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ABSTRACT: MXenes have the potential for efficient light-to-heat
conversion in photothermal applications. To effectively utilize MXenes
in such applications, it is important to understand the underlying
nonequilibrium processes, including electron—phonon and phonon—
phonon couplings. Here, we use transient electron and X-ray diffraction
to investigate the heating and cooling of photoexcited MXenes at
femtosecond to nanosecond time scales. Our results show extremely
strong electron—phonon coupling in Ti;C,-based MXenes, resulting in
lattice heating within a few hundred femtoseconds. We also

photoinduced heating thermal relaxation

Ti,C,T, and Ti;C,Cl, MXenes

laser

150 - 300 femtosecond 0.1 — 10 nanosecond

systematically study heat dissipation in MXenes with varying film

thicknesses, chemical surface terminations, flake sizes, and annealing conditions. We find that the thermal boundary conductance
(TBC) governs the thermal relaxation in films thinner than the optical penetration depth. We achieve a 2-fold enhancement of the
TBC, reaching 20 MW m 2 K7}, by controlling the flake size or chemical surface termination, which is promising for engineering
heat dissipation in photothermal and thermoelectric applications of the MXenes.

KEYWORDS: MXenes, Ti;C,T,, photothermal properties, ultrafast electron diffraction, time-resolved X-ray scattering

wo-dimensional transition-metal carbides, carbonitrides,

and nitrides, known as MXenes,' have attracted extensive
research attention due to their remarkable electronic, optical,
magnetic, and chemical properties.” " These properties make
them suitable in a wide range of applications, including
transparent conductors, electromagnetic shielding,6 energy
storage,7 catalysis,8 and superconductivity.9 Among the MXene
family, titanium carbide (Ti;C,T,), where T, are surface
groups typically composed of O, OH, or F, is the most
investigated composition, while other compositions have been
continuously developed,'® along with new synthesis ap-
proaches and surface chemistry controls.”'""*

In recent years, MXenes have also gained attention for their
potential use in light-to-heat conversion systems. Metallic
MXenes based on Ti;C,T, have shown high efficiency in
converting sunlight into heat, with some studies reporting
efficiencies approaching 100%.'”'* This has made MXenes
attractive for use in solar-powered water evaporation'’ and
photothermal actuators.'® In addition, MXenes with efficient
photothermal properties have been explored as potential
phototherapy agents for treating tumors by localizing heat on
specific biological tissues.'”~'? To engineer the photothermal
properties of MXenes for these applications, it is important to
understand fundamental light-to-heat conversion processes
involving electron—phonon couplings, as well as thermal
relaxation involving phonon—phonon couplin§s. Despite
prior studies on thermal'®™*® and thermoelectric*”** proper-
ties, nonequilibrium photothermal processes and their
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associated microscopic couplings in the MXenes have
remained mostly elusive.

In this study, we performed time-resolved electron and X-ray
diffraction on thin films of Ti,C,T, (T, = O, OH, F) and
Ti;C,Cl, MXenes to study photoinduced heating and
subsequent cooling responses at ultrafast time scales. Upon
femtosecond laser pulse excitation, MXene thin films heat up
with an extremely fast response time on the order of a few
hundred femtoseconds arising from strong electron—phonon
coupling strength, reaching 2.7 X 10'® W m™ K. This strong
electron—phonon coupling is 2 orders of magnitude larger than
that of conventional metals such as gold and silver,”” and it
largely contributes to the high efficiency of light-to-heat
conversion. By probing thermal relaxation on nanosecond time
scales, we also uncover how MXene thin films dissipate heat.
We show that the thermal boundary conductance (TBC) of
the MXene—substrate interface plays a key role in determining
thermal dissipation in samples thinner than the optical
penetration depth. In Ti;C,T,, we estimate the TBC to be
approximately 10 MW m™> K™, which is at least 1 order of
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Figure 1. (a) Schematic of the pulsed optical pump/electron diffraction probe experiments performed in a transmission geometry. (b) Static
diffraction intensity (I(Q)) shown in black with the Bragg peaks labeled. In-plane Bragg reflections dominate as the 2D layers are parallel to the
SiN, membrane. Transient differential diffraction intensity AI(Q,7)) in red showing a decrease of the peak intensities. (c) Natural logarithm of
normalized diffraction intensity —In(I/I,) over the square of the reciprocal vector Q> showing a linear relationship, which is consistent with a
Debye—Waller model measured in a thicker UED film. (d) Transient lattice heating response measured at (110) reflection showing a lattice heating
time constant of 320 fs in a thinner UED film. (e) Lattice heating time estimated through a two-temperature model as a function of excitation

