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Two-dimensional carbides, nitrides, and carbonitrides (MXenes) play important roles in promoting
the development of sustainable energy because they have abundant reactive sites on their surfaces.
An increasing number of MXenes with diverse elements and composites have been predicted and
synthesized for electrocatalysis applications since the first report of a Ti-Mo-based MXene for the
hydrogen evolution reaction (HER). Herein, we summarize the progress of MXene-based electrocat-
alysts for the HER, the oxygen evolution reaction, and the oxygen reduction reaction, including reg-
ulated pristine MXenes and modified hybrid MXenes, from both theoretical and experimental per-
spectives. A brief overview on MXene synthesis is presented first, accompanied by a discussion on
the relationship between electrocatalytic properties and M, X, T, vacancies, and morphologies. After
reviewing strategies in terms of atom substitution, functional modification, defect engineering, and
morphology control, we emphasize the construction of heterojunctions between MXenes and other
nanostructures, such as metal nanoparticles, oxides, hydroxides, sulfides, and phosphides. We final-
ly discuss prospects for the future development of MXene-based electrocatalysts.
© 2022, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

tion reaction (ORR) and is an oxidant/bleach commonly used in
industry. Unfortunately, highly efficient electrocatalysts are

The impending depletion of fossil fuels and irreversible en-
vironmental pollution require more research devoted to de-
veloping sustainable energy. The development of green and
efficient approaches to producing renewable fuels is an
acknowledged strategy that satisfies energy demands while
reducing COz emissions. Electrochemical processes are im-
portant for expanding clean energy. H20, N2, COz, and Oz, which
are abundant on Earth, can be transformed into fuels and
chemicals by appropriate electrocatalysis [1,2]. For example,
water electrolysis, which involves the hydrogen and oxygen
evolution reactions (HER and OER), produces hydrogen, and
hydrogen peroxide, which is the product of the oxygen reduc-
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usually based on precious metals, which limits the wide ap-
plicability of electrocatalysis. Therefore, the development of
highly active and cost-effective electrocatalysts is a crucial ob-
jective.

Two-dimensional (2D) layered materials (graphene oxide,
molybdenum disulfide, layered double hydroxides, etc.) have
attracted significant interest owing to their unique electronic
and structural properties [3-6]. As a new family of
two-dimensional materials, transition metal carbides, nitrides,
and carbonitrides (MXenes) have been widely used in pho-
to/electrocatalysis [7-9], energy storage [10-14], electromag-
netic interference shielding [15-18], sensing [19-21], and oth-

This work was supported by the National Natural Science Foundation of China (22075099) and the Education Department of Jilin Province

(JJKH20220967K]).

DOI: 10.1016/S1872-2067(21)64030-5 | http://www.sciencedirect.com/journal/chinese-journal-of-catalysis | Chin. ]. Catal, Vol. 43, No. 8, August 2022


http://crossmark.crossref.org/dialog/?doi=10.1016/S1872-2067(21)64030-5&domain=pdf

2058 Xue Bai et al. / Chinese Journal of Catalysis 43 (2022) 2057-2090

er electrochemical fields since they were first discovered in
2011. An MXene has the general formula Mn+1Xn (n = 1-3),
where M is an early transition metal, X is carbon or nitrogen,
and the M and X atomic layers alternate (Fig. 1) [22]. However,
an MXene is usually present in the form of Mn+1XnTx, where T
represents surface functional groups (-0, -OH, or -F), because
the exposed layers of metal atoms are inevitably oxidized. Sig-
nificantly, MsX4Tx (with nine atomic layers) has been success-
fully synthesized, which further strengthens the MXene family
[23,24].

Qiao et al. synthesized a C3N4/TizCz hybrid film that exhibits
OER activity with an overpotential (710) of 420 mV at 10 mA
cm-2, demonstrating the use of an MXene-based hybrid in elec-
trocatalysis for the first time [25]. Vojvodic et al. [26] subse-
quently reported that pristine Mo2CTx and Ti2CTx are HER ac-
tive both theoretically and experientially. In contrast to other
2D materials, some MXenes showed good HER performance on
both their edge and basal planes owing to the abundance of
metal and functional group sites that not only act as HER active
sites but also provide hydrophilicity and conductivity. Sites
containing the F-functional group are considered advantageous
for the ORR because they adsorb and activate Oz, while the
O-functional group adsorbs suitable HER intermediates. While
highly adjustable and accessible O-, OH-, or F-functional groups
can be optimized to enhance electrocatalytic properties, this
strategy is generally insufficient for wide electrocatalysis ap-
plications. Heteroatoms (B, C, N, S, etc.) are doped into the
M;+1XnTx lattice to replace the original M, X, and T atoms when
optimizing the electronic structure of an MXene at the atomic
scale, resulting in enhanced HER and additional OER/ORR ac-
tivity. Such substitutions and adsorptions in an MXene change
its electronic environment and coordination structure, which
lowers the reaction energy barrier. Using low-temperature
plasma techniques, Guo introduced N into TizC2Tx using mixed
NHs/Ar plasma, which lowered the AGmax values of the HER and
OER from 2.82 and 2.33 V to 0.92 and 1.83V, respectively [27].
The AGu of B-doped Ti2CO2z was calculated to be -0.097 V [28].
However, owing to the small variety and poor stabilities of ex-
isting MXenes, previous doping and substitution experiments
led to limited improvements in the electrocatalytic perfor-
mance of the original MXenes, while MXene-based composites

’lllB ’WB ’VB ‘VIB ’VIIB

‘Sc Ti | V| Cr ’Mn
% % o & %
R ‘Y Zt Nb Mo
®eCN @ T=FOOH oM Hf | Ta | W

Single transition metal (M)

Ordered double-transition metals (M,, M,)

M,X M,X, M,X, MsX,

Fig. 1. Structural diagrams of typical MXenes.

displayed better performance. Shapter et al synthesized
Ru@B-TisC:Tx by decorating B-doped Ti2COz with Ru NPs,
which led to a further decrease in AGu to 0.002 V [29]. Apart
from metal nanoparticles, MXenes have been decorated with
other highly active materials, including, oxides, sulfides, phos-
phates, and carbon materials, among others [30]. Rout et al.
[31] loaded NiFe20s+ NPs onto Tis3Cz to produce a sandwich
structure that displayed bifunctional electrocatalytic HER/OER
activity in 0.5 mol/L KOH. The in-situ growth of active species
on MXenes is generally an effective strategy for the syntheses of
high-performance hybrids that not only inherit the intrinsic
activity of the MXene, but also contains new sites that catalyze
the HER, OER, and ORR. Moreover, MXenes display excellent
potential in other electrocatalytic reactions, such as the N2 re-
duction reaction (NRR) [32-35], COz reduction reaction
(CO2RR) [36-40], and methanol oxidation reaction (MOR)
[41-44], among others. The abundant OH-terminal groups in
TisC2Tx were shown to favor the NRR by DFT calculations and
experimentally [45]. However, Zheng et al. [46] reported an
NRR catalyst (F-TisC2Tx), in which F-termini accounted for 48%
of all terminal groups. O-vacancy-containing MoOs, which was
grown in situ on TisC2Ty, also showed the ability to bind inter-
mediates in the NRR [47]. The ability of a Ti-based MXene to
resist carbon monoxide poisoning has been reported, thereby
greatly improving the stability of the MOR catalyst [48,49].

MXene-based electrocatalyst design and synthesis ad-
vancements involving hybrid or other methods have recently
been reported. In this review, we begin by discussing MXene
preparation and the effects of atomic species, terminal func-
tional groups, defects, and dimensions on their HER, OER, and
ORR performance, and conclude with a strategy for modifying
MXene-based electrocatalysts that involves theoretical calcula-
tions and experiments. Improving kinetics by increasing the
number of active sites and promoting thermodynamics by in-
creasing the intrinsic catalytic activity of the active sites are the
two main strategies adopted. Specific strategies for enhancing
MXene catalytic activity include functional modification, atom
substitution, defect engineering, morphology control, and het-
erojunction construction. We finally discuss prospects for the
future development of MXene-based electrocatalysts.

2. MXene fundamentals for the electrocatalytic
HER/OER/ORR

2.1. Basic concepts and computational methods

In a similar manner to conventional catalysis, the active
sites of an electrocatalyst aid the reaction process by reducing
the activation energy through the formation of suitable inter-
mediates, thereby accelerating the reaction. An electrocatalyst
is mainly assessed in terms of its overpotential, Tafel slope, and
Faraday efficiency (FE), among others. The overpotential is the
difference between the actual voltage required to drive the
reaction and the theoretical voltage required by thermody-
namics. The Tafel slope is an indicator of the reaction rate; it
represents the additional voltage required to increase the cur-
rent density by a factor of ten, while the FE is the participation
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Fig. 2. Theoretical calculational model of an MXene. Side (a) and top (b)
views of a pristine MXene; Side views of T-doped (c), M-doped (d), and
X-doped (e) MXenes; Side views of Vr-MXene (f), Vu-MXene (g); and
Vx-MXene (h).

efficiency of an input electron in a specified reaction in the
electrocatalytic system.

In addition, the Gibbs free energy for adsorption (AGads) is a
vital thermodynamic catalysts parameter. According to the
Sabatier principle, reactants are adsorbed and desorbed during
catalytic reactions. Therefore, moderate bonding, in which ac-
tive site AGads = 0, is the thermodynamic basis of catalysis. Den-
sity functional theory (DFT) is a low-cost computational meth-
od for estimating AGads that uses a computational hydrogen
electrode (CHE). DFT calculations involve the following steps:
(1) The construction of a catalyst model and the identification
of potential active sites, which is easy for well-ordered MXenes
(Fig. 2). The formation energy of the built model is calculated to
determine material rationality. (2) Intermediates formed by the
reactants at the active site are then predicted. For the HER, DFT
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calculations focus on the thermodynamics of proton/electron
transfer between H atoms and active sites at a given potential.
Every intermediate and charge-transfer process should ideally
be accurately calculated for more complex processes, which is
challenging. In addition, to better approach a realistic electro-
catalyst system, electrode-surface polarization following volt-
age application and solvent effects are also simulated, taking
dynamic effects into account. (3) The calculated AGads values
are plotted as volcano plots to predict the application poten-
tials of various materials in the electrocatalysis process. In ad-
dition, the density of states (DOS) of the system can also be
calculated by DFT, with Fermi levels lying in the conduction
band used as indicators of high conductivity.

2.2. HER mechanism on an MXene

The electrocatalytic HER is a cathodic water-decomposition
reaction that involves a two-step electron-transfer process
[50]. First, H* gains an electron and is adsorbed by the catalyst
(Volmer step), after which the adsorbed hydrogen (H*) is de-
sorbed from the catalyst surface to form Hz. Because the intrin-
sic surface chemistry and electronic structures of catalysts are
different, the desorption process generally follows two mecha-
nisms (Fig. 3(a)): (1) The combination of two H* to form H:
(Tafel step); and (2) the reaction of H* with H* with the remov-
al of an electron from the catalyst to release hydrogen (Hey-
rovsky step) [51]. Under neutral and alkaline conditions, water
molecules are adsorbed instead of H* to form H* Hz, or OH-
[52]. The Gibbs free energy for hydrogen adsorption (AGx*) is
the main parameter used to evaluate the HER activity of an
electrocatalyst. A AGu* value closer to zero leads to better HER
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Fig. 3. (a) Schematic diagram of the HER mechanism. (b) Top view of the structure of bare MXene with different adsorption sites. (c) HER volcano plot
(d) Enlargement of the top of the volcano. (a—d) Reprinted with permission from Ref. [26]. Copyright 2016, American Chemical Society. (e) AGu+ under
standard conditions at Usue = 0 V. (f) Band structures at each nitrogen-doping concentration. Each green solid line corresponds to the conduction
band. (e,f) Reprinted with permission from Ref. [57]. Copyright 2021, American Chemical Society.
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performance; that is, catalysts at the top of the volcano in the
volcano diagram are the most active. This assessment also
works in alkaline media because the volcano map only moves
up and down rather than left to right with increasing pH
[53,54]. However, the OH™ in an alkaline electrolyte occupies
active sites for hydrogen adsorption and impedes the HER;
hence AGon+ impacts the overall HER activity [55]. In addition,
the Tafel slope is used to describe the kinetics of the HER, with
a smaller Tafel slope indicative of faster kinetics. Tafel slopes of
30, 40, and 120 mV dec-! correspond to Tafel, Heyrovsky, and
Volmer rate-determining steps, respectively. The large Tafel
slope of the Volmer step is attributable to weak interactions
between H+ and the surface of the catalyst or the high barrier
required to break strong covalent O-H bonds in alkaline media.
In general, an electrocatalyst exhibits a higher acidic HER cur-
rent than an alkaline HER current at a given potential [56].

The HER potentials of uniquely anisotropic pristine 2D
MXenes have been demonstrated by DFT calculations and ex-
perimentally. The combination of T and H*, as the outermost
atomic layer, greatly affects HER performance. Surface -O
groups rather than -F or -OH groups are active HER sites. The
AGu values of most M2X systems are greater than zero, with the
AGu (0.03 eV) of Sc2C closest to zero (Figs. 3(b)-(d)) [26].
Mo-based and Cr-doped Ti-based MXenes exhibit better per-
formance than Ti-based MXenes. The different electronic states
of nitrogen and carbon lead to electronic rearrangement in the
X-M-0 bond, which affects the electronic states of oxygen.
Therefore, transition metals or heteroatoms are implanted into
MXenes to alter their electronic states and optimize hydrogen
adsorption. Chung et al. [57] calculated the effect of replacing C
or O in Ti2CO2 with N on HER performance. Doping with N was
observed to weaken the Ti-O bond, resulting in more of the
O-electrons bonding to H, which lowers AGu. The optimal AGu
of 0.001 eV was obtained when doped with 8.8% N (Fig. 3(e),
(). Peng et al. [58] synthesized Co-intercalated TizC2Tx:Co by
the molten salt method, which showed better alkaline HER
performance (10 = 103.6 mV) than TizC:Tx. Even as a carrier,
MXene/nanoparticle synergy is superior to that of other
two-dimensional materials; the mass activity of the Pt nano-
particles on MXene was found to be 70-times higher than that
of 20 wt% Pt/C [59].

2.3.  OER/ORR mechanism on MXenes

The OER is the anodic reaction associated with water de-
composition, while the ORR is the cathodic reaction of a bat-
tery. They are both relatively complex four-electron transfer
processes involving OH* 0% and OOH* intermediates, the
mechanisms of which are shown in Figs. 4(a) and (b). Noticea-
bly, despite the OER and ORR passing through the same inter-
mediates, a good OER catalyst does not always catalyze the
ORR. The OER follows almost identical reaction pathways in
acidic and alkaline media, with the exception that the partici-
pants in the reaction are water molecules and hydroxide ions,
respectively [60]. Moreover, oxygen is released in two ways:
(1) two O* intermediates combine to form Oz (20* — 2* + 03),
and (2) OOH* releases Oz through a proton-coupled elec-

tron-transfer process (OOH* + OH™ = * + 02 + Hz0).

The first mechanism associated with the ORR involves a di-
rect four-electron transfer reaction, which can be divided into
the following two pathways, depending on the catalyst:

Dissociative:

02 + 2* - 20* 1)

20* + 2H* + 2e- - 20H* 2

20H* + 2H* + 2e- — 2H20 + 2* 3)

Associative:

02 +* - O2* 4)

02* + H* + e- —» OOH* (5)

OOH* + H* + e~ — 0* + H20 (6)

O* + H* + e~ > OH* (7)

OH*+ H*+e-—> H20 +* (8)

Bidentate adsorption sites facilitate the release of 0=0 in the
dissociative mechanism, whereas the associative process takes
place at terminal adsorption sites [61].

