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ABSTRACT: The thermal management of MXene (Ti;C,T,) plays a
crucial role in its performance during various emerging applications.
However, it is unclear how the inevitable oxidation structure of Ti;C,T,
influences the thermal dissipation, which might hinder its long-term
performance and even create thermal damage. Here we show the thermal
migration of a Ti;C,T, flake with surface oxidation in film and water by
combining ultrafast pump—probe technique with molecular dynamics
(MD) simulations. The results demonstrate that the oxidation at the
surface could facilitate interfacial thermal migration with shorter
interfacial distances but would block the lateral thermal transfer. Besides,
our results also identified that the slight oxidation could not obviously
change the thermal decay of Ti;C,T, nanosheets in water due to similar
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hydrogen bonds between water and interface. The research not only provides fundamental understanding of the thermal dissipation
of MXene but also benefits for designing the thermal dissipation system to the MXene device.

s a novel type of transition metal-based 2D material, the

most popular MXene (Ti;C,T,) has been endowed
amazin% prospects in versatile fields,' including energy
storage,” electromagnetic interference shielding,3 electronics,”’
and photon-detectors.” In these emerging applications, the
electron moving at electrodes would accompany the generation
of internal heat and localized temperature rise inside these
Ti;C, T, flakes, brin_;ing the systematic risks and limitations for
the performances.”” To avoid or alleviate the thermal damage
at Ti;C,T, flakes, it is required to deeply understand the
microscopic mechanism that how the thermal energy of the
hot flakes transfer to other flakes. Moreover, the scientific
significance of this heat conduction research is also applicable
to photothermal therapy,” ' photoactuator,’’ and solar
energy conversion.'” In these applications, the photon energy
is absorbed by the flake and transferred to the surrounding
environment after high efficiency photothermal conversion.
Overall, understanding the thermal energy dissipation of the
most widely used Ti;C,T, nanosheet is very important for the
development of MXene related applications.

In general, the surface terminated groups and interfacial
interactions with surrounding molecules were crucial to the
out-of-plane energy migration at MXene interface."” Notice-
ably, Ti,C,T, oxidation at the surface is inevitable."* Even at
room temperature with the moisture and air, part of Ti;C,T, is
gradually oxidized to TiO, nanoparticles at flake surface,
forming the Ti;C,T,—TiO, composite.””~"” Once oxidation
starts, the defects and wrinkles could provide nucleation sites
for continuing oxidation.'® Besides, heat and light illumination

© 2020 American Chemical Society

7 ACS Publications

9521

would significantly facilitate the oxidation.'” Thus, during
many long-term Ti;C,T, applications, the effective material
would be the Ti;C,T,—TiO, composite. Even if the Ti;C,T,—
TiO, composite could be applied in the photocatalysis,” solid
electrolyte interphase,”’ and environment sensing,”” it also
might hamper the utilities of Ti;C,T, in other numerous
applications. Furthermore, this oxidation thus might be a
potential major challenge of overheating MXene-based devices.
This topic has been majorly overlooked. Thus, it is critical to
capture thermal transport for partially oxidized Ti;C,T, flakes.

In this work, we employed molecular dynamic (MD)
simulations and ultrafast pump probe technique to investigate
how the surface oxidation alter the interfacial and lateral
thermal migration of Ti;C,T, flakes. Our results showed that
the interface thermal migration would be facilitated with
oxidized TiO, on the Ti;C,T, surface in the film. The faster
interfacial thermal conductions of Ti;C,T, with oxidized TiO,
was due to the shorter interlayer distance of two flakes. In
contrast, the lateral heat flow could be decelerated by the
oxidation. In addition, the results also confirmed in solution
5% surface modification with TiO, could not retard or
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Figure 1. (a) Scheme of surface oxidation on Ti;C,T,. (b) TEM of TiyC,T, and partially oxidized Ti;C,T,. (c) Spectrum of the two samples in
water. (d) Scheme of ultrafast spectroscopy to measure the thermal dissipation of these samples. (e) Comparison of transient spectrum of Ti,C,T,
at 10 ps (upper) and temperature different spectrum difference (A = absorption spectral intensity at 333 K minus the absorption spectral intensity

at 295 K) of Ti;C,T, sample (below).
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Figure 2. (a) Dynamic curves and fitting thermal dissipations. Dots are experimental data and lines are fitting curves. (b) Relaxation time constants
for the two samples under two thermal relaxation channels. (c) Ratios of the two channels during the total relaxations.

accelerate the energy migration from Ti;C,T, to water. MD
simulation confirmed that the hydrogen bonding dominated
the migration process in solution. The results allow us to
determine a relationship between surface oxidation and
thermal dissipation control, which could be potentially used
to understand the Ti;C,T, related thermal applications.

