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ABSTRACT
Understanding charge transport in networks of 2D crystals is essential for developing reliable applications such as chemiresistors
or electromagnetic shields. For this purpose, intra- and inter-flake contributions to the network resistance must be disentangled.
MXenes such as Ti3C2Tx, are prime examples of 2D crystals often employed as thin networks of interconnected flakes for functional
devices. While a significant number of studies focused on transport in individual MXene flakes, inter-flake transport remains
scarcely explored.Here,we demonstrate that charge transport inmulti-flake conductive paths of Ti3C2Tx is dominated by interflake
junctions and provide quantitative estimates of junction resistances. Scanning probe measurements reveal that in a MXene multi-
flake conductive path, individual flakes behave as isopotential domains, since the voltage drop is localized precisely at inter-flake
junctions. The chemiresistive response to humidity is further investigated at the single flake, multi-flake and flake network scale,
evidencing the crucial impact of junctions on sensing kinetics. These findings underline the dominant role of inter-flake junctions
in MXene charge transport and sensing capabilities.
1 Introduction

Scalability has been an ongoing challenge since the birth of
2D crystals with exfoliated graphene. Now, solution-processed
layers of 2D crystals are increasingly used in electronics as
they comply with standard microfabrication techniques and are
compatible with various substrates, from silicon to textile. The
target applications for such 2D layers include flexible electronics,
sensors, or logic devices [1]. For this, the main deposition
techniques that comply with solution-processed 2D crystals rely
on inkjet printing, drop casting, spray-coating and spin coating,
yielding thin films formed by networks of overlapping flakes
[2, 3]. The obtained layers are shown to be very disordered as
flake stacking and orientation are uncontrolled. Also, flake size
can be rather disperse in a suspension, increasing the random,
fragmented nature of the deposited layer. Understanding charge
transport in those layers is therefore challenging but neces-
© 2026 Wiley-VCH GmbH
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sary to tune their electrical properties depending on the target
application.

A way to gain more insight about charge transport in the case
of nanosheet networks is to consider the network as many well-
defined conductive paths in parallel. This approach was used
by Gabbett et al. to describe network resistivity and mobility
as functions of network properties such as flake thickness and
channel length [4]. In this model, each conductive path consists
of a series of resistors including nanosheet resistance, 𝑅𝑁𝑆 and
junction resistance between the nanosheets, 𝑅𝐽 . This flake-
junction distinction is a key-element in how to approach charge
transport in 2Dmaterials, as it underlines the need to understand
not only intra-flake but also inter-flake transport mechanisms
[5]. Extracting meaningful data on junctions is not trivial due
to the many unknowns that include the voltage drop profile in
the vicinity of the junction, the configuration of current paths,
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the particular stacking configuration, the role of functionalization
groups and defects at the edge of the flakes, as well as the
nanoscale dimensions. Such scales can typically be reached with
scanning probe microscopy tools, but the problem complexity
calls for an approach involving different scanning probe modes.

In this work, we focus on the case of Ti3C2Tx, the most widely
studied and well-known MXene to date. MXenes are a family of
2D transition metal carbides, nitrides and carbonitrides, which
are obtained by selective etching and delamination of a 3D lamel-
larMAX precursor [6]. There is a considerable interest inMXenes
due to their tunable chemical and electronic properties, as their
rich surface chemistry can be tuned depending on the synthesis
parameters [7]. Those surface groups are noted Tx in the general
MXene formula, which is Mn+1XnTx , where “M” represents the
transition metal, “X” is either carbon or nitrogen and “n” = 1, 2
or 3. Also, the wide range of possible combinations of different
transition metals and functional groups makes MXenes a highly
versatile material family. Ti3C2Tx was the first MXene to be
synthesized in 2011 and shows now great promise in the fields
of flexible electronics, electromagnetic interference shielding,
energy storage, and sensing [8–12]. In those applications, MXenes
are mostly used as “films”. In a recent review, Barsoum and
Gogotsi insist on the importance of decoupling inter- and intra-
flake charge transport in order to gain more control on the
electronic properties of those films [13]. Here, it is worth to note
that a distinction has to be made between spin-coated films and
those which are drop-cast or filtered, as the alignment between
the flakes in spin-coated films shows less variability in the
quantitative results fromonework to another, regarding electrical
properties such as conductivity and mobility. This distinction
makes it even more interesting to consider the problem at flake-
scale. Yet, such scales are challenging to reach given the small
lateral size of the flakes, requiring scanning probe microscopies
or microfabrication processes to pattern contacts on the areas of
interest [14, 15].

