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MXenes, the new family of two-dimensional (2D) transition metal carbides/nitrides, can serve as the
substrate materials for the catalysts due to the large specific surface area, tunable electronic structures
and thermal stability. The first 2D layered MXene, Ti3C,, was successfully obtained by selective etching of
the A element from the MAX phases using hydrofluoric acid (HF) at room temperature in 2011. In this

review, we summarize the preparation, structure of MXenes and discuss the recent progress in potential
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application of MXenes in catalysis, mainly in CO oxidation and oxygen reduction reaction (ORR), from the
views of both experimental and theoretical investigations. The outlook of the major challenges and future
directions on research of MXenes is also included.
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1. Introduction

In the practical operation of proton exchange membrane fuel
cells (PEMFCs), a little amount of CO contained in the hydrogen fuel
could poison the anode, diminish the catalytic activity of electro-
catalysts, and further cause the electrocatalysts degradation [1].
Therefore, it is necessary to remove the CO containment through
efficient method like the CO oxidation reaction because the CO
impurity could hardly avoid in the process of methanol and alcohol
decomposition [2]. In the cathode of PEMFCs, the poor oxygen
reduction reaction (ORR) catalytic performance in the cathode and
low stability of the ORR electrocatalysts are the main obstacles
for the development of fuel cells [3,4]. In the recent decades, the
Pt/C catalysts showed the highest performance for ORR as the most
active and widely-used electrocatalysts in the large-scale
applications. However, there still remain some challenges for
the Pt/C catalysts due to the scarcity and high cost of platinum and
the corrosion of carbon supports [5,6]. Therefore, searching for the
promising electrocatalysts with high stability, corrosion-resistant
and high catalytic activity for CO oxidation and ORR are of great
practical importance.
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Since the discovery of graphene in 2004 by Novoselov [7], the
two-dimentional (2D) materials have attracted tremendous
interest in recent years due to their unique physical and chemical
properties for the application in material science and catalysis.
Other 2D materials beyond graphene such as black phosphorus
(BP) [8], hexagonal boron nitride (h-BN) [9-11], transition metal
dichalcogenides (TMDs) [12,13], oxides, early transition metal
carbides and/or nitrides (MXenes) [14], etc.,, have also been
prepared. The application of these 2D materials as an excellent
support in the catalysis (such as water splitting [15-17], Li-O,
batteries [18], hydrogen generation [19], hydrogen evolution
reactions (HER) [20] and ORR [21]) has grown rapidly over the
past years due to their unprecedented characteristics, such as
containing the active sites or utilizing as the metal-free catalysts,
possessing high specific surface area [22-24]. Besides, these
materials could also be applied for the electromagnetic
wave shielding [25], electrochemical energy storage [26], negative
permittivity materials [27,28], and so on.

As a young member in the large 2D materials family, MXenes
have attracted extensive attention worldwide due to the similar
configuration to graphene [14,29], their rich surface chemistry,
adjustable electronic structures and thermal stability [22]. The
chemical formula of MXenes is M1 X,T, (n=1-3), in which M
denotes the early transition metal elements, X represents C or/and
N, T is the surface termination groups (usually O, OH and F, etc.).
MXenes could be successfully achieved by selective etching the “A”
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group layer from the MAX phases, where “M” represents early
d transition metals, “A” represents the main groups IIIA and IVA
sp-elements, and “X” represents C or/and N [30], normally using
hydrofluoric acid (HF) or HF containing etchants at room
temperature [31]. Furthermore, because of the active properties
of the bare MXenes surface, the surface functional groups such as
O, OH and F are always terminated on the MXenes depending on
the etching agents and subsequent treatment [14,32,33]. Never-
theless, MXenes are always covered with OH or O groups when
they are kept in water, which indicates that OH or O terminated
groups are more stable, but the high-temperature annealing makes
the OH functional groups convert into O group [34].

