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with semiconductors, improving charge separation and photocatalytic performance.
MXenes were initially used in photocatalysis as cocatalysts replacing noble metals
in hydrogen evolution, but their high charge mobility and strong photothermal
conversion opens promising opportunities for these materials form heterojunctions
and in photothermal catalysis. Despite challenges related to oxidative stability,
compositional and surface engineering strategies may expand their applicability.
Overall, MXenes represent a versatile platform for photocatalysis and photothermal
catalysis, with potential contributions to solar-driven chemical processes at large
scale.
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1. Introduction

Photocatalysis is continuously searching for new processes, materials and mechanisms to break the current
ground of the area that is characterized by still insufficient yields and efficiencies [1]. In this search, graphitic
carbon nitrides (g-C3N4) and other metal-free photocatalysts with 2D morphology have constituted a step forward
considering their availability, reliable synthesis and wide range of applications [2]. In 2011, Naguib, Barsoum and
Gogotsi reported the preparation of a novel 2D nanomaterial that was termed as MXene [3]. Compared to g-CsNa,
MXenes offered a considerable wider chemical space since they are constituted by early transitions metals
combined with carbon and nitrogen [4] MXene structure is formed by the stacking of one atom thick layer of early
transition metals alternating with one atom-thick layer of carbon or nitrogen. The total number of layers can be 3
to 9 and the metal layers are always external, thus resulting in a general formula of My+1X,, where M is the early
transition metal and X is the carbide, nitride or carbonitride layer. Figure 1 summarizes MXene structure for the
case of a M3X,04 formula in where -O- are surface terminal groups.

One of the uniqueness of MXenes is that the exposed top and bottom M layers, corresponding to partially
oxidized metal, are bonded to surface terminal groups whose nature depends on the preparation process. This
surface terminations control many physical, optoelectronic and chemical properties of MXenes, including polarity,
hydrophilicity, adsorption energy, work function and others [5]. MXenes exhibit generally high electrical and
thermal conductivity, but again, this conductivity depends and can be modulated by the surface terminations as
well by the nature of the M transition metal [6,7].
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Figure 1. Illustration of five-layers MXene structure in where M (in light bluer) refers to an early transition metal
and X (in brown) correspond to carbon or nitrogen. The red atoms correspond to -O- atoms as surface terminations.

Since their discovery, MXenes have found application in energy storage devices such as cathodes for lithium
batteries and in supercapacitors, but also in electrocatalysis [8]. MXenes offer also considerable promises in
photocatalysis [9,10]. Initial reports were focused on the use of MXenes as cocatalysts, but direct photocatalytic
activity of MXenes have also been reported as shown below.

In the broader landscape of 2D materials for photocatalysis, MXenes occupy a distinct yet largely
complementary role. Graphene is widely recognized for its excellent electron-accepting capability and outstanding
chemical stability, while transition metal dichalcogenides and graphitic carbon nitride function as active
semiconductors with tunable bandgaps suitable for visible-light harvesting. In contrast, MXenes combine high
metallic conductivity, tunable hydrophilicity, and versatile surface chemistry, making them particularly effective
as co-catalysts and conductive scaffolds for promoting interfacial charge transfer in heterojunctions. When
integrated with photoactive semiconductors, they can significantly enhance charge separation and suppress
recombination processes. In this context, MXenes complement key charge-transfer limitations that often constrain
the performance of otherwise well-established photocatalytic systems. The present perspective describes our views
in the unique opportunities that MXenes offer on photocatalysis, particularly regarding formation of
heterojunctions and photothermal reactions.

2. Synthesis of MXenes

The most general procedures for MXene preparation start with the so-called MAX precursors, in where A
corresponds generally to a main group metal of the III and IV groups [3,11]. These MAX precursors can be
prepared by metallurgic synthesis by sintering at elevated temperatures of the metallic elements and graphite in
the corresponding molar proportions [12]. In the most common cases, the A element is Al, but Ga, Si and As are
also possible [12]. Starting from the MAX precursors, MXenes are obtained by chemical etching of the Al element
[13]. The two most general etching procedures involve either the use of F-containing etchant in aqueous medium
at low temperature or the Lewis acid molten salt etching at temperatures above 450 °C [13,14]. Figure 2 illustrates
these two preparation methods.

