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Abstract: MXene materials have found emerging applications as catalysts for chemical reactions
due to their intriguing physical and chemical applications. In particular, their broad light response
and strong photothermal conversion capabilities are likely to render MXenes promising candidates
for photothermal catalysis, which is drawing increasing attention in both academic research and
industrial applications. MXenes are likely to satisfy all three criteria of a desirable photothermal
catalyst: strong light absorption, effective heat management, and versatile surface reactivity. However,
their specific functionalities are largely dependent on their structure and composition, which makes
understandings of the structure—function relationship of crucial significance. In this review, we mainly
focus on the recent progress of MXene-based photothermal catalysts, emphasizing the functionalities
and potential applications of MXene materials in fields of photothermal catalysis, and provide
insights on design principles of highly efficient MXene-based photothermal catalysts from the atomic
scale. This review provides a relatively thorough understanding of MXene-based materials for
photothermal catalysis, as well as an in—-depth investigation of emerging high-prospect applications
in photothermal catalysis.
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1. Introduction

Emerging photothermal catalysis, which combines the advantages of both photo-
chemical and thermochemical processes, is drawing increasing attention in both academic
research and industrial applications [1-4]. Compared with conventional thermochemistry
process, photothermal catalysis makes use of light energy, particularly the abundant and re-
cyclable solar energy, significantly lowers the energy barrier of a high—-temperature reaction,
and thus allows for partial or even entire replacement of fossil energy consumption with
solar irradiation [5]. Photothermal catalysis has been extensively explored and utilized
for various distinct types of reactions, including conversion of CO, to synthesis gas or
hydrocarbons, dry reforming of methane, and reduction of nitrogen to ammonia through
the Haber—Bosch process [3,6-8]. It is thus a promising strategy to ameliorate the energy
and environmental crises faced by human beings nowadays and to diversify the energy
structure in industrial catalysis.

Photothermal catalysis functions through the induction of the photothermal effect
of catalytic materials upon light irradiation. In this term, nanostructured materials are
promising candidates as photothermal catalysts since they have distinct optical and ther-
mal properties from their bulk counterparts [9-11]. During the past decades, extensive
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efforts have been made in discovering nanostructured materials with strong light absorp-
tion ability, which is considered one of the key factors in enhancing the photothermal
effect. Based on the photothermal effect from local surface plasmon resonance (LSPR) of
catalysts and/or additional inter- or intraband transitions, photothermal catalysts can
typically function under the solar spectrum [12-14]. The absorption spectra for certain
band-engineered catalysts can even cover the entire solar spectrum [15,16], thereby achiev-
ing high photothermal conversion efficiencies and reaction rates while operating under
moderate conditions. Heating through the photothermal effects of photothermal catalysts
is typically highly localized, which can effectively elevate the local temperature at the
catalyst-reactant interfaces [17]. This, in turn, leads to a series of consequences, including
an increase in the entropy of chemical reactions, modulation of the thermodynamics and
kinetics of hot—electron transfer, increase in mass transfer, and enhancement of product
selectivity and stability of the catalyst, which collectively contributes to promoting the
macroscopic reaction rate in photothermal catalysis [15,18-22].

Based on the three main processes for a typical photothermal catalytic pathway,
namely, photothermal conversion, heat management, and surface reactions, it is generally
accepted that the rational design of highly efficient photothermal catalysts should satisfy
three criteria in photothermal catalysis as follows: (1) excellent sunlight absorption ability,
which includes broad absorption range as well as intense light responsivity, and high
photothermal conversion efficiency; (2) effective thermal management to prevent heat
dissipation at chemical interfaces or losses through ambient conditions; and (3) versatile
intrinsic reactivity for efficient catalytic performance [1,23-26]. Previous studies have laid
emphasis on the rational design of highly active photothermal catalysts. However, despite
the fact that many efforts have been made in the well-defined design of active photothermal
catalysts to boost the solar-to-chemical energy conversion efficiency, it is challenging for
the single-component catalyst to meet all the above requirements for the construction of
desirable photothermal catalysts [27,28].