density. The red star denotes the experimental data from this work and green dot denotes the data from Volkov et a
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magnitude lower than that of typical metal—dielectric
interfaces but comparable to that of other 2D van der Waals
materials.”” Through a systematic investigation of sample
properties, we uncovered that the TBC can be doubled up to
20 MW m™* K™' by using smaller MXene flakes or chloride
surface termination, suggesting new thermal management
strategies in photothermal, plasmonic, and thermoelectric

applications.
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We first present the results from ultrafast electron diffraction
(UED) experiments performed with the MeV-UED instru-
ment’" at the SLAC National Laboratory (see Section SI in
the Suppporting Information). We collected electron diffrac-
tion in a transmission mode (Figure la) from Ti;C,T, thin
films that are prepared on SiN, membranes (see Section S2 in
the Suppporting Information). The electron beam size was
~100 pm, which probed multiple flakes with varying in-plane
orientations, resulting in Debye—Scherrer rings on an area
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detector (Figure 1a). We obtained the diffractogram, I(Q), by
azimuthal integration of the diffraction images (Figure 1b) and
labeled the (hkl) reflections on a thicker film sample, which
showed a high degree of preferred orientation. This is
evidenced by the large intensity of the in-plane (110) peak
in contrast to out-of-plane (00!) reflections, indicating that the
2D planes lie mostly parallel to the surface of the SiN, (see
Section S3 in the Suppporting Information). (10!) and (20!)
peaks were also observed with a relatively weak intensity.”” We
also studied a thinner sample, which showed a complete 2D
orientation, as the out-of-plane Bragg reflections were absent
(see Section S3 in the Suppporting Information).

We monitored transient changes in the diffractogram before
and after laser excitation, as a function of the pump—probe
delay (7). When 7 is a few picoseconds, the intensity of the
diffraction peaks decreases, corresponding to negative differ-
ential intensity around the Bragg peaks (see AI(z = S ps) in
Figure 1b). The decrease in peak intensities indicates that the
structure of Ti;C,T, becomes transiently disordered after
excitation. Of note, the disordering response fully recovers
within 2.7 ms, which is the repetition period of the pump and
probe pulses.

To understand the origin of the transient structural
disordering, we plot the transient logarithmic diffraction
intensity (—log(I(Q))) across different reflections against the
squared magnitude of the scattering vector (Q?) in Figure lc
for the thicker sample, where we can access multiple Bragg
peaks. To improve the signal-to-noise ratio in this analysis, we
averaged measurements with pump—probe delays between 2
and 60 ps, where the response is flat (Figure S9). We observe a
linear relationship between —log(I(Q7)) and Q% which
suggests that the transient structural response can simply be
explained by a Debye—Waller (DW) model.>® This model
manifests that any material, when heated up, would exhibit a
smaller diffraction peak intensity due to thermally induced
vibrations, and this effect is more pronounced for peaks at
higher Q (Section S4 in the Suppporting Information).
Agreement with a DW model implies that the MXene flakes
transiently disorder due to increased mean squared atomic
displacements, and the UED data directly encode the heating
time scale of the MXene flakes.

Next, we estimate the strength of the electron—phonon
coupling using a two-temperature model (TTM). For this we
used measurements from the thinner sample, which could be
homogeneously excited along the thickness direction and
would not show saturable absorption effects’*" at the given
excitation density. We fit the rise time of the differential
diffraction intensity measured at the (110) reflection (Figure
1d). The (110) peak is chosen, as it exhibits the highest signal-
to-noise ratio for the transient response, while other Bragg
peaks show similar dynamics (Figure S8). By fitting the rise
time, we obtained a time constant of 320 + 36 fs, denoting the
lattice heating time, Tycying: The TTM interrelates Teying to the
electron—phonon coupling by considering energy transfer from
hot electrons to the atomic lattice (see Section S4 in the
Suppporting Information). We estimate 8e-ph to be 2.71 X 10'®
Wm™ K™ (see Section S4 in the Suppporting Information for
the details of the calculation)