The second mechanism involves a two-step two-electron
transfer reaction, in which Oz gains two electrons to form Hz0x,
after which H202 gains two electrons to form two H20 mole-
cules:

0z + ZH* + 2e- - 2H202 9)
H202 + 2H* + 2e- - 2H20 (10)

Owing to the complex nature of the reaction intermediates,
“AGu* - AGon” corresponds to the abscissa of the OER volcano
diagram. The left leg of the volcano diagram corresponds to
strong interactions between oxygen and the catalyst, where the
formation of OOH* is the rate-determining step, while the right
leg corresponds to weak oxygen/catalyst combinations, where
the formation of O* determines the rate of the overall reaction
[62,63]. In a similar manner to the HER, ideal OER catalysts are
located at the top of the volcano diagram. On the other hand,
AGon+ can be used as a separate descriptor on the ORR volcano
map. Small overpotentials and low Tafel slopes are indicators
of high OER/ORR electrocatalytic activity. Theoretical calcula-
tions have shown that each intermediate has a Gibbs free en-
ergy of formation of 1.23 V, which is equivalent to a zero free
energy for each reaction when a voltage of 1.23 V is applied,
with minimal OER/ORR overpotential [61]. However, because
the quantitative relationship “AGoon* = AGow* + 3.2 + 0.2 eV”
exists for the OER/ORR, even an optimal catalyst will have a
non-zero overpotential [54]. Adjusting the AG values of inter-
mediates or controlling the proportions of various intermedi-
ates can enhance catalytic efficiency. Chorkendorff et al. [64]
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covered a Pt surface with a Cu monatomic layer, which weak-
ened OH binding to Pt and improved ORR performance eight-
fold compared to the uncovered catalyst.

While the intrinsic OER/ORR activity of an MXene is almost
negligibly small, its high surface energy enables the MXene to
combine with the OER/ORR active phase to improve its uni-
formity and stability. Dispersing OER/ORR-active cobalt spe-
cies on the surfaces of MXenes has been extensively studied.
Peng et al. [65] prepared an HER/OER/ORR three-function
electrocatalyst by anchoring CoSz on an MXene. Zhu et al. [66]
synthesized Ti2NTx@MOF-CoP (average particle size: 466 nm)
by wrapping MOF-CoP with TizNTx sheets. The introduction of
Ti2NTx prevented CoP aggregation and accelerated electron
transport between nanoparticles, thereby greatly reducing the
impedance from 284 (. (MOF-CoP) to 49 Q. Only 1.61 V was
required by TizNTx@MOF-CoP to totally decompose water un-
der alkaline conditions. In addition, single-atom catalysts based
on MXenes, where Pt, Ru, Ni, Fe, and Co are adsorbed on the
MXene surfaces at the atomic level, are attractive for the OER
and ORR.

3. MXene properties and syntheses
3.1. MXene properties

One M atom is coordinated to six atoms (X and T) in the
MXene hexagonal lattice, and T groups are attached to Ti atoms
above the hollows of three adjacent X atoms in the proposed
stable configuration [67]. The presence of T groups enables
MXenes to effectively contact water (contact angle < 35°),
which is conducive to water adsorption at active sites during
oxidation [68,69]. Owing to the large number of metal layers,
the properties of an MXene (from metal to semiconductor) are
mainly determined by the d-orbital of M, while hybridization
between the orbitals of T, X, and M shifts the Fermi energy lev-
el, thereby changing the electronic properties of the MXene
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[70]. MXene-based catalysts transfer charge faster than gra-
phene-based catalysts. However, inevitable vacancy defects,
metal oxidation, and sheet aggregation reduce MXene conduc-
tivity. In addition, the outermost metal influences conductivity
more than the inner metal in an MXene with five or seven
atomic layers.

Preparing good MXene-based electrocatalysts can require
demanding processes; therefore, exploring MXene stability,
including corrosion, heat, and tensile resistance, is vitally im-
portant. Generally, dispersed MXene monolayers are less stable
than aggregated sheets, whether in water or air. Ti3C2Tx begins
to form an oxide at 200 °C in oxygen, and is further converted
into amorphous carbon and gas (COz, CO, CH4, H20) at 1000 °C.
However, TizCz exists in a metastable state, and a series of
MXene derivatives can be synthesized in an argon atmosphere
by controlling the heating conditions [71,72]. Stability at high
temperatures is greatly influenced by the synthesis method and
the structure of the MXene. V2CTy, Ti2CTy, and Ti3C2 show criti-
cal structural-collapse temperatures of 375, 400, and 1200 °C,
respectively, in an argon atmosphere [73-75]. Sun et al. [76]
used DFT calculations to study the mechanical properties of
Ti-based MXenes subjected to deformation (Fig. 5). The T
groups, especially oxygen, cause electrons to move out of the
plane along the C-Ti-O unit to prevent the irreversible collapse
of the Ti framework when strained through Ti-C bond stretch-
ing [77]. The Young's moduli of single-layer Ti3C:Tx and
Nb4CsTx are 330 and 386 GPa, respectively, which are high for
reported solution-processable materials [78,79].

3.2. MXene synthesis

In theory, 12 M atoms can form 72 types of single metal
MXene, including carbides and nitrides with three, five, or sev-
en atomic layers, but realizing these experimentally is chal-
lenging [22,80]. MXenes are generally prepared using two
strategies: top-down and bottom-up. Bottom-up strategies

Ti2CO2
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Fig. 5. Calculated stress-strain curves of 2D Ti.C (a) and 2D Ti2CO2 (c). (b) Variations in the bond lengths (Ti-C) and out-of-plane heights of Ti atoms.
(d) Variations in the out-of-plane heights of Ti atoms and O atoms. Reprinted with permission from Ref. [76]. Copyright 2016, American Physical

Society.
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enable thickness to be controlled and form MXenes with few
defects. For example, a-MozC has been synthesized by Ren et al.
through chemical vapor deposition [81], while Sang et al. [24]
synthesized Ti4Cs and TisC4 by homogeneously growing TiC on
a TisCz template. On the other hand, the first MXenes were
top-down prepared by etching the IIIA, IVA, or VA element (A)
from MAX, which contains only one more atomic A layer than
the MXene. Top-down etching remains a simple and fast way of
synthesizing MXenes, and we mostly concentrate on various
etching methods herein.

3.2.1. High-temperature annealing

Although some commonly used MAXes have been commer-
cialized, novel MXenes are always derived from laborato-
ry-synthesized MAXes. High-temperature treatment of a mix-
ture of metal M, Al, and graphite powder is the most frequently
used method for preparing a MAX in the laboratory [82]. Typi-
cally, TisAIC; is prepared by uniformly mixing Al, and C pow-
ders in a 3:1.5:2 molar ratio, ball milling, and then annealing at
1350 °C [83]. Mo-MAX and a bimetallic Mo and Ti-MAX were
also obtained using this method [84]. In a similar manner, Wu
et al. [85] synthesized TizAlCz by placing a 1:1:1.8 molar ratio of
TiHz/Al/TiC in a graphite mold coated with boron nitride. Ex-
cess aluminum is required because it is partially lost during
annealing. In addition, TizAlCz can be prepared by annealing a
1:1 mixture of Ti2AlC and TiC powders at high temperature
under argon [86]. Hot pressing has also been used to synthesize
MAX; for example, Barsoum et al. [87] prepared Nb4AIC3 by
in-situ hot pressing a Nb, Al, and C powder mixture at 330 MPa
and 1700 °C.

3.2.2. Etching

Because the M-X bond is more stable than the M-Al bond,
the elemental Al in Ms+1AIC» can be removed by the action of
fluoride (Fig. 6(a)) [88]. Commonly used fluoride ion etchants
include HF and HCI/LiF solutions. The MAX precursor is usually
ground into small particles prior to etching to prevent the reac-
tion from only occurring on the surface [89]. In addition, a rea-
sonable combination of etchant concentration and etching time
is particularly important. The MXene is not formed when the
corresponding MAX is weakly etched; on the other hand, the
MXene is further oxidized when too strongly etched. Usually,
the etchant concentration is proportional to the number of
MAX layers, with the removal of Al in TizAIC and Ti3AlC2 re-
quiring 10% and 50% HF, respectively [90]. Moreover, a
Ti-based MAX is more easily etched than a Ta-based MAX with
the same number of layers because Ta and Al combine more
strongly [82]. In addition, Alhabeb et al. [91] found that an oxi-
dant is required for HF to effectively remove Si or Ga from a
MAX. This method can also be used to synthesize bimetallic
MXenes [84]. Recently, bimetallic Mo4VC4Tx (with nine atomic
layers) was successfully synthesized by treatment with
48%-51% HF [23]. In addition, NH4HF? is a superior etchant
because it simultaneously corrodes and strips, and is milder
and safer than HF and HCI/LiF, which are advantages [92,93].

A halide-containing electrolyte can convert a MAX into an
MXene when activated by voltage, which integrates MXene

synthesis with its electrochemical applications. Zhi et al. [94]
removed Al atoms from V2AIC in the absence of a strong acid or
base using V2AIC as the cathode and a mixture of 21 M LiTFSI
and 1 mol/L Zn(OTf)z as the electrolyte. V-Al bonds were bro-
ken by the attack of F-; consequently, Al atoms were etched to
form V2C. The etching kinetics of the less-reducing Cl- was en-
hanced by the addition of NH4OH and TMAOH (Fig. 6(b)) [95],
with MXene flakes with diameters of up 18.6 nm obtained un-
der these mild conditions. However, a prolonged applied volt-
age during electro-etching resulted in the oxidation of metal M
on the MXene surface.

The first hexagonal TiaN3 was prepared in a molten fluoride
salt mixture (KF, LiF, and NaF) [96]. Later, a completely fluo-
ride-free molten salt method was developed for the synthesis
of TisC2Clz and Ti2CClz [97]. The substitution reaction between
the MAX and molten ZnClz produced the Zn-based MAX; Zn
then separated from the MAX and dissolved in ZnCl2 owing to
the reducibility of Zn2+ in the molten salt (Fig. 6(c)). Neverthe-
less, V2C and TizN could not be prepared, even after etching the
corresponding precursors (V2ZnC and Ti2ZnN). Furthermore,
the unique alkali solubility of aluminum metal enables it to be
etched by strong alkali [98-100]. Zhang et al. [100] successfully
synthesized TizC2Tx (T = OH, O) by treating the MAX with 27.5
mol/L NaOH at high temperature under argon (Fig. 6(d)). High
concentrations and high temperatures are required to soluble
Al(OH)#- and Na+ intercalation, while argon inhibited MXene
oxidation. Notably, MXene obtained by alkali treatment was 92
wt% pure, with a layer spacing of up to 2 nm. However, thin
sheets synthesized by this method were only one-eighth the
transverse size of those synthesized by fluoride etching [101].

3.2.3. Delamination
Etched MXenes have multilayered accordion-like structures.
As was observed during the stripping of other 2D materials, the
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addition of an intercalator expands the MXene layer spacing.
First, the etching agent is removed from the MXene obtained
from concentrated HF by washing with deionized water to pH
7. At this time, water molecules insert into the MXene layers to
reduce electrostatic interactions. The mixture of MXene and
deionized water is then ultrasonicated under an inert gas to
produce a dark green suspension of fewer-layer MXene [102].
MXenes were also stripped through water washing and ultra-
sonication when a concentrated solution of LiF in aqueous HCI
was used as the etching agent [103]. Yang et al. [104] prepared
0.6-nm-thick Ti3C: flakes using an ultrasonic cell crusher; un-
fortunately, the 2D structure of the MXene was damaged by
long-term ultrasonication [105].

No additional intercalators are required when HCI/LiF is
used as the etching agent due to the presence of Li*. Excess Li+
diffuses into the MXene layers, resulting in spontaneous peeling
and delamination of multilayer TisC:Tx flakes, even in the ab-
sence of additional ultrasonication [106]. K*, Na+*, and other
metal cations are often used to delaminate MXenes. The TisC2
layer spacing increased from 0.99 to 1.25 nm by oscillating in 6
mol/L KOH for 72 h; however, the flakes were narrower [107].
Wang et al. [108] reported that the intercalation of Na* into
TisC2Tx by electrolysis in a Na*-containing electrolyte resulted
in the widening of the layer spacing, from 7.7 to 10.1 A (Fig. 7).
NaOH can also shear Ti3C2Tx nanosheets into 2.82-nm-wide,
1.81-nm-thick quantum dots during intercalation under similar
alkaline conditions.

Organic cations embedded in MXene layers balance terminal
negative charges (fluoride, oxide, etc.), which is conducive to
increasing the interlayer space. The use of basic organic mole-
cules, such as tetraalkylammonium hydroxide and isopropyla-
mine, as intercalators results in large MXene layer spacings due
to their large radii [109]. The (002) XRD peak for TBA-Ti3C2Tx
(prepared using TBAOH) was observed at 26 = 5.6°, which is
lower than that (26 = 7.0°) of the K+-intercalated K-Ti3CzTx
[110,111]. Ammonium hydrogen fluoride, which can decom-
pose into HF and NHa*, has also been used to prepare few-layer
NHas*-intercalated MXenes [93,112]. Dimethyl sulfoxide (DMSO)

Y

Na* pillared MXene W
® @ 101 A

—OH, -F, -0 @ P

V0P P Is.a A ] I‘”A m
0000 m tCharge—discharge

WHF etchingwm Activation @ @ @ @
m 0w W Eow A

MXene @ W
Ti,CT, 3

MAX phase
Ti,AIC

Na* adsorption/intercalation
W% ® T

Fig. 7. MXene synthesis and increased interlayer spacing by Na* inter-
calation. Reprinted with permission from Ref. [108]. Copyright 2015,
Macmillan Publishers Limited.

has also been used to separate stacked Ti3C:Tx. Wang et al.
[113] embedded TisC:Tx with DMSO and prepared ultrathin
(1.85-nm-thick) nanosheets that only contained one-to-two
layers of the MXene. Yang et al. [114] used ultrasonic stripping
under nitrogen to prepare layered TisCz in DMSO. In addition,
the DMSO increased the MXene layer spacing when assisted by
cationic PDDA [115]. The few-layer MXene was separated from
the unreacted MAX or multi-layer MXene by centrifugation,
after which the MXene powder was vacuum-dried or
freeze-dried and stored under oxygen-free conditions to avoid
oxidation.

4. MXene characterization

The performance of an electrocatalyst, including its initial
potential, Tafel slope, electrochemical active surface area, and
conductivity, can be directly measured by simple linear sweep
voltammetry, cyclic voltammetry, and AC impedance experi-
ments; however, providing an understanding of its intrinsic
active sites and catalysis mechanism, which provide theoretical
bases for designing excellent catalysts and improving their
performance, requires the use of other characterization meth-
ods.

