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Electrochemical water splitting presents a promising, environmentally friendly alternative to fossil fuels
for hydrogen production. However, the efficiency is constrained by the sluggish kinetics and high over-
potentials associated with the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER).
While noble metal catalysts, such as Pt for HER and Ir for OER, currently offer superior performance,
their widespread adoption is hindered by high cost and scarcity. This has spurred research into cost-
effective alternatives, with a focus on understanding the underlying electrocatalytic mechanisms. MXenes,
a class of two-dimensional materials, have emerged as promising candidates for electrocatalytic water
splitting due to their unique physical and chemical properties. However, research in this field remains
largely experimental, lacking a comprehensive understanding of fundamental mechanisms. This knowl-
edge gap impedes the development of high-efficiency electrocatalysts and necessitates further investiga-
tion. This review systematically examines recent advancements in MXene-based nanohybrids for electro-
catalytic water splitting, covering synthetic methods, structure-property relationships, and performance
enhancement strategies. It encompasses both precious and non-noble metal-based systems for HER, OER,
and overall water splitting applications. Additionally, this review addresses current challenges, opportu-
nities, and future research directions for MXene-based nanohybrids. By providing comprehensive insights
into the development of high-performance MXene-based electrocatalysts, this review aims to accelerate
progress in the field of electrochemical water splitting. It serves as a valuable resource for researchers and
engineers working towards more efficient and sustainable hydrogen production technologies, potentially

contributing to the broader goal of transitioning away from fossil fuels towards cleaner energy sources.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

1. Introduction

from low conversion rates and greenhouse gas emissions [1,5-9].
Green hydrogen, produced by water electrolysis using renewable

Hydrogen fuel represents a promising avenue towards clean,
abundant, renewable, and highly efficient energy generation, dis-
tinguished by its exceptional calorific value of 142.351kJ/kg and
the fact that its sole combustion by-product is environmentally be-
nign water, thereby mitigating pollution concerns [1-4]. However,
most hydrogen is produced by steam reforming from fossil fuel
sources. This production route consumes fossil fuels and suffers
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energy sources, is increasingly being recognized as a key player
in environmental and economic sustainability. Compared to these
traditional hydrogen production technologies, electrocatalytic wa-
ter splitting is an environmentally friendly hydrogen production
technology that utilizes widely available water as its primary raw
material [10-12]. Electrocatalytic water splitting involves two half-
reactions: Hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER) [13]. Noble metals (e.g., Pt, Ry, and Ir) and their ox-
ides (e.g., RuO, and IrO,) are widely used as electrocatalytic water-
cracking catalysts owing to their high activity and stability; how-
ever, their scarcity and high cost have hindered their large-scale
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application in industry and daily life [14-20]. In addition, it is diffi-
cult for single precious-metal-based catalysts to maintain high per-
formance in an identical electrolyte solution. Therefore, develop-
ing cost-effective catalysts and studying the corresponding mecha-
nisms of electrocatalytic water splitting is economically and prac-
tically valuable.

Two-dimensional (2D) materials, particularly MXenes, have
emerged as promising candidates for electrocatalysis due to their
unique electronic and structural properties [21]. MXenes, a fam-
ily of 2D transition metal carbides, nitrides, and carbon-nitrides,
stand out among other 2D materials for their excellent electrical
conductivity, favorable hydrophilicity, tunable physical and chem-
ical structures, and distinctive micro-ceramic architecture [22-24].
Compared with other 2D materials, MXene is considered the next
promising electrocatalytic candidate owing to its excellent elec-
trical conductivity, favorable hydrophilicity, extremely rich and
controllable physical phase structure and surface chemistry, and
unique microceramic structure. MXene can be used as both cat-
alysts and carriers. However, most MXenes lack catalytically ac-
tive structures suitable for electrocatalysis and thus show un-
satisfactory catalytic activity [25-28]. The electrocatalytic activity
of MXene and MXene-based materials can be enhanced by vari-
ous nanostructural and catalytic center design strategies, includ-
ing terminal engineering, heteroatom doping, and defect engineer-
ing [29]. In addition, MXene exhibits excellent corrosion resistance,
hydrophilicity, and good electrochemical stability under redox con-
ditions compared with carbon-based carriers [30,31]. When used
as a support, the abundant functional groups on the surface of
MXene can effectively avoid the aggregation of nanomaterials, and
their metal-support interactions can also stabilize the active metal
and modulate the catalytic activity of multiphase water decompo-
sition. Therefore, MXenes show great promise as electrocatalysts
and supports for electrochemical water splitting [32-36]. Ongoing
research continues to unlock the full potential of MXenes in ad-
vancing sustainable energy technologies, with a focus on optimiz-
ing their catalytic centers and leveraging their unique properties as
support materials for high-performance electrocatalysts.

In this review, we provide a comprehensive overview of MXene-
based nanohybrids for electrochemical water splitting, as summa-
rized in Table 1 [37-68]. We focus on the significant advancements
made over the past five years in both precious and non-noble
metal-based MXenes for HER, OER, and overall water splitting pro-
cesses. Our analysis encompasses the underlying reaction mecha-
nisms of HER and OER, the catalytic mechanisms exhibited by MX-
enes, their performance characteristics, and the diverse synthesis
methods employed to create these innovative materials. By exam-
ining these aspects, we aim to elucidate the potential of MXenes as
high-performance electrocatalysts for water splitting. Our ultimate
goal is to contribute to the development of MXene-based cata-
lysts that can effectively replace precious metal-based alternatives,
thereby promoting the widespread adoption of electrocatalytic wa-
ter splitting technologies. This review serves as a valuable resource
for researchers and engineers working towards more efficient and
sustainable hydrogen production methods, potentially accelerating
the transition to clean energy systems.

2. HER and OER mechanisms
2.1. HER mechanisms

The HER, the cathodic half-reaction in water electrolysis, in-
volves the reduction of protons (H*) or water molecules (H,0)
to generate H,, which is a fundamental electrochemical process
central to many energy conversion technologies, functioning as a
two-electron transfer mechanism [69]. This reaction exhibits dis-
tinct pathways depending on the electrolyte pH and the elec-
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trode surface conditions. In acidic environments, HER is initiated
by the Volmer reaction, where hydronium ions are discharged at
the electrode surface, forming adsorbed hydrogen intermediates
(H*): H30" + e +* — H* +H,0. Conversely, in alkaline media, wa-
ter molecules serve as the proton source: H,O0+e +* — H* 4+ OH".
The subsequent formation of molecular hydrogen occurs via two
competing routes that are largely determined by the surface cov-
erage of H*. When the H* coverage is high, the Tafel step be-
comes rate-limiting, involving the combination of two adjacent
H* atoms to form H,: H*+H* — H,. This step is often consid-
ered the determining factor in the overall reaction kinetics under
such conditions. In contrast, a low H* coverage favors the Hey-
rovsky reaction, where a single H* interacts with an additional
proton and an electron. In acidic conditions, this manifests as:
H* + H30* + e~ — H, + H,0, while in alkaline environments, it pro-
ceeds as: H* + H,0+e~— H, + OH". The dominance of either the
Tafel or the Heyrovsky mechanism significantly influences the re-
action efficiency and rate, making understanding these pathways
crucial for designing advanced electrocatalysts. Furthermore, the
interplay between these mechanisms and the electronic structure
of the electrode material, surface morphology, and catalytic proper-
ties plays a pivotal role in optimizing the HER performance across
various pH ranges and operational conditions.

The free energy of hydrogen adsorption (AGy+) is a crucial pa-
rameter that influences the hydrogen evolution kinetics of cata-
lysts. An ideal catalyst, such as Pt, exhibits a AGy+ value close to
zero. This optimal value ensures a balance between the adsorption
and desorption processes. When the adsorption is too weak, there
is insufficient interaction between the protons and electrode sur-
face, leading to suboptimal performance. Conversely, a large AGy«
value implies strong bonding between hydrogen and the catalyst
surface, making it difficult for H, to desorb, which impedes the
overall reaction kinetics.

By plotting the experimentally determined exchange current
densities for a variety of catalysts against their corresponding
AGy+ values calculated using density functional theory (DFT), re-
searchers can observe a volcano-shaped relationship [70]. This re-
lationship clearly illustrates the HER activity of different metals.
The peak of this volcano diagram represents the ideal catalyst with
the highest activity, whereas the other points on the curve indi-
cate varying degrees of efficiency based on how closely their AGy«
values approach zero. This visual representation through volcano
diagrams offers a clear method for comparing the reactivity of dif-
ferent metals. It guides material design by highlighting the relative
performance of catalysts with respect to the binding energies of
the reactive intermediates on their surfaces. Consequently, it aids
in identifying promising candidates for improving HER catalysts
and optimizing their surface properties to enhance electrocatalytic
efficiency.

2.2. OER mechanisms

The OER, which is the anodic half-reaction in water electrolysis,
is more complex and energetically demanding than the HER. This
process involves the oxidation of water molecules to produce O,.
The OER is a crucial yet kinetically challenging process in electro-
chemical water splitting and plays a pivotal role in various renew-
able energy technologies. Characterized as a sluggish four-electron
transfer process, the OER involves the formation and transforma-
tion of three key surface-adsorbed intermediates: OOH*, O*, and
OH* [71]. This complexity contributes to its significant overpo-
tential requirement and underscores the importance of develop-
ing efficient catalysts to overcome these kinetic barriers. The re-
action mechanism of the OER involves pH-dependent pathways. In
acidic environments, water molecules serve as the primary reac-
tants, undergoing oxidation to produce oxygen and hydrogen ions.
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Table 1
Summary of electrochemical performance of MXene-based nanohybrids for water splitting.
Catalysts Electrolyte Application N1o (MV) Tafel slope Voltage of Ref.
(mV/dec) water splitting
V)
d-Ti3C,/V,0s 1.0 mol/L KOH HER 90 49 - [37]
Pt/MXene 1.0 mol/L KOH HER 34 29.7 - [38]
E-TisC, Ty 0.5mol/L H,S0, HER 190 60.7 - [39]
CSEXM 0.5mol/L H,S04 HER 230 65 - [40]
Ti3 C, Tx@ZIF-8 1.0 mol/L KOH HER 507 77 - [41]
CPN@TC 1.0 mol/L KOH HER 286 78 - [42]
3%Rh/Ru- 1.0mol/L KOH OER 306 63.6 - [43]
FeOOH@Ti;C, Ty
RuSnO, 0.1 mol/L HCIO, OER 184 444 - [44]
NiMX/NF 1.0 mol/L KOH OER 245 191 - [45]
MXene/NiFePy-NC 1.0 mol/L KOH OER 240 81.2 - [46]
NCMX 1.0 mol/L KOH OER 220 94 - [47]
MX@MOF-Co, P 1.0 mol/L KOH OER 246 28.18 - [48]
NCSe@MGA 1.0 mol/L KOH HER 78 55 - [49]
OER 201 79 -
CogFSs MXene/NF 1.0 mol/L KOH HER 108 84.08 1.51 [50]
OER 171 24.97
RuCo Ti3C, Ty 0.5 mol/L H,S04 HER 60 34.8 1.56 [51]
1.0 mol/L KOH HER 52 38.7
1.0 mol/L KOH OER 266 1111
Ru-RuO,/MXene@CC 1.0 mol/L KOH HER 43 52.1 - [52]
Pt NPs/d-Mo,Ti,C5Tx 1.0 mol/L HCIO,4 HER 123@n100 30.1 - [53]
1T/2H MoSe, /MXene 1.0mol/L KOH HER 95 91 1.64 [54]
MoS,-Ti3C, MXene 0.5mol/L H,S04 HER 98 45 - [55]
CoNi-MOFNs@MX 1.0 mol/L KOH OER 346 59.2 - [56]
CoNi-TisC, Ty 1.0 mol/L KOH HER 31 33 - [57]
OER 241 79.8 -
Rusa-Ru0, /MXene@CC 0.5mol/L HyS04 HER 76 90 - [58]
NiFeCo-LDH@MXene 1.0 mol/L KOH HER 61 52 1.41 [59]
OER 220 62
CoS,@MXene 0.1 mol/L KOH HER 175 97 1.63 [60]
OER 270 92
Rh-SA/Ti3C,0x 0.1 mol/L H,S0, HER 23 27.8 - [61]
1.0 mol/L PBS HER 85 77.4
0.1 mol/L KOH HER 29 46.7
Pt-SA/MXene 1.0 mol/L KOH HER 33 43.9 - [62]
Ti3 C,Ty-Ptsa 0.5mol/L H,S0,4 HER 38 45 - [63]
Irsp-2NS-Ti3 C; T 0.5 mol/L H,S04 HER 57.7 25 - [64]
1.0 mol/L KOH HER 40.9 50.5 -
NiMX/NF 1.0 mol/L KOH OER 245@1)109 191 - [65]
MXene/NiFePy-NC 1.0 mol/L KOH OER 240 81.2 - [66]
Ni/Cr,CO, MXene 1.0 mol/L KOH HER 160 - - [67]
OER 460 - -
Ru-SA/Ti3C, Ty 0.1 mol/L HCIO4 HER 70 27.7 1.56 [68]
OER 290 37.9

Note: 7y is the overpotential at a current density of -x mA/cm? for HER or x mA/cm? for OER.

Conversely, in neutral and alkaline media, hydroxyl ions are oxi-
dized, yielding water and oxygen. Theoretical models propose that,
despite these different overall reactions, the OER proceeds through
similar intermediate steps under both acidic and alkaline condi-
tions. The generally accepted mechanism involves four consecu-
tive proton-coupled electron transfer (PCET) steps. The energetics
of these intermediate steps, particularly the binding energies of
OH*, O*, and OOH* to the catalyst surface, play crucial roles in
determining the overall reaction kinetics and efficiency. The ideal
catalysts should optimally balance the binding strengths of these
intermediates to minimize the overpotential required for each step.