The etching conditions determine the nature of the surface terminations that become installed on the resulting
MXene surface and upon the removal of the A element. In the etching by F-containing reagents, due to the presence
of water as solvent not only F but also -O- and -OH are implanted on the surface. These three terminations can be
accompanied by other halides, particularly -Cl, if they are present during the etching process. In the case of Lewis
acid molten salt etching, since the most general molten salts are alkali metal halides, the corresponding halide is
introduced as surface termination during the preparation of the material (Scheme 1) [14].

Surface terminations are important because DFT calculations have shown that the work function and electric
conductivity of a given MXene sample are strongly influenced by them [15]. It has been established that Sc carbide
with oxygen surface functional groups has a bandgap that should perform as semiconductor, although an
experimental validation of the performance of stability of these materials is still missing [16]. In general, and due
to the metallic character and electrical conductivity of MXenes, most of these materials do not exhibit
semiconducting properties.

However, on the other hand, the metallic character of MXenes and the confinement of valence band electrons
on a 2D plane determines the appearance of a plasmon absorption band in the visible region reaching to the near
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IR [17]. Therefore, this property makes MXenes promising candidates for plasmonic photocatalysis, enabling
photothermal processes in which light is converted into localized heat and hot electrons [18,19]. Figure 3 compares
the plasmon band of Ti3C, with that of Au nanoparticles supported on TiO».
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Figure 2. (a) HF etching and (b) molten salt etching methods for MXene preparation from the corresponding MAX
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Scheme 1. Spontaneous surface functionalization by halide (Y) of MXenes in molten salt etching preparation.
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Figure 3. Comparison between plasmon band of TizC2 and Au nanoparticles supported in TiOa. Part A UV-Vis
absorption spectrum of Ti3Cz, adapted with permission from ref. [20] under the terms of creative commons attribution
license; and Part B, UV-Vis absorption spectra of Au/TiOz prepared under 200 (orange) and 400 °C (blue), reproduced
with permission from ref. [21]. Copyright 2011 American Chemical Society.
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In addition, the metallic character can also be useful for the formation of Schottky heterojunctions, as in the
case of noble metal nanoparticles and graphene materials [22]. In these heterojunctions, the electrical conductivity
and high charge carrier mobility of the metal nanoparticle facilitates charge migration at the interphase between
MXene and the semiconductor and in this way increases efficiency of photoinduced charge separation, decreasing
the unproductive electron-hole recombination.

Besides installing surface functional groups that could tune MXene conducting/semiconducting properties,
the harsh conditions of the etching can also generate structural defects, and particularly metal atom vacancies that
can play diverse roles acting as catalytic sites for substrate adsorption, or favoring substrate reaction or as charge
carrier trapping center, among other effects [23]. Therefore, these structural defects can also be beneficial in a
photocatalytic process by promoting charge transfer between the MXene and the substrate or by catalyzing
substrate transformation after charge transfer.

