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As an extremely promising new class of materials, MXenes (two-
dimensional layered materials) have attracted much interest and become
a research hotspot in many fields. Owing to the typical layered structure,
excellent electronic performance, it can be used as co-catalysts to
recombine other photocatalytic materials to enhance the separation of
photo-generated charges, inhibit the rapid recombination of charges, and
finally convert solar energy into chemical energy. MXenes, which
exhibit extraordinary catalytic activity in photocatalytic reactions, are
increasingly being widely used as co-catalysts. This article summarizes
and discusses two photocatalytic reactions with MXenes as co-catalysts,
the dehydrogenation reaction (HER) and the CO, reduction reaction
(CO;RR), as well as their physical and chemical properties, preparation
and synthesis methods, and the latest research progress. Summarized
related applications and photocatalysis principles. Finally, the prospects
and expectations of MXenes in photocatalytic applications are presented.
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INTRODUCTION

of photocatalysis by improving these steps.

Nowadays, resource shortage has become the
biggest problem facing human beings. Developing
clean energy to replace traditional fossil fuels has
become a top priority."* Solar energy is an
inexhaustible and inexhaustible clean energy.
Converting solar energy into chemical energy by
using photocatalytic technology is considered as a
wise and appropriate choice to solve the global
energy shortage.” ® The conversion of solar energy
is a complex physical and chemical process that
generally involves three links: (I) light energy
absorption, (II) photo-generated charge separation
and transfer, (III) interface reaction.” It is now
generally possible to improve the overall efficiency

* Corresponding author: fjzhang@ahjzu.edu.cn

Photocatalysts play a crucial role in photocatalytic
hydrolysis of hydrogen production and carbon
dioxide reduction.*'® Conventional photocatalysts,
such as TiOz,“_15 g—C3N416_18 and other
photocatalysts, exhibit low conversion efficiency
due to rapid charge recombination.'* " Therefore,
it is necessary to find a co-catalyst to inhibit charge
recombination and enhance separation ability.

As a new type of two-dimensional layered
materials, MXenes are promising co-catalysts.
They are carbide or nitride of the pre-transition
metal with the molecular formula M, X,, where
M is the pre-transition metal, X is carbon or
nitrogen, n=1, 2 or 3, and its shape is accordion-
like* ™ To emphasize its similar structure to
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graphene, it is called MXenes. In 2011, Naguib
et al.” used hydrofluoric acid (HF) to selectively
etch the Al metal layer in Ti3AlC, and then peel off
to obtain two-dimensional layered Ti;C,, which is
also the first report on MXenes. After that,
different MXenes systems have been synthesized
successively, including Ti,C,** TasCs,” Ti;CN,*
Nb,C,” NbyC3,”* Mo,C,” Mo,TiCs,” Mo, Ti,Cs,”
Cr,TiC,™ and so on. Due to the reason of synthesis
method and super high surface activity, the surface
of MXenes synthesized at present is covered by
functional groups such as -O, -OH and -F (the
molecular formula is M, X,Tx, and T is the
terminal functional group). It has many superior
properties including adjustability of element
composition and structure, metal properties,
anisotropy of carrier migration, good optical and
mechanical properties, etc., so this material is
expected to play a key role in the field of
photocatalysis.*

It is noteworthy that MXenes are a young and
large family that can be used in green chemistry
fields, such as photocatalytic hydrogen production
and carbon dioxide reduction.** Since Naguib et al.
reported this new type of two-dimensional
transition metal carbide in 2011, it has attracted
great attention from the scientific community. To
date, there are more than 70 members of the
MXenes family. It uses ternary ceramic phase
MAX as precursor and selectively etches A layer
by high concentration of hydrofluoric acid to
obtain MXene material.’*® Because MXene
materials have many excellent properties, such as
its unique anisotropic structure in the plane, good
metallicity and hydrophilicity, it has attracted the
interest of many researchers in recent years.”’=* In
this review, the structure, physical and chemical
properties, preparation methods and progress in
photocatalytic applications of two-dimensional
MXenes will be introduced to further understand
and understand MXenes materials.

