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ABSTRACT: MXenes have demonstrated their potential for various electronic and
optoelectronic applications. However, our understanding of MXene charge transport
mechanisms remains rather incomplete. Here, we provide a unifying picture of charge
transport in monoflake and multiflake MXenes by measuring and calculating their
temperature-dependent resistivity. We measure a positive temperature-dependent
resistivity for both monoflakes and the out-of-plane direction of stacked multiflakes of ® ’“t/
Ti;C,T, MXenes, indicating that charge transport is predominantly band-like. In contrast, )

a negative temperature-dependent resistivity is observed in the in-plane direction of . , , . .
multiflake MXenes, suggesting that charge transport is governed by thermally activated 300 400 500 600 700 800
. . p . .1 . Temperature (K)
interflake hopping, which is facilitated by the presence of trapped water. These findings

provide insight into the precise role of trapped water in Ti;C,T, MXene resistivity,

opening avenues for controlling charge transport in electronic and optoelectronic applications, especially in extremely high
temperature environments.

Monoflake

Resistivity

Xenes have demonstrated significant potential for a determining conductivity,'** as charge hopping between

wide range of electronic and optoelectronic applica- flakes can play a more prominent role.
tions' ~* because they possess outstanding electronic, optical, Intercalated water plays a significant role in MXene
and mechanical properties.">® MXenes have the general conductivity by acting as a bridge for the charge transport
chemical formula of M,,,;X, T, (n = 1—4), where M represents between MXene layers. The interflake resistivity of thick
a transition metal, X represents carbon and/or nitrogen, and T, MXene films at room temperature, with a thickness of several
represents surface terminations (typically —F, —Cl, =0, and micrometers, was found to increase as the water was
—OH)." Their diversity in surface termination, ease of deintercalated.®**** These observations indicate that water,
functionalization, and stoichiometric composition result in which is a dielectric, can act as a barrier for charge transport in
various tunable properties, broadening their potential the out-of-plane direction. Additionally, the surface termi-
applications.” "' nations and intercalated ions or molecules also significantly
MXenes have a high free carrier density (1021_1022 cm—3),12 influence conductivity.zz’24 Previous work demonstrated that
making them excellent candidates for electronic and Ti;C,T, MXenes with =O surface termination have lower
optoelectronic devices.""? Understanding the carrier transport conductivity than those with —OH surface terminations.”” The
mechanisms governing the conductivity is critical for these conductivity of Ti;C,T, MXenes was also reported to decrease
applications."™'* Temperature-dependent conductivity meas- as the interflake spacing increases, which can be controlled by

. . . . . 24
urements have been used to understand the charge transport interactions with different ions or molecules.”™ These
mechanism, but the results are not consistent across various observations suggest that conductivity and its temperature
methods and synthesis conditions.'*'*!” Both thermally dependence could also be altered in both multiflake and
activated hopping (conductivity increasing with increasing monoflake MXene films as their surface termination and the

temperature)'®'® and band-like conductivity (conductivity amount of intercal;}ted water are varied. .
decreasing with increasing temperature)“’” have been In this work, we investigate the charge transport mechanisms

proposed for metallic Ti;C,T, MXenes. Possible reasons for of Ti;C, T, MXene films through studies of the temperature-
these differences include differences between various measure-

ment and modeling techniques or the choice of sample Received: May 12, 2025
geometry.'””” In single-flake samples, intraflake conductivity is Revised:  June 23, 2025
measured, while in multiflake samples or bulk samples, Accepted: July 10, 2025

interflake conductivity is dominant.”"?* In multiflakes, Published: July 18, 2025

variations in surface terminations and the amount of
intercalated water can play a more significant role in
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dependent resistivity by spectroscopic ellipsometry (SE)
measurements and DFT calculations. We demonstrate that
intraflake transport processes govern the band-like charge
transport in monoflakes. However, in-plane interflake charge
hopping transport plays a more dominant role in stacked
multiflakes; hopping transport is activated at elevated temper-
atures and can be assisted by the trapped water, which acts to
reduce resistivity. Our results demonstrate the important role
of electron—phonon coupling and interflake charge transport
in Ti;C,T, MXene conductivity and reconcile the previous
debates, broadening the possibility of using MXenes in high-
temperature electronic and optoelectronic applications.

Ti;C, T, MXene was synthesized by selective etching of the
optimized Ti;AIC, MAX phase™ using a mixed acid (HF—
HCI) approach and delaminated using LiCl. Details can be
found in the Materials and Methods section of the SI and our
previous work.”® Ti,C,T, MXene thin films of different
thicknesses were spin-coated on a Si substrate coated with
300 nm thermally evaporated SiO, from an aqueous solution
(details in Materials and Methods and previous work’”).