Transition metal carbides, nitrides, and carbonitrides (denoted MXenes) are likely to
satisfy the requirements from all three aspects of the construction of desirable photothermal
catalysts and are thus one of the most promising materials in photothermal catalysis. MX-
enes have become the hotspot of 2-Dimensional (2D) materials since the seminal research
by Gogotsi et al. in 2011 [29]. Due to the 2D lamellar structure of MXenes as well as various
kinds of surface terminations and exposed transition metal defects, MXenes exhibit distinct
intriguing physical and chemical properties, which include tunable work function and band
structure, excellent electrical conductivity, great electromagnetic shielding effect, a number
of mechanical properties, etc. [30-37]. Therefore, MXene-based systems have found numer-
ous applications as anode materials for fuel cells [38,39], in lithium—-ion batteries [40,41],
in photochemical or photodynamic chemotherapy [42,43], in sensors [44,45], in chemical
catalysis and energy and environmental applications [46—48], etc. Importantly, MXene
materials have been found to sustain broad features of localized surface plasmon resonance
in the visible range, which allows them to make full utilization of sunlight by extending
the light response to the near-infrared region [49-51]. Furthermore, the 2D nature of
MXenes, their electromagnetic shield properties, as well as the abundance of vacancies and
adsorbents are likely to contribute to the photothermal conversion and surface reactivity,
as will be further elaborated in later sections [52-55]. Consequently, MXene materials may
hold promising prospects for photothermal catalysis (Figure 1). However, the specific
functionality of MXenes is heavily dependent on their structural properties, including
their compositions, layer numbers, etc., which makes investigation and understanding of
the structure—function relationship of MXenes of high significance for modulating them
towards excellent photothermal catalytic performance. A limited understanding of the
advances in fields of MXene-based materials for photothermal catalysis has been cultivated,
which has, as of yet, hindered the development of MXene-based photothermal catalysts.
Further theoretical and experimental studies are of great necessity to gain insight on the
structure—activity relationship of MXene-based photothermal catalysts.
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Figure 1. Properties and functionalities of MXene materials in fields of photothermal catalysis.

In this review, we systematically overview the recent progress of MXene-based pho-
tothermal catalysts, emphasizing the functionalities and applications of MXene materials
in fields of photothermal catalysis, and providing critical assessments of the construction
of active MXene-based photothermal catalysts. The relationship between the fundamental
properties of MXene, such as their unique structural, chemical, and electrical properties, and
the above-mentioned requirements for the construction of highly efficient photothermal cat-
alysts are proposed. Secondly, current advances within the range of corresponding catalyst
design principles are introduced in detail. Finally, the remaining challenges and opportu-
nities for developing MXene-based integrated catalysts for highly efficient photothermal
catalysis are provided for further investigation. This review provides a comprehensive
understanding and valuable information on MXene-based materials for photothermal
catalysis, as well as the in—depth investigation of emerging high—prospect applications in
photothermal catalysis. Under a broader context, this review provides guidance for the
construction of desirable MXene-based catalytic systems from the atomic scale.

2. Functionalities and Applications of MXenes in Photothermal Catalysis

The general formula of MXenes is My,,+1XnTx, where M represents a transition metal,
X represents carbon or nitrogen, and Ty refers to surface terminations resulting from
synthetic processes [56,57]. The structure of MXenes contains the M1 X, unit from the
corresponding MAX precursors and the tunable surface termination groups from the
etching and delamination process [58]. The MAX phases are layered ternary carbides and
nitrides with the general formula of M,;1AX,,, where A represents Al and Si mainly from
groups 13 and 14 of the periodic table. As shown in Figure 2, MXenes demonstrated the
same hexagonal atomic lattice P63/mmc as MAX phases after the etching process, in which
the M atoms are hexagonally closed packed and X atoms fill the octahedral interstitial sites.
In MAX phases, the “M-X" interactions are mainly covalent and ionic bonds, whereas
“M-A" bonds are metallic [59]. It is noticeable that the “M-X" interactions are less active
than metallic bonds of “M-A"; thus, MXenes can be typically synthesized by selective
etching of A layers from MAX precursors. After etching, various surface terminations, such
as —O, -OH, and/or -F, are bonded to multi-layer MXenes, which are connected by van
der Waals forces and hydrogen bonding characteristics of traditional kinds of 2D materials.
Then, the effective delamination process, mainly achieved by organic intercalators, was
developed to synthesize few—/single-layer MXenes. Moreover, delamination is necessary
to obtain few—/single-layer MXenes with high surface area, good hydrophilicity, and rich
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surface terminations. Based on these structural factors, MXenes therefore possess many
interesting physical, chemical and electrical properties.
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Figure 2. Periodic table showing compositions of MXenes, MAX phases, and corresponding elements
used to build MXenes. (Reprinted with permission from Ref. [34]. Copyright 2011 American Chemical
Society).