STRUCTURE
AND PROPERTIES OF MXenes

1. Structure of MXenes

MXenes are an emerging 2D material
containing transition metal carbides and nitrides
exfoliated from MAX phase precursors (M 1A X )
(M = Mo, Ti, Zr, Cr; A=Al Ga, Ge, Si; X=C, N;
n = 1-3); the structure and composition of MXenes

are determined by the crystalline structure of
MAX. ¥4 Typically, according to the n=1-3 range,
the MAX phase is divided into three different
types, including 211, 312, and 413, as shown in the
figure. It can be observed that the crystal units are
arranged in a hexagonal structure, and the space
point group belongs to P63 /mmc, in which the M-
layer atoms and A-layer atoms are arranged
alternately, while the X-atoms are filled in the void
positions of the octahedron; while the MAX phase
contains metal bonds, covalent bonds and ionic
bonds.* The M-X bond is a covalent/metal/ion
bond hybrid bond, and the bonds formed by the A
layer atoms are relatively weak and easy to react,
so the A layer atoms can be removed to obtain
MXenes. As shown in Figure 1,*' the crystal
structure of MXenes is usually hexagonal close-
packed (HCP). However, the M atom in M,X
shows the HCP sequence (ABABAB), while M;X,
and M;X; show the face-centered cubic (FCC)
sequence (ABCABC).

Fig. 1 — Structure diagram of MAX phase
and corresponding MXene.?!

In 2011, Naguib et al. innovatively used a high
concentration of hydrofluoric acid (HF) solution to
selectively etch Ti;AlC, ceramics. Hydrofluoric
acid, as an etchant, can selectively etch the Al layer
so that the Ti-Al bond is broken without breaking
the Ti-C bond, thus forming a two-dimensional
Ti3C,Tx (T stands for the surface groups -OH, -F
and -0, etc.). Because MXenes are synthesized by
etching with strong acids (e.g., hydrofluoric acid),
their surfaces are usually connected with various
terminal functional groups (e.g., OH, O, and F). It
is worth noting that the synthesis conditions used
determine the distribution of these functional
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groups on their surfaces, such as etchant, pH and
temperature. They used the same experimental
method and also successfully prepared more
MXenes materials such as Ti,C and TasC;. At
present, more than 70 kinds of MXenes can be
calculated.”” Among them, 19 kinds of MXenes
materials have been successfully synthesized, and
other potential MXenes materials have been
predicted by theoretical calculation.

2. Nature

2.1. Stability of MXenes

The thermal stability of materials is of great
significance for practical applications. Materials
with stable performance will have a wider
application field and a longer life of materials.
Enyashin at al® compared Ti,C with Ti;C, and the
types terminated by OCHj3 groups, and found that
the stability and lattice parameters mainly
depended on the types covered by OCH;.
Methoxide coordination with the tetrahedron of O
atom above the vacancy between three adjacent
carbon atoms is the most favorable, indicating that
the end group has a certain influence on stability.
Researchers obtained that the lattice energy of
MXenes was negative by first-principles analysis,
which indicated that MXenes could exist stably at
room temperature and pressure. Comparing the
stability of Ti+C, with that of Ti,+N,, it was
found that the stability of Tiy+C, increased with
the increase of n value. And the formation energy
of MXenes decreases with the increase of n value.
Compared with Ti,+N,, the formation energy of
Tiy1Cy is lower, which indicates that the stability
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of carbon-containing MXenes are better than that
of nitrogen-containing MXenes. The results of
thermogravimetric  analysis and  differential
scanning calorimetry showed that Ti;C,Tx
remained stable at 800°C under argon protection.