To determine the optical properties of the Ti;C,T, MXene
films, variable-angle SE measurements were performed at room
temperature.”® An example of the measured spectroscopic
angles W(1) and A(4) (4 is the wavelength) for the as-
prepared Ti;C,T, MXene film coated on a 300 nm SiO,/Si
substrate with ~2 nm thickness is shown in Figure 1A,B. The
SE results for thicker films are presented in Figure SI1. The
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Figure 1. Spectroscopic ellipsometry measurements. (A, B) Measured
spectroscopic angles ¥ (A, squares) and A (B, spheres) along with
the global best fit (solid black lines in both figures) as a function of
wavelength at various angles of incidence [55° (orange), 60° (purple),
65° (gray), 70° (red), and 75° (blue)] performed on an optimized-
Ti;C,T, monoflake film with a thickness of ~2 nm coated on a 300
nm SiO,/Si substrate. (C) Experimentally deduced resistivity (gray,
left axis) and scattering time (brown, right axis) of Ti;C,T, MXene
films vs film thickness. Filled symbols show multiangle data on 300
nm SiO,/Si substrates, and open symbols show averaged mapping
data collected on Si, respectively. (D) DFT-calculated electrical
resistivity (gray, left axis) and electron scattering time (brown, right
axis) of the monoflake and the in-plane component (xx component)
of bulk Ti;C,0, with intercalated water, considering electron—
phonon coupling.
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fitting details are described in Supplementary Note S1, and the
fitting results are tabulated in Table S1. We note that data at all
angles are fitted simultaneously with an isotropic optical
model. As detailed in Supplementary Note S1, fitting
anisotropy or alternative models, as had been previously
suggested,” did not improve the data. This observation is
consistent with our previous study on MZXene optical
properties”** and other literature reports.”* ™

The fitting correlation between resistivity and scattering
time was checked to determine the best fitting (Figure S2) and
to ensure that these parameters can be independently fitted.
The resulting optical properties based on these fits are shown
in Figure S3. More discussion about the choice of fitting
variables and Ti;C,T, MXene optical properties can be found
in our previous work.”"** The SE fitted results based on these
figures are tabulated in Table SI1. The fitted results averaged
over multiple positions for each film are tabulated in Table S2
and plotted in Figure 1C (filled symbols). These data are in
agreement with previous 1'epor‘cs.28’31’33’34

To further examine the effect of film uniformity and
substrate choice,”® SE mapping measurements were performed
on monoflake and multiflake Ti;C, T, MXene films spin-coated
on Si substrates (Figures S3 and S4). The averaged values over
the entire area of the film (4 cm?® area) are shown with open
symbols in Figure 1C, where the error bars indicate the
standard deviation. The larger standard deviation in resistivity
of the monoflake films likely arises from the greater
heterogeneity in these films. For simplicity, thin films with
an average thickness of ~2 nm are designated as monoflake
films in this study. Based on the atomic force microscopy
(AFM) results in Figure SS, approximately 61% of the covered
surface area of these films was occupied with single flake
MXenes with no overlap with other MXenes. More AFM
images of the similarly made monoflake MXene films can be
found in our previous work.”” Similarly, films with an average
thickness of >20 nm are referred to as multiflake films in the
following sections. Nearly all MXene flakes in these films are
randomly stacked and overlapped with neighboring flakes.***’

DFT calculations were also performed to gain insight into
the mechanisms of charge transport. Previous works have
demonstrated that the =O termination is the most
thermodynamically stable,”"*”* is the predominant termi-
nation in experimentally synthesized Ti;C,T, MXenes, and
strongly contributes to near-IR optical absorption.”””® There-
fore, Ti;C,0, MXene was chosen for the calculations
presented in this work. In these calculations, the monoflake
was modeled as a single flake with periodic boundary
conditions only in the in-plane (xx and yy) direction. To
model the multiflake bulk system, multiple single monoflakes
were stacked along the z direction, with periodic boundary
conditions in all directions with a layer of zigzag water inserted
between the flakes (see Figure S7 and SI Note S3 for details of
this choice). Optical properties were modeled for both the in-
plane (xx) and out-of-plane (zz) directions for the multiflake
bulk system. The electron—phonon coupling effects were also
considered in the calculation (Note S4 and Figure $10).%%

