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Abstract
Two-dimensional MXene materials with high electrotonic conductivity, good chemical
stability, and unique laminar structure show great potential in the field of electrochemistry. In
contrast to the widely concerned electrical properties, studies on the thermal properties of
MXene materials are very limited. This paper presents a comprehensive analysis of the
thermal properties of Ti3C2Tx MXene thin film. Thermal diffusivity and thermal conductivity
of Ti3C2Tx films are characterized by the transient electro-thermal technique. The
experimental results show a 16% enhancement in thermal conductivity when the temperature
is increased from 307 K to 352 K. The phonon transport contributes substantially to thermal
conductivity compared with electron transport. Molecular dynamic simulation is employed to
further investigate the role of phonon thermal transport of Ti3C2 layer. It is found that the
combined effect of specific heat capacity, stacking structure and internal stress states is
responsible for the thermal transport performance of Ti3C2Tx MXene thin film.
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(Some figures may appear in colour only in the online journal)

1. Introduction

In recent years, the development of new energy storage and
conversion technologies has become a trend in sustainable
energy. Electrochemical energy storage has the advantages
of low environmental pollution, high energy conversion rate,
and high specific energy, which has attracted great attention
from academia and industry [1–3]. The key to electrochem-
ical energy storage is the reasonable selection and structure
design of electrode materials. Transition metal carbides or
nitrides named MXenes are a kind of metal-like compounds

∗ Author to whom any correspondence should be addressed.
5 These authors contributed equally to this work.

produced by carbon or nitrides atoms entering the lattice of
transition metal, which have the advantages of high hardness,
high melting point, and corrosion resistance [4, 5]. MXenes
are labeled as Mn+1XnTx (n = 1–3), where M is transition
metal, X is carbon or nitrogen, and T represents the sur-
face functional groups (such as -O, -F, and -OH). Due to
the large specific surface area and effective diffusion path
of ions, two-dimensional MXene materials with unique elec-
tronic structure, good chemical stability, and high conductivity,
have demonstrated promising potential in the fields of lithium
batteries, supercapacitors, and sensors [6, 7]. For instance,
Zhao et al prepared the MXene/TMO hybrid film electrodes
with high reversible capacities over 1200 mAh g−1 which per-
formed long cycling stabilities [8]. Wang et al synthesized
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MoS2/Ti3C2 MXene heterostructure with an excellent specific
capacitance of 386.7 F g−1 and outstanding rate performance
[9].

It is reported that various MXenes are theoretically pre-
dicted and over 20 different MXenes are successfully syn-
thesized [10–12]. Particularly, most of the research has been
targeted at titanium carbide (Ti3C2) because of its outstand-
ing metallic electrical conductivity and capacitance [13–16].
Hu et al investigated the intrinsic electronic conduction prop-
erties of Ti3C2(OH)2 by dispersion-corrected density func-
tional theory [17]. Miranda et al characterized the electronic
properties of single-layer Ti3C2Tx flakes. It was indicated
that the metallic electrical conduction of titanium carbide
MXene was still maintained at the monolayer level [18].
Meanwhile, the Ti3C2Tx films have excellent tensile strength
and Young’s modulus, suggesting that it is also capable of
producing films with excellent mechanical properties [19].
Zhang et al provided a scalable manufacturing method of pure
Ti3C2Tx MXene films to achieve both high electrical conduc-
tivity (1.5 × 106 S m−1) and high tensile strength (570 MPa)
[20]. Lukatskaya et al fabricated a Ti3C2 MXene film with
specific capacitance up to 210 F g−1 at a high rate capability
of 10 V s−1, outperforming the most known carbon superca-
pacitors [21]. Ling et al reported that both pure Ti3C2Tx and
Ti3C2Tx/PVA composites exhibited high electrical conductiv-
ity as 2.4 × 105 S m−1 and 2.2 × 104 S m−1 respectively
[22].