Notably, there are specific kinds of properties that correspond well to the criteria for
the construction of desirable photothermal catalysts. Firstly, the LSPR effect of MXene
materials makes a great contribution to sunlight absorption and photothermal conversion
processes [49,60]. Secondly, due to the special interlayer structure of MXenes, excellent elec-
tromagnetic shielding properties, and low mid-IR emissivity, MXene materials are of great
benefit in preventing heat dissipation by effective heat management based on anisotropic
heat transfer efficacy [30,61]. Thirdly, the unique strong metal-support interaction (SMSI)
and tunable surface terminations of MXenes contribute to the favorable tunability of the
dispersity and stability of catalysts, thus enhancing the intrinsic catalytic activity [62,63].
Therefore, by means of structural, compositional, and additional engineering strategies,
it is likely that certain MXene-based systems can satisfy all three prerequisites for the
construction of a desirable photothermal catalyst. This is extremely rare in previous studies.
For example, a few works have demonstrated the efficacy of enhanced absorption and heat
management processes towards augmented photothermal catalytic performance, while un-
fortunately neglecting surface reactivity engineering. Feng et al. achieved photon—efficient
photocatalytic carbon dioxide hydrogenation over a cobalt plasmonic superstructure with
a nearly 100% light absorption efficiency across the entire solar spectrum [27]. Addition-
ally, due to the heat insulation and infrared shielding effect, the outer SiO, shell confined
the photothermal energy of the cobalt core, enabling an enhanced photothermal effect.
Therefore, the plasmonic superstructure catalyzed photothermal hydrogenation of carbon
dioxide more efficiently than their counterparts. However, this work focused on light
absorption, light-to-heat conversion, and thermal management process, neglecting the sur-
face reactions in photothermal catalysis. Similarly, Kong et al. demonstrated the preparation
of strongly light-absorptive and highly dispersed Ru nanocatalysts that exhibit enhanced
activity and relatively good stability in the photothermal hydrogenation of CO; [28]. The
ability to improve sunlight absorption without sacrificing the metal dispersity would be
beneficial to the design of highly efficient photothermal catalysts, which has, as of yet, been
a crucial challenge in the designs of photothermal catalytic systems.
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Although MXene-based systems are likely to serve as a promising candidate to meet
all three prerequisites for photothermal catalysis, not all kinds of MXene materials can
simultaneously sustain the above-mentioned properties. It is therefore important to make
further investigations and to obtain deeper understandings of the effect that the composition
and surface structure of MXene materials can have on their photophysical properties and
catalytic performance. For instance, for sunlight absorption and photothermal conversion
processes, the LSPR effect of MXene materials may play a decisive role. It has been
shown that Ti-based MXene materials (Ti;C, TizCy) exhibited much higher intensity of
surface plasmon resonance than other kinds of MXene materials, which may probably
be responsible for their better LSPR effect [64]. The evident LSPR response can not only
broaden the spectral response range of materials but also improve the dynamics and kinetics
of photothermal catalytic reactions through local field enhancement, hot-electron injection,
and photothermal effect. In addition, for the process of surface reactions, benefiting from
their various element compositions, adjustable surface terminations, and enriched transition
metal vacancy sites, MXenes can be used as efficient catalysts in many typical reactions,
including hydrogenation, dehydrogenation, CO oxidation, and Nj fixation [65-68]. Among
all kinds of MXenes, Ti3C,Tx, M0,CTy, and V,CTy are applied extensively. For example,
Zhou et al. developed a layered TiO; (noted as M—TiO,) catalyst, which is evolved in situ
from a TizCyTx MXene material, as a new type of efficient metal-oxide catalyst for the
oxidative dehydrogenation (ODH) of ethane. The M-TiO, catalyst exhibited much better
ethane conversion, ethylene selectivity, and stability than their counterparts. Combined
with experimental and theoretical results, it is clearly demonstrated that the Ti vacancy
sites, derived from an effective etching process, can not only increase the reducibility
of the lattice oxygen in M-TiO; but also stabilize the defective structure to improve the
catalytic performance of oxidative dehydrogenation [69]. Based on the examples above, the
adjustable element composition and surface structure of MXene materials is a prerequisite
for the construction of highly efficient MXene-based photothermal catalysts (Figure 2). The
specific requirements for each criterion are elaborated in the following sections.

2.1. Sunlight Absorption and Photothermal Conversion Process

According to previous studies, the spatially confined free electrons of MXene materials
are likely to provide enhanced localized surface plasmon resonance effect, which is mainly
attributed to the high density of states (DOS) at the Fermi level, excellent electrical conduc-
tivity driven by higher carrier concentration, and their metallic character. In detail, Gogotsi
and co-workers demonstrated that due to excellent conductivities and more pronounced
metallic character, Ti-based MXene materials (Ti;C, Ti3C,) exhibited much higher free car-
rier density and mobility than other kinds of MXene materials, which may be responsible
for their better LSPR [64]. In contrast, the surface plasmon resonance (SPR) intensity of
V,C is an order of magnitude smaller compared to Ti3C, and Ti;C, which could result
from more structural defects inherited from a harsher synthesis method. Additionally, Mo—
and Nb-based MXene materials showed lower SPR intensity owing to much lower carrier
concentrations and less metallic character.