Since the first MXene, TisCp, was synthesized in 2011, MXenes
have grown rapidly in the recent few years and more than 20 kinds
of MXenes have been synthesized up to now, including Ti,C, V,C,
Nb,C, Mo,C, (Ti,V),C, (Ti,Nb),C, Ti3Ca, Ti3(C,N),, Zr3Cy, (Ti,V)3Ca,
(Cr,V)ng, (MOzTi)Cz, (CrzTi)Cz, Ti4N3, Nb4C3, TasCs, (Ti,Nb)4C3,
(Nb,Zr)4C3, (Mo,Tiz)C3 [35]. Aside from the single and double
transition metal carbides, numerous two-dimensional transition
metal nitrides (such as Ti4N3) [36] and carbonitrides (such as
Ti3CN) [37] have also been discovered. And there were also many
theoretical investigations for the intrinsic properties of transition
metal nitrides [38-40]. MXenes and their composites could be
widely used for their excellent electrical conductivity and excellent
hydrophilicity as battery materials [34, 41-43], energy storage
materials [35,44,45], and sensors [46-48] in several applications
[49]. In addition, MXenes possess some desirable properties, such
as the tunable surface properties and good mechanical stability
[44], which make them suitable for being used as supports in
the electrocatalysts [50-52], as shown in Fig. 1. Cheng et al. [53]
developed the HER and oxygen evolution reaction (OER)
bifunctional electrocatalysts, which utilized the Cr,CO, supported
Ni as the single atom catalysts (SACs) for the whole water splitting
process and the overpotentials of HER and OER reached 0.16 and
0.46 V, respectively.

Many works have summarized the synthesis, properties, and
potential applications (for example, photothermal conversion,
energy storage, transparent conductors, and environmental
remediation) of MXenes [14,54-56]. However, there were few
investigations paid close attention to the catalytic properties of
MXenes. In this review, we discuss mainly about the experimental
and theoretical researches on MXenes. The summary and outlook

of MXenes are also included. We mainly focus on the electro-
catalytic properties of titanium carbide MXene and molybdenum
carbide MXene because of their low-cost and high activity in ORR
and CO oxidation.

2. The synthesis and crystal structure of MXenes

As noted above, the MXenes can be obtained by chemically and
selectively etching the A elements (such as AlI** or Si**) of the MAX
phases at room temperature. The weakly-bonded A layer with M in
MAX is the prerequisite for the selectively and chemically etching
of A-element layer because the M—A bonds are more active than
the M-X bonds [31]. In experiments, Naguib et al. [31] first
produced the 2D TisC, layer terminated with OH and/or F via the
2 h treatment of the conventional MAX phases in aqueous HF. The
mixture was centrifuged to separate the solids and then the solids
were washed by the deionized water (DI). Consequently, the
loosely packed, stacked particles were obtained and were named
as the multilayer-, or ML-MXene. In order to get the single- or few-
layer MXene, the dimethyl sulphoxide (DMSO) was intercalated
with ML-MXene and then the sonication was performed in water to
form the 2D MXene [57], as shown in Fig. S1 (Supporting
information). However, there also existed some problems for this
method, for example, the synthesis of 2D TisC, layer was more
dependent on the particle size of MAX phase, etching time,
reaction temperature, and the concentration of the HF solution
[58,59]. The XPS experiment [60] identified that the F-functional
group could be substituted by O, so the TizC,0, MXene could
also be achieved. This strategy is suitable for all the Al-containing
MAX phases.

The importance and implications of this synthesis method were
that it opened the door for the direct use or in situ formation of
aqueous HF applied for different sorts of MXenes in experiments.
The etchant HF could be utilized for preparing Ti,CTy, TiNbCTy,
Ti3CN, Ty, TasCsTy [37], NboCTy, VoCTy [61], NbsCsTy, M0,CTy [62],
(NbogTio2)4C3Ty, (NbosZro2)sCsTy [63], Zr3CoTy [64] and Hf3CoTy
[65]. Mo,C was obtained from the Mo,Ga,C phase and the Zr3C,
was synthesized by the Zrs;Al;Cs, in which the synthesized
transition metal carbides had the formula of M,AlsC,.> and
My [AI(Si)]4Chss (M denoted Zr or Hf and n represented 1-3) that
were different from the others that prepared from the MAX phase
[66]. As we know, the prepared transition metal carbides were
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Fig. 1. (a) Schematic of various applications of MXene. Reproduced with permission [49]. Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA. (b) Schematic of chemical
etching process of Ti3AlC,. Copied with permission [31]. Copyright 2011, WILEY-VCH Verlag GmbH & Co. KGaA. (c) The composition elements of MAX phases in the periodic
table. Copied with permission [30]. Copyright 2013, Russian Academy of Sciences and Turpion Ltd.
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often terminated with different sorts of functional groups, such as
O, F or OH, when synthesized by chemical etching. Another proper
synthesis method was using the chemical vapor deposition (CVD)
to take the place of the wet etching [67], and the remarkable
characteristic of this approach was that the preparing process was
purer and the obtained 2D MXenes were unterminated [68].

