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The development of non-noble metal based and cost-effective electrocatalysts for water splitting has
attracted significant attention due to their potential in production of clean and green hydrogen fuel.
Discovered in 2011, a family of two-dimensional transition metal carbides, nitrides, and carbonitrides,
have demonstrated promising performance as electro catalysts in the water splitting process due to their
high electrical conductivity, very large surface area and abundant catalytic active sites. However, their-
long term stability and recyclability are limited due to restacking and agglomeration of MXene flakes. This
problem can be solved by combining MXene with other materials to create their hybrid architectures
which have demonstrated higher electrocatalytic performance than pristine MXenes. Electrolysis of water
encompasses two half-cell reactions, hydrogen evolution reaction (HER) at the cathode and oxygen
evolution reaction (OER) at the anode. Firstly, this concise review explains the mechanism of water

splitting. Then it provides an overview of the recent advances about applications of MXenes and their
Received 3rd October 2023

Accepted 13th February 2024 hybrid architectures as HER, OER and bifunctional electrocatalysts for overall water splitting. Finally, the

recent challenges and potential outlook in the field have been presented. This concise review may
provide further understanding about the role of MXene-based hybrid architectures to develop efficient
electrocatalysts for water splitting.
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Introduction

The ever-increasing global energy demand due to the rapidly
growing population of the world has resulted in an energy crisis.
The shortage of fossil fuels combined with their negative
impacts on the environment has urged researchers to generate
green energy from renewable sources. Hydrogen is considered
the prospective fuel of the future'? due to its superior gravi-
metric energy density of 120 MJ kg™ ', surpassing gasoline at 44
M]J kg . It boasts excellent energy conversion efficiency, envi-
ronmental friendliness, and emits zero carbon dioxide,
producing only water as a byproduct. Hydrogen fuel as green
energy has emerged as a promising solution as an alternative
energy source.*® The production of hydrogen by electro-
chemical water splitting has several advantages, including
faster reaction time, high purity of the hydrogen produced, and
zero greenhouse gas emissions compared to other methods.'***
The electrochemical water splitting reaction comprises two half-
cell reactions, namely the oxygen evolution reaction (OER) that
occurs at the anode and the hydrogen evolution reaction (HER)
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that takes place at the cathode represented by the following
equations.>*"3

The usefulness of the electrochemical water splitting
depends on stability, efficiency, available active surface area,
charge transferability, and cost of the electrocatalyst.'*'*> Elec-
trocatalytic water splitting requires a standard reaction poten-
tial of 1.23 V set against the reversible hydrogen electrode
(RHE). Practically, due to the sluggish kinetics of HER and OER,
the applied potential is much higher than the equilibrium
potential. So far, a variety of catalytic and/or photocatalytic
semiconductor materials have undergone investigation,
encompassing metal oxides, metal nitrides, oxy-nitrides, metal
sulfides, alkali metal bases, Z-scheme systems, and organic
materials such as carbon and graphene.'® However, the Elec-
trocatalysts based on noble metals such as platinum (Pt),
iridium (Ir), ruthenium (Ru) and their metallic oxides have
demonstrated the best performance for water splitting.*>'7->*
The small value of Tafel slope and high exchange current
density shown by these precious metal based catalyst are due to
their low hydrogen desorption energy and optimum binding
energy for hydrogen.?*** The industrial use of these efficient
electrocatalysts have been limited by their low abundance, high
cost and restricted long cycle-ability.>® A large variety of mate-
rials such as transition metals (Co, Fe and Ni) and their oxides,
carbides, nitrides and phosphides have been extensively
studied as alternative and cost effective catalysts.”*** These
materials though have exhibited good electrocatalytic
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performance but increase in thickness of active coating, limited
active surface area and rapid decline in activity have restricted
their overall efficiency.***

Two-dimensional transition metal carbides,*® nitrides or
carbon nitrides called MXenes have shown promising perfor-
mance for electrocatalytic water splitting attributed to their
exceptionally high electrical conductivity (more than 20
000 S cm™ " for Ti;C, film), higher surface area and abundant
catalytic active sites.** The very first MXene, Ti;C,T, was re-
ported in 2011 by Naguib et al. which established a foundation
for the discovery of 46 experimentally synthesized and more
than 100 theoretically predicted MXenes until the end of
2022.%%3° MXenes are synthesized by selective etching of A layer
atoms (e.g., Si, Al) from their MAX phase precursors which are
ternary carbides and nitrides with hexagonal structure. M,-
X,+1Ty is the general formula used to represent MXenes,
where M denotes a member of early transition metal (Sc, Mo,
Ti, V, Nb, Cr, Hf, Ta, W, Zr) while X could be C, N or CN, T,
represents the surface terminations attached to the surface of
outer transition metal layers in terms of elements belonging to
group 16 or 17 of the periodic table or imido and hydroxyl
groups. The range of values of n extends from 1 to 4 indicating
the number of M-X-M layers in a particular MXene and value of
xin T, can be less than or equal to 2.3**%°** X can also represent
oxygen as Michalowski et al. studied the formation of oxy-
carbides after the substitution of oxygen in carbide MXenes.*®
The composition space and synthesis of MAX and MXene are
shown in Fig. 1. The unique properties of MXenes, along with
their straightforward and scalable synthesis methods, make
them suitable for investigation in various fields such as energy
storage and conversion, electrocatalysis, sensing, electromag-
netic interference shielding, wireless communications, struc-
tural materials, tribology, environmental remediation, and
biomedical applications as depicted in Fig. 2.37*7>%

MXenes possess a layered structure, which contributes to
their high surface area. The presence of transition metals in
MZXenes imparts metallic properties and transient electronic
states. Additionally, the surface termination groups present in
MXenes introduce hydrophilic characteristics. Collectively,
these attributes make MXenes highly effective as electro-
catalysts for various processes such as hydrogen evolution
reaction (HER), oxygen evolution reaction (OER), and overall
water splitting.>®

Although MXene has shown good performance as an elec-
trocatalyst for clean energy conversion reactions, its practical
application is seldom viable because it struggles to attain
catalytic activity levels comparable to that of commercially
available such as Pt, thus creating a significant gap.” Suppos-
edly, the most extensively studied type of MXene, TizC,Ty,
exhibits suboptimal performance in electrocatalytic water
splitting due to unavoidable intersheet aggregation caused by
weak van der Waal forces, a high energy barrier for water
dissociation, and a strong binding affinity for reaction inter-
mediates. Despite extensive testing for HER activity, bare
MXenes present a challenge in effectively combining HER and
OER. Consequently, it is deemed essential to develop a stable
and efficlent bifunctional catalyst for integrated
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electrochemical water splitting. This necessity arises because
OER involves a multi-step reaction route with proton-coupled
four electrons transfer, resulting in a dynamically sluggish
kinetics and high overpotential compared to the simpler two-
electron transfer process of HER. Theoretical studies suggest
that modifying the MXene surface through composite
construction can alter the electronic structure, lowering HER
and OER energy barriers and enhancing electrochemical
performance. For instance, Zepeng Lv et al. developed an effi-
cient bifunctional electrode material by growing Co2P on
TizC, Ty, while Cheng-Feng Du et al. enhanced the overall water
splitting activity by in situ growth of Ni, ,Fe,PS; on the MXene
surface. Various other approaches have been explored to rein-
force the bifunctionality of MXenes, although these methods
involve intricate synthesis routes and underlying electro-
chemical mechanistic pathways.””

This review provides an overview of electrocatalysts based on
2D layered MXenes and their hybrid architectures for hydrogen
evolution reaction (HER), oxygen evolution reaction (OER) and
overall water splitting across various pH conditions. It not only
covers recent developments but also includes discussions on
the basic mechanism of HER and OER experiments. The
“Outlook and Summary” section offers ideas and visions for
achieving superior electrocatalytic performance in the field of
water splitting, with the purpose of enabling large-scale
applications.

Basic reaction mechanism of water splitting

A typical water electrolyzer contains three necessary elements:
an electrolyte, a cathode, and an anode. With application of an
external voltage greater than the equilibrium voltage required
for water splitting, the energy drives the splitting of water
molecules. This process results in the production of and oxygen
gas through the oxygen evolution reaction (OER) at the anode
and hydrogen gas through the hydrogen evolution reaction
(HER) at the cathode. Under standard conditions of tempera-
ture and pressure (298 K, 1 atm), theoretical value of the equi-
librium potential required for water splitting is 1.229 V.*® The
overall reaction for electrolysis of water is 2H,0 — 2H, + O,.
However, a considerable overpotential is needed to overcome
the potential loss owing to the sluggish kinetics of the electro-
chemical reaction involved. Oxygen evolving electrodes exhibit
a significantly lower overpotential in alkaline media compared
to neutral or acidic media. A higher overpotential is observed in
neutral and alkaline conditions for hydrogen evolving elec-
trodes. As a consequence, efficient water-splitting processes
often employ exceptionally active electrocatalysts. These cata-
lysts play a vital role in promoting electrochemical reactions on
the electrode surfaces, efficiently decreasing energy consump-
tion in the process.*** The successful application of water
electrolyzers, which are considered advanced renewable energy
devices for transforming intermittent electricity from sustain-
able sources like wind, solar, and tidal power into fuels, holds
significant importance in addressing environmental concerns
and the energy crisis. Depending on the membrane materials
used in electrolytic cells, water splitting can occur through

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 MXene structures and compositions reported to date. The top row shows structures of mono-M MXenes. The second row shows solid
solutions (their compositions are marked in green below). The third row shows in-plane and out-of-plane ordered double M MXenes (their
compositions are marked in red). The fourth row shows an ordered divacancy structure, which has only been reported or the M,C MXenes,
making an M4/3C composition due to 1/3 of all atom positions being vacant in each M layer (their compositions are marked in orange color). The
fifth row shows high-entropy MXenes (their compositions are marked in violet). This table includes both experimentally (marked in blue) and
theoretically (marked in gray) explored compositions of MXenes. Surface terminations are not included. This table includes phases that are
synthesized via bottom up or phase transformation of other phases, such as W;N, VN, and Mo,N. Reproduced with permission.®®
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proton exchange membranes, basic electrolysis, or solid oxide
electrolysis. The hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER) play crucial roles in enhancing the
overall efficiency of water electrolysis for energy conversion and
storage. Thus, it is necessary to employ knowledge-driven
principles to design optimal electrocatalysts that exhibit desir-
able activity, selectivity, and electrochemical stability for
specific reactions.**