To date, several studies have been carried out on individual
flakes, both at room and low temperature, shedding light on
transport mechanisms in Ti3C2Tx [16–20]. There is an agreement
in literature about the all-time metallic nature of Ti3C2Tx and
about the fact that the individual flake conductivity will directly
be affected by the amount of defects and oxidation state of
the flake [18, 19, 21]. Although the understanding of transport
in individual flakes is increasing, studies that include inter-
flake transport are very scarce. A recent work evaluates the
layer-dependent sensing characteristics of MXenes at flake-scale
and includes both individual flakes and inter-flake junctions,
shedding light on specific and contrasting sensing mechanisms
in both cases [22]. Such a pioneering result further under-
scores the need for flake-scale experimental characterization
as a tool to develop and understand MXenes-based electronic
applications.

In this context, we leveraged different methods to study charge
transport at the nanoscale within individual few-layer Ti3C2Tx
flakes and across the junction between flakes. Herein, electrical-
mode scanning probe microscopies and measurements on pat-
terned devices are combined to reach quantitative conclusions
and local insights. Lastly, electrical responses to humidity at the
intra-flake, inter-flake, and flake network scales reveal different
2 of 11

 

characteristic time scales, relevant in the context of sensing
applications involving MXenes.

2 Results and Discussion

Ti3C2Tx MXene flakes are synthesized using the MILD method,
yielding high quality 2D crystals suitable for transport measure-
ments at the individual flake scale level. Structural character-
ization by X-ray diffraction shown in Figure S9b (Supporting
Information) reveals a c lattice parameter of 25.2 Å, which
is in the range of previous report using HCl-LiF etching for
MXene synthesis [23]. The “Tx” groups are dominated by –O, –
OH and –F terminations, as confirmed by X-ray photoelectron
spectroscopy (XPS) and Raman spectroscopy which are provided
in the Supporting Information Section S7. By comparing SEM
images and XPS quantification of theMAXprecursor [24] and the
obtained MXenes, we confirmed the successful removal of the Al
layer and the complete delamination of the 3D lamellar structure
of Ti3AlC2 into separate 2D layers.

2.1 4-Probe STM on the Individual Flake

A multiple-probe Scanning Tunneling Microscope (STM) is used
to perform 4-contact measurements on Ti3C2Tx few-layer flakes,
lying on an insulating substrate (SiO2-covered Si) as illustrated
in Figure 1. High reliability of the data and stability between
differentmeasurements are obtained due to the ultrahigh vacuum
(UHV) STM environment, the accuracy of tip-flake contact
position and the inter-tip distance that can reach values below 100
nm. These conditions are allowed by the sharp geometry of STM
tips that have a nm-sized apex and the controlled displacement of
the probes under scanning electron microscope visualization.

The first experiment carried out is a 4-contact measurement on
an individual flake with a homogeneous topography, as depicted
in Figure 1a, that shows a 3-D view of the AFM topography
of the flake. Figure 1c displays the thickness profile extracted
along the white dotted line in (a), confirming the topography
homogeneity. The four STM probes are positioned on the flake
along a straight line as shown on the SEM image in Figure 1d.
In this configuration, the current is applied between the two
outer probes and the voltage drop measured between the two
inner probes, whose spacing is 1.8 μm. The flake-resistivity can
then be extracted from the current-voltage characteristics shown
in Figure 1b. Those are linear and show no hysteresis, which
is expected due to the metallic nature of Ti3C2Tx. Knowing the
spacing between the probes 𝑑, the in-plane resistivity value of
the flake is obtained by matching the experimental results with a
COMSOL finite element simulation: 𝜌𝑥𝑥 = 6.06Ω ⋅ μm. An image
of the simulated potential distribution on the flake is shown in the
Supporting Information S1. The use of a finite element simulation
is needed here as the size of the flake is in the same range as the
probe spacing, which prevents the use of conventional 4-point
probe expressions to compute the flake resistivity.