Besides, Halim et al. [69] reported the ammonium bifluoride,
NH4HF,, as a new kind of etchants, to replace the HF solution for a
milder reaction conditions. The c lattice parameter of the new
etchant produced films was 25% higher than that of the HF-etching
films, which was ascribed to the intercalated NH; and NH** species.
The prominent advantage of this method was that the NH4HF, was a
milder etchant, and it was less hazardous than HF, which leaded to
the concomitant intercalation of cations during the whole synthesis
process. Afterwards, Ghidiu et al. [43] proposed the LiF and HCl
mixed solution as a substitute for HF solution to dissolve the TizAlC,
powders, then heated the content at 40 °C for 45 h, finally washed
the sediment to obtain the product. The main advantages of this
synthesis method were that the whole etching process was safer,
easier, and much faster. Besides, the obtained flakes with large
lateral dimensions did not observe the defects in nanometre-
size, which reflected the milder nature of LiF + HCl etchant than
aqueous HF. Besides, some other fluoride salts, like NaF, KF, CsF,
(CH3CH,CH,CH,)4NF~ and CaF, could mix with HCl to replace the
HF. Using the H,SO, instead of HCl is also an efficient method to
produce MXenes, which shows similar etching behaviors. This
synthesis approach could be applied to prepare various kinds of
MXenes, including Mo,CTy [62], NbyCTy, TinCTy [43], Mo,TiC,T,,
CrzTiCZTX, MOzTi2C3TX [70] and (NbO.g,ZTOV2)4C3TX [63]

3. MXenes for catalysis

MXenes have been applied for the catalysis, especially in CO
oxidation and ORR.

3.1. MXenes as catalysts for CO oxidation

For CO oxidation, MXenes may be the promising candidates to
composite with single metal atoms, metal clusters, or metal

(b)

monolayers to regulate the catalytic activity of the electrocatalysts
due to their excellent chemical and physical performances. For
example, the Mo,CO, monolayer has been applied as the
thermoelectric materials [71], topological insulators [72], energy
storage devices [73], catalysts [74] and so on. Besides, Mo,CO,
could be synthesized by relatively cheap methods and with high
efficiency [73]. Herein, we mainly discuss the catalytic perfor-
mance of Mo,CO, monolayer in CO oxidation only from the
perspective of theoretical aspects because there have been rare
experimental investigations in this field. And there are three main
types of catalytic mechanisms for CO oxidation, i.e., the Eley-Rideal
(ER) mechanism, the Langmuir-Hinshelwood (LH) mechanism,
and tri-molecular Eley-Rideal (TER) mechanism. For the traditional
ER mechanism, one physisorbed CO molecule approaches the
pre-adsorbed O, molecule to form the COs3; intermediate which
dissociates later. For the LH mechanism, the CO and O, molecules
coadsorb on the catalyst before the reaction, and then form the
00CO intermediate, which finally dissociates with the formation
of the CO, product. And the TER mechanism describes that one
0O, molecule can be activated by two CO molecules together.
There have been rare experimental researches studied the CO
oxidation in the recent years. For the theoretical investigations of
CO oxidation, Cheng et al. [1] demonstrated that the Mo,CO,
MXene could serve as an excellent substrate material of the SACs,
as shown in Fig. 2. The CO oxidation on the Pd SAC supported on
the defective Mo,CO, monolayer with an oxygen vacancy (Pd/O,-
Mo,CO,) preferred to occur along the TER mechanism and the
energy barrier was 0.49 eV. The CO oxidation catalytic activity of
Pd/O,-Mo0,CO, was better than that of the Pd(111) [75] catalyst and
approached to that of the Pt(111) [76] catalyst at low CO coverage.
Then the authors proceeded to solve the CO poisoning problems
and the stability problems of the commercial Pt/C catalysts. The
study investigated by Cheng et al. [77] demonstrated that the small
Cus clusters supported on the Mo,CO, substrate possessed good
stability and high catalytic activity for CO oxidation, in which the
Cus cluster acted as an electron reservoir to regulate the gaining
and losing of electrons, thus promoted the entire reaction, as seen
in Fig. 3. The rate-limiting energy barrier was 0.72 eV, which was
lower than those of Pt(111) (1.05 eV) [78], Pd(111) (0.93 eV) [79]
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Fig. 2. (a) The top and side views of Mo,CO, monolayer. (b) The catalytic mechanism of CO oxidation on Pd/O,-Mo,CO, monolayer along TER pathway. (c) The schematic
illustration of CO oxidation reaction process via TER pathway. (d) Partial density of states (PDOS) of the adsorbed O, and CO molecules on the Pd/O,-Mo,CO,, and the front
view of LUMO of the free O, molecule and the HOMO of two CO molecules on Pd/O,-Mo,CO,. Copied with permission [1]. Copyright 2018, the Royal Society of Chemistry.
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Fig. 3. (a) The schematic of Cus active site of Cus/d-Mo,CO, acting as an electron
reservoir mediates the CO oxidation reaction process. (b) The reaction pathways
(side views) for CO oxidation on Cus/d-Mo,CO, via the mLH, bLH and tLH
mechanisms. Copied with permission [77]. Copyright 2018, American Chemical
Society.