Basic mechanism of HER

The hydrogen evolution reaction (HER) holds a prominent place
among the electrochemical reactions that have undergone
extensive study, thanks to its relative simplicity and direct
applicability in various industries, including water electrolysis.
In contrast to the slow kinetics observed in the oxygen evolution
reaction (OER) and oxygen reduction reaction (ORR), the HER
demonstrates significantly faster kinetics when it occurs on
noble metal electrodes, particularly those composed of plat-
inum group metals (PGM). This enhanced kinetics enables the
achievement of practical current densities (>1 A cm™?) at just
a few tens of millivolts of over potential.*®** The first inquiries
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into understanding the mechanism of the hydrogen evolution
reaction (HER) on metallic surfaces were primarily centered
around nickel and took place in the early 1950s.%® The hydrogen
evolution reaction at the cathode (HER) is a twostep chemical
process that involves the transfer of two electrons including the
adsorption and desorption of intermediate species. The initial
step of HER in acidic environment is the reduction of hydrogen
by one electron followed by its adsorption at the cathode surface
(H*) is termed as the Volmer step.”*** Following the previous
step, the generation of hydrogen molecules can happen through
two different paths depending on the amount of adsorbed
hydrogen atoms: (i) In situations where the concentration of H*
is significantly low, the H* atom acquires an electron and
a proton from the water leading to the desorption of H, from
cathode surface. This process is referred to as the ‘Heyrovsky
step’ and the sequence is called as Volmer-Heyrovsky mecha-
nism. And (ii), when the quantity of H* is considerably high, the
generation of a hydrogen molecule occurs through the merging
of two neighboring H* atoms on the surface of the cathode. This
mechanism is known as the ‘Tafel step’ and series of steps is
called Volmer-Tafel mechanism as shown in schematics of HER
in acidic and alkaline conditions. The schematics of HER in
acidic and alkaline conditions has been shown in Fig. 3.3%6%% By
comparing the Tafel slope values, the predominant mechanism
of the hydrogen evolution reaction (HER) for various catalysts
can generally be determined. A Tafel slope =120 mV dec™"
indicates the deterministic Volmer reaction as the mechanism.
In the range of 40-120 mV dec ', the HER is controlled by the
Heyrovsky mechanism. On the other hand, a Tafel slope
=40 mV dec™" suggests the significant involvement of the Tafel
mechanism. Based on this, it can be inferred that the HER
catalytic processes of the WC@rGO and Pt-WC@rGO electrodes
follow the Volmer-Heyrovsky mechanism and Volmer-Tafel
mechanism, respectively.>**®

Basic mechanism of OER

A significant correlation has been established between the
voltage required for oxygen generation on a metal surface and

Review

the redox potential of the metal/metal oxide pair as a conse-
quence of the investigations conducted by Conway et al.*® The
formation of respective metal oxide is necessary for the release
of oxygen from metal surface even in case of noble metals.
Current studies have validated this finding, specifying that the
oxygen evolution reaction (OER) primarily takes place on the
hydroxide, oxyhydroxide, or oxide layer that spontaneously
forms on the electrocatalyst's surface.**%”

The adsorbate evolution mechanism (AEM) is widely recog-
nized as a traditional mechanism for the oxygen evolution
reaction (OER). The crucial factor that determines the inherent
activity of a catalyst is its ability to bind with intermediates. In
electrocatalytic reactions, it is important to strike a balance in
the binding strength between the active site and the
intermediate.®®*

Unlike AEM, the lattice oxygen mechanism (LOM) involves
the oxidation of the catalyst's lattice oxygen to release oxygen.
Specifically, the lattice oxygen itself tends to undergo oxidation
under the OER potential through lattice oxygen redox chem-
istry, and then participates in the OER process to generate
oxygen. The LOM often surpasses the limitations of conven-
tional AEM and provides a better explanation for the funda-
mental source of the remarkable catalytic activity observed in
certain solid-phase catalysts. Therefore, gaining a profound
understanding of the reaction mechanism and relevant
parameters can serve as a guiding principle for developing more
efficient OER electrocatalysts.” The basic mechanism of OER is
shown in Fig. 4.

MXene-based hybrid architectures for HER

Hydrogen evolution reaction (HER) serves as a crucial approach
for separating water and producing hydrogen. The development
of HER catalysts with exceptional capabilities such as conduc-
tivity, stability, and selectivity are imperative for the establish-
ment of a hydrogen-based economy. By reducing the excessive
energy required for HER, a high-performance electrocatalyst
can enhance efficiency and contribute to improved overall
performance.
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While platinum (Pt)-based electrocatalysts are commonly
utilized due to their excellent performance in promoting the
hydrogen evolution process, their widespread commercializa-
tion has been hindered by the high cost and limited availability
of metallic Pt. 2D, MXene have shown great potential as efficient
electrocatalyst for hydrogen evolution reaction owing to their
superb properties including very high electrical conductivity,
large surface area, hydrophilicity and tunable surface chem-
istry.””> However, long term stability and recyclability of
MXenes has been limited by restacking and agglomeration of
MXene flakes. The problem of restacking of MXenes can be
reduced by combining it with other nano materials. The
combination of metal organic frameworks (MOFs) with MXenes
proves to be a successful approach due to the beneficial prop-
erties offered by MOFs, such as high surface area, porosity,
diverse functionalities, pore-confinement effect, and tunable
coordination space. These features create an ideal environment
for hosting MXenes, preventing their agglomeration.” The

© 2024 The Author(s). Published by the Royal Society of Chemistry

summary of HER performance of MXene hybrid architectures
has been shown in Table 1.

The electrocatalytic hydrogen evolution reaction (HER) in
a mild neutral medium represents a significant objective for
environmentally sustainable energy conversion. However, its
progress is hindered by sluggish kinetics. Although platinum
group noble metals display exceptionally high HER activities,
their limited availability and performance instability constrain
widespread application. Wu et al. demonstrated the superior
HER electrocatalytic properties of highly dispersed ruthenium
(Ru) clusters anchored on Mo,CT, MXene, leveraging the
excellent catalyst carrier characteristics of 2D-layered transition
metal carbides (MXenes). The Ru/Mo,CT, catalyst, prepared
through a straightforward in situ reduction strategy, exhibited
remarkable performance with a very low overpotential of 73 mV
for achieving a current density of —10 mA cm > and a Tafel
slope of 57 mV in neutral medium, surpassing performance of
most previously reported MXene-based catalysts. Previous
studies have established that the hydrogen evolution reaction

RSC Adv, 2024, 14, 6823-6847 | 6827
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Table1 Summary of HER performance of MXene hybrid architectures
Overpotential Tafel slope Scan rate
Catalyst Electrolyte (mV)@10 mA cm > (mV dec™) (mvs™) Ref.
C0-Mo0S,/V,C@CC 1 M KOH 70.1 98.6 10 78
CoBDC/MXene 1 M KOH 29 46 5 79
Rh-Co-Ni LDH/Ti;C,T, 1M KOH 74.6 43.9 5 80
LDH (60%)/MXene-RGO 1 M KOH 326 100 — 81
Ti;C,Ty: Co 1 M KOH 103.6 103.3 10 82
Ti;CNCL@Co0S, 0.5 M H,SO, 175 89 — 72
MoS,/Ti;C,@CNFs 0.5 M H,SO, 142 113 5 83
Pt/Nb,CT,-600 0.5 M H,S0, 5 34.6 — 84
(MIL-100)/TizC,Ty 0.5 M H,SO, 107 61 — 71
Ru/Mo,CT, 0.5 M H,S0, 64 57 5 74
Co-NCNT/Ti;C,T, 1 M KOH 190 78 5 75
BiFeO,/Cr,CTy 1 M KOH 128 53.3 5 76
MXene@CoSnOj; 1M KOH 45 51 5 77
COF/Ti;3C,Ty 0.5 M H,S0, 72 50 — 85
WS,@MXene/GO 0.5 M H,SO, 42 45 10 86
1 M KOH 43 58 10

(HER) in a neutral medium involves both H;0" ions (in acidic
conditions) and neutral H,O molecules (in alkaline conditions).
This prediction led to the demonstration that the HER perfor-
mance of Ru/Mo,CT, is expected to improve in both acidic and
alkaline environments, as evidenced by the determined over-
potentials: 64 mV at 10 mA cm ™ in 0.5 M H,SO,4; and 78 mV at
10 mA cm ™2 in 1 M KOH.

Furthermore, the Ru/Mo,CT, catalyst established enhanced
stability when compared to commercial Pt/C. Both experimental
findings and theoretical calculations suggest that the interac-
tion among Ru clusters influences the electronic structure of
active sites, facilitating the dissociation of water (H,O) and the
desorption of hydrogen.”

The deliberate design of transition metal catalysts exhibiting
robust and enduring electrocatalytic activity for hydrogen
evolution reactions (HER) holds paramount importance in the
realm of renewable energy conversion, storage, and water
splitting. The incorporation of heteroatoms has emerged as
a viable strategy for augmenting electrocatalytic activity. Cobalt
nanoparticles (Co-NPs) were enveloped by nitrogen-doped
carbon nanotubes (NCNTs), fabricated through an in situ
growth process on accordion-like Tiz;C,T,-MXene (Co-NCNT/
Ti;C,T,) in study conducted by Zhang et al. This unique struc-
ture showcased notable features, including abundant
anchoring sites for in situ growth of NCNT, seamless integration
of Co-NPs and NCNTSs, rapid electron transfer between 1D
NCNTs and 2D Ti;C,T,-MXenes, and a substantial number of
effective catalytic active sites. The Co-NCNT/Ti;C,T, hybrid
catalyst exhibited exceptional HER performance, characterized
by a low overpotential (159, 190 mV), a small Tafel slope
(78.4 mV dec™ "), a sizable electrochemically active surface area,
and robust long-term stability, surpassing the performance of
numerous reported electrocatalysts. This approach presents
a straightforward method for crafting transition metal HER
catalysts incorporating NCNT and MXene.”