Recent advancements in computational chemistry and in situ
spectroscopic techniques have significantly enhanced our under-
standing of these reaction intermediates and their interactions
with the catalyst surfaces. This improved insight has led to the
development of more efficient OER catalysts, including transition
metal oxides, perovskites, and nanostructured materials, each de-
signed to optimize the energetics of the intermediate formation
and transformation. Furthermore, the pH-dependent nature of OER
has important implications for catalyst design and stability. Cat-

alysts that perform well under alkaline conditions may degrade
rapidly in acidic environments, necessitating careful consideration
of the operational pH range for practical applications. Understand-
ing and optimizing the OER mechanism across different pH ranges
remains a central challenge in electrocatalytic research. Continued
efforts in this area are crucial for advancing technologies such as
water electrolyzers, metal-air batteries, and photoelectrochemical
cells, all of which rely on efficient oxygen evolution for their oper-
ation.

The OER consists of four thermodynamically uphill steps, with
the step having the highest energy barrier that determines the re-
action potential. For an ideal catalyst, the thermochemical free en-
ergy required for each step is 1.23 eV [72,73]. However, studies on
various metal oxides have shown that the actual free energy dif-
ference between the HOO* and HO* intermediates is approximately
3.2+0.2eV. This discrepancy highlights the challenges in achieving
ideal catalysis.

To evaluate the catalytic activity of different catalysts, the dif-
ference in binding energy between O* (AGgp-) and HO* (AGuo+)
is utilized as a benchmark [74]. This parameter is crucial be-
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Fig. 1. (a) Periodic table of proper elements for the MAX phases. The elements of “M,” “A,” “X,” and “Tx” are marked with orange, green, purple, and yellow colors, respec-
tively. Reproduced with permission [75]. Copyright 2024, Springer Elsevier. (b) Six key MXene types. (c) Tailorable phase composition and surface chemistry result in diverse
physicochemical properties. Reproduced with permission [76]. Copyright 2022, Springer Nature.

cause the bonding strength between the catalyst and oxygen
species significantly influences catalytic activity. An optimal bond-
ing strength is necessary, as excessively strong or weak bonds can
lead to suboptimal reaction kinetics. Catalysts that exhibit balanced
binding energies tend to perform better in OER catalysis. Using
the AGg+ — AGyo+ reference, researchers have constructed volcano
curves for metal-oxide-based OER catalysts. This curve serves as
a valuable tool for identifying trends in catalytic efficiency and
for guiding the development of more effective OER catalysts. In
the pursuit of cost-effective and abundant alternatives to precious
metal-based catalysts, extensive research has been conducted on
earth-abundant materials. While much of this research has focused
on metal oxides and hydroxides, recent studies have explored tran-
sition metal chalcogenides and phosphides as promising OER cat-
alysts. These materials often demonstrate superior OER activities
compared to their corresponding oxide or hydroxide counterparts,
partly because of their enhanced electrical conductivities. Ongoing
exploration of such compounds continues to expand the portfolio
of efficient and economical OER catalysts.

3. 2D MXenes

In 2011, Yury et al. [21] first discovered a novel two-dimensional
material MXene, which is a layered structural material composed
of metal carbides and/or nitrides with or without functional groups
at the surface termini. Nearly 30 different compositions of MXenes
have been synthesized, and theoretical predictions of the config-
urations of >100 MXenes have been made. The general chemical
formula for MXenes is typically expressed as M;_1XnTx, in which
"M" denotes an early transition metal, "X" represents carbon or
nitrogen, and "Tx" signifies a surface-terminating group such as -
OH, -0, or -F [75,76], as displayed in Fig. 1. MXenes exhibit three-
dimensional accordion-like particles arranged in a strict stack of
two-dimensional lamellae. The unique localized three-dimensional
individuals are arranged with a vacuum layer spacing of >1nm,
which can serve as active substance-bearing sites. MXenes can be
prepared by selective etching of the element "A" in layered ternary
carbides or nitrides (MAX phases) using a top-down approach. Be-
cause the bond energy of the M-A bond is weaker than that of
the M-X bond, the addition of etching agents can be used to se-
lectively remove the relatively weakly active A layer, leaving the
chemically more stable M, 1X,Tx layer. When the A elements are

etched, the chemical activity and thermodynamics of the surface
of the MXene layer tend to produce surface functional groups (Tx),
which can thus be modulated according to various synthetic pro-
cesses [77,78].

To date, nearly 30 different MXene compositions have been syn-
thesized, with theoretical predictions suggesting the potential for
over 100 configurations. This structural diversity, combined with
their unique physical and chemical properties, positions MXenes as
highly promising materials for a wide range of applications, partic-
ularly in the fields of energy storage, catalysis, and electronics. The
ability to fine-tune surface terminations and interlayer spacing of-
fers unprecedented opportunities for tailoring MXene properties to
specific technological needs, driving continued research and inno-
vation in this rapidly evolving field.

MXenes exhibit a diverse structural landscape categorizable into
six major groups, with the first and most prevalent group con-
sisting of common MXenes characterized by identical metal (M)
elements and hybrid surface terminations. This group demon-
strates remarkable versatility in the arrangement of transition
metal sites, leading to three distinct types of isostructural MX-
enes: random solid solution MXenes (s-MXenes, e.g., Tiy.yVyCTx)
[79] with stochastically distributed transition metals; out-of-plane
ordered MXenes (o-MXenes, e.g., Mo, Ti,C3Tx) [80] featuring alter-
nating layers of different transition metals; and in-plane ordered
MXenes (i-MXenes, e.g., (Moy;3Y13)2CTx) [81] with precisely ar-
ranged transition metals within the same atomic plane. This clas-
sification system not only highlights the structural complexity of
MXenes but also underscores their potential for tailored properties
through precise control of elemental composition and atomic ar-
rangement, making them promising candidates for a wide range
of applications from energy storage and catalysis to electronics
[82]. The fifth major class is isostoichiometric MXenes capped with
homogeneous halide or chalcogenide terminations (t-MXenes, e.g.,
Ti3C,Cly). The last major class is high-entropy MXenes (h-MXenes,
e.g., TIVNbMoC5Tyx) with many M elements. The diversity of MX-
enes is greatly enhanced by the customizable combinations of
many M elements [83,84]. This structural diversity is further am-
plified by the customizable combinations of various M elements,
resulting in a wide array of physicochemical properties. Such struc-
tural complexity and compositional flexibility underscore MXenes’
potential for tailored properties through precise control of elemen-
tal composition and atomic arrangement. This versatility positions
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MXenes as promising candidates for a broad spectrum of appli-
cations, spanning from energy storage and catalysis to advanced
electronics, driving continued research and innovation in materials
science and technology.

MXene has a higher electrical conductivity among 2D materi-
als. For example, the most studied Ti;C,Tx has excellent electronic
conductivity (almost 11,000 S/cm), while that of graphene oxide
is only as high as 3000 S/cm. Owing to its abundance of surface
functional groups, MXene is dispersible and can be dispersed at
high concentrations in water and many common polar solvents,
while maintaining a high level of conductivity (Fig. 1¢). In addition,
by modulating the types of transition metals and surface termina-
tions, MXenes can display different electronic properties, ranging
from metal-like states and semiconductors to insulators. The me-
chanical properties of electrocatalytic materials are important be-
cause of their complex reaction conditions. In terms of its mechan-
ical properties, the precursor MAX phase of MXene is a very tough
layered conductive ceramic, and after etching away the A layer,
MXene still maintains its inherent tough ceramic properties with
excellent rigidity and toughness.

MXene-based nanohybrids, as innovative materials for electro-
catalytic water splitting, have garnered significant attention due to
their remarkable properties that can be optimized for enhanced
performance. One of the key advantages of MXenes is their tun-
able surface chemistry, which can be harnessed through surface
functionalization. By selectively introducing functional groups (e.g.,
-0, -OH, -F) onto the MXene surface, the wettability, charge dis-
tribution, and interaction with water molecules can be tailored.
This modification can optimize the adsorption and desorption of
reaction intermediates during water splitting, leading to improved
reaction kinetics and higher catalytic activity. Combining MXenes
with other functional nanomaterials, such as metals, metal oxides,
or carbon-based materials, creates nanohybrids with enhanced
properties. The choice of the secondary component and its inter-
action with MXenes play a crucial role in optimizing the electro-
catalytic performance. For instance, incorporating transition metals
or their oxides into MXene matrices can introduce additional active
sites, improve charge transfer, and facilitate the desired reactions.
Controlling the morphology of MXene-based nanohybrids, includ-
ing their size, shape, and porosity, can significantly impact their
electrocatalytic performance. Nanosized MXenes offer a larger sur-
face area for charge transfer and reaction, while porous structures
can facilitate the mass transport of reactants and products. By tun-
ing these parameters, the accessibility of active sites and the over-
all catalytic efficiency can be optimized.

The interfaces between MXenes and other components in the
nanohybrid are crucial for efficient charge transfer and catalytic ac-
tivity. Interface engineering involves optimizing the interface struc-
ture, composition, and interactions to minimize energy barriers
and promote charge flow. This can be achieved through precise
control of the synthesis conditions, such as temperature, reaction
time, and solvent choice, to ensure intimate mixing and strong in-
teractions between the components. Introducing defects into the
MXene lattice can create additional active sites and modify the
electronic structure, enhancing the catalytic performance. Defects
can be introduced through various methods, such as chemical
etching, plasma treatment, or ion irradiation. The type, density,
and distribution of defects can be tailored to optimize the cat-
alytic activity and selectivity toward water splitting. In summary,
optimizing MXene-based nanohybrids for electrocatalytic water
splitting involves a multifaceted approach, including surface func-
tionalization, compositional engineering, morphological control, in-
terface engineering, defect engineering, and so on. By leverag-
ing these strategies, researchers can design MXene-based nanohy-
brids with exceptional performance for sustainable hydrogen
production.
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4. MXene-based nanohybrids for HER

MXenes have attracted significant attention due to their unique
physical and chemical properties, particularly in electrochemical
reactions [85-91]. In the field of HER, the catalytic role of MXenes
is particularly noteworthy. This article aims to provide a summary
of the catalytic environment, conditions, types, and mechanisms of
MXenes in alkaline/acidic HER.

Under acidic conditions, the HER over MXene-based catalysts is
primarily triggered by proton discharge. The Volmer-Tafel mecha-
nism is the most common, where Volmer involves the protonation
of the active sites of the catalyst, followed by the Tafel reaction for
hydrogen product ions. The acidic HER activity was much higher
than that under alkaline conditions because of the easier dissocia-
tion of water molecules. The performance of MXene catalysts may
also be affected by their various surface chemical properties. Dif-
ferent catalytic mechanisms can be observed, even for the same
material. Under alkaline conditions, the HER of MXenes involves
the Volmer-Heyrovsky or Volmer-Tafel steps. The Volmer reaction
is the formation of adsorbed hydrogen atoms (H,qs) from water
molecules on the catalyst active sites, primarily on the transi-
tion metal or surface functional groups of MXenes. The Heyrovsky
and Tafel reactions involve the combination of Had with a water
molecule or a combination of two H,qs on the catalyst surface to
release hydrogen gas. The alkaline HER performance is influenced
by several factors, including the water adsorption/dissociation abil-
ity, hydrogen binding energy, and adsorption strength of OH~ wa-
ter solutions. Further enhancement of the catalytic activity can be
achieved by adjusting the electronic structure and surface geome-
try of the catalysts.

MXene-derived catalysts, noted for their remarkable HER
activities, often operate via distinct mechanisms. Specifically,
those integrated with precious metals such as Ruga-N-Ti3CpTx
and PtO,P40,/Ti3C,Tx typically follow the Volmer-Tafel path-
way. In contrast, highly active MXene-based catalysts, such as
Nig9Cop1@Ti; 5Nbg5C;Tx and Mo, C[Ti3C,Tx@NC, predominantly
utilize the Volmer-Heyrovsky mechanism. Rarely, a hybrid ap-
proach is seen for catalysts such as BNNS/Ti3C,, which combines
both mechanisms. It is worth mentioning that the energy favor-
ability of these mechanisms can vary. For instance, some MXene
catalysts may prefer the Volmer-Heyrovsky route because of the
higher energy barrier of the Volmer-Tafel process. Conversely, if the
Tafel step is energetically easier than the Heyrovsky step, the latter
mechanism might be less favorable.

In essence, MXenes demonstrate considerable catalytic activ-
ity in both alkaline and acidic HER conditions. This proficiency is
shaped by a multitude of considerations including the catalytic mi-
lieu, conditions, catalyst types, and underlying mechanisms. Delv-
ing deeper into these aspects and their interplay offers promise for
refining the catalytic efficiency of MXenes, thus paving the way for
advanced energy transformation and storage solutions.