The preparing sample details and ultrafast spectroscopy
experimental method have been described in supporting note
1. To obtain the partially oxidized Ti;C,T,, we applied the
laser illumination method'® on the Ti;C,T,/water solution to
facilitate the oxidation at the surface, shown in Figure la. The
TEM in Figure 1b showed that the oxidation of Ti;C,T, could
produce some nanoparticles on the surface. With the HETEM
shown in Figure S1, the nanoparticles are assigned as TiO,
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with rutile structure. In this sample, TiO, could cover ~5% of
the flake surface, shown in Figure SI. Thus, we named the
partial oxidation sample as “Ti;C,T,—TiO,” in Figure 1b and
the following studies. The partial oxidation at the surface could
decrease the absorption of Ti;C,T, at 780 nm and increase the
absorption at 260 nm, shown in Figure lc. Thus, we had two
comparable samples: Ti;C,T, and Ti;C,T,—TiO,. To capture
the thermal dissipation dynamics of Ti;C,T, in the two
samples, we then employed the ultrafast spectroscopy shown in
Figure 1d. The pump pulse was set to 780 nm (Ti;C,T,
absorption peak), generating Ti;C,T, to the excited electronic
state. The following board band probe pulse could track the
transient spectrum intensity of the nonequilibrium shown in
Figure 1d. As shown in Figure S2, the broadband negative
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Figure 3. (a) Atomistic structure of the Ti;C,T, stacking model. The dashed blue box A and B represent the initial structure of Interface A and B
(shown in (c)). (b) Calculated temperature profile, the AT is exploited for calculating the thermal boundary conductance (TBC). (c) Zoomed-in
atomistic visualization of oxidized structure and nonoxidized structure after structure relaxation. Interface A is the interface of original Ti;C,T, and
partial oxidized Ti;C,T, (Ti;C,T,—TiO,, the initial structure is shown in dashed box A in (a)) and interface B interface of Ti;C,T, and Ti;C,T,
(the initial structure is shown in dashed box B in (a)). (d) Variation of TBC ratio and boundary distance ratio with respect to TiO, coverage.

signal with the peak centered at ~780 nm could be attributed
to the photobleaching due to the photoexcitation and the
positive absorption band ranging from 450 to 700 nm centered
at ~510 nm, which was attributed to the photoinduced
absorption signal. Figure le (upper) showed that the S10 nm
peak after 2 ps represented thermal induced absorption of the
flake because that is almost identical with the temperature
different spectrum shown in Figure le (below). The
temperature different spectra originate from increasing
temperature to result in a change of the dielectric constant.
Thus, its dynamics would be applied to analyze two directions
of thermal energy dissipation at hot flakes. In addition, the
signal intensity was proportional to the pump laser intensity,
shown in Figure S3. In this experimental work, we mainly
investigated these two samples in solid films (around 100 nm
thickness in Figure S4) and water solutions. The entire
dynamic process after photon energy injection was shown in
Figure 2. After excitation, the produced hot electronic state
was generated before 100 fs. The hot electrons could damp to
Femi level electrons within ~200 fs.”> Then the excited
electronic energy could convert into inside phonons (Ti;C,T,
lattice motion) within ~2 ps.>™*° During this electron—
phonon coupling process, we found that oxidation did not alter
the electron dynamic pathway, as shown in Figure 2a. After 2
ps, all the photon energy absorbed by Ti;C,T, had been
converted into the lattice motions inside flakes. In other words,
the pump pulse created “hot” Ti;C,T, nanosheets. Because the
heat could flow either vertically across the flakes or laterally
transfer in plane, we numerically divided the hot surface
relaxation pathways into two channels. Thus, we applied the
biexponential decay function to fit the thermal decay pathways
as C(t) = Cy + C, exp(—t/t;) + C,exp(—t/t,). We then could
define two thermal stages (fast channel and slow channel)
during the hot flake thermal relaxation because the parameters
in the fast channel are 2 orders faster than the second channels
for both samples. At the first thermal stage, we surprisingly
found that the oxidation of the Ti;C,T, surface would
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significantly facilitate Ti;C,T, thermal dissipation. If no
oxidation occurred at the surface, the dynamic decay time
constant of the fast channel was around 17.1 & 0.4 ps. The
oxidation altered the thermal dissipation time constant to 9.5
+ 0.3 ps, which was much faster than the nonoxidization
sample. After the signal intensities were renormalized at 60 ps
as maximum values, the dynamic trends of the two samples
would switch after 60 ps, as shown in thermal stage 2 in Figure
2a. The oxidation sample could be fitted with a decay rate
around 1578 ps™', and the clean flakes sample could be fitted
with a decay rate around 1297 ps™". Due to the existence of the
fast channel, more than 70% thermal energy could dissipate
through thermal stage 1 at oxidation sample. On the contrary,
most thermal energy (~83%) of the clean flake then dissipated
at thermal stage 2. Overall, the oxidation at the surface made
distinctive different thermal dissipation pathways on Ti;C,T,
nanosheets in two directions.