The resistivity value obtained here is in agreement with a
previous work that reports resistivity values for individual few-
layer Ti3C2Tx flakes in ambient conditions [12]. Those values
are represented on a graph along with flake thickness in the
Small, 2026
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Figure 1 (a) 3D view of the AFM topography of a Ti3C2Tx flake deposited on a Si/SiO2 substrate, obtained in tapping mode. (b) I–V characteristic
obtained by 4-probe measurement on the flake shown in (a). (c) Height profile along the white dotted line in (a). (d) SEM image of the Ti3C2Tx with the
tungsten probes placed in the 4-contact measurement configuration.
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Supporting Information S1. This first result validates the 4-probe
STM approach to extract quantitative electrical measurements on
Ti3C2Tx flakes and suggests that the in-plane resistivity of Ti3C2Tx
does not vary significantly in UHV environment, compared to
ambient air conditions. Contact resistance is also measured
by comparing 2- and 4- contact measurements and is about
2.5 kΩ in this case, highlighting the necessity to perform 4-
contact measurements. More details are shown in the Supporting
Information S2.

2.2 4-Probe STM on a Conductive Path

Following intra-flake measurement, we consider the case of a
conductive path made of four overlapping individual MXene
flakes. This configuration is illustrated in the 3-D view of the
topography of the sample in Figure 2a and its thickness profile
in Figure 2b along the white dashed line in Figure 2a. The
conductive path established through these four flakes allows to
study each junction separately with the four-probe STM. Hence,
four-contact measurements were carried on along the conductive
path at different locations, as showcased in Figure 2c,d, where the
indicated distance corresponds to the spacing betweenmeasuring
probes. The two outer probes are applying a fixed current
through the conductive path and only one of the measuring
Small, 2026
probes is displaced for each measurement point. Similarly to the
measurement on an individual flake, an IV curve is acquired for
every measurement point.

Figure 2e displays the IV characteristics corresponding to the two
measurements configuration shown by the SEM micrographs in
Figure 2c,d. Both are linear, which means that electronic trans-
port through flake junctions is still ohmic. Also, the resistance
increases along the conductive path as the distance between
the measuring probes is increased. The resistance profile can be
further assessed by performingmultiple measurements along the
conductive path, represented by the white squares in Figure 2c.
In Figure 2f, we clearly see that the resistance increase occurs
by steps corresponding to the location of inter-flake junctions.
Hence, inter-flake junction resistances 𝑅𝐽1, 𝑅𝐽2 and 𝑅𝐽3 are the
main contributions to the total resistance measured along the
conductive path.