4.1. Precious metal doped MXene for HER

Recent advances in water splitting catalysis have yielded several
noteworthy studies [38,92], with Wu et al. [38] introducing a par-
ticularly innovative approach. They employed a rapid and contin-
uous spray drying technique to fabricate crumpled Ti3C,Tx MXene
loaded with sub-nanometer platinum clusters (Pt/MXene) (Fig. 2).
Scanning electron microscopy (SEM) reveals the three-dimensional
crumpled structure of Pt/MXene (Fig. 2a), demonstrating that the
incorporation of H,PtClg in the precursor solution does not com-
promise the product’s unique morphology. Transmission electron
microscopy (TEM) further corroborates this three-dimensional (3D)
crumpled structure, providing additional insight into the catalyst’s
architecture. High-angle annular dark-field scanning transmission
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electron microscopy (HAADF-STEM) offers a more detailed view of
the catalyst’s composition. This advanced imaging technique shows
that sub-nanometer Pt clusters of uniform size are evenly dis-
tributed and firmly anchored on the MXene surface (Figs. 2b and
c). Remarkably, the analysis also reveals the presence of isolated
single-atom Pt species dispersed across the surface. This multi-
faceted characterization highlights the sophisticated structure of
the Pt/MXene catalyst. The combination of the crumpled MXene
substrate and the well-dispersed Pt clusters and atoms creates a
high-surface-area catalyst with potentially enhanced catalytic ac-
tivity. The uniform distribution of Pt species suggests efficient uti-
lization of the precious metal, while the 3D structure may facilitate
mass transport and increase the number of accessible active sites.

The HER performance of Pt/MXene was evaluated using rep-
resentative three-electrode equipment in a 0.5 mol/L H,SO,4 elec-
trolyte with a virgin graphite rod as the counter electrode. Fig. 2d
shows the HER polarization plots of S-Ti3C,Tx MXene, Pt/C, and
Pt/MXene. The S-Ti3C,Tx MXene shows poor HER performance, and
it requires an overpotential of 247 mV at the same current density
of 119. With the loading of Pt, Pt/MXene demonstrated a near-zero
onset potential (nonser) and the lowest overpotential of 34mV to
reach the specific current density (771g). These results are compa-
rable to those of state-of-the-art commercial Pt/C electrocatalysts
(37mV). At a higher current density of 100 mA/cm?2, Pt/MXene also
exhibited a low overpotential of 185 mV (Fig. 2e). The current den-
sities of Pt/MXene and Pt/C were normalized to the Pt loading to
investigate the mass activity of the catalysts, which can more ob-
jectively reflect the catalytic activity.

Moreover, Pt/MXene exhibits much better HER performance
in terms of mass activity compared to business-like 20 wt%
Pt/C. Specifically, Pt/MXene demonstrated a mass activity of
1847 mA/mgp; at an overpotential of 50 mV, which is seven times

higher than that of Pt/C [38]. These results indicate that the Pt
clusters anchored on 3D crumpled MXene are capable of deliv-
ering higher HER mass activity than industrialized Pt/C catalysts,
and the 3D crumpled structure of MXene with maximized expo-
sure of Pt is responsible for the superior mass activity. DFT calcu-
lations were employed to elucidate the intricate interactions be-
tween the platinum clusters and the MXene substrates (TiCO and
TiCO-F). The study compared models of Pt/TiCO-F-H, Pt/TiCO-H,
Pt(111)-H, and TiCO-H to gain comprehensive insights into their
electronic and catalytic properties. Bader charge analysis revealed
significant electron transfer from Pt clusters to the TiCO-F matrix,
resulting in a+ 0.53 positive charge per Pt site. This charge redis-
tribution weakened the Pt-H bonding, a crucial factor in HER ki-
netics. The Gibbs free energy of hydrogen adsorption (AGy+) cal-
culations further corroborated these findings. While TiCO exhibited
strong hydrogen adsorption with AGy+ of —0.31eV, the Pt/TiCO-F
system demonstrated a near-optimal AGy« of 0.05eV, surpassing
both Pt(111) (—0.18 eV) and Pt/TiCO (—0.13 eV). This optimal value
for Pt/TiCO-F indicates a balance between hydrogen adsorption and
desorption, crucial for efficient HER catalysis. The study concluded
that the introduction of oxygen and fluorine termination groups on
MXene effectively enhanced the interaction with Pt clusters, modi-
fying their electronic states. This modification led to weakened hy-
drogen adsorption, facilitating easier hydrogen desorption and ul-
timately resulting in the superior HER catalytic activity observed
in Pt/MXene systems. These findings provide valuable insights into
the design principles for high-performance HER catalysts based on
MXene-supported noble metal clusters.

In 2019, Jr-Hau He’s group [93] reported a nitrogen and sulfur
co-doping Ti3C;Tx MXene coordinated Ru single-atom electrocata-
lyst synthesized by a lithium fluoride (LiF)/hydrochloric (HCl) acid
leaching method followed by Freeze dry and annealing at Ar at-
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mosphere. The as-prepared Rusa-N-S-Ti3C,Tx catalyst displayed an
excellent HER performance with a low overpotential of 76 mV to
obtain the current density of 10 mA/cm?. Also, the corresponding
Tafel slope of the catalyst was confirmed to be 90 mV/dec, sug-
gesting the Volmer-Heyrovsky mechanism and good reaction ki-
netics during the HER process. Moreover, the photoelectrochem-
ical hydrogen production with a high photocurrent density of
37.6mA/cm? was obtained by integrating the Ruga-N-S-Ti;C, Ty cat-
alyst on the n*tnp*-Si photocathode. The enhanced HER perfor-
mances could be attributed to the Ru single-atom coordinated with
N and S on Ti3C,Tx MXene support.

In 2023, the HER electrocatalyst of Ru-RuO,/MXene@CC pre-
pared through etching of Ti3C;Tx MXene and hydrothermal
method was reported by Yan’s group [52]. The Ru element con-
tent was adjusted to tune the hydrophilicity with the optimized
water contact angle of 25.5. The Ru-Ru0O,/MXene@CC with the Ru
loading of 3 wt% showed good HER performances in alkaline media
with a low overpotential of 43 mV to achieve the current density
of 10mA/cm? and a surpassingly low Tafel slope of 52.1 mV/dec,
which transcended most reported MXene-based catalyst with a
mass activity of 1751.11 mA/mg. Moreover, the Ru-RuO,/MXene@CC
catalyst displayed a good stability of 10h at 10 mA/cm? to conduct
HER. The excellent HER performances could be ascribed to the im-
proved hydrophilicity, the enhanced diffusion capacitance, as well
as the optimal ratio of Ru and RuO,.

Most recently, a Pt NPs/d-Mo,Ti,C3Tx electrocatalyst to con-
duct HER was reported by S. Huang et al. [53]. The synthesis
of Pt-based heterogeneous electrocatalysts concluded the prepara-
tion of Mo,Ti,C3Tx MXene, followed by the formation of Mo and
oxygen vacancies on Mo,Ti,C3Tx MXene and the loading of ul-
trasmall Pt on the defect-enriched MXene. The defected enriched
Mo, Ti,C3Tx supported Pt nanoparticles had an ultrasmall parti-
cle size of ~2.1nm and high dispersity of Pt due to the anchor-
ing by Mo vacancies and the large surface area of MXene. The
as-synthesized Pt NPs/d-Mo,Ti,C3Tx electrocatalyst obtained an
overpotential of 123 mV at the current density of 100mA/cm? in
1.0 mol/L HCIO4 to conduct HER with the HER Faradaic efficiency of
nearly 100% and a large turnover frequency of 8.49 H, s~! at the
overpotential of 50mV, which was superior to that of the com-
mercial Pt/C. Worth mentioning was that the mass activity of Pt
on the Pt NPs/d-Mo,Ti,C3Tx electrocatalyst was confirmed to be
134 times higher compared to the commercial Pt/C. The electrons
from Mo atoms could regulate the d-band electronic structure of
Pt nanoparticles which strengthened the interaction with the ab-
sorbed H species and therefore boosted the HER performances.

4.2. Non-noble doped MXene for HER

While carbon-based precious metal electrocatalysts for HER
demonstrate exceptional catalytic performance, their widespread
application is hindered by high costs and scarcity of noble metals.
This limitation has spurred intensive research into non-noble metal
alternatives that could match or surpass the performance of their
precious metal counterparts. A particularly promising approach
involves the development of non-noble metal-doped nanocarbon
materials as potential substitutes for precious metal-based HER
electrocatalysts. In this pursuit, recent advancements in MXene re-
search have garnered significant attention from the scientific com-
munity. MXenes, a class of two-dimensional transition metal car-
bides, nitrides, or carbonitrides, possess a unique combination of
properties that make them exceptionally well-suited for electro-
catalytic applications. Their distinctive layered structure, coupled
with excellent chemical stability, superior electrical conductivity,
and large active surface area, positions MXenes as highly promising
candidates for next-generation HER electrocatalysts.
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The growing interest in MXenes stems from their potential to
address the key challenges faced by current HER catalysts. By of-
fering a more abundant and cost-effective alternative to noble met-
als, while maintaining high catalytic activity, MXenes could pave
the way for more sustainable and economically viable hydrogen
production technologies. This development aligns with the broader
goal of transitioning to clean energy sources and highlights the
critical role of materials science in advancing renewable energy
technologies. As research in this field progresses, the focus is on
optimizing the composition, structure, and surface properties of
MXenes to further enhance their HER performance. The versatil-
ity of MXenes, combined with their impressive intrinsic properties,
opens up new avenues for designing efficient, durable, and scalable
electrocatalysts. This ongoing work not only promises to revolu-
tionize HER catalysis but also exemplifies the broader potential of
novel materials in addressing global energy challenges.

A. Patra et al. [40] successfully fabricated a robust interface be-
tween orthorhombic CoSe, nanorods and two-dimensional Ti3C,Tx
MXene sheets, resulting in an amalgamated catalyst known as
CSEMX (Figs. 3a-c). As shown in Fig. 3a, the texture of CSEMX
where on the surface, and the surface the intrusion of CSE rods
can be found seamlessly. The intercalation of CoSe, (labeled as
CSE) rods into the sheets of MXene can be efficacious for the cat-
alytic properties by the smooth charge transfer. HER performances
of the catalysts are assessed in a three-electrode system in the
0.5mol/L H,SO,4 electrolyte. As displayed in Fig. 3b, the CSEMX
nanohybirds exhibited exceptional catalytic activity, as evidenced
by its low overpotential of 230mV and a Tafel slope of 65mV/dec
for efficient HER (Fig. 3c). In comparison, the commercially pur-
chased Pt/C electrode achieved the lowest overpotential of 35mV,
while CSE and MXene demonstrated higher overpotentials of 360
and 726 mV, respectively. Furthermore, the Tafel slopes for CSE and
MXene were found to be 78 and 135mV/dec, respectively, high-
lighting the superior kinetic metrics of the CSEMX catalyst (Fig. 3c).
Additionally, the low R value observed for CSEMX indicated rapid
electrochemical kinetics and barrier-free charge transfer character-
istics, surpassing those of the pristine CSE and MXene. These find-
ings, along with the catalyst’s maintained performance during a
long-term stability test lasting over 12 h, underscored its durability
and potential for practical HER applications. These findings demon-
strate the synergistic effect achieved by combining CoSe, nanorods
with MXene sheets in the CSEMX catalyst. The remarkable catalytic
activity, favorable kinetics, and long-term stability of CSEMX posi-
tion it as a promising candidate for next-generation HER catalysts,
potentially advancing the field of sustainable hydrogen production.

Similarly, Hao et al. [54] reported on a highly active and
cost-effective Ti3C,Tx-modified ZIF-8 (Ti3C,Tx@ZIF-8) catalyst that
demonstrated remarkable electrochemical performance in an al-
kaline environment (Figs. 3d-f). As displayed in Fig. 3d, the
Ti3C,Tx@ZIF-8 catalyst revealed a mixed morphology of Ti3C,Tx
(2D nanosheets) and ZIF-8 (highly textured surface with distinct
crystal faces and a characteristic round ball-like shape [94,95]. The
Ti3C, Tx@ZIF-8 has a combined morphological characteristic which
further assures the successful combination of both elements in
terms of surface features toward the desired electrochemical appli-
cation. As a result, the Ti3C,Tx@ZIF-8 catalyst achieved an overpo-
tential of 507 mV at 20 mA/cm? (Fig. 3e) and exhibited a Tafel slope
of 77mV/dec (Fig. 3f), which is significantly lower than the values
observed for pristine Ti3C;Tx (101 mV/dec) and ZIF-8 (143 mV/dec)
in previous investigations. This comparison highlights the faster re-
action rate of the Ti3C,Tx@ZIF-8 electrocatalyst compared to its
components. To further evaluate the durability and stability of the
synthesized material, a chronopotentiometry test was conducted at
a current density of 20 mA/cm?. Notably, the Ti;C,Tx-modified ZIF-
8 catalyst also boasted an impressive electrochemically active sur-
face area of 122.5 cm?, contributing to its enhanced catalytic ac-
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tivity. The long-term stability test, lasting over 20 h, further under-
scored the catalyst’s potential for energy conversion applications,
as it maintained its performance without significant changes in
overpotential.

Lv et al. [42] prepared a Co,P/N@Ti3C,Tx@NF (CPN@TC) by con-
trolling the grow of cobalt phosphates (Co,P) on the surface of N-
doped-Ti3;C,Tx MXene nanosheets-modified Ni foam (NF) by two-
step electrodeposition. This electrocatalyst is notable for its multi-
heterostructure interfaces and 3D porous structure, which con-
tribute to its enhanced electrocatalytic activity. The CPN@TC elec-
trocatalyst achieved an exceptionally low overpotential of 15 mV to
reach a current density of 10mA/cm?, along with long-term sta-
bility and a small Tafel slope of 30 mV/dec in 1.0 mol/L KOH. Its
performance rivals that of precious metal catalysts, thanks to its
multi-heterointerfaces that facilitate the adsorption of H,O and H*,
as well as its excellent conductivity and well-designed structure
that enable rapid ion and gas transport. Importantly, the synthetic
strategy used for CPN@TC can be applied to the preparation of
other transition-metal-based phosphides, offering a promising av-
enue for enhancing catalytic performance across a range of appli-
cations.