2.2 Mechanical properties of MXenes

Compared with typical transition metal
carbides, the elastic modulus of monolayer
Ti3C,(OH), is about 300 GPa by theoretical
calculation results, the two are similar, smaller than
the elastic modulus of graphene, but its elastic
modulus is higher than that of most oxides and
layered clays. MXenes obtained by etching with
lithium salts and hydrochloric acid solutions can
exhibit the properties of conductive clays. The
MXenes films prepared by mixing clay groups
with water and rolling have good properties. This
kind of conductive film has good flexibility,
foldable bending, and certain strength, and can
maintain the integrity of the structure after
repeated treatment.

2.3 Other characteristics

MXenes are obtained by etching in MAX
phase, which also inherits many excellent
properties of MAX phase. Theoretically, the
overlayed MXenes have a large surface area, and
their adsorption and hydrogen storage properties
are much better than those of the original phase.
Strong adsorption and hydrogen storage properties
can have great application potential in
environmental pollution. Other features of MXenes
can be seen in Figure 2.

Properties
i Thermal property
s Optical absorption
st Carrier anisotropic mability
#* Young’s modulus and elasticity
s Tunable band gap

# Metallic conductivity

Fig. 2 — Other features of MXene.
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PREPARATION OF MXENES MATERIALS

1. General preparation method
of fluorine-containing etching

According to Naguib's study, the synthesis
process of thin-layer MXenes is mainly divided
into two steps what we can see from Figure 3* and
Figure 4:* the first step is to put the MAX phase
powder in a certain concentration of HF solution
and stir for a certain time, break the M-A bond,
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etch the A layer, thus forming a multilayer
MXenes. The second step is to use polar organic
molecule intercalators (e.g. dimethyl sulfoxide,
isopropylamine, efc.) to stretch the interlayer of the
multilayer MXenes so that the interlayer spacing
becomes larger. The multilayer MXenes are made
into monolayer or thin layer MXenes by liquid-
phase ultrasonic peeling method, which can
effectively improve the specific surface area and
effective active area of MXenes materials. The
preparation process is shown in the Figure.

MX,T,

MXene Single layer MXene

‘Emﬂumx

9 &

Fig. 3 — Configuration diagram of M3AX,, M;3X, and M3X, T,
and flow chart of mxene prepared by hydrofluoric acid etching®.

MAX phases are layered ternary
carbides, nitrides, and carbonitrides
consisting of “M*", “A", and “X" layers

MAX phase

A N

MXene sheets

Selective HF etching of the “A”
layers from the MAX phase

Physically separated 2-D MXene
sheets after sonication

Fig. 4 — (a) Schematic diagram of MXene preparation; (b) SEM diagram of MXene;
(c) TEM diagram of MXene; (d) TEM diagram of MXene®.
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Fig. 5 — Flow chart of preparing 2D Ti,N; material*.

Naguib et al. continued their research and found
that in addition to HF, a mixture of strong acids and
fluorine-containing salts could also be used to etch
the MAX phase to produce MXenes materials. HCIl
and LiF can react, generate HF in situ and selectively
etch A layer atoms, indicating that the presence of
protons and fluoride ions is necessary for etching
MAX phase to form MXenes materials. Metal
halides (e.g., Li") can enter the interlayer of MXenes
materials to increase the interlayer spacing and
weaken the interaction between them. The peeling
process requires no addition of other substances and
is directly ultrasonic.

The above two methods are very effective in
treating common MAX phases and preparing them
into MXenes materials, but they can not achieve
good etching effect for some special MAX phases,
such as MAX phases composed of different
elements, transition metal nitrides, etc. Because of
the differences in bonding between elements and
their own stability in each compound, certain
special MAX phases need to be treated in different
ways. For example, Urbankowski ef al.** proposed
a new method to prepare two-dimensional TisN;
materials by melting and heat treatment of Ti4AIN;
with fluorine-containing salts. As shown in Figure
5, a fluorine salt mixture composed of KF, LiF and
NaF was used, and then mixed with Ti;AIN; to
remove Al from Ti;AIN; precursor under an argon
atmosphere of 550°C to obtain nanopowders.