In contrast to the widely concerned electrical properties,
studies on the thermal properties of Ti3C2Tx are very lim-
ited. The thermal properties are fundamentally important in
the application of two-dimensional MXenes materials, and
directly affect the performance and lifetime of new devices.
In the application of new electronic devices, the existence of
high local hot spots can lead to a sharp decrease in the lifetime,
weaken the efficiency and safety of the device, and a higher
challenge to the thermal stability and thermal conductivity of
the material. The Ti3C2Tx MXenes are usually applied in a
complex environment with temperature variations. It is nec-
essary to study the properties of thermal conductivity varying
with temperature. Borysiuk et al investigated the thermal sta-
bility of 2D titanium carbides by molecular dynamics simula-
tion [23]. But the measurement of free-standing Ti3C2Tx films
is challenging due to their complex structure, and less work has
been reported. Recently, Liu et al measured the high thermal
conductivity of Ti3C2Tx composites to be 55.8 W mK−1 by
Raman spectroscopy technique, which even surpassed many
metals and other two-dimensional materials [24]. Chen et al
prepared nano-flake Ti3C2Tx MXene and the thermal conduc-
tivity was determined as 2.8 W mK−1 at 290 K using the
steady-state T-type method [25]. Ti3C2Tx MXenes are usually
applied in a complex environment with temperature variations.
It is necessary to study the properties of thermal conductivity
varying with temperature.

In this work, the temperature dependence of thermal con-
ductivity of Ti3C2Tx MXenes is systematically investigated
through both experimental and simulation methods. The tran-
sient electro-thermal (TET) is employed to characterize the
thermal conductivity of Ti3C2Tx which is synthesized by the

dip-coating method. A simplified single-layer Ti3C2 model is
established to get a better understanding of the thermal trans-
port in the nanostructure by using molecular dynamic (MD)
simulation. Meanwhile, the effect of inner stress on the thermal
properties of the titanium carbide is explored. Our experimen-
tal and simulation results of the temperature dependence of
thermal conductivity would provide informative guidance for
the development and application of Ti3C2Tx MXenes.

2. Experimental method

2.1. Physical model

Based on one-dimensional transient thermal behavior model,
the TET technique is an effective Joule-heating method to
characterize the thermal diffusivity and thermal conductivity
of conductive wires [26]. As shown in figure 1(a), the sample
was placed in suspension between two electrodes and attached
with silver paste. The copper electrodes have a good heat dis-
sipation performance and keep the ends of the sample at room
temperature (T0). While the step current heats the sample,
the sample undergoes a transient temperature rise and even-
tually reaches a steady-state thermal equilibrium, as shown in
figure 1(b). There is a maximum temperature rise at the mid-
point of the sample, while the ends remain at room temperature
attached to the heat sink. The direction of heat flow inside the
sample is only related to its temperature gradient and is not
related to the direction of the heating current. The temperature
rise is closely related to the thermal properties of the material,
which can be obtained by measuring the voltage signal simul-
taneously. This entire heating is performed inside the vacuum
chamber, so the effect of convective heat transfer is negligi-
ble. With the boundary condition, the temperature distribution
along the length (x) direction conforms to the one-dimensional
thermal conductivity model:

ρCp
∂T
∂t

= k
∂2T
∂x2

+ q0, (1)

where k is the thermal conductivity, ρ is the density, Cp is the
specific heat, and q0 is the heating power per unit volume. The
average temperature rise is determined by [26]:

T(t) = T0 +
8q0L2

kπ4

∞∑

m=1

1 − exp[−(2m − 1)2π2αt/L2]
(2m − 1)4

, (2)

where L is the length of the sample,α is the thermal diffusivity.
The normalized temperature rise, defined as T∗(t) = [T(t) −
T0]/[T(t →∞) − T0], can be expressed as:

T∗ =
96
π4

∑∞

m=1

1 − exp[−(2m − 1)2π2αt/L2]
(2m − 1)4

. (3)

The thermal diffusivity can be given by fitting the curve of
the T∗ with time t in equation (3) when the sample achieves
the final steady-state (T∞), the thermal conductivity k can be
calculated as k = q0L2/12(T∞ − T0).