In addition, Hanan et al. [95] mixed CoS, and Ti3C,Tx to form
the CST nanohybrids by using a wet chemistry method with the
addition of Ti3C,Tx powder with various ratios. The CST exhib-
ited excellent electrocatalytic properties in alkaline conditions. As
shown in Fig. 3g, MXene flakes are embellished with tiny CoS, par-
ticles in the CST nanohyrids, improving surface characteristics and
resulting in stronger electrochemical properties due to two dis-
tinguished elements [96]. The HER polarization curves of pristine
Ti3C,Tx and CoS, show their activity with higher overpotential val-
ues of 375 and 458 mV at a current density of 20 mA/cm?. In con-
trast, the CST has shown better HER activity with a lower overpo-

tential of 286 mV at 20mA/cm? (Fig. 3h). The CST catalyst exhib-
ited a Tafel slope value of 78 mV/dec, which favorably compares
to the values of 96 and 113 mV/dec for CoS, and Ti3C,Tx, respec-
tively. This lower Tafel slope indicates more efficient HER kinetics
for the CST catalyst (Fig. 3i). Furthermore, it maintains a stable na-
ture without any significant potential loss or fluctuation. This ex-
ceptional performance is complemented by a high electrochemical
surface area (ECSA) of 495 cm? and a low charge transfer resis-
tance (R¢t) of 115 2. These results confirm the CST catalyst’s po-
tential as a promising and durable electrocatalyst for HER, making
it a viable candidate for future HER applications in alkaline media
[43].

4.3. MXene-based nanohybrids for HER

MXenes have emerged as promising substrates for electrocat-
alytic HER applications, owing to their superior carrier mobil-
ity and larger surface area compared to conventional materials
like graphene. To fully harness their potential, MXenes can be
strategically hybridized with polymers, metal oxides, or metal sul-
fides. This hybridization serves a dual purpose: Preventing aggre-
gation and mitigating mechanical stress. Moreover, MXenes offers
the unique ability to fine-tune the electrophilicity of active sites,
thereby optimizing the electrocatalytic performance of MXene-
based nanohybrids. As a result of these advantages, recent studies
have reported exceptional electrocatalytic activity of MXene-based
nanohybrids in HER catalysis, underscoring their significance in ad-
vancing sustainable energy technology [97,98].

Li et al. [55] synthesized an efficient and stable MoS,-Ti3C, MX-
ene electrocatalyst using a delicately designed one-step hydrother-
mal method, in which the few-layers thick, edge-oriented, high-
percentage 1T’-phase (~85.0%) MoS, nanosheets are well grown
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Fig. 4. Schematic illustration of synthetic route for MoS,-Ti3C, MXene hybrids. Reproduced with permission [55]. Copyright 2021, Elsevier.

on the cation-modified Ti3C, MXene and stabilize Ti3C, MXene
against spontaneous oxidation caused by dissolved-oxygen. In de-
tail, as shown in Fig. 4, the synthesis of the MoS,/Ti3C, nanohy-
brids involves a multi-step process that begins with the targeted
etching of Al layers from Ti3AlC, using HF acid to produce TizC,
MXene. This is followed by a pretreatment phase where Ti3C; MX-
ene is subjected to continuous stirring with PDDA cations and
DMSO molecules. The positively charged PDDA cations adsorb
onto the surface and intercalate between the TizC, MXene sheets
through electrostatic interactions, while DMSO molecules also pen-
etrate the interlayer spaces. This pretreatment modifies the sur-
face charge of Ti3C, MXene, creating a positively charged Ti3C,-
D-P complex that facilitates the subsequent adsorption and inser-
tion of MoS42" ions. These ionic precursors spontaneously and uni-
formly distributed across the surface and interlayer regions of the
Ti3C, MXene. During the initial stages of hydrothermal reaction,
the pre-adsorbed MoS,% ions form a protective MoS, shield on
the surface, which plays a crucial role in preserving the struc-
tural integrity of Ti3sC, MXene by shielding it from oxygen. The
hydrothermal process, conducted over 20 h, culminates in the uni-
form growth of few-layer thick, edge-oriented, 1T’-phase MoS,
nanosheets on the stabilized Ti3C, MXene substrate. This sophis-
ticated synthesis strategy results in a well-integrated MoS,/Ti3Cy
nanohybrids material with enhanced structural stability and poten-
tial for improved electrocatalytic performance.

The structure and phase engineering of MoS, as well as the
fully surface-shielding Ti3C, MXene endow the as-synthesized
MoS,-Ti3C; MXene electrocatalyst with a wealth of accessible ac-
tive sites and high electrical conductivity for HER together with
excellent structure stability in acidic media, with a remarkably
low overpotential of just 98 mV to achieve a current density of
10mA/cm?2, coupled with an impressively small Tafel slope of
45mV/dec. Furthermore, the nanohybrids display minimal elec-
trochemical resistance, indicating efficient charge transfer kinetics.
These outstanding electrochemical properties collectively position
the MoS,-Ti3C, MXene nanohybrids as a highly promising candi-
date for next-generation HER catalysts, potentially rivaling the per-
formance of precious metal-based catalysts while offering the ad-
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MoS,-Ti3C; MXene for HER in 0.5 mol/L H,SO,4. Reproduced with permission [55].
Copyright 2020, Elsevier.

vantages of earth-abundant materials. The synergistic interaction
between the edge-oriented MoS, nanosheets and the conductive
Tiz;C; MXene substrate likely contributes to this enhanced catalytic
activity, showcasing the effectiveness of the novel synthesis strat-
egy in creating high-performance electrocatalysts for clean energy
applications.

As illustrated in Fig. 5a, when juxtaposed with other candidate
materials such as commercial Pt/C, pristine Ti3C, MXene, oxidized
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Ti3C,, isolated MoS,, and bare carbon paper (CP), the MoS,-Ti3C,
MXene nanohybrids stands out with its diminished onset poten-
tial and overpotential. Notably, the nanohybrids catalyst attains an
overpotential of a mere 98 mV at a current density of 10mA/cm?,
as depicted in Fig. 5b. This performance surpasses that of most
MoS,-based catalysts reported in the literature, including those
with metallic 1T or 1T’ phases and 2H phases, as well as other con-
ventional HER electrocatalysts. Moreover, the MoS,-Ti3C, MXene
nanohybrids exhibit an impressively low Tafel slope of 45 mV/dec,
a strong indicator of the catalyst’s rapid electrochemical reaction
kinetics. In terms of long-term stability, the MoS,-Ti3sC, MXene
nanohybrids have proven their mettle. Chronoamperometry tests,
which were carried out over an extended period of 20h, revealed
that the catalyst retained 96.5% of its initial current (Fig. 5c). This
retention rate is a testament to the catalyst’s remarkable durabil-
ity. Additionally, continuous CV scans served to validate the sta-
bility of the MoS,-Ti;C, MXene nanohybrids in a 0.5 mol/L H,SO4
solution, with no perceptible decline in performance (Fig. 5d). The
findings collectively suggest that the MoS,-TizC; MXene nanohy-
brids catalyst is not only superior in terms of catalytic activity but
also possesses commendable stability and durability, positioning it
as a formidable contender in the field of electrocatalysis for energy
conversion applications.

Peng et al. [61] have introduced a groundbreaking self-driven
dual hydrogen production system that synergistically couples a
Zn-H, battery with overall water/hydrazine splitting units. This
innovative approach enables simultaneous and efficient hydro-
gen generation at the cathodes of both the Zn-H, battery and
the overall hydrazine splitting (OHzS) units. The system’s ex-
ceptional performance is attributed to the use of a novel bi-
functional catalyst: single-atom rhodium immobilized on oxygen-
functionalized Ti3C,0x MXene (Rh-SA/Ti3C,0x, Figs. 6a-d). Re-
markably, Rh-SA/Ti;C,0x demonstrates exceptional performance as
a catalyst for HER, requiring mere overpotentials of 23mV in
0.1 mol/L H,SO4, 85mV in 1.0mol/L PBS, and 29 mV in 0.1 mol/L
KOH to achieve a substantial current density of -10mA/cm?

10

(Figs. 6e-g). These values are highly competitive, even rivaling
those achieved by the benchmark Pt/C catalyst. Furthermore, Rh-
SA/Ti3C,0« shines in alkaline hydrazine oxidation reaction (HzOR),
delivering an impressive current density of 37.5 mA/cm? at a mod-
est working potential of 0.1V vs. RHE. Under ambient conditions,
this system achieves a remarkable hydrogen generation rate of
45.77 mmol/h, significantly surpassing previously reported values
for self-driven hydrogen production systems. This record-breaking
performance stems from two key factors: The ingenious coupling
of the Zn-H, battery with the overall hydrazine splitting sys-
tem, and the outstanding electrochemical properties of the single-
atomic Rh catalyst. The latter exhibits platinum-like catalytic ac-
tivity towards both pH-universal HER and HzOR. In-depth exper-
imental studies and DFT calculations reveal the mechanism be-
hind the catalyst’s exceptional performance. The atomically dis-
persed Ti-Rh-03 active sites significantly reduce the free energy
changes associated with both hydrogen adsorption and the dehy-
drogenation of adsorbed *NHNH, on Rh-SA/Ti3C;0x. This energetic
optimization renders both the HER and HzOR pathways highly fa-
vorable on the designed catalyst. This breakthrough not only un-
derscores the critical importance of fine-tuning the local environ-
ment surrounding single-atom catalysts but also establishes a new
paradigm for the rational design of high-performance HER cata-
lysts. By meticulously engineering the interface between metal sin-
gle atoms and support materials, researchers can now fully har-
ness the potential of single-atom catalysts, pushing the boundaries
of energy conversion and storage technologies. The implications of
this research extend beyond immediate applications in hydrogen
production. It opens new avenues for catalyst design, emphasizing
the power of atomic-level engineering in creating highly efficient,
multifunctional catalytic systems. As the field progresses, such in-
novations are likely to play a crucial role in addressing global en-
ergy challenges, paving the way for more sustainable and efficient
energy solutions.

Furthermore, Peng et al. [62] expanded their pioneering work
by developing a Ti3C;Tx MXene-supported single Pt atom cat-
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[64]. Copyright 2022, Royal Society of Chemistry.

alyst tailored specifically for HER. In this innovative design, Pt
atoms are directly coordinated with O and Ti atoms, forming a
unique catalyst denoted as Pt-SA/MXene. Leveraging the asym-
metric coordination-induced local electric field polarization, Pt-
SA/MXene significantly reduces the potential barrier for HER,
thereby enhancing its activity in alkaline electrolytes. Notably, in
1.0mol/L KOH, Pt-SA/MXene achieves a remarkable HER perfor-
mance, requiring a mere 33 mV overpotential to attain a current
density of 10 mA/cm?, while maintaining this performance for over
27 h. Moreover, Pt-SA/MXene boasts a competitive mass activity of
23.5 A/mgp, at an overpotential of 100 mV, surpassing commer-
cial Pt/C catalysts by a factor of 29.4. This remarkable performance
underscores the efficacy of the designed catalyst. Complementing
these experimental findings, DFT calculations elucidate that the
unique three O and one Ti atoms-coordinated configuration of each
Pt site in Pt-SA/MXene optimize the adsorption of reactants and
intermediates, aligning the HER pathway on the catalyst along an
energetically favorable process. This comprehensive understanding
not only deepens our knowledge of single-atom catalysts but also
paves the way for the rational design of highly efficient HER elec-
trocatalysts.

Gong et al. [63] successfully constructed a Pt single-atom cat-
alyst anchored on the oxygen vacancies (Oy) of Ti3CTx MX-
ene (Ti3C,Tx-Ptsp), employing an innovative rapid thermal shock
methodology under a H, atmosphere (Figs. 7a-c). The Ti3C,Tx-Ptsp
exhibited remarkable performance in HER, surpassing the bench-
mark 20wt% Pt/C catalyst in terms of both mass activity and
turnover frequency (TOF). Through a meticulous blend of experi-
mental observations and theoretical insights, it has been unveiled
that the strategic positioning of Pt SAs on the Oy of Ti3C,Tx MXene
creates an exceptionally active site for HER catalysis. This unique
configuration facilitates a swift and efficient hydrogen adsorption-
desorption cycle, attributed to the minimal binding energy be-
tween hydrogen atoms and Pt SAs, along with a weakened hy-
bridization strength compared to those observed with pristine
Ti3C,Tx MXene. This optimized coordination environment leads to
a reduction in energy barriers, enabling faster reaction kinetics and
enhanced catalytic efficiency.

Tan et al. [64] have developed a novel electrocatalyst consist-
ing of Ir single atoms confined within a porous, heteroatom-doped
Ti3C,Tx MXene matrix, where nitrogen (N) and sulfur (S) serve
as co-dopants (Figs. 7d-f). The researchers employed advanced
characterization techniques, notably X-ray absorption spectroscopy
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(XAS), to elucidate the unique structural features of this catalyst.
XAS revealed the in situ formation of a new bridging structure
where Ir atoms are coordinated with both N and S atoms, fa-
cilitating the exceptional dispersion of Ir atoms throughout the
porous N, S-doped Ti3C,Tx MXene matrix. This precisely engi-
neered atomic arrangement translates into remarkable catalytic
performance, with the optimized Irsa-2NS-Ti3C, T catalyst exhibit-
ing outstanding HER activity in both acidic (0.5 mol/L H,SO,4) and
alkaline (1.0 mol/L KOH) electrolytes. The catalyst achieves impres-
sively low overpotentials of 57.7 mV and 40.9 mV at a current den-
sity of 10mA/cm? in acidic and alkaline media, respectively, posi-
tioning it among the most efficient HER catalysts reported to date.
To gain deeper insights into the underlying mechanisms of this
enhanced catalytic activity, the team conducted detailed DFT cal-
culations. These theoretical investigations revealed a crucial elec-
tron transfer process from the Ir single atoms to the N, S co-doped
TisC,Tx support, leading to a significant charge redistribution in
the interfacial region. This electronic modulation is postulated to
be a key factor in the catalyst’s exceptional HER performance. The
study not only demonstrates a novel approach to single-atom cat-
alyst design but also underscores the importance of supporting
material engineering in maximizing catalytic efficiency. By syner-
gistically combining the catalytic prowess of Ir single atoms with
the tailored electronic properties of the heteroatom-doped MXene
support, this research opens new avenues for the development of
high-performance, atom-efficient electrocatalysts for clean energy
applications.