6828 | RSC Adv, 2024, 14, 6823-6847

A versatile hierarchical composite of Bismuth ferrite/
chromium carbide (BiFeO;/Cr,CT,) MXene has been synthe-
sized and tested as an electrocatalyst for water splitting by
Reghunath and its coresearchers. In this approach, a straight-
forward method was proposed for synthesizing Cr,CT, MXene
from the chromium aluminum carbide (Cr,AlC) MAX Phase. X-
ray diffraction studies, scanning electron microscopy, and high-
resolution transmission electron microscopy confirmed the
removal of aluminum atomic layers from the Cr,AlIC MAX
structure. Electrochemical tests demonstrated that the BiFeOs/
Cr,CT, MZXene composite, produced with reduced Al,O;
content, exhibited excellent performance in the hydrogen
evolution reaction (HER) with a low overpotential of 128 mV in
1 M potassium hydroxide. Calculated values for the Tafel slope
and charge transfer resistance are 53.3 mV dec ' and 0.16 Q,
respectively. In a dielectrode electrolysis system, the BiFeOs/
Cr,CT, MXene electrode required only 1.81 V of cell potential to
achieve 10 mA cm ™2 with long-term stability. This study high-
lights the potential use of BiFeO;/Cr,CT, MXene in HER,
providing a straightforward approach for fabricating Cr,CT,
MXene composites for HER applications.”®

Recently, two-dimensional (2D) MXenes-based nano-
structures have gained attention as effective electrocatalysts due
to their remarkable electrical conductivity and superior hydro-
philicity. However, their practical application in hydrogen
production has been limited by low electrocatalytic activity and
poor stability. This study introduces a novel approach to
enhance the catalytic activity of MXene by incorporating
amorphous CoSnO; onto wrinkled Ti;C,T, MXene nanosheets,
resulting in a promising electrocatalyst (MXene@CoSnOj3) for
the alkaline hydrogen evolution reaction (HER). The integration
of CoSnO; nanocubes onto the Ti;C,T, MXene surface not only
stabilizes MXene nanosheets against spontaneous oxidation
but also establishes strong interfacial electronic coupling
between the two components. This coupling facilitates electron
redistribution at the MXene and CoSnOj interfaces, altering the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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electronic structure around Co and enabling the activation of
high-potential Sn for optimal H adsorption (AGy), thereby
promoting H* conversion in the HER. The MXene@CoSnO;
electrocatalyst demonstrates high alkaline HER performance,
exhibiting an ultralow overpotential of 45 mV at 10 mA cm 2,
a small Tafel slope of 51 mV dec™ ", and long-term stability in
1 M KOH, comparable even to commercial Pt/C catalyst.””

Ma et al synthesized two dimensional porous nano-
architecture from iron-based metalorganic frameworks (MIL-
100) and Ti;C,T, MXene nanosheets (MIL/Ti;C,T,) using an in
situ solvothermal assembly process.” Fig. 5(a) represents the
schematics for synthesis of MIL/Ti;C,T, catalyst. Fig. 5(b and c)
shows the HRTEM images of MIL/Ti;C,T,. Fig. 5(d) and (e)
shows the LSV polarization curves and Tafel slopes of the
TizAlC,, Ti;C, T, and TizC,T,/MIL composites. Large number of
interconnected conducting channels were created due to
intercalation of MIL-100 which hindered the restacking and
agglomeration of Ti;C,T, nanoflakes. Very good HER perfor-
mance was exhibited by the composite with 40 wt% loading of
the MIL in terms of low onset potential of 29 mV and small Tafel
slope of 61 mV dec ' along with good cyclability much better

RSC Advances

than the pristine MIL and Ti;C,T, catalysts. This high perfor-
mance of the nanocomposite can be endowed to the formation
of conducting channels and synergistic effects between MIL and
TizC,Ty. MIL(40%)/Ti;C,T, showed a very much smaller value of
charge transfer resistance (35.5 Q) as compared to the pure MIL
(272.9 Q).

In another work, Ma and coworkers successfully achieved the
in situ growth of hydrazone-linked covalent organic framework
(COF-42) nanocrystals exhibiting a distinctive nanoflower-
shaped morphology on 2D ultrathin Ti;C,T, MXene nano-
sheets (COF/Ti;C,T,) through a convenient and robust stereo
assembly strategy. Notably, the integration of COF-42 with
Ti;C,T, nanosheets not only created multiscale porous chan-
nels for rapid electrolyte and electron transport but also
ensured the complete exposure and activation of numerous
catalytically active centers. Consequently, the optimized COF/
Ti;C,T, nanoarchitecture demonstrates outstanding hydrogen
evolution reaction (HER) properties, including an exceptionally
low onset potential of 19 mV, a small Tafel slope of 50 mV dec™,
and reliable long-term durability, comparable to those of
a commercial Pt/C catalyst. Density functional theory
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(a) Schematic of the synthetic procedures for the MIL/TizC,T, catalyst, which includes preparation of TizC,T, MXene nanoflakes from bulk

TizAlC, powder; and growth of the MIL-100 nanocrystals on the surface of TisC,T, nanoflakes. (b and c) Microstructural analysis of the MIL/
TizC,T, nanoarchitecture. Representative HR-TEM images of MIL/TizC,T,. (d) LSV polarization curves and (e) Tafel plots of MIL/TizC,T, with
diverse MIL-100 ratios, MIL-100, TizC,T,, and TizAlC; electrodes in 0.5 M H,SO, solution. Reproduced with permission.”
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calculations further revealed that the deliberate combination of
COF-42 with Ti;C,T, provides a more diverse array of active
positions with appropriate AGy values, resulting in an
enhanced hydrogen generation rate.®

In another study Wang et al. prepared well connected 2D/2D
hybrid by coupling of MXene with CoBDC nanosheets by a facile
in situ grown approach. The as synthesized CoBDC/MXene
catalyst showed lower over potential values of 29, 41 and
76 mV in alkaline, acidic and neutral environment respectively.
The main factor to attain the high HER performance was the
development of interconnected Co-O-Ti bridges that facilitated
the charge transfer through electronic modification of the het-
erostructure. Density functional theory calculations also sup-
ported the experimental observations which revealed that d-
band center of cobalt (Co) in CoBDC/MXene experiences
a shift towards lower energy compared to pure CoBDC. This
shift suggested a weaker adsorption of hydrogen (H) interme-
diates on the CoBDC/MXene interface, facilitating the subse-
quent evolution of H,.”

The unique two-dimensional (2D) lamellar structure, large
surface area, and tunable chemical compositions of transition-
metal-based layered double hydroxides (LDHs) have garnered
significant interest among scholars. As a result, LDHs are
emerging as promising nonprecious electrocatalysts.”® Despite
their potential as electrocatalysts, the practical application
LDHs is hindered by several challenges. These include poor
conductivity, a tendency to agglomerate, and low intrinsic
activity, which impose limitations on their usability.*” There
electrocatalytic performance can be increased by combining
them with MXenes. Yan and co-authors developed Rh doped
Co-Ni LDH/Ti;C,T, nanocomposite for HER. The prepared Rh-
CoNi LDH/MXene showed lower overpotential of 74.6 =+
0.4 mV at current density of 10 mA cm ™2 and long-term stability.
The electronic behavior and structure of CoNi LDH were effec-
tively modified through Rh doping and regulated oxygen
vacancies (Ov), resulting in an increased number of active sites
and optimized adsorption/desorption of intermediates. Addi-
tionally, the well-constructed interface between sheets exposed
a larger number of accessible active sites, thereby enhancing the
electrocatalytic performance. By performing density functional
theory (DFT) calculations, it was determined that the intro-
duction of Rh and its coupling with MXene led to significant
changes in the electronic structure. These modifications resul-
ted in optimized adsorption energies for intermediates involved
in the hydrogen evolution reaction (HER), consequently
enhancing the intrinsic catalytic activity of CoNi LDH.*

In another study, Shen et al. devised a reliable and user-
friendly approach for effectively producing a well-regulated 3D
interconnected structure of Ni-Fe layered double hydroxide
nanosheets (LDH) confined within a network of Ti;C,T, MXene-
reduced graphene oxide (MX-RGO).** The method used was
a bottom-up strategy that allows control over the synthesis
process, and it employed a co-assembly technique as shown in
Fig. 6(a). This integration imparted several unique benefits to
the hybrid, including a significantly large specific surface area,
extremely thin walls, an optimized electronic structure,
a continuous structure with meso- and macropores, uniformly
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distributed LDH layers, and multiple channels for charge
transfer. The FESEM, TEM, and HRTEM images of the LDH/MX-
RGO nanoarchitecture were shown in Fig. 6(b), (c¢) and (d)
respectively.

The authors selected five different Ni-Fe LDH mass fractions
as 10%, 20%, 40%, 60%, and 80% by weight of LDH and were
represented as LDH (10%)/MX-RGO, LDH (20%)/MX-RGO, LDH
(40%)/MX-RGO, LDH (60%)/MX-RGO, and LDH (80%)/MX-RGO,
respectively. The LDH (60%)/MX-RGO electrode unveiled the
best performance for the hydrogen evolution reaction (HER)
amongst different compositions tested. It displayed an onset
electrode potential of only 162 mV surpassing other electrodes
in terms of the rapid increase in cathodic current. Moreover,
comparison of the corresponding Tafel plots revealed that the
LDH (60%)/MX-RGO electrode possesses the smallest Tafel
slope of 100 mV dec ™ *. The subsequent electrodes, in increasing
order of Tafel slope, are LDH (80%)/MX-RGO (131 mV dec %),
LDH (40%)/MX-RGO (133 mV dec™!), LDH (20%)/MX-RGO
(143 mV dec '), and LDH (10%)/MX-RGO (150 mV dec ™ "). The
bare LDHs, Ti;C,Ty, RGO, TizAlC,, as well as the binary LDH/
RGO and LDH/MX materials demonstrated comparatively
lower HER activity and larger Tafel slopes (Fig. 6f).

The charge-transfer resistance of LDH (60%)/MX-RGO only
2.7 was significantly lower than those of LDH/MX (66.5 Q), LDH/
RGO (47.5 Q), and bare LDHs (226.6 Q). This finding confirms
that the 3D porous Ti;C,T,-RGO networks effectively establish
numerous fast electron pathways, ensuring swift kinetics for
hydrogen evolution.®**

CoS, has shown promise as an electrocatalyst for the
hydrogen evolution reaction (HER). Nevertheless, its wide-
spread application is hindered by its relatively high chemi-
sorption energy for hydrogen atoms, resulting in low HER
activity. Theoretical calculations based on first-principles study
disclosed that the incorporation of Cl-terminated MXenes-Ti;-
CNCl, can effectively reduce the HER over potential of CoS,-
based materials reported by Jiang and coauthors. The value of
Gibbs free energy of hydrogen adsorption (|AGy|) close to zero
was regarded as the outcome of the formation of a core-shell
nanostructure, Ti;CNClL,@CoS,. Taking inspiration from the
theoretical results, they successfully synthesized a distinctive
core-shell nanostructure of Ti;CNCl,@CoS,, by combining
CoS, with a Cl-terminated MXenes-Ti;CNCl, using facile
hydrothermal method. Fig. 7(a)-(c) shows the SEM images of
COS, nanoparticles, Ti;CNCI, nano sheets and Ti;CNCl,@CoS,
core shell nanostructures. The higher HER activity in 0.5 M
H,SO, electrolyte was evidenced by the Tiz;CNCl,@CoS, in
terms of small Tafel slope of 89 mV dec™ ' and low over potential
of 175 mV at 10 mA cm 2 in comparison with the pristine Tiz-
CNCIl, nanosheets and CoS, nanoparticles. This was due to
synergistic effects of rapid charge transfer of highly conductive
MXene nanosheets and intrinsic high catalytic activity of CoS,
nanoparticles. The respective values of overpotential of CoS,
and Ti;CNCl, were 478 and 313 mV. The HER polarization
curves and corresponding Tafel slopes have been depicted in
Fig. 7(d) and (e) respectively.”

