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Abstract: The escalating urgency to mitigate climate change and enhance energy security has
prompted heightened exploration of hydrogen production via electrocatalysis as a viable alternative to
conventional fossil fuels. Among the myriad of electrocatalysts under investigation, two-dimensional
(2D) metal-organic frameworks (MOFs) stand out as a particularly appealing option. Their unique
properties, including a large active specific surface area, distinctive pore structure, ample metal
active sites, ultra-thin thickness, superior ion transport efficiency, fast electron transfer rate, and the
ability to control the morphological synthesis, endow these frameworks with exceptional versatility
and promising potential for electrocatalytic applications. In this review, we delineate the structural
features and advantages of 2D MOFs and their derivatives. We proceed to summarize the latest
advancements in the synthesis and utilization of these materials for electrocatalytic hydrogen evo-
lution reactions (HER) and oxygen evolution reactions (OER). Finally, we scrutinize the potential
and challenges inherent to 2D MOFs and their derivatives in practical applications, underscoring the
imperative for continued research in this captivating field of electrocatalysis.

Keywords: two-dimensional; metal-organic frameworks; derivative; water splitting

check for
updates

Citation: Shen, L.; Qian, Y.; Lyu, Z.;

Kim, D-H; Kang, DJ. 1. Introduction

Two-Dimensional Metal-Organic The exacerbating issue of global pollution, coupled with the compelling necessity for
Frameworks and Their Derivative an energy paradigm shift, has amplified the demand for renewable energy to decrease
Electrocatalysts for Water Splitting. our dependence on fossil fuels. Among various alternatives, hydrogen energy [1-3] has
Appl. Sci. 2023,13,9343. https:// been lauded as a potential panacea due to its superior energy density and eco-friendly
doi.org/10.3390/app13169343 nature. Electrocatalytic water splitting [4-6], which yields hydrogen from renewable energy

sources like wind and sunlight, is an area of intense scientific investigation [7-11]. This
process engages two fundamental reactions: hydrogen evolution reactions (HERs) [12-14]
and oxygen evolution reactions (OERs) [15-17].

Despite the efficacy of these reactions, their inherent kinetics [18,19] are relatively
slow, necessitating catalysts to expedite the processes. Researchers have been meticu-
lously exploring various high-performance catalysts to surmount this obstacle [20-26].

State-of-the-art catalysts such as Pt [27,28] stand out due to their commendable electrical
conductivity, high electrocatalytic activity, and near-zero Gibbs free energy, signifying
spontaneous reaction. However, the prohibitively high cost and relative scarcity of these
noble metals impede their broad-scale application in water electrolysis. Consequently, there
This article is an open access article 15 an urgent need to develop highly efficient, non-noble metal electrocatalysts [29-31] that
distributed under the terms and  Can simultaneously offer high activity and durable longevity for sustained electrocataly-
conditions of the Creative Commons  SiS. Achieving this aim could herald a new era of large-scale hydrogen production from
Attribution (CC BY) license (https:// ~ renewable sources, catalyzing the transition towards a more sustainable energy ecosystem.
creativecommons.org/licenses /by / Introduced in the last two decades, metal-organic frameworks (MOFs) are coordi-
40/). nation polymers with intricate three-dimensional (3D) pore structures [32-36]. They are

Academic Editor: Francis Verpoort

Received: 1 July 2023
Revised: 10 August 2023
Accepted: 15 August 2023
Published: 17 August 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.

Appl. Sci. 2023, 13, 9343. https:/ /doi.org/10.3390/app13169343 https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app13169343
https://doi.org/10.3390/app13169343
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-4738-1598
https://orcid.org/0000-0002-2753-0955
https://doi.org/10.3390/app13169343
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13169343?type=check_update&version=2

Appl. Sci. 2023,13, 9343

2 of 27

typically composed of metal ions acting as binding nodes and organic ligands serving as
linkers, which collectively form a crystalline, porous network. MOFs exhibit a suite of
advantageous properties, including a large specific surface area, low density, high porosity,
topological diversity, tunable pore size, regular pore channels, and tailorable functional-
ity [37,38]. Owing to their superior structural controllability and expansive surface area,
MOFs are capable of effectively immobilizing enzymes. The tunable pore size and sur-
face properties offered by these frameworks facilitate high efficiency and selectivity in
bioseparation and purification processes. Their stable structure, high efficiency in carrier
separation and transfer, along with abundant light absorption and catalytic sites render
MOFs exceptional photocatalysts. Furthermore, the extensive specific surface area of MOF
materials and the interaction between metal ions, ligands, and gases make them particularly
suitable for gas adsorption. The versatile MOFs have shown immense potential across a
range of applications, including capacitive energy storage [39-41], chemical sensing [42—44],
biomedicine [45-47], gas separation [48-50], and storage [51-53]. Yet, the presence of metal
nodes enveloped by organic ligands in MOFs often results in poor electrical conductiv-
ity, low metal utilization, and hindered ion diffusivity. These drawbacks have fueled
research into augmenting the catalytic properties of MOFs and MOF composites through
modification of their size, morphology, and composition.

In the wake of the Geim group’s groundbreaking isolation of graphene, a single
atomic layer of graphite, in 2004, two-dimensional (2D) materials [54-59] have become
a focal point of scientific attention. These materials boast extraordinary charge-carrier
mobility, efficient thermal diffusion, and unique structural and electronic properties. In
contrast to their one-dimensional or 3D counterparts, 2D nanomaterials [60-65] offer ex-
panded specific surface areas and increased exposed interfaces. Furthermore, 2D materials
demonstrate superior structural stability compared to zero-dimensional materials, afford-
ing them substantial advantages and broad applications in electrocatalysis [66-70]. An
emergent subclass of 2D materials, 2D MOFs with a sheet-like morphology [71-76] have
displayed enormous potential in the realm of electrocatalysis [77-81]. 2D MOFs incorporate
the benefits of 2D materials and MOFs, including larger specific surface areas facilitat-
ing more active site exposure, adjustable surface structures via ligand modification, and
nanoscale thickness that promotes electron and mass transfer rates. Additionally, 2D
MOF derivatives [82-87], which can be transformed into metal/carbon materials through
high-temperature carbonization [88] (typically between 700 and 1000 °C), possess excellent
electrocatalytic properties owing to their enhanced porosity, optimal exposure of metal
sites, and heteroatom doping.

This review aims to provide insight into the recent advancements of 2D MOFs and
their derivatives within the realm of electrocatalysis. Initially, we present a comprehensive
summary of the preparation strategies adopted for 2D MOFs and their derivatives. Fol-
lowing this, we delve into the detailed exploration of their applications in the sphere of
electrocatalytic water splitting. Finally, we discuss the future development prospects of
these promising materials in the field of electrocatalysis.