2. Other methods

Nowadays, the commonly used methods to
prepare monolayers are mainly using hydrofluoric
acid or fluorine-containing materials for etching and
ultrasonic peeling. However, fluorine-based etchants
are highly corrosive, toxic and dangerous to operate,
which limits the practical application of this material.
Therefore, it is of great significance to find a simple,
safe and operable fluorine-free method to prepare

monolayer MXenes materials. As shown in Figure 6,
Gogotsi et al'  prepared high-quality two-
dimensional ultrathin a-Mo,C crystals by chemical
vapor deposition, which were only a few nanometers
thick and over 100 um in size, and were quite stable
at room temperature. In addition, this method has
general applicability, and WC and TaC crystals can
be prepared by the same method.

Shein et al.*® proposed an efficient, fluorine-
free electrochemical method to strip TizC,. As the
Figure 7 shows , chloride ions can rapidly etch Al
to break the Ti-Al bond in this system. NH,OH
plays a crucial role for the subsequent
intercalation, which can promote the etching of the
surface layer. The anode (Ti;AlC;) can be
completely etched in a short time (5 h) at room
temperature. The yield of peeled monolayer or
bilayer is over 90%, and the average size is over 2
um, which is larger than the size etched with
traditional HF. The resulting peeled Ti;CTy
nanosheet terminals do not contain F due to the
absence of F etching.

Li et al”’ synthesized MXenes materials by
molten salt method in 2019, this method is a
general method for synthesizing a series of
MXenes based on Zn MAX phase and Cl sealing
end through the replacement reaction between
MAX phase and transition metal halides. This
method is a top-down method that allows a later
transition element atom (Zn in the current
example) to occupy the A position in the largest
phase structure previously existing. Novel MAX
phase Ti;ZnC,, Ti,ZnC, TipZnN and V,ZnC were
synthesized using this displacement reaction
between the Zn element of molten ZnCl, and Al
element in MAX phase precursors (Ti;AlC,,
Ti,AlIC, Ti,AIN and V,AIC). When an excessive
amount of ZnCl, is used, Ti3ZnC, and Ti,ZnC will
subsequently are produced due to the strong Lewis
acidity of molten ZnCl,, thereby generating ClI-
terminated MXenes (such as Ti;C,Cl, and
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Ti,CCl,). This is the first time that only CI- acidity provides a green and feasible way to
terminated MXenes have been obtained. The prepare MXenes without HF chemical method.
etching effect of molten salt due to strong Lewis

a 2
Mo,C nuclei on Cu

Methane flow + heat

Copper foil

Molybdenum foil

OCU 0M0 CC eH

A I LI LT
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Fig. 6 — 2D carbide crystals produced by chemical vapor deposition. (a) Schematic diagram of synthesis process. Molybdenum dissolves in

molten copper above 1085 °© C. when Mo atom reacts with carbon atom produced by CH4 decomposition on the molten surface, a perfect o -

Mo,C crystal can be grown (as shown in the figure). (b) Single layer Mo,C (top) and 3 nanometer thick a - Mo,C crystal (bottom). (c)

Optical micrographs of tungsten carbide crystals grown on copper / tungsten foil double layers by chemical vapor deposition. Scale, 10 p M.
(d) High resolution transmission electron micrograph shows the ordered crystal structure of WC crystal. Scale, 2 nm.*’

Fig. 7 — Calculated valence electron densities of the largest phases Ti,AIC and Ti,AIN.
The non-equivalent Ti atoms (Til and Ti2) are marked.*®



Two-dimensional layered materials 1085

APPLICATION OF MXENES MATERIALS
IN PHOTOCATALYSIS

1. Photocatalytic Hydrogen Production
by MXenes Materials

MXenes are used as cocatalysts to attract
photogenerated electrons, which provides a new idea
for preparing a catalyst that can efficiently convert
sunlight. Photogenerated electrons are transferred to
MXenes cocatalyst to participate in the reduction
reaction. In this case, MXene not only effectively
inhibits the recombination of electrons and holes, but
also  provides active sites for  redox
reactions.Similarly, the photocatalyst containing
MXenes has excellent performance, which is
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expected to replace precious metals and reduce the
cost. It provides a new way for the development and
application of efficient photocatalysts.