MXenes are intrinsically susceptible to undergo oxidative degradation, governed by a combination of
thermodynamic and kinetic factors and strongly influenced by both environmental conditions and intrinsic material
properties. Exposure to water/moisture and dissolved oxygen may initiate oxidation processes, particularly
promoted under photocatalytic conditions by photogenerated holes and generation of reactive oxygen species.
Surfaces and especially edges are particularly vulnerable to attack, as surface terminations (-O, -OH, -F) can
actively participate in reactions with oxygen- and water-derived species [24,25]. In addition to external parameters
such as temperature and pH, intrinsic features play a decisive role in determining stability [24]. Defects such as
metal and carbon vacancies act as highly reactive sites that facilitate water adsorption and protonation, lowering
activation barriers for bond cleavage and promoting metal atom release [26]. Experimental studies have further
revealed stepwise degradation pathways involving loss of surface functional groups, structural rearrangement, and
the formation of oxide phases such as TiO», confirming the progressive transformation of the MXene lattice [26].
To mitigate these effects, several strategies have been proposed, including surface and edge passivation via ligand
interactions, protective coatings, defect passivation, and hybridization with semiconductors, which can suppress
degradation by limiting access of reactive species and tuning the electronic structure [24,25]. Moreover, the
practical applicability of MXenes in photocatalytic systems is frequently compromised by the restacking tendency
of their nanosheets which results in a drastic reduction of specific surface area and the obstruction of catalytically
active sites [27]. This aggregation process is further intensified by capillary forces inherent to conventional drying
and processing methods, which trigger porosity collapse and hinder mass transport. Consequently, these structural
limitations prevent the material from achieving its theoretical performance in reactions that depend on highly
accessible and well-exposed surfaces [28,29].

3. MXenes as Co-Catalysts to Enhance the Photocatalytic Activity of Dyes and Semiconductors

One of the pioneering studies on the applicability of MXenes in photocatalysis was the use of MXenes as
cocatalyst replacing Pt nanoparticles in photoinduced hydrogen evolution reaction (HER) (Scheme 2) [30]. In this
study, Eosin Y was used as light harvester and sensitizer due to the intense absorption of this dye in the visible
region. Organic dyes meet well one of the most important prerequisites in photocatalysis regarding the ability to
absorb photons and generate electronic excited states. However, these organic compounds typically fall short in
promoting chemical transformations on substrates, such as hydrogen evolution, due to their lack of activity for gas
evolution. For this reason, organic sensitizers must be combined with other materials acting as co-catalysts, with
noble metal nanoparticles being among the most widely used option [31]. However, the excessive cost and scarcity
of noble metals make convenient their replacement by more affordable alternatives. In this regard it is also reported
that addition of MXenes to Eosin Y using methanol as sacrificial hole scavenger can promote HER upon visible
light irradiation, reaching a H, production of 33.4 umol ge,e ' hL.

Following with this research, we have shown that the efficiency of MXenes as co-catalysts for HER under
visible light irradiation increases with the degree of exfoliation of the MXene [32]. Typically, surface area is
measured using dry powders by N, gas absorption. These measurements give, in the case of MXenes, small specific
surface area values about a few m?>x g”!. As in the case of other 2D nanomaterials this small area values are mostly
due to the lack of intrinsic porosity of MXenes that undergo stacking under dry conditions. In contrast, in liquid
suspensions, upon sonication the exposed surface area of exfoliated few-layers MXene platelets can be much larger
than the value indicated by N, absorption. Using the Aksay method based on formation of a monolayer of
methylene blue coating Nb,C platelets suspended in aqueous phase, surface area values as large as 100 m?/g were
estimated for Nb,C in aqueous suspension [32]. A favorable relationship between Nb,C surface area, as determined
by the methylene blue adsorption method in suspended particles, and HER activity of 10.3 mmol g, ' h™! was
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observed for Nb,C as co-catalyst using Eosin Y as photosensitizer and triethanolamine as sacrificial electron donor.
Scheme 3 illustrates the proposed mechanism for this process.
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Scheme 2. MXenes as co-catalysts for Eosin Y photosensitization in HER.
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Scheme 3. Proposed mechanism for HER in Nb2C using Eosin Y as photosensitizer and triethanolamine as

sacrificial electron donor.
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In a further realization of MXenes as cocatalysts, it was also found that Nb,C as co-catalyst together with
Co(II) salt in solution increase the HER efficiency of Eosin Y photosensitizer using triethanolamine (TEOA) as
sacrificial electron donor, producing H, at a 10.3 mmol g, ! h™! rate [33]. It has to be commented that organic
dyes as photosensitizer can reach very high quantum efficiency values for HER and other photocatalytic reactions,
reaching apparent quantum efficiencies over 15%, that are values rarely reported for solid semiconductors and are
clearly remarkable and worth to be exploited [34,35].