The value of g, in Ti;C, T, is 2 orders of magnitude larger
than that of conventional metals such as gold, silver and
platinum.””*® Also, the lattice heating time is significantly
faster than that of semiconductor materials under similar
excitation densities. For example, 2D materials such as MoS,
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and MoSe, have shown lattice heating time on the order of a
picosecond,””*” while II-VI semiconductors and lead halide
perovskites have shown much slower lattice heating on the
order of a few to 10 ps.’**” Thus, Ti,C,T, exhibit a
significantly fast light-to-heat conversion as compared to
most conventional metals and semiconductors. Although the
value of g, in Ti;C,T, is large, it is comparable to that of d-
block transition metals”” such as Ti and Fe, with eph On the
order of 1—4 X 10" W m™ K. As the 3d orbitals of titanium
constitute most of the conduction band states above the Fermi
level in Ti,C,T,*”*" our finding suggests that the strong
electron—phonon coupling in Ti;C,T, may be closely linked
with the presence of titanium with intrinsically large g, .
Similarly, first-principles calculations®” have predicted a large
Zeph of ~10"® W m™ K! in titanium nitride. Recent reports
also indicate that strong electron—phonon coupling can be a
common property among other MXenes comprising transition
metals such as Mo,”> Nb** and Cr.®

We used the experimentally determined value of g.., to
estimate 7y, at varying excitation density using the TTM
(Figure le). As the electron temperature decreases with
decreasing optical excitation fluence, the effective electron heat
capacity also decreases, leading to a shorter Ty For
instance, we estimated Theating O be ~12§ fs for an excitation
density of 1 mJ cm ™2, which agrees within a factor of 2 with the
result of Volkov et al.*® under the same fluence. Of note, recent
reports performing transient absorption on Ti;C,T, have
attributed the dynamic optical response on the order of few
hundred femtoseconds to solely electron—electron scatter-
ing."””*® However, our measurements unambiguously show
that the electron—phonon coupling plays an important role in
the early time dynamics; hence, its contribution cannot be
disregarded in the ultrafast optical response.

Strong scattering of electrons with phonons in Ti;C,T,
implies that the photoexcited hot carriers can transfer their
kinetic energy to the atomic lattice very rapidly and efficiently
without any loss such as due to hot electron radiative
emission.* Therefore, the strong electron—phonon coupling
together with large, broad-band light absorption of Ti;C,T,
MXenes are key factors contributing to their high efhiciency in
light-to-heat conversion. The ultrafast lattice heating response
in Ti;C,T, can enable new functionalities in photonic,
catalytic, and sensing applications by capitalizing on the
extremely fast light-to-heat transduction. For example, ultrafast
photoinduced strain may be used in optomechanical
applications. Also, fast thermal conversion may empower
unusual photothermocatalytic functionalities.””*" Additionally,
plasmon—phonon coupling may allow ultrafast modulation of
optical properties and may enable subpicosecond photo-
thermal switches. In accordance with this, ultrafast modulation
of terahertz radiation has been reported using the photoexcited
Ti,C,T, MXenes.>>

