhibit
a lower energy barrier for *COOH formation compared to Zn-MOF74,
leading to superior CO selectivity. Similarly, in Bi-MOF JXUST—302,
the lower coordination number of Bi centers shifts the p-band center
closer to the Fermi level, strengthening *OCHO adsorption and
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achieving remarkable formate selectivity with good stability in MEA
devices. These examples demonstrate how precise control over metal
node coordination, heterostructure interfaces, and electronic modula-
tion in MOFs effectively bridges the mechanistic insights with high ac-
tivity, selectivity, and stability observed in practical CO3 electrolyzers.

CO4, electrolyzers utilizing MOF-based catalysts show great promise
for advancing CO» reduction technologies (Table 2.3). By converting
CO4, into valuable products such as CO, methane, formic acid, and al-
cohols using renewable electricity, these systems support both climate
change mitigation and the development of a circular carbon economy.
Continued efforts to optimize catalyst coordination environment, elec-
tronic structure, and device integration will be key to realizing large-
scale implementation.

3.3.2. Carbon capture & utilization (CCU)

CCU and DAC have emerged as vital strategies in addressing climate
change [224,225]. CCU involves capturing CO from industrial sources
or directly from the atmosphere through DAC technologies. Integrating
CO2RR with DAC not only aids in reducing atmospheric CO; levels but
also contributes to a circular carbon economy by producing
carbon-neutral fuels. The captured COs is utilized for various processes,
including CO2RR, which convert CO; into valuable products such as
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syngas (a mixture of hydrogen and carbon monoxide). Syngas plays a
crucial role in Fischer-Tropsch (FT) synthesis, where it is used to produce
synthetic fuels, such as liquid hydrocarbons, offering a sustainable
alternative to fossil fuels. The FT synthesis process has been extensively
studied, with significant contributions from researcher like B.H. Davis
[226,227]. The complex reaction network of FT synthesis involves the
formation of carbon-carbon bonds, hydrogenation of CO, and the sub-
sequent production of hydrocarbons. Several mechanisms have been
proposed to explain the synthesis, including the carbide mechanism, CO
insertion, and the hydroxycarbene mechanism. In the carbide mecha-
nism (Fig. 18a), CO adsorbs onto the catalyst surface, initiating the FT
reaction by forming metal carbide (M-C) species. The CO molecule
dissociates into carbon and oxygen, and surface hydrogen reacts with
the carbon to form C; intermediates. These intermediates are hydroge-
nated to methylene (CHy) species, which removes the oxygen as water.
The enol mechanism suggests the formation of enol groups from CO and
hydrogen, which are hydrogenated to form methyl groups and eliminate
oxygen as water. Propagation and chain termination steps occur after-
ward, with the final product distribution depending on the temperature.
Higher temperatures favor the carbide mechanism, while lower tem-
peratures promote the formation of enol groups [228]. As shown in
Fig. 18b the integration of DAC with FT synthesis for sustainable fuel
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Fig. 19. (a) Fabrication method of [Emim]BF4@PCN—250-Fe,M. (b) Photocatalytic performance of PCN—250-Fe,Co with varying [Emim]BF, loadings. (c) Per-
formance of PCN—250-Fe,M and [Emim]BF;@PCN—250-Fe;M. (d) CO, reduction performance under diluted CO, (15% CO2, 85% Ny). (e) Stability of [Emim]
BF4(39.3 wt%)@PCN—250-Fe,Co under diluted CO, atmosphere. (f) Free energy profiles of PCN—250-Fe;Co, Emim + , and [Emim]BF,@PCN—250-Fe;Co during
photocatalytic CO, reduction to CO. (g) Schematic of the photocatalytic CO; reduction and H,O oxidation mechanism. (h) Differential charge density of *CO,-Emim,
with yellow and blue contours showing charge accumulation and depletion, respectively. (Under CC license). (i) 3D structure of NNU—31-M with Fe,M clusters and
TCA. (j) Simulated 3D channel diagram of NNU—31-Zn. (k) Tiling arrangement of NNU—31-Zn. (1) HCOOH yield from NNU—31-M after 24 h with catalyst weights of
10 or 20 mg. (m) Amount (blue) and production rate (orange) of HCOOH over time under visible light irradiation on NNU—31-Zn. (n) Production rates of HCOOH
and O, using NNU—-31-Zn. (o) Mechanism of CO, reduction and water oxidation using NNU—31-M. (p) Free energy profile for the CO, reduction pathway. (q) Free
energy profile for the water oxidation reaction pathway. Copyright 2020 © Wiley-VCH.

(a-h) Reproduced with permission from ref [238]. (i-q) Reproduced with permission from ref [239].

production. It shows the process of CO, capture via an absorber, fol-
lowed by syngas generation through reverse water-gas shift (RWGS) and
electrolysis. The generated syngas is then used in a FT reactor to produce
FT liquid/wax, completing the process of converting CO5 and renewable
energy sources into synthetic fuels [208]. However, challenges remain
in scaling up these processes, particularly with regards to energy effi-
ciency, costs, and the need for improved catalysts. MOFs offer significant
advantages as catalysts or catalyst supports, due to their tunable metal
sites, high surface area, and porous structure, which facilitate the pro-
duction of syngas from CO,. For instance, Davoodian et al. evaluated FT
synthesis using a cobalt catalyst supported on UiO—66. The
Co@UiO—66 catalyst exhibited higher cobalt reducibility due to stron-
ger interactions between cobalt and zirconium atoms, compared to the
Co/Zr/SBA—15 catalyst. After 20 h on stream, Co@UiO—66 exhibited a
CO conversion rate of 61.6% with a lower olefin-to-paraffin ratio of
0.17, and selectivity towards hydrocarbons was as follows: CH, (21.4%),
CZ-C4 (20.8%), C5-C12 (38.20/0), C13-C19 (12.7%), and C20+ (6.9%). In
contrast, Co/Zr/SBA—15 showed a CO conversion of 56.2%, a higher
olefin-to-paraffin ratio of 0.22, with the following hydrocarbon selec-
tivity: CHy (24.9%), C2-C4 (18.7%), Cs5-Ci12 (35.6%), C13-C19 (12.9%),
and Cy, (8.0%) [229].

While the integration of CO,RR with DAC presents promising po-
tential for sustainable fuel production through FT synthesis, there
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remains a significant challenge in scaling these processes efficiently.
Currently, MOFs have shown great promise as catalysts, but there is only
one study to date on MOFs-based FT synthesis, highlighting the need for
further research to optimize these catalysts and expand their applica-
bility in industrial-scale processes.

3.3.3. Artificial photosynthesis

Artificial photosynthesis replicates natural photosynthesis to convert
sunlight, water, and CO, into valuable chemicals and fuels using
renewable energy sources like solar power [230,231]. CO2RR are central
to this process, capturing CO, from the atmosphere and converting it
into hydrocarbons, alcohols, and other chemicals. This method offers a
sustainable, carbon-neutral solution for producing fuels while miti-
gating climate change by reducing atmospheric CO; levels. While many
semiconductor photocatalysts show high activity in pure CO,, their ef-
ficiency significantly drops under diluted CO3 conditions, mainly due to
slow CO3 adsorption, which hinders overall reaction kinetics [232,233].
Therefore, developing robust artificial photosynthetic systems capable
of enriching diluted CO, and enabling in situ reduction is crucial for
practical implementation. MOFs are crystalline materials made of
organic ligands and metal nodes, offering significant potential in arti-
ficial photosynthesis due to their high surface area, structural flexibility,
customizable light absorption, and abundant metal sites [234,235].
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Additionally, their porous nature allows for easy incorporation of guest
species, enhancing functionality through post-synthetic modifications.
In artificial photosynthesis, the organic ligands typically absorb light,
while the metal clusters serve as sites for reduction and oxidation re-
actions [236,237]. For instance, Wang et al. developed a new type of
host-guest photocatalysts by combining CO5-enriching ionic liquids (ILs)
with photoactive metal-organic frameworks (PCN—250-Fe;M, M = Fe,
Co, Ni, Zn, Mn) using solvothermal method for efficient CO5 reduction in
gas-solid phase (Fig. 19a). The photocatalytic CO, reduction perfor-
mance of [Emim]BF4@PCN-250-Fe;Co was evaluated under visible
light without the need for additional photosensitizers or promoters. As
shown in Fig. 19b, the catalyst with 39.3 wt% [Emim]BF,4 exhibited a
CO production rate of 313.34 ymol g-* h-! under pure CO,, which is
approximately 25 times higher than the activity of pristine
PCN—250-Fe;Co. Under diluted CO5 (15%), it achieved 153.42 pmol
g' h!, significantly outperforming the pure MOF. The increased pho-
tocatalytic activity was attributed to the enhanced CO; enrichment by
[Emim]BF4, improving CO, adsorption capacity (Fig. 19¢-d). Addition-
ally, as shown in Fig. 19e, the catalyst maintained stable performance
after five consecutive photocatalytic cycles in both pure and diluted
CO,, with no degradation in structure or morphology. The free energy
profiles of the CO5-to-CO reaction for PCN—250-Fe;Co, Emim + , and
[Emim]BF4@PCN—250-Fe,Co (Fig. 19f-g) show that CO, adsorbs on
FeyCo with a AG 0of 0.10 eV. Emim + enhances CO; enrichment, forming
a bent structure (£0-C-O = 133.19°), which facilitates CO, transfer to
Co?* active sites (Fig. 19h). The synergistic effect between Co?t and
Emim promotes proton-coupled electron transfer, lowering the RDS
energy for *“COOH-Emim formation to 0.55 eV, compared to 1.72 eV for
PCN-250-FeyCo. Finally, *COOH is converted to CO with a minimal
energy barrier of 0.02 eV. Fe3" sites also facilitate H,O oxidation with
an RDS of 1.91 eV, completing the artificial photosynthesis reaction
[238]. Theoretical studies confirm the experimental observations,
showing that the synergistic effect between Co®" and Emim + sites
optimize the reaction kinetics, thereby lowering the energy barriers and
facilitating efficient CO2-to-CO conversion. Furthermore, Dong et al
developed a series of stable heterometallic FeoM cluster-based MOF
photocatalysts (NNU-31-M, M = Co, Ni, Zn) using solvothermal
method, that enable the overall conversion of CO5 and H,O into HCOOH
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and O, without the need for sacrificial agents or photosensitizers
(Fig. 19i-k). The visible-light photocatalytic COoRR was carried out
under pure CO; in aqueous solution without additional photosensitizers
or sacrificial agents. As shown in Fig. 191, NNU—-31-Zn exhibited the
highest HCOOH yield of 12.51 mmol after 24 h of irradiation, out-
performing NNU-31-Co (7.17 mmol) and NNU-31-Ni (8.22 mmol).
The yield of HCOOH increased almost linearly with irradiation time, as
shown in Fig. 19m. Notably, NNU—31-Zn achieved the highest HCOOH
yield of 26.3 mmol g! h™! with nearly 100% selectivity. The O pro-
duction from the reaction was also detected, and the HCOOH/O, ratio
was close to 2:1, as shown in Fig. 19n, indicating high selectivity to-
wards HCOOH. DFT and TDDFT methods were employed to study the
photoexcitation and catalytic reaction mechanisms. As shown in
Fig. 190, the light absorption efficiency of NNU—31-Zn was significantly
better than NNU—31-Ni, with a broad absorption spectrum between 550
and 650 nm, which enhances photocatalytic performance. The free en-
ergy calculations for COoRR on NNU—31-Zn revealed that the RDS is the
hydrogenation from *CO5 to *OCOH, with a lower energy barrier on the
Zn site compared to the Fe site, as shown in Fig. 19p. For water oxida-
tion, the Fe sites were found to have a 2.06 eV energy barrier for the
dissociation of *OH to *O, which is the potential-determining step in the
process (Fig. 19q). The calculated overpotential for OER was found to be
0.83 V [239]. The developed heterometallic FeoM cluster-based MOFs,
particularly NNU—31-Zn, demonstrate excellent photocatalytic CO2
reduction performance and high selectivity towards HCOOH, with
theoretical calculations supporting the observed enhanced efficiency
and reaction mechanisms. In another study, Lan et al developed a
metal-organic framework-based artificial enzyme (MOZ) by integrating
active metal centers, proximal amino acids, and cofactors into a tunable
MOF monolayer. They designed two libraries of MOZs for photocatalytic
CO reduction and water oxidation reactions, optimizing the activity
and selectivity by tuning the incorporated amino acids. By combining
the optimized MOZs, they achieved complete artificial photosynthesis
for the reaction (1 + n) COy + 2 Hy0 — CH4; + nCO + (2 + n/5)0,
[240].