2



J. Phys.: Condens. Matter 34 (2022) 155704 H Wu et al

Figure 1. (a) Schematic of experiment setup by TET technique. (b) The physical model of the temperature rises. (c) The process of
temperature rise of the sample.

Figure 2. (a) The image of Ti3C2Tx sample pasted between heat sinks. The SEM image on (b) top view of Ti3C2Tx film, and (c) side view of
Ti3C2Tx film, (d) the relationship between electrical resistance and temperature of Ti3C2Tx sample.

2.2. Experimental details

As shown in figure 2(a), the Ti3C2Tx film is prepared into a
long strip of 2.6 mm in length, 0.41 mm in width, and 40 μm
in thickness. Ti3C2Tx sample was prepared using the conven-
tional dip-coating method [14]. The Ti3AlC2 was treated with
HF at 40◦–45◦ for 48 h under magnetic stirring to dissolve
the Al elements. The mixture was processed by ultrasonica-
tion and centrifugation to obtain a suspension. After drying
and vacuum filtering at room temperature, the Ti3C2Tx sample
is prepared. The SEM image on the top view and side view of
Ti3C2Tx film is shown in figures 2(b) and (c). The sample sur-
face is rough due to the stacking of multiple pieces of material,
but a clear layered structure can be observed in its thickness
direction.

In the experiment, a current source (KEITHLEY 6220) pro-
vides step current. The sample is heated in a vacuum chamber
under 10−3 Torr to eliminate the effect of heat convection.
And all measurements are averaged over three times to reduce
experimental error. A cooling time is set long enough to ensure
that the sample returns to room temperature before the next
heating. The temperature rise of the sample is obtained by col-

lecting the voltage signal at both ends of the sample with a
data acquisition card (NI USB-6009) during the measurement.
The thermal diffusivity of the material is obtained by fitting the
voltage change curve with time, while the thermal conductiv-
ity is calculated from the average temperature rise. Figure 2(d)
illustrates a linear fitting of the resistance versus temperature
ranging from 298 K to 335 K with a slope of 0.098Ω K−1. The
resistance temperature coefficient of the material needs to be
determined before the experiment.

3. Results and discussion

3.1. Characterization of Ti3C2Tx sample

The x-ray diffraction (XRD) patterns of Ti3AlC2 (before exfo-
liation) and Ti3C2Tx are shown in figure 3(a). It is shown
that the process of exfoliating Ti3C2Tx makes part of signal
disappear in the out-of-plane direction. Also, ultrahigh pres-
sure and tremendous shear contributed to the broadening of
the peak in the XRD patterns of few-layer Ti3C2Tx [27]. Pre-
vious work reported that the (002) peak at 9.7◦ corresponds
to the basal planes of 2D Ti3C2 layers declined compared to
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Figure 3. (a) XRD patterns obtained from Ti3AlC2 (before
exfoliation) and Ti3C2Tx sample. (b) FT-IR spectrum of Ti3C2Tx

sample.

the (002) peak of non-exfoliated [15, 28]. During the prepa-
ration of Ti3C2Tx thin film samples, the Al layer needs to be
etched using hydrofluoric acid, and pure Ti3C2Tx samples are
obtained by high-pressure filtration. The (100) peak at 23.4◦ in
the exfoliated sample is corresponding to the -F and -OH func-
tion groups. In addition, the peaks appearing at 28.3◦ and 59.1◦

belong to Si substrate. The (008) peak at 39.2◦ disappeared
in the exfoliated sample indicates that the HF etching is effi-
cient for the MAX phase. After the exfoliated Ti3C2Tx sample
was sprayed onto the silicon substrate, the anisotropy of the
formed Ti3C2Tx film was reduced causing the disappearance
of the characteristic peaks.