4. MXene Dots as Semiconductors

As previously commented, most of the MXene samples are electrically conductive and therefore, these
samples can be adequate for the use of MXenes as cocatalysts, but the lack of an energy gap between the valence
and the conduction bands precludes their use as semiconductors. In fact, the use of MXenes as electrocatalysts
takes advantage of having simultaneously an electrically conductive material and active metallic sites that are able
to promote chemical transformations [36]. However, this in-plane electrical conductivity is mostly due to the large
lateral surface area of MXenes samples, frequently with particle sizes well over 100 nm?.

As in the case of quantum dots, carbon dots and other nanomaterials, confinement effects can open a gap
between the conduction and the valence band [37]. This is apparently the case of MXene dots, in where the lateral
dimension is in the order of tens of nm [38,39]. Thus, by reducing the lateral size, MXene can become semiconductors
due presumably to quantum confinement effects. This semiconducting properties of MXene dots are reflected in their
optical absorption and the appearance of an emission spectrum. Calculations should determine the influence of lateral
size, nature of the surface terminations on the energy position of the valence and conduction bands.

Among the various ways to obtain them [38], quantum dots can be formed directly from the MAX phase
precursor by liquid phase laser ablation [40]. In this method, a short laser pulse hitting suspended MAX particles
produces a mechanical and thermal shock in the MAX crystal structure as result of the instantaneous transfer of
energy and momentum of the laser beam on to the particle surface.

These energy pulses cause the etching of the A element that becomes oxidized and removed from the
structure. and the formation of MXene nanoparticles. Liquid laser ablation to obtain MXene dots has the advantage
to be a physical etching method not requiring chemical etchants, particularly avoiding HF or any fluoride salt. The
solvent in which the ablation is made determines the nature of the resultant surface functionalization. Scheme 4
illustrates the generation of MXene dots upon irradiation of the MAX precursor in aqueous phase [41].

MAX
hv and h/i
% transfer
\b
solvent

Scheme 4. Liquid laser ablation of MAX phase forming MXene dots due to the transfer in submicrosecond time
scale of energy (4n) and momentum (4//). Deep blue spheres represent the groups attached on the MXene dot from
the alcohol medium.

Evidence of the MXene structure of these small nanoparticles formed in the laser ablation is obtained by
TEM showing the morphology and crystallinity of the dots, XRD pattern corresponding to the MXene phase and
XPS providing information of the composition and coordination of the nanoparticles, among other characterization
techniques. It was found that theses MXene dots in the absence of light harvesting dyes or semiconductors can
promote upon irradiation with simulated sunlight photocatalytic hydrogen evolution, oxygen evolution and even
overall water splitting in the absence of any sacrificial electron donor or acceptor agent [41,42].

Interestingly, it was found that the photocatalytic activity (2.02 mmol ge, ' h™!) increases upon reuse of the
same sample in consecutive runs, a fact that has been explained as arising from the variation of the surface
functional groups upon prolonged irradiation [41]. Figure 4 presents some of the results reported for these MXenes
nanoparticles.
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Figure 4. (a,b) TEM images of Ti3AlCz quantum dots obtained by laser ablation method in H2O as solvent.
Statistical particle size gives an average size of 5 nm, (¢) Photocatalytic H2 evolution reaction curve for (m) TizCz;
(V) Nb2C; (@) Ti2C; and (0) V2C dots obtained by laser ablation (532 nm, 7 ns pulse, 50 mJ x pulse™!) of the
corresponding MAX phases (A = Al) in H20 suspension; and (d) reuses of Ti3Cz dot. Reaction conditions: 1 mg of
MXene dot in milli Q water containing triethanolamine upon irradiation with 300 W Xe lamp with 1 <400 nm cut-
off filter. Taken with permission from ref. [41] under the terms of creative commons attribution license.

