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acking of hot carrier relaxation in
two types of MBenes
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Kun Zhao,*a Ruifeng Lu, a Kaijun Yuan *bef and Xueming Yang beg

In metallic low-dimensional materials, the interaction between non-equilibrium electrons and phonons

underlies various physical phenomena, such as the relaxation process of hot carriers. However, it is

unclear how the surface, with or without termination, controls electron–phonon (e–p) interactions in

two-dimensional (2D) transition metal borides (MBenes). Herein, ultrafast time-resolved spectroscopy

was employed to measure the e–p interaction rate, revealing that MoB MBene without termination

exhibits a lower rate than Mo4/3B2−xTz MBene with termination, indicating that its e–p interactions are

weakened. Raman spectra and computational calculations indicate that the suppression is attributed to

the fact that the excited electrons can only couple with a limited number of vibrational modes. This

study paves the way for the tailored manipulation of hot carrier relaxation time, offering opportunities for

advanced applications in electronics, optoelectronics, catalysis, and more.
Introduction

Novel two-dimensional (2D) transition metal borides (MBenes)
have received signicant attention recently as potentially useful
materials for a wide range of applications.1–5 Unlike graphene
and transition-metal dichalcogenides, MBenes feature
numerous surface sites that can be chemically modied,
making them analogous to 2D transition metal carbides (MX-
enes).6 The versatile chemical transformations of surface
terminations (i.e., functional groups chemically attached to the
surface atoms) in 2D materials further expand the design space
for this broad class of functional materials, unlocking new
possibilities for advanced applications. Experimental studies
suggest that surface termination strongly affects the structure
and properties of MXenes.7–10 However, research on MBenes is
considerably less developed than that on MXenes.11–15 Research
on MBenes is still at an early stage, and layered MBenes with
surface terminations tend to generate defects during synthesis.
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Both terminations and defects not only compromise the
stability and electronic structure of MBenes but also limit their
performance in energy conversion and transport. Previous
studies have shown that MBenes without surface termination
exhibit outstanding electrical performance and are more stable
than MXenes,16 thereby offering greater advantages in energy
storage17 and catalysis.18 Molybdenum-based boride MBenes19

have been predicted to exhibit exceptional electronic conduc-
tivity, catalytic activity, high stability, thermoelectric perfor-
mance, and superconductivity.17 Therefore, the exploration and
development of MBenes without termination has become an
emerging and critical research direction.

The interactions between electrons and lattice vibrations
(phonons), a phenomenon known as electron–phonon (e–p)
interactions, are being increasingly studied because they are
linked to electrical and thermal transport in molecular and
condensed phase systems.20–23 The non-equilibrium e–p inter-
action plays a key role in hot carrier lifetimes,24 carrier
mobility,25–27 and thermal conductivity22,28–30 of transition metal
materials28 and MXenes.27,29,31 Surface chemistry, especially
surface termination, has been shown to critically inuence
carrier dynamics and electron–phonon interactions in low-
dimensional materials.7,18,21,32–34 So far, non-equilibrium e–p
interactions have not been considered in the theoretical and
experimental analyses on MBene because the investigation is
a signicant challenge due to complex inuencing factors such
as surface termination35–37 and ultrathin size connement
effects.38–40 According to traditional wisdom, the e–p interaction
in 2Dmaterials is enhanced due to the density of states (DOS) in
atomically thin structures.41,42 However, the surface termination
increases the thickness of 2D MBene, which may reduce size
Chem. Sci., 2026, 17, 9703–9710 | 9703
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Fig. 1 Schematic of the experimental method and the non-equilib-
rium electron–phonon (e–p) interaction in MoB and Mo4/3B2−xTz
MBene.
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effects, leading to the suppression of e–p interactions. At
present, the impact of surfaces, particularly the presence or
absence of terminations, on non-equilibrium e–p interactions
in MBenes remains unclear. Therefore, direct measurements of
hot carrier relaxation dynamics of the two types of MBenes at
ultrafast timescales are required.