2.3 Scanning Tunneling Potentiometry on an
Inter-Flake Junction

As suggested by the steps shown in Figure 2f, the resistance
increase appears to be sharp and very localized. To con-
firm this observation, Scanning Tunneling Potentiometry (STP)
3 of 11
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Figure 2 (a) 3D view of the AFM topography of a conductive path formed by Ti3C2Tx flakes deposited on a Si/SiO2 substrate, obtained in tapping
mode. (b) Height profile along the white dotted line in (a). (c,d) SEM images of the 4-probe measurement along the conductive path, for two different
measurement points, with the distance between the measuring probes being 4.5 and 11.7 μm, respectively. (e) I–V characteristics for both measurements
points shown in (c) and (d). Note that the vertical (voltage) scale for the light blue curve (left axis) is orders of magnitude larger than for the dark blue
curve (right axis). (f) Electrical resistance along the conducting path as a function of the distance between the measuring probes.
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measurements are carried out on the same sample, at the
location corresponding to the third junction, represented as 𝑅𝐽3 in
Figure 2f. This junction was chosen as we can identify the region
corresponding to a clear overlap between the flakes,with a limited
amount of defects and wrinkles compared to the other junctions.
STP yields a map of the local electrical potential while applying
4 of 11
a given current on the sample with the two external STM probes
[25]. Thismeasurement configuration is shown in Figure 3a,c and
the obtained maps of STM topography and potential voltage are
acquired simultaneously and shown in Figure 3b. Interestingly,
a sharp decrease in the measured potential is observed at the
edge of the overlapping area of both flakes, further highlighted
Small, 2026
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Figure 3 (a) AFM topography of the junction resistance, obtained in tapping mode. (b) STM topography and potentiometry inside the rectangle
highlighted in (a). (c) SEM image of the probe configuration of the potentiometry measurement obtained with a 100 nA current between the two outer
probes. (d) Profile of the potential along the white dashed line in (b).
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by the electrical potential profile in Figure 3d. Here, the potential
is found to be approximately constant, and the voltage drop of
1.8 mV at the inter-flake junction is directly attributed to junction
resistance. This resistance drop yields a value of 18.4 kΩ, which
is close to the value of 𝑅𝐽3 measured by 4-probe measurements.
The difference between both values can be explained by the
higher imprecision on the voltage measurement with STP than
with 4-probe measurements, but STP really gives access to local
resistance variations.

Those results are in agreement with Gabbett’s description of
a junction-limited network, and in line with previous Kelvin
probe force microscopy (KPFM) results on a MoS2 layer, where
sharp changes in the surface potential were also attributed to
junctions [4, 26]. The additional insight given by STP here is the
ability to consider only one junction at once, with high preci-
sion of both current injection position and electrical potential
measurement position.

2.4 Conductive Path Devices

To get one step closer to contacted flake networks, charge
transport is now studied in devices made of a conductive MXene
path on which metallic contacts are patterned through a lift-
off process. The contact geometry is designed to discriminate
the measurements on individual flakes from those including a
junction between two flakes. The AFM topography of such a
Small, 2026
device is presented in Figure 4a, which shows three individ-
ual flakes forming a conductive path (different from the one
presented in Figure 2), covered with 7 metallic contacts. This
specific geometry allows to perform 4-contact measurements
on both individual flakes and inter-flake junctions. The sample
was measured in ambient conditions and exhibited increased
resistance values on the segments including a junction, as shown
by the graph in Figure 4b. Here, R𝐽1 = 1.9 kΩ and R𝐽2 =
18.4 kΩ, representing the two junction resistances as indicated
in Figure 4a,b. The inset of Figure 4b shows that linear IV
curves are obtained both on sections including junctions and
individual flakes. The resistance values obtained as well as
the IV curves linearity are consistent with the 4-probe STM
results presented above, despite a difference in the measurement
conditions as the devices are measured at ambient conditions
here, compared to UHV above. In both cases, it appears that
junctions are the main resistive component of the conductive
path.

Now, we discuss the origin of the high junction resistances.
Despite their high resistance, inter-flake junctions in Ti3C2Tx
remain in ametallic regime, as verified by the linear IV character-
istics obtained with 4-probe STM (Figure 2e) andmicrofabricated
devices (inset of Figure 4b). Also, multiple works report a
positive 𝑑𝜌∕𝑑𝑇 on Ti3C2Tx networks and individual flakes,
which is consistent with a metallic regime [19, 27, 28]. High-
junction resistance values are therefore not due to chemical
barriers or tunneling at the junction interfaces, as those would
5 of 11
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Figure 4 (a) 3D viewof theAFM topography of a devicewithmetallic contacts onTi3C2Tx flakes, obtained in tappingmode. (b) Electrical resistance
along the conducting path as a function of the distance between the measuring contacts. The inset shows I–V curves acquired on one junction and on
the individual flake. (c,d) Topographical details of the junctions between the flakes of the device shown in (a). The insets show height profiles extracted
at the locations indicated by the dashed lines on the AFM scans. (e) Junction resistance values, along with flake thickness, for this work and the value
reported in Loes et al. [22]. (f) Resistance values obtained from 4-contact measurements on fabricated devices and 4-probe STM of individual flakes
(𝑅𝑁𝑆) and inter-flake junctions (𝑅𝐽). Note that the y-axis is in logarithmic scale for better visualization.

