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Charge transport in two-dimensional crystals is critical for a large variety of future applications, and it is
therefore highly desirable to get a better understanding of the underlyingmechanisms. Here, we focus
on the MXene Ti3C2Tx, which has recently garnered significant attention for its potential in printable
electronics, energy storage and electromagnetic interference shielding, for which electrical properties
play a leading role. To answer the need for experimental data on charge transport in Ti3C2Tx, we
combine local-probe measurements (Conductive AFM), conventional four-contact measurements,
finite element and ab initio simulations on individual few-layer flakes of Ti3C2Tx. This effort establishes
new methods to study charge transport both in in-plane and out-of-plane directions and yields a
consistent quantitative value of resistivity anisotropy in individual Ti3C2Tx flakes, an essential
ingredient in the understanding andmodeling of charge transport inMXenes, in particular considering
the role of interlayer interactions and surface functionalization in these materials.

By nature, multilayer materials composed of stacks of two-dimensional
(2D) crystals held together by van der Waals forces, such as graphene,
exhibit anisotropic properties1,2.While somemethods canbe readily devised
to characterizeproperties like electrical conductivity along different axes of a
bulk multilayer material3,4, it is much more difficult to adapt such methods
in the few-layer case as typical dimensions are in the μm (in-plane) and nm
(out-of-plane) range. The common practice for electrical measurements on
2Dflakes consists in the fabricationof deviceswithpatterned contacts on the
flakes, as shown inFig. 1b–d, or transferring the 2Dflakes on substrateswith
electrical contacts. Those techniques do not allow out-of-plane electrical
measurements, making the study of anisotropic properties challenging for
few-layer flakes. Yet, those properties are essential to characterize interlayer
interactions, which are a key aspect in most applications using 2D crystals.

We focus here onMXenes, a family of 2Dmaterials that garnered a lot
of interest over the last few years. MXenes are 2D transition metal carbides,
nitrides and carbonitrides, notedMn+1XnTx, where n = 1, 2 or 3, ‘M’ is an
early transition metal, ‘X’ is either C or N and Tx accounts for functional
groups at the surface5,6. Their rich chemistry as well as surface terminations
offer tunable electronic properties and surface engineering possibilities7,8.
More specifically, functional groups can be controlled by the synthesis
technique, making both the surface chemistry and the work function
tunable9. For example, cation intercalation and physical delamination with
solvent molecules used as intercalants have been studied towards inter-
calation- and termination-engineeredMXenes to gain control on inter- and

intra-flake transport mechanisms10,11. Structural and electronic modifica-
tions can also be induced in 2DMXenes by ion implantation12,13. On a larger
scale, solution-processed films assembled from MXene nanosheets have
numerous advantages, such as scalability, cost-effectiveness and compat-
ibility with flexible substrates. In recent years, several strategies have
been formulated to control the surface functional groups of MXene
nanosheets to achieve the best balance between electron transport proper-
ties, atmospheric stability and dispersion in organic solvents14. Their
versatility makes MXenes ideal for applications requiring specific chemical
or electronic properties. Typically, they yielded breakthrough results in
energy storage, electromagnetic interference shielding, sensing and prin-
table electronics14–19.

In the vast majority of applications using MXenes, flakes are spin-
coated, drop-casted, printed or sprayed on various substrates, yielding
random networks of overlapping individual flakes20–22. Electronic transport
in those 2D networks is still a matter of debate in the case of MXenes: the
intra- and inter-flake transport should be studied separately, and there is a
lack of extensive experimental investigation of electronic transport in
individual flakes in order to characterize 2D networks of MXenes23,24. Sev-
eral works report on 2- and 4-contact electrical characterization of mono-
layer and few-layer Ti3C2Tx flakes, using conventional measurements on
patterned devices25–29. However, as emphasized above, those techniques are
not concluding for the characterization of anisotropic properties of indivi-
dual flakes. A strong anisotropy of electrical resistivity, defined as A ¼ ρz

ρxx
,
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where ρz and ρxx are, respectively, the out-of-plane and in-plane resistivity, is
reported in severalMAXphases3,30. AsMAXphases are the 3Dprecursors of
MXenes, the study of anisotropy in their 2D counterpart is of utmost
interest, in particular for 2Dplasmonics31. Ab initio simulations have shown
that the electronic conduction in Ti3C2(OH)2 is highly anisotropic, and an
experimental result on a Ti3C2Tx particulate (i.e., a few μm-thick macro-
scopic aggregate of flakes) reports an estimated anisotropy of one order of
magnitude32. No experimental reports have been published on anisotropy
measurements on few-layer single-crystal individualflakes ofMXenes, up to
our knowledge.