2. Fabrication Strategy of 2D MOF and Their Derivatives
2.1. Fabrication Strategy of 2D MOF

The burgeoning demand for 2D MOFs with diverse properties has stimulated con-
siderable advancements in their fabrication methods over the past years. Typically, the
strategies for synthesizing 2D MOF nanosheets can be primarily bifurcated into two distinct
paradigms: the top-down and bottom-up approaches (refer to Scheme 1). Top-down fabri-
cation is achieved via the conversion of layered MOFs into nanosheets through chemical or
mechanical exfoliation of corresponding bulk materials [89-92]. In contrast, the bottom-up
approach entails the direct formation of 2D MOF nanosheets through the strategic assembly
of organic linkers and metal ions via ligand interactions [93-97]. This section aims to
present an overview of these diverse fabrication methods, underlining their merits and
inherent limitations.
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Scheme 1. A conceptual representation of the synthesis strategies employed for fabricating 2D
MOF materials.

2.1.1. Top-Down Synthesis
Mechanical Exfoliation

The constituent planes of numerous MOF crystals [98,99] are interconnected through
weak mutual interactions manifested as hydrogen bonds or van der Waals (vdW) forces.
These weak interactions can generally be disrupted by external physical forces [91,92,100-102],
thus separating the layers from one another.

In a seminal study conducted by Zamora and team in 2010 [103], a 2D hybrid valence
copper ligand polymer [Cu;Br(IN);]n (IN = isonicotinato) was subjected to ultrasonic
treatment, leading to the generation of 2D MOF nanosheets. The underlying geometric
configuration of this compound constitutes a four-ligand unit, in which the ligands along
the bc plane direction bridge the [CuyBr(IN)]4 units into a 2D wavy structure. The bromine
ligands reside on both sides of this plane, resembling the structure of the iodine complex.
Given the structural similarities of [CuyBr(IN);]n with graphite, the team employed ultra-
sound as a physical means to attenuate the interlayer forces in the coordination polymer,
analogous to the method used to extract graphene from graphite. As a result, the 2D
nanosheets, exhibiting a uniform height of 5 4 0.15 A, were successfully distributed in
layered formation on substrates of highly oriented pyrolytic graphite, as revealed by atomic
force microscopy (AFM).

Apart from the ultrasonic exfoliation technique, micromechanical exfoliation methods
also exist. These methods generally utilize physical forces applied by grinding [104] or
sphere milling [105] to disrupt the interlayer forces in the bulk material, subsequently
separating the layers to yield nanosheets. In one instance, Ma et al. [106] employed a com-
bination of wet sphere milling and ultrasonication to exfoliate ZSB-1 (Zny(SBA),(BPTP),
SBA = 4,4-sulfonylbibenzoic acid, BPTP = 3,5-bis(5-(pyridin-4-yl) thiophen-2-yl)pyridine)
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Zn2(COO0O)4

into ultra-thin, rectangular nanosheets. Figure 1a illustrates the process of synthesizing 2D
ZSB-1 nanosheets. The thickness distribution of the 2D sheet was assessed using AFM im-
ages, with a flat, smooth platform of 11.8 £ 2.3 nm observed for the ZSB-1 nanosheet in the
height profile (Figure 1b). Transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) images (Figure 1c,d) indicated that the structural integrity of the ZSB-1
nanosheets was maintained following wet ball milling and ultrasonic treatment. These
images clearly depicted the undamaged rectangular structure of the ZSB-1 nanosheets,
confirming the successful preservation of their morphology. Importantly, the crystalline
structure of the nanosheets remained intact after treatment, underlining the high stability
of the material.

Exfoliation

2 Solvothermal
,g’ Synthesis

ZSB-1 nanosheet

—Profile 1

12.8

6.3 6 8 10

Exfoliated
vdW MOF-2

Figure 1. (a) The fabrication process of ZSB-1 nanosheets. (b) AFM analysis of exfoliated ZSB-1
nanosheet and corresponding height contours. (¢) SEM image of an exfoliated ZSB-1 nanosheet.
(d) TEM image of an exfoliated ZSB-1 nanosheet. Reproduced with permission [106]. Copyright
2018, Wiley-VCH. (e) SEM image of vdW MOF-2 sheets exhibiting a thickness of 10 nm and lower.
(f) SEM image of large lateral single-crystal sizes. (g) Tape exfoliation process. (h) Exfoliated flakes
on Si/SiO;. Reproduced with permission [107]. Copyright 2018, Wiley-VCH.

In another example, Tongay et al. [107] employed transparent adhesive strips to
mechanically peel-off vdW MOE-2, a method known as micro-mechanical exfoliation.
Figure le shows the characteristic lamellar architecture of the deposited MOF-2 crystals,
with SEM images illustrating the sheet-like slices (=10 nm) of vdW crystals (Figure le,f).
The monolayers in these crystals were separated using transparent tape and subsequently
deposited on a substrate (Figure 1g,h). Sphere milling serves as another viable approach to
induce physical forces, demonstrated by the suspension of Zn;(bim)z (bim = benzimidazole)
nano-flakes via sphere milling. Despite the relative simplicity of mechanical exfoliation,
it suffers from certain limitations, such as issues with reproducibility and challenges
in obtaining uniform nanosheets. For instance, Yang et al. [108] combined wet sphere
milling with ultrasonic treatment to exfoliate 2D Zny(bim); MOFs, resulting in Zny(bim)s
nanosheets with a thickness of 1.6 nm. Despite this success, the physical synthesis method
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has notable drawbacks, such as low yield and unstable storage. Therefore, the development
of more efficient methods to overcome these challenges is a significant area of interest.

Chemical Exfoliation

To circumvent the challenges posed by mechanical or solvent-mediated exfoliation
processes, controlled chemical reactions can effectively manipulate interactions between
layers to generate synthetic ultrathin 2D nanosheets [89,90]. In a pioneering study con-
ducted by Zhou et al. [109], the researchers achieved chemical exfoliation of intercalated
MOF crystals to produce high-yield 2D MOF nanosheets. This was performed by incorpo-
rating the chemically unstable 4,4'-dipyridyl disulfide (DPDS) ligand into the layered MOF
crystal to create a novel inserted MOF, followed by the reduction of disulfide bonds with
trimethylphosphine (TMP) (Figure 2a). By weakening the interactions between the DPDS-
swollen 2D layers, the researchers were able to easily exfoliate the MOF into ultra-thin
(~1 nm) nanosheets with an impressive product yield (~57%).

Zheng et al. [110] demonstrated an alternative approach by altering the pH and chem-
ically exfoliating the MOF into negatively charged nanosheets. This was achieved by
introducing protonated phosphonate groups into the layers of [Co(Ni-H;TPPP);]-8H,0O
(TPPP = 5,10,15,20-tetrakis[p-phenylphosphonic acid]porphyrin). In a quest for a more ef-
fective way to break the coordination bonds between MOF crystal planes, Zhang et al. [111]
utilized chemical oxidation in an electrochemical exfoliation method. In this method,
catechol-functionalized pillars were oxidized and removed during the electrochemical
process, resulting in ultra-thin nanosheets (2 nm) (Figure 2b). Despite being cost-effective
and easy to handle, top-down synthesis of 2D MOF nanosheets has limitations such as
precursor requirements, low yield, and challenges with stacking synthesized products,
which restricts its applicability on a large scale.
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Figure 2. (a) Depiction of the intercalation and chemical exfoliation method for the synthesis of
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o

