¥® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Tuning thermal and electrical properties of
MXenes via dehydrationf

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,

2022, 24, 25969
*°¢ 3nd Yanan Yue*?

Litao Yu, (2 #* Dezhao Huang,® Xuezi Wang,® Wei Yu
Recently, MXenes (a class of two-dimensional transition metal carbides) have attracted great attention in
various applications such as humidity sensors, owing to their unique electrical and thermal properties.
However, previous studies of MXenes mostly focus on their humidity-sensing characteristics such as the
mechanical response, and only few reports on their electrical and thermal response are available.
Herein, we present novel transient electrothermal experiments to demonstrate that a transition from a
negative to a positive resistance—temperature relationship can take place when the MXene sample
becomes fully dehydrated. This surprising and unusual phenomenon was elucidated through non-
equilibrium molecular dynamics simulations and attributed to water absorption/desorption onto the
chemically active MXene surface. A linear relationship was also found between electrical/thermal
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properties and environmental humidity, which could be related to water adsorption on the surface of
the MXene sensor. We further decomposed the total measured thermal conductivity and found that
phonons were the dominant thermal carriers in the MXene sample. The main breakthrough of this work
is the discovery of the unusual resistance—temperature relationship, which should be applicable to the
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1. Introduction

MZXenes, a class of novel 2D transition metal carbides/nitrides
discovered by Gogotsi," have attracted rapidly increasing inter-
est over the past few decades. Their unique physical/chemical/
structural properties®™® have stimulated a large number of
applications in fields such as nanoelectronics,®” catalysis,®’
supercapacitors,'”'" and sensors.'>'® The general chemical
formula of MXenes is M,,+1X,+1 Ty, Wwhere M is a transition metal
such as Ti, V, Mo, etc., X is carbon or nitrogen, and T is a
terminal functional group such as -OH, -0, and -F."*'®> Among
the above applications, humidity sensors have been paid parti-
cular attention owing to the ubiquitous presence of water,
which makes them critical in fields ranging from healthcare'®
and agriculture to environmental monitoring.'” Moreover, the
combination of unique humidity sensitivity, large surface area,
high electrical conductivity, and thermal stability of MXenes
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design of MXene-based sensors for various applications.

makes them ideal materials for humidity sensors."®>" It has
been reported that MXene films can exhibit a reversible
response to relative humidity (RH) values from 0.1% to
95%,>? and their viscosity increases during adsorption of water.
Razai et al.*® also demonstrated that free-standing MXene files
present a tensile strength up to 570 MPa and an electrical
conductivity greater than 15000 S cm ™.

MZXene materials also exhibit abundant terminal groups on
their transition metal surface after HF etching, and their
chemically active hydrophilic surface can easily attract water
molecules. From a molecular point of view, the MXene surface
typically interacts with water through hydrogen bonds,** inter-
molecular interactions,?® or even chemical bonds.*® For exam-
ple, Cai et al.”>” have exploited the photosynthesis mechanism
and complex structure of natural leaves to prepare a MXCC ink
and filtered it using a porous polycarbonate filter membrane to
obtain a double-layered humidity sensor, in which the cellulose
nanofiber and MXene can associate and dissociate through
dynamic hydrogen bonds in response to humidity changes.
Zhang et al.*® fabricated a MXene film with a one-side periodic
structure to obtain an anisotropic quantum-confined super-
fluidic system and successfully prepared a fast and reversible
humidity-responsive MXene film not incorporating other mate-
rials. Cao et al.*® further used MXene/cellulose nanofiber/poly-
dopamine (G-MXCP) nanocomposites that relied on the
macroscopic hydrophilicity of the films to deform in response
to humidity changes. Due to the easy synthesis and chemically
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active surfaces, MXene have attracted considerable attention
among many functional materials such as metal oxides, poly-
mers and other 2D materials.’**! MXene generally have greater
conductivity in the plane and its unique surfaces allow water
molecules to adsorb and intercalate between different MXene
sheets.>?? The electrical resistance of the MXene will increase
when the water intercalates inside these interlayers during the
RH sensing process. Wang et al.** have investigated the static
and dynamic properties of MXene-based humidity sensors, and
they found that the greater thickness will let more current flows
through the sensitive layer. This will give the MXene-based
humidity sensors more capacitance, and temperature rises will
make water diffuse more quickly and shorten the reaction
response time.