To characterize the function group on the surface of the
Ti3C2Tx sample, the FTIR spectrum is shown in figure 3(b).
In the FTIR results, the peaks at 2315 cm−1, 2359 cm−1,
3345 cm−1, and 3814 cm−1 demonstrate the existence of O–H
[29]. The peak at 2283 cm−1 reveals the stretching of C–C. The
peaks corresponding to the C–F bond are too weak to obtain.
That means -OH still exists as the most numerous function
group. The disappearance of the peak at 1643 cm−1 means that
no Al–OH bond was produced after fully etching with HF acid

Figure 4. The transient temperature rise of the Ti3C2Tx sample at
three heating currents (a) 18 mA, (b) 14 mA, and (c) 10 mA.

[30]. No significant new absorption peaks were observed in the
FT-IR spectrum indicating no impurities were introduced.

3.2. Temperature dependence on thermal properties of
Ti3C2Tx

To explore the variation of thermal properties of Ti3C2Tx with
temperature, different heating currents are applied to the sam-
ple in the experiment (from 10 mA to 19 mA). The relationship
between the voltage at both ends of the sample and the heat-
ing time can be obtained at different temperatures. The voltage
data were averaged by measuring several times at the same cur-
rent. Figure 4 shows the normalized temperature rise of the
Ti3C2Tx sample at three heating currents (10 mA, 14 mA,
18 mA). The absolute temperature rise of the sample is smaller
at low current, and the fluctuation of the sampled data has
a greater impact on the experimental results, while the sam-
pled data is more stable in the case of high current. The
sample heats up rapidly during the initial transient tempera-
ture rise (within 1 s) and finally reaches a steady state. The
thermal diffusivity of the Ti3C2Tx sample is obtained by the
best fitting curve based on equation (3). And the well-fitting
curve shown in figure 4 demonstrate that the influence of con-
tact resistance at both ends of the samples can be neglected.
As shown in figure 5, the thermal diffusivity increases from
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Figure 5. Temperature dependence of thermal diffusivity and thermal conductivity of Ti3C2Tx sample.

Figure 6. The atomic configurations of Ti3C2 (a) side view (b) top view. (c) The steady-state temperature profile in the in-plane direction.
(d) The energy balance of heat and cold sources.

2.68 × 10−6 m2 s−1 to 3.06 × 10−6 m2 s−1 as the tempera-
ture increases from 307 K to 352 K. According to the steady-
state temperature rise, the thermal conductivity is calculated
as 2.45 W mK−1 at room temperature and 2.81 W mK−1 at
352 K, which is in good agreement with the literature value
of 2.84 W mK−1 at 290 K [25]. The thermal diffusivity α is
obtained by fitting the transient temperature rise process in the
TET experiment. The thermal conductivity k is obtained by
q0L2/12(T∞ − T0) which is not directly given by the relation-
ship of k = αρCp. The thermal diffusivity and thermal con-
ductivity obtained from the two experiments do show a good
linear relationship which indicated that the physical properties

(heat capacity and density) of the samples are stable during the
experiments.

The thermal conductivity of the sample in our experiment is
much lower than that of monolayer Ti3C2Tx MXenes in simu-
lations [31, 32], which is common in many two-dimensional
materials. The sample with a multilayer structure provides
more phase-space states for phonon scattering, resulting in
a significant decrease in thermal conductivity [33]. A large
number of interfacial gaps between Ti3C2Tx flakes will fur-
ther reduce the thermal conductivity of the experimental sam-
ple. Meanwhile, the defects are inevitably introduced during
the manufacturing process, which is also a negative factor

5



J. Phys.: Condens. Matter 34 (2022) 155704 H Wu et al

affecting the heat transfer efficiency of the Ti3C2Tx MXenes
[34, 35]. A strong phonon scattering induced by the wrin-
kled nanostructures (as shown in the SEM image) could be
an important reason for the reduced thermal conductivity
[36, 37].