The above studies show significant progress in developing artificial
photosynthesis systems, particularly through the integration of MOFs
and COs-enriching ionic liquids. These systems have demonstrated
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Fig. 21. (a) An illustration depicts the creation of single-atom Cu sites in MOF—808, with or without an Na*-decorated microenvironment. The catalytic performance
for CO, hydrogenation was evaluated over MOF—808-Cu and MOF—808-NaCu at temperatures ranging from 150°C to 275°C, with a CO,/H; volume ratio of 1/3 and
a pressure of 3.5 MPa. Methanol STY and selectivity are shown in (b) for MOF—808-Cu and (c) for MOF—808-NaCu. For catalyst stability, tests were conducted for
40 h at 250°C with the same COy/H; ratio and pressure, showing the performance of (d) MOF—808-NaCu and (e) MOF—808-Cu. Energy profiles for CO5 hydro-
genation paths are shown for (f) MOF—808-NaCu and (g) MOF—808-Cu, including the structures of intermediate geometries in the inset. The atoms are color-coded
as follows: blue for Zr, red for O, white for H, gray for C of CO,, and purple for Na. (h) A schematic illustrates Cu supported on ZrO, for CO, hydrogenation to
methanol and bimetallic Cu sites on Zr;»-SBUs in a MOF for producing C, + oxygenates. Catalytic performance in CO, hydrogenation: (i) Turnover numbers (TONs)
for alcohols produced on various catalysts, expressed as the number of alcohol molecules formed per copper atom in 10 h. Copyright © 2019 Springer Nature. (j-k)
The CO; conversion and selectivity in NTP-assisted CO, hydrogenation were tested over various catalysts under the following conditions: 35°C, atmospheric pressure,

a space velocity of 3.53 min"!,

H,/CO;, flow ratio of 3:1, 0.5 g catalyst, 30 V input voltage, and a 2-h reaction time. (I) A schematic illustration of the synthesis

mechanism of ethanol on the Cu(I)-HKUST-n catalyst with plasma assistance. Copyright 2023 Royal Society of Chemistry.
(a-g) Reproduced with permission from ref [253]. (h-i) Reproduced with permission from ref [260]. (j-1) Reproduced with permission from ref [261].

considerable potential for photocatalytic COy reduction, providing a
sustainable pathway for converting CO; into valuable fuels and chem-
icals. Despite challenges such as slow CO; adsorption and the need for
optimized catalysts under diluted CO, conditions. These developments
mark substantial progress toward scalable artificial photosynthetic sys-
tems, offering a promising pathway for sustainable CO4 conversion and
the generation of carbon-neutral fuels. However, challenges remain in
optimizing these systems for industrial-scale applications, with
continued research needed to further enhance efficiency, reduce costs,
and improve catalyst stability.

3.3.4. Synthetic fuels & chemicals

As explained earlier in the CO; electrolyzer section, the electro-
chemical reduction of CO, enables the production of synthetic fuels like
hydrocarbons and alcohols. These fuels are termed "synthetic" because
they are manufactured rather than extracted, and they offer a carbon-
neutral pathway when powered by renewable electricity. The COy
reduction process is central to synthetic fuel and chemical production,
which is key to CO2RR for carbon-neutral fuel generation [241-243]. As
shown in Fig. 20 initially, industrial CO, emissions are captured using
direct CO4 capture technologies, a crucial first step in reducing atmo-
spheric CO3 levels. This captured CO; is then directed into a CO; elec-
trolyzer, where it undergoes an electrochemical reduction process
[244]. Renewable energy, sourced from wind and solar power, drives
this reaction, ensuring the process is sustainable and carbon-neutral
[245]. MOFs, which act as highly efficient catalysts in the electrolyzer,
enable the reduction of CO; into valuable products like hydrocarbons,
alcohols, and other chemicals. These products are then directed into the
production of synthetic fuels and chemicals, providing an alternative to
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fossil-derived fuels and offering the potential for cleaner, more sus-
tainable energy sources. The resulting products can be used in clean
energy applications, such as electric vehicles and aircraft, or as chemical
feedstocks [246,247]. By integrating these technologies, this process
exemplifies a circular carbon economy where CO, is continuously
recycled into useful products, mitigating the harmful effects of carbon
emissions while fostering a sustainable future. This highlights the
immense potential of CO2RR in addressing the challenges of climate
change and energy production.

3.3.4.1. Methanol & ethanol production. CO3 is a major contributor to
the greenhouse effect, prompting efforts to convert it into useful
chemicals and fuels through hydrogenation [248]. Copper-based cata-
lysts, like Cu/ZnO/Al;03, are commonly used, but face challenges in
achieving high COy conversion and methanol selectivity under harsh
conditions [249-251]. The effectiveness of Cu-based catalysts depends
on the nature of Cu species, with electron-deficient Cu sites cu®h
promoting methanol production, while Cu nanoparticles (NPs) tend to
favor CO production [252]. Elevated temperatures accelerate reaction
kinetics but lower methanol selectivity due to competing reaction
pathways. Therefore, creating stable cu®* support interfaces is essential
for efficient CO, hydrogenation with high methanol selectivity. For
example, Ling et al. developed a MOF-based catalyst, MOF—808-NaCu,
where single-atom Cu sites are stabilized by Na™ ions (Fig. 21a). The CO,
hydrogenation was conducted over MOF—808-Cu and MOF—808-NaCu
catalysts at temperatures between 150 and 275°C, showing that Na*
decoration significantly enhances performance. MOF—808-NaCu ach-
ieved a peak methanol space-time yield (STY; grams of methanol per
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Fig. 22. Schematic of green hydrogen and carbon utilization for power-to-X (PtX) technologies, where renewable electricity drives water electrolysis (HER) and
CO,RR to produce syngas, which is then converted into synthetic fuels, chemicals, and materials through Fischer-Tropsch synthesis.

kilogram of catalyst per hour, g-kgcat‘1~h‘1) of 306 g-kgcat‘lh‘1 at 275°C
(Figs. 21b), 10.9 times higher than MOF—808-Cu (28 g-kgea-h™))
(Fig. 21c). At elevated temperatures, MOF—808-NaCu maintained
> 93% methanol selectivity, unlike MOF—808-Cu, which shifted to CO
production with reduced selectivity (35%) at 275°C. Moreover,
MOF—-808-NaCu showed excellent stability with nearly unchanged
performance after 40 h at 250°C, with 91% methanol selectivity
(Fig. 21d), whereas MOF—808-Cu performance degraded (Fig. 21e).
These results highlight the critical role of Na™ in stabilizing Cu sites for
improved activity, selectivity, and stability. Additionally, DFT calcula-
tions confirm that the formate-mediated pathway, involving the HCOO*
intermediate, is the preferred mechanism for CO5 hydrogenation over
both MOF-808-Cu and MOF—808-NaCu with single-atom Cu sites.
MOF—808-NaCu exhibits a significantly lower energy barrier (0.09 eV,
Fig. 21f) compared to MOF—808-Cu (1.28 eV, Fig. 21g), explaining its
superior methanol production at lower temperatures [253]. As tem-
perature increases, Cu nanoparticles form in MOF—808-Cu, slightly
raising the energy barrier for the HCOO* formation (3.29 eV), sup-
porting the coexistence of both pathways at higher temperatures.
Furthermore, the hydrogenation of CO, to ethanol is a promising but
challenging process due to the need to form C-C bonds while preserving
C-O bonds [254]. Ethanol from CO2 has higher energy density than
methanol, making it an attractive fuel or fuel additive [255,256].
However, low selectivity for ethanol in COy hydrogenation remains a
major hurdle. Copper-based catalysts are effective for methanol pro-
duction but show low selectivity for Ca, oxygenates like ethanol [257].
Modifying copper nanoparticles to introduce cu' sites or using alkali
metals can improve ethanol selectivity [258]. MOFs with metal clusters,
like Zr-MOFs, offer a tunable platform for designing single-site catalysts,
potentially enhancing Cu-based catalysts for CO,-to-ethanol conversion
[259]. For instance, An et al. report the use of cooperative Cu'siteson a
Zr15 cluster within a MOF for selective CO, hydrogenation to ethanol. By
incorporating an alkali cation, Cs™, the catalyst activates hydrogen via
bimetallic oxidative addition, promoting C-C coupling to produce
ethanol (Fig. 21h). The Cs™-modified MOF catalyst achieved > 99%
ethanol selectivity with a turnover number of 4080 in supercritical CO5
at 85°C, and 490 at 100°C with COy/H;y (1/3) (Fig. 21i) [260]. This
study demonstrates the potential of MOFs as tunable platforms for
designing earth-abundant metal catalysts for CO; conversion.
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Furthermore, Zou et al. demonstrate a novel approach to CO5 hydroge-
nation, using non-thermal plasma to activate CO, at ambient conditions
and a Cu(I)-MOF catalyst for selective ethanol production. The Cu
(D)-HKUST—17.5 catalyst achieved 41.2% CO5 conversion and 62.9%
ethanol selectivity (Fig. 21j-k). Control experiments revealed that Cu(I)
sites are crucial for C-C coupling and ethanol synthesis. DRIFTS analysis
suggests a synergistic catalytic mechanism between non-thermal plasma
and Cu(I)/Cu(Il) sites (Fig. 211) [261]. The study highlights the potential
of non-thermal plasma-assisted catalysis for CO»-to-ethanol conversion
under mild conditions.