2D MOF nanosheets. Reproduced with permission [109]. Copyright 2017, American Chemical
Society. (b) Process of interlayer pillar removal for the synthesis of 2D MOF. Reproduced with
permission [111]. Copyright 2018, Wiley-VCH.
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2.1.2. Bottom-Up Fabrication
Formwork-Assisted Methods

Formwork-assisted methods encompass hard formwork and sacrificial formwork
strategies. The hard formwork technique facilitates the controlled deposition of a desired
substance onto a substrate, thereby dictating the growth pattern of the 2D MOFs based on
the substrate type. Li et al. [112] exemplify this approach by coating a polyacrylonitrile
(PAN) substrate with poly(sodium-p-styrenesulfonate)-modified (PSS) halloysite nanotubes
(HNTs), followed by the deposition of zeolitic imidazolate framework-L (ZIF-L) onto the
support surface (Figure 3a). The consistent arrangement of HNTs crucially impacts the
growth direction of ZIF-L, especially for substrates with uniform PSS-functionalized HNT
loading, where the initial ZIF-L crystallization tends to occur horizontally on the surface
(Figure 3b,c).
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Figure 3. (a) Schematic representation of the PAN-HNTs-ZIF-L film preparation process. (b) SEM
image showcasing the top-surface morphology of the PAN-HNTs-ZIF-L film. (c) SEM image com-
plemented by Energy Dispersive Spectrometry mapping, providing elemental analysis of the cross-
sectional region of the PAN-HNTs-ZIF-L film. Adapted with permission from [112]. Copyright
2019, Royal Society of Chemistry. (d) A step-by-step diagram of the synthesis procedures resulting in
meso-CuBDC nanosheets. (e,f) Detailed SEM and AFM images revealing the structural properties of
meso-CuBDC nanosheets. (g) Histogram illustrating the thickness distribution of the meso-CuBDC
nanosheets. Adapted with permission from [113]. Copyright 2020, Elsevier.

On the other hand, Wei et al. [113] utilized the surfactant cetrimonium bromide
(CTAB) as a sacrificial template to synthesize mesoporous MOF nanosheets. Upon adding a
Cu(CH3COO); solution to a mixed solution of CTAB and 1,4-dicarboxybenzene (H,BDC) at
room temperature, and subsequent removal of CTAB with hot ethanol, meso-CuBDC MOF
nanosheets were obtained (Figure 3d). The SEM image (Figure 3e) displays the nanosheet
morphology of the CuBDC, with its mesoscopic structure displaying uniform dispersion
within 200~300 nm and a small square shape. The mesoscopic CuBDC nanosheets were
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meticulously characterized using AFM. These nanosheets are approximately 200 nm in
size, possess a square shape (as depicted in Figure 3f), and maintain a thickness of less than
8 nm (refer to Figure 3g), thus underscoring the precision in our preparation method.

In parallel, Han et al. [114] achieved the synthesis of ultrathin NiCo-layered dou-
ble hydroxide@MOFs nanosheets (NiCo-LDH@MOFs) utilizing an in situ semi-sacrificial
formwork-assisted approach. This procedure initiated the synthesis of NiCo-LDH nanosheets
as precursors through a hydrothermal method. These nanosheets were subsequently de-
protonated with H,BDC, allowing the metal within the NiCo-LDH to coordinate and form
bimetal MOFs (BMOFs) nanocrystals in situ. The nanocrystals thus formed on the LDHs’
surface and then served as secondary growth nucleation sites for BMOFs. Ultimately, the
ultra-thin BMOF nanosheets were obtained through secondary growth on the NiCo-LDHs
surface.

While the formwork-assisted synthesis method can engineer 2D MOFs with controlled
morphology, it presents some drawbacks. Firstly, the synthesis procedure is rather intricate,
which can limit its broader application. Additionally, the method yields a modest quantity
of product. Thus, it is paramount for researchers to refine the synthesis method and route
to augment the yield at each step of the formwork-assisted synthesis, thereby improving
overall efficiency and scalability.

Interface or Interlayer Growth Method

Two-phase interface synthesis processes generally encompass methods involving
liquid-gas, liquid-liquid, solid-liquid, and solid—gas interfaces. In these, organic linkers
and metal ions are initially distributed in two phases, then diffused to the two-phase
interface, and finally reacted at the interface to yield 2D MOF nanosheets. Solid-gas
interface synthesis encounters limitations due to challenging synthesis conditions and
methods. However, the liquid—gas, solid-liquid, and liquid-liquid interface methods have
gained significant attention due to their milder synthesis conditions.

Chen et al. [115] demonstrated the synthesis of highly conductive 2D MOF films
through a liquid-liquid interface reaction, combining the organic ligand benzhexanethiol
(BHT) with Au or Ag ions (Figure 4a). The AgzBHT, MOF film produced showed excel-
lent conductivity of up to 363 S cm~!. X-ray diffraction analysis revealed a hexagonal
lattice structure in Ag3BHT,, which enables planar conjugation and -7t superposition,
contributing to its high conductivity. In contrast, AuzBHT>, with its disordered structure,
exhibited nearly insulating properties (Figure 4b,c). The AgsBHT, 2D MOF thin film offers
promising applications in electronic devices and sensors due to its excellent conductivity
and straightforward synthesis method.

In 2021, Wang et al. [116] reported the synthesis of 2D Ni-MOF nanosheets through
a liquid-liquid interface reaction. By controlling the molar ratio of organic linkers and
metal ions in different solvents, they precisely controlled the coordination mode of Ni-MOF
nanosheets. This led to highly efficient 2D MOF nanosheets with near-zero overpotential
and approximately 98% selectivity for H,O, when the metal ion/organic ligand concen-
tration was 6. The average thickness of Ni-MOF nanosheets was approximately 5 nm
(Figure 4d). Although the liquid-liquid interface synthesis presents an advantage of simple
synthesis and controllable product components or morphology, the limited contact interface
area between the two-phase solutions restricts its synthesis efficiency.
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Figure 4. (a) AgzBHT), thin slice formed via liquid-liquid interfacial approach. (b) Thin slice AgzsBHT,
SEM image. (c) Thin slice Au3BHT, SEM image. Reproduced with permission [115] Copyright 2018,
American Chemical Society. (d) Ni-MOF nanosheets-6 AFM image and the corresponding height
profiles. Reproduced with permission [116]. Copyright 2021, Wiley-VCH.

Tania Rodenas et al. [117] proposed an interfacial synthesis method involving three
solvent layers and two pure solvents:—acetonitrile and dimethylformamide (DMF), which
are miscible—and a mixed layer of DMF and acetonitrile. BDC ligands in the bottom layer
and copper ions in the top layer gradually diffuse into the middle DMF and acetonitrile
mixed layer, forming 2D nanosheets with a thickness of approximately 5-25 nm and lateral
dimensions of 0.5-4 um. This method mitigates the limited interfacial contact area issue of
liquid-liquid interfacial synthesis, but the limited space still presents a constraint, making
it less favorable for large-scale applications.

Surface-Active Agent-Assisted Methods

Surface-active agent-assisted synthesis methods have proven effective in directing the
growth of MOF crystals. In this method, surfactants bind to the surface of MOF crystals,
inhibiting their vertical growth and enhancing growth in the 2D direction.

