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Advances and challenges in MXene-based electrocatalysts:
unlocking the potential for sustainable energy conversion

Electrocatalysis plays a central role in clean energy
conversion, enabling many sustainable processes for future
technologies. This review focuses on the latest progress

in the design strategies and application of MXenes as
electrocatalysts, including surface modification, MXene
lattice substitution, defect and morphology engineering,
and heterostructure construction. The image shows the
artistic expression of MXene-based electrocatalysts to
promote molecular transformation.
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MXenes, a novel class of two-dimensional materials, have garnered significant attention for their pro-
mising electrocatalytic properties in various energy conversion applications such as water splitting, fuel
cells, metal—-air batteries, and nitrogen reduction reactions. Their excellent electrical conductivity,
high specific surface area, and versatile surface chemistry enable exceptional catalytic performance.
This review highlights recent advancements in the design and application strategies of MXenes
as electrocatalysts, focusing on key reactions including hydrogen evolution reaction (HER), oxygen evo-
lution reaction (OER), oxygen reduction reaction (ORR), and nitrogen reduction reaction (NRR). We dis-
cuss the tunability of MXenes' layered structures and surface properties through surface modification,
MXene lattice substitution, defect and morphology engineering, and heterostructure construction.
Despite the considerable progress, MXenes face challenges such as restacking during catalysis, stability

Received 30th June 2024, issues, and difficulties in large-scale production. Addressing these challenges through innovative
Accepted 9th August 2024 engineering approaches and advancing industrial synthesis techniques is crucial for the broader
DOI: 10.1039/d4mh00845f application of MXene-based materials. Our review underscores the potential of MXenes in transforming

electrocatalytic processes and highlights future research directions to optimize their catalytic efficiency
rsc.li/materials-horizons and stability.

Wider impact

Our manuscript presents significant advancements in MXene-based electrocatalysts for key electrochemical reactions, including hydrogen evolution reaction
(HER), oxygen evolution reaction (OER), oxygen reduction reaction (ORR), and nitrogen reduction reaction (NRR). By leveraging innovative strategies such as
surface modification, defect engineering, and the creation of hybrid structures, we significantly enhance the catalytic efficiency and stability of MXenes. These
advancements have profound implications for sustainable energy and chemical processing technologies, offering potential solutions for renewable energy
conversion, green ammonia synthesis, and advanced manufacturing. Our research bridges the gap between fundamental science and practical applications,
aligning with the mission of Materials Horizons to deliver impactful, high-quality scientific contributions that address global challenges and benefit society
at large.

1. Introduction
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structure that enables the adsorption and activation of reac-
tants, thus increasing the electrocatalytic efficiency.”*°
Two-dimensional transition metal carbides, nitrides, and
carbonitrides (MXene) are emerging two-dimensional materials
obtained by etching a certain atomic layer in a layered parent,
which is mostly in the MAX phase.'™'? Yury Gogotsi et al.™
produced the first MXene by selectively etching the Ti;AlC,
MAX phase’s middle layer Al. The general molecular formula of
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the MAX phase is M,,,1AX,,, where n can vary between 1 and 4; M
is an early transition metal element; A is mainly a group IIIA-
IVA element; X is a carbon, nitrogen or a mixture of both
elements.'* The A-M interaction force in the MAX phase is
weaker than that between M and X. This is because the X atoms
are located in the octahedron of M, which can be seen as an
alternating stack of M,,.;X,, layers with A layers. Therefore, the
elements of the A-layer in the MAX phase can be selectively
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Fig.1 Overview of design strategies and representative applications of
MXene-based electrocatalysts.

etched away to obtain graphene-like 2D materials. The general
formula of MXene is M,,;;1X,, Ty, where T, represents the term-
inal group. The terminal group depends on the etching
environment, where the anions (-OH, -O, -F, -CI, etc.) are
adsorbed as terminals on the surface of the M,.;X, layer,
reducing the surface energy.” In the last few years, MXene
has emerged in the field of electrocatalysis due to its large
specific surface area, hydrophilicity, good electrical conduc-
tivity, and designability."®™®

Herein, we discuss the optimization strategies and design
ideas of MXene electrocatalytic activity in recent years, includ-
ing surface modification, MXene lattice substitution (MX sub-
stitution), defect engineering, morphology engineering, and
heterostructure engineering (Fig. 1). In addition, representative
applications of MXene-based electrocatalysts, including HER,
OER, ORR, and NRR, are systematically introduced. Finally, the
prospects of MXene-based electrocatalysts are proposed.
We hope that this review article will provide theoretical and
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experimental guidance for future research on the design of
various MXene-based electrocatalysts and promote the applica-
tion and development of MXene-based electrocatalysts.

2. A brief overview of MXene

2.1 MXene synthesis

2.1.1 Fluorine-based etching. MXene was first obtained by
etching away the A layer atoms using HF." Based on the high
reactivity of fluoride ions for Al, when the MAX phase was
treated in HF solution, the Al atoms combined with F to form
AlF; and came out from the precursor MAX phase, preserving
the MX structure.'® Generally, HF has a good etching effect on
the Al-based MAX phase. Sometimes HF can be mixed with
another acid (HCl, H,SO,) in order to avoid the use of hazar-
dous HF and still meet the etching capability.>**" For non-Al-
based MAX phase etching, HF is usually combined with a
strong oxidizer (H,0,, HNO3;, KMnO,) to form a mixed solution,
which will be more corrosive.*” However, HF is highly corrosive,
and there is no doubt that the direct use of HF poses a threat to
the experimental process. Compared with the direct use of HF,
the in situ generation of HF-etched MAX phases composed of
fluoride and acid (LiF/HCI, NaF/HCI, KF/HCI) or bifluoride salts
(NaHF,, NH,HF,, KHF,) is safer and gentler, contributing
to the intercalation of cations, such as Li", Na’, etc., in the
interlayer of MXene.>>**

2.1.2 Fluorine free etching. The Lewis acid molten salt
etching method is based on the principle that transition metal
halides are electron acceptors and follow the redox potential.”®
Therefore, the etching of this method is universal for precur-
sors, and the suitable redox potential molten salt is selected
according to the redox potential of the A-layer atoms of the MAX
phase. In addition, Lewis acid molten salt anion alteration can
achieve the adjustable modulation of terminations on the
MXene surface, allowing for additional replacement of
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halogenated terminal (-Cl, -Br, -I) MXene for richer terminal
types. Electrochemical etching is a way to control the synthesis
of MXene by utilizing the voltage difference between the MAX
phase M and A layers that undergo corrosion. For example,
Ti,CT, can be obtained by etching Ti,AIC in hydrochloric acid
at a potential of 0.6 V vs. Ag/AgCl for 120 h.>® However, where
the etching occurs initially on the surface of the MAX phase,
and prolonged etching process leads to the transformation of
MXene into a carbon layer, thus making it difficult to thorough
etching reaction.”® Alkali-assisted hydrothermal methods are
also a way to avoid -F terminals. For example, a hydrothermal
reaction of 27.5 M NaOH solution with Ti;AIC, at 270 °C
converts OH™ to Al(OH); by binding to the Al layer in the
MAX phase, yielding MXene with oxygen terminals.>” However,
high temperatures and high alkali concentrations are not
conducive to the generalization of this method.

Recently, a gas-phase selective etching with a simple, versa-
tile process and controllable surface terminals has been
reported to utilize the strong oxidizing power of halogen and
hydrogen halide gases to etch the A-layer elements of the MAX
phase.”® Meanwhile, due to the low boiling point of the by-
products, the separation of MXene and by-products can be
realized, thus eliminating the subsequent processing steps.
This strategy is expected to produce MXene on a large scale,
and conducive to promoting the application range of MXene.