Hence, further studies of the electrical and thermal proper-
ties of MXenes and of their performance are needed to establish
the relationships between their structure and thermophysical
properties as potential humidity sensors. Previous studies have
shown that MXene-based humidity sensors can exhibit much
faster response and higher mechanical stability, owing to their
unique structures and active surfaces.>>>® Li et al®* have
recently fabricated a humidity sensor based on a Ti;C,/T;O,
composite, which exhibited excellent sensitivity at low RH
levels. They employed complex impedance spectroscopy and
Schottky junction theory to understand the underlying sensing
mechanisms and found that the enhanced sensitivity of the
composite in lower-moisture environments originates from the
barrier of the TizC,/T;O, Schottky junction. Wang et al®®
proposed a spring-like core-sheath structure combining textile
substrates and MXenes as a wearable humidity sensor that
could also achieve seamless integration with clothing. An
et al*® reported MXene/polyelectrolyte multilayer films with
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superior response and recovery times to most humidity sensors.
They found that water molecules could intercalate into or
deintercalate from the MXenes/polyelectrolyte multilayer, caus-
ing its thickness to change and producing a rapid response.

Although MXenes are widely known to be suitable materials
for humidity sensors, the effects of humidity and temperature
on their thermal/electrical properties and the water adsorption/
desorption process are still unclear. In this study, a transient
electrothermal technique was used to investigate the thermal
and electrical response of MXene thin films. Our experimental
approach can overcome the long measurement time and low
signal limitations of traditional thermophysical techniques and
provide accurate and fast results. Nonequilibrium molecular
dynamics simulations were also conducted to support our
hypothesis and investigate the water evaporation behavior on
the MXene surface. A positive relationship between electrical
resistance/thermal diffusivity and environmental humidity was
found to be related to the water adsorption and desorption on
the surface of the MXene sensor. The results of this work may
pave the way and provide useful guidelines for the future
application of MXene-based humidity sensors.

2. Experimental section
2.1. Material preparation and characterization

Scanning electron microscopy (SEM) measurements were con-
ducted to inspect the post-etching morphology, post-
delamination conditions, and thickness of the samples.
Fig. 1a shows the SEM image of the multilayered MXene raw
material, exhibiting an accordion-like shape. The MXene mono-
layers were successfully prepared after sonication; Fig. 1b and ¢
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Fig. 1 Morphology characterization of MXene samples. (a) SEM image of layered TizAlC,, displaying an accordion-like shape. (b) SEM image of the
multilayered sample. (c) Cross-sectional SEM image of the fabricated sample. (d) SEM image of the porous sample surface. (e) FT-IR spectrum of the
multilayered MXene sample. (f) XRD pattern of the multilayered MXene sample. The SEM, FT-IR, and XRD results show that the sensor sample was

successfully prepared.
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show the multilayered and ultrathin morphology of the fabri-
cated MXene sheets. Fig. 1d displays the porous structure of the
MXene surface, with an enlarged pore shown in the inset. FT-IR
and XRD measurements were conducted to further reveal the
structure of the MXene samples.’®™*® The FT-IR spectra were
used to further investigate the hydrophilicity of the surface
(Fig. 1e). The surface of the MXene samples obtained by etching
contained functional groups such as ~OH (3407 em™ ") and C-F
bonds (591 cm™ '), which reflected its hydrophilic nature. The
intense and sharp diffraction peaks shown in Fig. 1f reveal the
high purity of the fabricated MXene sample. The (002) diffrac-
tion peak was shifted and significantly broadened. Etching
reduced the crystallinity of the MXene sample. Furthermore,
both XRD and FT-IR results confirm the removal of Al and the
successful preparation of the MXene samples.

