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The development and applications of transition metal carbides, nitrides and carbonitrides, commonly
denoted as MXenes, have during the last few years rapidly expanded in various technological fields
owing to their unique and controllable properties. These materials exhibit competing performance
comparing with traditional materials and have created numerous opportunities for technology
markets. Taking the advantage of excellent optoelectronic features, MXenes have been utilized for the
construction of photodetectors with various structures and unique functionalities. While the appli-
cation of MXenes in this area can be traced back to 2016, we have during the recent three years
witnessed a dramatic development of MXene-based photodetectors, calling for a timely review to
guideline their future direction. In this work, synthetic strategies of pristine MXenes are briefly
introduced and their properties are discussed focusing on the optoelectronic aspects that are
fundamental for the photoelectric conversion. Recent advances of MXene-based photodetectors are
comprehensively summarized based on different types of MXenes and innovative designs of device
construction. Finally, we provide perspectives for future challenges and opportunities of MXene-based
photodetectors, which may enlighten their further development.
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Introduction
Owing to the development of upcoming Fifth-Generation wire-
less networks and Internet of Things, photodetectors have gener-
ated intense interest and are by now widely investigated in
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various fields such as imaging, detection, sensing and monitor-
ing [1–3]. The applications in these fields put high requests with
respect to light detection, device structure and active materials.
Generally, low dimensional materials exhibit great potential for
constructing various optoelectronic devices [4–6]. For instance,
the in-plane transport of electrons is several orders of magnitude
higher than that of out-plane transport in two-dimensional (2D)
materials, resulting in a fast response in the corresponding pho-
todetector [7]. In this context, the discovery of single-layer gra-
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phene has sparked a wave of research on 2D atomically thin
materials. To date, more than 20 kinds of 2D materials have been
reported based on not only single elements but also chemical
compounds, and fresh ideas are now constantly being injected
into the family of 2D materials.

By removing the Al layer from Ti3AlC2, Naguib et al. devel-
oped a new branch of 2D materials giving the name “MXene”
to emphasize the graphene-like structure [8]. In the past decade,
more than 40 kinds of MXenes have been experimentally syn-
thesized and MXene has since become an abbreviation for tran-
sition metal carbides, nitrides, and carbonitrides [9–11].
Generally, n + 1 layers of transition metals (M) are interleaved
with n layers of carbon/nitrogen in MXenes and a universal for-
mula of Mn+1XnTx is applied considering the surficial termina-
tions (T). Large numbers of compositional variables have
endowed the achievement of specific properties and facilitated
their potential applications in various fields. To date, MXenes
with various dimensions have been achieved based on front-
side design and post-modification, and have been utilized for
networks, nanowires, quantum dots, etc [12–14]. As firmly
demonstrated, MXenes exhibit many intriguing properties such
as excellent transmittance, mechanical flexibility, high conduc-
tivity, tunable work functions, which can be tuned via internal
composition and surficial terminations. Enlightened by these fas-
cinating properties, photodetectors based on MXene materials
have attracted tremendous attention for synthesis and use.

Generally, photodetectors are fundamental optoelectronic
devices with the ability to convert the incident light radiation
into electrical signals for further processing, while 2D materials
are widely applied as building blocks for their construction. For
instance, graphene shows high carrier mobility while also zero
band gap and low absorbance that inhibit their further applica-
tion in photodetection [15]. Transition metal dichalcogenides
exhibit direct band gaps when the thickness is reduced to a
monolayer, while their carrier mobilities are about three orders
lower than that of graphene [16]. The recently investigated phos-
phorene exhibits anisotropic light-matter interactions and a
thickness-dependent band-gap range (0.3–2.0) that is suitable
for infrared photodetectors [17]. However, phosphorene suffers
from irreversible oxidization under ambient conditions, leading
to the inevitable issue of long-term cycling instability for the
resultant photodetectors [18]. In order to meet the requirements
for commercial applications, great efforts have been made for
searching novel 2D materials and device configurations for
achieving high-performance. Compared with the aforemen-
tioned 2D materials, MXenes with different elements can be fab-
ricated in large-scale with low cost. Their excellent electric and
optical properties also lay the foundation for high performance
optoelectronic devices. The direct utilization of MXenes as active
materials in constructing various photodetectors have been
extensively investigated in the recent five years, serving as elec-
trodes to mention one out of many examples [19–21]. In addi-
tion to the traditional FET-type construction, several novel
structures have also been developed such as capacitive-,
photothermal-, and photoelectrochemical type photodetectors,
which further have extended their practical applications.
Fig. 1a summarizes the publications of MXene-based photodetec-
tors as function of years, where the primal investigation can be
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traced back to 2016 [22]. The number of publications have dra-
matically increased in the recent three years (more than 70%),
indicating that MXene-based photodetectors have undergone a
rapid development since 2020. This can be ascribed to the
mature fabrication strategies and increased variation of MXene
materials as well as to the improvement of device design. At
the early stage, MXenes were predominantly applied as elec-
trodes, owing to their controllable optical and electric properties.
Recently, pristine MXenes and their composites have more com-
monly been utilized as active materials taking advantage of syn-
ergistic effects of self-power, flexibility, narrowband feature, solar
blinding and two-sided responses. As can be seen in the summa-
rized pie chart, more than 80% of the applications of MXene spe-
cies have been focused on the firstly discovered Ti3C2Tx MXene
while the photo-response performance by now also include a
number other types of MXenes, such as Mo2CTx, Nb2CTx, Scx-
CTx, and Ti2CTx.

Undoubtedly, the research on MXene-based photodetectors is
still at its infancy with much remaining potential applications to
be further exploited. There exist two review articles summarizing
MXene-based photodetectors, focusing on their photo-response
performance. However, the detailed roles of MXene in these pho-
todetectors have not been classified and the recently discovered
device constructions are not included. According to the summa-
rized publication tendency, more than half of the publications
are reported in 2021–2022, indicating that the applications of
MXenes in photodetectors have become a research hotspot.
Therefore, we believe that the important implications of the
booming MXene-based photodetection field calls for a timely
review of the most advanced development to help streamline fur-
ther efforts. To this end, we provide here a comprehensive sum-
mary for the burgeoning progress of MXene-based
photodetectors, and offer an overview of their applications
(Fig. 1b). We first discuss the synthetic strategies of pristine
MXenes and their properties, mainly focusing on the optical
and electric properties essential for their photoresponse perfor-
mance. The constructions of MXene-based photodetectors are
summarized regarding the roles of MXenes, including electrode
and active materials (both pristine MXenes and their compos-
ites). Finally, a perspective outlook for future challenges of
MXene-based photodetectors is provided. We envisage that this
review could be a timely contribution that helps understand
the position of MXenes in the field of photodetection and that
also can provide guidelines for the further design of MXene-
based photodetectors with high performance.
Preparation of MXenes
Generally, the preparation of MXenes can be classified by two
main strategies, named as top-down and bottom-up. For the
top-down approach, MXenes are obtained from their MAX pre-
cursor, which has the general formula of Mn+1AXn (n = 1, 2, 3
or 4). The synthesized MXenes have various surface terminations
such as –F, –OH, –O groups, which though often are difficult to
chemically control. On the other hand, the bottom-up method
endows MXene tunable terminations and pristine MXene with-
out the generation of special surface groups. It also gives lateral
sizes that are larger compared with those from the top-down



FIGURE 1

(a) Summarized publication trends for MXene-based photodetectors and a corresponding pie chart for the respective proportions based on various MXenes.
(b) A brief content summary of this review article.
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approach, so facilitating the investigation of their intrinsic prop-
erties. Also other approaches have been proposed for several
specific MXenes, that have further extended the MXene family.
To date, there are about 40 kinds of MXenes that have been
experimentally synthesized while hundreds of possible MXenes
have been predicted by theoretical simulations.

Top–down strategy
Hydrofluoric Acid (HF) Etching. Taking the advantage of
chemical activity of the metallic M-A bonds, MXenes can be
obtained by selective etching of the “A” layers from the MAX
phases with strong acid. For instance, the initial Ti3C2 MXene
was obtained from Ti3AlC2 by HF etching in 2011 (Fig. 2a) [8].
Generally, the reaction mechanism can be explained as follows:

Mnþ1AXn + 3HF = AF3 + 3/2H2 + Mnþ1Xn ð1Þ

Mnþ1Xn + 2H2O = Mnþ1Xn(OH)2 + H2 ð2Þ

Mnþ1Xn + 2HF = Mnþ1XnF2 + H2 ð3Þ
The “A” element in the MAX phase can be removed by the HF

acid. According to the chemical reactions, MXenes are more
commonly represented as Mn+1XnTx, where T represents the
abundant terminations. In addition to the general ternary stoi-
chiometric MXenes, nonstoichiometric MXenes with double
transition metals or carbonitrides can also be obtained from their
MAX counterparts. Fig. 2b indicates the formation of MXene
alloys with varying degrees of ordering, where the (Ti1/3Mo2/3)3-
C2 MXene is predicted to be the easiest to synthesize [23]. Fur-
thermore, the HF etching method can be used to fabricate
several MXenes from non-MAX phases such as Mo2Ga2C, Zr3Al3-
C5, ScAl3C3, and Hf3[Al(Si)]4C6 [24–27]. As shown in Fig. 2c, the
first Mo-based MXene (Mo2C) was obtained from the Mo2Ga2C
phase by etching with 50% HF acid, which further unlocked
many potential applications of Mo-based MXenes [24].