Herein, we synthesized MoB and Mo4/3B2−xTz MBenes using
an acid etching method. Pump-probe spectroscopy (Fig. 1) was
used to observe the time-resolved dynamics of the novel MoB
MBene sample without surface termination. Our experimental
results show that the time constant for e–p interactions in MoB
MBene without termination is ∼218 fs, which is unexpectedly
longer than that in Mo4/3B2−xTz MBene (∼126 fs). This result
indicates that surface terminations enhance e–p interactions,
which differs from the ndings reported for semiconductor
nanocrystals.32 Furthermore, Raman spectra and density func-
tional theory calculations show that phonon distributions are
narrower in MoB MBene than in Mo4/3B2−xTz MBene. The
narrow phonon distribution in MoB MBene indicates the
presence of an electron that only interacts with a limited
number of phonons (Fig. 1, le), which decreases the e–p
interaction rate. In contrast, the surface-terminated Mo4/3-
B2−xTz MBene exhibits a broad phonon distribution, suggesting
the presence of an electron that could interact with multiple
phonons (Fig. 1, right). This study provides insights into the
effect of surface termination on e–p interactions, which is
crucial for understanding and advancing its prospects in elec-
tronics, optoelectronics, and photothermal applications.
Fig. 2 (a) Schematic of etching MoAlB into 2D MoB MBene in ZnCl2
salt. The blue, green, purple, and yellow balls represent Mo, Al, Zn, and
B atoms, respectively. (b) TEM image of MoB. (c) Annular dark-field
STEM image of MoB. (d) XRD patterns of MoB and MoAlB. (e) High-
resolution XPS spectra of MoB with peak fittings for the Mo 3d region.
(f) Steady-state UV-visible spectra of MoB and Mo4/3B2−xTz. (g) Partial
DOS of MoB. The gray dashed line indicates the Fermi level.
Results and discussion
Synthesis and characterization of MoB

MBenes were synthesized by selectively etching Al atoms in the
MAB phase43 because they have weak M–A bonds and strong
M–B bonds, which facilitate etching and layering of 2D
structures.1 M and B represent transition metal and boride
atoms, respectively, and A denotes A-group element. Herein, we
synthesized high-quality MoB MBene using an approach
9704 | Chem. Sci., 2026, 17, 9703–9710
distinct from that reported in a previous study.35 A schematic of
the synthesis process for MoB MBene is shown in Fig. 2a. MoB
nanosheets were prepared by etching the Al layer of MoAlB in
a Lewis acid molten salt, followed by removing Zn nanoparticles
using a dilute hydrochloric acid solution (details in the SI).
Transmission electron microscopy (TEM) and scanning elec-
tron microscopy images show the layered structure of MoB
(Fig. 2b and S1). The scanning TEM (STEM) image of MoB is
shown in Fig. 2c, in which Mo atoms appear bright but B atoms
are not observed because of their lower mass than that of Mo
atoms.35 The STEM image indicates that the MoB MBene exists
as a-MoB with stacking faults (Fig. S2). The observed zigzag
layers originate from the stacking fault structure, consistent
with previous reports.35,43 The crystal structure of MoB was
indicated using X-ray diffraction (XRD) patterns (Fig. 2d), which
show stacking faults in a-MoB (Fig. S3).43 The high-resolution
Mo 3d XPS spectrum of MoB is shown in Fig. 2e. Owing to
spin–orbit coupling, the Mo 3d signal splits into the 3d5/2 and
3d3/2 components, with a typical spin–orbit energy separation of
approximately 3.1 eV. Based on this constraint, peak deconvo-
lution yields four pairs of characteristic peaks, with the 3d5/2
components located at 228.2, 230.0, 232.3, and 234.0 eV, cor-
responding to the Mo–B bonding state, Mo4+, Mo5+, and Mo6+