For the specific processes of sunlight absorption and photothermal conversion, the
surface LSPR effect plays a vital role (Figure 3). As shown in Figure 3a,b, after resonant
excitation of the LSPR in MXenes, the photoexcited carriers could go through non-radiative
relaxation, generating charge carriers at higher energy levels. This could be followed
by electron—electron scattering, where energy transfer amongst the electron clouds can
happen through collisions between electrons, creating a Fermi-Dirac distribution at higher
temperatures. Subsequently, the high—energy “hot” electrons can interact with phonons,
converting kinetic energy into vibrational energy of the lattice, and subsequently into
heat [70,71]. The subsequent incidence of electron—phonon scattering further elevates the
lattice vibration of MXene, leading to rapid surface temperature increases.
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Figure 3. Absorption and photothermal conversion properties of MXenes. (a) Schematic illustra-
tion of the mechanism of photothermal energy conversion and storage of MXene-based materials.
(Reprinted with permission from Ref. [50]. 2019 Royal Society of Chemistry); (b) Sequence of events
and approximate time scales following absorption of photons. (Reprinted with permission from
Ref. [72]. Copyright 2011 American Chemical Society); (c) Diffuse reflectance spectra of MXene—
based photothermal catalysts. (Reprinted with permission from Ref. [73]. Copyright 2021 American
Chemical Society).

In order to ensure high photothermal conversion efficiencies in MXene photothermal
catalysts, it is presumable that the photothermal catalyst possesses not only broad absorp-
tion features in the UV-Vis-NIR range to ensure efficient harvesting of the solar spectrum,
but also high absorption intensity to guarantee high photothermal heat generation. On
the one hand, in terms of absorption width, MXenes, owing to their abundant surface
functional groups, demonstrate a typical semiconductor behavior with a narrow band
gap, which enables a broad absorption in the solar spectrum [29,53]. This is an evident
advantage over conventional wide-bandgap semiconductors in terms of photothermal
conversion efficiencies, as the absorption ranges of the latter are typically confined to the
UV, which accounts for only a small portion of the solar spectrum. On the other hand, the
LSPR effect of MXenes enables high light responsivity in the UV-visible-NIR range. This
is extremely beneficial for photothermal conversion efficiency. It has been established in
prior works that for the photothermal effect induced by hot carriers, namely through the
electron-electron and electron-phonon scatterings introduced above, the local temperature
increase at the nanoparticle (NP) surface can be calculated based on Equation (1), where Q
is the absorbed light power, and can be further extended to the product of the absorption
cross-section (0,ps) and incident irradiance (I), as expressed in Equation (2) [71]. B is a
geometrical correction factor; ks is the thermal conductivity of the surrounding medium,
which accounts for heat losses to the ambient medium or environment; and Req is the
equivalent nanoparticle radius. At the resonant wavelengths, the LSPR effect significantly
increases the absorption cross-section (o,,5) of MXenes, thus facilitating the photothermal
conversion efficiencies.

_ Q
0Tnp = BirtksRey 1)

Q = Uabsl (2)
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Based on the discussions above, it is likely that MXenes can sustain both broad absorp-
tion width in the solar spectrum and high absorption efficiencies, which could collectively
contribute to the photothermal conversion processes. These possibilities have been im-
plemented in some prior research. For example, our group first reported the discovery of
MXene materials as superior photothermal supports for metal nanoparticles. We demon-
strated that MXene materials can enhance the photothermal effect and thus boost the
photothermal catalytic performance of metal nanoparticles (Figure 3c) [73]. Our research
also confirmed the excellent sunlight absorption ability and light-to-heat conversion prop-
erty of MXene in the UV-Vis-NIR region.

Although the LSPR responses of MXenes have been relatively widely explored, un-
derstanding of the specific source of the LSPR of MXenes as well as its specific role in
enhancement mechanisms and catalytic pathways is still pending. In addition, the LSPR
intensity of MXenes and its enhancement of optical cross—sections are still relatively weak
compared to conventional plasmonic metals, such as Au and Ag, which presents large room
for further improvement of the light responsivity and photothermal conversion efficiencies
of MXenes [74-77]. This is essentially due to limited charge carrier density and mobility.
This can be further evidenced by the Clausius—-Mossotti relation and the classic Drude
model. For metals or more expressed metallic character systems, when the particle sizes
are much smaller than the incident wavelength, according to the classic Drude model, the
dipolar polarizability « can be described by the Clausius-Mossotti relation in Equation (3),
where V is the volume of the nanoparticle and e, and ¢g are the medium dielectric constant
and permittivity of vacuum, respectively. k is a shape factor that is subject to the geometry
of the surface. Furthermore, in order to derive the value of the dielectric function of the
metal, the classic Drude model is used in Equation (4), where w is the angular frequency of
the excitation source, v is the electron collision frequency in the bulk, and wy, is the bulk
plasma frequency of the free electrons. w, is determined by the density of free electrons n
and the effective mass me of the electrons, as shown in Equation (5).