2.2 MXene structure

MXene inherits the hexagonal close-packed structure of the
MAX phase, where X atoms are filled in the octahedral inter-
stitial sites, and the adjacent layers are connected by van der
Waals force.'®***° Fig. 2(a) and (c) show four common MXene
structures and their composition based on the periodic table of
elements. However, M,X has an HCP sequence (ABABAB) for its
M atom, while M3X, and M,X; have an FCC sequence (ABCABC).*"
Corresponding to the precursor 211, 312, 413 MAX phase, there are
two MgX layers to separate the A layer in the 211 structure, while in
the 312 structure, the number of MgX layers is three, and in the
413 structure is four. Meanwhile, the 211 phase has a single
polymorph, while the 312 phase has two (o and B), and the 413
phase has three (o, B, and v).*> According to the M element, MXene
can be divided into single transition metal and two or more
transition metal doping. In the latter two elemental distributions
are found: disordered solid solution and ordered diatomic
structure.*® The ordered MXenes and solid solutions are produced
by changing the M in the lattice of MXene structure. For the
disordered solid solution, the multiple elements are randomly
distributed within the M-layer. The ordered diatomic structure has
two distributions: out-of-plane ordered and in-plane ordered.
The properties of structure and component are favorable to
regulate the catalytic active site and design ordered vacancy
distribution, providing a prospect for optimizing its electrocatalytic
performance.

2.3 Electronic properties

The electronic properties of MXene depend mainly on M, X,
and surface functional groups. Most MXenes have metal-like
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Fig. 2 (a) Composition of various types of MAX.3® Copyright 2023, Else-
vier. (b) and (c) Schematic illustration of the MXene structures.?® Copyright
2021, AAAS.

electron transport, and the outer transition metal type and
surface functional groups can cause MXene to exhibit semi-
conductor behavior (Fig. 2(b)).>**> For example, Han et al.>®
studied the electronic conductivity of 16 MXenes with different
compositions and structures, finding that Ti-based and V-based
MXenes have great conductivity whereas MXenes containing
Mo or Nb have decreased conductivity. Additionally, compared
to the —-F and —OH terminals, -O would require 1 extra electron
from the MXene surface to achieve stability, which would have
bigger effects on the metallic behavior of MXenes.?” Theoretical
calculations have demonstrated that,*® the terminals of MXene
are closely related to work function (WF): -OH hinders WF, -O
increases WF, and the trend of -F is usually between the two.
Therefore, changing the type and content of transition metals
and functional groups of MXene can modulate the electronic
properties to obtain the best catalytic activity.

2.4 Stability

The lack of stability of MXene limits the application of MXene-
based materials of practical importance. In the field of electro-
catalysis, the rapid oxidation of MXene affects its electro-
chemical properties and leads to catalytic deactivation. Zhang
et al>° demonstrated that the oxidation of Ti;C,T, starts
from the edges and proceeds inward, and its kinetics follow a
single-exponential decay. Also, the oxidation process is size-
dependent, with smaller-sized lamellar structures being less
stable. Meanwhile, this work argues that dissolved oxygen in
water is the main cause of the oxidation of MXene flakes.
On the other hand, Huang et al.*® emphasized that it was water
rather than dissolved oxygen that played a key role in causing
MXene oxidation. Further studies have shown,*! that different

This journal is © The Royal Society of Chemistry 2024
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MXene in their conversion to oxides in water, carbide MXene
formed CH,, while Ti;CN MXene formed CH, and NH;. The
actual oxidation mechanism of MXene is still controversial
and the interaction of water and dissolved oxygen with MXene
needs to be further investigated.

3. Design strategy of MXene-based
electrocatalysts

The catalytic activity of MXene varies largely for different
chemical reactions. For instance, the original MXene has a
good performance for HER but has little catalytic activity for
ORR/OER.**** Therefore, to expand the electrocatalytic appli-
cation of MXene, there are many specific modifications and
designs of MXene. In general, the intrinsic catalytic activity of
the original MXene can be improved by surface terminals,
defects, heteroatom incorporation, etc., while the number and
accessibility of active sites can be increased by the morphology
transformation or hybridization with other catalytic active
materials. The intrinsic and hybrid strategies of MXene electro-
catalytic activity, including surface modification, MX substitution,
defect engineering, morphology engineering, and extremely
specialized heterostructure engineering in hybridization, are dis-
cussed in detail in the following chapters.

3.1 Surface modification

Surface modification of MXene is a broad strategy that can
change the types, content, and distribution of functional
groups, all of which will affect the electronic structure of MXene
as well as the catalytic active site.

The types of functional groups has a significant effect on the
electrocatalytic activity of MXene, and the most common term-
inal species are -O, ~OH, and -F. Gao et al.** computationally
studied the HER electrocatalytic activity of MXene with the -O
terminal. As shown in the volcano diagram in Fig. 3(a), the
interaction of bare MXene with H* is strong due to the large
surface energy, which is not favorable for the release of H*.
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Fig. 3 (a) Volcano curve of exchange current as a function of the average
Gibbs free energy of hydrogen adsorption.** Copyright 2017, American
Chemical Society. LSVs of (b) TizC,T, and (c) Mo,CT, in 0.5 M H,SO4
electrolyte.*> Copyright 2018, American Chemical Society. (d) Magnified
in situ temperature-dependent FTIR spectra of the as-synthesized
E-TisC>(OH), in Ar atmosphere; (e) polarization curves of various
MXene.*” Copyright 2019, Wiley.
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When -O terminals are added, the interaction of H* with
MXene is weakened, and Ti,CO,’s hydrogen adsorption Gibbs
free energy subsequently approaches the optimum value.
In Fig. 3(b) and (c), where the -F content varied with different
etching conditions, Handoko et al.*® investigated the content
effect of -F in Ti-based and Mo-based MXene on HER theore-
tically and experimentally. It was found that increasing the -F
terminal will reduce the HER activity. This is because the -F
terminal on the surface does not adsorb hydrogen, but releases
hydrogen molecules by stripping hydrogen from the neighbor-
ing hydroxyl groups.*® It follows that the surface -O terminal
theoretically favors the HER activity of MXene, while the -F
terminal group is the opposite. The MXene obtained using
fluorine-containing etchants is inevitably functionalized by
functional groups such as -F, -O, and -OH on its surface,
and obviously the electrocatalytic activity of such MXene needs
adjustment. Therefore, Jiang et al.*’ took advantage of the fact
that the -OH terminal of Ti;C,T, is less thermally stable than
the -O terminal and allowed the conversion of the -OH
terminal to the -O terminal through a dehydration reaction.
Specifically, the layered Ti;C,T, was immersed in KOH solution
to convert Ti;C,T, to TizC,(OH), and calcined in an argon
atmosphere to obtain TizC,0,. As shown in Fig. 3(d), the
characteristic peak of ~OH at 3460 cm ™" gradually diminished
with increasing calcination temperature and disappeared at
about 450 °C, which verifies the transformation of Tiz;C,(OH),
to TizC,0,. The HER polarization curves show that Ti;C,0, has
a lower overpotential compared to TizC,T,-450 and TizC,(OH),
(Fig. 3(e)). In addition, the effect of terminal groups on catalysis
is not limited to HER, according to the theoretical calculation
of DFT, and Mo,C capped by -O and -H also facilitates the
NRR-catalyzed process.*®

Alternation of the functional group on MXene represents a
straightforward approach to enhance its electrocatalytic activity
for HER. However, in order to pursue higher catalytic activity
and application range, this is not enough. For example, MXene
is not suitable for ORR/OER due to the weak interaction of
-O or -F capped MXene with the intermediate, which is difficult
to bind to the reactant or provide electrons.”’ Although
Nb,C(OH), exhibits high catalytic activity for ORR, the transi-
tion from —-OH to -O is irreversible.*® Therefore, in addition to
the adjustment of the common functional groups of MXene
(-OH, -F, -0), other elements can also be introduced. Based on
this, Yoon et al.*® used NaNH, to nitride the Ti,CT, surface to
obtain an efficient HER electrocatalytic material (Fig. 4(a)).
NaNH, decomposes into Na, N, and H, at high temperature,
and thus surface terminal groups of MXene will be removed by
Na and H,, while Ti will be irreversibly bonded with N.>° This
strategy can be extended to the electrocatalytic modification of
other MXene. To eliminate inactive groups on NRR, Guo et al.>"
prepared Fe-capped MXene, as shown in Fig. 4(c). The Fe
terminals replace the inactive groups and reduce the surface
work function while exposing more transition metal active sites
for NRR catalysis.