5. MXene-based nanohybrids for OER

OER is the crucial electrochemical process occurring in water
splitting technology, characterized by its intricate multistep elec-
tron and proton transfer processes. This complex reaction, involv-
ing the formation and transformation of oxygen-containing species,
is profoundly influenced by catalyst properties and electrolyte con-
ditions. The OER pathway diverges significantly across pH levels: in
alkaline environments, it typically begins with water molecule ad-
sorption on the catalyst surface, followed by proton-coupled elec-
tron transfers; whereas in acidic media, the initial step involves
cleaving strong covalent bonds to form OH- intermediates. Op-
timizing OER efficiency demands meticulous catalyst design and
synthesis. By fine-tuning materials and fabrication methods, re-
searchers can tailor surface structures and electronic properties
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to enhance the adsorption and desorption of key intermediates.
Concurrent optimization of electrolyte parameters (including pH,
concentration, and temperature) further augments reaction kinet-
ics and efficiency. Current research focuses on developing cost-
effective, durable, and highly active OER catalysts. While precious
metal oxides like RuO, and IrO, exhibit superior catalytic perfor-
mance, their high costs and stability issues limit widespread appli-
cation. This has spurred intense investigation into non-noble metal
alternatives, such as transition metal oxides, hydroxides, sulfides,
and phosphates. These materials offer diverse electronic structures
and improved stability, holding promise for large-scale OER appli-
cations.

The quest for advanced OER catalysts is driving innovations at
the intersection of materials science and electrochemistry. By elu-
cidating reaction mechanisms and optimizing catalyst-intermediate
interactions, researchers are not only advancing fundamental sci-
ence but also paving the way for more efficient and sustainable
water splitting technologies. This work has far-reaching implica-
tions for renewable energy systems, particularly in clean hydro-
gen production. As the field progresses, the development of next-
generation OER catalysts is expected to play a pivotal role in re-
alizing the full potential of water splitting as a key component of
future clean energy infrastructures. These advancements could sig-
nificantly contribute to addressing global energy challenges and ac-
celerating the transition to a sustainable, hydrogen-based economy.
The ongoing research in this domain exemplifies how targeted sci-
entific inquiry can lead to transformative technologies with the
potential to reshape our energy landscape and combat climate
change.

5.1. Precious metal doped MXene-based nanohybrids for OER

Precious metal-doped MXene-based nanohybrids have emerged
as a promising frontier in electrocatalysis, offering a unique combi-
nation of high catalytic activity, exceptional stability, and superior
conductivity. Recent advancements in this field have centered on
innovative strategies to further enhance their performance, includ-
ing cation doping, oxygen vacancy engineering, and the introduc-
tion of tensile strain. These sophisticated modifications have led
to remarkable improvements in OER activity, long-term stability,
and overall durability, positioning precious metal-based MXenes as
formidable alternatives to conventional electrocatalysts. The seam-
less integration of these advanced MXenes with nanostructured
materials, such as FeOOH [99] and RuSnOy [62], has opened new
avenues for designing highly efficient and robust electrocatalytic
systems. This synergistic approach harnesses the intrinsic proper-
ties of MXenes while leveraging the complementary characteristics
of other nanomaterials, resulting in hybrid catalysts with enhanced
performance metrics.

As research in this domain continues to progress, precious-
metal-based MXenes are poised to play a pivotal role in the de-
velopment of next-generation sustainable energy conversion and
storage technologies. Their unique properties and versatility make
them ideal candidates for addressing the challenges associated
with large-scale water splitting and fuel cell applications. The on-
going exploration of novel synthesis methods, precise composi-
tional control, and innovative hybrid structures is expected to un-
lock even greater potential for these materials. The rapid advance-
ments in precious metal-doped MXene electrocatalysts not only
contribute to the fundamental understanding of catalytic processes
but also have far-reaching implications for the broader field of re-
newable energy. As these materials continue to evolve, they hold
the promise of enabling more efficient, cost-effective, and envi-
ronmentally friendly energy systems, potentially accelerating the
global transition towards a sustainable energy future.
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Zhang et al. [44] developed a strategy that involved cation-
doping and oxygen vacancy engineering to create Ru/Rh-doped
FeOOH nanoarrays with abundant oxygen vacancies (Fig. 8a). These
nanoarrays were grown in situ on Ti3C,Tx MXene (Fig. 8b), re-
sulting in a highly efficient OER electrocatalyst known as Ru/Rh-
FeOOH@Ti3C,Tx. The optimized Rh/Ru-FeOOH@Ti3;C,Tx electrocat-
alysts exhibited exceptional OER activities and remarkable stabil-
ities, lasting up to 100h. Specifically, the 3%Rh-FeOOH@Ti3C, Ty
electrocatalyst required an overpotential of only 223mV at
10mA/cm? and 306 mV to reach 100 mA/cm? (Fig. 8c), surpass-
ing the performance of commercial IrO, catalysts and many other
reported oxyhydroxide-based electrocatalysts. The values of the
calculated Cy are14.49, 13.82, 3.74, and 1.63 mF/cm? for 3%Rh-
FeOOH@Ti3C,Tx MXene, 3%Ru-FeOOH@Ti3C,Tx MXene, FeOOH, and
FeOOH@Ti3C,Tx MXene, respectively (Fig. 8d). So, the ECSA val-
ues of 3%Rh-FeOOH@ Ti3C,Tx MXene, 3%Ru-FeOOH@Ti3;C,Txy MX-
ene, FeEOOH®@Ti3C,Tx MXene, and FeOOH are 362.25, 345.5, 93.5,
and 40.75, respectively. The 3%Ru/Rh-FeOOH@ Ti3;C,Tx MXene pos-
sesses the biggest Cy;, unequivocally manifesting that Ru/Rh doping
can expose more active sites, and the close heterogeneous inter-
face between FeOOH and Ti3C,Tx MXene is beneficial in increasing
the catalytic active sites, thus facilitating the oxidation of water
[100]. Through systematic theoretical calculations, kinetics, ther-
modynamics, and microstructural analysis, it was verified that the
integration of Ru/Rh-cation doping and oxygen vacancies signifi-
cantly enhanced the intrinsic conductivity and lattice defects of
FeOOH. In turn, this exposed more active sites, reduced the adsorp-
tion/desorption energy barrier and activation energy, and improved
the specific activity and catalytic kinetics of the electrocatalysts.
Moreover, the in situ hybridization with MXene reinforced the
structural stability of the electrocatalysts [44]. RuO, suffers from
lattice oxygen participation and metal dissolution during the OER,
compromising its durability. To overcome these limitations, Xu et
al. [62] introduced tensile strain to the RuOg octahedrons within a
binary Ru-Sn oxide matrix. This innovative approach weakened the
covalency of the Ru-O bond, effectively preventing the involvement
of lattice oxygen and the dissolution of Ru. As a result, the long-
term stability of the electrocatalyst was significantly improved. Fur-
thermore, the introduction of tensile strain optimized the adsorp-
tion energy of intermediates, leading to enhanced OER activity.
In particular, the RuSnOy electrocatalyst exhibited remarkable OER
performance in 0.1 mol/L HClO4, requiring only a modest overpo-
tential of 184mV to achieve a current density of 10mA/cm?2. Im-
pressively, it maintained this current density for at least 150 h with
minimal potential increase, demonstrating its exceptional durabil-
ity [45].

Moreover, Gilbert Prince et al. [65] recently presented a
solvothermal method for etching and exfoliating Ni-MAX to create
Ni-MXene nanosheets, which serve as an efficient and non-noble
electrocatalyst for OER. The synthesized Ni-MXene nanosheets,
when applied as a catalyst over a nickel foam electrode (NiMX/NF),
demonstrate an impressive overpotential of 245mV at a current
density of 100mA/cm? (Fig. 8e). As illustrated in Fig. 8f, the over-
potential of NiMX/NF at a current density of 100 mA/cm? is signif-
icantly lower compared to the contrast samples of commercial Pt-
C/NF and NF, which exhibit overpotentials of 261 mV and 312 mV,
respectively. The superior performance of NiMX can be ascribed to
its 2D graphene-like morphology, wherein the layers are held to-
gether by weak van der Waals forces. This unique structure sig-
nificantly enlarges the surface area, thereby exposing more active
sites to the electrolyte and consequently enhancing the OER activ-
ity. The NiMX-loaded NF shows a much lesser Tafel slope value of
191 mV/dec as compared to Pt/C-loaded NF and bare NF. This indi-
cates that the reaction kinetics is much faster in NiMX/NF as com-
pared to Pt/C-loaded NF or bare NF (Fig. 8g). The excellent per-
formance of the Ni-MXene catalyst can be attributed to two key
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Fig. 8. (a) Schematic representation depicting the formation procedures of Ru/Rh-FeOOH@Ti;C,Tx MXene and FeOOH@Ti;C,Tx MXene, alongside their catalytic mechanism
for the oxygen evolution reaction (OER). (b) SEM image of 3%Rh-FeOOH@Ti3C,Tx MXene. (c) The OER polarization curves and (d) the corresponding Tafel slopes of various
electrocatalysts in 1.0 mol/L KOH. Reproduced with permission [44]. Copyright 2022, Wiley. (e) OER LSV curves at the current density of 100 mA/cm?. (f) Histogram indicating
the difference in overpotentials, and (g) the corresponding Tafel slope of bare NF, Pt-C coated NF and NiMX loaded NF. Reproduced with permission [65]. Copyright 2022,

Elsevier.

factors: the presence of the Ni2*/3+ redox couple, which enhances
electrocatalytic activity, and the carbon content in the nanosheets,
which improves conductivity. Additionally, the catalyst electrode
retains 83% of its initial current density after 14h of continuous
operation, highlighting its excellent stability [46].

5.2. Non-noble metal doped MXene for OER

In the quest for sustainable hydrogen production via electrocat-
alytic water splitting, the exploration of cost-effective, stable, and
efficient non-noble metal catalysts has emerged as a pivotal avenue
of research. Among these alternatives, non-noble metal-based cat-
alysts supported on versatile 2D materials have garnered partic-
ular attention due to their unique electronic properties and tun-
able compositions. By harnessing the synergistic effects of various
earth-abundant elements and the supporting matrix, these cata-
lysts hold promise in overcoming the inherent challenges of high
overpotential and sluggish kinetics associated with the OER. In
this context, recent advancements in the design and synthesis of
MXene-supported nanohybrids and nanohybrids have ushered in a
new era of electrocatalysis, offering a compelling pathway toward
the realization of large-scale and economically viable water split-
ting technologies.
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Ye et al. [66] encapsulated ultrasmall NiFePx nanoparticles in
N-doped carbon and firmly anchored them on layered MXene
nanosheets to form “continuous” single-crystal honeycomb-like
MXene/NiFePx-NC nanohybrids by impregnation and phosphoriza-
tion (Fig. 9a). This unique heterostructure consists of multi-layered
Ti3C,Tx MXene tightly anchoring ultrasmall NiFePx nanoparticles
encapsulated within the NC. The MXene and MXene/NiFe PB ex-
hibit limited OER activity. In contrast, the MXene/NiFePx-NC het-
erostructure distinctly shines with its exceptional OER catalytic
performance, attaining an overpotential of only 240mV at a cur-
rent density of 10mA/cm?. This superior performance surpasses
that of NiFePx-NC (337 mV), MXene/NiFe,04 (305mV), and even
commercial RuO, (290 mV) catalysts (Fig. 9b). The exceptional cat-
alytic activity of the MXene/NiFePx-NC heterostructure can be at-
tributed to its “continuous” single-crystal characteristics, abundant
active sites derived from the ultrasmall NiFePx NPs, and the sta-
ble honeycomb-like structure with an open framework. These find-
ings are further supported by DFT calculations, which suggest that
the unique MXene/NiFePx-NC heterostructure facilitates the slug-
gish OER, thereby ensuring outstanding durability and excellent ac-
tivity with an ultralow overpotential [47].

Kang et al. [48] synthesized three bimetallic nanohybrids-
Ni-Co (NCMX), Fe-Co (FCMX), and Fe-Ni (FNMX) onto MXene
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XRD spectra. (f) OER LSV curves in 1.0 mol/L KOH at a scan rate of 5mV/s. (g) The corresponding Tafel slopes. Reproduced with permission [48]. Copyright 2022, Elsevier.

for enhanced OER activity. The metal nanostructures were well-
distributed and inter-connected via fusion on the MXene layers
(Figs. 9c and d). To confirm the successful synthesis and phase
transformation, X-ray diffraction (XRD) measurements were con-
ducted. The absence of characteristic peaks at 26 of 39°, corre-
sponding to the (104) plane of the MAX phase (Ti3AlC;), implied
the effective elimination of Al layers in forming the MXene (Fig.
9e). Moreover, the presence of Ni-Co complex peaks in NCMX con-
firmed the successful formation of NieCo nanohybrids on the MX-
ene surface. To evaluate the catalytic performance, the synthesized
nanohybrids were loaded onto a plastic chip electrode (PCE) and
tested in a basic electrolyte (1.0 mol/L KOH). Among the catalysts,
NCMX exhibited superior OER activity with a low overpotential of
220 mV (Fig. 9f). Additionally, Tafel slope analysis, derived from LSV
curves, revealed that NCMX (94 mV/dec) had the lowest Tafel slope
compared to FCMX (531 mV/dec), FNMX (126 mV/dec), and MXene
(765 mV/dec) (Fig. 9g). This indicated a significantly faster reac-
tion rate and improved OER kinetics for NCMX. The stability of the
NCMX catalyst was further assessed using chronoamperometry and
cyclic voltammetry techniques [48].