2.2. Experimental details

Due to the large uncertainty of the results of the resistance
measurements, a relatively high-precision current source was
used to evaluate the resistance of the MXene samples. To avoid
changes in the targeted property during the measurement, the
step current must be as low as possible. The data collection
frequency was set to 1000 Hz to reduce systematic errors. In this
work, the thermal diffusivity of the MXene samples was mea-
sured using the transient electrothermal technique.*** As
shown in Fig. 2a, prior to the measurement, the sample was
suspended between two copper electrodes in a vacuum cham-
ber. To ensure a good electrical and thermal contact between
the sample and the electrode, silver paste was added to the
connection area. When the vacuum reached the steady state, a
DC step current was applied to induce Joule heating; thus, the
electrical resistance of the sample varied as the temperature

(a) Chamber

Step DC

‘7 Sample ’
Corpen Silver PastAper

1 (© A Typical V-t Profile

U Steady State Voltage
) S

Voltage Increase
by Joule Heating

Voltage (V)

Initial Voltage

Time (s)

View Article Online

Paper

changed. The voltage variation of the sample was then recorded
to fit the temperature change vs. time curve.

Fig. 2b shows a microscopic image (4 x 10 magnification) of
the MXene sample standing between the two copper substrates.
The sample was made thin and long enough to mimic the one-
dimensional heat conduction case. Fig. 2c shows a typical thermo-
physical measurement profile, in which the transient voltage
increase is due to the electrical resistance rise, which originates
from the step DC-induced Joule heating. The voltage of the sample
increases from an initial value to a final steady-state voltage. The
electrical and thermal properties are measured during this tran-
sient heating process. The electrical resistance of the sample can
be obtained as R = U(¢)/I; then, the electrical conductivity can be
calculated as ¢ = L/RA, where L is the sample length, R is the
electrical resistance, and A is the cross-sectional area.

During the heating process, the temperature increase
of the sample is rather low so that the effect of radiation can
be ignored. The governing equation can be written as 0pc,T/
ot = O*T/Ox> + q,, where p, ¢p» k, and g, are the density, specific
heat, thermal conductivity, and heating power per unit volume,
respectively. The copper electrodes used in experiment are
much larger than the sample, thus we assumed the temperature
of the electrodes maintains constant during the experiment.
The initial condition of the physical model is T(x, t = 0) = Ty,
where T, indicates room temperature. The boundary conditions
are T(x = 0, t) = T(x = L, t) = T,. The average temperature of the
sample can be obtained by solving the partial differential
equation as:

8qoL? SN 1 — exp[—(2m — 1)?r?at/ L2
knt £~ (2m—1)*

m=

T(1) =Ty + @)

where o refers to the thermal diffusivity of the sample. When the

Fig. 2 (a) Schematic illustration of transient electrothermal measurements of thermophysical properties. (b) Photograph of the MXene sample standing
between two electrodes, obtained using a 4 x 10 magnification microscope. (c) Typical voltage vs. time profile induced by step DC-generated Joule
heating in thermophysical measurements. The overall experimental apparatus is placed in a humidity-controlled chamber. (d) Photograph of the

fabricated MXene-based humidity sensor.
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temperature distribution across the sample reaches the steady
state, the final average temperature is T(t — o) =
To + goL*/12k. Therefore, the thermal conductivity of the sample
can be described as k = goL?/12AT. The normalized temperature
increase T*(¢t) = [T(t) — To)/[T(t — o0) — T,] can then be obtained
by solving the partial differential equation as:

961 —exp[—(2m — 1)*nar/L?]

r m— 1) 2)

_7-[4

m=1

Because the electrical resistance of the sample is sensitive to the
temperature, the normalized temperature can be obtained by
calculating the normalized voltage increase, which is defined as
[U(t) — Uo)/[Ut — o) — Uy). Therefore, the thermal diffusivity of
the sample can be obtained by a least-squares fit of the voltage
profile.