Effect of Thickness on Resistivity. Figure 1C shows the
thickness-dependent resistivity and electron scattering time of
as-prepared Ti;C,T, MXene on both SiO,/Si and Si
substrates. Regardless of the substrate and approach, consistent
trends in resistivity and scattering times are observed.
Moreover, the measured thickness-dependent trends are well
beyond the largest measured standard deviation. The
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corresponding carrier density, diffusion length, and charge
mobility data are shown in Figure S8 (more details are in
Supplementary Note S1 and Table S2). The results are
generally consistent with the previous literature reports.'>*>*'
The slight apparent resistivity increase as a function of the
thickness (Figure 1C) arises from the facts that the extinction
is not 100% for the thin films and that the measured extinction
coeflicient, determining the resistivity, represents the value for
an effective medium that is only partially filled with the
Ti;C,T, MXene as detailed in our previous publication and
other reports.”*** A similar thickness-dependent resistivity
trend was also observed for graphene nanosheets.*’

The data in Figure 1C show that the electron scattering time
decreases with film thickness. Similarly, the carrier mobility
and electron diffusion length decrease with increasing film
thickness, despite the fact that the carrier density is not affected
by the stacking of MXene layers (Figure S8).

A similar increase in resistivity and a decrease in scattering
time are observed when comparing the monoflake and the in-
plane (xx) component of bulk conductivity in DFT
calculations (Figure 1D). The corresponding anisotropic
results for both the in-plane (xx) and out-of-plane (zz)
components of resistivity and scattering time as well as
comparisons for the case without water are shown in Figure
S10. It is important to note that the zz resistivity is 3 orders of
magnitude higher than that of xx, indicating that the
conductivity is predominantly through in-plane charge trans-
port and as such is not included in the data shown in Figure
1D.

Effect of Temperature on Resistivity. To further elucidate the
charge transport mechanisms in monoflake and multiflake
MXene films, inspired by previous work,'*'®'? the temper-
ature-dependent resistivity of Ti;C,T, MXene films was
measured from room temperature to 873 K in vacuum via
SE. As shown in our previous work, under these conditions,
MXene films are stable and are not expected to degrade.”’
Unlike annealing in air, which shows a sudden increase in
resistivity at 300 °C, indicative of oxidation as evidenced by a
temperature-dependent ellipsometry measurement,”” no such
sudden resistivity increase is observed during vacuum
annealing at any specific temperature (Figures 2A and 3A),
suggesting that oxidation does not occur under vacuum
annealing. Detailed structural XRD and XPS characterization
after vacuum annealing at 600 °C for 2 h also demonstrated
the absence of oxidation products, such as TiO,.”” As shown in
Figure 2A, completely opposite temperature-dependence
trends are seen in the resistivity (R) of the as-prepared
monoflake and multiflake Ti,C,T, films (the related carrier
mobility results are shown in Figure S11). In agreement with
the previous results,'® the monoflake Ti;C,T, film displays a
positive dR/dT, which is consistent with the corresponding
theoretical calculations, performed by taking the electron—
phonon coupling effects into account (Figure 2B). In contrast,
the multiflake Ti;C,T, film displays a negative dR/dT
dependence in the experiments (Figure 2A), while the
corresponding bulk calculations show a positive trend in
both the in-plane (Figure 2B) and out-of-plane (Figure S10C)
directions.

The positive dR/dT in experimental monoflakes and in
calculated data of both monoflakes and the bulk can be
understood as predominantly arising from intraflake charge
transport (as schematically shown in the inset of Figure 2A and
Figure S12). Given the metallic-like behavior of TiyC,T,, the
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Figure 2. Differences in the charge transport mechanism between
monoflakes and multiflakes. (A) Measured temperature-dependent
resistivity of as-prepared multiflake (18 nm thick, black) and
monoflake (2 nm thick, red) Ti;C,T, films on Si substrates. Insets
schematically show the different in-plane charge transport mecha-
nisms in a monoflake (bottom left, intraflake band-like) and multiflake
(top right, thermally activated interflake hopping). (B) Calculated
temperature-dependent resistivity of a monoflake (red) and in-plane
(xx component, black) bulk Ti;C,0, with intercalated water. Insets
schematically show the band-like charge transport in the calculated
geometry of both monoflakes and in-plane bulk. (C) Measured
temperature-dependent electron scattering time of an as-prepared
multiflake (black) and monoflake (red) Ti;C,T, films. (D) Calculated
temperature-dependent electron scattering time of a monoflake and
bulk (with intercalated water) Ti,C,0,.

resistivity is expected to increase with temperature, as
predicted by the Drude conductivity model. Inside a metal,

the intraflake resistivity (denoted by Ry, eq 1) is given as'o*
mT
R, & ——
intra EZHT ( 1 )

where m, ¢, n, and T are the effective electron mass, electron
charge, charge carrier density, and temperature, respectively.
The electron scattering time (7) decreases with increasing
temperature due to the electron—phonon coupling (Figure
2C,D).'* The decreased carrier mobility of monoflakes with
temperature in SE experiments (Figure S8) is also consistent
with this picture of the intraflake charge transport mechanism,
as the MXene flakes are mostly geometrically separated in
monoflake films.