species, respectively. The Mo 3d spectrum of Mo4/3B2−xTz is
shown in Fig. S4, where the Mo–B–Tz component appears at
229.6 eV, consistent with previous work.18 These results indicate
that MoB contains only Mo–B bonds without surface termina-
tions, whereas the presence of terminations is clearly observed
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) TA spectra of MoB probed at 50 and 500 fs after excitation
by a 360 nm pulse. (b) TA dynamic traces probed at 540 and 920 nm,
and the corresponding fitting results of MoB. (c) TA spectra of
Mo4/3B2−xTz probed at 50 and 500 fs after excitation by a 390 nm
photon. (d) TA dynamic traces probed at 460 and 900 nm, and the
corresponding fitting results of Mo4/3B2−xTz. Set themaximum value to
zero for clarity.
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in Mo4/3B2−xTz. Additionally, inductively coupled plasma
optical emission spectrometry (ICP-OES) was used to charac-
terize the chemical composition of MoB, which shows that MoB
has a Mo/B atomic ratio of 49 : 51, conrming the 1 : 1 stoichi-
ometry of MoB. Meanwhile, the Mo/B atomic ratio in Mo4/3-
B2−xTz was determined to be 1 : 1.31, corresponding to an x
value of approximately 0.25. The absorption spectra of MoB and
Mo4/3B2−xTz MBenes are shown in Fig. 2f. In Mo4/3B2−xTz
MBene, Tz represents its surface termination. Both MBenes
Fig. 4 (a) Normalized decay dynamics as a function of pump fluence for M
dynamics as a function of pump fluence for Mo4/3B2−xTz after excitat
experimental data. The insets in (a and b) show the extracted e–p scatt
fluence, respectively. The solid line is a linear fit. (c and d) Raman spectra o
of (e) MoB and (f) Mo4/3B2O2.

© 2026 The Author(s). Published by the Royal Society of Chemistry
exhibit broad absorption spectra, with gradually increasing
absorption from the visible to ultraviolet (UV) regions (<400
nm). The electronic DOS (Fig. 2g and S5) and band structure
(Fig. S6 and S7), suggest that the Mo d orbitals in MoB and
Mo4/3B2Tz MBene contribute the most to its electronic states
near the Fermi level. The results indicate that MoB MBene
exhibits metallic characteristics, similar to most MXenes.44,45
Effect of the surface on e–p interactions

To investigate e–p interactions in MoB MBene, pump-probe
transient absorption (TA) spectroscopy experiments were per-
formed, in which a laser pulse excited electrons, and the optical
response was measured as a function of time using a delayed
probe pulse.46–48 Owing to the strong optical absorption of MoB
MBene in the UV region (Fig. 2f, red line), a 360 nm photon was
chosen as a pump pulse. Fig. 3a shows the TA spectrum of MoB
MBene at 50 fs, which exhibits a broad photoinduced absorp-
tion feature ranging from 500 to 1000 nm, with gradually
increasing absorption from the visible to near-infrared regions.
In the TA spectrum of MoB MBene at 500 fs, the intensity of TA
signals in the visible region (∼540 nm) increases, whereas that
of signals in the near-infrared region (∼920 nm) distinctly
decreases. The TA dynamics of MoB MBene at 920 nm (Fig. 3b)
exhibit a fast decay of approximately 1 ps, whereas at 540 nm
they show a signicantly slower decay, with a timescale much
greater than 1 ps. Based on the electronic density of states
(Fig. S8), the long-lived feature at 540 nm may originate from
the detection of low-energy carriers near the Fermi level,
whereas the dynamics at 920 nm correspond to the relaxation of
high-energy carriers further from the Fermi level. In non-
bandgap, non-semiconducting 2D materials such as MXene
and graphene, carriers primarily relax via e–p scattering within
oB after excitation at 360 nm, probed at 920 nm. (b) Normalized decay
ion at 390 nm, probed at 460 nm. The solid line exhibits fitting to
ering time constants of MoB, and Mo4/3B2−xTz as a function of pump
f (c) MoB, and (d) Mo4/3B2−xTz. (e, f) Phonon dispersion bands and DOS

Chem. Sci., 2026, 17, 9703–9710 | 9705
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Fig. 5 (a) The calculated fat band of 4dx2−y2 of Mo in MoB. (b) The
calculated fat band of 4dz2 of Mo in MoB. The diameters of the spheres
represent the intensity of DOS. The blue arrows indicate possible
electronic transitions after excitation. (c) The different energy transfer
pathways in MoB.
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1 ps, and during this time window, the dynamics are minimally
affected by defects or structural disorder.