Zhang et al® prepared MoS,/Ti;C, catalysts
with  unique spherical/flake  structure by
hydrothermal method. The maximum hydrogen
production of 30% Ti;C, loaded MoS,/Ti;C,
heterostructure was 6144.7 mmol g'h™', which was
2.3 times that of pure MoS,. The heterostructure
maintained high catalytic activity for four cycles.
The heterostructure can effectively reduce the
recombination of photogenerated electrons and
holes by using its special conduction and valence
band positions, and provide more activation
reaction sites, thus greatly improving the
photocatalytic performance.
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Fig. 8 — (a) effect of surface area of cocatalyst on photocatalytic activity. The error line is defined as S.D.
(b) The effect of the ratio of F to O atoms on the photocatalytic activity of cocatalyst. The error line is defined as S.D. (c) Charge
separation and transfer in CdS / Ti3C, system under visible light irradiation. Red and blue spheres represent photoelectrons and holes,
respectively. (d) The proposed mechanism of photocatalytic H, production in CdS / Ti;C, system under visible light irradiation. The
green ball indicates H'. White, gray, red, yellow, cyan and gold spheres represent H, C, O, S, Ti and CD atoms respectively.”!
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CdS has good semiconductor performance and
visible light activity, and is considered to be a
promising photocatalytic material, which is favored
in the photolysis of water for hydrogen production.
However, CdS is prone to photocorrosion and
photogenerated electron-hole pairs are easy to
recombine, resulting in low photocatalytic
efficiency. To solve this problem, MXene cocatalyst
was added to improve the efficiency of hydrogen
production. In 2017, Ran et al’ reported the
research of incorporating MXene catalyst-Ti;C, into
CdS light absorber, and the experimental results
showed that it could promote the efficiency of
photocatalytic hydrogen production. What we can
see from Figure 8, coupling Ti;C, with CdS results
in high-power photocatalysts, at the same time, it
plays a certain role in light absorption, charge
separation and interfacial catalytic reaction. These
special structures enhance photoelectron transition,
prolong  photocatalytic  lifetime, improve
photocatalytic  performance, and significantly
increase hydrogen production. Recently, Xiao et
al.* prepared one-dimensional (1D) CdS nanorods /
2D MXene nanosheet heterojunctions with good
photocatalytic performance by in situ assembly on
ultrathin Ti;C, MXene nanosheets via solvothermal
method. This heterostructure accelerates charge
separation and provides a lower Schottky barrier to
produce hydrogen from solar-driven water splitting.

Cheng et al> prepared CdLa,S,/Ti;C,
nanocomposites by growing CdLa,S, nanoparticles