High resolution scanning electrochemical microscopy
(SECM) can focus on nanoscale active sites on the surfaces of
MXenes and locate the factors responsible any observed in-
crease in electrocatalytic activity. Using a positive SECM feed-
back pattern diagram, Neale et al. found that Fc is reduced
slowly on both TisN3Tx and M-TisN3Ty, indicative of poor MXene
conductivity (Figs. 8(a)-(f)) [116]. The acidic HER catalytic
activity on the base plane of V-TisN3Tx is higher than that on the
edge according to the SG-TC pattern diagram. Furthermore, the
SECM and energy dispersive X-ray spectroscopy (EDS) results
showed that both the conductivity and catalytic activity of
V-TisN3Tx improved with increasing V content. On the other
hand, the higher applied voltage associated with the OER facili-
tates catalyst phase transformation. Therefore, observing
changes in the electronic structure of the catalyst during the
reaction and correctly identifying the active center is particu-
larly important. X-ray photoelectron spectroscopy (XPS) is
used to reveal elemental compositions and valence changes; it
can be used to analyze elemental oxygen and fluorine on the
MXene surface and determine the nature of the bonding be-
tween the transition metals and C, N, or O [103]. The 2p peaks
of metal atoms or alloys show positive shifts in their XPS peaks
following the OER, which indicates that valence is related to the
catalytic performance of the OER [117]. The valences of the Ni
and Co in NiCoOx bound to an MXene were not significantly
different following the OER, as was observed for the hydroxide
metal centers (Fig. 8(g)) [118,119]. However, the sulfide,
phosphate, and selenide (etc.) metal centers were converted
into oxides during the OER. The Co-P and Co-Se peaks of
CoP/MXene and CosSes/MXene were absent after the OER,
while a new O 1s peak ascribable to Co-0 bonds was observed
at 529 eV [120]. In addition, the anionic P and Se contents were
observed to decrease dramatically during the OER, with POx
and SeOx species also generated, as evidenced by peaks at 133.5
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Fig. 8. Feedback mode (a,c,e) and corresponding SG-TC mode (b,d,f) SECM images of three V-TisN3Tx samples. Reprinted with permission from Ref.
[116]. Copyright 2020, WILEY-VCH. (g) In-situ Raman spectra of NiCo204/MXene at various applied potentials. Reprinted with permission from Ref.

[118]. Copyright 2020, American Chemical Society.

and 60 eV in the P 2p and Se 3d spectra. Interestingly, the metal
oxide and anionic oxide components exhibited opposite be-
havior, promoting and inhibiting the OER, respectively.

The structures and coordination states of individual atoms
in catalysts can be analyzed by X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine struc-
ture (EXAFS) methods. In particular, XANES and EXAFS are
indispensable for studying single-atom catalysts. Average
atomic valences can be determined from absorption edge shifts
observed in the XANES spectra. The absorption edge of Ru in
Ru-SA/Ti3C2Tx synthesized by Sun et al. [121] was observed to
lie between that of Ru foil and RuOz, which indicates that the
Ru in this sample has an oxidation number of between zero and
four. In addition, a clear intensity maximum was observed at
4.6 A-1 in the wavelet transform (WT) EXAFS contour plot,
which corresponds to a combination of Ru and O; however, no
Ru-Ru bond appears to have formed, consistent with Ru atoms
dispersed at the atomic level. The EXAFS-fitted bonding model
was used in theoretical calculations aimed at further exploring
active sites and the reaction mechanism. The dispersed Ru-0:
sites on Ru-SA/TisC2Tx were found to promote acidic HER, OER,
and ORR activities. Ru-0: sites exhibited a smaller |AGo*~AGon+|
than single O sites (0.47 vs. 1.95 eV) during the OER, while the
highest barrier (0.33 eV) on Ru-SA/TisC:Tx is associated with
the formation of H20 in the multistep ORR, which is still lower
than that for Ti3C2Tx (1.32 eV). The ORR exhibited a half-wave
potential of 0.80 V in 0.1 mol/L HClO4, and nio values for the
OER and HER were determined to be 290 and 70 mV, respec-
tively. Wang et al. [122] grew black phosphorus in situ on an
MXene during heating, and observed the Ti absorption edge to
shift to a lower energy in the XANES spectrum, which is at-

tributable to the formation of Ti-O-P bonds in BP-Ti3C2Tx (Figs.
9(a) and (b)). Two absorption peaks were observed at 2151.6
and 2153.8 eV in the P K-edge absorption spectrum, consistent
with electron transport from P 1s to O 2p. In addition, the
presence of P enlarged the coordination number of Ti (from 3.4
to 5.4) and lengthened the Ti-0 bond (from 2.06 to 2.08 &) (Fig.
9(c)), which reveals that the construction of the BP-Ti3CzTx
interface perturbs the electronic environment.

In-situ electrochemical Raman spectroscopy provided a
clear reason for the improved electrocatalytic activity; the red-
shifted Eg peak, blue-shifted Fz; peak, weakened Aig peak, and
the new peak at 562 cm-! confirmed the formation of CoO2 and
NiOOH from NiCo0204 when the external pressure required by
the OER was applied [118]. Oxidation of the MXene surface,
which is detrimental to catalytic performance, was also detect-
ed by Raman spectroscopy [123]. Moreover, the Raman data
show that the addition of the MXene contributes to the for-
mation of an ordered structure. For example, Co-CNT/Ti3Cz
exhibited a smaller Ip/Ic ratio than Co-CNT, consistent with the
presence of highly ordered carbon and higher ORR activity in
the former [124].

Other in situ characterization techniques are also widely
used in the electrocatalysis field. For example, catalytic proper-
ties were observed to improve as the MXene (002) XRD peak
shifted to lower angles, demonstrating that larger layer spac-
ings favor faster electrocatalysis kinetics [110]. Antonietti et al.
[125] verified the formation of Fe-N-C by XPS, IR, UV-VIS, and
XANES spectroscopies, which was not observed in other blank
controls and were determined to be the catalytic sites. In addi-
tion, Qiu et al. [126] found that water adsorbed on the surface
of NiFe-LDH/MXene/NF exhibited weaker O-H bonds than
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those adsorbed on the surface of NiFe-LDH/NF, thereby ena-
bling facile water splitting to produce hydrogen and oxygen,
and accelerating the alkaline HER and OER kinetics of
NiFe-LDH/MXene/NF.

5. Factors that affect electrocatalysis properties
5.1.  Surface functional groups

Owing to its large surface energy, the suspended metallic
bonds of an MXene are always connected to H, OH, F, O, or oth-
er functional groups to maintain stability, and account for more
than 7.54 wt% of the total mass and significantly, which im-
pacts electrocatalysis performance [127]. Different MXenes
have different optimal functional-group adsorption sites on
their surfaces that are usually located at Fcc and Hcp metal
atoms; hence, the active sites are also different.

Studies have shown that MXenes can catalyze the HER. With
the exception of Hf2N, V2N, and W:N, whose active sites are
metals, the active sites of most MXenes are surface oxygens
[26,116]. However, MXenes prepared by fluoride etching inev-
itably contain F-terminal groups that are not conducive to the
HER. Calculations have shown that, instead of adsorbing hy-
drogen, the F group releases hydrogen by stripping a hydrogen
from a nearby hydroxyl group [128]. HER performance de-
clined with increasing number of F terminals (Figs. 10(a) and
(b)) and, due to the weakness of the M-F bond, Mo:CFx releases
HF more easily than Hz [129]. Fortunately, the oxygen/MXene
combination is more stable, despite the higher electronegativi-
ty of fluorine (Fig. 10(c)). Hence, F is replaced with oxygen and
OH during washing, which improves HER performance. From a
thermodynamics perspective, the |AGu| values of Ti3C20z,
Ti2CO2, and W2CO2 are close to zero at oxygen-coverage rates of
100%, indicative of good HER activity. M2COz, which combines
with hydrogen too strongly, also displayed improved HER per-
formance at high hydrogen coverage because the formed hy-

droxyl groups poorly adsorb hydrogen. For example, Nb2COz,
V2CO0z2, Ti3C202, and Cr3C202 promote the HER at H-coverage
rates of 0-3/8, 4/8-6/8, 1/8-6/8, and 3/8-6/8, respectively
[130]. From a thermodynamics perspective, oxygen-rich
MXenes are poorly conductive, with Ti2COz even exhibiting
semiconductor behavior. Generally, a certain amount of H or F
doping is required to improve electron-transport efficiency
[131]. For example, the original Nb2CO2 with 1/9 hydrogen
coverage is a good catalyst for the HER, with metallic conduc-
tivity and a |AG| of 0.036 eV [132].

The ORR and OER pathways involve several intermediates
and are more complex than those of the HER. Therefore, ap-
propriate catalyst/intermediate binding strengths are key to
improving OER/ORR catalytic performance. Interactions be-
tween unterminated MXenes and various intermediates are too
strong, and F- and O-functionalized MXenes to bind weakly to
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such intermediates, both of which are not conducive to the
OER/ORR [134]. OH-terminated Nb2C showed good ORR cata-
lytic potential; however, the H atoms of the ~-OH moieties were
consumed with -OH irreversibly converted into -0. Although
the original MXenes are almost OER/ORR inactive, the surface
terminals of modified MXenes influence the OER/ORR. Li et al.
[133] found that a low O/F ratio was beneficial to the ORR
when Pt metal was added to the MXene surface. A strong cova-
lent bond was formed between Ti and C at a high F content,
with electrons on C more easily transferred to Pt and interme-
diates through Ti-C bonds, which stimulated the reduction
reaction and improved ORR performance.

5.2.  Metals and nonmetals in the lattice

In addition to surface functional groups, HER activity is also
determined by the metallic and nonmetallic elements in the
MXene lattice. The reticular lattices of Ma+1X» 2D materials are
very conducive to electron transport, and their high conductivi-
ties provide foundations for good electrocatalytic performance,
which largely depend on the type of transition metal [135].
Mn+1CnO2 is more conductive when M is a VB or VIB metal ra-
ther than a IIIB and IVB metal [130,136]. As the active site for
the HER, the oxygen functional group is simultaneously con-
nected to the internal transition metal and externally adsorbed
hydrogen; hence, the stability of the O-H bond determines the
electron-donating ability of the transition metal. AGy becomes
more positive as more electrons are transferred from the metal
to the oxygen [136]. MXenes based on Mo and Ti have been
most frequently studied as HER catalysts, with the former
showing stronger catalytic activity than the latter [26].

In addition to monometallic MXenes, 2D ordered or disor-
dered bimetallic MXenes also show HER catalysis potential. The
AGu values of MXenes implanted with various TMs show a pe-
riodic pattern related to the electronegativity of the TM [132].

Xue Bai et al. / Chinese Journal of Catalysis 43 (2022) 2057-2090

TiVCO2, which was screened by Wang et al. [136] using theo-
retical calculations, exhibited outstanding HER performance,
regardless of whether or not the metal atoms are uniformly
distributed. Miiller et al. [137] synthesized a compound based
on cobalt-replaced bulk molybdenum carbide (S-Mo2C:Co),
which was referred to as “Mo2CTx:Co” (Figs. 11(a)-(c)). About
0.16 mol% of the Mo atoms were replaced by Co atoms; despite
the number of active sites not changing in this case, the six ox-
ygen active sites near each cobalt atom were found to have a
lower |AGH| (0.40 vs. 0.61 eV). Significantly, Mo2CTx:Co exhibit-
ed higher HER performance in 1 mol/L H2S04 at current densi-
ties greater than 20 mA cm-2, even when the Mo2CTx:Co loading
was one-tenth that of MozCTx. By adding metals to TisN3Ty,
Neale et al. [116] synthesized a series of nitrides (M-TisN3Tx; M
=V, Cr, Mo, or Mn) in which M replaced some of the Ti. The
addition of V, Cr, and Mo was found to benefit the HER of the
original Ti4N3Tx, while the addition of Mn was found to be det-
rimental.

Because N has fewer vacant electron orbitals than C, nitrides
theoretically adsorb hydrogen more strongly than carbides
[138]. Li et al. [139] assumed that a transition metal carboni-
tride monolayer MXene (M3CNTx) consisted of separate atomic
carbon and nitrogen layers and performed systematic theoret-
ical calculations. With the exception of Ti3CNO2 and Nb3CNOz,
all examined carbonitrides were found to be unsuitable for the
electrocatalytic HER (Figs. 11(d)-(f)).

5.3. Vacancy defects

A few perfect MXene crystals have been synthesized. Some
of the vacancy defects in the MAX are inherited by the prepared
MXene. Moreover, some M and C atoms are exfoliated as the A
layer is removed to form atomic vacancies (Vm or V¢) during
etching (Figs. 12(a)-(e)). The presence of vacancies alters the
electronic structure of the MXene surface, further affecting its
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electrocatalytic performance.

Theoretical calculations showed that vacancy formation is a
thermodynamically feasible process, with the formation ener-
gies of carbon vacancies in MXenes lower than those of gra-
phene and MoS:. Functional groups, such as oxygen, on the
MXene surface stabilize vacancies (Fig. 12(f)) [140]. Indeed,
hydrogen still tends to bind to the oxygen sites on the MXene
surface even when defect sites are present. However, bonding
between the proton and the metal vacancy becomes metastable
when an appropriate cathode voltage is applied, with the initial
catalyst potential decreasing with increasing hydrogen cover-
age on the metal vacancies [141]. Vacancies also cause oxygens
to become displaced; oxygens around a metal vacancy that
move away from the vacancy carry less negative charge and
interact more strongly with hydrogen [142]. In contrast, carbon
vacancies weaken oxygen/hydrogen surface interactions.
Therefore, poor HER performance caused by excess negative
AGu can be adjusted by increasing the number of carbon vacan-
cies, while poor HER performance caused by excess positive
AGu can be adjusted by increasing the number of metal vacan-
cies. For instance, the W133C synthesized by Rosen et al. [141]
showed better catalytic performance for the HER under acidic
conditions than W2C.

While vacancies affect electrocatalytic performance ther-
modynamically, their surrounding are also important. Single
vacancy sites generate V2 sites or larger vacancy clusters under
strong etching conditions; these sites/clusters interrupt or
block the large and continuous conductive network of an
MXene (Fig. 12(g)) [143]. Nucleation sites provided by such
vacancies promote MXene oxidation. Ti#+ (anatase TiO2) is al-
ways initially formed near a vacancy, with accumulated elec-
trons at the steps and edges of flakes also leading to Ti oxida-
tion [144]. The positive charges at metal vacancies also pro-
mote C% oxidation, with aggregation leading to amorphous
carbon. These oxidation products inhibit electron transport and
impede the electrocatalysis kinetics of the MXene.

5.4. Dimensions

The dimensions of MXene flakes depend on the raw materi-
als and etching and ultrasonication conditions. Recent studies
have shown that the hydrogen-adsorbing abilities and electrical
conductivities of MXenes are related to the number of metal
layers, which can influence electrocatalytic MXene perfor-
mance, with AGn even changing sign for a given metal. For ex-
ample, W2C0O2 and W3C202 have AGH values of 0.55 and -0.46
eV, respectively, a difference of about 1 eV [145]. Unfortunately,
no clear relationship appears to exist between the number of
metal layers and hydrogen-adsorption properties. Vanadium
carbide exhibits an adsorption energy that is negatively corre-
lated with thickness, while niobium carbide and tantalum car-
bide, which also belong to group VB, do not show similar
trends. In addition, the ability of an MXene to transfer electrons
depends on the number of metal layers, among which Ti-, Zr-,
and Hf-based MXenes are the most obvious. The conductivity of
monolayer TisC.Tx was measured to be approximately 6.76 x
105 S m-1, while Ti2CO2 exhibited semiconducting properties
[140].

At least two MXene flakes are generally prepared experi-
mentally. Layer stacking reduces the specific surface area of the
MXene and the number of exposed Ti-O active sites, which is
not conducive to hydrogen adsorption. TBA-Ti3C2Tx, D-Ti3C2Ty,
and K-TizC2Tx synthesized with different intercalators report-
edly have different numbers of layers with different spacing,
and exhibit specific surface areas of 46.8, 130, and 10.0 m2 g-1,
respectively (Figs. 13(a) and (b)) [111]. The Tafel slopes of the
catalysts supported on K-TisC2Tx exceed 250 mV dec-1, while
those supported on TBA-TisC.Tx and D-TizC2Tx are 65 and 70
mV dec-1, respectively. In addition, because catalytically active
sites usually exist on basal planes, a small MXene with a dam-
aged basal plane has a larger HER overpotential [129]. Moreo-
ver, a 3D configuration can stabilize an MXene, thereby avoid-
ing collapse and ensuring full active-site exposure (Fig. 13(c)).
Figs. 13(d)-(f) show that the 3D MXene retains its stereostruc-
ture and is evenly re-dispersed in water after being pressed at
150 MPa, while 2D MXene is tightly gathered [146].