For instance, Zhang et al. [118] successfully prepared ultra-thin 2D Zn-TCPP (TCPP
= tetrakis(4-carboxyphenyl)porphyrin) nanosheets with a thickness of less than 10 nm
using a surface-active agent-assisted method. They used polyvinylpyrrolidone (PVP) as a
surfactant to limit the expansion of MOF crystals in-plane by adhering to the MOF surface
during the synthesis of Zn-TCPP. This resulted in different growth rates of the MOF in
different directions. The C=O group in the PVP surfactant strongly interacts with the
metal ions in MOF, facilitating PVP’s attachment to the MOF’s outer layer post-nucleation
and restraining its expansion. The scanning transmission electron microscopy (STEM)
images show Zn-TCPP nanosheets with an area of approximately 1.2 &+ 0.4 um, while
the high-resolution TEM (HRTEM) image reveals an interplanar distance of 1.64 nm for
Zn-TCPP nanosheets.
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Zheng et al. [119] fabricated bimetallic 2D Co/Zn-porphyrin MOF nanomaterials
using a surfactant-assisted method (Figure 5a). SEM and TEM images (Figure 5b,c) depict
that Co/Zn-porphyrin displayed wrinkled nanofilm structures. Introducing PVP to Co/Zn
with different molar ratios limited the vertical expansion of MOFs and promoted the 2D
growth of MOFs, resulting in bimetallic 2D MOF nanomaterials with thicknesses of 4-5 nm
(Figure 5d).

TCPP

*

Figure 5. (a) Synthetic process of 2D Co/Zn-porphyrin MOF nanosheets. (b) Co/Zn-porphyrin

200 nm

SEM image. (c) Co/Zn-porphyrin TEM image. (d) Co/Zn-porphyrin AFM image. Reproduced with
permission [119]. Copyright 2021, Springer Nature.

With the exception of PVP, other surface-active agents, such as CTAB [120], sodium
dodecyl sulfate [121], and sorbitol-alkylamine [122], were also used to synthesize 2D MOF
nanomaterials. Surfactant-assisted methods have both benefits and drawbacks for 2D
MOF nanomaterials. However, surfactant-assisted methods have the advantages of higher
yields and producing ultrathin 2D MOF nanosheets compared to template-assisted and
interfacial synthesis methods. Although surfactant-assisted methods yield higher quantities
of ultrathin 2D MOF nanosheets compared to template-assisted and interfacial synthesis
methods, they also confine the metal on the 2D MOF surface with the surfactant. This
restricts the surface metal’s activity and limits its utility in catalysis. Therefore, researching
ways to automatically deactivate and shed the surfactant post-synthesis in the surfactant-
assisted synthesis process could be a productive direction.

Molecular Modulation-Assisted Synthesis

The molecular modulation-assisted method refers to the addition of small molecules
that are not ligands and can be coordinated with metal centers to regulate the growth
of MOFs. Ma et al. [123] synthesized hexagonal nanoplates (HXPs) by coordinating Ni
ions with BDC anions and DABCO (DABCO = 1,4-diazabicyclo[2.2.2]octane), where Ni
cations and BDC anions coordinated in-plane to build a 2D architecture, and Ni ions and
DABCO molecules formed out-of-plane coordination. The added small pyridine molecule
replaced part of the DABCO on the crystal surface (Figure 6a). The pyridine, which has
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only one N to coordinate with the Ni ions, inhibited the vertical expansion of the MOF
crystals and promoted the formation of a 2D structure with a lateral dimension of 600 to
800 nm (Figure 6b,c) and a thickness of 20 nm (Figure 6d). In addition to pyridine, [124]
lauric acid [125] and formic acid [126] can also be employed as molecular regulators to
modulate the preparation of MOF nanosheets. For example, lauric acid can modulate the
synthesis of MOF crystals by controlling the dispersal rate of organic ligands and metal
ions. While molecular modulation-assisted synthesis provides precision in controlling
synthetic morphology, it shares a drawback with surfactant-assisted methods—the small
molecules that attach to the MOF surface invariably interfere with the activity of the metal.
Therefore, optimizing the molecular modulation-assisted synthesis process to allow for the
detachment of these molecules during synthesis could present a promising solution.
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Figure 6. (a) The preparation of HXP. (b) SEM image of HXP. (c¢) TEM image of HXP. (d) AFM image
of HXP. Reproduced with permission [123]. Copyright 2020, American Chemical Society.

Numerous scientists have, so far, unraveled various synthetic strategies for 2D MOFs,
primarily falling into two categories: top-down and bottom-up methods. The top-down
exfoliation approach is generally straightforward to implement, but it typically yields
low output, and the exertion of irregular forces can result in 2D MOFs with uneven
morphologies and uncontrollable thickness.

On the other hand, the bottom-up synthesis method allows for control over the
morphology and thickness of the synthesized 2D MOFs through the manipulation of
growth conditions and reaction environments, thereby improving yield. However, the
presence of impurities, such as additives in the reaction, can encapsulate the catalyst surface
post-reaction, influencing its performance. Certain restrictive conditions can also impact its
applicability, like the limited synthesis space in interfacial synthesis.

Nonetheless, among the various synthesis methods, the bottom-up approach has been
gaining increasing interest owing to its ability to control the morphology and thickness and
its higher yield efficiency.

2.2. Fabrication Strategy of 2D MOF Derivative

Generally, 2D MOF derivatives can be obtained by simple heating of 2D MOF pre-
cursors. The organic ligands of 2D MOFs decompose at appropriate temperatures under
different gaseous atmospheres (N, Ar, and Air) to give the corresponding carbonized or
oxidized 2D MOF derivatives [127-130]. The generated MOF derivatives generally have ad-
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vantages such as high porosity, high specific surface area, high stability, and good electrical
conductivity. Additionally, 2D MOFs can be sulfated and phosphorylated to obtain deriva-
tives with high electrocatalytic activity and stability, as shown by Dou et al. [131], who
obtained Ni-BDC@NiS derivatives with high OER activity by sulfidation of 2D Ni-BDC.

Although 2D MOF derivatives have many advantages, their preparation has many
problems. With the decomposition of organic ligands, the structures of 2D MOFs tend
to collapse, leading to the destruction of the original MOF structure. The metal ions
in 2D MOFs tend to aggregate, which reduces their activity. Therefore, preparing 2D
MOFEF-derived materials still requires considerable effort from researchers.

Table 1 provides a summary of the prevalent synthetic strategies and methods for
creating 2D MOFs and their derivatives. Despite a range of electrocatalysts having been
synthesized from these 2D MOFs and their derivatives, the process is not without its flaws.
Hence, there is a pressing need for the development of ultra-thin 2D MOFs that feature
controllable shape and size coupled with high yield.

Table 1. Synthesis Methods for MOFs and their Composite-Based Electrocatalysts.