Also consistent with this picture, when the resistivity is
calculated without the electron—phonon coupling effect, a
negative dR/dT trend is indeed observed (Figure S10A). Here,
a relaxation time approximation was adopted, and the
scattering time was manually set to 7 = 10 fs at all temperatures
(as opposed to the temperature-dependent scattering time
when including the electron—phonon coupling effect) based
on the value obtained in the calculations with the electron—
phonon couplin% effect (Figure S10D) as well as the previously
reported values.”*" We note that in calculations without the
electron—phonon coupling effect, the electrical conductivity is
proportional to the relaxation time. Therefore, using other

https://doi.org/10.1021/acs.jpclett.5c01439
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Figure 3. Effects of intercalated water on charge transport. (A)
Normalized resistivity of multiflake Ti;C,T, films on the Si substrate
vs temperature. Data is shown for an as-prepared multiflake film with
both physisorbed and confined water (black curve), a partially
annealed film with confined water (orange curve), and a fully
annealed film without either confined or physisorbed water (blue
curve). The error bars were estimated based on at least two data sets,
with each set normalized to its corresponding resistivity at room
temperature before averaging. (B) Schematic description of the role of
water and surface terminations in assisting the interflake charge
transport. (C, D) Calculated in-plane (xx) and out-of-plane (zz)
components of the electrical resistivity of bulk Ti;C,0, without (blue
color) and with (black curve) intercalated water vs temperature. The
origins of the trend differences in A, C, and D are detailed in the text.

values for the relaxation time does not affect the calculated
temperature dependence.

The charge transport mechanism is more complex in
multiflake Ti;C,T, films where a negative dR/dT is observed
(Figure 2A). In these films, multiple single flakes are randomly
stacked along the z direction with random lateral displace-
ments, with a wide range of lateral flake sizes, which can also
generate numerous boundaries in the xy plane. These
boundaries are not accounted for in the periodic geometry of
the calculated bulk MXene. Under these conditions, thermally
activated hopping is expected to contribute to conductiv-
ity.">** Given that the out-of-plane resistivity is 3 orders of
magnitude higher than the in-plane resistivity (Figures S9 and
S10), it is likely that the majority of charge hopping between
MXene flakes occurs in the in-plane direction, as schematically
shown in the inset of Figure 2A and Figure S12. The
temperature dependence of the interflake resistivity (denoted
by R,.,) can be described by eq 2'%**

mter X R exp| —
inter o0 €Xp T (2)
where R, is a prefactor, T is a characteristic temperature of the
thermally activated process related to the activation energy of
charge hopping, and p is an exponent that depends on the
specific charge hopping mechanism. The carrier mobility is
expected to increase with the temperature in a thermally
activated hopping mechanism, resulting in increased con-
ductivity and decreased resistivity. It is important to note that
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the temperature dependence of the intraflake conductivity can
add an unknown temperature dependence to R, itself, as
evidenced by the nonlinear relationship between resistivity and
the reciprocal of temperature (Figure S13). However, the
effect is mitigated by this strong temperature dependence,
resulting in a negative overall trend in dR/dT in the
experiments (Figure 2A). As seen in Figure S11, the carrier
mobility indeed increases with temperature in multiflake
Ti;C,T, films, explaining the positive temperature dependence
seen in Figure 2A.

As seen in Figure 2C, the scattering time in multiflake films
also increases with temperature, suggesting additional likely
contributions from defect trapping in these systems. The Ti
and O vacancy defects have been widely reported in Ti;C,T,
MXene.*>*’ Defect trapping in multiflake films is also
consistent with the thickness-dependent SE results, where
shorter electron scattering times, higher resistivity (Figure 1C),
and shorter diffusion lengths (Figure S8) are observed as the
film thickness is increased. Schematic descriptions of the
charge transport in multiflake Ti;C,T, films are illustrated in
Figure S9. These results suggest that these defects may be
related to edge states as their number increases with the film
thickness.