Li et al. [101] synthesized a carbon and nitrogen-doped porous
Co,P from ZIF-67, anchored on bimetallic MXene nanosheets to
create MX@MOF-Co,P. This innovative material was designed as
an electrocatalyst for OER, a pivotal step in electrochemical water
splitting. When the current density approached 100 mA/cm?, the
pristine Co MOF underwent rapid structural reorganization dur-
ing the OER process, forming cobalt hydroxide and demonstrat-
ing improved activity with lower overpotential and Tafel slope.
However, the MX@MOF-Co,P catalyst surpassed this performance,
exhibiting exceptional OER activity with low overpotentials of
246mV at 10mA/cm? and 407mV at 200mA/cm2. Remarkably,
its Tafel slope was only 28.18 mV/dec, significantly smaller than
those of RuO,@NF (86.87 mV/dec), Co MOF (54.65mV/dec), Co,P
(45.96 mV/dec), and MOF-Co,P (39.29 mV/dec), indicating much
faster OER kinetics. This outstanding performance of MX@MOF-
Co,P was attributed to several key factors. Firstly, the porous struc-
ture of the original MOF provided a large number of open active
sites, facilitating efficient catalytic reactions. Secondly, the modu-
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lation of the electronic structure of the active center by carbon
and nitrogen doping further enhanced its catalytic activity. Lastly,
the synergistic effect between cobalt phosphide and MXenes sig-
nificantly improved electronic transfer, contributing to the overall
superior performance of the catalyst. When compared to other re-
ported similar catalysts, the synthesized MX@MOF-Co,P stood out
with its superior performance.

Du et al. [56] synthesized a novel CoNi-MOFNs@MXene nanohy-
brid via the in-situ growth of CoNi-MOFNs on Ti3C,Tx MXene (Fig.
10a). Ensuring strong interfacial bonding and efficient charge trans-
fer, which are imperative for enhanced OER electrocatalytic perfor-
mance. The XRD, SEM, TEM, and EDS characterizations have con-
firmed the nanohybrids’ intended morphology and uniform ele-
mental distribution (Figs. 8b-e), providing a structural basis for its
OER performance. Specificity, the peak presents a strong depen-
dence on the ratio of Co/Ni as it shifts anodically and increases
in intensity along with the increasing Ni content (Fig. 10f). The in-
creased integrated area of these precatalytic oxidation peaks sug-
gests an increase in the redox-active atoms. On the other hand,
the shift of this redox peak can be further explained by the partial
electron transfer from Ni%* ion to Co?* ion through the bridged
oxygen atom in CoNi-MOFNs [102]. With the increase of Ni con-
tent and electron donation, the outflow of electrons from the Co%*
ion was inhibited. Upon consideration of the relationship between
the variable numbers of redox-active atoms, shifting of precatalytic
oxidation peaks, and the varying Co/Ni ratio, it is unveiled that in
CoNi-MOFNs the redox behavior might be affected by a combina-
tion of multi-factors.

As displayed in Fig. 10g, the CoNig-MOFNs show the lowest
overpotential of 346 mV to reach a current density of 10 mA/cm?
than that of Co-MOFNs (443 mV), CoNijg-MOFNs (377 mV), CoNiyg-
MOFNs (369mV), CoNi3g-MOFNs (367mV, 66.8mV/dec?), and
CoNisg-MOFNs (359 mV), implying the improved OER activity
which might be resulted from the electronic coupling between Ni
and Co [103]. The Tafel slope analysis presented in Fig. 10h pro-
vides crucial insights into the electrocatalytic kinetics of various
catalysts. It reveals a striking contrast between the monometal-
lic and bimetallic catalysts. Co-MOFNs and Ni-MOFNs exhibit
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Fig. 10. (a) Scheme illustration of the preparation of the CoNi-MOFNs@MX nanohybrids. (b) SEM image Ti3C,Tx-COOH MXene nanosheets. (c) SEM and (d) TEM images of
CoNi20-MOFNs@MX nanohybrid. (e) The inverse FFT image of the region which labeled in (d). (f, g) OER polarization curves. (h) The corresponding Tafel plots. Reproduced

with permission [56]. Copyright 2021, Wiley.

relatively large Tafel slopes of 86.5 and 196.3 mV/dec, respec-
tively, indicating slower reaction Kkinetics. In contrast, the CoNi-
MOFNs compounds demonstrate significantly reduced Tafel slopes
(59.2 mV/dec?), suggesting a marked enhancement in electrocat-
alytic performance. In addition, the stability test results have
demonstrated that the CoNi-MOFNs@MX maintains stability for
over 40h, a prerequisite for long-term applications. XPS analysis
post-OER testing showed stable valence states of Co and Ni in
CoNiyg—MOFNs@MX, indicating the material’s stability and resis-
tance to activity decay. The results demonstrated that the CoNi-
MOFNs@MX nanohybrid has a high OER activity, rapid kinetics,
and excellent stability, positioning it as a promising material in the
field of electrocatalysis.

Zhao et al. [57] engineered a superior OER electrocatalyst by
integrating dual Co/Ni atomic sites onto a Ti3C;Tx MXene scaf-
fold (CoNi-Ti3C,Tx). As shown in Figs. 11a-c, the bright well-
dispersed spots in the aberration-corrected HAADF-STEM images
prove the successful synthesis of atomic CoNi-Ti3CpTx, TizCyTx,
and Co-Ti3C,Tx electrocatalysts. This synthesis employed an avant-
garde surface modification strategy utilizing L-tryptophan pre-
adsorption, which engendered robust metal-support interactions
and a substantial mass loading of 5.6 wt%, significantly augment-
ing the catalyst’s intrinsic activity. For the OER performance texts,
the CoNi-Ti3C,Tx catalyst illustrated exceptional efficacy, necessi-
tating an overpotential of merely 241 mV at 10mA/cm?, as delin-
eated by LSV curves (Fig. 11d), which surpasses the performance
of Ni-Ti3C;Tx (298 mV), commercial RuO, (332 mV), and Co-Ti3C;Tx
(375mV). The CoNi-Ti3C,Tx’s Tafel slope of 79.8 mV/dec (Fig. 11e)
is indicative of its swift electrochemical kinetics. Electrochemical
impedance spectra (EIS) data (Fig. 11f) corroborate these findings,
with CoNi-Ti3C,Tx demonstrating the lowest charge transfer resis-
tance (Ret=14.61 2), underscoring its efficient charge transfer ki-
netics in the OER process.

In general, the optimized electrocatalytic performances of the
electrocatalysts are highly related to their electronic structure, so
the DFT was further performed. The charge density difference plots
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presented in Figs. 11g-i reveals that the Co and Ni centers in CoNi-
Ti3C,Tx exhibit decreased electron density, indicating a transfer of
electrons from the Co/Ni atoms to the Ti3C,Tx substrate. To quanti-
tatively assess the electron variation within these nanohybrids, we
conducted further calculations of the Bader charges for the three
electrocatalysts. Compared to the single-atom catalysts (Co-Ti3C,Tx
and Ni-Ti3C,Tx), a greater number of electrons are donated from
Co (0.41 |e|]) and Ni (0.08 |e|) to the CoNi-Ti3C,Tx substrate. This
suggests that the synergistic interaction between Co and Ni atoms
results in an enhanced degree of electron transfer. Overall, DFT cal-
culations demonstrate that Ni and Co in CoNi-Ti3C,Tx can collabo-
ratively enhance electron modulation between the active sites (Co
and Ni) and substrates, leading to lower energy barriers for the
OER process [104,105].

Furthermore, the exploration of MXene-anchored single-atom
catalysts for OER has garnered significant attention, primarily
driven by first-principles investigations. For instance, Fan et al
[106] conducted a comprehensive investigation on a series of
transition-metal atoms X (Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn) sup-
ported by MXenes M;NO, (M=Ti, V, Cr) as potential single atom
catalysts for OER. Notably, among these single atom sites, Cu an-
chored on Ti;NO, exhibited promising characteristics as an OER
electrocatalyst, with an overpotential of only 0.24V for the four
OER reaction steps at Cu-Ti;NO,. To further understand the proper-
ties of this catalyst, the bonding strength between the Cu atom and
supporting Ti;NO, was examined, and ab initio molecular dynam-
ics simulations (AIMD) were performed to assess the stability of Cu
on Ti;NO,. Moreover, considering the significance of OER in metal-
air batteries, where the active substance on the cathode is oxygen
from the air, the adsorption of small molecules such as CO, NO,
NO,, SO, H,0, and O, was calculated. In another study, Chen et al.
[107] employed high throughput screening and identified MXenes
as promising supports for single atoms to enhance OER efficiency.
The stability of various MXenes was assessed based on specific for-
mation energies, leading to the identification of seven potential
MXene candidates including Ti3Cy(OH)x, V3Cy(OH)x, Zr3Cy(OH)x,
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Nb3Cy(OH)x, Hf3C5(0OH)x, Ta3Cy(OH)x, and W3C,y(OH)x as promis-
ing supports for single atoms. Subsequently, transition metal ele-
ments were evaluated for their suitability as single-atom elements.
Metals such as Zn, Pd, Ag, Cd, Au, and Hg were excluded due to
their high cohesive energies, indicating their exceptional stability.
Hf3C,(OH)x with a Pd single atom delivers a theoretical overpoten-
tial of 81 mV. Both moderate electron-deficient state and high co-
valency of metal-carbon bonds were critical features for the high
OER reactivity. Theoretical overpotentials for these MXene-based
single-atom catalysts were determined through Gibbs free energy
calculations. Further analysis of the structure-activity relationship
was conducted using machine learning techniques, revealing that a
moderately electron-deficient single-atom center and a highly co-
valent M-C bond are critical factors for optimal OER activity. This
insight is expected to guide the rational design of efficient OER cat-
alysts.

6. MXenes-based nanohybrids for overall water splitting

Electrocatalytic water splitting represents a cornerstone of re-
newable energy technologies, offering a clean and sustainable
method to produce hydrogen fuel and oxygen through the funda-
mental processes of HER and OER. Ideally, these reactions neces-
sitate a voltage difference of only 1.23V. However, practical im-
plementation often encounters an increased potential requirement,
referred to as overpotential. This undesirable phenomenon signif-
icantly elevates the energy input necessary for water decomposi-
tion, thereby diminishing the process’s overall efficiency. To sur-
mount this critical challenge, researchers have explored the uti-
lization of electrocatalysts capable of accelerating the kinetics of
both HER and OER. These specialized materials function by reduc-
ing the activation energy barrier. They achieve this by adsorbing
reactants, facilitating their conversion into products, and enhanc-
ing charge transfer kinetics. Among the diverse array of materials
investigated for this purpose, a group of two-dimensional transi-
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tion metal carbides, nitrides, and carbonitrides, collectively known
as MXenes, have recently garnered substantial attention.

MXenes stand out due to their exceptional electronic proper-
ties, high conductivity, and tunable surface chemistry, which ren-
der them well-suited for dual-function HER/OER catalysis. Notably,
the ability of MXenes to perform effectively in both reactions sug-
gests the potential to employ them in direct seawater splitting.
This capability would be transformative, as it could simplify the
design of electrolysis cells and amplify the total efficiency of the
water splitting procedure. Such advancements hold the promise
of making electrocatalytic water splitting more cost-effective and
sustainable, potentially fostering broader adoption of this renew-
able technology on a global scale. The ongoing research and devel-
opment in this area aim to optimize the performance of MXenes,
making them a key component in the future of renewable energy
technology.

Chaudhary et al. [49] successfully fabricated bimetallic NiCo,Sey
(NCSe), MXene, and reduced graphene oxide (rGO) into a 3D hi-
erarchical aerogel structure as NCSe@MGA by hydrothermal and
wet-chemical methods. As shown in Figs. 10a-d, the NCSe precur-
sor comprised of predominant urchin-like morphology constructed
by densely aligned nanoneedles (Fig. 12a). After selenization, the
urchin-like structure of the NCSe precursor evolved into a micro-
sphere with a relaxed surface, the surface of which was formed by
the aggregation of nanoparticles (Fig. 12b). The pore structures of
NCSe@GA were characterized by irregular connections and crim-
pled cell walls (Fig. 12c). In contrast, the pores in NCSe@MGA ex-
hibited a more regular arrangement with straighter cell walls (Fig.
12d). This distinction can be attributed to the stiffer nature of the
MXene sheets, which serve as a scaffold and help to prevent the
wrinkling of rGO sheets to a certain extent during their integration
into the 3D network. The well-established network not only pro-
vides mechanical strength to NCSe@MGA but also protects it from
deformation during processing. To further enhance the understand-
ing of this concept, it is worth mentioning that the incorporation
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Fig. 12. SEM images of (a) NCSe precursor, (b) NCSe microspheres, (c) NCSe@GA, and (d) NCSe@MGA. (e) HER and (f) OER polarization curves and (g, h) the corresponding
Tafel curves in 1.0mol/L KOH electrolyte. (i) The Cy. (j) EIS spectrum. Reproduced with permission [49]. Copyright 2022, Elsevier.

of MXene sheets into the rGO matrix results in a synergistic ef-
fect, where the unique properties of both materials are combined
to create nanohybrids with improved characteristics. The stiffness
of the MXene sheets helps to maintain the structural integrity of
the rGO layers, preventing them from collapsing or folding in on
themselves. This not only ensures a more uniform pore size dis-
tribution but also contributes to the overall mechanical stability of
the NCSe@MGA nanohybrids.