The direct hydrogenation of CO; to methanol and ethanol offers a
sustainable route to reduce CO5 emissions. The development of cata-
lysts, such as MOF-based Cu and Cu' sites, significantly enhances CO
conversion and selectivity for both methanol and ethanol. The incor-
poration of alkali metals and the use of non-thermal plasma activation
further optimize the reaction, enabling ethanol production under mild
conditions. Overall, these advances in catalyst design and reaction en-
gineering highlight the significant progress made toward more efficient
and selective CO5 conversion processes, paving the way for sustainable
fuel production and reduced greenhouse gas emissions.

3.3.5. Green hydrogen & carbon utilization

The process of green hydrogen and carbon utilization is central to
enabling PtX technologies, where renewable electricity is harnessed to
convert water and CO3 into synthetic fuels and valuable chemicals, as
illustrated in Fig. 22 [262-264]. This innovative approach begins with
the HER, a crucial component of water electrolysis, where renewable
energy sources, such as solar or wind, drive the electrolyzer to split
water into green Hy and O». Green Hy, produced in this manner, serves
as a clean energy carrier for various decarbonization efforts, particularly
in transportation. Simultaneously, the CO,RR captures CO5 either
directly from the atmosphere or from industrial emissions. The CO2RR
process enables the conversion of CO5 into CO, a key building block for
the synthesis of fuels and chemicals. These two processes HER and
CO2RR converge to produce syngas (a mixture of hydrogen and carbon
monoxide), which is then utilized in advanced chemical synthesis
[265-267]. The syngas is fed into a FT synthesis reactor, where it un-
dergoes conversion into synthetic hydrocarbons such as liquid fuels
(diesel, gasoline), waxes, and chemicals. These synthetic fuels provide a
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(c) Reproduced with the permission from ref [276]. (d) Reproduced with the permission from ref [277].

sustainable alternative to traditional fossil fuels for transportation and
other sectors, helping to reduce carbon footprints. In addition to fuels,
the FT process allows the production of high-value chemicals, which are
essential for industries like pharmaceuticals and agriculture, while also
enabling the creation of rubbers, plastics, and fibers for use in various
consumer goods and manufacturing [268,269]. By utilizing HER and
CO2RR in PtX technologies, the system effectively turns renewable
electricity into a cycle of sustainable production, reducing greenhouse
gases and generating valuable resources, including fuels and materials,
thereby contributing significantly to industrial decarbonization and the
circular economy.

3.4. Hybrid and multi-functional fuel cells

Hybrid and multi-functional fuel cells, integrating reactions like
UOR, ORR, and CO3RR, represent an innovative approach to co-
generation electrochemical devices [270-272]. These devices can
simultaneously generate energy and remediate pollutants, addressing
both environmental and energy needs. In UOR and CO2RR coupled
systems, urea is oxidized at the anode, generating electrons and
byproducts like CO2 and Ny, while CO2RR at the cathode reduces carbon
dioxide into useful fuels like formate or carbon monoxide, facilitating
both waste conversion and energy production (Fig. 23a) [273].
Furthermore, UOR and ORR involves using urea as a fuel source at the
anode, while ORR at the cathode reduces oxygen, enabling low-voltage
power generation and providing an efficient alternative to conventional
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fuel cells (Fig. 23b) [274,275]. Moreover, the UOR and nitrogen
reduction reaction (NRR) coupling utilizes urea to provide nitrogen for
green ammonia synthesis, offering a cleaner route to industrial appli-
cations (Fig. 23c) [276]. Additionally, urea-assisted ZABs combine the
oxidation of urea with the air cathode’s oxygen reduction reaction,
resulting in a system that not only generates power but also removes
urea pollutants from wastewater (Fig. 23d) [277]. Despite the promising
potential of these systems, no literature has reported their integration
with MOFs, which could offer unique structural and catalytic benefits,
such as enhanced surface area, tunable porosity, and robust stability for
these electrochemical reactions. Thus, incorporating MOFs could be a
key step in advancing these multi-functional devices for practical ap-
plications in energy and environmental remediation.

4. From Lab to market: deployment challenges and mitigation
strategies

The transition of MOFs from laboratory research to commercial
electrocatalytic applications requires addressing interconnected chal-
lenges spanning technoeconomics, sustainability, and engineering
design. Although MOFs have captivated researchers for over 25 years,
only a few have successfully transitioned to commercial markets,
underscoring the gap between academic promise and practical deploy-
ment. Despite their exceptional tunability and catalytic efficiency at the
lab scale, large-scale deployment faces barriers linked to synthesis cost,
manufacturing scalability, and reliable supply chains. Equally important
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Chemical Society. TEA of the production routes for (d) PIM—1 and (e) UiO—66-NH,. Copyright 2023 Elsevier.

(a-c) Reproduced with permission from ref [281]. (d-e) Reproduced with permission from ref [282].

are sustainability considerations, including life-cycle impacts, recycla-
bility, and the development of greener synthesis routes. To bridge these
gaps, several strategies have been proposed, including MOF-based hy-
brids, post-synthetic modifications (PSM), as well as advanced com-
posite systems such as POM@MOF and COF@MOF heterostructures. In
this section, we will discuss these aspects in details.

4.1. Technoeconomic assessment (TEA): cost, scalability, and supply
chain

Deploying MOFs for electrocatalysis from lab to market involves
navigating complex technoeconomic challenges related to cost, scal-
ability, and supply chain logistics. The technoeconomic barriers to large-
scale deployment of MOFs in electrocatalysis are strongly influenced by
both production and market dynamics. High synthesis costs remain a
major challenge, as MOFs have expensive organic linkers, metal salts,
and energy-intensive solvothermal processes [278-280]. For example,
Santis et al. conducted a technoeconomic assessment (TEA) to assess the
cost drivers for large-scale production of MOFs for natural gas and
hydrogen storage in light-duty vehicles. The analysis focused on four
MOFs: Ni-MOF—74, Mg-MOF—74, MOF-5, and HKUST-1, with
different metal centers and linkers. Cost analysis for the four MOFs
(Niz(dobdc), Mgz(dobdc), MOF—5, and HKUST—1) using solvothermal
synthesis revealed that solvent costs dominate material costs, with
HKUST-1 being an exception due to the high price of its linker. Material
costs contributed more to the total production cost than manufacturing
costs, with potential savings from manufacturing the linker for
HKUST-1 in-house (Fig. 24a). As shown in Fig. 24b compares the cost
breakdown for three industrial-scale synthesis methods applied to
Mga(dobdc), showing material and manufacturing costs for each
method. The linker cost is $6.74/kg for both the baseline and LAG
methods, while aqueous synthesis has a higher linker cost of $13.28/kg,
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which could be reduced by up to 33%. Solvent costs are significantly
lower in LAG ($27.87/kg reduction) and eliminated in aqueous syn-
thesis ($28.27/kg reduction). Both LAG and aqueous methods also
reduce manufacturing costs by lowering reactor volume and operation
times, with cost reductions of $31.92/kg and $31.52/kg, respectively.
Yields above 90% have been demonstrated in previous studies, and it is
expected that future MOFs will reach similar levels when fully opti-
mized. To account for this, the MOF cost analysis was repeated at 92%
yield for all four MOFs and three synthesis routes, eliminating
yield-based differences. Fig. 24c shows that both the baseline and LAG
methods have reduced costs at 92% yield [281]. While material costs
(linker and metal salt) decrease slightly due to higher yield,
manufacturing costs see more significant reductions, driven by lower
capital expenditures for the same production rate. Furthermore, Goh
et al. conducted a TEA using a cradle-to-gate approach to evaluate the
production of PIM—1 polymer and UiO—66-NHj filler for mixed matrix
membranes. The study focused on five different synthesis routes. The
results revealed that the P5-Novel synthesis for PIM—1 and the
US-Solvent-free synthesis for UiO—66-NH; were the most economically
viable, demonstrating significant cost reductions. The economic
viability of different production routes for PIM—1 and UiO—66-NHp,
with production costs being the main metric. The highest material cost
was found in the PIM—1 route using TMU as a solvent (USD 9642/kg),
which contributed significantly to the overall cost, though reactor costs
were similar across all routes. Surprisingly, the room-temperature syn-
thesis of UiO—66-NHy (U3-Room temperature) had the highest pro-
duction cost at USD 29,521/kg, mainly due to the use of an acid
modulator and washing solvent. In contrast, the most cost-effective
methods were the P5-Novel synthesis for PIM—1 and the
U5-Solvent-free route for UiO—66-NH,. The estimated production costs
for PIM—1 and UiO—66-NH; were USD 7780/kg and USD 5252/kg,
respectively (Fig. 24d-e). The lower cost of PIM—1 using the P5-Novel
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route is attributed to the use of a cheaper chloro-analogue of TFTPN,
while the solvent-free UiO—66-NHy production reduces solvent costs,
resulting in a more economical production process [282]. These findings
suggest that reducing solvent use or replacing it with greener alterna-
tives can substantially lower both environmental impact and production
costs, providing a foundation for developing more sustainable materials.

Scaling production also entails substantial capital expenditure for
reactors, purification units, and other specialized equipment, with cost
estimates carrying significant uncertainty for early-stage technologies
[283]. Operating expenditure further adds to the economic burden,
encompassing energy consumption, labor, and waste treatment, along
with electrode fabrication and device integration, which require precise
engineering. Finally, market price sensitivity poses a competitive hur-
dle: MOFs must reach cost parity or demonstrate superior performance
compared to established catalysts such as platinum or other
non-precious metal alternatives to gain traction in electrocatalytic ap-
plications [284,285]. Scaling up MOF-based electrocatalysts from the
laboratory to industrial applications faces several critical hurdles.
Lab-scale synthesis is typically performed in batch processes, which are
inefficient for large-scale production, making the transition to contin-
uous reactor systems necessary to ensure both scalability and consistent
product quality. Beyond synthesis, material stability poses a major
concern, as many MOFs degrade or lose catalytic activity under harsh
electrochemical environments such as strongly acidic or alkaline elec-
trolytes [216,286,287]. Even when stability is addressed, performance
variability remains a challenge, since properties like high surface area
and catalytic activity observed at the lab scale are difficult to replicate at
scale due to variations in crystal size, defect density, and impurities.
Finally, integration into functional devices including fuel cells, electro-
lyzers, and other electrochemical platforms requires scalable, stan-
dardized methods for coating, deposition, and electrode assembly,
which are still underdeveloped [288].