6. MXene design principles for electrocatalysis
applications

6.1. Improving MXene stability

The large specific surface area of a 2D MXene accelerates its
reaction kinetics; however, this is always accompanied by a
large surface energy that leads to strong interlayer stacking and
aggregation, which is not conducive to exposing the electrocat-
alytic active sites. Moreover, the resistance of stacked MXene is
much higher than that of monolayer MXene, even with good
electron transport between layers. Therefore, ensuring that
MXene does not stack during the catalytic reaction is an im-
portant catalyst-stability prerequisite. Inserting intercalators
into MXene interlayers is a good method for supporting
nanosheets and weakening van der Waals forces. Intercalators
can be organic macromolecules, surfactants, or nanoparticles,
among others, that bind and stabilize the MXene [147,148].
Notably, the intercalator needs to be conductive, otherwise,
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Society.

charge transfer is affected.

Furthermore, porous 3D MXene models need to be designed
and constructed to balance gravitational and repulsive forces
between sheets and avoid MXene aggregation [149]. Wang et
al. [122] synthesized a 3D folded BP@MXene film, in which
black phosphorus forms Ti-O-P bonds to the MXene, which not
only enhanced electron transport, but also greatly improved
MXene stability. Gogotsi et al. [150] synthesized hollow spheri-
cal Ti3CzTx using PMMA as the template, which could be uni-
formly dispersed in an aqueous solution. Qiu et al. [146] con-
structed a 3D MXene framework in which CoP was uniformly
dispersed using isotropic capillary forces; However, the 3D
framework exhibited poor conductivity owing to the limited
contact surface of the sphere. Nevertheless, CoP@3D
TizCz2-MXene exhibited alkaline HER/OER performance, and its
ECSA was 1.9-times that of the lamellar CoP@Ti3Cz-MXene
analogue. In conclusion, the effect of intercalation and archi-
tectural design are exploratory directions for improving MXene
stability and avoiding self-stacking.

6.2. Improving MXene conductivity

MXene conductivity depends greatly on elemental composi-
tion and the number of layers. Theoretical calculations can be
used to guide and design structural adjustments by rationally
controlling the raw materials. MXene oxidation in the environ-
ment or at high voltages, which is fatal for electrical conductiv-
ity, is an important factor that needs to be considered. Electron
transport and charge exchange mainly involve the non-metallic
carbon layer and the complete metal phase inside the MXene
[151]. However, aerobic or aqueous oxygen can lead to metal
oxidation and the eventual destruction of the MXene structure.

The resistance of the MXene film prepared by Ahn et al. [152]
was 105 times higher following oxidation. Koo et al. [153] re-
ported that MXene oxidation in aqueous media involves nucle-
ophilic addition (Fig. 14(a)), with metal oxides, amorphous
carbon, COz, and CH4 (etc.) formed as products; the reaction
mechanism also pH-dependent. Under acidic conditions, H+ is
adsorbed by -OH groups to form Ti-OH2 moieties in which Ti is
clearly electron deficient and more easily attacked by electrons
(Fig. 14(b)). On the other hand, Ti-O- adsorbs cations and wa-
ter to form solvent cages under alkaline conditions, which sep-
arate the oxidizing agent from the Ti to slow down the reaction.
Therefore, electrons are clearly localized at metal atoms under
acidic conditions, which accelerates the oxidation process. Re-
ducing protonation and avoiding electron localization on the
metal can improve MXene oxidation resistance.

6.3. Increasing intrinsic MXene activity

Efficient active sites are electrocatalysis cornerstones, and
improving active sites can significantly improve electrocatalytic
performance. The surface functional groups of an MXene are its
reactive sites; therefore, their designs must be first considered.
On the one hand, increasing the amounts of specific functional
groups is a necessary objective. For instance, oxy-
gen-functionalized MXenes have been synthesized for the HER,
while F- or S-functionalized MXenes have been synthesized for
the ORR or Li-ion-battery applications [154,155]. On the other
hand, improving the bonding and coordination states of the
original functional groups is also necessary to achieve a mod-
erate capacity for adsorbing intermediates. The reasonable
introduction of doping and vacancies can regulate AG, as shown
by DFT calculations, and experiments can be designed guided
by calculations.

A large specific surface area, which corresponds to high ac-
tive-site availability, is worth considering during catalyst de-
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sign. Owing to their strong potential for interfacial coupling and
charge transfer, MXenes are mostly used to load catalysts and
form heterojunctions, which not only avoids MXene sheet
stacking, but also disperses the catalyst and improves its utili-
zation rate. The vertical growth of MoSz on an MXene is the
most typical example, as it exposes a large number of edge ac-
tive sites. While the active sites mainly correspond to active
phases, the contribution of the MXene cannot be ignored, espe-
cially when designing OER and ORR catalysts. Unfortunately,
simple mixing cannot achieve the optimal effect, and the main
design philosophy involves growing active phases in situ with-
out destroying the MXene structure, thereby ensuring simulta-
neous activity and electrical conductivity. The overall design
principle is shown in Figs. 14(c)-(e).

7. Strategies for improving electrocatalysis performance
7.1.  Surface modification

The electronic state of an MXene is related to its surface
functional groups, which affects its electrocatalytic perfor-
mance. Seh et al. [129] synthesized a series of MXenes with
different F-coverage rates and found that the F end groups
were detrimental to the HER. Oxygen-functionalized MXenes
were prepared by alkalization and annealing after HF etching
to afford electrocatalysts with high HER activities. The acidic
HER performance (710 = 190 mV) of E-Ti3C20x synthesized by
Su et al. [154] was found to be superior to that of E-TizC2(OH)x
(n10 = 217 mV) or E-Ti3C2Tx-450 (n10 = 266 mV). However, the
Ti2CTx synthesized by Xie et al. [131] exhibited a smaller 1o for
the HER than alkalized Ti2CTy, with F contents of 15.12% and
3.43%, respectively. Highly active catalytic sites are provided
by O-terminals, while high conductivity is provided by
F-terminals, and charge transfer is accelerated by constructing
heterojunctions at O-terminals. Zhang et al. [221] synthesized
fluorine-free I-Na-Ti3C2Tx nanosheets in one step using alkali
etching; these sheets were 100-300 nm in transverse size and
showed high HER activities, with 110 values of 139, 299, and
217 mV under acidic, neutral, and alkaline conditions, respec-
tively, after MoS: loading.

Substituting P and S atoms for O atoms on the MXene sur-
face can improve HER activity from thermodynamics and ki-
netics perspectives. Zhang et al. [156] chose the TigC4Os te-
tramer of Ti2CO2 as a theoretical calculational model and pre-
sumed that P doping occurred through replacement of the top
oxygen atoms. P-doping was calculated to lead to an O 2px to O
2pz orbital change, which interacted with H 1s and strength-
ened the adsorption. The AGn of TisC4+0¢P2 was optimized to
0.05 eV. In addition, the TisC40s bandgap decreased from 0.92
eV to almost 0 eV during the addition of P, which greatly im-
proved charge mobility. Guided by theoretical calculations,
Kang et al. [157] synthesized P-Mo2CTx by calcining red phos-
phorus and MozCTx in flowing argon. Notably, the phosphating
process not only introduced phosphorus atoms into the entire
Mo2CTx sample to form Mo-P and P-O bonds, but also in-
creased the number of Mo-0 bonds in the nanosheets due to
the larger layer spacing, which led to more active sites.

P-Mo2CTx exhibited a charge-transfer resistance of 175 Q at an
overpotential of 150 mV, which is much smaller than that (810
Q) of Mo2CTx under the same conditions. The combined effect
of conductivity and the number of active sites led to a lower 1o
for the acidic HER.

Single-atom electrocatalysts have been studied because they
show high atom-utilization rates and excellent catalytic activi-
ties. For example, Guan et al. [158] dispersed single-atom
manganese on N-doped graphene, in which Mn is coordinated
to four nitrogen atoms; this catalyst is highly active toward
water oxidation. Bao et al. [159] doped Pt atoms into MoS:2 to
regulate H* adsorption on S and activate the inert MoS: plane
for HER catalysis. In a similar manner, MXene-based sin-
gle-atom catalysts, which are synthesized by doping metal at-
oms on their surfaces or replacing functional groups with metal
atoms, are also HER/OER/ORR candidates. Transition metals
that are more electronegative or have more d-electrons can
combine with the O atoms on the surface of an MXene to form
higher occupied states near the Fermi level and improve con-
ductivity [156,160,161]. Moreover, the TM atoms adsorbed on
the surface tend to be located near the middle vacancies of
three adjacent oxygen atoms, which forms three kinds of oxy-
gen atom as active sites for the HER [162,163]. The observed
optimal HER performance is mainly ascribable to the following
two reasons. On the one hand, TM-atom modification leads to a
change in the reaction mechanism for H* adsorption (from
Heyrovsky to Tafel); on the other hand, electron transfer from
TM to O atom reduces the energy barrier for hydrogen desorp-
tion [162]. Zhao et al. [36] successfully synthesized
SA-Cu-MXene by selectively etching Al atoms from
Tis(Al1-+Cux)C2 and leaving Cu atoms on the MXene; the Cu is
coordinated to three O atoms with Cu-0 bond lengths of about
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1.92 A (Fig. 15(a)). In addition to etching, freeze-drying is a
more common method of fixing metal atoms onto ready-made
MXenes. Highly active noble metal atoms are preferably se-
lected, with Pt fixed to a hydrophilic MXene by the spontaneous
reduction of Pt cations [164]. He and coworkers [165] success-
fully anchored Ru atoms onto the surface of N- and S-doped
TisC2Tx (Fig. 15(b)). The coordination of isolated Ru to N and S
altered the electronic structure of the MXene to deliver a AGn of
0.08 eV. HER activity was significantly higher in an acidic solu-
tion, with an 110 value of 76 mV reported (down from 453 mV).
Rusa-N-TizC2Tx prepared by Zhang et al. [166] exhibited an
even lower AGn value of 0.039 eV and showed excellent cata-
lytic HER activity at all pH values, with 110 values of only 27, 23,
and 81 mV in 1 mol/L KOH, 0.5 mol/L H2S04, and 1 mol/L PBS,
respectively. Nevertheless, transition metal atom doping does
not always promote the HER. For example, |AGu| was still
greater than 0.2 eV, irrespective of the TM added to Hf2COz,
ZroNOz, Hf:NOz,  and  Y2NO2.  Cu-based  single-atom
Cu-SA/TisC2Ty, with a Cu valence state of between zero and
one, was synthesized by Sun et al. [167] using the freeze-drying
method (Fig. 15(c)). Cu-SA/Ti3C2Tx exhibited a AGu (-0.35¢eV)
even further from zero than that of Cu-NP/Ti3C:Tx (0.18€V),
indicative of inferior HER performance; however, it was able to
catalyze the reduction of CO to multi-carbon products.
Furthermore, the metal-oxygen sites on the surface of an
MXene provide favorable processes for -catalyzing the
OER/ORR. Cu-TizNOz2 (0.24 eV) and Ni/Cr2COz (0.16 eV) exhib-
ited low theoretical overpotentials for the OER, which is at-
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tributable to enhanced electronic states near the Fermi level
[135,168]. Zhang et al. [169] explored the OER/ORR perfor-
mance of double-atom catalysts (DAC) consisting of Fe/Co/Ni
atoms and a Ti2COz substrate through DFT calculations. A total
of 48 adsorption models were simulated using six diatomic
models and eight adsorption modes (Figs. 16(a) and (b)). The
minimum Gibbs free energy profiles (Figs. 16(c) and (d)) show
descending left-to-right steps for the ORR and right-to-left
steps for the OER; hence, Nil/Ni2- and Fel/Ni2-DACS were
predicted to show good bifunctional OER/ORR activities. Using
high-temperature annealing and cation exchange, Wang et al.
[170] synthesized Co SAs/MozC, in which Co is adsorbed at
vacancies between three adjacent Mo atoms. The catalyst
showed enhanced OH* adsorption because d electrons were
transferred from Mo to Co along the Co-Mos bond. Compared
with other Co monatomic catalysts, Co SAs/Mo2C exhibited
better OER performance, including a higher turnover frequency
and superior methanol resistance. The Co-N bond was found to
increase the oxidation state of Co when the substrate was NC,
and its ability to bind OH* was so weak that it was extremely
susceptible to methanol.

7.2. Lattice substitution

Theoretical calculations have shown that the electrocatalyt-
ic properties of an MXene depend on the elements in the hex-
agonal lattice, including M and X. Lattice substitution involves
replacing the original atoms in the MXene lattice by injecting
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other metal or nonmetal atoms, and is regarded to be a trou-
ble-free strategy for preparing MXenes containing various ele-
ments. Such modification preserves the hexagonal packing
structure of the MXene but disturbs the electronic structure,
thereby altering interactions between the original active sites
and reaction intermediates. Notably, lattice substitution is
mainly used to improve the intrinsic HER activity of an MXene.
Indeed, improving OER/ORR activities, which MXenes are not
endowed with, is difficult.

7.2.1. Metal atom substitution

Compared with common Ti-, Mo-, V-, Cr-, and Nb-based
MXenes, those based on middle and late transition metals are
more favorable for electrocatalysis but are difficult to synthe-
size [80]. Theoretical calculations revealed that implanting
transition metal atoms into M2X02 changes AGu+, reduces the
HER barrier, avoids MXene aggregation, and improves HER
activity [162,171]. Consequently, developing optimal catalysts
by doping metals into MXenes has become a considerable fo-
cus.

Gold, silver, and platinum-group elements were the first
metal dopants. Wang et al. [172] synthesized Mo2TiC2Tx-Ptsa by
immobilizing Pt atoms in the Mo vacancies of Mo2TiC2Tx dou-
ble-transition-metal MXene nanosheets. The modified MXene
exhibited extremely high HER activity in 0.5 mol/L H2S04 ow-
ing to the dispersed Pt atoms and strong Pt-C bonds, with low
overpotentials of 30 and 77 mV at 10 and 100 mA cm-2, respec-
tively, a low Tafel slope (30 mV dec-1), and high stability (100
h) observed. Nevertheless, Zhou et al. [132] found that Pt and
Pd were unable to improve the conductivities of MXenes with
semiconductor properties; therefore, they only activated
MXenes with metallic properties. The addition of almost all
precious metals was found to improve the HER activity of
M2COz2, with |AGH| < 0.1 eV at O sites; however, doping Pt, Os, or
Au into M2NOzled to inferior activities [162].

Substitution with an inexpensive transition metal can also
effectively promote the HER. An isolated Nb can enter the
TisC202 lattice by substituting for Ti and residing in the same
coordination environment as the Ti. The two types of oxygen
atom near the introduced Nb have AGu+ values of -0.14 and
-0.23 eV, which are different to that of the original lattice
(-0.25 eV) and alleviate strong hydrogen adsorption [173]. A
small amount of Co substitution in a Mo-based MXene also led
to similar properties and outstanding HER performance [137].
However, theoretical calculations revealed that excess Fe, Co,
and Ni doped into Mo2CO2 at levels of 6.25, 8.33, and 12.5
mol%, respectively, led to AGu+ values that were further from
zero to varying degrees, which is detrimental to the HER [163].
Ni doping into bimetallic MXenes led to various changes in hy-
drogen adsorption behavior. Miao et al. [174] synthesized
D-MozTiC2/Ni by replacing Mo atoms with Ni through electro-
chemical stripping and in-situ reduction, with the Ni-doped
system showing a lower overpotential than D-Mo2TiCa.