6 of 11 Small, 2026
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lead to Schottky-like I–V characteristics when measuring an
inter-flake junction.

A closer look at the junction morphology is provided by the AFM
topography maps shown in Figure 4c,d, where height profiles
along the dashed lines are added in the insets. Such precise
topographical details allow to evaluate the relation between junc-
tion resistance values and junction morphology, characterized
typically by flake thickness and by the overlap area between the
flakes. The junction resistance values obtained here are relatively
independent of overlap area, as shown in the Supporting Infor-
mation S4. However, it is important to note that the overlap
area measured with AFM topography maps is not necessarily
representative of the effective contact area between the flakes, as
the latter can bemodulated by the presence of wrinkles, defects or
impurities between the flakes, that are difficult to observe. More
generally, the high junction resistance could be partially ascribed
to the presence of a constriction resistance that depends on the
effective electrical contact area between the flakes and is usually
described as 𝑅𝑠𝑝𝑟 = 𝜌∕2𝑎, where 𝑎 is the contact radius and 𝜌 the
material resistivity [29].

When considering a typical junction between two microcrys-
talline flakes, the total resistance encompasses both in-plane
and out-of-plane resistive components, as illustrated in the
Supporting Information S3. The out-of-pane resistive component
directly implies high resistance values, since the resistivity in
MXenes is highly anisotropic. Previous works reported a resis-
tivity anisotropy of about three orders of magnitude in Ti3C2Tx
[12, 30]. The contribution of high out-of-plane resistivity is
further supported by the increase of junction resistance with
flake thickness, as depicted in Figure 4e for monocrystalline
flakes. An additional value from the work Loes et al. is shown
on the same graph [22], and two measurements also show a
lower junction resistance for thick (above 80 nm) and disordered
flakes, which are distinct from the monocrystalline case. The
increase in junction resistance with flake thickness observed here
is consistent with the model of Gabbett and coworkers, in which
the resistivity of a nanosheet network is expressed with a linear
dependence on flake thickness [4]. Recent experimental results
on spray-cast graphene nanosheet networks also confirm this
linear dependence and fit this model [5].

It is then possible to ascribe the origin of high junction resistance
values to a combination of a high out-of-plane resistivity of
Ti3C2Tx related to resistivity anisotropy and the constriction
resistance depending on the effective electrical contact area at the
flake interface.

All the resistance values obtained with 4-contact measurements
on individual flakes (𝑅𝑁𝑆) and junctions (𝑅𝐽) are represented
in Figure 4f. While the dominance of 𝑅𝐽 is clear as shown
on the logarithmic scale, a significant spread in those values
is observed. A part of this dispersion is likely related to the
morphology of the measured device, especially for individual
flakes which are less resistive. For junction resistances, we expect
that morphological differences such as flake lateral size, overlap
area and flake thickness have a dominant effect on the measured
resistance. For example, several works show that the conductivity
and sensing performances of a Ti3C2Tx flake network can be
tuned as a function of the network morphology [31]. As an
Small, 2026
example, Guo and coworkers show that they could overcome
low intrinsic conductivity in transparent conductive electrodes
by increasing flake size above 10 μm, decreasing the amount
of junctions in the network, therefore limiting the contribution
of out-of-plane resistivity [32]. Ultimately, gaining control on
network morphology is likely to be a key-element to achieve a
better reproducibility in MXenes network resistivity.

2.5 C-AFM

In complement to the STP experiments, ConductiveAtomic Force
Microscopy (C-AFM) is performed on Ti3C2Tx flakes deposited
overlapping an insulating substrate and a metallic electrode, as
presented in Figure 5a. Compared to STP, done in UHV, C-AFM
measurements are performed in ambient conditions and have
less stringent scan size limitations than STM, which allows to
image several entire flakes at once. C-AFM allows simultaneous
acquisition of a map of the sample topography and a map of the
current flowing between the tip and sample, therefore allowing
to image the sample conductivity changes. With this in mind,
Figure 5b,c shows a C-AFM scan in which a junction between
two flakes can be observed in a region where the C-AFM signal
is stable. It is challenging to obtain quantitative findings based on
the absolute current values measured in C-AFM as the 2-contact
measurement (tip-sample) continuously evolves over time, tip
state or humidity [33, 34].