Additionally, single-atom catalysts are particularly special.
By introducing metal atoms through surface doping or

Mater. Horiz., 2024, 11, 4239-4255 | 4243
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Fig. 4 (a) Synthesis procedures for the N-Ti,CT, nanosheets and their
dispersion.*® Copyright 2018, Royal Society of Chemistry. (b) Mechanisms
for the conformation of Fe/Co/Ni-DACs based on Ti,CO, and for the
electrocatalytic reactions in aqueous electrolytes.> Copyright 2021, Wiley.
(c) Schematic illustration for the preparation procedure of the surface-
tuned MXene/TiFeO, nanosheets.®® Copyright 2020, American Chemical
Society. (d) Schematic illustration of constructing Pt single atoms on
monolayer TizC,T,.>* Copyright 2022, American Chemical Society.

functional group substitution, single-atom catalysts can be
synthesized on MXene surfaces, enabling electronic structure
modulation and the creation of novel catalytic active sites,
resulting in high atom utilization efficiency and superior
catalytic activity.”* For example, He et al.>® prepared efficient
Ru single-atom catalysts for HER with N and S-doped Ti;C,T.
The present study reveals the occurrence of a robust electronic
coupling between individual monatomic Ru and Ti;C,T, MXene
carriers, which is facilitated by the involvement of N and S atoms.
The differential binding affinity of N and S atoms towards the Ru
species contributes significantly to the observed augmentation in
the electrocatalytic activity for HER. This is a good research
direction to enhance the interaction of metal atoms with MXene
by using heterogeneous atoms as intermediates. In addition,
oxygen vacancies can also be used as a bridge to connect metal
atoms with MXene. Gong et al.>® used the oxygen vacancies of
TizC,T, to capture the monatomic Pt to form Ti-Pt bonds by a fast
thermal shock strategy (Fig. 4(d)). The produced monatomic
catalysts exhibited excellent HER performance, good stability,
high-quality activity, and large conversion frequency. Compared
with monoatomic catalysts, diatomic catalysts have higher metal
loading and more complex and flexible active sites.>® Zhang et al.>>
achieved bifunctional and efficient catalysis of ORR/OER by intro-
ducing non-precious metals (e.g., Fe/Co/Ni) on the surface as metal
atom sites for oxygen-capped MXene to facilitate the catalytic
reaction (Fig. 4(b)). The bimetallic atoms are adsorbed on the -O
terminal surface or when two oxygen vacancies are formed, the
bimetals adsorb on the face-centered cubic sites of the vacancies to
form bimetallic atom catalysts.
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3.2 MX substitution

The influence of the M and X components, as well as surface
terminations T,, on the electrical characteristics of MXene is
significant. Furthermore, distinct early-transition metal layers
on MXene exhibit visible variation in their electrocatalytic
influence. MX substitution is the replacement of sites or
vacancies in a specific lattice structure by elemental doping,
which leads to significant changes in electronic properties and
modulates the active sites.

Single-atom catalysts with high atomic utilization, as
described above, can occupy M-atom vacancies in MXene in
addition to replacing surface functional groups. Wang et al.>’
used electrochemical exfoliation to prepare Mo,TiC,T, MXene
containing a large number of Mo vacancies, where the Mo
vacancies are used to immobilize Pt by forming covalent Pt-C
bonds with the surrounding C atoms. This single-atom catalyst
has Pt-like catalytic kinetics for HER in acidic and neutral
solutions. Peng et al>® modified the Mo,CT, surface with
single-atom Ru, Mo vacancies. The negatively charged func-
tional groups are introduced during Mo,Ga,C etching and the
functional groups contribute to anchoring Ru**, while the Mo
vacancies reduce and stabilize Ru**, forming Ru-doped single-
atom NRR catalysts. Therefore, single atoms can occupy the
vacancies (M vacancies and oxygen vacancies) on the MXene
carrier, and can also use surface terminals or heteroatoms as
bridges. The vacancy-anchored single atom forms a chemical
bond with the surrounding atoms and becomes a part of the
lattice, which has high stability. Moreover, M vacancy can be
directly used to anchor metal atoms without using reducing
agents due to its high reducibility. However, to ensure the
stability of the lattice structure, the type and loading of metal
atoms need to be reasonably selected. At the same time,
heteroatoms can be used to realize the strong interaction
between single atoms and MXene, and heteroatoms can further
regulate the electronic structure of metal atoms.

Moreover, alloying is also a way to optimize the electrocata-
Iytic performance of MXene. Alloying includes multi-metal
MXene and alloy-embedded MXene. To predict ordered binary
alloy MXene with high HER activity, Su et al.>®* computationally
investigate the effects of alloys on electrical and geometric
properties. Potential catalysts were screened out, which have
thermal stability and excellent HER activity beyond noble metal
platinum. The multi-metal MXene catalysts are still at the
theoretical stage and need to be further investigated. In con-
trast, alloy-embedded MXene has been demonstrated experi-
mentally. For example, Yan et al.®® doped Ti;C,T, with Nb and
modified the Nb-Ti;C,T, with Ni/Co alloy, which exhibited
excellent HER activity in an alkaline solution. The Nb doping,
instead of Ti, could shift the Fermi energy level up to the
conduction band, while the Ni/Co alloy modification could
modulate the M-H affinity.

In addition to the M element in MXene, the X element
species is also important. Theoretically, nitrogen has fewer
empty electron orbitals than carbon and exhibits higher cata-
lytic activity.®" Nitrogen-doped MXene, generally in three
forms, adsorbing on the surface groups, replacing the surface

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) Illustration of synthesis of N-doped MXene from the TizAlC,
MAX phase.®> Copyright 2019, American Chemical Society. (b) The
proposed N dopants in 15N doped-TiV-Tiz_,C,T,~-1.2 MXene catalysts act
as an active catalytic site in ENRR.®® Copyright 2021, Elsevier. (c) Core-level
XPS of the N 1s of N-doped MXene samples annealed at various
temperatures.®® Copyright 2021, Elsevier.

functional groups, and replacing C in carbon-based MXene. For
Example, Lee et al.®® replaced C in TizC,T, with N by annealing
treatment under an ammonia atmosphere to form O-Ti-N
(Fig. 5(a)). It is easier to introduce N atoms by substitution at
the carbon sites or at the terminal functional group sites at
high temperature, which is favorable to form O-Ti-N. However,
too high temperature (800 °C) will decrease the O-Ti-N content,
since oxygen becomes unstable and mostly removed. Mean-
while, -OH is replaced by N-related groups (Fig. 5(c)). To
investigate the doping mechanism and doping sites, Shi and
Liu® investigated N-doped TizC,T, using a two-way isotope
labeling technique, where N substitutes C in the lattice struc-
ture, expanding the layer spacing and exposing more surface
active sites. Meanwhile, the doped N changes the electron
density of Ti*" by filling incomplete orbitals, decreasing the
orbital overlap between N, and Ti*", and decreasing the energy
of the valence electron system. This will facilitate the adsorp-
tion and desorption of NH; in NRR and improve the catalytic
efficiency (Fig. 5(b)).