In this context, advanced characterization at the nanoscale is needed to
further explore charge transport in 2DMXenes. Scanning probemicroscopy
(SPM) tools are, in principle, themost adequate for this purpose, as the SPM
probe size is typically in the few-nm range,much smaller than the lateral size
of the flakes. Among the electrical SPM modes, Conductive Atomic Force
Microscopy (C-AFM) offers high-resolution current maps and local
current-voltage characterization at the nanoscale33. It is commonly used to
study conduction mechanisms in 2D materials, current injection from
contacts, and conductivity homogeneity34–36. Also, it allows for measuring
out-of-plane current injection in 2D materials with the appropriate sample
configuration,whichmakes it amethodof choice to investigate the resistivity
anisotropy in few-layer 2Dcrystals37–39. C-AFM ismostly used for qualitative
measurements, as extracting quantitative data from SPM measurements is
challenging. Indeed, as C-AFM is inherently a 2-contact technique, extrinsic
electrical resistances come into play, whose relative contribution is not
always straightforward to evaluate. Quantitative data can be extracted by
combining the experimental results and an appropriate model, i.e., finite
element simulations40,41. In the case of 2D crystals, electronic conductivity
values were obtained from C-AFM measurements on electrochemically
exfoliated graphene oxide and on monolayer CVD graphene using contact
models42,43. In the case ofMXenes, various SPM characterizations have been
carried out, such as scanning thermal microscopy or Kelvin-probe force

microscopy (KPFM), but are rather sparse when it comes to C-AFM
measurements44. Nevertheless, a recent study on perovskite solar cells
incorporating MXenes highlighted the powerful capabilities of C-AFM for
the study of nanoscale photoconduction45.

In the present work, C-AFM measurements on flakes overlapping a
metallic electrode and an insulating substrate are presented, as illustrated in
Fig. 1a. A finite element model is used to simulate the electrostatics of a
Ti3C2Tx individual flake and infer its electronic resistivity from C-AFM
current maps. The result is then compared to values obtained with con-
ventional four-contact measurements on individual flakes, as illustrated in
Fig. 1b. Combining C-AFM and finite element simulation results, we pro-
vide a quantitative estimate of the out-of-plane resistivity and, in turn, of the
MXene electrical resistivity anisotropy. Lastly, the obtainedanisotropy value
is consistent with results from ab initio simulations results obtained on large
MXene supercells incorporating different types of functional groups.

Results and discussion
In-plane resistivity of individual flakes, measured by C-AFM
First of all, C-AFMmeasurements on few-layer Ti3C2Tx have been carried
out in the configuration illustrated by Fig. 1a–c. In this case, an individual
flake overlapping both the Au electrode and the SiO2 substrate was selected
for themeasurement. The obtainedC-AFMcurrentmap is shown inFig. 2a,
using a logarithmic color scale representing electrical current values for
better contrast visualization. A 3-D image of the measured topography of
the flake of interest is shown in the inset of Fig. 2b and can be used to
correlate topography and current maps. Here, the average flake thickness tz
extracted from topographymap is 12 nm, as shown in SupplementaryFig. 5.
C-AFM current map allows to visualize the inhomogeneities in current
distribution on the flake surface, which are partly related to tip-electrode
distance and topography inhomogeneities. For example, one can notice in
the current map of Fig. 2a that the flake edge exhibits less C-AFM current,
which is directly linked to flake edge roughness that induces current

Fig. 1 | Electrical measurements on individual flakes with C-AFM and patterned
contacts. a Illustration of C-AFMmeasurement on an individual flake deposited on
a metallic electrode, on a Si/SiO2 substrate. b Illustration of a conventional four-
contact measurement on an individual flake. c 3D view of the AFM topography of a