The use of HF etching to prepare MXene can lead to an
excessive electron-accepting (eF) termination, which has the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic of the stereo assembly of the 3D LDH/MX-RGO nanoarchitecture: (1) GO was synthesized by oxidation and exfoliation of

graphite; (2) TisC,T, MXene was prepared from bulk TizAlC, MAX in the presence of LiF and HCL; (3) liquid-phase exfoliation of bulk Ni-Fe LDHs
into thin Ni-Fe LDH nanolayers; (4) self-assembly of porous LDH/MX-RGO nanoarchitecture by the solvothermal reaction. (b and c). FE-SEM,
TEM, and (d) HR-TEM images of the LDH/MX-RGO nanoarchitecture. (e) LSV curves and (f) Tafel plots of the LDH/MX-RGO catalysts with
different LDH contents in 1 M KOH solution. Reproduced with permission.8

potential to negatively impact the material's electrical conduc-
tivity and electrocatalytic properties.*® To overcome this chal-
lenge, Rong et al. introduced a simplified one-step etching
method involving the use of CoCl, molten salt at a temperature
of 750 °C to react with TizAlC,-MAX phase. This process resulted
in the formation of a cobalt/titanium carbide hybrid structure
denoted as Ti;C,T,: Co. To eliminate the excessive attachment
of Co atoms to the MXene surface, the hybrid structure further
treated with H,SO, for 12 and 24 h were named as Tiz;C,T,: Co-
12 h and as TizC,Ty: Co-24 h respectively. Characterization
studies revealed that a small number of Co atoms replaced the
Al atoms within the hybrid's lattice, while the majority of Co
atoms were intercalated in the interlayer space of the MXene.
The HER activity of the hybrid was tested in 1.0 M KOH

© 2024 The Author(s). Published by the Royal Society of Chemistry

electrolyte. Excellent electrochemical activity was shown by the
hybrid Ti;C,T,: Co-12 h with an overpotential of 103.6 mV at
current density of 10 mA cm > The calculated values of the
charge transfer resistance (R.) were determined to be 48.64 Q,
28.65 Q, and 42.72 Q for the Ti;C,T,: Co, Ti;C,T,: Co-12 h, and
Ti;C,T,: Co-24 h samples, respectively. These values indicate
that TizC,T,: Co-12 h exhibited the highest electrical conduc-
tivity among the tested samples. Based on this data, the surface-
specific double-layer capacitance (Cq;) was estimated for each
sample. TizC,T,: Co-12 h showed the highest Cq4, value of 18.78
mF cm ™2, surpassing TizC,T,: Co (9.96 mF cm™?) and Ti;C,T:
Co-24 h (15.09 mF cm™?). These measurements confirm that
Ti;C,T,: Co-12 h possessed a significantly larger electroactive
surface area (ECSA) compared to the other samples, providing

RSC Adv, 2024, 14, 6823-6847 | 6831
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more catalytically active sites for the process of HER (hydrogen
evolution reaction). Additionally, the results suggest that pro-
longed acid etching time can disrupt the two-dimensional
layered structure, resulting in a decrease in the number of
active sites.®

The two-dimensional transition metal dichalcogenides
(TMDs) have shown great performance in hydrogen evolution
reaction owing to their catalytically active edge sites and low
Gibbs free energy for hydrogen absorption (AGy') meanwhile
retaining the inert nature of their basal planes. Hussain et al.
developed interconnected porous WS2 nanosheets within
MXene/GO matrices (WS,@MXene/GO) using a straightforward
hydrothermal method for applications in electrochemical
supercapacitors and water splitting reactions. The
WS2@MXene/GO nanocomposites, as electrocatalysts, dis-
played low overpotentials of 42 mV and 45 mV, along with small
Tafel slope values of 43 mV dec ' and 58 mV dec ' for the
hydrogen evolution reaction in acidic and alkaline media,
respectively. Additionally, density functional theory (DFT)
approximations substantiated the observed experimental
outcomes through calculations of density of states, Gibbs free
energy for H-adsorption, and quantum capacitance.®®

A renowned member of the transition metal dichalcogenides
(TMDCs) family is molybdenum disulfide (MoS,) with its
hexagonal structure and a sandwich-like configuration of sulfur
and molybdenum atoms. The remarkable reactivity and cata-
lytic performance displayed by MoS, nanoparticles have

6832 | RSC Adv, 2024, 14, 6823-6847

expanded its potential for various applications. Moreover, MoS,
offers several advantages, including a hydrogen release Gibbs
free energy comparable to platinum, a significant presence of
active edge sites and a large specific surface area.*® Ma et al.
synthesized a highly efficient and stable HER electrocatalyst
comprising of MoS,, Ti;C, and CNFs (carbon nanofibers)
(schematics shown in Fig. 8(a)). In the first step plane-line like
skeleton structure was constructed from Ti;C, and CNFs which
assisted to prevent restacking of MXene flakes. Then the
spontaneous growth of MoS, on the fiber skeleton was carried
out to attain a stereo structured MoS,/Ti;C,@CNFs. SEM
images of MoS,/Ti;C,@CNFs in different magnification: (b) 12
000x; (c) 18 000x were shown in Fig. 8(b) and (c) respectively.
This unique structure resulted in more extensible layered
structure and significant improvement in electrical conduc-
tivity. The HER polarization curves for MoS,, MoS,/Ti;C,@-
CNFs, MoS,/Ti3C,, and Ti;C,@CNFs catalysts in a 0.5 M H,SO,
electrolyte were shown in Fig. 8(d). The catalytic performance of
commercial Pt/C was also investigated for comparison. The
MoS,/Ti;C,@CNFs catalyst revealed a significantly lower over-
potential of 142 mV vs. RHE at a HER current of 10 mA cm 2
(m10) compared to 471 mV for MoS,/Ti;C, and 596 mV for MoS,
alone. This indicates that the fiber skeleton structure of MoS,/
Ti;C,@CNFs greatly improved the catalytic performance of the
HER, signifying that CNFs effectively provided a stable frame-
work for the catalyst, allowing effective loading of MoS, and
showcasing excellent HER activity.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Synthetic schematic of MoS,/TizC,@CNFs. SEM images of MoS,/TizC,@CNFs in different magnification: (b) 12 000x; (c) 18 000x (d)

polarization curves of MoS,, MoS,/TizC,, TizCo@CNFs, MoS,/TisC,@CNFs and Pt/C catalysts at a scanning rate of 10 mV s71in 0.5 M H,S04; (e)

Tafel plots of several catalysts. Reproduced with permission.®®

The Tafel slope of the MoS,/Ti;C,@CNFs catalyst was
measured to be 113 mV dec ', which was lower compared to
MoS,, MoS,/Ti;C,, and Ti;C,@CNFs. This reduction in the Tafel
slope of MoS,/Ti;C,@CNFs was also attributed to the
construction of the fiber skeleton structure, which likely
changed the rate-determining step and enhanced the reaction
kinetics of the catalyst. Additionally, the MoS,/Ti;C,@CNFs
catalyst followed the Volmer-Heyrovsky mechanism Fig. §(f).**

In another study, Fan et al. presented a straightforward
approach utilizing mechanochemical ball milling and

© 2024 The Author(s). Published by the Royal Society of Chemistry

annealing to synthesize Pt;Nb alloy nanoclusters immobilized
on the Nb,CT, substrate at a large scale. The application of
mechanical force and the slow chemical kinetics during the
process facilitated the reduction and even distribution of Pt
species, enabling the efficient production of noble metal cata-
lysts supported on the substrate. Furthermore, the subsequent
thermal treatment under an argon atmosphere enhanced the
interaction between the Pt nanoclusters and Nb,CT, substrates,
resulting in the formation of the Pt;Nb alloy.

RSC Adv, 2024, 14, 6823-6847 | 6833



RSC Advances

The as-synthesized catalyst Pt/Nb,CT,-600, exhibited
outstanding electrochemical HER performance and stability in
0.5 M H,SO, electrolyte. It achieved significantly lower over-
potentials of 5 mV and 46 mV, respectively, to drive current
densities of 10 mA cm * and 100 mA cm ™2 and Tafel slope of
34.66 mV dec™'. This performance outshined that of other
catalysts based on Nb,CT, and even commercial Pt/C catalysts.
Accelerated durability tests (ADTs) and long-term chro-
noamperometry (CA) tests confirmed long term durability of the
electrocatalyst. The outstanding performance in the hydrogen
evolution reaction (HER) was ascribed to the effective disper-
sion of Pt and increased exposure of active sites achieved
through the mechanochemical process and subsequent thermal
treatment.®

Among the various types of MXenes, V-based MXenes have
been identified as a potential conductive substrate within the
family. These MXenes contain multiple oxidation states of the V
ion on their surface layers, which boosts charge transfer
between the adsorbate and the MXenes support. However, there
is a paucity of theoretical and experimental studies on V-based
MZXenes as compared to Ti-based and Mo-based MXenes. Their
development and application in hybrid systems for the
hydrogen evolution reaction (HER) are still in their early stages.
Therefore, further research into V,C-based synergistic hybrid
systems is essential and needs more focus for electrochemical
applications.

A method of interfacial engineering was adopted by Chen
et al. to develop a hybrid material comprising Co-doped 1T-
MosS, coupled with V,C MXene, which effectively improved the
kinetics of the hydrogen evolution reaction (HER) in MoS,. The
smaller overpotentials values of 70.1, 263.2 and 296 mV to reach
current densities of 10, 500 and 1000 mA cm~ > respectively,
indicated excellent HER performance of the Co-MoS,/V,C@CC
nanohybrid along with an outstanding HER stability for 50 h
without degradation.

It was observed that both the pure carbon cloth (CC) and the
pristine V,C@CC presented lower catalytic activity. Owing to
this MoS, was evaluated as the active phase responsible for the
hydrogen evolution reaction (HER).