Nevertheless, the current map obtained here with C-AFM reveal
that the current values measured over the flake surfaces are
homogeneous, while a drastic change occurs across flake junc-
tion. To gainmore precise insight, we can extract a current profile
in the area of interest, as depicted in Figure 5c,d and obtain the
value of the current drop between the two flakes, which is about
130 nA. Additional C-AFM results and profiles show similar cur-
rent drops at flake junctions and are presented in the Supporting
Information S5. These results are in excellent agreement with
STP presented above and demonstrate that a MXene conductive
path can be considered as isopotential domains separated by
junctions, in both UHV and ambient conditions. More generally,
we conclude that the transport picture in UHV can also be
considered as valid in ambient conditions, due to the good
correspondence of both STP and C-AFM electrical profiles, and
of the values extracted from 4-probe STM and patterned devices,
on individual flakes and inter-flake junctions.

2.6 Humidity Response of Ti3C2Tx

To Illustrate the profound impact of junctions on MXene elec-
tronic applications, we studied the effect of humidity on the
conductance of Ti3C2Tx. For this, several devices involving differ-
ent flake configurations have been exposed to various humidity
levels in a N2 atmosphere, in order to compare the case of an
individual flake, two flakes including a junction, and a layer of
networked flakes, as shown in Figure 6c,f,i. Here, each sample
shows a distinct increase in resistance upon humidity expo-
sure, as depicted in Figure 6a–h where the response is defined
as 𝑅𝑒𝑠𝑝 = 𝑅ℎ𝑢𝑚−𝑅𝑁2

𝑅𝑁2
. In this expression, 𝑅ℎ𝑢𝑚 is the measured

resistance and 𝑅𝑁2 is the baseline resistance after stabilization
in N2.
7 of 11
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Figure 5 (a) 3D view of the AFM topography and (b) current map of Ti3C2Tx flakes overlapping a metallic electrode and an insulating substrate,
obtained with Conductive AFMwith a 3.5 mV bias between tip and sample. (c) Detail in the current map shown in (b). (d) C-AFM current profile along
the white dotted line in (c), taken with a 5-pixel thickness (34 nm).
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Several possible mechanisms have been discussed to explain
the sensing response of MXenes, including charge transfer
between the adsorbed molecules and Ti3C2Tx and molecular
intercalation between the MXene layers [35]. In a recent work
on layer-dependent sensing mechanism in MXenes, Loes and
coworkers show that the sensing behavior of a Ti3C2Tx monolayer
is intrinsically n-type, meaning that they exhibit a decrease
in their electrical resistance under the exposure of reducing
analytes [22]. In contrast, for bilayer structures made of two
overlapping monolayers, they report a positive response for both
reducing and oxidizing analytes, that they attribute mainly to
molecular intercalation between the layers. Following this logic,
the positive response observed for all the devices presented in
Figure 6 suggests that the dominant contribution to the response
is molecular intercalation, and shows that a distinction has to be
made between individual monolayer flakes (negative response)
and individual multilayer flakes (positive response). It is also
important to note that the intercalation of water molecules is
facilitated by the hydrogen bonding interactions between water
and the termination groups, highlighting their essential role
regarding MXene hydrophilicity and on a broader scale, gas
sensing capabilities [36, 37].

It is worth noting that the dynamics of sensing also depends
on the number of layers and their stacking. In our case, the
sensing dynamics of the inter-flake junction is much faster than
8 of 11
the one of the individual multilayer flake, as observed directly
in Figure 6b,e. The response time, defined as the time to reach
90% of the maximal response, is of 606 s for the individual
flake and of 61 s in the presence of an inter-flake junction. The
comparatively slow response observed for the individual flake is
consistent with diffusion-limited intercalation within a confined
layered structure and can be accurately fittedwith Fick’s diffusion
law, as depicted inFigure S11a. In contrast, the inter-flake junction
shows a response nearly one order ofmagnitude faster, suggesting
that this configuration provides more accessible pathways for
water intercalation and removal. Also, it is expected that any
modification in the junction interlayer spacing is sufficient to
induce distinct changes in the overall resistance, given the
junction-dominated transport described above.