These innovative nanohybrids not only accommodated strain
during electrochemical tests but also prevented the pulveriza-
tion of NCSe, thanks to the flexible skeleton of the Ti;C, MX-
ene@Graphene nanohybrids aerogel. In 1.0 mol/L KOH solution with
a typical three-cell configuration, the polarization curves revealed
that NCSe@MGA had an earlier onset of current for both HER
and OER compared to Ni Foam, NCSe, and NCSe@GA. Specifi-
cally, NCSe@MGA achieved a current density of 10mA/cm? at low
overpotentials of 78 mV for HER (Fig. 12e) and 201 mV for OER
(Fig. 12f), with Tafel slopes as low as 55mV/dec (Fig. 12g) and
79mV/dec (Fig. 12h), respectively. These results indicated fast ki-
netics and highlighted the exceptional performance of NCSe@MGA
nanohybrids in electrocatalytic water splitting. Importantly, the en-
hanced electrochemical activity of NCSe@MGA could be attributed
to the synergistic effects arising from the intimate contact be-
tween NCSe, MXene, and Graphene. Furthermore, the stability
of NCSe@MGA was confirmed by the absence of significant de-
cay in current density during a 10h electrolysis test for both
HER and OER. Overall, these findings highlighted the potential of
NCSe@MGA as a highly efficient and stable electrocatalyst for water
splitting applications. From the slope of plots (scan rate vs. current
density) and EIS spectrum, it can be found that the NCSe@MGA
has the largest value of Cy (51.6mV/cm?, Fig. 12i) and the small-
est value of R¢; (2.04 €2, Fig. 12j), demonstrating its enriched active
sites and better adsorption of H,O molecules for HER.
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Li et al. [50] developed an alloy-phase bimetallic sulfide an-
chored on the conductive substrate MXene supported on nickel
foam (CogFeSg MXene/NF) by a one-step solvothermal method
and a self-template sacrificial vulcanization process. The effi-
cient nanohybrids electrocatalyst of CogFeSg MXene/NF with multi-
metal active sites exhibits extraordinary electrocatalytic perfor-
mance with remarkably low overpotentials of 1771 mV (OER) and
108 mV (HER) at 10 mA/cm?, respectively. Notably, when used in
1.0 mol/L KOH electrolytic cell, CogFeSg MXene/NF also accelerates
overall water splitting at an ultra-low cell voltage of only 1.51V at
10mA/cm?, far exceeding that of standard Pt-C/NF//RuO,/NF elec-
trodes (1.59V). DFT and related material characterization demon-
strate that electron rearrangement at the atomic/orbital level and
hierarchical electronic coupling between Schottky heterostructures
of MXene boosts charge transfer efficiency, the asymmetric 3d
electronic structure of the Co-Fe atoms optimizes the d-band cen-
ter value of the CogFeSg MXene/NF [108,109]. This efficient strat-
egy enables unprecedented improvements in the intrinsic proper-
ties of hybrid materials. When employed in a 1.0 mol/L KOH elec-
trolytic cell for overall water splitting, the CogFeSg MXene/NF cat-
alyst exhibits impressive performance. It requires an ultra-low cell
voltage of only 1.51V at 10 mA/cm?, surpassing the performance of
standard Pt-C/NF and RuO,/NF electrodes, which demand a higher
voltage of 1.59V.

Similarly, Yu et al. [51] have developed an advanced electrocat-
alyst for water splitting by integrating ruthenium-cobalt bimetal-
lic nanoalloys with exfoliated Ti3C,Tx MXene to create the RuCo-
Ti3C,Tx nanohybrids, utilizing an ice-templated and thermal acti-
vation process for a strong coupling between the RuCo nanoalloys
and the highly conductive MXene. The RuCo-Ti3C,Tx electrocata-
lyst demonstrates exceptional performance for both the HER and
OER. In acidic and alkaline media, it exhibits low overpotentials
and Tafel slopes for HER, indicating fast kinetics. Additionally, it
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Fig. 13. (a) SEM image of the MXene. (b) SEM of the NiFe-LDH@MXene nanohybrids. (c) SEM image of NiFeCo-LDH@MXene nanohybrids. (d) HER and (e) OER LSV curves of
bare NF, Pt/C, MXene, NiFe-LDH, NiFe-LDH@MXene, and NiFeCo-LDH@MXene at a scan speed of 10mV/s. (f) Overall water splitting polarization profiles of the catalysts. (g)
EIS profiles. (h) The variations in the time-dependent current density of the NiFeCo-LDH@MXene||NiFe-CoLDH@MXene device at a constant applied voltage for continuous
water splitting operation over 24 h. Reproduced with permission [59]. Copyright 2022, Elsevier.

performs well for OER in alkaline electrolytes. When tested in a
two-electrode electrolyzer configuration, the RuCo-Ti3C,Tx||RuCo-
Ti3C,Tx system requires a lower potential (1.56 V) than the bench-
mark Pt/C||RuO, electrolyzer at a current density of 10mA/cm?,
highlighting its promise for practical water splitting applications.

Li et al. [54] introduced a novel and efficient bifunctional elec-
trocatalyst for water splitting: The multiphasic 1T/2H MoSe, on
MXene nanosheets heterostructure (1T/2H MoSe,/MXene) (Figs.
10c and d). This innovative catalyst leverages the complementary
strengths of 1T/2H MoSe, and MXene. In terms of HER perfor-
mance, the 1T/2H MoSe,/MXene electrode exhibits an overpoten-
tial of 95mV at a current density of 10mA/cm, which is signifi-
cantly lower than that of 2H MoSe,/MXene (123 mV), 1T/2H MoSe,
(145mV) and MXene (194 mV) alone. Similarly, for OER, the same
catalyst achieves an overpotential of 340 mV at a current density of
10mA/cm?2, which outperforms 2H MoSe,/MXene (380 mV), 1T/2H
MoSe, (397 mV), MXene (400mV), is even comparable to com-
mercial RuO, (320mV) (Figs. 10e and f). This exceptional perfor-
mance is further evident in the Tafel slopes observed for different
samples. The Tafel slope of 1T/2H MoSe,/MXene is notably lower
(91 mV/dec for HER and 90 mV/dec for OER) than those of other
electrodes, indicating more efficient electrocatalytic kinetics.

In the study conducted by Sajjad Hussain and colleagues, a
honeycomb-like porous nanohybrid catalyst, NiFeCo-LDH@MXene,
was innovatively engineered for efficient bifunctional overall wa-
ter splitting [59]. The synthesis was achieved on a nickel foam
platform through a simple hydrothermal process, showcasing re-
markable electrocatalytic performance and stability in alkaline me-
dia. SEM images (Fig. 13a) exposed the layered sheet configura-
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tion of MXene, which was derived from the MAX phase Ti3AlC,
through an HF etching methodology. The SEM visualizations con-
firmed that the surface nanostructure was predominantly com-
posed of dispersed sheets, which were identified as polycrystalline
by FFT patterns aligning with XRD outcomes. An exhaustive in-
vestigation of NiFeCo-LDH@MXene’s overall water splitting capa-
bilities was undertaken (Figs. 13b and c). Figs. 13d and c illus-
trate the HER and OER LSV profiles of various catalysts at the
current density of 10 mA/cm?. Notably, NiFeCo-LDH@MXene exhib-
ited a minimal overpotential requirement (34 mV vs. RHE for HER,
130mV vs. RHE for OER). These findings underscored that NiFeCo-
LDH@MXene outperformed Pt/C in electrocatalytic activity and sur-
passed other evaluated materials in terms of lower overpotentials.
Moreover, the superior performance is primarily due to the cat-
alyst’s expedited reaction kinetics, evidenced by Tafel slopes of
52 mV/dec for OER and 62 mV/dec for HER, indicative of swift elec-
trocatalytic reaction velocities. This confirms the great potential of
these catalysts for bifunctional water splitting applications.

Based on the superior electrocatalytic characteristics of NiFe-
LDH@MXene and NiFeCo-LDH@MXene catalysts for both HER and
OER, two-electrode devices were assembled for overall water split-
ting: NiFe-LDH@MXene (anode)||NiFe-LDH@MXene (cathode) and
NiFeCo-LDH@MXene (anode)||NiFeCo-LDH@MXene (cathode). As
shown in Fig. 13f, the NiFeCo-LDH@MXene||NiFeCo-LDH@MXene
device exhibited a low cell voltage of 141V to achieve a cur-
rent density of 10mA/cm?2 at a scan rate of 10mV/s, with lower
charge transfer resistance (Fig. 13g). This performance is superior
to the NiFe-LDH@MXene||NiFe-LDH@MXene device (1.61 V) and the
benchmark Pt/C||RuO, system (1.75V). Furthermore, chronoam-
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perometric tests were conducted on both NiFe-LDH@MXene and
NiFeCo-LDH@MXene catalysts at constant cell voltages for contin-
uous water electrolysis over 24h (Fig. 13h). The results demon-
strated the robust behavior of the prepared catalysts, maintain-
ing stable currents without notable degradation throughout the
test period. The exceptional performance of NiFeCo-LDH@MXene
nanohybirds is primarily attributed to its distinctive structural and
compositional attributes. The honeycomb-like porous architecture
escalates the active site count and bolsters charge and mass trans-
fer efficacy. The high conductivity and layered structure of MX-
ene augment charge transfer efficiency, while the encapsulation
of NiFeCo-LDH nanoparticles fortifies structural integrity. DFT cal-
culations substantiated the synergistic interplay between NiFeCo-
LDH and MXene, optimizing reaction kinetics and minimizing re-
action barriers. Morphological analyses via SEM and TEM eluci-
dated the microstructure of NiFeCo-LDH@MXene. As showcased in
Fig. 13b, MXene presented a layered sheet structure, contrasted
by NiFeCo-LDH@MXene’s distinctive honeycomb-like porous mor-
phology, which amplifies the electrochemical active surface area
and fosters electrolyte-active site interfacing. Elemental mapping
analysis affirmed the uniform dispersion of Ni, Fe, Co, Ti, C, and
O elements throughout the nanohybrids. In essence, the NiFeCo-
LDH@MXene has manifested high activity, rapid reaction kinetics,
and stellar stability in overall water splitting, positioning it as a
distinguished contender for green energy conversion technologies.
This pioneering study has imparted novel perspectives on the de-
sign of high-efficiency electrocatalysts, marking a significant stride
toward the progression of sustainable energy solutions.

In the cutting-edge domain of electrochemical energy conver-
sion and storage, Han et al. [82] have pioneered a groundbreaking
trifunctional CoS,@MXene catalyst, marking a significant advance
in electrochemical energy conversion and storage. This innovative
material integrates one-dimensional (1D) CoS, nanowires with 2D
Ti3C,Tx MXene nanosheets through a sophisticated yet efficient
synthesis process. The method involves a hydrothermal reaction
followed by sulfurization, resulting in a unique hybrid nanostruc-
ture. Detailed morphological analysis using SEM and TEM reveals
the catalyst’s intricate architecture. SEM images (Figs. 14a and b)
and TEM observations (Fig. 14c) confirm that CoS, nanowires are
uniformly and parallelly anchored on discrete MXene nanosheets.
This arrangement effectively prevents aggregation and restacking
of the components, preserving the high surface area and acces-
sibility. The strategic design of this heterostructure offers several
key advantages. It significantly enhances the interface between the
electrolyte and electrode, providing a wealth of reaction sites. Ad-
ditionally, the unique configuration promotes efficient mass trans-
port of reactants, a critical factor in high-performance electro-
chemical systems. By synergistically combining 1D and 2D nano-
materials, the CoS,@MXene catalyst represents a new paradigm
in materials design for advanced electrochemical applications. This
innovative approach not only addresses current limitations in cata-
lyst performance but also opens new avenues for the development
of next-generation energy conversion and storage technologies.

The electrocatalytic performance of CoS,@MXene, CoS,, and
MXene catalysts coated on nickel foams was evaluated for both
HER and OER in 0.1 mol/L KOH solution. For HER (Fig. 14d),
CoS,@MXene nanohybrids demonstrated superior activity and
faster kinetics compared to CoS, and MXene individually. Specifi-
cally, CoS,@MXene achieved a lower overpotential of 175 mV at the
current density of 10 mA/cm?, outperforming CoS, (225mV) and
MXene (260 mV). Although its Tafel slope of 97 mV/dec was higher
than that of Pt/C (36mV/dec), suggesting a Volmer-Heyrovsky
mechanism, the overall HER performance was notable. In the OER
process (Fig. 14e), CoS,@MXene exhibited exceptional performance,
requiring only 270 mV overpotential to reach 10mA/cm?2. This sur-
passed the performance of CoS, (323 mV), MXene (431 mV), and
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even commercial RuO, (302 mV). CoS,@MXene also showed the
smallest Tafel slope (92 mV/dec) among the tested catalysts, sig-
nificantly lower than CoS, (96 mV/dec) and MXene (204 mV/dec).
Furthermore, C4 measurements revealed that CoS,@MXene pos-
sessed a larger electrochemically active surface area, with a Cy
value of 28 mF/cm? (Figs. 14f and g), superior to CoS, (9 mF/cm?2)
and MXene (2 mF/cm?). This increased active area contributes to
the enhanced catalytic performance. The exceptional HER and OER
performance of CoS,@MXene can be attributed to the synergistic
effect between CoS, and MXene components, highlighting the ef-
fectiveness of this hybrid nanostructure in electrocatalytic applica-
tions for water splitting.