Previous reports indicate that hot carrier relaxation induced
by defects or structural disorder mainly occurs aer 1 ps.49–52

Based on our calculations results (Fig. 2g and S6) and previous
studies,18 MBene is classied as a metallic 2D material. There-
fore, this study focuses on the carrier dynamics of MBene within
1 ps, primarily reecting non-equilibrium e–p interactions. The
mechanism of the decay and growth dynamic processes of MoB
MBene may be as follows: aer the metal absorbs photons, the
electron temperature increases, and the lattice temperature
remains near equilibrium. Then, with time delays, the high
temperature of the electron decreases within hundreds of
femtoseconds to several picoseconds as the high-temperature
electron transfers energy to the low-temperature equilibrium
phonon (decay dynamics), resulting in an increase in the
temperature of the phonon (growth dynamics).53–55 Therefore,
the TA dynamics of MoB MBene at 920 nm are consistent with
the electron cooling feature, whereas its TA dynamics at 540 nm
are consistent with the phonon heating process. The time
required for dynamic decay and growth processes is the e–p
interaction time (280 ± 20 fs) with global tting (see SI).56,57

Next, we performed a control TA experiment on Mo4/3B2−xTz

MBene with surface termination to determine the effect of
surface termination on e–p scattering. The Mo4/3B2−xTz MBene
sample was synthesized according to a procedure reported in
a previous study.1 The high-resolution TEM image of Mo4/3-
B2−xTz MBene, shown in Fig. S4a, reveals a d-spacing of
0.31 nm, corresponding to the [100] plane of Mo4/3B2−xTz. The
XRD pattern of Mo4/3B2−xTz MBene is shown in Fig. S4b. XPS
9706 | Chem. Sci., 2026, 17, 9703–9710
(Fig. S4c and d) conrms the termination on the Mo4/3B2−xTz
MBene surface. A wavelength of 390 nm was selected as a pump
because of the strong UV absorption band of Mo4/3B2−xTz
MBene (Fig. 2f, blue line). The TA spectra of Mo4/3B2−xTz
(Fig. 3c) show a photoinduced bleaching feature in the 450–
680 nm region and absorption signals in the 680–1000 nm
range within the rst 50 fs. Then, with time evolution at 500 fs,
part of the photoinduced bleaching signal in the 450–680 nm
range changes to a photoinduced absorption signal, whereas
the photoinduced absorption signal intensity in the 680–
1000 nm range decreases. The TA spectra of Mo4/3B2−xTz and
MoB MBenes are different, suggesting that the surface termi-
nation can tune the optical and electrical properties of MBenes.
Fig. 3d and S9 show the probe wavelength-dependent dynamics
traces of Mo4/3B2−xTz. A global tting was used to obtain an e–p
interaction rate of 138 ± 6 fs for Mo4/3B2−xTz.