and Pd(110) (0.78 eV) [79], indicating the higher reaction activity.
Further, the authors continued to explore the common nature of
the catalytic materials based on the former investigation [1] and
provided a useful guide for fabricating efficient SACs based on
MXenes. The eleven metal atoms from VIII~IIB groups were doped
in the Mo,CO,_s monolayer to form the SACs and three criterias
were proposed to screen their stability, anti-oxidation properties,
and resistance properties of CO poisoning at low temperature. It
was concluded that the Zn-doped Mo0,CO,_s is a promising SAC
candidate for CO oxidation, which may occur along the ER
mechanism with the energy barrier of 0.15 eV [80]. The reaction
barrier of Zn-doped Mo,CO,_s was much lower than those of the
Pt(111) catalyst (1.05 eV) [78], and Pd(111) catalyst (0.93 eV) [79],
indicating the higher catalytic performance of Zn-doped Mo,CO-_s.
In addition, the authors [81] also found that the composite with the
Ag monolayer supported on Mo,C MXene not only possessed high
ORR activity, but also exhibited high resistance for CO poisoning.
The large surface electron perturbations caused by the strong
metal-support interactions and the moderate binding strength of
CO could accelerate the speed of CO oxidation at higher CO
concentration, thus purified the hydrogen fuel. Besides, the CO
oxidation occurred on the Ti anchored Ti,CO, MXene (Ti/Ti,CO,)
also exhibited outstanding performance along the ER mechanism
as that investigated by Zhang et al. [33]. The reaction barrier of CO
was 0.25 eV, which was lower than that of Pt/FeOy [82], exhibiting
the high catalytic activity for Ti/Ti,CO, in low-temperature CO
oxidation, as shown in Fig. S2 (Supporting information). Therefore,
the MXenes can serve as the support with outstanding catalytic
performance for CO oxidation for the single atom, single cluster or
the monolayer of transition metals.

3.2. MXenes as catalysts for ORR

Developing the stable cathode catalysts with exceedingly high
electrocatalytic ORR activity and durability has proven to be a
major challenge. Recently, Wang and coworkers [83] reported the
carbon supported Pt(111) catalyst under peptide assistance with
enhanced activity and stability, in which the mass activity and
specific activity were about two times greater than that of the

commercial Pt/C catalysts, but the durability is still poor because of
the weak Pt-C interaction. Thus, searching for efficient corrosion-
resistant supporting materials of the electrocatalysts suitable for
both the acid and alkaline media is greatly desired. Generally, there
are two possible reaction pathways for ORR: The dissociation
mechanism and association mechanism. For the dissociation
mechanism, the adsorbed O, molecule dissociates into two
separated O* species. For the association mechanism, the adsorbed
0, is hydrogenated with one proton and an electron to form the
OOH* species.