The exceptional electrochemical properties of CoS,@MXene
nanohybrids in both HER and OER were harnessed to create a
highly efficient water splitting system. This innovative electrolyzer
demonstrates remarkable performance, requiring only 1.63V to
achieve a current density of 10mA/cm?2. This voltage requirement
represents a significant improvement over systems utilizing ei-
ther CoS; or MXene independently, clearly illustrating the syn-
ergistic benefits of the hybrid approach (Fig. 14h). To rigorously
evaluate the system’s long-term viability, an extensive durability
test was conducted. The electrolyzer maintained a constant cur-
rent density of 10mA/cm2 over a continuous 24h water split-
ting operation (Fig. 14i). Notably, the potential increase remained
minimal throughout this prolonged test, underscoring the excep-
tional stability of the CoS,@MXene hybrid electrodes. The com-
bination of high catalytic activity and remarkable durability posi-
tions CoS,@MXene as a cutting-edge multifunctional catalyst for
efficient water electrolysis, particularly excelling in alkaline condi-
tions. These findings not only demonstrate the immediate practical
potential of CoS,@MXene but also highlight the broader implica-
tions of intelligently designed hybrid nanostructures in advancing
electrochemical energy conversion technologies. By bridging the
gap between laboratory innovation and real-world application, this
research paves the way for more efficient, stable, and sustainable
water splitting systems. The success of CoS,@MXene exemplifies
how strategic material design can address key challenges in renew-
able energy technologies, offering promising avenues for future de-
velopments in clean hydrogen production and energy storage solu-
tions.

In recent years, single-atom catalysts have garnered significant
attention due to their distinct advantages in maximizing atomic ef-
ficiency and exhibiting superior catalytic activity, showing poten-
tial for large-scale application in overall water splitting [67,68,110].
Zhang et al. [67] reported a single transition-metal atom anchored
on the Cr,CO, MXene surface as a bifunctional electrocatalyst for
water splitting, investigated through DFT calculations. As a result,
Ni anchored on Cr,CO, (Ni/Cr,CO,) MXene exhibits remarkable
catalytic activity, producing low overpotentials of 0.16 and 0.46V
for HER and OER, respectively. A substantial electron transfer from
Ni to the surface O* of Cr,CO, MXene was observed, enhancing the
binding strength between Ni and Cr,CO, MXene with a binding
energy of —5.16eV. The ultrahigh Ni oxide formation pressure en-
sures the stability of Ni/Cr,CO, during electrocatalytic water split-
ting. Furthermore, ab initio molecular dynamics simulations and
climbing nudged elastic band calculations suggest that the Ni atom
can be stably immobilized on the Cr,CO, MXene substrate, pre-
venting its aggregation into Ni3 and Ni4 clusters. We also predict
a possible synthesis route for the Cr,CO,-supported Ni single-atom
catalyst system, indicating that Ni/Cr,CO, can be experimentally
synthesized. This study provides valuable insights into the design
and application of single-atom catalysts for efficient water split-
ting, contributing to the ongoing efforts to develop sustainable en-
ergy technologies.

Peng et al. [68] show that in 0.1 mol/L HCIO4 solution, a novel
single atom catalyst comprised of single ruthenium atomic sites
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supported on ultrathin Ti3C;Tx MXene nanosheets (denoted as Ru-
SA|Ti3C,Tx) (Figs. 15a-c), simultaneously catalyzed the HER, OER,
and oxygen reduction reaction (ORR). Excitingly, Ru-SA/Ti3C;Tx has
excellent comprehensive performances. For acidic HER (Figs. 15d
and e), it shows a Pt-like activity with a low overpotential (1g)
value at 10mA/cm? of 70mV, fast reaction kinetics (27.7 mV/dec),
and high mass activity (6.62 A/mgg,). For acidic OER (Fig. 15f),
the required 719 is 290 mV, which is lower than that of commer-
cial IrO, (330mV). They use the Ru-SA/Ti3C,Tx as both anode and
cathode to assess its feasibility for a two-electrode acidic elec-
trolyzer (Fig. 15g), the current density of 10mA/cm? can be ob-
tained at a small cell voltage of 1.56V (Fig. 15h), which is 190 mV
less than that required for the Pt/C||IrO, couple and among the
best values published for acidic overall water splitting. In addition
to the high efficiency and durability for HER and OER (Fig. 15i),
Ru-SA/Ti3C,Tx also exhibits superior acidic ORR performance with
a positive half-wave potential of 0.80V vs. RHE, the highest ki-
netic current density of -4.98 mA/cm? at 0.8V vs. RHE, and a Tafel
slope of 60.4 mV/dec which are record-level among previously re-
ported ORR catalysts. Further, when the Ru-SA/Ti3C,Tx was applied
in a proton exchange membrane fuel cell as a cathode catalyst, the
maximum power density was found to be 941 mW/cm?, exceed-
ing most of the best-reported precious/transition metal catalysts.
Before this work, no SA catalysts could provide simultaneously
high activity and good stability for the acidic HER, OER, and ORR.
Furthermore, experiments and DFT calculations clearly reveal that
the two-fold O-coordinated configuration of each Ru site can opti-
mize the adsorption of reactants/intermediates, making HER, OER,
and ORR pathways on the designed catalyst along an energetic-
favorable process. This synergistic effect between the MXene sup-
port and the precisely positioned single-atom catalysts opens up
new avenues for designing high-performance, earth-abundant elec-
trocatalysts for clean energy applications. This study not only ad-
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vances our understanding of single-atom catalysis but also pro-
vides a promising pathway for the development of efficient and
durable catalysts for hydrogen production.

Rogach et al. [110] conducted a comprehensive investigation
into the intricate electronic architecture and remarkable electrocat-
alytic prowess of nanohybrids crafted by strategically anchoring Co
single atoms onto distinct MXene substrates: V,CTx, Nb,CTx, and
Ti3C,Tx, via an ingenious photochemical reduction approach (Fig.
16a). This innovative strategy harnessed the unparalleled strength
of hybridization interactions between the Co 3d orbitals and the
surface-terminated O 2p orbitals in the Co@V,CTx nanohybrids,
fostering a pronounced electron transfer from Co to the V,CTy
matrix. Remarkably, when benchmarked against its counterparts,
Co@V,CTx exhibited superior electrochemical performance, mani-
festing in notably reduced overpotentials for both OER and HER, at
242mV and 35mV respectively, at a current density of 10 mA/cm?
in 1.0mol/L KOH electrolyte (Figs. 16b and c). This outstanding
performance underscores the exceptional catalytic efficiency of
Co@V,CTy.

To delve deeper into the underlying mechanisms of this en-
hanced electrocatalytic behavior, a meticulous analysis was con-
ducted, encompassing the calculation of Gibbs free energies for
each step in the OER and HER pathways, the projected density
of states (PDOS), and the Bader charges (Figs. 16d-f). These in-
sights revealed that the reduced Gibbs free energy variation for
the rate-limiting step in the OER pathway of Co@V,CTy (1.78eV),
compared to Co@Nb,CTyx (1.91 eV) and Co@Ti3C,Tx (2.49eV), facili-
tated a more favorable transformation from *O to *OOH, indicative
of an accelerated OER kinetics. Similarly, the lower Gibbs free en-
ergy of hydrogen adsorption in Co@V,CTyx (0.31eV), as opposed to
Co@ND,CTx (0.38eV) and Co@Ti3C,Tx (0.43eV), hinted at a more
efficient formation and subsequent release of molecular hydrogen,
thereby enhancing the HER performance.
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Furthermore, the deployment of Co@V,CTx as a bifunctional
catalyst, serving both as the cathode and anode in a water splitting
electrolyzer, showcased remarkable stability over an extended du-
ration of 10h with minimal degradation, operating at a commend-
ably low potential of 1.60V (Figs. 16g and h). This underscores
its potential for practical applications requiring sustained and ef-
ficient electrochemical water splitting. In conclusion, the study un-
derscores the pivotal role of MXene substrates, particularly V,CTy,
in amplifying the electrocatalytic properties of cobalt single-atom
catalysts, offering promising avenues for the development of highly
efficient and durable electrocatalysts for renewable energy conver-
sion technologies.

7. Summary and outlook

MXene-derived materials have emerged as versatile electrocat-
alysts for water electrolysis, capable of facilitating both HER and
OER at the cathode and anode, respectively. This dual functionality,
combined with their renewable nature and eco-friendly character-
istics, positions MXene-derived materials as a promising solution
to address the global energy crisis and mitigate environmental pol-
lution associated with traditional hydrogen production methods.
The potential for a truly sustainable hydrogen production process
becomes evident when these catalysts are coupled with renew-
able energy sources like solar and wind power, and synthesized
using environmentally benign methods such as molten salt etching
or electrochemical etching. Under these conditions, and assuming
technological maturity and cost-effectiveness, MXene-based cata-
lysts can enable water electrolysis with minimal environmental im-
pact. The resulting "green hydrogen" offers significant advantages,
including high energy density and zero-emission combustion, mak-
ing it a compelling clean energy alternative to fossil fuels. More-
over, its application in ammonia synthesis and fuel cells has the
potential to substantially reduce carbon emissions in the chemi-
cal industry and contribute to greenhouse gas mitigation efforts.
As research and development in this field progress, MXene-based
catalysts are expected to play a crucial role in advancing sustain-
able hydrogen production technologies, thereby making substantial
contributions to environmental conservation and the transition to-
wards a cleaner, more sustainable energy landscape.

The catalytic efficacy of MXenes is fundamentally determined
by two key factors: The abundance of active sites and their intrin-
sic reactivity. Enhancing the electrocatalytic performance of these
materials can be achieved through two primary strategies: Increas-
ing the number of active sites, such as edges and atomic vacan-
cies, or amplifying the inherent activity of existing sites through
functional group modification, material hybridization, or elemental
doping. This review comprehensively examines the catalytic appli-
cations of MXene materials in HER, OER, and overall water split-
ting, focusing on both precious and non-noble metal systems. MX-
enes demonstrate remarkable versatility in their catalytic applica-
tions, serving in three distinct capacities: as direct catalysts, as
foundational materials for other catalytic substances to enhance
overall catalytic effects, and in combination with single-function
catalytic materials through processes like encapsulation, fusion,
and coupling to produce bifunctional catalysts. This multifaceted
approach to utilizing MXenes in electrocatalysis underscores their
potential to revolutionize the field of water splitting and contribute
significantly to the development of more efficient and sustainable
energy technologies.

MXenes have emerged as exceptionally promising materials for
electrocatalysis, yet current research remains largely confined to a
few early-group MXenes, particularly Ti3C,Tx, with limited explo-
ration of their catalytic mechanisms. To fully harness the poten-
tial of these materials, future research must address several criti-
cal challenges: expanding the scope of MXene materials under in-
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vestigation, overcoming limitations in nitride MXene studies, eluci-
dating theoretical catalytic mechanisms for MXene-based catalysts,
and developing a comprehensive framework to guide the creation
of novel, highly efficient MXene-based catalysts. A recent break-
through in this field, the integration of transition metal (oxide) hy-
droxides with MXenes for alkaline HER, demonstrating Pt-like elec-
trocatalytic performance, has challenged the long-held belief that
transition metal oxides exhibit poor electrocatalytic activity under
alkaline conditions. This milestone not only opens new avenues
for MXene-based catalyst research but also emphasizes the impor-
tance of challenging conventional wisdom and embracing innova-
tive thinking.

Moreover, the frontier of MXene-based nanohybrids is poised to
revolutionize metal-air battery technology, particularly for lithium-
air and Zn-air battery systems, offering a paradigm shift in energy
storage solutions. These materials, characterized by their excep-
tional electrical conductivity, vast surface area, and highly tunable
surface chemistry, stand at the vanguard of next-generation energy
systems. However, the full potential of these innovative materi-
als remains constrained by the sluggish kinetics of ORR and OER
at the air cathode. To surmount these challenges, future research
must embark on a multifaceted approach to catalytic activity opti-
mization. This endeavor may encompass strategic transition metal
doping, the synthesis of synergistic hybrid nanostructures, and the
precise engineering of single-atom catalysts on MXene surfaces.
Concurrently, elucidating and enhancing the long-term stability of
these materials in the harsh, oxidizing environments typical of
metal-air batteries is paramount. Successfully navigating these re-
search avenues could yield transformative advancements in energy
density, power output, and cycle life, with profound implications
for portable electronics, electric vehicles, and grid-scale energy
storage. Such breakthroughs would not only accelerate the global
transition to clean energy technologies but also provide invaluable
insights applicable to a broader spectrum of electrochemical sys-
tems, including fuel cells and electrolyzers. As this field matures,
it is imperative to adopt a holistic research paradigm that balances
performance optimization with scalability, cost-effectiveness, and
environmental sustainability. Furthermore, integrating these mate-
rials into practical devices and scaling up production processes will
be crucial steps toward realizing their full potential. By address-
ing these multifaceted challenges, MXene-based nanohybrids could
play a pivotal role in sculpting a sustainable energy landscape, sig-
nificantly contributing to climate change mitigation and the real-
ization of a carbon-neutral future. This research trajectory not only
promises to redefine the boundaries of energy storage technology
but also exemplifies the critical role of materials science in ad-
dressing global environmental challenges.
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