.l. .’- -‘..'__ = S
i‘ L2 S o &
( §-CsN«@TisCz QDs composite % .j
< TisCz QDs

TizCz sheets

Ti:Cz MXene

in situ on the Ti;C, nanosheet surface. The high
stability nanocomposites have good photocatalytic
activity for visible light and high H, efficiency for
water decomposition. When Ti3C, content was 1.0
wt%, the maximum hydrogen production capacity
of CdLa,S,/Ti;C, nanocomposite was 11182.4
mol-g'h”', which was 13.4 times higher than the
original pure CdLa,S, and even exceeded the
CdLa,Ssupported by Pt. This contributes to the
separation of photogenerated electron-hole pairs.
Li et al>* constructed g-C3N4/Ti;C,-MXene
photocatalyst by electrostatic self-assembly of PEI-
doped Tiz;C, and g-CsN nanometer tablets. The
positively charged PEI polymer interacts with
negatively charged Ti;C, and converts the surface
to a negative charge in Figure 9. The results show
that the electrostatic effect fixes Ti;C, on the Ti;C,
and g-C;N4 nanometer sheet, making the two
components in close contact. The prepared g-C;N,4
/ TizC, extended carrier life, enhanced electron-
hole separation, and produced hydrogen several
times as much as Pt/ g-C;N4The excellent
performance of g-C;N, / Ti3C, photocatalyst can be
realized by effective interfacial electron transfer
and quantization of Ti;C,. Due to the excellent
performance of MXenes, charge separation,
transmission and high efficiency of redox reaction
greatly improve the efficiency of hydrogen
production. This study also provides a new way for
the development of Ti;C,-Mxenes based
photocatalytic hydrogen production materials.
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Fig. 9 — (A) schematic diagram of production path; (B) HR-TEM; (C) Photocatalytic H, rate of photocatalysts;
(D) Schematic Photocatalytic Mechanism of g-CsN,@TisC, QD Composites.™*
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Fig. 10 — (a) H, evolution over g-CsN, / Ti;C, with different Ti3C, content; (b) H, evolution over g-C;N,4 / Ti3C, / Pt with different
Pt content (Ti3C, content 3 %); (c) Photoactivities of different photocatalysts for H, production; (d) Stability study of H, evolution of
g-C3Ny/ 3 % TisC,/ 2 % Pt under simulated solar light.>

An et al® studied the use of platinum

nanoclusters and Ti;C,-Mxene nanoparticles as co-
catalysts, providing the possibility to improve the
photoactivity of g-C3N4 producing hydrogen.
Thanks to the synergistic effect between Ti;C, and
Pt, which improves the conductivity and also
increases the reaction sites of photoreduction
reaction, the photocatalyst modified with Ti;C, and
Pt has better photocatalytic hydrogen production
performance. Compared with g-C;N4/Ti;C, and g-
C;N4/Pt, the photoactivity was increased by 3-fold
and 5-fold, indicating that Ti;C, MXene has great
potential to construct high-performance
photocatalysts. It is shown in Figure 10 that there
are potential synergistic effects among different co-
catalysts to make heterostructure photocatalysts
have better }S:Jhotocatalytic activity.

Jia et al.”® obtained high carbon-doped and high
carbon-doped TiO, nanorods with MXene Ti;C,,
showing better photoactivity than commercial P25
for hydrogen production. Cui’’ et al. constructed
catalysts with layered Pt-MXene-single-walled
carbon nanotubes (SWCNTs) heterostructures. In
the heterostructure, the highly active nano / atomic
metal Pt was fixed on TizsC,Ty -MXene sheet

(MXene@Pt) and connected to the SWCNT
network. Hierarchical heterostructures  were
constructed by filtering mixed colloidal
suspensions containing MXene@Pt and SWCNT.
Using MXene's unique hydrophilicity and
reductivity, MXene@Pt can spontaneously reduce
platinum ions to metallic platinum to prepare
colloidal suspension without adding reductant or
post-treatment. The thin-film layered HER catalyst
prepared shows high stability during 800 hours of
operation, and is an efficient and stable catalyst for
hydrogen production.

2. Reduction of Carbon Dioxide
by MXenes Materials

MXene has typical layered structure, excellent
electrical conductivity, hydrophilicity and electro-
negativity, and is an excellent platform for catalytic
reduction of CO,. DFT calculation shows that O-
terminal MXene (such as Ti;CO, and W,CO,) per-
forms well in catalytic conversion to CO,. The
following sections describe the latest progress of
MXenes as photocatalysts for carbon dioxide
reduction.
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Rice crust-like TiO,/Ti,C,
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Fig. 11 — Reduction of CO, by photocatalyst TiO, / Ti;C, sample.*®