2D MOF Synthesis Method Synthesis Strategy Topography Thickness Ref.
[CuyBr(IN), In Top-down Synthesis Ultrasonic exfoliation uniform 0.5 £ 0.015 nm [103]
ZSB-1 Top-down Synthesis Wet sphere milling / ultrasonic uniform 11.8 £2.3 nm [104]

vdW MOE-2 Top-down Synthesis Micro-mechanical peel-off uneven 10.0 nm [107]
Zny(bim)s Top-down Synthesis Wet sphere milling / ultrasonic uneven 1.6 nm [108]
Zny(PATCPP) Top-down Synthesis  Intercalation and chemical exfoliation uneven 1.0 nm [109]
[Co(Ni-H7TPPP),]-8H,O Top-down Synthesis Chemical exfoliation uneven 3.9 £02nm [110]
CogO(dhbdc), Top-down Synthesis Electrochemical /chemical exfoliation wrinkled 2 nm [111]
ZIF-L Bottom-up Synthesis Template assisted uneven 5.5 um [112]
Meso-CuBDC Bottom-up Synthesis Sacrificial templates small square shape 8.0 nm [113]
AgzBHT, Bottom-up Synthesis liquid-liquid interfacial growth disordered 200 nm [115]
Ni-MOF Bottom-up Synthesis liquid-liquid interfacial growth uniform 5nm [116]

CuBDC Bottom-up Synthesis Interfacial synthesis uniform 5-25nm [117]
Zn-TCPP Bottom-up Synthesis Surface-active agent-assisted uniform 7.6 2.6 nm [118]
Co/Zn-porphyrin Bottom-up Synthesis Surfactant-assisted wrinkled 4-5nm [119]
HXP Bottom-up Synthesis Molecular modulation assisted uniform 20 nm [123]
[Cu(2,5-pydc)(H20)]n-2H,0O  Bottom-up Synthesis Ultrasonic exfoliation uniform 126 nm [132]
Ni3S,@2D Co-MOF Bottom-up Synthesis Self-sacrificial template rough 60 nm [133]
NiCoSe Bottom-up Synthesis ion-exchange uniform 230 nm [134]

3. Application of 2D MOFs and Their Derivatives for Water Splitting

Due to their tunable structure, rich porosity, and high specific surface area, 2D MOFs
and their derivatives have significant promising potential in many areas. Especially in elec-
trocatalysis, their rich porosity facilitates electron transport, and their tunable morphology
through metals and ligands makes them effective in water splitting. In particular, 2D MOF
derivatives, with their higher conductivity, have excellent performance in electrocatalysis.
In the following section, we mainly introduce the application of 2D MOFs and derivatives
in water splitting, including HER and OER.

3.1. Hydrogen Evolution Reaction

Hydrogen energy [2,3,135,136] is known to have the highest weight-energy density
among all the chemical fuels, and among all the methods to produce hydrogen energy, the
electrolysis of water for hydrogen production [8,10,11,137-139] is the most promising in
green chemistry because it is an environmentally clean process.

In an acidic solution

Volmer: H* +* + e~ — H* 1)

Heyrovsky: H* + H" + e~ — Hy +* ()

Tafel: H* + H* — Hj, + 2* 3)
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In an alkaline or neutral medium

Volmer: H;O +*+e~ — H*+ OH™ (4)
Heyrovsky: H* + HO +e” — *+ OH™ + H, ®)
Tafel: H* + H* — Hj +2* (6)

Here, H* represents the hydrogen atom adsorbed on the catalyst surface, and * repre-
sents the active site of the catalyst.

Under acidic conditions, hydrogen ions undergo reduction to form hydrogen, with
the equilibrium half-cell potential being 0 V. Meanwhile, under alkaline conditions, water
molecules are reduced to produce hydrogen and hydroxyl groups, resulting in an equilib-
rium half-cell potential of 0.83 V. The HER is a cathodic process involving a two-electron
transfer. It has been observed that HER primarily follows either the Volmer-Tafel path or
the Volmer—Heyrovsky path, as shown in Equations (1)-(6) [140-145]. HER tends to occur
via the Volmer-Tafel path or the Volmer-Heyrovsky path, given in Equations (1)—(6). Note
that the only difference between the reaction mechanisms in acidic and basic solutions is
the source of protons. The reaction kinetics [146] of HER is related to the experimental Tafel
slope [147], where a small Tafel slope indicates that the current density of the hydrogen
precipitation reaction increases rapidly as the overpotential increases. The electrochemical
HER kinetics are also related to the H,q (surface-bonded H atoms) formed on the electrode
surface. If the bonding force between H,q and the electrode is too strong, it will inhibit
the Volmer reaction, and if it is too weak, it will inhibit the Heyrovsky reaction or the
Tafel reaction. The adsorption Gibbs free energy [148] is usually used to represent the
HER performance of the catalyst. As shown in Figure 7, the volcano plot of the HER
reaction illustrates the correlation between the free energy of hydrogen binding and the
corresponding HER activity of the catalyst. The platinum group metals (Pd [149], Pt [150],
Rh [151], and Ir [152]) are positioned near the roof of the volcano and represent the inor-
ganic materials with the best HER properties. The transition metals are positioned to the
right of the platinum family metals (such as Ag and Au), which are weakly bonded to
hydrogen and difficult to initiate the reaction; the metals located to the left (such as Ni and
Co) are more strongly bonded to hydrogen and difficult to release products rapidly.

-1

24

Aue c’Au

Log( jo/(A cm?))

gAu(111)

A
-8 —tr 1t -t Tt 1 % L
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AG,./ (eV)

Figure 7. HER Reaction Volcano Diagram [153]. Copyright 2018, Royal Society of Chemistry.
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To date, the most advanced HER catalysts are based on a costly precious metal such as
Pt [150,154,155] because it has good electrical conductivity, high electrocatalytic activity,
and its hydrogen adsorption Gibbs free energy (GH) is close to zero. However, the high
cost and severe scarcity greatly impeded the large-scale employment of water electrolysis.
In contrast, 2D MOF nanosheets [72,73,75] and their derivatives [82,83,86,87] are novel
catalytic materials for HER due to their particular physicochemical properties.

2D MOFs possess highly desirable pore structures with large specific surface areas
and controllable morphologies. For example, Daniel Ruiz-Molina et al. [132] successfully
prepared thin nanosheets of [Cu(2,5-pydc)(H20)]n-2H,O (pydc = 2,5-pyridinedicarboxylic
acid) using ultrasonic exfoliation (Figure 8a), resulting in highly uniform nanosheets with a
thickness of approximately 126 nm (Figure 8b,c). Remarkably, the electrocatalytic perfor-
mance of these nanosheets was significantly enhanced compared to that of the bulk sample,
with an overpotential reduced from 530 mV to 340 mV. The improved performance of 2D
MOF nanosheets can be attributed to their enhanced electron transfer between the current
collector and catalytic sites, which is facilitated by the large surface area and efficient
transport pathways in these materials. Using multiple metals in MOF preparation not only
optimizes the electronic structure and increases the electrical conductivity but also improves
electron transfer and electrocatalytic activity. Cui et al. [156] employed a one-step solvother-
mal method to prepare NiFe-MOF-74, which exhibited excellent electrocatalytic activity for
OER. The hybridized NiFe-MOF-74 showed a network of interconnected honeycomb-like
sheets, in contrast to the flower morphology of monometallic Fe-MOF-74 and the spherical
shape of Ni-MOF-74 with a diameter of 3-5 um. This structure provided a large specific sur-
face area, exposure of more metal sites, and facilitated mass transport during the catalytic
reaction, driving a current density of —10 mA cm 2 requiring only 195 mV overpotential in
1.0 M alkaline solution. As demonstrated in Figure 8d,e, X-ray photoelectron spectroscopy
(XPS) images revealed a slightly negative shift of 0.2 eV in the binding energy of Ni 2p
3/2 in NiFe-MOF-74 and a positive shift of 0.8 eV in the binding energy of Fe 2p 3/2 in
NiFe-MOF-74, indicating that the transfer of electrons from Fe to Ni improved the catalytic
activity of the catalyst.