The CoMoS,/V,C@CC catalyst demonstrated the lowest Tafel
slope of 98.6 mV dec™ " compared to Co-MoS,@CC (109.7 mV
dec™), MoS,/V,C@CC (127.4 mV dec '), and V,C@CC
(163.1 mV dec™ "), indicating its superior hydrogen evolution
reaction (HER) rate and faster kinetics. The Tafel slope value of
98.6 mV dec ' suggested a Volmer-Heyrovsky mechanism
during HER, with the Heyrovsky step (Hags + H;O' + e~ = H, +
H,0) as the rate-determining step. The improved Tafel slope of
Co-MoS,/V,C@CC compared to Co-MoS,@CC and MoS,/
V,C@CC confirmed that the introduction of Co doping and
coupling V,C MXene with MoS, efficiently facilitated dissocia-
tion of water in the Volmer step, leading to faster HER kinetics
and improved intrinsic activity, in agreement with DFT calcu-
lation results. The electrochemically active surface area (ECSA)
was calculated based on the electrochemical double-layer
capacitance (Cq;) measurements, indicating that the Co-MoS,/
V,C@CC sample exhibits the largest Cq value of 25.8 mF cm >
among the Co-MoS,@CC (19.2 mF cm ™ ?), M0S,/V,C@CC (12.9
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Fig.9 A graphical comparison of HER performance of different hybrid
architectures of MXenes.

mF cm™?), and V,C@CC (2.9 mF cm™?) samples. Consequently,
the Co-MoS,/V,C@CC catalyst also possesses the highest ECSA
among the synthesized catalysts, with a calculated value of 645
cm?.”® A graphical comparison of HER performance of different
hybrid architectures of MXenes is shown in Fig. 9.

Wen et al. explored the electrocatalytic water splitting
potential of double transition metal MXene TiVCT, by devel-
oping a conductive electrode based on creating a hybrid mate-
rial (TiVCT,@NF) via deposition of 2D TiVCT, nanosheets onto
a 3D network-structured nickel foam (NF). TiVCT,@NF
demonstrated effective electrochemical properties, displaying
a low overpotential of 151 mV at 10 mA cm™ > and a small Tafel
slope of 116 mV dec '. The open layer structure and robust
interfacial coupling effect contribute to a substantial increase in
active sites for the hydrogen evolution reaction (HER) and
reduced resistance for charge transfer compared to the original
structure. Additionally, TiVCT,@NF exhibited enhanced
stability in long-term acidic electrolytes.”

MXene-based hybrid architectures for OER

When comparing the hydrogen evolution reaction (HER) to the
oxygen evolution reaction (OER), it is evident that the OER is
a more intricate process. It involves a four-electron transfer
mechanism and the formation of various intermediate prod-
ucts. To achieve effective and long-lasting OER performance,
electrocatalysts with complex heterostructure and design are
often necessary. While bare MXenes themselves are not efficient
catalysts for OER, they can be utilized as electrically conductive
supports. They can also modify the electronic properties of the
coupled OER catalyst and even introduce additional active sites
for OER, resulting in a significant enhancement of OER
activity.”®

Du et al. explored the OER performance of in situ grown
cobalt-nickel bimetallic MOF nanosheets on Ti;C,T, MXene.
Contrary to earlier reports they witnessed a passive effect of
MXene on OER activity CoNi-MOFNs along with the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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improvement in electrical conductivity of the nanocomposite.
The formation of active species for OER were suppressed by
unfavorable transfer of electrons from MXene to CoNi-MOFNs
was held responsible for reduction in OER performance of the
nanocomposite CoNi-MOFNs@MX. Individually, Co-MOFNs
and Ni-MOFNs demonstrated larger Tafel slopes of 86.5 mV
dec™' and 196.3 mV dec ' respectively as compared to CoNi-
MOFNs composites. The increased reaction kinetics due to
electronic coupling between Ni and Co might be the reason for
much lower Tafel slopes of CoNi-MOFNs composites. Further-
more, the coupling of Ti;C,T, with CoNi40-MOFs leads to the
disappearance of Ni**/Ni*" peaks in the Tafel slope, indicating
the cessation of electronic transitions from Ni** and the
establishment of a strong interfacial coupling between TizC,T,
and the electrocatalytic species. This phenomenon can be
attributed to the presence of surface terminal groups on
Tiz;C,Ty, which promote the efficient interaction and integration
of the two materials.®® The summary of OER performance of
MXene hybrid architectures has been shown in Table 2.

Chen et al. used hydrothermal method for in situ assembling
of V,C and hypophosphite intercalated FeNi-LDH nanosheets
(H,PO,-/FeNi-LDH-V,C) to boost its OER performance. In 1.0 M
KOH electrolyte, the H,PO,-/FeNiLDH-V,C composite demon-
strated impressive electrocatalytic activity in the oxygen evolu-
tion reaction (OER). It achieved an over potential of 250 mV (74,)
and exhibits a small Tafel slope of 46.5 mV dec '. The
remarkable OER performance and structural stability of the
composite were attributed to the strong interaction and elec-
tronic coupling between FeNi-LDHs and V,C MXene. This
interaction eased significant charge transfer between the two
components, resulting in an optimal adsorption/desorption
balance for the OER reaction pathway. The reduction in the
oxygen (O) adsorption capacity was witnessed by downward
shifting the d-band center of Fe/Ni atoms. This shift created
a suitable equilibrium between the adsorption of hydroxyl (OH)
species and the desorption of oxygen gas (O,). Ultimately, these
factors contribute to the enhanced intrinsic activity of the
composite.*

Hao et al. synthesized a hybrid catalyst for the oxygen
evolution reaction (OER) by depositing CoFe-LDH (layered
double hydroxide) onto the surface of Ti;C, MXene nanosheets
(Schematics shown in Fig. 9(a)). The resulting catalyst demon-
strated higher OER activity compared to the widely used RuO,
catalyst. The enhanced OER performance was endowed to the

Table 2 Summary of OER performance of MXene hybrid architectures
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combined oxygen-breaking ability of CoFe-LDH and the ultra-
high electrical conductivity of the Ti;C, MXene substrate.
Moreover, the direct growth of CoFe-LDH on the hydroxyl-rich
surface of MXene well prevented aggregation of flakes, leading
to increased exposure of active sites at the edges of CoFe-LDH.
The interface between CoFe-LDH and Ti;C, MXene eased effi-
cient charge transfer and oxygen activation, as supported by
density functional theory calculation results. Remarkably, the
direct growth of CoFe-LDH on MZXene imparted metallic
features to the initially insulating LDH, with the O 2p states
distributed above the Fermi level, which may be mediated by an
anionic redox process. The LSV and Tafel plots of CoFe-LDH/
MXene nanohybrid were shown in Fig. 10g and h respectively.

The LDH-MXene hybrid exhibited exceptional electro-
catalytic performance. It achieved an overpotential of 319 mV at
a current density of 10 mA cm > and a Tafel slope of 50 mV
dec™'. These results indicate a significant improvement
compared to the performance of the pristine LDH, a physical
mixture of LDH with MXene, and hybrids of CoFe-LDH grown
on other conductive supports. The exceptional electrochemical
performance of the CoFe-LDH/MXene hybrid for OER can be
attributed to the array-like structure of CoFe-LDH/MXene which
prevented aggregation of LDH sheets, resulting in maximum
exposure of edge active sites and intimate contact with elec-
trolytes. Moreover, the high conductivity of the MXene substrate
eliminated limitations imposed by the charge transfer
process.”

Owing to their modifiable structure and composition, Prus-
sian blue analogues (PBAs) and their derivatives have extended
significant consideration for various applications, particularly
in the oxygen evolution reaction (OER). Zhu et al. used an in situ
coprecipitation and subsequent phosphorization process to
develop FeP-CoP nanocubes from PBAs and dispersed them on
TizC,T, MXene (schematics shown in Fig. 11g). A reduction in
the size of FeP-CoP nanocubes was observed was observed due
to the presence of Ti;C,T, MXene leading to an increase in the
number of active sites. Additionally, the strong coupling inter-
action between FeP-CoP and Ti;C,T, MXene enhanced the
intrinsic activities of the catalyst and facilitated faster charge
transfer kinetics. As a result, the optimized FeP-CoP/TizC,T,-5
catalyst exhibited a low overpotential of 270 mV to drive
a current density of 10 mA cm > and a small Tafel slope of
49.1 mV dec ' in a 1.0 M KOH electrolyte. Fig. 11(a-f) shows
SEM and TEM images of all samples.

Overpotential Tafel slope Scan rate
Catalyst Electrolyte (mV)@10 mA cm ™2 (mV dec™) (mvs™) Ref.
CoNi,MOFNs@Ti3C, 1 M KOH 394 61.6 1 88
H,PO,-/FeNiLDH-V,C 1 M KOH 250 46.5 5 89
CoFe-LDH/ Ti;C, 1 M KOH 319 50 5 90
FeP-CoP/Ti;C,Ty-5 1 M KOH 270 49.1 5 91
CDs@(PdFeNiCo)Nb, 1 M KOH 240 62 10 92
NiCo-LDH/Ti;C,T,/NF 1 M KOH 223 47.2 5 93
Ti3C1.8N0.2 1 M KOH 245.8 216.4 5 94
Mo,TiC, Ty (Rar-M) 0.5 M H,S0, 222 50.4 2 95

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) Scheme illustration of the formation process of CoFe-LDH/MXene hybrids. SEM images of (b) MAX (c) MXene and (d) CoFe-LDH/
MXene nanohybrids. (e) EIS curves of CoFe-LDH/MXene nanohybrid, pristine LDH, physical mixture of LDH and MXene and commercial RuO,. (f)
Onset potential and overpotential at current density of 10 mA cm™ for a series of catalysts (columns from left to right are red for CoFe-LDH/
MXene, green for RuO,, blue for CoFe-LDH/MXene, light blue for CoFe-LDH and magenta for Co(OH),). (g and h) The LSV and Tafel plots of
CoFe-LDH/MXene nanohybrid with different mass ratio, pristine LDH, pristine Co(OH),, pristine MXene, physical mixture of LDH and MXene and
commercial RuO,. Reproduced with permission.®®