2.1. Titanium-based MXenes

As a photocatalyst, Ti-MXenes (Ti;C,) is a
promising photocatalytic scheme for CO,
reduction due to its unique structure and
advantages. Therefore, when Ti3C, is coupled with
a semiconductor photocatalyst, it is conducive to
electron hole separation due to its high electron
conductivity and low Fermi energy level. In
addition, the calculated results show that the
oxygen vacancies containing Ti;C,0, MXenes
have high selectivity, which is conducive to the
photocatalytic reduction of CO,. TiO,/Ti;C,
composites have been prepared by a feasible
calcination method. The in-situ growth of TiO,
obtained by converting Ti;C, during the calcination
step forms a close contact between the thin shell
structure of Ti;C, and TiO, with a large surface
area. Therefore, in this case, TizC, MXenes are
used as cocatalysts to enhance charge separation
and provide suitable active sites for reduction
reactions. What we can see from Figure 11,
reduction of CO, by the photocatalyst TiO,/Ti;C,
sample produced various organic compounds,
among which CH; was the main product,
indicating that the TiO,/Ti;C, composite has
excellent activity and selectivity.”

In another study,” it has been reported that an
attempt has been made to fabricate an efficient
material using the structure of a two-dimensional
2D/2D Ti;Cy/Bi,WOg heterojunction, which has
strong solar absorption capacity, strong electron
separation capacity and reduction capacity and can
be converted to CO,. The in-situ growth of
Bi,WO¢ on TizC, by hydrothermal treatment
results in a firm interface contact between the two
materials, and the main reason for the formation of

Bi,WO¢ on TizC, surface is the electrostatic
attraction between Bi positive ion and Tiz;C,
negative ion surface. The prepared Ti;C,/Bi,WOq
has unique properties and is very valuable for
photocatalytic CO, reduction. First of all, the
composites prepared under the optimal conditions
have strong CO, adsorption capacity because of
their large specific surface area and strong CO,
affinity. When the concentration of CO, dioxide on
the catalyst surface is high, this can promote the
kinetic advantage of the reaction. In addition, close
contact enables effective interfacial charge transfer
channels and prolongs the lifetime of charge
carriers. It is speculated that Ti-based MXenes
have unique 2D structure, effective electronic
attraction ability and suitable surface properties,
which are the main reasons for promoting
interfacial electron transfer and CO, reduction.

As a novel method, using the unique properties
of Ti;C, molecules, Ti;C, quantum dots (QDs)
obtained from two-dimensional materials can be
used in CO, applications.®® In this paper, TisC,
QDs / Cu,0O nanowires / Cu (NWs) heterostructure
is reported. The preparation of catalyst includes
three steps: firstly, Ti;C, QDs doped with
polyethyleneimine is synthesized, then Cu,0O NWs
/ Cu is modified with sodium polystyrene sulfonate
(PSS), and finally the required materials are
synthesized by self-assembly. It is worth noting
that the electrostatic force between PEI-Ti;C, with
positive charge and PSS-Cu,0O NWS / Cu with
negative charge is the key premise to promote the
uniform existence of Ti;C, QDs on Cu,O NWS /
Cu and start the successful preparation method.
Compared with Ti;C, sheet / Cu,O, NWs / Cu and
Ti3C, QDs / Cu,0, the enhanced light absorption
and smaller band gap of NWs / Cu heterostructure
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are attributed to the presence of Tiz;C, QDs,
respectively. Therefore, it can be demonstrated that
Ti3C, QDs are a co-catalyst that provides an active
center for the carbon dioxide reduction reaction
because the electrons produced can be absorbed.
The photocatalytic performance showed a high
yield of CO, reduction to methanol (CH;0H).