3.3 Defect engineering

During the etching process, MXene inherits all existing vacan-
cies from the precursor MAX phase and may further develop
new vacancies due to direct contact between the top and
bottom atomic layers and the etchant solution.®* The presence
of these defects leads to changes in the surface electronic
structure, which consequently influences the electrocatalytic
activity. Furthermore, these defects can serve as anchoring sites
for catalyst loading and surface modification purposes. It is
important to note that defects have a negative impact on the
quality and stability of MXene. Ti;C,T,, for example, defect
sites and edge sites are preferred sites for electron-hole accu-
mulation, which can lead to the oxidation of Ti and C.®®> The
oxidation products inhibit electron transport and hinder the
electrocatalytic kinetics of MXene.

Using etching conditions to introduce M/X vacancies in MXene,
the density and size of defects can be simply but imprecisely
controlled by adjusting etching concentration, time, and

This journal is © The Royal Society of Chemistry 2024
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temperature.®® For example, Ti;C,T, was synthesized under
varying concentrations of HF etchant to achieve samples with
minimal Ti vacancies, single Ti vacancies, and Ti vacancy
clusters.®” These Ti;C,T, samples were subsequently utilized
as supports for loading precious metal atom clusters. Com-
pared with the former two, Ti vacancy clusters are used to
induce superb metal-carrier interactions due to size expansion
that exposes more lattice C ligands and is used to anchor metal
clusters. The surface functional group of MXene also affects
defect formation. Ti vacancies will be readily present on bare or
—-OH functionalized surfaces but not commonly present on -O
functionalized ones, while C and N vacancies are more com-
mon in -O functionalized surfaces.®® Furthermore, the selective
removal of specific transition metal atoms in the A and M layers
can be achieved in quaternary or higher-order meta-MAX
phases by leveraging the distinctive reactivity of various transition
metals. For example, J. Rosen et al.®® obtained Nb, 33CT, with a
large number of metal vacancies by selective etching of Sc and Al of
quaternary MAX phase (Nb,;3Scy3),AIC. After that, the catalytic
activity of vacancy-ordered MXene (Nb, 33C, Mo, 33C, and W, 335C)
on HER was further investigated experimentally and theoretically,
where W 35C showed the best performance.”

Compared to the atomic vacancies, edge defects will pro-
duce abundant electrocatalytic active sites. The edge sites of
MXene are theoretically identified as a source of highly reactive
HER due to their low coordination, which gives them weak
hydrogen binding energy and low water dissociation potential.”*
To increase the catalytic activity, the edge sites need to be exposed
as many as possible. This can be done by cutting 2D MXene into
low-dimensional structures that include 1D nanowires or nano-
tubes and 0D nanodots, or by allowing the generation of porous
structures in MXene to increase the edge active sites. For example,
Kou et al.”” sheared MXene (M-TizC,, M-V,C, S-Nb,C, M-Nb,C)
into 0D quantum dots by Li embedding method. This method not
only enriches the active edge sites, but also optimizes the density
of states of active M atoms and lowers the HER energy barrier.
Interestingly, the metal atoms at the edges of MXene quantum
dots are more catalytically active on HER than the metal atoms at
the basal plane. Lee et al.”® prepared highly porous structured
layered Ti;C,T, by wet chemistry to support the main catalytically
active center IrCo. The low coordination elements at the edges and
defective sites of TizC, can be used as anchor points for growing
the active phase, while the porous and edge-defective sites on the
substrate surface enhance the ion/mass transport kinetics by
shortening the diffusion pathways of charge/gas/reactant-related
species and inhibit the 2D MXene self-stacking. In conclusion, the
defects are diverse and complex, and the simultaneous presence of
multiple types of vacancies and edge defects in MXene makes the
conformational relationships between various types of defective
MXene-based electrocatalysts and their intrinsic catalytic proper-
ties still lack deep understanding.

3.4 Morphology engineering

It is well known that, like other 2D materials, MXene tends to
accumulate during electrode preparation due to van der Waals
force attraction and hydrogen bonding interactions, which
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leads to a decrease in the utilization of active sites. Adjusting
the MXene morphology is beneficial for the exposure of
active sites.

As previously described, decreasing the dimensionality of
MXene increases the surface area and exposure of active sites,
with an important contribution to enhanced electrocatalytic
activity. In addition to 0D MXene quantum dots, 0D MXene
nanoparticles can also be prepared. Zhang et al.’* prepared
Ti;C,T, MXene nanoparticles using ultrasonic cell crushing
and used them to enhance the electrocatalytic activity of g-
C;N, towards ORR. The high electrical conductivity of MXene
nanoparticles and the high O, adsorption due to the coupling
effect between MXene and g-C;N, enhanced the electrocatalytic
activity of ORR. 1D MXene (T5C,T,) nanofibers were prepared
by KOH solution for hydrolysis of MAX phase (T;AlC,) into
nanofibers followed by simple HF selective etching (Fig. 6(a)).”
Further, it was investigated that hydrolysis of Nb,AlC with KOH
followed by electrochemical etching without HF in 4 h synthe-
tically prepared 1D Nb,CT,.”® In addition to the alkali treat-
ment of the MAX phase, 1D nanostructures can also be
obtained by treating MXene in an alkali solution. Wei et al.”’
showed a significant increase in N, immobilization efficiency
by converting MXene nanosheets into nanoribbons, which was
due to the large exposure of Ti-OH at the active site (Fig. 6(b)).

In addition, 2D MXene can be constructed into 3D struc-
tures. For example, 2D Ti;C,T, MXene was self-assembled into
hollow spheres and 3D macroporous structural frameworks on
the surface by the template method (Fig. 6(c)).”® The hollow
shell layer of MXene effectively suppressed interlayer aggrega-
tion and improved ion accessibility. However, this method is
still very challenging to synthesize in practice. Hence, a
nanoflower-like 3D MXene material with layered layers was
successfully synthesized via ultrasonic aerosol spray drying of
MXene colloids, which underwent self-assembly under the
influence of capillary forces (Fig. 6(d) and (e)).”® The resulting
material was employed as an effective host for loading CoP as a
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Fig. 6 (a) TEM image of TizC, NFs.”> Copyright 2018, American Chemical
Society. (b) HRTEM image of TizC, MNRs, a single MNR with a width of
~16 nm, taken from A position A.”” Copyright 2022, Wiley. (c) Cross-
sectional SEM images of the 3D macroporous TisC,T, film.”® Copyright
2017, Wiley. (d) and (e) SEM images of 3D TizC, MXene architectures.”®
Copyright 2018, American Chemical Society. (f) SEM images of Pt/
MXene.® Copyright 2022, Wiley.
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bifunctional electrocatalytic hydrolysis catalyst, exhibiting
excellent catalytic performance. With its anti-agglomeration
properties and porous structure, this 3D MXene framework
enhances the transport of ions and diffusion of reaction-related
species at the three-phase interface of the electrode, electrolyte,
and gas. Additionally, the conductive network provided by
the 3D MXene backbone structure facilitates rapid electron
transfer. Mai et al.®* used a fast and continuous spray drying
method to prepare 3D folded Ti;C,T, MXene loaded with sub-
nanometer Pt clusters to construct HER electrocatalysts
(Fig. 6(f)). 3D folded structures hindered the re-stacking of 2D
MXene nanosheets, allowing complete exposure of Pt catalysts,
and HER catalytic activity exceeded that of commercial Pt/C
catalysts.

3.5 Heterostructure engineering

Elaborately engineered structured electrocatalysts can expose a
greater number of catalytically active central sites that exhibit
speedy charge and mass transport kinetics, which can be
achieved through intricate morphology and defect engineering
techniques applied to MXene. However, the intrinsic catalytic
activity of MXene is not high, which requires hybridization
with other active substances, which has been shown in some
previous strategies.