The FeP-CoP/Ti;C,T, composite demonstrates improved a smaller Tafel slope compared to the pure phosphide coun-
electrochemical performance for the oxygen evolution reaction terpart. Furthermore, the composite outclassed commercial
(OER) in alkaline media, exhibiting lower overpotential and RuO, and several other phosphides derived from Prussian blue
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(a) SEM image of Fe-Co PBA; (b) SEM image of FeP-CoP; (c) TEM image of FeP-CoP; (d) SEM image of Fe-Co PBA/TizC,T,-5; (e) SEM

image of FeP-CoP/TizC,T,-5; (f) TEM image of FeP-CoP/TizC,T,-5; (g) Scheme 1. Illustration of the Preparation of the FeP-CoP/TizC,T,-y
electrocatalysts (h) polarization curves (without iR correction) of FeP-CoP/TizC,T,-y and control samples for the OER in 1.0 M KOH; (i) cor-
responding Tafel plots of FeP-CoP/TizC,T,-y and control samples. Reproduced with permission.®*

analogues (PBAs). The enhanced performance of the FeP-CoP/
Ti;C,T, composite was ascribed to the presence of more active
sites, higher intrinsic activity, and faster charge transfer
kinetics facilitated by the introduction of Ti;C,T, MXene.**
Yan et al. synthesized novel electrocatalyst for OER by mixing
niobium carbide quantum dots (Nb2C QDs) with various metal
alloys via a practical solution-phase (SP) method. This method
produced diverse metal alloys, including NbPd;, FeNb, NbNi;,
CoNbO,, and PdNPs, through the reduction of transition metal
and palladium ions. The prepared electrocatalyst comprising
uniformly dispersed CD nanoparticles integrated with (PdFe-
NiCo) metal alloys and Nb,C QDs, demonstrated outstanding
stability in an aqueous solution. Furthermore, owing to the
superior electrocatalytic properties of these metal alloys and
Nb,C QDs, this hybrid electrocatalyst, CDs@(PdFeNiCo)Nb,,

© 2024 The Author(s). Published by the Royal Society of Chemistry

exhibited enhanced OER performance compared to samples
that were physically mixed. It achieved a low overpotential of
240 mV at a current density of 10 mA cm™> and small Tafel slope
of 62 mV dec '.** Fig. 12A graphical comparison of OER
performance of different hybrid architectures of MXenes.

In another study, a three-dimensional flower-shaped layered
double hydroxide (NiCo-LDH) was synthesized by Li et al. on
titanium carbide MXene (Ti3C,T,) coated nickel foam to form
a NiCo-LDH/Ti;C,T,/NF hybrid electrocatalyst, aimed at
enhancing the oxygen evolution reaction (OER) performance.
The findings demonstrated that the hybrid electrocatalyst
exhibited outstanding OER activity in an alkaline solution,
achieving a low overpotential of 223 mV and a small Tafel slope
of 47.2 mV dec™ ' at a current density of 100 mA cm™>. The
interaction at the interface and efficient charge transfer

RSC Adv, 2024, 14, 6823-6847 | 6837
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Fig. 12 A graphical comparison of OER performance of different
hybrid architectures of MXenes.

between Ti;C,T, and NiCo-LDH contributed to an accelerated
electron transfer rate during the redox process, thereby
improving the overall catalytic activity of the reaction.”

Various researchers have enhanced the electrocatalytic
performance of bare MXenes by incorporating nitrogen, thereby
improving both metallic conductivity and the exposure of active
sites. Recently, Tang et al. employed an in situ solution method
followed by an etching route to produce nanosheets of N-doped
few-layered Tiz;C, with varying concentrations of nitrogen
content (Ti3C1.8Ny, and TizC;¢No4). The incorporation of
nitrogen on the Ti;C; ¢No 4 flakes was found to expose more
active sites, facilitating a faster electron charge transfer rate and
improving wettability. Consequently, the TizC; Ny 4 catalyst
demonstrated superior oxygen evolution reaction (OER)
performance, characterized by a significantly reduced over-
potential of 245.8 mV and a small Tafel value of 216.4 mV dec .
In contrast, the bare Tiz;C, and TizC; gNy, exhibited higher
overpotentials of 449.0 and 418.7, respectively. Additionally, the
N-doped MXenes of Ti;C,T,-Ngs exhibited a low OER over-
potential of 0.51 V and 0.36 V to achieve current densities of 100
mA cm 2 and 10 mA cm 2, respectively. The Ti;C,T,-N, catalyst
also demonstrated a small Tafel value of 76.68 mV dec™?,
indicating the fastest OER reaction kinetics attributed to
nitrogen doping.****

Advancements in acidic water splitting have been con-
strained due to low oxygen evolution reaction (OER) activities,
sluggish reaction kinetics, and substantial catalyst degradation.
Consequently, there is a critical need for a highly active and
durable OER catalyst to facilitate the commercialization of
acidic water electrolyzers. In this context, Tiwari et al. presented
t-phase ruthenium oxide atomic layers implanted on Mo, TiC,T,
MXene (RAL-M) as an exemplary electrocatalyst for OER in
acidic media. RAL-M demonstrates outstanding mass activity
(6.2 A mg™"), excellent turnover frequency (TOF; 2.4 s~ '), and
negligible durability loss even after 22 hours in a two-electrode
cell configuration. Notably, the mass activity and TOF of RAL-M
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surpass industrial electrocatalysts (RuO,-Premetek Co. and
RuO,-Sigma-Aldrich) by 150 times and 540 times, respectively,
at pH 0.48. The prepared electrocatalyst showed an over-
potential of 390 mV and a Tafel slope of 50.4 mV dec .
Computational calculations showed that the ruthenium active
sites in RAL-M exhibit a strong affinity for oxygen species (e.g.,
OH*, O* and OOH*), facilitating water dissociation and
favoring both the adsorbate evolution and lattice oxygen
mechanistic pathways to expedite the OER. Density Functional
Theory (DFT) outcomes indicated that the most advantageous
mechanism for the Oxygen Evolution Reaction (OER) over the
Ruthenium (Ru) active sites is the Anion Exchange Mechanism
(AEM).>

MXene-based hybrid architectures as bifunctional
electrocatalyst

Efforts are being carried out by researchers to synthesize non
noble metal based electrocatalyst being highly conductive, cost-
effective, durable, efficient and bifunctional that can couple
both HER and OER in the same media.”” Bifunctional catalysts
exhibit higher activity compared to unifunctional catalysts since
optimal conditions differ for each activity, and they also reduce
setup time for instrumentation.”® To address these challenges,
extensive efforts have been devoted to the development of
electrode materials such as carbides, phosphides, nitrides,
carbon nitrides, metal oxides, and transition metal dichalco-
genides (TMDCs).” Bifunctional catalysts, however, face two
main issues: poor conductivity leading to high mass loading
and electrode thickening, resulting in decreased activity, as well
as the instability of NPM-based electrolytes in aqueous solu-
tions. The recent discovery of 2D MXenes, characterized by high
conductivity and rich surface chemistry, offers a potential
solution to overcome these challenges.

Zahra et al. synthesized Mo,T;C,T, and Mo,Ti,C;T, double
transition metal carbides as bifunctional catalysts based on
non-precious metals (NPM) for overall water splitting in alka-
line media.'” The catalytic activity was evaluated using linear
sweep voltammetry (LSV), which demonstrated the remarkable
performance of Mo,TiC,T, and Mo,Ti,C;3T, in terms of high
hydrogen evolution reaction (HER) activity. Specifically, Mo,-
TiC,T, exhibited an overpotential of 34 mV, while Mo,Ti,C3T,
showed an overpotential of 51 mV, to reach current density of 10
mA cm % The stability of the catalyst was estimated through
a long-term durability test lasting 24 hours, and it exhibited
excellent stability with a current retention of 83%. A compar-
ison between the Mo,TiC,T, and Mo, Ti,C;T, catalysts revealed
that the Mo,TiC,T, catalyst outperformed the Mo,Ti,C;Ty
catalyst due to its lower charge transfer resistance. Further-
more, Mo, TiC,T, showed a lower overpotential of 320 mV@n,
and a Tafel slope of 86 mV dec™ ", whereas Mo,Ti,C;T, exhibits
a higher overpotential of 470 mV dec " and a relatively greater
Tafel slope of 145 mV dec '. This significant difference in
performance can be attributed to the better conductivity and
metallic nature of Mo, TiC,T, in contrast to the semiconducting
behavior of Mo,Ti,C;T,, leading to enhanced OER activity

assisted by faster diffusion kinetics.'®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In another study, Ashraf et al. presented the synthesis of
a Ti;C,@Mo0; nanocomposite through a hydrothermal
method, resulting in an electrocatalyst with enhanced activity
and stability for overall water splitting. In this nanocomposite,
Ti;C, served as a conductive material, promoting rapid electron
transfer, while MoO; contributed to long-term stability by pre-
venting the restacking of Ti;C, nanosheets. The nanocomposite
exhibited superior HER and OER activity, with a low over-
potential of 91 mV and 190 mV respectively at current density of
10 mA em ™. Furthermore, the nanocomposite exhibits long-
term durability, lasting for 50 hours. The strong electronic
coupling effect between Ti;C, MXene and MoO; nanobelts
facilitates the kinetics of the HER and OER reactions. LSV
polarization curve was used to evaluate the OER performance of
TizC, MXene, MoOj; nanobelts, and Tiz;C,@Mo00O; composites
with different compositions (50%, 75%, and 25% of MoO3). The
results revealed that Ti;C, exhibited moderate OER activity,
indicating the need for further improvement to reach the
standard activity level. Ti;C, MXene and MoO; nanobelts
exhibit high overpotentials of 450 mV and 320 mV, respectively,
to achieve a current density of 10 mA cm™>. However, when
combined in Ti;C,@Mo0O; composites with different composi-
tions (50%, 75%, and 25% of Mo00Oj3), the overpotential values
decrease. TizC,@Mo0O; (50%) shows the lowest overpotential of
190 mvV, while Tiz;C,@MoO; (75%) and TizC,@MoO; (25%)
showed larger overpotentials of 312 mV and 270 mV, respec-
tively. This improvement in activity was attributed to the
synergistic effect between the two metals and the development
of an excellent conductive network between Ti;C, MXene and
MoO; nanobelts. The superior overpotential observed in Tis-
C,@Mo0O; (50%) can be attributed to its larger surface area as
compared to Tiz;C,@MoO; (75%) and Tiz;C,@Mo0; (25%). The
nanocomposites consisting of Ti;C, MXene, MoO; nanobelts,
and their combinations (Ti;C,@Mo0;3 (50%), Tiz;C,@MoO3
(75%), and Tiz;C,@MoO; (25%)) were evaluated as catalysts for
the hydrogen evolution reaction (HER) on nickel foam support.
These nanocomposites exhibited remarkably low onset poten-
tials for HER. Specifically, Ti;C,@MoO; (50%) demonstrated an
overpotential of 91 mV at a current density of 10 mA cm 2,
displaying excellent catalytic performance with higher current
densities achieved at more negative potentials. In comparison,
Tiz;C,@Mo00; (75%), Ti;C,@Mo0; (25%), MoO;, and Ti;C,
exhibited higher overpotentials of 118 mV (at 10 mA), 110 mV
(at 10 mA), 192 mV (at 10 mA), and 152 mV (at 5 mA), respec-
tively. Additionally, Ti;C,@Mo003 (50%) demonstrated a low
Tafel slope of 34 mV dec ™", outperforming Ti;C,@MoO; (75%)
(67 mV dec™ ), Ti;C,@Mo00; (25%) (53 mV dec '), MoO; (76 mV
dec ™), and Ti;C, (119 mV dec™ ') nanobelts.***