Besides photocatalytic HER and overall water splitting, MXenes dots obtained by laser ablation have been
also found to be active for photocatalytic CO, hydrogenation to CH, (891 pmol g, ' h™!). Figure 5 presents some
of the results published for CO; reduction [42].
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Figure 5. Temporal profile of CO2to CH4 photocatalytic hydrogenation results for TizCz (pink), Nb2C (blue), V2C
(yellow) and Ti2C (green) MXene nanoparticles upon (a) UV-Vis irradiation and (b) visible (A > 400 nm) light.
Reproduced from ref. [42] under the terms of creative commons attribution license.

Besides H>O, MXene dots can also be formed upon liquid phase ablation in alcohols as solvents. In these
cases, IR spectroscopy has provided compelling evidence that the surface functionalities occurring on the MXene
dots are related to the structure of the alcohol in which irradiation is carried out (Figure 6) [42]. As expected, based
on the knowledge on the influence of surface functional groups on MXene properties, it was also found that the
photocatalytic activity of these MXene dots depends on the surface functionality introduced in the process and
therefore in the alcohol used in the laser ablation.
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Figure 6. (a) FTIR spectra of TisC2(nBuOH) and n-BuOH for comparison (b) FTIR spectra of Ti3C2(i-BuOH) and
i-BuOH for comparison and Hz and O2 production obtained from photocatalytic water splitting reaction for (c)
TizC2(EtOH + TBAOH), (d) TizC2(CFsCH20H), (e) TizC2(n-CsHi7OH) and (f) TisC2(TBAOH + H20). The
brackets indicate the alcohol in which the laser ablation was made. Reproduced with permission from ref. [42]

under the terms of creative commons attribution license.

It can be expected that laser ablation will be particularly useful to obtain MXene samples that are difficult to
prepare by conventional etching methods. In this regard, laser ablation could be specially interesting to prepare
MXene nitrides that are almost impossible to be obtained by fluoride etching or by molten salt methods, but they
could be in principle prepared by laser ablation under adequate conditions regarding laser wavelength and power,
pulse duration, solvent and others. MXene nitrides could have the general advantage of offering larger stability
than MXene carbides [43,44]. In fact, in most of the photocatalytic hydrogen evolution experiments previously
commented, evolution of CO, and CHj4 has been observed, therefore indicating the lack of complete photocatalytic
stability of MXene dots. As commented earlier, MXenes are particularly prone to undergo oxidation and it can be
expected that this tendency will be even more facilitated when the lateral size is small as consequence of the
increased prevalence of peripheral atoms. This issue of MXene dot stability certainly merits a detailed study trying
to develop efficient methods to minimize this unwanted process.

5. MXenes Heterojunctions

One of the main advantages of 2D nanomaterials is the large percentage of atoms that can be accessible to
substrates and products. 2D morphology is also especially suitable to expose a large interface to other 2D
nanomaterials or nanoparticles [45].

The combination of two materials can increase the efficiency of a photocatalytic process. In fact, one of the
main bottlenecks of a photocatalysis is charge recombination after photon excitation and generation of
photoinduced charge separation. Due to fast and efficient charge recombination it is a general observation that the
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junction of two semiconductors with appropriate band alignment is more efficient in photocatalysis than a single
material [46]. In a heterojunction at least one semiconducting material establishes and interfacial contact with other
conductive or semiconducting material.

This intimate contact makes possible after photoexcitation charge carrier migration from one component to
the other. The charge migration is mainly driven by the creation at the interface of a built-in internal electric field
(IEF) due to differences in the work function between the two components as indicated in Scheme 5.