Modified Acid Etching. Considering the relatively high
toxicity of HF acid, bi-fluoride etchants have been demonstrated
as substitutes during the etching process. For instance, Halim
et al. successfully fabricated Ti3C2 by the use of NH4HF2 and
the NH4HF2-etched Ti3C2 showed excellent thermal stability
compared to that of HF-etched Ti3C2 [28]. Moreover, etching of
Ti3C2Tx can be achieved in a polar organic solvent with the assis-
tance of NH4HF2 [29]. In addition, HF acid can be produced in-
situ via the combination of fluoride salts and hydrochloric acid
(HCl), which also can be used to etch MAX phases. As revealed
by Ghidiu et al., a novel approach has been developed to synthe-
size high-yield MXenes by the mixture of HCl and lithium fluo-
ride (LiF) [30]. As shown in Fig. 2d, the size of MXene flake
increases with the increment of LiF/Ti3AlC2 HCl/Ti3AlC2 ratios
since the superfluous HCl facilitates aluminum etching [22]. Fur-
thermore, other fluoride salts (such as NaF, KF, Fe3F, CsF and
CaF2) can also be used to fabricate MXenes by mixing with
171



FIGURE 2

(a) Etching and exfoliation processes for Ti3C2 MXene. Reproduced with permission [8]. Copyright 2011, Wiley-VCH. (b) Formation of MXene alloys with
varying degrees of ordering. Reproduced with permission [23]. Copyright 2017, American Chemical Society. (c) Synthesis and delamination of Mo2C MXene.
Reproduced with permission [24]. Copyright 2016, Wiley-VCH. (d) Structures of Ti3C2 MXene produced by different routes. Reproduced with permission [22].
Copyright 2016, Wiley-VCH.
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HCl or sulfuric acid (H2SO4) [31]. Compared with the conven-
tional HF etching approach, MXenes obtained by the fluoride
salt assisted etching method have lower fluorine content.

Molten Salt Etching. A molten fluoride salt etching
method was developed by Urbankowski et al., where Ti4N3 can
be successfully achieved by etching the Ti4AlN3 precursor with
ternary eutectic molten fluoride salt at 550 �C under argon atmo-
sphere (Fig. 3a) [32]. However, the as-synthesized Ti4N3 exhibits
lower crystallinity than the MXenes obtained by the HF-etching
method, indicating that there are still some intricate issues in the
molten fluoride salt etching method. Very recently, a molten
Lewis acidic etching approach has been revealed, where
chlorine-terminated MXenes can be achieved by etching late
transitional element based MAX phases [33]. This approach has
been explored to various late transitional elements based MAX
phases with different late transition-metal halides, such as
CdCl2, FeCl2, CuCl2, and AgCl [34]. As can be seen in Fig. 3b,
the Ti3SiC2 MAX phase can react with CuCl2 molten salt, subse-
quently releasing SiCl4 gas, resulting in the formation of Ti3C2.
In addition, the surface groups can be tuned by post-
modification, giving further opportunity to explore the function-
ality of the MXenes [35].

Alkali Etching. In order to avoid the post-treatment of
fluoride-containing waste solution, a fluoride-free etching pro-
cess has been preferred in recent years. Taking advantage of the
amphotericity of elemental Al, Li et al. proposed an alkali-
assisted etching method to fabricate fluorine-free Ti3C2 by utiliz-
ing an NaOH solution as a corrosive medium [38]. As revealed,
the Al hydroxides can be well dissolved at high temperature
while the high alkaline concentration prevents the oxidation
of the as-synthesized Ti3C2.

Electrochemical Etching. The electrochemical etching
approach is proved to be another effective strategy for selective
etching of the MAX phases. As shown in Fig. 3c, the mixture
of tetramethylammonium hydroxide (TMAOH) and ammonium
chloride has been used as electrolyte for electrochemical etching
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of Ti3AlC2 phase [36]. In addition, Sun et al. successfully fabri-
cated Ti2CTx flakes from the Ti2AlC phase by an electrochemical
etching method in a diluted HCl aqueous electrolyte [39]. The
electrochemical reaction on the working electrode can be
expressed as follows:

Ti2AlC + yCl� + (2x + z)H2O ! Ti2C(OH)2xClyOz + Al3þ

þ ðx þ zÞH2 þ ðy þ 3Þe� ð4Þ

UV Irradiation Etching. Very recently, a novel UV-
induced selective etching method was developed by etching
Mo2Ga2C in a much milder phosphoric acid (H3PO4) solution
[37]. As shown in Fig. 3d, fluorine-free mesoporous Mo2C was
obtained by UV irradiation and subsequent ultrasonic delamina-
tion. Hazardous and corrosive acids are hardly used in the afore-
mentioned approaches, which enlighten the fabrication of other
MXenes with more environment friendly methods.

Bottom–up strategy
In order to achieve stoichiometric control of the elemental con-
tent, a bottom-up strategy has been demonstrated for the synthe-
sis of MXenes [40–42]. Chemical vapor deposition (CVD)
approaches are commonly utilized for generating MXenes with
specific terminations [43]. As revealed, Xu et al. synthesized a
large area a-Mo2C (>100 lm) using methane as carbon source
and a Cu/Mo foil as substrate [40]. The size and thickness of
Mo2C can here be tuned and various shapes can be obtained
by varying the experimental conditions. This approach was fur-
ther improved by Jia et al., where N doped Mo2C flakes were suc-
cessfully fabricated by employing MoO2 as Mo source and
dicyandiamide as C/N source, respectively [44]. Moreover, the
CVD approach can also be applied for the fabrication of
MXene-based heterojunctions by utilizing traditional 2D materi-
als as substrates. For instance, Geng et al. reported that a Mo2C/-
graphene vertical heterostructure could be obtained by in-situ
growth of 2D Mo2C on graphene substrate [42]. The as-
synthesized Mo2C is free of terminations with few atomic



FIGURE 3

(a) Preparation of Ti4N3 MXene by a molten salt treatment. Reproduced with permission [32]. Copyright 2016, Royal Society of Chemistry. (b) Lewis acidic
etching procedure from Ti3SiC2 MAX with CuCl2 molten salt. Reproduced with permission [34]. Copyright 2020, Springer Nature. (c) Electrochemical etching
process for Ti3C2 MXene. Reproduced with permission [36]. Copyright 2018, Wiley-VCH. (d) UV-induced selective etching for Mo2C MXene from Mo2Ga2C
MAX. Reproduced with permission [37]. Copyright 2020, Elsevier.
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defects, which is beneficial for the investigation of the intrinsic
properties of the MXenes. In addition, novel 2D MXenes can
be obtained by in-situ atomic layer growth. As shown in
Fig. 4a, Ti4C3 and Ti5C4 can successfully be prepared by growing
hexagonal TiC single adlayers on Ti3C2 substrate, which provides
a controllable fabrication of novel MXenes with large area and
high quality [45].

Moreover, salt-templated synthesis is another emerging
approach especially useful for ultrathin 2D transition metal
nitrides such as V2N, W2N, and Mn3N2 [46,50]. As can be seen
in Fig. 4b, MnCl2@KCl can be transformed into Mn3N2@KCl
under an ammonia atmosphere due to the lattice match between
KCl and Mn3N2 [46]. Ultrathin Mn3N2 flakes were obtained by
washing the products with excess amount of deionized water,
providing a scalable synthetic route for the 2D transition metal
nitrides.
Other methods
In addition to the above-mentioned top-down and bottom-up
approaches, some other methods have been used to successfully
synthesize MXenes [47–49]. In 2017, Urbankowski et al. fabri-
cated molybdenum and vanadium nitrides by ammoniation of
their transition metal carbides counterparts [47]. As shown in
Fig. 4c, the carbon atoms in Mo2C and V2C can be replaced by
N elements under an ammonia atmosphere at high temperature.
This approach not only opens a new avenue in the synthesis of
transition metal nitrides, but also provides a nitrogen-doping
method for MXenes. Jeon et al. developed another elemental
transformation method to fabricate Mo2C flakes from MoS2 by
thermal annealing [48]. As shown in Fig. 4d, CH4 was used as
C source and an atomically sharp Mo2C/MoS2 hybrid structure
can be observed when partial Mo2C is formed. As the thermal
annealing time increases, MoS2 can fully convert to Mo2C. Lin
et al. demonstrated a synthetic route for hexagon Mo2C by the
reduction of H2MoO5 and a corresponding carburization of
MoO3 on an amorphous carbon substrate [49]. As revealed,
MoC with a face-centered cubic structure was produced with
the presence of sucrose while hexagonal closed packed Mo2C
formed on the relatively stable amorphous carbon film
(Fig. 4e). This can be ascribed to the relatively inert amorphous
carbon from the carbon film, which makes it difficult for carbon
atoms to occupy interstitial sites. Table 1 summarizes the param-
eters for the synthesis of MXenes by various methods, including
also the obtained morphologies.

With the rapid development of synthetic strategies, more
than 30 kinds of MXenes have been fabricated. The fluoride-
containing etching protocol is still a widely used strategy for
most of the MXenes [52]. It should be noted that one approach
might be applicable for a certain MXene but not suitable for
another. Therefore, the chemical and physical properties may
vary as the synthetic routes as changed, mainly due to the vari-
ous surface terminations and lateral dimensions. Although there
are many different protocols for fabricating MXenes, more efforts
are required for modifying current approaches as well as develop-
ing novel methods, which will be helpful to synthesize MXenes
with high quality and boost their further applications in various
fields.
Properties of MXenes
Owing to their particular atomic structures and morphologies,
MXenes exhibit unique properties that facilitate their applica-
tions in various fields. The electric, optical and mechanical prop-
erties that are essential for the photo-response properties of
MXene-based photodetectors, which are mainly summarized in
this section.

Electric properties
The electric properties of MXenes are in general essential for their
further applications in various fields, especially for photodetec-
tion [53–55]. Due to the transition metal elements in the outer
layer, bare MXenes are predicted to be metallic and possess high
electron density near the Fermi level [56]. Compared with the
173



FIGURE 4

(a) Homoepitaxial growth of h-TiC on Ti3C2 substrate and the resultant STEM images. Reproduced with permission [45]. Copyright 2018, Springer Nature. (b)
Synthetic route of Mn3N2 MXene by a salt-templated approach. Reproduced with permission [46] Copyright 2019, Wiley-VCH. (c) Synthesis of nitride MXenes
from carbide MXenes by gas treatment strategy. Reproduced with permission [47]. Copyright 2017, Royal Society of Chemistry. (d) Schematic illustration for
the synthesis of Mo2C MXene by thermal annealing approach. Reproduced with permission [48]. Copyright 2018, American Chemical Society. (e) Reaction
growth of MoC and Mo2C on carbon film. Reproduced with permission [49]. Copyright 2017, Wiley-VCH.

TABLE 1

Parameters and morphologies for the synthesized MXene with different methods.

Methods Materials Precursors Condition Size Thickness Termination Ref.