Titanium aluminum carbide (Ti;AIC,, 400-mesh) was sup-
plied by 11 Technology Co., Ltd.; lithium fluoride (LiF, RG,
99%), hydrofluoric acid (HCl, AR, 36-38%), and 1-(+)-ascorbic
acid (RG, 99%) were obtained from Shanghai Titan Scientific
Co., Ltd. Monolayered MXene was synthesized by mild etching
with hydrochloric acid. LiF (1 g) was mixed with 25 mL HCI at
room temperature (RT) for 30 min and then stirred. When the
reaction was completed, 1 g Ti;AlC, was slowly added to the
above mixture several times. After the Al elements had been
entirely etched out at 55 °C for 36 h, the mixture was washed
with deionized water to reach a pH of 6.0. The monolayered
MXene suspension was obtained by sonicating the mixture for
3 h under Ar and then centrifuging the supernatant for 1 h. A
monolayered MXene nanosheet was then obtained after drying
for 24 h. The MXene dispersion was obtained by dispersing
80 mg MXene in 10 mL deionized water. -(+)-Ascorbic acid
(40 mg) was added to the above mixture to enhance the
antioxidant capacity of MXene. MXene films were finally
obtained by vacuum filtration at room temperature. The fabri-
cated Ti;C,T, thin film was then placed on a polyimide (PI) film
to produce the final humidity sensor, as shown in Fig. 2d.

0.252 T T T T T T T
(a) 40.258

40.252

0.251
0.250 40.246

40.240

Voltage (V)
(=}
)
s
O

0248 10234
. J0.228
0.247 Before Dehydration
After Dehydration 40.222
0.246 ) ) L 1 L ! !
00 04 08 1.2 1.6 20 24 28 32

Time (s)
Fig. 3

View Article Online

PCCP

2.3. Characterization of thermal properties

The average length and thickness of the MXene samples pre-
pared in this work were 3.026 mm and 42.0 pm, respectively.
Because the cross-sectional area values are much smaller than
the resistance and length ones, the error associated with
thermal conductivity measurements mainly originates from
the measurement error of the cross-sectional area.

During the Joule heating cycles, a periodic step DC current
with three cycles was applied to the sample to obtain the
average voltage profile, which could then be used to estimate
the thermal diffusivity value in every measurement. The time
interval between subsequent current applications was selected
to be long enough to ensure that the temperature of the sample
matched that of the environment. The procedure was repeated
five times at each temperature, in order to obtain five thermal
diffusivity values and reduce the system error. The thermal
characterization experiments were conducted from RT to
324.25 K in steps of 3-5 K. It should be noted that the thermal
property measurements must be conducted after the tempera-
ture of the environment reaches a steady state.

3. Results and discussion

3.1. Electrical behavior of MXenes before and after
dehydration

A step DC was first applied to the sample, and the corres-
ponding voltage varied due to the change in electrical resis-
tance induced by Joule heating. Thermal properties such as
conductivity and diffusivity were then extracted from the result-
ing voltage profile. To investigate the influence of dehydration
on the electrical response of the MXene samples, they were
tested separately under hydration and dehydration conditions.
The black curve in Fig. 3a shows that the voltage of the sample
under dehydration conditions first increased and then reached
a steady value after 1.6 s. The transient temperature increase
was due to the step DC-induced Joule heating, which led to an
increase in the electrical resistance of the sample. The overall
voltage thus increased; after the temperature of the sample was
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(a) Voltage profile of samples before (red curve) and after (black curve) dehydration. The sample voltage exhibits an increasing and decreasing

trend before the dehydration process, while the dehydrated sample gradually increases to a steady-state value. Due to their initial water contents, the
initial voltages of the hydrated and dehydrated samples are also different. (b) Voltage profiles for different heating cycles. Subsequent heating cycles
gradually reduce the water content of the sample and the electrical resistance eventually reaches a stable value, finally resulting in a flat voltage profile.
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stabilized, the resistance of the sample reached a steady state
and a flat voltage profile was eventually obtained.