In addition to single/double-metal substitution, alloying is
regarded to be another method for improving the HER perfor-
mance of an MXene [84,175-178]. Geometrical and electronic
synergy resulting from differences in the radii and electronega-
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tivities of the various metal atoms in an MXene affects its elec-
trocatalytic performance (Fig. 17) [176]. Guided by DFT calcu-
lations, Su et al. [177] selected a series of undeveloped 2D
MXene ordered binary alloys (OBAs) with outstanding HER
activities that even exceed those of Pt. As for OBA synthesis,
Gogotsi et al. found that the type of metal and annealing tem-
perature influences the OBA structure. Alloys are more stable
with Mo in their outer layers, while Ti atoms can occupy the
entire outer layer of an MXene devoid of Mo atoms. However,
Mo2TiC2Tyx, with only Mo present in two surface layers, did not
show potential for HER catalysis because of its semiconductor
properties [84]. Therefore, the syntheses of 2D ordered bime-
tallic alloy MXenes that exhibit good catalytic HER performance
need to be further explored.

7.2.2. Substituting nonmetal atoms

Carbonitride-based MXenes are more catalytically active
than the corresponding carbides. Replacing entire atomic lay-
ers of C with N hardly boosts the HER performance of an
MXene. Therefore, Ti3(C,N)202, which is stable owing to the
strong Ti-N bond formed by substituting a single carbon atom,
has been studied more extensively [179]. The C atoms in
TisC2Tx are replaced with N atoms to form N-Ti-O bonds when
annealed in an ammonia atmosphere (Fig. 18(a)) [180]. How-
ever, the N 1s XPS spectrum exhibits a peak at 396.4 eV only at
temperatures higher than 600 °C, indicative of the presence of
nitrogen in the lattice site. Consequently, N-TizC2Tx@600 ex-
hibited a lower 110 of 198 mV compared to N-TizC:T.@200
(560 eV) and N-TisC2Tx@400 (410 eV) that are not lattice sub-
stituted. Meanwhile, N-TizC2Tx@600 exhibited the lowest re-
sistance and the largest ECSA, which is ascribable to lattice
destruction through nitrogen substitution. The solvothermal
method can also be used to introduce N into the MXene lattice
to form Ti-N bonds, which are the predominant active sites.
The carbides can be doped with nitrogen atoms by ultrasoni-
cation in ammonia in the presence of NaBH4, which promotes
the elimination of oxygen functional groups and provides NHs
with the opportunity to attack defect sites [181]. The ratio-N
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bond ratio was observed to first increase and then decrease
with as the reaction temperature was increased from 5 to 75 °C
(Figs. 18(b) and (c)) [182]. N-MXene-35, which contains the
largest number of Ti-N bonds, presented appreciably improved
HER activity, with a low overpotential and small Tafel slope
(Figs. 18(d) and (e)).

Lattice carbon atoms were not dominantly substituted dur-
ing nitrogen doping due to the large activation energy; rather
functional group substitution and surface adsorption occurred.
Therefore, the MA(CN) precursor can be in-situ etched to give
MXenes with specific lattice C/N replacements. Considering the
positive effect of nitrogen doping on the electrocatalytic per-
formance of an MXene, other heteroatoms, such as sulfur and
boron, which have similar properties to nitrogen, have also
been introduced into MXenes to improve their catalytic activi-
ties. Using DFT, Li et al. [28] calculated that B-doped Ti2CO2z has
a AGu of -0.097 eV, which is close to that (-0.09 eV) of Pt.
X-Ti2CO2 (X = P, S) also has a small free energy (|JAGu| < 0.2);
however, the AGu values of the X-M02€02z (X = N, B, P, S)
Mo-based MXenes were calculated to be further from zero than
that of Mo2CO2. In addition, Berber et al. [183] found that B and
B + N doping did not significantly affect the semiconductor
properties of Sc2CF2, whose bandgap was calculated to be in the
0.55-0.24 eV range.

A new type of MBene containing less-electronegative non-
metallic atomic B layers was theoretically recently predicted to

exhibit excellent HER activity. Firstly, most 2D MBenes are me-
tallic, although Hf- and Zr-based MBenes may be semi-metallic
[184]. Fe2Bz2, Cr4Bg, and Mn2B2 have theoretical AGny+ values that
are very close to zero [185-187]. Nonetheless, MBene is less
stable than the corresponding MXene. Ni2ZnB and NizZnB:
were successfully synthesized by Fokwa et al. [188]; however,
because conventional etching methods cannot eliminate Zn,
further studies aimed at preparing MBenes with high HER ac-
tivities are needed.

Because of they are less electronegative than nitrogen and
sulfur atoms, phosphorus atoms are deemed to exhibit better
potential for effectively enhancing HER performance. An et al.
[189] successfully doped phosphorus atoms into V2CTx by
heating triphenylphosphine with V2CTx at 500 °C, which in-
creased the layer spacing from 0.79 to 1.03 nm while main-
taining the original hexagonal structure. Instead of forming P-O
or P-V bonds during doping, the P atoms were more inclined to
form thermally stable C-P bonds that have high elec-
tron-donating capacities and balance the energy barriers for H+
reduction and Had desorption. As a result, the HER activity of
P-doped V2CTx in 0.5 mol/L H2S04 is noticeably better than that
of pristine V2CTy, with an 510 of -163 mV and a Tafel slope of 74
mV dec1.

Few studies have examined how doping MXenes with non-
metallic atoms affect OER and ORR performance. Que et al.
[190] successfully prepared N-doped few-layered TizCz by
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subjecting a solid solution of TizC1.8No.2 and Ti3C1.6No.4 to in-situ
acid etching. The nitrogen atoms in the Ti3C2-«Nx nanosheets
synthesized by this process mainly exist in the following four
forms: N-Ti (nitride), N-5 (pyrrolic), N-Q (quaternary), and N-6
(pyridine nitrogen), with the electron-donating effect of N-6 the
main reason for the observed enhancement in OER activity. In
addition, the improved surface wettability and electrical con-
ductivity led to an increase in active-site utilization and pro-
moted the OER. TizC16No.« nanosheets required overpotentials
of 245.8 and 450 mV in 1 mol/L KOH to yield current densities
of 1.0 and 10 mA cm-2, respectively, with a Tafel slope of 216.4
mV dec1.

7.3. Defect engineering

Defect engineering has been widely used to modify MXenes.
Designing vacancies that improve the electrocatalytic perfor-
mance of an MXene is challenging but necessary. Acid etching
during MXene formation is the simplest method for introducing
metal or C/N vacancies. Defects size and density on an MXene
can be effectively regulated by controlling the concentration of
the etching solution, etching time, and temperature [143];
however this method is not very accurate because it is incapa-
ble of creating specific defects and over-etching is common.
Differences in the strengths of atomic interactions can be used
to control defects formed by acid etching. Rosen et al. [191]
etched two metals, namely Al and Sc, from the (Nbz/3Sc1/3)2AIC
quaternary MAX solid solution to precisely form Nb133CTx with
metal vacancies (Figs. 19(a)-(c)). Zhang et al. [192] first rou-
tinely removed Ti atoms from TisCNTx with HF to expose car-
bon and nitrogen atoms. Owing to electronegativity differences,
the carbon atoms near the nitrogen were etched to form pyri-
dine-N, pyridine-N-O, and pyrrole-N (Figs. 19(d)-(i)). Each of
the three types of nitrogen contains a lone pair of electrons,
which facilitates active-intermediate adsorption and promotes
the OER/ORR.

Doping metal atoms into MXene vacancies is a valuable
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method for improving electrocatalytic performance; d elec-
trons become redistributed between the doped M and its sur-
roundings, which changes the electronic state of the MXene in a
manner that is advantageous for the HER. The acidic HER activ-
ity of M0o2TiC2Tx-Ptsa is much higher than that of Mo2TiC2Tx-VMo,
and both exhibited better activity than Mo2TiCzTx [172]. DFT
calculations revealed that Fe doping into the Ti vacancy of
TisNz potentially led to catalytic HER activity with an optimized
AGu value [193]. In addition, Wang et al. [194] examined how
embedding TM atoms in the V303 vacancy of V2CO: influences
HER performance. TM atoms bonded to three O atoms pro-
moted charge transfer; hence the surface O atoms gained elec-
trons from the V atoms, which weakened the O-H bonds. The
AGu of Ni-V2C02 (25% coverage) was determined to be -0.01
eV, with oxygen atoms that are not bonded to TMs acting as
HER active sites (Figs. 19(j) and (k)).

Theoretical calculations showed that filling T vacancies (T =
0, OH, F) with specific metal atoms is beneficial for the
OER/ORR, as it moderates the oxygen- and water-adsorption
strengths of the MXene. Decorating T vacancies with Pt and Pd
altered the surface d-band center of Nb2CT2, which led to low
theoretical norr and norr values that are indicative of high ORR
and OER activities [134,195,196]. Furthermore, the effects of Pt
decoration on the OER/ORR properties of nonmetal carbide
MXenes, ordered bimetal carbide MXenes, nitride MXene
(TiaN3), and carbonitride MXene have been investigated com-
putationally [138], which showed that the electronegativity of
the metal and the vacant orbital of the terminator are related to
the performance of the recombinant MXene catalyst. Among
them, Nb2CF2-V-Pt, NbsaC3F2-Vr-Pt, and Cr2TiCz2F2-Ve-Pt exhib-
ited the best catalytic ORR/OER activities. However, the high
barriers for hydrogenation and oxygen dissociation inhibited
the ORR when Pt atoms were doped into Nb vacancies [134].

As another vacancy engineering protocol, electrocatalyti-
cally active substances with vacancies can be in-situ generated
or loaded onto MXene substrates. Long et al. [197] synthesized
oxygen-vacancy-rich TiOz nanoparticles in situ on the surface of
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Fig. 19. (a) Synthesis of Nb133CTx; HRTEM image (b) and the top-view schematic (c) of Nb133CTx Reprinted with permission from Ref. [191]. Copy-
right 2018, American Chemical Society. (d-f) Formation of defects in TisCNTx. (g) Three types of N active site; N 1s XPS spectra of TizAICN (h) and
TisCNTx (i). Reprinted with permission from Ref. [192]. Copyright 2021, Elsevier. (j,k) Modulating the HER performance of V.CO: by introducing a
transition metal onto the surface. Reprinted with permission from Ref. [194]. Copyright 2016, WILEY-VCH.
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an MXene using the ethanol solvothermal method, with the
product displaying excellent OER/ORR performance. In addi-
tion, they also loaded Vo-SnOz onto an MXene surface [198].
The oxygen vacancies in the oxide altered the electronic struc-
tures of Ti and Sn, which acted as OER/ORR sites to accelerate
charge transfer. With the aim of improving the electronic
properties of MXenes, Vo-Nb20s/Nb2C [199], Vs-CdS/TisCz
[200], and o-P-CoTez/MXene [201] were also synthesized using
calcination and solvothermal methods (Figs. 20(a)—(c)). Hao et
al. [202] appropriately doped P atoms into TiOz/Ti3CzTx to
form Vo-TiO2, which showed excellent alkaline HER perfor-
mance (110 = 97 mV) under light and applied voltage. In a simi-
lar manner, Tian et al. [203] in-situ supported TiO2 and MoSz on
TisCz, and then reduced Mo** using a hydrothermal reaction to
create Vmo while preparing Mo.S@TiO2@TisC: (Fig. 20(d)). The
discontinuous lattice fringes observed for MoS: verified that
Vmo had formed, leading to faster charge separation and
more-efficient carrier transfer. The double Ti3Cz/MoS: cocata-
lyst greatly boosted the Mo-vacancy utilization efficiency.

7.4. Controlling the morphology

2D MXenes tend to stack during electrode preparation,
which hinders the exposure of electrocatalytic active sites
[204]; consequently, MXene morphologies have been regulated
to improve active-site utilization. Owing to the quantum con-
finement effect, MXene nanodots derived from nanosheets
contain high proportions of active sites and surface defects and
are expected to have great applications potential in the elec-
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trocatalysis field [45]. MXene nanoparticles approximately 50
nm in size were prepared by ultrasonicating flakes, and smaller
MXene quantum dots were obtained by directly treating MAX
powder with acid [105,205]. TisC:Tx quantum dots prepared
from TisAlCz powder exhibited a high degree of oxidation and
were almost carbon QDs without Ti-related nanoparticles.
Layered MXene nanosheets were directly transformed into
nanodots in a one-step hydrothermal process in the presence
of aqueous ammonia [206]. MX@C nanodot hybrids with
core-shell structures composed of MXD nanodots and carbon
shells, exhibited good HER kinetics under alkaline conditions,
with a Tafel slope of 32 mV dec-1. The MXene itself did not
show catalytic ORR behavior; however, the addition of MXene
nanostructures to the ORR electrocatalyst increased its con-
ductivity and improved reaction selectivity. Loading MXene
nanoparticles on carbon nitride, which retains its original
structure, led to a flow of electrons from the former to the lat-
ter. The electron-less state and inherent hydrophilicity of an
MXene promote the adsorption and reduction of oxygen [105].

Cutting an MXene into one-dimensional fibers can increase
its specific surface area and improve electrocatalytic perfor-
mance. Hydroxide ions can be used as a “pair of scissors” to cut
MAX into 50-nm-wide fibers, after which metal-ion etching
proceeds as usual to produce MXene fibers (Figs. 21(a)-(c))
[207]. Ti atoms and even carbon atoms are easily oxidized by
hydroxide, which is not advantageous for the HER; however,
the TizCz NFs exhibited a specific surface area more than seven
times that of the corresponding flakes, which resulted in a low
n1o of 169 mV and a Tafel slope of 97 mV/dec in 0.5 mol/L sul-
furic acid. The morphological structure of the fiber was unaf-
fected at hydroxide concentrations below 8 mol/L. However,
0.5 mol/L NaOH is capable of cutting MXene into small
(10-nm-diameter) highly functionalized particles when the
aluminum in MAX is initially removed with HF, which inhibits
the HER [45].

Despite the main body retaining its 2D sheet structure,
changes in the MXene stacking structure can greatly affect
electrocatalytic performance. The conventionally prepared
MoSz/MXene transformed into a special nanoroll structure that
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had an onset HER overpotential of only 30 mV after two steps
involving cooling in liquid nitrogen followed by annealing
[208]. Using a template-engaged ultrafast aerosol drying strat-
egy, MXene nanosheets assembled randomly around the tem-
plate to form a 3D MXene structure (mh-3D MXene) with suffi-
cient diffusion channels, multiple reaction surface areas, high
conductivity, hydrophilicity, and anti-aggregation properties
(Figs. 21(d)-(h)) [209]. The catalytic HER performance of the
2.4% Pt@mh-3D MXene was superior to that of 20% Pt/C over
the entire pH range, which is attributable to the fact that an-
choring ultrafine metal nanoparticles on the mh-3D MXene
surface effectively improves metal-atom utilization. Moreover,
flower-shaped W2C@WS2 200-400 nm in size was synthesized
using WCle powder, thioacetamide, and ethanol as raw materi-
als and a simple hydrothermal method; it also did not use a
MAX precursor [210]. The nanoflowers were basically 10 nm
thick and 50-150 nm wide, while W2C and WSz both exist as
neat hexagonal structures. While the conductivity and HER
onset potential of the nanoflowers are similar to those of the
nanosheets, as they are only stacked differently, the Tafel slope

of the former is smaller than that of the latter owing to the
larger active areas on the depleted surfaces of the nanoflowers.
Owing to its continuous conductive network and unique inter-
facial properties, 3D hollow structures prepared by controlled
synthesis promote full MXene utilization during electrocataly-
sis [209]. The HER/OER performance of MXenes modified us-
ing different strategies is summarized in Table 1.