HF Etching Nb2CTx Nb2AlC 40% HF, R.T., 24 h 48–
255 nm

2.4–3.0 nm –F, –OH [51]

Modified Acid Etching Ti3C2Tx Ti3AlC2 LiF:HCl (7.5:23.4)
35 �C, 24 h

4–15 lm 2.7 nm –OH, –F, -O [22]

Molten Salt Etching Ti3C2Tx Ti3SiC2 CuCl2, 750 �C, 24 h – Multi-layer -Cl, -O [34]
Alkali Etching Ti3C2Tx Ti3AlC2 27.5 M NaOH, 270 �C, 12 h – Multi-layer –OH, -O [38]
Electrochemical

Etching
Ti3C2Tx Ti3AlC2 1.0 M NH4Cl and 0.2 M TMAOH, 5 V, R.T., 5 h > 2 lm 1.2 nm –O, –OH [36]

UV Irradiation Etching Mo2CTx Mo2Ga2C 85% H3PO4, UV light irradiation (100 W), R.T., 3–
5 h

> 1 lm 6 nm –O [37]

CVD a-Mo2C CH4, Mo foil 1085 �C under H2, 2–50 min > 100 lm 6.7–11.2 nm – [40]
Salt-Templated Mn3N2 MnCl2, KCl,

NH3

750 �C for 7 h > 1 lm 1.37–
4.24 nm

– [46]

Ammoniation V2NTx V2CTx, NH3 600 �C for 1 h – 2–20 lm –O [47]
Thermal Annealing Mo2C MoS2, CH4, H2 820 �C over 4 h 100 lm 3–100 nm – [48]
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inner transition metal layers, the outer ones are suggested to be
more important as their surface terminations can greatly alter
the electronic band structures of the MXenes. As the first mem-
ber in the MXene family, bare Ti3C2 is metal-like with zero band-
gap while the bandgaps of Ti3C2(OH)2 and Ti3C2F2 are calculated
to be 0.05 and 0.1 eV, respectively (Fig. 5a) [8]. This can be attrib-
uted to the formation of a new energy band near the Fermi sur-
face due to the electron transfer from the transition metal atoms
to the terminations. In addition, the orientation and co-
existence of surface terminations also influence the electric prop-
erties of the MXenes. For example, the calculated band gap of
Cr2CF(OH) is about 0.383 eV, which is similar to that of Cr2C
(OH)2 (0.396 eV) while it is significantly lower than that of Cr2-
CF2 (1.105 eV) [57].
174
Generally, the transition metal atoms play an important role
in influencing the electric properties of MXenes [60]. Most of
the surface-terminated MXenes have indirect band gaps with
energy ranging from 0.25 to 2.0 eV, except for Sc2C(OH)2 which
has a direct band gap [61,62]. In addition, different X elements
give rise to dissimilar band structures, where the additional elec-
trons in the N atom endow a stronger metallic property. Apart
from the chemical composition and surface terminations, the
band structure of MXenes can also be tuned by external strain
and by electric fields [63–65]. For instance, the band gap of
ScNbCO2 reduces from 1.839 eV to 1.343 eV and 0.875 eV under
the biaxial strain and uniaxial strain of 10%, respectively (Fig. 5b)
[58]. As revealed by Li et al., the bandgap rapidly decreases as the
increment of the interlayer electric field and an indirect-to-direct



FIGURE 5

Bandgap structure of MXenes under various conditions. (a) Calculated band structure of single-layer Ti3C2 with various terminations. Reproduced with
permission [8]. Copyright 2011, Wiley-VCH. (b) The band gap of ScNbCO2 under external strain. Reproduced with permission [58]. Copyright 2017, Elsevier. (c)
The band gap of Sc2CO2 under external electric fields. Reproduced with permission [59]. Copyright 2014, Royal Society of Chemistry.
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band structure transition is observed under 3.7 V/nm (Fig. 5c)
[59].

The coherent transport calculations have revealed that metal-
lic MXenes are highly conductive and that the electric conduc-
tivity is significantly anisotropic along various lattice directions
[66–68]. This can be mainly ascribed to the effective mass ratio
between electrons and holes, where the ratio is rather small in
the basal plane and estimated to be infinite perpendicular to
the layers [69]. Owing to the highly anisotropic band structure
and smaller energy dispersion along the c direction, the conduc-
tivity of Ti3C2Tx decreases with the increasing layer number of
the MXene. As summarized by Hantanasirisakul et al., the
room-temperature conductivity of MXenes ranges from less than
1 S/cm to thousands S/cm, and shows a strong relationship with
the synthetic strategy and sampling process [61]. Surface termi-
nations also show considerable impact on the electron transport
by changing the electronic states and electrostatic profile, where
the resistance of Ti3C2F2 is estimated to be four times lower than
that of pristine Ti3C2 [70]. Moreover, the conductivity of Ti3C2

increases from 850 to 2410 S/cm by annealing at 600 �C, which
can be attributed to the decreased surface functionalities [71].
These outstanding electric properties of MXenes are here con-
firmed by both theoretical calculations and experimental investi-
gations, something that facilitate their potential applications in
various fields.
Optical properties
Generally, the optical properties of MXenes can be divided into
two main components, namely linear and nonlinear optical
properties [61]. A large amount of effort has been made to unra-
vel the linear optical properties of various MXenes, including
transmittance, absorption, reflection, and photoluminescence.
It has been revealed that the transmittance of MXene films
increases with the decrement of thickness [72]. For instance,
the transmittance is higher than 90% for a 2.5 nm thick Ti3C2Tx

film while it is lower than 15% as the thickness increases to
73 nm. Fig. 6a depicts UV–vis spectra of Nb2C nanosheets under
various concentrations where a broad and strong absorption
band is observed ranging from 400 to 1350 nm. In addition,
the elemental doping of MXenes changes both the absorption
peak and intensity. As revealed by Guo et al., there are two main
peaks that show up in ScNbCO2 (peak value of 369 and 621 nm)
with a calculated absorption area between 300 and 1000 nm,
which are about 20 times larger than that of Sc2CO2 (Fig. 6b)
[58]. As revealed by Lu et al., the size dimension also affects
the transmittance of this MXene, where Ti3C2 quantum dots
(QDs) show two unique transmission bands at 1500 and
2900 cm�1 in the measured Fourier transform infrared spectra
due to the quantum confinement effect (Fig. 6c) [74]. The quan-
tum confinement also endows MXenes excellent photolumines-
cence properties, and a high quantum yield can be achieved
(Fig. 6d) [75].

The surface terminations and intercalations have shown
remarkable influence on the optical properties of MXenes [78–
80]. As revealed by Berdiyorov et al., pristine and –O terminated
Ti3C2 exhibit larger in-plane absorption coefficients than the –F
and –OH terminated ones, indicating a tunable application of
these MXenes as transparent electrodes [79]. Fig. 6e displays
the change of transmittance of Ti3C2Tx thin films with various
chemical intercalations [76]. Compared with the 74.9% transmit-
tance of pristine films, tetramethylammonium hydroxide inter-
calated Ti3C2Tx exhibits the biggest change of 17.1% while the
intercalation of other inorganic bases also increases the
transmittance.
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FIGURE 6

Optical properties of MXenes. (a) Vis–NIR absorbance spectra of Nb2C under various concentrations. Reproduced with permission [73]. Copyright 2017,
American Chemical Society. (b) Absorption coefficient of Sc2CO2 and ScNbCO2 under external strain. Reproduced with permission [58] .Copyright 2017,
Elsevier. (c) FTIR spectra of bulk Ti3C2, Ti3C2 nanosheets, and Ti3C2 QDs. Reproduced with permission [74]. Copyright 2019, Wiley-VCH. (d) UV–vis, PLE, and PL
spectra of Ti3C2 QDs. Reproduced with permission [75]. Copyright 2017, Wiley-VCH. (e) Change in transmittance of the films with various intercalations.
Reproduced with permission [76]. Copyright 2016, Wiley-VCH. (f) The schematic illustration of saturable absorption and reverse-saturable absorption of Nb2C
nanosheets. Reproduced with permission [51]. Copyright 2020, Wiley-VCH. (g) Time-dependent electron energy change at 300 K for Ti3CN MXene.
Reproduced with permission [77]. Copyright 2022, American Chemical Society.
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Nonlinear optics focuses on the interaction between light and
matter where the materials are generally irradiated by intense
light [81–83]. Very recently, Gao et al. revealed both saturable
absorption and reverse-saturable absorption of Nb2C nanosheets,
which stem from the one-photon absorption and multi-photon
absorption, respectively [51]. Moreover, the relaxation dynamics
of Nb2C has been systematically investigated by means of tran-
sient absorption spectroscopy and a lateral size effect has been
illustrated by a phonon-bottleneck mechanism (Fig. 6f). In addi-
tion, the hot electron relaxation process has been theoretically
investigated via nonadiabatic molecular dynamic calculations
(Fig. 6g) [77]. As revealed, the photo-generated carriers quickly
convert into hot carriers with a Fermi-Dirac distribution and
cooled down by fast relaxation through electron–electron and
electron–phonon scattering in the conduction band. These are
results that indicate that MXenes are promising materials for
broadband ultrafast photonics and optoelectronic devices, hold-
ing the potential for breakthrough developments in these fields.