Now, considering the case of a network of flakes shown in
Figure 6g–i we observe that its sensing kinetics is close to the one
of the inter-flake junction, with a response time of 44 seconds.
Therefore, we conclude that the sensing kinetics of Ti3C2Tx flake
networks is likely dominated by inter-flake junctions. While
most of the gas-sensing reports involving Ti3C2Tx rely on its
combination with other sensitive materials such as GO for
improved performances,[38–40] it does not remove the need
for fundamental understanding of the sensing characteristics of
pristine MXenes at flake-scale. Further studies could investigate
how the sensing performances of MXene layers are affected by
Small, 2026
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Figure 6 Response of Ti3C2Tx to humidity. Response of (a) an individual flake (𝑅𝑁𝑆 = 10.5 kΩ - 2 contacts), (d) two flakes including a junction
(𝑅𝐽 = 18.8 kΩ - 4 contacts), (g) a sensing layer deposited on interdigitated electrodes (𝑅𝑁𝐸𝑇 = 126 Ω - 2 contacts) to 60% humidity in a N2 environment.
Each humidity pulse is indicated by light blue rectangles on the graphs. (b,e,c) Closer view of the responses to one humidity pulse. (c,f) AFM topography
maps of the samples measured in (a) and (d) respectively. (i) SEM image of two of the digits covered with a layer of Ti3C2Tx, measured in (g).
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network morphology such as flake lateral size, overlap area,
thickness and stacking orientation.

3 Conclusion

In summary, we studied charge transport through MXene con-
ductive paths by decomposing the contributions to the total
electrical resistance into individual flake resistances and junction
resistances. Both contributions were independently measured
with 4-probe STM, C-AFM and measurements on fabricated
devices with contacts patterned on the Ti3C2Tx flakes. It was pos-
sible to establish a quantitative (more than an order ofmagnitude)
difference between junction resistances and flake resistances, as
per the model of Gabbett et al. [4], using 4-probe measurements
on devices and with multiple-probe STM. Those were carried
out under different atmospheres including UHV, pure N2 at
ambient pressure, dry and humid air. We could experimentally
confirm that inter-flake junction resistances are themain resistive
component in MXene conductive paths, and that their values are
strongly morphology-dependent. Additionally, we could image
the junction resistances locally with STP and C-AFM, revealing
a step-like change in the resistance at the junction location.
With those measurements, it is possible to approximate charge
transport in MXene conductive paths to a series of isopotential
flakes and a sum of junction resistances. These findings are
shedding light on charge transport in MXene layers with reliable
experimental validation given themulti-technique approach used
here. Gaining in-depth knowledge about nanoscale transport in
Ti3C2Tx is invaluable in the design of applications with MXene-
network-based layers, due to the need for better control over
Small, 2026
their resistivity and reactivity to environmental changes. We
illustrate the latter approach through the contrasting dynamics
in the response of individual MXene flakes and of multi-junction
network to humidity pulses.

4 Methods

4.1 Ti3C2Tx Synthesis

Ti3C2Tx is synthesized using the MILD (Minimally Intensive
Layer Delamination) method, consisting in the etching of the
“A” layer of a MAX precursor. In this case, Ti3AlC2 from Carbon
Ukraine is used. The MILD method relies on the use of a milder
etchant than concentrated HF: in situ HF. For this, 1.6 g of
LiF salt (Sigma-Aldrich, 99%) is stirred with 20 mL HCl 9M
(Sigma-Aldrich, 37 %) until full dissolution of the LiF. After, 1 g
Ti3AlC2 is added slowly to the solution and kept under stirring
in a Teflon beaker covered by a lid, and heated at 40 ◦C in an
oil bath for 24 hours. As the reaction between the etchant and
MAX phase is strongly exothermic, it is important to add the
MAX powder very progressively to avoid heatpoints that damage
the crystals. The delamination step takes place after the etching
and consists in washing cycles with DI water. For this, several
centrifugation steps are carried out at 6000RPM for 5minutes and
repeated until the pH level of the supernatant approaches 7. The
supernatant turns black, indicating the start of the delamination,
and can be collected over 2-3 additional washing cycles. Ti3C2Tx
is obtained by collecting the slurry above the Ti3C2Tx/Ti3AlC2
sediment and filtering it by vacuum filtration using a 0.22 𝜇