Since the hot carriers inside the conducting materials are
electrons and phonons, the thermal conductivity of the Ti3C2Tx

sample can be divided into the electrons-contributing part and
phonons-contributing part [38]. Determined by the Wiede-
mann–Franz law, the electron-contributed thermal conductiv-
ity can be expressed as ke/σ = L0T, where σ is the electrical
conductivity, T is the temperature and L0 is the constant Lorenz
number (2.44 × 10−8 WΩ K−2). Even at the highest experi-
mental temperature, the calculated ke is 0.02 W mK−1 which
is less than 1% effect of the measured thermal conductivity. It
is indicated that the thermal transport of phonons dominated in
our Ti3C2Tx sample. The phonons contributed thermal conduc-
tivity kp is known as kp = 1/3Cvl, where l is the mean free path,
v is the average group velocity, C is the specific heat capacity
[39]. The kp is mainly influenced by the specific heat capac-
ity at low temperature, which increases with the temperature
rising with its peak generally appearing near room tempera-
ture. At high temperatures, the influence of phonon scattering
gradually dominates leading to the shorter mean free path [40].
Detailed analysis about the monolayer Ti3C2Tx material with
crystalline structure will be provided in the following section.
The combined effects of these two opposite factors ultimately
result in an overall enhancement of 16% in the experimentally
measured thermal conductivity.

3.3. Physical exploration via MD simulation

A further investigation about the heat transfer mechanism
of the Ti3C2Tx is conducted by molecular dynamics sim-
ulation. The atomic configurations of Ti3C2 are illustrated
in figures 6(a) and (b). The size of the Ti3C2 system is
26.59× 3.07 nm2 (x × y). In these simulations, MEAM poten-
tials are chosen to model the interactions of Ti and C atoms.
The periodic boundary condition is performed in both direc-
tions. All simulations in this study are used the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS)
software. The non-equilibrium molecular dynamics (NEMD)
method is utilized to calculate the thermal conductivity of
Ti3C2. The whole system is firstly relaxed under the isother-
mal–isobaric ensemble (NPT) 50 ps for eliminating the resid-
ual stress. After relaxation, a 500 ps canonical ensemble
(NVT) is employed to equilibrium the system at the target tem-
perature. Simulations run under the microcanonical ensem-
ble following. Until the whole system reaches the equilibrium
state, three regions are chosen to apply the Langevin thermo-
stat for forming the temperature gradient. The specific regions
and the figure of the final temperature gradient are displayed
in figures 6(c) and (d).

The temperature difference is set as 60 K and the heat flux
transport from the hot region which is located at the middle
of the Ti3C2 materials to the cold regions which are located at
the two sides. The energy variation of both regions is calcu-
lated to certify the final quasi-equilibrium state. If the quasi-
equilibrium state is established, the added energy into heat

Figure 7. The thermal conductivity of Ti3C2 model concerning
temperature in MD simulation.

sinks is equal to the removed energy from the heat source
which can be seen in figure 6. After that, the thermal con-
ductivity can be calculated by the Fourier’s law of thermal
conductivity: Q = k · A · dT/dx, where Q is the heat flux which
can be obtained from the fitting of the energy varied with time.
A is the area that is the product of thickness and width. The
thickness is 0.8 nm and the width is 3.07 nm in this study. The
thickness of the monolayer Ti3C2 is an intrinsic parameter and
can be calculated by ab initio calculation [31]. dT/dx repre-
sents the temperature gradient which can be directly obtained
from the division of the temperature difference between the
heat source and heat sink and the length of the materials.