The heterostructure modulates the electronic structure by
inducing spontaneous electron transfer at the interface and
generating more active sites by expanding the exposed edges,
which can combine the structural advantages of each component
and thus achieve significant synergistic coupling effects.*"*> More-
over, due to the diversity of the components of the heterostructure,
the composition, morphology, structure, and electronic state of the
heterostructure can be tuned for efficient electrocatalysis and
stability. Notably, MXene is prone to oxidative deactivation, which
can significantly limit its electrocatalytic applications. For example,
during hydrothermal etching of Ti;C,, dissolved oxygen in an
aqueous solution combines with the most active edges of MXene
to generate TiO,, leading to structural changes and degradation
of electrochemical properties.® Therefore, the construction of
heterojunctions of MXene with thermodynamically stable active
phases is an effective strategy to explore stable and efficient
electrocatalysts.

Briefly, there is self-assembly and in situ synthesis methods
for the construction of MXene-based heterostructures. Self-
assembly usually relies on the electrostatic interaction between
the negative charge of the base surface of MXene nanosheets
and the positive charge of the active phase. Chen et al.®* self-
assembled MOFs on 2D nitrogen-doped MXene by electrostatic
interaction, and then prepared 0D bimetallic selenide particles
(CoZn-Se) by in situ selenization strategy to form amphiphilic
lithium-sulfur bond binding sites, which can effectively immo-
bilize and catalyze the conversion of LiPS intermediates.
This 0D-2D heterostructured catalyst has a hierarchical porous
structure, which not only has a large active area but also
synergistically prevents the aggregation of CoZn-Se nano-
particles and the restacking of N-MXene nanosheets. In situ
synthesis is the direct synthesis of another material on the
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MXene substrate with high interfacial binding strength. Zou
et al.®® synthesized MXene-TiN ultrathin heterojunctions by
controlled nitridation of MXene nanosheets and in situ growth
of a layer of TiN on the MXene surface and constructed hollow
spherical structures after removing the template. This 2D
heterostructure exhibited good adsorption capacity and high
catalytic activity by forming many interfacial regions through
the generated bonds in close contact between Ti;C,T, MXene
and TiN.

Depending on the type, morphology, and mode of action of
MXene with another material, the specific heterostructures are
constructed in a variety of ways. For example, in the work of
Chen and Zou,**®** 2D MXene was used as a carrier and acted
synergistically as a catalyst. By contrast, MXene can also serve
as the main active center. For instance, Chu et al.%® combined
0D TizC,T,~-MXene quantum dots (MQDs) with porous Cu
nanosheets, which are densely and uniformly covered with a
large number of MQDs on the surface. According to DFT theory
calculations, the synergistic effect of MQDs and Cu makes the
interfacial Cu-Ti dimer a double active center, which greatly
improves the NRR catalytic performance. In addition, hydroxyl
oxides as promising catalysts for OER, Li et al.®® showed Ru/Rh-
doped FeOOH nanoarray structures with abundant oxygen
vacancies grown in situ on Ti;C,T, MXene. The Ti;C,T, MXene
matrix provided a good substrate for the ordered growth of
FeOOH nanoarrays and provided open spaces with abundant
edge activity. Interestingly, Sun et al.®” prepared heterostruc-
tures of Ti;C,T,/MAX phase in situ by controlled etching con-
ditions. The center of the heterostructure is the MAX phase,
which is supported between the MXene sheets and forms a
heterostructure interface. Especially after enlargement, the
heterostructure shows a unique “flared” multilayer structure,
which makes it exhibit a good nano-limited effect and reflects a
unique catalytic mechanism. Therefore, the construction of
heterostructures of MXenes is very effective and brings more
possibilities for electrochemical catalysis.

In conclusion, there are many MXene-based electrocatalytic
design strategies, and the easy idea is to adjust the composition
of MXene. This gives rise to surface modification and MX
substitution. Moreover, defects (vacancies and edge defects)
can be incorporated into the MXenes catalytic system by
rational design, which can adjust the electronic structure and
catalytic sites. In addition to the treatment for MXenes at the
atomic level, the morphological engineering of MXenes is
also fascinatingly attractive. By downscaling or upscaling, the
original 2D MXene nanosheets, such as 0D quantum dots or

Table 1 MXene-based catalyst design strategy
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nanoparticles, 1D nanowires or nanoribbons, 3D is much more
constructible, which will all have a great impact on the active
sites and accessibility of MXene. The electrocatalytic perfor-
mance of MXene itself is not enough to meet the requirements,
especially in OER, ORR, NRR, etc. MXene has some reducibility
and negatively charged surface functional groups that can
anchor the nanoparticles well. The introduction of other active
phases is feasible and indispensable, which is also shown in
surface modification and MX substitution. The heterostructure
is particularly unique in hybridization with other materials,
allowing MXenes to form electron-hole transport interfaces
with other materials. This fosters simultaneous modulation
of the electronic state and physicochemical characteristics of
the material, harnessing the interfacial component coupling
effect to effectively enhance its electrocatalytic performance.
These strategies are not independent of each other, and each
strategy has its own concerns and shortcomings (Table 1). For
example, decreasing the MXene dimension increases the cata-
Iytically active surface area, which naturally also increases the
degree of defects, and brings about antioxidant performance
concerns. To design more efficient MXene-based electrocata-
lysts, more comprehensive considerations are required when
modifying MXenes electrocatalytic properties. For example, in
the construction of 3D MXene, it is certainly to increase the
exposure of active sites but also to enhance the resistance of
MXenes to aggregation. Notably, MXenes are prone to oxida-
tion, which eventually destroys the non-metallic carbon layer
and the intact metal phase inside MXenes, hindering electron
transfer and charge exchange, which has a significant impact
on electrocatalysis.

4. Representative electrocatalytic
applications of MXene-based materials

The electrochemical active sites of MXene-based materials can
be designed and tuned by surface modification, MX substitu-
tion, defect engineering, morphology engineering and hetero-
structure engineering to facilitate their applications in many
electrocatalytic fields. In this section, MXene-based electro-
catalysts in the fields of HER, OER, ORR, and NRR will be
discussed.

4.1 HER

Compared to fossil fuels, hydrogen is a renewable and clean
energy source with high energy density and excellent storage

Design strategy Advantage

Shortage

Surface modification
electronic structure
MX substitution Improved MXene intrinsic catalysis
Defect engineering
Morphology engineering
Heterostructure engineering
for different catalytic areas

This journal is © The Royal Society of Chemistry 2024

Modulation of MXene surface active sites and

Modulation of electronic structure; subsequent load
Increase the number of active site exposures
Wide range of active materials; suitable

High requirements for MXene surface terminals;
easy inactivation

Insufficient catalytic applicability

Easily oxidized

Limited catalytic activity

Complex interfacial mechanism; complex
preparation
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HER catalyst Strategy Electrolyte Overpotential 1o [mV] Tafel slope [mV dec™ '] Ref.
11N-Ti,CT, Surface modification 0.5 M H,SO, 215 67 46
TizC,0, Surface modification 0.5 M H,SO, 190 60.7 47
Rugy—N-S-TizC, T, Surface modification 0.5 M H,SO, 76 90 55
TizC,T—Ptga Surface modification 0.5 M H,SO, 38 32 53
Pd/Ti3C,T,~CNT Surface modification 0.1 M KOH 158 50 90
Mo,TiC,T,~Ptss MX substitution 0.5M H,S0, 30 30 57
Nig.9C00.1@TizC,Ty MX substitution 1.0 M KOH 43.4 116 60
N-TizC,T,—600 MX substitution 0.5 M H,S0, 198 92 62
NiNPs@N-Nb,CT, MX substitution/surface modification 1.0 M HCIO, 383 (11500) 88 91
Ru@TizC,TyV, Defect/surface modification 1.0 M KOH 35 32 67
M-Ti;C, QDs Defect/morphology 1.0 M KOH 201 106 72
M-V,C QDs Defect/morphology 1.0 M KOH 244 157 72
M-Nb,C QDs Defect/morphology 1.0 M KOH 271 137 72
CoP@3D Ti;C,-Mxene Morphology/surface modification 1.0 M KOH 168 58 79
Pt/Ti3C, T, Morphology/surface modification 0.5 M H,SO, 34 29.7 80
GQDs (5%)/TizC, T, Heterostructure 0.5 M H,SO, 260 89 82
MoS,/Nb,C hybrids Heterostructure 1.0 M KOH 117 65.1 92
Rh-CoNi LDH/MXene Heterostructure 1.0 M KOH 74.6 43.9 93
Ti;CN(OH),@MoS, Heterostructure 0.5 M H,S0, 120 64 94

capacity, obtained by the electrocatalytic decomposition of
water into hydrogen and oxygen, which can be reacted with
oxygen in a fuel cell to produce electricity and water without
producing pollutants.*®®*® Therefore, ideal HER catalysts are
essential for efficient and low-consumption hydrogen produc-
tion. MXene itself has some HER electrocatalytic activity, but
compared to Pt, it is also necessary to adjust its electronic
structure and catalytic sites to enhance HER catalytic activity
(Table 2).