Before Contact After Contact Upon Irradiation
OP RC OP RC

OP —— & \iBe Lﬂ\ﬁeducnon
il E, ‘. i

[ Er--4---

Jr
IEF IEF
—— ——- orcatio T

Scheme 5. Illustration of a S-scheme heterojunction between 2D semiconductors. CB, Er, VB, IEF, OP and RP
correspond to conduction band, Fermi level, valence band, internal electric field, oxidizing photocatalyst and
reduction photocatalyst, respectively.

One prerequisite for an efficient heterojunction is to have a large interfacial contact and favorable electron
paths between the two materials. Accordingly, MXenes appear to be suitable materials for forming heterojunctions
since they can provide an interface involving a considerable proportion of atoms forming the material and surface
functional groups can provide a path for charge carrier migration at the interface. In addition, the high electrical
conductivity of MXenes should also favor charge mobility and migration.

One of the examples of MXene heterojunctions in photocatalysis is the combination of g-C3N4, a semiconductor,
with Ti3C,. The heterojunction was assembled by electrostatic attraction between previously protonated g-CsN4 with
positive surface charge and the Ti MXene. The formation of the heterojunction increases the photocatalytic activity
of hydrogen evolution in the presence of 10% of triethanolamine as sacrificial electron donor by a factor of 10
compared to the activity of g-C3N4 having 3% of Pt, showing H, evolution rate of 72.3 umol ge, ' h™! under best
conditions [47].

In another example of MXene heterojunction, we have prepared a 2D Cu porphyrin MOF on Ti;C, MXene
by ultrasonication of preformed materials and observed an increase in the photocatalytic overall H,O splitting of
the heterojunction in comparison to the activity of supported Cu porphyrin MOF (Figure 7) [48]. The formation
of the heterojunction provided a material able to perform a catalytic activity for H, production of 1.67 mmol ge, '
h™!'.In this case, generation of an internal electric field at the interface was supported by XPS that shows an
enrichment of electron density in Cu 2p and a decrease of electron density in Ti 2p core levels after formation of
the heterojunction, while in situ irradiated XPS shows shifts in the opposite direction indicating charge migration
at the interface from MXene to the 2D Cu porphyrin MOF. Interestingly, the lower than stoichiometric amount of
O, formed respect to H, in the overall water splitting experiment was accompanied by observation of CO,
evolution, thereby indicating the lack of complete stability of TizC, that should undergo self-oxidation by
photogenerated holes [48]. This would suggest that MXenes are better suited to act in a heterojunction as reduction
photocatalyst, since their stability as oxidation photocatalyst can be limited.

It can be expected that MXenes will be used as preferent materials in many other heterojunctions involving
typical metal oxides or sulphides semiconductors. In fact, spontaneous or forced partial oxidation of MXenes can
form in situ a heterojunction of the corresponding oxide of the transition metal present in the MXene and the
MXene itself. This in situ synthesis establishes a good interface that results generally in an enhanced photocatalytic
activity for HER, CO, reduction and pollutant degradation.

In this regard, the combination of TiO, and Ti3C, has been one of the first and so far better studied metal
oxide/MXene heterojunctions [49-53]. As illustrated in Scheme 6, these metal oxides on MXene can be
conveniently obtained by hydrothermal oxidation of the MXene in aqueous medium containing high ionic strength.
The in-situ growth creates an interface suited to promote an efficient charge migration between the two
components, favoring CO> to CHy4 production rate of 4.4 mmol g, ' h™! under optimal conditions [50]. Other
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preferred heterojunctions are the Nb,Os over Nb,C that is efficient for photocatalytic CO, reduction. The material
obtained achieves a CO and CH, production rate of 1.24 and 2.04 umol ge.r ' h™', respectively [54,55].
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Figure 7. In situ irradiated high-resolution XPS data recorded in Cu2[CuTCPP)/TisC> (TCPP: meso-
tetrakis(carboxyphenyl)porphyrin) for (a) Cu 2p and (b) Ti 2p core levels and (c¢) photocatalytic overall H2O
splitting observing together with H2 and Oz, the formation of CO2 and CH4. Taken with permission from ref. [48].
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Scheme 6. In situ growth of MOx/MXene heterojunction by partial oxidation of MXene.