£E— &m

=(1 v 3
x = (1+x)eg T T xen ®)
=1 pr 4
€Drude = w2+i7w ( )

2

ne
p— 5
“p oM, ©®)

Henceforth, it can be established that the charge carrier density in the catalytic system
is directly related to the dipolar polarizability «, which is a clear indicator of the light
response and the LSPR intensity. Further amelioration of the charge carrier density and
mobility in MXene-based photocatalysts could prove beneficial to induce improved light
response as well as reactivity through enhanced LSPR.

2.2. Thermal Management

Besides the light absorption and light-to-heat conversion process, ideal heat manage-
ment to prevent heat dissipation is also a key step in photothermal catalysis. Based on its
2D and lamellar structure, the heat transfer process in MXenes is highly anisotropic. It
is generally conceived that MXenes possess larger thermal resistance for interlayer heat
transfer processes than in-layer transfers, as the latter only involves heat conduction with
the crystal lattices, whereas the former involves much more complicated transfer path-
ways. Overall, the interlayer heat transfer processes of MXenes are illustrated in Figure 4.
When MXene nanosheets are irradiated, localized heating leads to an evident temperature
increase on the exposed surface. In-layer heat conduction rapidly disperses the gener-
ated heat throughout the first (exposed) layer of MXenes (processes (1), (2)). When the
conducted heat reaches the interface between crystal lattice layers and ambient medium,
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interfacial thermal convection and/or radiation (process (3)), as well as heat conduction
in the ambient atmospheric or medium environment between layers (process (4)), could
occur in order for interlayer heat conversion to happen. This is followed by an almost
identical heat conduction process on the next layer as compared to the illuminated layer
immediately after illumination and heat production. The presence of (3) and (4) could
significantly increase the interlayer heat transfer resistance, which grants it better thermal
insulation properties than conventional bulk materials.

(1): Heat conduction in the longitudinal direction
(2): Heat conduction on the platform
(3): Interfacial thermal convection/radiation

(4): Heat conduction in ambient condition

MXene

Figure 4. Schematic illustration of the structure and the mechanism of heat transfer process of
MXenes.

In addition to the interlayer thermal insulating properties of MXenes based on their
2D lamellar structure, another factor that distinguishes MXenes from other 2D materials
systems in terms of heat management is their electromagnetic interference shielding effect,
which has been investigated and reported in several works [78]. More specifically, Gogotsi
and co-workers also demonstrated the potential of several MXenes and their polymer
composites for electromagnetic interference (EMI) shielding [30]. A 45-micrometer—thick
Ti3C,Tx film exhibited an EMI shielding effectiveness of 92 decibels, which is the high-
est among synthetic materials of comparable thickness produced to date. The excellent
performance is attributed to the excellent electrical conductivity and multiple internal
reflections from TizC,Tx MXenes. Despite strong absorption in the UV-Vis-NIR range,
MXenes typically possess low mid-IR emissivity. This essentially cuts off interlayer heat
transfer through radiation at the interfaces between layers (process (3)), which further en-
hances its thermal insulating performance and macro heat management. Li and co-workers
reported the intrinsically low mid-IR emissivity (down to 10%) of the 2D Ti3Cy, as shown
in Figure 5 [79]. This is one crucial advantage for MXenes as photothermal catalysts over
other 2D materials, such as graphene and transition metal dichalcogenides (TMDs). In
general, the above-mentioned properties allow MXenes to be a promising new type of heat
management material towards photothermal catalytic applications.

2.3. Surface Reaction

The utilization of MXene-based materials for the construction of efficient photother-
mal catalysts holds great promise. Although researchers have begun to investigate the
construction of MXene photothermal catalysts, the specific role of MXene materials in pho-
tothermal catalysis has not been clearly elaborated. In fact, various works have classified
photothermal catalysis as a special type of thermal catalysis. In heterogeneous thermal
catalysis, loaded metal catalysts are the most widely explored catalysts, which is also often
the case with MXene-based photothermal catalysis. Through the modulation of the active
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site, the kinetic factors of the reaction can be controlled and thus the catalytic reaction can
be regulated. Due to the presence of transition metal defects and the tunability of the sur-
face groups, the unique metal-support interaction formed by MXene materials constitutes
enriched active sites that allow for a wide range of modulation of catalytic activity and
selectivity. For example, Wu and co—workers first reported the non-oxide-based reactive
metal-interaction effect (RMSI) between platinum and Nb,CTy (Pt/Nb,CTy) (Figure 6) [80].
The formation of Pt-Nb alloying, verified by electron energy-loss spectroscopy (EELS) and
in situ X-ray absorption spectroscopy (XAS), promoted dissociation of H,O and desorption
of Hj, resulting in outstanding WGS catalytic performance.
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Figure 5. Light-matter interaction of MXene materials. (a) The high solar absorptance, high mid-IR
reflectance, and low IR emissivity of MXenes; (b) Absorptance/emissivity spectra of a Ti3Cy Ty film;
(c) IR photographs of the SLS, CNT, and MXene on a hot plate with a constant temperature of 100 °C;
(d) Temperature versus time of Nylon 66 membranes coated with Ti3C, Ty and metamaterial absorbers
under 1 sun. (Reprinted with permission from Ref. [79]. 2021 John Wiley and Sons).