The key to the HER reaction depends on the free energy of
hydrogen adsorption, which should not be either too strong or
too weakly bound to the catalyst. If the binding of hydrogen to
the surface is too weak, the adsorption step will limit the overall
reaction rate (Volmer step), and if the binding is too strong, the
desorption step will limit the rate (Heyrovsky or Tafel steps).
For example, adjusting the MXene functional group species and
content can promote hydrogen adsorption and desorption, and
the surface —O terminal theoretically favors the HER activity of
MXene, while the -F terminal does the opposite.** Previous
theoretical calculations have considered the case of complete
substitution; in fact, the surface of MXene is the coexistence of
multiple terminal groups. To a certain degree, -F groups are
beneficial in regulating hydrogen bond strength, and the
presence of -F groups is not detrimental when the -O coverage
is 2/3.%° In addition to tuning the functional groups, both non-
metallic and transition metal atom doping can be effective in
improving HER catalytic activity, either by surface modification
or MX substitution depending on the doping site differences.
Meanwhile, defect engineering can be used to provide anchor
points for heterogeneous atoms. He et al.”> prepared Rug,-N-S-
Ti;C,T, catalysts that utilized heteroatoms to enhance the
coupling and synergize the Ru monoatomic with the carrier
Ti;C,Ty, achieving an overpotential of 76 mV at a current
density of 10 mA cm 2. The addition of this catalyst to the
n'np'-Si photocathode significantly increased the photo-
current density (37.6 mA cm ?) in the photoelectrochemical
(PEC) water splitting. Compared to the Mo vacancy anchored Pt
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with Mo,TiC,T, (710 of 30 mV),>” Gong et al.’* achieved the
immobilization of single-atom Pt on the oxygen vacancy of
Ti;C,T, with an overpotential of 38 mV at j of 10 mA cm™ >,
exhibiting excellent HER catalytic performance. Lee et al.®?
controlled the appropriate amount of N at a suitable calcina-
tion temperature to facilitate the shift of adsorption Gibbs free
energy towards 0 eV, thus promoting hydrogen adsorption.
Nitrogen appeared in the lattice sites at temperatures higher
than 600 °C, with better HER performance compared to not
being replaced by the lattice. This approach demonstrates a
judicious manipulation of experimental parameters to optimize
adsorption energetics. Compared with loading on the surface of
MXene, Huang et al.®" first N-doped Nb,CT, at 600 °C and then
encapsulated Ni nanoparticles from the surface embedded into
the interlayer edges of N-Nb,CT, by an electrochemical pro-
cess. It exhibited an overpotential of 383 mV under acidic
conditions and 500 mA cm ™2, which is much higher than that
of N-Nb,CT, loaded Ni (642 mV).

Besides MXene itself, the inherent HER catalytic activity of
MXene is further enhanced through hybridization with other
active materials. It not only introduces additional catalytically
active sites within the active phase but also serves to mitigate
the negative surface charge of the MXene material, thereby
precluding aggregation and enabling more cohesive catalytic
performance, such as carbon nanotubes,’® layered double
hydroxides,”® MoS,,’* etc. The morphology of the components,
as well as the construction of heterostructures, can be targeted.
For example, Huang et al.®? devised a method for fabricating
tunable 0D/2D heterostructures composed of graphene quan-
tum dots (GQDs) and MXene nanosheets, which exhibit a
charge transfer resistance of approximately 4.1 Q during the
hydrogen evolution reaction. By contrast, GQDs alone evince a
markedly higher resistance value of 174.7 Q. This discrepancy
underscores the capacity of the 0D/2D architecture to optimize
electron transfer kinetics in the context of HER. In addition, Liu
et al.”® used in situ synthesis method to grow LDH with rich
oxygen vacancies and Rh doping on the surface of MXene,
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resulting in a low overpotential (74.6 mV). The design not only
includes 2D/2D nanoarray structure, but also includes Rh and
oxygen vacancies to regulate the electronic behavior and struc-
ture of CoNi-LDH, thereby increasing the active sites and
optimizing the adsorption/desorption of intermediate pro-
ducts. Zhu et al.®® employed a hydrothermal technique to grow
MoS, on the 3D petal-like Nb,C MXene surface, creating a
heterostructural material with high lattice adaptation. The
resulting conductive network, established by the 3D flower-
like Nb,C-MXene framework, significantly boosted electron
transport capacity and improved the stability of the MoS,/
Nb,C catalyst.

In short, MXene surface terminals have a significant effect
on the HER kinetic properties, yet the types and ratios of
MXene surface terminals obtained by conventional etching
are uncontrollable. Therefore, it is necessary to develop new
etching methods and then further modulate the end groups.
Some noble metal-loaded MXene showed excellent HER perfor-
mance, outperforming commercial Pt/C catalysts in acidic
electrolytes. However, most of the studies focused on short-
term stability tests and could not guarantee long-term cycling
operation. Therefore, the durability of MXene-based catalysts
needs to be tested over a long period of time.

4.2 OER

OER is a key step in many clean energy storage and conversion
processes (hydrolysis or metal-air batteries). OER involves
multiple electron transfer processes, slow kinetic reactions,
and high overpotential, which are bottlenecks limiting hydro-
lysis and metal-air batteries.”® Unlike HER, pristine MXene
exhibited a very limited OER activity. Therefore, MXene needs
to be hybridized with other active substances to achieve charge
transfer in the OER process and improve the catalytic activity
(Table 3).

Transition metal oxides (TMOs) have emerged as a highly
promising class of materials that hold great potential for
replacing current state-of-the-art OER catalysts, while simulta-
neously enhancing the OER performance of initial metal oxides
through the transition of oxidation states within metallic
oxides.'”" The hybridization of MXene with TMO, especially
the construction of heterostructures, can improve the electrical
conductivity, increase the number of active sites and shorten
the charge transfer pathway to achieve effective OER catalytic
activity over a single component. For example, Yang et al.®’
constructed 0D/2D heterostructures by combining in situ
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electrostatic assembly with a solvothermal approach to load
0D Coz0,4 onto an exfoliated small amount of layered TizC,T,.
In the latest study, Daire Tyndall et al.’®* explored the mecha-
nism that TMOs/MXene hybrids exhibit better OER activity
comparing to single-component materials. 1% MXene hybridi-
zation with TMOs not only allows the liganded Co metal to
reach a higher oxidation state at a lower input potential, but
also results in a robust observable film after electrochemical
cycling. The high oxidation state of Co at a lower overpotential
on the catalyst surface stimulates the reactivity and the films
formed enhance the mechanical properties of the hybrid
catalyst. Unfortunately, although higher content of MXene will
have lower overpotential, it will degrade into insulator TiO, in
the subsequent long-term OER process, which will seriously
hinder electron transfer.