Collectively, the linear and nonlinear optical properties of
MXenes favor their further applications in various fields. Com-
pared with the thoroughly investigated linear properties of
MXenes, the understanding of their nonlinear properties is still
at the infancy stage and their light-matter interactions require
further exploration. Therefore, more efforts are needed to reveal
the nonlinear optical properties of various MXenes before their
practical applications can be implemented.
Mechanical properties
The intrinsic mechanical properties of bare Tin+1Cn (n = 1, 2, or 3)
have been systemically investigated by molecular dynamics sim-
ulations, where the thickness dependence also has been studied
176
[84]. Quite astonishing, there is no obvious correlation between
the Young’s modulus and the atomic layers of Tin+1Cn, where the
in-plane Young’s modulus is calculated to be 597, 502, and 534
GPa as the number of carbon layers increases from 1 to 3
(Fig. 7a). Due to the stretching of Ti-C bonds, Ti2C could sustain
a strain of 18% under biaxial tension [85]. The strain of Ti2C
reaches 28% after surface modification of oxygen, which can
be attributed to the significant charge transfer from the Ti–C
bonds to the Ti–O ones (Fig. 7b). Besides, the surface termina-
tions also enhance the mechanical properties of stacked MXene
films and their interlayer interactions are remarkably higher than
that of graphene [87,88]. Owing to the formation of hydrogen
bonds, the –OH terminated MXenes show the smallest interlayer
distance and the highest interlayer coupling among MXenes
with various terminations. The breaking strengths of the various
MXenes are predicted to be in the range from 92 to 161 N/m,
implying excellent mechanical properties [89]. However, there
might be some defects in the as-synthesized MXenes, making
the mechanical properties a bit inferior compared to those
obtained by theoretical calculations. As revealed by Ling et al.,
a Ti3C2Tx film with a thickness of 5.1 lm can support 4000 times
of its own weight, which can be further enhanced by introducing
additives such as chitosan and polyvinyl alcohol [90]. Recently,
the rheological properties of MXenes have been investigated as
motivated by that MXene inks can be directly used to fabricate
various devices [91]. As revealed by Akuzum, an apparent
shear-thinning behavior can be observed in both single-layer
and multi-layer MXene dispersions, while the viscosity increased
with the increment of Ti3C2Tx concentration [86]. It is well
known that different processes require various rheological prop-
erties of dispersions, for instance, spray coating requires high vis-



FIGURE 7

Mechanical properties of MXenes. (a) Simulated mechanical properties of Tin+1Cn (n = 1, 2, and 3). Reproduced with permission [84]. Copyright 2015, IOP
Publishing Ltd. (b) Calculated stress–strain curves of Ti2CO2. Reproduced with permission [85]. Copyright 2015, Royal Society of Chemistry. (c) Frequency
dependency of the G0/G00 for single-layer Ti3C2Tx. (d) Frequency dependency of the G0/G00 for multi-layer Ti3C2Tx. Reproduced with permission [86]. Copyright
2018, American Chemical Society.
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cous modules while extrusion printing needs high elastic mod-
ules. As shown in Fig. 7c and d, single-layer and multi-layer
MXenes show distinct rheological behavior, which provide vari-
ous printing possibilities, including ink writing, patterned coat-
ing, inkjet and 3D printing.

Considering results of theoretical simulations as well as exper-
imental investigations, MXenes have been revealed to possess
various properties which can be tuned by intrinsic compositions
and post-treatments. Their potential applications in different
fields have been demonstrated, including energy storage devices
[92], biomedicine [93], EMI shieldings [94], catalysts [54], pho-
todetectors [20], and other fields [95]. The property control of
various MXenes is ever improving, something that certainly
can further enhance the performance of MXene-based devices.
MXene-based Photodetectors
Taking advantage of the unique photoelectrical properties,
MXenes are proved to be excellent building blocks for high-
performance photodetectors with various structures [19,20]. For
traditional FET-type photodetectors, metal electrodes should be
deposited on the substrate via standard photolithography and
electron-beam evaporation, where the individual MXene flake
is subsequently moved onto the metal electrodes by a physical
transfer approach [22]. In order to simplify the procedure,
drop-casting, spray-coating, or spin-coating strategies can be
used to deposit multiple flakes of the MXene onto the metal elec-
trode, where the photo-response performance of the multi-layer
MXene then is detected and the influence of thickness can so be
explored [91]. In addition, large-scale flexible photodetectors can
be achieved by vacuum filtration or by coating the MXene (also
MXene composites) on flexible substrates [96,97]. When the
MXene is used to substitute the metal electrode, a pre-designed
mask is used to control the position and size of the MXene-
electrode, where the active materials can be either under the
mask or be subsequently transferred on to the MXene-electrode
[98]. Recently, several novel structures have also been designed
for MXene-based photodetectors. For instance, Lim et al. applied
a one-way continuous deposition strategy to fabricate a sand-
wich structural capacitive photodetector [99]. Zhang et al. pre-
pared an MXene-based working electrode by spin-coating an
MXene slurry onto flexible ITO-coated PET substrates, where a
standard three electrode PEC-type photodetection system was
established to reveal the photo-response performance [100]. As
mentioned, MXenes can be utilized as electrodes due to their
excellent conductivity, replacing the traditional metal electrodes.
On the other hand, MXenes themselves have been extended as
active materials owing to their tunable work function and band
structure, including pristine MXenes and MXene-based
composites.
Electrode
Benefiting from the high conductivity, MXene there have been
attempts to replace the traditional metal electrodes when build-
ing photodetectors [101–103]. In 2016, Mariano et al. demon-
strated that solution processed Ti3C2Tx films exhibited a low
resistances of 437 X/sq, where the metallic nature was further
confirmed by field effect transistor measurements [104]. Com-
bining the high transmittance, MXene films show here great
177
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potential for the next generation of transparent conductive elec-
trodes. Xu et al. reported an electrode application of Ti2C(OH)xFy
in field effect transistor (FET) type photodetexctors based on
WSe2 and MoS2 active materials [105]. A pinning effect was
found at the MoS2/Ti2C(OH)xFy interface due to the relatively
low electron barrier between MoS2 and Ti2C(OH)xFy. In addition,
a complementary metal–oxidesemiconductor inverter was suc-
cessfully fabricated based on the Ti2C(OH)xFy electrode, where
WSe2 and MoS2 were assigned as n-and p-channels, respectively.

The introduction of MXene electrodes has further endowed
photodetector unique properties [106–108]. For instance, Kang
et al. fabricated a vertical van der Waals heterostructures combin-
ing Ti3C2Tx and n-type silicon where the as-prepared photoderec-
tor exhibited self-driven performance with high response and
recovery speed [109]. They also constructed a self-powered two-
sided photodetector based on Mo2C-graphene and fluorine-
doped tin oxide (FTO) electrodes [110]. Owing to the high trans-
parencies of Mo2C MXene and FTO, the photodetectors could
response to light from both sides. In addition, the high trans-
parency of the MXene electrode the transport of light with vari-
ous wavelengths was facilitated, which maintains the broadband
response of the active materials [111]. As can be seen in Fig. 8a, a
highly sensitive and broad-spectral response photodetector was
fabricated based on Mo2C/MoS2 hybrid structure with multiple
Mo2C periods (400–1000 nm). Compared with the MoS2-based
photodetector, the on/off ratio of Mo2C/MoS2 hybrid structure
is enhanced by three orders of magnitude (Fig. 8b), which can
be ascribed to the surface plasmons of metallic Mo2C upon illu-
mination and subsequent hot carrier injection to MoS2. More-
over, the peak photoresponse can be controlled by adjusting
the grating period of Mo2C since the grating period is closely
related to the incident light wavelength. As shown in Fig. 8c, a
broad spectral range detection (405–1310 nm) can be achieved
via integrating the grating periods, where high sensitivity and
on–off ratio are remained. Yang et al. further confirmed the per-
formance enhancement of a stripe-shape photodetector, where a
plasmonic InSe-based avalanche material was fabricated (Fig. 8d)
[112]. By patterning Ti2CTx into nanoribbon arrays, the perfor-
mance of the InSe/Ti2CTx photodetector could be greatly
enhanced, which can be ascribed to the improved light absorp-
tion and avalanche carrier multiplication effect.

The advantages of replacing metal by MXene are not only the
low processing cost, but also the enhanced performance [114–
116]. As can be seen in Fig. 8e, a Ti3C2Tz–GaAs–Ti3C2Tz (MX–S–
MX) photodetector was fabricated by mask set and lithography
technique [98]. Compared with the traditional metal electrode
based Ti/Au–GaAs–Ti/Au (MSM) photodetector, the MX–S–MX
device shows higher photocurrent, external quantum efficiency
(EQE), and responsivity. A similar phenomenon was also
observed by Yin et al., where the larger photocurrent compared
with Au contacts is attributed to the larger photo-responsive
active areas of the MXene conductive films and the plasmon-
assisted hot carriers [117]. Recently, Hu et al. also compared
the photoresponse performance of organic photosensitive mate-
rials (RAN) based on MXene and Au electrodes (Fig. 8f). Fig. 8g
shows the working mechanism of organic–inorganic Ti3C2Tx-
RAN heterojunctions, where a Schottky junction is formed
178
between MXene and a RAN film. Considering the work function
of 4.8 eV, with the MXene electrode it is easier to inject carriers
into RAN than using a traditional Au electrode. In addition,
the electronegative N and O atoms in RAN could form hydrogen
bonds with MXene, which further enhances the synergistic
effect. As can be seen in Fig. 8h, the on–off ratio of the Ti3C2Tx-
RAN device is much higher than that of Au-RAN. Moreover, the
Ti3C2Tx-RAN array can be used for accurate image sensing and
building laser power intensity monitor systems, so further
extending the applications of MXene-based photodetectors.

It is well-known that 2D MXenes can be easily deposited on
various substrates, which offers a high flexibility of the resultant
devices. Deng et al. demonstrated large-area photodetector arrays
by spraying conductive Ti3C2Tx MXene and 2D CsPbBr3 on com-
mon paper (Fig. 9a) [118]. Owing to the matched work function
between MXene and the perovskite crystal, the photodetector
shows fast separation and efficient extraction of carriers, which
contributes to the fast response speed (�18 ms) and high on/
off ratio (�2.3 � 103). In addition, the as-prepared device exhi-
bits excellent flexibility and stability after 1500 times bending,
where apparent on–off signals are observed and 85% of its initial
photocurrent is remained (Fig. 9b). Considering the economic
preparation of an all-sprayed-processable method, 2D MXene-
based flexible photodetectors show great potential for wearable
optoelectronic devices and photocommunication.