Lin et al. [84] found that the freestanding ultrathin 2D TisC,
nanosheets with the thickness of 0.5-2.0 nm exhibited outstand-
ing ORR activity and stability in the alkaline condition in
experiments. The much more positive ORR onset potential
of ~0.85 V compared with the reversible hydrogen electrode
(RHE) and the current density of 2.3 mA/cm? suggested the high
ORR catalytic efficiency of the as-prepared ultrathin TisC, nano-
sheets (noted as SLTi3C;) as the ORR catalyst. And the Tafel slope of
SLTi3C, was 64 mV/dec in 0.1 mol/L KOH, which was close to that of
the commercial Pt/C catalysts as 74 mV/dec [85]. When MXenes
hybridized with other dopants, their ORR activity may be
enhanced. For example, Xie et al. [86] experimentally demonstrat-
ed that the Pt nanoparticles and TisC,T, hybrid presented the
improved durability and enhanced ORR activity compared with
the traditional Pt/C catalysts. The initial half-wave potentials of
Pt/TizC,X; was 0.847 V at 1600 rpm in O,-saturated 0.1 mol/L
HClIO4, which was higher than that of the traditional Pt/C catalysts
of 0.834 V [86], indicating that the ORR catalytic efficiency of
Pt/TizsC,X, was higher than that of Pt/C catalysts. Wen et al. [87]
reported a FeNC/MXene hybrid nanosheets whose electrocatalytic
performance and durability were excellent with the half-wave
potential of 25 mV higher than the commercial Pt/C catalyst and
the 2.6% decay after a 2000 s continuous test. And the FeNC/MXene
catalysts exhibited the ORR catalytic efficiency of a 25 mV higher
half-wave potential (0.814 V versus RHE) than the Pt/C catalysts
[87], as shown in the Fig. S3 (Supporting information). Chen et al.
[88] reported that the half-wave potential of Co-CNT/Ti3C, was
0.82 V and the diffusion-limiting current density was 5.55 mA/cm?,
which was comparable to the Pt/C catalysts [88] with the half-
wave potential of 0.82 V and the diffusion-limiting current density
of 5.30 mA/cm?, suggesting the high catalytic efficiency of Co-CNT/
TizC; as the ORR electrocatalysts. Yang et al. [89] demonstrated that
the hybrid catalyst of multiwall carbon nanotubes (MWCNTs)
decorated with MoS, quantum dots (MoS, QDs) and TizC,Ty QDs
(denoted as MoS,QDs@Ti3C,TyQDs@MWCNTs) possessed the
outstanding ORR catalytic efficiency that the measured Tafel slope
of MoS,QDs@Ti3CoTyQDs@MWCNTs catalyst reached 90 mV/dec
and the half-wave potential reached 0.75 V, which was comparable
to that of commercial Pt/C catalyst [89] with the Tafel slope of
89 mV/dec and the half-wave potential of 0.80 V. Zhang et al. [90]
successfully synthesized the composite of MXene and Ag nano-
particles and the hybrid system exhibited excellent ORR activity
and conductivity along the four-electron transfer process. The
MXene/NW-Agg oTig catalyst showed the high catalytic efficiency
that the onset potential and the half-wave potential at 1600 rpm
were 0.921 V (RHE) and 0.782 V (RHE), which were more positive
than that of the traditional Ag/C catalyst with the onset potential of
0.571 V and the half-wave potential of 0.56 V [91]. Aside from
the nanoparticles, other promising substitutes for platinum, such
as g-C3N4 [92], Mn30,4 [93] and FeN, moiety [94], have been
utilized to composite with MXenes to modulate the conductivity,
stability, and ORR activity.