However, the red curve in Fig. 3a clearly shows that the
voltage of the sample initially increased and then rapidly
dropped to a much lower value than in the hydrated state. This
is likely due to the chemically active MXene surface, which
adsorbed water molecules from the surrounding environment.
During the Joule heating process, the electrical resistance of the
sample rapidly increases, before the adsorbed water molecules
are released from the surface. After sufficient heating, the water
molecules tend to gradually leave the surface of the sample,
leading to a decrease in the voltage. To further validate this
hypothesis, the MXene samples were subjected to repeated
heating cycles to eliminate the influence of the adsorbed water
molecules and assess their influence on the electrical resis-
tance behavior. As shown in Fig. 3b, the voltage profile gradu-
ally changed under repeated heating cycles. The black and cyan
curves display the voltage vs. time profiles in the first and last
heating cycles, respectively; after a sufficient number of cycles,
the voltage profile reached a steady state. This further confirms
previous observations that the environmental conditions might
influence the electrical properties of MXenes. The generated
Joule heating provides enough energy for the absorbed water
inside the MXene film to detach, which leads to the resistance
decrease. Further heating cycles gradually remove the adsorbed
water molecules from the MXene surface, and their influence
on the electrical properties becomes negligible. After a suffi-
cient number of heating cycles, the water content adsorbed on
the surface is entirely removed, and the sample voltage shows a
standard profile in the last heating cycle, reaching a final
steady value.

The electrical resistance of the MXene samples decreased
linearly as a function of temperature (Fig. 4a), reflecting a
negative intrinsic resistance temperature coefficient (RTC) in
a vacuum environment. Higher temperatures will lead to a
lower electrical resistance because the exfoliated MXene
samples are usually etched in HF solutions. Their surface is
usually chemically terminated with -O, -OH, and -F functional
groups and might easily adsorb the surrounding water mole-
cules from the environment, which affect its electronic
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transport properties. Higher temperatures might result in the
gradual removal of water molecules from the MXene surface
and reduce the electrical resistance. The calibration curve of
the resistance temperature coefficient after a sufficient number
of heating cycles shows the same trend as that displayed in
Fig. 4b, which reveals the positive resistance-temperature
relationship of the sample. The above observations further
confirm that the different (vacuum or ambient) conditions
are the reason for the inconsistency between the resistance
and voltage variations of the MXene sample.

3.2. Thermal diffusivity under repeated heating cycles

To understand the influence of the water content on the
thermal diffusivity of the MXene samples, they were subjected
to different number of heating cycles. In addition to the
electrical properties, we characterized the thermal properties
of the samples, as shown in Fig. 5a. The thermal diffusivity
rapidly decreased with the number of heating cycles and
reached a plateau value of approximately 1.47 x 10~ ° m”* s .
Further heating cycles gradually removed the adsorbed water
molecules from the MXene surface and led to a decrease in the
thermal diffusivity value. Each error bar was obtained by
calculating the standard deviation of the three independent
experiment results. To fully eliminate the effects of moisture on
the measured thermal properties and identify the relation
between the MXene response and the temperature, the sample
was heated to 336 K for 2 h in a vacuum environment before the
experiment. Therefore, the moisture of the environment would
not affect the measured thermal properties below 336 K. Fig. 5b
shows that thermal diffusivity increased linearly with tempera-
ture, then remained stable after reaching the steady state, and
its final value varied from 1.38 x 107 % to 1.56 x 10 °® m* s~ .