Ti3C2Tx flake deposited partially on an electrode, obtained in tapping mode. d 3D
view of the AFM topography of patterned contacts on a Ti3C2Tx flake, obtained in
tapping mode.
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inhomogeneities. Here, we focus on the current evolution with the tip-
electrode distance. For this specificC-AFMmeasurement configuration, the
different contributions to the total measured resistance RTOT can be
expressed as follows:

RTOT ¼ ΔV
IAFM

¼ Rf ;IN þ Rf ;OUT þ RC;tip þ RC;Au ð1Þ

In this expression, IAFM is the measured C-AFM current, ΔV is the C-AFM
bias voltage,Rf,IN andRf,OUT are the in-plane andout-of-plane resistances of
theflake, respectively.RC,tip represents the contact resistancebetween the tip
and theflake andRC,Au is the contact resistance between theflake and theAu
electrode. All those contributions are illustrated by Fig. 3a. Rf,IN can be
separated from other contributions to the total resistance thanks to its
dependence on the tip-electrode distance, dt-e. The latter is illustrated in
Fig. 2a and is defined as the distance between the tip and the edge of the
electrode, on the flake surface. Tip-electrode distance-induced C-AFM
current variations can be studiedmore quantitatively by extracting a profile
in the currentmap along the length of theflake. Figure 2b shows the current
profile extracted along the white dashed line displayed on Fig. 2a. The
location of the profile was chosen in an area where the flake topography is
rather flat and homogeneous, to avoid any artifact related to tip interaction
with topographical features. A gradient is observed on the extracted profile,
as C-AFM current increases as the tip approaches the electrode,
corresponding approximately to a linear variation of the in-plane resistance
Rf,IN as a function of dt-e. Additional C-AFM results obtained on flakes of
various thicknesses are shown in Supplementary Figs. 7, 8, with several
current profileswhere the linear dependence of theC-AFMcurrentwithdt-e
is also observed.

Next, we detail how fitting the current profile of Fig. 2b allows to
separate the in-plane resistance from the other contributions to the resis-
tance. First, the C-AFM current can be written as IAFM = I0+ αdt-e, where α
is the slope of the current profile of Fig. 2b and I0 is the C-AFM current

measured for dt-e = 0. Then, the in-plane resistance can be rewritten
Rf ;INðdt�eÞ ¼ ΔV

I0þαdt�e
� ðRf ;OUT þ RC;tip þ RC;AuÞ ¼ ΔV

I0þαdt�e
- 10.85 kΩ.

The goal is to extract the in-plane resistivity of the flake independently from
contact resistances, as described in previousworks on graphene43,46. First, we
reproduce the geometry of the experiment, including the C-AFM tip, in a
finite element simulation. This is necessary to capture the complexity of the
electrostatics of a C-AFM measurement on a flake. Indeed, the simulated
potential distribution in theflake, shown fordt-e = 1.5 μminFig. 2c, is clearly
not trivial (see Supplementary Fig. 4 for potential maps corresponding to
other tip positions).We then adjust the flake resistivity ρxx in the simulation
until the best match is found between the simulated Rf,IN (at different dt-e),
and the experimentally obtainedRf,IN(dt-e), as illustrated in Fig. 2d. The best
fit was obtained for ρxx = 6.81 ± 0.91Ωμm, yielding good agreement
between simulation points and experimental data, as presented in Fig. 2d.

Comparison with conventional 4-contact measurements on
individual flakes
BesidesC-AFMmeasurements on individualflakes, the electrical resistivity of
similar flakes has also been extracted through more conventional four-
contact measurements. The devices used for those measurements consist in
Ti3C2Txflakesdepositedon insulating substrate,with gold contacts patterned
using lithography techniques, as illustrated by Fig. 1b–d. Several devices with
at least four contacts on individual flakes have been fabricated andmeasured
as described in the experimental section. Figure 4a showsopticalmicrographs
of aTi3C2Txflake and the as-fabricateddevice.As expected formetallicflakes,
the obtained I-V characteristics are linear, as presented in Fig. 4b. Resistivity
valueswere extracted from thesemeasurements for eachdevice and fall in the
range of [1–20]Ωμm. The obtained values are represented as a function of
flake thickness on Fig. 4c along with resistivity values of Ti3C2Tx mono and
few-layer flakes reported in the literature. The resistivity values obtained in
the presentwork have been extracted taking into accountflake geometry, and
the error bars include the errors related to the geometry measurements from
AFM topography as well as the noise of the resistance measurement. Note