Zhao et al. reported the preparation of single-atom catalysts by self-reduction stabi-
lization process using Tiz xC, Ty, MXene materials (Figure 7) [81]. Abundant Ti vacancies on
Ti3«C, Ty are provided to anchor Pt single atoms. The special coordination environment of
Pt-C was then formed in situ. Combined with extended X-ray absorption fine structure
(EXAFS), X-ray diffraction (XRD), X-ray photoelectron spectrometry (XPS), and DFT cal-
culations, the single Pt atoms featuring the strong metal-carbon binding (Pt-C) exhibited
partial positive charges, which helped to decrease the adsorption energy and activation
energy of reactants.
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Figure 7. Identification of active sites and catalytic performance of MXene-based catalysts. (a) Charge
density difference of Pt; /Ti3_CoTy with a plain view (upper image) and a side-on view (lower
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image); (b) EXAFS FT kz—weighted x(k) function spectra of Pt; /Tiz 4 C,Ty and a reference; (c) Cat-
alytic performance of the N—formylation of aniline using different catalysts; (d) Recycling test of
Pty /Tiz_xCy Ty for the catalytic N-formylation of aniline. (Reprinted with permission from Ref. [81].
Copyright 2019 American Chemical Society).

Additionally, our group reported the preparation of Mo, TiC; MXene-supported
Ru clusters (Ru/Mo,TiC,) with pronounced broadband sunlight absorption ability and
high sintering resistance. Under the illumination of focused sunlight, Ru/Mo,TiC; can
catalyze the reverse water—gas shift (RWGS) reaction to produce carbon monoxide with
enhanced activity, selectivity, and stability [82]. As shown in Figure 8, XPS and XAS analysis
of Ru/Mo,TiC; demonstrated that the oxidation state of Ru is higher than conventional
Ru/SiO; catalysts, which provides a stable interface of Ru/RuOy/MoOx /Mo, TiC, between
MXene materials and Ru clusters.

b c
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Figure 8. Chemical state analysis of the Ru/Mo,TiC; catalysts. (a) C 1s and Ru 3d core-level XPS
spectra of Ru/Mo,TiC; and Ru-NP /Mo, TiC,. Ru/Mo,TiC, exhibited a higher Ru oxidation state
than Ru-NP /Mo, TiCy; (b) Normalized XANES spectra at the Ru K-edge of Ru, RuO,, Ru/Mo,TiCy,
and Ru-NP /Mo, TiCy; (c) Oxidation states of Ru for reference and synthesized materials as deter-
mined from the edge positions in the Ru K-edge XANES spectra; (d) Corresponding FT-EXAFS
spectra derived from the Ru K-edge of Ru, RuOy, Ru/Mo,TiCy and Ru-NP /Mo, TiCy; (e,f) Wavelet
transformation for the Ru K-edge EXAFS signals of Ru/Mo,TiCp and Ru-NP /Mo, TiC,. (Reprinted
with permission from Ref. [82], Copyright 2023 American Chemical Society).

MXene-supported Ru clusters with a higher oxidation state of Ru exhibited a slightly
lower activation temperature and thus a stronger ability for Hy—assisted CO dissociation
than Ru nanoparticles, while CO temperature—programmed desorption experiments sug-
gested that CO desorption from Ru/Mo,TiC; occurs at a lower temperature than from
Ru-NP/Mo,TiC;. Thus, the special metal-support interaction of MXene-supported Ru
cluster catalysts is favorable for the minor dissociation of H, and kinetic desorption of CO,
leading to the near-unity CO selectivity (Figure 9). Our research indicates that MXenes can
not only stabilize the active metal center but also serve as superior photothermal supports
for photothermal catalysis [82]. The rational construction of MXene-based photothermal
catalysts is expected to reduce the energy consumption of the reaction and thus achieve
better conversion efficiency under milder conditions.
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Figure 9. Photothermal catalytic performance and reaction mechanism of Ru/Mo,TiC;. (a,b) Pho-
tothermal catalytic activity and CO selectivity of Ru/Mo,TiCy, Ru-NP/Mo,TiCy, and Ru/SiO,
under different illumination conditions; (c) Hp—TPD profiles of Ru/Mo,TiCy, Ru-NP/Mo,TiCy
and Ru/SiO; catalysts; (d) CO signal of Hp-assisted CO hydrogenation TPSR for Ru/Mo,TiCyp,
Ru-NP/Mo,TiC; and Ru/SiO; catalysts. (Reprinted with permission from Ref. [82], Copyright 2023
American Chemical Society).