membrane filter. The obtained products are left to dry overnight
9 of 11
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at room temperature, separated from the membrane filter and
kept in an inert atmosphere to prevent oxidation. XRD, XPS,
SEM and Raman characterizations are carried out directly on
the dry, free-standing film obtained after filtration of the Ti3C2Tx
supernatant.

4.2 Samples Fabrication

In order to deposit Ti3C2Tx flakes on a Si/SiO2 substrate, the
dried products from the synthesis are dispersed in DI water by
sonication for 1 minute. It is advised to keep the sonication
time short as it can break the flakes or add defects. Deposition
is performed by drop casting. The flake concentration on the
substrate can be adjusted as a function of the time for which
the droplet is in contact with the sample surface before being
removed with a cleanroom wipe which can not touch the sample
surface. Different flake concentration on the substrate are shown
in the Supporting Information S6. The deposited flakes are then
observed with optical microscopy to select the areas of interest.
The samples intended for 4-probe STMare then storedunder inert
atmosphere, and the flakes of interest are measured with AFM in
tapping mode to obtain more details about their topography.

The samples intended for full device fabrication go throughmore
process steps. The contact patterns are created with electron
beam lithography, on a spin-coated 200 nm PMMA layer. Then
follows a development in IPA:MIBK after which metallic layers
are deposited by thermal evaporation. A 5 nm Ti adhesion layer
and a 55 nm Au layer were deposited. Lift-off was carried out
with acetone, and the as-fabricated devices were imaged with
optical microscopy and AFM in tapping mode to validate the
contact geometry. After validation, the samples were glued and
wire bonded on DIL16 sockets.

4.3 4-Probe STM

4-probe measurements on Ti3C2Tx are carried out in a multiple
probe STMsystem, in aUHVenvironment,with prior preparation
of the tungsten tips and the sample. The tips were placed under
SEM visualization to ensure the landing of the tip on Ti3C2Tx and
not on the SiO2 surface. When all four tips are in contact, it is
then possible to perform four-contact measurements by applying
a given current to the two external probes and measuring the
voltage drop between the two inner probes. SEM visualization
also allows to measure the effective distance between the probes.

The multiple probe STM is also used to perform STP, in which
three tips are used. Again, the two external probes apply a
given current through the sample, and the third tip is scan-
ning the surface of the sample. The scan produces a map of
the sample topography and a map of the voltage potential,
simultaneously acquired.

4.4 C-AFM

C-AFM measurement were carried out in ambient conditions,
with a Bruker Icon Dimension equipped with a C-AFM module.
SCM-PIT-V2 tips (Bruker) were used for the measurements. The
10 of 11
force applied by the tipwasmaintained around 100 nN. It is worth
note that the C-AFM current measured on the flakes is force-
dependent below 60 nN, as depicted in Figure S6a,b (Supporting
Information). Gwyddion was used for C-AFM data analysis.

4.5 Measurements on Fabricated Devices

All of the measurements carried out on the fabricated devices
were done using one or several lock-in amplifiers (MFLI, Zurich
Instruments). This configuration allowed measurement of very
conductive samples while keeping low current values as the
samples are quite fragile given their size. The lock-in amplifiers
were used at 117 Hz with a current below 20 nA going through the
samples. Those measurements are carried out in both ambient
air and controlled atmosphere. For the latter, a specific setup is
used, in which a gas chamber is fixed on the measuring PCB
and connected to gas lines. In this case, measurements were
done with nitrogen and various humidity levels, generated by a
bubbler andmeasured by aWinsen reference sensor. The gas flux
is kept constant at 1000 mL/min, using mass flow controls on the
gas lines.
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