Fig. 2 | C-AFM measurement and simulation of
the in-plane potential distribution on the flake.
a Current map of a C-AFM measurement on a
Ti3C2Tx flake overlapping a metallic electrode and
an insulating substrate, obtained with a 5 mV bias.
b Current values of the profile along the dashed line
in (a). The inset shows a 3D view of the AFM
topography of the flake and electrode. c Simulated
potential distribution on the flake for C-AFM tip at
1.5 μm from the electrode, using C-AFM current at
this location as input. d Comparison between the
resistance profile extracted from the C-AFM mea-
surements (orange line) and the resistance values on
the flake as obtained from the simulation for dif-
ferent tip-electrode distances (stars).
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that the values reported by Lipatov et al. were acquired with two-contact
measurements on MXenes synthesized by HF etching in one work25 and by
theMILDmethod for twootherworks47,48. Sanget al. alsopresent two-contact
measurements on MXenes synthesized with MILD method27. By contrast,
Hemmat et al. report four-contact measurements on MXenes, also synthe-
sized with MILD method, which is the closest situation compared to the
present work26. Lastly, Shekhirev et al. also reported a resistivity value which
belongs to the aforementioned range,with a four-contactmeasurementonan
individual Ti3C2Tx flake prepared via soft delamination49. It is interesting to
note that even with different synthesis methods and when comparing mea-
surements with two and four contacts, the resistivity values extracted are of
the same order ofmagnitude. Consequently, contact resistance does not play
a significant role in the measurements made on these devices, as Miranda
et al. also indicated after control experiments28. It also proves that the resis-
tivity of individual Ti3C2Tx flakes is fairly stable for different synthesis and
processing methods.

Figure 4c displays the resistivity value (ρxx, deduced from the measured
Rf,IN) obtained from the above-mentioned C-AFM measurement and
simulation presented in Fig. 2. There is a remarkable agreement with the
four-contact measurement approach, both in this work and in the literature.
This, therefore, further validates the combined C-AFM and modeling
approach for quantitative extraction of flake resistivity. As demonstrated in
the present work, the C-AFM approach adds a degree of versatility that
cannot be reached through conventional patterned contact measurements.
One can indeed examine the local homogeneity of the flakes, as well as the
decoupling between out-of-plane and in-plane components of the resistivity.

Resistivity anisotropy in Ti3C2Tx: from experimental results
Next,we focus on the extraction ofRf,OUT from theC-AFMmeasurement to
obtain ρz. To do so, the extrinsic contributions toRTOT should be discussed.
First, RC,Au is considered negligible compared to the total resistance, since it

was shown by Makaryan et al. that the MXene-Au contact resistance does
not exceed 10-Ωwith the transfer lengthmethod50. Also, similarwork based
on C-AFMmeasurements performed on epitaxial graphene reported a 2-Ω
contact resistance between Au and graphene35. Then, I–V characteristics
have been acquired with C-AFM on various locations on the Au electrodes
(See Supplementary Fig. 6b) to estimate RC,tip. The Au electrode is here
considered as an ideal conductor andwe assume thatRC,tip stays in the same
range whether the tip is located above the Au electrode or above Ti3C2Tx.
This assumption is supported by the close values of work functions of both
materials51,52. Indeed, KPFM measurements carried out in this work reveal
that thework functions of Au andTi3C2Tx are in the same range, suggesting
that the band-alignment in Pt/Ir and Ti3C2Tx contact is comparable to the
case of Pt/Ir and Au contact. Additional details can be found in Supple-
mentary Fig. 9 and Supplementary Note 1. RC,tip is therefore estimated as
1390 ± 10Ω. UsingRC,tip estimation and neglectingRC,Au,Rf,OUT = 9.46 kΩ
is obtained for the out-of-plane resistance of the flake.