The large-scale deployment of MOFs for electrocatalysis is also
constrained by supply chain and market-related challenges. The avail-
ability of raw materials is a key concern, as specialized organic linkers
and high-purity metal salts are often sourced from a limited number of
suppliers, creating vulnerabilities to global disruptions such as
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geopolitical instability or pandemics. Logistics further complicate
commercialization, since many MOFs are moisture-sensitive or ther-
mally unstable, necessitating controlled storage and transportation that
increase overall costs. In addition, waste management from synthesis
particularly solvent residues and unreacted precursors requires costly
treatment or recycling, adding to both operational expenses and the
environmental footprint. Finally, limited industrial familiarity with
MOFs in electrocatalytic applications hinders market adoption, as po-
tential end-users such as fuel cell or electrolyzer manufacturers may
hesitate to integrate MOFs without demonstrated long-term reliability
and proven performance at scale. Deploying MOFs for electrocatalysis
requires addressing high synthesis costs, scalability bottlenecks, and
supply chain vulnerabilities. Recent TEAs highlight the need for signif-
icant cost reductions and performance improvements to compete with
existing catalysts. By leveraging process intensification, learning curves,
and industry collaboration, MOFs can transition from lab to market,
supporting applications in sustainable energy.

4.2. Sustainability considerations: life cycle, recyclability, and green
synthesis

Sustainability is a critical factor in deploying MOFs for electro-
catalysis. From an industrial perspective, it is vital to assess the envi-
ronmental impacts of MOF synthesis and production by comparing
various methods for their sustainability [289-291]. Life cycle assess-
ment (LCA) is an essential management tool for this purpose, providing a
comprehensive evaluation of the impacts associated with a product or
process across its entire lifecycle, from raw material extraction to
end-of-life disposal (Fig. 25) [292-294]. The concept of sustainability,
as defined by the United Nations Brundtland Report, is "development
that meets the needs of the present without compromising the ability of
future generations to meet their own needs," highlighting the need for a
holistic approach [295,296].

Traditional MOF synthesis methods often involve hazardous sol-
vents, high energy consumption, and significant environmental foot-
prints [291,297]. LCAs reveal that MOF synthesis typically carries
substantial environmental burdens, with solvent-intensive processes
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Reproduced with permission from ref [315].

dominating impacts such as global warming potential (GWP), ecotox-
icity, and resource depletion [298,299]. In electrocatalysis, improper
management of end-of-life disposal increases ecotoxicity risks, poten-
tially offsetting the sustainability gains of green hydrogen production.
Furthermore, recyclability remains limited, as many MOFs degrade
under harsh conditions, and the use of traditional petrochemical-derived
linkers hinders circularity. Waste streams from unreacted solvents also
increase treatment costs and environmental burdens. Additionally,
conventional synthesis methods often rely on hazardous solvents and
high-temperature conditions, leading to high cumulative energy de-
mand (CED) and safety risks [300,301].

LCA serves as a powerful tool for eco-design, identifying high-impact
stages in the MOF synthesis process and guiding the development of
greener alternatives. For instance, solvent-free methods such as reactive
extrusion for ZIF—67 significantly reduce environmental impacts by
several orders of magnitude compared to solvothermal routes. For
example, Grande et al. demonstrated the use of four different synthesis
recipes for CPO—27-Ni MOF, including a novel method that exclusively
uses water as the solvent. A cradle-to-gate LCA revealed that removing
organic solvents from the synthesis process could reduce CO5 emissions
by two orders of magnitude and decrease freshwater toxicity and
resource depletion by one order of magnitude. This approach serves as
an effective initial screening tool to assess the environmental perfor-
mance of novel materials and to identify potential solvent recycling
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strategies or alternative solvents that can minimize the environmental
footprint [302]. Furthermore, Hernandez et al. investigate the sustain-
ability of MOF technology, focusing on industrial production of ZIF—67
using cradle-to-gate LCA. The study compares four synthesis routes,
including the traditional solvothermal method and a novel reactive
extrusion technique. The findings demonstrate that reactive extrusion
reduces environmental and health impacts by 3-5 orders of magnitude
compared to solvothermal synthesis. The LCA highlighted ecotoxicity
and global warming as major concerns, with ammonia presence being a
significant contributor to the overall environmental burden. The study
also stresses the importance of accounting for error sources in LCA
models and suggests further improvements for more accurate assess-
ments [303]. The study lays the groundwork for evaluating the sus-
tainability of MOF production and can be extended to other materials to
tackle broader environmental and energy challenges.

In electrocatalysis, integrating LCA with performance metrics en-
ables the selection of MOFs like UiO—66 derivatives, where aqueous
synthesis reduces energy demand without compromising stability [304,
305]. Recyclability can be enhanced through the use of circular pre-
cursors and waste-derived MOFs, such as MIL—53(Al) synthesized from
PET bottles [306-308]. Strategies like solvent recovery and framework
regeneration can also improve recyclability. Green synthesis routes,
including solvent-free, microwave-assisted, and mechanochemical
methods, further reduce reaction times, energy use, and emissions.
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Incorporating these green synthesis strategies can reduce the environ-
mental impacts of MOF production by 50-90%, making them more
viable for electrocatalytic applications in sustainable energy systems
[309].

The sustainability of MOFs in electrocatalysis is a multifaceted
challenge that requires careful evaluation and optimization of synthesis
methods. By incorporating LCA, it is possible to identify the most
environmentally responsible approaches, minimize negative impacts,
and move toward more sustainable production processes. The use of
green synthesis techniques, solvent-free methods, and improved recy-
clability options offer promising pathways to reduce energy consump-
tion, hazardous waste, and environmental burdens. As MOF technology
continues to evolve, further research and innovation in both synthesis
methods and material properties are essential for advancing the inte-
gration of MOFs into sustainable energy systems, making them viable for
widespread industrial application while supporting a circular economy.

4.3. Mitigation strategies: MOF hybrids and post-synthetic modifications

To overcome deployment challenges like poor conductivity, insta-
bility, and limited active sites in MOFs for electrocatalysis, advanced
mitigation strategies include creating MOF hybrids, PSM, as well as
integrating MOFs with POMs and COFs. These approaches enhance
electrocatalytic performance in reactions like ORR, UOR and CO2RR.
Below, we will explain these mitigation strategies in details.

4.3.1. MOF hybrids

MOF hybrids for electrocatalysis are materials formed by integrating
MOFs with other functional materials like carbon-based, graphene, or
MXenes [310,311]. These hybrids synergistically combine the high
porosity and abundant active sites of MOFs with the superior electrical
conductivity and stability of the secondary component. For instance, Liu
et al. addressed the challenges of sluggish ORR and the accumulation of
Li;O, in lithium-oxygen (Li-O2) batteries by developing a
Ni/Co-MOF@MXene hybrid cathode. This free-standing, flexible mem-
brane was synthesized using a layer-by-layer assembly method,
combining the conductive, mechanical, and structural advantages of
Ti3Cy MXene with the catalytic properties of Ni/Co-MOF. The electro-
catalytic activity of various materials for ORR was tested in an
Og-saturated 1 M LiTFSI electrolyte at a scan rate of 5mV/s and an
electrode rotation speed of 900 rpm. Fig. 26a shows that Ni/C-
o-MOF@Ti3Cy had the highest half-wave potential (2.46 V), out-
performing Ti3Cy (2.41 V) and even the commercial Pt/C catalyst. This
enhanced performance is due to the synergistic effect of Ti3Cy and the
Co-N-C catalyst in Ni/Co-MOF, providing more active sites. Fig. 26b
shows that Ni/Co-MOF@Ti3Cz (182 mV dec) had a lower Tafel slope
than Ti3Cy (344 mV dec‘l), indicating faster ORR kinetics. Fig. 26c¢
further confirms Ni/Co-MOF@Ti3Cy superior performance, showing
higher onset potential and peak current density than TizCs. Li-O, bat-
teries with Ti3Cy and Ni/Co-MOF@Ti3Cy (10 pm thick) cathodes showed
significant performance differences. Fig. 26d reveals that the Ni/C-
0-MOF@Ti3C, cathode achieved a high capacity of 36,125 mAh/g, far
exceeding Ti3Cy 8856 mAh/g. Furthermore, Fig. 26e shows stable
charge-discharge cycles for Ni/Co-MOF@Ti3Cy at 1000 mAh/g. Rate
tests demonstrate that Ni/Co-MOF@Ti3C, maintains superior perfor-
mance up to 1 C, while TizC fails at 0.5 C. This indicates better Li*, Oy,
and electron transfer with Ni/Co-MOF@Ti3C,, enhancing Li;Oy pro-
cessing. DFT simulations optimized the adsorption of LiO5 and LisO3 on
Ni/Co-MOF@Ti3Cp, showing strong coordination between Li atoms and
Ni/Co sites (Fig. 26f-g). The LiO, Li atom coordinates with Ni or Co,
while the O atoms interact with Ni, Co, and Ti, promoting Li>O2 for-
mation and decomposition, boosting battery stability. Ni/Co-MOF
exhibited the lowest overpotential (2.38 V) compared to Ni/C-
o-MOF@Ti3Cy and Ti3Cp. The Gibbs free energies for Ni/Co-MOF,
Ni/Co-MOF@ Ti3Co, and Ti3Cy; were 2.36 eV, 2.81 eV, and 3.31 eV,
respectively. Ni sites serve as primary active sites, with Co sites
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contributing when Ni sites are saturated [312]. The combination of Ni,
Co, and Ti reduces overpotential, enhancing catalytic activity and cycle
stability, while Ti3Cy may improve performance by providing additional
electron channels.

Furthermore, Wang et al. developed a bifunctional catalyst for the
UOR by electrodepositing Ni3Sy species onto a CoMOF on MXene
(Fig. 26h). The resulting M/CM/Ni3Sy/NF catalyst exhibited excellent
electrocatalytic performance for UOR, requiring an overpotential of
1.392 V to achieve 100 mA cm 2 and a Tafel slope of 34 mV dec!
(Fig. 26i-k). The catalyst further demonstrated excellent 25 h stability at
50 mA cm™2. DFT calculations indicated that the coupling of MXene,
CoMOF, and NisSy optimizes the free energy of urea adsorption,
enhancing the catalyst performance [313].