The synthesis of heterostructures in 2D MOF materials has emerged as an effective
strategy for enhancing electrocatalytic activity while preserving the previous structure and
morphology. For instance, Cheng et al. [133] successfully prepared Ni3S,@2D Co-MOF
nanosheets by introducing Ni3S; on the surface of Co-MOFs. The resulting NizS,@2D Co-
MOF/CP exhibited remarkable electrocatalytic performance, driving a current density of
—10 mA cm~2 with an overpotential of only 140 mV in a 1.0 M alkaline solution (Figure 8f).
Moreover, the Tafel slope of the material was found to be only 90.3 mV dec~! (Figure 8g),
indicating its high catalytic activity and fast electron transfer rate. As shown in Figure 8h,,
the combination of Co-MOFs and NisS; can prevent agglomeration on the surface of carbon
fibers, and the formation of a honeycomb-like porous structure allows the enhancement
of the number of active sites. The XPS pattern demonstrates that the charge transfer
from Co-MOF to nickel sulfide enriches its surface with electrons, which promotes Hy
production. Li et al. [157] recently reported that Co-MOF nanosheets were synthesized
by the hydrothermal process. Then, 2D CoP/Co-MOF heterostructure nanosheets were
prepared by low-temperature phosphorylation on a carbon paper substrate. The prepared
CoP/Co-MOF has a similar 2D nanosheet structure as the pristine Co-MOEF. The TEM and
SEM outcomes indicate that the 2D CoP/MOF heterostructure was fabricated successfully
by partly phosphorylation, which has a larger surface area and exposes more active sites.
The electrostatic interactions between the 2D CoP nanosheets and 2D Co-MOF nanosheets
play a crucial role in modulating the surface chemistry of the resulting electrocatalysts.
Specifically, the 2D CoP/Co-MOF nanosheet array exhibits exceptional electrocatalytic
performance, requiring only an overpotential of 52 mV to drive a current density of
—10 mA cm~2 in 0.5 M H,SOj. CoP/Co-MOF heterostructures can thoroughly combine
the superior electrical conductivity and porosity of Co-based nanoparticles and the original
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MOF’s advantage of dispersed active sites. In catalysts that form heterojunctions, the
activity of the catalyst is improved due to the modification of the electronic morphology.
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Figure 8. (a) Ultrasound-assisted exfoliation process of [Cu(2,5-pydc)(H,0)]n-2H,0. (b) SEM image
of the exfoliated nanosheets. (c) SEM image of nanosheets. (d) XPS spectra of Fe 2p. (e) XPS spectra of
Ni 2p. Reproduced with permission. [132,156] Copyright 2021, Elsevier. (f) Ni3S,@2D Co-MOF/CP
polarization curves. (g) Tafel plots of Ni3S,@2D Co-MOEF/CP. (h) SEM images of Ni3S, /CP. (i) SEM
images of Ni3S,@2D Co-MOF/CP. Reproduced with permission [133]. Copyright 2022, Elsevier.

In addition, Yang et al. [134] fabricated 2D MOF-derived multiporous NiCoSe nanosheet
arrays based on ZIF-67. NiCoSe nanosheet arrays drive a current density of —10 mA cm~2,
requiring only 170 mV low overpotential in alkaline solutions; the outstanding HER elec-
trocatalytic performance of NiCoSe was attributed to the porous structure, exposing more
active sites. Kim et al. [158] synthesized a novel mesoporous bimetallic sulfide combined
CoS; nanoarray mixture FeS;-MoS,@CoS,-MOF by designing and utilizing 2D MOF-
derived materials. This catalyst drove a current density of —10 mA cm~2 requiring only
92 mV overpotential in 1.0 M alkaline solution. By combining MoS, with FeS, sheets, addi-
tional active sites were generated, and conductivity was enhanced, resulting in improved
intrinsic performance for the HER. Table 2 summarizes the HER catalytic performance of
various 2D MOFs and their derivatives.

3.2. Oxygen Evolution Reaction

The water electrolysis reaction device mainly comprises two half-reactions, the an-
ode [16,17] OER, and the cathode HER. Compared with the HER, the OER involving
four-electron transfer has slow kinetics. The standard electrode potential of the OER on
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the anode is 1.23 V, and the standard electrode potential of the HER on the cathode is 0V,
so the minimum theoretical voltage required for the overall reaction of water electrolysis
is 1.23V [159-162]. Under acidic conditions, the oxidation of two water molecules yields
four hydrogen ions and one molecule of oxygen, with the equilibrium half-cell potential
established at 1.23V. Conversely, in alkaline conditions, the oxidation of four hydroxide
groups produces two water molecules and one molecule of oxygen, resulting in an equilib-
rium half-cell potential of 0.404V. The OER occurring at the anode is a four-electron transfer
reaction process, which is dynamically slow. Thus, the OER often requires overcoming
a larger energy obstacle to drive the reaction. Therefore, the key to reducing the cost of
hydrogen production and the power consumption for large-scale water splitting is to effec-
tively decrease the overpotential of the OER at the anode [163-168] to achieve high-current
hydrogen production at low pressure.
In an alkaline

OH™ +* - HO*+e™ 7
HO*+OH™ — O*+ H,O+e™ (8)
O* +O* — Oy +2* )
O*+OH  — HOO* + e~ (10)
HOO*+OH™ = *+H,O+e™ + 0Oy (11)
In an acidic solution
H,O+* -+ HO*+H" +e~ (12)
HO* - O*+H" +e” (13)
O* + O* — O, + 2* (14)
O* + H,O — HOO* + H* + e~ (15)
HOO* - *+H" +e” + Oy (16)

where * represents the active site of the catalyst.

OER is a crucial half-reaction that takes place at the anode during water splitting, and
its mechanism can vary depending on whether the reaction occurs in acidic or alkaline
conditions [16,169-172]. Currently, the precise mechanism of OER is not fully understood,
and researchers have proposed several potential mechanisms. Among them, the most
widely accepted view is that the intermediate M-OH or M-O is formed during OER. Subse-
quently, these intermediates can follow two routes: the vertical path (shown in Figure 9),
where the M-O intermediate directly combines to generate Oy, and the left semicircular
route (also depicted in Figure 9), where the M-O intermediate further transforms into the
M-OOH intermediate, which subsequently decomposes to release O,. These pathways are
illustrated by Equations (7)—(16).