Inspired by leaf vein networks, Chen et al. proposed a trans-
parent flexible electrode based on facile coating of Ti3C2Tx

MXene [97]. As revealed, the resultant electrodes exhibit many
advantages, such as superior optical transmittance, outstanding
flexibility, dependable mechanical strength, being freestanding
and lightweight. Taking advantage of the tunable work function
of MXenes, the MXene-based electrodes could match different
photodetectors with high flexibility and performance. Very
recently, MXene-based electrodes were utilized to optimize p-
CsCu2I3/n-Ca2Nb3-xTaxO10 junction photodetectors via tuning
the work function [119]. The schematic diagram of devices and
energy band structures in thermal equilibrium state are illus-
trated in Fig. 9c. As revealed, the effect of lowering the dark cur-
rent under reverse bias will be more significant at lower work
function. Therefore, the photodetector based on a polyethylen-
imine ethoxylated modified MXene electrode (�4.55 eV) exhi-
bits the best rectification ratio (1.6 � 104) and responsivity
(�81.3 A/W) values, which are much higher than those based
on traditional Au or pristine MXene electrodes. Moreover, the
as-prepared large-scale flexible UV detectors maintain 80% of
the original photocurrent after 5000 bending cycles, which also
shows potential applications in image sensing and optoelec-
tronic logic gates.

In addition to traditional FET-type photodetectors, MXene-
based electrodes can also be utilized to build other novel pho-
todetectors. For instance, Lim et al. demonstrated a flexible
capacitive photodetector based on two layers of opposing trans-
parent MXene electrodes [99]. As shown in Fig. 9d, a one-way
continuous deposition technology was applied for the construc-
tion of the photodetector, where MXene nanosheets were depos-
ited on both sides of a ZnS:Cu/poly(vinyl butyral) (PVB) film.
PVB was used to disperse the active ZnS:Cu particles, which also



FIGURE 8

(a) Schematic illustration of MoS2/Mo2C based photodetector with multiple Mo2C periods. (b) Wavelength dependence of the on/off ratios for the MoS2/Mo2C
hybrid device with 1000 nm Mo2C periods and pristine MoS2 device. (c) Responsivity of the MoS2/Mo2C hybrid device against light power density under the
illumination of different wavelengths. Reproduced with permission [111]. Copyright 2019, Wiley-VCH. (d) Structures of unpatterned and patterned InSe/Ti2CTx
photodetectors. Reproduced with permission [112]. Copyright 2019, American Chemical Society. (e) Fabrication process of Ti3C2Tz–GaAs–Ti3C2Tz
photodetector device. Reproduced with permission [98]. Copyright 2019, Wiley-VCH. (f) Structure diagram of Ti3C2Tx–RAN and Au–RAN photodetectors with
the compared on–off ratios. (g) Energy band diagram of Ti3C2Tx–RAN under dark and light. (h) Tested on/off ratios under different light wavelengths of 915,
1064, and 1122 nm. Reproduced with permission [113]. Copyright 2022, Wiley-VCH.
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served as a free-standing binder between the active materials and
the MXenes. As revealed, high photo-capacitance (2 nF) and
photosensitivity (12.5 lF/W) was achieved while a fast response
of 0.034/0.751 s were observed, which is about 2 orders of mag-
nitude better than for reported capacitive photodetectors. The
enhanced photoresponse performance can be ascribed to the
high conducting coverage of the two MXene electrodes as well
as to the high ZnS:Cu density in the matrix. In addition, the
as-fabricated device exhibits excellent mechanical stability
owing to a synergistic effect between the PVB polymer and the
MXenes. The capacitance remains almost unchanged after bend
testing for 1000 cycles with a bending radius of 2 mm. Moreover,
the photoresponse properties were maintained when a part of
the device is cut off (Fig. 9e), which can be attributed to the
excellent solid bonding between the composite active materials
and the MXene electrodes.
Active Materials
Mxene composites
MXene composites can serve as the active materials in the pho-
todetectors, something that been widely investigated in recent
years. Table 2 summarizes the detailed parameters for MXene-
based photodetectors where MXene composites serve as the
active materials, including the device structure, bias voltage,
and detected wavelength. The corresponding photo-response
performance is also included, such as photocurrent density, pho-
toresponsivity, response time, and detectivity.

Generally, the oxidation of active materials can induce an
undesirable degradation and further cause penalty for the device
performance, especially for the long-term stability. Hence, there
has been a strive to suppress the oxidation process by several
strategies including chemical and physical encapsulation [138].
However, the MXenes are unavoidably in contact with air during
179



FIGURE 9

(a) Fabrication of large-area array photodetector based on conductive Ti3C2Tx MXene and 2D CsPbBr3. (b) Flexibility and stability test of the large-area array
photodetector. Reproduced with permission [118]. Copyright 2019, Wiley-VCH. (c) Structural illustration and energy band diagram of Au/p-CsCu2I3/n-
Ca2Nb3-xTaxO10/MXene photodetector. Reproduced with permission [119]. Copyright 2022, Wiley-VCH. (d) One-way continuous deposition strategy for the
preparation of MXene-based flexible capacitive photodetector. (e) Photo-response performances of pristine and cut photodetectors. Reproduced with
permission [99]. Copyright 2021, American Chemical Society.
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the preparation or post-modification, and most of the device fab-
rications take place under ambient conditions [139–141]. As
revealed, the color of MXene colloid changes after long-time
storage, indicating an air-induced oxidation in solution. SEM
results also confirm the formation of titanium oxide (TiO2)
nanoparticles on un-delaminated MXenes which are stored at
ambient environments [142]. Fortunately, a new strategy by con-
trolling the oxidation process of MXenes has been investigated
by several groups, which overturns the aforementioned oxida-
tion disadvantage and further improves the device performances
[124,134,143]. In 2018, Chertopalov et al. demonstrated that
partially oxidized Ti3C2 MXene thin films exhibit obvious pho-
toresponse in the UV region (Fig. 10a) [143]. As shown in
Fig. 10b, the electrical resistance of Ti3C2Tx dramatically changes
under the irradiation of UV light, resulting in an apparent varia-
tion of the photocurrent. Compared with the ultra-long relax-
180
ation time of photoexcited carriers under argon atmosphere,
the relaxation process can be greatly accelerated in air condition
due to the spontaneous oxidation of Ti3C2 flakes (Fig. 10c). Con-
sidering the reversible and reproducible photoresponse, Ti3C2-
TiO2 composites show potential for UV light detection, while
the practical performances are far from satisfactory such as the
response speed (Fig. 10d). Therefore, more efforts are needed to
determine the predominant working mechanism.

In 2021, Ma el al. constructed a self-powered PEC-type pho-
todetector based on Ti3C2Tx/TiO2 heterojunctions, which was
spontaneously oxidized from Ti3C2Tx MXene [124]. The in-situ
formed Ti3C2Tx/TiO2 served as active materials in the two-
electrode PEC photodetector, where the carriers are generated
in the TiO2 semiconductor and their transfer are promoted by
the conductive Ti3C2Tx. As demonstrated, a high responsivity
of 2.06 mA/W and a fast response (45 and 69 ms for rise and



TABLE 2

Compared photo-response performance of MXenes composites as active materials.

Materials Structure Voltage (V) ka

(nm)
Pph

d (lA/cm2) Rph
e

(A/W)
tres/trec

f

(s)
D*g (Jones) Ref.

Zn2GeO4/Ti3C2 PEC 6.0 254 2.9 � 101 2.0 � 10-2 0.06/0.39 – [120]
ZnO/Ti3C2 FET 5.0 365 4.9 � 102 7.0 1.6/4.0 – [121]
MAPbI3/Ti3C2Tx FET 2.0 525 3.4 � 102 1.7 0.019/0.066 7 � 1011 [122]
ZnO QDs/Ti3C2Tx FET 10.0 350 7.3 � 102 4.3 � 10�1 1.85/1.21 7.1 � 1011 [123]
Ti3C2Tx/TiO2 PEC 0 360 0.1 2.1 � 10�3 0.045/0.069 – [124]
Ti3C2Tx/GaN FET 0 355 8.5 2.8 � 10�1 7.55 ms/1.67 ms 7.1 � 1013 [125]
Ti3C2/Si FET 0 910 0.7 4.0 � 10�1 0.14 /0.16 ms 2.0 � 1013 [126]
Ti3C2Tx/n-GaN FET 0 365 4.3 4.4 � 10�2 0.06/0.02 3.9 � 1012 [127]
Ti3C2Tx/GaAs FET 0 650 6.6 1.5 70.2/50.8 ms 1.2 � 1013 [128]
Nb2CTx@Bi PEC 0.8 350 1.6 5.9 � 10�4 0.08/0.08 4.6 � 1012 [100]
MoS2/MXene FET 1.0 750 4.9 � 102 1.9 < 0.15 2.1 � 1010 [129]
Ti3C2Tx/Si FET 1.0 638 5.8 � 103 3.0 � 101 9.53/14.26 ms 7.7 � 1014 [130]
CsPbBr3QDs/Ti3C2Tx FET 1.0 515 3.2 � 10�1 1.1 � 10�4 46.2/24.6 ms �7 � 108 [131]
ReS2/Ti3C2Tx FET 2.0 VLb 1.0 � 104 4.1 � 101 3.7 1.1 � 1012 [132]
ReS2/Ti3C2Tx FET 2.0 NLc 6.7 � 103 2.7 � 101 3.85 7.1 � 1011 [132]
Ti3C2/ZnO FET 5.0 240 – 1.3 � 10�1 – 5.7 � 1011 [133]
Ti3C2Tx-TiO2 FET 5.0 405 – 7.8 � 10�5 0.694/0.812 8.4 � 104 [134]
Ti3C2/e-Ga2O3 FET 0 254 1.6 � 10�3 1.6 � 10�2 43/145 ms 2.2 � 1011 [135]
Ti3C2Br/CsFAMA FET 1 520 2.4 � 105 3.93 29.9 ls 2.6 � 1012 [136]
Ti3C2Tx/MoS2 FET 1 520 2.1 � 104 2.1 � 101 4.62/8.48 5.4 � 1012 [137]

a Light Wavelength.
b Visible Light.
c NIR light.
d Photocurrent Density.
e Photoresponsivity.
f Response time.
g Detectivity.