MOFs hybrid materials have emerged as promising catalysts for the
electrocatalytic COoRR. For instance, Liu et al. developed a dual- MOF
copper-based catalytic electrode via in situ synthesis on a foamed copper
substrate for efficient electrocatalytic CO, reduction. The MOF-on-MOF
structure prevents Hy and CO formation, enhancing HCOOH selectivity.
By replacing expensive and fragile GDEs with durable poly(tetra-
fluoroethylene) (PTFE), the reactor design improves stability, dura-
bility, and electrode replaceability. The optimized reactor achieved a
Faradaic efficiency of 89.2% in neutral medium and a current density of
26.1 mA cm™2 in the flow cell, matching GDE performance while
ensuring long-term stability. PTFE enhances the gas channels service life
and supports effective catalysis. In-situ FTIR spectra (Fig. 261) revealed a
peak at 1363 em ™}, corresponding to formic acid species (HCOO™),
which peaked at —0.95 V. The 1743 cm™! peak was observed only in
Bi@Cu; o, indicating dual pathways for formic acid generation. The
structure improved HCOOH selectivity by inhibiting side reactions. DFT
calculations showed CO; adsorbs as *OCHO, favoring HCOOH forma-
tion over CO. In 0.5 m KHCOs, Bi@Cu; /» enhanced CO; reduction while
suppressing H™ reduction, promoting HCOOH generation (Fig. 26m-n)
[314]. Additionally, Wang et al developed Cu-MOF and CuBi
double-perovskite composite catalysts for CO, electrochemical reduc-
tion to HCOOH. The CO2RR performance of CuBi@Cu-MOF-X (X =5,
10, 15, 20) catalysts was evaluated in a 1 M KOH electrolyte using a
flow-cell device. The main product was liquid-phase HCOOH, with
minor gas products. LSV results showed that CuBi@Cu-MOF—15 had the
highest current density and most efficient CO2RR (Fig. 260). Tafel slopes
were lowest for CuBi@Cu-MOF—15 (38.7 mV dec’l), indicating optimal
electrocatalytic kinetics. Product distribution revealed a maximum
FEncoon of 93% at —1.1 V (Fig. 26p). Controlled potential electrolysis
confirmed that CuBi@Cu-MOF—-15 achieved 93% FEycooy at —1.1 V,
outperforming other catalysts. The CuBi@Cu-MOF—15 catalyst
demonstrated excellent CO2RR performance for HCOOH production
across a wide potential range (—0.9 to —1.6 V vs RHE), especially for
high HCOOH generation rates. Additionally, after 16 h of continuous
reaction, the FE of HCOOH and current density showed only slight
degradation, highlighting its strong durability (Fig. 26q) [315].

MOF hybrid materials offer significant advantages in electrocatalysis
due to their high surface areas, tunable structures, and abundant active
sites. By combining MOFs with other functional materials, such as
conductive carbon-based materials or MXenes, these hybrids enhance
electrical conductivity, stability, and overall catalytic performance. The
synergistic effects of the combined components improve the efficiency of
various electrochemical reactions, including CO, reduction, UOR, and
oxygen reduction, while also addressing challenges like poor conduc-
tivity and limited active sites. The versatility of MOF hybrids makes
them promising candidates for advancing energy conversion and storage
technologies, offering pathways to more efficient and durable electro-
catalysts for a range of applications.

4.3.2. Post-synthetic modifications

PSM of MOFs are a powerful strategy to fine-tune the properties of
these materials for specific applications, particularly in electrocatalysis.
MOFs are inherently versatile due to their tunable structure, high
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(a-j) Reproduced with permission from ref [319]. (k-p) Reproduced with permission from ref [320]. (q-t) Reproduced with permission from ref [321].

surface area, and ability to host a wide variety of functional groups.
However, their catalytic activity can often be limited by factors such as
low conductivity, poor stability, or insufficient active sites for specific
reactions. To address these challenges, PSMs such as metal doping,
functionalization with ligands, and integration with conductive mate-
rials have emerged as key techniques to enhance the catalytic perfor-
mance of MOFs [316-318]. These modifications allow for precise
control over the electronic properties, active sites, and stability of MOFs,
making them highly efficient for important electrocatalytic reactions.
For instance, Jiang et al. proposed a linker compensation strategy to
modify the intermediate adsorption energy on the Co-Fe zeolitic imi-
dazolate framework (CFZ), enhancing its catalytic performance. A Co>*
center coordinated with imidazole ligands forms monoclinic zeolitic
imidazolate frameworks, while Fe incorporation generates linker va-
cancies (VL) in VL-CFZ, improving conductivity and creating mesopores.
These vacancies are compensated by grafting S-containing groups
through S-Co/Fe coordination via a low-temperature hydrothermal re-
action with thiourea (Fig. 27a). VL-CFZ showed improved ORR and OER
performance compared to CFZ, with a half-wave potential of 0.82 V for
ORR and 1.52 V at 10 mA cm™2 for OER. S-CFZ further enhanced ORR
with a half-wave potential of 0.85 V and higher current density, rivaling
Pt/C (Fig. 27b). It also outperformed RuO5 in OER activity (Fig. 27c) and
showed excellent stability with 91% retention for ORR and 93% for OER
over 100 h (Fig. 27d), demonstrating its high bifunctionality. Building
on its strong electrocatalytic performance and stability in alkaline
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solutions, S-CFZ was tested as an air cathode for ZAB under ambient
conditions (Fig. 27e). S-CFZ demonstrated promising performance as an
air cathode for ZABs, with a peak power density of 178 mW cm™2, sur-
passing VL-CFZ at 130 mW cm™2 (Fig. 27f). The initial discharge-charge
voltage gap for S-CFZ was 0.76 V, showing 61.9% energy efficiency
(Fig. 27g). After 500 h of cycling at 25 mA cm 2, it showed negligible
fading, outperforming other catalysts. Even at a current density of
35 mA cm™2, the charge-discharge voltage gap showed a minimal fading
rate of less than 0.01% per hour over 160 h of operation. (Fig. 27h). DFT
calculations were performed to explain the enhanced bifunctional ac-
tivity of S-CFZ. The charge density differences in Fig. 27i show electron
redistribution due to isothiourea grafting, which leads to electron
delocalization in S-CFZ. This is supported by a higher Bader charge,
indicating stronger electron withdrawal from the S-containing groups.
This adjustment improves the adsorption-desorption behavior of oxygen
intermediates, enhancing ORR/OER performance. As shown in Fig. 27j,
S compensation optimizes OH* adsorption, reducing the energy barrier
for OH™ formation and improving ORR activity compared to the un-
compensated VL-CFZ [319].

Furthermore, Ao et al. developed a hierarchical structure by partially
sulfurizing a pre-synthesized 2D MOF (NiCo-BDC), where nickel and
cobalt are coordinated with benzenedicarboxylic acid ligands. The sul-
furization process was controlled by adjusting the reaction time,
creating several samples with varying sulfur content (denoted as NiCo-
BDC-S-T). This partial sulfurization maintained the MOF’s porous
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Table 1

Comparison of MOF hybridization and PSM strategies for electrocatalysis.

Aspect MOF Hybridization Post-Synthetic Modification
(PSM)
Engineering Integration of a secondary Chemical tailoring of a pre-
approach functional phase (e.g., carbon, formed MOF (ligand grafting,

Active site

MXene, metal sulfides)
Creates emergent active sites

metal doping, sulfurization)
Precise modification of

regulation at heterointerfaces existing metal nodes and
coordination sphere
Electronic Long-range charge Localized tuning of p-band
structure redistribution and enhanced center and charge density
tuning conductivity via interfacial around active centers
electron transfer
Stability External protection through Internal reinforcement by
mechanism mechanical scaffolding and defect healing and protective

Mass transport
&

encapsulation
Excellent (benefitted by
conductive networks and

shell formation
Moderate (limited by intrinsic
MOF conductivity)

conductivity hierarchical pores)

Advantages High current density, Atomic-level precision, high
mechanical robustness, selectivity, optimized
synergistic interfacial effects intermediate adsorption

Limitations Less control over local Limited improvement in bulk

Best suited for

coordination chemistry
High-rate reactions

conductivity
Reactions requiring high

selectivity and fine-tuned
binding energies

Excellent for high-value,
selective processes but may
face challenges in cost-
effective large-scale synthesis
and conductivity.

Industrial
relevance

Higher potential for scale-up
due to improved conductivity,
mechanical stability, and
compatibility with large-area
electrodes; easier integration
into practical devices.

structure and active sites while forming a highly conductive CoNi»Sy4
layer on the surface, which improved electron transport and redistri-
bution. The optimal NiCo-BDC-S—6 exhibited excellent catalytic per-
formance for UOR, with a driving potential of 1.326 V at 10 mA cm™2,
surpassing many state-of-the-art UOR catalysts (Fig. 27k). As shown in
Fig. 271, chronopotentiometric tests at 20 mA cm™2 revealed that NiCo-
BDC-S—6 maintained stable UOR activity for over 20 h, highlighting the
improved durability from partial sulfurization compared to pristine
NiCo-BDC and Pt/C. Additionally, the urea fuel cell achieves a maximum
power density of 2.68 mW cm™>, significantly outperforming a Pt/C-
based anode catalyst (0.78 mW cm2) (Fig. 27m-n). Spin-polarized
DFT calculations revealed that the MOF-CoNiySs heterostructure
significantly improves electrical conductivity and electron transport,
which is beneficial for electrocatalysis. As shown in Fig. 400, electron
transfer occurs from Ni and Co atoms to adjacent S atoms. Gibbs free
energy calculations (Fig. 27p) show that the MOF-CoNiyS4 hetero-
structure provides optimal adsorption for UOR while enabling favorable
CO4 desorption, making it ideal for the UOR process [320].

Additionally, Zhang et al. developed alkali metal ion-doped M-NH,-
MIL-101 (M = Li, Na, K) adsorbents via post-modification to enhance
CO,, capture and cycling stability (Fig. 27q). The doping of alkali metal
cations, especially 0.1 M K" (denoted as 0.1 K-NH,-MIL—101), signifi-
cantly increased CO, adsorption capacity (8.2 mmol g! at 298 K), about
3.2 times higher than NH»-MIL—101, with excellent cyclic stability. The
CO adsorption and conversion properties of the 0.1 K-NH5-MIL—101
adsorbent combined with a Bi catalyst were investigated. As shown in
Fig. 27r, the FE for HCOOH was 77% for Bi-NH,-MIL—101 and 87% for
Bi—0.1 K-NH,-MIL—101, significantly improving upon pure Bi 67%. The
partial current density for HCOOH in Bi—0.1 K-NH2-MIL—101 at —1.3 V
vs RHE was 1.3 and 1.6 times higher than that of pure Bi and Bi-NHj-
MIL—101, respectively, indicating better CO, adsorption and reaction
(Fig. 27s). In long-term stability tests (Fig. 27t), Bi—0.1 K-NH,-MIL—101
maintained an HCOOH FE above 80% for 52 h, outperforming other Bi-
based electrocatalysts [321].