Traditionally, catalysts based on noble metals such as IrOy exhibit higher activity
for oxygen production. However, due to their scarcity, high cost, and susceptibility to
deactivation, water electrolysis technologies employing precious metal catalysts are not
widely utilized. With the advancement of 2D MOF materials, an increasing number of
2D MOFs have shown promising activity in OER. The catalytic performance of 2D MOF
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materials in OER [173-176] has garnered significant attention, offering potential alternatives
to noble metal catalysts.

+H,0,

H*+e

M-OH

+0H-
+H,0,, — M-O

H +
H +
Figure 9. Mechanism of OER [177]. Copyright 2018, Springer Nature.

The 2D MOFs are layered materials composed of organic ligands and metal ions,
and the catalytic activity of bimetallic 2D MOFs can be enhanced due to the synergistic
interaction between the bimetallic atoms. Peng et al. [178] synthesized NiCo-MOF by
a one-step hydrothermal procedure. Figure 10a,b shows that introducing Ni into 2D
ZIF-67 not only reduces agglomeration but also promotes the formation of 2D lamellar
structures. As demonstrated in Figure 10c,d, XPS analysis revealed that the 5% NiCo-MOF
exhibited a higher Co 2p binding energy compared to the 2D ZIF-67, with peaks observed
at 796.7 and 781.2 eV, respectively. This indicates that the addition of Ni can modulate
the electronic arrangement of Co and change its chemical valence so that it can attract
electrons more efficiently, thus improving the catalytic performance and accelerating the
charge transfer. The electrocatalytic activity of the 5% NiCo-MOF can be optimized by
adjusting the molar ratio of Ni/Co. By doing so, the material was found to achieve an
impressive ;7 value, driving a current density of 10 mA cm 2 with an overpotential of only
310 mV. Zhu [179] added triethylamine to promote MOF nanosheet synthesis and prepared
2D MOF-Fe/Co by simple stirring at room temperature. The MOF-Fe/Co (1:2) exhibits
outstanding electrocatalytic performance, with a low overpotential of only 238 mV required
to achieve a current density of 10 mA cm ™~ in an alkaline solution. Additionally, it has a
low Cdl value of 66.9 mF cm?, indicating its high electrocatalytic activity and fast electron
transfer rate. Zhu [180] used bimetallic LDH nanomaterials as a sacrificial template to
prepare 2D NiFe MOFE, as shown in Figure 10e,f, and the width of the prepared NiFe MOF
was approximately 0.4-0.6 um in 2D planar nanosheets. The prepared MOFs possess the
activity sites for oxygen evolution, bimetallic components, and coordination environment
from LDHs. The carboxylated organic ligands can be used as intermediates to transfer
protons due to their ability to ionize hydrogen ions, which improves the proton transfer
efficiency and OH adsorption of 2D MOF nanosheets. The freestanding NiFe-2D MOF
nanosheets drive a current density of 10 mA cm 2, requiring only 260 mV overpotential
(Figure 10g). When nickel foam is used to fabricate LDH nanosheets, the overvoltage is
even as low as 221 mV.
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Figure 10. (a) SEM of 2D ZIF-67. (b) SEM of 5% NiCo-MOE. (c) XPS spectra of 5% NiCo-MOE. (d) XPS
spectra of Co 2p. Reproduced with permission. [178] Copyright 2021, Elsevier. (e) SEM image of
NiFe MOF nanosheets. (f) TEM image of NiFe MOF nanosheets. (g) LSV plots of NiFe MOF for OER.
Reproduced with permission. [180] Copyright 2022, Wiley-VCH. (h) Te,Cl-NiFe MOF polarization
curves. (i) Te,Cl-NiFe MOF electrochemical stability. Reproduced with permission [181] Copyright
2022, Elsevier.

The introduction of metalloids in MOFs regulates the electronic structure and increases
the electrical conductivity. The introduction of non-metallic elements in MOFs can create
atomic vacancies and defects and increase additional active sites in catalytic reactions.
Song [181] prepared Te,Cl-NiFe MOF by introducing Cl and Te elements into the NiFe
MOFEF, which exhibited uniform 2D nanosheets. The participation of Te elements in the
MOF facilitates the transport of electrons from Fe to Te and improves the kinetics of the
reaction. In contrast, the participation of halogenated elements promotes the oxidation
of Cl due to the larger electronegativity of Cl atoms, which can induce more active sites.
Thus, the Cl and Te co-doped NiFe MOFs grown on nickel foam demonstrated remarkable
OER performance, achieving a current density of 30 mA cm~2 with an overpotential of
only 224 mV (Figure 10h). Furthermore, these materials displayed exceptional long-term
stability, maintaining their activity for over 120 h (Figure 10i).

The 2D MOFs can be obtained as derivatives by appropriate treatment, and their mor-
phology can be kept the same as the previous. Yang et al. [182] designed and synthesized
FeNi3-Fe3O4 hierarchical nanoparticles homogeneously immobilized on carbon nanotubes
and MOF nanosheets (FeNi3-Fe3O4 NPs/MOF-CNT). Due to the 3D multiporous nanos-
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tructure of the MOF precursor and the modification of the electronic configuration of Ni by
Fe30y4, the FeNiz-Fe;04 NPs/MOEF-CNT drives a current density of 10 mA cm 2 requiring
only 234 mV overpotential, while the slope of Tafel is 37.0 mV dec™!.

Cao [183] used 2D Co-TCPP (Fe) MOF as a precursor to obtaining MOF-derived Fe-
CoP/C composite nanoplatelets by high-temperature carbonization and phosphorylation
of carbon cloth. This Fe-CoP/C composite drives a current density of 10 mA cm 2 requiring
290 mV overpotential in 1 M KOH. The added Fe can regulate the electronic structure of CoP
and the 2D morphology derived from MOF. The conductive network formed by the carbon
substrate can increase the electron transfer efficiency and optimize the sample performance.
Table 3 summarizes the OER catalytic properties of the 2D MOFs and their derivatives.

Table 2. 2D MOFs and their derivative electrocatalysts for HER (1: overpotential at 10 mA cm™~2, if
not specified).

Tafel Slope

Catalyst Name Type Electrolyte n [mV] [mV dec—1] Ref.
[Cu(2,5-pydc)(H20)],-2H,0 NSs 2D MOFs 1.0M KOH 340 70 [132]
NiFe-MOF-74 2D MOFs 1.0M KOH 195 136 [156]
Ni3S,@2D Co-MOF/CP 2D MOFs 1.0 M KOH 140 90.3 [133]

0.5 M H,SO, 52 49
2D CoP/Co-MOF 2D MOFs derivatives 1.0M KOH 26 53 [157]

1.0 M PBS 106 89
NiCoSe 2D MOFs derivatives 1.0M KOH 170 82.3 [134]
FeSy-MoS,@CoS,-MOF 2D MOFs derivatives 1.0M KOH 92 70.4 [158]
FeNiz—Fe;04 NPs/MOF-CNT 2D MOFs derivatives 1.0M KOH 108 96.7 [182]
CCS-NiFeP 2D MOFs derivatives 1.0M KOH 56 38 [184]
Ni/NizS,@CN 2D MOFs derivatives 0?5013[/[ I—II<2 234 }g; Z; [185]
Ce-MOF@Pt 2D MOFs 1.0M KOH 208 188.1 [186]

1.0 M KOH 33 34
Pt@CuFe-LDHm 2D MOFs derivatives 0.1 M KOH 47 50.2 [187]

1.0 M PBS 120 85.6

Fe-NiS/MoS, 2D MOFs derivatives 1.0M KOH 120 69 [188]
Ni@CoO@CoMOFC 2D MOFs derivatives 1.0M KOH 138 59 [189]
CoNiP/NF 2D MOFs derivatives 1.0M KOH 147 51 [190]
TS-Co304@VS,; 2D MOFs derivatives 0.5 M H,SOq4 175.2 57 [191]

Table 3. 2D MOFs and their derivative electrocatalysts for OER (n): overpotential at 10 mA cm 2, if
not specified).