Although the experimental researches have investigated lots of
MXene-based hybrid catalysts for ORR, the interactions between
the MXene substrate and the supporting materials are still not
clear, which calls for the continues theoretical studies.
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Fig. 4. (a) The top and side views of the pristine Mo,C and Au monolayer supported Mo,C (Auy; /Mo,C). (b) Free-energy diagram for the ORR along the reduction pathway to
0* + H,0 on Auyy /Mo, C at zero electrode potential in acidic medium. (c) The proposed possible reaction pathways for the ORR on Auy; /Mo,C. Copied with permission [98].

Copyright 2018, IOP Publishing Ltd.

In the theoretical investigations, the bare MXene and the
MXene composites show excellent ORR performance for targeted
applications, which elucidates the nature of electronic interactions
and the exceptionally high catalytic activities. Yang et al. [95]
reported that the Ti,CO, possessed the lowest ORR/OER/TOT
overpotential (TOT potential meant the sum of ORR and OER
potentials) among the non-, O-, F-, OH- terminated Ti,C MXenes,
in which the ORR overpotential was 0.10 eV and the OER
overpotential was 0.16 eV, suggesting the best catalytic activity
for Li-O, batteries. Therefore, Ti,CO, showed better ORR and OER
catalytic activity than that of the TiC bulk materials, in which the
ORR overpotential was 0.69 V and OER overpotential was 1.19 V
[96,97]. The MXenes with various dopants also showed excellent
performance for ORR. Liu et al. [4] investigated the ORR activities of
Tin+1CnTx (n = 1-3, T=0 or F) and the Pt/v-Ti,.1C,Ty using the first-
principles calculations. The geometries, Bader charges, and the
PDOS results manifested that the bonding strength between Ti,C
MXene and the terminated F functional groups was weaker than
that between Ti,C MXene and the O functional groups, suggesting
the better ORR performance but low stability of Ti,CF,. Cheng et al.
[98] comprehensively investigated the ORR performance of Cu, Pd,
Pt, Ag and Au monolayers decorated Mo,C MXene using the
density functional theory (DFT) calculations and concluded that
the Auy/Mo,C displayed the best ORR performance, which was
comparable or even better than the Pt(111) [99] and Pt(100) [100],
as shown in Fig. 4. The outstanding ORR performance along
4-electron process was attributed to the protective layer of Aupy

for the antioxidation of Mo,C substrate and the strong metal-
support interactions between Auy; and Mo,C support, which
induced the slightly weaker adsorption strength of gas molecules
on Auyy/Mo,C. Moreover, the DFT simulations investigated by
Zhou et al. [101] revealed that the V,C and Mo,C MXene hybridized
with the graphitic sheets showed the outstanding ORR and HER
performances. The ORR overpotential of G/V,C was 0.36 V and
its kinetic barrier was 0.2 eV, in which the ORR overpotential of
G/V,C was much lower than that of freestanding N-doped
graphene (1.24 V), and even could be an excellent substitute for
the benchmark Pt catalyst (0.45 V) [102]. The AGy- of G/V,C
approached to zero and its Tafel reaction barrier was close to 1.3 eV,
which was attributed to the strong electronic coupling between
the MXene and the hybridized graphitic sheet.

4. Summary and outlook

Since the first MXene, TisC,, was synthesized in 2011 by
selectively etching the Al element from the TizAlC, with
hydrofluoric acid, some other MXene members in the big family
have been explored to investigate their catalytic properties. In this
review, the composition, synthesis methods, and the electro-
catalysis properties of different kinds of MXenes have been briefly
introduced, and we mainly discussed the titanium carbide and
molybdenum carbide MXene-based materials used as the catalysts
for ORR and CO oxidation. MXenes can serve as the excellent
substrate materials to support metal atoms and nanoparticles. This
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review gave a preliminary outline on how to regulate the ORR and
CO oxidation performance of the MXenes by compositing with
metal atoms, metal nanoparticles, metal monolayer or some other
2D materials. The key obstacle of designing the suitable electro-
catalysts is that the reaction rate of the crucial reactions has still
not emerged a thorough improvement. Some investigations could
focus on the ORR and CO oxidation reaction performance of the
double transition metal MXenes (M;M,C,Ty) and their composites
with other 2D nanomaterials, which may be a trend for the future
research. Finally, the theoretical studies could be boomingly
developed by screening well-performance materials using the high
throughput first-principles calculations.
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