To understand the molecular level of these thermal stages,
we applied molecular dynamics simulation to investigate two
directions, thermal dissipations of Ti;C,T, flakes with different
extents of oxidation. The detail of the MD atomistic simulation
model has been described in supporting note 2. We first
constructed the interfacial heat conduction model with
stacking layers of Ti;C,0,, as shown in Figure 3a. The blue
dashed box A indicated the interface of original Ti;C,T, and
partially oxidized Ti;C,T,. The dashed box B indicated the
interface beside the partially oxidized surface. In this
simulation, we adopted reverse nonequilibrium molecular
dynamics (RNEMD, further discussion about RNEMD can
be found in supporting note 3 and Figure SS). Until the
temperature profile achieved equilibrium, the interfacial heat
conductance was evaluated with thermal boundary conduc-
tance (TBC, detailed introduction of TBC can be found in the
Supporting Information). Each jump (AT) of the temperature
profile in Figure 3b (blue curve) represented heat transfers
across interface. The TBC values of all the interfaces were
almost the same, and the calculated value was 243 MW/ (m2
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thermal conductivity with respect to TiO, coverage.

K) on average. For the oxidized Ti;C,T, (one side of a layer of
Ti;C,T, in the interface was oxidized, red line in Figure 3b),
the temperature jump decreased substantially between the
oxidized surface and nonoxidized surface. On the basis of these
data, we found the TBC for the interface with the oxidized
surface on one side (interface A in Figure 3c) was 1.5 times
slower than the TBC for the interface without the oxidized
surface (interface B in Figure 3c). Please notice that interfaces
A and B in Figure 3c are snapshots from the equilibrated
structure, and they correspond to the blue dashed boxes A and
B in Figure 3a (initial structure). We then analyzed the detailed
structure change at the interface with the partially oxidized
surface. After structure relaxation, the space between two layers
was reduced (Figure 3c). A similar observation could be found
in stacked graphene and hexagonal boron nitride hetero-
structures.”® Further bonding analysis showed that there were
newly generated Ti—O bonds between interfaces A and B; the
number of Ti—O bonds increased by 42% after oxidation
(Figure 3c). In other words, the existence of TiO, became a
bridge that combined two layers of Ti;C,T,. The structures
and temperature profiles of different oxidation ratios were
shown in Figures S6 and S7, respectively, and the average
boundary distances of interfaces A and B with different
oxidation ratios were listed in Table SI. In our previous study,
we studied the relation of the energy transfer rate constant
(kpa, defined in Supporting note 3) and the distance between
the energy donor and acceptor (rp,).”” Here, we use this
model to quantitatively analyze our simulation result. We
computed the distance change ratio (Dy/D,, D, was the
nonoxidized boundary distance, and D, was the oxidized
boundary distance) and the root of TBC change ratio

(x/Gy/Gy, n=3,4,5, or 6). G, was the TBC of the oxidized
flake, and G, was the TBC of the nonoxidized flake. In Figure
3d, we found D;/D, matched the value of the 3/ G,/G,, which

denoted the oxidized interface interaction was more consistent
with mechanical coupling (from the previous investigation, in
the mechanical coupling mechanism, the transfer rate constant
is inversely proportional to rp,"; n can be 3, 4, S, or 6). A more
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detailed plot of the distance change ratio and the root of the
TBC change ratio can be found in Figure S8.

Meanwhile, the amount of the newly generated Ti—O bonds
between the interface increased along with more oxidations
(the results can be found in Figures S9 and S10). Overall, the
oxidation at the interface strengthened the interfacial
interaction between two layers with reduced distance and
increased bonds. Therefore, the MD results confirmed that the
surface oxidation facilitated the interfacial thermal conductance
between flakes, consistent with the ultrafast experimental
thermal relaxation stage 1. It is worthwhile to mention a recent
report that discussed how machine learning can be combined
with computation and experiments to understand the
correlations between structures and properties of 2D
materials.”® After the fast-interfacial thermal migration between
flakes, the remaining thermal energy would dissipate via lateral
heat transport. Macroscopically, Ti;C,T, and TiO, have
different thermal conductivities.””*° In order to evaluate the
effect of oxidation on the lateral heat transport, we adopt
thermal conductivity to evaluate the thermal energy trans-
portation within the surface. As shown in Figure 4a, RNEMD
simulations were performed in the x direction.