Unfortunately, the current works on MXene have only focused on thermal effects
in photothermal catalysis. Although some researchers have found that MXene catalysts
can significantly enhance catalytic activity through the LSPR effect, the principles of the
light response mechanism in MXene-based catalysts are still in their infancy. In-depth
understanding of the specific light response mechanisms in MXene is also likely to provide
new possibilities for synergistic photochemistry—thermochemistry-driven catalysis [83].
The development of synergistic catalytic pathways can prove beneficial for further improv-
ing the catalytic performance as well as reaction onset conditions, which may still appear
rigorous. The realization of synergistic photothermal catalysis, though, is challenged by
a few additional factors, such as difficulties in deconvoluting the reaction mechanisms of
photochemistry, the identification of the dominant contribution of light and heat, and the
accurate measurement of nanoscale local temperature of catalysts. Subsequent research
could also be performed on how light is involved in the reaction and the charge transport on
the MXene surface by various kinds of in situ characterization techniques, as is elaborated
in Section 3.

3. Summary and Outlook

As discussed in previous sections, MXenes have exhibited preliminary potentials
in all three required fields for a desirable photothermal catalyst: light absorption and
photothermal conversion, heat management, and surface reactivity. For the light absorption
and photothermal conversion process, MXene materials with narrow band gaps exhibited
excellent LSPR properties, which accounted for enhanced light absorption capability and
light-to—heat conversion properties. For the heat management process, it is the special
interlayer structure, excellent electromagnetic wave shielding properties, and low mid-
infrared emissivity of MXene materials that contributed to optimizing the heat management
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process. For surface reactivity, the unique metal-support interaction between MXene
materials and the active metal helps to improve the dispersion and stability of the catalyst
and promote the surface reaction process. Corresponding representative works for each
requirement have also been elaborated.

In order to compare the effect of distinct MXene—based photocatalytic systems, we
have summarized the catalyst composition, reaction conditions, and catalytic performance
of some reported systems (Table 1). A few works have attempted to exploit MXenes for
photochemical or photothermal HER, N fixation, and CO, reduction reactions. Decent
catalytic performance has been recorded for distinct types of reactions, particularly for Ni
and Ru-loaded MXene photothermal catalysts towards CO, hydrogenation, as elaborated
in Section 2.3.

Table 1. Summary of the MXene-based materials in photocatalytic/photothermal catalysis.

Catalyst . . Performance
Catalyst Weight [mg] Light Source Reaction [mmol/g/h]
CdS/TisC, [84] 10 300 W Xe light HER 2.4 (Hy)
g-C3N,4@Ti3C, QDs [85] 2 300 W Xe light HER 5.1 (Hy)
RuO,@TiO,—MXene [86] 50 300 W Xe light N, fixation 0.43 (NH3)
Co-Co LDH/TizC, [87] 0.5 5 W LED lamp CO; reduction 12.5 (CO)
TiO, /TizC, [88] 50 300 W Xe light CO; reduction 2.2 x 10~* (CHy)
. -3
CsPbBrs /TisC [89] 20 3&0 x;ﬁ'ﬁ? CO, reduction 7236 " 11%,2 ((E%*))
-2
TisCp—OH /P25 [90] 50 300 W Xe light CO, reduction 1172 " 11%_2 ((f%;)
. 300 W Xe light : 2.0 x 10~* (CH,
g-C3Ny/TizC,-OH [91] 40 (> 42(;3n11§1) CO; reduction 11 % 10-3 ((COK;)
. 300 W Xe light . 44 x 107° (CH
g-C3Ny /TizC, [92] 20 (A > 420 nri) CO; reduction 59 % 10-3 ((CO4))
. 300 W Xe light . 428.4 (CHy)
Ni/Nb,C [73] 15 (UV-Vis—NIR) CO; reduction 81.6 (CO)
, 300 W Xe light . 25.4 (CHy)
Ru/Mo,TiC, [82] 15 (UV-Vis-NIR) CO; reduction 243.5 (CO)