Tafel Slope

Catalyst Name Type Electrolyte n [mV] [mV dec-1] Ref.
NiFe-MOF-74 2D MOFs 1.0m KOH 208 54 [156]
NiCoSe 2D MOFs derivatives 1.0M KOH 278 [20mA cm 2] 92 [134]
FeS,-MoS,@CoS,-MOF 2D MOFs derivatives 1.0M KOH 211 [20mA cm 2] 64.5 [158]
NiCo-MOF 2D MOFs 1.0M KOH 310 106.3 [178]

2D MOF-Fe/Co 2D MOFs 1.0M KOH 238 52 [179]
NiFe MOF/NF 2D MOFs 1.0M KOH 221 40 [180]
Te,Cl-NiFe MOF 2D MOFs derivatives 1.0M KOH 224 [30 mA cm 2] 37.6 [181]
FeNiz-Fe3;04 NPs/MOF-CNT 2D MOFs derivatives 1.0M KOH 234 37 [182]
Fe-CoP/C 2D MOFs derivatives 1.0M KOH 290 50 [183]
Ce-MOF@Pt 2D MOFs 1.0M KOH 340 479 [186]
Fe-NiS/MoS, 2D MOFs derivatives 1.0M KOH 297 54.7 [188]
NiFe-BTC/CCHH/NF 2D MOFs derivatives 1.0M KOH 270 [50 mA cm 2] / [192]
Ni@CoO@CoMOFC 2D MOFs derivatives 1.0M KOH 247 51 [189]
CoNiP/NF 2D MOFs derivatives 1.0M KOH 234 47 [190]
Ru-NiFeP /NF 2D MOFs derivatives 1.0M KOH 179 449 [193]




Appl. Sci. 2023,13, 9343

19 of 27

Water splitting encompasses both HER and OER. While most 2D MOF catalysts exhibit
excellent performance in OER, their performance in HER tends to be relatively subpar. This
underscores the need to develop bifunctional catalysts demonstrating high performance in
both HER and OER. A prime example of such a bifunctional catalyst is the NiFe-MOEF-74,
synthesized by Cui et al. [156] through a one-step hydrothermal method. This catalyst
requires only 1.58 V to generate 10 mA cm 2 of current. In a separate study, Kim et al. [158]
synthesized a unique hybrid catalyst, FeS,-MoS,@CoS,-MOF, that required only 1.58 V,
1.66 V, and 1.78 V to generate 10, 50, and 100 mA cm-2 of current, respectively. While some
bifunctional catalysts may not match the high performance of single-function catalysts, they
can substantially simplify the reaction apparatus in the context of electrocatalytic water
splitting. Given these benefits, it is evident that increased research focus on bifunctional
catalysts is warranted.

4. Summary and Outlook

In conclusion, this study provides a comprehensive review of various synthesis meth-
ods employed in the preparation of 2D MOFs and their derivatives, with a specific focus on
their applications in electrocatalytic hydrolysis. Despite significant advancements made in
recent years, 2D MOFs and their derivatives in electrocatalysis continue to be an intriguing
research area that is anticipated to attract increased attention. On the whole, 2D MOFs
and their derivatives are emerging as particularly promising electrocatalysts due to sev-
eral distinguishing properties. Primarily, the unique structure of 2D MOFs affords them
efficient ion transport and electron transfer capabilities. In addition, 2D MOFs possess a
vast active surface area and myriad active sites, facilitating the absorption of hydrogen
ions. Furthermore, the selectable nature of metal ions and ligands presents a plethora of
potential structural combinations, allowing for the design and synthesis of 2D MOFs with
controllable morphology. The introduction of varied functional groups via different ligands
can also enhance catalytic performance in diverse ways, thereby adding another layer of
versatility to these advanced materials. This review highlights several opportunities and
challenges associated with MOFs and their derivatives in electrocatalysis and provides
outlook and perspectives for future research:

(1) Both top-down and bottom-up synthesis methods come with their inherent draw-
backs. While the top-down approach offers simplicity, it is often marred by inconsistent
results and a low yield. Conversely, the bottom-up synthesis method may be influenced
by solvents and other added materials during the synthesis process. Identifying and over-
coming these limitations, as well as finding ways to mitigate adverse effects on 2D MOF
materials, will play a pivotal role in enhancing their performance.

(2) 2D MOFs, with their rich porosity, tunable structures, and high specific surface
areas, hold promise in enhancing catalytic performance. However, their low conductivity
and stability need to be addressed. Therefore, there is a need to develop more stable and
conductive 2D MOF materials. Exploring the change in electronic configuration between
the ligand and the central atom in 2D MOFs can provide insights for designing structures
with higher electron transfer rates and improved stability.

(3) The substantial cost of certain organic ligands used in the synthesis of 2D MOFs
presents a significant obstacle to their broad application. The development of cost-effective
ligands is of utmost importance for the design of efficient 2D MOF catalysts that are suitable
for practical usage.

(4) Despite the superior benefits that 2D MOF derivatives bring compared to 2D MOFs,
complications such as the collapse of porous structures and agglomeration of metal particles
during the carbonization process can notably compromise their performance. Therefore, a
heightened focus on the detailed changes that occur during the carbonization process and
the development of more efficient synthesis methods to maintain the desirable attributes is
imperative.

(5) Organic ligands encompass a wide variety of functional groups, each with different
electron-donating abilities and potential contributions to the catalytic performance and
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stability of 2D MOFs after coordination. Furthermore, some organic ligands featuring
specific functional groups have the capability to bind with hydrogen ions. This characteris-
tic facilitates their absorption of hydrogen ions from aqueous solutions, making it easier
for the ions to transfer to metal ions at active sites. This process inherently enhances the
performance of the catalysts. However, there is limited research in this area. Exploring 2D
MOFs and their composites with different functional groups holds considerable potential
for tailoring their properties and enhancing their catalytic performance and stability.

(6) While numerous 2D MOFs and their derivatives have been investigated in electro-
catalysis, there are still unresolved questions regarding the underlying catalytic mechanisms
in the electrocatalytic process. Further research is needed to gain a better understanding of
these mechanisms by employing advanced in situ characterization techniques in conjunc-
tion with density functional theory results.

Overall, the development of 2D MOFs and their derivatives as efficient electrocatalysts
represents a promising area of research with substantial potential to contribute to the transi-
tion towards a more sustainable energy system. Continued exploration and advancements
in this field will undoubtedly pave the way for the design of novel catalysts with enhanced
performance and broad applications in various electrochemical processes.
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