The PSMs explored in these studies significantly enhance the
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performance and stability of MOFs for electrocatalysis. The introduction
of functional groups and modifications like sulfurization and alkali
metal doping improves conductivity, active site availability, and overall
catalytic efficiency. These modifications not only optimize the
adsorption-desorption behavior of key intermediates but also enable
better electron transfer, leading to improved electrocatalytic activity.
Furthermore, the long-term stability of these modified MOFs, as
demonstrated by several tests, confirms their potential for practical
applications, particularly in energy conversion and CO; reduction pro-
cesses. These advancements underscore the importance of tailoring
MOFs through post-synthetic modifications to address specific chal-
lenges in electrocatalysis and enhance their applicability in real-world
applications.

4.3.3. Mechanistic comparison of MOF hybridization and PSM

The electrocatalytic performance of MOF-based materials in this
section stems from two complementary but mechanistically distinct
engineering philosophies. MOF hybridization integrates a secondary
functional phase during or after framework assembly, whereas PSM
chemically tailors a pre-formed MOF. Their mechanistic roles in regu-
lating active sites, electronic structure, and stability can be compared
directly using the ORR, UOR, and CO5RR examples discussed above.

Active-site creation and regulation: Hybridization primarily gen-
erates active sites at the heterointerface (Table 1). In Ni/Co-
MOF@Ti3Cy, synergistic Co-N-C motifs coupled with Ti sites enhance
ORR performance. Similarly, the M/CM/Ni3Sy/NF and Bi@Cu MOF-on-
MOF systems create multi-component interfaces that enable efficient
urea oxidation and selective formate production, respectively. In
contrast, PSM modifies the coordination environment of existing nodes
with molecular precision. Linker compensation in S-CFZ, partial sulfu-
rization in NiCo-BDC-S-T, and K* doping in NHy-MIL—101 exemplify
how PSM targets vacancies, ligands, or pore environments to create or
optimize active sites without changing the overall topology.

Electronic structure tuning: Hybridization facilitates long-range
charge redistribution and conductivity enhancement through interfa-
cial electron transfer. DFT studies on Ni/Co-MOF@Ti3C, and Bi@Cu
systems show optimized adsorption energies of key intermediates
(*OOH, *CO, *OCHO) via p-band center modulation at the interface.
PSM, conversely, enables localized electronic tuning. Sulfur grafting in
S-CFZ and partial sulfurization in NiCo-BDC-S-T induce electron with-
drawal/delocalization around metal centers, while alkali-metal doping
primarily modulates the local reactant concentration rather than the
intrinsic electronic states of the framework.

Stability enhancement: Hybridization improves stability through
external protection and mechanical reinforcement (e.g., TisCy nano-
sheets or PTFE matrix). PSM strengthens the MOF internally by satu-
rating defect sites (S-CFZ) or forming protective shells (NiCo-BDC-S-T),
thereby suppressing framework dissolution.

In summary, hybridization excels at creating robust, conductive
composites with emergent interfacial synergies, making it particularly
effective for high-current-density applications. PSM offers atomic-level
precision for optimizing intermediate binding and intrinsic framework
stability. The most effective electrocatalysts often integrate both stra-
tegies PSM for precise active-site engineering and hybridization for
enhanced charge transport and durability.

4.3.4. POMs@MOFs

Polyoxometalates (POMs) are anionic metal-oxygen clusters with
reversible multielectron redox behavior, making them attractive for
electrocatalysis [322,323]. However, their low conductivity and insta-
bility limit practical use. Encapsulating POMs within MOFs creates
POM@MOF composites that combine the redox richness of POMs with
the high surface area and structural regularity of MOFs [324]. The MOF
scaffold prevents POM aggregation, reduces leaching, and modulates
electronic structure via host-guest interactions. Consequently, these
composites enhance performance across key reactions: for ORR, they
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(a-f) Reproduced with permission from ref [327]. (g-j) Reproduced with permission from ref [328].(k-1) Reproduced with permission from ref [329].

enable efficient two- or four-electron pathways; for UOR, multielectron
transfer accelerates the sluggish six-electron urea oxidation; and for
CO-RR, tunable redox states stabilize intermediates like *COOH and
improve product selectivity [325,326]. For instance, Bao et al. devel-
oped a bifunctional electrocatalyst, Ni-HITP/PWj3, using a ligand
replacement strategy to synthesize highly ordered conductive MOF
(Fig. 28a). The catalyst, featuring Ni-O-W bonds, modulates the elec-
tronic structure of both Ni and W sites, enhancing cathodic 2e™ ORR for
H20; production and anodic HMFOR for FDCA oxidation (Fig. 28b).
Ni-HITP/PW;,—2 demonstrated the highest current density in ORR tests
(Fig. 28c), indicating its superior Oy adsorption and activation capa-
bilities. Its onset potential was measured at 0.60 V vs. RHE at
1 mA cm™2. Moreover, the catalyst exhibited outstanding stability,
maintaining its performance for 48 h along with 96.41% FE (Fig. 28d).
In the ORR//HMFOR coupled system (Fig. 28e), the Ni-HITP/PW15,—2
composite achieved a H,0, production rate of 9.51 mol gcat‘1 h! and
96.8% FDCA yield at 100 mA cm2 with a cell voltage of 1.38V
(Fig. 28f), significantly outperforming traditional ORR/OER systems
[327]. In addition to ORR, POM-MOF composites have also shown
promise for UOR. For instance, Naghshbandi et al. developed a
sulfur-doped iron polyoxometalate/ZIF—67 catalyst on nickel foam
(NF/Fe-POM-S/ZIF—67) for urea oxidation, synthesized using a sol-
vothermal method (Fig. 28g). The catalyst achieved 10 mA cm™ at
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1.33V in 1.0 M KOH with 0.5M urea (Fig. 28h). It demonstrated
excellent stability, maintaining its activity for over 48 h at a current
density of 100 mA cm-2 (Fig. 28i). Overall urea electrolysis required
1.38 V at 10 mA cm™2 (Fig. 28j) [328]. The versatility of POM-MOF
hybrids extend to CO2RR, where tuning the redox properties of encap-
sulated POMs can stabilize key intermediates. For example, Zhang et al.
developed TMSPOMs@PCN—224 composites by encapsulating transi-
tion metal-doped polyoxometalates (TMSPOMs) within a
porphyrin-based PCN—224 framework to enhance the electron density
at active sites for COoRR (Fig. 28k). The cobalt-substituted
SiW;11Co@PCN—224, exhibited a FE for CO production (FEcp) of
89.9%, significantly higher than the 12.1% FE¢o of PCN—224 (Fig. 281).
The electrocatalytic activity was optimized by fine-tuning POM loading,
and the catalyst demonstrated excellent stability over 20 h. Comparative
analysis of the composites, supported by DFT calculations, revealed that
the negative charge of the polyanions facilitates electron transfer,
enhancing overall performance [329].

POM@MOF composites illustrate how host-guest chemistry can
transform two individually limited components into a synergistic elec-
trocatalytic platform. Above studies confirm that the same design
principle confining redox-active POMs within porous, conductive MOF
scaffolds effectively addresses longstanding challenges of conductivity,
stability, and active-site accessibility. Further gains can be expected
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from integrating machine learning to predict optimal POM-MOF pair-
ings, developing scalable synthetic routes, and exploring POM@MOF
films in membrane electrode assemblies. Such advances will be critical
to moving these composites from laboratory demonstrations to practical
energy and environmental devices.

4.3.5. COFs@MOFs

Covalent organic frameworks (COFs) are crystalline porous polymers
with strong covalent bonds, offering stability, porosity, and tunable
electronic properties [330,331]. Intact COF@MOF heterostructures
(non-pyrolyzed) combine the high surface area and abundant metal
nodes of MOFs with the conductive, ordered channels of COFs, preser-
ving both molecular architectures [332,333]. This synergy benefits
electrocatalytic reactions requiring efficient mass transport and stable
interfaces. However, their application remains largely unexplored. To
date, literature on intact COF@MOF systems for the ORR is extremely
limited (mostly involving pyrolyzed derivatives), and no such system
has been reported for the UOR, leaving a clear research gap. In contrast
to the scarce reports for ORR and UOR, the potential of intact COF@-
MOF heterostructures has been successfully demonstrated for the elec-
trocatalytic COoRR. For example, Yang et al. synthesized a series of
honeycomb-like porous crystalline hetero-electrocatalysts (MCH-X,
X = 1-4) via an epitaxial growth method (Fig. 29a). These structures
combine a porous MOF template with an ultrathin COF coating, creating
abundant open channels and fully exposed active sites. This architecture
enables efficient CO5 adsorption, activation, and subsequent conversion
to CH4. LSV curves show that at —1.0 V, MCH-3 achieves a current
density of —398.1 mA cm2 (Fig. 29b). For MCH-3, a FEcy4 of 76.7% is
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achieved at —1.0 V with a minor FEcyy of 3.3% (Fig. 29¢). Notably,
FEcy4 of MCH-3 remains =~ 70% across —0.9 to —1.1 V. Partial CHy
current densities at —1.0 V are —29.8, —140.3, and —281.2 mA cm-? for
HMUiO-66-NH,, COF-366-OH-Cu, and MCH-3, respectively, with
MCH-3 delivering roughly twice that of the COF alone (Fig. 29d). EIS
further reveals that MCH-3 exhibits superior charge transfer kinetics at
—1.0V (Fig. 29e). DFT calculations (Fig. 29f) reveal that the
rate-determining step for CO2-to-CHy4 conversion is *COOH formation
(AG =1.18 eV for MCH—-3). This free energy barrier is lower than that of
COF—366-OH-Cu, indicating that the MOF component stabilizes key
intermediates. In-situ ATR-FTIR spectra (Fig. 29g-h) confirm the pres-
ence of *COOH, *CHO, *CH0, and *CO intermediates along the reac-
tion pathway [334]. This study demonstrates that intact COF@MOF
heterostructures with a honeycomb-like morphology can effectively
integrate the respective strengths of both frameworks, achieving high
activity, selectivity, and stability for CO-to-CH4 conversion, thereby
validating the promise of this material class for electrocatalytic CO2RR.