Effect of Water on Resistivity. It has been previously
demonstrated that intercalants and surface terminations
influence MXene electronic properties.lé Our previous work
demonstrated that trapped water between randomly stacked
Ti;C,T, MXene flakes can have a high barrier for removal.”’
While vacuum annealing above 200 °C can remove bulk-like
interflake water, the complete removal of confined water and
—OH terminations requires vacuum annealing at 600 °C for at
least 2 h. We have also previously demonstrated that the
MXene morphology does not change after both 200 and 600
°C vacuum annealing, through AFM imaging.27

To explore the effects of the trapped and confined water on
interflake charge hopping, temperature-dependent SE measure-
ments were performed on Ti;C,T, MXene multiflake films
after various vacuum annealing protocols (more details in the
Materials and Methods). As shown in Figure 3A, dR/dT
decreases when the physisorbed (trapped) water is removed.
The complete removal of both confined and physisorbed water
further decreases the slope. This trend can be understood by
the contribution of water to the interflake resistivity. The
mobility of intercalated water molecules increases with
temperature, which assists the interflake in-plane charge
hopping process as schematically shown in Figure 3B. The
additional effects seen upon the removal of confined water also
indicate the additional role played by the —OH and —F surface
terminations, which are subsequently removed upon high-
temperature (>600 °C) vacuum annealing.***’ The increased
resistivity at high temperature (Figure 3) after —OH removal
also aligns with the previous results.”” Our previous work
demonstrates that Ti;C,T, MXenes with —OH and —F
terminations exhibit metallic behavior, while those with the
=0 termination behave more like semiconductors.”’ As such,
the OH- and F-terminated MXenes demonstrate higher
conductivity than their O-terminated counterparts, consistent
with previous DFT calculations.”” In other words, both the
confined water and surface terminations can assist the
interflake charge transport, in line with previous reports
highlighting the role of water-related hydrogen bonding in
charge transport.””"'
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The dR/dT trends are opposite to the experimental data in
the calculated bulk Ti;C,0, (Figure 3C,D; more results can be
found in Figure S10). This is because, as mentioned previously,
in the perfectly periodic geometry of these DFT simulations,
lateral boundary hopping is absent, resulting in a dR/dT
dependence in bulk simulated films similar to that of
monoflakes (Figure 2B,D). As such, the addition of interflake
water decreases the in-plane (xx) conductivity and increases
the in-plane (wxx) resistivity as the temperature is increased
(Figure 3C), as water has a negligible effect on the intraflake
charge transport of MXene. In contrast, the amplitude of the
out-of-plane (zz) resistivity (i.e., 1.2 Q-cm w/water; 4.7 X 1072
Q-cm w/o water at room temperature), while being overall 3
to 4 orders of magnitude higher than the in-plane (xx)
resistivity (i.e., 1.4 X 107 Q-cm w/water; 1.3 X 107* Q-cm w/
o0 water at room temperature), decreases dramatically after the
removal of water (Figure 3D). Regardless, dR/dT remains
positive in both directions with or without water (Figure S$10),
highlighting the predominant role of intraflake conductivity in
the simulated bulk MXenes. In this perfect geometry and with
the choice of the intercalated water configuration used in the
calculation (Figure S7A and Supplementary Note S3), water, a
dielectric material, works as a barrier for charge transport.
Upon removal of the water molecules, charge transport is
enhanced due to reduced interflake distances and improved
induced charge polarization, resulting in decreasing resistivity.
This is also consistent with the observation that the out-of-
plane resistivity is increased by an order of magnitude when
eight water molecules are used in the calculation compared to
when only one water molecule is used (Figure S9).

These results further demonstrate that the boundaries or
edge states play an important role in understanding the
temperature-dependent resistivity trends in MXenes, including
the role played by trapped water. It has been theoretically
predicated that both armchair and zigzag edges exist for
MXenes,”” which is expected to affect the charge transport as
well. More details about the edge states are discussed in our
future work.

In addition, the 200 °C vacuum-annealed Ti;C,T, films
were shown to retain approximately 90% of their original
conductivity after being stored in air for 5 years,”
demonstrating excellent environmental stability of vacuum-
annealed samples. After vacuum annealing at 600 °C to further
remove the confined water, the environmental stability of the
film is expected to be improved, which will be explored in our
future work. Such high environmental stability is highly
beneficial for electronic and optoelectronic applications.

In conclusion, spectroscopic ellipsometry measurements and
DFT calculations have combined to illuminate the previous
debates about the charge transport mechanisms in mono- and
multiflake Ti;C,T, MXenes. We reveal that the band-like
intraflake transport is dominant in the monoflake and the out-
of-plane direction of multiflakes, but the thermally activated
hopping controls interflake transport in the in-plane direction
of the multiflake, which can be favored by the interflake
trapped water. Our results shed light on charge transport
mechanisms in Ti;C,T, MXenes, opening avenues for further
exploration in electronic and optoelectronic applications,
especially in extreme high-temperature environments.
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