Now we turn our focus to thermal relaxation in photoexcited
Ti;C,T, thin films. Our UED data show recovery of diffraction
intensity, hinting at thermal relaxation (Figure S9). While we
can partly resolve the thermal relaxation in a thinner (a few
monolayers thick) MXene sample (Figure S9a), the relaxation
in a thicker sample is beyond the maximum delay range of the
UED (Figure S9b). To investigate thermal relaxation in
samples with varying thicknesses and systematically study
thermal relaxation pathways, we used pump—probe X-ray
diffraction (XRD) conducted at the Beamline 11-ID-D of the
Advanced Photon Source (Section SS in the Suppporting
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Figure 2. (a) Schematic of the optical pump—X-ray diffraction probe measurements. The X-ray diffraction is in forward reflection mode collected
by a large area detector. The optical pump is surface normal to the sample. (b) Diffractogram showing the (002) reflection intensity with a dotted
black line and transient differential intensity measured at various pump—probe delays in solid colors from yellow to black. Differential intensity
response indicates a shift of (002) peak to lower Q due to lattice expansion. The sample used for this figure is Ti;C, T, (T, = O, OH, and F surface
groups) with a film thickness of 12 nm prepared on sapphire. (c) Excitation-fluence-dependent transient lattice expansion response at the (002)
peak. Data are obtained by Gaussian fitting of the (002) peak as a function of pump—probe delay. Decay curves are fitted by a single-exponential
function. (d) Static-temperature-dependent measurement of lattice expansion at the (002) reflection. (e) Transient temperature jump vs pump—
probe delay. (f) Temperature jump and thermal relaxation lifetime as a function of excitation fluence.
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Information). Pump—probe XRD has been recently used to
investigate thermal relaxation in thin films and buried
interfaces, providing an all-optical noninvasive access to the
subnanosecond thermal responses.””>* Here, we carried out
the transient XRD in a reflection geometry (Figure 2a) on
MXene samples (Section S2 in the Suppporting Information)
that were spin-coated on substrates that are commonly used in
applications. These samples exhibit complete 2D preferred
orientation, as we can only resolve only the out-of-plane (00!)
peaks (Figure S10). We track the position of the (002)
reflection in the reciprocal space, which encodes the sample
temperature though a transient lattice expansion response.
Figure 2b shows the probed (002) reflection at Q of 0.46 A~
and the photoinduced changes presented by differential
intensity AI(Q,7) measured at varying pump—probe delays.
AI(Q7) exhibits a derivative-like shape indicating a shift of the
(002) reflection transiently toward low Q after the photo-
excitation. This observation indicates that the MXene film
expands along the surface normal direction due to photo-
induced heating.

Figure 2c¢ shows the transient lattice expansion quantified as
AQ/Qy, measured for varying excitation fluences. To correlate
transient lattice expansion with the actual sample temperature,
we performed temperature-dependent XRD measurements in
the same diffraction configuration at the Beamline 7-ID-C.
Figure 2d shows AQ/Q, for the (002) reflection measured for
temperatures ranging from 200 to 340 K. Based on this
calibration, we estimate an out-of-plane thermal expansion
coefficient a = 2.25 X 1075 K™, which we use to convert the
transient lattice expansion, AQ/Qy,, into a differential sample
temperature, AT. Figure 2e plots AT(z) for an optical
excitation density of 0.8 mJ cm™? showing an initial
temperature jump as high as 120 K, consistent with the
absorbed energy density and the lattice heat capacity (Section
S4 in the Suppporting Information).

Figure 2f depicts the thermal relaxation time constant 7,
and the maximum temperature jump AT, as a function of
excitation fluence in a Ti;C,T, thin film (thickness: 12 nm) on
sapphire. T,y is Obtained by fitting the data in Figure 2¢ with
a single-exponential function. The fits resulted in a coefficient
of determination (i.e., R*) of 0.96—0.97. Although we could
obtain R* &~ 0.99 by using double-exponential or stretched-
exponential functions, it then becomes ambiguous to define
Teooling: L herefore, we decided to keep single-exponential
function fitting for all samples for the sake of simple
interpretation of Teooling relative to varying sample properties:
e.g., thickness. In the thin film with a thickness of 12 nm, 7 qjing
is approximately 2 ns, independent of the excitation fluence
(Figure 2f). Thus, the cooling time is independent of the
absorbed energy density and hence the photoinduced
temperature jump, AT,.. On the other hand, AT, itself
scales linearly with the excitation fluence, as the absorbed
optical energy scales linearly with the excitation fluence. It is
worth noting that the samples were extremely stable under
both laser and X-ray pulses, as shown by no change in
diffraction intensity over 2.5 h of data acquisition (Figure S11).