After the system reached the steady state, we obtained the
temperature profile of different Ti;C,0, monolayers in the x-
direction (Figure 4b). As shown in Figure 4c, we varied the
TiO, percentage from 0 to 100% in the y direction in a belt on
the surface of MXene. The results showed that for the
nonoxidized part of different flakes, there was no distinct
change (dT/dx ~1.0 K/A) of the slope (blue dashed box) on
the temperature curve. However, with the top surface of the
flake partially oxidized, the slope (black dashed box) of the
temperature profile changed from 1.0 to 5.6 K/A. Then the
average thermal conductivity of the flakes could be calculated.
Noticeably, as shown in Figure 4d, accompanied by oxidation
varying from 0% to 100%, the thermal conductivity value
would decrease 7 times, dropping from 9.1 to 1.3 W/(m K).
These results were also consistent with the trend of thermal
stage 2 of ultrafast experiments. In other words, the mixture of

https://dx.doi.org/10.1021/acs.jpclett.0c02886
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Dynamic curves and fitting thermal dissipations. Dots are experimental data and lines are fitting curves. (c) Ultrafast relaxation time constants for
the two samples under two thermal relaxation channels and the ratio of the two channels during the total relaxation. (d) Atomistic structure of
TiyC,0, water interface. (e) The numbers of H-bonds for Ti;C,0, and Ti;C,(OH), systems with different oxidization ratio.

an oxidized particle on the flake surface could block the lateral
thermal transport for the Ti;C,T, films. Generally, in two-
dimensional materials, the lateral thermal transfer rate is
generally faster than the interfacial thermal migration. But
under real experimental conditions, the lateral thermal transfer
including the part of in-plan in a nanosheets and the parallel
transfer between two nanosheets. The parallel transfer between
two nanosheets is a smaller contacted area than the
perpendicular transfer. Therefore, the heat transfer is slower
in the lateral direction. Additionally, once the Ti;C,T, flakes
were dissolved into water, it would be well dispersed with
surrounding water molecules. The interaction occurring at the
Ti;C,T, flake surface switched from flake—flake to flake—
water. Thus, for the hot flake shown in Figure Sa, interfacial
thermal dissipation acceptors were changed from the cold flake
to the attached water molecules. We then detected the thermal
dissipation of the two samples with an ultrafast pump probe
experiment. As shown in Figure 5b, the two dynamic decay
curves overlapped quite well, which suggested the same energy
migration mechanism at the Ti;C,T, surface. Figure Sc
presented the thermal relaxation parameters of the two
samples. The results showed that most thermal energy
(~80%) would dissipate through the fast-interfacial channel
within 7 ps. On the basis of our experimental results, the ~5%
oxidation at the flake surface could not retard or accelerate the
thermal decay. To understand the molecular level origins, we
then performed MD simulation at Ti;C,T,—water (T, = O,,
(OH),) interfaces. We evaluated the hydrogen bonds formed
between Ti,C,0,/Ti;C,(OH), (with different oxidization
ratio) and water molecules (Figure Se) (time evolution data
were shown in Figure S11). Noticeably, for the 100% oxidation
case (Ti;C,0,), the number of H-bonds declined 17.6%
compared with the case without oxidization. This denoted the
TiO, at the Ti;C,T, surface could also form hydrogen bonds
with water. A similar observation could be found in
Ti;C,(OH), samples. For the slight oxidation cases (0—

9525

11%), the capabilities to form hydrogen bonds at the interface
were quite similar. The previous results had demonstrated the
interfacial chemical bonds would play the dominating role in
the thermal migration process.””" Thus, the results showed
that the slight oxidation could not tune the thermal migration
pathways.

In summary, combining ultrafast spectroscopy and MD
simulation, we presented the thermal migration pathway of
MXene flakes with surface oxidization in different conditions.
We found the slight oxidation at a flake could significantly
facilitate interfacial thermal migration but retard lateral heat
transport in a solid sample. In contrast, the slight oxidation
could not alter the fast energy migration from the MXene
surface group to the binding water molecules. Our findings
provided the fundamental understanding of the thermal
migration pathway modulation approach and could be
potentially helpful in further various MXene related thermal
applications and management.
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