R
ES

EA
R
C
H
:
R
ev

ie
w

Materials Today d Volume 61 d December 2022 RESEARCH
decay times, respectively) were observed. In addition, the Ti3C2-
Tx/TiO2 showed excellent long-term stability, where the self-
powered photocurrent showed no attenuation after 150 cycles
and only 2% decrement was observed after the device was stored
for one week. Similar characteristics were reported by Khatun
et al., where the photoelectrochemical performance of Ti3C2Tx

flakes functionalized TiO2 nanotube arrays was studied
(Fig. 10e) [144]. Tested by a traditional three-electrode PEC sys-
tem, the photocurrent density reached maximum with a Ti3C2Tx

content of 15%, which is about 200% higher than that of bare
TiO2 nanotubes. Further increasing the Ti3C2Tx content resulted
in a decrement of the photocurrent and this could be ascribed to
the agglomeration of MXene flakes, which results in a reduction
of effective surface area and light absorption. According to the
band diagram and working mechanism (Fig. 10f), the inter-
band and intra-band transitions in Ti3C2Tx induce the LSPR
effect, which further promotes the electron transfer from the
MXene to the conduction band of TiO2, resulting in an
enhanced PEC performance. Very recently, Xiong et al. reported
a large-area flexible photodetector based on a 3D-networked Ti3-
C2Tx–TiO2 heterostructure [134]. The active materials were
obtained via a controllable in-situ-oxidization strategy, where
the in-situ oxidized derivative TiO2 nanosheets were well-
dispersed and connected within the multi-layer Ti3C2Tx, consti-
tuting a continuous 3D-networked structure. As illustrated in
Fig. 10g, the photodetectors are constructed by drop-casting
the Ti3C2Tx–TiO2 composite followed by sputtering the metal
electrodes on a paper substrate, which shows the advantages of
excellent flexibility with low cost. Under the irradiation of
405 nm light (8.58 mW) with 5 V bias potential, the Ti3C2Tx–

TiO2 composite showed a responsivity of 0.078 mA/W and detec-
tivity of 8.4 � 104 Jones, which are about 14 and 4200 times the
values for pristine Ti3C2Tx MXene. The enhanced photoresponse
performance can be ascribed to the increased excitation of pho-
togenerated carriers as well as to the efficient conductive path-
way for fast transfer of carriers in Ti3C2Tx–TiO2 (Fig. 10h).
Combining the excellent long-term stability (no attenuation
after 5000 s irradiation), a large area optical imaging device
(10 � 10 cm2) has been successfully fabricated based on photode-
tector arrays, which opens avenues for the application of MXene
derivatives in photo- and environmental sensing.

Owing to the abundant terminations, MXene can be inte-
grated with various active materials giving resultant composites
that are promising materials for high-performance photodetec-
tors. Combinations of MXenes with traditional photoresponsive
materials, such as transition metal oxides, have been widely
investigated and proved to further improve their performance
[120,121,123,133]. For instance, Guo et al. demonstrated that
the deep ultraviolet (DUV) photovoltaic performance of the Zn2-
GeO4 crystal could be greatly enhanced by addition of 2D
MXene flakes [120]. As shown in Fig. 10i, the Zn2GeO4 nano-
wires were directly grown on insulator substrates by a catalyst-
free CVD method and the Ti3C2 flakes were subsequently drop-
casted on the surface to form the active layer. Using two drops
of silver paste as electrodes, the photoresponse performance
was measured with a potentiostat under the irradiation of DUV
light. Compared with the pure Zn2GeO4 nanowires, the addition
of 0.03% MXene endowed enhancements of 150%, 153%, and
181



FIGURE 10

(a) Schematic illustration of a Ti3C2–TiO2 based photodetector. (b) Nyquist plots of a Ti3C2Tx thin film with and without UV irradiation. (c) Chronoamperometry
of Ti3C2Tx thin film under various atmospheres. (d) Chronoamperometry of a Ti3C2Tx thin film under argon with and without UV irradiation. Reproduced with
permission [143]. Copyright 2018, American Chemical Society. (e) Functionalization of TiO2 nanotube arrays with Ti3C2Tx flakes. (f) Band diagram and working
mechanism of PEC water splitting of functionalized TiO2 nanotube arrays. Reproduced with permission [144]. Copyright 2022, Elsevier. (g) Large-area
fabrication process of a scalable photodetector based on a 3D-networked Ti3C2Tx–TiO2 composite. (h) Efficient carrier transport processes over a 3D-
networked Ti3C2Tx–TiO2 heterostructure. Reproduced with permission [134]. Copyright 2022, Elsevier. (i) Synthesis of crossed Zn2GeO4 NWs/MXenes.
Reproduced with permission [120]. Copyright 2020, American Chemical Society.
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60% for responsivity, EQE, and response time, respectively. The
enhanced photoresponse performance are mainly due to the syn-
ergistic effect of Ti3C2 and Zn2GeO4 nanowires, where the con-
ductive MXene promotes the carrier transport and the large
contact interfaces accelerate the separation of electron-hole pairs.
Li et al. established an efficient carrier transportation channel by
blending 0D ZnO QDs and 2D Ti3C2Tx nanoflakes, which con-
fines the light within the photoactive layers and enhances the
sensitivity of photodetection [123]. Owing to the localized sur-
face plasmon resonance effect of the MXene, the light absorption
of ZnO/Ti3C2Tx film is enhanced and an impressively improved
EQE (150%) was achieved. In addition, an optimal responsivity
of 425 mA/W with fast response time was observed due to the
fast carrier transportation and accelerated hot electron injection
between MXene and ZnO. Very recently, Song et al. also investi-
gated the DUV photoresponse of the ZnO/Ti3C2Tx composite,
where the 2D Ti3C2 nanoflakes were anchored on the surface
of the ZnO film [133]. The introduction of the MXene enhanced
the deep-UV band absorption while the formed van der Waals
heterojunctions can create surface depletion and passivation,
182
which further suppresses the dark current and enhances the pho-
tocurrent. Compared with the pristine ZnO film, the on/off ratio,
EQE, responsivity, and detectivity of the ZnO/Ti3C2Tx composite
was enhanced by 284, 72, 74, and 55 times under the irradiation
of 240 nm, respectively, which extends the application of the
MXene to solar blind photodetectors.

Recently, perovskites materials have received enormous atten-
tion due to the excellent optical and electrical properties, and
their integrations with MXenes have been extensively investi-
gated [122,131,136,145]. In 2019, Pan et al. developed an in-
situ growth strategy for all-inorganic CsPbX3 perovskite
nanocrystals on Ti3C2Tx MXene (Fig. 11a) [145]. As revealed,
the perovskite nanocrystals are well-dispersed on the MXene sur-
face, constructing efficient transportation highways for the
photo-generated carriers. The MXene/CsPbX3 composites show
significant photoluminescence quenching and shorter photolu-
minescence decay lifetimes, indicating an improved excited state
charge transfer process. As can be seen in Fig. 11b, the resultant
devices can response to both visible and X-ray light owing to the
increased photocurrent generation. Very recently, Li et al. also



FIGURE 11

(a) Schematic illustration of the in-situ growth of CsPbBr3 NCs on MXene flakes. (b) Photo-response performances of CsPbBr3 NCs/MXene under the irradiation
of white LED and X-ray. Reproduced with permission [145]. Copyright 2019, American Chemical Society. (c) Synthesis of Ti3C2Tx NCs and the corresponding
embedded MAPbI3 microwires. (d) The responsivity and detectivity of embedded MAPbI3 microwires as function of light intensity. Reproduced with
permission [122]. Copyright 2021, Wiley-VCH. (e) Synthesis of Br-terminated Ti3C2Tx by molten-salt etching and hydrothermal approach. (f) Schematic
mechanism of introducing Br-terminated Ti3C2Tx in the perovskite film. (g) An underwater wireless optical communication system based on a perovskite
photodetector modified with Br-terminated Ti3C2Tx. Reproduced with permission [136]. Copyright 2022, Royal Society of Chemistry.
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investigated the photoresponse of Ti3C2Tx/CsPbX3, where the
hybrid was obtained by a facile assembling approach [131].
According to the SEM images, the MXene flakes were uniformly
distributed after a simple blending. Owing to the spontaneously
intensified surface electromagnetic fields of Ti3C2Tx, incident
fugacious photons in the CsPbBr3 film can be successfully con-
fined, which accelerates the transportation of photo-generated
carriers in the composite. Compared with the pristine CsPbBr3,
the photo-response performance of the Ti3C2Tx/CsPbBr3 device
increases as a function of the MXene content due to the excited
hot electrons while the EQE was intensified by 300% under the
irradiation of 490 nm light (2.9 mW/cm�2).

In addition to the inorganic perovskites, organic–inorganic
hybrids have also been integrated with MXenes to further
enhance charge separation and transfer. In order to improve
the internal carrier transport of MAPbI3 microwires and the
mobility of integrated films simultaneously, Ti3C2Tx nanocrystals
were deposited on the MAPbI3 microwires [122]. As shown in
Fig. 11c, the colloidal Ti3C2Tx nanocrystals were synthesized
via a non-focus laser irradiation strategy with a pulsed laser
and subsequently hybridized into MAPbI3 microwires. The intro-
duction of a conductive Ti3C2Tx colloidal could enhance the
crystalline orientation of the perovskite crystals since the defects
in the MAPbI3 microwires are reduced by the -F terminations on
Ti3C2Tx. Exploiting the advantages of enhanced charge transport
and carrier extraction as well as the promoted mobility, the as-
prepared photodetector exhibited excellent performance with
responsivity of 1.7 A/W and detectivity of 7.0 � 1011 Jones
(Fig. 11d). A similar defect passivation phenomenon was also
observed in metal halide perovskite modified with bromide-
terminated Ti3C2 MXene nanoparticles (Br-MNP) [136]. As can
be seen in Fig. 11e, the Br-MNPs were fabricated through the
183
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combination of a molten-salt etching method and a hydrother-
mal process. By blending Br-MNPs in the perovskite, the halide
vacancies were effectively compensated by the Br terminations
and the crystallization process was spontaneously improved, pro-
moting the formation of a better film morphology with enlarged
vertical-oriented single grains and reduced trap state density
(Fig. 11f). Taking the Br-MNPs as bridges between adjacent per-
ovskite grains, the carrier transport was enhanced with mobility
as high as 0.21 cm2∙V�1∙s�1, resulting in an optimized responsiv-
ity of 3.93 A/W and response time of 29.9 ls. Moreover, an
underwater wireless optical communication system has been
achieved based on the modified perovskites, where the encoded
signals can be clearly identified (Fig. 11g). We conclude that the
integration of MXenes paves the way for a new strategy for defect
management of perovskites, while the improvement of the
photo-response performance and the working mechanism need
more efforts.