Intact COF@MOF heterostructures represent an emerging class of
electrocatalytic materials that combine the structural stability and or-
dered porosity of COFs with the high density of accessible metal nodes
from MOFs. To date, the only successful demonstration of such intact
heterostructures in electrocatalysis is for the CO2RR, where honey-
comb-like architectures have achieved high current density, FE, and
product selectivity. In contrast, no intact COF@MOF system has been
reported for the ORR, nor for the UOR. This complete absence for ORR
and UOR highlights substantial research opportunities. Future efforts
should focus on expanding synthetic strategies to create stable COF@-
MOF interfaces, exploring their performance for these challenging
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Table 2
MOFs based materials in electrocatalysis.

Table 2.1. MOFs based electro-catalysts for ORR

Catalysts Synthesis method Electrolyte Specific Onset Tafel Diffusion Peak Voltage Ref.
capacity Overpotential slope Limiting Power Plateau
mAhg™hH W) (mv (mA/cm™2)  Density w)
dec™) (mW
cm’z)
Co4-Co-MOF Solvothermal 0.1 M KOH 825 - 49.5 - 230 1.49 [335]
CoNi-MOF/rGO Solvothermal 0.1 M KOH at 711 0.88 67 5.35 97 1.31 [142]
1600 rpm
b-CZIF—-67/MXene Solvothermal 0O, saturated - 0.91 73 5.56 - - [336]
0.5 M HySO4
b-CZIF—67/MXene Solvothermal 0.1 M KOH - 0.93 68.5 5.90 - 1.49 [336]
C0304/Ni-Co-HITP Solvothermal O,.saturated - 0.77 60 4.6 143.1 1.45 [337]
0.1 M KOH
CozHITP, Solvothermal 0.1 m KOH 784 0.79 89 5.52 164 - [338]
solution at
1600 rpm
HCF-MOF Solvothermal Alkaline - 0.82 - - 113.5 1.38 [339]
polycrylate,
hydrogel
Mn/Fe/HIB-MOF Reduction FBN membrane 769 0.88 36 - 194 1.48 [144]
Fe/Ni-BTC Solvothermal 6 M KOH 775 0.96 - - 182 1.55 [340]
Nis 7Rug 3(HHTP)3(H,0), ~ Hydrothermal Solid State 654 0.68 64 - 98.3 1.332 [341]
CuCo-HITP Solvothermal 0.1 M KOH - 0.79 96.4 - - - [342]
CuCo-HITP Solvothermal 0.1 M PBS - 0.72 319.3 - - - [342]
Cu-MOF@Fe-MOF hydrothermal 0.1 M KOH - - 48.5 - 231.2 - [343]
CoNi/Co,P@PCN-0.1 P Defect-mediated epitaxial 0.1 M KOH 794.7 0.91 40.7 - 176.5 - [344]
growth
Ru@FeZn-HNC/CNFs electrospinning 0.1 M KOH 810.2 - 99.9 6.15 175 1.48 [345]
mZIF/Bamb-C Biomass assisted 0.1 M KOH - 0.94 241 - - - [346]
assembly + carbonization
ZnCo-ZIFs Solvothermal 0.1 M KOH - 0.6 73.9 - - - [347]
La-MOF/MXene Solvothermal 0.1 M KOH - 0.84 82 - - - [348]
NiCoFeMn-MOF Electrodeposition 0.1 M NaOH 800 0.81 61 - - - [349]
Table 2.2. MOFs based electro-catalysts for UOR
Catalyst Synthesis method  Electrolyte ECSA mA ecm~2%/ Tafel TOF  mA cm™%/cell Stability  Ref.
cm? mV slope voltage (h)
FeNi-MOF NSs Solvothermal 1.0 M KOH + 0.33 M - 10/131 28 - 10/1.361 10 [350]
Urea
Fe-MOF/FF—-5 Solvothermal 1.0 M KOH + 0.33 M - 10/1.362V 20 - 10/1.472 12 [187]
+ Urea
Plasma irradiation
NH,-NiCoFe-MIL—101 Solvothermal 1.0 M KOH + 0.33 M - 100/1.56 V 48 - 100/1.56 80 [351]
Urea
Ni.15C00.85-MOF Solvothermal 1.0 M KOH + 0.33 M - 10/1.33V 125 0.47 - 72 [185]
Urea
Ni-DMAP-2/NF Solvothermal 1.0MKOH + 0.5M Urea - 100/1.30 V 23 - 10/1.35 10 [352]
NiMnCo-MOF Solvothermal 1.0 M KOH + 0.33 M - 10/1.29V 46 - 100/1.63 24 [353]
Urea
Ru-NiFe-®/NF Solvothermal 1.0 M KOH + 0.33 M - 100/1.37 V 43.8 - 100/1.63 20 [354]
Urea
Ni-MOF-0.5 hydrothermal 1.OMKOH + 0.5M Urea - 10/1.38 V 52 10/1.52 2 [355]
NiCoPx@NiFeCo-MOF Solvothermal 1.0 M KOH + 0.5 M Urea 100/1.37 V 144.2 10/1.40 45 [193]
Co-MOF (CoSy/Co- Solvothermal 1.0 M KOH + 0.5 M Urea 10/1.315V 50 10/1.48 10 [356]
MOF)
RuNi-MOF@NMO Solvothermal 1.0 M KOH + 0.33 M - 10/120 - - 10/1.28 200 [357]
Urea
NC-FNCP Solvothermal 1.0 M KOH + 0.5 M Urea - 10/1.37 V 35.79 - 10/1.52 20 [358]
Ru@MOF/LDH in-situ reduction 1.0 M KOH + 0.33 M 31.1 50/1.38 V 72.3 - 10/1.44 12 [359]
Urea
NiCoFe(OH)y/NF Electrodeposition 1.0 M KOH + 0.5 M Urea - 10/1.24V 46.13 - 10/1.58 100 [360]
MIM@Feg ;-CoNi CH/ Solvothermal 1.0 M KOH + 0.5 M Urea - 10/1.31V 48.84 - 10/1.36 160 [361]
NF
NiFe-MIL—53-NH, Solvothermal 1.0 M KOH + 0.33 M - 10/1.398 V 14 0.16 10/1.56 20 [362]
Urea
MoO,/Ni-MOF/rGO Hydrothermal 1.0 M KOH + 0.33 M - 10/1.32V 31 - - - [363]
Urea
Zn.33V0.66-MOF/NF Hydrothermal 1.0 M KOH + 0.33 M - 10/1.37V 122 - 70 [364]
Urea
50TEA@Ni-TDA/NF Solvothermal 1.0 M KOH + 0.33 M - 10/1.277 - - 50/ 1.709 100 [365]
Urea
NiCo-MOF-DFc Solvothermal 1.0 M KOH + 0.33 M - 100/1.408 34.7 - 1000/1.83 100 [366]

Urea
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Table 2.2. MOFs based electro-catalysts for UOR

Catalyst Synthesis method  Electrolyte ECSA mA cm~2%/ Tafel TOF  mA cm™2/cell Stability  Ref.
cm? mV slope voltage (h)
Ce-Ni-BDC Solvothermal 1.0 M KOH + 0.5 M Urea - 100/1.32 44.33 - - 20 [367]
NM MOF/NMC Solvothermal 1.0 M KOH + 0.33 M - 100/1.42 - - 10/1.65 24 [368]
LDHy 005 Urea
Cd (I)-BPFA-MOF/NF Solvothermal 1.0 M KOH + 0.33 M - 10/1.59 - - 10/1.54 100 [369]
Urea
Table 2.3. MOFs based electrocatalysts for COoRR
Catalyst Synthesis method Electrolyte j (mA cm ?) Products FE (%) Potential TOF Ref.
(42}
C-FePc(CN)g/ZIF Pyrolysis 0.5 M KHCO3 5 CcO 94 —0.46 0.13s7 ! [370]
PPy@MOF—545-Co In-situ polymerization 0.5 M KHCO3 13 Cco 98 -0.8 - [371]
ZIF—-8@PPy In-situ electrochemically 0.25 M K5SO4 18 Cco 96 -1.1 - [372]
polymerization
CugMePz Solvothermal 1 M KOH 400 CH4 66.40 -1.0 - [373]
Cuz0(or-mu)/Ppy Oxidative polymerization 0.5 M KHCO3 0.223 CH3;0OH 93 —0.85 - [374]
MOF-based LNCCs Electrochemical reduction 0.5 M KHCO3 10.6 C,HsOH 82.5 -1.0 0.656 571 [375]
CuSn-HAB Solvothermal 1 M KOH 68 C,HsOH 56 -0.57 0.0601 st [376]
HKUST-1 Electrochemical reduction 0.1 M KHCO3 - CH5;0H 45.2-71.2 0.1-0.7 - [377]
C,HsOH
HCOOH
HKUST-1(Cu,Mp) Solventless Synthesis 0.5 M KHCO3 20 CH3OH and 47.2 - - [378]
C,HsOH
Cu-MOF/GO Solvothermal 0.1 M TBAB/DMF - HCOOH 58 -0.6 - [379]
PCN-222(Cu)/C Solvothermal 0.5 M KHCO3 3.2 HCOOH 44.3 —0.7-0.9 - [380]
MOF-derived In situ transformation 0.5 M KHCO3 12.7 HCOO™ 96.1 —0.669 - [381]
Bi202CO3
Bi-MOF Solvothermal 1 M KOH 150 HCOOH 92.0 —0.64 - [382]
1 M KHCO3 80.0 -1.1
Bi-FDCA Solvothermal mixing 0.1 M KHCO3 19.6 HCOOH 95.1 —-1.2 - [383]
Cu,-(CuTCPP) Solvothermal 1 M H,0 and 0.5 M 4.5 HCOO™ 68.4 —1.55 2037 h! [384]
EMIMBF,/CH3CN
Sn-N6-MOF Pyrolysis 0.5 M KHCO3 23 HCOOH 85 -1.23 - [385]
MIL—-53 (AL) Solvothermal 0.05 M K,CO3 - HCOOH 40 —-0.9~-1.1 - [386]
and CO
MOF-808 (Zr) MOF-confined reduction 0.1 M KHCO3 ~7 HCOO ™ >99 -0.25 - [387]
Pb-MOF Electroreduction 0.1 M KHCO;3 1.9 HCOOH 96.8 —0.88 - [388]
MF-cMOFg1 2815 Microfluidic printing 0.1 mM KHCO3-KCl 383 CH4 79.6 - - [389]
Cu-NH,BDC modulator-assisted synthesis 0.1 M KHCO; 53 CHy4 63.5 -0.22 - [390]
Cu,O@PCN—-223 In-situ Synthesis 0.1 M KHCO3 22.81, 14.98 CH,4, C2Hy, CO 87.4 - - [391]
and 10.38
CuO/Cu-MOF Hydrothermal 0.1 M KHCO3 ~80 CHy, CoHy 69 - - [392]
(HKUST-1)

multielectron reactions, and systematically correlating heterostructure
architecture with electrocatalytic metrics. Addressing these gaps will be
key to unlocking the full potential of this promising material class for
sustainable energy conversion Table 2.