Now that all the extrinsic contributions to the total resistancehavebeen
considered, the resistivity anisotropy can be written as follows:

A ¼ ρz
ρxx

¼
Rf ;OUT

Sz
tz

� �

ρxx
; ð2Þ

where Sz is the equivalent contact area under the tip and tz is the flake
thickness. Here, we use the value of ρxx = 6.81 ± 0.91Ω μm found using
C-AFM data combined with finite element simulations. To get an accurate
view of the actual volume probed in this out-of-plane configuration, and
hence an estimate of Sz, one has to rely again on a finite element simulation
of the electrostatics of the vertical tip-MXene-contact geometry, as shown in
Fig. 3d, e for different anisotropy values. Finite element simulations were
proven to be well suited for quantitative interpretation of C-AFM

Fig. 3 | C-AFM equivalent circuit and simulated out-of-plane potential dis-
tribution in the flake. a Equivalent circuit of the C-AFM measurement on an
individual few-layer flake. b, c Simulated potential distribution within the flake
below the conductive tip for two different anisotropy values. d Simulated potential

distribution at the flake surface, for various anisotropy values. e Simulation of the
equivalent radius req as a function of the anisotropy. req is defined as the radius
corresponding to the area where 75%of the potential drop occurs at the flake surface.
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measurements on isotropic dielectric or semiconductor samples40, but were
never used with the same purpose in the case of metallic layered metals.
Here, the model was established considering the 25-nm tip radius and
equipotential layers of μm-range lateral length for the MXenes few-layer
flakes. In this case, the simulated potential distribution shows that most of
the potential drop occurs in the close vicinity of the tip apex, both for low
and large anisotropyA, as shownonFig. 3b, c. The equivalent contact area Sz
is defined as the area where 75% of the potential drop occurs at the flake
surface33, with a radius noted req. It has been simulated for a wide range of
anisotropy values (1–105), and it appears that the evolution of req with A is
relatively slow, as shown on the graph of Fig. 3e. Based on these results, a
range of [40–70] nm can therefore be used for req as a first guess. As a
consequence, we find from data in Fig. 2 that the obtained resistivity
anisotropy range for this flake is A = [510–2050], which can be refined to
A = 1400 ± 200 after several iterations to reduce req interval according to
finite element simulations of Fig. 3b–e. Such large anisotropy values are
expected. Indeed, one knows that several MAX phases—the 3D precursors
of MXenes—exhibit high resistivity anisotropy3,4,30. After the etching step,
MAX phases undergo delamination steps to form MXenes, which are
expected to exhibit even higher anisotropic properties than their 3D
counterparts. Besides, the functional groups and intercalation of water
between the MXene layers at ambient conditions are also major factors
explaining the high resistivity anisotropy. The anisotropy dependence on
intercalated species can precisely be exploited in sensing applications, as
shown in the work of Loes et al., which studies the layer-dependent sensing
mechanism of Ti3C2Tx

53.
To the best of our knowledge, no experimental data about resistivity

anisotropy in Ti3C2Tx individual flakes have been reported, so we can only
compare our data with those of a small number of experimental reports on
more macroscopic samples, where disorder and defects are likely to play
prominent roles. A previous work reported a resistivity anisotropy of about
one order of magnitude in an individual μm-thick Ti3C2Tx particulate

32,
which confirms experimentally the presence of resistivity anisotropy in
Ti3C2Tx. For the case of a Ti3C2Tx spray-coated layer, Makaryan et al. used
impedance modeling to extract resistivity anisotropy, obtaining values
between105 and10750. They also showadependenceof the anisotropyon the
synthesis methods used to fabricate MXenes. While the aforementioned
resistivity anisotropy values cannot be directly compared to the specific case
of individual flakes, they still indicate high resistivity anisotropy of Ti3C2Tx

despite the different morphologies considered. The case of the layer of flake
is expected to showcase higher resistivity anisotropy values, as it also
includes junction resistances between the flakes that are contributing to

electronic transport, mainly in the out-of-plane direction. The techniques
used in the aforementioned studies are complementary, and C-AFM is a
powerful addition to them as it allows for a more direct nanoscale mea-
surement of the anisotropy at the individual flake level. It should also be
noted that the resistivity anisotropy value obtained in this work is specific to
few-layerflakes synthesized by theMILDmethod,measured under ambient
conditions.