7.5.  Constructing heterojunctions

The catalytic activities of MXenes remain limited and are
prone to inactivation, despite doping with metal/nonmetal
atoms regulating the electronic structures of MXenes and their
binding strengths to reaction intermediates. In particular, dis-
solved oxygen in an aqueous solution combines with the most
active edge of an MXene to generate TiOz, resulting in catalyst
degradation [214]. Therefore, 2D MXenes are used as conduc-
tive carriers for other species that are catalytically active to-
ward the HER/OER/ORR, which reduces the degree of MXene
oxidation and improves performance. Transition-metal-based

Table 1
MXenes modified using different strategies for use in the HER/OER.
Modification strategy Catalyst Electrolyte Application 110 (mV) Tafel slope (mV dec!) Ref.
Surface modification Mo2CTx 0.5 mol/L H2S04 HER 189 75 [129]
E-Ti3C20x 0.5 mol/L H2S04 HER 190 60.7
E-TisC2(OH)x 0.5 mol/L H,S04 HER 217 88.5 [154]
E-Ti3C2Tx-450 0.5 mol/L H2S04 HER 266 109.8
Ti2CTx nanosheets 0.5 mol/L H2S04 HER 170 100 [131]
I-Na-TisC2Tx/MoS: 0.5 mol/L H2S04 HER 139 78 [211]
P-Mo2CTx 0.5 mol/L H,S04 HER 186 — [157]
TisC.Tx:Co-12h 1 mol/L KOH HER 103.6 104.42 [58]
0.1 mol/L HCIO4 HER 70 27.7
Ru-SA/TisC;Tx 0.1 mol/L HCIO, OER 290 37.9 [121]
0.1 mol/L HClO4 ORR 0.82 60.4
Lattice substitution Mo, TiCzTx 0.5 mol/L H2S04 HER 248 74 (129]
Mo:Ti2C3Tx 0.5 mol/L H2S04 HER 275 99
Rusa-N-TiaCoTs 0.5 mol/L H2504 HER 23 42 [166]
1 mol/L KOH HER 28 29
Rusa-N-S-TizC2Tx 0.5 mol/L H2S04 HER 76 90 [165]
Mo2CTx:Co 1 mol/L H2SO04 HER 180 59 [137]
NiosC001@ NTM 1 mol/L KOH HER 434 116 [173]
N-Ti3C,T:@600 0.5 mol/L H,S04 HER 198 92 [180]
N-MXene-35 0.5 mol/L H2S04 HER 162 69 [182]
P3-V2CTx 0.5 mol/L H2S04 HER 163 74 [189]
TisC16Noa 1 mol/L KOH OER — 216.4 [190]
Defect engineering TisCoToNe 1 mol/L KOH HER 119.17 61.81 27]
OER 360 76.68
D-Mo.TiCz/Ni 0.1 mol/L H,S04 HER 780 56.7 [174]
Mo2TiC202-Vmo 0.5 mol/L H2S04 HER — 44 (172]
Mo,TiC202-Ptsa 0.5 mol/L H2S04 HER 30 30
Morphology control CoP@3D TisCz2-MXene 1 mol/L KOH HER 168 58 [146]
3D MX (35%)/NG 0.5 mol/L H,S04 OER 298 51 [212]
Nb4C3Tx-180 1 mol/L KOH HER 398 122.2 [213]
TisC2 NFs 0.5 mol/L H2S04 HER 169 97 [207]
MoSz/TisCaTx 0.5 mol/L H2S04 HER 152 70 [208]
W2C@WS; nanoflowers 0.5 mol/L Hz2S04 HER 320 55.4 [210]
Pt@mh-3D MXene 1 mol/L KOH HER 27 42 [209]
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compounds are good electrocatalysts and have been exten-
sively studied. Among them, carbides, nitrides, phosphides, and
sulfides can catalyze the HER, while oxides and hydroxides
tend to promote the OER [215-217]. Unexpectedly, these
compounds can become bifunctional electrocatalysts when the
MXene is used as the substrate. The heterojunction formed
between the non-metallic material and the MXene was also
found to exhibit good electrocatalytic activity.

A heterojunction is the electron- and hole-transport inter-
face formed between the MXene and the other material. A
Schottky junction, which is commonly found in a photocatalyst,
is a type of heterojunction formed between a metal and a sem-
iconductors. An MXene-based heterojunction is generally
formed by self-assembly and in-situ synthesis. The main
self-assembly driving force involves electrostatic interactions
between the negative functional groups on the MXene and the
positive charges of the main catalyst. Wang et al. [218] pre-
pared NixB/N1oTC by proportionally mixing N-doped TisC2 and
NixB; electron transfer from N1oTC to NixB, as evidenced by XPS,
verified heterojunction formation. In addition, a mixture of
gC3Ns and TisC2Tx was annealed at 200 °C to form
gC3N4/TisC2Ty, which was connected only through physical
bonding [219]. Nevertheless, the composite showed superior
photocatalytic HER properties despite only being physically
bonded. Unlike the simple mixing of two or more materials,
where the structures of the MXene or the other materials do
not change significantly, the in-situ synthesis method is used to
generate another material directly on the MXene; the hetero-
junction formed by this method is more stable and generally
cannot be separated. Fu et al. [220] successfully synthesized an
HER/OER catalyst (Co-CoO/Ti3C2-MXene) in a mixture of
MXene, CoClz, and NaBHas. Here, CoCl: is simultaneously re-
duced to Co-CoO by NaBH4, and Co (with HER performance)
and CoO (with OER performance) are in-situ loaded on the
MXene. Co-CoO/TisC2-MXene only needed 1.55 V to realize
overall water decomposition in an alkaline system. Deposition
involves exposing MXene to precursors that react and become
attached to the MXene to form MXene-based composites, which
is an in-situ growth method. Tang et al. [221] deposited nickel
and iron ions on N1oTC/NF to form LDHs using electrochemical
deposition and in-situ growth. The OER performance of
NiFe-LDH/N10TC was enhanced by a factor of 8.8 compared to
that of NiFe-LDH alone. The heterojunction synthesized
through in-situ growth was covalently bonded through strong
electron coupling and can remain active for more than 50 h
during reaction.

An active phase can easily be introduced into an MXene
through the construction of a heterojunction, and an
MXene-based hybrid contains catalytically active sites from the
active phase while retaining the high conductivity of the
MXene. In addition, the extra material neutralizes the negative
charge on the surface of the MXene, thereby avoiding aggrega-
tion. Importantly, the structure of the MXene clearly needs to
be protected during compound synthesis to avoid a reduction
in catalytic activity associated with its sensitivity to oxidation.
In addition, the structure of the compound also affects perfor-
mance (Fig. 22). A short electron-transfer pathway is conducive
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Fig. 22. Different MXene-based heterojunction structures.

to high conductivity in a 0D/2D structure; however, uniformly
dispersing 0D materials without the substrate wasting sites is
challenging. An array arrangement is beneficial for exposing
the active sites in a 2D/2D structure; however, the small con-
tact area limits electron transport.

7.5.1. Metal-MXene heterojunctions

The carbon carriers in Pt/C or Ag/C electrodes are suscepti-
ble to corrosion while reacting and MXenes are potential carri-
ers owing to their high conductivities and stable structures
[83]. Strong interactions between Pt and the -F, -OH, or -0
groups on the surface of an MXene accelerates the Volmer step,
resulting in excellent HER performance [110,111]. Fang et al.
[103] synthesized coral-like Pt nanoparticles approximately 20
nm in size on the surface of an MXene, which slightly improved
its catalytic HER performance. Gao et al. [110] synthesized
Pt-TBA-TisC2Tx by atomic layer deposition (ALD), in which the
Pt clusters were approximately 2 nm in size. How well the Pt
nanoparticles are dispersed is related to the number of deposi-
tion cycles. The catalyst exhibited the largest ECSA and the best
HER performance when 40 deposition cycles were used. Sun et
al. [111] deposited Pt onto few-layer (less-than-five-layer)
MXene using wet-impregnation and a photo-induced reduction
method. TBA-Ti3C2Tx-Pt-20 and D-TizC2Tx-Pt-20 showed n1o
values of 55 and 70 mV in 0.5 mol/L H2S04, respectively, owing
to the fast electron-transfer kinetics of thin-layer MXene [222].
In addition, a binder-free HER electrocatalyst was prepared by
immobilizing Pt nanoparticles on porous Ti3C2Tx/TizAlCz using
spontaneous redox chemistry; the catalyst exhibited a low 710
of 43 mV as its active sites were not blocked by binders [89]. An
MXene doped with Ag nanoparticles also exhibited HER activity
[223], while Pt [224] and Ag [225] nanostructures supported
on MXene afforded many oxygen adsorption sites and a short-
ened diffusion pathway for adsorbed oxygen, and demonstrat-
ed good ORR performance. MXene/NF synergy, where the car-
rier was NF rather than MXene, also endowed the MXene with
high electrocatalytic activity [226]. In addition, as a
self-supporting electrode, NF avoids the adverse effects of in-
sulating adhesives, such as sodium phenanthrene, on electro-
catalysis [226,227].

Reactive metal-support interactions (RMSIs) can be used to
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prepare a metal with an oxide carrier in a bimetallic alloy
[228,229]. The presence of precious metal NPs promotes the
removal of surface functional groups and the reduction of the M
component of an MXene; hence, the M in the MXene can form
intermetallic compounds (IMCs) with precious metal NPs
through RMSIs [228,230]. Lin et al. [85] synthesized cubic Pt3Ti
octahedral nanoparticles (Fig. 23(a)) on the surface of an
MXene by in-situ reduction. The PtsTi (111) and PtsTi (100)
surfaces exhibited AGy* values of -0.01 and -0.05 eV, respec-
tively, which are closer to zero than those of Pt (Fig. 23(b)).
Appropriate hydrogen adsorption and fast charge transfer en-
dowed the catalyst with a low overpotential (32.7 mV@10 mA
cm-2) and a small Tafel slope (32.3 mV dec-1) (Figs. 23(c)-(h)).

7.5.2.  Chalcogenide-MXene heterojunctions

As a typical dichalcogenide, the
2H(triangular prism coordination)-MoSz semiconductor is
highly stable toward the HER and can combine with MXenes to
form heterostructures that show high catalytic performance
[231]. DFT calculations revealed that the vanishing p-type
Schottky barriers at the contact interfaces between the MXene
and 2H-MoS: improved substrate conductivity and the hydro-
gen-adsorption capacity of 2H-MoSz, which is the reason for the
observed improvement in HER activity [232,233]. The unsatu-
rated Mo-S bond at the edge of MoS: is the HER active site,
whose AGu is approximately equal to zero [234]. However,
MXenes are easily oxidized under hydrothermal conditions

transition metal
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[235]. To preserve the structure and properties of an MXene,
Qiu et al. [236] used carbon nanospheres to prevent oxygen
from entering the lattice, thereby effectively maintaining the
stability of the MXene; the MoSz/TisC2-MXene@C hybrid exhib-
ited an initial HER potential of only 20 mV (Figs. 24(a)-(f)).
Furthermore, MoS: can be directly generated by annealing the
Mo-based MXene at high temperatures in the presence of sulfur
[237,238]. Seh et al. [238] synthesized Mo02CTx/2H-MoS: by
in-situ vulcanization, which effectively inhibited MXene surface
oxidation. The epitaxial Mo2CTx/2H-MoS: lattice interface en-
sures exceptional HER durability for more than ten days. Stud-
ies have shown that MoS: exhibits faster charge-transfer kinet-
ics and better HER performance when the interlayer spacing is
larger [208,239]. MoS2/TisCz, with a MoS:z layer spacing of 0.94
nm (which is significantly larger than the interlayer distance of
the volume crystal (0.64 nm)), was prepared through micro-
wave synthesis and exhibited a low Tafel slope of 40 mV dec-!
[239]. Doping with heteroatoms alters the electronic structure
of MoSz and promotes water-decomposition kinetics under
alkaline conditions [240,241]. Fan et al. [234] synthesized
Co-MoS2/Mo2CTx, which demonstrated superior HER activity
(710 = 112 mV) and good stability under alkaline conditions. 1T
(octahedral coordination)-phase MoS: is more conductive than
the corresponding 2H-phase, but is less stable toward the HER
[239,242,243]. Therefore, Tao et al. [115] stabilized 1T'(twisted
octahedral coordination)-phase MoS: on a cationically modified
MXene surface, on which the properties of 1T'-MoS2 could be
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Copyright 2019, American Chemical Society.



2078 Xue Bai et al. / Chinese Journal of Catalysis 43 (2022) 2057-2090

-~ 0
o (a) = ](b) ' Onset potential absolute value) o (€) o Mos,Ti.c-MXene@C (1
E - @ % - I Overpotential at /= 10 mA & o o MoS rGO@C (2
< x rj s © MoS foxidized MXena (3) 74 mV dec’
£ 10 /) @ w0 f {;é’ = 03] oPecw
» - @-
g . im & g Mﬂﬁf:
£ .20 — MoS,mi,C-MXene@C (1) = g 0.2
< = MoS /rGO@C (2) 8 200 e 45 mV dec’
£ 257 — M8 joxidized MXene (3) S o @ 01
£ .30 — TL.C, MXene (4) 510 & 3 - %oyg_o,nvoﬂoo&o“ oy
El — PUC (5) o ) 28 mV dec
O 5 ) |& . 0.0
40-09-08-07 06-05-04-03-02-01 0.0 Electrocatalyst 46 03 00 03 06
Potential (V vs. RHE) Log Ijl (mA cm™)
0 20
") e (e
£
- ”' : 20
\ 154
i Py | i z
2 M. g ;
- ] 2104
£ 5 80 H
3 E 100 N
E 5120 54 —=—MoS,/Ti,C MXene@C
g E i == Initial cycle —4— MoS, /rGO@C
3 -10 O 140 = After 2000 cycles 0- —e—MosS /oxidized MXene
0 5 10 15 20 05 04 3 02 01 00 Py »
Time (h) Potential (V vs. RHE) z- (ohm)
(@ .
' B [ 5
== Tij,C, == MoS,
A: vertical B: osculatory
C: epitaxial
(h)
CLEARL AL $¢ ¢ @
D0 € e < »
IR 292555
] N ¢
.;1 WavZaW S 7 g é

<3 Side w3 o o p 0wy

1T’ MoS, 2H MoS,

:E“_k'rl = A
R e ™ L"h ‘-);._“

Fig. 24. (a) Polarization curves. (b) A comparison of the catalysts in onset potential and overpotential at j = 10 mA cm-2. (c) Tafel plots. (d)
time-dependent current density curves at 7 = 130 mV for MoSz/Ti3C2-MXene@C catalyst. (e) Polarization curves after continuous potential sweeps of
2000 cycles. (f) EIS spectra at n = 100 mV. Reprinted with permission from Ref. [236]. Copyright 2017, Wiley-VCH. (g) Schematic diagram of the
MoS.-TisC2 compound. (h) Single-layer polymorph mode of MoS.. (i,k) HRTEM images of the top profile of MoSz-TisCz. (j,I) HRTEM images of epitaxial
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maintained for long times at low temperatures (Fig. 24(g)-(1)).
The hybrid was stable for up to 20 h in the acidic HER process.
The 2D /2D interfacial coupling between amorphous MoSx and
MXene is also beneficial for the HER [244].