To obtain the intrinsic e–p scattering time, we conducted
pump power–dependent TA experiments on MoB (Fig. 4a) and
Mo4/3B2−xTz (Fig. 4b) MBenes. Fig. 4a and S10 show the pump
uence-dependent dynamics and TA spectrum of MoB, respec-
tively. The dynamics lifetime probed at 920 nm is prolonged with
the increasing pump uence. This phenomenon is quite common
in metals at high pump uences.58,59 Global tting of the
dynamical traces (Fig. 4a, inset) reveals that the electron–phonon
coupling time (se–p) of MoB MBene increases with increasing
pump uence. The linear t of pump power-dependent se–p
acquires the intercept (by extrapolating each curve to zero absor-
bed energy density) to exclude the inuence of the thermal
effect.60 The linear t result displays an intercept se–p of 218 ± 15
fs for MoB MBene. Fig. 4b shows the dynamics of Mo4/3B2−xTz
MBene at 460 nm with different pump uences. A wavelength of
460 nm was selected for analysis because of the small overlap
between photon-induced bleaching and absorption signals. The
obtained results suggest that the intercept se–p of Mo4/3B2−xTz
MBene is 126 ± 11 fs, signicantly smaller than the intercept se–p
of MoBMBene, suggesting that the surface termination enhances
e–p interaction. These results suggest that the size connement
effect, in which the surface termination increases the thickness of
MBene and leads to weakened e–p interactions,38 is not a domi-
nant mechanism in MBene. Additionally, the point that the
surface termination enhances e–p interaction is supported by the
measured Raman spectra ofMBene. The Raman spectrum ofMoB
(Fig. 4d) shows the linewidth of the two phonon vibrations
(Dn = 67 cm−1). The Raman spectral linewidth was analyzed via
Gaussian tting (Fig. S11). Two peaks are observed in the Raman
spectrum of MoB MBene. According to the calculation results
(Fig. S12), both peaks correspond to out-of-plane vibrationmodes.
Meanwhile, the Raman spectrum of Mo4/3B2−xTz MBene with
surface termination (Fig. 4e) shows four distinct peaks at 203, 240,
284 and 345 cm−1. The total linewidth (Dn= 101 cm−1) of the four
peaks of Mo4/3B2−xTz (Fig. S13) is broader than the linewidth
(Dn = 67 cm−1) of MoB MBene. According to the Raman spectra,
the spectral linewidths of MoB are narrower than those of
Mo4/3B2−xTz. Previous studies61 have shown that the linewidth of
Raman peaks reects the e–p interactions in metallic materials.
Energy exchange between electrons near the Fermi level and
phonons accelerates the relaxation of hot carriers and shortens
© 2026 The Author(s). Published by the Royal Society of Chemistry
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the phonon lifetime, leading to a broadening of the Raman
peaks.61–63 Raman spectra suggest that the wider linewidths of the
phonon distribution are caused by surface termination, which
leads to faster e–p interaction rates. TA experimental and Raman
spectral results suggest that termination can increase the e–p
interactions.

Further insights into the e–p interactions in MoB MBene
were obtained by calculating its phonon dispersion bands and
DOS, which are shown in Fig. 4g. The phonon dispersion bands
of MoB MBene show a high-frequency vibration region (438–
615 cm−1) attributed to B and a low-frequency vibration region
(0–270 cm−1) corresponds to Mo. These results exhibit a large
energy gap from 270 to 438 cm−1 in MoB MBene. The phonon
dispersion bands and DOS of Mo4/3B2O2 MBene are shown in
Fig. 4h. The phonon dispersion bands of Mo4/3B2O2 MBene
show high (370–720 cm−1) and low (0–310 cm−1) frequency
vibration regions attributed to B and Mo, respectively. Mean-
while, in Mo4/3B2O2 MBene, the vibration from O groups is
observed in the vibrational regions of 0–315 cm−1 and 370–
490 cm−1. These results reveal that the Mo4/3B2O2 MBene has
more vibrational modes and a smaller energy gap than MoB
MBene. Briey, MBenes without surface termination exhibit
a narrower phonon distribution. When terminating groups are
introduced, the number of atoms in the unit cell increases, and
the number of vibrational modes increases. This is consistent
with the experimental Raman spectroscopy results, indicating
that the surface terminations increase the number of phonon
frequencies, thereby enhancing the e–p interactions.
Analysis of the symmetry and coupling strength of MoB
MBene