From a mechanistic perspective, different types of MXene-based heterojunctions should exhibit distinct
charge transfer behavior that directly impact photocatalytic performance. In Schottky heterojunctions, the metallic
character of MXenes prevails and they act as electron sinks, favoring charge separation via electron trapping and
suppressing recombination. In contrast, S-scheme heterojunctions rely on a built-in electric field and band bending
to selectively recombine low-energy electrons on the oxidizing semiconductor with low-energy holes located at
the reducing photocatalyst, thereby preserving highly reactive electrons and holes with the strongest redox
potentials. Although both approaches can enhance photocatalytic activity, direct comparisons of their efficiencies
remain challenging due to differences in experimental conditions across studies.

6. MXenes as Photothermal Catalysts

Typical photocatalytic activity involves charge separation with the generation of conduction band electrons
and valence band holes upon photon absorption. However, particularly in plasmonic materials, a new mechanism,
still not totally understood, termed as photothermal process has recently been considered [18,19,56,57]. This
mechanism combines activation by heat and light opening new pathways in which reaction intermediates are
submitted not only to heat as in thermal catalysis, but also to the action of hot electrons and electric fields (Scheme
7) [18]. In these systems, light absorption can generate highly energetic charge carriers such as conduction band
electrons and holes, but also hot electrons which, in addition of generating local electric fields may be transferred
to electron-accepting orbitals of adsorbed species, promoting the reactivity of reaction intermediates through
electronic or vibrational excitation and enabling easier bond weakening or cleavage of these intermediates in
comparison to the conditions of the purely thermal reactions [18].

Frequently instead of external heating, light, particularly, of the near IR region is used to increase the
temperature, these long-wavelength photons becoming thermalized and converted into heat by photon/phonon
conversion [57]. This novel photothermal mechanism has been frequently observed in plasmonic materials, often
composed by metal nanoparticles or metal-metal oxides particles [18].

MXenes exhibit high electrical and thermal conductivity. The confinement in the vertical direction and their
metallic character results in the appearance of a plasmonic absorption band in the red region of the visible zone
expanding to the near-IR region (Figure 3). MXenes have been reported as being very efficiency for the conversion
of solar light into heat, reaching estimated efficiencies over 90% [58,59]. Therefore, MXenes appear to be
especially suited to promote photothermal reactions. In addition, MXenes can also support some metal overlayers
that also contribute to the photothermal mechanism or introduce catalytic activity.
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Scheme 7. Illustration of the photothermal mechanism with the simultaneous operation of temperature gradient,

electric fields and hot electrons on the reaction intermediates appearing in COz reduction.

It has been reported that the activation barriers occurring in thermal catalysis become lower when the reaction
intermediate and transitions states experience the effect of a light-induced charge redistribution [60]. Analogously,
reduction potentials of reaction intermediates involved in a genuine photoinduced charge separation mechanism
are decreased according to the Nernst equation when the temperature increases. In other words, the reaction
intermediates can be similar in photothermal and thermal mechanism, but require lesser temperatures or lower
reduction potential when the process is carried out under the combined energy input of heat and light.

In one of the examples in the literature regarding the use of MXenes as photothermal catalysts, Ti3C,Cl»
obtained by the molten salt method having Ni particles was used. The Ni-Ti3C,Cl, sample forms in a single step
during the Lewis acid molten salt etching of Ti,AlC; by NiCl, in NaCl/KCI eutectic mixture [61].