Resistivity anisotropy in Ti3C2Tx: from ab initio simulations
We provide another estimate of the electrical resistivity anisotropy through
ab initio simulations. For this purpose, we consider the Ti3C2 supercell
depicted in Fig. 5, which incorporates themain functional groups (-O, -OH,
and -F) found in experimental samples. The resistivity anisotropy was
estimated to be 440 as the ratio of the average out-of-plane resistivity to the
average out-of-plane resistivitywithin an energy rangeof 1 eVat 300 K.One
previous theoretical study shows that the electronic conduction in
Ti3C2(OH)2 is highly anisotropic32. In the latter case, and in general for
theoretical works related to the electronic conduction in MXenes, the
simulations are usually carried outwhile considering no functional group or
one at a time, given the complexity of the system54,55. Herein, the mixture of
functional groups considered in the supercell brings the simulation closer to
experimental conditions. More specifically, as functional groups have a
significant role in the out-of-plane transport, the conductivity anisotropy
value is expected to be dependent on the surface chemistry. Indeed, varying
the functional group proportion in the ab initio simulation, one obtains
values ofAup to3000when the proportionbetween -F, -O, and -OHgroups
ismodified (See Supplementary Fig. 10). Amajor difference remainingwith
experimental conditions is the presence of water or other species adsorbed
between individual crystal planes56, which also influences the out-of-plane
transport. Along with the uncertainty over the configuration of functional
groups, water likely constitutes one of themain factors explaining the lower
anisotropy value found in the simulation for similar proportions of func-
tional groups in simulation and experiments. The value obtained in this ab
initio simulation based on a realistic mixture of the main functional groups
can therefore be safely used as a lower bound for resistivity anisotropy in
Ti3C2Tx in ambient conditions.

In summary, charge transport was investigated in Ti3C2Tx individual
flakes at the micro and nanoscale. To do so, conductive atomic force
microscopy was performed on individual flakes overlapping a metallic
electrode and an insulating substrate. The in-plane resistivity of a flake of
interest could then be estimated to be around 7 ± 1Ωμm thanks to an
approach combining finite element simulations of the flake electrostatics

Fig. 4 | Individual flake resistivity measurements on patterned devices. aOptical
microscope images of a Ti3C2Tx flake and Au contacts patterned on the same flake.
b V–I characteristics obtained with four-contact measurements on individual
Ti3C2Tx flakes. c In-plane resistivity values of Ti3C2Tx individual flakes, combining
this work and literature25–27,47–49. The datapoints for this work gather values from

four-contact measurements on patterned devices and the resistivity value obtained
using finite element simulation combinedwithC-AFM results, as described in Fig. 2.
The error bars include the errors related to the geometry measurements from AFM
topography, as well as the noise of the resistance measurement.
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with C-AFM data. Then, conventional four-contact measurements were
performed on devices with contact patterns on top of individual Ti3C2Tx

flakes. The resistivities obtained for several individual flakes are in good
agreement with previous works, and with the in-plane resistivity computed
from the C-AFM measurement. This validates the C-AFM and finite ele-
ment simulation approach to extract quantitative data, and therefore also
offers interesting prospects towards quantitative real-space mapping of
resistivity in other 2D crystals. Lastly, the specific configuration used for
C-AFM measurements also allows for estimating the MXene out-of-plane
resistivity and therefore to provide a quantitative measurement of the
resistivity anisotropy in Ti3C2Tx individual flakes around 103. Com-
plementary ab initio simulations also allow to obtain an estimate of the high
resistivity anisotropy in Ti3C2Tx, which is consistent with experiments.
More generally, the study of charge transport at individual flake-scale
provides invaluable insights to understand andmodel charge transport in a
network of flakesmore effectively and precisely. This work, therefore, paves
the way for further investigations of the out-of-plane resistivity of different
types of 2D crystals, which could prove important in various applications,
such as understanding electrical contacts in all-2D-crystal transistors57 or
characterizing the effect of intercalation or functionalization on out-of-
plane transport in 2D flakes.

Methods
Ti3C2Tx synthesis
Ti3C2Tx was synthesized by the MILD (minimally intensive layer delami-
nation) method from its MAX precursor, Ti3AlC2

58. First, 1.6 g of LiF salt
(Sigma-Aldrich, 99%) was dissolved in 20mL HCl 9M (Sigma-Aldrich,
37%) and stirred in a Teflon beaker at room temperature for 10min to
obtain in situ HF. Then, 1 g Ti3AlC2 was gradually added to the solution
over the course of 10min. The etching solution was heated at 40 ∘C in an oil
bath under constant stirring for 24 h, during which the Teflon beaker was
covered by a lid. After etching, the suspension was washed multiple times
with DI water using cycles of centrifugation and vortex mixing. Cen-
trifugation cycles were carried out at 6000 rpm for 5min and repeated until
the pH of the supernatant approached 7. A black supernatant was observed
after seven washing cycles, indicating the start of the delamination. The