Rasheed et al. employed a novel acid-free wet chemical
method to synthesize MXene and its composites with
CoNiFe,0, for efficient overall water splitting SEM images are
shown in Fig. 13, (a) Pure MAX, (b) MXene, (c) CoNiFe,0, NPs,
and (d) CoNiFe,O,/MXene composites. A layer-by-layer (LBL)
assembly was adopted to construct a CoNiFe,O,/MXene-based
2D/NPs/2D network that effectively prevented restacking of
MXene flakes. The incorporating nanoparticles (NPs) via LBL
approach, resulted in a high surface area and numerous active

© 2024 The Author(s). Published by the Royal Society of Chemistry
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sites for water splitting. The fabricated catalyst exhibited
outstanding performance with low overpotentials of 149 mV
and 17 mV at a current density of 10 mA cm™> for oxygen
evolution reaction (OER) and hydrogen evolution reaction
(HER), respectively. Moreover, Tafel slopes of 36 mV dec™" for
HER and 45 mV dec ' for OER were achieved demonstrating
favorable kinetics. The catalyst also revealed remarkable elec-
trochemical stability for up to 100 hours, exceeding many
similar catalysts reported in recent literature.*

In general, the MAX phase serves as the initial compound,
and the production of MXenes involves the targeted removal of
A element layers from the MAX phase through the use of F-
containing acids or salts like HF, NH,HF,, or LiF/HCI, with A
representing Al or Si. MXenes generated using HF acid have
drawbacks, as HF can break the MXene sheets and, being
a potent acid, poses health and environmental risks. Therefore,
MXenes free of HF present a more advantageous alternative to
conventional HF-based MXenes. Sarfraz et al. synthesized
environmentally friendly MXene with Cl termination by sub-
jecting MAX phase and copper chloride to thermal treatment at
550 °C for 5-6 hours in a tube furnace, conducted under an
inert Ar gas atmosphere.

In this study, authors reported the synthesis of CuS nano-
particles composite with 2D environmentally friendly, HF-free
Cl-terminated MXene (TizC,Cl,) sheets using the hydro-
thermal method, establishing an effective electrocatalyst for the
hydrogen evolution reaction (HER) and overall water splitting.
The CuS/Ti;C,Cl, composite demonstrated an overpotential of
163 mV and a Tafel slope of 77 mV dec™" at 10 mA cm™ > for
HER. For the oxygen evolution reaction (OER), CuS/Ti;C,Cl,
displayed an overpotential of 334 mV at 50 mA cm ™ > with a Tafel
slope of 42 mVv dec™. Additionally, the CuS/Ti;C,Cl, electro-
lyzer, when assembled, achieved a current density of 20 mA
em™? at 1.87 V for overall water splitting. The CuS/Ti;C,Cl,
electrocatalyst exhibited remarkable stability, retaining 96% of
its initial value for approximately 48 hours at a current density
of 100 mA cm™ 2. The synthesis of CuS/Ti;C,Cl, expands the
applications of MXene/metal sulfides in efficient bifunctional
electrocatalysis for alkaline water splitting. The high perfor-
mance of the electrocatalyst was attributed to the highly crys-
talline structure of Cl-terminated MXene synthesized at high
temperature and the presence of CuS nanoparticles between the
layers of MXenes.'**

Jang et al. employed a hydrothermal reaction to immobilize
nickel-iron sulphide (NiFeS) nanosheets on Ti;C, MXene-
decorated nickel foam (TizC, MXene/NF), to create
NiFeS@Ti;C, MXene/NF. The morphological features of NiFeS,
along with its interactions with Ti;C, MXene, led to electronic
coupling that optimized the adsorption energies of water,
protons, and oxygen atoms for both the Hydrogen Evolution
Reaction (HER) at 180 mV@20 mA cm™ > and the Oxygen
Evolution Reaction (OER) at 290 mV@20 mA cm > The
NiFeS@Ti;C, MXene/NF catalyst demonstrated excellent water
splitting performance in an alkaline membrane water electro-
lyzer, achieving a current density (j) of 401 mA cm™> at 1.85 V
with a 67.65% cell efficiency, a performance comparable to Pt/
C||RuO, cells. From a commercial standpoint, electrolyzers
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Fig. 14 Comparison HER and OER performance of bifunctional
electrocatalysts.

stand out due to their low catalyst loading (approximately
1.25 mg cm %) and low operating temperatures (50 °C), result-
ing in reduced capital and operating costs. These findings
contribute to the advancement of commercial green hydrogen
production and present a viable alternative to Proton Exchange
Membrane Water Electrolysis (PEMWE).'%

In another study, Khadija et al. devised innovative three-
dimensional (3D) Tiz;C, MXene/reduced graphene oxide (rGO)
composite aerogels (MGA) incorporating octahedron-like NiSe,
(NS) with varying mass loadings of MXene (20 wt% and 40 wt%).
The resulting aerogels form a cellular lattice-like network,
significantly enhanced the contact area between the active
material and electrolyte. The 3D spongy scaffold of MGA
increased the mass diffusion rate, while the excellent electrical
conductivity of MXene and rGO facilitated rapid charge trans-
port during electrochemical tests, leading to superior water
splitting performances. As a bifunctional electrocatalyst,

6840 | RSC Adv, 2024, 14, 6823-6847

NSMGA-40 required a low overpotential of 97 mV and 262 mV to
reach 10 mA ecm > for hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER) activities, respectively, in
alkaline media. The Tafel slopes are as small as 89 mV dec ™"
(HER) and 75 mV dec™ ' (OER), indicating accelerated electron-
transfer kinetics. Moreover, in both cases, the NSMGA-40 elec-
trocatalyst demonstrates long-term stability over a 10 hour test.
Consequently, the results highlight the potential of structural
and componential engineering to maximize synergistic effects
from Ti;C, MXene, rGO, and NS. The fabricated aerogels served
as a valuable reference for the design of 3D multicomponent
electrode materials in energy storage and conversion
applications.'**

The strategic design of cost-effective and high-performance
electrocatalytic systems for water splitting holds significant
importance in promoting energy and environmental sustain-
ability. The development of a sustainable energy conversion-
assisted electrocatalytic process offers a promising and inno-
vative approach to enhance its overall performance. In this
context, a self-sustained water-splitting system was designed by
Lu et al., originating from the heterostructure of perovskite
oxide with 2D Ti3C,T, MXene on Ni foam (La; _,Sr,CoO3/Ti3C,T,
MXene/Ni). This system demonstrated elevated activity for
solar-powered water evaporation and simultaneous electro-
catalytic water splitting. The all-in-one interfacial electrocatalyst
displays notably enhanced oxygen evolution reaction (OER)
performance, featuring a low overpotential of 279 mV at 10 mA
cm 2 and a minimal Tafel slope of 74.3 mV dec™ ", surpassing
the performance of previously reported perovskite oxide-based
electrocatalysts.

The 2D heterostructure of Lay 4Sr, ;C003/Ti;C,T, MXene on
Ni foam (LMN) served a dual role by functioning as a photo-
thermal solar evaporator and an effective electrocatalyst for
both the oxygen evolution reaction (OER) and hydrogen evolu-
tion reaction (HER). The improved catalytic capabilities of LMN
under solar illumination arise from the facilitated electron
transfer within the heterogeneous catalyst and localized

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparison of electrocatalytic performance of bifunctional electrocatalysts
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HER OER

Overpotential Tafel slope Overpotential (mV)  Tafel slope Scan rate (mV
Catalyst Electrolyte (mV)@10 mAcm > (mvVdec ') @10 mAcm ? (mvdec ) s Ref.
Mo,TiC,T, 1 M KOH 34 30 320 86 10 99
TizC,@M003 1 M KOH 90 34 190 59 10 100
CuS/TizC,Cl, 1 M KOH 163 77 334 42 10 101
NiFeS@Ti3;C,/NF 1M KOH 180 165 290 45 10 98
TizC,/rGO/NS 1 M KOH 97 89 262 75 — 103
La, ,Sr,Co04/Ti;C,T/Ni 1 M KOH 225 96.3 279 74.3 5 104
MXene/NiCO(OH)Z 1M KOH 80 90 300 140 10 105
Ti;C,T,/Ag Np 0.5M H,S0, 117 270 250 180 10 57
TizCoTy/V 78 90 175 330 — 106
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Fig. 15 Schematics describing the challenges and future prospects of
MXene based hybrids.

interfacial effects induced by interfacial solar evaporation, as
verified through both experimental observations and theoret-
ical analyses. Density functional theory calculations indicate
that integrating Lag oSty ;C00; with Ti;C,T, MXene can reduce
the energy barrier for electron transfer and decrease the OER
overpotential. Additionally, COMSOL simulations reveal that
interfacial solar evaporation induces OH™ enrichment near the
catalyst surfaces and enhances convection flow above the cata-
lysts, effectively expelling the generated gas and significantly
accelerating the kinetics of electrocatalytic water splitting.'*
In recent investigations, there has been a prolonged focus on
utilizing low-cost and readily available nickel cobalt hydroxides
(NiCo(OH),) in layered double hydroxides (LDHs). However, the
tendency of these flakes to aggregate and their structural
instability has resulted in fewer accessible active sites, leading
to inadequate electrical conductivity. This limitation hampers
their effectiveness as electrocatalysts. Navyjyoti et al. employed

© 2024 The Author(s). Published by the Royal Society of Chemistry

a one-step hydrothermal method to create MXene-supported
NiCo(OH), samples, varying the Co ratios, to address these
issues. These samples exhibited an increased surface area and
numerous active sites, enhancing their electrochemical activity.
Specifically, the electrocatalyst NCM-1.2, with a Ni: Co ratio of
1:1.2, demonstrated compelling performance with over-
potential of 80 mV for the HER and 300 mV for OER at current
density of 10 mA em > and Tafel slope of 90 mV dec™' and
140 mV dec™ " respectively. The high electrocatalytic activity of
NCM-1.2 can be attributed to active redox couples (Ni** and
Co?"), improved accessibility of active sites (Ni** for HER and
Co® for OER), and reduced interfacial charge transfer
resistance.'’®