Finally, to understand the e–p interactions in MoB MBene aer
photon excitation, we examined whether the coupling strength
of phonon modes is related to the band-to-band transition, as
suggested by previous studies.24,64 The relatively weak e–p
interaction strength in MoB MBene compared with MBenes
with termination can be elucidated by considering the
symmetry between the phonon vibration modes and electron
orbitals. We calculated the DOS and electron structure of MoB
MBene. The orbital-dependent DOS of MoB (Fig. S6) suggests
that the energy band structure from−2 eV to 2 eV is contributed
mainly by the 4d orbitals of Mo. The two orbital-dependent fat
band structures dx2−y2 and dz2 are shown in Fig. 5a and b,
respectively. Moreover, the size of each circle represents the
DOS. By combining the fat-band (Fig. 5a and b) analysis with the
excitation photon energy (360 nm), the probability of electronic
transitions can be evaluated. Upon photon absorption, the
dominant photoinduced band-to-band transitions are most
likely to occur from approximately −1.0 to 2.0 eV in Fig. 5a and
from −1.5 to 1.5 eV in Fig. 5b. The band structure of the dx2−y2

orbital (Fig. 5a) displays a higher DOS than the dz2 orbital. The
fat band structures indicate that the band-to-band transitions
are much more likely to occur in the dx2−y2 orbital than the dz2
orbital. The dxy electronic orbital band structure is shown in
Fig. S14, which also displays a higher transition possibility.
Therefore, the transition possibility of entering in-plane
© 2026 The Author(s). Published by the Royal Society of Chemistry
electronic orbitals, such as dx2−y2 and dxy, is high and the
transition possibility of entering out-of-plane (dz2) electronic
orbitals is low. Based on group theory arguments, the main in-
plane excited electronic states, such as dx2−y2 and dxy, are
generated aer MoB absorbs a photon. The wave function of the
excited electron is azimuthally symmetric, oriented along the
in-plane direction, such as the x- or y-direction, which is effec-
tive in coupling in-plane phonon vibrationmodes. However, the
Raman spectrum (Fig. 4c) shows that the phonons of MoB are
primarily out-of-plane vibration modes. The mismatched
symmetry between the dominated in-plane excited electron
orbital and out-of-plane phonon vibration modes causes rela-
tively weak e–p interactions.

Our ndings of MoB MBene suggest that the excited elec-
trons primarily occupy in-plane orbitals (dx2−y2/dxy), which are
symmetrically mismatched with the out-of-plane vibration
mode (A1g). This is different from previous studies on MXenes
with surface termination, in which the matched symmetry
between the electron entering the out-of-plane orbital (dz2) and
the out-of-plane phonon vibrational mode (A1g)24 is involved.
This is also distinct from e–p interactions in graphite65 and
graphene,66 where the electrons are excited to an in-plane
orbital (px/py) strongly couple with in-plane phonon vibra-
tional mode (Eg; Fig. S15). To further quantify the enhancement
of e–p interactions by surface termination, we performed
density functional perturbation theory calculations67 of the e–p
coupling constants (see SI). The continuous density of states
near the Fermi level (Fig. S16) shows that MoBO and MoBF are
metallic. The results (Fig. S17) show that the e–p coupling
constants for MoBO and MoBF are 0.51 and 0.445, respectively,
both of which are higher than that (0.406) for MoB. This nding
is in good agreement with previous studies.68 This further
supports the conclusion that surface end groups in MBene
enhance e–p interactions.

Discussion

The hot carrier dynamics of metallic MBene investigated in this
work within a 1 ps timescale reect non-equilibrium e–p
interactions. Inmetals such asMBene, the high density of states
near the Fermi level and the absence of a bandgap result in
carrier relaxation being primarily dominated by electron–
phonon scattering, typically occurring on a timescale of
hundreds of femtoseconds to a few picoseconds, as observed in
MXene, graphene, and noble metal nanoparticles.49–52,69,70

With regard to the electronic structure, in semiconductor
nanocrystals with surface terminations, the presence of a large
bandgap reduces the thermal displacement of surface atoms
and diminishes the spatial overlap between charge carriers and
these large-amplitude atomic vibrations, leading to weaker
electron–phonon coupling and slower carrier relaxation.32