Ti3C2Tx slurry was then carefully collected above the Ti3C2Tx/Ti3AlC2

sediment andvacuumfilteredwith a 0.22 μmmembranefilter. Theobtained
MXene film was left to dry overnight at room temperature and stored
under an inert atmosphere. More details about the morphology of the
as-synthesized film are presented in Supplementary Figs. 1, 2, along with a
Raman spectrum of the same film.

Samples fabrication
Ti3C2Txflakesweredepositedon twodifferent substrates for thiswork. First,
Ti3C2Tx was drop-cast onto interdigitated electrodes (IDEs) with a digit
width of 2 μm and a spacing of 5 μm between the digits. The IDEs were
fabricatedbyphotolithography followedby the evaporationof 20 nmTi and
200 nmAu, as described by Afyouni et al.59. After Ti3C2Tx drop casting and
flake tracking, the 3 × 3mm die was glued to a 1 cm2 gold-coated plate and
wedge bondingwas performedusing a goldwire to connect the contact pads
of the IDEs to the plate, as shown in Supplementary Fig. 3. Secondly, for the
four-contact measurements, Ti3C2Tx flakes were drop-cast on a Si/SiO2

substrate with alignment marks. Flakes with the most homogeneous aspect
in optical micrographs and the largest sizes were selected for contact pat-
terning. The contact patterns were created with electron beam lithography
after spin-coating a 200 nm-thick PMMA layer and its soft bake. After
pattern writing and developingwithMIBK:IPA1:3, a 5 nm layer of Ti and a
55 nm layer of Au were deposited by thermal evaporation. Lift-off was
carried out using acetone.

In both cases, the flake concentration on the substrates can be adjusted
dependingon the time that thedroplet remains in contactwith the substrate.
It is also possible to rehydrate the solid films collected after the synthesis
to disperse the flakes in any solvent, DI water in this work. A 1-min
sonication is then required to ensure proper dispersion, followed by a
15-min rest to allow sedimentation of unwanted agglomerated species
before drop casting.

C-AFMmeasurements
C-AFM measurements were conducted with a Bruker Icon Dimension
equipped with C-AFM module. Metal-coated tips with a radius of 25 nm
(SCM-PIT-V2, Bruker) were used for the measurements. Such tips have a
Pt/Ir conductive coating, an elastic constant of 3 Nm−1 and a resonance
frequency of 75 kHz. The force applied on the tip was kept above 60 nN, as
C-AFM current on Ti3C2Tx flakes is force-dependent (See Supplementary
Fig. 6a) and becomes constant above 60 nN. All the measurements were
performed in air at room temperature. Gwyddion andNanoScope Analysis
were used forC-AFMdata analysis, aswell as the pySPM library60. Thefinite
element simulations were carried out using COMSOLMultiphysics.

Four-contact measurements
The measurements were done on patterned devices using a PM8 probe
station and a lock-in amplifier at low frequency (79 Hz), which is needed to
measure highly conductive samples while keeping low current values to
prevent local damage or overheating.

Ab initio simulations
In order to theoretically estimate the ratio between the in-plane and out-of-
plane conductivity, numerical simulations were conducted using the VASP
code61,62 within the density functional theory framework, employing the
projector-augmented wave method and the PBE exchange-correlation
functional63,64. Subsequently, a 4 × 4 × 2 supercell was constructed, and
oxygen, fluorine, and hydroxyl groups were intercalated between the
MXene layers using concentrations comparable with those reported in
Benchakar et al. study for the case of theMILDmethod8, which is consistent
with the Ti3C2Tx samples synthesized experimentally in this work. The
structurally optimized atomistic model of Ti3C2 supercell incorporating
various functional groups is shown in Fig. 5. After structural optimization,
the in-plane and out-of-plane conductivity were calculated using the
BoltzTraP2 code65.

Fig. 5 | Ti3C2Tx supercell. Structurally-optimized atomistic model of Ti3C2Tx

supercell incorporating various functional groups with different concentrations:
-OH (10%), -O (50%), and -F (40%).
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