Other forms of metallic sulfide have been shown to exhibit
unexpected catalytic activities [114]. Jaroniec et al. [245] com-
pounded NiSz nanoparticles onto a V-based MXene by in-situ
CVD to form a sandwich-shaped heterostructure. Strong elec-
tron coupling between NiSz and MXene inhibited lamellar
stacking and promoted electron transfer, which resulted in the
heterostructure exhibiting good HER activity under alkaline
conditions. A hydrothermal method was used to prepare the
NiSez/Ti3C2Tx hybrid, which was formed by coating octahedral
NiSez nanocrystals with ultrathin MXene nanosheets; the hy-
brid promoted synergistic electrocatalytic water splitting [246].

MoS: and other disulfides are not suitable OER electrocata-
lysts; however, they effectively promote oxygen evolution
when heterojunctions with MXenes are formed [245,247]. Tao
et al. [248] prepared a bifunctional 1T/2H MoSez/MXene
HER/OER electrocatalyst with coexisting 1T and 2H phases. A
current density of 10 mA cm-2 was achieved at 1.64 V and was
maintained for 50 h when used as an alkaline water decompo-
sition electrode. In addition, 1T/2H MoSez/MXene showed

good HER activity (710 = 273 mV) in phosphate bulffer.

7.5.3.  Phosphide-MXene heterojunctions

Metal phosphorus trisulfides (MPS3), such as TMDs, are ma-
terials in which metal layers are enwrapped by both S and P
[249,250]. Yan et al. [250] used the self-assembly method to
synthesize NFPS@MXene nanohybrids by decorating the
MXene surface with Nii-«FexPSs (Fig. 25(a)); the activity of the
catalyst was found to be related to the Ni:Fe ratio.
Nio.7Feo3PSs@MXene showed OER activity (10 = 282 mV),
while NiooFeo1PSs@MXene showed HER activity (nio = 196
mV). High bifunctional HER/OER activities can be achieved
using composite materials comprising metal phos-
phides/selenides and MXenes [251,252]. The CoP/MXene and
Co7Ses/MXene hybrid systems prepared by Yoo et al. [120]
demonstrated efficient HER/OER Kkinetics. In particular,
CoP/MXene showed a low potential (1.56 mV@10 mA cm-2) for
basic overall water splitting. Due to their poor thermodynamic
stabilities, metal sulfides, phosphides, and selenides are con-
verted in situ into amorphous metal oxides/oxyhydroxides
during the OER process (Figs. 25(b)-(d)) [253-255]. Therefore,
the former are considered to be catalyst precursors, while the
latter are the real active OER catalysts [255-257]. In addition to
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metal ions, combining the anions (P, Se) in catalysts with oxy-
gen also affects the OER performance [120].

Vertically distributed CoP nanosheets were prepared on the
surface of an MXene by in-situ phosphating Co-LDH/MXene
[258]. A current density of 10 mA cm-2 was achieved at a bat-
tery voltage of 1.578 V when CoP/TizCz was used to totally
decompose water under alkaline conditions. In addition, hybrid
HER catalysis occurs over the full pH range at low potentials.
Electrons are transferred from TM atoms to the O atoms of
terminal groups when the transition metal phosphide (TMP) is
formed at the MXene interface, which weakens interactions
between the TM atoms and the OER intermediate (HOO*) as
well as those between the O atoms and the HER intermediate
(H*) [259]. Despite the TMP being converted into oxides or
hydroxides during the OER, TisC2@NiCo204+ exhibited much
poorer catalytic HER and OER properties than TizC2@mNiCoP
synthesized by the same method [260].

7.5.4. Carbide/nitride-MXene heterojunctions

While Mo-based carbides exhibit similar catalytic HER per-
formance to that of Pt, they disperse poorly and agglomerate
easily [4,261,262]. Que et al. [135] successfully prepared
P-Mo2C/Ti3sC2@NC by polymerization and annealing, in which
the MXene acts as the conductive substrate and provides
abundant anchorage sites and charge-transport pathways,
while phosphorus-doped Mo2C nanocrystalline dots coated
with porous nitrogen-doped carbon outer layers are the HER
active centers; MXene-based fabrication led to acidic HER
properties (177 mV@10 mA cm-2). Mo can be replaced by Co
(with fewer electrons) to form the CoxMo2-xC bimetallic carbide
(Fig. 26(a)) [263]. The center of the p. band on the Cox-
Mo2-«C/NC carbon surface shifted upward as the number of
electrons transferred from the carbide to the NC decreased,
which lowered the water dissociation barrier; hence, the Cox-
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Mo2-xC/MXene/NC catalyst displayed good HER activity over a
wide pH range (Figs. 26(b)-(e)).

Hybrids between MOFs (and their derivatives) and conduc-
tive MXenes are potential transition-metal electrocatalysts
owing to their high specific surface areas and diverse metal
centers and ligands [264-267]. Luo et al. [266] embedded
100-200 nm CoNi-ZIF-67 nanoparticles into the TizC2Tx inter-
layer using the co-precipitation method, which led to a tenfold
increase in the specific surface area (Sger) of the MXene. The
surface groups of the MXene interact with Co/Ni, increasing the
valence of the metal and significantly enhancing OER activity,
as evidenced by a low onset potential of 275 mV and Tafel
slope of 65.1 mV dec-1. Metal/nitrogen-doped carbon (MNC),
which was prepared from a MOF by calcination at high tem-
perature, inherited the advantages of the MOF and could be
attached to the MXene substrate to avoid aggregation
[2,268,269]. Co0x-N-C/TiO2C prepared by the calcination of
CoZn-ZIF/Ti3C2Tx at 800 °C was a three-function HER, OER, and
ORR electrocatalyst [270]. A cell voltage of only 1.45 V was
required at 10 mA cm-2 to split water when the catalyst acted
as the electrode, which is ascribable to synergy between CoOsx,
TiOz, and graphitic carbon. While the high carbonization tem-
perature ensured high catalytic MNC activity, it irreversibly
damaged the MXene, leading to a prolonged charge- and
mass-transfer pathway. Using the separation pyrolysis method,
Yang et al. [269] prepared Fe-N-C@MZXene by first carbonizing
ZIF-8 at 1100 °C followed by annealing at 350 °C. The catalyst
exhibited superior catalytic ORR activity and cycling stability in
both alkaline and acidic electrolytes, with half-wave potentials
of 0.887 and 0.777 V and restricted diffusion current densities
of 6.3 and 5.7 mA cm-2, respectively, which is attributable to
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N: blue, Mo: green, and Co: purple). DFT-calculated HER free energies
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the low charge-transfer impedance and high ECSA resulting
from coupling between the intact MXene structure and Fe-N-C.

7.5.5.  Oxide-MXene heterojunctions

The processes used to prepare metal nanoparticles have
some disadvantages, such as long aging and reduction times,
and the use of stabilizers and chemical reducing agents
[271,272]. Oxides have been extensively researched as elec-
trocatalysts because they are highly stable at high voltages. Zhu
et al. [273] in-situ synthesized TiOF2 nanospheres approxi-
mately 20 nm in size on an MXene with the same elemental
composition as the MXene surface (Figs. 27(a) and (b)). The
TiOF: increased the layer spacing and prevented the oxidation
of the MXene, thereby improving the HER active-site utilization
rate as well as the activity and stability of the catalyst. Assisted
by solution plasma, He et al. [272] synthesized PtOiPdOb.
NPs@Ti3C2Tx nanosheets that were highly electrocatalytically
active toward both the HER and OER (Fig. 27(c)), with a cur-
rent density of 10 mA cm-2 achieved at only 1.52 V in an alka-
line two-electrode system. HT-PtO.PdOsNPs@TisC2Tx synthe-
sized by the hydrothermal method contained more Pt than that
synthesized by solution plasma; however, the former was less
electrocatalytically active than the latter, which highlights that
strong coupling between the mixed-valence metal oxide and
MXene, rather than Pt, is the key factor for improving catalytic
performance. Zhi et al. [274] prepared Mn304/MXene, the first
heterogeneous non-noble-metal/MXene catalyst for the ORR,
which exhibited the same onset potential as Pt/C under alka-
line conditions (Fig. 27(d)). The poor conductivities and high
diffusion barriers of Ni, Co, and other metal oxide nanomateri-
als can be improved through the use of MXene substrates,
thereby enhancing their OER/ORR activities [118,275].

7.5.6. Hydroxide-MXene heterojunctions

MOOH is regarded to be the most essential active center, to
which other transition-metal-based compounds are ultimately
converted during the OER. Therefore, MOOH NSs/MXenes were
synthesized with the aim of providing excellent electrocatalytic
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properties. For instance, Yan et al. [216] used a hydrothermal
method to prepared the VOOH/TizC2Tx bifunctional HER/OER
electrocatalyst. Strong coupling interactions greatly reduce the
local electron density at the V center, and the abundant meso-
porous structure accelerates mass transfer, resulting in faster
dynamics and enhanced performance. A cell composed of
VOOH/TisC2Tx electrodes delivered a current density of 10 mA
cm-2 at 1.579 V. Li et al. [276] delivered improved OER perfor-
mance by preparing FeOOH NSs/TisCz, which was prepared by
reducing Fe2+ with NaBHs on Ti3Cz. Furthermore, the MOOH
modification (M = Ni, Fe, and V) on the surface of multilayer
V4C3Tx did not damage the internal MXene framework; the
composite required an nio of 275.2 mV for the OER and was
highly durable in alkaline media [277]. Cui et al. [278] uni-
formly deposited FeOOH QDs onto a Ti3C2Tx support by precip-
itating Fe3* with ammonium bicarbonate; the TizC.Tx-FeOOH
hybrid showed very stable but moderate OER activity, with an
n10 of 430 mV in 1 mol/L KOH.

Fe-, Co-, and Ni-based hydroxides, including oxyhydroxide
(MOOH) nanosheets and layered double hydroxides (LDHs),
have been studied for efficient OER use [217]. LDH/MXene
hybrids synthesized by in-situ growth rather than simple mix-
ing not only preserved the excellent redox capacity of the cati-
onic metal hydroxide layer of the LDH but also retained the
high electrical conductivity of the MXene; hence, they have
been widely studied as active OER catalysts [279]. The surface
functional groups of the MXene adsorb and precipitate metal
ions in the presence of urea, thereby promoting vertical LDH
array growth and inhibiting MXene stacking (Fig. 28(a))
[280,281]. Yu et al. [127] synthesized a FeNi-LDH/Ti3Cz nano-
composite by co-precipitating Fe3+ and Ni2* under reflux (Fig.
28(b)). Electrostatic interactions between the metal ions and
functional groups, such as O and F, where approximately 0.09 e
in each NiFe-LDH crystal cell is transferred to Ti3Cz, not only
leads to uniform loading, but also accelerates the Ni2+/Ni3+4+
redox process. Theoretical calculations showed that
high-valence metal ions activate oxidized oxygen ions in the
LDH/MXene system to become electrophilic centers for the
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OER process, thereby increasing activity [280]. The above
compound was subsequently coated on the surface of nickel
foam to produce a new hybrid referred to as
“NiFe-LDH/MXene/NF” [126]. The hybrid accelerated the HER

by facilitating the Volmer step while retaining its original
excellent OER activity. The battery assembled with the dou-
ble-function NiFe-LDH/MXene/NF electrode as both the anode
and cathode needed only 1.75 V to deliver a current density of
500 mA cm-2, which is far superior to that generated by an
alkaline electrolytic cell assembled using (+)RuOz/NF//
Pt/NF(-). More importantly, the electrode was observed to be
highly durable (280 h), since LDH acts as a film that protects
the MXene against oxidation at high potential, thereby ensuring
structural stability and high conductivity [282]. The addition of
a third metal to NiFe-LDH further reduced the OER overpoten-
tial [279,283]. The addition of Ce3+ as an isomorphic Fe3+sub-
stituent not only increased the porosity of the LDH, but also
effectively lowered the NiFe-LDH bandgap, thereby increasing
the rate of the catalytic OER (Fig. 28(c)) [279]. The hybrid TTL
solvothermally prepared by supporting ternary NiFeCo-LDH on
partially oxidized TisC2Tx showed good electrochemical OER
activity (Fig. 28(d)) [283].

LDH was fixed on an MXene surface by electrodepositing a
metal ion electrolyte solution on an MXene working electrode
[119,221]. The ratio of the metal in the LDH was affected by the
Co?* and Ni2+ concentrations [119]. CoNi LDH/Ti3C2Tx-18, with
a Co2+/Ni2* ratio of 1:1, showed the best OER performance,
requiring only 257.4 mV to achieve 100 mA cm-2 in 1 mol/L
NaOH, with a Tafel slope of 68 mV dec-1. Metal ions were oxi-
dized to high valence accompanied by the transfer of
d-electrons to other atoms, which resulted in weaker binding
between the LDH and reaction intermediates, which is advan-
tageous for the OER.

7.5.7. Heterojunctions composed of carbon-based materials and
MXenes

Two-dimensional carbon-based materials, such as carbon
cloth, graphene, and C3Ns, exhibit excellent electrocatalytic

properties and are effective substitutes for noble-metal-based
catalysts [158,284,285]. Both MXenes and graphene are HER
and ORR active; the active sites in the former exist on the base
surface, while they are edge vacancies in the latter [286]. Gra-
phene can be activated by strong interfacial interactions with
MXenes [287]. Ti forms covalent bonds with graphitic carbon
when a single layer of graphite covers TizC to form a sand-
wich-type heterostructure, which results in a semiconduc-
tor-to-metallic change in graphene properties [288]. The addi-
tion of nitrogen atoms to graphene at this time results in the
carbon atoms close to the nitrogen atoms gaining additional
electrons from the MXene, leading to appropriate binding
strengths to HER and ORR intermediates (Figs. 29(a)-(d))
[287]. In particular, G/V2C and G/MozC have ORR and HER
barriers of 0.2 and 1.3 eV, respectively. However, graphene
electrostatically (rather than covalently) bonded to M2CT2 ex-
hibited different catalytic performance to that of G/M2C. For-
tunately, the strengths of the electrostatic interactions and
those involving two graphene layers are comparable, but
stronger than those of the MXene layers, thereby avoiding
MXene layer stacking [289,290]. Gao et al. [291] synthesized
nitrogen-doped carbon nanosheets on MXene using polypyr-
role as both the nitrogen and carbon source. The highly or-
dered carbon nanosheets exhibited high ORR activity, with
graphitic and pyridinic nitrogens accounting for 66.3% and
17.6% of the total nitrogen, respectively, both of which are
active sites for the ORR. The formation of CoNx-G/MXene by the
addition of Co promoted slow hydrogen evolution in alkaline
media [292]. Chen et al. [125] modulated the surface charge of
carbon nitride using Fe metal clusters, which spontaneously
combined with the MXene to form a 2D/2D superlattice heter-
ostructure. Fe-N-C/MXene showed a surface area twice that of
individual Fe-N-C, leading to more exposed active sites, while
interfacial synergy promoted charge transfer, all of which are
favorable for oxygen adsorption.