3.3. Humidity dependence of electrical/thermal properties of
MXene thin films

To further understand the role of environmental humidity on
the electrical and thermal properties of the MXene samples, we
investigated the electrical conductivities and thermal diffusiv-
ities under different RH conditions. The environmental
humidity range was chosen to be sufficiently wide to test the
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Fig. 4 (a) Electrical resistance—temperature calibration curve before dehydration. Higher temperatures gradually remove the water content from the

sample and lead to a lower electrical resistance. (b) Electrical resistance—

temperature calibration curve after dehydration. After the full dehydration

process, the influence of the water content becomes negligible; thus, the electrical resistance increases with increasing temperature.
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Fig. 5 (a) Thermal diffusivity as a function of number of heating cycles. The thermal diffusivity of the sample shows a rapid decrease and, after a sufficient
number of cycles, reaches a steady-state value after the water content is fully removed from the MXene surface. (b) Thermal diffusivity at different
temperatures. Higher temperatures lead to a slowly increasing thermal diffusivity, which reaches a plateau above ~ 316 K.

sensitivity of the electrical properties of the MXene samples to
the water content. The RH value is the percentage of water
(moisture-holding capacity) that the atmosphere can retain at a
given temperature and pressure without condensation. Fig. 6a
shows that the electrical conductivity of the MXene samples
exhibited a close relationship with the environmental humid-
ity. The electrical conductivity decreased with increasing RH,
due to the higher number of adsorbed water molecules on the
chemically active sample surface. The electrical conductivity of
the MXene samples exhibited a better response in the environ-
mental humidity range between 24% and 80%, which indicates
excellent adaptability to the environmental humidity condi-
tions. Fig. 6b illustrates the relationship between thermal
diffusivity and RH. The thermal diffusivity increased with a
parabolic trend with increasing relative humidity, which con-
firms the potential of the present samples as humidity sensors.

The analysis of the temperature dependence of the electrical
and thermal conductivities of the MXenes samples in Fig. 7a
shows that electrical conductivity decreased gradually as the
temperature increased, which is consistent with the previous
electrical resistance and temperature calibration results. The
negative resistance vs. temperature relationship changed to a
positive intrinsic resistance temperature coefficient after the
full dehydration process. The black datapoints in Fig. 7b show
that the total thermal conductivity value increased in the range
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of 300 to 315 K and reached a steady-state plateau above 315 K.
The heat carriers can be divided into electrons and phonons
according to the Wiedemann-Franz law L, = k./oT, where L, is
the Lorenz number, k. is the electronic contribution to thermal
conductivity, ¢ is the electrical conductivity, and T is the
temperature; this enables the calculation of electronic contri-
bution to thermal conductivity. As shown by the red
symbols in Fig. 7b, this contribution was approximately
7.2 x 107> W m~ ' K !, which represented only ~0.5% of the
total thermal conductivity. These results strongly indicate that
the dominant heat carriers inside the MXene sample were
phonons, rather than electrons.

4. Physical interpretation via
molecular dynamics simulations
4.1. Simulation model and methods

To further reveal the molecular mechanism of the MXene
response to humidity, we performed molecular dynamics simu-
lations of water evaporation from the MXene surface. In this
simulation, the MXene surface was functionalized with three
types of terminal groups: -OH, -0, and -F.">*®*” For conve-
nience, only -OH functional groups were functionalized on the
MXene surface. The expected hydrophilicity is high enough to
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Fig. 6 Effect of relative humidity on (a) electrical conductivity and (b) thermal diffusivity of MXene samples. A higher humidity results in a lower electrical
conductivity along with a higher thermal diffusivity, due to the higher number of adsorbed water on the chemically active surface of the sample.
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red symbols denote the total thermal conductivity and its electronic component, respectively. Higher temperatures lead to gradually lower electrical
conductivity and higher thermal conductivity values. The electronic component of the total thermal conductivity is only ~0.5%, which indicates that the

main heat carriers inside the sample are phonons, rather than electrons.