5. Conclusion and future outlook

This review has systematically highlighted the transformative
journey of MOFs from their foundational tunability to their emerging
role in practical electrochemical devices for the ORR, UOR, and CO,RR
reactions. By integrating fundamental mechanistic insights from DFT
with critical performance analysis in real-world systems from fuel cells
and metal-air batteries to urea electrolyzers and CO2 converters, we
have established a clear structure-property-application relationship for
MOF-based electrocatalysts. The unparalleled modularity of MOFs al-
lows for the precise engineering of active sites and pore environments,
offering a powerful pathway to circumvent the limitations of traditional
noble-metal catalysts.

However, the transition of promising MOF electrocatalysts to prac-
tical technologies faces a series of significant deployment challenges,
which include:

1. Chemical and electrochemical stability of MOFs: Overcoming
degradation challenges

The practical deployment of MOF-based -electrocatalysts is
fundamentally constrained by their chemical and electrochemical
stability under harsh operational conditions, such as extreme pH or
sustained applied potentials. Framework degradation, active site
leaching, or structural collapse can lead to rapid performance decay.
To engineer resilience, research is pivoting from common transition
metals toward frameworks constructed from high-valent metal
clusters (e.g., Zr**, Ti**, cr®"), which form stronger metal-linker
bonds (Fig. 30). Parallel strategies include developing covalent
organic frameworks (COFs) and exploring PSM to cross-link ligands
or introduce hydrophobic groups, thereby shielding the internal
structure from corrosive electrolytes.

2. Navigating the activity-selectivity-stability trade-off

38

Beyond basic stability, a more sophisticated challenge lies in
breaking the fundamental scaling relationships that intrinsically link
activity, selectivity, and stability, often forcing a compromise.
Innovative active site design is key to circumventing these limita-
tions. Promising pathways involve engineering multi-metallic sites
or high-entropy MOF (HE-MOF) platforms, where synergistic in-
teractions between adjacent, dissimilar metals can create unique
adsorption energies for key intermediates. Complementarily, precise
engineering of the secondary coordination sphere by installing
functional groups within the MOF pores allows control over the local
microenvironment (e.g., pH, water concentration), thereby steering
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complex reaction pathways, such as selective CO; reduction toward
valuable multi-carbon (C3) products.
. Overcoming intrinsic conductivity limitations

The typically insulating or semiconducting nature of pristine MOFs
severely limits charge transport, creating a bottleneck for high-
current-density applications. The most viable mitigation strategy is
the deliberate construction of MOF-based conductive composites and
hybrids. Integrating MOFs with conductive matrices like carbon
nanotubes, graphene, or conductive polymers creates essential
percolation networks. Alternatively, using MOFs as sacrificial tem-
plates or precursors to synthesize MOF-derived porous carbons or
metal-nitrogen-carbon (M-N-C) catalysts preserves the desirable,
atomically dispersed active sites while endowing the material with
excellent electronic conductivity.
. Device integration and interfacial engineering

A critical translational hurdle is moving from high-performance
catalyst powders to efficient, durable electrodes. Poor interfacial
contact between MOF particles, insulating binders, and current col-
lectors leads to high electrical resistance, catalyst detachment, and
ultimately device failure. Next-generation integration focuses on
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Fig. 30. Overview of key challenges (highlighted in gray) and corresponding solutions (highlighted in blue) for MOF-based electrocatalysts in ORR, UOR, and CO.RR
applications.

advanced fabrication techniques. This includes developing binder-
free, self-standing MOF electrodes (e.g., thin films, foams) and
employing additive manufacturing (3D printing) for precise archi-
tectural control. Techniques like inkjet printing of catalytic inks or
direct electrodeposition of MOF layers onto substrates promise to
create robust, well-adhered interfaces with optimal catalyst utiliza-
tion and mass transport.

. Pathways to scalable and sustainable synthesis

For industrial relevance, MOF synthesis must transition from
bespoke, small-batch laboratory methods to scalable, cost-effective,
and environmentally benign processes. Conventional solvothermal
routes often involve toxic organic solvents, high energy input, and
low space-time yields. The field is increasingly adopting green
chemistry principles, exemplified by mechanochemical (solvent-
free) synthesis, aqueous-phase production, and continuous flow
chemistry. Flow synthesis, in particular, offers superior control over
particle size and morphology while enabling high-throughput,
reproducible manufacturing essential for commercialization.

6. Ensuring techno-economic viability

The economic feasibility of MOF-based devices cannot be an
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Fig. 31. Future roadmap.

afterthought. Costs associated with specialized organic linkers or
scarce precious metals can be prohibitive at scale. A foundational
strategy is the prioritization of MOFs constructed from earth-
abundant elements (e.g., Fe, Ni, Cu, Zn) and simple, commodity-
scale organic linkers. Crucially, TEA must be integrated early in
the research and development cycle. This analytical framework
guides material selection and process design by modeling costs at
scale, ensuring research targets are aligned with realistic economic
thresholds for the intended application.
7. Embracing circularity and end-of-life management

A truly sustainable technology requires a plan for its full lifecycle,
including end-of-life management. Currently, strategies for the recy-
cling, regeneration, or safe disposal of spent MOF-based electrodes are
underdeveloped. Future material design must incorporate circular
economy principles, such as engineering reversible linkages that allow
for the gentle chemical recovery of metal nodes and organic linkers.
Furthermore, research into the electrochemical regeneration of deacti-
vated active sites or the upcycling of spent electrodes into new func-
tional materials (e.g., for catalysis or sensing) is vital for minimizing
waste and closing the material loop.

To accelerate the transition of MOF electrocatalysts from laboratory
breakthroughs to industrial technology pillars, focused efforts must
address the following interconnected frontiers:

i. Rational design of MOF-based single-atom catalysts (SACs):
A primary frontier is the atomic-level precision engineering of
MOF-based SACs. This involves two main strategies: using pris-
tine MOFs as hosts to immobilize and isolate single metal atoms,
and employing MOFs as sacrificial templates to derive carbon-
based SACs with atomically dispersed metal sites. The core
challenge and opportunity lie in the precise control of the single-
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ii.

iii.

atom site micro-environment managing its coordination number,
neighboring heteroatom dopants (e.g., N, S, P), and local elec-
tronic structure. By combining MOF tunability with SAC
maximum atom-utilization efficiency, researchers can target
electrocatalysts with unprecedented activity and selectivity,
particularly for complex multi-electron reactions like CO
reduction to specific C3 products.

Al-guided discovery and autonomous synthesis: Overcoming
the vast MOF design space requires a paradigm shift from trial-
and-error to a closed-loop, Al-accelerated workflow. Machine
learning (ML) models must be integrated to predict novel struc-
tures, simulate properties, and optimize synthesis parameters for
target reactions like ORR, UOR, and CO5RR (Fig. 31). The next
step is coupling these computational insights with high-
throughput automated laboratories that can execute synthesis
and preliminary characterization, creating a rapid feedback
cycle. This approach is essential for the efficient exploration of
complex material classes like high-entropy MOFs and bespoke
SACs.

Next-generation electrode and device architectures: The
focus must expand from catalyst powder to integrated systems.
Key directions include: (a) Advanced electrode engineering
through additive manufacturing of 3D-printed structures and
flexible films to optimize catalyst utilization and mass transport;
(b) Membrane and interface engineering by designing MOF-
incorporated membranes for selective ion transport and mini-
mizing interfacial resistance; and (c) Developing hybrid multi-
functional systems that intelligently couple reactions, such as
integrating urea oxidation for wastewater remediation with CO2
reduction for synchronous environmental and energy benefits.

iv. Advancing circular economy and sustainable life cycles:

Sustainability must be a design criterion from the outset.
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Research should prioritize "green-by-design" synthesis using
water or mechanochemical methods, and explore using waste
streams (e.g., plastic bottles, metal cans) as feedstocks for linker
and metal source recovery. Equally crucial is developing efficient
recycling and upcycling protocols for spent MOF electrodes. This
involves designing MOFs with cleavable linkages for gentle re-
covery of valuable components and investigating pathways to
regenerate catalytic activity or transform spent materials into
new functional products.
v. Establishing universal protocols and holistic assessment: To
enable meaningful progress comparison and guide industrial
translation, the community must converge on standardized per-
formance benchmarking protocols. These should define mini-
mum stability thresholds (e.g., >1000 h for fuel cells), consistent
testing conditions, and uniform reporting metrics. Furthermore,
TEA and LCA must be integrated early in the research cycle to
evaluate not just catalytic metrics but also cost viability and
environmental impact, ensuring promising lab materials have a
realistic path to market.
Designing bio-inspired, multi-functional integrated systems:
The ultimate ambition is to create complex, adaptive systems.
Inspired by biological enzymes, future work should explore
"artificial nano-enzyme" systems within MOFs, where multiple
cooperative active sites work in concert. This vision extends to
fully integrated, multi-functional devices that couple processes
like UOR-driven wastewater purification with CO2RR, achieving
simultaneous remediation, energy storage, and chemical syn-
thesis in a single, efficient platform.
Pioneering fundamental hypotheses: The field must test new
paradigms to break existing limitations. Can dynamic or "soft"
MOFs that adapt under operation offer superior stability or
selectivity? Can high-entropy MOF platforms create synergistic
sites that definitively break scaling relationships for complex
reactions like CO,-to-C3 conversion? How can we design MOF-
electrolyte interfaces to control the local microenvironment and
dramatically boost selectivity?

vi.

vii.

The exceptional promise of MOFs in electrocatalysis will only be
realized through a fundamental paradigm shift: from a primary focus on
novel synthesis and activity screening to a holistic "design-for-deploy-
ment" philosophy. These demands concerted, interdisciplinary efforts
that synergize atomic-scale material innovation, robust device engi-
neering, intelligent computational tools, and sustainable life-cycle
management. By embracing this integrated approach, MOF-based
technologies can transcend their status as compelling laboratory dis-
coveries and evolve into indispensable, practical components of a global
clean energy infrastructure, thereby making a direct and significant
contribution to achieving a carbon-neutral future.
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