We investigate the relationship between 7, and the film
thickness. For this, we prepared samples with thicknesses
ranging from 7 to 52 nm and measured their transient
responses with single-exponential fits (Figure 3a). Figure 3b
shows the fitted 7.,y For sample thicknesses up to 40 nm,
there is a linear relationship between the sample thickness, L,
and the cooling time constant, while the thickest sample (L =
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exponential decay function. (b) Film thickness vs fitted thermal
relaxation lifetime showing a linear dependence for sample thicknesses
up to 40 nm. The dotted line indicates the position of the optical
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52 nm) clearly deviates from linearity. To estimate Teooling 10
thin samples (<40 nm), we use a simple RC circuit model that
considers the volumetric heat capacity, C,, of the MXene thin
film and the thermal boundary conductance (TBC), denoted
as G, also known as the Kapitza conductance, across the
MXene—substrate interface. In this model, the thermal
relaxation time is equal to the RC time constant

T = CVLé Using this, we estimate the G (black squares

cooling
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Figure 4. Measured TBC for different sample attributes: flake size (large vs small), surface termination (—T, vs —Cl), substrate (sapphire, silicon,

and glass), and annealing temperature (300 °C vs 25 °C).

Figure 3c). On average, G is 9.2 + 0.8 MW m~2 K ! for the
Ti;C, T, thin films (L < 40 nm) on sapphire, which is in good
agreement with a prior report,”" as shown by the red square in
Figure 3c. The RC circuit model assumes a homogeneously
heated slab thermally relaxing via the TBC. The photoinduced
temperature jump would be homogeneous only for samples
thinner than the optical penetration depth (Section S4 in the
Suppporting Information), which agrees with the linear region
in Figure 3c. For samples much thicker than the optical
penetration depth, thermal transport within the film itself starts
to play an important role. Therefore, thermal relaxation
becomes a convolution of heat transfer across the MXene
layers as well as the MXene—substrate interface.

The TBC of the MXene-sapphire interface (G ~ 9.2 MW
m~2 K ™) is small as compared to those of conventional metals
such as Pt/sapphire (G ~ 140 MW m™> K™') and Al/Si (G ~
190 MW m~2 K™!).*° This indicates that the thermal relaxation
of MXene thin film is impeded due to weak interfacial thermal
conductance, or high Kapitza resistance.”® The small TBC in
MXenes is in close resemblance® to those of other van der
Waals materials such as the transitionOmetal dichalcogenides
(e.g, MoS,) with G on the order of 20 MW m™> K™*. In 2D
systems, flexural phonons involving out-of-plane bending/
buckling of 2D layers have been suggested to mediate cross-
plane heat transfer.’® Nevertheless, an acoustic mismatch of
the flexural modes with the longitudinal phonon modes of
substrates typically impedes the cross-plane thermal transport.
As a result, understanding and controlling interfacial thermal
transport in 2D materials has become an active area of research
in recent years.30’53‘57

We explored how various sample attributes affect the TBC
in Ti;C,-based MXenes by taking advantage of the pump—
probe XRD enabling access to the TBC independent of the
sample type. We investigated the effects of sample annealing
temperature, substrate type, lateral flake size, and chemical
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surface termination. Figure 4 demonstrates the experimentally
measured TBCs for the corresponding sample types.

TiyC,T, (T, = O, OH, F) MXene films with large flake size
on sapphire show an average G = 9.2 MW m™ K™ when they
were annealed at 300 °C. In comparison, the nonannealed
samples show a reduced G of 7.8 MW m™* K™, which suggests
that the annealing could slightly improve G. Previous work by
Hart et al. has shown that electrical conductivity of the
MXenes can be significantly improved by annealing.’®
Consistent with this, we observed an improvement in the
sheet resistance of the annealed MXene films (see Section S6
in the Suppporting Information). On the other hand, the
enhancement of the TBC is ~10%, indicating that annealing at
300 °C does not considerably alter the MXene—substate
interface. Hemmat et al.”> have suggested that annealing at
temperatures beyond 300 °C could further improve the
thermal conductivity of MXenes by removal of —O and —OH
surface species.