The aforementioned examples demonstrate that
Ti-MXenes can be used for highly selective
photocatalytic reduction of CO,, which both
theoretically and computationally predict a bright
future for these materials. However, the coupling
of Ti;C, cocatalyst with various semiconductor
photocatalysts requires a lot of research. In
addition, the simulation of this structure will
contribute to a deeper understanding of the way
Ti3C, specifically adsorbs, activates and charge
transfer mechanisms.

2.2. Other MXenes

In 2017, Li et al.®! revealed the key discovery
of Cr;C, and Mos;C, MXenes that selectively
converted CO, to CH4 by using high-resolution
density functional theory. The calculation results
showed that compared with bare materials, MXene
at the -O and -OH ends was conducive to the
selective conversion of CO, into CH,, which
reduced the total free energy of the reaction.

Recently, Sc,C(OH), and Y,C(OH), MXenes
containing -OH end groups were explored as
platforms for CO, reduction reactions by first-
principles simulation. The negative limit potentials
of Sc,C(OH), and Y,C(OH), MXenes were found
to be smaller than those of Cu. In addition, the -H
atom in -OH plays a crucial role in forming stable
substances with intermediates and reducing the
overpotential. Therefore, the CO, reduction
efficiency of these MXenes was greatly improved.
The calculated results prove the favorable

prospects of MXenes modified by -O and -OH
groups, however, the experimental studies on
MXenes for photocatalytic CO, reduction are quite
limited, so there is a large amount of future work
worth providing further research.

2.3. Mechanism of MXenes as Co-Catalysts

As most MXenes are conductors and act as co-
catalysts, the mechanism of MXenes photocatalytic
system is to improve the photocatalytic efficiency
by accelerating charge separation and inhibiting
carrier recombination.®** As shown in Figure 12,
the photocatalyst absorbs visible light and excites
photogenerated electrons to the conduction band
(CB), leaving holes in the valence band (VB).
MXene has a higher potential, so the excited
carriers transfer to MXene at the interface and the
electron recombination is suppressed and reacts on
the surface of MXene. As shown in Figure 12,
H,*°7%5% s generated by reducing H™ or CO and
CH,’®* by reducing CO,. The process of charge
transfer from photocatalyst to MXene improves the
separation of electron hole pairs and inhibits the
charge recombination in the photocatalyst, thus
improving the photocatalytic activity.

The end group of MXene is another reason for
its application in photocatalysis. For example, due
to low Gibbs free energy and abundant active
sites,**"® -O terminal groups show strong hydrogen
production potential.”” Although end groups of
MXenes are important in photocatalytic processes,
the relative concentrations of various end groups
cannot be accurately controlled. Using existing
synthesis methods, the surface end groups of
MXenes can be partially changed by changing
different reaction conditions, thus affecting its
photocatalytic performance.

semiconductor

Fig. 12 — Schematic of the working mechanism of MXenes applied in photocatalysis.
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CONCLUSIONS AND PROSPECTS

According to recent research, research on
MXenes have flourished since the publication of
the first paper in 2011. The scientific community
has already witnessed the excellent performance of
MXenes as a cocatalyst in photocatalysis.
However, there are still some problems in the
research of MXenes:

Develop new environmentally and friendly
preparation methods to realize large-scale
production and preparation. Most MXenes are
prepared by strong acid etching, which will cause
certain harm to humans and the environment.
Therefore, the development of a safe and
environmental synthesis process for MXenes is
very important. At present, the synthesis of
MXenes is still in the laboratory research stage,
and how to produce high-quality, low-cost MXene
on a large scale is still a research focus.

Strengthen the research on the mechanism of
action and continuously expand the new uses of
MXenes. The joint efforts of the scientific
community have provided a certain theoretical
basis for the development of MXenes catalysts,
and its application is of great significance for
finding photocatalysts with high catalytic activity
and high stability. In addition to exploring more
MXenes materials, structural modification of
existing MXenes to improve their activity is also
an attractive research direction. MXenes-based
photocatalysts will undoubtedly become a new
research focus. More energy should be invested in
this research field in the future.
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