Several successful combinations of MXenes with conven-
tional III–V semiconductors have been reported, where the 2D
MXenes can be stacked onto target substrates by physical trans-
fer/deposition [125,127,128]. In 2021, Song et al. created a Ti3C2-
Tx/GaN van der Waals heterojunction (vdWH) and proposed a
FIGURE 12

(a) The deposition of Ti3C2 MXene onto GaN via spray-deposition method using
InGa device under dark and UV illumination. (c) Energy band diagram of Ti3C2/G
Copyright 2021, Wiley-VCH. (d) The optical pictures and CIE chromaticity diagra
Ti3C2T/p-GaN heterostructure LED under forward bias. Reproduced with perm
response of the Ti3C2Tx/GaAs device under different wavelengths and light pow
Patterned Ti3C2Tx film on a 4-inch Si wafer. (h) TEM image of the Ti3C2Tx/Si interfa
inset shows the schematic illustration of the device. Reproduced with permissi
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highly efficient ultraviolet photodiode with stable current out-
puts [125]. As shown in Fig. 12a, the MXene colloid was sprayed
onto the GaN substrate to obtain the arrays while the contact
area was controlled by various masks. InGa were produced on
GaN as electrodes and their ohmic contact was confirmed by lin-
ear I–V properties of the device without MXene (Fig. 12b). In the
MXene/GaN vdWH photodiode, typical rectification features are
observed when the I–V curves are presented on a linear scale,
indicating the formation of a Schottky barrier between MXene
and GaN. As shown in Fig. 12c, a built-in electric field can spon-
taneously form at Schottky junction and promote the separation
of photocarriers. Benefiting from the photoexcited hot carriers
produced by the Ti3C2Tx MXene under UV light, an ultrahigh
internal quantum efficiency (IQE) over 100% and EQE over
99% could be achieved at self-powered mode. Under the irradia-
tion of a low power density (30 lW/cm2), the self-powered
responsivity and detectivity could reach 284 mA/W and
7.06 � 1013 Jones, respectively. Yi et al. also investigated the
self-driven photo-response of Ti3C2Tx/(n/p)-GaN heterostruc-
tures, where the Schottky contacts of Ti3C2Tx with both n-GaN
and p-GaN were confirmed by ultraviolet photoelectron spec-
troscopy [127]. The photodetector based on Ti3C2Tx/n-GaN exhi-
a mask to define the contacting area. (b) I–V characteristic of the InGa/GaN/
aN heterojunction based on calculation. Reproduced with permission [125].
m of the Ti3C2Tx/p-GaN heterostructure LEDs. (e) The band diagram of the
ission [127]. Copyright 2021, Wiley-VCH. (f) The time-dependent photo-

er densities. Reproduced with permission [128]. Copyright 2021, Elsevier. (g)
ce. (i) Band diagram of the Ti3C2Tx/Si photodetector under illumination – the
on [130]. Copyright 2022, Wiley-VCH.
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bits fast response times (rise time of 60 ms and decay time of
20 ms), a high responsivity of 44.3 mA/W, and an excellent
on/off ratio of � 1.13 � 104 under the irradiation of 365 nm light
(96.9 lW/cm2). In addition, the integration of MXene/III–V
semiconductors can also endow device novel properties. For
instance, the light emitting diodes based on Ti3C2Tx/p-GaN show
stable orange light emission under various bias potentials
(Fig. 12d). According to the proposed mechanism in Fig. 12e,
the holes in Ti3C2Tx can transfer to p-GaN under a bias potential
and recombine with electrons, leading to the emission of various
light wavelengths, such as ultraviolet light at 376 nm from the
near-band emission, blue light (436 nm) from the Mg-acceptor-
related emission and orange/red light (602/706 nm) from deep-
level emissions of p-GaN. In addition, a broadband self-driven
photodetector has been developed based on a Ti3C2Tx/GaAs
Schottky heterojunction [128]. As shown in Fig. 12f, the pho-
tocurrent increases with the increment of light power density
under the irradiation of light with various wavelengths, which
can be ascribed to the broad-band absorption of the Ti3C2Tx layer
and the high-quality Ti3C2Tx/GaAs interaction. Due to the fast
generation of hot electrons in the MXene layer, the sensing
range of this Ti3C2Tx/GaAs photodetector was extended to the
infrared region, which shows apparent response to 980 nm light.

Moreover, the photo-response performance of traditional sili-
con semiconductors has been enhanced by the design of
heterostructures with MXenes and interface engineering of inter-
facial SiOx layers [126,130]. As revealed, the dark current can be
reduced by the improved interface quality, which is achieved
by growing the interfacial SiOx layers and controlling the thick-
ness of the Ti3C2Tx. The oxidation of MXene flakes were pre-
vented after encapsulation with silicone, endowing a
photodetector excellent stability with high EQE (�54%) and
specific detectivity (�2.09 � 1013 Jones) [126]. Taking advantage
of the outstanding film-forming ability, a wafer-scale MXene film
could be patterned on a large-area SiO2/Si substrate via pho-
tolithography and dry etching techniques, where patterns with
sharp edges and micro-scale resolution (up to 2 lm) were
achieved (Fig. 12g) [130]. As shown in Fig. 12h, a plane-to-
plane stacking of Ti3C2Tx can be observed while there is one layer
of SiOx between Ti3C2Tx MXene and n-Si. As mentioned above,
the interfacial SiOx layer can reduce the dark current, resulting
in an excellent detectivity as high as 7.73 � 1014 Jones. Accord-
TABLE 3

Compared photo-response performance of pristine MXenes as active materi

Materials Structure Voltage (V) ka

(nm)
Pph

c (lA/cm2

Mo2CTx FET 1.0 660 4.5 � 103

ScCxOH FET 10.0 360 2.0 � 101

Ti3C2Tx Capacitive 1.0 SLb 3.5
Nb2C PEC 0.8 400 0.2
Nb2C FET 1.0 405 2.4 � 102

Nb2C Photothermal - 405 -

a Light Wavelength.
b Solar Light.
c Photocurrent Density.
d Photoresponsivity.
e Response time.
f Detectivity.
ing to the proposed working mechanism (Fig. 12i), there is a
built-in electric field under reverse bias potential, which pro-
motes the separation of photo-generated carriers and subse-
quently enhances the photocurrent. The Ti3C2Tx/n-Si
photodetector also exhibits high stability and reliability, where
the photocurrent is unchanged after 15,000 cycles. In addition,
a fully-monolithic image sensor array with 1024 pixels was
achieved based on the Ti3C2Tx/n-Si heterojunction and a high
contrast with sharp edges could be observed, extending the
application of the MXene-based composites to the field of
micro-nanoelectronics.

For the fabrication of MXene-based heterojunctions, one can
use a physical strategy (such as mechanical blending or physical
transfer/deposition) based on the as-fabricated precursor materi-
als [129,132,135,137]. For instance, Zhu et al. synthesized trian-
gular monolayer MoS2 on an SiO2/Si substrate by a hydroxide-
assisted method and a MoS2/Ti3C2Tx heterostructure was
obtained by a following spin-coating Ti3C2Tx suspension [129].
It should be noted that the heterostructures were randomly
formed on the substrate, making it a bit complicated to practi-
cally fabricate the device. Using a similar procedure, a hybrid
plasmonic structure was achieved based on MXene nanoparticles
(MNPs) and MoS2 nanosheets, where the MoS2 nanosheets were
firstly fabricated by a CVD approach on Si/SiO2 substrates and
the MNPs were directly spin-coated [137]. Owing to the intense
electromagnetic fields generated by strong localized surface plas-
mon resonances of the MXene flakes, the photodetector exhib-
ited enhanced responsivity (20.67 A/W), detectivity
(5.39 � 1012 Jones), and an extremely high EQE value of
5167%. On the other hand, MXene-based composites can also
be obtained by the bottom-up strategy, such as in-situ growth
of Bi QDs on an Nb2C substrate by a hydrothermal reaction
[100]. The obtained Nb2CTx@Bi Schottky heterojunctions exhib-
ited excellent self-powered capability with high responsivity. In
contrast, in-situ growth of MXenes on other materials is still
under investigation and calls for more efforts. The morphology
and structure of the composites are more specific based on the
bottom-up strategy, which is beneficial for investigations of the
mechanisms. However, the physical strategy has been more com-
monly used in recent years for the fabrication of MXene-based
heterojunctions owing to the facile procedures and the possibil-
ities for quantitative preparation.
als.

) Rph
d

(A/W)
tres/trec

e

(s)
D*f (Jones) Ref.

9.0 – 5 � 1011 [96]
1.3 � 10�1 – – [27]
3 � 10�5 – – [146]
2.8 � 10�5 0.15/0.1 – [147]
4.6 � 10�1 2.95/3.82 – [147]
8.2 � 101 nm/W∙cm�2 0.1/0.07 – [148]
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Pristine MXenes
Taking the advantages of low-cost fabrication and tunable elec-
tronic structures into account, pristine MXenes have also been
directly applied as active materials for various photodetectors.
The corresponding parameters and performance data are sum-
marized in Table 3. In 2016, Lipatov et al. construct a field-
effect transistor based on Ti3C2Tx MXene to investigate the
environmental stability by measuring the correspondent resis-
tivity (Fig. 13a) [22]. As revealed, the resistivity of individual
FIGURE 13