To probe the substrate effect, we studied MXene films on
sapphire, silicon, and glass with the same film attributes (large
flake size, T, surface termination, and annealed at 300 °C). We
find that G is the largest on sapphire. On silicon, G is 4.5 MW
m~> K™, which is ~50% smaller than that on sapphire. This
observation indicates that the interfacial coupling between the
MXene and sapphire is stronger than that between MXene and
silicon, leading to a better cross-plane vibrational matching. A
similar observation has been made for graphene—sapphire vs
graphene—silicon interfaces.*”

Next, we compared the effect of lateral flake size and
surprisingly found a strong enhancement of G in samples with
smaller lateral flake size (<100 nm). These samples
consistently show a large G of about 19.5 MW m™ K-1,
which is a factor of 2 larger than that of samples with large
flake size (400 + 200 nm). Smaller-flake Ti;C,T, on silicon
also shows G &~ 16 MW m™ K™, which is 3-fold larger than
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that of its large-flake counterpart. The lateral flake size
dependence has been investigated in 2D materials for their
in-plane thermal transport, where flakes with sizes larger than
the phonon mean free path have been shown to maximize the
in-plane thermal trans.port.60 However, the effect of lateral
flake size on the cross-plane thermal transport has not been
well understood. Our observation indicates that the TBC in
MXenes can be improved by using smaller flakes, which can be
understood by multiple hypotheses. Structural defects arising
from surface pinning and wrinkling may play a role here, as
these have been shown to impede the flexural phonons, hence
limiting the cross-plane heat dissipation.”’ Supporting this
hypothesis, temperature mapping in MXenes has shown that
wrinkled and pinned regions can trap heat, causing hot-spot
formation.”®> Therefore, smaller-flake MXenes with a smaller
density of defects may exhibit improved interfacial thermal
coupling. In addition to structural defects, other factors could
be contributing. One such factor is the contribution of the
edges of the flakes to the cross-plane thermal transport.®”
Moreover, variation in the trapped surface moieties with
varying flake size could also play a role. Strong electron—
phonon coupling may further influence the flake size
dependence of the TBC.***¥** Large-flake samples show a 1
order of magnitude smaller sheet resistance compared to small-
flake samples (see Figures S6 and S7). The increased electron
density resulting in an increased electron—phonon scattering
may decrease the TBC in in large-flake MXenes. Further
investigations are necessary to better understand the flake-size-
dependent thermal properties in MXenes.

In our final investigation, we studied the effect of chemical
surface termination on the TBC. For this, we synthesized
Ti;C,Cl, MXenes using a Lewis acidic molten salt etching
method.”® This approach allows the transformation of the
Ti;AIC, MAX phase into Ti;C,Cl, MXene and exchange of
chloride surface groups with chalcogens and other surface
groups, as our team has recently developed.” We find that
large-flake Ti;C,Cl, thin films exhibit a G value of 20 MW m ™
K™, showing approximately 2-fold enhancement in contrast to
the same samples with mixed T, surface terminations. This
enhancement of the TBC via a surface chemistry control has
been predicted by first-principles modeling.”**® Theoretically,
pure halide termination (e.g, —F) has been suggested to
improve thermal conductivity as compared to —O and —OH
terminations. Our experiments corroborate this prediction and
show that pure halide, i.e, chloride, surface termination can
strongly improve the TBC. Therefore, our results indicate that
surface chemistry can be a versatile tool to manipulate thermal
properties of MXenes, presenting opportunities in photo-
thermal and thermoelectric applications.

Overall, MXenes can convert light into heat much faster
than most other materials due to their strong electron—phonon
coupling. In addition, slow thermal dissipation enables the
MXenes to store heat for a prolonged period of time. The
combination of a large electron—phonon coupling and slow
interfacial thermal transport makes them appealing for various
applications ranging from photothermal therapy and solar
steam generation to thermoelectrics and photothermal
catalysis.

In summary, we have used ultrafast electron and X-ray
probes to investigate how MXene films heat and subsequently
cool under pulsed optical excitation. Our experiments provide
valuable insights into the fundamental electron—phonon and
phonon—phonon couplings in Ti;C,-based MXenes which
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govern their lattice heating and cooling dynamics. By studying
various sample attributes, we uncover the effects of lateral flake
size and chemical surface termination on the thermal boundary
conductance, providing new insights into engineering photo-
thermal properties of MXenes. Also, ultrafast thermal
responses in MXenes uncovered here may inspire new
applications harnessing subpicosecond light-to-heat trans-
duction capabilities in areas such as photonics and photo-
catalysis. As a future direction, we envision using ultrafast
structural probes combined with real-space imaging capabilities
to map thermal transport in 2D materials and their devices,
empowering a thorough understanding of these emerging
material systems.
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