In addition, layered double hydroxide (LDH) is considered
as a promising electrocatalyst for oxygen precipitation.'®® The
LDH has a layered structure, tunability, and strong coupling
with the MXene interface, which will act as an anti-agglo-
meration and enhanced conductivity. For instance, Shi et al.*®
prepared H,PO, /FeNi-LDH-V,C electrocatalysts by in situ
assembly of layer less V,C nanosheets and FeNi-LDH nano-
sheets by a simple hydrothermal method, and by embedding
H,PO,  into the LDH layer due to the tunable properties of the
interlayer anion of LDH. Strong electronic interactions and
synergistic interactions between FeNi LDHs and V,C MXene
ensured the balance of significant charge transfer and the
adsorption and desorption of O,. The catalyst has good dur-
ability in rechargeable zinc-air batteries compared to conven-
tional Pt/C + RuO, air cathodes, and in practical applications,
powering light-emitting diodes (2-2.2 V) for 36 h with no
degradation in brightness. The heteroatom doping of LDH/
MXene also changes the catalytic structure. For example, the
generation of vacancies in the LDH layer and Cr doping,’® or S
and P doping'® that have a synergistic effect on the surface
electronic structure of the central metal atom.

In short, if these MXene-based catalysts are to be used in
electrolytic systems, they must perform reliably at high current
densities. Due to the severe oxidizing environment present in
the system during OER, there is instability in the MXene-based
catalysts, leading to the decomposition of MXene into TiO,. For
example, in a 2000 cycle test of Co30,/Tiz;C,T, hybrids, a
gradual decrease in the activity of the hybrids was observed.’”
Therefore, the strategy of constructing MXene-based catalysts
should also pay attention to improving the stability of MXene,

Table 3 Summary of OER activities of MXene-based electrocatalysts in 1.0 M KOH electrolyte

OER catalyst Strategy Overpotential 1o [mV] Tafel slope [mV dec '] Ref.
IrCo@ac-Tiz;C, Defect/morphology 220 60 73
CoP@3D Ti;C,-Mxene Morphology/surface modification 298 51 79
Ru-FeOOH®@ Ti;C, Ty Heterostructure 223 63.6 86
Rh-FeOOH@Ti;C, T, Heterostructure 230 67.7 86
0D C030,/2D Ti;zC, Heterostructure 300 118 97
H,PO,-/FeNi-LDH-V,C Heterostructure 250 64.5 98
Cr-FeNi LDH/MXene Heterostructure 232 54.4 99
Ni, ;Feq 3PS;@MXene Heterostructure 282 36.5 100

This journal is © The Royal Society of Chemistry 2024
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such as covering the edges of MXene by some active materials
to hinder the further oxidation of MXene.

4.3 ORR

ORR is fundamentally the inverse reaction of OER and one of
the key reactions for electrochemical reduction in the electro-
chemical energy conversion systems of fuel cells and metal-air
batteries.'® However, the sluggish ORR kinetics and the domi-
nant energy conversion require carefully designed stable and
efficient electrocatalysts to facilitate the ORR process. Although
the intrinsic ORR performance of MXene is insufficient,'*>
MXene can be combined with other ORR actives to achieve
synergistic promotion, showing the potential to replace pre-
cious metal ORR catalysts (Table 4).

Recently, metal-N-C materials, especially Fe-N-C materials,
have been extensively studied in non-precious metal ORR
catalysts. The central structure of Fe-N-C (Fe-N,), stabilized
by four Fe-N bonds, has been identified as one of the most
active catalytic centers.'*>''*> Moreover, carbon carriers with
porous structures play a positive role in promoting electron and
mass transfer. For example, iron phthalocyanine (FePc), with
an active Fe-N-C structure, is well suited for ORR. Strong
interactions between FePc and Ti;C,T, MXene lead to signifi-
cant 3d electron delocalization and spin conformational
changes of Fe, which makes the active FeN, sites more suscep-
tible to oxygen adsorption and reduction."™® In contrast to
the usual Fe-N-C cations bound to Ti;C,T, anions under
electrostatic forces,'®® the Fe-N-C was enabled to form 2D/2D
superlattice like heterostructures with MXene nanosheets by
Fe-clustering assistance in van der Waals or electrostatic forces,
showing a positive onset potential of 0.92 V, a four-electron
transfer pathway and 20 h durability under alkaline conditions
in electrocatalytic ORR applications.’®” In addition, the hybri-
dization of Co-N-C with MXene also showed good performance
in ORR electrocatalysis. Zhang et al'®® grew CNT directly
perpendicular to the MXene surface by pyrolysis of ZIF-67,
which exhibited good ORR activity with abundant ~10 nm
diameter cobalt nanoparticles embedded at the tip of the CNT.
Direct growth of CNT on MXene ensures strong interactions
between CNT and MXene, promotes fast electron transfer, and
exposes more active sites that avoid the aggregation of CNTs.

Notably, morphological engineering will allow the advan-
tages of the hybridization of MXene with other active materials
to be fully exploited. The 3D structure of carrier-type MXene is
characterized by its increased surface area and porous struc-
ture. Therefore, it is endowed with the ability to anchor a large

Table 4 Summary of ORR activities of MXene-based electrocatalysts in 0.1
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number of active sites and plays an effective role in dispersing
the carrier. For example, Zeng et al.'® synthesized CoSe,-
MXene sheets by in situ method, freeze-dried CoSe,-TizC,T,
sheets using polyvinyl alcohol and finally calcined in ammonia
to form porous 3D structures. 3D MXene structures can anchor
a large number of CoSe, nanocrystals, thus preventing stacking
between MXene sheets. Strong interactions between MXene
and CoSe, drive electron transfer from MXene to CoSe,, which
improves the ORR catalytic activity of the Co site. When MXene
acts as the ORR active center, 0D quantum dots have stronger
size-dependent quantum-limited domains, higher specific surface
area, and more edge sites. For example, 0D Ti;C,T, quantum dots
and 0D MoS, quantum dots loaded on multi-walled CNTs exhibit
excellent ORR catalytic activity."'*"* The high surface activity of
quantum dots easily binds to other atoms, 0D Ti;C,T, quantum
dots facilitate the electron transfer for oxygen reduction, and 0D
MoS, quantum dots provide active sites for oxygen adsorption.
The MXene-based ORR catalyst design strategy tends to achieve
heterostructures with other active materials, thereby improving
the original deficiencies of the active material. Therefore, the
terminals design of MXene is also a top priority for the design of
heterostructures.

In short, the use of MXene as a support for the active
materials enabled the composites to exhibit excellent ORR
catalytic activity, approaching or even exceeding that of com-
mercially available Pt/C catalysts. However, the stability of
MXene-loaded electrocatalysts under fuel cell operating condi-
tions is still unsatisfactory and needs to be further improved
when used as cathode catalysts in fuel cells. For example, the
cathode catalyst, Pt/CNT-Ti;C,T,, was employed in a proton
exchange membrane fuel cell, achieving a maximum power
density of 138 W and sustaining a consistent current density at
0.30 V for a 360 min operational period.'"

4.4 NRR

Ammonia (NH;) is an important chemical raw material that is
essential to produce nitrogen fertilizers and is one of the most
common chemicals."***'® Compared to the conventional Haber-
Bosch process, ammonia synthesis using electrocatalytic nitrogen
reduction reaction does not require high-temperature and
high-pressure conditions and would be a promising green
alternative.""” Theoretical calculations indicate that MXene is a
promising material for N, capture and has a thermodynamic
advantage over the capture of CO, and H,0."'® Therefore, MXenes
are widely used as potential catalyst components for NRR
enhancement due to their unique properties (Table 5).