Characterization of these Ni-Ti3C>Cl, by XRD shows that the interaction between Ti and Ni derived from
the synthesis conditions is so strong that at the interface appears a metal Ni3Ti alloy detectable by XRD. These
Ni/Ti3C,Cl, samples upon irradiation plus external heating at 200 °C are able to form CH3OH when the system is
submitted to a pression of 20 bars, reaching 1300 and 6.8 pmol ge. ' h™! production rates for CHs and CH;0H,
respectively, under optimized condition. In comparison, the thermal activity of the same material in the dark is
negligible, thus proving the effect of light in the reaction. Figure 8 illustrates some of the results of the
photothermal CO; hydrogenation over Ni/Ti3C,Cl,.
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Figure 8. (a) CH4 and (b) CH30OH production in photothermal COz catalytic reduction using Ni/Ti3C2Cl2 under
different conditions. Reproduced with permission from ref. [61] under the terms of Creative Commons Attribution

license.

Considering the properties of MXenes as plasmonic materials and the thermal stability allowing to heat at
temperatures below 700 °C under reductive conditions, it can be expected that these 2D nanomaterials will be

widely used for photothermal hydrogenations, including CO» reduction and N, fixation, as well as other types of
light-enhanced thermal reactions.

7. Conclusions and Future Perspectives

MXenes are relatively new to 2D nanomaterials that have attracted increasing interest in many applications
related to energy storage, as well as in thermal and electrocatalysis. The unique properties of MXenes in terms of
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chemical composition, tunable surface groups, electrical and thermal conductivities, 2D morphology and others
offer also considerable promises in photocatalysis. Since the initial studies showing the possibility to substitute Pt
nanoparticles by MXenes, the use of MXenes in photocatalysis has continuously expanded, showing not only the
photocatalytic activity of MXene dots, but also the considerable opportunity to apply MXenes for efficient
heterojunctions with other materials. The conducting or semiconducting properties of MXenes are well suited to
stablish Schottky barriers or S-scheme heterojunctions with semiconductors. Some of these heterojunctions can be
obtained by sacrificial partial oxidation or modification of MXenes, while in other cases electrostatic attraction or
in situ synthesis can be applied to obtain the second component on the MXene. These heterojunctions have as
bottleneck the unsatisfactory stability of MXene carbides against oxidation. This drawback could be overcome by
employing MXenes nitrides that should be comparatively more stable than carbides or by tuning the work function
of the MXene in a way that photogenerated holes remain in the other component and MXenes perform the role of
reduction photocatalyst. For this type of heterostructures, MXenes offer a unique platform to also incorporate other
active sites and particularly single atoms that can further improve productivity by acting as catalytic sites. MXenes
are also very appropriate materials for light to heat conversion that can be applied in photothermal reactions. For
this reaction type generally requiring plasmonic absorption, as well as thermal and electrical conductivity, the
properties of MXenes fit particularly well. In fact, MXenes can reach under 1 Sun-power illumination very high
temperatures, probably among the highest for any material [57]. In addition, MXenes undergo at the same time
optoelectronic phenomena related to charge migration and generation of hot electrons. Therefore, photothermal is
an area expected to grow in the near future with particular emphasis in photothermal CO, conversion and N,
fixation. Looking ahead, future progress in MXene-based photocatalysis will rely on the development of more
controlled and scalable strategies to overcome current key limitations. In particular, selective surface termination
engineering, together with post-synthesis chemical modifications, provide effective routes to finely tune their
electronic structure and catalytic performance. In parallel, recent advances in etching protocols, the use of greener
precursors and methods, and more reproducible delamination strategies are essential to enable scalable and
consistent material production. In this way, these approaches are expected to bridge the gap between fundamental
understanding and practical applications of MXenes in photocatalysis.

Overall, the present perspective illustrates the current interest on MXenes in the field of photocatalysis due
to the unique MXene properties that complement those of other known photocatalysts. It can be expected that
MXenes will be increasingly used in photocatalysis and can improve the performance or even open new reaction
mechanisms that could serve to achieve the long-standing goal of modern photocatalysis, namely, the utilization
of natural sunlight to obtain renewable fuels or implement chemical processes at a large scale, contributing to in
this way to decarbonization and mitigation of the climate change.
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