Previous studies have shown that in metallic materials, where
no bandgap exists, the relaxation rate of hot carriers is primarily
inuenced by the density of states near the Fermi level, high-
frequency phonon modes, and the strength of electron–
phonon coupling, with their relative importance decreasing in
this order.30 For the density of states near the Fermi level, since
Chem. Sci., 2026, 17, 9703–9710 | 9707
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the studied MoB and Mo4/3B2−xTz are both composed of the
transition metal Mo,18 the electronic density of states near the
Fermi level is primarily contributed by Mo.30 As a result, their
densities of states near the Fermi level are similar, leading to
only minor differences in the hot carrier-phonon scattering
rates. However, their phonon modes differ signicantly: in MoB
without surface terminations, the number of high-frequency
phonon modes is substantially reduced compared to Mo4/3-
B2−xTz with terminations, leading to a lower scattering rate
between carriers and high-frequency phonons and conse-
quently slower carrier relaxation. Unlike previous studies,
which have mainly focused on surface-terminated Mo4/3B2−xTz
MBenes,71,72 and relied on tuning the electronic structure by
changing surface terminations to affect carrier dynamics, our
work presents the rst investigation of termination-free MoB
MBene. We combine experimental and calculated results (Fig. 4
and S17) to demonstrate that, compared with MBenes with
surface terminations, electron–phonon scattering is suppressed
in the MBene without surface terminations, which can be
attributed to its fewer phonon vibration modes. To further
exclude the inuence of other factors, a detailed discussion of
the effects of stoichiometry and defects on the carrier dynamics
in MoB and Mo4/3B2−xTz is provided in Section S6 of the SI.

Herein, we rst observed the ultrafast dynamics of MoB and
Mo4/3B2−xTz MBenes using TA spectroscopy. TA experimental
results show that MoB MBene without surface termination
exhibits slower relaxation dynamics compared withMo4/3B2−xTz

MBene, which suggests that surface termination enhances e–p
interactions in 2D MBenes. The results differ from theoretical
simulations of nanocrystals in that surface terminations
suppress e–p interactions.32 In this work, the enhanced e–p
interaction is caused by the introduction of low-mass elements
as surface termination, which creates additional vibration
modes, allowing the excited electron to interact with more
phonons. In contrast, previous studies from computational
simulations39 have investigated the inuence of surface termi-
nation on e–p interaction by tuning the electronic structure. We
provide experimental evidence from phonon structure and
electron relaxation dynamics, analyzing the termination-
dependent e–p interactions.

Although our study primarily focuses on Mo-based MBene
systems, this mechanism may theoretically be applicable to
other MBene systems as well. For metallic MBenes, surface
terminations could enhance the e–p coupling constant. In
addition, previous studies have demonstrated that the intro-
duction of surface terminations can generate additional vibra-
tional modes73 and increase the e–p coupling constant,74–76

thereby enhancing the e–p interactions. Detailed discussion of
the role of surface terminations in electron–phonon scattering
is provided in Section S7 of the SI. Nevertheless, the generality
of surface termination enhancement of e–p interactions in
other MBenes still requires further verication through addi-
tional studies. However, since their synthesis is still at an early
stage and the available methods are limited. Future efforts
could focus on developing diverse synthetic strategies to
prepare MBenes with a variety of transition metals and surface
9708 | Chem. Sci., 2026, 17, 9703–9710
terminations. This would enable systematic investigations of
their dynamic behaviors.

These comprehensive ndings collectively highlight that the
control and manipulation of surface termination play a pivotal
role in tuning e–p interactions in 2D metallic materials. In
MBenes with surface termination, their multiphonon vibration
modes tend to interact with electrons. The electron will rapidly
cool and transfer its energy to heat the lattice, which can be
utilized in the elds of thermoelectric conversion and nonlinear
optics, such as saturable absorbers. By contrast, MBenes
without surface termination are more suitable for photo-
catalysis and practical hot-electron optoelectronic devices due
to their slower e–p interaction, which affords them prolonged
electron lifetimes.
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