M KOH electrolyte

ORR catalyst Strategy Eon-set (V vs. RHE) Eyj, (V vs. RHE) Tafel slope [mV dec™ '] Ref.
Nb,CT, Surface modification 0.77 — 69.93 105
2-C3N,/Ti;C,-NP Heterostructure 0.924 0.79 — 74

Fe-N-C/TizC,T, Heterostructure 1.00 0.814 30 106
2D/2D Fe-N-C/TizC,T, Heterostructure 0.92 0.84 — 107
Co-CNT/Ti;3C,-60 Heterostructure — 0.82 63 108
N-CoSe,;3D-TizC, T, Heterostructure 0.95 0.79 87 109
MoS,QDs@ TizC,T, QDs@MWCNTs-2 Heterostructure 0.87 0.75 92 110
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Table 5 Summary of NRR activities of MXene-based electrocatalysts

NRR catalyst Strategy Electrolyte NH; yield FE (%@V vs. RHE) Ref.
Ti;C,T,-medium F Surface modification 0.01 M Na,SO, 2.81 x 107° pmol (em > s ") 7.40@—0.7 119
Ti3C, T, (T—0 and OH) Surface modification 0.1 M KCI 36.9 pg (mg h)™* 9.10@—0.3 120
Ti;C,T,/TiFeO,-700 Surface modification 0.05 M H,S0, 2.19 pg (em® h)™* 25.44@—0.2 51
Ru-Mo,CT, MX substitution 0.5 M K,S0, 40.77 pg (mg h)™* 25.77@—0.3 58
TizC,OH QDs Morphology 0.1 M HCI 62.94 pg (mg h)™* 13.30@-0.5 121
MQDs/Cu Heterostructure 0.5 M LiClO,4 78.5 pg (mg h)™ 21.30@—0.4 85
TizC, MXene/MAX Heterostructure 0.1 M Na,SO, 2.73 pg (cm> h)™* 36.90@—0.5 87
BNQDs/Ti3C,Ty Heterostructure 0.5 M LiClO, 52.8 + 3.3 pg (mg h)™ 19.1 + 1.6@—0.4 122
COF-Fe/Mxene Heterostructure 0.1 M Na,SO, 41.8 ug (mg h)™* 43.1@-0.5 123

The NRR catalytic activity can be influenced by adjusting the
MXene surface functional groups. TizC,T, with a medium
density of -F functional groups exhibits the best NRR catalytic
activity, which is because excessive -F density limits the
adsorption of H', while too low (-O terminals become more
numerous) allows the highly active HER to compete with
NRR.'*° In addition, the H atoms in -OH can be trapped by
the intermediate and participate in NRR, which helps the NRR
process to form a higher degree of *N(H)NH reduction in the
first step of hydrogenation and reduce the overpotential."*® For
example, TizC,T, (-O and -OH) nanosheets (~50-100 nm) can
effectively reduce N, to NH; with higher NRR catalytic activity
than fluorine-capped TizC,T,.'">" This is due to the higher
electrical conductivity of Ti and —~OH functional groups present
at the edges, which facilitates the adsorption and activation of
N,, thus improving the catalytic performance. Therefore, the
synthesis of MXene with more edge sites is considered as one of
the most feasible methods to improve the catalytic efficiency of
NRR. Xu et al.'** synthesized hydroxyl-rich Ti;C,T, quantum
dots by alkalinization and intercalation. The -OH and edge
defects led to a significant increase in NRR catalytic activity
(NH; yield of 62.94 ug (mg h)™" and FE of 13.30% in 0.1 M HCI
electrolyte medium and at a potential of —0.50 V). The tuning of
surface terminals and the exposure of edge defects were ben-
eficial for the enhancement of NRR catalytic activity. The
introduction of other active substances is a common strategy
for MXene-based NRR catalysts, in which single atoms hosted
by MXene are one of the candidates for NRR catalysts. For
example, Zhang et al.'*® calculated 18 single-atom catalysts on
S-functionalized MXene for NRR activity and selectivity by DFT
theory, among which Mo@MXene, Nb@MXene, and V@MXene
are suitable candidates. Meanwhile, MXene heterostructures
have been widely used in NRR. For example, the boron carbide
pair was made into self-assembled quantum dots on MXene
(BNQDs/Ti;C,T,).*** And the electronic interaction between the
two can enhance the electron-donating ability of N, activation
and protonation at the interface B. Meanwhile, the BNQDs can
block the HER active site of MXene, which makes the catalyst
have high NRR selectivity. In addition, it is possible to actively
modify the MXene surface to achieve a better coupling effect. By
amino-functionalizing the MXene surface, COFs are homoge-
neously and tightly bound to the aminated MXene to form a
heterostructure (COF/MXene) by covalent coupling, which is
then post-treated to obtain hydrophobic COF-Fe/MXene.'**

This journal is © The Royal Society of Chemistry 2024

This NRR catalyst showed an NH; yield of 41.8 pg (mg h)™*
with a FE of 43.1% in 0.1 M Na,SO, aqueous solution and
at —0.5 V relative to the RHE. The confinement effect is also
particularly attractive in catalysis. Sun et al.®” constructed
interesting MXene/MAX heterostructures, which exhibited
unique and efficient NRR catalysis due to the domain-
limiting effect. The reaction intermediates alternately diffuse,
collide, adsorb, and reduce in the narrow confinement space
constituted by the MAX/MXene surface, thus achieving efficient
NRR electrocatalysis.

It is possible that MXene may exhibit greater activity towards
NRR than towards HER, due to the high surface charge density
of these materials. Modulation of the end groups on the surface
of MXene is of great significance, as the ~O end group results in
weaker binding to N,, which in turn leads to competitive HER.
Furthermore, MXene can serve as an excellent carrier for the
reduction of N, to NH;3, and displays excellent NRR catalytic
properties in combination with the active substance. Never-
theless, MXene-based NRR catalysts are currently the focus of
laboratory research and are still a considerable distance from
achieving industrial commercialization. This is because the low
selectivity and reaction rate of the MXene-based NRR catalyst
still hinder the practical application of the NRR process
(Table 5).

In general, modifying and constructing heterostructures for
MXene electrocatalytic properties can modulate the electronic
structure, increase the surface area, and provide more active
sites, making MXene-based materials promising for electroca-
talytic applications.

5. Summary and outlook

In summary, MXenes have emerged as a highly promising class
of materials for electrocatalysis due to their excellent electrical
conductivity, high specific surface area, and versatile surface
chemistry. This review has detailed the advancements in
MXene-based catalysts for key reactions such as HER, OER,
ORR, and NRR, highlighting the tunability of their layered
structures and surface properties through surface modification,
MX substitution, defect engineering, morphology control, and
heterostructure construction.

Despite the promising potential and significant advance-
ments, several challenges remain:
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Restacking during synthesis and catalysis: the high surface
energy of MXenes can cause nanosheets to restack, reducing
the exposure of active sites. Constructing intercalation and 3D
structures using organic macromolecules or integrating other
materials can mitigate restacking. However, further studies are
needed to understand the host-guest interlayer chemistry and
various forms of 3D frameworks.

Stability issues: MXenes can undergo irreversible oxidation,
which compromises their unique properties like metallic con-
ductivity and layered structure. Optimizing the synthesis of
the MAX phase to produce low-defect and complete lattice
precursors, along with constructing stable heterostructures,
can enhance the stability and activity of MXene-based catalysts.

Scalable production: the large-scale production of high-
quality MXene materials is currently limited by existing synth-
esis methods, which often involve fluorine-containing etching
not conducive to industrialization. Developing scalable, indus-
trial synthesis techniques is essential for broader application.

Exploring MXene diversity: most research has focused on
specific MXenes like Mo,C and Ti;C,, while other variants, such
as double transition metal MXenes and V-based MXenes,
require more attention. Moreover, controlling the content and
positioning of single atoms anchored in MXene vacancies
necessitates further studies to generate ordered vacancy defects.

Addressing these challenges will require innovative engi-
neering solutions and the development of robust industrial
synthesis techniques. Furthermore, exploring the diverse forms
of MXenes and optimizing their atomic structures and surface
end-groups can unlock further potential in electrocatalytic
applications.

With continued research and novel approaches, MXenes can
play a pivotal role in advancing sustainable energy conversion
technologies, offering improved catalytic efficiency and stabi-
lity. The future of MXene-based electrocatalysts appears bright,
with the potential to make significant contributions to the field
of green chemistry and renewable energy.
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