Despite current achievements, in order for MXenes to meet the requirements of large-
scale catalytic applications and achieve comparable reactivity to conventional thermal
catalysis, improvements still await for all three aspects of photothermal catalysis, and
there is still plenty of room to explore for MXene-based photothermal catalysts. Firstly, in
order to further enhance the conversion efficiency of MXene in photothermal catalysis, it
is of primary importance to further improve the light absorption properties. Considering
that the superior light absorption performance of MXene is due to the LSPR effect on
its surface, the design and modification of the MXene surface in combination with the
plasmonic antenna-reactor (AR) catalytic systems implemented by Halas et al. or with some
other super-structured catalysts with excellent light absorption performance, is expected
to produce a next-generation plasmonic catalyst to further enhance its light absorption
performance [8]. However, this relies on the acquisition of a deeper understanding of
the fundamental properties of MXene LSPR, such as its origin, enhancement mechanismes,
modulation strategies, etc., in order to harvest it for both enhancements of optical cross—
sections and catalytic pathways. As mentioned earlier, another crucial challenge for MXenes
is that the LSPR intensity as well as enhancement factors of the optical cross—sections of
MXenes are relatively low compared to conventional plasmonic metals, which impedes
their specific applications in photothermal catalysis. Future research could focus on the
effective tuning of free carrier concentration as well as carrier mobility, for instance, through
defect engineering, to enhance the charge carrier collective oscillation amplitude, and thus
the LSPR effect of MXene materials. Additionally, it is also of great significance to obtain
in-depth understandings of the construction of MXene-based photothermal catalysts.
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Secondly, in order to further augment the heat management performance of MXenes
in photothermal catalysis, confinement of in-layer heat conduction could be a prominent
strategy. As introduced in Section 2.2, interlayer heat conduction is well-confined based on
the 2D lamellar structure and EMI shielding effect, which makes in-layer heat conduction
a non-negligible source of heat losses. It is possible that through the optimization of
surface defect engineering and the design of a more electromagnetic interlayer absorbing
high-entropy MXene is expected to be a proven method to further reduce the thermal
conductivity within the layers. Further, thermal management can be optimized in terms
of structural design. The further increase in the fate of photogenerated carriers (or hot
electrons) through photochemical effects may also reduce the activation energy of the
reaction, thus allowing the reaction to proceed under milder conditions. Combining the
above three points, a thorough study of the structure—function conformational relationship
of MXene will allow further improvement of the MXene catalyst into a better photothermal
catalyst in all aspects.

Thirdly, one fundamental issue in catalysis remains the understanding of the kinetic
behavior of intermediates in the reaction process and thus the design of efficient catalysts
from the most fundamental electronic structures. However, MXene-based catalysts are
unable to reflect their original properties under catalytic conditions in many characteri-
zations due to their active surface groups and their high oxyphilicity. At the same time,
excellent light absorption and electromagnetic shielding limit its optical characterizations.
This represents yet another important challenge for studies of MXenes in photothermal
catalysis. As a possible solution, in situ or operando characterization techniques could
prove extremely useful [93] (Figure 10). In situ X-ray absorption spectroscopy (XAS) and
X-ray photoelectron spectroscopy (XPS) can accurately indicate the electron transfer and
structural changes of MXene under catalytic conditions. Taking Diffuse Reflaxions Infrared
Fourier Transformations Spectroscopy (DRIFTS) as an example, the excellent IR light ab-
sorption of MXene makes it difficult to collect signals from adsorbed intermediates on the
surface under in situ catalytic reactions. Thus, the combination of various characterization
tools and novel techniques is therefore crucial in the characterization of MXene and the
structure-activity relationships of MXene-based photothermal catalysts.

The reaction mechanism of
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Figure 10. In situ characterization techniques of MXene-based photothermal catalysts.

Furthermore, optimizing the cost efficiency of MXene-based catalysts is essential for
their provisional large—scale applications, particularly in industrial catalysis. For more
practical catalytic reactions, higher catalytic benefits depend on the cost of producing
the catalyst. Therefore, despite the initial exploration by Gogotsi and co-workers, the
large-scale industrial production of MXene still needs to be improved. Under a broader
context, precise regulation of the intraband or interband transitions to achieve efficient use
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of sunlight from the perspective of electronic structures is not only applicable to MXenes
but also be further extended to other kinds of ideal photothermal catalysts. In combination
with the latest photothermal reactor designs, photothermal catalysis is expected to hold
great prospects for further industrialization.

In summary, this review describes the functionality of MXenes in photothermal catal-
ysis by considering the three processes of photothermal catalysis in relation to specific
applications. It is possible to combine all three aspects to form a highly efficient photother-
mal catalyst with excellent performance compared to other photothermal catalysts. At the
same time, this review offers constructive ideas and suggestions for the respective process
of photothermal catalysis, which are expected to further improve the characterization and
commercialization of MXene-based catalysts. Our insights into the construction principles
of photothermal catalysts can be further extended to other kinds of photothermal catalytic
materials, enabling the commercialization of photothermal catalysis.
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