represent mixed -OH/-F/-O-functionalized surfaces. Water
molecules were modeled using the TIP3P force field,*® which
accurately reproduces the thermodynamic and structural prop-
erties of water. The MXene material was modeled using the
ClayFF force field, which has been successfully used for struc-
tural studies involving MXenes. The nonbonded interactions
between MXenes and the other atoms were simulated by the
Lennard-Jones (L-J) potential E = 4¢[(o/r)'* — (a/ry)°], where ¢
and o are the representative scales of energy and length,
whereas r;; is the distance between i and j molecules. The L-J
interaction parameters were extracted from the modified Uni-
versal Force Field (UFF).*° A 10 A cutoff was chosen for the L-J
interactions. Long-range electrostatic interactions in the entire
system were calculated using the particle—particle particle-
mesh (PPPM) approach, with an accuracy of 1 x 10~ %%
The simulations were performed using the large-scale atomic/

molecular massively parallel simulator (LAMMPS) program.*?
Nonequilibrium MD (NEMD) simulations were performed to
mimic the evaporation process.”> >’ Langevin thermostats were
used to control the temperatures in the thermostatted regions;
the simulation system was equilibrated in the canonical (NVT)
ensemble at 300 K for 2 ns and 370 K for the evaporation
process.

4.2. Evaporation dynamics

All the experimental observations discussed above reflect the
interfacial adsorption/desorption of water molecules on the
MXene surface; this interpretation is well supported by
the results of our MD simulations. The hydrophilic nature of
the -OH, -O, and -F functional groups on the MXene surface
promotes water adsorption. The relation between the tempera-
ture and the adsorbed water molecules on the surface was
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Fig. 8 Molecular dynamics simulations of water evaporation on the MXene surface. The water molecules disappear with increasing simulation time.
Snapshots of the system at (a) O ps, (b) 120 ps, and (c) 460 ps; (d) number of water molecules left in the system; (e) interaction energy between water
molecules and the MXene surface during the evaporation process. The adsorbed water molecules gradually detach from the surface of the MXene
substrate due to the higher kinetic energy gained, leading to a lower interaction energy with the surface.
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determined by analyzing the detailed water evaporation pro-
cess, as shown in Fig. 8. The MXene substrate was heated to
370 K to mimic the evaporation process of water molecules.
Fig. 8a—c clearly show the disappearance of the water molecules
with the simulation time. A lower environmental humidity will
result in fewer water molecules adsorbed on the MXene surface
and lead to lower electrical resistance, thermal diffusivity, and
thermal conductivity values because the water thermal conduc-
tivity is ~0.598 W m~' K ' under ambient conditions. We
calculated the number of water molecules left in the system as
the MXenes surface was heated; as shown in Fig. 8d, the water
molecules gradually detached from the surface. The fewer water
molecules remaining in the system led to a weaker interaction
with the MXenes surface. The interaction energy between water
and the MXene surface was calculated by summing up the
corresponding electrostatic and van der Waals energies, as
shown in Fig. 8e. The interaction energy rapidly decreased at
the beginning of the evaporation process and then oscillated
around zero until the end of the process, which indicated the
absence of interactions between water and the MXene surface.

5. Conclusions

In this study, thermal experiments and molecular dynamics
simulations were performed to study the electrical and thermal
properties of an MXene-based sensor under different RH and
temperature conditions. The results of the measurements
performed before and after dehydration clearly show that the
MXene-based sensor undergoes a transition from a negative to
a positive resistance-temperature relationship. Further analysis
reveals that phonons (rather than electrons) are the dominant
heat carriers in the MXene sample; moreover, the linear rela-
tionship between the electrical/thermal properties and the
environmental humidity is found to be related to water adsorp-
tion/desorption on the sensor surface. Furthermore, the fabri-
cated humidity sensor shows good stability and durability, and
its electrical/thermal properties maintain a sensitive and linear
response to the humidity conditions. The results of this work
are expected to have important implications for understanding
the response of MXene-based humidity sensors and for design-
ing effective guidelines to support future applications of these
systems.
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