The 2D MXene, Ti;C,Ty, has been identified as a promising
candidate for catalyzing the hydrogen evolution reaction (HER)
due to its intriguing physiochemical properties. However, its
potential in the field of the oxygen evolution reaction (OER)
remains unexplored due to slow kinetics and high over-
potentials. In a study, Sharma et al. introduced a simple method
to simultaneously enhance the bifunctionality of MXene by
adjusting the surface-exposed Ti species (Ti*" and Ti**) to act as
catalytic centers through the in situ growth of silver nano-
particles (AgNPs). The incorporation of AgNPs alters the elec-
tronic environment of electroactive sites, optimizing the
adsorption and desorption energies of chemisorbed reaction
intermediates via interfacial charge transfer. Additionally, this
research sheds light on the detailed mechanism explaining the
decline in electrochemical performance when AgNPs agglom-
erate, as confirmed by TEM and XPS results. The optimized
electrode demonstrated a current density of 10 mA cm ™ at
overpotentials of 0.117 V and 0.25 V for HER and OER, respec-
tively, in 0.5 M H,SO,. Consequently, this study presents an
innovative strategy for exploring the surface Ti species of MXene
as effective electroactive sites, leading to significantly improved
kinetics in both HER and OER reactions.*”

MXene nanosheets aggregation and their thermodynamic
instability significantly diminish active sites, leading to
a decline in overall water-splitting efficiency. To address these
challenges, surface engineering approaches involving the
introduction of large-sized dopants have been recognized. In
this context, Sharma et al. proposed a strategy for tuning the
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MXene surface through substitutional vanadium doping,
introducing additional electrochemically active surface sites
V', v**, v¥* v*' and V*") alongside the inherent MXene sites
(Ti**, Ti**, and Ti*"). This doping also hinders the unavoidable
self-restacking and minimizes inherent aqueous oxidation.
Vanadium doping facilitates the creation of numerous intimate
heterointerface networks, promoting electronic redistribution
on the conducting surface of MXene. Consequently, highly
active sites, primarily with low-valence (V** and Ti*") and high-
valence (V*" and Ti*"), are generated for the hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER), respec-
tively. The optimized sample, benefiting from synergistic
surface features, demonstrates superior bifunctionality and
long-term durability in driving both HER and OER with over-
potentials of 78 (90 mV dec ') and 175 mV (330 mV dec %),
respectively. Moreover, a water-splitting system assembled with
this material exhibited a low cell voltage of 1.48 V. Thus, this
study provides crucial insights for significantly and simulta-
neously enhancing the surface utilization of MXene, ensuring
abundant electrochemically active sites and paving the way for
the design of high-performance water-splitting electrolyzers.'’
Fig. 14 show the graphical comparison overpotentials for HER
and OER of bifunctional electrocatalysts based on MXenes and
their hybrids (Table 3).

Conclusions

This review provides a summary discussion on recent develop-
ments in electrocatalytic hydrogen and oxygen evolution reac-
tions, with a specific focus on 2D layered MXenes and their
hybrid architectures. The principal objective of this research
area is to substitute costly and quickly depleting precious metal-
based electrocatalysts. The reaction kinetics of HER, OER and
overall water splitting are mainly controlled by structure and
properties of the electrocatalyst which is one of the crucial
components of the water splitting system. Excellent electro-
catalytic performance have been demonstrated by the electro-
catalyst high electrical conductivity, abundant active sites and
very large surface area are the key requirements of an electro-
catalyst to exhibit excellent water splitting activity. MXenes, 2D
transition metal carbides, nitrides and carbon nitrides have
shown all the aforementioned salient features of good
electrocatalyst.

This review highlights the electrocatalytic potential of
MXenes and their hybrids with various materials such as metal
organic frameworks, layered double hydroxides, transition
metal dichalcogenides, offering both excellent performance for
HER, OER and overall water splitting along with long term
stability and recyclability.

Challenges and future perspectives
Use of new MXenes

Numerous investigations have indicated that nitride MXenes
present several potential benefits compared to their carbide
counterparts, including elevated conductivity and stability in
aqueous environments. While carbide MXenes have been
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extensively studied for electrocatalytic water splitting, there are
only a few experimental reports on nitride MXenes. The crucial
research emphasis should center on identifying appropriate
preparation methods and understanding the roles of nitride
MXenes in electrocatalytic water splitting. Additionally, there is
a need to diversify the types of MXenes developed to broaden
the MXene family. The electrocatalytic potential of double
transition metal MXenes and their hybrids has not been fully
explored yet which demands more focus of researchers. Fig. 15
shows schematics describing the challenges and future pros-
pects of MXene based hybrids.**””

Synthesis of new hybrids

Although several investigations have been performed in the
development and application of MXene based hybrids for
energy conversion reactions, many points need to be addressed
systematically to solve challenges ahead in this research area.
The widespread applications of MXene based electrocatalysts
for water splitting requires the development of a scalable
method for synthesis of MXenes and hybrid materials without
compromising on the qualities and properties of the electro-
catalyst. The synergistic effects between MXenes and material
alloying with them are very complex and are of vital importance
to understand the role of heterointerface in catalytic activity. So,
more attention must be paid to have deeper understanding of
structure-property relationship of MXene based hybrid systems
by the development of in situ characterization techniques to
observe the real time structural reconstruction. Density func-
tional theoretical calculations with accurate models should be
employed to clearly understand the reaction mechanism of
binary and ternary composite electrocatalysts that will help to
synthesize better MXene based hybrids for water electrolysis.

Instability issue of MXenes and its hybrids

The recyclability and long-term stability of MXene based elec-
trocatalyst have been affected by restacking and agglomeration
of MXene flakes. This problem can be avoided by alloying
MXenes with various materials including nanoparticles, nano-
clusters, quantum dots and 2D layered materials as well.
Primarily, the catalysts for Oxygen Evolution Reaction (OER),
and Hydrogen Evolution Reaction (HER) need to operate effec-
tively in both highly acidic and alkaline environments to reduce
overpotentials. This poses a significant challenge for many non-
noble metal electrocatalysts because they may become inactive
or unstable in extremely acidic or alkaline conditions. The
interface chemistry of an electrocatalyst plays an important role
in order to optimize their electrocatalytic activity and stability.

Reduction in overpotential

While notable advancements have been made in minimizing
the overpotential of MXene based hybrid architectures in case
of HER, OER and overall water splitting. Still, numerous unre-
solved issues require thorough investigation.

Schottky junctions formed by combining MXene with other
materials can also be used to decrease the overpotential of the
electrocatalysts.

© 2024 The Author(s). Published by the Royal Society of Chemistry



Review

The sluggish kinetics of the OER half-reaction causes more
overpotential in the entire water-splitting process. To tackle this
issue, a good approach is to exchange the OER reaction with
other reactions that have lower oxidation potential and faster
reaction rates. This may help in lowering the overpotential for
producing hydrogen through HER.

In particular, combining hydrogen evolution reaction (HER)
with certain organic reactions generating valuable chemicals
can decrease overpotential and, consequently, reduce the
overall cost of producing hydrogen. While this approach hasn't
been implemented in one-dimensional MXene based hybrid
architectures yet, we suggest that it could be a successful
method to diminish overpotential in these structures for solar
hydrogen production.

There are several other ways to decrease the overall over-
potential and ohmic resistance in water electrolysis, in addition
to optimization of the electrode materials. For example,
approaches to enhance electrolyte movement through different
means, such as utilizing gravity, employing mechanical stirring
and magnetic fields, must also be adopted. By promoting better
mass transfer and reducing resistance during the electro-
chemical process, these tactics aim to improve the efficiency of
water electrolysis.

Integration of various energy conversion systems

More efficient, versatile and sustainable tandem cell based on
MXene can be made by integrating the water splitting cell with
other energy conversion technologies such as photovoltaics and
thermoelectrics. This integration allows will result in a more
comprehensive energy conversion system, possibly enhancing
overall efficiency and contributing to the advancement of
multifunctional devices for sustainable energy applications.
Tandem cell can deliver a nonstop and stable power output,
even when one specific energy source is not available or is
intermittently available leading to cost effective energy
production.

Large scale application

As electrochemical energy conversion reactions become more
technically achievable and economically practical, the need for
large-scale catalyst and electrolyzer manufacturing methods
will rise to fulfill the demand for sustainable chemical and fuel
production. Carbon-Ukraine Ltd., in partnership with the
Materials Research Centre in Ukraine, provides extensive
MXene synthesis services. They utilize specially designed
etching reactors capable of producing 100 grams of Ti;C,T, in
each batch, which holds a promise for future industrial scale
synthesis of MXene based electrocatalyst.'*

The future scaling of green hydrogen production faces
challenges related to environmental impacts, specifically con-
cerning material usage and land transformation. Previous
approaches to designing hydrogen production configurations
have employed static sizing methodologies, but there is
a recognized need to optimize these systems based on site-
specific conditions. This optimization aims to minimize both
the production costs of hydrogen and the associated
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environmental burdens, emphasizing a more sustainable and
efficient approach to large-scale green hydrogen production.*®®

Comparison of electrocatalysis with other technologies

Electrocatalytic water splitting is a green and established
approach that involves the generation of hydrogen and oxygen
through. Despite the potential advantages of electrocatalytic
hydrogen production, it currently faces several significant
challenges that distance it from other state-of-the-art hydrogen
production technologies. One key challenge lies in the scal-
ability and cost-effectiveness of electrocatalysis for hydrogen
production. However, a drawback is the high cost of electricity,
constituting around 80% of the operation cost as compared
with other methods such as steam methane reforming (SMR).
Currently, hydrogen production from electrolysis has its share
of only 4% and 96% of hydrogen produced in global market
comes from hydrocarbons. Therefore, it is imperative to
decrease the costs and enhance the efficiency of electrocatalysis
through the optimization of reactor design, catalyst loading,
and operating conditions. Integration of electrocatalysis with
other renewable energy sources and energy storage systems is
also crucial. Moreover, there is a need for the establishment of
policy and regulatory frameworks that can facilitate the
deployment of electrocatalysis technologies and offer incentives
for the utilization of renewable energy sources.

Use of artificial intelligence

Computational approaches grounded in density functional
theory have effectively predicted catalyst activity, elucidated
catalytic phenomena, and identified novel high-performance
catalysts. Furthermore, the relatively recent emergence of arti-
ficial intelligence (AI) techniques is gradually finding applica-
tion in materials and chemistry research domains. The growing
significance of these advanced computational tools in scientific
inquiry is increasingly apparent. However, their utilization in
electrocatalytic water splitting research remains limited. It is
conceivable that the advancement and optimal use of high-
performance MXene based hybrid electrocatalysts could be
notably enhanced by incorporating and fully leveraging theo-
retical computing and AI technologies.
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