(a) Schematic illustration of reversible molecular adsorption and edge oxidation
before and after exposure to air. Reproduced with permission [22]. Copyright
Working mechanism of Mo2CTx-based flexible photodetector. (e) Photo-respons
transmission electron microscopy and ultrahigh resolution electron energy loss
Wiley-VCH. (g) Selective etching of Al3C2 form ScAl3C3 compound. (h) Schematic
under the irradiation of 360 nm light. Reproduced with permission [27]. Copyri
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flakes is only one order of magnitude lower than the multilayer
Ti3C2Tx, indicating a good electron transport through the sur-
face terminations of different flakes. Under humid air atmo-
sphere, the drain-source current decreased with time after the
initial exponential decay, which can be ascribed to the edge oxi-
dation as confirmed by the AFM images (Fig. 13b). Taking
advantage of the strong localized surface plasmon resonances
and flexibility, MXene flakes can be utilized as active materials
for plasmonic photodetectors [96]. As shown in Fig. 13c, MXene
for a Ti3C2Tx-based FET photodetector. (b) AFM images of Ti3C2Tx-based FET
2016, Wiley-VCH. (c) Photograph Mo2CTx-based flexible photodetector. (d)
e of Mo2CTx-based photodetector as a function of wavelength. (f) Scanning
spectroscopy of Mo2CTx. Reproduced with permission [96]. Copyright 2019,
illustration of the photodetector based on ScCxOH and its photo-response
ght 2019, American Chemical Society.
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flakes have been deposited on a nylon paper membrane by fil-
tration and Au electrodes were fabricated on the MXene film
by beam evaporation to construct the photodetector. Fig. 13d
shows the migration process of the plasmon-assisted hot carriers
toward the biased gold electrodes. Two needle-shaped probes
were pinned on Au electrodes to measure the photocurrent of
the MXene-based device under the irradiation of visible light
ranging from 400 to 800 nm (Fig. 13e). In addition to the tradi-
tional Ti3C2Tx, the photo-response performance of other kinds
of MXenes (such as Mo2CTx, Nb2CTx, T2CTx, and V2CTx) has
also been revealed. Among these MXenes, Mo2CTx exhibits
FIGURE 14

(a) Constructing MXene 3D-Aerogel by bio-inspired freezing approach and a
photoresponsive supercapacitors. (c) Photo-response performance of MXene-b
American Chemical Society. (d) PEC system built for evaluating the photo-respo
density as a function of the bias potential in various KOH concentrations. (f) On/o
various wavelengths and the photo-response performance as a function of wave
MXene. Reproduced with permission [147]. Copyright 2021, American Chemica
the best results with responsivity up to 9 A/W and detectivity
as high as � 5 � 1011 Jones. The spatial and energy distribution
of surface plasmon modes over the Mo2CTx nanosheets can be
imaged by means of scanning transmission electron microscopy
and ultrahigh resolution electron energy loss spectroscopy
(Fig. 13f). Moreover, the dynamics of the generated plasmon-
assisted hot carriers in Mo2CTx flakes were investigated by fem-
tosecond visible transient absorption measurements, where the
short lifetime coupling with light and dephasing of surface plas-
mons endow the Mo2CTx-based device an excellent photo-
response ability.
ssembly of MXene-based supercapacitor. (b) Working mechanism of the
ased supercapacitor. Reproduced with permission [146]. Copyright 2021,
nse behavior of Nb2C-based photodetector. (e) The calculated photocurrent
ff switching behavior of Nb2C-based photodetector under the irradiation of
length. (g) Experimental setup of an Er-doped PML fiber laser based on Nb2C
l Society.
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FIGURE 15

Summarized future research directions for MXene-based photodetectors.
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Generally, semiconducting properties are necessary for opto-
electronics while the photo-generated carriers undergo fast
recombination in a conductive material, indicating that the
metallic nature of MXenes is disadvantageous for photodetec-
tion. In 2019, Zhou et al. demonstrated the first direct band
gap MXene, namely ScCxOH, which was obtained by selective
organic-base etching of a non-MAX ScAl3C3 precursor (Fig. 13g)
[27]. Combining the experimental studies and first-principles
density functional theory calculations, the ScCxOH MXene was
predicted with a direct band gap of �2.5 eV, facilitating its fur-
ther application for ultraviolet–visible light detection. As shown
in Fig. 13h, apparent on/off signals can be observed from the
ScCxOH-based FET device under the irradiation of light with
360 nm and 160 lW/cm2, where the overshooting indicates
the existence of a few traps. In addition, theoretical calculations
indicate that a conducting-like behavior can be achieved by sur-
face modifications of various MXenes [24]. For instance, Mo2CTx

and Mo2TiC2Tx are predicted to possess indirect band gaps. The
relevant photo-response performance and working mechanisms
though need further investigations [149,150].

In addition to the traditional FET-type photodetetors, several
different photodetection devices have been constructed owing
to the unique properties of MXenes [146–148]. For instance, a
high-performance photo-responsive supercapacitor has been
revealed by Cai et al., where multifunctional MXene aerogels are
assembled via a bio-inspired freezing approach and utilized as
working electrodes (Fig. 14a) [146]. As illustrated in Fig. 14b, the
separated electrons might move between two MXene electrodes
when the supercapacitor is fully charged and the carriers could
recombine quickly under light irradiation, resulting in an
enhancement of leakage current. Through the detection of the
leakage current, obvious on/off signals could be observed
(Fig. 14c) and the photocurrent was found to increase with the
increment of solar power intensity.

Recently, a novel PEC-type photodetector has been demon-
strated based on a few-layer Nb2C MXene, where the device
could work under a liquid-phase condition (Fig. 14d) [147]. As
can be seen in Fig. 14e, the photocurrent density increases with
the increment of bias potential and electrolyte concentration,
where the effect of bias potential is more significant. Although
the photocurrent density and photoresponsivity are low relative
to traditional FET-type photodetectors, the Nb2C-based PEC-type
device exhibits a narrow-band detection feature (Fig. 14f) and
paves the way for a potential underwater communication appli-
cation of pristine MXenes. In addition, an optical switch for pas-
sively mode-locked fiber lasers has been demonstrated by
depositing Nb2C nanosheets on tapered fibers, and ultrastable
pulses could so be achieved in the telecommunication and
mid-infrared regions (Fig. 14g). It has been revealed that Nb2CTx

MXene has a high thermal conductivity and excellent pho-
tothermal conversion efficiency from visible to near-infrared
wavelengths. Taking this advantage into account, a fiber-based
all-optical photodetector has been demonstrated by coating
MXene flakes on the surface of a microfiber, which was shown
to exhibit broadband response with high sensitivity and fast
response [148]. In addition to the photodetector, the deposition
of 2D MXenes on specific fibers can also be used to construct var-
ious devices, such as all-optical switching and salinity sensors,
188
and here more efforts to further broaden the application pro-
spects of pristine MXenes can be envisaged [83,151,152].
Conclusion and outlook
Owing to their controllable physicochemical properties, MXenes
have been proven as promising building blocks for constructing
photodetection devices. The recent five years have witnessed a
rapid development of MXene-based photodetectors that exhibit
unique performance such as being self-powered, narrowband,
solar blind and broadband responsive. In this review, we briefly
introduced the synthetic strategies for pristine MXenes and
reviewed their properties mainly focusing on the optical and elec-
tronic aspects, which are essential for their performance in pho-
todetectors. We comprehensively summarized the characteristics
of MXene-based photodetectors with various constructions for
practical applications, where the MXenes can serve as not only
electrodes but also active materials. Owing to the tunable opto-
electronic features, MXenes are by now widely used as electrodes
for FET-type photodetectors, but prevail still at an early stage.
For instance, taking the advantage of strong van der Waals forces
between MXenes and traditional semiconductors Schottky con-
tacts can subsequently be formed. The photo-response of
MXene-based composites is the subject for ongoing research lead-
ing to successive improvements, and will probably soon become a
mainstream in photodetector technology. Various photodetector
constructions have been demonstrated based on pristineMXenes,
indicating the direct use MXenes as active materials in such
devices. With the fast growth of the MXene family of chemical
compositions and the further revelation of interesting properties,
the research on MXene-based photodetectors will be even more
attractive.

AlthoughpristineMXenes and corresponding compositeshave
been extensively investigated in the photodetection field, their
applications are still marginally explored and there remain several
challenges to be addressed before routine practical applications
can take place. Fig. 15 summarizes future research directions for
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MXene-based photodetectors, which can be divided into four
main parts, including MXene preparation, device functionality,
device construction, and commercial application. For the prepara-
tion of MXenes, over 80% examples have focused on the metallic
Ti3C2MXene,while less investigationshave beendevoted to other
MXenes. Although over 40 kinds of MXenes have been experi-
mentally synthesized and hundreds more are theoretically pre-
dicted, more efforts are required to explore the photo-response
of awider group ofMXenes, especially thosewith semiconducting
properties, to reveal the full potential. The optoelectric properties
of pristineMXene can be tuned by composition and surface termi-
nations, resulting in suitable band-structure andwork function for
photodetection. In addition, the elemental doping strategy has
proved to be effective for optimizing their properties, which will
be beneficial for the achievementsof various functionalities. Based
on the different roles of MXenes and their structural design, some
particular functionalities have been achieved, such as narrow-
band detection, self-powered response and solar-blinding. How-
ever, more efforts are required to extend their application scenar-
ios by endowing MXene-based photodetectors with more novel
functionalities, such as under-water and remote control detection
in harsh environments.

As regard to the device structures, several unique construc-
tions have been revealed, such as capacitive-, photothermal-,
and photoelectrochemical-type photodetectors, which can fur-
ther extend the practical applications of MXene-based photode-
tectors. However, the working mechanisms for those
constructions have so far mostly been based on calculated elec-
tronic structure and energy band diagrams, and a large numbers
of experimental techniques are called for to verify the simulated
structures and characteristics of the MXenes, such as spatially
resolved electron energy-loss spectroscopy, scanning Kelvin
probe force microscopy and ultrafast femtosecond transient
absorption spectroscopy. In addition, MXenes have been widely
applied in the field of energy storage such as in supercapacitors
and in rechargeable batteries, which can be directly applied as
power supply systems for MXene-based photodetectors, making
it possible achieve all-MXene photodetectors. Facing commer-
cial applications, the stability and fabrication costs are main
concerns. The oxidation of MXenes is an inevitable issue, which
penetrates the whole history of the device from construction to
use. Although the combination with conventional active mate-
rials have improved the performance of the resultant photode-
tectors, the direct utilization of pristine MXene can further
decrease the fabrication cost and facilitate large-scale implemen-
tations. Considering the excellent processability, MXene inks
can be used on complicated substrates for volume production
via various printing and coating technologies, facilitating the
achievement of flexible MXene-based photodetectors with large
area.

This review summarized the recent advances of MXene-based
photodetectors and their current merits, limitations and chal-
lenges were presented in detail, which we believe can enlighten
their future development. Although the research on MXene-
based photodetectors still can be considered to be at its infancy,
we anticipate that the diverse functionalities and unique opto-
electric properties of MXenes will keep them in a forefront posi-
tion for photodetection over a long period of time.
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