2D materials confront the enormous temperature change
in the electronic device [41, 42]. Similar to experiments, the
effects of temperature are considered. The thermal conduc-
tivity varied with the temperature from 200 K to 600 K is
calculated. And the result is depicted in figure 7. A clear
tendency can be found while the value of thermal conduc-
tivity is 8.77 W mK−1 at 400 K and the maximum value is
11.84 W mK−1 at 200 K. This tendency is consistent with
the study of other 2D materials about the temperature influ-
ence in thermal conductivity [33, 43]. The increasing temper-
ature results in the broader phonon density of the state spec-
trum which means the activated higher frequency phonons.
In addition, it also enhances the Umklapp scattering of in-
plane phonons which led to the decrease of the mean free path.
Although the ascensional range of temperature in experiments
is far smaller than that of simulations, it can be deduced that the
increased temperature causes the decrease of thermal conduc-
tivity, which is an opposite trend compared to the experimental
results. The experimental sample is more complicated than the
systems of simulations. There is only a single layer in simu-
lation systems, but a multi-layer stacking structure could be
found (as shown in the SEM image) in our Ti3C2Tx sample.
The structure between Ti3C2 layers is not alignment which can
be diagonal or orthogonal.

The increase of thermal conductivity based on the experi-
ments in this study not only is influenced by temperature but
numerous factors are also combined to affect the final experi-
mental results, like stress, out-of-plane heat transportation, and
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Figure 8. The thermal conductivity as a function of strain.

roughness. Thus, we furtherly calculated the thermal conduc-
tivity under the effects of stress. In the setup of MD simula-
tion. We change the deformation variables by up to ±2% in
the planar direction (x and y directions) along the monolayer
Ti3C2. The relationship between stress and thermal conduc-
tivity is illustrated in figure 8. The diminished influence of
stress can be observed no matter tensile stress or compres-
sive stress. The decrease percentage compared to the thermal
conductivity of a perfect structure without stress is also dis-
played in figure 8. While the stress is equal to 0.02, the value
of thermal conductivity decreases by 13.11%. As for −0.02,
the decrease percentage is 12.16%. These results are consis-
tent with the past research [44]. The stress weak the vibration
of the atoms causes the decrease of thermal conductivity [45].
In addition, the stress lowers the frequency of high-frequency
phonon which softens the phonon models [46]. It intensified
the scattering of phonons and results in the decrease of thermal
conductivity. In experiments, the structure of the Ti3C2Tx thin-
film material used in the experiments is more complex than the
monolayer of Ti3C2 used in the MD simulations. For example,
the spatially wrinkled and stacked structure is caused by resid-
ual stresses from the processes in the preparation [5]. The
increasing temperature improves the distribution of stresses in
the lower temperature rise range, which eventually leads to an
increase in the thermal conductivity.

4. Conclusions

The temperature dependence on the thermal conductivity of
Ti3C2Tx MXenes film is comprehensively investigated in this
work. With the temperature varying from 307 K to 352 K, the
thermal conductivity measured by the TET method increases
from 2.45 W mK−1 to 2.81 W mK−1, while the thermal
diffusivity increases from 2.68 × 10−6 m2 s−1 to 3.06 ×
10−6 m2 s−1. The electrical resistance also has a temperature-
dependence behavior, but the electron-contributed thermal
conductivity is calculated to be negligible. The combined
effect of increasing specific heat capacity and decreasing mean
free path ultimately results in an overall enhancement of 16%
in the measured thermal conductivity. The Umklapp scattering
of in-plane phonons which led to the decrease of the mean free
path is investigated by MD simulation. The tendency can be

found while the value of thermal conductivity is 8.77 W mK−1

at 400 K and the maximum value is 11.84 W mK−1 at 200 K.
Furthermore, the effect of possible changes in internal stresses
on the thermal conductivity is analyzed. Stress release from
the wrinkle nanostructure during the temperature rise pro-
cess is proven to enhance the thermal conductivity. Combined
with a comprehensive analysis of the temperature characteris-
tics and intrinsic mechanism, the experimental and simulation
results provide informative guidance for the development and
application of Ti3C2Tx MXenes.
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