The ability to inhibit MXene flake accumulation is an obvi-
ous advantage of carbon nanotubes [293]. Because of their
reticulated structures and excellent electrical conductivities,
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Chemistry. (e) Preparation of fabrication of MXene@Pt/SWCNTs. Re-
printed with permission from Ref. [164]. Copyright 2020, WILEY-VCH.
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single-walled carbon nanotubes can be used to bind MXenes to
HER catalysts, which neither inhibits charge transfer nor im-
pedes active-site exposure. Wang et al. [164] used vacu-
um-assisted filtration to construct S-M-1Pt and S-M-5Pt films
from a mixed colloidal suspension containing MXene@Pt and
SWCNTs (Fig. 29(e)). The five-layer S-M-5Pt film exhibited an
n1o value of 17 mV in 0.5 mol/L H2S04, which was stably main-
tained for 800 h during the HER. Array-arranged carbon nano-
tubes can be grown in situ on the surface of an MXene by an-
nealing the organics attached to the MXene, which ensures
strong interactions across heterogeneous interfaces. Melamine
containing a metal cation was first adsorbed onto a negatively
charged MXene and then annealed at high temperature to form
CNTs@MXene [294]. The CNTs act as conductive bridges be-
tween the TisC2Tx layers, shortening the mass- and
charge-transfer pathways, and promoting the alkaline HER (710
=93 mV). In terms of cobalt species, ZIF-67 and dicyandiamide
were converted into cobalt-tipped carbon nanotubes on MXene
[124,295]. Owing to the carbon nanotube coating, the small
cobalt nanoparticle tips were limited in size and did not grow
further. Abundant Co-N/C, carbon nanotube defect sites, and

MXene/CNT synergy resulted in the nanocomposite exhibiting
electrocatalytic ORR and OER activities in an alkaline electro-
lyte. Co-CNT/Ti3C2-60 exhibited a similar half-wave potential
and diffusion-limiting current density to those of commercial
Pt/C in 0.1 mol/L KOH, but the Tafel slope of 63 mV dec-! is
much lower than that of commercial Pt/C [124]. In addition, the
3D hybrid was found to be highly stable and resistant to meth-
anol crossing; hence it is a promising material for practical bat-
tery applications.

7.5.8.  BP-MXene heterojunctions

The anisotropy of puckered orthorhombic black phospho-
rus (BP), as a 2D material, engenders it with bandgap tunability
and a high hole/charge-transfer rate [296,297]; BP was re-
cently reported to catalyze the OER [5]. While few-layer BP
exhibited an onset potential of 1.45 V for the OER in 1 mol/L
KOH, its catalytic efficiency was insufficient at high voltage due
to its poor conductivity [298]. The nature of BP transforms
from semiconductor to metallic only at high pressure (1.7 GPa),
which greatly limits its electrocatalysis applications [299].
BP/graphene coupling has been shown to improve BP conduc-
tivity [300]. Highly conductive MXene was also selected as a BP
substrate, and BPQD/TNS, in which BP quantum dots (BP QDs)
are uniformly dispersed on TiszCz, was synthesized by ultrason-
ication and freeze drying, and was subsequently used for lith-
ium storage (Fig. 30(a)) [301]. Liu et al. [235] prepared an
HER/OER bifunctional electrode by self-assembling BP QDs

- ) TisC2Tx Px
f{m TisCaTx nanosheets P

BB /
P \{-’f&j &h
N0R - e »
S 1) Etching EJ ® ° . :

Sonication and
exfoliation in NMP ‘
BPQDs

a TisAIC2

TisC2Tx- BPQDs

120
b RuO,
&

BP QDs/MXene!
90 MXene
BP QDs

Current Density (mA cm™

@ Prosphoraus @ Tianum @) Carbon

OER in 1.0M KOH

c | HERm1oMKoH] @ 12

. 0.81eV, BP
I e 0.8 —_—

£ 0.59 eV

; -30 0.44 BP'@Ds/MXene Site 1

£ =

= C 5 12H,
2 L 00 e omever TR
% 2] (% BP QDs/MXene Site 2

o 0.4 0176y

= —puc oare

£ -901 L BP QDs/MXene| 0.8

3 F——MXene -101ev

° ——BP QDs 12 Ti,C,T, (MXene)

-120
-1.0 0.8 -0.6 0.4 -0.2 0.0

Potential (V vs. RHE)

Reaction Coordinate

Fig. 30. (a) Synthesis of BPQD/TNS. Reprinted with permission from
Ref. [301]. Copyright 2018, WILEY-VCH. (b,c) HER and OER perfor-
mance of BP QDs/MXene. (d) Computational models for BP, TisC.Tx and
BP QDs/MXene. (e) Diagram showing calculated AG for the HER on
various electrocatalysts. Sites 1 and 2 that correspond to the adsorption
of H* above the BP QDs and near the interface are highlighted in red.
Reprinted with permission from Ref. [235]. Copyright 2018, The Royal
Society of Chemistry.
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onto MXene using van der Waals forces. The BP QDs were
2.5-6.5 nm in size and accounted for 48.2 wt% of the nanohy-
brid. TisC2Tx has a negative AGy* (-1.01 eV) for the HER, while
that of BP is positive (0.81 eV); |AGu*| was observed to de-
creased to 0.59 eV at site 1 and 0.17 eV at site 2 as BP was
loaded into the TisC:Ty, indicative of significantly higher HER
activity (Figs. 30(d) and (e)). Moreover, strong interactions
between water and the hybrid are also indicative of good OER
activity. A current density of 10 mA cm-2 was achieved by the
bifunctional electrode at 1.78 V when water was totally de-
composed in 1 mol/L KOH (Figs. 30(b) and (c)). Electrocataly-
sis data for the MXene-based hybrids are summarized in Tables

Table 2
HER performance data for MXene-based hybrids.

nwo  Tafel slope

Catalyst Electrolyte (mV) (mV dec) Ref.
Ru@B-TizCzTx 0.5mol/L HzS0+  62.9 100 [29]
Pt NCs-MXene 0.5 mol/L H2SOs 40 50.8 [59]
40PtTBA-Ti3CTx 0.5 mol/L H2S04  67.8 69.8  [110]
TBA-TizC2Tx-Pt20 0.5 mol/L H2S04+ 55 65 [111]
Pt/Ti3C2Tx-550 1 mol/L KOH 32.7 323 [85]
TizC.Tx@0.1Pt 0.5mol/L H2S0+ 43 80 [89]
P-Mo2C/TizC2@NC 0.5 mol/L HS04+ 177 573  [135]
MoS2/TizC2-MXene@C 0.5 mol/L H2SOs 135 45 [236]
Mo02CTx/2H-MoS; 0.5 mol/L H,S0. 119 60 [238]
MoS: L TizC.@220 0.5 mol/L H2S0+ 95 40 [239]
MD-Ti3C2/MoSx-100 0.5mol/L H2S0+ 165 41 [244]
MoS2-TisCz 0.5 mol/L H,S0. 98 45 [115]
CoS:@MXene 0.1 mol/LKOH 175 97 [65]
TiOF2@Ti3C2Tx 0.5 mol/L H2S0+ 103 562  [273]
S-M-5Pt 0.5mol/L HzS0s+ 62 78 [164]
Pt0.PdO,NPS@TisC2Tx 0.5 mol/L H,S0s  26.5 39 [272]
CoP/MXene 1mol/LKOH 113 57 [120]
0.5mol/LHS0s 71 57.6
CoP/Ti3C2 MXene 1mol/LPBS 124 968  [258]
1 mol/L KOH 102 68.7
TizC2@mNiCoP 1 mol/L KOH 127 103 [260]
1 mol/L KOH 112 67.1
TizNTx@MOF-CoP 1 mol/L PBS 131 125.6 [66]
0.5 mol/L H2S0+ 129 96.7
0.5 mol/L H.S0+ 81 24
C0031Mo169C/MXene/NC 0.1mol/LPBS 126 46 [263]
1mol/LKOH 75 32
P-Ti02@Ti3C2 1 mol/L KOH 97 48.4 [202]
MX@C 1 mol/L KOH 134 32 [206]
NiSz2/V-MXene 1 mol/L KOH 179 85 [245]
Co-MoSz/Mo2CTx 1 mol/L KOH 112 82 [234]
Ag@N-TizCoTy 1 mol/L KOH 153 1379  [223]
NizP/TisC2Tx/NF 1mol/LKOH 135 86.6  [226]
3D CNTs@TisC2Tx 1mol/LKOH 93 128 [294]
1T/2H MoSez2/MXene 1 mol/L KOH 95 91 [248]
NiSez/Ti3C Ty 2mol/LKOH 200 37.7  [246]
Nio7FeosPSs;@MXene 1 mol/L KOH 282 36,5  [250]
VOOH/Ti3C2Tx 1 mol/L KOH 100 81.8  [216]
NiFe-LDH/MXene/NF 1 mol/L KOH 132 70 [126]
NiFe204/TisCz 0.5mol/LKOH 173 1122 [31]
C0-Co0//TisC2-MXene 1mol/LKOH 45 47 [220]
BP QDs/MXene 1 mol/L KOH 190 83 [235]
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Table 3
OER performance data for MXene-based hybrids.
Catalyst Electrolyte  n1o0 (mV) '{;f\e;];ek;?; Ref.
CONi-ZIF-67@Ti3C.Tx 0.1 mol/LKOH 323 651 [266]
Ti3C2Tx/TiOz/NiFeCo-LDH 0.1 mol/LKOH 320 984  [283]
Pt0.PdOLNPs@Ti3C,Tx 0.1 mol/LKOH 320 78 [272]
C0-Co0/TisC2-MXene 1mol/LKOH 271 47  [220]
NiFe204/TizC2 0.5mol/LKOH 266 736  [31]
FeOOH NSs/TisC: 1mol/LKOH 400 95 [276]
M3;00H@V.4CsTx 1mol/LKOH  275.2 514 [277]
Ti3C2Tx-FeOOH 1 mol/L KOH 430 31.7 [278]
CoFe-LDH/MXene 1mol/LKOH 319 50 [280]
FeCo-LDH/MXene 1 mol/L KOH 268 85 [281]
NiFeCe-LDH/MXene 1 mol/L KOH 260 428 [279]
FeNi-LDH/Ti3C2-MXene 1 mol/L KOH 298 43 [127]
Co-LDH@Ti3CTx 1mol/LKOH 340 82 [282]
CoNi LDH/Ti3C2Tx 1 mol/L KOH — 68 [119]
NiFe LDH/N1oTC/NF 1 mol/L KOH 196 68.4 [221]
II:II‘CCI\‘I’TFe'LDH/ TisCzMXene/ 1\ ol/LKOH 332 60 [30]
VOOH/Ti3C2Tx 1mol/LKOH 238 81.6 [216]
NiFe-LDH/MXene/NF 1mol/LKOH 229 44 [126]
1T/2H MoSez2/MXene 1 mol/L KOH 340 90 [248]
NiooFeo.1PSs@MXene 1 mol/L KOH 196 114 [250]
CoS:@MXene 0.1 mol/LKOH 270 92 [65]
CoP/MXene 1 mol/L KOH 230 50 [120]
CoP/TisC; MXene 1mol/LKOH 280 954 [258]
TizC2@mNiCoP 1 mol/L KOH 237 104 [260]
BP QDs/MXene 1mol/LKOH 360 643  [235]
2-4.

8. Summary and outlook

The numerous surface-active sites, large surface areas, high
conductivities, and other favorable properties of MXenes are
very applicable to electrocatalysis. In this review, we summa-
rize the design principles and synthesis strategies for
MXene-based electrocatalysts and emphasize structure-activity
relationships for the HER, OER, and ORR. While pristine 2D
Mo2CTx and Ti2CTx nanosheets exhibit HER performance with-
out additional modification, to date most MXene HER activities
and all OER/ORR activities have been derived using strategies
that include surface modification, lattice substitution, defect
engineering, morphology control, and heterojunction construc-
tion. Atomic-species and arrangement diversities enable
MXenes to be designed at the atomic level, which provides both
opportunities and challenges. Introducing heteroatoms into an
MXene can adjust its electronic state to ensure that reaction
intermediates are moderately adsorbed. For example, heteroa-
tom doping has led to the syntheses of excellently performing
single-atom catalysts. Heterojunctions constructed with
MXenes as carriers are more likely to show excellent catalytic
activities and stabilities. Coupling between an active phase
(with its own active sites) and a highly conductive MXene re-
duces the surface work function, improves the stability of the
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Table 4
ORR performance data for MXene-based hybrids.
Catalyst Electrolyte W ‘i"";\e;_m) W V?;IZHE) Ref.
Ru/TisCzTx 0.1 mol/LHCIOs+  0.92 0.80 [121]
Pt/TisCzTx 0.1 mol/L HClO4 — 0.847  [302]
Pt/TisCzTx 1 mol/L KOH 0.95 — [224]
MXene/NW-AgosTio1 1 mol/L KOH 0.921 0.782  [225]
Pt NWs/TisCoTx-CNT 0.1 mol/L HCIOs  1.02 0.896  [303]
Pt/CNT-Ti:C2Tx 0.1 mol/LHCI0s  — 0.876  [304]
Pd/TizC2Tx-CNT 0.1 mol/L KOH 1.085 0925  [293]
FeCo-N-d-Ti3C 0.1 mol/L KOH 0.96 0.80 [305]
. 0.1 mol/L HCIO4 — 0.777
Fe-N-C@Ti3C2Tx 0.1 mol/L KOH . 0887 [269]
Fe-N-C/TisC2Tx 0.1 mol/L KOH 1 0.814  [306]
Fe-N-C/TisC2Tx 0.1 mol/LKOH  0.92 084  [125]
FePc/TizC2Tx 0.1 mol/L KOH 0.97 0.89 [307]
g-C3N4/TisCz 0.1mol/LKOH 092 0.79  [105]
ri‘s’gj%%;@; ovwenTs LOmOV/LKOH 087 075  [205]
MXene@PPy-800 0.1 mol/L KOH 0.85 0.710 [291]
Co-CNT/TizC2-60 0.1 mol/L KOH — 0.820 [124]
TisC2/NSCD-600 0.1 mol/L KOH 0.98 0.81 [308]
C0304/NCNT/TisC: 0.1 mol/L KOH — 079  [309]
CoS:@MXene 0.1 mol/LKOH  0.87 0.80 [65]
NiFeMn-N/N-TisCz 0.1 mol/L KOH 0.95 0.84 [310]
N-CoSez/TisC2Tx 0.1 mol/LKOH  0.95 079  [311]
NiC0204/MXene 0.1 mol/L KOH — 070  [118]
Mn304/MXene 0.1 mol/L KOH 0.89 — [274]
NiCoFe-LDH/TisC2 /1 koH 093 078  [30]

MXene/NCNT

MXene, avoids sheet aggregation, and increases the active-site
utilization rate, thereby enhancing electrocatalytic activity.
Unfortunately, no further information on such heterojunction
interfaces, other than their coordination structures, appears to
exist; therefore, the specific role of the interface remains un-
clear.

Despite the existence of various strategies for overcoming
the weaknesses of MXenes, research is still in its early stages.
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First, the metallic properties and stability of an MXene appears
to depend completely on its flake structure, and hot pressing
and acid etching cannot guarantee a controllable structure.
Therefore, the development of efficient and green methods for
the syntheses of materials with controllable structures and
defects is necessary. In addition, more in-situ characterization
studies and theoretical calculations are required to better ex-
plain the electrocatalytic HER/OER/ORR mechanisms. Moreo-
ver, the abundance of variety is the biggest advantage that
MXenes have over other 2D materials; however, only a few
types of MXene have been successfully synthesized and used in
electrocatalysis applications. MXenes based on middle and late
transition metals, which display theoretically superior proper-
ties, have not been synthesized to date, and N-based MXenes
also require further study. In addition, studies into ordered
alloying and disordered solid solutions of MXenes are rare,
with almost no experimental data and only a few theoretical
predictions reported. Machine learning needs to be more fully
used when designing and sorting promising pristine MXenes
prior to experimental work. Overall, MXenes are new 2D mate-
rials with strong electrocatalysis potential; they are expected to
flourish in the electrocatalysis field and even become extended
to other fields if more MXene-based nanocomposites can be
easily fabricated.
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